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Photovoltaic energy has now gained acceptance from most
of the electrical energy users for both the residential and
the commercial applications. Concomitantly, the production
of PV energy has been steadily increasing. Likewise there
is an enormous expansion of the PV research community,
with PV becoming a mainstream educational topic both as
general course work and as research field at universities
and academic institutions. While new areas of PV research
are continually being fostered, the silicon manufacturing
technology has retained a dominant role through availability
of lower cost poly, advances in the crystal growth technologies
that led to higher quality wafers, advances in the wafering
technology, and new cell processing methods. Reduction in
cost has placed a renewed emphasis on the development
of higher efficiency devices—based on 𝑛-type Si and using
architectures suitable for thinner, passivated devices. Like-
wise, growth in production volume and improvements in the
module efficiencies of commercial CdTe and CIGS modules
have been further lowering their costs.However, there are still
many challenges in both R&D and commercialization of PV
modules in areas that include new cell designs, commercial
manufacturing equipment, and implementation of online
monitoring technologies.

This second special issue serves as a timely publication
bringing the latest results of various PV technologies. It
includes a collection of 22 peer-reviewed papers encompass-
ing all areas of PV fields. We hope that readers find them
interesting as well as of help in their research work.
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This work aims at analysing the influence of bothmodule temperature and solar spectrum distribution on the outdoor performance
of the following thin film technologies: hydrogenated amorphous silicon (a-Si:H), cadmium telluride (CdTe), copper indium
gallium selenide sulfide (CIGS), and hydrogenated amorphous silicon/hydrogenated microcrystalline silicon hetero-junction (a-
Si:H/𝜇c-Si:H). A 12-month experimental campaign carried out in a sunny inland site in which a module of each one of these
technologies was tested and measured outdoors has provided the necessary empirical data. Results show that module temperature
exerts a limited influence on the performance of the tested a-Si:H, CdTe, and a-Si:H/𝜇c-Si:H modules. In contrast, the outdoor
behaviour of the CIGS module is the most affected by its temperature. Blue-rich spectra enhance the outdoor behaviour of the
a-Si:H and a-Si:H/𝜇c-Si:H modules while it is the other way round for the CIGS module. However, the CdTe specimen shows little
sensitivity to the solar spectrum distribution. Anyway, spectral effects are scarcely relevant on an annual basis, ranging from gains
for the CIGS module (1.5%) to losses for the a-Si:H module (1.0%). However, the seasonal impact of the spectrum shape is more
noticeable in these two materials; indeed, spectral issues may cause performance gains or losses of up to some 4% when winter and
summer periods are considered.

1. Introduction

Doubtless, crystalline silicon (c-Si) is today’s photovoltaic
(PV) dominating technology. Although it will likely preserve
its prevalence in the near and midterm, PV designers and
installers are increasingly interested in thin film technolo-
gies, still a small but noticeable share of the market. If all
announced expansion plans had been completed in due time,
thin film production capacity could already have reached
around 17 GW—19% of the envisaged market—in 2012 [1].
Some estimates forecast thin film production capacity will
rise up to 27GW—or 24%of the reported future PVmarket—
in 2015 [2]. In this sense, recent widely marketed modules
using materials such as hydrogenated amorphous silicon (a-
Si:H), cadmium telluride (CdTe), copper indium gallium
selenide sulfide (CIGS), and hydrogenated amorphous sil-
icon/hydrogenated microcrystalline silicon heterojunction

(a-Si:H/𝜇c-Si:H) will certainly play a crucial role in PV
system engineering over the next years due to their ceaseless
declining cost and improved outdoor performance [1–3].

The estimation of the PV electricity yield from the climate
conditions of a given site is essential in PV engineering.
Hence, understanding the outdoor electrical behaviour of
PV modules is a key issue for this electricity yield estima-
tion. A wide variety of numerical, algebraic, and empirical
methods referenced in the literature [4–12] have succeeded
in estimating quite accurately the c-Si PV module outdoor
performance. These methods basically state the relationship
between the outdoor performance of these devices and two
environmental factors: incident irradiance (𝐺, inW⋅m−2) and
module temperature (𝑇mod , in

∘C).
However, this outdoor behaviour is not understood to

such a large extent for thin film technologies [13, 14].
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In fact, the peculiarities of their spectral responses make
these technologies more sensitive to the spectral distribution
of the irradiance than those based on c-Si. Therefore, the
spectrum shape must be taken into account when modeling
the power output of a thin film PV module, in addition to
𝐺 and 𝑇mod . Some efforts approaching this issue are worthy
mention, just to give some instances. Thus, in spite of being
quite accurate, the Mart́ın and Ruiz model [15], based on
equations that derive the effective responsivity of themodules
from the optical air mass and the clearness index, has been
solely proposed for c-Si and a-Si:H. Also, some “one-of-a-
kind” complex models addressed to modelling the efficiency
of a specific CIGS module have been proposed. This sort
of complex models usually involve the clearness index, the
optical air mass, and some empirical coefficients [16, 17],
which cannot be conclusive for thin film technology, in
general.

An interesting, well-proven, and usefulmethod to predict
the electricity yield for a given site has been reported
for PV grid-connected systems (PVGCS) that use c-Si, a-
Si:H, a-Si:H/𝜇c-Si:H, and a-Si/a-SiGe/a-SiGe technologies in
Kusatsu city (Japan, latitude 35∘N, longitude 136∘E) [18–20].
To summarise, this method is mainly based on (a) obtaining
a contour graph for each technology in which the module
performance ratio (PR) is depicted versus a spectral index
termed average photon energy (APE, in eV, to be stated
below) and 𝑇mod , and (b) producing contour graphs of the
collected incident irradiation versus APE and the ambient
temperature (𝑇amb, in

∘C) of the site, which leads to a suitable
characterisation of the specific site from a spectral point
of view. Since 𝑇mod may be derived from 𝑇amb and some
other environmental factors such as wind speed, a suitable
combination of the diagrams obtained in (a) and (b) is the
key to achieve a good estimation of the energy yield of the
above PV technologies. It should be understood that values
of APE depend on the measurement wavelength interval of
the spectrum.Thus, in the above works, a wavelength interval
ranging from 350 to 1050 nm was considered, so that APE of
the AM 1.5G spectrum equals 1.88 eV. Anyway, this issue will
be dealt with more deeply in this paper.

Nevertheless, the method described above still requires a
lot of research aimed at improving the understanding of the
behaviour of thin filmmaterials under natural sunlight.Thus,
although CIGS and CdTe are second and third, respectively,
regarding projected thin film production capacity—a-Si:H
heads this rank [2]—no contour graphs depicting PR versus
APE and 𝑇mod for these important technologies have been
produced so far. Further, these contour graphs have not
been obtained for sites with inland climates, in which levels
of water vapour are lower—a fact that leads to shift the
solar spectrum to the red—than those of sites which have a
maritime climate, in which “blue rich” solar spectra prevail.
More specifically, the solar spectral influence on PVmaterials
performance has been explored for values of APE ranging
from 1.85 to 2.03 eV. Therefore, the influence exerted by a
“red rich” dominating spectrumon thin film technologies still
remains to be suitably ascertained; that is, the impact of solar
spectra with APE lower than 1.85 eV on such technologies has
not been analysed yet. Last, but not least, the works described

in the previous paragraph are supported on experimental data
which were drawn from the operation monitoring of several
PVGCS, whose PV fields had not been calibrated at standard
test conditions (STC). This experimental setup introduces
some sources of uncertainty, in principle.Thus, the values for
the peak power of these PV fields used in PR calculations
and its further analysis have been taken from the module
manufacturers’ data sheets, which probably differ from the
real calibrated peak power values. Further, uncertainty is also
introduced in the maximum power point tracking of the PV
fields; these errors should not be underestimated as most
reported systems date their start of operation back to a time
interval between 1998 and 2004. Existing inverters by then
did not show such low values for error in maximum power
point tracking as state-of-the-art inverters do nowadays.
Besides, these works have not taken into account the impact
on PR of the angle of incidence (AOI, in ∘) combined with
dirt. Seasonal annealing experienced by the a-Si:H material
has not been properly addressed, either.

This work aims at achieving a wider knowledge of
the influence of module temperature and solar spectrum
distribution on the outdoor performance of thin film PV
materials, following the approach described above. Also, this
work attempts to amend the shortcomings identified in the
previous paragraph as much as possible. Thus, four thin film
PVmodules—a sample for each one of four considered tech-
nologies (a-Si:H, CIGS, CdTe, and a-Si:H/𝜇c-Si:H)—were
installed outdoors in the city of Jaén (Spain, latitude 37∘N,
longitude 3∘W, with a Mediterranean-Continental climate).
This city is spectrally characterised by enhanced levels of
long wavelengths—when compared to maritime and humid
sites—due to its sunny inland and dry climate. Thus, the four
selected PV specimens underwent an initial calibration in
STC prior to be deployed outdoors and another one after
their exposure, to check their stability over time. A 12-month
experimental campaign was carried out basically intended
to scan current (𝐼, in A) voltage (𝑉, in V) curves of these
specimens together with some other environmental param-
eters at which these curves were scanned. For each one of the
tested PV modules, a contour graph was obtained in which
their outdoor performance is depicted versus APE and 𝑇mod ,
following the approach previously described [18, 21]. PR over
the experimental campaign was calculated for each tested PV
module.Then, the impact of some phenomena that influence
the performance of each considered PV technology over the
12-month test and measurement period—including module
temperature and spectral effects—is quantified. Last, some
important conclusions regarding the impact of the spectral
irradiance distribution and 𝑇mod on the outdoor behaviour
of the tested thin film PV modules are derived from the
analysis of both the contour graphs and the quantified effects
of these two influencing factors.

2. Materials and Methods

This section deals with a short tutorial focused on APE,
introduced as a meaningful and convenient spectral index
together with a description of the experimental setup from
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Table 1: Module maximum power in STC (W) of the four thin film PVmodules under test as provided by the manufacturer and by both the
initial and final outdoor calibration.

Module technology Manufacturer data sheet Initial calibration (October 2011) Final calibration (November 2012)
a-Si : H 60 −5/+10% 57.4 ± 4% 56.2 ± 4%
CIGS 120 ± 10% 119.1 ± 4% 121.2 ± 4%
CdTe 70 ± 5% 67.2 ± 4% 66.5 ± 4%
a-Si : H/𝜇c-Si : H 121 −5/+10% 109.4 ± 4% 107.6 ± 4%

which the results to be presented here were obtained. The
methodology followed to achieve the targets detailed in the
previous section is also described.

2.1. The Average Photon Energy. A suitable characterisation
of different spectra is a crucial requirement to assess how
the solar spectral variations influence the performance of
thin film PV materials. Thus, some atmospheric parameters
such as the clearness index and the optical air mass condense
important information on the solar spectrum distribution
[15, 17]. Nevertheless, in principle, a spectral distribution
should be characterized by means of a single parameter,
which could lend itself to be used just as the above envi-
ronmental factors 𝐺 and 𝑇mod . Bearing this in mind, the
data recorded using a spectroradiometer are not especially
adequate to achieve this characterisation, since these data
consist of a more or less large set of points within a given
wavelength interval, depending on the spectral range and the
resolution of the used instrument. In this sense, APE has been
proposed as a single index that characterizes the shape of the
incident irradiance spectrum [18, 21, 22] and, consequently,
characterises its “colour.”Thus, high values of APE imply that
the solar spectrum is shifted towards the blue, as depicted in
Figure 1. This index is calculated by dividing the integrated
incident irradiance by the integrated photon flux density:

APE =

∫

𝑏

𝑎

𝐺 (𝜆) 𝑑𝜆

∫

𝑏

𝑎

𝜙 (𝜆) 𝑑𝜆

, (1)

where 𝐺(𝜆) [W⋅m−2⋅nm−1] is the incident spectral irradi-
ance, Φ(𝜆) [m−2⋅nm−1⋅s−1] is the incident spectral photon
flux density, and 𝑎 [nm] and 𝑏 [nm] are the lower and
upper wavelength limits, respectively, of the interval of the
spectrum to be considered. The measurement range of the
spectroradiometer usually determines the values for 𝑎 and 𝑏.

It stems from (1) that APE is an index that does not
depend on the specific PV material under analysis. Besides,
its uniqueness for the spectra measured in a particular site
and climate has been raised [23]. Thus, APE is a meaningful
and convenient index to determine the impact of the solar
spectrum on PV devices outdoor behaviour [14, 24, 25]. Last,
(1) shows that, given a specific solar spectral distribution, the
value for APE highly depends on the lower and upper wave-
length limits—𝑎 and 𝑏, respectively—used for its calculation.
Thus, APE for the AM 1.5G reference spectrum is equal to
1.88 eV if the wavelength range 350–1050 nm is considered
while this value lowers down to 1.59 eV for the range 350–
1700 nm [18].
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Figure 1: Incident spectral irradiance distributions normalized to
their maxima. Redder spectra imply lower values of APE. Data
corresponding to the reference AM 1.5G spectrum have been
obtained from the IEC 60904-3 standard.

2.2. Experimental Setup. A PV module of each considered
technology (a-Si:H, CIGS, CdTe, and a-Si:H/𝜇c-Si:H) was
deployed outdoors in the city of Jaén on December 2010.
The outdoor calibration in STC of all the significant electrical
parameters of these four thin film PV modules was carried
out in the University of Jaén research facilities on October
2011, prior to the beginning of the experimental campaign to
be detailed below.Themost meaningful measured parameter
for our purpose—the calibrated peak power (𝑃∗CAL, in W)—
is shown in Table 1. The nominal peak power, as provided by
the manufacturer data sheets (𝑃∗NOM, in W), is also provided
in this table. A ten-month term ranging fromDecember 2010
to October 2011 was considered a reasonable duration of the
outdoor exposure to ensure the initial stabilization of the
tested specimens. In fact, they underwent a new outdoor
calibration in the same facilities after the completion of the
aforementioned experimental campaign, in November 2012.
Results gathered in Table 1 prove that this assumption was
suitable for the objectives of our work. Consequently, the
outdoor initial calibration values were assumed as the real
peak power of each one of the CIGS, CdTe, and a-Si:H/𝜇c-
Si:H tested PVmodules in the experimental results which are
to be presented hereafter. The real peak power assumed for
the a-Si:H specimen will be detailed in Section 3.3 in order to
take into account the seasonal annealing which this material
experiences over the year.

The used outdoor test and measurement research facil-
ities are installed in the High Technical School build-
ing of the University of Jaén. An equator-facing open
rack with a tilt angle of 35∘ is mounted and located on
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the flat roof of this building. The four thin film PV modules
were fixed on this open rack. The basic features of the test
and measurement have been thoroughly described in some
previous works [26, 27]. Thus, the I-V curve tracer system
is based on a PVE PVPM 2540C capacitive load which is
controlled by a PC running LabView. As the tracing curve
process is underway the voltage-current pairs are recorded by
means of two Agilent 34411A digital multimeters.The voltage
and current data acquisition is synchronized thanks to an
external trigger produced by an Agilent 33220A function
generator so that the I-V pairs are recorded at the same time.
Additionally, the above four PV modules could be tested
sequentially using this setup, as four switchgear boxes of solid
state relays controlled by means of a multipurpose Agilent
34970A data acquisition/data logger switch unit provide this
feature. Regarding environmental parameters,𝐺 and𝐺(𝜆) are
measured bymeans of aKipp&ZonnenCMP21 pyranometer
and an EKO MS700 spectroradiometer, respectively. Two
four-wire resistive thermal detectors (RTD) Pt100 pasted at
the back skin of each one of the PVmodules aim atmeasuring
the module temperature, while a Young 41382VC relative
humidity and ambient temperature probemeasures these two
parameters. Finally, a Young 05305VM anemometer and a
Vaisala barometric pressure sensor complete the experimen-
tal setup.

The I-V curve of each PVmodule together with the above
parameters was periodically scanned every five minutes
from November 2011 to October 2012, inclusive. Incident
irradiance was measured at each I-V point in order to check
any changes in this environmental parameter that might
exceed 2%, due to transient cloud cover during measurement
time.Measurements recorded in such changing environmen-
tal conditions have not been considered in the results to
be presented hereafter. All these measurements have been
taken during the time interval comprised between 10:00 and
14:00—the sun elevation is then higher than that of the rest
of the day—so that the impact of the angle of incidence
lends itself to be estimated in a simplified way, as shown in
Section 3.3. Further, measurements with levels of 𝐺 below
300W⋅m−2 have also been disregarded. Disregarding these
measurements is justified since efficiency at low irradiance
levels is hardly relevant [28, 29]. Additionally, low levels of
light could turn the inverter into a net energy consumer in
grid-tied systems [29]. Then, as only poor contributions to
the total electricity yield can be expected below 300W⋅m−2 in
sunny sites [10, 30], they have not been taken into account in
this work. Additionally, this lower threshold allows omitting
the performance losses of PV modules at low-light levels
[31, 32].

2.3. Methodology. In this work, a short spectral character-
isation of the collected irradiation over the experimental
campaign is carried out first. Indeed, this characterisation
proves to be useful to achieve a better understanding of
some results shown later. Then, the influence of the module
temperature and the spectral irradiance on the outdoor
behaviour of the four tested PV modules is analysed in
a qualitative way. This analysis is based on some contour

graphs in which the module performance is depicted versus
APE and 𝑇mod . In addition, PR over the experimental
campaign is obtained for each tested PV module. Last, the
impact of some phenomena that influence the performance
of each considered PV technology over the 12-month test and
measurement period—including module temperature and
spectral effects—is quantified.

The output DC energy (𝐸DC, in Wh) delivered by each
module during the 12-month experimental campaign was
calculated bymeans of the integration of themaximumpower
obtained from each I-V curve over 5-minute time intervals.
The same method was also applied to stored values of 𝐺—
measured by means of a pyranometer—in order to calculate
the incident irradiation (𝐻, in Wh⋅m−2) collected during
these 12months.The lower and upper limits of the considered
interval of the spectrum—𝑎 and 𝑏, in (1)—were set to 350 and
1050 nm, respectively.

As commented in the previous section, data collected
from November 2011 to October 2012, inclusive, have been
used to produce the histogram and contour graphs to be
shown next. These contour graphs depict the following,
according to a colour code: (a) a matrix of𝐻 and (b) matrices
of PR, for each tested module. All these matrices have APE
and 𝑇mod for row and column, respectively, with a grid mesh
size of 1∘C× 0.005 eV.

The procedure to create the above contour graphs may be
summarized as follows [18].

(1) The APE of 𝐺 is determined by the spectrum shape.
(2) The rows of both𝐻 and 𝐸DC are indexed by APE.
(3) The columns of both𝐻 and𝐸DC are indexed by𝑇mod .
(4) The values of 𝐻 and the 𝐸DC are added to the

corresponding grid mesh. Then, incident irradiation
for each grid mesh (𝐻GM, inWh⋅m−2) and output DC
energy for each grid mesh (𝐸DCGM, in Wh⋅m−2) are
obtained

Then, grid-mesh performance ratio (PRGM), or perfor-
mance ratio for each grid mesh, is calculated as follows:

PRGM =

𝐸DCGM/𝑃
∗

NOM
𝐻GM/𝐺

∗

, (2)

where 𝐺
∗ is the incident irradiance at STC (1000W⋅m−2).

Values for 𝑃∗NOM [W] were drawn from the second column of
Table 1.

3. Results and Discussion

Over 9,500 I-V curves together with the same number of data
corresponding to the different environmental factors listed in
Section 2.2 were recorded for the tested CIGS, CdTe, and a-
Si:H/𝜇c-Si:H PVmodules during the 12-month experimental
campaign. However, only over 3,500 experimental samples
like those previously described were selected from the whole
data set for the tested a-Si:H PV module. These samples
correspond to months ranging from December to March,
inclusive (winter period, from now on). Approximately
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the same amount of these samples was selected for this
module corresponding to months ranging from June to
September, inclusive (summer period, from now on). Pre-
senting and discussing the experimental results obtained for
the a-Si:H PV module according to the winter and summer
period is key to address the effects of seasonal annealing
which this PV material experiences.

3.1. Spectral Characterisation of the Incident Irradiation Col-
lected over the Experimental Campaign. Figure 2 depicts a
histogram in which the percentage cumulative contribution
of APE classes to𝐻 collected over the 12-month experimental
period is shown. Over 60% of this parameter has been
generated with values of APE below 1.88 eV (AM 1.5G). This
value is much higher than those reported for Kusatsu city
(Japan, latitude 35∘N, longitude 136∘E) and Málaga (Spain,
latitude 36∘N, longitude 4∘W) which are below 30% for
equator-facing surfaces with a tilt angle somewhat lower than
the local latitude [21, 27]. This clearly indicates a higher red
content of the spectral irradiance in Jaén than those of the
other two sites, given the four-hour time window (10:00–
14:00) within which spectra were measured. The inland
location of Jaén when compared to those of Kusatsu city and
Málaga should be kept in mind. The lower humidity of the
atmosphere in Jaén leads to a smaller absorption by water
vapour. Consequently, the fraction of spectral irradiance
at longer wavelengths is increased; this causes a relative
“red-rich” spectrum [25]. This spectral feature of the site
will allow us to explore how incident spectral irradiance
distributionswithAPE lower than 1.85 eV influence the tested
PV specimens. It should be remembered again that previous
works [18–20] have only dealt with APE values ranging from
1.85 to 2.03 eV.

Owing to the similarities found between the four contour
graphs of 𝐻GM collected over the experimental campaign—
one for each tested PV module, produced according to the
methodology described in Section 2.3—only one of them
is shown in Figure 3. Indeed, the peculiarities of this con-
tour graph can be assumed for the four modules under
test. The colour related to each grid mesh—1∘C× 0.005 eV
in size—indicates the range of incident irradiation where
the corresponding 𝐻GM lies according to the colour code
displayed on the right-hand side of Figure 3. The relatively
low value of 𝐻 collected over the experimental campaign—
some 600 kWh⋅m−2—is due to the fact that the considered
time window when data were recorded in this campaign
spans from 10:00 to 14:00. It is also worth pointing out that
only a negligible fraction of 𝐻 impinged on the modules
under test at STC (APE= 1.88 eV and 𝑇mod = 25

∘C).

3.2. Performance of the Tested PV Modules as a Function of
the Average Photon Energy and Module Temperature. In this
context, PRGM is an index that characterises the performance
of a PV module at specific values of APE and 𝑇mod , so
that the influence of the irradiance intensity is negligible,
given that measurements taken at incident irradiance levels
below 300W⋅m−2 have been left aside [31, 32]. An expression
related to PRGM shown below will be most helpful in the

100
90
80
70
60
50
40
30
20
10

0
1.78 1.80 1.82 1.84 1.86 1.88 1.90 1.92 1.94 1.96

APE (eV)

(%
)

APE of the standard AM 1.5G
spectrum

Figure 2: Percentage cumulative distribution of 𝐻 collected
over the experimental campaign as a function of APE (class
width = 0.005 eV).
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Figure 3: Contour graph of 𝐻GM over the whole experimental
campaign (November 2011–October 2012, inclusive) as a function of
𝑇mod and APE for the tested a-Si:Hmodule. Blank areas indicate no
data points.

discussion of results detailed hereafter. In this expression,
some second-order effects are ignored—low performance
at low-light levels as this is our case, AOI combined with
dirt effects, and deviations of 𝑃∗CAL from 𝑃

∗

NOM—in order to
compromise accuracy in favour of simplicity. Thus, as a first
approach, this index may be written as follows [33]:

PRGM ≈ (1 + 𝛾 (𝑇mod − 𝑇
∗

mod )) ⋅ SF
−1

, (3)

where 𝛾 [∘C−1] is the maximum power temperature coeffi-
cient of the module, 𝑇∗mod [∘C] is the module temperature
at STC, and SF−1 is the reciprocal of the spectral factor. The
latter parameter may be written as

SF−1 =
∫𝐺 (𝜆) SR (𝜆) 𝑑𝜆 ⋅ ∫𝐺AM1.5G (𝜆) 𝑑𝜆

∫𝐺AM1.5G (𝜆) SR (𝜆) 𝑑𝜆 ⋅ ∫𝐺 (𝜆) 𝑑𝜆

, (4)

where 𝐺AM1.5G(𝜆) [W⋅m−2⋅nm−1] is the spectral irradiance
of the standard AM 1.5G spectrum and SR(𝜆) is the relative
spectral response of the PV device.

Values of SF−1 above 1 imply a better performance of
the considered device under the actual spectrum than that
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achieved under the standard AM 1.5G spectrum if only
spectral issues are considered. Conversely, values of SF−1
below 1 indicate a worse performance of the PV material
under the actual spectrum when compared to the standard
one, also assuming only spectral issues. Obviously, SF−1
higher than 1 implies spectral gains while SF−1 lower than 1
implies spectral losses.

Figures 4–6 show the contour graphs of PRGM for the
tested CIGS, CdTe, and a-Si:H/𝜇c-Si:H PV modules as a
function of 𝑇mod and APE. In these figures, some obvious
spurious data points have been filtered. At first glance, these
three contour graphs share a similar appearance leaving aside
some differences which are to be discussed below. In fact,
PRGM data points appear when APE ranges from 1.79 to
1.91 eV at values of 𝑇mod below 25∘C, while these PRGM
data points only appear within a much narrower interval
of APE which varies between 1.86 and 1.90 eV when 𝑇mod
exceeds some 55∘C.Thus, some of the measured low incident
irradiances—values of 𝐺 in the vicinity of 300W⋅m−2—have
been recorded under cloudy conditions. Under these condi-
tions, transmission is enhanced in both the ultraviolet and
blue range of the spectrum while water vapour absorption
takes place at larger wavelength ranges [34]. Consequently,
spectra obtained in overcast conditions are shifted to shorter
wavelengths and lead to high values of APE. On the other
hand, some of the data for these low incident irradiances have
been recorded in the morning of clear and cold days, when
the spectrum is redder than in the afternoon [35] so that
this leads to lower values of APE down to 1.79 eV and values
of 𝑇mod below 25∘C. Measured high incident irradiances—
over 600W⋅m−2—are assumed to be related to fine weather.
In such conditions, as raised by Ishii et al. [25], the Rayleigh
scattering which leads to an increase/decrease of the spectral
irradiance at shorter wavelengths below 700 nm is balanced
by the increase/decrease of “red” light due to water vapour
absorption. This “offset effect” keeps values of APE within
a relatively small interval around 1.88 eV. This interval gets
even narrower—it varies between some 1.87 and 1.89 eV—as
incident irradiance exceeds some 900W⋅m−2, a fact which is
highly correlated with relatively highmodule temperatures—
that is, 𝑇mod above some 60∘C—in hot and sunny climates
such as that of Jaén.

Figures 7 and 8 depict the contour plots of PRGM for
the a-Si:H PV tested module in the winter and summer
periods, respectively. The shape of the contour graph shown
in Figure 7—winter period—resembles those of Figures 4–6.
However, the values of PRGM obtained in the winter period
take place at APE below 1.88 eV, which indicates a prevailing
red-rich spectrum in this season. Only some sixty values
of PRGM at APE above 1.88 eV were obtained. In fact, these
values are omitted in Figure 7 due to their minor relevance,
when compared to the remaining 3,500 points represented in
the graph.On the other hand, the contour graph of Figure 8—
summer period—shows how a sizeable number of values of
PRGM take place at APE above 1.88 eV. Consequently, spectra
shifted to shorter wavelengths play an important role in the
hot season.The “red-richness” of the solar spectra recorded in
the winter period owes a good deal to the sun altitude. In fact,

1.90
1.89
1.88
1.87
1.86
1.85

1.83
1.82
1.81

1.84

1.80
1.79

Tmod (∘C)

1.05

1

0.95

0.9

0.85

0.8

0.75
20 28 36 44 52 60 68 76

PR
G

M
(d

im
en

sio
nl

es
s)

24 32 40 48 56 64 72

A
PE

 (e
V

)

Figure 4: Contour graph of PRGM of the tested CIGS PVmodule as
a function of 𝑇mod and APE. Blank areas indicate no data points.
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Figure 5: Contour graph of PRGM of the tested CdTe PV module as
a function of 𝑇mod and APE. Blank areas indicate no data points.

the sun altitude is lower in the cold season than in the warm
one, so that this fact gives rise to higher values of the optical
air mass (OAM), when compared to summer ones. Hence,
longwavelength light is enhanced in thewinter period, so that
low values of APE are obtained.

Regarding seasonal annealing, comparing some areas of
Figures 7 and 8 allows identifying this phenomenon in the
tested a-Si:H PVmodule.Thus, in Figure 7—winter period—
most values of PRGM vary between 0.88 and 0.92 within the
stripe where APE and 𝑇mod range from 1.86 to 1.87 eV and
from 45 to 57∘C, respectively. However, most values of PRGM
lie in the interval 0.92 to 0.96 within the stripe determined
by the same range of APE and 𝑇mod in the summer period
(Figure 8).

Contour graphs depicted in Figures 4–8 provide us
with some qualitative information to assess the influence of
module temperature, which is first discussed below. Then,
the impact of the spectral irradiance distribution by means
of APE is to be analysed.

(a) Module temperature turns out to exert a limited
influence on the performance of the a-Si:H, CdTe, and
a-Si:H/𝜇c-Si:H modules. This stems from scanning
Figures 5, 6, 7, and 8 in the horizontal direction, at
a given fixed APE. According to (3), the explanation
of this behaviour lies in the low maximum power



International Journal of Photoenergy 7

0.94
0.92
0.9
0.88
0.86
0.84
0.82
0.8
0.78
0.76

9 17 25 33 41 49 57 6513 21 29 37 45 53 61 69

1.90
1.89
1.88
1.87
1.86
1.85

1.83
1.82
1.81

1.84

1.80
1.79

Tmod (∘C)

PR
G

M
(d

im
en

sio
nl

es
s)

A
PE

 (e
V

)

Figure 6: Contour graph of PRGM of the tested a-Si:H/𝜇c-Si:H PV
module as a function of𝑇mod and APE. Blank areas indicate no data
points.
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Figure 7: Contour graph of PRGM of the tested a-Si:H PV module
as a function of 𝑇mod and APE for the winter period. Blank areas
indicate no data points.

temperature coefficients of these modules when com-
pared to those of modules based on c-Si technologies.
Thus, 𝛾 equals −0.0023, −0.0025, and −0.0024∘C−1
for the tested a-Si:H, CdTe, and a-Si:H/𝜇c-Si:H speci-
mens, as provided by theirmanufacturers’ data sheets.
Regarding c-Si, a typical average value of−0.0040∘C−1
can be assumed for 𝛾 [36]. However, the value
provided by the CIGS module manufacturer for this
parameter (−0.0045∘C−1) helps to explain the notice-
able impact of 𝑇mod on the outdoor performance
of this module. This is also derived from scanning
Figure 4 in the horizontal direction, at a given fixed
APE.

(b) Regarding the spectral incident irradiance distri-
bution, both a-Si:H and a-Si:H/𝜇c-Si:H specimens
are very sensitive to variations of the shape of the
spectrum. This can be easily noticed in Figures 6,
7, and 8, since increasing values of APE—given a
fixed module temperature—lead to higher values of
PRGM, as a general trend. Doubtless, high spectral
gains cause this behaviour, as values of SF−1 above
1.1 have been reported when the solar spectrum shifts
to the blue [25]. Broadly speaking, blue-rich spectra
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Figure 8: Contour graph of PR of the tested a-Si:H PV module as
a function of 𝑇mod and APE for the summer period. Blank areas
indicate no data points.

cause spectral gains in the a-Si:H and a-Si:H/𝜇c-
Si:H modules, according to (3). Nevertheless, the
CIGS module is also very sensitive to the spectral
incident irradiance in an opposite way: decreasing
values of APE—given a fixed module temperature—
lead to higher values of PRGM, also as a general trend.
Figure 4 also shows how this performance parameter
is greater than 1 within some specific areas of the
contour graph where APE is lower than 1.86 eV; spec-
tral gains doubtless explain this, together with low
values of𝑇mod . Contrary to the a-Si:H and a-Si:H/𝜇c-
Si:H specimens—and also broadly speaking—blue-
rich spectra cause spectral losses in the CIGS module
performance, bearing in mind (3). Last, Figure 5
shows how the CdTe specimen is not so sensitive
to APE, especially when 𝑇mod exceeds a certain
threshold; this can be easily checked by scanning this
figure in the vertical direction at a fixed 𝑇mod , when
this parameter is greater than some 35∘C.

3.3. Assessment of the Impact of Phenomena Influencing Perfor-
mance Ratio over the Experimental Campaign. A qualitative
analysis on the influence of the solar spectrum distribution
and module temperature on the considered PV modules has
been presented in Section 3.2. However, in this section, we
attempt to quantitatively assess the impact of these two factors
on the performance of the four tested PV modules over the
experimental campaign. Thus, in general, five phenomena—
which generally cause performance losses—mainly influence
the outdoor behaviour of PV modules:

(a) low performance at low-light levels,
(b) AOI combined with dirt effects,
(c) module temperature effects,
(d) deviations of 𝑃∗CAL from 𝑃

∗

NOM,
(e) spectral effects.

Additionally, the a-Si:H PVmodule is subject to seasonal
annealing, which must be properly addressed.

The effects of the above phenomena overlap over time
and sometimes are rather difficult to clearly be distinguished.
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This is why the experimental campaign was arranged in a
way that is relatively simple to quantify the impact of both
module temperature and irradiance spectral distribution.
Thus, since all data were recorded at incident irradiance
below 300W⋅m−2, low performance related to low-light levels
is disregarded here [31, 32]. Also, the effects of dirt have
been neglected in what follows; in fact, modules were cleaned
manually at least once a month, except under rainy weather.

Leaving aside these two phenomena simplifies the way
to make a quantitative estimation of the impact of the
remaining ones on the outdoor behaviour of the tested PV
specimens. Indeed, the used procedure to quantify these
effects is detailed below.

If the module peak power is assumed to be equal to
𝑃
∗

NOM, nominal energy (𝐸
𝑁

, in Wh) is stated as the energy
which the tested PV module would have delivered over the
experimental campaign if the module had ideally operated
without any losses, with 𝑇mod = 25

∘C and the same solar
irradiation during that period of time:

𝐸
𝑁

=

1

12

⋅

𝑃
∗

NOM
𝐺
∗

𝑁

∑

𝑖=1

𝐺
𝑖

(Wh) , (5)

where 𝐺
𝑖

[W⋅m−2] is the 𝑖th measured value of the incident
irradiance and 𝑁 is the number of measured values. Factor
1/12 is used to reconcile units, keeping in mind that the
samples were recorded every five minutes.

The final energy (𝐸
𝐹

, in Wh) is stated as the energy that
the tested PV module actually delivered over the experimen-
tal campaign, and it may be written as

𝐸
𝐹

=

1

12

𝑁

∑

𝑖=1

𝑃DC,𝑖 (Wh) , (6)

where 𝑃DC,𝑖 is the 𝑖th measured value of the maximum power
delivered by the PV module.

Obviously, PR is the ratio of 𝐸
𝐹

to 𝐸
𝑁

. It is commonly
accepted to express this ratio in percentage units, so that it
may be written as

PR =

𝐸
𝐹

𝐸
𝑁

⋅ 100 (%) . (7)

Temperature losses are obtained by calculating the dif-
ference between temperature-corrected 𝐸

𝐹

and 𝐸
𝐹

itself. For
convenience purposes, these temperature losses (𝐿

𝑇 mod ) are
expressed in this work in percentage units, relative to 𝐸

𝑁

:

𝐿
𝑇mod =

1

12

𝑁

∑

𝑖=1

𝑃DC,𝑖 (
1

1 + 𝛾 (𝑇mod ,𝑖 − 𝑇
∗

mod )
− 1)

÷ 𝐸
𝑁

⋅ 100 (%) ,

(8)

where 𝑇mod ,𝑖 is the 𝑖th measured value of the module
temperature. For each module, values of 𝛾 as provided by the
manufacturer datasheets are used here.

Losses derived from differences between 𝑃
∗

CAL and 𝑃
∗

NOM
are obtained by multiplying temperature-corrected 𝐸

𝐹

by a
factor that takes into account this phenomenon. Also, for

Table 2: Values of the incident angle modifier for solstices and
equinoxes at 10:00, 12:00, and 14:00 (𝜔 = −30∘, 0∘, and 30∘, resp.).

𝜔 [∘] 𝜃
𝑠

[∘] IAM (𝜃
𝑠

)

Summer and
winter solstices

−30 37.4 0.98
0 23.5 0.99
30 37.4 0.98

Autumn and
spring equinoxes

−30 30 0.99
0∘ 0 1
30 30 0.99

convenience purposes, these losses due to the deviation of
𝑃
∗

CAL from 𝑃
∗

NOM (𝐿
𝑃

∗

CAL ̸=𝑃
∗

NOM
) are expressed in this work in

percentage units, relative to 𝐸
𝑁

:

𝐿
𝑃

∗

CAL ̸=𝑃
∗

NOM

=

1

12

𝑁

∑

𝑖=1

𝑃DC,𝑖

1 + 𝛾 (𝑇mod − 𝑇
∗

mod )
(

𝑃
∗

NOM
𝑃
∗

CAL
− 1)

÷ 𝐸
𝑁

⋅ 100 (%) .

(9)

Regarding the optical losses experienced by the PV
modules, a popular formula for the incident angle modifier
(IAM(𝜃

𝑠

)) or relative transmittance is widely used, normal-
ized by the total transmittance for normal incidence, where
𝜃
𝑠

[∘] is the angle of incidence between the rays of the sun and
the normal to the surface.This is an expression [37] proposed
by the American Society of Heating Refrigerating and Air
Conditioning Engineers (ASHRAE):

IAM (𝜃
𝑠

) = 1 − 𝑏
0

(

1

cos 𝜃
𝑠

− 1) , (10)

where 𝑏
0

is an empirical coefficient determined for each type
of PV module. When unknown, as this is our case, a general
value of 𝑏

0

= 0.07 may be assumed. Equation (10) is applied
to direct and circumsolar irradiances, while an approximate
constant of 0.9 is usedwith isotropic and reflected irradiances
[36].

Since the tested PV modules were deployed in the
Northern Hemisphere on a south-oriented surface with a tilt
angle (35∘) very close to the latitude (37∘N), itmay be assumed
that [36]

cos 𝜃
𝑠

= cos 𝛿 cos𝜔, (11)

where 𝛿 [∘] is the solar declination and 𝜔 [∘] is the true solar
time: 𝜔 = 0

∘ at noon and is counted negative in the morning
and positive in the afternoon. Given that experimental data
have been recorded daily at 5-minute intervals from 10:00
(𝜔 = −30

∘) to 14:00 (𝜔 = 30
∘), Table 3 gathers some relevant

values related to the optical losses experienced by the tested
PV modules.

From Table 2, it is clear that 𝜃
𝑠

varied over our exper-
imental campaign between 0 and 37.4∘, which correspond
to values of IAM (𝜃

𝑠

) ranging from 1 to 0.98, respectively.
Then, a reasonable value to take into account the effects of
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Table 3: Values of performance ratio and different performance losses experienced by the four tested PV modules over the experimental
campaign.

PR (%) 𝐿Tmod
(%) 𝐿

𝑃

∗

CAL ̸=𝑃
∗

NOM
(%) 𝐿AOI (%) 𝐿Spec (%)

CIGS 89.4 10.3 0.8 1.0 −1.5
CdTe 91.1 4.8 3.6 0.9 −0.4
Si : H/𝜇c-Si : H 85.9 3.8 8.7 1.0 0.6
a-Si : H (winter) 88.4 2.2 4.4 1.0 4.0
a-Si : H (summer) 95.4 7.0 0.7 1.0 −4.1

the AOI on an annual basis is 0.99. Indeed, albedo can be
neglected in most PV calculations [36]; in our case, the flat
roof ground where the PV modules are deployed has a very
dark ochre colour. Besides, direct and circumsolar irradiation
highly prevails in sunny climates such as that of Jaén.

Taking into account all the above considerations, the AOI
losses (𝐿AOI) are expressed in this work in percentage units,
relative to 𝐸

𝑁

, too, as follows:

𝐿AOI =
1

12

⋅

𝑁

∑

𝑖=1

𝑃DC,𝑖

1 + 𝛾 (𝑇mod − 𝑇
∗

mod )

⋅

𝑃
∗

NOM
𝑃
∗

CAL
⋅ (

1

0.99

− 1) ÷ 𝐸
𝑁

⋅ 100 (%) .

(12)

Last, the estimation of spectral losses (𝐿Spec) is rather
straightforward, expressed in percentage units, relative to𝐸

𝑁

,
as well:

𝐿Spec = 100 − PR (%) − 𝐿
𝑇mod

− 𝐿
𝑃

∗

CAL ̸=𝑃
∗

NOM
− 𝐿AOI (%) .

(13)

Table 3 gathers the values of PR, 𝐿
𝑇mod

, 𝐿
𝑃

∗

CAL ̸=𝑃
∗

NOM
, 𝐿AOI,

and 𝐿Spec derived from the experimental data collected from
November 2011 to October 2012, inclusive. Values of 𝑃∗CAL
have been drawn from the third column of Table 1—initial
calibration—in order to calculate 𝐿

𝑃

∗

CAL ̸=𝑃
∗

NOM
for the CIGS,

CdTe, and a-Si:H/𝜇c-Si:H PV tested modules, by means
of (9). Regarding the a-Si:H specimen, seasonal annealing
causes amodule power variation during its outdoor exposure.
Thus, the peak power of this module was calibrated at the
beginning of each month during the winter and summer
periods, from December to March, inclusive, and from June
to September, inclusive, respectively. Accordingly, the average
values of these calibrated peak power data have been used to
calculate 𝐿

𝑃

∗

CAL ̸=𝑃
∗

NOM
for each season. Indeed, average values

of 54.6 and 58.6W were used for 𝑃∗CAL in the winter and
summer periods, respectively.

The especially noticeable deviation of 𝑃∗CAL from 𝑃
∗

NOM
in the a-Si:H/𝜇c-Si:H PV module—the reader is referred
to Table 1—causes the high value obtained for 𝐿

𝑃

∗

CAL ̸=𝑃
∗

NOM
for this specimen. On the other hand, the seasonal anneal-
ing experienced by the a-Si:H material is reflected in the
oscillation of 𝐿

𝑃

∗

CAL ̸=𝑃
∗

NOM
between 0.7%—summer period—

and 7%—winter period. Besides, all the tested modules
experience similar losses related to AOI (∼1%).

As it could be easily anticipated due to its module maxi-
mumpower temperature coefficient (−0.0045∘C−1, according
to manufacturer’s data sheets), the CIGS module is the most
affected by losses caused by values of 𝑇mod other than 25∘C
(10.3%). The remaining modules are less sensitive to the
impact of this parameter, due to their lower values of 𝛾, as
commented in Section 3.2.

Spectral losses are scarcely relevant, in general, for the
CIGS, CdTe, and a-Si:H/𝜇c-Si:H PV testedmodules. Anyway,
it is worth noting that spectral losses turn into gains—
negative values of parameter 𝐿Spec—for the CdTe and, above
all, for the CIGS PVmodule. As commented in Section 3.2—
Figure 4—the performance of this module is enhanced when
the spectrum shifts to longer wavelengths. This fact, com-
bined with the prevailing “red-richness” of the solar spectra
recorded over the experimental campaign, as derived from
Figure 1, is the logical explanation of the annual spectral
gains (1.5%) experienced by the CIGS material. On the other
hand, the a-Si:H module behaves in an opposite way from a
spectral point of view. As shorter wavelengths of the spectra
are enhanced in the summer period, thismaterial experiences
noticeable spectral gains (4.1%) due to its good performance
under “blue-rich” spectra. These gains turn to losses in the
winter period (4.0%). Anyway, it should be remembered that
longer considered time intervals reduce spectral effects [38].
Thus, although not shown in Table 3, 𝐿Spec calculated for
the CIGS PV module from December to March, inclusive,
equals −3.9%—that is, spectral gains—while this parameter
rises up to 3.4%— that is, spectral losses—when calculated
from June to September, inclusive. Likewise—not shown in
Table 3, either—𝐿Spec equals 1.0% when calculated over the
12 months of the experimental campaign for the a-Si:H PV
module.

4. Conclusions

The influence of module temperature and solar spectrum
distribution on the outdoor performance of four thin film
PV modules—a sample for each one of four considered
technologies (a-Si:H, CIGS, CdTe, and a-Si:H/𝜇c-Si:H)—
has been explored by means of an experimental campaign
arranged so that 60% of the collected incident irradiation
over 12months has been generated under solar spectra whose
long wavelength light is enhanced, when compared to the
AM 1.5G incident spectral irradiance distribution. In this
sense, the inland climate of the site where the experimental
campaign took place has allowed us to study the outdoor
behaviour of the four tested modules under a “red-rich” solar
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spectrum. This has paved the way to analyse this behaviour
under values of APE—ranging from 1.79 to 1.91 eV—lower
than those explored in previous works—ranging from 1.85 to
2.03 eV—aiming at the same direction [18–20]. For each one
of these technologies, a contour graph was obtained in which
the module performance is depicted versus APE and 𝑇mod .
Despite not being an original approach, no such contour
graphs have been produced yet for CIGS and CdTe modules,
as far as we know. These figures have allowed us to carry out
a qualitative analysis of the impact of module temperature
and the spectrum shape on the performance of the tested PV
modules.

(a) The performance of the tested a-Si:H, CdTe, and a-
Si:H/𝜇c-Si:Hmodules shows little sensitivity to 𝑇mod
due to their lowmaximum power temperature coeffi-
cients. The higher value provided for this parameter
by the manufacturer of the CIGS module explains
why this device performs worse as 𝑇mod increases, at
fixed APE.

(b) Both the a-Si:H and a-Si:H/𝜇c-Si:H modules notice-
ably improve their outdoor performance as APE
increases—the solar spectral incident irradiance is
enhanced at short wavelengths—at fixed 𝑇mod . The
trend is the other way round for the CIGS mod-
ule; at fixed 𝑇mod , its performance worsens as APE
increases; that is, the solar spectral incident irradiance
is enhanced at long wavelengths. Last, the CdTe PV
module does not show such a strong dependence on
this spectral index as the other PV specimens do.

Additionally, PR over the experimental campaign has
been calculated for each tested PV module. Also, the impact
of some phenomena influencing this index for each consid-
ered PV technology over the 12-month test andmeasurement
period has been quantified and discussed.

The especially noticeable deviation of 𝑃∗CAL from 𝑃
∗

NOM in
the a-Si:H/𝜇c-Si:H PV module causes the most remarkable
losses due to this phenomenon (8.7%). On the other hand,
the seasonal annealing experienced by the a-Si:H material is
reflected in the oscillation of these kinds of losses between
0.7%—summer period—and 7%—winter period. Neverthe-
less, all the tested modules experience similar losses related
to the impact of the angle of incidence (∼1%).

As it could be easily predicted, given its module maxi-
mum power temperature coefficient, the CIGS module is the
most affected by temperature losses (10.3%). The remaining
modules are less sensitive to variations in module tempera-
ture, due to their lower values of 𝛾.

Taking an overall view, spectral losses or gains are scarcely
relevant—below 1.5%—in general, for all the tested modules
when an annual basis is considered.This is not the case when
the time interval of integration to calculate spectral effects is
lowered down to four months.

Small annual spectral losses are experienced by the
CdTe PV module (0.4%) and also small annual spectral
gains are experienced by the CdTe specimen (0.6%). These
gains rise up to 1.5% for the CIGS PV module; this is the
consequence of the improved performance of this module

under long wavelength light, as commented above, combined
with the “red-richness” of the solar spectra recorded over the
experimental campaign. Since the a-Si:H PVmodule behaves
in an opposite way from a spectral point of view, its spectral
losses are equal to 1% on an annual basis.

The impact of the spectrum ismore noticeable when time
intervals shorter than a year are considered. Spectral gains
calculated for theCIGSPVmodule fromDecember toMarch,
inclusive, equal 3.9% while these gains turn to losses (3.4%)
when calculated from June to September, inclusive. On the
other hand, the a-Si:H PVmodule experiences spectral losses
of 4.0% and spectral gains of 4.1% for the winter and summer
periods, respectively.

Anyway, the small size of the sample and the relatively
limited amount of available data—only a module from a
specific manufacturer of each one of the four studied tech-
nologies, experiencing a 12-month outdoor exposure in a
specific sunny suite—suggest using the above conclusions
with caution. However, it should be remembered that many
valuable contributions have gathered some sound conclu-
sions on thin film PV module outdoor performance using
measurements drawn from only one specimen [13–16, 18, 24,
39–41].

Abbreviations

Terminology

AM: Air mass
ASHRAE: American Society of Heating Refrigerating

and Air Conditioning Engineers
a-Si:H: Hydrogenated amorphous silicon
a-Si:H/𝜇c-Si:H: Hydrogenated amorphous

silicon/hydrogenated microcrystalline
silicon hetero-Junction

CdTe: Cadmium telluride
CIGS: Copper indium gallium selenide sulfide
c-Si: Crystalline silicon
IEC: International Electrotechnical

Commission
PC: Personal computer
PV: Photovoltaic(s)
PVGCS: PV grid-connected system(s)
RTD: Resistive thermal detector
STC: Standard test conditions.

Symbols

𝑎: Lower wavelength limit of an interval of
the spectrum [nm]

AOI: Angle of incidence (in general) [∘]
APE: Average photon energy [eV]
𝑏: Upper wavelength limit of an interval of

the spectrum [nm]
𝑏
0

: Empirical coefficient determined for each
type of PV module

𝐸DC: Output DC energy [Wh]
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𝐸DCGM: Output DC energy for each grid mesh
[Wh⋅m−2]

𝐸
𝐹

: Final energy [Wh]
𝐸
𝑁

: Nominal energy [Wh]
𝐺: Incident irradiance [W⋅m−2]
𝐺(𝜆): Incident spectral irradiance

[W⋅m−2⋅nm−1]
𝐺
∗: Incident irradiance at standard test

conditions [1000W⋅m−2]
𝐺AM1.5(𝜆): Incident spectral irradiance of the

standard AM 1.5G spectrum
[W⋅m−2⋅nm−1]

𝐺
𝑖

: The 𝑖th measured value of the incident
irradiance

𝐻: Incident irradiation [Wh⋅m−2]
𝐻GM: Incident irradiation for each grid mesh

[Wh⋅m−2]
𝐼: Current [A]
IAM (𝜃

𝑠

): Incident angle modifier
𝐿AOI: Angle of incidence losses
𝐿
𝑃

∗

CAL ̸=𝑃
∗

NOM
: Losses due to deviation of the calibrated
peak power of a PV module from its
nominal peak power

𝐿Spec: Spectral losses
𝐿
𝑇mod : Temperature losses

𝑁: Number of measured values (of incident
irradiance or maximum power delivered
by the PV module)

𝑃
∗

CAL: Calibrated peak power of a PV
module [W].

𝑃
∗

NOM: Nominal peak power of a PV module (as
provided by the manufacturer data sheets)
[W]

𝑃DC,𝑖: The 𝑖th measured value of the maximum
power delivered by the PV module [W]

PR: (Module) performance ratio
PRGM: (Module) grid-mesh performance ratio
SF: Spectral factor
SR(𝜆): Relative spectral response
𝑇amb: Ambient temperature [∘C]
𝑇mod : Module temperature [∘C]
𝑇
∗

mod : Module temperature at STC [∘C]
𝑇mod ,𝑖: The 𝑖th measured value of module

temperature [∘C]
𝑉: Voltage [V]
𝛾: Module maximum power temperature

coefficient [∘C−1]
𝛿: Solar declination [∘]
𝜃
𝑠

: Angle of incidence between the rays of yhe
sun and the normal to the surface [∘]

Φ(𝜆): Incident spectral photon flux density
[m−2⋅nm−1⋅s−1]

𝜔: True solar time [∘].
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Anisotropic picosecond photovoltaic responses were observed in lanthanum doped manganite La
𝑥

Ca
1−𝑥

MnO
3

(𝑥 = 0.67 and 0.4)
thin films, which were deposited on miscut LaSrAlO

4

substrates under ultraviolet pulsed laser irradiation without external bias.
The 10%–90% rise time and the full width at half maximum of La

0.67

Ca
0.33

MnO
3

were 470 and 585 ps, respectively, and those of
La
0.4

Ca
0.6

MnO
3

were 220 and 515 ps. The photovoltage sensitivities of La
0.67

Ca
0.33

MnO
3

and La
0.4

Ca
0.6

MnO
3

, which are sensitive
to the concentrations of lanthanum of the samples, are 0.28V/mJ and 3.47V/mJ, respectively. The photosensitivity in the films
deposited on MgO is higher than that in those deposited on LaSrAlO

4

substrates, for it has a big lattice mismatch. These results
should open a route for the application of lanthanum doped manganite as an ultrafast photodetector material.

1. Introduction

Previously, the photovoltaic effect was reported in the perov-
skite-based p-n junctions, thin films, and single crystals [1–
6]. The charge carriers of p-n junctions are separated by the
electric field in the space charge region, and the photovoltage
can be observed. However, as a typical photodetector struc-
ture, p-n junction detectors cannot normally have ultrafast
responses, which would limit the applications in nanosecond
and picosecond pulse laser detections. Recently, focus on
tilted structures in lanthanide doped perovskite oxides which
present ultrafast photoresponses and high sensitivities in
photodetection [7–9]. Theoretical researches demonstrated
that ultrafast photoresponse processes should be attributed to
anisotropy diffusion and Seebeck effect. Researches also dem-
onstrated that the concentrations of lanthanide of the samples
could modulate the photoresponse signals in nanometer size
domain tilted thin films, which indicate a new type nano-
meter scale photosensitive source.

In the present study, we deposited different concentra-
tions of lanthanum doped manganite thin films, La

0.67

Ca
0.33

MnO
3

(LCMO1) and La
0.4

Ca
0.6

MnO
3

(LCMO2), on miscut
LaSrAlO

4

(LSAO) substrates, and observed picosecond ultra-
violet (UV) photovoltaic effect under pulsed laser irradiations

without external bias.The photoresponse signals are sensitive
to the measurement circuit input impedance. A small paral-
leling resistance with thin film can effectively improve the
response speed.When the La

𝑥

Ca
1−𝑥

MnO
3

(LCMO) thin film
is connected in parallel with a 0.5Ω resistance, the 10%–90%
rise time (RT) and the full width at half maximum (FWHM)
decrease to 470 ps and 585 ps for LCMO1, and 220 ps
and 515 ps for LCMO2. The voltage sensitivities can reach
0.28V/mJ for LCMO1 and 3.47V/mJ for LCMO2, respec-
tively. Correspondingly, the current sensitivities are 0.21 A/mJ
for LCMO1 and 3.44A/mJ for LCMO2. The comparative
experiments on LCMO film deposited on miscut MgO sub-
strates prove that the photo sensitivity is higher in a big lattice
mismatch system. All these experimental results reveal that
the lanthanum doped manganite films on miscut substrates
can be used as ultrafast photodetective materials.

2. Experimental

The 100 nm thick LCMO thin films were deposited onmiscut
LSAO substrates with (001)LSAO plane tilted to the surface
wafer at an angle𝛼of 10∘ by facing-target sputtering technique
from stoichiometry targets [10]. During the deposition, the
substrates were kept at 680∘C, with oxygen partial pressure of



2 International Journal of Photoenergy

30mTorr. The film thickness, controlled by sputtering time
with the deposition rate, is 100 nm. After the deposition,
the vacuum chamber was immediately backfilled with 1 atm
oxygen gas to improve the oxygen stoichiometry. X-ray
diffraction (XRD) was adopted to characterize the structure
of the as-deposited products.

For the photovoltaic measurements, two Ag electrodes
(1 × 5mm2 in size) separated by 3mm were prepared on the
surface of the LCMO, as shown in Figure 2(b). Electrodes “A”
and “B” are parallel to the tilted direction, while “C” and “D”
are perpendicular to the tilted direction.Thus, the photovolt-
age of the “AB” and “CD” can be investigated and character-
ized, and𝑉AB and𝑉CD can represent the photovoltage of tilted
direction and untilted direction, respectively. The third har-
monic of an actively and passively mode-locked Nd: yttrium-
aluminum-garnet laser was used as the source at room
temperature. The laser was operated at the wavelength of
355 nm (3.49 eV photon energy) with 25 ps duration at 10Hz
repetition rate, and the energy density was 0.0127mJ/mm2.
Thus, the on-sample energy was 0.435mJ. The photovoltaic
signals were monitored by a Tektronix sampling oscilloscope
with a 2.5GHz bandwidth terminated into 1MΩ and 50Ω.

3. Results and Discussion

The microstructure of LCMO/LSAO sample with different
lanthanum component was checked with X-ray diffraction
(XRD) 𝜃-2𝜃 scan as shown in Figure 1(a), where the [001] axis
was aligned carefully and the offset point was set by 10∘ to
satisfy Bragg’s diffraction. Except for the (00l) LSAO substrate
and the (h0h) LCMOfilm reflections, there was no diffraction
peak from impurity phase or randomly oriented grain, indi-
cating the epitaxial growth of the sample. In LCMO thin epi-
taxial film, the decrease of lanthanum component led to a
consequence of lattice contraction due to the transition from
Mn3+ to Mn4+. Therefore, the diffraction peak moved to a
higher angle.

The linear current-voltage (𝐼-𝑉) characteristics, shown in
Figure 2(a), of the LCMOfilms indicated ohmic contacts bet-
ween the films and Ag electrodes. And the resistivity of the
LCMO1 film is larger than that of the LCMO2 film.The open-
circuit photovoltaic pulses between the two electrodes which
were painted on the surface of the LCMO were observed
without any applied bias when the LCMO surfaces were irra-
diated by the pulse laser directly. Figure 3 shows typical pho-
tovoltaic responses of LCMO thin films along the tilted direc-
tion, recorded by the oscilloscope terminated into 1MΩ and
50Ω. When the impedance of the oscilloscope was set as
1MΩ, the peak voltages 𝑉P was 0.053V for the LCMO1 and
0.661 V for the LCMO2, respectively. However, it should be
noted that the responses are composed of a fast rise time,
several oscillations, and a slow decay. The RC constant in the
circuit and the impedance mismatch should be responsible
for these phenomena. In order to reduce the influence of
the RC effect in the measurement, we changed the import
impedance of the oscilloscope from 1MΩ to 50Ω. As shown
in Figure 3, the RT and the FWHM decreased to 870 ps
and 2435 ps for the LCMO1, and 278 ps and 1624 ps for
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Figure 1: XRD patterns of LCMO films on miscut LSAO substrates.
The inset shows the details of the LCMO peaks. Except for the (00l)
LSAO substrate and the (h0h) LCMO film reflections, there was no
diffraction peak.

the LCMO2. In addition, a 0.5Ω resistance was connected
in parallel with the LCMO thin film, and the RT and the
FWHM are 470 ps and 585 ps for LCMO1, and 220 ps and
515 ps for LCMO2, indicating that the photovoltaic response
of the LCMO thin film is a picosecond process.

The anisotropic photoelectric effect was systematically
investigated along the tilted direction and untilted direction.
And the waveforms which were recorded by the oscilloscope
with the input impedance of 50Ω were shown in Figures 3
and 4. For the titled direction, the peak photovoltage 𝑉AB

P in
LCMO1, which is exhibited in Figure 3(a), is 0.0294V when
the film surface was irradiated directly. At the untitled direc-
tion,𝑉CD

P (shown in Figure 4(a)) in LCMO1 is 0.002V, which
is 14 times smaller than𝑉AB

P. In LCMO2, the peak photovolt-
ages 𝑉AB

P and 𝑉CD
P are 0.542V and 0.0308V, respectively,

shown in Figures 3(b) and 4(b). It is noteworthy that the
photovoltaic response was reversed when the LSAO substrate
was irradiated. Therefore, the whole photoresponse process
can be understood as follows. The ultrafast laser pulses
irradiated the LCMO film surface uniformly and generated
photoinduced charge carriers (electron and hole pairs) with
gradient distribution (𝑑𝑛

𝑖

/𝑑𝑧) perpendicular to the film sur-
face [9]. Due to anisotropy and the large ratio of 𝜌

[101]

/𝜌
(101)

,
the diffusion current along [101] axis is much larger than that
along the [101] axis. In carriers’ diffusion process, themobility
of electrons is much larger than that of holes (𝜇

𝑛

− 𝜇
𝑝

> 0),
and electron-hole pairs were separated and generated the
diffusion current density

𝐽
𝑦

≈ 𝐽
[101]

cos𝛼 ≈ 𝑘
0

𝑇Δ𝜇
[101]

sin 2𝛼
(𝑑𝑛
𝑖

/𝑑𝑧)

2

. (1)

FromFigure 3, we can deduce that the voltage sensitivities
are 0.28V/mJ for tilting LCMO1 and 3.47V/mJ for tilting
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Figure 3: Photovoltaic response of (a) LCMO1 film and (b) LCMO2 film, under the illumination of a 355 nm laser pulse in duration of 25 ps
along the tilted direction, recorded by an oscilloscope terminated into 1MΩ and 50Ω. The inset shows the photovoltaic response with a 0.5Ω
resistance which was connected in parallel with the LCMO thin film.

LCMO2. Similarly, we can get the current sensitivities which
are 0.21 A/mJ for tilting LCMO1 and 3.44A/mJ for tilting
LCMO2. These experimental results show that the photoin-
duced voltage effect in the tilting LCMO films is not only an
ultrafast process but also highly sensitive to the UV laser
pulse. The photosensitivity of LCMO2 was higher than that
of LCMO1. In further study, we also deposited LCMO1 and
LCMO2 films onmiscutMgO substrates (at a tilt angle of 10∘)
and observed the ultrafast photovoltaic responses in LCMO/
MgO samples [9]. All the experiment conditions were the
same as before. We can see clearly that the photosensitivity in
LCMO2/MgOwas higher than that in LCMO1/MgO.And the
LCMO films onMgO substrates showedmuch higher photo-
sensitivity than the same component content LCMO films on
LSAO substrates.

To understand the mechanism, high resolution transmis-
sion electron microscope (HRTEM) analysis of the interface
of the LCMO/LSAO and LCMO/MgO has been done. From

the images by HRTEM, we can clearly see that there is a good
epitaxial growth in the LCMO/LSAO sample, due to the small
latticemismatch [11]. However, there exist a lot of dislocations
and domains in LCMO/MgO, due to the larger lattice mis-
match. Dislocations and domain boundaries consist of a lot of
dangling bonds, which can create a lot of carriers under UV
irradiation. Thus, LCMO deposited on MgO substrates with
large lattice mismatch shows higher photovoltaic sensitivity.

4. Conclusion

In summary, we deposited lanthanum doped manganite thin
films on miscut LSAO substrates and observed anisotropic
picosecond UV photovoltaic responses under pulsed laser
irradiation without external bias. A 0.5Ω resistance was con-
nected in parallel with the La

1−𝑥

Ca
𝑥

MnO
3

(LCMO) thin film.
And the RT and the FWHM decreased to 470 ps and 585 ps
for LCMO1, and 220 ps and 515 ps for LCMO2. The voltage
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Figure 4: Photovoltaic responses of (a) the LCMO1 film (b) the LCMO2 film, under the illumination of a 355 nm laser pulse along the untilted
direction (𝑉CD), recorded by the oscilloscope terminated into 50Ω.

sensitivities reached 0.28V/mJ for LCMO1 and 3.47V/mJ for
LCMO2. The current sensitivities are 0.21 A/mJ for LCMO1
and 3.44A/mJ for LCMO2. From the above experiments, we
can see several significant characteristics of the photovoltaic
effect of the lanthanum doped manganite thin film: (I) the
photovoltage along the tilted direction (𝑉AB

P) is larger than
that along the untilted direction (𝑉CD

P); (II) the peak value
of photoresponse in LCMO2 is higher than that in LCMO1;
(III) the photosensitivity in LCMO films deposited on MgO
is higher than that deposited on LSAO substrates, for the
LCMO films deposited on MgO have a big lattice mismatch.
These results should carve out a new way for the application
of LCMO as an ultrafast photodetector material.
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In three-phase photovoltaic (PV) system, three-phase filter inductors are important part for the output electrical power quality.
The comparison analyses of three-phase discrete filter inductors and two kinds of three-phase integrated filter inductors in three-
phase PV inverter are proposed. Firstly, the three-phase PV inverter operation with discrete filter inductors is analyzed, and the
design of discrete filter inductors is given; then operation of the three-phase PV inverter with three-phase integrated five-limb
magnetic core filter inductors is analyzed, the design of integrated filter inductors with five-limb magnetic core is given, then the
operation of three-phase PV inverter with three-phase integrated three-limb magnetic core filter inductors is analyzed, and the
design of integrated filter inductors with three limbs magnetic core is given. The conclusion of comparison between three-phase
discrete filter inductors and two kinds of three-phase integrated filter inductors is done; it means that the three-phase discrete filter
inductors can achieve better output electrical power quality with lower power density and three-phase integrated filter inductors
can achieve higher power density with lower output electrical power quality. Finally, the experiment results are given to compare
the volume and filter effect of three kinds of filter inductors in three-phase PV inverter.

1. Introduction

Photovoltaic (PV) system is becoming increasingly more
interesting among all renewable energy [1–4]. Three-phase
inverter is wildly used in PV system, and the output electrical
power quality is a very important part for the inverter no
matter for the grid or the local load [5–7]. In order to
achieve better output electrical power quality, the switching
harmonics generated by the power invertersmust be properly
filtered out reaching a compromise between the cost and
the weight of the filter and a fulfillment of international
standards.Therefore, the PV inverter requires an output low-
pass filter to interface with the grid or local load. Nowadays,
L filter, LC filter, and LCL filter are wildly used in PV system
[8–10]. For L filter, a single inductor L filter is popular and
simple to use. Due to causing a long-time response, the
system dynamics is poor, but the L filter has the lowest cost
among the three filters. The LC filter is very commonly used
withmost applications, and its output electrical power quality
is better than L filter. For LCL filter, it has the best output

electrical power quality, but the stability of the system may
be compromised by the resonances of the LCL filter, so that
several authors have recently studied these issues [11–13]. For
example, in [14–16] some control techniques to actively damp
the resonances of the filter have been presented.

The demands for PV inverter are not only the good
electrical performance but also the high power density,
high reliability, and low cost. Among the L filter, LC filter,
and LCL filter, most papers pay attention to the electrical
performance, and most applications are the single phase PV
inverter [17–21]. There are seldom papers of filters about the
combination of the electrical performance and the power
density, especially in the three-phase PV inverter. However,
the three-phase filters are very important factor for the
electrical performance, power density, and cost. Therefore,
this paper takes the most used LC filter, for example, to
research the relation between the output electrical power
quality and the volume of three-phase inductors with discrete
magnetic core and integrated magnetic core in three-phase
PV inverter.
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In this paper, the comparison analyses of three-phase dis-
crete filter inductors and two kinds of three-phase integrated
filter inductors of LC filter in three-phase PV inverter are
proposed, and the design of three-phase is analyzed including
the method how to integrate the three-phase filter inductors
into five-limb magnetic core and three-limb magnetic core.
The main works are done as below: according to the volume
of filter inductor from large to small, the operation of three-
phase PV inverter with discrete magnetic filter inductor is
analyzed firstly, and the design ofmagnetic core is given; then
according to the deduced mathematic expression formula of
filter inductor with five-limb magnetic core, the operation
of three-phase PV inverter with five-limb magnetic core
filter inductor is analyzed, and the design of inductance and
magnetic core is given, and then according to the deduced
mathematic expression formula of filter inductor with three-
limbmagnetic core, the operation of three-phase PV inverter
with three-limbmagnetic core filter inductor is analyzed, and
the design of inductance and magnetic core is given. Finally,
the experiment results are given to compare the volume and
filter effect of three kinds of filter inductors.

2. The Three-Phase Discrete Filter Inductors
in Three-Phase Inverter

2.1. The Operational Principle of Three-Phase Discrete Filter
Inductors in Three-Phase LC Filter. The three-phase discrete
filter inductors in three-phase inverter are shown in Figure 1.
Every filter inductor has its ownmagnetic core.Therefore, the
volumes of inductors are large and the costs are high. Before
the analyses, several assumptions are made as follows:

(1) the input voltage source is 𝑉in which come from the
PV panel;

(2) switches 𝑄
1–6 are ideal, diode 𝐷1–6 is the antiparallel

diode of 𝑄
1–6, and the voltages 𝑉

𝑎

, 𝑉
𝑏

, and 𝑉
𝑐

are the
output voltage of three bridge arms;

(3) 𝐿
𝑓1

, 𝐿
𝑓2

, and 𝐿
𝑓3

are three filter inductors, 𝐶
1

, 𝐶
2

,
and 𝐶

3

are three filter capacitors, and 𝑉
𝐿𝑓1

, 𝑉
𝐿𝑓2

, and
𝑉
𝐿𝑓3

are voltages of three inductors;

(4) 𝑅
𝑎

, 𝑅
𝑏

, and 𝑅
𝑐

are three-phase resistance load, 𝑒
𝑎

, 𝑒
𝑏

,
and 𝑒
𝑐

are three-phase voltage, 𝑖
𝑎

, 𝑖
𝑏

, and 𝑖
𝑐

are three-
phase current, and 𝑒

𝑜

is the voltage of the three-phase
load neutral point;

(5) the switch signals can be defined as follows:

𝑆
𝑎

= {

1 𝑄
1

is turned on, 𝑄
4

is turned off;
0 𝑄
4

is turned on, 𝑄
1

is turned off;

𝑆
𝑏

= {

1 𝑄
3

is turned on, 𝑄
6

is turned off;
0 𝑄
6

is turned on, 𝑄
3

is turned off;

𝑆
𝑐

= {

1 𝑄
5

is turned on, 𝑄
2

is turned off;
0 𝑄
2

is turned on, 𝑄
5

is turned off.

(1)

According to Figure 1, 𝑉
𝐿𝑓1

, 𝑉
𝐿𝑓2

, and 𝑉
𝐿𝑓3

can be
described as follows:

𝑉
𝐿𝑓1

= 𝑉
𝑎

− 𝑒
𝑎

− 𝑒
𝑜

= 𝐿
𝑓1

𝑑𝑖
𝑎

𝑑𝑡

,

𝑉
𝐿𝑓2

= 𝑉
𝑏

− 𝑒
𝑏

− 𝑒
𝑜

= 𝐿
𝑓2

𝑑𝑖
𝑏

𝑑𝑡

,

𝑉
𝐿𝑓3

= 𝑉
𝑐

− 𝑒
𝑐

− 𝑒
𝑜

= 𝐿
𝑓3

𝑑𝑖
𝑐

𝑑𝑡

.

(2)

In three-phase system, the amplitude of current and
voltage of every phase are the same, and the 120∘ phase
difference between every two phase, and then it can be got
as

𝑒
𝑎

+ 𝑒
𝑏

+ 𝑒
𝑐

= 0,

𝑖
𝑎

+ 𝑖
𝑏

+ 𝑖
𝑐

= 0.

(3)

According to (2) and (3), neutral point voltage 𝑒
𝑜

can be
got as follows:

𝑒
𝑜

=

𝑉
𝑎

+ 𝑉
𝑏

+ 𝑉
𝑐

3

. (4)

Also, 𝑉
𝑎

, 𝑉
𝑏

, and 𝑉
𝑐

can be described as follows:

𝑉
𝑎

= 𝑆
𝑎

𝑉in,

𝑉
𝑏

= 𝑆
𝑏

𝑉in,

𝑉
𝑐

= 𝑆
𝑐

𝑉in.

(5)

Therefore, finally𝑉
𝐿𝑓1

,𝑉
𝐿𝑓2

, and𝑉
𝐿𝑓3

can be simplified as
follows:

𝑉
𝐿𝑓1

= 𝐿
𝑓1

𝑑𝑖
𝑎

𝑑𝑡

=

2𝑆
𝑎

− 𝑆
𝑏

− 𝑆
𝑐

3

𝑉in − 𝑒𝑎,

𝑉
𝐿𝑓2

= 𝐿
𝑓2

𝑑𝑖
𝑏

𝑑𝑡

=

2𝑆
𝑏

− 𝑆
𝑎

− 𝑆
𝑐

3

𝑉in − 𝑒𝑏,

𝑉
𝐿𝑓3

= 𝐿
𝑓3

𝑑𝑖
𝑐

𝑑𝑡

=

2𝑆
𝑐

− 𝑆
𝑎

− 𝑆
𝑏

3

𝑉in − 𝑒𝑐.

(6)

The above formula is the basic expression of three-
phase discrete inductors. The main functions of three-phase
inductors are to reduce the harmonic by limiting the ripple
current.

2.2. The SPWM Control Method of Three-Phase Inverter. In
this paper, the sine-wave pulse-width modulation (SPWM)
control method is adopted. The SPWM control method is
widely used in the inverter due to its simple and easy real-
izing, and it is has been a mature technology. Though there
are some advantaged control methods such as space voltage
vector pulse-width modulation (SVPWM), the SPWM con-
trol method is enough to verify the basic function of LC filter,
and the SPWMcontrolmethod is shown in Figure 2.Through
the comparison between the high frequency triangular wave
signal 𝑢

𝑜

and three-phase line frequency sine wave signal 𝑢
𝑔𝑎

,
𝑢
𝑔𝑏

, and 𝑢
𝑔𝑐

, the control signals 𝑢
𝑄1–6 for switches 𝑄1–6 are

got.
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Figure 1: The three-phase discrete filter inductors in three-phase inverter.
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2.3. The Ripple Current of Three-Phase Discrete Filter Induc-
tors. In order to get better output electrical power qual-
ity, smaller ripple current of inductor should be achieved.
Besides, the ripple current also decides the volume and
the value of inductor. Therefore, the ripple current of filter
inductor is an important parameter.

According to (6), take the ripple current of 𝐿
𝑓1

, for
example, to analyze, it can be got that

𝑉
𝐿𝑓1

= 𝐿
𝑓1

Δ𝑖
𝑎

Δ𝑡

=

2𝑆
𝑎

− 𝑆
𝑏

− 𝑆
𝑐

3

𝑉
𝑑𝑐

− 𝑒
𝑎

(7)

Δ𝑖
𝑎

is the ripple current of 𝐿
𝑓1

, and it can be got as follows:

Δ𝑖
𝑎

= (

2𝑆
𝑎

− 𝑆
𝑏

− 𝑆
𝑐

3

𝑉
𝑑𝑐

− 𝑒
𝑎

)

𝐷on𝑇

𝐿
𝑓1

, (8)

where 𝑇 is cycle and 𝐷on is duty cycle when the ripple
current increases. Since the current ripple directly decides
the harmonic, the ripple current Δ𝑖

𝑎

is always selected as the
(10–20)% of the max value of 𝑖

𝑎

. Based on the selected ripple
current Δ𝑖

𝑎

, the value of inductor 𝐿
𝑓1

can also be selected.
Since the three-phase inductors have three discrete magnetic
cores, every inductor does not affect each other; then the

demanded filter effect can be achieved and the design of
inductor is not very complicated. The three-phase discrete
inductors can achieve wide application, but the volume,
weight, and cost are their disadvantage.

2.4. The Max Flux Density of Discrete Filter Inductors. In
order to design the magnetic core of the discrete filter
inductor, the flux density should be analyzed. Take the 𝐿

𝑓1

for example, to analyze, and the other 𝐿
𝑓2

and 𝐿
𝑓3

have the
same analyzedmethod.The 𝐿

𝑓1

filter inductor withmagnetic
core is shown in Figure 3(a). 𝜙

𝑎

is the flux generated by 𝐿
𝑓1

winding;R
01

are the magnetic resistance of the middle limb,
and R

02

are the magnetic resistance of the other two limbs;
𝑁
𝐿𝑓1

is the number of turns of 𝐿
𝑓1

winding. According to
the magnetic circuit which is shown in Figure 3(b), 𝜙

𝑎

can be
described as follows:

𝜙
𝑎

=

𝑁
𝐿𝑓1

𝑖
𝑎

R
01

+R
02

//R
02

=

2𝑁
𝐿𝑓1

𝑖
𝑎

2R
01

+R
02

. (9)

Therefore, the voltage of inductors 𝑉
𝐿𝑓1

can be described
as follows:

𝑉
𝐿𝑓1

= 𝑁
𝐿𝑓1

𝑑𝜙
𝑎

𝑑𝑡

. (10)

According to (10), 𝑉
𝐿𝑓1

can be described as follows:

𝑉
𝐿𝑓1

= 𝐿
𝑓1

𝑑𝑖
𝑎

𝑑𝑡

, (11)

where 𝐿
𝑓1

is self-inductor and can be described as follows:

𝐿
𝑓1

=

2𝑁
2

𝐿𝑓1

2R
01

+R
02

. (12)

The magnetic resistance can be got as follows:

R
0𝑖

=

𝑙
𝑔𝑖

𝜇
0

𝐴
𝑖

, 𝑖 = 1, 2, (13)

where 𝑙
𝑔𝑖

and 𝐴
𝑖

are, respectively, the air gap and cross
section area ofR

0𝑖

, 𝜇
0

is air permeability, and for the EE type
magnetic core, the cross section area of middle limb is two
times of that of the other two limbs.Then, when make the air
gap of three limbs are the same, it can be got that 2R

01

= R
02

.
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Figure 3: Three-phase discrete inductor: (a) magnetic core, (b) magnetic circuit.

The three-phase current 𝑖
𝑎

can be described as follows:

𝑖
𝑎

= √2𝐼
𝑚

sin (𝜔𝑡) , (14)

where 𝐼
𝑚

is the effective value of current.
Therefore, when 𝜙

𝑎

achieves its max value 𝜙
𝑎max, the max

flux density𝐵
𝑎max ofmiddle limb can be described as follows:

𝐵
𝑎max =

𝜙
𝑎max
𝐴
2

=

𝐿
𝑓1

√2𝐼
𝑚

𝐴
2

𝑁
𝐿𝑓1

=

√2𝐼
𝑚

𝑁
𝐿𝑓1

𝑢
0

𝑙
𝑔2

. (15)

Then, the magnetic core can be selected according to the
𝐵
𝑎max.

3. The Three-Phase Integrated Filter
Inductors with One Five-Limb Magnetic
Core in Three-Phase Inverter

The three-phase integrated filter inductors with one five-limb
magnetic core in three-phase inverter are shown in Figure 4.
The three filter inductors have one magnetic core with five
limbs, and the magnetic core consists of two EE magnetic
cores.The three filter inductors are on themiddle three limbs,
and the cross section area of three middle limbs is twice than
that of the other two limbs.

3.1. The Expression of Three-Phase Integrated Filter Inductors
with Five Magnetic Limbs. The three-phase integrated filter
inductors with five magnetic limbs are shown in Figure 5(a).
𝜙
𝑎

, 𝜙
𝑏

, and 𝜙
𝑐

are, respectively, the fluxes generated by
𝐿
𝑓1

winding, 𝐿
𝑓2

winding, and 𝐿
𝑓3

winding; R
01

are the
magnetic resistance of three middle limbs, and R

02

are the
magnetic resistance of the other two limbs; 𝑁

𝐿𝑓1

, 𝑁
𝐿𝑓2

, and
𝑁
𝐿𝑓3

are, respectively, the number of turns of 𝐿
𝑓1

winding,
𝐿
𝑓2

winding, and 𝐿
𝑓3

winding. According to the magnetic
circuit which is shown in Figure 5(b), 𝜙

𝑎

is the flux generated
by 𝐿
𝑓1

winding, 𝜙
𝑎𝑏

is the flux generated by 𝐿
𝑓1

winding
flows through 𝐿

𝑓2

winding, and 𝜙
𝑎𝑐

is the flux generated by

𝐿
𝑓1

winding flows through 𝐿
𝑓3

winding, and they can be
described as follows:

𝜙
𝑎

=

𝑁
𝐿𝑓1

𝑖
𝑎

R
01

+R
01

//R
01

//R
02

//R
02

=

2𝑁
𝐿𝑓1

𝑖
𝑎

(R
01

+R
02

)

2R2
01

+ 3R
01

R
02

,

𝜙
𝑎𝑏

= 𝜙
𝑎𝑐

=

2𝑁
𝐿𝑓1

𝑖
𝑎

(R
01

+R
02

)

2R2
01

+ 3R
01

R
02

R
02

2 (R
01

+R
02

)

=

𝑁
𝐿𝑓1

𝑖
𝑎

R
02

2R2
01

+ 3R
01

R
02

(16)
𝜙
𝑏

is the flux generated by 𝐿
𝑓2

winding, 𝜙
𝑏𝑎

is the flux
generated by 𝐿

𝑓2

winding flows through 𝐿
𝑓1

winding, and
𝜙
𝑏𝑐

is the flux generated by 𝐿
𝑓2

winding flows through 𝐿
𝑓3

winding, and they can be described as follows:

𝜙
𝑏

=

𝑁
𝐿𝑓2

𝑖
𝑏

R
01

+R
01

//R
01

//R
02

//R
02

=

2𝑁
𝐿𝑓2

𝑖
𝑏

(R
01

+R
02

)

2R2
01

+ 3R
01

R
02

,

𝜙
𝑏𝑎

= 𝜙
𝑏𝑐

=

2𝑁
𝐿𝑓2

𝑖
𝑏

(R
01

+R
02

)

2R2
01

+ 3R
01

R
02

R
02

2 (R
01

+R
02

)

=

𝑁
𝐿𝑓2

𝑖
𝑏

R
02

2R2
01

+ 3R
01

R
02

(17)

𝜙
𝑐

is the flux generated by 𝐿
𝑓3

winding, 𝜙
𝑐𝑎

is the flux
generated by 𝐿

𝑓3

winding flows through 𝐿
𝑓1

winding, and
𝜙
𝑐𝑏

is the flux generated by 𝐿
𝑓3

winding flows through 𝐿
𝑓2

winding, and they can be described as follows:

𝜙
𝑐

=

𝑁
𝐿𝑓3

𝑖
𝑐

R
01

+R
01

//R
01

//R
02

//R
02

=

2𝑁
𝐿𝑓3

𝑖
𝑐

(R
01

+R
02

)

2R2
01

+ 3R
01

R
02

,
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Figure 4: The three-phase integrated filter inductors with five magnetic limbs in three-phase inverter.
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Figure 5: Three-phase integrated inductors with five magnetic limbs: (a) three-phase magnetic core with five limbs, (b) magnetic circuit.

𝜙
𝑐𝑎

= 𝜙
𝑐𝑏

=

2𝑁
𝐿𝑓3

𝑖
𝑐

(R
01

+R
02

)

2R2
01

+ 3R
01

R
02

R
02

2 (R
01

+R
02

)

=

𝑁
𝐿𝑓3

𝑖
𝑐

R
02

2R2
01

+ 3R
01

R
02

.

(18)

Every total flux of inductor winding consists of three
parts: one is the self-flux and the others are generated by
the other two inductor windings. Therefore, the voltages of
inductors 𝑉

𝐿𝑓1

, 𝑉
𝐿𝑓2

, and 𝑉
𝐿𝑓3

can be described as follows:

𝑉
𝐿𝑓1

= 𝑁
𝐿𝑓1

𝑑

𝑑𝑡

(𝜙
𝑎

+ 𝜙
𝑏𝑎

+ 𝜙
𝑐𝑎

) ,

𝑉
𝐿𝑓2

= 𝑁
𝐿𝑓2

𝑑

𝑑𝑡

(𝜙
𝑏

+ 𝜙
𝑎𝑏

+ 𝜙
𝑐𝑏

) ,

𝑉
𝐿𝑓3

= 𝑁
𝐿𝑓3

𝑑

𝑑𝑡

(𝜙
𝑐

+ 𝜙
𝑎𝑐

+ 𝜙
𝑏𝑐

) .

(19)

According to (16), (17), (18), and (19),𝑉
𝐿𝑓1

,𝑉
𝐿𝑓2

, and𝑉
𝐿𝑓3

also can be described as follows:

(

𝑉
𝐿𝑓1

𝑉
𝐿𝑓2

𝑉
𝐿𝑓3

) = (

𝐿
𝑓1

𝑀
𝑎𝑏

𝑀
𝑎𝑐

𝑀
𝑎𝑏

𝐿
𝑓2

𝑀
𝑏𝑐

𝑀
𝑎𝑐

𝑀
𝑏𝑐

𝐿
𝑓3

)

(

(

(

(

𝑑𝑖
𝑎

𝑑𝑡

𝑑𝑖
𝑏

𝑑𝑡

𝑑𝑖
𝑐

𝑑𝑡

)

)

)

)

, (20)

where 𝐿
𝑓1

, 𝐿
𝑓2

, and 𝐿
𝑓3

are self-inductor and can be
described as follows:

𝐿
𝑓1

=

2𝑁
2

𝐿𝑓1

(R
01

+R
02

)

2R2
01

+ 3R
01

R
02

,

𝐿
𝑓2

=

2𝑁
2

𝐿𝑓2

(R
01

+R
02

)

2R2
01

+ 3R
01

R
02

,

𝐿
𝑓3

=

2𝑁
2

𝐿𝑓3

(R
01

+R
02

)

2R2
01

+ 3R
01

R
02

.

(21)

𝑀
𝑎𝑏

, 𝑀
𝑎𝑐

, and 𝑀
𝑏𝑐

are mutual inductance and can be
described as follows:

𝑀
𝑎𝑏

=

𝑁
𝐿𝑓1

𝑁
𝐿𝑓2

R
02

2R2
01

+ 3R
01

R
02

,

𝑀
𝑎𝑐

=

𝑁
𝐿𝑓1

𝑁
𝐿𝑓3

R
02

2R2
01

+ 3R
01

R
02

,

𝑀
𝑏𝑐

=

𝑁
𝐿𝑓2

𝑁
𝐿𝑓3

R
02

2R2
01

+ 3R
01

R
02

.

(22)

In order to make the three-phases balanced, the number
of turns of three-phase inductor is the same; it means that
𝑁
𝐿𝑓1

= 𝑁
𝐿𝑓2

= 𝑁
𝐿𝑓3

. Therefore, it can be got that 𝐿
𝑓1

=

𝐿
𝑓2

= 𝐿
𝑓3

= 𝐿
𝑓

, and𝑀
𝑎𝑏

= 𝑀
𝑎𝑐

= 𝑀
𝑏𝑐

= 𝑀. Then, finally
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the expression of three-phase integrated inductors with five
magnetic limbs can be described as follows:

(

𝑉
𝐿𝑓1

𝑉
𝐿𝑓2

𝑉
𝐿𝑓3

) = (

𝐿
𝑓

𝑀 𝑀

𝑀 𝐿
𝑓

𝑀

𝑀 𝑀 𝐿
𝑓

)

(

(

(

(

𝑑𝑖
𝑎

𝑑𝑡

𝑑𝑖
𝑏

𝑑𝑡

𝑑𝑖
𝑐

𝑑𝑡

)

)

)

)

. (23)

Based on (23), it can be got that the three-phase inductors
couple with each other, and then the current ripple can be
analyzed.

3.2. The Ripple Current of Three-Phase Integrated Filter
Inductors with Five-Limb Magnetic Core. In order to achieve
the demanded filter effect of three-phase integrated filter
inductors with fivemagnetic limbs, the current ripples should
be analyzed. According to (23), 𝑉

𝐿𝑓1

, 𝑉
𝐿𝑓2

, and 𝑉
𝐿𝑓3

can be
described as follows:

𝑉
𝐿𝑓1

= 𝑉
𝑎

− 𝑒
𝑎

− 𝑒
𝑜

= 𝐿
𝑓1

𝑑𝑖
𝑎

𝑑𝑡

+𝑀

𝑑𝑖
𝑏

𝑑𝑡

+𝑀

𝑑𝑖
𝑐

𝑑𝑡

,

𝑉
𝐿𝑓2

= 𝑉
𝑏

− 𝑒
𝑏

− 𝑒
𝑜

= 𝐿
𝑓2

𝑑𝑖
𝑏

𝑑𝑡

+𝑀

𝑑𝑖
𝑎

𝑑𝑡

+𝑀

𝑑𝑖
𝑐

𝑑𝑡

,

𝑉
𝐿𝑓3

= 𝑉
𝑐

− 𝑒
𝑐

− 𝑒
𝑜

= 𝐿
𝑓3

𝑑𝑖
𝑐

𝑑𝑡

+𝑀

𝑑𝑖
𝑏

𝑑𝑡

+𝑀

𝑑𝑖
𝑎

𝑑𝑡

.

(24)

Furthermore, it can be simplified as follows:

𝑉
𝐿𝑓1

=

2𝑆
𝑎

− 𝑆
𝑏

− 𝑆
𝑐

3

𝑉in − 𝑒𝑎 = 𝐿𝑓1
𝑑𝑖
𝑎

𝑑𝑡

+𝑀

𝑑𝑖
𝑏

𝑑𝑡

+𝑀

𝑑𝑖
𝑐

𝑑𝑡

,

𝑉
𝐿𝑓2

=

2𝑆
𝑏

− 𝑆
𝑎

− 𝑆
𝑐

3

𝑉in − 𝑒𝑏 = 𝐿𝑓2
𝑑𝑖
𝑏

𝑑𝑡

+𝑀

𝑑𝑖
𝑎

𝑑𝑡

+𝑀

𝑑𝑖
𝑐

𝑑𝑡

,

𝑉
𝐿𝑓3

=

2𝑆
𝑐

− 𝑆
𝑎

− 𝑆
𝑏

3

𝑉in − 𝑒𝑐 = 𝐿𝑓3
𝑑𝑖
𝑐

𝑑𝑡

+𝑀

𝑑𝑖
𝑏

𝑑𝑡

+𝑀

𝑑𝑖
𝑎

𝑑𝑡

.

(25)

Take the ripple current Δ𝑖
𝑎

of 𝐿
𝑓1

, for example, to ana-
lyze, it can be got that

Δ𝑖
𝑎

= (

2𝑆
𝑎

− 𝑆
𝑏

− 𝑆
𝑐

3

𝑉
𝑑𝑐

− 𝑒
𝑎

−𝑀

𝑑𝑖
𝑏

𝑑𝑡

−𝑀

𝑑𝑖
𝑐

𝑑𝑡

)

×

𝐷on𝑇

𝐿
𝑓1

.

(26)

It can be got that the ripple current Δ𝑖
𝑎

are influenced
by switching signals 𝑆

𝑎

, 𝑆
𝑏

, and 𝑆
𝑐

which are decided by
control method, and the mutual inductors and currents of
the other two phases. Since the ripple currents are coupled
with each other, it is complicated to design the ideal value
of ripple current for fulfilling the demand of harmonic. In
order to reduce the influence by other two phases, the mutual
inductors can be eliminated. According to (22), the mutual
inductor is described as follows:

𝑀 =

𝑁
2

𝐿𝑓

R
02

2R2
01

+ 3R
01

R
02

. (27)

The magnetic resistance can be got as follows:

R
0𝑖

=

𝑙
𝑔𝑖

𝜇
0

𝐴
𝑖

, 𝑖 = 1, 2, (28)

where 𝑙
𝑔𝑖

and𝐴
𝑖

are, respectively, the air gap and cross section
area ofR

0𝑖

and 𝜇
0

is air permeability.
In order to reduce the mutual inductor, according to

(27), when the magnetic resistance R
02

is zero, the mutual
inductor 𝑀 can be eliminated. Therefore, the air gap 𝑙

𝑔2

of
R
02

can be adjusted to zero to reduce the mutual inductor.
Then, (26) can be simplified as follows:

Δ𝑖
𝑎

= (

2𝑆
𝑎

− 𝑆
𝑏

− 𝑆
𝑐

3

𝑉
𝑑𝑐

− 𝑒
𝑎

)

×

𝐷on𝑇

𝐿
𝑓1

.

(29)

Based on (22), it can be got that the ripple currents of
three-phase integrated filter inductors with five limbs are the
same as those of three-phase discrete filter inductors. Itmeans
that the two kinds of three-phase inductors have the same
filter effect, but the volume of integrated filter inductors with
five limbs is less than that of discrete filter inductors.

3.3. The Max Flux Density of Integrated Filter Inductors with
Five Magnetic Limbs. In order to design the magnetic core
of the three-phase integrated filter inductors with five limbs,
the flux density of every limb should be analyzed. There are
five limbs of the magnetic core of integrated filter inductor,
and the middle three limbs have the windings of three-phase
filter inductors. In order to reduce the mutual inductor, the
middle three limbs have the same air gaps; the other two
limbs have no air gaps; it means that the middle three limbs
have the magnetic resistances and the other two limbs have
no magnetic resistances. Therefore, the fluxes generated by
the three inductor windings of middle three limbs all flow
through the other two limbs and donot flow through each
other. Taking the flux 𝜙

𝑎

generated by 𝐿
𝑓1

winding of second
limb for example, 𝜙

𝑎

can be got as follows:

𝜙
𝑎

=

𝐿
𝑓1

𝑖
𝑎

𝑁
𝐿𝑓1

. (30)

Since the magnetic resistance R
02

is zero, and according
to (28), then 𝐿

𝑓1

can be got as follows:

𝐿
𝑓1

=

2𝑁
2

𝐿𝑓1

(R
01

+R
02

)

2R2
01

+ 3R
01

R
02

=

𝑁
2

𝐿𝑓1

R
01

=

𝑁
2

𝐿𝑓1

𝑢
0

𝐴
2

𝑙
𝑔2

.

(31)
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The three-phase current 𝑖
𝑎

, 𝑖
𝑏

, and 𝑖
𝑐

can be described as
follows:

𝑖
𝑎

= √2𝐼
𝑚

sin (𝜔𝑡) ,

𝑖
𝑏

= √2𝐼
𝑚

sin(𝜔𝑡 + 2𝜋
3

) ,

𝑖
𝑐

= √2𝐼
𝑚

sin(𝜔𝑡 − 2𝜋
3

) ,

(32)

where 𝐼
𝑚

is the effective value of current.
Therefore, when 𝜙

𝑎

achieves its max value 𝜙
𝑎max, the max

flux density 𝐵
2max of second limb can be described as follows:

𝐵
2max =

𝜙
𝑎max
𝐴
2

=

𝐿
𝑓1

√2𝐼
𝑚

𝐴
2

𝑁
𝐿𝑓1

=

√2𝐼
𝑚

𝑁
𝐿𝑓1

𝑢
0

𝑙
𝑔2

.

(33)

Also, the max flux densities 𝐵
3max and 𝐵4max of the third

and fourth limbs can be described as follows:

𝐵
3max =

√2𝐼
𝑚

𝑁
𝐿𝑓2

𝑢
0

𝑙
𝑔3

,

𝐵
4max =

√2𝐼
𝑚

𝑁
𝐿𝑓3

𝑢
0

𝑙
𝑔4

.

(34)

The fluxes of the first and fifth limbs consist of three
parts of fluxes which are generated by themiddle three limbs.
Taking the flux 𝜙

1

of the first limb, for example, 𝜙
1

consists of
𝜙
𝑎1

generated by 𝐿
𝑓1

winding, 𝜙
𝑏1

generated by 𝐿
𝑓2

winding,
and 𝜙

𝑐1

generated by 𝐿
𝑓3

winding. 𝜙
𝑎1

, 𝜙
𝑏1

, and 𝜙
𝑐1

can be
described as follows:

𝜙
𝑎1

=

𝑁
𝐿𝑓1

𝑖
𝑎

R
01

2R2
01

+ 3R
01

R
02

,

𝜙
𝑏1

=

𝑁
𝐿𝑓2

𝑖
𝑏

R
01

2R2
01

+ 3R
01

R
02

,

𝜙
𝑐1

=

𝑁
𝐿𝑓3

𝑖
𝑐

R
01

2R2
01

+ 3R
01

R
02

.

(35)

Therefore, 𝜙
1

can be got as follows:

𝜙
1

= 𝜙
𝑎1

+ 𝜙
𝑏1

+ 𝜙
𝑐1

=

𝑁
𝐿𝑓

R
01

(𝑖
𝑎

+ 𝑖
𝑏

+ 𝑖
𝑐

)

2R2
01

+ 3R
01

R
02

.

(36)

Since in three-phase system, 𝑖
𝑎

+ 𝑖
𝑏

+ 𝑖
𝑐

= 0. Therefore, the
total flux 𝜙

1

is zero. The main functions of the first and fifth
limbs are to adjust the mutual inductors.

4. The Integrated Three-Phase Filter
Inductors with Five-Limb Magnetic Core in
Three-Phase Inverter

In order to further decrease the volume of three-phase filter
inductor, the five magnetic limbs can be simplified to three

magnetic limbs which are shown in Figure 6. In Figure 6, one
EE magnetic core is adopted, and the cross section area of
middle limb is twice than that of the other two limbs. Since,
compared with the above two kinds of three-phase filter
inductors, this kind of three-phase integrated filter inductor
can achieve the least volume.

4.1. The Expression of Three-Phase Integrated Filter Induc-
tors with Three Magnetic Limbs. The integrated three-phase
filter inductors with three-limb magnetic core are shown
in Figure 7(a). 𝜙

𝑎

, 𝜙
𝑏

, and 𝜙
𝑐

are, respectively, the fluxes
generated by 𝐿

𝑓1

winding, 𝐿
𝑓2

winding, and 𝐿
𝑓3

winding;
R
1

, R
2

, and R
3

are, respectively, the magnetic resistance
of three limbs. According to the magnetic circuit which is
shown in Figure 7(b), 𝜙

𝑎

is the flux generated by 𝐿
𝑓1

winding,
𝜙
𝑎𝑏

is the flux generated by 𝐿
𝑓1

winding flows through 𝐿
𝑓2

winding, and 𝜙
𝑎𝑐

is the flux generated by 𝐿
𝑓1

winding flows
through 𝐿

𝑓3

winding, and they can be described as follows:

𝜙
𝑎

=

𝑁
𝐿𝑓1

𝑖
𝑎

R
1

+R
2

//R
3

=

𝑁
𝐿𝑓1

𝑖
𝑎

(R
3

+R
2

)

R
1

R
2

+R
1

R
3

+R
2

R
3

,

𝜙
𝑎𝑏

=

𝑁
𝐿𝑓1

𝑖
𝑎

(R
3

+R
2

)

R
1

R
2

+R
1

R
3

+R
2

R
3

R
3

R
3

+R
2

=

𝑁
𝐿𝑓1

𝑖
𝑎

R
3

R
1

R
2

+R
1

R
3

+R
2

R
3

,

𝜙
𝑎𝑐

=

𝑁
𝐿𝑓1

𝑖
𝑎

(R
3

+R
2

)

R
1

R
2

+R
1

R
3

+R
2

R
3

R
2

R
3

+R
2

=

𝑁
𝐿𝑓1

𝑖
𝑎

R
2

R
1

R
2

+R
1

R
3

+R
2

R
3

.

(37)

Also, 𝜙
𝑏

is the flux generated by 𝐿
𝑓2

winding, 𝜙
𝑏𝑎

is the
flux generated by 𝐿

𝑓2

winding flows through 𝐿
𝑓1

winding,
and 𝜙

𝑏𝑐

is the flux generated by 𝐿
𝑓2

winding flows through
𝐿
𝑓3

winding, and they can be described as follows:

𝜙
𝑏

=

𝑁
𝐿𝑓2

𝑖
𝐿𝑓2

R
2

+R
1

//R
3

=

𝑁
𝐿𝑓2

𝑖
𝐿𝑓2

(R
1

+R
3

)

R
1

R
2

+R
1

R
3

+R
2

R
3

,

𝜙
𝑏𝑎

=

𝑁
𝐿𝑓2

𝑖
𝑏

(R
1

+R
3

)

R
1

R
2

+R
1

R
3

+R
2

R
3

R
3

R
1

+R
3

=

𝑁
𝐿𝑓2

𝑖
𝑏

R
3

R
1

R
2

+R
1

R
3

+R
2

R
3

,

𝜙
𝑏𝑐

=

𝑁
𝐿𝑓2

𝑖
𝑏

(R
1

+R
3

)

R
1

R
2

+R
1

R
3

+R
2

R
3

R
2

R
1

+R
3

=

𝑁
𝐿𝑓2

𝑖
𝑏

R
1

R
1

R
2

+R
1

R
3

+R
2

R
3

(38)

𝜙
𝑐

is the flux generated by 𝐿
𝑓3

winding, 𝜙
𝑐𝑎

is the flux
generated by 𝐿

𝑓3

winding flows through 𝐿
𝑓1

winding, and
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Figure 6: The three-phase integrated filter inductors with three magnetic limbs in three-phase inverter.
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Figure 7: Three-phase integrated inductors with five magnetic limbs: (a) three-phase magnetic core with five limbs, (b) magnetic circuit.

𝜙
𝑐𝑏

is the flux generated by 𝐿
𝑓3

winding flows through 𝐿
𝑓2

winding, and they can be described as follows:

𝜙
𝑐

=

𝑁
𝐿𝑓3

𝑖
𝑐

R
3

+R
1

//R
2

=

𝑁
𝐿𝑓2

𝑖
𝑐

(R
1

+R
2

)

R
1

R
2

+R
1

R
3

+R
2

R
3

,

𝜙
𝑐𝑎

=

𝑁
𝐿𝑓3

𝑖
𝑐

(R
1

+R
2

)

R
1

R
2

+R
1

R
3

+R
2

R
3

R
2

R
1

+R
2

=

𝑁
𝐿𝑓3

𝑖
𝑐

R
2

R
1

R
2

+R
1

R
3

+R
2

R
3

,

𝜙
𝑐𝑏

=

𝑁
𝐿𝑓3

𝑖
𝑐

(R
1

+R
2

)

R
1

R
2

+R
1

R
3

+R
2

R
3

R
1

R
1

+R
2

=

𝑁
𝐿𝑓3

𝑖
𝑐

R
1

R
1

R
2

+R
1

R
3

+R
2

R
3

.

(39)

Furthermore, 𝑉
𝐿𝑓1

, 𝑉
𝐿𝑓2

, and 𝑉
𝐿𝑓3

can be represented as
follows:

𝑉
𝐿𝑓1

= 𝑁
𝐿𝑓1

𝑑

𝑑𝑡

(𝜙
𝑎

+ 𝜙
𝑏𝑎

+ 𝜙
𝑐𝑎

) ,

𝑉
𝐿𝑓2

= 𝑁
𝐿𝑓2

𝑑

𝑑𝑡

(𝜙
𝑏

+ 𝜙
𝑎𝑏

+ 𝜙
𝑐𝑏

) ,

𝑉
𝐿𝑓3

= 𝑁
𝐿𝑓3

𝑑

𝑑𝑡

(𝜙
𝑐

+ 𝜙
𝑎𝑐

+ 𝜙
𝑏𝑐

) .

(40)

Based on the above formulas, the expression of integrated
three-phase filter inductors with three magnetic limbs can be
represented as follows:

(

𝑉
𝐿𝑓1

𝑉
𝐿𝑓2

𝑉
𝐿𝑓3

) = (

𝐿
𝑓1

𝑀
𝑎𝑏

𝑀
𝑎𝑐

𝑀
𝑎𝑏

𝐿
𝑓2

𝑀
𝑏𝑐

𝑀
𝑎𝑐

𝑀
𝑏𝑐

𝐿
𝑓3

)

(

(

(

(

𝑑𝑖
𝑎

𝑑𝑡

𝑑𝑖
𝑏

𝑑𝑡

𝑑𝑖
𝑐

𝑑𝑡

)

)

)

)

, (41)

where 𝐿
𝑓1

, 𝐿
𝑓2

, and 𝐿
𝑓3

can be represented as follows:

𝐿
𝑓1

=

𝑁
2

𝐿𝑓1

(R
3

+R
2

)

R
1

R
2

+R
1

R
3

+R
2

R
3

,

𝐿
𝑓2

=

𝑁
2

𝐿𝑓2

(R
1

+R
3

)

R
1

R
2

+R
1

R
3

+R
2

R
3

,

𝐿
𝑓3

=

𝑁
2

𝐿𝑓3

(R
1

+R
2

)

R
1

R
2

+R
1

R
3

+R
2

R
3

.

(42)

𝑀
𝑎𝑏

, 𝑀
𝑎𝑐

, and 𝑀
𝑏𝑐

are mutual inductors and can be repre-
sented as follows:

𝑀
𝑎𝑏

=

𝑁
𝐿𝑓1

𝑁
𝐿𝑓2

R
3

R
1

R
2

+R
1

R
3

+R
2

R
3

,
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𝑀
𝑎𝑐

=

𝑁
𝐿𝑓1

𝑁
𝐿𝑓3

R
2

R
1

R
2

+R
1

R
3

+R
2

R
3

,

𝑀
𝑏𝑐

=

𝑁
𝐿𝑓2

𝑁
𝐿𝑓3

R
1

R
1

R
2

+R
1

R
3

+R
2

R
3

.

(43)

Based on (43), it can be got that the three inductors couple
with each other, and then the current ripple can be analyzed.

4.2. The Ripple Current ofThree-Phase Integrated Filter Induc-
tors withThree-LimbMagnetic Core. According to (43),𝑉

𝐿𝑓1

,
𝑉
𝐿𝑓2

, and 𝑉
𝐿𝑓3

can be described as follows:

𝑉
𝐿𝑓1

= 𝑉
𝑎

− 𝑒
𝑎

− 𝑒
𝑜

= 𝐿
𝑓1

𝑑𝑖
𝑎

𝑑𝑡

+𝑀
𝑎𝑏

𝑑𝑖
𝑏

𝑑𝑡

+𝑀
𝑎𝑐

𝑑𝑖
𝑐

𝑑𝑡

,

𝑉
𝐿𝑓2

= 𝑉
𝑏

− 𝑒
𝑏

− 𝑒
𝑜

= 𝐿
𝑓2

𝑑𝑖
𝑏

𝑑𝑡

+𝑀
𝑎𝑏

𝑑𝑖
𝑎

𝑑𝑡

+𝑀
𝑏𝑐

𝑑𝑖
𝑐

𝑑𝑡

,

𝑉
𝐿𝑓3

= 𝑉
𝑐

− 𝑒
𝑐

− 𝑒
𝑜

= 𝐿
𝑓3

𝑑𝑖
𝑐

𝑑𝑡

+𝑀
𝑏𝑐

𝑑𝑖
𝑏

𝑑𝑡

+𝑀
𝑎𝑐

𝑑𝑖
𝑎

𝑑𝑡

.

(44)

Based on (42) and (43), the self-inductors and mutual
inductors are decided by magnetic resistors. The magnetic
resistor can be got as follows:

R
𝑖

=

𝑙
𝑔𝑖

𝜇
0

𝐴
𝑖

, 𝑖 = 1, 2, 3, (45)

where 𝑙
𝑔𝑖

and𝐴
𝑖

, are respectively, the air gap and cross section
area ofR

0𝑖

and 𝜇
0

is air permeability.
Since one EE magnetic core is adopted in this paper, the

cross section area of middle limb is twice than that of the
other two limbs.Then, itmakes the self-inductors andmutual
inductors not the same. In order to make the three-phases
balanced, the air gaps can be adjusted to make the magnetic
resistors of three limbs the same. Therefore, it can be got that
𝑙
𝑔2

= 2𝑙
𝑔1

= 2𝑙
𝑔3

. Furthermore, when 𝑁
𝐿𝑓1

= 𝑁
𝐿𝑓2

= 𝑁
𝐿𝑓3

,
it can be got that 𝐿

𝑓1

= 𝐿
𝑓2

= 𝐿
𝑓3

= 𝐿
𝑓

and𝑀
𝑎𝑏

= 𝑀
𝑎𝑐

=

𝑀
𝑏𝑐

= 𝑀. Therefore, (44) can be simplified as follows:

𝑉
𝐿𝑓1

=

2𝑆
𝑎

− 𝑆
𝑏

− 𝑆
𝑐

3

𝑉in − 𝑒𝑎 = 𝐿𝑓
𝑑𝑖
𝑎

𝑑𝑡

+𝑀

𝑑𝑖
𝑏

𝑑𝑡

+𝑀

𝑑𝑖
𝑐

𝑑𝑡

,

𝑉
𝐿𝑓2

=

2𝑆
𝑏

− 𝑆
𝑎

− 𝑆
𝑐

3

𝑉in − 𝑒𝑏 = 𝐿𝑓
𝑑𝑖
𝑏

𝑑𝑡

+𝑀

𝑑𝑖
𝑎

𝑑𝑡

+𝑀

𝑑𝑖
𝑐

𝑑𝑡

,

𝑉
𝐿𝑓3

=

2𝑆
𝑐

− 𝑆
𝑎

− 𝑆
𝑏

3

𝑉in − 𝑒𝑐 = 𝐿𝑓
𝑑𝑖
𝑐

𝑑𝑡

+𝑀

𝑑𝑖
𝑏

𝑑𝑡

+𝑀

𝑑𝑖
𝑎

𝑑𝑡

.

(46)

In order to analyze conveniently, take the one-phase
ripple current Δ𝑖

𝑎

of 𝐿
𝑓1

, for example, to analyze, it can be
got that

Δ𝑖
𝑎

= (

2𝑆
𝑎

− 𝑆
𝑏

− 𝑆
𝑐

3

𝑉
𝑑𝑐

− 𝑒
𝑎

−𝑀

𝑑𝑖
𝑏

𝑑𝑡

−𝑀

𝑑𝑖
𝑐

𝑑𝑡

)

×

𝐷on𝑇

𝐿
𝑓1

.

(47)

In three-phase system, the three-phase current 𝑖
𝑎

, 𝑖
𝑏

, and
𝑖
𝑐

can be described as follows:

𝑖
𝑎

= √2𝐼
𝑚

sin (𝜔𝑡) ,

𝑖
𝑏

= √2𝐼
𝑚

sin(𝜔𝑡 + 2𝜋
3

) ,

𝑖
𝑐

= √2𝐼
𝑚

sin(𝜔𝑡 − 2𝜋
3

) ,

(48)

where 𝐼
𝑚

is the effective value of current and 𝜔 is the line
angular frequency.

According to (48), the ripple currentΔ𝑖
𝑎

can be simplified
as follows:

Δ𝑖
𝑎

= (

2𝑆
𝑎

− 𝑆
𝑏

− 𝑆
𝑐

3

𝑉
𝑑𝑐

− 𝑒
𝑎

+ √2𝑀𝐼
𝑚

𝜔 cos (𝜔𝑡))

×

𝐷on𝑇

𝐿
𝑓1

.

(49)

Compared with the ripple current of discrete inductors
and integrated inductors with five limbs, it can be got
that the ripple current with three limbs is influenced by
additional√2𝑀𝐼

𝑚

𝜔 cos(𝜔𝑡). Therefore, mutual inductor 𝑀,
current 𝐼

𝑚

, and angular frequency 𝜔 should be designed
to fulfill the demand of current ripple. Then the value of
√2𝑀𝐼

𝑚

𝜔 cos(𝜔𝑡) can be designed to be less than 10% ((2𝑆
𝑎

−

𝑆
𝑏

−𝑆
𝑐

)𝑉in/3−𝑒𝑎), and then the influence of√2𝑀𝐼𝑚𝜔 cos(𝜔𝑡)
can be omitted. When the three-phase integrated inductors
with three limbs operate in high frequency, large current,
and large mutual inductor, the influence cannot be omitted
and the harmonic cannot meet the demand.Therefore, when
the value of √2𝑀𝐼

𝑚

𝜔 cos(𝜔𝑡) can be omitted, three-phase
integrated inductors with three limbs can save more volume
and achieve better power density.

4.3. The Max Flux Density of Integrated Filter Inductors with
Three Magnetic Limbs. Since there are only three magnetic
limbs in one magnetic core, the three-phase fluxes are
coupled with each other. Take the first limb, for example,
which is shown in Figure 7(a), the total flux 𝜙

1

of first limb
consists of the flux 𝜙

𝑎

generated by 𝐿
𝑓1

winding, the flux
𝜙
𝑏𝑎

generated by 𝐿
𝑓2

winding flows through the first limb,
and flux 𝜙

𝑐𝑎

generated by 𝐿
𝑓3

winding flows through the first
limb; then it can be got that

𝜙
1

= 𝜙
𝑎

+ 𝜙
𝑏𝑎

+ 𝜙
𝑐𝑎

. (50)

The total flux can be further simplified as follows:

𝜙
1

=

1

𝑁
𝐿𝑓1

(𝐿
𝑓1

−𝑀)√2𝐼
𝑚

sin (𝜔𝑡) . (51)

Since the three-phase magnetic resistors and the number
of turns of three-phase inductor are the same, it can be got
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thatR
1

= R
2

= R
3

= R
0

, and 𝑁
𝐿𝑓1

= 𝑁
𝐿𝑓2

= 𝑁
𝐿𝑓3

= 𝑁
𝐿𝑓

;
then 𝐿

𝑓1

and𝑀 can be described as follows:

𝐿
𝑓1

=

2𝑁
2

𝐿𝑓

𝑢
0

𝐴
1

3𝑙
𝑔1

,

𝑀 =

𝑁
2

𝐿𝑓

𝑢
0

𝐴
1

3𝑙
𝑔1

.

(52)

When 𝜙
1

achieves its max value 𝜙
1max, the max flux

density 𝐵
1max of second limb can be described as follows:

𝐵
1max =

𝜙
1max
𝐴
1

=

𝑁
𝐿𝑓

𝑢
0

√2𝐼
𝑚

3𝑙
𝑔1

. (53)

Also the max flux density 𝐵
2max of second limb and the

max flux density 𝐵
3max of third limb can be described as

follows:

𝐵
2max =

𝑁
𝐿𝑓

𝑢
0

√2𝐼
𝑚

3𝑙
𝑔2

,

𝐵
3max =

𝑁
𝐿𝑓

𝑢
0

√2𝐼
𝑚

3𝑙
𝑔3

.

(54)

5. The Comparison between Discrete Filter
Inductors and Integrated Filter Inductors

According to the above analyses, the comparison of the
discrete filter inductors and integrated filter inductors is
shown in Table 1. Then, based on the different demands
of the PV inverter, different LC filter can be selected to
fulfill the demands for the power density and the electrical
performance.

6. Experimental Results

The parameters of three-phase inverter are shown as follows:
the input voltage is 𝑉in = 700VDC, the three-phase output
voltages are 𝑒

𝑎

= 𝑒
𝑏

= 𝑒
𝑐

= 220VAC, the load frequency
is 50Hz, load power is 3 kW, three filter capacitors are 9 𝜇F,
the control method is SPWM, switching frequency is 15 kHz,
the max duty cycle𝐷onmax is 0.85, and the max value of every
phase current is 7A. In this paper, three-phase discrete filter
inductors, three-phase integrated filter inductors with five
magnetic limbs, and three-phase integrated filter inductors
with three magnetic limbs are, respectively, adopted to fulfill
the demanded filter effect. In particular, the Three-phase
integrated filter inductors can save more volume and achieve
more power density.

6.1. The Volume Comparison of Three Kinds of Three-Phase
Filter Inductors. In this paper, all the magnetic cores of three
kinds of three-phase filter inductors are composed by power
ferrite EE96/48/32 whose saturated flux density is 0.5 T and
the cross section area ofmiddle limb is 1024mm2.The param-
eters of three kinds of filter inductors are shown inTable 2, the

three-phase discrete filter inductors adopt three power ferrite
EE96/48/32 cores, the three-phase integrated filter inductors
with five limbs adopt two power ferrite EE96/48/32 cores, and
the three-phase integrated filter inductors with three limbs
adopt one power ferrite EE96/48/32 core.The self-inductance
of three kinds of three filter inductors is 3.8mH, and the
number of turns is 80. For the three-phase integrated filter
inductors with three limbs; the cross section area of middle
limb is twice than that of the other two limbs; then the air
gap of middle limb is twice than that of the other two limbs to
make the three-phases balanced. According to the analyses of
flux density, it can be calculated that the max flux densities of
three discrete filter inductors are 0.33 T, themax flux densities
of three middle limbs of integrated filter inductors with five
limbs are 0.33 T and that of the other two limbs are zero,
and the max flux densities of middle limb of integrated filter
inductors with three limbs are 0.17 T and that of the other two
limbs are 0.33 T.

The magnetic cores of the discrete filter inductors,
integrated filter inductors with five limbs and three limbs
magnetics are shown in Figure 8. In Figure 8(a), three power
ferrite EE96/48/32 cores are adopted in three-phase discrete
filter inductors, and compared with the other two kinds
of three-phase filter inductors, the volume of the three-
phase discrete filter inductors is the largest. In Figure 8(b),
three power ferrite EE96/48/32 cores are adopted in three-
phase integrated filter inductors with fivemagnetic limbs; the
middle three limbs have three-phase inductor’s windings; the
air gaps of the other two limbs can be adjusted to eliminate
the three-phase flux coupling; therefore, this kind of three-
phase integrated filter inductors can achieve wild application
and the volume is smaller than that of the three-phase discrete
filter inductors. In Figure 8(c), one power ferrite EE96/48/32
cores is adopted in three-phase integrated filter inductors
with three magnetic limbs, and compared with the other two
kinds of three-phase filter inductors, all the three limbs have
three-phase inductor’s windings and the three-phase fluxes
couple with each other, and then the application area is a
little limited due to the coupling, but the advantage is that
this kind of three-phase integrated filter inductors achieves
the minimum volume.

6.2.The Filter Effect Comparison ofThree Kinds ofThree-Phase
Filter Inductors. TheSPWMcontrolmethod is adopted in the
three-phase inverter due to its simple and easy realizing, and
it can be easily used to testify the three kinds of LC filters.
The switching process of switch 𝑄

1

and the control voltages
𝑢
𝑄1

and 𝑢
𝑄4

for the switch 𝑄
1

and 𝑄
4

are shown in Figure 9.
The other control voltages are similar to 𝑢

𝑄1

and 𝑢
𝑄4

.
Furthermore, in order to testify the filter effects of the

three kinds of three-phase filter inductors, the current THD
(total harmonic distortion) of three kinds of three-phase
filter inductors is compared. The three-phase load currents
of three-phase discrete filter inductors are shown in Figure 10,
and the THDofA phase, B phase, andCphase is, respectively,
4.5%, 4.7%, and 4.1%, and all can achieve the demand. The
three-phase load currents of three-phase integrated filter
inductors with five limbs are shown in Figure 11, and the THD
of A phase, B phase, and C phase is, respectively, 4.4%, 4.6%,
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Table 1: The comparison of the discrete filter inductors and integrated filter inductors.

The volume of
magnetic core The cost The three phase coupling Current ripple influenced by the

other two phases
Discrete filter inductor Large Large Decoupling Not influenced
Integrated filter inductor (five limbs) Medium Medium Can be adjusted to decoupling Can be adjusted to not influenced
Integrated filter inductor (three limbs) Small Small Coupling Influenced

Table 2: The comparison of the discrete magnetics, five-limb magnetics, and three-limb magnetics.

The number of
magnetic core

The cross section
area of middle limb Air gap distribution Inductance The number

of turns
The max flux

density

Discrete filter
inductor Three EE96/48/32 1024mm2

The air gap of middle
limb is 2.0mm; the air
gaps of the other limbs

are zero

Self-inductance is
3.8mH 80 0.33 T

Integrated filter
inductor (five limbs) Two EE96/48/32 1024mm2

The air gaps of middle
three limbs are 2.0mm;
the air gaps of the other

two limbs are zero

Self-inductance is
3.8mH 80 0.33 T

Integrated filter
inductor (three limbs) One EE96/48/32 1024mm2

The air gap of middle
limb is 1.4mm; the air
gaps of the other limbs

are 0.7mm

Self-inductance is
3.8mH; mutual
inductance is

1.9mH

80

Middle limb is
0.17 T; the
other two

limbs are 0.33 T

(a) (b) (c)

Figure 8: The comparison of discrete magnetics, five-limb magnetics, and three-limb magnetics: (a) discrete magnetic cores, (b) integrated
magnetic core with five limbs, and (c) integrated magnetic core with three limbs.
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Figure 9: The waveforms of switching process and control voltages: (a) the switching process of switch 𝑄
1

, (b) the control voltages for the
switch𝑄

1

and𝑄
4

. The voltage measured in CH2 by the voltage transformer; the proportion is 1 V = 100V; in CH1, 1 V = 1A; the time per DIV
is 100 ns. In CH1, the voltage per DIV is 7.5 V; in CH2, the voltage per DIV is 7.5 V; the time per DIV is 16.6 us.
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Figure 10: The three-phase load current with discrete filter inductor: (a) the current of A phase and B phase, (b) the current of A phase and
C phase. In CH1, the current comes from the current transformer and the proportion is 1 V = 5A; it means that the current per DIV is 5A; in
CH2, the current per DIV is 5A; the time per DIV is 5ms.
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Figure 11:The three-phase load current with integrated filter inductor with five limbs: (a) the current of A phase and B phase, (b) the current
of A phase and C phase. In CH1, the current comes from the current transformer and the proportion is 1 V = 5A; it means that the current
per DIV is 5A; in CH2, the current per DIV is 5A; the time per DIV is 5ms.

and 4.4%, and all can achieve the demand. The three-phase
load currents of three-phase integrated filter inductors with
three limbs are shown in Figure 12, and theTHDofAphase, B
phase, and C phase is, respectively, 4.5%, 4.4%, and 4.1%, and
all can achieve the demand.Therefore, all three kinds of three-
phase filter inductors can fulfill the demand of the current
THD. For the low and medium power application, the three-
phase coupling in the integrated filter inductors with three
limbs can be omitted, and then the integrated filter induc-
tors with three limbs can be chosen due to the minimum
volume. Take A phase current of three-phase integrated filter
inductors with three limbs, for example, based on formula
(42), √2𝑀𝐼

𝑚

𝜔 cos(𝜔𝑡) is caused by coupling, and its max
value is√2𝑀𝐼

𝑚

𝜔. In this paper, 𝑀 = 1.9mH, 𝐼
𝑚

= 5A,
𝜔 = 2𝜋𝑓 = 314, and then it can be calculated that√2𝑀𝐼

𝑚

𝜔 =

4.2V. Compared with𝑉in (700VDC) and 𝑒
𝑎

𝑠(220VAC), the
coupling voltage√2𝑀𝐼

𝑚

𝜔 = 4.2V is very small and can be

omitted. But for the large power application, load current 𝐼
𝑚

is large and the coupling cannot be omitted; then it is difficult
to achieve the ideal filter effect.Therefore, for the large power
application, the integrated filter inductors with five limbs can
be chosen.The coupling of the integrated filter inductors with
five limbs can be eliminated by adjusting the air gap of two
side limbs, and then the filter effect is the same as the discrete
filter inductors and the volume is less than the discrete filter
inductors.

7. Conclusion

In this paper, the comparison analyses of three-phase discrete
filter inductors and two kinds of three-phase integrated
filter inductors in three-phase PV inverter are proposed. The
experiment results show that the volumes of three-phase
integrated filter inductors are reduced obviously. Compared
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Figure 12: The three-phase load current with integrated filter inductor with three limbs: (a) the current of A phase and B phase, (b) the
current of A phase and C phase. In CH1, the current comes from the current transformer and the proportion is 1 V = 5A; it means that the
current per DIV is 5A; in CH2, the current per DIV is 5A; the time per DIV is 5ms.

with three-phase discrete filter inductors, the volumes of the
five-limb integrated filter inductors are reduced third, the
three-limb integrated filter inductors are reduced two-thirds,
and the filter effects of three kinds of filter inductors are
almost the same; all can achieve the good filter effect. Based
on the different demands of the PV inverter, different LC filter
can be selected to fulfill the demands for the power density
and the electrical performance.The analyzedmethod also can
be used in three-phase LCL filter.
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A grid connected solar photovoltaic (PV) research facility equipped with comprehensive climatic and electric measuring systems
has been designed and built in the Department of Electrical Engineering of the Tampere University of Technology (TUT). The
climatic measuring system is composed of an accurate weather station, solar radiation measurements, and a mesh of irradiance
and PVmodule temperature measurements located throughout the solar PV facility. Furthermore, electrical measurements can be
taken from single PV modules and strings of modules synchronized with the climatic data. All measured parameters are sampled
continuously at 10Hz with a data-acquisition system based on swappable I/O card technology and stored in a database for later
analysis.The used sampling frequency was defined by thorough analyses of the PV system time dependence. Climatic and electrical
measurements of the first operation year of the research facility are analyzed in this paper. Moreover, operation of PV systems
under partial shading conditions caused by snow and building structures is studied by means of the measured current and power
characteristics of PV modules and strings.

1. Introduction

The cost of photovoltaic (PV) power systems is decreasing
with evolving technology, and PV power plants are approach-
ing grid parity in several market areas [1] and heading for an
era of market competition without subsidies. Main research
and development efforts have been at the component level,
such as improving the efficiency of PV cells and grid interfac-
ing devices.Therefore,major progress in the energy efficiency
of basic components is not expected in the near future, and
more competition will be set to decrease production costs
of components. Due to this and the competition without
subsidies, system vendors face increasing pressure to provide
more value for customers.Oneway of doing that is to improve
the overall system efficiency and the amount of actual power
produced under installation site conditions. Improvements in
the design and operation of PV power plants are one evident
and feasible way to substantially increase the produced power
[2].

Accuratemodeling of the electric behavior of PVmodules
and systems will be a key element in improving system
operation and efficiency [3]. For instance, accurate modeling
of the operation of PV generators under varying environ-
mental conditions improves their performance control and
assists the design of PV converters and their maximum
power point tracking (MPPT). PV power plants are com-
posed of PV modules connected in series and parallel to
reach adequate voltage and power levels. Furthermore, PV
modules are composed of PV cells connected in series. It has
been shown that environmental effects causing nonuniform
operating conditions can lead to power losses of the order
of 10% in typical PV power plants [2]. These nonuniform
operating conditions can be due to various reasons, such as
partial shading of the PV generator by built structures, and
clouds. For example, climatic effects influence the electrical
characteristics of PV cells directly via incident irradiance
and indirectly via module temperature, which depends on
ambient temperature, incident irradiance, relative humidity,
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Table 1: Electrical performance of theNP190GKg PVmodule under
STC.

𝑃MPP (W) 𝑈MPP (V) 𝐼MPP (A) 𝑈OC (V) 𝐼SC (A)
190.00 25.80 7.36 33.00 8.00

and wind speed and direction, among others [4]. These
variables must be taken into account when modeling the
dynamic operation of photovoltaic systems [5–8].

Under partial shading conditions, PV cells connected in
series experience different irradiance levels. The resulting
electrical characteristics deviate from their standard form,
depending on the shading pattern and intensity. Extensive
research exists on the effects of partial shading on the opera-
tion of PVmodules and systems [9–14]. For PVmodules with
more than one bypass diode, the P-U characteristic curves
turn into multipeak curves which impede maximum power
point tracking operation [15]. Significant energy losses can
take place, and the overall system performance reduces [16].

The TUT solar PV power station research plant has been
designed to enable systematic and thorough analysis of the
dynamic phenomena in energy conversion processes in solar
PV power systems. In this paper, we justify the built PV
solar power research plant andmeasuring system, such as the
selected sampling frequency of climatic and environmental
data. We also demonstrate the applicability of the research
facility by analyzing the climatic and electrical measurements
of the first operational year. Additionally, operation of PV
systems operating under partial shading conditions caused by
snow and building structures is analyzed in this paper.

2. TUT Solar PV Power Station Research Plant

2.1. PV Generator. The research plant consists of 69NP190-
GKg PV modules with a total peak power of 13.1 kWp. Each
PV module consists of 54 polycrystalline silicon solar cells
connected in series, physically located as 6 horizontal rows
and encapsulated in EVA with a 4mm iron tempered glass
as top cover. Table 1 includes the PV module’s electrical
performance under standard test conditions (STC).

The PV modules, designed for grid connected PV appli-
cations, include 3 protection bypass diodes connected in
parallel to the cells. Each diode protects a group of 18 PV cells
(2 horizontal rows) preventing them from hot spotting by
driving the current if any of the cells is shaded. However, PV
modules protected with bypass diodes can generate several
maximum power points (MPPs), when operating under
partial shading conditions [17].

In the basic configuration, the TUT PV system is com-
posed of 3 series-connected strings of 17 PV modules and
3 strings of 6 modules with MPP voltages of 440V and
155V at STC, respectively. Actually, all possible electrical
configurations with the 69 modules can be set and utilized.
The location of PV strings has been carefully selected to
avoid complete shading of strings during any time of the
day or year. However, several groups of modules are partially
shaded during different seasons of the year at different times
of the day as seen in Figure 1.This characteristic permits us to

Figure 1: Example of partial shading of a PV string due to a building
structure on a sunny day during spring 2012.

undertake research on different environmental aspects such
asMPPT in cases of partial shading due to building structures
[17].

The layout of the TUT solar power station research plant
is illustrated in Figure 2. It shows the PV strings andmodules
located through most of the rooftop of the Department as
well as the location of the different sensors of the measuring
systems, which will be further described in the next chapter.

2.2. Climate Measuring System and Data Acquisition. The
climatic measuring system is composed of an inclusive state
of the art weather station and a mesh of irradiance and
PV module temperature measurements. The sensor mesh
is positioned throughout the PV power facility and records
the operating conditions of every PV module string of the
plant. The novelty of the climatic measuring systems comes
from the data-acquisition system, which collects measure-
ments continuously from all sensors with a 10Hz sampling
frequency. This means that even the fastest dynamical phe-
nomena affecting the operation of the PV power plant are
noticed.

The automatic weather station [18] measures the global
atmospheric conditions under which the PV facility is oper-
ating. It includes measurements of ambient temperature and
relative humidity, and wind speed and wind direction, as
well as incoming global and diffuse solar radiations on the
horizontal plane. The weather station measures global solar
radiation with the pyranometer CMP22 (Kipp&Zonen) and
diffuse component of the radiation with the pyranome-
ter CMP21 (Kipp&Zonen) combined with a shadow ring
CMC121 (Kipp&Zonen), blocking the direct solar radiation.
Wind speed and direction are measured with an ultrasonic
wind sensor WS425 (Vaisala), and ambient temperature
and humidity are measured with with the sensor HMP155
(Vaisala).

Theweather station comprises equipment in two different
locations of the roof.The CMP21 pyranometer mounted with
the shadow ring, the HMP155T ambient temperature sensor,
and the HMP155H relative humidity sensor are located on
the lower rooftop for accessibility and safer adjustment of
the shadow ring, especially during winter when the roof is
covered with snow and ice.The CMP22 pyranometer and the
WS425 wind sensor are located at the highest point of the
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rooftop to measure the overall solar radiation and the wind
profile at the power plant with minimum disturbance due to
the building structures.

The mesh of irradiance and module temperature sen-
sors is composed of 21 pairs of SPLite2 photodiodes
(Kipp&Zonen) and Pt100 temperature sensors. These pairs
are located at the ends of every PV module string, thus
providing detailed information on the operating condition at
string and module levels. The photodiodes are mounted with
the same tilt angle as the PV modules, and the Pt100 sensors
are attached to the back plates of the solar modules. Location
of these sensors in the PV plant is shown in Figure 2, and
installation is shown in Figure 3.

All the climatic data are acquired, transmitted, and
recorded continuously in a database making them accessible
for later analysis. The data-acquisition system is based on
CompactRio data-acquisition cards from National Instru-
ments enabling a flexible and economical system that uses
specific swappable I/O modules to connect the sensor out-
puts. After collecting the data from the sensors, these cards
transmit the data to a PC through Ethernet cable without
interference or noise problems.

The database is based on PostgreSQL system, an open-
source database management system available for several
platforms including Linux,MacOSX, orMicrosoftWindows.
This system enables informationmodification and extraction
without blocking the storage process. The data is accessed
using SQL queries from any computer connected to local area
network of the department.

The sampling frequency of climatic measurements is a
key parameter since the database will continuously store data
acquired from 48 sensors. It has to be fast enough to detect
even the fastest phenomena affecting the electrical operation
of the PV system, but simultaneously be as long as possible
because of the vast amount of data to be processed, as well
as the storage needs. Among the climatic variables to be
acquired, the solar radiation has the highest and fastest vari-
ations; for example, there can be changes of over 700W/m2
within seconds in days with moving clouds. Therefore, it was
essential to find out the sampling frequency required to detect
even the fastest phenomena related to power generation with
PVpower plants.The simplest way to achieve this was to use a
PV module as a solar radiation sensor and evaluate the effect
of sampling frequency from the measurements.

Figure 4 illustrates themeasured short-circuit current 𝐼SC
of a single PV-module during 7 hours on July 1st, 2010, with a
sampling frequency of 25Hz. When the PV module is short-
circuited it acts as a solar radiation sensor with its output
current linearly changing with the incoming irradiance. A
sampling frequency of 25Hz was considered to be high
enough to detect even the fastest changes in irradiance
causing an effect on the PV module. A partially cloudy
day with moving clouds was chosen to provide the climatic
conditions needed to evaluate such effects.

Figure 4 shows values of 𝐼SC from 1.05 to 10.06 A, which
correspond to irradiance levels between 131 and 1255W/m2,
respectively. Changes of 𝐼SC up to 0.56A (71W/m2) happened
between 2 consecutive measurements, which are roughly 5%

of the maximum current during the measurement period.
A change of 5% might not yet have a drastic effect on the
electrical characteristic of the PVmodule, but with this rate of
change the current goes easily from minimum to maximum
value in a second or vice versa. Such fast climatic changes
demonstrate the need of sampling frequency higher than
1Hz.

Taking the 25Hz measurements as reference and down-
sampling the acquisition frequency permit us to evaluate
the effect of sampling frequency on the accuracy of the
solar radiationmeasurements. Figure 5 presents the standard
deviation error of the measured solar radiation as a function
of the sampling frequency.

Figure 5 shows inverse exponential behavior of the stan-
dard deviation error with increasing sampling rate at low
sampling rates as expected. The standard deviation error
starts to grow considerably, when sampling frequency goes
below 5Hz, and increases up to 48.7W/m2 at 0.125Hz.
Sampling frequencies over 5Hz result in small standard
deviation of incoming radiation below 1W/m2. Therefore,
sampling frequency of 10Hz was considered to be sufficient
for detecting even the fastest phenomena related to power
generation with PV power plants.

3. I-U Curve Tracer to Measure Electrical
Characteristics

The experimental setup for measuring the I-U characteristics
of the PV generator is composed of four parallel-connected
high-power IGBT modules (1200V/200A), the gate drive
circuitry, and a high-speed oscilloscope to record the current
and voltage data. The setup was designed to enable an I-U
sweep from a string of 17 PV modules with a peak power of
3.2 kW. The measuring setup operates as follows: the IGBT
modules act as regulating resistors (the channel resistance),
which are used to realize an adjustable load resistor for the
PV generator. Using an external microprocessor, a variable-
duty PWM signal is generated and fed to the gate drivers,
which are then low-pass filtered to supply linear gate voltage
ramps to the IGBTs. As the filtered gate voltages exceed
the threshold voltage of the IGBTs, the conductivities of the
channels increase, forcing the operation point of the PV
generator from open circuit to short circuit, and thereby
enable the I-U curve measurement. Figure 6 shows (a) the I-
U curve tracer scheme and (b) the designed tracer prototype.

4. Climatic Measurements

The large amount of data recorded continuously to the
database from the climatic and radiation sensors can be
utilized in variousways. As is commonly known, the available
output power of a PV generator depends not only on the
received solar radiation, but also on the operation tempera-
ture of the modules with a thermal coefficient on the order of
−0.5%/∘C. PVmodule temperature follows radiation changes
with delay depending on various heat transfer processes. It
also depends on various climatic variables [5].
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Figure 2: Layout scheme of the TUT solar PV power station research plant including its climatic measuring system.

(a) (b) (c)

Figure 3: (a) WS425 wind sensor and CMP22 pyranometer, (b) HMP155 sensors with temperature and humidity probes equipped with
radiation shields and CMP21 pyranometer combined with the CMC121 shadow ring, and (c) SPLite2 photodiode sensor attached to a PV
module.
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Figure 4: Measured 𝐼SC of a single PVmodule on July 1st, 2010, with
a sampling frequency of 25Hz.
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Figure 5: Standard deviation error of the incoming solar radiation
as a function of the sampling frequency on a single PV module
during a period of 7 hours on July 1st, 2010.

Figure 7 shows the measured environmental parameters
during a clear sunny day on February 2nd, 2012, for two
PV modules of the power plant to illustrate the applica-
bility of the measurements system. A typical strong overall
correlation exists between the module temperature and the
incoming irradiance. The PV module equipped with sensors
S13 (Figure 2) receives solar radiation during the whole day
without any major shading, and the module temperature
follows radiation changes with certain delay. This delay is
directly related to the heat capacity of the module and to
the heat transfer between the module and the environment.
The PV module equipped with sensors S10 receives solar
radiation after sunrise and before sunset, but is shaded by a
building structure in themiddle of the day so that only diffuse
radiation is received. Although incident radiation changes
rapidly, changes in temperature are slow due to the thermal

mass of the modules. The ambient temperature changed only
slightly during the day, having minimal effect on changes
in the module temperature. Also humidity stayed practically
constant during the day.

Changes in temperature primarily follow changes in
irradiance as shown in Figure 7, but temperature fluctuations
around eleven o’clock and at half past one do not directly
correlate with irradiances. This demonstrates that also other
environmental variables affect the module temperature in
addition to solar radiation. The higher wind speed before
eleven o’clock obviously cools down the modules more
effectively on the morning than at noon. On the afternoon
around half past one o’clock, there is a period of low wind
speed causing the heating up of the modules before two
o’clock. Also sensor 13 seems to have a better shelter from the
wind than sensor 10 during this day due to building structure.
Overall, themeasured PVmodule temperature deviates up to
10∘C from an assumed module temperature based on direct
correlation with the incident radiation. Accordingly, an error
of 5% in the estimated electric energy yield of the module
can be expected, if only incident solar radiation is used to
estimate the module temperature. Therefore, to model the
electrical behavior of PV modules and generators reliably, a
more advanced dynamic thermal model is needed [5–8].

Sun rises only slightly above the horizon in southern
parts of Finland in the midwinter. Therefore, PV modules
with a tilt angle of 45∘ receive much higher irradiance than
pyranometers measuring irradiances on a horizontal surface
(Figure 7). Irradiance received by the PV modules increases
sharply after the sun is visible for them and decreases as
sharply on the afternoon during sunset. Before the sunrise
and after the sunset there is a two-hour period of considerable
diffuse irradiance. Even on the midday, diffuse radiation
constitutes nearly 40% of global radiation. This is mostly due
to reflection of solar radiation from snow. It also explains part
of the high irradiance received by the PV modules because
they are more exposed to diffuse radiation from the snow
than the pyranometers facing the sky.

During summer, the sun sets in Finland only slightly
below the horizon for few hours, leaving a weak intensity of
light. Daytime solar irradiance is of course higher than that in
winter time, but the difference is not dramatic. On the other
hand, daytime in summer is up to 20 hours, leading to much
higher daily energy yield than that in the winter time. Both
global and direct solar radiations received by the PVmodules
are considerable high in summer during periods of clear sky.
Also diffuse component of radiation is considerable during
long periods from sunrise until the sun faces the PVmodules
and, accordingly, in the evening until sun sets again.

An example of partial shading caused by a building
structure on String 2 containing 17 PV modules is shown
in Figure 8. The irradiance profile received by the string
indicates that 2 of the 3 PV modules located between sensors
S9 and S10 (see Figure 2) are completely shaded by the
building structure at 10:30 because sensor S9 (blue line) is
shaded all the time and S10 (dashed red line) starts to be
shaded after 10:37. The modules located between sensors S11
and S12 are illuminated all the time at a level of 430W/m2.
Finally, sensor S13 is illuminated at the same level as sensors
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Figure 6: (a) Scheme of the I-U curve measurement tracer for PV power systems. (b) Picture of the IGBT modules, cooler and power
measuring connections.
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Figure 7: Irradiance and climatic data measured on a sunny day of February 2nd, 2012: (a) irradiances received by two PVmodules equipped
with irradiance and temperature sensors S10 and S13 (see Figure 2), (b) corresponding module temperatures together with the ambient
temperaturemeasuredwith sensorHMP155T, (c) wind speed and relative humiditymeasured by sensorsWS425s andHMP155H, respectively,
(d) irradiance received by the PV module equipped with sensor S13 together with the global and diffuse irradiances at the research plant
measured by pyranometers CMP22 and CMP21, respectively.
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Figure 8: Irradiance profile received by String 2 on February 2nd,
2012, during a period of 18 minutes andmeasured with sensors from
S9 to S14 (see Figure 2). Sensors from S9 to S14 correspond to the
lines as follows: blue, red dashed, green dash-dotted, black dotted,
magenta, and cyan dashed.

S11 and S12, but sensor S14 is shaded all the time. This
indicates that parts of the PV modules located between
sensors S13 and S14 are shaded due to another building.

The irradiance profile illustrated in Figure 8 demonstrates
that the data measured by the climatic measurement system
can be used to study systematically the effects of partial
shading conditions on the operation of PV generators caused
by static building structures. Furthermore, it can be used to
discern between the effects due to building structure and
moving clouds and to evaluate the energy losses generated by
these different shading causes.

5. Solar Energy Received at TUT Solar PV
Power Station Research Plant

The amount of solar energy collected by a PV module is a
function of the incoming solar radiation, the surrounding
characteristics, and the module properties, mounting tilt and
orientation. In fact, the mounting orientation and tilt of a
solar panel strongly affect the amount of collected yield.
Therefore, PV modules must be slanted and oriented at
the optimum angles to collect the maximum solar energy
available in a specific location. The best method to optimize
the tilt and orientation of a solar panel is by applying an active
sun tracker [19].

Countries in the northern latitudes, for example, Finland,
are characterized by low ambient temperatures during most
part of the year and high variability of solar radiation levels
and trajectory of the sun from summer to winter, which hin-
ders the sizing and optimization of PV generators. Extreme
ambient temperatures during winter, snow cover, and ice
formation damage mobile parts of trackers, preventing their
use. On the other hand, fixed PV module installations will
result in overall power losses through the year compared to
systems with sun trackers.
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Figure 9:Monthly solar energy received at the TUT solar PV power
station research plant during its first year of operation (August
2011 to July 2012): the blue bars on top graph correspond to the
global solar energy received on the horizontal plane (measured
by pyranometer CMP22), the green bars on top graph represent
the diffuse solar energy on the horizontal plane (measured by
pyranometer CMP21 combined with the shadow ring) and the red
bars at the bottom graph correspond to the global solar energy
received on the plane of modules (measured by the SPLite2 sensor
S13).

TUT solar PV power station research plant is a fixed
installation optimized for overall operation during the year.
PV modules are mounted in line with the buildings oriented
26∘ east of due south with a tilt angle of 45∘ from the
horizontal plane. The optimal module inclination angles by
month for locations with Tampere latitude are included in
Table 2. Figure 9 illustrates the monthly global and diffuse
solar energy received on a horizontal plane and the monthly
global solar energy on PV modules from August 2011 to July
2012.

In the top graph of Figure 9, the levels of monthly global
solar energy received on the horizontal plane in Tampere
vary from 3.14 kWh/m2, in December, to 160.50 kWh/m2, in
May, in line with [20]. The year 2012 has been particularly
overcast with small amount of days with clear sky in spring
and summer. This can be confirmed by comparing yearly
average of 909.35 kWh/m2 by [20] with the 864.64 kWh/m2
measured in TUT’s research plant during its first year of
operation. Nonetheless, such levels of yearly solar energy
do not diverge excessively with respect to the radiation
levels received in northern Germany. The diffuse component
of solar radiation on the horizontal plane indicates that
months from September to February are mostly cloudy as
they present large ratios of diffuse to global solar radiation.
The remaining months from March to August show higher
values of global solar energy received on the horizontal plane
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Table 2: Optimal monthly module inclination angles from the horizontal plane for TUT location according to [20].

Jan Feb Mar Apr May Jun Jul Aug Sep Oct Nov Dec
78∘ 73∘ 59∘ 44∘ 30∘ 22∘ 25∘ 35∘ 50∘ 63∘ 72∘ 80∘

having maximum on summer time due to the wider path
of sun through the sky. In Tampere, on December, March,
and June 21sts the sun rises at 38∘, 92∘, and 148∘ east of
due south and sets at 38∘, 92∘, and 148∘ west of due south,
respectively, resulting in much longer daytimes in summer
than in winter. Also the relative part of diffuse radiation in
the global radiation is smaller during summer months than
that in winter, and sunny days are more common.

The bottom graph of Figure 9 illustrates the global solar
energy received on a plane in line with the PV modules.
The levels of solar energy measured from November to
February are particularly low, especially in January when
the received solar energy on the modules is lower than
that on the horizontal plane. This phenomenon is caused
by the snow covering the PV modules and photodiode-
based SPLite2 sensors attached to them during most of this
period. The pyranometers CMP22 and CMP21 were clear
from snow since they are heated to prevent snow piling on
the domes. Additionally, both pyranometers are located at a
higher level than the PVmodules (see Figure 3), ensuring that
they were not covered by snow piles during the measuring
period.Themonths ofMarch, April, September, and October
present higher values of solar energy received on the plane of
modules with respect to values on the horizontal plane. This
is consistent with the fact that the modules tilt is closer to
the optimum angles for those months (Table 2). The summer
months,May, June, July, andAugust, present the largest values
of solar energy received. However, in June and July solar
energy received on the tilted plane was 1.02 and 2.85 kWh/m2
less than that on the horizontal plane, respectively. This can
be explained by the wide path of the sun through the sky
during summer. Figure 10 demonstrates thismatter explicitly.
The PVmodules receive much higher solar radiation levels in
the middle of the day than the horizontal plane. However, the
irradiance received by the PVmodules decreases rapidly after
three o’clock, while the global irradiance on the horizontal
plane decreases more smoothly until nine o’clock in the
evening.

Figures 9 and 10 imply that the use of sun-tracking
systems adjusting both inclination and orientation of PV
modules would highly enhance the power produced by PV
generators located in northern latitudes. Actually part of the
direct solar radiation is lost totally on summer time with
fixed installations because in the morning after sunrise and
in the evening before sunset sun shines only on the backsides
of the modules. TUT PV modules are oriented 26∘ east of
due south, and, therefore, PV modules lose the direct part of
solar radiation during evening hours. In fact, extrapolation of
the solar energy levels received using a sun-tracking system
suggests that they would reach the levels of solar energy
received by fixed PV systems in southern Germany.
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Figure 10: Solar radiation on the plane of PV modules measured
by sensor S19 (red line) and on the horizontal plane measured by
pyranometer CMP22 (blue dashed line) on July 22nd, 2011.

6. Effects of Partial Shading and Reflections
Caused by Building Structures and Snow

The TUT solar PV power station research plant provides
excellent conditions to study the operation PV power plants
under varying climatic and environmental conditions. Espe-
cially the comprehensive measurements around the power
plant with high sampling frequency make it possible to
study even the fastest phenomena affection to the electrical
operation of the plant. To demonstrate these abilities the
effects of partial shading and reflections of solar radiation due
to building structures and snow on PV modules and strings
have been analyzed by means of the measured electrical I-U
and P-U characteristics (Figures 11 and 12).

The effect of partial shading on the electrical characteris-
tics of a single PV module is clearly seen in Figure 11, where
the operation under partial shading conditions on February
3rd, 2012, is compared to the operation under homogeneous
conditions on August 31st, 2011. Table 3 includes the most
important environmental parameter values at the instant
when the electrical measurements were taken. In this case,
the partial shading is caused by a thin layer of ice covering the
lower row of PV cells and, thereby, filtering the solar radiation
received by them.While the rest of cells on upper rows receive
sunlight directly at an irradiance level of 430W/m2, the row
of cells covered by ice received approximately two-thirds of
the incoming irradiance.

Operation of the PV module under 2 different irradiance
levels leads to two local MPPs in contrast with the typical



International Journal of Photoenergy 9

Table 3: Environmental conditions of the PVmodule equippedwith
radiation and temperature sensors S19 at the moments, when curves
in Figure 11 were measured.

Date Time Irradiance Mod. temp.
(W/m2) (∘C)

August 31st, 2011 12:04 450.8 32.42
February 3rd, 2012 11:19 429.5 −12.10

operation under homogeneous irradiance level, which pro-
duces one unique global MPP as can be seen in Figure 11.
Disparity between the open circuit voltages of the two
measurements is due to the different operating temperatures.
This textbook level example demonstrates how simple partial
shading condition and difference in ambient temperature are
seen on a module level in real measurements. This kind of
shading is typically caused also by building structures, whose
cases can be analyzed systematically from the measured data.

To provide a more realistic view on the effects of partial
shading on the operation of PVpower plants, the operation of
strings of 6 series-connected PV modules during autumn on
September 28th, 2011, and in winter on February 3rd, 2012,
is shown in Figure 12. Table 4 includes the most important
environmental parameter values at the instant when the elec-
trical measurements were taken. The measured I-U and P-U
characteristics of String 4 (see Figure 2) are measured under
homogeneous irradiance conditions during the autumn day
at 09:36.Thus the electrical characteristics of the PV string are
smooth with one global MPP.The electrical characteristics of
String 5 (see Figure 2) aremeasured under varying irradiance
conditions during the winter day at 12:08. They clearly show
several localMPPs which could lead to incorrect operation of
a MPPT algorithm in a PV inverter. The reason behind these
multiple local MPPs is, again, a thin layer of ice formed in the
lower part of the PV modules, as well as reflections off the
snow.

In the PVmodules, a bypass diode is connected in parallel
with a string of 18 PV cells (2 horizontal rows of cells) to
protect them from overheating. String 5 consists of 6 PV
modules, which had ice covering at least part of their lower
rows of cells on February 3rd 2012. Based on Figure 12, one-
third of PV cells seem to be shaded by ice receiving the
same irradiance of approximately 290W/m2 and producing
a current of 2 A (see the I-U curve in Figure 13). Accordingly,
another one-third of PV cells are nonshaded receiving an
irradiance of approximately 450W/m2 and producing a
current close to 3.5 A. These cells are most probably on
the upper parts of the modules. The last one-third of PV
cells receive varying amounts of irradiance between 290 and
450W/m2 due to smaller shading than the lower rows of cells.
Therefore, several local MPPs are observed in the P-U curve
in Figure 12 at voltages between 90 and 130V. These kinds of
conditions can cause major problems to the proper operation
of PV inverters.

As a third demonstration on the potential of the TUT
solar PV power station research plant, the operation of PV
strings was analyzed under partial shading conditions caused
by building structures. As explained in Section 2, the location

of the PV modules and strings in the research plant was
carefully selected for permitting this type of measurements.
However, this phenomenon only takes place during clear sky
days in periods of the year in which the trajectory of the
sun is only slightly above the horizon, that is, late autumn,
winter, and early spring in Finland.Therefore, measurements
on December 4th, 2012, for string 4 were used in this study.

String 4, which is composed of 6 PV modules connected
in series in a row, was cleaned from snow, and electrical
measurements were taken for 5 different partial shading
conditions. Table 5 comprises the irradiances and module
temperatures at both ends of String 4 measured by sensors
S5 and S6 at the moments when the electrical measurements
were taken. Measurements 1 to 4 correspond to operation
under partial shading conditions of the PV string with 2,
3, 4, and 5 nonshaded modules, respectively. Measurement
5 shows the operation of the string under homogenous
conditions. The operational conditions of String 4 during
measurements 1 and 4 with 2 and 5 nonshaded PV modules
are shown in Figure 13.

Irradiances measured at both ends of String 4 around
the noon in December 4th 2012 are shown in Figure 14.
Irradiances measured by sensor S5 are typical clear sky values
for that time of year in Finland showing that the left end
of String 4 is nonshaded during the whole measurement
period. On the other hand, irradiance value measured by
sensor S6 stays constant around 32W/m2 under the shadow
of the building until 12:55 h. After that the whole string is
nonshaded for a while and measurement 5 can be considered
to be done under homogenous irradiance condition for the
whole string. Solar radiation measured by sensors S5 and
S6 during measurement 5 can be considered to correspond
to homogenous irradiance conditions, in practice, since the
small difference between them can be due to, for example,
slightly different mounting angles of the irradiance sensors.
The smooth shapes of I-U and P-U curves of measurement 5
in Figure 15 support this assumption.

The module temperatures measured by the temperature
sensors S5 and S6 are in line with the measured irradiance
trends (Table 5). Solar radiation is heating up the PVmodules
by almost 20∘C according to the temperature difference of PV
modules at both ends of the string during partial shading.
Temperature of the last PV module on the left in Figure 13
measured by sensor S6 rose over 10∘C before it was fully
nonshaded at the time of measurement 5. It took almost half
an hour for the edge of the shadow to pass themodule.During
this time the direct solar radiation heated the PV module
gradually, before it was fully under direct solar radiation.

The effect of partial shading on String 4 is illustrated in
Figure 15 by the I-U and P-U characteristics for 4 partial
shading conditions along with one homogenous irradiance
condition. Under partial shading conditions caused by build-
ing structures, each of the shaded I-U and P-U curves can
be divided in two different areas. In the first area, bypass
diodes protecting groups of shaded cells are conducting and
shorting out the circuits of groups of 18 PV cells and thus
eliminating effects of shading like possible hot spots. In the
second area, higher voltages appear since the bypass diodes
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Figure 11: Measured (a) I-U and (b) P-U characteristics of the PV module equipped with irradiance and temperature sensor S19 under
homogeneous irradiance on August 31st, 2011, at 12:04 (blue lines) and under partial shading conditions on February 3rd, 2012, at 11:19 (red-
dashed lines).

Table 4: Environmental conditions of the PV strings on September 28th, 2011, measured with sensors S5 and S6 located at both ends of String
4, and on February 3rd, 2012, measured with sensors S7 and S8 located at both ends of String 5 at the moments when the curves in Figure 12
were measured.

September 28th 2011 February 3rd 2012

Sensor Time Irradiance
(W/m2)

Mod.
temp.
(∘C)

Sensor Time Irradiance
(W/m2)

Mod.
temp.
(∘C)

S5 09:36 h 568.1 25.09 S7 12:08 h 436.7 −5.70
S6 09:36 h 594.9 26.58 S8 12:08 h 443.4 −6.50
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Figure 12: (a) I-U and (b) P-U characteristics of PV strings of 6 series-connected PV modules. Characteristics of String 4 were measured on
September 28th, 2011, under homogeneous irradiance conditions at 09:36 (blue lines) and of String 5 on February 3rd, 2012, under partial
shading conditions at 12:08 (red dashed lines).
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(a) (b)

Figure 13: Figures of the operational conditions of String 4 under partial shading conditions caused by a building structure during the
electrical measurements on December 4th, 2012: (a) conditions of measurement 1 with 2 nonshaded PV modules and 4 fully or partially
shaded PV modules, (b) conditions of measurement 4 with 5 nonshaded PV modules and 1 partially-shaded PV module.

Table 5: Irradiances received by the PV string and module tem-
peratures on December 4th, 2012, measured with sensors S5 and
S6 located at both ends of String 4 at the moments when curves in
Figure 15 were measured.

Measurement Time

Sensor
S5 S6

Irradiance Mod.
temp. Irradiance Mod.

temp.
(W/m2) (∘C) (W/m2) (∘C)

1 11:24 h 425.9 −1.58 30.5 −17.42
2 11:37 h 439.9 0.73 31.2 −17.37
3 12:05 h 438.4 3.71 32.5 −16.97
4 12:31 h 424.0 3.19 33.3 −16.48
5 12:57 h 386.6 1.93 353.8 −5.85

protecting the groups of nonshaded cells are reverse biased
and the characteristic of the string is dominated by the
series-connected shaded cells. The voltage levels at the local
maximum power points at low voltages in measurements
1, 2 3, and 4 are approximately 50, 80, 105, and 140V,
respectively. The voltages of the local MPPs at high voltages
are roughly between 170 and 195V for the studied partial
shading conditions.

Several maximum power point tracking algorithms
search for MPPs around 80% of open-circuit voltage, that
is, around 160V under the studied operating conditions. It
would result in incorrect operation of the PV inverter in
the local MPP at high voltages instead of the global MPP
at lower voltages leading to major power losses. Maximum
power of local MPPs at high voltages is between 50 and
70W, but the power of the local MPP at low voltages goes
up to 400W or so. In the studied case the partial shading
condition leading to the occurrence of two localmaxima inP-
U characteristics lasts for close to 2.5 hours. If an inverter has
operated the whole period in the local MPP at high voltages
due to a simple voltage reference, as described above, losses
of produced power could have been close to 0.5 kWh for the
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Figure 14: Irradiance profile received by String 4 during the
electrical measurements of Figure 15 measured by sensors S5 (blue
line) and S6 (red-dashed line) onDecember 4th, 2012.Themoments
when the electrical measurements were taken are marked with
vertical dash-dotted lines.

studied string of only 6 PV modules. The produced power
would have been just over 0.1 kWh.

The collected data from the environmental measurement
system of the PV power plant enables systematic studies of
the electrical behavior of the power plant, for example, under
shading due to building or clouds. Simulation tools are under
development to analyze these kinds of issues during periods
up to years.

7. Conclusions

This paper describes the TUT Solar PV Power Station
Research Plant installed on the rooftop of the Department of
Electrical Engineering at the Tampere University of Technol-
ogy jointly with its climatic, electrical, and data-acquisition
systems. The layout of the PV modules and strings, climatic
measurements, data acquisition, and database are designed
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Figure 15: (a) I-U and (b) P-U characteristics of String 4 (see Figure 2) of 6 series-connected PV modules measured under partial shading
conditions on December 4th, 2012. Irradiances and module temperatures measured with sensors S5 and S6 at the corresponding moments
are presented in Table 4. Measurements from 1 to 5 correspond to the lines as follows: black, magenta dashed, green dash-dotted, red dotted,
and blue.

for studying the operation of PV systems under nonuniform
and rapidly varying operational conditions. Sampling fre-
quency of 10Hz is shown to be sufficient to detect even the
fastest phenomena being related to power generationwith PV
power plants.

Strong overall correlation between the PV module tem-
perature and the incoming irradiance has been observed in
the measurements, as expected. However, the experimental
results also demonstrate that irradiance does not alone
describe adequately the thermal behavior of PV modules.
There is a need to develop a more advanced dynamic thermal
model for predicting module temperature more accurately
than is possible by existing models. It was shown that ice
covering part of the PV modules and reflections due to the
snow surrounding the modules had a major effect on the
electrical behavior of PV strings. They created multiple local
maximumpower points inmeasured electrical characteristics
of PV modules and strings of series-connected modules.
Operation of PV strings under partial shading caused by a
building structure generates power characteristic curves with
two local maximum power points in good agreement with
earlier theoretical findings.These kinds of shading conditions
will cause major problems to conventional maximum power
point tracking algorithms.
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Wehave synthesized a series of carbazole-benzothiadiazole-triazole based copolymers, poly[(N-9-heptadecanyl-2,7-carbazole)-co-
(5,5-(4,7-di-2-thienyl-2,1,3-benzothiadiazole))-co-((4-(4-butylphenyl)-3,5-diphenyl-4H-1,2,4]triazole))] (PCz3TBTz) by Suz-
uki coupling polymerization.The optical and electrochemical properties of the copolymers could be tuned by changing the comon-
omer unit of triazole from 0% to 80%. Organic photovoltaic (OPV) cells were fabricated by blending the synthesized polymers as a
donor and PCBM as an acceptor.Thematerial solubility and filmmorphology were improved by introducing the triazole unit in the
main chain. Improved OPV device performance of 1.74% was achieved in the presence of an optimal amount of triazole moieties.

1. Introduction

Organic photovoltaic (OPV) cells are promising sources of
electrical power that have attracted considerable attention
because of their efficiency, low cost, and potential renewable
energy applications. The prototypical material system con-
sisting of poly(3-hexylthiophene) (P3HT) and [6,6]-phenyl-
C
61

butyric acid methylester (PCBM) normally gives power
conversion efficiencies (PCEs) in a range of about 4-5% [2].
New conjugated polymers with low band gaps that can effi-
ciently harvest solar energy over a broader spectrum are
being actively developed. To enhance OPV performance,
low-band-gap conjugated materials with appropriate energy
levels are required for efficient charge transfer [3]. One suc-
cessful approach to enhance OPV performance is to arrange
electron-donating and electron-accepting units alternately
along the conjugated backbone for the use of donor materials
in OPVs [1, 4–6]. Many electron-accepting units such as
benzothiadiazole (BT) and diketopyrrolopyrrole (DPP) have
been synthesized and utilized in OPVs [7, 8].

In organic light-emitting diode (OLED) applications,
highly electron-deficient groups such as oxadiazole and

triazole (Tz) units have been introduced into the polymer
backbone or as the side group as electron transporting units
to adjust the charge-injecting and transporting properties
of the copolymers [9–11]. More recently, several reports
have described improvements in PCE by incorporating elec-
tron deficient moieties into the polymer backbone or as
side chains [12–16]. The incorporation of electron deficient
groups such as thiadiazole or oxadiazole can improve the
performance of OPVs by enhancing electron transfer in
comparison to the parent polymer. Previously, we reported
on polyfluorenes containing various electron transporting
units such as benzothiadiazole (BT), oxadiazole, and tri-
azole (Tz) in the main chain [17, 18]. Interestingly, the
photovoltaic properties of the polymers were varied by the
introduced electron transporting units and the polymer con-
taining triazole (Tz) showed the improved performance. In
this work, we introduce electron-transporting triazole (Tz)
units into the well-known carbazole-benzothiadiazole-based
copolymer (PCz3TB) by Suzuki polymerization to be used
as donors for OPVs. The copolymers were designed to have
different feed ratios of comonomer units (benzothiadiazole
and triazole). The optical properties, film morphology, and



2 International Journal of Photoenergy

photovoltaic characteristics of the polymers are investigated
to establish the relationship betweenmolecular structure and
device performance.

2. Experimental

2.1. Materials. 2,7-Bis(4,4,5,5-tetramethyl-1,3,2-dioxa-
borolan-2-yl)-N-9-heptadecanyl-carbazole, 4,7-bis(5-bro-
mothiophen-2-yl)benzo[c][1,2,5] thiadiazole, and 3,5-bis-(4-
bromophenyl)-4-(4-butylphenyl)-4H-[1,2,4]triazole were pre-
pared according to a procedure mentioned in the literature
[19]. Aliquat 336, tetrakis(triphenylphosphine)palladium(0)
(Pd(PPh

3

)
4

), and sodium carbonate were purchased fromAl-
drich. All reagents purchased commercially were used with-
out further purification, except for the toluene used as a sol-
vent, which was distilled.

2.2. Measurements. Thermal gravimetric analysis (TGA) was
performed under a nitrogen atmosphere at a heating rate
of 10∘C/min using a Perkin Elmer TGA7 thermogravimetric
analyzer. UV-Vis spectra were obtained using a Shimadzu
UV/vis spectrometer. The polymer films used in the UV-Vis
absorption measurements were prepared by spin coating of
polymer solution in chlorobenzene. The optical energy band
gaps (𝐸

𝑔

) were estimated from the absorption onset wave-
lengths (𝐸

𝑔

= 1240/𝜆onset (eV)) of the polymer films. The
electrochemical properties of the polymers were character-
ized by cyclic voltammetry (CV). The films were prepared
by dip coating the polymer solution onto Pt wire, and the
measurements were calibrated using the ferrocene value of
−4.8 eV as the standard [20]. Film thicknesses weremeasured
using a TENCOR surface profiler.

2.3. Synthesis. The syntheses of the copolymers, poly[(N-9-
heptadecanyl-2,7-carbazole)-alt-(5,5-(4,7-di-2-thienyl-2,1,
3-benzothiadiazole))] (PCz3TB), and three poly[(N-9-hep-
tadecanyl-2,7-carbazole)-co-(5,5-(4,7-di-2-thienyl-2,1,3-ben-
zothiadiazole)) -co- (3, 5-bis-(4-4-phenyl-[1, 2, 4]triazole))]
(PCz3TBTz) were carried out using the Suzuki coupling
reaction between the diborolanylaryl compound, 2,7-bis(4,
4,5,5-tetramethyl-1,3,2-dioxaborolan-2-yl)-N-9-hep-
tadecanyl-carbazole (Cz), and the dibromoaryl compounds,
4,7-bis(5-bromothiophen-2-yl) benzo [c] [1, 2, 5]thiadiazole
(3TB) and 3,5-bis-(4-bromophenyl)-4-(4-butylphenyl)-4H-
[1,2,4]triazole (Tz).

2.3.1. Synthesis of PCz3TB. Two comonomers, Cz (0.25 g,
0.38mmol) and 3TB (0.12 g, 0.38mmol), were dissolved
in distilled toluene (4.5mL) with the air-sensitive Pd(0)
complex, Pd(PPh

3

)
4

(0.004 g, 0.004mmol). Aliquat336 (0.015
g, 0.037mmol) and 2M aq. sodium carbonate (0.18 g, 1.74
mmol) were added to the mixture. After being refluxed for
48 h, the reaction mixture was cooled to about 50∘C and
added slowly to a vigorously stirredmixture consisting of 230
mL of methanol and 15mL of 1M aq. HCl. The polymer
fibers were collected by filtration and reprecipitation from
methanol. The polymer was purified by a Soxhlet extrac-
tion in acetone for 2 days to remove oligomers and cat-
alyst residues. The reprecipitation procedure in dichloro-
methane/methanol was then repeated several times.The final

product, a yellow polymer, was obtained after drying in
vacuum at 60∘C, with a yield of 0.42 g (64.4%). Anal. Calcd.
for (C

43

H
47

N
3

S
3

)
𝑛

: C: 73.56, H: 6.75, N: 5.99, S: 13.70. Found:
C: 65.48, H: 5.97, N: 5.34, S: 11.01.

2.3.2. Synthesis of PCz3TBTz-1. PCz3TBTz-1 was prepared
as for PCz3TB, using three comonomers, Cz (0.55 g, 0.84
mmol), 3TB (0.30 g, 0.65mmol), and Tz (0.08 g, 0.16mmol),
resulting in purple solid with a yield of 0.20 g (34.0%). Anal.
Calcd. for (C

225

H
250

N
16

S
12

)
𝑛

: C: 75.71, H: 7.06, N: 6.28, S:
10.96. Found: C: 74.23, H: 7.41, N: 5.69, S: 10.94.

2.3.3. Synthesis of PCz3TBTz-2. PCz3TBTz-2 was prepared
as for PCz3TBTz-1, usingCz (0.26 g, 0.39mmol), 3TB (0.085
g, 0.19mmol), and Tz (0.095 g, 0.19mmol), resulting in pur-
ple solid with a yeld of 0.14 g (51.1%). Anal. Calcd. for
(C
96

H
109

N
7

S
3

)
𝑛

: C: 78.93, H: 7.52, N: 6.71, S: 6.85. Found: C:
72.50, H: 6.81, N: 5.83, S: 6.99.

2.3.4. Synthesis of PCz3TBTz-3. PCz3TBTz-3 was prepared
as for PCz3TBTz-1 using Cz (0.26 g, 0.39mmol), 3TB (0.034
g, 0.074mmol), and Tz (0.15 g, 0.30mmol), resulting in pur-
ple solid with a yield of 0.18 g (64.3%). Anal. Calcd. for
(C
255

H
295

N
19

S
3

)
𝑛

: C: 82.15, H: 7.97, N: 7.13, S: 2.74. Found: C:
79.19, H: 7.86, N: 6.85, S: 3.03.

2.4. Fabrication of OPV Device. The organic photovoltaic
devices were fabricated with the configuration ITO/PEDOT:
PSS (40 nm)/polymer:PC

71

BM (60 nm)/LiF (1 nm)/Al (100
nm). The ITO-coated glass substrates were cleaned by ultra-
sonic treatment in deionized water, acetone, isopropyl alco-
hol, and methanol. The poly(ethylene dioxythiophene):poly-
styrene sulfonic acid (PEDOT:PSS) layer was spin-coated
on the substrate and annealed at 140∘C for 10min. The
active layer consisting of copolymers and [6,6]-phenyl-C

71

-
butyric acid methyl ester (PC

71

BM) was spin-coated from a
chlorobenzene solution. Prior to use, a chlorobenzene solu-
tion of polymer and PC

71

BM with the total concentration
of 20mg/mL was stirred at room temperature overnight to
ensure complete dissolution. The polymer solutions were
spin-coated onto the substrate after being filtered through a
0.45 𝜇m polytetrafluoroethylene (PTFE) membrane syringe.
Next, the LiF and Al layers were deposited as the cathode
electrode.The area of the device was 4mm2. After annealed at
100∘C for 10min, the current-voltage (J-V) characteristics of
the polymer:PCBMfilmsweremeasuredwith aKeithley 2400
source-measure unit in air under white light illumination of
AM 1.5 (100mW/cm2).

3. Results and Discussion

3.1. Synthesis and Thermal Property. The syntheses of
the carbazole-benzothiadiazole-triazole-based copolymers
(PCz3TBTz-1, PCz3TBTz-2, and PCz3TBTz-3) were carried
out using Suzuki coupling reaction between the diborolan-
ylaryl compound, 2,7-bis(4,4,5,5-tetramethyl-1,3,2-
dioxaborolan-2-yl)-N-9-heptadecanyl-carbazole and the
dibromoaryl compounds, 4,7-bis(5-bromothiophen-2-yl)
benzo[c][1,2,5]thiadiazole (3BT) and 3,5-bis-(4-bromophe-
nyl)-4-(4-butylphenyl)-4H-[1,2,4]triazole (Tz). The feed
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Scheme 1: Synthetic route to the PCz3TB and three PCz3TBTzs.

Table 1: Physical properties of polymers.

PCz3TB PCz3TBTz-1 PCz3TBTz-2 PCz3TBTz-3
Ratio (Cz : 3TB : Tz)

Feed ratio 50 : 50 : 0 50 : 40 : 10 50 : 25 : 25 50 : 10 : 40
Actual ratioa 61 : 39 : 0 62 : 35 : 3 60 : 24 : 16 56 : 10 : 34
𝑀
𝑛

b 94800 95300 77400 8300
𝑀
𝑤

b 121700 135100 110200 11700
PDI (𝑀

𝑤

/𝑀
𝑛

) 1.28 1.42 1.42 1.41
𝑇5d (
∘C) 361 359 354 369

Solution (𝜆max, nm) Abs. 380, 530 380, 536 380, 536 365, 528
Film (𝜆max, nm) Abs. 390, 560 392, 566 383, 550 356, 539
𝐸onset (V versus SCE)c 0.98 0.96 0.99 0.92
HOMO (eV)d –5.37 –5.35 –5.38 –5.31
LUMO (eV) –3.51 –3.49 –3.48 –3.36
𝐸
𝑔

(eV)e 1.86 1.86 1.90 1.95
aActual ratio in polymers determined by elemental analysis.
b
𝑀

𝑛

and𝑀
𝑤

stand for the number-average and weight-average molecular weights, respectively, determined by GPC.
c
𝐸onset stands for onset potential of oxidation.

dCalculated using the empirical equation: 𝐼
𝑝

(HOMO) = −(𝐸onset + 4.39).
eOptical band gaps (𝐸

𝑔

) taken as the absorption onsets in the UV-vis spectra of the polymer films (𝐸
𝑔

= 1240/𝜆onset eV).

ratios of two dibromides (3BT and Tz) were varied from
4 : 1, 2 : 2, to 1 : 4 to assess the effect of triazole units on the
OPV performance. For comparison, the well-known OPV
donor polymer, PCz3TB, was also synthesized at the same
time. Three PCz3TBTz copolymers have the same polymer
backbone as PCz3TB. In the carbazole and 4,7-bis(5-
bromothiophen-2-yl)benzo[c][1,2,5]thiadiazole (3BT) back-
bone, we incorporated an electron-transporting moiety, 4-
(4-butylphenyl)-4H-[1,2,4]triazole (Tz), as the third comon-
omer. The synthetic routes toward copolymers are outlined
in Scheme 1. Three PCz3TBTz copolymers were designed

to have 10, 25, and 40% triazole unit content instead of 3TB
unit content; however, the actual ratios of the repeat units in
the real copolymers could be different from the feed ratios
due to the difference of reactivity between comonomers.
An elemental analysis (EA) was used to calculate the
actual ratio in the copolymers. PCz3TBTz-1, PCz3TBTz-2,
and PCz3TBTz-3 contained 3, 16, and 34% triazole unit
content. The molecular weights, feed, and actual ratios of
the repeat units in the copolymers are listed in Table 1. The
number-average (𝑀

𝑛

) and weight-average (𝑀
𝑤

) molecular
weights of the synthesized polymers were determined with
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Figure 1: TGA thermograms of the copolymers.

gel permeation chromatography (GPC). The 𝑀
𝑤

values of
PCz3TB, PCz3TBTz-1, PCz3TBTz-2, and PCz3TBTz-3
were 121800, 135100, 110200, and 11700, respectively, and their
polydispersity indices (PDIs) ranged from 1.28 to 1.42. The
thermal stability of the copolymers was evaluated in a nitro-
gen atmosphere by TGA. As shown in Figure 1, the copol-
ymers exhibited good thermal stability and the weight loss
was less than 5% (𝑇

5d) upon heating to 350∘C.

3.2. Optical and Electrochemical Properties. The UV-Vis
absorption spectra of four copolymers in chlorobenzene solu-
tions with the dilute concentration are shown in Figure 2(a),
and the main optical properties are listed in Table 1. All
the UV-Vis absorption spectra have two absorption peaks,
which could be assigned to the 𝜋-𝜋∗ transition of the
conjugated backbone and intramolecular charge transfer
(ICT) interactions between the thiophene donor and the
benzothiadiazole/triazole acceptor units [21]. The absorption
spectra of the film state are red-shifted relative to those of
the solution state (see Figure 2(b)), likely due to increased
intermolecular interactions between neighboring molecules
in the film state. By increasing the ratio of triazole in the
copolymer from PCz3TB, PCz3TBTz-1, PCz3TBTz-2 to
PCz3TBTz-3, the absorption intensity in the longwavelength
region was gradually decreased. In other words, replacement
of the benzothiadiazole moiety with the triazole moiety in
the main chain exceeding 10% appeared to decrease inter-
and intramolecular interactions between donor and acceptor
moieties. The optical band gaps, 𝐸

𝑔

, of the copolymers are
estimated from the absorption onset wavelengths of the UV-
Vis spectrum of the polymer film (Table 1). The UV absorp-
tion and optical band gap of PCz3TBTz-1 are similar to those
of PCz3TB, and greater addition of the triazole unit into
the main chain in PCz3TBTz-2 and PCz3TBTz-3 resulted
in an increase of the band gap of copolymers as compared
to that of PCz3TB. The electrochemical properties of the
polymers were also measured to determine their highest
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Figure 2: UV-Visible absorption spectra in (a) solution and (b) film.

occupied molecular orbital (HOMO) and the lowest unoc-
cupied molecular orbital (LUMO) energy levels. Figure 3
shows the anodic scan of the CV of the copolymers. The
onset of oxidation for copolymers occurred in a range of
0.92 to 0.98V (vs SCE), which corresponds to their HOMO
levels in a range of −5.31 to −5.38 eV (Table 1), according
to the empirical relationship proposed by Leeuw et al.
𝐼
𝑝

(HOMO) = −(𝐸onset + 4.39), where 𝐸onset is the onset
potential of oxidation [22]. The effects of the HOMO levels
and band gaps on the photovoltaic properties are discussed
below.

3.3. Organic Photovoltaic Properties. To investigate the
current-voltage characteristics of the copolymers, devices
with the configuration of ITO/PEDOT:PSS (40 nm)/poly-
mer:PC

71

BM (60 nm)/LiF (1 nm)/Al (100 nm) were fabri-
cated.The blending ratio of polymer and PCBMwas adjusted
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to be 1 : 3. Figure 4 shows the current density versus volt-
age (J-V) curves for copolymer: PCBM devices and the
photovoltaic properties of the blend films are summarized
in Table 2. As shown in Figure 4, PCz3TBTz-1 showed
the highest device performance, with a power conversion
efficiency (PCE) of 1.74%, compared to PCz3TB (1.55%),
PCz3TBTz-2 (0.98%), and PCz3TBTz-3 (0.18%). The device
performances were attributed to increases of the short-circuit
current (𝐽SC) and open-circuit voltage (𝑉OC) values. Despite
a slight decrease of the 𝑉OC value from 0.72V (PCz3TB)
to 0.66V (PCz3TBTz-1), PCz3TBTz-1 showed a higher 𝐽SC
value of 6.36mA/cm2 than PCz3TB (5.56mA/cm2), and the
𝐽SC and 𝑉OC values gradually decreased by increasing the
feed ratios of the triazole unit in PCz3TBTz-2 (4.29mA/cm2,
0.65V) and PCz3TBTz-3 (1.21mA/cm2, 0.46V). As de-
scribed above, although the UV absorption and optical band
gap of PCz3TBTz-1 are similar with those of PCz3TB,
PCz3TBTz-2 and PCz3TBTz-3 with more triazole units in
the main chain showed lower UV absorption intensity in
the long wavelength region and an increased optical band
gap, compared with PCz3TB and PCz3TBTz-1. Low-band-
gap conjugated materials with appropriate energy levels are
required for efficient charge transfer in OPVs [23]. The grad-
ually decreased efficiencies of PCz3TBTz-2 and PCz3TBTz-
3 relative to PCz3TB can be explained by the gradually
decreased UV absorption intensity in the long wavelength
region and the gradually increased band gaps. In addition, the
significantly low efficiency of PCz3TBTz-3might stem from
its low molecular weight compared to the other copolymers.

In other words, the feed ratio of comonomer units of
3TB and Tz was optimized and the highest PCE of 1.74%
was achieved in PCz3TBTz-1. This increased performance
of PCz3TBTz-1 can be explained by its improved solubility
and surface morphology. Figure 5 compares the surface
morphologies of the PCz3TBTz-1:PCBM blend film with
PCz3TB:PCBM blend film, determined from AFM mea-
surements. The root-mean-square (RMS) roughness of the
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Figure 4: J-V curves of photovoltaic cells of copolymers.

Table 2: OPV performances of the polymer: PC71BM OPV cellsa,b.

Active layer 𝐽SC
(mA/cm2)

𝑉OC
(V)

FF
(%)

PCE
(%)

PCz3TB 5.56 0.72 0.39 1.55 (1.54)
PCz3TBTz-1 6.36 0.66 0.41 1.74 (1.69)
PCz3TBTz-2 4.29 0.65 0.35 0.98 (0.94)
PCz3TBTz-3 1.21 0.46 0.32 0.18 (0.17)
aThickness of the active layer was adjusted to 60 nm (blend ratio: poly-
mer : PCBM = 1 : 3).
b The values shownhere are for the best device, and the average performances
among three samples are also shown in parenthesis.

PCz3TBTz-1:PCBM film was 1.78 nm, which was nearly ten
times that of the PCz3TB:PCBM film. Similar phenomenon
was observed in our previous work with PF3TB and
PF3TBTz [18].The largerRMSvalue of PCz3TBTz-1 suggests
that it has rougher surface morphology, indicative of
increased polymer aggregation [24]. The suitable phase sep-
aration by polymer aggregation facilitated improved charge
transport and carrier collection efficiency, resulting in re-
duced charge recombination and an increased 𝐽SC value
in the device [15]. The better morphology of PCz3TBTz-
1 is ascribed to improved solubility by introduction of the
alkyl-substituted triazole unit into the main chain. Further
research onmodification of the polymer structure is currently
underway.

4. Conclusions

We synthesized three carbazole-benzothiadiazole-based
copolymers containing different amounts of triazole into the
main chains through palladium-catalyzed Suzuki polym-
erization. The absorption intensity of the copolymers varied
according to the amount of triazole.The feed ratio of comon-
omer units was optimized and the highest PCE of 1.74%
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Figure 5: Topographic AFM images of (a) PCz3TB:PCBM and (b) PCz3TBTz-1:PCBM films.

was achieved in PCz3TBTz-1. This is attributed to its better
morphology and solubility.
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A multi-input converter (MIC) to process wind-PV power is proposed, designed, analyzed, simulated, and implemented.TheMIC
cannot only process solar energy but deal with wind power, of which structure is derived from forward-type DC/DC converter to
step-down/up voltage for charger systems, DC distribution applications, or grid connection.TheMIC comprises an uppermodified
double-ended forward, a lowermodified double-ended forward, a commonoutput inductor, and aDSP-based systemcontroller.The
two modified double-ended forwards can operate individually or simultaneously so as to accommodate the variation of the hybrid
renewable energy under different atmospheric conditions. While the MIC operates at interleaving mode, better performance can
be achieved and volume also is reduced.The proposed MIC is capable of recycling the energy stored in the leakage inductance and
obtaining high step-up output voltage. In order to draw maximum power from wind turbine and PV panel, perturb-and-observe
method is adopted to achieve maximum power point tracking (MPPT) feature. The MIC is constructed, analyzed, simulated, and
tested. Simulations and hardware measurements have demonstrated the feasibility and functionality of the proposed multi-input
converter.

1. Introduction

Conventionally, electric power is mainly generated from
fossil fuels. However, this kind of energy resources is highly
limited and will be exhausted in the near future. With the
rapid requirement of electricity and the increase of worse and
worse energy crisis, it is of great urgency to replace the fossil
fuels with renewable energy. Among the renewable resources,
solar energy and wind power attract a great deal of interest
owing to their easy acquirement.

In photovoltaic (PV) or wind power generation system, a
power converter is needed so as to process renewable energy.
In literature [1–5] PV converters are presented while wind
power converters are studied in [6–10]. However, these power
converters only handle a single kind of renewable energy,
that is, which cannot deal with multi-input power.Therefore,
some researchers propose multi-input converters for solar-
wind hybrid power generation system. As shown in Figure 1,
a series double-boost converter is presented to process PV
power andwind energy simultaneously [11], inwhich, as com-
pared with single-boost configuration, power component

only imposes one-half power rating. Even though this boost-
type converter steps up the voltage and is suitable for a
high voltage supply, it cannot be applied to galvanic isolated
applications. Double-input buck-boost converter shown in
Figure 2 is capable of processing high-/low-voltage sources
[12]. Like boost-type converter, this type of configuration is
still nonisolated electrically. Instead of combining renewable
energy in electricity, the concept of magnetic flux additivity is
proposed to design amulti-input isolated converter, as shown
in Figure 3, but its structure is complex and control low is
complicated [13]. In order to simplify power-stage configu-
ration, the forward-derived configuration is proposed. How-
ever, it cannot trap the energy in the leakage inductor and is
incapable of applying to high output voltage applications [14].

In this paper, a multi-input converter (MIC) is pro-
posed, which can not only deal with PV power and wind-
turbine energy simultaneously/individually but recycles the
leakage-inductance energy and steps up the input voltage.
As compared with the aforementioned isolated double-input
converter, the proposed one has a much simpler structure.
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Furthermore, the proposed MIC removes the third winding
from the conventional forward converter, which releases the
energy stored in the magnetizing inductor to a capacitor
through the second winding. As a result, its output voltage
can be stepped up significantly and the efficiency is improved.

Simulated and practical results have validated the proposed
PV-wind MIC.

In this paper, system architecture of the proposed MIC
is described in Section 2. Section 3 presents the operational
principle of the converter, while simulations and practical
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measurements to verify the feasibility of the MIC are shown
in Section 4. Finally, conclusion is given in Section 5.

2. Configuration of the Proposed Converter

Figure 4 illustrates the block diagram of the proposed MIC,
whichmainly includes PV arrays, a wind turbine, a high step-
up multi-input converter, and a system controller. Figure 5
shows the corresponding schematics of the main power stage
of the MIC. In Figure 5, the MIC is composed of an upper

modified double-ended forward, a lower modified double-
ended forward, a common output filter 𝐿mic, and a system
controller. The upper modified double-ended forward is in
charge of dealing with wind-turbine energy while the lower
one processes solar power. The both modified double-ended
forwards can be operated independently, which expands the
degree of control freedom. The active switches in the upper
forward or in the lower one are switched synchronously so
as to trap the leakage energy and to release the magnetizing
inductance energy. The capacitors in the secondary wind-
ings, 𝐶wind and 𝐶pv, will absorb the energy of magnetizing
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inductance and then can boost the output voltage. The
system controller determines the control signals to perform
output power controlling and maximum power point track-
ing (MPPT). In this paper, perturb-and-observe method is
adopted for MPPT.

3. Operation Principle of
the Proposed Converter

In Figure 5 the two modified double-ended forwards can
operate individually to deal with PV power and wind energy.
To achieve better output performance and to lower the
output filter volume, the switches SWwind and SWpv are
turned on alternatively with a duty ratio less than 0.5 at
the same switching frequency. Figure 5 shows conceptual
key waveforms. According to the conduction status of the
switches SWwind and SWpv, the operation of the MIC over
one switching period can be mainly divided into four modes.
Corresponding equivalents are presented in Figure 6. Each
operation mode is described in the following.

Mode 1 (Figure 7(a), 𝑡
0

≤ 𝑡 < 𝑡
1

). During the interval ofMode
1, the status of switches SWwind is on but SWpv off. While
SWwind conducts at 𝑡

0

, this mode begins. The active switch
SWpv is in the off-state, and the magnetizing inductor of the
lower modified forward discharges energy through the path
of 𝑁
2,pv-𝐷2,pv-𝐶pv. Meanwhile, wind power is forwarded to

output. Therefore, 𝑖
𝐿,mic is linearly built and can be described

as

𝑖
𝐿,mic(𝑡) =

2 ⋅ 𝑁wind ⋅ 𝑘wind ⋅ Vwind
𝐿mic

⋅ 𝐷wind ⋅
𝑇
𝑠

2

+ 𝑖
𝐿,mic(𝑡0) ,

(1)

where 𝑘wind is the coupling coefficient of the transformer in
the upper forward,𝐷wind stands for duty ratio of SWwind, and
𝑇
𝑠

represents the switching period.The voltage stresses of the
switch SWpv and diode𝐷

2,wind can be found by

V
𝐷𝑆,pv = Vpv,

V
𝐷2,wind = 2 ⋅ 𝑁wind ⋅ 𝑘wind ⋅ Vwind.

(2)
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Figure 7: Equivalent circuits of the MIC corresponding to the four operation modes over one switching cycle: (a) Mode 1, (b) Mode 2, (c)
Mode 3, and (d) Mode 4.

As the current of magnetizing inductor 𝐿
𝑚,pv drops to zero,

this mode ends.

Mode 2 (Figure 7(b), 𝑡
1

≤ 𝑡 < 𝑡
2

). In Mode 2, all the active
switches are in off-state. At time 𝑡

1

, the switch SWwind is
turned off and SWpv in the lower forward still stays in the off-
state. The magnetizing inductor in the upper modified for-
ward 𝐿

𝑚,wind discharges via the path of𝑁2,wind-𝐷2,wind-𝐶wind,
while the energy of leakage inductor 𝐿

𝐿𝐾,wind is trapped.

The voltages across 𝐶wind and 𝐶pv, V
𝑐,wind and V

𝑐,pv, are
obtained by

V
𝑐,wind = 𝑁wind ⋅ 𝑘wind ⋅ Vwind,

V
𝑐,pv = 𝑁pv ⋅ 𝑘pv ⋅ Vpv,

(3)

respectively, in which 𝑘pv is the coupling coefficient of the
transformer in the lower forward. In addition, the output
inductor 𝐿mic releases the stored energy to the load by
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Figure 8: The waveform of output inductor current.

the path of 𝐿mic-𝐶dc,link-𝐷2,wind, of which the current is
linearly decreased and is expressed as

𝑖
𝐿,mic(𝑡) = 𝑖𝐿,mic(𝑡1) −

𝑉dc,link

𝐿mic
⋅ 𝐷wind ⋅

𝑇
𝑠

2

⋅ (1 − 𝐷wind) . (4)

Mode 3 (Figure 7(c), 𝑡
2

≤ 𝑡 < 𝑡
3

). During this mode,
SWpv is in the on-state but SWwind in off-state. Since the
SWpv is turned on at 𝑡

2

, thus PV energy is dealt with by the
lower modified forward.The inductor current 𝑖

𝐿,mic increases
linearly. The inductor 𝐿

𝑚,wind releases the energy to the
capacitor 𝐶wind through the path of 𝑁

2,wind-𝐷2,wind-𝐶wind. In
this interval, the current of output inductor 𝐿mic is linearly
built and can be described as

𝑖
𝐿,mic(𝑡) =

2 ⋅ 𝑁pv ⋅ 𝑘pv ⋅ Vpv
𝐿mic

⋅ 𝐷pv ⋅
𝑇
𝑠

2

+ 𝑖
𝐿,mic(𝑡2) , (5)

where𝐷pv denotes the duty ratio of SWpv.The voltage stresses
of the switch SWpv and diode 𝐷

2,wind can be expressed as
follows:

V
𝐷𝑆,wind = Vwind,

V
𝐷2,pv = 2 ⋅ 𝑁pv ⋅ 𝑘pv ⋅ Vpv.

(6)

This mode ends at the moment the current flowing through
𝐿
𝑚,wind equals zero.

Mode 4 (Figure 7(d), 𝑡
3

≤ 𝑡 < 𝑡
4

). At time 𝑡
3

, the switch
SWpv is turned off and the operation of the MIC enters into
Mode 4. That is, in Mode 4 all active switches are off. During
this mode, the magnetizing inductor 𝐿

𝑚,pv releases energy to
capacitor𝐶pv via𝑁2,pv, 𝐷2,pv, and𝐶pv. In addition, the energy
stored in leakage inductance is recycled. Meanwhile, the
output inductor discharges and the current 𝑖

𝐿,mic decreases
linearly, which can be expressed as

𝑖
𝐿,mic (𝑡) = 𝑖𝐿,mic (𝑡3) −

𝑉dc,link

𝐿mic
⋅ 𝐷pv ⋅
𝑇
𝑠

2

⋅ (1 − 𝐷pv) . (7)

A complete switching cycle is terminated at 𝑡 = 𝑡
4

, at which
SWwind is turned on again.

While the proposedMIC operates in continuous conduc-
tion mode (CCM), the corresponding waveform of output
inductor current is illustrated in Figure 8. The 𝑇

𝑠

is the
switching period and can be expressed as

𝑇
𝑠,wind + 𝑇𝑠,pv = 𝑇𝑠. (8)

In (8), 𝑇
𝑠,wind stands for the intervals that the upper modified

forward works, while 𝑇
𝑠,pv for the lower modified forward. In

the interleaved operation, the following relationship holds:

𝑇
𝑠,pv = 𝑇𝑠,wind =

𝑇
𝑠

2

. (9)

Based on volt-second balance criterion, one can obtain the
following identity:

(2 ⋅ 𝑁wind ⋅ 𝑘wind ⋅ Vwind − 𝑉dc,link) ⋅ 𝐷wind ⋅ 𝑇𝑠,wind

+ (2 ⋅ 𝑁pv ⋅ 𝑘pv ⋅ Vpv − 𝑉dc,link) ⋅ 𝐷pv ⋅ 𝑇𝑠,pv

= (1 − 𝐷wind) ⋅ 𝑇𝑠,wind ⋅ 𝑉dc,link + (1 − 𝐷pv) ⋅ 𝑇𝑠,pv ⋅ 𝑉dc,link.

(10)

Rearranging (10) yields

𝑉dc,link = 𝑁wind ⋅ 𝑘wind ⋅ Vwind ⋅ 𝐷wind + 𝑁pv ⋅ 𝑘pv ⋅ Vpv ⋅ 𝐷pv,
(11)

which reveals that the DC-link voltage can be controlled by
the duty ratios of SWwind and SWpv.

In the MIC, perturb-and-observe method is employed
to draw maximum power from wind turbine and PV arrays
since it is easy to carry out.The perturb-and-observeMPPT is
realized by dsPIC30F4011. The related flowchart is presented
in Figure 9.

4. Simulations and Practical Measurements

To demonstrate the feasibility of the proposed MIC, a
prototype is constructed, simulated, and tested. Important
parameters are listed as follows:

(i) PV panel voltage: Vpv = 40–56V,
(ii) wind turbine voltage: Vwind = 22–48V,
(iii) dc-link voltage: 200V,
(iv) upper modified double-ended forward: 350W,
(v) lower modified double-ended forward: 350W,
(vi) switching frequency: 50 kHz for all active switches,
(vii) output inductance: 𝐿mic = 400𝜇H,
(viii) output capacitance: 𝐶dc,link = 400 𝜇F,
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Figure 9: The flowchart of perturb-and-observe method to achieve MPPT feature.

SWwind

SWpv

(Voltage: 5V/div, time: 10𝜇s/div)

Figure 10: Simulated control signals while wind turbine provides 350W.

(ix) capacitance of upper forward: 𝐶wind = 22𝜇F,
(x) capacitance of lower forward: 𝐶pv = 22𝜇F.

In the case of only wind turbine providing 350W, the
simulated active switch signals and corresponding output
inductor current are shown in Figures 10 and 11, respectively,
while Figures 12 and 13 are the practical measurements. With

the perturb-and-observe method for maximum power point
tracking, the measured result is shown in Figure 14, which
has illustrated that the uppermodified double-ended forward
can draw the maximum power from wind turbine. If only
350WPVpower feeds theMIC, simulations of control signals
for active switches and output inductor current are presented
in Figures 15 and 16. In addition, Figures 17 and 18 are the
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(Current: 5A/div, time: 20𝜇s/div)

Figure 11: Simulated output inductor current while wind turbine provides 350W.

SWwind

SWpvSWSSWpvp

(Voltage: 5V/div, time: 10𝜇s/div)

Figure 12: Practical measurements of control signals while wind turbine provides 350W.

(Current: 5 A/div, time: 20 𝜇s/div)

Figure 13: Measured output inductor current while wind turbine provides 350W.

measured results. For MPPT feature verification, Figure 19 is
the relationship between PV power and the terminal voltage
of PV panel, from which it can be found that the proposed
MIC is able to draw maximum power from PV panel. From
Figures 10–19, it has been demonstrated that the proposed
MIC is capable of dealing with individual renewable power.
As the solar power and wind energy feed the MIC simulta-
neously, Figures 20 and 21 show the simulations of control
signals and output inductor current. Then, Figures 22 and
23 present the hardware measurements. In addition, switch
currents are also shown in Figure 24, in which the upper
trace and the lower trace are the drain-to-source currents
of SWwind and SWpv, respectively. Figure 25 is the hardware

measurements of the secondary currents 𝑖
𝑁2,wind and 𝑖

𝑁2,pv.
All the experimental results correspond with the theoretical
waveforms in Figure 6. From Figures 20–25, it is verified that
theMIC not only can process hybrid wind-PV power but can
operate in interleaved mode for current ripple suppression.
Additionally, in Figures 21 and 23, the ripple of output
inductor current is double the switch frequency, which results
in lower volume requirement for output filter inductor. The
measured efficiency of the MIC is shown in Figure 26. In the
case of wind turbine shutting down from the hybrid power
generation system, the output power variation of the MIC
is shown in Figure 27. For converse condition, the related
output power curve is shown in Figure 28.
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Figure 15: Simulated control signals while PV panel provides 350W.
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Figure 16: Simulated output inductor current while PV panel provides 350W.

SWwind

SWpv

(Voltage: 5V/div, time: 10𝜇s/div)

Figure 17: Practical measurements of control signals while PV panel provides 350W.
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Figure 18: Measured output inductor current while PV panel provides 350W.
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Figure 20: Simulated control signals while hybrid wind-PV power is 700W.
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Figure 21: Simlated output inductor current while hybrid wind-PV power is 700W.
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Figure 22: Measured control signals while hybrid wind-PV power is 700W.
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Figure 23: Measured output inductor current while hybrid wind-PV power is 700W.
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Figure 24: Measured waveforms of switch currents.
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Figure 25: Measured current waveforms of the secondary windings in the MIC.
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Figure 26: The measured efficiency of the proposed MIC.

(Po : 100 W/div, time: 10 ms/div)

Figure 27: Output power variation while wind turbine shuts down from the hybrid generation system.

5. Conclusions

This paper proposed a galvanic isolatedmulti-input converter
to deal with wind turbine energy and solar power withMPPT
feature. The converter integrates two forward converters and

only uses one output inductor. Therefore, the structure of
the proposed MIC can lower the volume of the converter.
In addition, the MIC can operate in interleaved mode so
that the output current ripple is suppressed significantly. The
energy stored in leakage inductor can be recycled, which
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(Po : 100 W/div, time: 10 ms/div)

Figure 28: Output power variation while wind turbine incorporates into the hybrid generation system.

improves efficiency. In this paper, the proposed MIC is
analyzed, simulated, and tested. Simulations and hardware
measurements have validated the proposed MIC.
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A photovoltaic pulse charger (PV-PC) using high-frequency pulse train for charging lead-acid battery (LAB) is proposed not
only to explore the charging behavior with maximum power point tracking (MPPT) but also to delay sulfating crystallization
on the electrode pores of the LAB to prolong the battery life, which is achieved due to a brief pulse break between adjacent
pulses that refreshes the discharging of LAB. Maximum energy transfer between the PV module and a boost current converter
(BCC) is modeled to maximize the charging energy for LAB under different solar insolation. A duty control, guided by a power-
increment-aided incremental-conductance MPPT (PI-INC MPPT), is implemented to the BCC that operates at maximum power
point (MPP) against the random insolation. A 250W PV-PC system for charging a four-in-series LAB (48Vdc) is examined. The
charging behavior of the PV-PC system in comparison with that of CC-CV charger is studied. Four scenarios of charging statuses
of PV-BC system under different solar insolation changes are investigated and compared with that using INC MPPT.

1. Introduction

Renewable energy sources have become indispensable and
applicable in our life in consideration to the lack of fossil
fuel, especially for the photovoltaic and wind energies. As
for energy storage, lead-acid battery (LAB) is always the
interesting device due to low cost; even its lifecycle time is
low. Fortunately, the experiment reported that, after charging
the battery in 5–10 hours with a short-period large current,
the sulfating crystallization covered on the plates of positive
electrode areawill be reduced, and the battery iswithout over-
heat and thereby increases the discharge efficiency to extend
battery life [1–3]. Thus, the pulse charge method has become
one of the available charging strategies in battery manage-
ment. The LAB is basically composed of two electrodes, the
negative electrodemade ofmetallic lead (Pb) and the positive
one lead-oxide (PbO

2

), immersed in a sulphuric acid solution
(H
2

SO
4

), which produces chemical reaction during charging
and discharging processes. During discharge state, both the
electrodes in battery will build up lead sulfate PbSO

4

and the
electrolyte is then converted to H

2

O, but the opposite process

will occur in charging state.When the battery approaches 85–
95% of the state of charge (SOC), the majority of the PbSO

4

will be converted to Pb andPbO
2

, inwhich the battery voltage
might be greater than the gassing voltage. The overcharge
reaction possibly results in the gas evolution of hydrogen
appearing at negative electrode and of oxygen at positive
electrode. This undesired phenomenon may lead to heat,
increasing charging time, and shorten the battery life, even
exists explosive potential if the gas is not vented. Above all, if
some PbSO

4

is crystallized on the pores of positive electrode,
the discharging current will be limited due to the reduction
of effective surface area on the positive electrode. In order to
prolong the battery life, a high-frequency photovoltaic pulse
charger (PV-PC) system for LAB is presented, which con-
tributes the pulsate effect for delaying thementioned sulfating
crystallization during the adjacent tiny pulse break times.
In this work, a boost current converter (BCC) associated
with the PV module is modeled to maximize the energy
charging to LAB under maximum power transfer [4]. In
order to maximize the energy pumped from PV module,
a duty cycle control guided by a power-increment-aided
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tracking zone [6].

incremental-conductance maximum power point tracking
(PI-INCMPPT), derived from the incremental-conductance
maximum power point tracking (INC MPPT), is adopted to
sustain the PV-BCC pumping energy from PV module that
is fast and accurate against the random solar insolation [4–8].
Theweakness of the INC-MPPT is its ambiguous incremental
conductance occurring in the left side of the MPP, which
may delay the tracking behavior of MPPT. To clearly describe
the dynamic tracking behavior in charging, four scenarios
of solar insolation change under the guidance of PI-INC
MPPT and INC-MPPT are, respectively, investigated and
compared to each other in this work. An experimental study
for verifying the charging behavior of the PV-PC system
with a four-in-series 45-AH (ampere hour) LABs (48Vdc) is
examined. The charging characteristics of the PV-PC system
in comparison with that of conventional constant-current
constant-voltage (CC-CV) charger are studied. Experimental
result validates that high-frequency pulse train can actually
delay the sulfating crystallization on the plates of electrodes
of the LAB, which prolongs the battery life.

2. Analysis of PV-PC System

Figure 1(a) shows the circuit diagram of the PV-PC system,
which is formed by a BCC guided by a MPPT controller.
Dynamic states of the BCC at boundary condition are shown
in Figure 1(b), in which the output current 𝑖

𝑜

is certainly a
form of pulse train that is used as a charging source. The PV
BCC driven by a duty period 𝑑

𝐵

𝑇
𝑠

from PI-INC MPPT can
operate between discontinuous-conduction mode (DCM)
and boundary-conduction mode (BCM) for pulse charging
to the LAB.

For convenience in analysis, the steady state of PV-BCC
in BCM is described. If a battery 𝑉

𝐵

greater than maximum
𝑉
𝑝V is adopted and all components are presumed to be ideal,

the peak inductor current 𝑖
𝐿,𝑝𝑘

of the PV-BCC in BCM from
Figure 1(b) can be represented by

𝑖
𝐿,𝑝𝑘

=

𝑉
𝑝V

𝐿

⋅ 𝑑
𝐵

𝑇
𝑠

, (1)

where 𝐿 is the boost inductor, 𝑑
𝐵

the duty ratio, and 𝑇
𝑠

the
switching period. We then have average PV current 𝐼

𝑝V:

𝐼
𝑝V =
𝑉
𝐵

𝑉
𝑝V

𝑉
𝐵

− 𝑉
𝑝V

⋅

𝑑
2

𝐵

2𝐿𝑓
𝑠

, (2)

where switching frequency 𝑓
𝑠

= 1/𝑇
𝑠

. If power efficiency 𝜂 is
considered, the average output current 𝐼

𝑜

(= 𝐼
𝐵

) to LAB from
(2) will be

𝐼
𝑜

=

𝜂𝑉
2

𝑝V𝑑
2

𝐵

2𝐿 (𝑉
𝐵

− 𝑉
𝑝V) 𝑓𝑠

. (3)

Equation (3) represents the control-to-output transfer func-
tion, in which the output current 𝐼

𝑜

is proportional to square
of duty ratio 𝑑

𝐵

and inversely proportional to switching
frequency 𝑓

𝑠

. Themodel and simulation of control-to-output
transfer function are presented in Figures 2(a) and 2(b),
respectively. The duty ratio 𝑑

𝐵

of PV-BCC is designed
associated with the PV characteristic as shown in Figure 3.
The output power of PV-BCC can be obtained by

𝑃
𝑜

=

𝜂𝑉
𝐵

𝑉
2

𝑝V𝑑
2

𝐵

2𝐿 (𝑉
𝐵

− 𝑉
𝑝V) 𝑓𝑠

. (4)

If an interleaved configuration is considered in the PV-
BCC, the average output current 𝐼

𝑜

and power𝑃
𝑜

can be easily
obtained from (3) and (4) by multiplying two.

3. PI-INC MPPT for PV-PC System

The PV-BCC guided by PI-INC MPPT controller can draw
energy from PV module fast and accurate according to
the guidance specified on 𝐼

𝑝V-𝑉𝑝V and 𝑃𝑝V-𝑉𝑝V characteristic
curves in Figure 3, in which the tracking references for
executing power-increment tracking (PI) and incremental-
conductance (INC) tracking are clearly described in [6, 8].
The PI-INC MPPT can provide a PI-coarse tracking quick
toward a specified threshold-tracking zone (TTZ) using
𝑃
𝑝V-𝑉𝑝V curve, to avoid delay tracking that stems from some

ambiguous conductance detection in the right-hand side of
maximum power point (MPP) in 𝐼

𝑝V-𝑉𝑝V curve by using INC
MPPT method [4, 5, 9]. In Figure 3, two mutual equivalent
TTZs are, respectively, defined in the 𝐼

𝑝V-𝑉𝑝V and 𝑃
𝑝V-𝑉𝑝V

curves used to distinguish the roles of PI-INCMPPT tracking
and conventional INC MPPT. A PI-coarse tracking along
𝑃
𝑝V-𝑉𝑝V curve executes quick toward TTZ when the PV-

BCC operates outside the TTZ. Once the detected power
increment Δ𝑃 is within TTZ, INC-fine tracking is provided
toward theMPP using 𝐼

𝑝V-𝑉𝑝V curve.Thus, a fast and accurate
tracking performance is applicable in PI-INC MPPT in
comparison to that in the conventional INC-MPPT.TheMPP
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Figure 4: Programming of PI-INCMPPT: (a)main program and (b) subroutine programwithout THZ, as a simplified case of PI-INCMPPT.

for INCMPPT, reported byWasynczuk [5], can then be given
by

𝑑𝐼
𝑝V

𝑑𝑉
𝑝V

= −

𝐼
𝑝V

𝑉
𝑝V

,

Δ𝐼
𝑝V

Δ𝑉
𝑝V

≈

𝑑𝐼
𝑝V

𝑑𝑉
𝑝V

= −

𝐼
𝑝V

𝑉
𝑝V

.

(5)

It is clearly shown that in Figure 3 themeasureΔ𝐶 is bounded
by the two ratios 𝜌

1

and 𝜌
2

on the 𝐼
𝑝V-𝑉𝑝V curve, and

correspondingly the measure Δ𝑃 is bounded between limits
𝑃
𝜌1

and 𝑃
𝜌2

on the 𝑃
𝑝V-𝑉𝑝V curve, in which 𝑃

𝜌1

and 𝑃
𝜌2

are
derived from the two ratios 𝜌

1

and 𝜌
2

. From the specified Δ𝐶
on the 𝐼

𝑝V-𝑉𝑝V curve, the tracking bound in TTZ will be

−𝜌
1

𝐼
𝑝V

𝑉
𝑝V

> Δ𝐶 > −𝜌
2

𝐼
𝑝V

𝑉
𝑝V

(6)

and outside the TTZ when

Δ𝐶 > −𝜌
1

𝐼
𝑝V

𝑉
𝑝V

(7)

or

Δ𝐶 < −𝜌
2

𝐼
𝑝V

𝑉
𝑝V

, (8)

where Δ𝐶 is defined as

Δ𝐶 =

Δ𝐼
𝑝V

Δ𝑉
𝑝V

. (9)

The two ratios 𝜌
1

and 𝜌
2

are real numbers. Equation (9) is
always negative because Δ𝐼

𝑝V and Δ𝑉𝑝V have opposite signs.
Accordingly, the corresponding relation to PI-INC MPPT
derived from the specified bounds of INCMPPTwill be, from
(6)–(9),

𝑃
𝜌1

> Δ𝑃 > 𝑃
𝜌2

(10)

within TTZ, where Δ𝑃 = 𝑃
𝑛+1

− 𝑃
𝑛

, Δ𝑉 = 𝑉
𝑛+1

− 𝑉
𝑛

, and
Δ𝐼 = 𝐼

𝑛+1

− 𝐼
𝑛

, and

Δ𝑃 > 𝑃
𝜌1

(11)

or

Δ𝑃 < 𝑃
𝜌2

(12)
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Figure 5: Measured waveforms of PV-BCC at 600W/m2, MPPT conditions: 𝑉
𝑝V = 32.7V, 𝐼𝑝V = 4.3025A, 𝑓𝑠 = 40 kHz, and 𝑑

𝐵

= 0.29, (a)
Hor.: 10 𝜇/div. and (b) Hor.: 50 𝜇/div.

outside of TTZ. The two power threshold limits in (10) are
defined by

𝑃
𝜌1

≡ (1 − 𝜌
1

) Δ𝑉𝐼
𝑛+1

,

𝑃
𝜌2

≡ (1 − 𝜌
2

) Δ𝑉𝐼
𝑛+1

.

(13)

The flow chart of PI-INC MPPT for duty control pre-
sented in Figure 4 will enable MPPT controller adaptively
providing proper duty ratio 𝑑

𝐵

for PV-BCC to pump energy
from PVmodule at MPP in which a simplified program with
𝑃
𝜌1

= 𝑃
𝜌2

= 0 is examined. In other words, the program is a
special case of the PI-INC MPPT without TTZ.

4. Design and Realization

A 250W PV-PC system configured as in Figure 1(a) consist-
ing of a two-in-series PV module (Kyocera KC130T), a BCC,
and a four-in-series LAB (KawasakiMF50B24, 12 Vdc, 45 AH,
each) is designed and realized for assessing the charging
behavior of LAB guided by PI-INC MPPT, and validating
the feasibility in application. The PV-PC system operates at
constant frequency of 40 kHz with duty varied from 0 to 0.36
under solar insolation from 0 to 1 kW/m2, in which the duty
at 𝑑
𝐵

= 0.36 is when solar insolation at 1 kW/m2, where

Table 1: Comparison of MPPT tracking scenarios under different
insolation changes.

Scenario
Insolation
jump step
(W/m2)

Initial jump
location

PI-INC MPPT
(sec)

INC MPPT
(sec)

1 0 → 600 L 9 33
2 600 → 1000 R 6 13
3 1000 → 300 L 15 142
4 300 → 1000 R 22 32
L: Left-hand side of the MPP.
R: Right-hand side of the MPP.

the peak charging current for LAB is 16A. The program of
PI-INC MPPT is executed by microchip dsPIC33FJ06GS202
according to the tracking guidance in Figure 4, in which a
simplified case of PI-INC MPPT without THZ is presented
for instance. The PI-coarse tracking along 𝑃

𝑝V-𝑉𝑝V curve
can perform fast and accurate tracking toward MPP in
comparison with the INC tracking along 𝐼

𝑝V-𝑉𝑝V curve. The
waveforms of the PV-BCC working at solar insolation of
600W/m2 and 1000W/m2 are measured in Figures 5 and 6,
respectively, inwhich the boost inductor current 𝑖

𝐿

is inDCM
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Figure 6: Measured waveforms of PV-BCC at 1000W/m2, MPPT conditions: 𝑉
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Figure 7: Tracking comparison of PI-INC MPPT and INC MPPT for PV-PC system under four scenarios of solar insolation change (a)
voltage tracking behavior and (b) power tracking behavior.
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Table 2: Comparison of charging statuses between CC-CV and
pulse charge.

SOC (%)
CC-CV PV pulse charge

Charging time
(min.)Voltage

(V)
Capacity

(%)
Voltage
(V)

Capacity
(%)

30 48.73 30 48.73 30 0
35 49.32 43.84 49.42 46.19 15
40 49.51 48.30 49.57 49.71 30
45 49.69 52.53 49.76 54.17 45
50 49.88 56.99 49.9 57.45 60
55 50 59.80 50.01 60.04 75
60 50.17 63.79 50.2 64.49 90
65 50.32 67.31 50.36 68.25 105
70 50.48 71.06 50.53 72.24 120
75 50.63 74.58 50.68 75.76 135
80 50.8 78.57 50.88 80.45 150
85 50.96 82.33 51.06 84.68 165
90 51.12 86.08 51.25 89.13 180
95 51.27 89.60 51.43 93.36 195

51.43 93.36 210

CC-CV charge

0
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50
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80
90

100
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SO
C 
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)

PV pulse charge

Time (min)

Figure 8: Comparison of charging behaviors between CC-CV and
PV-PC.

at 600W/m2 but in CCM at 1000W/m2. In spite of the state
modes either DCM or CCM, the output currents 𝑖

𝑜

clearly
shown in Figures 5(b) and 6(b) are always available pulse
trains for charging the LABs. Figure 7 shows the comparison
of the tracking behaviors of PI-INC MPPT and INC MPPT
in the PV-PC system under four kinds of solar insolation
scenarios. The voltage tracking in Figure 7(a) and power
tracking in Figure 7(b) clearly display that the PI-INCMPPT
is much more fast and accurate toward the MPP than the
INC MPPT. The PI-INC MPPT can only pay few seconds
to track at MPP when the solar jump step initially occurs in
either side of the MPP. In other words, there is no ambiguous
detection happened in PI-INCMPPT. As for the INCMPPT,
it is ambiguous to detect the incremental conductance in the
left-hand side of the MPP, which may lead much delay in
MPPT, such behaviors as in scenarios 1 and 3; the tracking

times toward MPP should be much more over 4–10 times of
the PI-INC MPPT. The measured data of tracking response
shown in Table 1 show that the PI-INCMPPT ismore reliable
than INCMPPT in tracking process during the four scenario
changes; in particularly, there is no abrupt delay response
occurring in PI-INC MPPT during the insolation change, in
comparison to the response of INCMPPT.The state of charge
(SOC) of the PV-PC system compared with that of CC-CV
charger is shown in Figure 8, and the detail charging statuses
are measured in Table 2. The measured result reveals faster
response of 195min for PV-PC system than that of 210min
for CC-CV charger over about 8%, compared at SOC about
95%.

5. Conclusion

The PV pulse charge directly using PV energy without
through a dc-to-dc converter as energy buffer enhances
the utilization of renewable energy. The brief pulse break
existing between adjacent high-frequency pulses can actually
perform the discharge refreshing of LAB for delaying sulfate
crystallization on electrodes. The charging behavior using
pulse charge is faster than that using CC-CV charge, which
reveals that the resulted sulfate crystallization on the positive
electrode of the LAB is slow in pulse charging process, which
is good for prolonging the battery life. Moreover, the PI-INC
MPPT compared with INC MPPT advantages much better
tracking behavior without abrupt tracking delay during solar
insolation change.
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Amorphous-like silicon (a-Si:H-like) thin films are prepared by 27.12MHz plasma-enhanced chemical vapor deposition technique.
The films are applied to p-i-n single junction thin film solar cells with varying i-layer thickness to observe the effects on the short-
circuit current density, as well as the open-circuit voltage, fill factor, and conversion efficiency. The most significant experimental
result is that 𝐽sc has two different behaviors with increasing the i-layer thickness, which can be related to carrier collection efficiency
in the long wavelength region. Furthermore, technology computer-aided design simulation software is used to gain better insight
into carrier generation and recombination of the solar cells, showing that for the i-layer thickness of 200 to 300 nm the generation
dominates the carrier density and thus 𝐽sc, whereas for the i-layer thickness of 300 to 400 nm the recombination becomes the leading
factor.The simulation results of cell performances are in good agreement with experimental data, indicating that our simulation has
great reliability. In addition, the a-Si:H-like solar cells have low light-induced degradation, which in turn can have a great potential
to be used for stable and high-efficiency solar cells.

1. Introduction

Hydrogenated amorphous silicon (a-Si:H) thin films have
been widely studied in photovoltaic technology in recent
years. Because of a high-absorption coefficient of a-Si:H in the
visible range of the solar spectrum, 1𝜇m thick a-Si:H layer is
enough to absorb 90% of usable solar energy. However, large
deviations in bonding angles and bonding lengths between
the neighboring atoms in a-Si:H result in the weak or strained
bonds, which would easily break and thus form defects in
the atomic network. As a result, a-Si:H suffers from the
photoinduced problem of degradation, known as Stabler-
Wronski effect, which reduces the efficiency of solar cells after
light illumination. One alternative is the use of hydrogenated
microcrystalline silicon (𝜇c-Si:H), in which small crystals of
highly ordered material in the range of tenths of nanometers

are embedded. The amplitude of the degradation is a func-
tion of the crystallinity of the 𝜇c-Si:H layer: the lower the
crystallinity, the higher the light-induced degradation. It is
demonstrated more precisely that light-induced degradation
is proportional to the ratio of the amorphous volume over
the crystalline volume [1, 2]. For solar cell applications the
𝜇c-Si:H absorber is typically larger than 1 𝜇m representing an
increase in production time and thus fabrication cost [3].

Recently a-Si:H-like materials, intermediate between a-
Si:H and 𝜇c-Si:H, have been deposited [4, 5]. The films
consist of silicon crystallites and/or clusters (less than 3 nm)
which is difficult to be observed from the morphology of
the films. Further, a-Si:H-like films have the same optical
absorption coefficient as a-Si:H but the improved transport
properties of 𝜇c-Si:H. In particular, the quantum efficiency-
mobility-lifetime (𝜂𝜇𝜏) product of electrons can be a factor of
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Table 1: Deposition conditions of the intrinsic and doped a-Si:H-
like layers.

Deposition condition p-type
a-SiC:H

Buffer
layer

Intrinsic
layer

n-type
layer

Power (W) 10 10 10 10
Pressure (Pa) 90 90 90 60
E/S (mm) 20 20 30 25
Temperature (∘C) 200 200 200 200
SiH4 flow rate (sccm) 20 20 40 40
H2 flow rate (sccm) 40 40 160 80
CH4 flow rate (sccm) 18 18 — —
B2H6 flow rate (sccm) 5 — — —
PH3 flow rate (sccm) — — — 5
Layer thickness (nm) 10 6 200–400 30

100 higher than that of typical a-Si:H in the as-deposited state,
while 𝜂𝜇𝜏 product values after light soaking are comparable
to typical a-Si:H before degradation [6–8]. Furthermore, the
values of the deep defect density estimated from an analysis
of modulated photocurrent (MPC) are about 10 times lower
than those of typical a-Si:H [9]. Although the basic properties
of a-Si:H-like films have been proposed, the application in
solar cell research is not well investigated [6–12].

In this study, we apply the a-Si:H-like films to fabricate
p-i-n single junction solar cells and vary the i-layer thick-
ness from 200 to 400 nm. Effects of the i-layer thickness
on the device performances such as open-circuit voltage
(𝑉oc), short-circuit current density (𝐽sc), fill factor (FF), and
conversion efficiency (𝜂) are investigated. We use 27.12MHz
high-frequency plasma-enhanced chemical vapor deposition
(HF-PECVD) to deposit silicon thin films, and the films
almost always contain small crystalline fractions even under
low H

2

/SiH
4

gas ratios. This kind of a-Si:H-like films could
also be obtained by 13.56MHz radio frequency PECVD but
usually requiring a high H

2

/SiH
4

ratio which might dra-
matically decrease the deposition rate. Moreover, technology
computer-aided design simulation software (TCAD) is used
to gain better insight into charge carrier generation and
recombination of the devices.

2. Experimental

Thea-Si:H-like single junction thin film solar cells were fabri-
cated with structure of Asahi SnO

2

:F-coated glass/p/buffer/i/
n/ZnO:Al/Ag. All of the Si layers were prepared by HF-
PECVD at a frequency of 27.12MHz. Diborane (B

2

H
6

) and
phosphine (PH

3

) gases were used as the doping gas to
fabricate the a-Si:H-like p- and n-layers. To reduce the band
offset between the energy bands of a wide band-gap p-
type SiC (1.9 eV) and intrinsic layers, a buffer layer was
used at the p/i interface [13, 14]. The detailed deposition
conditions are summarized in Table 1. Five single junction
solar cells were fabricated, and the i-layer thickness was
varied from 200 to 400 nm. The electrical, optical, and
structural properties of the i-layer a-Si:H-like films are listed

Table 2: The properties of a-Si:H-like films compared to those of
typical a-Si:H films.

a-Si:H a-Si:H-like
Crystallinity (%) — 12
Dark conductivity (Ω−1 cm−1) 1 × 10−10 2.3 × 10−10

Photo conductivity (Ω−1 cm−1) 1 × 10−5 6.1 × 10−4

Defect density (cm−3) ∼1016 1015

Hydrogen content (at.%) 15 10
Absorptivity at 400 nm (cm−1) 5 × 105 1.3 × 106

Absorptivity at 600 nm (cm−1) 3.5 × 104 7.5 × 104

Activation energy (eV) 0.8 0.76
Band gap (eV) 1.8 1.67

in Table 2 in comparison with a-Si:H. In Table 2, the values of
the left column (a-Si:H) were obtained from [15]. The values
of the right column (a-Si:H-like) were measured from our
experimental films.The crystallinity was evaluated by micro-
Raman spectroscopy.The dark conductivity was measured at
room temperature using a source-measure unit (KEITHLEY
2400). The photoconductivity measurement was carried out
under AM1.5G (100mW/cm2) of a solar simulator.The defect
density was obtained by electron spin resonance (ESR).
The bonded hydrogen content was determined by Fourier
transform infrared (FTIR) spectroscopy.The absorptivitywas
obtained bymeans ofUV-VIS spectrophotometer.The activa-
tion energywas calculated from temperature-dependent dark
conductivity measurements. The band gap was estimated
by a linear fit to a Tauc plot. The area of individual solar
cells was defined by the 1 × 1 cm2 sputtered ZnO:Al/Ag
back contact. The film thickness was determined using an
alpha-step profilometer. The solar cells were characterized
by current density-voltage (𝐽-𝑉) measurement under 1-sun
(AM1.5G, 100mW/cm2) solar simulator irradiation and spec-
tral response measurement from which external quantum
efficiency (EQE) was obtained. The 1-sun standard light
soaking test was performed in a climate chamber at 50∘C for
500 h (IEC 61646).

To simulate thin film solar cells the commercially avail-
able software Silvaco TCAD, from Silvaco Inc., was used.
The simulation program solved the Poisson equation coupled
with the continuity equations of electrons and holes for the
virtual device by dividing the whole structure into finite
elements. The physical models that we used were Shockley-
Read-Hall recombination model, concentration-dependent
lifetimes, and low field mobility model. The photogener-
ation model, including a ray tracing algorithm, was used
to calculate the absorption and transmission of light in
the semiconductor layers. The solar cells considered here
operate under the global standard solar spectrum (AM1.5G)
illumination with 100mW/cm2 total incident power density.
Table 3 lists the minimum set of input optical, electrical,
and structural parameters used in this simulation without
buffer layers between each layer. The theoretical values of
the band mobility for a-Si:H-based thin films were around 1–
10 cm2s−1V−1. The hole mobility was assumed to be smaller
than the electron mobility. The i-layer thickness varied
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Table 3: The minimum set of input parameters used in our
simulation work.

Device parameter Value
Device area (um2) 1
Average haze (%) 18
Exterior rear reflectance (%) 95
Light source One sun (AM 1.5, 100mW/cm2)
Layer parameters p-layer i-layer n-layer
Thickness (nm) 10 200–400 10
Doping concentration (cm−3) 1 × 1018 1 × 1010 1 × 1019

Mobility gap (eV) 1.92 1.67 1.7
Electron mobility (cm2/Vs) 8 4 8
Hole mobility (cm2/Vs) 2 0.7 2
Effective DOS in CB (cm−3) 2.0 × 1020 2.0 × 1020 2.0 × 1020

Effective DOS in VB (cm−3) 2.0 × 1020 2.0 × 1020 2.0 × 1020

Dielectric constant 11.9 11.9 11.9
Electron affinity (eV) 3.9 4 4
Tail state (cm−3) 1020 1020 1020

Gaussian-state (cm−3) 5 × 1016 5 × 1016 5 × 1016

between 200 and 400 nm, while both p- and n-layers were
fixed to 10 nm, 30 nm, respectively. The average haze was set
to be 18% for the device constructed with rough textured
surfaces between layers. The distribution of states in the
energy gap of a-Si:H assumed in the simulation is the general
standard model of density of states (DOS), having two
exponential band tails and twoGaussian distribution of states
in the mobility gap [15, 16].

3. Results and Discussion

For each i-layer thickness, twenty solar cells were fabricated
and they had very similar performances (error less than 5%).
Figure 1 is a representative result of 𝐼-𝑉 curves of solar cells
with different a-Si:H-like i-layer thickness. It can be seen that
the cell with a 300 nm i-layer has the highest 𝐽sc value of
17mA/cm2, while the other cells show 𝐽sc values around 15.5–
16mA/cm2. Only little variation in 𝑉oc is seen, and this may
agree to that 𝑉oc would rather be affected by the qualities
of thin film and p/i interface [17, 18]. From this result, the
best combination of 𝑉oc and 𝐽sc can be found for an i-layer
thickness of 300 nm.

Figure 2 shows the EQE of the cells with different a-
Si:H-like i-layer thickness. The result is helpful to evaluate
the carrier collection efficiency at a particular wavelength.
It is found that the curves remain the same in the short-
wavelength region (<500 nm) for each i-layer thickness due
to the good performances of the p-doped layer [19]. But the
curves vary in the long-wavelength region (>500 nm) with
their peaks red-shifting. At the wavelength of 600 nm, the
EQE values for the thickness of 200–400 nm are 61%, 65%,
69%, 68%, and 63%, respectively. It is interesting to clarify
that the EQE differences in the long-wavelength regionmight
result from the thickness variation rather than the crystalline
fractions in the a-Si:H-like films. This can also be evidenced
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Figure 1: Experimental 𝐼-𝑉 characteristics of a-Si:H-like solar cells
with different i-layer thickness.
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Figure 2: Experimental quantum efficiencies of a-Si:H-like solar
cells with different i-layer thickness.

by the observation that the cutoff wavelength of each cell is
about 800 nm, same as that of a-Si:H.

Figure 3 shows a comparison of the i-layer thickness
dependences between experimental (closed symbol) and
simulation (open symbol) data. The simulation results show
that FF monotonously decreases with the i-layer thickness
due to the longer carrier transport length and thus increased
series resistance. The 𝑉oc is calculated from [20]

𝑉oc =
𝑘𝑡

𝑞

ln(
𝐽sc
𝐽
00

) +

𝑞𝑤
2

𝑑

2𝜀

(

𝑁i𝑁p

𝑁i + 𝑁p
) , (1)

where 𝐽
00

is the temperature-independent saturation current,
𝑤
𝑑

is the depletion width which usually equals to the i-layer
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Figure 3: Simulated (open symbol) and experimental (closed
symbol) results of external parameters of a-Si:H-like solar cells with
different i-layer thickness.

thickness for a p-i-n device, and 𝑁i and 𝑁p are the majority
carrier concentration in the i-layer and in the p-layer, respec-
tively. The last part of the equation is the built-in voltage
across the i-layer.Therefore,𝑉oc would vary depending on the
values of𝑤

𝑑

and 𝐽sc. For the i-layer thickness of 300–400 nm,
the loss in 𝑉oc caused by the decreased 𝐽sc is compensated by
the increased 𝑤

𝑑

. Finally, the trend of 𝜂 is similar to that of
𝐽sc implying that the cell efficiency is mainly dominated by
𝐽sc. Overall, the trends of the simulation results match well
with that of experimental ones.
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Figure 4: Simulated carrier generation rate and recombination rate
as a function of the i-layer thickness.

Figure 4 shows the generation rate, 𝑔(𝑥), and the recom-
bination rate, 𝑟(𝑥), of hole-electron pairs to further explain
the 𝐽sc behavior. In the textured i-layer, 𝑔(𝑥)with respect to a
certain point, 𝑥, is based on [21]

𝑔 (𝑥) = ∫ [1 − 𝑅
2

(𝜆)] 𝑆 (𝜆) 𝛼 (𝜆) 𝑒
−𝛼𝑥

𝑑𝜆, (2)

where 𝑅(𝜆) is the reflectance, 𝑆(𝜆) the incident photon flux
(photon cm−2s−1) of the AM1.5G solar spectrum, and 𝛼(𝜆)

the absorption coefficient. We assume 𝑅 is squared due to the
textured surface that reduces the reflection. The 𝑦-axis scale
is logarithmic showing that there is an enormously greater
generation of electron-hole pairs near the front side of the
i-layer, while further into the solar cell the generation rate
exponentially decreases and finally becomes nearly constant.
On the other hand, the recombination of charge carriers is
assumed to be determined by Shockley-Read-Hall recombi-
nation with a recombination rate given by [22, 23]

𝑟 (𝑥) =

𝑛 (𝑥) 𝑝 (𝑥) − 𝑛
2

i
𝜏p [𝑛 (𝑥) + 𝑛i] + 𝜏n [𝑝 (𝑥) + 𝑛i]

, (3)

where 𝑛 = 𝑛
0

+ Δ𝑛, 𝑝 = 𝑝
0

+ Δ𝑝, 𝑛
0

, 𝑝
0

are the equilibrium
carrier densities, Δ𝑛, Δ𝑝 are the excess carrier densities, 𝜏n,
𝜏p are the carrier lifetimes at the dangling bond state𝐷0, and
𝑛i is the intrinsic carrier density. Since most of photons are
absorbed in the front part of the i-layer, the regions close
to p/i interface have a high recombination rate. The total
generation, 𝐺, and the total recombination, 𝑅, in the i-layer
can be given by

𝐺 = ∫

𝑑

0

𝑔 (𝑥) 𝑑𝑥,

𝑅 = ∫

𝑑

0

𝑟 (𝑥) 𝑑𝑥.

(4)
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Figure 5: The total generation and recombination of solar cells
with different i-layer thickness. The inset of Figure 6 shows the
calculation result of the net charge carrier density for each i-layer
thickness.

Note that the integral should be extended only from 𝑥 = 0

to the value of corresponding thickness, 𝑑. The calculation
results are plotted in Figure 5. The total generation increases
rapidly with the i-layer thickness, and a saturation occurs
since the contribution at the deeper region of the i-layer can
be neglected.Therefore, it is easy to obtain the net free carrier
concentration,𝑁net, as given by

𝑁net = 𝐺 − 𝑅. (5)

The calculation result of 𝑁net is illustrated as an inset in
Figure 5.The trend is consistentwith that of 𝐽sc observed from
the experimental 𝐼-𝑉 measurement. However, 𝑁net would
finally be a constant indicating that 𝐽sc would still saturate
after a temporary decrease. It is interesting that if the texture
is not considered, the saturation of the generation will shift
to the thick region. As a consequence, 𝑁net simply increases
and then saturates without having a decrease.

Figure 6 shows the conversion efficiencies of the cells after
500 h exposure to 100mW/cm2 AM1.5G light for different
i-layer thickness. It can be seen that degradation increases
from 8.39% to 16.96% as i-layer thickness increases. The i-
layer thickness of 300 nm shows the best stabilized efficiency
of 9% and a degradation of 11% smaller than the typical
value (>15%) observed from a-Si:H solar cells. The 200 nm
and 250 nm thick i-layers show lower initial efficiencies of
9.65% and 9.88%, respectively, but their stabilized efficiencies
are close to that of the 300 nm thick i-layer. Degradation in
the cells with the 350 and 400 nm thick i-layer are about
13.2% and 16.9%, respectively. Apparently, the thicker cells
have a higher degradation, and this might be attributed to
two reasons. First, a thick absorber leads to a weak electric
field, which in turn decreases the carrier collection efficiency.
Second, the total amount of the light-induced defects caused
by the hydrogen out-diffusion from Si–H bonds is larger
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Figure 6: Light soaking effect for solar cells with different i-layer
thickness.

for thicker absorbers. These defects will further flatten the
electric field and thus increase the degradation.

4. Conclusions

In conclusion, the a-Si:H-like films deposited by 27.12MHz
PECVD have been applied to p-i-n single junction solar cells
to investigate the influences on photovoltaic performances.
The TCAD simulation result is in good agreement with
the experimental data, showing great reliability. The carrier
generation and recombination profiles are shown to explain
the 𝐽sc behavior.The generation dominates the device current
density when the thin absorber is used, while for the thicker
absorber the recombination begins to offset the current gain
and results in a temporary reduction in 𝐽sc. The i-layer
thickness of 300 nm can have the optimum balance between
the generation and the recombination.The solar cell with the
300 nm i-layer also has a comparable initial efficiency and a
low degradation compared to that of a-Si:H cells. As a result,
the thin absorber and good stability make the a-Si:H-like
material suitable for solar applications.
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SemiconductingCdSe tetrapod nanoparticles were prepared, and their structural and optical properties were examined.The surface
capping molecule, octylphosphonic acid, was replaced with butylamine after the particle synthesis.The exchange of surface ligands
changed the physical properties of the nanocrystals, which resulted in a slight decrease in the nanoparticles size. The effects
of changing surface ligands of CdSe tetrapod nanocrystals on the structural and optoelectronic properties were investigated,
and it was found that the surfactant of nanoparticles could affect the device performance by enhancing the charge carrier
separation at the active layer interfaces. Power conversion efficiency of the bulk heterojunction solar cells having the structure of
glass/ITO/PEDOT:PSS/(CdSe + PCPDTBT)/Al was improved from 1.21% to 1.52% with the use of ligand-exchanged nanoparticles.

1. Introduction

Bulk heterojunction solar cells (BHJ) based on blends of
semiconducting nanocrystals (NCs) and conducting poly-
mers have attracted considerable attention owing to their
low cost, simple processing, and ability to dissolve each
component to obtain composite layers optimized for solar
energy conversion [1, 2]. Currently, polymer-fullerene solar
cells and polymer solar cells have reached power conversion
efficiencies (PCEs) of approximately 7.4% [3] and 8.62% [4],
respectively. Solar cells with the fullerenes replaced with
semiconducting inorganic nanoparticles (NPs) as the elec-
tron acceptors are called hybrid BHJ solar cells [5]. Although
the PCEs of hybrid BHJ solar cells are lower than those of
fullerene-based BHJ cells, they have the potential to show
better performance, because NPs have a high absorption
coefficient, high intrinsic charge mobility, and can be syn-
thesized into various shapes (sphere, rod, elongated sphere,
tetrapod, etc.) with size of 3 to 100 nm, desirable exciton dis-
sociation characteristics, percolation pathway development,
and charge transport properties [6–11]. CdSe NPs are one
the most selected materials owing to their well-established
synthesis method [12, 13]. CdSe NPs also act as good electron

acceptors in combination with the commonly used semicon-
ducting polymers [14]. The effects of the various processing
conditions, shapes of the nanocrystals, and surfactants used
during synthesis as well as the semiconducting polymers
selected were investigated intensively [15].

The first hybrid BHJ solar cells using mixtures of semi-
conducting polymer and inorganic nanocrystals were
reported in 1996 by Greenham et al. [1], who found that
the addition of CdSe nanoparticles to polymers in devices
relied on the ability of the nanoparticles to disperse within
the polymer to make larger interfacial surface area for car-
rier transfer between the two materials and to improve con-
tinuous pathways to the contacts. Hybrid BHJ solar cells
based on blends of CdSe tetrapods and polymers have
been reported to show the efficiency of 3.13% (Dayal et al.)
[14], and their devices contained a low-band gap polymer,
poly[2,6-(4,4-bis-(2-ethylhexyl)-4H-cyclopenta[2,1-b;3,4-b]-
dithiophene)-alt-4,7-(2,1,3-benzothiadiazole)] (PCPDTBT),
and CdSe nanocrystals. The improved cell efficiency of this
world’s best CdSe hybrid BHJ solar cell was attributed to the
enhanced sunlight absorption from the PCPDTBT polymer
and improved charge collection by the CdSe tetrapod nano-
structures. The effects of the surface ligand of CdSe
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nanoparticles on the device performance have also been
reported [16], which have been investigated to engineer
the nanoparticle/polymer blend’s morphology and phase
separation behavior. Surface ligands on the nanoparticles
can act as traps for charge carrier transport or can dominate
the nanoparticles’ electrical properties by occupying surface
electronic states or acting as insulators that reduce charge
transport [17]. The properties of surfactant could affect the
cosolubility of CdSe/polymer blends in solvents and also
affect the optoelectronic properties of the active layer.

This work discusses mainly the structural and optoelec-
tronic properties of synthesized CdSe tetrapod nanocrystals.
Furthermore, the effects of surface ligand modification on
the physical properties of CdSe NPs and surface morphology
of the CdSe/polymer active layer were investigated, and the
improvement of the bulk heterojunction solar cell perfor-
mance has been demonstrated as a result of the nanoparticles’
surface ligand exchange.

2. Experimental

CdSe tetrapods were synthesized using the method reported
elsewhere [14]. In detail, 0.7 g of cadmium oxide (CdO), 5.2 g
of trioctylphosphonic acid (TOP), and 2.14 g of octylphos-
phonic acid (OPA)were heated to 300∘C in a two-neckedflask
under a nitrogen (N

2

) flow. When the color of the cadmium
solution turned colorless, the heat was removed and the solu-
tion was kept under a nitrogen flow. The selenium precursor
was prepared by mixing 0.84 g of selenium (Se) with 2.54 g of
tributylphosphine (TBP) in 0.6mL of toluene and cooled in a
refrigerator for 20min prior to the injection. After 48 hrs, the
cadmium precursor was reheated to 300∘C, and the selenium
precursor was injected rapidly at 300∘C. The tetrapods were
grown at 250∘C for 50min. The synthesized CdSe tetrapods
were washed 5 times with a mixture of toluene and ethanol to
remove the excess capping ligands and centrifuged 5 times.
After the synthesis, the OPA ligands of as-synthesized OPA-
capped CdSe tetrapods were replaced with butylamine (BA)
ligands using a liquid-liquid exchange procedure.

The ultraviolet-visible spectroscopy (UV-vis), photolu-
minescence (PL), X-ray diffraction (XRD), and transmission
electron microscopy (TEM) were used to characterize the
structural and optical properties of the CdSe nanotetrapod
particles. FT-IR spectra (450–4000 cm−1) were recorded on
an Excalibur Series FTS 3000 spectrometer (Bio-Rad) at a
resolution of 16 with 32 scans using KBr pellets. The UV-
vis (Cary 5000) spectra of ligand-capped CdSe tetrapod
nanoparticles were obtained using 1.0 cm path length quartz
cells.The samples were prepared by dispersing the nanoparti-
cles in ethanol before the measurements. The photolumines-
cence (PL) was measured using a custom-made PL system at
room temperature using 488 nm (argon laser) as the excita-
tion source. The nanocrystal structure was measured using
powder X-ray diffraction (XRD) on an MPD PANalytical,
using CuK𝛼 radiation.The size and shape of the nanocrystals
were estimated with a high-resolution transmission electron
microscope (HR-TEM, H-7600).

Active layer for BHJ solar cells was formed from the
blends of tetrapod NCs and semiconducting polymers.

ITO-coated glass substrates were cleaned sequentially with
trichloroethylene (TCE), acetone, and methanol for 10min
in an ultrasonic bath. They were then treated in a nitrogen
plasma chamber at 50W for 10min to improve the surface
properties. A thin (∼70 nm) layer of poly(ethylenedioxy-
thiophene) doped with poly(styrene sulfonic acid)
(PEDOT:PSS, Sigma Aldrich) was spin-coated on the
cleaned ITO-glass substrates at 4000 rpm for 30 s and dried
at 100∘C for 30min. The CdSe nanoparticles (with different
surface ligands) and PCPDTBT blends were first prepared in
chlorobenzene. Approximately 150 ± 5 nm thick photoactive
CdSe/PCPDTBT layers were deposited by dropping the
blends and spin coating them onto the substrates at 4000 rpm
for 30 s. The films of (ITO/PEDOT:PSS/(CdSe+PCPDTBT))
were treated thermally for 10min on a hot plate in a nitro-
gen glove box at 150∘C.The structural properties and surface
morphology of the active layers were investigated systema-
tically using a range of techniques including atomic force
microscopy (AFM) and scanning electron microscopy
(SEM).The bulk heterojunction solar cells having glass/ITO/
PEDOT:PSS/(CdSe+PCPDTBT)/Al structure were fabri-
cated. A 100 nm thick Al electrode was added to the top of
the photoactive layers by thermal evaporation to complete
the device structure. The current density-voltage (𝐽-𝑉) cha-
racteristics were investigated under AM1.5G illumination by
a solar simulator (Keithley 69911).

3. Results and Discussion

Figures 1(a) and 1(b) show TEM and HR-TEM images of the
as-synthesized CdSe nanocrystals (NCs). A large fraction of
branches was obtained without selective precipitation, which
shows that the tetrapods had been formed. The tetrapod
limbs were approximately ∼26 nm long and ∼7 nm thick.
Figure 1(b) shows the lattice fringes of the CdSe tetrapods
with fringe spacing of 0.34 nm, corresponding to the (002)
planes for the wurtzite structure of CdSe [18].

OPA-capped CdSe nanoparticles (NPs) were first synthe-
sized, and the NPs’ ligands were replaced from OPA to buty-
lamine. The various cappings of the CdSe NPs with different
surface ligands were confirmed by FT-IR spectroscopy as in
Figure 2. The intense symmetric C–H stretching vibrations
of the –CH

2

– groups at 2948 and 2848 cm−1 and a shoulder
band of asymmetric stretching of the terminal –CH

3

group
at 2956 cm−1 can be associated with the alkyl chain of OPA as
illustrated in Figure 2(a).The IR bands at 1456 and 1402 cm−1
can be assigned to the –CH

2

– bending vibration and the C–
O–H bending vibration [19, 20]. The band at 1017 cm−1 is
indicated as the P–O–H bond, which is similar to the FT-IR
analysis of OPA ligand [21]. However, the peaks at 2956 and
1017 cm−1 of the OPA ligand were non existent in Figure 2(b),
meaning that the OPA ligand was replaced by the BA ligand
after the ligand exchange process.The presence of butylamine
is shown by the peak at ∼3700–3781 cm−1, which corresponds
to the N–H stretching vibration modes [8, 22].

The structure of CdSe tetrapods (Tpods) was confirmed
by X-ray diffraction as shown in Figure 3. Comparison of the
XRD patterns of as-synthesized nanocrystals with those of
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Figure 1: (a) Transmission electron microscopic image and (b) high-resolution transmission electron microscopic image of CdSe tetrapod
nanocrystals.

1000150020002500300035004000

(b)

(a)

29
56

29
48 28

48 14
56

14
02

10
17

37
80

37
10

29
48 28

48 14
56

14
02

Wavenumber (cm−1)

OPA-capped CdSe Tpods
BA-capped CdSe Tpods

Figure 2: FT-IR spectra of (a) OPA-capped CdSe tetrapods (Tpods)
and (b) BA-capped CdSe Tpods.

bulkCdSe crystals showed that the as-synthesizedCdSe had a
hexagonal wurtzite structure (ICDD-JCPDS: CdSe #00-019-
0191) [23] with the arms elongated in the (002) direction.The
diffraction peaks due to the reflections from (103), (100), and
(101) were assigned as wurtzite phase related peaks. The (103)
diffraction peak is significantly broader than the (100) and
(101) peaks. This is consistent with the XRD data from the
bulk tetrapod nanocrystals [24–27], which showed a more
intense and narrow diffraction peak at the 2𝜃 values of ∼24
and ∼27∘, that is, consistent with the tetrapod limb in the 𝑐-
axis direction of the wurtzite phase.

Figures 4(a) and 4(b) show the optical properties of
the OPA-capped CdSe tetrapods determined by UV-vis and
PL measurements. The CdSe nanocrystals were dispersed
in ethanol prior to the spectroscopic measurements. The
absorption edge of the UV-vis spectra was ∼547 nm, and
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Figure 3: The X-ray diffraction patterns of CdSe tetrapods with
the reference peak positions of bulk Wurtzite CdSe (ICDD-JCPDS:
CdSe # 00-019-0191) displayed.

the emission peak of the PL spectra was ∼593 nm (band
gap energy ∼2.09 eV). The effects of ligand exchange on the
optical properties of the nanoparticles were investigated by
UV-vis and PL, and the results are shown in Figures 5(a)
and 5(b). After the ligand exchange fromOPA to butylamine,
the absorption edge of the UV-Vis spectra was shifted to a
shorter wavelength from 547 to 542 nm, as shown in Figure
5(a), and the intensity of the emission peak of the PL spectra
was decreased and shifted towards a higher energy from
2.09 to 2.14 eV, as shown in Figure 5(b). The shifting of the
absorption edge and emission peak toward a shorter wave-
length is often called a “blue-shift,” which may be due to
the quantum confinement effect caused by the decrease
in nanocrystal s’ size [28, 29]. The luminescence inten-
sity from the smaller nanocrystals is likely to be much
stronger, because smaller-sized nanocrystals possess a larger
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Figure 4: (a) Absorption and (b) photoluminescence spectra of the CdSe tetrapods capped with the OPA ligand.
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Figure 5: (a) Absorption and (b) photoluminescence spectra of CdSe tetrapods capped with OPA and BA ligand.

surface-to-volume ratio than larger-sized nanocrystals, and
most of the photo-generated charge carriers undergo recom-
bination at the surface vacancies. The sizes of the nanoparti-
cles before and after the ligand exchange were measured by
HR-TEM, and it was found that the size of the BA-capped
CdSe tetrapods was smaller than the OPA-capped ones (data
not shown here). This result is consistent with the peak shifts
of UV-vis and PL spectra.

The effects of the surface ligand exchange of the CdSe
tetrapods on the morphological properties of the CdSe/poly-
mer film for bulk heterojunction solar cell applications were
also investigated. The poly[2,6-(4,4-bis-(2-ethylhexyl)-4H-
cyclopenta[2,1-b;3,4-b]-dithiophene)-alt-4,7-(2,1,3-benzothi-
adiazole)] (PCPDTBT) was used as a light-absorbing and
electron-donating material. The semiconducting OPA- or
BA-capped CdSe nanoparticles were used as electron accept-
ors. Figures 6(a) and 6(b) show the SEM images of the sur-
face of a composite film of OPA- or BA-capped CdSe and

PCPDTBT with a loading of 5mg/mL and the CdSe tetrapod
concentration of 70wt.%. The surface of the film with a BA
ligand was much smoother than that with the OPA ligand.
Figures 6(c) and 6(d) show the AFM images of the surface
morphology of the composite films. The surface roughness
of the composite films was both smooth and homogeneous,
and the surface roughness of the film with BA-capped CdSe
(∼1.69 nm) was smoother than that of the OPA-capped
CdSe (∼2.52 nm). A smoother surface of the film with the
BA-capped CdSe tetrapods was believed to be caused by the
smaller particle size of the BA-cappedCdSe tetrapods and the
positive effects of butylamine in the dispersion characteristics
of the nanoparticles in the solvents [30]. The rough surface
was considered to be the self-organization signature of the
polymer, and the solar cell devices generally showed higher
efficiency on a smooth surface than on a rough surface [31].

The 𝐽-𝑉 curves of BHJ solar cells fabricated by using
the CdSe nanoparticles capped with various surface ligands
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Figure 6: Scanning electron microscopic (SEM) image and surface roughness (RMS) of the (CdSe+PCPDTBT) (7 : 3) active layer annealed
at 150∘C with (a, c) OPA-capped and (b, d) BA-capped CdSe.

with the optimal composition of 70wt.% CdSe in the
CdSe/PCPDTBT composite layers were recorded and shown
in Figure 7 along with the device parameters. Power conver-
sion efficiency (𝜂) was improved by changing the surfactant
from OPA (𝜂 ∼ 1.21%) to BA (𝜂 ∼ 1.52%) mainly due to
the increase of current density (𝐽sc: 2.73 (OPA) to 3.41 (BA)),
improvement of the surface morphology (RMS) from OPA-
sample (∼2.52 nm) to BA-sample (∼1.69 nm), and increase
of charge carrier separation at the polymer/nanoparticle
interface which is observed in the quenching of photolu-
minescence intensity [8, 32]. Efficient separation of charge
carriers prevents radiative recombination and thus quenches
the photoluminescence of the nanoparticles and polymer
components.The blue-shifting of the photoluminescence was
also recorded when OPA was replaced by butylamine, which
could be a potentially usefulmethod of increasing charge car-
rier separation at polymer/nanoparticle interface in the BHJ
solar cells.The BHJ solar cells made of CdSe with BA-capping
ligand showed the best performance (𝐽sc ∼ 3.41mA/cm2,
𝑉oc ∼ 0.72V, FF ∼ 61.8%, and PCE ∼ 1.52%). The power
conversion efficiency of BHJ solar cells fabricated in this
study was, however, still relatively low compared with that
of world record BHJ solar cells made with tetrapod-shaped

CdSe nanocrystals and PCPDTBT polymer [14]. This is
possibly attributed to the poorer charge collection due to
unoptimized surface morphology and thermal treatment,
which might lead to poorer interfacial properties between
the polymer and CdSe nanocrystals, creating a phase sep-
aration within the active layers. We thus believe that the
findings of this study with the PCE values obtained open
a new route to improving the BHJ solar cell performance
by utilizing another kind of ligands for the CdSe nanopart-
icles.

4. Conclusions

High-quality CdSe tetrapod nanoparticles were synthesized
in this study. A large fraction of branches was obtained
without selective precipitation, and the hexagonal wurtzite
structurewas confirmed.After the ligand exchange fromOPA
to the BA ligand, the size of the nanoparticles decreased, and
the band gap energy increased from 2.09 up to 2.14 eV. The
surface roughness of the BA-capped CdSe/PCPDTBT active
layer was smoother than that of the OPA-capped CdSe one.
The BHJ solar cell performance was significantly improved,
showing the power conversion efficiencies of up to 1.52%
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(𝐽sc ∼ 3.41mA/cm2) under AM1.5G simulated solar irradia-
tion.
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A local contact formation process and integration scheme have been developed for the fabrication of rear passivated point contact
solar cells. Conversion efficiency of 19.6% was achieved using 156×156mm, pseudo square, p-type single crystalline silicon wafers.
This is a significant improvement when compared to unpassivated, full area aluminum back surface field solar cells, which exhibit
only 18.9% conversion efficiency on the same wafer type. The effect of rear contact formation on cell efficiency was studied as
a function of contact area and contact pitch, hence the metallization fraction. Contact shape and the thickness of Al-BSF layer
were found to be heavily dependent on the laser ablation pattern and contact area. Simulated cell parameters as a function of
metallization showed that there is a tradeoff between open circuit voltage and fill factor gains as the metallization fraction varies.
The rear surface was passivated with an Al

2

O
3

layer and a SiN
𝑋

capping layer. The rear surface contact pattern was created by laser
ablation and the contact geometry was optimized to obtain voids free contact filling, resulting in a uniform back surface field. The
efficiency gain in rear passivated cells over the reference cells is mainly due to improved short circuit current and open circuit
voltage.

1. Introduction

Today’s industrial solar cell manufacturing process applies a
full area aluminum back surface field (Al-BSF) at the rear
surface of the cell. The full Al-BSF forms a good ohmic
contact; however, the rear surface passivation is moderate
on p-type silicon substrates [1, 2]. Another inadequacy
associated with full Al-BSF is that a significant portion
of infrared light reaching the rear aluminum contact is
escaping the cell without being reflected back into the bulk
silicon. Both the rear surface internal reflectivity and surface
passivation can be significantly improved with the passivated
emitter and rear cell (PERC) architectures [3]. In the PERC
approach, a passivation dielectric layer is deposited on the
rear surface, which not only improves the passivation quality
of the rear surface, but also increases its internal reflectivity.
For the fabrication of metal contacts, local areas of the
passivation layer are removed before metallization, usually
screen-printed aluminum paste.The localized removal of the
dielectric layer is typically accomplished using either laser

ablation or chemical etching. Several different parameters,
such as size of the contact opening, density of the con-
tacts, reactivity of the aluminum paste, and thermal budget,
substantially affect the formation of a robust local metal
contact.

A detailed investigation of the effect of local contact
geometry on the conversion efficiency of the PERC cells
was performed. In this paper, the effect of the metallization
factors (i.e., contact size and contact pitch) on the conversion
efficiency of the PERC cells will be discussed. A thin Al

2

O
3

surface passivation layer with a thicker SiN
𝑋

capping layer
was used as the passivation film stack. Local contact areas
in the passivation layer were opened by a laser ablation
process. The metallization fraction was changed by varying
the number of ablation laser pulses as well as the pitch of
the contact pattern. The effect of the metallization factors on
the cell parameters such as open circuit voltage (𝑉OC), short
circuit current density (𝐽SC), and fill factor (FF) was studied
in fabricated PERC cells and the results are compared with
numerical calculation.
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Figure 1:Opticalmicroscope images of local contacts after laser ablationwith one pulse (a), twopulses (b), three pulses (c), and four pulses (d).

2. Experimental

All wafers used in this investigation were p-type Czochralski
wafers with a bulk resistivity of 1–3Ω cm. All wafers were
subjected to an IPA free texture etching process [4, 5]. After
POCl

3

diffusion, the rear emitter and texture were removed
and a front ARC layer (SiN

𝑋

) deposited. Front ARC layers
were deposited in a PECVD thin film deposition tool. The
wafers were then split into two groups.The groupwith no rear
passivation layers was used for the fabrication of reference
cells (RCs). The second group was used for fabrication of
PERC cells. On wafers in this group, rear passivation films
were deposited and local contacts were opened with laser
ablation. The rear passivation film stack consisted of a thin
Al
2

O
3

layer and a thicker SiN
𝑋

capping layer and was
deposited using a single pass PECVD deposition system.
Contact opening was performed using a high throughput
laser ablation tool. The rear surface passivated wafers were
subjected to several different laser ablation procedures. In one
group of wafers, contact size was varied while keeping the
same contact pitch. Contact size was varied with the use of
multiple laser pulses. Four different ablation schemes were
created using one, two, three, and four pulse sequences to
make a significant change in the contact area. For the other
group ofwafers, the contact pitchwas variedwhile the contact
size remained constant. The same front conductor silver
paste was screen printed on all wafers. Then two different

aluminum pastes, one for RC and another for PERC, were
screen printed and cofired on a belt furnace. The current-
voltage (IV) measurements of completed cells were made at
25∘C under one-Sun illumination condition with a Newport
Oriel solar simulator calibrated by using a reference cell
certified by Fraunhofer ISE.

3. Results and Discussion

Figure 1 shows optical microscope images of local contacts
formed after ablation of the dielectric film stack with different
numbers of laser pulses. The laser ablation recipes were set
up in such a way that with an increasing number of pulses,
the ablation area increases. Consequently, the larger contact
area increased the metallization fraction of the rear surface.
It is important to make sure that the ablation process results
in cleanly opened features without debris in the opened area.
Postablation contact formation was investigated using SEM,
EDX, and Auger microscopy. Only silicon was found to be
present in the opened area after the completion via formation
process, prior to metallization [6].

Figure 2 shows a SEM picture of local contact pattern
after etching off the aluminum from the fabricated solar cell.
As shown in Figure 2, the local contacts are very uniformly
formed at the rear surface. The effect of contact opening
on the passivation quality was monitored by measuring
the lifetime of the minority carriers before and after laser
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Figure 2: Local contact pattern fabricated using 4 laser pulses per
contact point. The aluminum in the contact area has been removed
with HCl.
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Figure 3: Loss in implied 𝑉OC due to laser ablation as a function of
number of laser pulses per contact point. Contact pitch remained
constant.

ablation. All the wafers showed a decrease in lifetime after the
laser ablation. Accordingly, the implied𝑉OC values decreased
in all samples after the laser ablation. Figure 3 shows the loss
in implied 𝑉OC as a function of number of laser pulses. The
loss in implied 𝑉OC increased as the number of laser pulses
increased. It is clear that an increasing number of laser pulses
lead to a larger ablation area of contact, as shown in Figure 1.
Therefore, the fraction of the passivation film removed from
the surface increased as the number of laser pulses increased,
leading to an increased loss in passivation quality, hence
the implied 𝑉OC. A similar trend in implied 𝑉OC loss was
observed when the contact pitch was varied (Figure 4).

When the number of pulses remained constant but
contact pitch was varied, the highest implied 𝑉OC loss was
observed for the smallest pitch and smallest 𝑉OC loss was
observed for the highest pitch. This observation again can
be explained in terms of the fraction of passivation layer
removed.When the contact pitchwas smaller, contact density
was higher and the fraction of passivation layer removed
during ablation was higher. Therefore, the passivation effect
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Figure 4: Loss in implied 𝑉OC values due to laser ablation as a
function of pitch of the local contact. The number of laser pulses
per contact remained constant.
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Figure 5: 𝑉OC values of PERC cells as function of contact pitch.

was reduced.This led to a larger drop in effective lifetime and
implied 𝑉OC. This effect was clearly reflected on PERC cell
𝑉OC values shown in Figure 5.

Figure 5 shows 𝑉OC values of PERC cells fabricated by
varying the contact pitch while keeping the contact size
constant. When the pitch was higher, the fraction of the
passivation film removed was smaller and as a consequence,
the metallization fraction was smaller. The 𝑉OC values of the
cells gradually increased with the increased pitch and seemed
to level off when the pitch was about 700𝜇m. The contact
pitch of 700𝜇mcorresponds approximately to ametallization
fraction of 2.3%. Further reduction in metallization factor
down to 1.4% (900𝜇m pitch) did not seem to improve the
cell 𝑉OC value. Nevertheless, when the metallization fraction
is 1.4%, the corresponding implied 𝑉OC loss (before metal-
lization) was smaller. However, these improvements were not
realized in cell efficiencies (Figure 6) due to degrading fill
factor (Figure 7) values.

As indicated previously, as the area of ablated contact
increased, losses in the implied𝑉OC increased (Figure 3).The
𝑉OC values of the PERC cells with different contact area are
shown in Figure 8. When four laser pulses were used, the
metallization fraction corresponded to 4.4%. Accordingly, by
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Figure 6: Conversion efficiencies of PERC cells as function of
contact pitch.
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Figure 7: FF values of PERC cells as a function of contact pitch.
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neglecting the change in area due to pulse overlap, single
pulse ablation results in a metallization factor of 1.1%. As the
metallization fraction increased, cell 𝑉OC decreased gradu-
ally. However, again the 𝑉OC improvement in contact with
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Figure 9: The conversion efficiencies of PERC cells as function of
number of laser pulses (contact area).
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Figure 10: Fill factor values of PERC cells as a function of the
number of laser pulses (contact size).

smaller contact area, hence smaller metallization fraction, is
not reflected in cell efficiencies, as shown in Figure 9.

As shown in Figure 9, single pulse ablation (metallization
fraction of 1.1%) resulted in lower conversion efficiencies in
PERC cells compared to all other three ablation schemes.
Again, the main factor contributing to lower conversion
efficiency in PERC cells with smaller metallization fraction
was found to be the low FF as shown in Figure 10. The
data shown in Figure 10 cleary shows that cells with smaller
contact size (metallization fraction of 1.1%) resulted in lower
FF values. All other cases where metallization fractions were
2.2%, 3.3%, and 4.4% (resp., 2, 3, and 4 pulse ablation) yielded
almost identical FF.

In order to gain some insight into the passivation quality
of local contacts, a numerical simulation was carried out by
using the theoretical formula derived by Fischer [7]. Accord-
ing to Fisher formula the effective rear surface recombination
velocity (𝑆eff) can be written as

𝑆eff = (
𝑅
𝑆

− 𝜌𝑊

𝜌𝐷

+

1

𝑓𝑆cont
)

−1

+

𝑆pass

1 − 𝑓

, (1)
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Figure 11: Simulated 𝑉OC as a function of metallization fraction. The variation in 𝑉OC for three different 𝑆cont is shown. Scattered data points
are the experimental values.
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the experimental values.

where 𝑆pass is the surface recombination velocity in passivated
area, and 𝑆cont is the recombination velocity at the contact,𝑊
is the substrate thickness, 𝑓 is the metallization fraction, 𝜌 is
the base resistivity, 𝐷 is the carrier diffusion coefficient, and
𝑅
𝑆

is the series resistance of the base.The value of 𝑅
𝑆

depends
on the contact layout and can be expressed as [8]

𝑅
𝑆

= 𝑝
2

𝜌

2𝜋𝑟

arctan(2 𝑊
𝑟

) + 𝜌𝑊{1 − exp(−𝑊
𝑝

)} . (2)

Here 𝑟 is the radius of the contact and 𝑝 is the contact
pitch. Once 𝑅

𝑆

and 𝑆eff values were calculated, those values
together with averaged rear surface internal reflectivity value
were used as input to a calibrated device model set up
in PC1D simulating program [9]. This model was used to
simulate the device performance for different contact size
and contact pitch combinations. Passivation quality was
simulated for three different 𝑆cont values, namely, 400 cm/s,
1000 cm/s, and 10000 cm/s.The simulation of𝑉OC, FF values,
and a comparison of corresponding experimental results are
presented in Figures 11 and 12, respectively.

Simulation results presented in Figures 11 and 12 show
the tradeoff between 𝑉OC and FF. The FF loss at smaller

𝑓 values is mainly due to resistive losses. The 𝑉OC, as well
as 𝐽SC, losses at relatively larger 𝑓 values are due to higher
recombination losses (𝑆eff) and lower internal reflectivity
values. When the metallization fraction (𝑓) is higher, the
internal reflectivity is smaller.The simulated results predicted
that the highest conversion efficiency would be achieved
when the metallization fraction (𝑓) is in the range of 2–4%.

In order to study the geometry of the contacts that were
fabricated with various ablation laser pulses, aluminum paste
was removed fromPERC cells by dissolving it in a hydrochlo-
ric acid solution. The local contact areas were then studied
with scanning electronmicroscopy (SEM) and confocal opti-
cal microscopy [10]. Figure 13 shows SEM images of various
local contacts after aluminum removal. It is well known that,
during the contact firing process, silicon dissolves into the
aluminum matrix from beneath the contact area [11–14]. In
the case of local contacts, only silicon underneath the opened
contact areas is available for this process. Therefore, the
silicon concentration is higher in liquid aluminum above the
contact points compared to other areas. This concentration
gradient will result in a diffusion of silicon away from contact
site. As a result, recesses, which in some cases can be as
deep as 30–40 𝜇m, formed in the bulk silicon, as shown in
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(a) (b)

(c) (d)

Figure 13: SEM images of local contacts after aluminum removal: one pulse (a), two pulses (b), three pulses (c), and four pulses (d).

Figure 13. These recesses show the characteristic shape of
truncated pyramids. These truncated pyramidal structures
are formed due to preferential dissolution of silicon along the
(100) planes.

The aluminum etched back contacts were studied fur-
ther with confocal microscopy and the results are shown in
Figure 14. In many situations, it was found that the depth at
the edge of the recess was larger than at the center.

The depth of the feature shown in Figure 14 was found
to be about 23 𝜇m at the center and about 42 𝜇m at the
edge. The angle between the side wall and bottom is about
53∘, which indicates preferential dissolution of silicon along
(100) planes during contact formation. In the case of an
isotropic etching of silicon substrates, random pyramids
are formed and the angle was found to be 54.7∘. It was
found that the depth of the recess decreased as the area of
the contact increased. With smaller open contacts the area
exposed to aluminum paste is smaller. For a given peak
temperature, silicon dissolution into liquid aluminum takes
place until the saturation limits are reached. Therefore, in
the case of smaller size contacts, silicon dissolution runs
deeper into the bulk silicon. During the cooling cycle, silicon
re-crystallizes, creating an aluminum doped p+ (Al-BSF)
layer. After further cooling, eutectic temperature is reached
and the remaining Al-Si liquid phase solidifies, completing

(a)

(b)

Figure 14: Confocal microscope image of local contacts after
aluminum removal (a) and depth profile of the recess (b). In this
case two laser pulses were used for ablation, as shown in Figures 1
and 13.
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(a) (b)

Figure 15: Cross sectional SEM images of fully alloyed contacts. (a) Single pulse ablation (thickness of BSF layer ∼1.25𝜇m), (b) three pulse
ablation (thickness of BSF layer ∼5.9 𝜇m).

the alloying process. Out-diffusion of silicon, away from the
contact, will deplete the silicon concentration, which can
contribute to BSF formation. In the case of smaller contacts,
the extent of out-diffusion of silicon is larger, relative to
larger contacts.This will result in relatively thin Al-BSF layers
in smaller contacts. However, it should be noted that for a
given contact geometry, these difficulties can be overcome
withmodifications to paste composition and optimized firing
conditions [6].

Cross section SEM images of alloyed contacts fabricated
with different numbers of ablation pulses are shown in
Figure 15. These SEM images clearly show Al-alloyed contact
with the presence of a uniform Al-BSF layers. However, as
the area of the contact increased the thickness of the Al-BSF
layer increased. As measured with cross sectional SEM, the
thicknesses of BSF layers varied from 1.25 𝜇m, 2.45 𝜇m, and
5.9 𝜇m to 6.1 𝜇m for contacts ablated with 1, 2, 3, and 4 laser
pulses, respectively.

Based on the above findings, the contact size and the
contact pitch were optimized for PERC cell development. It
should be noted that all the preliminary experimental data
presented in Figure 1 through Figure 10 contain the results of
an average of five wafers for each data point. Once optimized
process conditionswere established, PERC cells and reference
cells were fabricated with a larger sample size. Wafers from
the same lot were divided into two groups and one group
was used for the PERC cells and the other was used for
fabrication of reference cells. Each group contained 12 wafers.
The results of these two wafer groups are summarized in
Table 1. The champion PERC cell fabricated in this study
resulted in conversion efficiency of 19.6% compared to the
champion RC of 18.9%. The gain in the PERC cell was due to
improved 𝐽SC and𝑉OC. It should be noted that, during the rear
emitter removal step, the backside of the wafers was polished
and texturization was removed.Therefore, both types of cells
(PERC and RC) have identical rear side reflections after
parasitic emitter removal. The gain in conversion efficiency
in the champion PERC cell over the champion RC cell was
0.7%, as shown in Table 1. The average conversion efficiency
gain was 0.6% over RC. The average 𝐽SC gain in PERC cells
wasmore than 1mA/cm2 compared to the reference cells.The
PERC cells also show significantly improved𝑉OC over the RC.

Table 1: Comparison of solar cell performance for PERC and RC
cells.

Cell 𝐽SC (mA/cm2) 𝑉OC (mV) FF (%) Eta (%)
Best RC 37.3 639 79.4 18.90
Best PERC 38.5 648 78.7 19.62
Average RC 37.11 638 79.52 18.82
Average PERC 38.36 646 78.69 19.49

4. Summary

Local contact formation in PERC cells was studied in detail
with respect to contact area and pitch, hence themetallization
fraction.With the optimized contact geometry, a process flow
formanufacturing PERC solar cells yielding 19.6% conversion
efficiency was developed for industrial applications. The
efficiency gain of PERC cells over conventional solar cells was
0.7%.The efficiency gain in the PERC cells was mainly due to
improved short circuit current and open circuit voltage.
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Silicon wafer accounts for almost one-half the cost of a photovoltaic (PV) panel. A bifacial silicon solar cell is attractive due to its
potential of enhancing power generation from the same silicon wafer in comparison with a conventional monofacial solar cell. The
bifacial PV cell is able to capture solar radiation by back surface. This ability requires a suitable reflector appropriately oriented
and separated from the cell’s rear surface. In order to optimize the bifacial solar cell performance with respect to an external back
surface reflector, diffuse and semimirror reflectors were investigated at various angles and separations from the back surface. A
simple bifacial solar panel, consisting of four 5 ×5 monocrystalline Si solar cells, was designed and built. Reflection from the rear
surface was provided by an extended semimirror and a white-painted diffuse reflector. Maximum power generation was observed
at 30∘ with respect to ground for the semimirror reflector and 10∘ for diffuse reflector at an optimized reflector-panel separation of
115mm. Output power enhancement of 20% and 15% from semimirror and diffuse reflectors, respectively, were observed.This loss
from diffuse reflector is attributed to scattering of light beyond the rear surface capture cross-section of the bifacial solar panel.

1. Introduction

Figure 1 schematically draws conventional monofacial and
bifacial silicon solar cell cross-sectional configurations [1]. In
monofacial solar cells, the front surface is transparent with
glass lamination, and the back surface is opaque (Figure 1(a)).
Front surface of the solar cell absorbs the sunlight and
converts it into electricity with a metallic grid pattern on the
front surface and a blanket metal film on the rear surface.
In some field applications, PV panels are installed in such a
way that rear surface is able to capture diffuse reflected light
from ground and other reflective surfaces surrounding the
panel. In order to capture this diffuse radiation, researches
in 80s led to development of a new generation of solar cells
able to absorb solar radiation from rear surface [2]. This type
of solar cell is referred to as a bifacial solar cell. A bifacial
solar cell, in contrastwith amonofacial solar cell, has identical
metallic grids on both front and back surfaces (Figure 1(b)).
Some modifications to conventional monofacial PV panel
design are required in order to effectively utilize the bifacial

PV panel. This research is aimed at evaluating the bifacial
PV panel output variation with single semimirror and diffuse
reflectors.

1.1. Bifacial Solar Cell. Bifacial solar cell has the potential to
absorb additional sunlight by rear surface, which is a signif-
icant advantage in contrast with the monofacial solar cell.
Additional solar radiation absorption through the bifacial
solar cell’s rear surface leads to enhanced electrical power
generation [3].

A key challenge in effective utilization of bifacial solar
cells is in the design of appropriate rear surface reflector.
The effect of external rear surface reflector for bifacial solar
cells has been investigated for residential applications [4]
including reflection from wall, capture of radiation reflected
back by window, and terrestrial reflection in parking lot.
In such applications, existence of an appropriate reflector
is a critical element in order to substantially increase solar
radiation incident on rear surface. However, there are many
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Figure 1: Cross-section configurations of monofacial (a) and bifacial solar cells (b).
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Figure 2: Bifacial PV panel integrated with mirror type reflector (a); semimirror type reflector (b); and diffuse type reflector (c).

cases in which bifacial solar panels are effective without
the reflector [5, 6]. The slope and direction of bifacial solar
panel play a significant role inmaximizing the solar radiation
absorption and have been investigated for bare bifacial solar
panels, that is, without external reflectors, by Joge et al. [7].
Installation attitude of bare bifacial panels has been studied
by Joge et al. [7], where little dependence between orientation
and annual power generation was observed. This research
has been followed by Uematsu et al. and proved bare bifacial
panels as an orientation-free device [6].

Their work defined the bifaciality parameter as the ratio
of rear surface efficiency over front surface efficiency:

bifaciality =
rear surface efficiency
front surface efficiency

. (1)

This definition is based on the assumption that the same
intensity of solar radiation is incident on both rear and front
surfaces.

1.2. Reflector. In bare bifacial panel applications such as fence
integration, front surface usually faces the sun, while the
rear surface captures diffuse sky radiation and/or ground
reflection based on panel orientation and time of the day.
With two absorption surfaces, bifacial solar panels produce
more electrical energy than monofacial panels especially in
cloudy climates [7]. Bifacial solar panels equipped with exter-
nal reflectors are expected to generate additional electrical
energy depending on the materials properties of the reflector
and its location. Some of the key parameters for the reflector

include its slopewith respect to the panel plane, distance from
the panel, and reflection efficiency.

In general, solar panels are classified either as one-sun
(1X) panel or concentrator panel (multi X). For the case
of bifacial panels the definition of flat panel and concen-
trator panel may overlap in case where the front surface
receives 1X solar radiation, while the rear surface may receive
additional 1X beam radiation [8]. Mirror type, diffuse type,
and semitransparent reflection have been investigated for
various bifacial PV panel applications [9–13]. Uematsu et al.
[14] developed a flat plate bifacial panel by static V-groove
concentrator to provide 1X solar radiation on rear surface of
bifacial cell, which resulted in 85.6% enhancement in power.

A wide range of reflectors including diffuse, mirror, and
semitransparent has been studied in the literature [4, 9,
10, 14]. Figure 2 represents a simple schematic of bifacial
PV panel integrated with an external reflector. Figure 2(a)
represents a mirror type reflection where only one beam of
light is directed to the rear surface of the panel, while diffuse
reflector scatters the reflected radiation over the rear surface
of the bifacial panel/cell (Figure 2(c)).

The semimirror reflector shown in Figure 2(b) reflects
back a portion of solar radiation on rear surface, like a mirror
type reflector, while a portion of solar radiation is scattered.

Reflection is a function of surface roughness as well as its
color [15]. Duran et al., demonstrated that variation in solar
radiation intensity on rear surface leads to a corresponding
variation in electricity generation [16]. Moehlecke et al.,
[15] studied the reflection performance of painted diffuse
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Figure 3: Bifacial panel integrated with an external mirror reflector (a) and schematic diagram of the incident solar radiation on front and
back surfaces of bifacial solar panel of area 𝐿2 (b).

reflectors placed under bifacial solar panels. Enhancement up
to 25% in solar absorption in comparison with conventional
monofacial PVpanelwas demonstrated.Theirwork indicated
that white color was an optimum diffuse painted reflector
with approximately 75% average reflectance. Yellow color has
the second best reflection performance followed by orange,
red, green, blue, brown, purple, grey, dark blue, and dark
green with 61%–32% reflection variation [15]. Reflection
performance of a reflector is not only a function of its color
but also the direction of the incident beam as well as the
microstructure of the reflector.

2. Mathematical Formalism

Work reported in the literature suggests that a variety of
reflectors can be applied to a bifacial panel. A white surface as
an optimum color painted reflector and an aluminumplate as
a semimirror type reflectorwere chosen for thework reported
here. Aluminum plate was selected due to its affordability,
durability, and higher reflectance.

Figure 3(a) is a graphical representation of bifacial panel
integrated with an external reflector being modeled here.

The panel-reflector separation facilitates the reflection of
solar radiation on rear surface of the panel. In Figure 3(b), the
front surface of the panel receives the direct solar radiation
𝐼
1

, while the rear surface receives the radiation reflected back
from reflector 𝐼

2

. 𝐿 denotes the dimension of the panel.
There are three key parameters in a bifacial panel

equipped with an external reflector under the panel, namely,
slope of the reflector (𝛽), slope of the PV panel (𝛼

1

), and
average distance between the PV panel and the reflector (ℎ),
to be referred to as separation (Figure 3(a)); 𝛼

1

and 𝛽 denote
the slope of bifacial panel and the slope of the reflector plate,
respectively; 𝐼

1

and 𝐼
2

denote radiation incident on PV panel
at angles 𝛼

1

and 𝛼
2

from normal to the surface (Figure 3(b)).

2.1. Bifaciality of the Solar Panel. Bifaciality of a bifacial solar
cell only depends on the efficiency of the front and rear

surfaces and has been defined in (1), while the bifaciality of
a PV panel has been defined as

panel bifaciality = rear surface electrical output
front surface electrical output

=

𝐸rear
𝐸front
,

(2)

where 𝐸rear and 𝐸front are related to rear and front surface
efficiencies as follows:

𝜂PVfront
=

𝐸front
𝐼
1

cos (𝛼
1

)

,

𝜂PVrear
=

𝐸rear
𝐼
2

cos (𝛼
2

)

.

(3)

From (1), the bifaciality factor of a bifacial cell has been
defined as [7]

𝐾bif =
𝜂PVrear

𝜂PVfront

. (4)

Reflection performance of the reflector is a nondimensional
parameter and is the ratio of intensity of reflected radiation
over the intensity of radiation reaching the reflector surface:

𝜂reflector =
𝐼
2

𝐼
1

. (5)

Substituting (3), (4), (5), in (2), the panel bifaciality may be
redefined as

panel bifaciality = 𝐾bif𝜂reflector
cos (𝛼

2

)

cos (𝛼
1

)

. (6)

Since the rear and front surfaces represent the opposite
surfaces of the same bifacial cell, 𝜂PVfront and 𝜂PVrear can
be measured by exposing front aperture and rear surfaces
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alternatively during panel output power measurements. Both
rear and front apertures must receive the same intensity of
solar radiation during the measurement in order to calculate
(4). Since both the rear and front surfaces have the same
absorber area, (4) can be rewritten as

𝐾bif =
𝜂PVrear

𝜂PVfront

=

𝐸PVrear

𝐸PVfront

, (7)

where 𝐸PVfront and 𝐸PVrear denote the electrical energy
production by rear and front surfaces, respectively. Please
note that part of incident beam radiation penetrates PV
cell, during 𝐸PVfront measurement, and reaches rear surfaces,
which leads to additional power generation based on trans-
mittance/absorption characteristics of front and rear surfaces
of the bifacial PV cell. There is similar bias error in 𝐸PVrear
measurement as well. Since the cell structure is symmetric,
this contribution can be ignored as it cancels out.

2.2. Total Panel Efficiency. The electrical energy generated by
the rear surface of the bifacial solar panel strongly depends on
the efficiency of the reflector placed under the cell. The total
efficiency of bifacial panel is defined as

𝜂panel = 𝜂PVfront
𝜏Glass𝑃 + 𝜂PVrear

𝜏Glass𝜂Reflector𝑃, (8)

where 𝜂PVfront and 𝜂PVrear denote the efficiency of the front
and rear surfaces of the bifacial panel, respectively. 𝜏Glass,
𝜂Reflector, and “𝑃” denote the transmittance of the panel
glazing, reflection performance of the reflector, and the
packing factor of the panel, respectively.

The packing factor of a PV panel is a nondimensional
factor defined as the ratio of effective absorber area of solar
cells over the total panel area of the panel facing solar
radiation. That is, in case of a four-cell panel, the packing
factor is defined as the total area of the four cells (4 × 𝑎 × 𝑏)
divided by the total area of the panel (𝐿 × 𝐿); please refer to
Figure 4.

Equation (8) applies to a bifacial panel where the solar
radiation is reflected back by an external reflector. In a bifacial
panel with an external reflector, the dimensions of reflector
are generally larger than that of the panel. A plot of (8) as a
function packing factors is drawn in Figure 5.

The transparent vacant spaces between the solar cells
impact the total efficiency of the panel. These transparent
spaces provide open regions through which the solar radia-
tion can pass through and reflect back to the rear surface of
the panel. Therefore, the electrical energy generated by the
rear surface strongly depends on the panel packing factor.The
lower packing factor leads to higher solar radiation on rear
aperture. Therefore, there is a tradeoff between total energy
generated and the optimum packing factor, that is, a function
of several factors including cost effectiveness.

Neglecting the mirror extension from panel length and
considering a reflector at same size of the panel, all solar
radiation captured by the rear surface originates from vacant
space between cells. Therefore, total efficiency of such panel
is defined as

𝜂panel = 𝜂PVfront
𝑃 + 𝜂PVrear

(1 − 𝑃) 𝜏Glass𝜂Rear𝑃, (9)

𝐿

𝐿

𝑎𝑏

Figure 4: A four-cell PV panel with total absorber area of 4𝑎𝑏 and
the laminated panel area of 𝐿2.
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Figure 5: Variation of total efficiency of a bifacial panel as a function
of packing factor.

where 𝜂PVfront and 𝜂PVrear denote the efficiency of the front
and rear surfaces of the bifacial panel, respectively. 𝜏Glass,
𝜂Reflector, and “𝑃” denote the transmittance of the panel glaz-
ing, reflection performance of the reflector, and the packing
factor of the panel respectively.

A plot of the panel total efficiency (9) as a function of
the packing factor in Figure 6 reveals nonlinear response.
The panel efficiency represented in Figure 6 is a function of
reflector efficiency and packing factor in accordance with (9).

Comparing simulations in Figures 5 and 6, benefits of
external reflector are clarified in terms of enhanced power
output.

3. Results and Discussion

Four 5×5monocrystalline bifacial cells were used to fabri-
cate a glass to transparent Tedlar for indoor characterization.
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Figure 7: Experimental configuration for indoor bifacial solar panel
integrated with an external reflector.

The cells were manufactured by Hitachi Company with
technical details as follows:

(i) wafer thickness: 200 micrometer,
(ii) wafer type: p type (boron doped),
(iii) texture: inverted pyramids,
(iv) front surface: AR film, SiN,
(v) back surface: AR film, SiO

2

,
(vi) front surface: phosphorous doped,
(vii) back surface: boron doped.

The bifacial PV panel has packing factor of 0.69 and was
integrated with a single external reflector located under the
panel as shown in Figure 7. Two types of reflectors have been
used for indoor characterizationwork: an aluminum reflector
and white-painted aluminum reflector.

The efficiency of the front and rear surfaces has beenmea-
sured separately. The bifaciality of the panel (𝐾bif) has been
measured under solar simulator (indoor test) as a function

Table 1: Bifacial factor measurements as a function of slope angle.

Panel slope (degree) 0 10 20 30 40 50 Average
𝐾bif 1 1 0.98 0.96 0.94 0.92 0.97

of the panel slope in zero-to-50-degree range. Measurement
results have been summarized in Table 1.

There was no reflector under the panel during 𝐾bif
measurements. The efficiency of the front surface was mea-
sured with it facing the lamps (solar simulator) while the
rear surface was protected by a black cover. Likewise, the
efficiency of the rear surface was measured with the rear
surface facing the lamps and front surface protected by a black
cover. The bifaciality factor is reduced as the panel tilt angle
increases, which may be attributed to larger reflection losses
from the rear surface. Assuming identical microstructures
on front and rear surfaces of the solar cell, this loss may be
due to different optical response of front and rear surfaces.
In the bifacial solar cells reported here, the front surface
antireflection film was silicon nitride, and the back surface
antireflection film was silicon dioxide. It is well known that
silicon nitride has higher index of refraction and performs
better than silicon dioxide.

In order to calculate the total efficiency of the bifacial
panel, a reflector was placed under the panel. The panel and
the reflector were parallel during the tests (𝛼

1

= 𝛽), but the
panel separation (ℎ) from the reflector was adjustable. The
PV cell separation from reflector (ℎ) and the slope of panel
(𝛼
1

) are the two key parameters. The electrical power output
was measured as a function of panel slope angle in 0∘ to 50∘
range has been plotted in Figure 8; cell-reflector separation
was varied from 75mm to 215mm.

Both diffuse and semimirror reflectors exhibit similar
contribution in electrical energy generation enhancement by
the bifacial panel. A panel with packing factor of 0.69 has
transparent spaces in between adjacent solar cells. At least,
thirty-one% of incident solar radiation (31%) passes through
the gaps between the solar cells and is reflected back to the
rear surface of the panel. At panel slope equal to zero, the
gaps between the cells are the only source of radiation for rear
surface. A panel with high packing factor strongly depends
on extended reflector to achieve the optimum performance.
Regardless of the panel separation, the optimumperformance
was observed at tilted panel (Figure 8).

The average output power of the panel tilted from zero
to 50∘ is shown in Figure 9. In Figure 9, the “front surface”
denotes the output power measured while the rear aperture
is blocked and vice versa.

The bifacial panel outfitted by a semimirror type reflector
represents the maximum total efficiency at the panel at panel
separation 115mm, while in case of the diffuse reflector, the
maximum efficiency was observed at 75mm and 115mm
(Figure 9). Effect of the bifacial PV panel separation from
reflector on the average electrical power output of the panel
is shown in Figure 9, where the output power of the front
and the rear apertures is shown separately. The “semimirror”
and “diffuse” denote the total electrical power generated by
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Figure 8: Plot of maximum power point for semimirror reflector (a) and diffuse reflector (b).
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Figure 9: Effect of the bifacial PV panel separation from reflector
on average electrical power output.

the bifacial solar cell equipped with a semimirror reflector
and a diffuse reflector.

Thepanel adjustment variables (ℎ and𝛽) of themaximum
points of each curve from of Figure 8 have been extracted
and are plotted in Figure 10.The bifacial panel integratedwith
a diffuse reflector reaches the maximum power production
at 10∘ tilt and is relatively independent of panel separation.
Meanwhile the optimum panel slope of the semimirror type
reflector varies with separation of the panel.

The “maximum power point” in Figure 10 suggests the
best parameters in order to achieve the maximum light to
electrical energy conversion. Meanwhile, semimirror and
diffuse type reflectors generate the same amount of energy
at optimum adjustment.

Three distinguishable categories for semimirror reflector
variation can be identified in Figure 10 and have been sum-
marized as follow:

category (I): the majority of energy is provided by
the front surface; small separation between panel
and reflector does not permit significant capture of
reflected light by the rear surface;
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Figure 10: Optimum panel tilt and separation for maximum power
generation as a function of panel-reflector separation.

category (II): large enough separation between the
panel and the reflector leads to significant solar
radiation capture by the rear surface;
category (III): For very large panel-reflector separa-
tions beyond 250mm, diffusedly reflected light can’t
be captured by the rear surface, hence the lower
power output was observed. Therefore reducing the
panel slope is necessary in order to maximize power
production.

4. Conclusions

Two sets of experiment have been carried out to determine
optical response of bifacial solar panels with an integrated
external reflector. It has been determined that in contrast with
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conventional monofacial photovoltaic panels, the maximum
power production does not occur at solar radiation normal
to surface. There is a tradeoff between the electrical energy
produced by direct solar radiation on front surface and
reflected radiation on the rear surface, which depends on
the properties of the reflector as well as the panel-reflector
separation. In case of a bifacial panel parallel to the reflector,
the maximum power is obtained at 115mm separation from
reflector and 10∘ slope. PV cell separation higher than
250mm from a diffused reflector led to higher solar radiation
loss, where the electrical energy produced by the front surface
plays the dominant role. Integrating an external reflector
with the bifacial solar panel increases the total panel power
production for a semimirror type and a diffuse type reflector
by 20% and 15%, respectively.
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Organic small material lead phthalocyanine (PbPc) nanocolumns were prepared via glancing angle deposition (GLAD) on indium
tin oxide (ITO) coated glass substrates. Organic electron acceptor materials fullerene (C

60

) was evaporated onto the nanocolumn
PbPc thin films to prepare heterojunction structure ITO/PbPc/C

60

/Bphen/Al organic photovoltaic cells (OPVs). It is worthwhile to
mention that C

60

molecules firstly fill the voids between PbPc nanocolumns and then form impact C
60

layer. The interpenetrating
electron donor/acceptor structure effectively enhances interface between electron donor and electron acceptor, which is beneficial to
exciton dissociation.The short circuit current density (Jsc) of organic photovoltaic devices (OPVs) based on PbPc nanocolumn was
increased from 1.19mA/cm2 to 1.74mA/cm2, which should be attributed to the increase of interface between donor and acceptor.
The effect of illumination intensity on the performance of OPVs was investigated by controlling the distance between light source
and sample, and the Jsc of two kind of OPVs was increased along with the increase of illumination intensity.

1. Introduction

Organic photovoltaic devices (OPVs) are potential candi-
dates for light weight, low-cost solar energy conversion, and
ease of processing [1–4]. Typical OPVs are composed of
a donor (p-type semiconductor) and an acceptor (n-type
semiconductor) as active layers. Photo-generated excitons
are dissociated into free holes and electrons at the interface
of donor-acceptor, the free charge carriers are collected by
the electrodes, respectively. Two kinds of architectures with
this D-A interface were developed: planar heterojunction
(PHJ) and bulk heterojunction (BHJ) [5, 6]. Tang firstly
reported PHJ devices based on CuPc/C

60

as the active layer,
which was considered as a milestone of OPVs development
[7]. The efficiency of exciton dissociation of the PHJ cell is
decreased due to the limit of the D-A interface. Some photo-
generated excitons in the active layers maybe quenched when
travelling a distance longer than the diffusion length to the
D-A interface. The exciton dissociation efficiency could be
increased in the BHJ cells, where the donor and acceptor form
an interpenetrating network of structures which shortens
the excitons’ route to the D-A interface. However, random
distribution of donor and acceptor materials in the blend

film may lead to lower charge collection due to the so-called
dead ends in the conducting paths and long conducting
distance from the active layers to the electrodes [4, 8].
Therefore, the key point to enhance the PCE is to form the
structure which provides high interface area and gold charge
transport routes in the active layer. Knorr andHoffman firstly
discovered a new kind of evaporation technology, named
as glancing angle deposition (GLAD). The morphology and
microstructure of this kind of films prepared by GLAD could
be easily controlled by changing the substrate rotating speed,
the evaporation speed, the distance between substrate and
evaporation source, the angle between incoming incidence
flux, and the substrate surface [9–13]. VanDijken et al. applied
the GLAD technology to fabricate donor layer and then spin-
coated acceptor solution onto the nanostructure donor layer
for achieving a mixed heterojunction OPVs, which shows a
better performance than the common bilayer heterojunction
OPV [14–16]. Also this approach has been used to fabricate
nanocolumn structural thin films for indium tin oxide (ITO)
electrodes [17] and electron acceptor material C

60

[18, 19],
providing large interfacial area for exciton extraction and
charge carrier collection. Hoppe et al. pointed out that only
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Figure 2: (a) The absorption spectra of PbPc films prepared by normal conditions and glancing angle deposition at 75∘, (b) the normalized
absorption spectra.

30% of the photons in the whole solar spectrum have energy
higher than 1.9 eV [20]. Lead phthalocyanine (PbPc), as
a promising small molecule donor material, has attracted
more and more attention due to its near infrared absorption
[21]. Organic electron acceptor materials fullerene (C

60

) is a
proper matching for PbPc to form the heterojunction.

In this paper, two kinds of OPVs with different mor-
phology PbPc films as the donor layer and C

60

films as the
acceptor layer were fabricated and measured under different
illumination intensities. The OPVs with PbPc films prepared
by GLAD show better performance compared with the OPVs
based on PbPc films prepared under normal conditions. The
underlying reason for the improvement of OPVs perfor-
mancewas discussed from the effect of PbPc filmmorphology
on the absorption spectra and donor/acceptor interfaces.

2. Experimental Details

Indium tin oxide (ITO) coated glass substrates with a sheet
resistance of 15Ω/◻ (purchased from Shenzhen Jinghua
Displays Co. Ltd.) were cleaned with detergent, deionized
water and ethanol successively in ultrasonic baths for 15min.
All substrates were dried by nitrogen gas and were treated
by UV-ozone for 10min to improve the work function of
ITO. Electron donor material PbPc (purchased from Jilin
Optical and Electronic Materials Co., Ltd.) was deposited
on the ITO substrates via GLAD. A computer-controlled
stepper motor was used to control rotation of substrate
about the substrate surface normal. The angle between the
molecular flux incidence and the substrate normal was set to
75∘ and 0∘. The substrate rotation rate was controlled about 6
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rounds perminute (rpm).The deposition rate was about 0.1∼
0.3 nm/s, which was monitored by quartz-crystal oscillator
monitor. Electron acceptor material C

60

(purchased from
Alfa Aesar) films and hole blocking material 4,7-diphenyl-
1, 10-phenanthroline (Bphen, purchased from Jilin OLED
Material TechCo., Ltd) filmswere deposited by thermal evap-
oration under 4 × 10−4 Pa vacuum conditions successively.
Al cathode of 100 nm thickness was thermally evaporated on
the hole blocking layer through shadow masks. The active
area of the cells was 3 × 3mm2. The schematic diagram of
GLAD installation is shown in Figure 1(a) (left side): the
angle between substrate normal and the incoming particle
flux is defined as𝛼, and the angle between PbPc nanocolumns
and substrate surface normal is defined as 𝛽. The schematic
process of GLAD is presented in Figure 1(a) (right side): (i)
a few PbPc particles arrive at the substrate at first and form
some islands on the surface, (ii) the former islands block
the incoming particles resulting in selective growth along the
island due to the shadow effect, (iii) formed column structure.
The schematic diagram of PbPc nanocolumn films and OPVs
are shown in Figures 1(b) and 1(c).The energy level alignment
of used materials is shown in Figure 1(d).

Morphology of PbPc filmswas investigated by aHitachi S-
4800 scanning electron microscope (SEM) with a secondary
electron detector. The absorption spectra of films were mea-
sured via Shimadzu UV-3101PC UV-VIS. Current-voltage (I-
V) curves of fabricated OPVs were measured by Keithley
4200 source measure unit under 100mW/cm2 illumination
or dark conditions.

3. Results and Discussions

Theabsorption spectra of PbPc films under different prepara-
tion conditions were measured and are shown in Figure 2(a).
The absorption spectrum of PbPc film prepared under
normal conditions (titled angle is 0∘) shows two broader
absorption peaks, one at around 515 nm and the other at
350 nm, which accords with previously observed results [22].
The absorption spectrum of PbPc thin films prepared by
GLAD with the tilted angle 75∘ is similar with that of
PbPc thin film prepared under normal conditions. In order
to investigate the effect of film prepared conditions on its
absorption performance, the normalized absorption spectra
are show in Figure 2(b). It is worthwhile tomention that PbPc
thin films prepared by GLAD have slightly strong absorption
from 400 nm to 480 nm, comparing with that of PbPc
films prepared under normal conditions, which should be
attributed to the increased 𝐽sc of OPVs (as shown in Figure 3).

Two kinds of bilayer heterojunction OPVs with different
structural PbPc films as the electron donor layers were
prepared, Cells A: ITO/PbPc (40 nm, prepared under normal
conditions)/C

60

(50 nm)/Bphen (8 nm)/Al (100 nm), Cells B:
ITO/PbPc (40 nm, prepared by GLAD)/C

60

(50 nm)/Bphen
(8 nm)/Al (100 nm). The 8 nm Bphen layer was used as hole-
blocking layer and protection layer for the active layer during
metal deposition. The J-V characteristics of two kinds of
OPVs were measured at 100mW/m2 illumination and in
dark conditions, as shown in Figure 3. The 𝐽sc of Cells B is

Table 1: Key parameters of two kinds of OPVs under 100 mW/cm2

illumination intensity.

𝐽sc (mA/cm2) 𝑉oc (V) FF (%) PCE (%)
Cells A 1.19 0.40 35.4 0.16
Cells B 1.74 0.34 35.95 0.21
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Figure 3: J-V characteristics of two kinds of OPVs under
100mW/cm2 illumination intensity and in dark conditions.

about 1.5 times larger than that of Cells A, which may be
attributed to the increase of absorption and donor/acceptor
interface induced by PbPc nanocolumn structure prepared by
GLAD. The open-circuit voltage (𝑉oc) of the Cells B is about
0.34V and lowers than that (0.4V) of Cells A, which may be
induced by the leakage current of Cells B resulting from the
interface between PbPc layer and ITO. According to the dark
J-V characteristics curves of two kinds of cells, it is apparent
that both kinds of cells have good blocking characteristics
in the reverse bias region, the Cells B have a lower break-
cover voltage in forward bias region. The power conversion
efficiency (PCE) of Cells B is about 0.21%, which is larger than
that (0.16%) of Cells A.The key parameters, including𝑉oc, 𝐽sc,
FF and PCE of the two kinds of OPV cells are summarized in
Table 1.

In order to further investigate the effect of PbPc film
morphology on the performance of OPVs, the J-V charac-
teristic curves were measured under different illumination
intensities. Figure 4(a) shows the J-V characteristic curves
of Cells A; Figure 4(b) shows the J-V characteristic curves
of Cells B. Both kinds of OPVs also show similar behaviors
dependent on the illumination intensity. The 𝐽sc is increased
along with the increase of illumination intensity, and 𝑉oc
keeps constant under different illumination intensities. It is
known that photongenerated excitons strongly depend on
the incident photon numbers, which have enough energy to
excite active layer materials [23, 24].The increased 𝐽sc should
be well understood due to more photo-generated excitons
under higher illumination intensity. It is known that 𝑉oc is
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Figure 4: J-V characteristics of two kinds of OPVs under different illumination intensities, (a) PbPc films prepared under normal conditions;
(b) PbPc films prepared by GLAD.

Table 2: OPVs parameters of Cells A prepared under normal
condition under different illumination intensities.

Input power 𝐽sc (mA/cm2) 𝑉oc (V) FF (%) PCE (%)
64mW 1.03 0.4 37.6 0.23
80mW 1.11 0.4 35.8 0.19
100mW 1.19 0.4 35.4 0.16
177mW 1.44 0.4 34.1 0.11
256mW 1.52 0.4 33.5 0.08

determined by the difference between the highest occupied
molecular orbital (HOMO) of the donor and the lowest
unoccupied molecular orbital (LUMO) of the acceptor [25].
However, the large input power also increases the active layer
temperature, which may induce exciton quenched in organic
materials [26]. The exciton dissociation and quenching are
two competitive processes, which codetermine PCE of OPVs.
According to the data summarized in Tables 2 and 3, the PCE
of OPVs is decreased along with the increase of illumination
intensity. It means that more photo-generated excitons were
quenched under higher illumination intensity, which results
in the decrease of PCE. The key parameters of two kinds of
OPVs are summarized in Tables 2 and 3.

From the variation of two kinds of cells’ photovoltaic
characteristic of OPVs, PbPc films prepared by GLAD have
a positive effect on the performance of OPVs. In order to
clarify the positive effect, the morphology of PbPc films
prepared by normal conditions and GLAD were investigated
by SEM, as shown in Figure 5. From the SEM images of
Figures 5(a) and 5(b), the surface of PbPc films prepared
by GLAD shows some small holes, and PbPc films prepared

Table 3: OPVs parameters of Cells B prepared by GLAD under
different illumination intensities.

Input power 𝐽sc (mA/cm2) 𝑉oc (V) FF (%) PCE (%)
64mW 1.47 0.35 36.40 0.30
80mW 1.60 0.34 36.34 0.25
100mW 1.74 0.34 35.95 0.21
177mW 2.13 0.34 35.69 0.15
256mW 2.36 0.34 35.34 0.11

under normal conditions look more smooth. According to
Figures 5(c) and 5(d), the surface roughness of PbPc films
prepared by GLAD should be larger than that of PbPc films
prepared by normal condition. The similar experimental
phenomenon was observed in our pervious experimental
results [27, 28]. The dynamic growth process of PbPc films
is described by shadow effect and atomic surface diffusion.
Shadow effect implies that one given point on the surface
can receive fewer particles than other points, because nearby
surface features block some of the incoming particles, which
results in tilted nanocolumns on the substrates [29]. Atomic
scale fluctuations inevitably exist on the nominally smooth
surfaces. PbPc particles arrive at the top of the surface andwill
migrate to other points due to their kinetic energy, leading
to a smooth surface. The competition between these two
factors strongly determines the morphological evolution of
the growing surface. The schematic growth process is shown
in Figure 1(b).

During the glancing angle deposition process, the angle
(𝛽) between PbPc nanocolumns and substrate surface normal
strongly depends on the angle (𝛼) between substrate surface
normal and the incoming particle flux. The angle 𝛽 is not
simply proportional to the cosine of the tilted angle 𝛼, which
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(a) (b)

(c) (d)

Figure 5: (a) SEM images of PbPc films prepared by GLAD at 𝛼 = 75∘, (b) SEM images of PbPc films prepared under normal conditions, (c)
the side views of PbPc films prepared by GLAD at 𝛼 = 75∘, (d) the side views of PbPc films prepared under normal conditions.
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Figure 6: The relationship between column angle and the tilted
angle, the blue line shows the ratio of actual film thickness to the
thickness monitored by quartz-crystal oscillator monitor.

is given by the following formulas: (i) tangent rule (tan
𝛽 = 0.5 tan𝛼, 𝛼 < 70∘) described by line 1 in Figure 6
and (ii) cosine rule (2 sin(𝛼 − 𝛽) = 1 − cos𝛼, 𝛼 > 70∘),
described by line 2 in Figure 6 [30]. In this work, 𝛼 was set
to 75∘, therefore column angle 𝛽 was measured by formula

(II) resulting in 45∘. In terms of the thickness of PbPc film,
the actual thickness of PbPc film is defined as 𝑇

1

, and the
evaporation thickness monitored by quartz-crystal oscillator
monitor is 𝑇

2

. The relationship of the two parameters could
be expressed as 𝑇

1

= 𝑇
2

cos𝛽, described by line 3 in Figure 6.
In the Cells A, the thicknesses of the PbPc films prepared
under normal conditions are 40 nm. For keeping PbPc films
thickness constant in the two kinds of Cells, the evaporation
thickness (𝑇

2

)monitored by quartz-crystal oscillatormonitor
was controlled about 56.5 nm, which could keep the factual
PbPc films thickness (𝑇

1

) at 40 nm. The PbPc films prepared
byGLAD shownanocolumn structures, which could increase
the interfaceswithC

60

, resulting inmore exciton dissociation.
The PbPc nanocolumn also provides an effective charge
carrier transporting road, which is beneficial to the charge
carrier collection by their individual cathodes.

4. Conclusion

Two kinds of OPVs based on different morphology PbPc film
prepared under normal conditions or glancing angle deposi-
tion were fabricated; the OPVs based on PbPc nanocolumn
prepared by GLAD obtain a larger PCE compared with OPVs
based on PbPc film prepared under normal conditions. The
main contribution for the increase of PCE should be due
to the enhanced absorption and enlarger interface between
PbPc and C

60

layer. The effect of illumination intensity on
the performance of OPVs was investigated by controlling the
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distance between light source and sample, the 𝐽sc of two kind
ofOPVswas increased alongwith the increase of illumination
intensity.
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The p-type quasi-mono wafer is a novel type of silicon material that is processed using a seed directional solidification technique.
This material is a promising alternative to traditional high-cost Czochralski (CZ) and float-zone (FZ) material. Here, we evaluate
the application of an advanced solar cell process featuring a novel method of ion implantation on p-type quasi-mono silicon wafer.
The ion implantation process has simplified the normal industrial process flow by eliminating two process steps: the removal of
phosphosilicate glass (PSG) and the junction isolation process that is required after the conventional thermal POCl

3

diffusion
process. Moreover, the good passivation performance of the ion implantation process improves 𝑉oc. Our results show that, after
metallization and cofiring, an average cell efficiency of 18.55% can be achieved using 156× 156mmp-type quasi-mono silicon wafer.
Furthermore, the absolute cell efficiency obtained using this method is 0.47% higher than that for the traditional POCl

3

diffusion
process.

1. Introduction

The photovoltaic (PV) industry has benefited from the
policies of many successive governments that have offered
incentives for power projects such as rooftop solar systems.
The resulting increase in demand has grown the solar energy
market by at least 20% per annum over the past ten years.
The final target of the PV industry is the achievement of
grid parity, and lowering manufacturing costs and increasing
efficiency are very important steps in achieving this target.
Reducing silicon bulk thickness and substituting alternative
cheap materials are just two options available for lowering
the initial cost of materials. In particular, reducing silicon
bulk thickness will increase the amount of wafer per ingot
or brick, thereby reducing the price per watt. However, this
could produce a wafer handling issue, resulting in a higher
wafer breakage rate during cell and module processing.

Substituting alternative cheap materials is one solution
to reduce cost. Multicrystalline silicon (mc-Si) substrates
have traditionally been used in industrial solar cells owing

to their relatively low cost, particularly compared to that of
Czochralski (CZ) grownmonocrystalline material. However,
they can suffer from low efficiency due to defects attributed
to grain boundaries. In this study, we use a p-type quasi-
mono wafer as the starting material. Single-crystal silicon
is produced according to a seed directional solidification
technique [1] typically used for multicrystalline ingots. The
p-type quasi-mono wafer produces higher cell efficiencies
than those of multicrystalline silicon material with the same
average minority carrier lifetime [1, 2].

Increasing solar cell efficiency will also leverage cost
in the solar chain. Solar cell efficiency can be improved
by various process methods, including metal-wrap-through
(MWT) solar cells [3, 4], emitter-wrap-through (EWT) cells
[5, 6], interdigitated backside contact (IBC) cells [7, 8], laser-
fired contact cells [9, 10], and ion-implanted cells [11, 12]. Of
these methods, ion implantation is one of the most attractive
and cost-effective options.

In the present study, we substitute ion implantation for
thermal POCl

3

diffusion in commercial silicon solar cells,
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Figure 1: The distribution diagram for the 9 ingots used.
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Figure 2: Process flow comparison of conventional and ion-
implanted solar cell.

which allows us to eliminate two process steps: (1) phos-
phosilicate glass (PSG) removal and (2) parasitic junction
isolation. In the conventional process, PSG is generated on
the surface as a result of the reaction between phosphorous
and oxygen during the thermal diffusion step. Accordingly,
after thermal POCl

3

diffusion, an isolation process is typically
required to remove the PSG layer. Moreover, there are
two ways to isolate the parasitic junction in the traditional
process: wet isolation combined with a PSG clean step and
laser isolation. However, both of these isolation processes
result in a reduction of the area of the absorption surface;
in particular, laser isolation damages the wafer surface and
causes lower efficiency.

2. Experiment

Here, we used p-type quasi-mono silicon wafers (GCL-Poly
Energy Holdings Limited) with resistivities of 0.5–3Ωcm,
thicknesses of 180–200𝜇m, and dimensions of 156×156mm.

A monocrystalline seed was placed at the bottom of a
crucible, and polysilicon was then loaded on top of the seed.
The underlying seed allowed quasi-mono silicon ingots to
grow in the DS furnace. We selected 9 ingots from the center
of the brick for use as starting material. These 9 ingots had
more than 90% of their area oriented in the ⟨100⟩ direction
and less than 10% in other directions. We sliced the 9 ingots
into wafers. Figure 1 illustrates the distribution of these 9
ingots within the brick. Figure 2 presents a comparison of
the process flow for conventional thermal POCl

3

diffusion
with that for ion implantation on quasi-mono silicon wafers.
Because the ⟨100⟩ crystalline area constitutedmore than 90%
of ingot area, an alkaline texturing method was used, and
processing was conducted using a Rena alkaline machine.
First, a saw damage removal step was required in order to
reduce surface stress caused by thewire sawused.Waferswere
dipped in a batch type systemwithTeflonmaterial with a high
KOH concentration (5.04wt%) without IPA solution mixing
for the saw damage removal process step. Then, anisotropic
etching with a KOH : IPA :H

2

O volume ratio of 1 : 1.6 : 34 was
conducted to produce pyramids on the surface to absorb
incoming light and increase the light path in the silicon bulk.
In the commercial process, the next step would typically be
thermal POCl

3

diffusion to form a p-n junction. Here, a
diffusion furnace (Tempress Systems, The Netherlands) was
used to perform thermal POCl

3

diffusion. Also, 400 wafers
were placed vertically into a quartz boat; then, the boat was
moved into a quartz tube and heated to 840∘C. The dopant
gas reacted with the silicon surface in the presence of O

2

at
high temperature, with the following reactions taking place:

POCl
3

+O
2

→ P
2

O
5

+ Cl
2

(1)

P
2

O
5

+ Si → SiO
2

+ P (2)

In the ion implantation process, an inline high-
throughput machine (>1000 pcs/hr) from Varian Semicon-
ductor Equipment Associates (VSEA) was used to perform
ion implantation. Ion dopant bombarded the wafer surface,
subsequently penetrating into the wafer. We selected PH

3

gas as the P+ ion source for implantation on the surface,
with a low beam energy of 10 keV and a dose of 3.0 × 1015
P+/cm2. However, crystal damage occurred during the ion
bombardment procedure. Inclusion of a high-temperature
annealing process step can recover this damage. A furnace
tube from Tempress Systems was used for thermal annealing.
In the annealing step, wafers were placed vertically into a
quartz boat, and the boat was moved into a quartz tube. Dry
oxide (O

2

) was passed into the tube, activating the dopant.
Simultaneously, a thinner silicon oxide formed on the wafer
surface according to the following reaction:

Si +O
2

→ SiO
2

(3)

The dry oxide annealing step was conducted to activate
the dopant and fabricate the junction. After annealing, the
dopant concentration profile was different from that for
POCl

3

diffusion [13–16]. According to previous studies, the
doping concentration profile of POCl

3

typically ranges from
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Figure 3: The appearance of quasi-mono silicon after texturing.

an error function complement (erfc) to a Gaussian distribu-
tion, with the peak dopant concentration occurring at the
surface. Conversely, the profile for ion implantation occurs
at a specific depth below the surface. Detailed discussions of
these profiles can be found in previous studies [13–16].

After emitter formation, an isolation process was con-
ducted to remove the parasitic junction caused by POCl

3

diffusion during the industrial process flow. A chemical
isolation process was performed with an inline roller type
transportation system using the InOxSide instrument from
Rena GmbH. In this process step, the parasitic junction was
removed in an etching bath with H

2

O :HF :HNO
3

: H
2

SO
4

volume ratio of 19 : 2 : 11 : 8.
After the isolation/annealing step, SiN

𝑥

layer was applied
to act as an antireflection coating (ARC). Wafers were
automatically placed into a batch type system machine from
Centrotherm, and the layer was applied by direct plasma
deposition. The SiN

𝑥

layer not only absorbs more light into
silicon, but also passivates the silicon surface. Moreover,
the thickness of silicon nitride used in the implantation
process in the present study was thinner than that for the
conventional POCl

3

process owing to the thinner silicon
oxide layer formed on the wafer surface during the annealing
step in the ion implantation process.

After ARC deposition, a metal contact was formed by
a Baccini belt type screen printing system and a Despatch
cofiring system. During the screen printing process, frontside
silver (Ag) paste, Dupont 17F, was printed on the frontside
surface to form three bus bars and 83 finger lines. Dupont
PV-157 was used as the backside Ag paste and Monocrystal
RX-1203 as the backside aluminum (Al) paste.

Berger Lichttechnik single-pulse solar simulators were
used to measure the basic parameters and 𝐼-𝑉 curves of
cells under standard test conditions (STCs): irradiance of
1000W/m2, the AM 1.5 solar spectrum, and temperature of
25∘C. Electrical characteristics (including 𝑉oc, 𝐼sc, FF, 𝑃max,
and cell efficiency) were obtained from the 𝐼-𝑉 curves. The

shunt resistance 𝑅sh was determined from the linear slope of
the reverse dark current for each cell. The series resistance 𝑅s
was calculated from two 𝐼-𝑉 curves measured at 1000 W/m2
and 500 W/m2, according to IEC 891.

3. Results and Discussion

Here, we textured 2000 samples of p-type quasi-mono silicon
simultaneously. Figure 3 shows the appearance of the quasi-
mono silicon after texturing, illustrating the many different
grains that appear on the surface. Figure 4 illustrates the
pyramid topology revealed at different locations within the
wafer for 30x (Figure 4(a)) and 550x (Figure 4(b)) SEM at the
upper right of the wafer.Three different pyramid orientations
are shown. Figures 4(c) and 4(d) also illustrate the pyramid
topology for 95x and 350x SEMat the upper right of thewafer,
respectively; these are clearly different from Figures 4(a)
and 4(b). The figure indicates that quasi-mono silicon wafer
exhibits a planar area after alkaline texturing. Figures 4(e) and
4(f) illustrate the pyramid topology for 30x and 550x SEM
at the upper left of the wafer and indicate that scrapes have
appeared on the quasi-mono silicon wafer. Such differences
in topology can be seen clearly after alkaline texturing and
are likely due to differences in grain boundaries.

After texturing, a Hitachi U-4100 UV-Vis-NIR spec-
trophotometer was used to measure the reflection. U-4100
has two light sources that can measure reflection at wave-
lengths of 240–2600 nm and an integrating sphere that can
measure textured wafer. We selected 4 wafers randomly from
each group and measured 5 points at 5 different locations
within each wafer. Figure 5 illustrates a comparison of the
reflection from these different locations after the alkaline
texturing process.

As the figure shows, there are small differences in reflec-
tions between locations. This is likely due to the different
pyramid topologies caused by different grain boundaries.
To quantify the performance, we calculated the weighted
reflectance 𝑅

𝑤

% based on a previously published study [17]
as follows:

𝑅
𝑤

% =
∫

𝜆2

𝜆1

𝐹
𝑖

(𝜆)𝑄
𝑖

(𝜆) 𝑅 (𝜆) 𝑑𝜆

∫

𝜆2

𝜆1

𝐹
𝑖

(𝜆)𝑄
𝑖

(𝜆) 𝑑𝜆

, (4)

where 𝐹
𝑖

(𝜆) is the photon flux and 𝑄
𝑖

(𝜆) is the cell internal
quantum efficiency [18, 19]. Table 1 presents a comparison of
𝑅
𝑤

% for 5 different locations within the wafers and indicates
that 𝑅

𝑤

% is highest for the upper right location at 13.92%.
This corresponds to an area with a shiny appearance caused
by a different pyramid orientation and planar topology.
Conversely, the lowest𝑅

𝑤

% (12.94%)was found for the center
location and is thought to be due to the single-crystalline
structure in the center.

After texturing, the next step in the ion implantation
process was ion implantation itself. For this, 1600 wafers
were automatically transferred into the chamber, and P+ ion
sources were implanted onto the wafer surface from the ion
source. Then, we divided the 1600 wafers into 4 groups, each
with 400 wafers.
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(a) (b) (c)

(d) (e) (f)

Figure 4: The pyramid topology shown by SEM at different locations within the wafer.

Table 1: Comparison of 𝑅
𝑤

% of five different locations within the
wafer.

Location Centre Upper
right

Lower
right

Upper
left

Lower
left

𝑅
𝑤

% 12.94 13.92 13.88 13.87 13.71

Table 2: Comparison of 𝑅sheet and uniformity between POCl3
diffusion and 4 different anneal processes.

𝑅sheet (ohm/sq) Ave MAX MIN Uniformity
POCL3 64.68 67.53 61.32 4.80%
Anneal 810 70.02 73.08 68.96 2.94%
Anneal 840 65.47 67.14 63.31 2.93%
Anneal 870 61.39 63.07 59.65 2.79%
Anneal 900 57.13 59.41 56.98 2.13%

These 4 groups were processed at peak temperatures of
810, 840, 870, and 900∘C during the subsequent annealing
step. A four-point probe was used to measure the sheet
resistance (𝑅sheet). Table 2 presents a comparison of 𝑅sheet
and uniformity for POCl

3

diffusion and the 4 different
annealing processes; in particular, the table indicates that
𝑅sheet decreased when the peak temperature was 810–900∘C
and the baseline 𝑅sheet for the POCl

3

diffusion process
was 64.68Ω/sq. The 𝑅sheet uniformity for thermal POCl

3
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Figure 5: A comparison of the reflection at five different locations
within the wafers after the alkaline texturing process.

diffusion was 4.80%, which was worse than that for the
implantation process. In fact, the uniformity of the implan-
tation process was below 3%, likely owing to the precise



International Journal of Photoenergy 5

control exercised over the dose amount by the emitter in
the ion implantation apparatus. The good 𝑅sheet uniformity
and precise control also enabled a repeatable process for
fabrication of lightly doped emitter regions [20–22].

In order to obtain the best performance from the anneal-
ing step, 5 p-type quasi-mono wafers, implanted with 2.0
× 1015 dopant ions at a beam energy of 10 keV on both
faces of the wafer, were used to monitor the implied 𝑉oc
and carrier lifetime [23] for each condition. The WCT-
120 tool from Sinton Instruments uses a quasi-steady-state
photoconductance (QSSPC) method to measure implied 𝑉oc
and lifetime [24]. Table 3 presents the average implied𝑉oc and
lifetime for each condition.The implied𝑉oc for wafers doped
by thermal POCl

3

diffusion was found to be 0.625V at 1 sun.
However, the implied𝑉oc after high-temperature annealing at
900∘C was 0.620V, the worst among all conditions studied.
This was likely because high-temperature annealing can
degrade the lifetime and reduce the 𝑉oc. When the annealing
temperature was decreased to 840∘C, the implied𝑉oc reached
0.640V; this higher implied 𝑉oc was likely due to better
surface passivation.

In the annealing step, a thinner SiO
2

layer was grown
on the wafer surface, and the ion-implanted dopant was
activated. The thickness of the SiO

2

was measured by a
SemiLab LE-100PV ellipsometer. A single laser wavelength
from a 632.8 nm He-Ne laser incident on the wafer surface
was used to measure the refractive index and thickness of the
dielectric layer. In this study, the ⟨111⟩ silicon polished wafer
with a dose of 3.2 × 1015 implanted and a beam energy of
10 keV on its surface was used as the control wafer. During
the annealing process, control wafers were processed simul-
taneously with the experimental p-type quasi-mono silicon
wafers in the same tube. Table 4 shows the resulting SiO

2

thickness and uniformity for each condition. The thickness
of SiO

2

was found to be around 17 nm and was very similar
for all the different conditions. Moreover, the uniformity of
SiO
2

was improved at higher annealing temperatures, and we
found good SiO

2

thickness uniformity (below 1.3% for each
annealing condition).

After the junction formation step, SiN
𝑥

was deposited on
the silicon surface by PECVD. In contrast to the industrial
process, the thickness of the silicon nitride must be modu-
lated during this process owing to the thinner oxide on the
surface. In order tominimize the reflection from the frontside
of the cell, a 57 nm SiN

𝑥

layer was deposited on top of the
SiO
2

. We selected 4 wafers for each condition after the ARC
process and measured 5 points at different ⟨100⟩ locations
within each p-type quasi-mono wafer. Figure 6 illustrates the
comparison of average reflection between POCl

3

diffusion
and the ion implantation process after deposition of the ARC.
At short wavelengths, the reflection from samples treated by
POCl

3

diffusion was lower than that of samples treated by
ion implantation. According to the Schuster diagram [25], the
optimum refractive index of the inner n

1

and outer n
2

layers
of the silicon substrate can be calculated as follows for zero
reflection:

𝐴𝐵

𝐶𝐷

> 0, (5)

400 600 800 1000 1200

0

10

20

30

40

50

60

Re
fle

ct
io

n 
(%

)

Wavelength (nm)

Implant
POCl3

Figure 6: The average reflection for the POCl
3

diffusion and
implantation process after SiN

𝑥

deposition.

where

𝐴 = 𝑛
𝑜

− 𝑛
𝑠

, 𝐵 = 𝑛
𝑜

𝑛
2

2

– 𝑛
𝑠

𝑛
2

1

,

𝐶 = 𝑛
𝑜

𝑛
𝑠

− 𝑛
2

2

, 𝐷 = 𝑛
2

1

– 𝑛
𝑠

𝑛
𝑜

.

(6)

As explained previously, based on detailed calculations
[25], better optical performance can be achieved by using a
low-high refractive index design, in which the outer layer
has a low refractive index and the inner layer has a high
refractive index, on the silicon substrate. However, the design
of the ARC in our ion implantation process displayed the
opposite characteristics; the outer SiN

𝑥

and inner SiO
2

layers
had refractive indexes of 2.03 and 1.46, respectively. Such
high-low design tends to cause higher reflection at short
wavelengths. In the long-wavelength range, the reflection
following implantation was lower than that following POCl

3

diffusion, because the wafer had a planar backside surface
owing to the wet chemical isolation process that used HNO

3

and HF to remove the backside p-n junction after POCl
3

diffusion. Table 5 presents a comparison of 𝑅
𝑤

% between
POCl

3

diffusion and ion implantation after SiN
𝑥

deposition.
It is clear that 𝑅

𝑤

% resulting from implantation was 4.64%,
which is better than that from the POCl

3

process (which was
5.51% after deposition of the ARC).

After ARC deposition, the wafers were subjected to
screen printing and cofiring processes. Figure 7 illustrates
a comparison of 𝑉oc and 𝐼sc between POCl

3

diffusion and
the implantation process for each condition and indicates
that higher annealing temperatures resulted in lower 𝑉oc and
𝐼sc. The 𝑉oc for the implantation process with an annealing
temperature of 900∘C was the lowest of all, likely because
high-temperature annealing can degrade carrier lifetime and
𝑉oc; this is in accordance with the results of the WCT-
120 measurements. Based on the heavy doping produced
by high-temperature annealing, 𝐼sc was lowest following
high-temperature annealing at 900∘C. When the annealing
temperature was reduced to 870∘C, 𝑉oc reached 0.623V,
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Table 3: Implied 𝑉oc and lifetime.

POCl3 Anneal 900 Anneal 870 Anneal 840 Anneal 810
Implied 𝑉oc (V) 0.625 0.620 0.624 0.64 0.638
Lifetime (𝜇s) 30.24 24.67 29.43 53.44 50.73

Table 4: The results of SiO2 thickness and uniformity.

POCl3 Anneal 900 Anneal 870 Anneal 840 Anneal 810
SiO2 thickness (nm) x 17.63 17.56 17.21 17.02
Uniformity (%) x 0.81% 0.92% 1.05% 1.21%

Table 5: Comparison of𝑅
𝑤

%between POCl3 diffusion and implan-
tation after ARC deposition.

POCl3 Implant
𝑅
𝑤

% 5.51% 4.64%
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Figure 7: 𝑉oc and 𝐼sc for the POCl
3

diffusion and implantation
processes.

which was higher than that for the POCl
3

diffusion process.
However, 𝐼sc was still lower than that for POCl

3

diffusion
owing to the lower 𝑅sheet of 61.36Ω/sq. As the annealing
temperature reached 840∘C, 𝑉oc reached its highest value
of 0.636V. As shown in Figure 8, 𝑅s was highest for the
implantation processwith an annealing temperature of 810∘C,
likely because the highest sheet resistance (70.02Ω/sq) would
have produced the worst metal contact. Besides the condition
of annealing temperature at 810∘C, the 𝑅s of the implanta-
tion process is lower than that of POCl

3

diffusion process.
This was likely due to good 𝑅sheet uniformity caused by
precise doping control by the ion implantation instrument.
Moreover, higher annealing temperatures can achieve heavy
doping and result in good contact with metal. As shown
in Figure 9, the higher annealing temperature also caused
a lower 𝑅shunt, because a higher annealing temperature
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Figure 8: 𝑅s and FF for the POCl
3

diffusion and implantation
processes.

degrades the bulk lifetime, which lowers 𝑅shunt. The FF
of the implantation process was highest for an annealing
temperature of 840∘C owing to the lower 𝑅s and higher
𝑅shunt performances. Moreover, the best average efficiency
of 18.55% was found for the implantation process with an
annealing temperature of 840∘C (Figure 10). All electrical
characteristics are presented in Table 6. In general, higher
efficiency was found to result from higher 𝑉oc and 𝐼sc.
Therefore, our results indicate that quasi-mono silicon wafer
produced by ion implantation can improve photovoltaic cell
efficiency. Table 7 presents the cell conversion cost per watt
for traditional and implant processes for the quasi-mono
wafer substrate. It is clear that the cost of the traditional
process (0.1664 USD) was much higher than that of the
implant process (0.1617 USD).

4. Conclusions

In this study, we investigated a novel type of silicon material,
the quasi-mono wafer, for use in high-efficiency solar cells.
We produced this material by ion-implanted emitter forma-
tion and were able to raise the absolute cell efficiency of a
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Table 6: Characteristics of POCl3 diffusion and implantation processes.

𝑈oc 𝐼sc 𝑅s 𝑅sh FF 𝑁Cell 𝐼rev1

Baseline (POCl3) 0.622 8.96 2.50 756 79.07 18.08 0.03
Anneal 900 0.616 8.68 1.90 59.82 78.11 17.17 0.47
Anneal 870 0.623 8.89 2.26 42.71 78.00 17.76 0.65
Anneal 840 0.636 9.02 2.50 86.34 78.70 18.55 0.52
Anneal 810 0.632 9.04 2.60 83.43 78.15 18.37 0.55
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Table 7:The cell conversion cost per watt of traditional and implant
processes on quasi-mono wafer substrate.

Station/process Traditional process Implant process
Texturing (USD) 0.07 0.07
Implant (USD) 0.08
Anneal (USD) 0.05
Diffusion (USD) 0.068
PSG clean (USD) 0.033
Wet isolation (USD) 0.036
SiN (USD) 0.075 0.08
Screen printing (USD) 0.45 0.45
Conversion cost (USD) 0.732 0.73
Cell efficiency (%) 18.08% 18.55%
Wafer area (m2) 0.024336 0.024336
Watts/wafer 4.40 4.51
Cell conversion cost
Per watt (USD) 0.1664 0.1617

quasi-mono silicon wafer by 0.47% by following a simplified
process flow that eliminates the PSG strip and junction
isolation steps. The 𝑅sheet uniformity from implantation was
found to be better than that from the POCl

3

diffusion process
owing to the precise dopant control exercised by the ion
implantation instrument. After activation by an annealing
process, the implied 𝑉oc from the implantation process with
an annealing temperature less than 900∘C was found to be
better than that from the POCl

3

diffusion process; this was
likely due to the good surface passivation caused by the
implantation and annealing processes. However, owing to the
thinner SiO

2

formed on the surface by the annealing process,
the thickness of the silicon nitride should be modified to
minimize 𝑅

𝑤

%. After metallization, we achieved an average
cell efficiency of 18.55%.
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We presented a method to use SiO
2

/SiNx :H double layer antireflection coatings (DARC) on acid textures to fabricate colored
multicrystalline silicon (mc-Si) solar cells. Firstly, we modeled the perceived colors and short-circuit current density (Jsc) as a
function of SiNx :H thickness for single layer SiNx :H, and as a function of SiO

2

thickness for the case of SiO
2

/SiNx :H (DARC) with
fixed SiNx :H (refractive index 𝑛 = 2.1 at 633 nm, and thickness = 80 nm). The simulation results show that it is possible to achieve
various colors by adjusting the thickness of SiO

2

to avoid significant optical losses. Therefore, we carried out the experiments by
using electron beam (e-beam) evaporation to deposit a layer of SiO

2

over the standard SiNx :H for 156 × 156mm2 mc-Si solar
cells which were fabricated by a conventional process. Semisphere reflectivity over 300 nm to 1100 nm and I-V measurements were
performed for grey yellow, purple, deep blue, and green cells. The efficiency of colored SiO

2

/SiNx :H DARC cells is comparable to
that of standard SiNx :H light blue cells, which shows the potential of colored cells in industrial applications.

1. Introduction

With the rapid development of photovoltaic (PV) indus-
try, the decorative performance of solar modules gradu-
ally becomes an important issue, for instance, in building-
integrated photovoltaics (BIPV) systems [1–3]. For industrial
mass production multicrystalline silicon (mc-Si) solar cells,
the front surface is usually covered by a layer of SiN

𝑥

:H
deposited by plasma-enhanced chemical vapor deposition
(PECVD), which serves for both passivation and antireflec-
tion [4]. When the thickness and refractive index of the
SiN
𝑥

:H are optimized, the colors of solar cells look light
blue. To realize colored solar cells, Tobias et al. reported
a method by changing the thickness of the silicon nitride
(𝑛 = 1.9) or zinc sulfide (𝑛 = 2.3), which acts as a single
antireflection coating (ARC) on random pyramid textures
[5]. However, this method results in significant 𝐽sc losses. To
improve the optical performance, multilayer ARC had been
studied by simulation and experiments on polished surface

[6, 7]. For pyramid texture surface, we have showed that
it is possible for DARC colored cells to achieve equal 𝐽sc
to standard blue cell [8]. For acid texture, simulations and
experiments on 3 × 3 cm2 mc-Si cells are under progress in
our group [9]. Nevertheless, experimental reports on colored
full dimensional industrial mc-Si cells with acid textures are
still absent.

In this paper, we present our recent progress on simula-
tions and experiments to fabricate colored mc-Si solar cells
with a dimension of 156 × 156mm2. In this study, we focus on
using SiO

2

/SiN
𝑥

:H DARC to replace the single SiN
𝑥

:H layer,
and using electron beam (e-beam) evaporation technique
to deposit a layer of SiO

2

over the standard SiN
𝑥

:H after
the conventional mc-Si cell fabrication. The solar cells with
DARC stacks show various colors according to thickness
of the SiO

2

layer (top layer). Interestingly, the conversion
efficiency of colored solar cells shows a little variation (+0.1%
to −0.7%) compared to the reference cells with standard
single SiN

𝑥

:H layer.
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Figure 1: The quantum efficiency of solar cell with SiN
𝑥

:H SARC.

2. Optical Simulation

The typical acidic textured morphology of multicrystalline
silicon is concave-like texture. We have simulated the mor-
phology as three-dimensional ellipsoid by Monte Carlo ray
tracing method [10], so we employed this model to calculate
the reflectivity of the solar cells with both single SiN

𝑥

:H
layer and SiO

2

/SiN
𝑥

:H stacks. The simulations of colors are
accomplished by calculating the tristimulus values𝑋, 𝑌, and
𝑍 using the following equations:

𝑋 = 𝑘∫ Flux (𝜆) 𝑅 (𝜆) 𝑥 (𝜆) 𝑑𝜆,

𝑌 = 𝑘∫ Flux (𝜆) 𝑅 (𝜆) 𝑦 (𝜆) 𝑑𝜆,

𝑍 = 𝑘∫ Flux (𝜆) 𝑅 (𝜆) 𝑧 (𝜆) 𝑑𝜆,

(1)

where Flux(𝜆) is the wavelength dependent photon flux
under AM 1.5G spectrum; 𝑅(𝜆) is the reflectivity; and 𝑥(𝜆),
𝑦(𝜆), and 𝑧(𝜆) are color matching functions defined by the
International Commission on Illumination (CIE) [11, 12].

Furthermore, for better evaluation of the optical perfor-
mance, we calculated the short-circuit current density (𝐽sc)
with

𝐽sc = ∫
1200 nm

300 nm
𝑞 ⋅ Flux (𝜆) ⋅ IQE (𝜆) ⋅ [1 − 𝑅 (𝜆)] 𝑑𝜆, (2)

where 𝑞 is the element charge, IQE(𝜆) the measured internal
quantum efficiency of a conventional multicrystalline silicon
solar cells (as shown in Figure 1), and 𝑅(𝜆) the simulated
reflectivity.

Figure 2(a) shows the simulated color and the 𝐽sc of
multicrystalline silicon solar cells as a function of the thick-
ness of single SiN

𝑥

:H ARC. As we can see, the peak of 𝐽sc

arrives with SiN
𝑥

:H thickness of 80 nm, but then 𝐽sc drops
significantly when the thickness deviates from 80 nm. To
achieve yellow, purple, and green colors, single ARC will
suffer 2∼3mA/cm2 𝐽sc losses. For comparison, we simulated
the case of SiO

2

/SiN
𝑥

:HDARC, with the bottom layer fixed to
SiN
𝑥

:H (thickness = 80 nm, 𝑛 = 2.1) and with the thickness
of SiO

2

(𝑛 = 1.46) varied from 0 nm to 300 nm as the top
layer. Note that 0 nm SiO

2

means the situation of optimal
single layer SiN

𝑥

:H. As shown in Figure 2(b), a slight boost
of 𝐽sc can be observed when the SiO

2

thickness varies from
0 nm to 150 nm, while the color changes from light blue, to
grey yellow, red, and purple. On the other hand, when the
SiO
2

thickness continues to increase to 300 nm, deep blue
and green colors will appear, with a small 𝐽sc losses of up
to 0.5mA/cm2. These indicate that the optical losses can be
greatly suppressed with SiO

2

/SiN
𝑥

:HDARC, comparing with
the single SiN

𝑥

:H ARC in Figure 2(a).

3. Experiments

To further prove the simulations, experiments were carried
out on industrial p-type mc-Si wafers with dimensions of
156mm × 156mm, and the wafer resistivity is between 1∼
3Ωcm. After acidic texturing and cleaning, a standard POCl

3

diffusion is performed in a quartz tube to form an emitter
with sheet resistivity of 80Ω/◻.The samples were then coated
with a SiN

𝑥

:H layer in a PECVD (Roth&Rau) system. The
deposition of SiN

𝑥

:H was controlled to hold the refractive
index of SiN

𝑥

:H (𝑛 = 2.1) and its thickness of 80 nm. The
metallizations are realized by screen printing to form the
“H-pattern” front grid and full aluminum rear contact after
firing.The I-V measurements were carried out with Berger I-
V tester under calibration. To form the SiO

2

/SiN
𝑥

:H DARC
structure, SiO

2

thin films were deposited by electron beam
(e-beam) evaporation on the already fabricated solar cells. To
avoid the deposition of SiO

2

on the front side of the busbars,
a steel mask was utilized as the shelter [13]. High purity
SiO
2

(99.99%) granules were used as the source material for
evaporation and the source-to-substrate distance is 50 cm. E-
type electron gun was employed for source evaporation. Ion
bombardment was used to remove the dust on the substrate
surface before deposition. The substrates were preheated and
temperaturewas controlled at 200∘Cduring the process.High
purity oxygen (99.99%) was introduced into the chamber to
maintain a pressure of 3.0 × 10−2 Pa and used as reactive gas
during the deposition. The deposition rate was controlled
using a quartz crystal sensor placed near the substrate
and was set to 2 Å/s. The deposition time was adjusted to
modulate the thicknesses of the SiO

2

as the top layer of 84 nm,
136 nm, 190 nm, and 220 nm, respectively. Six samples were
fabricated for each thickness. The structure of the solar cell
with SiO

2

/SiN
𝑥

:H DARC is schematically shown in Figure 3.
The Fourier transformed infrared spectroscopy (FTIR)

measurement for the SiO
2

thin film has been made at
25∘C using a Thermo-Nicolet 6700 FTIR spectrometer. The
chemical states of the SiO

2

were investigated by X-ray
photoelectron spectroscopy (XPS) using an ESCALab250
(U.K) spectrometer with monochromatic Al K𝛼 radiation
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Figure 2: Calculated perceived color and short-circuit current density as a function of the thickness of (a) the standard single layer SiN
𝑥

:H
(with 𝑛 = 2.1 at 633 nm) on a concave-like textured solar cell and (b) SiO

2

on top of the standard SiN
𝑥

:H (𝑛 = 2.1 at 633 nm, and thickness =
80 nm).

Ag fingers
SiO2
SiN𝑥 :H
Emitter

Si base

P+

Al rear contact

Figure 3: Schematic of solar cell with SiO
2

/SiN
𝑥

:H DARC.

(ℎ] = 1486 eV). All binding energies were calibrated with
respect toC 1s spectral line at 284.8 eV.Themorphology of the
surface was characterized by field emission scanning electron
microscope (JEOL, JSM-6330F).The refractive indexes of the
SiN
𝑥

:H and SiO
2

coatings were measured by a Sentech SE800
ellipsometer. The spectral reflectivity between 300 nm and
1100 nmwas measured by a Hitachi U-4100 spectrophotome-
ter. The quantum efficiency (QE) measurements were per-
formed by a solar cell spectral response measurement system
(PVmeasurement, QEX10). Finally, the I-V characteristics of
the DARC solar cells were measured using a Berger I-V tester
on a solar cell production line.

4. Results and Discussion

4.1. Films Characterization and Potential Stability. In order to
get a qualitative spectra of SiO

2

thin film compositions, we
have performed Fourier transformed infrared spectroscopy
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Figure 4: FTIR transmittance spectra of SiO
2

thin film.

(FTIR) analysis. The samples were deposited bifacially with
the same film thicknesses on the polished silicon wafer. The
spectra are presented in Figure 4. The band in the 1040–
1150 cm−1 range is assigned to the stretching vibration mode
Si–O [14, 15]. For the supplement of oxygen during the
SiO
2

deposition, a clear Si–O intensity peak (1074 cm−1) is
observed for the SiO

2

layer, which is related to the high
oxygen content in this layer. The SEM images are shown
in Figure 5. A clear concave-like acid texture can be seen
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Figure 5: SEM images of (a) top view and (b) cross-section of multicrystalline silicon solar cell with SiO
2

(190 nm)/SiN
𝑥

:H (80 nm) DARC.
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Figure 6: XPS spectra of SiO
2

: (a) Si 2p and (b) O 1s.

in Figure 5(a), while the interface between silicon and
SiO
2

/SiN
𝑥

:H (deep blue color, with 80 nmSiN
𝑥

:H and 190 nm
SiO
2

) is illustrated in Figure 5(b).
XPS was applied to determine the chemical state of the Si

andO elements, which can confirm the presence of SiO
2

layer
in DARC. High-resolution spectra are shown in Figure 6(a)
for Si 2p and Figure 6(b) for O 1s, respectively. The Si peaks
were fitted using Gaussian curves. It is evident that two Si
2p peaks are located at 100.5 eV and 103.2 eV, as seen in
Figure 6(a), which can be attributed to the signal of SiO

2

. It is
recognized that the binding energy of Si 2p related to SiO

2

is
dependent on the oxygen composition [16]. Then, the films
prepared by electron beam evaporation in this study were
nearly stoichiometric silicon dioxide.

It is important that the surface of the solar cell endures
various kinds of physical conditions. Structural stability of
the antireflection coating is a key issue. SiN

𝑥

:H films are
widely used in photovoltaic industries due to their strong
durability, excellent passivation properties, good dielectric
characteristics, and resistance against corrosion by water.

In our work, SiO
2

thin films were deposited on the con-
ventional solar cells with precoated SiN

𝑥

:H single layer. The
colored cells with SiO

2

/SiN
𝑥

:H double layer antireflection
coating do not need to suffer high temperature treatment
again in the subsequent process, including encapsulation.
For the SiO

2

/SiN
𝑥

:H antireflection coating structure, due to
different lattice spacing of substrate and silicon nitride layers,
as well as stacking faults in the crystal structure, pin holes,
or interstitial atoms, tension in deposited SiN

𝑥

:H layers can
occur, while SiO

2

film exhibits compressing force. The oppo-
site mechanical property can lead to the lower stress in the
double layers. In addition, the thermal expansion coefficient
of SiO

2

is smaller than that of silicon; thus the interface
stress in SiO

2

/SiN
𝑥

:H is smaller than that of SiN
𝑥

:H/SiO
2

[17]. Consequently, such a good interface matching can avoid
film cracks at the SiO

2

/SiN
𝑥

:H interface. Besides, it has been
confirmed that the SiN

𝑥

:H and SiO
2

films also have good
thermal stability [18]. Hence, all the factors shown above are
the main reasons why SiO

2

is the best candidate to form dou-
ble layer antireflection coatings with SiN

𝑥

:H. On the other
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(a) (b)

(c) (d)
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Figure 7: Photographs of the colored multicrystalline silicon solar cells with different layer stacks. (a) SiN
𝑥

:H (80 nm). (b) SiO
2

(84 nm)/SiN
𝑥

:H (80 nm). (c) SiO
2

(136 nm)/SiN
𝑥

:H (80 nm). (d) SiO
2

(190 nm)/SiN
𝑥

:H (80 nm). (e) SiO
2

(220 nm)/SiN
𝑥

:H (80 nm).

hand, for the deposition process of SiO
2

on the conventional
solar cells, the films properties are highly dependent upon
both deposition parameters and subsequent processing. In
order to obtain good thin filmadhesion force on the substrate,
we established the optimal process parameters to achieve
high quality SiO

2

films, which are transparent in the visible
range and have less light absorption. The stability of SiO

2

films, SiN
𝑥

:H films, and SiO
2

/SiN
𝑥

:H double films has been
well investigated by many groups before [19–21]. For the
SiO
2

/SiN
𝑥

:H double layers, postanneal treatment can not
only improve the optical property, but also decrease residual
stress. Based on above discussion, we believe the SiO

2

/SiN
𝑥

:H
structure has superior stability, which can be used in the
colored solar cells.

4.2. Optical Characterization. Figure 7 presents the pho-
tographs of the fabricated DARCmc-Si solar cells (156mm×
156mm) samples with SiO

2

thickness equal to 84 nm (grey
yellow), 136 nm (purple), 190 nm (deep blue), and 220 nm
(green) covering on 80 nm SiN

𝑥

:H (light blue). It is apparent
that colored cells are achievable by varying the thickness of
SiO
2

(top layer) on the solar cell with SiN
𝑥

:H (bottom layer).
For the whole cells, the color is basically uniform. However,
small chromatic aberrations in the edges still can be observed,
which indicated that higher spatial uniformity during the
deposition is required for further improvements.

Figure 8 depicts the reflectivity of single layer SiN
𝑥

:Hwith
optimized thickness of 80 nm, as well as with the reflectivity
of SiO

2

/SiN
𝑥

:H DARC for optimized grey yellow, purple,
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Table 1: Performances of colored mc-Si cells with SiO2/SiN𝑥 : H ARC compared to single SiN
𝑥

: H cell (measurement conditions: AM 1.5G,
100mW/cm2, 25∘C).

Samples Color Eff. (%) FF (%) 𝐽sc (mA/cm2) 𝑉oc (mV)
SiN
𝑥

: H (80 nm) (reference) Light blue 16.87 76.89 35.18 623.6
SiO2 (84 nm)/SiN

𝑥

: H (80 nm) Grey yellow 16.97 76.66 35.77 618.6
SiO2 (136 nm)/SiN

𝑥

: H (80 nm) Purple 16.75 77.07 34.91 622.4
SiO2 (190 nm)/SiN

𝑥

: H (80 nm) Deep blue 16.13 76.93 33.86 619.2
SiO2 (220 nm)/SiN

𝑥

: H (80 nm) Green 16.43 77.05 34.30 621.6
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Figure 8: Reflectivity curves of the single SiN
𝑥

:H layer (light blue
curve for SiN

𝑥

:H 80 nm) and double ARC with SiO
2

thickness of
84 nm (grey yellow curve), 136 nm (purple curve), 190 nm (deep blue
curve) and 220 nm (green curve) on top of 80 nm SiN

𝑥

:H.

deep blue, and green cells. As shown in Figure 8, the hunches
of reflectivity move gradually from short wavelength to long
wavelength, which explained the color switch by increasing
the thickness of SiO

2

.

4.3. I-V Characteristics of Colored Solar Cells. All I-V param-
eters presented in the study are averaged with six samples
of each group. All measurements were conducted under the
standard test conditions (AM 1.5G spectrum, 100mW/cm2,
25∘C). Prior to the measurements, the simulator was cal-
ibrated with a reference multicrystalline silicon solar cell,
which was calibrated by the Fraunhofer ISE. Table 1 sum-
marizes the average performance parameters of colored mc-
Si solar cells, compared to the standard light blue cells
with 80 nm single SiN

𝑥

:H. As shown in Table 1, the FF of
each group is nearly the same, while the 𝑉oc shows small
degradation for colored cells, which probably caused by the
surface damages introduced during the e-beam evaporation.
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Figure 9: Calculated short-circuit current density of the colored
solar cell module as a function of the thickness of SiO

2

on top of
the standard SiN

𝑥

:H (𝑛 = 2.1 at 633 nm, and thickness = 80 nm).

The main power loss of colored cell comes from the 𝐽sc
losses, which reflects that the optical losses are still the
dominating efficiency limit for colored solar cells. However,
we demonstrate that comparable cell efficiency of colored
solar cell is available, comparing to standard light blue cell,
and 16.97% efficiency for grey yellow cell (abs. 0.1% higher
than standard cell) with𝑉oc of 618.6mV, 𝐽sc of 35.77mA/cm2,
and FF of 76.66%when SiO

2

(84 nm)/SiN
𝑥

:H (80 nm)DARC
is applied.

4.4. Colored Solar Cell Module Simulation. The matching
ARC to refraction index of the cover materials in a module
is one of the key factors that ultimately determine the optical
properties of PV modules. To investigate the behaviors of
solar cells with double layer antireflection coatings after
encapsulation, we simulated the module 𝐽sc by Monte Carlo
ray tracingmethod. EVAwas considered as the encapsulation
material in the simulation since currently it is themost widely
used with the refractive index of approximately 1.5 at 633 nm.
Since the multiple total internal reflections between glass and
air were neglected, the 𝐽sc was underestimated slightly.

As shown in Figure 9, the 𝐽sc is equal to 33.11mA/cm2
when the thickness of SiO

2

is 0 nm, which is the case of single
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layer SiN
𝑥

:HARC. As the SiO
2

thickness increases from0 nm
to 50 nm, 𝐽sc increases slightly and reaches the maximum
value, and then the 𝐽sc experienced a slow decrease; it drops
to 32.78mA/cm2 when the thickness of SiO

2

is 300 nm.
In overall, the advantages of DARCs are more limited in
modules with EVA than in cells. This is mainly because the
glass and EVA have a refractive index which is very close to
SiO
2

, and EVA has strong absorptivity in short wavelength.
Therefore, the suppression of reflectivity in short wavelength
via DARCs is not so notable anymore. Better encapsulation
materials (such as PVB, silicone resin, and high transmittance
glass) are needed to obtain high-performance module for the
BIPV [22]. Additionally, the NICE (New Industrial Solar Cell
Encapsulation) module concept [23, 24] seems to be a better
option. Contrary to standard modules, NICE modules do
not use EVA-like encapsulants. The use of nitrogen instead
of EVA avoids any UV-cut from the incident spectrum that
is typically observed with standard encapsulants. Further
researches for this subject are now under investigation to
optimize the module conversion efficiency.

5. Conclusions

We have successfully fabricated colored multicrystalline sil-
icon solar cells by depositing an additional layer of SiO

2

via
e-beam evaporation on the standard SiN

𝑥

:H layer. By con-
trolling the thickness of SiO

2

, even better cell performances
can be achieved; for example, grey yellow color cells have a
higher 𝐽sc than reference cells. With SiO

2

/SiN
𝑥

:H DARC, the
following benefits can be achieved.

(1) Various colors can be achieved by adjusting the
thickness of SiO

2

.

(2) The cells conversion efficiencies are very comparable,
which indicates the potential of a smaller mismatch
for colorful modules fabricated with cells of different
colors.

(3) Small degradations of 𝑉oc are found after the deposi-
tion of SiO

2

, which indicated that only little surface
damage is caused by e-beam evaporation.

Therefore, more accurate e-beam evaporation process
controls are needed for further works to improve the uni-
formity and reduce the surface damages. With SiO

2

/SiN
𝑥

:H
DRAC, colored mc-Si solar cells with comparable cell effi-
ciencies are available for industrial applications, for instance,
in architectural integration in buildings.
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mance of double-façades with integrated photovoltaic panels
and motorized blinds,” Solar Energy, vol. 80, no. 5, pp. 482–491,
2006.

[3] C. L. Cheng, C. S. S. Jimenez, andM. C. Lee, “Research of BIPV
optimal tilted angle, use of latitude concept for south orientated
plans,” Renewable Energy, vol. 34, no. 6, pp. 1644–1650, 2009.

[4] A. G. Aberle, “Overview on SiN surface passivation of crys-
talline silicon solar cells,” Solar EnergyMaterials and Solar Cells,
vol. 65, no. 1, pp. 239–248, 2001.

[5] I. Tobias, A. El Moussaoui, and A. Luque, “Colored solar cells
withminimal currentmismatch,” IEEE Transactions on Electron
Devices, vol. 46, no. 9, pp. 1858–1865, 1999.

[6] M. Spiegel, G. Willeke, P. Fath et al., “Colored solar cells with
single, multiple and continuous layer antireflection coatings,”
in Proceedings of the 13th European Photovoltaic Solar Energy
Conference, pp. 417–420, Nice, France, 1995.

[7] J. H. Selj, T. T. Mongstad, R. Søndenå, and E. S. Marstein,
“Reduction of optical losses in colored solar cells with multi-
layer antireflection coatings,” Solar Energy Materials and Solar
Cells, vol. 95, no. 9, pp. 2576–2582, 2011.

[8] Y. F. Chen, P. P. Altermatt, Y. Yang, Z. Q. Feng, and H.
Shen, “Color modulation of c-Si solar cells without signifi-
cant current-loss by means of a double anti-reflective coating
(DARC),” in Proceedings of the 27th European Photovoltaic Solar
Energy Conference and Exhibition, pp. 2014–2016, September
2012.

[9] L. B. Zeng, Y. F. Chen, S.M. Chen et al., “Simulation and fabrica-
tion to reduce optical losses in colored multi-crystallinesilicon
solar cells using double layer antireflection coatings,” In press.

[10] L. B. Zeng, Y. F. Chen, W. J. Ge et al., “Optimization of multi-
layer antireflection coatings for multicrystalline silicon solar
cells,” in Proceedings of the 27th European Photovoltaic Solar
Energy Conference and Exhibition, pp. 1299–1302, September
2012.

[11] The CIE Central Bureau, “Colorimetric observers,” ISO/CIE
Standard 10527, The CIE Central Bureau, Vienna, Austria.

[12] The CIE Central Bureau, “Colorimetric illuminants,” ISO/CIE
Standard 10526, The CIE Central Bureau, Vienna, Austria.

[13] H. Shen, Y. Chen, X. Xu et al., A structure to form colorful
protective thin film via mask, granted, P.R. China patent,
Application No. 201010168604. 9, Publish No. CN101834230A,
2010. 09. 15.

[14] P. V. Bulkin, P. L. Swart, and B. M. Lacquet, “Effect of process
parameters on the properties of electron cyclotron resonance
plasma deposited silicon-oxynitride,” Journal of Non-Crystalline
Solids, vol. 187, pp. 403–408, 1995.

[15] S. K.Ghosh andT.K.Hatwar, “Preparation and characterization
of reactively sputtered silicon nitride thin films,” Thin Solid
Films, vol. 166, pp. 359–366, 1988.

[16] A. Strass, P. Bieringer, W. Hansch et al., “Fabrication and char-
acterisation of thin low-temperature MBE-compatible silicon
oxides of different stoichiometry,”Thin Solid Films, vol. 349, no.
1-2, pp. 135–146, 1999.

[17] J. Camassel and A. Tiberj, “Strain effects in device processing
of silicon-on-insulator materials,” Applied Surface Science, vol.
212-213, pp. 742–748, 2003.



8 International Journal of Photoenergy

[18] B. Lenkeit, S. Steckemetz, F. Artuso, and R. Hezel, “Excellent
thermal stability of remote plasma-enhanced chemical vapour
deposited silicon nitride films for the rear of screen-printed
bifacial silicon solar cells,” Solar Energy Materials and Solar
Cells, vol. 65, no. 1, pp. 317–323, 2001.

[19] T.Minami, T. Utsubo, T. Yamatani, T.Miyata, and Y. Ohbayashi,
“SiO
2

electret thin films prepared by various deposition meth-
ods,”Thin Solid Films, vol. 426, no. 1-2, pp. 47–52, 2003.

[20] A. El Amrani, I. Menous, L. Mahiou, R. Tadjine, A. Touati,
and A. Lefgoum, “Silicon nitride film for solar cells,” Renewable
Energy, vol. 33, no. 10, pp. 2289–2293, 2008.

[21] Z. Chen, Z. Lv, and J. Zhang, “PECVD SiO
2

/Si
3

N
4

double layers
electrets on glass substrate,” IEEE Transactions on Dielectrics
and Electrical Insulation, vol. 15, no. 4, pp. 915–919, 2008.
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In recent years, the solar energy has become one of the most important alternative sources of electric energy, so it is important to
operate photovoltaic (PV) panel at the optimal point to obtain the possiblemaximumefficiency.This paper presents a newoptimiza-
tion approach to maximize the electrical power of a PV panel. The technique which is based on objective function represents the
output power of the PVpanel and constraints, equality and inequality. First the dummyvariables that have effect on the output power
are classified into two categories: dependent and independent.The proposed approach is a multistage one as the genetic algorithm,
GA, is used to obtain the best initial population at optimal solution and this initial population is fed to Lagrangemultiplier algorithm
(LM), then a comparison between the two algorithms, GA and LM, is performed. The proposed technique is applied to solar
radiation measured at Helwan city at latitude 29.87∘, Egypt. The results showed that the proposed technique is applicable.

1. Introduction

In the last years, global warming and energy policies have
become a hot topic on the international agenda as the
developed countries are trying to reduce their greenhouse
gas emissions. Renewable energy sources are considered as
a technological option for generating clean energy. Among
them, photovoltaic (PV) system has received a great attention
as it appears to be one of the most promising renewable
energy sources. PV power generation has an important role
to play as it is a green source. The only emissions associated
with PV power generation are those from the production
of its components. However, the development for improving
the efficiency of the PV system is still a challenging field
of research. Maximum power point tracking (MPPT) algo-
rithms are necessary in PV applications because the MPP of
a solar module varies with the irradiation and temperature as
shown in Figures 1 and 2. So, the use of MPPT is required to
obtain the maximum output power from a module [1]. The
optimization process can be defined as the finding values of
variables that minimize or maximize the objective function

and satisfy the constraints. The optimization problems are
centered on three main factors which are as follows:

(1) objective function which is to be minimized or maxi-
mized;

(2) a set of unknown variables that have effect on the
objective function;

(3) A set of constraints that allow the unknown to take on
certain values but exclude others.

The most popular literature optimization techniques of the
PV power are based on the usage of the MPPT. The MPPT
control method uses one estimate processes between every
two Perturb processes in search for the maximum PV output
(EPP) which is proposed in [2].

An intelligent approach for MPPT DC-DC Boost con-
verter focused on Perturb and Observe (P&O) algorithm
and compared to a designed fuzzy logic controller which
is presented in [3]. A comparative study of two types of
MPPTwhich are P&O and incremental conductancemethod
is introduced in [4]. The implementation of fuzzy logic
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controller based on the change of the PVmodule power,Δ𝑃pv,
and its change with respect to the module voltage, Δ𝑃pv/Δ𝑉
is studied in [5], the proposed fuzzy logic determines the size
of the voltage then obtains the corresponding Power.The per-
formance of fuzzy logic with various membership functions
(MFs) is tested to optimize the MPPT. A novel intelligent
fuzzy logic controller forMPPTbased on boost converter and
single-phase grid-connected inverter is introduced in [6]. An
intelligent controlmethod forMPPT of a photovoltaic system
under variable temperature and insolation conditions which
uses a fuzzy logic controller applied to a DC-DC converter
device is proposed in [7]. A fuzzy logic control to control
MPPT for a PV system is proposed in [8]. The analysis of the
optimal operation of PV panels as a function of the weather
conditions (solar irradiation, temperatures), and the design
of a PV system provided with MPPT command ensuring
instantaneously optimal operation of photovoltaic panels is
presented in [9]. MPPT simulation based on using particle
swarmoptimization (PSO) algorithm is presented in [10].The
algorithm is employed on a buck-boost converter and tested
experimentally using a PV array simulator. The design and
implementation of an optimized stand-alone solar pumping
system are presented in [11].

This paper presents a new optimization approach to
maximize the electrical power of the PV panel.The technique
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Figure 3: Direct, diffuse, and reflected beams that strike the PV
panel.
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which is based on objective function represents the output
power of the PV module and constraints, equality and
inequality. First, the dummy variables that have effect on the
output power are classified into two categories: dependent
and independent. The proposed approach is a multistage
one as GA is used to obtain the best initial population at
optimal solution, and then the best initial population is fed
to Lagrange multiplier algorithm (LM), then a comparison
between two algorithms, GA and LM, is performed. The
proposed technique is applied to solar radiation measured at
Helwan city at latitude 29.87∘, Egypt. The results showed that
the proposed technique is applicable.

2. Mathematical Model of PV Module

The solar flux striking a PV panel can be resolved to three
components; direct beam radiation that passes in a straight
line through the atmosphere to the receiver, diffuse radiation
that has been scattered by molecules in the atmosphere, and
reflected radiation that has bounced off the ground or other
surface in front of the collector as shown in Figure 3.

The total rate of radiation 𝐺
𝐶

strikes a collector on a clear
day as follows [12]:

𝐺
𝐶

= 𝐺BC + 𝐺DC + 𝐺RC,

𝐺
𝐶

= 𝐴𝑒
−𝑘𝑚

[ cos𝛽 cos (𝜑
𝑆

− 𝜑
𝐶

) sinΣ + sin𝛽 cosΣ

+𝐶(

1 + cosΣ
2

) + 𝜌 (sin𝛽 + 𝐶)(

1 − cosΣ
2

)] ,

𝑚 =

ℎ
2

ℎ
1

=

1

sin𝛽
,

(1)
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where𝑀 is the air mass, 𝛽 is the altitude angle, 𝜑
𝑆

is the solar
azimuth angle, 𝜑

𝐶

is the PV module azimuth angle, positive
for eastsouth and negative for westsouth, Σ is the PV module
tilt angle, 𝜌 is reflection factor, and 𝐶 is sky diffuse factor and
is given by the following equation [12]:

𝐶 = 0.095 + 0.04 sin [360
365

(𝑑 − 100)] , (2)

where 𝐴 and 𝑘 are dependent on the day number and can
be obtained by the following equations [1] and 𝑑 is the day
number:

𝐴 = 1160 + 75 sin [360
365

(𝑑 − 275)] (W/m2) ,

𝑘 = 0.174 + 0.035 sin [360
365

(𝑑 − 100)] .

(3)

A PV cell can be simulated by a real diode in parallel
with an ideal current source, 𝐼SC, which depends on striking
radiation. The generalized equivalent circuit of the PV cell is
given in Figure 4 [13, 14].

One can derive the following equations for current and
voltage:

𝐼SC = 𝐼 + 𝐼
𝑑

+ 𝐼
𝑃

,

𝐼 = 𝐼SC − 𝐼
0

{exp[
𝑞 (𝑉
𝐶

+ 𝐼 ⋅ 𝑅
𝐶

𝑠

𝑛𝑘
𝑏

𝑇
𝐶

]− 1}− (

𝑉
𝐶

+ 𝐼 ⋅ 𝑅
𝐶

𝑠

𝑅
𝐶

𝑃

) ,

𝐼
0

=

𝐼SC
(𝑒
𝑞𝑉/𝑛𝑘

𝑏
𝑇

𝐶 − 1)

.

(4)

The reverse saturation current, 𝐼
0

, is dependent on the
temperature and is given by the following equation:

𝐼
0

(𝑇
𝐶

) = 𝐼
0

(𝑇ref) ∗ (

𝑇
𝐶

𝑇ref
)

3

∗ exp(
𝑞𝐸
𝐺

𝑛𝐾

(

1

𝑇ref
−

1

𝑇
𝐶

)) .

(5)

The short circuit current, 𝐼SC, depends on the solar
radiation and cell temperature as follows:

𝐼SC = [𝐼SCr + 𝐾
𝑖

(𝑇
𝐶

− 𝑇ref)] ∗ 𝐺
𝐶

, (6)
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Figure 6: A simple GA flow chart.

where 𝐼 is the cell output current,𝑉 is the cell output voltage,
and 𝑅

𝑆

is the cell series resistance (Ω).
𝑅
𝑃

is the cell parallel resistance (Ω), 𝑛 is the diode ideality
factor, 𝑘

𝑏

is the Boltzmann constant (1.38e−23 J/K), 𝑇
𝐶

is the
cell temperature (∘C), 𝑇ref is the reference temperature of
the PV cell, 𝐼

0

(𝑇ref) is the cell reverse saturation current at
reference temperature, 𝐸

𝐺

is the band gap of semiconductor
used in the cell, 𝐼SCr is the cell short circuit current at
reference temperature and radiation, 𝐾

𝑖

is the short circuit
current temperature coefficient, and 𝐺

𝐶

is the solar radiation
strikes a tilted module in W/m2.

The cell temperature is calculated as follows:

𝑇
𝐶

= 𝑇ambient + (

NOCT − 20
∘

0.8

) ∗ 𝐺
𝐶

, (7)

where 𝑇ambient is ambient temperature and NOCT is cell
temperature in a module when ambient is 20∘C.
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A PV module consists of series cells, 𝑁
𝑆

, and parallel
branches,𝑁

𝑃

, which are given in Figure 5.
The PV module’s current 𝐼𝑀 under variable operating

conditions can be described as follows [15]:

𝐼
𝑀

= 𝑁
𝑝

𝐼SC − 𝑁
𝑝

𝐼
0

{exp[
𝑞 (𝑉
𝑀

/𝑁
𝑆

+ 𝐼
𝑀

⋅ 𝑅
𝑀

𝑆

)

𝑛𝑘
𝑏

𝑇

] − 1}

− (

𝑉
𝑀

/𝑁
𝑆

+ 𝐼
𝑀

⋅ 𝑅
𝑀

𝑆

𝑅
𝑀

𝑃

) ,

𝑅
𝑀

𝑠

=

𝑁
𝑆

𝑁
𝑝

𝑅
𝑠

, 𝑅
𝑀

𝑃

=

𝑁
𝑝

𝑁
𝑆

𝑅
𝑃

, 𝑉
𝑀

= 𝑁
𝑆

𝑉.

(8)

3. Proposed Technique

3.1. The Proposed Optimization Problem. The mathematical
model of any continuous optimization problem can be
described as follows:

minimize or maximize 𝑓 (𝑋,𝑈) , (9)

where 𝑓(𝑋,𝑈) is an objective function to be minimized or
maximized subjected to equality and inequality constraints
as follows:

(1) equality constraint

𝑞
𝑖

(𝑋,𝑈) = 0, 𝑖 = 1, 2, . . . , 𝑙, (10)

Table 1: Electrical characteristic of bpsx150 PV module.

Maximum power (𝑃max) 150W
Voltage at 𝑃max(𝑉𝑃max

) 34.5 V
Current at 𝑃max(𝐼𝑃max

) 4.35 A
Warranted minimum 𝑃max 140W
Short-circuit current (𝐼sc) 4.75 A
Open-circuit voltage (𝑉oc) 43.5 V
Maximum system voltage 600V
Temperature coefficient of 𝐼sc (0.065 ± 0.015)%/∘C
Temperature coefficient of 𝑉oc −(160 ± 20)mV/∘C
Temperature coefficient of power −(0.5 ± 0.05)%/∘C
NOCT 47 ± 2∘C

(2) parametric inequality constraint

𝑋
min
𝑗

≤ 𝑋
𝑗

≤ 𝑋
max
𝑗

, 𝑗 = 1, 2, . . . , 𝑓, (11a)

𝑈
min
𝑘

≤ 𝑈
𝑘

≤ 𝑈
max
𝑘

, 𝑘 = 1, 2, . . . , 𝑟, (11b)

(3) functional inequality constraint

ℎ
𝑦

(𝑋,𝑈) ≤ 0, 𝑦 = 1, 2, . . . , 𝑝, (12)

where 𝑋 is a vector of state, dependant, variables and 𝑈

is a vector of control (independent) variables. First the
dummy variables that have effect on the PV module power
are classified into two categories: independent (𝑈) and
dependent variables (𝑋)—𝑈 = [𝑁

𝑆

, 𝑁
𝑃

, 𝑑, Σ, 𝜑
𝐶

] and 𝑋 =

[𝛽,𝑚, 𝜑
𝑆

, 𝐺
𝐶

, 𝐼SC, 𝐼0, 𝑇𝐶].
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The proposed objective function is expressed in the fol-
lowing form:

maximize 𝑃pv (𝑋,𝑈)

= 𝑓 (𝑇
𝐶

, 𝑉
𝑀

, 𝑚, Σ, 𝜑
𝐶

, 𝛽, 𝐿, 𝜔, 𝐺
𝐶

, 𝐼
0

)

= (𝑁
𝑠

𝑉
𝐶

) ∗ 𝐼
𝑀

𝑛+1

= 𝑉
𝑀

∗ (𝐼
𝑀

𝑛

∗ (1 − (1 (1 + 𝜓 (𝑇
𝐶

)

∗ (1 − 𝜇 (𝑉
𝑀

, 𝑇
𝐶

, 𝐼
𝑀

))

∗𝜕 (𝑇
𝐶

))
−1

))

+ ( (𝜓 (𝑇
𝐶

) ∗ 𝜖 (𝑚, 𝜑
𝑆

, 𝛽, Σ, 𝜑
𝐶

)

∗𝜇 (𝑉
𝑀

, 𝑇
𝐶

, 𝐼
𝑀

) + 𝛾 (𝑉
𝑀

))

× (1 + 𝜓 (𝑇
𝐶

) ∗ (1 − 𝜇 (𝑉
𝑀

, 𝑇
𝐶

, 𝐼
𝑀

))

∗𝜕 (𝑇
𝐶

))
−1

)) .

(13)

Subjected to the following proposed parametric con-
strained:

𝑁
min
𝑆

< 𝑁
𝑆

< 𝑁
max
𝑆

,

𝑁
min
𝑃

< 𝑁
𝑃

< 𝑁
max
𝑃

,

𝑑
min

< 𝑑 < 𝑑
max

→ 1 ≤ 𝑑 ≤ 365,

Σ
min

< Σ < Σ
max

→ 0 ≤ Σ ≤ 80,

𝜑
min
𝐶

< 𝜑
𝐶

< 𝜑
max
𝐶

→ −45 ≤ 𝜑
𝐶

≤ 45,

(14)

the proposed equality constraint is given as

𝑔 (𝑈,𝑋) = 𝑉oc − 184.0293 ∗

𝑁
𝑠

𝑉
𝐶

𝑇

= 0. (15)
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The limits of independent variables are selected according
to the following aspects.

(1) WhenΣ = 0
∘, the PVmodule becomes horizontal and

produces power, while for Σ = 90, the PV module
becomes vertical and produces zero power; so, the
selected limits are assumed between 0∘ and 80∘.

(2) The PV module azimuth angle is positive for east of
south and becomes negative for west of south; so, the
limits are selected as ±45∘.

3.2. Genetic Algorithm. Genetic algorithm, GA, is gradient
free, parallel optimization algorithms that use a performance
criterion for evaluation and a population of possible solutions
to the search for a global optimum. GA is capable of handling
complex and irregular solution spaces and has been applied
to various difficult optimization problems [16]. It is inspired
by the biological process of Darwinian evolution where
selection, mutation, and crossover play a major role. The
manipulation is done by the genetic operators that work on the
chromosomes in which the parameters of possible solutions
are encoded. In each generation of the GA, the new solutions
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Figure 13: The optimal power and the corresponding tilt angle for
June 10, 2012.

replace the solutions in the population that is selected for
removal. The main elements of GA are populations of chro-
mosomes, selection according to fitness, crossover to produce
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Table 2: Effect of changing the initial tilt angle on the module power at 6:10 AM.

Initial solution Independent variables Dependant variables
𝐼
𝑀 (A) 𝑃pv (W)

[Σ
∘

0

,𝜑∘
𝑐0

, 𝑉𝑀
0

] Σ
∘

𝜑
𝐶

∘

𝑉
𝑀 (V) 𝐺

𝐶

(Kw/m2) 𝐼
0

(A) 𝑇 (∘C)
𝑈
0

= [0, 5, 30] 56.5384 44.4320 43.4848 0.0887 4.5125 ∗ 10
−6 31.8929 0.4231 18.7692

𝑈
0

= [3, 5, 30] 51.2944 44.7359 43.4484 0.0877 4.4992 ∗ 10
−6 31.8609 0.4186 18.1864

𝑈
0

= [6, 5, 30] 54.6782 44.8905 43.3716 0.0887 4.5131 ∗ 10
−6 31.8944 0.4233 18.5889

𝑈
0

= [9, 5, 30] 58.7500 45.0000 43.4777 0.0915 4.5519 ∗ 10
−6 31.9871 0.4365 19.0712

𝑈
0

= [12, 5, 30] 63.5000 45.0000 43.5000 0.0932 4.5768 ∗ 10
−6 32.0463 0.4448 19.4612

𝑈
0

= [15, 5, 30] 49.6782 44.9171 43.3964 0.0843 4.4509 ∗ 10
−6 31.7443 0.4021 17.9730

𝑈
0

= [18, 5, 30] 49.2228 44.5000 43.3857 0.0833 4.4368 ∗ 10
−6 31.7098 0.3972 17.8469

𝑈
0

= [21, 5, 30] 56.2744 44.8397 43.2505 0.0887 4.5122 ∗ 10
−6 31.8921 0.4230 18.7031

𝑈
0

= [24, 5, 30] 47.3468 42.7325 43.4541 0.0816 4.4142 ∗ 10
−6 31.6547 0.3894 17.3567

𝑈
0

= [27, 5, 30] 51.5620 44.9079 43.2911 0.0862 4.4777 ∗ 10
−6 31.8091 0.4112 18.1797

𝑈
0

= [30, 5, 30] 67.2500 44.9020 43.4535 0.0941 4.5888 ∗ 10
−6 32.0746 0.4489 19.6382

𝑈
0

= [33, 5, 30] 73.7500 45.0000 43.4414 0.0956 4.6110 ∗ 10
−6 32.1269 0.4563 19.8390

𝑈
0

= [36, 5, 30] 74.7500 45.0000 43.4958 0.0957 4.6129 ∗ 10
−6 32.1313 0.4569 19.8724

𝑈
0

= [39, 5, 30] 75.7500 45.0000 43.4894 0.0957 4.6126 ∗ 10
−6 32.1307 0.4568 19.8726

𝑈
0

= [42, 5, 30] 76.0000 45.0000 43.3601 0.0953 4.6063 ∗ 10
−6 32.1160 0.4547 19.8134

U0 = [45, 5, 30] 75.8125 45.0000 43.4999 0.0958 4.6131 ∗ 10−6 32.1318 0.4570 19.8774
𝑈
0

= [48, 5, 30] 75.7500 45.0000 43.3796 0.0953 4.6069 ∗ 10
−6 32.1173 0.4549 19.8224

𝑈
0

= [51, 5, 30] 76.0000 45.0000 43.3997 0.0958 4.6130 ∗ 10
−6 32.1317 0.4569 19.8315

𝑈
0

= [54, 5, 30] 75.7500 45.0000 43.4689 0.0958 4.6131 ∗ 10
−6 32.1318 0.4569 19.8632

𝑈
0

= [67, 5, 30] 75.8125 45.0000 43.4989 0.0957 4.6129 ∗ 10
−6 32.1313 0.4569 19.8769

𝑈
0

= [70, 5, 30] 75.8125 45.0000 43.4903 0.0958 4.6131 ∗ 10
−6 32.1318 0.4570 19.8730

𝑈
0

= [73, 5, 30] 75.8125 45.0000 43.4989 0.0958 4.6131 ∗ 10
−6 32.1318 0.4570 19.8769

𝑈
0

= [76, 5, 30] 75.7500 45.0000 43.4963 0.0955 4.6099 ∗ 10
−6 32.1243 0.4559 19.8757

𝑈
0

= [80, 5, 30] 75.7813 45.0000 43.4966 0.0958 4.6130 ∗ 10
−6 32.1317 0.4569 19.8759

new offspring, and random mutation of new offspring. A
simple GA flow chart is shown in Figure 6.

The simplest form of genetic algorithm involves three
types of operators: selection, crossover (single point), and
mutation.

Selection. It selects chromosomes in the population for repro-
duction.

Crossover. It randomly chooses a locus and exchanges the
subsequences before and after that locus between two chro-
mosomes to create two offsprings.

Mutation. It randomly flips some of the bits in a chromosome.

3.3. The Method of Lagrange Multipliers. Lagrange multi-
pliers, LM, play a vital role in the study of constrained
optimization. It can be interpreted as the rate of change in the
objective function with respect to changes in the associated
constraint function [16]. The main formula of this method
can be described as follows:

∇
𝑈,𝑋

𝑓 (𝑈,𝑋) = −𝜆∇
𝑈,𝑋

𝑔, (16)

where∇
𝑈,𝑋

𝑓 = (𝜕𝑓/𝜕𝑈, 𝜕𝑓/𝜕𝑋) and∇
𝑈,𝑋

𝑔 = (𝜕𝑔/𝜕𝑈, 𝜕𝑔/𝜕𝑋)

are the respective gradients. Constant 𝜆 in (16) are called the
Lagrange multipliers of the constrained problem.

By solving (15) one can get the value of 𝜆 and then obtain
the value of𝑈 vector and𝑋 vector at optimal solution and the
optimal power extracted from the PV module. The proposed
analysis uses a real data for solar radiation and ambient
temperature measured by solar radiation and meteorological
station located at National Research Institute of Astronomy
and Geophysics Helwan, Cairo, Egypt, which is located at
latitude 29.87∘N and longitude 31.30∘E. The station is over a
hill top of about 114m height above sea level.

The initial condition of any optimization problem plays
an important role in finding the optimal solution so GA pro-
gram is performed under varying the initial condition of the
independent variables until the optimal, maximum, power is
obtained then Lagrangemultiplier algorithmprogram is used
and compared with GA to investigate the validity and quality
of our proposed method.

Themain steps of the proposed technique can be summa-
rized as follows.

(1) Using the real data for solar radiation and ambient
temperature as an input to genetic algorithmprogram
that obtain the optimal output power from the PV
module.

(2) Studying the effect of changing the initial population
on the value of fitness function in order to obtain
the optimal (maximum) possible power from the PV
module.
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Table 3: Effect of changing the initial collector azimuth angle on the module power at 6:10 AM.

Initial solution Independent variables Dependant variables
𝐼
𝑀 (A) 𝑃pv (W)

[Σ
∘

0

, 𝜑∘
𝑐0

, 𝑉𝑀
0

] Σ
∘

𝜑
∘

𝐶

𝑉
𝑀 (V) 𝐺

𝐶

(Kw/m2) 𝐼
0

(A) 𝑇 (∘C)
𝑈
0

= [45, −45, 30] 50.6146 44.5382 43.4679 0.0867 4.4841 ∗ 10
−6 31.8246 0.4134 18.0765

𝑈
0

= [45, −40, 30] 53.9220 44.9146 43.3693 0.0880 4.5023 ∗ 10
−6 31.8683 0.4196 18.5043

𝑈
0

= [45, −35, 30] 56.1325 44.2593 43.4265 0.0888 4.5140 ∗ 10
−6 31.8966 0.4236 18.6752

𝑈
0

= [45, −30, 30] 55.7048 44.9776 43.3350 0.0874 4.4944 ∗ 10
−6 31.8495 0.4170 18.6999

𝑈
0

= [45, −25, 30] 57.7381 44.7576 43.3907 0.0870 4.4883 ∗ 10
−6 31.8348 0.4149 18.8992

𝑈
0

= [45, −20, 30] 53.4386 44.7737 43.2897 0.0877 4.4994 ∗ 10
−6 31.8615 0.4187 18.3925

𝑈
0

= [45, −15, 30] 75.7500 44.9988 43.4602 0.0957 4.6130 ∗ 10
−6 32.1316 0.4569 19.8591

𝑈
0

= [45, −10, 30] 75.7500 44.8301 43.4955 0.0956 4.6102 ∗ 10
−6 32.1250 0.4560 19.8452

𝑈
0

= [45, −5, 30] 54.9162 44.5165 43.4248 0.0891 4.5189 ∗ 10
−6 31.9083 0.4253 18.5822

𝑈
0

= [45, 0, 30] 76.0000 44.7835 43.4785 0.0956 4.6104 ∗ 10
−6 32.1255 0.4561 19.8290

𝑈
0

= [45, 5, 30] 75.7500 45.0000 43.4714 0.0955 4.6100 ∗ 10
−6 32.1246 0.4559 19.8774

𝑈
0

= [45, 10, 30] 75.7500 45.0000 43.4771 0.0953 4.6062 ∗ 10
−6 32.1155 0.4547 19.8670

𝑈
0

= [45, 15, 30] 75.7500 45.0000 43.4837 0.0953 4.6069 ∗ 10
−6 32.1173 0.4549 19.8700

𝑈
0

= [45, 20, 30] 75.7500 45.0000 43.4731 0.0958 4.6131 ∗ 10
−6 32.1318 0.4570 19.8651

𝑈
0

= [45, 25, 30] 75.7500 45.0000 43.4553 0.0957 4.6122 ∗ 10
−6 32.1298 0.4567 19.8570

𝑈
0

= [45, 30, 30] 76.0000 45.0000 43.4579 0.0952 4.6052 ∗ 10
−6 32.1133 0.4543 19.8581

𝑈
0

= [45, 32, 30] 75.7500 45.0000 43.4983 0.0953 4.6068 ∗ 10
−6 32.1171 0.4549 19.8767

𝑈
0

= [45, 34, 30] 76.0000 45.0000 43.4766 0.0957 4.6124 ∗ 10
−6 32.1303 0.4567 19.8667

𝑈
0

= [45, 36, 30] 75.7500 45.0000 43.4935 0.0958 4.6130 ∗ 10
−6 32.1317 0.4569 19.8744

𝑈
0

= [45, 37, 30] 76.0000 45.0000 43.4558 0.0944 4.5943 ∗ 10
−6 32.0877 0.4507 19.8572

𝑈
0

= [45, 39, 30] 75.7500 45.0000 43.4837 0.0958 4.6130 ∗ 10
−6 32.1317 0.4569 19.8700

U0 = [45, 41, 30] 75.7500 45.0000 43.4997 0.0957 4.6126 ∗ 10−6 32.1307 0.4568 19.8776
𝑈
0

= [45, 43, 30] 75.7500 45.0000 43.4516 0.0957 4.6118 ∗ 10
−6 32.1289 0.4565 19.8553

𝑈
0

= [45, 45, 30] 75.7500 45.0000 43.4834 0.0953 4.6063 ∗ 10
−6 32.1160 0.4547 19.8698

(3) The initial population at the optimal PV output
power is fed to the Lagrangemultiplier algorithm and
comparing the results with those obtained by GA.
Figure 7 shows these proposed technique steps.

4. Numerical Analysis

The analysis uses bpsx150 PV module which has 72 cells
connected in series and its electrical characteristic is shown
in Table 1 [17].

The bpsx150 PV module is simulated by MATLAB/
Simulink toolbox as shown in Figure 8. Referring to Figure 8,
there are three main inputs which are the module voltage,
the solar radiation, and the ambient temperature; these items
are labeled in Figure 9 with numbers 1, 2, and 3. Simulink
is a software package of MATLAB program for modeling,
simulating, and analyzing dynamical systems. It supports
linear and nonlinear systems, modeled in continuous time,
sampled time, or a hybrid of the two. For modeling, Simulink
provides a graphical user interface, GUI, for building models
as block diagrams, using click and drag mouse operations.
The detailed configuration of the PV module is given in
Figure 9.The analysis of the proposed algorithm is performed
on measured solar radiation and ambient temperature as
inputs to GA program. These data are measured at Helwan
city, for the sunny day of June 10, 2012, and start from

6:10 AM to 5:50 PM. The direct beam solar radiation and the
corresponding ambient temperature, Helwan city, at latitude
29.87∘, Egypt, are given in Figure 10.

The initial population of GA program which contains
(Σ
0

, 𝜑
𝐶0

, 𝑉
𝑀

0

) plays an important role in finding the optimal
power, so they are changed as follows.

(1) The initial tilt angle, Σ
0

, is changed at acceptable
limits, fixing both 𝜑

𝐶0

and 𝑉
𝑀

0

at acceptable values
until the maximum power is obtained as shown in
Table 2.

The optimal output power for this case is equal to 19.8774W
at Σ
0

= 45
∘ which is fixed at this value.

(2) Changing the initial PVmodule azimuth angle,𝜑
𝐶0

, at
acceptable limits with fixed acceptable initial module
voltage until the optimal power is obtained as shown
in Table 3.

The optimal output power for this case is equal to 19.8776W
at 𝜑
𝐶0

= 41 which is fixed at this value.

(3) Changing the initial PV module voltage until the
optimal power is obtained as shown in Table 4.

The final optimal output power is equal to 19.8778Wat𝑉𝑀
0

=

42V.
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Table 4: Effect of changing the initial module voltage on the module power at 6:10 AM.

Initial solution Independent variables Dependant variables
𝐼
𝑀 (A) 𝑃pv (W)

[Σ
∘

0

,𝜑∘
𝑐0

, 𝑉𝑀
0

] Σ
∘

𝜑
∘

𝐶

𝑉
𝑀 (V) 𝐺

𝐶

(Kw/m2) 𝐼
0

(A) 𝑇 (∘C)
𝑈
0

= [45, 41, 0] 51.8224 44.5636 43.3348 0.0872 4.4921 ∗ 10
−6 31.8439 0.4162 18.1819

𝑈
0

= [45, 41, 2] 56.3961 45.0000 43.4018 0.0899 4.5301 ∗ 10
−6 31.9350 0.4291 18.8057

𝑈
0

= [45, 41, 4] 76.0000 44.9427 43.2811 0.0957 4.6123 ∗ 10
−6 32.1299 0.4567 19.7672

𝑈
0

= [45, 41, 6] 53.7614 44.8565 43.4569 0.0859 4.4740 ∗ 10
−6 31.8003 0.4100 18.5142

𝑈
0

= [45, 41, 8] 54.9695 44.5616 43.4382 0.0889 4.5158 ∗ 10
−6 31.9008 0.4242 18.6007

𝑈
0

= [45, 41, 10] 76.0000 45.0000 43.3597 0.0958 4.6131 ∗ 10
−6 32.1318 0.4570 19.8132

𝑈
0

= [45, 41, 12] 53.1965 44.7522 43.4134 0.0875 4.4960 ∗ 10
−6 31.8533 0.4175 18.4128

𝑈
0

= [45, 41, 14] 76.0000 44.9767 43.3995 0.0957 4.6127 ∗ 10
−6 32.1308 0.4568 19.8273

𝑈
0

= [45, 41, 16] 75.7500 45.0000 43.4834 0.0957 4.6129 ∗ 10
−6 32.1313 0.4569 19.8698

𝑈
0

= [45, 41, 18] 75.8750 45.0000 43.4408 0.0949 4.6006 ∗ 10
−6 32.1023 0.4528 19.8504

𝑈
0

= [45, 41, 20] 75.7500 45.0000 43.4871 0.0958 4.6131 ∗ 10
−6 32.1318 0.4570 19.8716

𝑈
0

= [45, 41, 22] 76.0000 45.0000 43.4579 0.0958 4.6131 ∗ 10
−6 32.1318 0.4569 19.8581

𝑈
0

= [45, 41, 24] 75.7500 45.0000 43.4499 0.0955 4.6092 ∗ 10
−6 32.1227 0.4557 19.8545

𝑈
0

= [45, 41, 26] 75.7500 45.0000 43.4741 0.0949 4.6003 ∗ 10
−6 32.1017 0.4527 19.8728

𝑈
0

= [45, 41, 28] 75.7500 45.0000 43.4839 0.0958 4.6131 ∗ 10
−6 32.1318 0.4569 19.8701

𝑈
0

= [45, 41, 30] 76.0000 45.0000 43.4818 0.0958 4.6130 ∗ 10
−6 32.1316 0.4569 19.8776

𝑈
0

= [45, 41, 32] 75.7500 45.0000 43.4565 0.0956 4.6115 ∗ 10
−6 32.1281 0.4564 19.8575

𝑈
0

= [45, 41, 34] 75.7500 45.0000 43.4324 0.0957 4.6129 ∗ 10
−6 32.1313 0.4569 19.8466

𝑈
0

= [45, 41, 36] 75.6875 45.0000 43.4969 0.0958 4.6131 ∗ 10
−6 32.1318 0.4570 19.8760

𝑈
0

= [45, 41, 38] 75.7500 45.0000 43.4403 0.0958 4.6130 ∗ 10
−6 32.1317 0.4569 19.8501

𝑈
0

= [45, 41, 40] 75.7500 45.0000 43.4393 0.0958 4.6131 ∗ 10
−6 32.1318 0.4569 19.8497

U0 = [45, 41, 42] 76.0000 45.0000 43.5000 0.0957 4.6129 ∗ 10−6 32.1315 0.4569 19.8778
𝑈
0

= [45, 41, 43] 75.5625 45.0000 43.4655 0.0955 4.6098 ∗ 10
−6 32.1241 0.4559 19.8615

𝑈
0

= [45, 41, 43.5] 75.5000 45.0000 43.5000 0.0958 4.6130 ∗ 10
−6 32.1317 0.4564 19.8772

Table 5:The optimal power and the corresponding tilt angle by GA
for June 10, 2012.

Hour
Initial condition at
optimal solution
[Σ
0

, 𝜑
𝑐0

, 𝑉𝑀
0

]

Tilt angle at
optimal power

Optimal
power (W)

6:10 AM [45, 41, 42] 75.7500 19.8773
7:00AM [54, 32, 26] 63.4998 50.0546
8:00AM [27, 30, 42] 47.2500 84.8483
9:00AM [42, 36, 14] 36.9459 137.1025
10:00AM [21, 32, 42] 28.2500 182.8460
11:00AM [70, 0, 36] 19.2309 225.0597
12:00 PM [18, 30, 42] 13.0219 226.6207
1:00 PM [30, 10, 43.5] 19.3121 217.1806
2:00 PM [54, 30, 43.5] 28.2298 194.0017
3:00 PM [3, 5, 32] 36.7493 153.7899
4:00 PM [73, −40, 43.5] 47.7500 98.8123
5:00 PM [24, −35, 43.5] 63.5000 56.5923
5:50 PM [70, −45, 16] 75.8125 20.2942

Finally, one can derive that the optimal obtained power by
GA at 6:10 AM is equal to 19.8778Wand is occurred at initial
population which is equal to (Σ∘

0

, 𝜑
∘

𝐶0

, 𝑉
𝑀

0

) = (45
∘

, 41
∘

, 42V).
The curve shows the change of PV module power with

changing the initial population is shown in Figure 11. GA
program response is shown in Figure 12 that contains the
fitness function, the current best individuals, the average
distance between individuals and the number of individuals
for each iteration. The constant dependant values at optimal
power are 𝛿 = 17.5165, 𝛽 = 10.7181, 𝑚 = 5.3770, 𝜑

𝑆

=

75.8452, and 𝜔 = 60.
The final population at optimal solution is equal to Σ =

75.7500, 𝜑
𝐶

= 45.0000, and 𝑉
𝑀

= 43.5000.
The optimal power and the corresponding tilt angle for 24

hours of the day are shown in Figure 13 and Table 5.
Once the bpsx150 PVmodule has a fixed number of series

cells,𝑁
𝑆

= 72, and a fixed number of parallel branches,𝑁
𝑃

=

1, then they are not be considered as variables.
The initial condition at optimal power obtained from the

GA is fed to the Lagrange multiplier algorithm to find the
optimal power. The MATLAB function fmincon is used to
perform the Lagrange multiplier analysis.

The Lagrange multiplier algorithm response is shown
in Figure 14. A comparison between the GA and Lagrange
multiplier algorithm is performed and is shown in Figure 15
and Table 6.

A comparison between the GA and Lagrange multiplier
algorithm is performed and is shown in Figure 14 and Table 6.

It is clear that the difference between two proposed
solutionmethods is very small as the initial condition of them
is the same; the operating conditions of the PV module do
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Table 6: A comparison between the GA and Lagrange multiplier algorithm.

Hour Genetic algorithm solution Lagrange multiplier algorithm results Error in optimal tilt
angle

Error in optimal
powerΣopt 𝑃opt Σopt 𝑃opt

6:10 AM 75.7500 19.8773 75.8114 19.8774 −0.0614 −1𝐸 − 04

7:00AM 63.4998 50.0546 63.4993 50.0486 0.0005 0.006
8:00AM 47.2500 84.8483 47.3668 84.8485 −0.1168 −0.0002
9:00AM 36.9459 137.1025 36.8401 137.1174 0.1058 −0.0149
10:00AM 28.2500 182.8460 28.2483 182.8456 0.0017 0.0004
11:00AM 19.2309 225.0597 19.2598 225.0807 −0.0289 −0.021
12:00 PM 13.0219 226.6207 13.0221 226.6537 −0.0002 −0.033
1:00 PM 19.3121 217.1806 19.2598 217.1956 0.0523 −0.015
2:00 PM 28.2298 194.0017 28.2483 194.0071 −0.0185 −0.0054
3:00 PM 36.7493 153.7899 36.8401 153.8525 −0.0908 −0.0626
4:00 PM 47.7500 98.8123 47.3668 98.8142 0.3832 −0.0019
5:00 PM 63.5000 56.5923 63.4993 56.5563 0.0007 0.036
5:50 PM 75.8125 20.2942 75.8114 20.2752 0.0011 0.019
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Figure 14: The Lagrange multiplier response.

not change. So, one can derive that the error between two
methods is acceptable and the proposedmethod is applicable.

The benefits of this proposed approach are as follows.

(i) A new objective function of the PV module output
power subjected to constraints is presented.

(ii) A simple optimization methodology to obtain the
optimal power extracted from the PV module and
corresponding tilt angle based on real data is formu-
lated.

(iii) Two suggested solution techniques are manipulated
and the error between them is very small.
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Figure 15: A comparison between the GA and Lagrange multiplier algorithm responses.

5. Conclusion

In this work a new optimization approach to maximize the
PV module output power is presented. A new proposed
objective function of PV module power and constraints
is also presented. Genetic algorithm is performed under
varying the initial population of independent variables, then
Lagrange multiplier algorithm is simulated. The optimal PV
module power obtained from both algorithms is compared.
The analysis is based on real measured data of solar radiation
and ambient temperature at Helwan city at latitude 29.87∘,
Egypt. The analysis is done in complete sunny day and the
results showed that the error between two proposed solution
techniques is acceptable and the proposed constrained opti-
mization method is applicable.
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An experimental study of a solar-concentrating system based on thermoelectric generators (TEGs) was performed. The system
included an electrical generating unit with 6 serially connected TEGs using a traditional semiconductormaterial, Bi

2

Te
3

, which was
illuminated by concentrated solar radiation on one side and cooled by running water on the other side. A sun-tracking concentrator
with amosaic set of mirrors was used; its orientation towards the sun was achieved with two pairs of radiation sensors, a differential
amplifier, and two servomotors. The hot side of the TEGs at midday has a temperature of around 200∘C, and the cold side is
approximately 50∘C. The thermosiphon cooling system was designed to absorb the heat passing through the TEGs and provide
optimal working conditions. The system generates 20W of electrical energy and 200W of thermal energy stored in water with
a temperature of around 50∘C. The hybrid system studied can be considered as an alternative to photovoltaic/thermal systems,
especially in countries with abundant solar radiation, such as Mexico, China, and India.

1. Introduction

Solar hybrid electric/thermal systems using photovoltaic
(PV) panels combined with a water/air-filled heat extracting
unit were designed and studied in many laboratories during
the last three decades [1–10] and now are widely used
throughout the world (England, Canada, China, Greece,
India, and so forth). Some investigations were made [11–
16] into the possibilities of using thermoelectric generators
(TEGs) in solar hybrid systems, with the conclusion that
TEGs can be successfully used in these systems instead of
PV panels or together with them. An essential increase in
thermoelectric conversion efficiency was achieved during the
last decade [17–19], which is quite favorable for this kind
of TEG’s applications. With the traditional thermoelectric
material Bi

2

Te
3

, the peak electric efficiency that could be
obtained in such a system is 5% [16].

Chávez-Urbiola et al. [14] investigated different options of
the construction of hybrid solar energy conversion systems
using TEGs. They showed that these systems can be efficient
(and economic in case of industrial production) even with
the use of material and devices that are already available on

the market, especially in countries with high solar insolation
(Mexico, China, India, etc.). Below we describe the construc-
tion and detailed experimental investigation of one of the
hybrid systems analyzed in the above-mentioned paper [14],
namely, the system with a solar radiation concentrator, TEG,
and water-filled heat extracting unit. Circulation of water
was achieved by thermosiphon effect. The experiments were
performed in Queretaro, Mexico, at 20∘ of northern latitude,
in March 2012.

2. Description of the Hybrid System

A schematic of the system is shown in Figure 1 where the
solar radiation flux (1) is concentrated by the mosaic mirror
(2) onto the electric/thermal generating unit (3) (details of
the TEG are shown in Figure 2) consisting of a radiation
absorber (hot plate), TEG array, and a cooling plate that is
in direct contact with water-circulating copper tubes. The
thermosiphon water loop includes a water storage thermal
tank (4) with tubes for water entrance and output.

The radiation-concentrating block consisted of 55 plane
mirrors each having a size equal to that of the TEG array
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Hot water output

Cold water input
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Figure 1: A schematic of the hybrid system.

Hot plate
Cooling plate

TEG array
Water flow

Figure 2: Thermoelectric generating (TEG) unit.

(8 × 12 cm2), providing a concentration ratio (the number of
mirrors focused on the heating plate multiplied by the mirror
reflecting efficiency) of ∼52, and considering a reflection
efficiency of 0.95. The mirrors were positioned in a parabolic
curve, with the focal point over the heating plate of the TEG
assembly; the angle of the inclination of each mirror was
calculated to achieve this effect. The block (mirror holder)
was attached to the 2-axis sun-tracking system (see [20] for
details) equipped with 2 pairs of radiation sensors positioned
in such a way that the difference in photo response in each
couple is zero if the mirror holder is orientated towards
the sun, giving the highest illumination of the absorber
hot plate. The difference in photo response increases with
disorientation (disorientation signal).This difference signal is
applied to a PIC16F877 microcontroller, which monitors the
system using two geared servomotors.

The TEG array includes 6 generating elements of the type
TGM-127-1.4-2.5 based on Bi

2

Te
3

(made by Kryotherm, Saint
Petersburg, Russia; each element is 4 × 4 × 0.5 cm3).The elec-
trical characteristics of the elements at different temperatures
of the operation were given in a previous publication [14].

3. Calculation of Thermosiphon Loop

For the thermosiphon solar water heaters, the flow rate of the
circulating water is conventionally calculated by equating the

pressure head and the friction head. Pressure head is caused
by density gradients in the loop, and the friction head is
caused by friction in the plumbing arrangement.

The pressure head in the thermosiphon causes flow to
occur. This flow in the collector is driven by the weight dif-
ference between the hot water column in the return pipe
passing through the collector and the cold fluid column in
the inlet pipe. The temperature conditions are given by the
inlet temperature of the fluid 𝑇

𝑖

= 25
∘C and the inner surface

temperature of the hot pipe 𝑇
𝑠

= 40
∘C; the density variations

in the water along the collector are assumed to be linear for
the calculations [21]. The desired maximum temperature in
the cooling plate should be around 50∘C.

Imagine an opened thermosiphon loop as a U-tube
containing a fluid with one column filled with hot fluid and
the other with cold fluid. A height difference, 𝑑ℎ, results due
to the density differences. If instead ofU-tube one has a closed
loop, this 𝑑ℎ leads to a driving force that produces the flow in
the loop.

The continuity equations under static equilibrium in case
of U-tube can be expressed by

ℎ
𝑐

𝜌
𝑐

= ℎ
ℎ

𝜌
ℎ

(1)

and the corresponding pressure head

𝑑ℎ = ℎ
ℎ

− ℎ
𝑐

, (2)

which is a function of the temperature and the total height of
the columns.We can rewrite (2) as a function of the cold- and
hot-side densities and considering a total length 𝐿:

𝑑ℎ = 𝐿(2

𝜌
𝑐

𝜌
𝑐

+ 𝜌
ℎ

− 1) . (3)

To determine the thermal driving forces, it is necessary
to take into account the values of 𝑇

𝑖

and 𝑇
𝑠

. Using the desired
values of 𝑇

𝑖

= 25
∘C and 𝑇

𝑠

= 40
∘C, 𝑑ℎ = 2.51mm is ob-

tained.
The friction head, flow rate, and convective coefficient are

interrelated, but they also depend on several physical param-
eters that must be defined, such as piping type, materials, and
pipe length, among others.

Using the Bernoulli equation, an energy conservation
analysis can be made. For a pipe system [21] where 𝑝

1

and
𝑝
2

are inlet and outlet pressures, 𝑧
1

and 𝑧
2

are heights, and
𝑣
1

and 𝑣
2

are the corresponding flow velocities, the following
can be written in terms of energy:

𝑝
1

𝛾

+ 𝑧
1

+

𝑣
2

1

2𝑔

+ ℎ
𝐴

− ℎ
𝑅

− ℎ
𝐿

=

𝑝
2

𝛾

+ 𝑧
2

+

𝑣
2

2

2𝑔

𝑣
2

, (4)

whereℎ
𝐴

is the added energy,ℎ
𝑅

is the subtracted energy,ℎ
𝐿

is
the energy loss (friction head), 𝑔 is the acceleration of gravity,
and 𝛾 is the specific weight of the fluid.

On the other hand, it is necessary to include the Darcy
equation for friction head ℎ

𝐿

:

ℎ
𝐿

= 𝑓

𝐿

𝐷

𝑣
2

2𝑔

, (5)
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where𝐿 is the piping length and𝐷 is its diameter that depends
on the flow rate 𝑣. As the friction factor 𝑓 depends on the
Reynolds number Re for the laminar flow [21]

𝑓 =

64

Re
=

64𝜇

𝑣
𝑠

𝐷𝜌

, (6)

for a thermosiphon system, the pressure head is equalized to
friction head causing the energy loss

𝑑ℎ = ℎ
𝐿

. (7)

As a consequence, it is necessary to take into account the
energy losses due to friction (major losses due to friction and
minor losses due to changes in the size and direction of the
flow path) in the loop.

The friction head can then be expressed for this case in
terms of the friction factor and the flow rate

ℎ
𝐿

= 1.5

𝑣
2

𝑠

2𝑔

+ 351.7

𝑣
2

𝑠

2𝑔

𝑓. (8)

The first term corresponds to the sum of losses in the inlet
and outlet, where it is common to use the estimation friction
coefficient 𝑘

𝑓

= 𝑓(𝐿eq/𝐷) = 1.5 for systems of this kind [21].
Taking in consideration the laminar flow and equalizing the
thermal driving head with the friction head, we get

𝑑ℎ = 1.5

𝑣
2

𝑠

2𝑔

+ 351.7

𝑣
𝑠

2𝑔

64𝜇

𝐷𝜌

. (9)

Solving (9) for 𝑑ℎ = 2.51mm, a flow rate of 𝑣
𝑠

=

0.0436m/s is obtained.
Once the flow rate is defined, the convective coefficient

can be calculated [21]. For the laminar region in the circular
pipe and the temperature of 25∘C, the corresponding Nusselt
average number is

Nu = 3.66 + 0.065 (𝐷/𝐿)Re Pr
1 + [(𝐷/𝐿)Re Pr]2/3

= 5.051, 𝐿
𝑡

< 𝐿.

(10)

For a thermal length 𝐿
𝑡

≈ 0.05 Re Pr𝐷 = 5.047m, the
condition 𝐿

𝑡

< 𝐿 is satisfied, and the convection coefficient
can be calculated as

ℎ
𝑐

=

Nu 𝑘
𝐷

=

5.051 ⋅ 0.597 (W/mK)
0.01892m

= 154.84 (W/m2K) .
(11)

Once ℎ
𝑐

and 𝑣
𝑠

are determined, we can take them as initial
values for the design of the heat exchanger, which starts with
computer simulations.

4. Design of the Heat Exchanger for
Electric/Thermal Generating Unit

In order to determine the optimal configuration of the heat
exchanger, several configurations were proposed and evalu-
ated using commercial finite elementmethod (FEM) software

(COMSOL Multiphysics 4.2a). For the flow rate, the value
obtained earlier was used: 𝑣

𝑠

= 0.0436 (m/s). The cooling
plate temperature must not exceed 50∘C, and the hot plate
must be around 200∘C.The solar power transformed into heat
in the hot plate is around 200W in an area of 0.08 × 0.12m2,
in correspondence with the 2 × 3 array of TEG elements.

The heat exchanger was designed to be as simple as
possible, a flat plate attached to the commercial pipes. In
Figure 3, the modeling results for several configurations are
presented, changing parameters like hot plate location, pipe
diameter, piping array, and welding material, among others.
In this same figure, simulations from Figure 3(a) to 3(c) are
for 1-inch-diameter and from Figure 3(d) to 3(f) are for 3/4-
inch-diameter type K copper pipe according to ASTM B-88
standard. The red areas are the hottest and the blue ones the
coldest, in accordance with the reference bar in the right side
of each model.

After evaluating a wide range of configurations, two
options that best meet the conditions were selected and
evaluated, and the results are shown in Figure 4. One-inch
typeK cooper pipe [21] was used in (a), obtaining amaximum
value of 42.4∘C in the center of the surface (red zone).
3/4-inch type K pipe was chosen for case (b), leading to a
maximum value of 39.4∘C distributed in a more uniform way
along the center of the surface. Thus, option (b) was chosen
for the experiment.

5. Experimental Results

The actual system studied is shown in the photograph in
Figure 5. The positions of the thermocouples are indicated
by the red and blue points. The red points also indicate the
location of the ink injection, used to give idea of the actual
water flow rate. As can be seen in the image, the thermoelec-
tric assembly is illuminated by the concentration block.

The results of the system’s electrical and thermal charac-
terization are presented in Figures 6 and 7. To estimate the
system’s efficiency (both electrical and thermal), the intensity
of solar radiation was taken as 950W/m, which corresponds
to the direct normal irradiance (DNI) in Queretaro, Mexico,
at 20∘ of northern latitude, at the equinox time of the year.
First, the electric power generated by the system during
daytime is shown in Figure 6. The measurements were taken
with a matched load, so the data shown gives the maximum
power available.One can see that the average powerwas 20W,
thus producing 120Wh of electric energy between 10 am and
4 pm (the total energy obtained during the day was 175Wh).
These results correspond to a maximum electric efficiency
of the system of 5%, which agrees well with the estimations
made in [14] and with the results of modeling [16].

Figure 7 presents the thermal characteristics of the hybrid
system.The average hot water tank temperature was approxi-
mately 45∘C,which is sufficient for domestic applications.The
variations in the thermic efficiency, 𝜂therm = (𝑄therm/𝑄sol) ×
100, observed during the time of the experiment give in
average of 50%, which is higher than that an traditional
PV/thermal systems. The corresponding thermal power is
200W, giving the 1.2 kWh of energy in the 6 h between 10 am



4 International Journal of Photoenergy

𝑧

42.974

42

40

38

36

34

32.518

02040

0

100

200

300

0

100

200

300

𝑥

𝑦

Volume: temperature (∘C)

(a)

𝑧 𝑥

𝑦

41.061
41

40

39

38

37

36

35

34

33

32.332

02040
300

200

100

0

0

100

200

300

Volume: temperature (∘C)

(b)

𝑧 𝑥

𝑦

41

40

39

38

37

36

35

34

02040

0

100

200

300

100

150

200

42.488

33.843

42

Volume: temperature (∘C)

(c)

𝑧

𝑥𝑦

01020

300

200

100

0
0

50

100

35.376

35

34

33

32

31

30

29

28

27

26.157

Volume: temperature (∘C)

(d)

𝑧

𝑥
𝑦

100

50

0

300

200

100

0

01020

39.089
39

38

37

36

35

34

33

32

31

30.14

Volume: temperature (∘C)

(e)

𝑧

𝑥𝑦

01020

300

200

100

0

0

50

100

37.553

37

36

35

34

33

32

31

30

29.021

Volume: temperature (∘C)

(f)

Figure 3: Computer simulations for different configurations (see text); the colors show the temperature distribution.

and 4 pm. It can also be seen that the flow rate correlates with
the thermal efficiency—higher flow is accompanied by higher
efficiency—although the water temperature in the tank is
lower.

The cost-efficiency estimation made in our previous
publication for the hybrid system studied [14] showed that at
industrial production (in quantities of hundreds of systems),
the cost of the electric energy generation could be 3-4 US
dollars per watt peak, which is almost the same as the cost
of the energy generated by PV panels. This is in contrast
with the typical case where the cost of energy production

in hybrid systems is usually 50% higher than that in the
individual devices. The cost of thermal energy in our system
with TEGs is lower than that in the traditional PV/thermal
systems because of the larger thermal power.

6. Conclusions

Performance of the designed hybrid system in the conditions
at Queretaro, Mexico at the equinox time of the year has
revealed that a systems electrical efficiency of 5% and thermal
efficiency of 50% with the estimated cost of the electric
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Figure 4: Computer simulations results for (a) 1 pipes and (b) 3/4 pipes.
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Figure 5: Photograph of the system.

energy production are practically equal to those of the
traditional photovoltaic/thermal systems. Thus, we conclude
that the solar hybrid system with the concentrator and the
thermoelectric generator, even with the existing components,
can be considered as a reasonable alternative to the traditional
electric/thermal solar hybrid system. Taking into account the
rapid progress in the development of newnanostructured and
highly efficient thermoelectric materials, we can expect that
in the near future performance of the TEG-based systems
can surpass that of the traditional solar hybrid systems, in
particular, in the solar-rich regions having relatively low
latitude.

Nomenclature

𝐴
𝑠

: Effective flow area of the piping, m
𝐶
𝑝

: Specific heat capacity, J/Kg⋅∘C
𝐷: Piping diameter, m
𝑑ℎ: Pressure head (thermal driving head), m

𝑓: Friction factor
𝑔: Gravity, m/s
ℎ: Height, m
ℎ
𝐴

: Energy added to the fluid, J
ℎ
𝑐

: Cold fluid column height, m
ℎ
𝑐

: Average convection coefficient, W/m⋅∘C
ℎ
ℎ

: Hot fluid column height, m
ℎ
𝐿

: Friction head inside the piping, m
ℎ
𝑅

: Energy removed to the fluid, J
𝑘
𝑓

: Friction coefficient
𝑘: Thermal conductivity, W/mK
𝐿: Piping length, m
𝐿eq: Equivalent pipig length of theminor losses,m
𝐿
𝑡

: Thermic inlet length, m
𝑚: Mas flow, Kg/s
Nu: Average Nusselt number
𝑝
1

: Inlet pressure, N/m
𝑝
2

: Outlet pressure, N/m
Pr: Prandtl number
̇𝑄: Heat flux, W
𝑄sun: Solar heat input W
𝑄out: Bottoming heat transfer W
𝑄therm: Heat transfer to running water W
Re: Reynolds number
𝑇
𝑒

: Outlet temperature in the fluid of the heating
pipe, ∘C

𝑇
𝑖

: Inlet temperature in the fluid of the heating
pipe, ∘C

𝑇
𝑠

: Inner surface temperature of the hot pipe, ∘C
𝑣: Flow velocity inside the piping, m/s
𝑣
1

: Inlet velocity of the fluid, m/s
𝑣
2

: Outlet velocity of the fluid, m/s
𝑧
1

: Height at the inlet point, m
𝑧
2

: Height at the outlet point, m
𝜂therm: Thermic efficiency
𝜌: Fluid density, kg/m
𝜌
𝑐

: Cold fluid density, kg/m
𝜌
ℎ

: Hot fluid density, kg/m
𝛾: Specific weight of the fluid, N/m
𝜇: Dynamic viscosity, Kg/m⋅s.
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Figure 7: Hot water tank temperature (a) and calculated thermal efficiency of the system and the flow rate in the thermosiphon (b).
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Today, after more than 70 years of continued progress on silicon technology, about 85% of cumulative installed photovolatic (PV)
modules are based on crystalline silicon (c-Si). PV devices based on silicon are the most common solar cells currently being
produced, and it is mainly due to silicon technology that the PV has grown by 40% per year over the last decade. An additional step
in the silicon solar cell development is ongoing, and it is related to a further efficiency improvement through defect control, device
optimization, surface modification, and nanotechnology approaches. This paper attempts to briefly review the most important
advances and current technologies used to produce crystalline silicon solar devices and in the meantime the most challenging and
promising strategies acting to increase the efficiency to cost/ratio of silicon solar cells. Eventually, the impact and the potentiality
of using a nanotechnology approach in a silicon-based solar cell are also described.

1. Introduction

Photovoltaic (PV) devices based on silicon are themost com-
mon solar cells currently being produced, and it ismainly due
to silicon technology that the PV has grown by 40% per year
over the last decade. Cost, sustainability, and environmental
issues are at the core of actual PV industry activities. Com-
petitors other than silicon have emerged in the last ten years.
Organic PV is a fast growing research topic with the first
companies producing products for consumers. Apart from
efficiency, different open problems of DSC and organic solar
cells still remain, such as scaled-up module prototypes, solar
efficiencies fall up to 5% in outdoor, low lifetime and dura-
bility (less than 1 year), and a lack of standardized stability
data. All these considerations will make it very difficult for
organic solar cells to be competitive with respect to silicon
solar cells in the next decades.

In the frame of inorganic thin film, Cu(In,Ga)Se
2

(CIGS)
solar cells are one of the most promising in terms of both
efficiency record (20.3%), nearly reaching the one of Si solar
cell [1], and stability. Despite the promise of CIGS thin film
and also of CdTe photovoltaic technologies with respect to

reducing cost per watt of solar energy conversion, these
approaches rely on elements that are either costly and/or rare
in the earth’s crust (e.g., In, Ga, andTe) or that present toxicity
issues (e.g., Cd), thereby potentially limiting these technolo-
gies in terms of future cost reduction and production growth.
The newmaterial (CZTS) in which indium and gallium from
CIGS are replaced by the readily available elements zinc and
tin [2, 3] is far to be applied or to be on the market rapidly.
Furthermore, thin film technology still remains a smaller
(albeit growing) part of the overall PV production.

On the other hand, the silicon solar cells technological
improvements resulted in the achievement of the 25% record
efficiency on lab scale and of 22% in production [4], very close
to the theoretical maximum efficiency for a single junction
PV device of 31%. This record is the latest step in more than
70 years history of silicon cell development. An additional
step in the silicon solar cell development is ongoing, and it
is related to further efficiency improvements through defect
control, device optimization, surface modification, and nan-
otechnology approaches, these researches being aimed at
increasing or at overcoming the classical efficiency limit.
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This paper firstly attempts to point out the most impor-
tant advances and current technologies used to produce
crystalline silicon solar devices and in themeantime themost
challenging and promising strategies acting to increase the
ratio between the efficiency and the cost of silicon solar cells.
Furthermore, recent results of our group on silicon-based
device are reported.

2. Multicrystalline Silicon Solar Cells

Within c-Si, multicrystalline-(mc-) Si technology is the more
commonly used material. This trend is growing and mc-
Si modules will continue to retain a large portion of the
market in the future. All this is strictly related to the fact that
multicrystalline silicon is able to increase the ratio between
efficiency and costmost effectively thanmonocrystalline one.
Advanced mc-Si solar cells use new concepts for the tech-
nology of crystalline silicon in order to boost the efficiency
of industrial cells and modules above 20%, for example, by
laser technologies, fine linemetallization, and improved front
and back contacts. Details on the processing techniques as
well as the most important milestones and breakthroughs for
mc-Si solar cells are reported in [5]. A better understanding
of defects and their influence on mc solar cells properties
has been having a very relevant role in reducing the gap in
the efficiency with respect to monocrystalline one. Gettering
and passivation procedures have been studied for many years
and used effectively to increase the efficiency of mc-Si. In
any case, considerable efforts are still needed to approach
the theoretical efficiency limit inmulticrystalline silicon solar
cells due to higher defect content, especially grain boundaries
(GBs) and dislocations known to be harmful for the final
cell performances. Reducing this harmful effect could be
achieved by controlling the crystal growth in order to produce
large grains in preferred orientations in such a way that the
resulting grain boundaries do not generate, or generate less,
dislocations. Dislocations have been identified as one of the
main killer defects in mc-Si. In order to further increase
the efficiency of mc-Si solar cell, a still crucial point is to
understand the properties of dislocation-related deep levels
as well as possible effects of interaction of impurities with
dislocations. As matter of fact, in spite of many years of
investigations, many aspects related to the influence of impu-
rities on the electrical activity of dislocations are still open.
Its electrical activity arises from intrinsic structural disorder
at dislocation cores [6] shallow defect bands due to long-
range strain fields and extrinsic impurity decoration [7, 8].
Nevertheless, it appears clear that dislocations do not have
simple and regular influence on electrical properties of the
material or on those of the devices.

All that considered, a lot of experimental and theoretical
work should still be done also in this fundamental field. The
control of defects density and the so-called defect engineering
have become recently even more important, considering the
potential of metallurgical grade silicon feedstock. During
the Si feedstock crisis that started in 2005, the metallurgical
purification routes taken by different companies (i.e., Dow
Corning, Elkem, and others) attracted much attention due to

the scalability and fast setup time for factories. Solar grade
from metallurgical grade (MG) silicon of reduced purity is
currently being explored with the goal to further reduce
material cost. Besides the cost, many are the advantages
of using metallurgical silicon. The investment cost for an
industrial scale feedstock production plant is expected to
be significantly reduced compared to the investment for a
comparable production plant based on trichlorosilane tech-
nology. Likewise, the energy payback of a silicon solar cell,
nowadays mainly affected by the energy used to purify and
crystallize the base silicon, can be reduced to 1 year or less
using MG-Si. But due to the higher concentrations of delete-
rious impurities inMG-Si, new approaches are necessary and
have been developed to make cost-effective solar cells from
low-cost, but impurity-rich, feedstock. Some approaches
deal, for instance, with metal nanodefects engineering to
recover minority carrier diffusion length in heavily contam-
inated materials by proper thermal annealing [9, 10] or with
developing new gettering process. To this date, the phospho-
rus diffusion at high temperature is the best and well-known
gettering process, due to the enhanced solubility of gettered
species in the phosphorus diffused layer.

Despite the higher level of metal contaminations, many
works report that similar solar efficiency to those obtained
with electronic grade feedstock can be achieved [11].

Furthermore, MG or solar grade silicon generated by
refining processes often contains a large amount of doping
elements (i.e., boron and phosphorus). In order to use this
silicon besides controlling the maximum concentrations of
different metallic impurities, the research is focusing also
on the maximum acceptable concentrations of the doping
elements and its effect on material and cell parameters [12,
13] Recently, the Hall majority carrier mobility of p-type,
compensated multicrystalline solar grade silicon wafers for
solar cells in the temperature range 70–373K has been inves-
tigated. In the range of interest for silicon solar cells (above
room temperature), the trend in carriermobility is similar for
all samples, and the measured value for the sample with low
compensation ratio (𝑅

𝐶

) and low doping density is com-
parable to the uncompensated references (Figure 1). With
decreasing temperature below approximately 150K, the dif-
ference between samples with low 𝑅

𝐶

and samples with high
𝑅
𝐶

becomes higher [14].
The work carried out up to now seems to indicate that

MG silicon can be used to produce effectively solar cells if
impurities are below a well-defined limit indicated as solar
grade specifications. In the case of higher impurities concen-
tration, it is clear that the silicon supply could be much larger
and or at lower cost or more sustainable. All these points can
contribute to reduce the silicon solar cells cost. It is also clear
that this material requires strong modification in crystalliza-
tion process and in device realization, like new gettering or
passivation process or postgrowth annealing step.

3. Light Harvesting Approach:
The Down-Shifting Process

It is widely known that in a silicon solar cell a large portion
of the energy loss can be ascribed to thermalization process.
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(ratio of the measured value at the given temperature over the
measured value at room temperature). The compensation ratios
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) of the different samples are reported in the table on the right.
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A modification of the incident solar spectrum which allows
a better exploitation of the high energy region is therefore
expected to increase the efficiency of such a single junction
cell. A possible approach to modify the high energy side of
the solar spectrum is down-shifting [15]. In this process, one
low energy photon is created by one high energy photon
absorbed into a propermolecular system emitting around the
maximum quantum efficiency value of the photovoltaic (PV)
device. Molecular systems strongly absorbing in the high
energy range and showing a consistent Stokes shift of their
emission towards the region of the maximum conversion
efficiency of the PV device are good candidates for down-
shifting of the absorbed light. Rare-earth organic complexes
constituted by a conjugated molecule acting as antenna and
by an emitting lanthanide ion are good candidates as down-
shifter (DSs). They possess also the separation between the
absorption and the emission bands required to obtain large
Stokes shift and to avoid self-absorption losses. In recent
years, we have been working on inorganic DSs complexes
to realize down-shifting of photons with wavelength lower
than 400 nm without introducing strong modifications of
the industrial process leading to the fabrication of the PV
modules. Organolanthanide-based DSs have been included
in polymeric layers suitable as PV modules encapsulating
matrix. Relative enhancements of the total delivered power
up to 2.9% have been reported for Si solar cells coated with
1 𝜇m thick Eu(tfc)

3

/4,4bis(diethylamino) benzophenone-
doped EVA [16] (see Figure 2).
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Figure 2: EQE measurements recorded on c-Si-based test
modules encapsulated with undoped (solid line) and Eu(tfc)

3

/
4,4bis(diethylamino) benzophenone-(Eu(tfc)

3

-EABP-) doped EVA
(dots). The only down-shifting spectral region has been showed for
better clarity.

Beside organolanthanide complexes, quantum dots
(QDs) materials are also promising solution for the modi-
fication of the high energy side of the solar spectrum [17],
considering also their higher stability. Due to the reduced
dimensionality, QDs exhibit quantization of their electronic
energy levels, with a consequent blue-shift of the optical
absorption edge. The QDs electronic energy levels and
optical absorption being dependent on their size, the effective
bandgap can be easily tuned for solar spectrum modification
purposes. In the last few years, QDs systems showing the
potentialities for effective solar spectrum modification have
been investigated [18, 19]. However, most of them contain
toxic elements such as Cd, Pb, and Se (e.g., CdSe, PbSe,
and PbS QDs). In order to focus the attention on nontoxic
systems, we have tested ZnS nanoparticles (NPs) [20], already
known as low cost, largely available luminescent materials
[21]. ZnS :Mn2+ NPs have been prepared by wet chemical
synthesis, a quite inexpensive and scalable method matching
the requirements for photovoltaics. In particular, the Mn2+
related emission centered at 597 nm observed for ZnS :Mn2+
NPs size higher than 3.5 nm is really close to the maximum
quantum efficiency of crystalline silicon-(c-Si-) based solar
cells. The effect on the EQE of the deposition of ZnS :Mn2+
NPs on a commercial c-Si solar cell is showed in Figure 3,
where the relative enhancement of the EQE is reported. The
incident UV radiation is absorbed by the ZnS :Mn2+ NPs,
generating photons emitted at longer wavelenghts where Si is
more efficient. A sharp peak of the relative EQE enhancement
(∼6%) is present around 350 nm which is consistent with
the absorption edge of the QDs (shown in the inset in
Figure 3).
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Figure 3: Relative EQE enhancement for a commercial monocrys-
talline Si solar cell after the deposition of ZnS :Mn2+ NPs.

4. Nanotechnology Approach

Among the different ways of exploiting nanotechnologies
and typical nanoscale concepts, the band gap engineering of
a silicon-based material is the most attractive. silicon-rich
oxide (SRO) and silicon-rich nitride (SRN) are the materials
currently object of research for the realization of an all-silicon
tandem solar cell.Thismaterial consists of nonstoichiometric
silicon oxide or silicon nitride layers that, upon annealing at
high temperature, can formquantumdots (QDs) after precip-
itation of the excess silicon. The quantum confinement effect
of carriers induced by this nanostructurationmight allow the
optical band gap of the SRO to be tuned, increasing it from
the bulk silicon value, allowing the realization of all silicon
based tandem solar cells [22, 23]. Moreover, there are no
concerns about the toxicity of SRO or SRN, they are already
widely available andwidespread, and their realization process
is fully compatible with the microelectronic industry and so
with a large scale production.

Prototype devices have been already realized [24], but
the efficiency obtained is still very low (less than 0.1%). Of
the main issues to be still solved, and probably the research
bottlenecks, are the doping of such nanostructures and the
electrical transport processes [25].

It is clear that the extraction of photogenerated current is
crucial, and it is made even more difficult by the presence of
the insulating materials embedding the nanodots. In order to
understand the transport mechanism in the configuration of
QDs-based solar cell (i.e., from top to bottom), we performed
IV scans on supposedly nanodoped as well as on intrinsic
SRO samples.

Plasma-enhanced chemical vapor deposition (PECVD)
was used to deposit 10 bilayers (nominal thickness 1.5 nm of
each layer) of alternative layer of Si-rich SiO

2

(SRO) and SiO
2

on <100> 10 ohm cm p-type silicon wafer. Technical details
are in [26].

All the samples have been annealed at 1050∘C for one hour
to nucleate the dots and to drive excess hydrogen away. To
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Figure 4: Plot of the log of the conductance versus the inverse
square root of the temperature used for the fit demonstrating
percolation mechanism.

identify the transport mechanism, we performed 𝐼/𝑉 scans
at different temperatures. By fitting with a straight line the
region around the origin (±0.5 V, where the shape of the IV
can be linearly approximated), we can obtain the temperature
dependence of the conductance (𝐺) versus the temperature.
As can be seen in Figure 4, the values show a pretty good
agreement with a linear relationship between the logarithm
of the conductance and the inverse square root of the
temperature, compatible with a hopping-percolation model
as in [27], not completely suitable for a solar cell applications.

On the same samples, a feeble effect of light has been
observed. From Figure 5, we can see that the conduction is
diode-like in the dark but symmetric under illumination.This
behavior can be explained by the generation of electron-hole
pairs promoted by the photons. When there is no light, the
sample acts as an MIS diode with an insulator layer made
by the SRO even if this layer does not act as a full 200 nm
thick layer of oxide. Nanostructuration and its composition
play a crucial role in reducing the effective thickness of this
layer, since a 200 nm thick stoichiometric layer of SiO

2

would
prevent the conduction at this voltage. In this condition, the
nanodots probably act as filled traps where carriers can have a
good mobility and they do not participate at the conduction.
When light is on, the dots might act as electron-hole couples
generator (as they are intrinsic) and the conduction can be
symmetric in the two directions.

A requirement for a tandem solar cell is the presence of
a junction, and another crucial point is the doping of the Si
QDs material. Although the doping mechanism is not clearly
understood, homo- and heterojunction devices have been
fabricated based on Si QD [24]. In any case, a strong improve-
ment in understanding carrier transport and in doping
mechanism is still needed.
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Figure 5: 𝐼/𝑉 scans of the samples in dark and under illumination.

5. Conclusions

Although new materials are coming and opening new out-
look on the future of solar energy, silicon should be the
leading material also in the next future. If we consider its
peculiar properties and unique advantages: availability, no
toxicity, long lifetime, and sustainability, no competitors are
on the market. Development, innovation, and new devices
concepts in silicon solar cells are taking place to bring down
the cost of solar technologies and make them even more cost
competitivewith conventional sources.The reduction of cost-
per-Watt towards grid parity and the grow of global installed
power towards the Terawatt level can be achieved by silicon
solar cells. However, an intense R&D activity is still needed to
reach the target of a 40% efficiency silicon-based 9 solar cells
will not be a dream.
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Effective control of oxygen impurity in multicrystalline silicon is required for the production of a high-quality crystal. The basic
principle and some techniques for reducing oxygen impurity in multicrystalline silicon during the unidirectional solidification
process are described in this paper. The oxygen impurity in multicrystalline silicon mainly originates from the silica crucible.
To effectively reduce the oxygen impurity, it is essential to reduce the oxygen generation and enhance oxygen evaporation.
For reduction of oxygen generation, it is necessary to prevent or weaken any chemical reaction with the crucible, and for the
enhancement of oxygen evaporation, it is necessary to control convection direction of the melt and strengthen gas flow above
the melt. Global numerical simulation, which includes heat transfer in global furnace, argon gas convection inside furnace, and
impurity transport in both melt and gas regions, has been implemented to validate the above methods.

1. Introduction

Multicrystalline silicon has now become the main material
in the photovoltaic market because of its low production
cost and because of the high conversion efficiency of solar
cells made from this material. The unidirectional solidifi-
cation method is a cost-effective technique for large-scale
production of multicrystalline silicon material. Similar to the
Czochralski method for crystal growth, the unidirectional
solidificationmethod is also related to transport of impurities
[1]. Oxygen impurity is one of the main impurities in the
crystal. The oxygen impurity can cause SiO

2

precipitation
[2], dislocation [3], and stacking faults [4] and can cause
significant deterioration of the conversion efficiency of solar
cells.The degradation of the solar cell performance caused by
oxygen has been reported in papers [5–8]. Oxygen precipita-
tion is known to act as intrinsic gettering sites for impurities
and to affect mechanical strength of the wafer [9, 10]. Oxygen
can form a variety of inhomogeneous defects: such as thermal
donors [11, 12] due to clusters of a few oxygen atoms [13], and
some other donors due to SiO

2

precipitates [11, 12]. Except
for those inhomogeneous defects, there is another kind of
uniform distributed defect: boron-oxygen complexes, which

is responsible for an asymptotic degradation of solar cell
performance by up to 10% relative when the time scale of
illumination is close to hours [14, 15].

Effective control of oxygen concentrations in a crystal
is required for the production of a high-quality crystal.
Some papers about carbon and oxygen impurities [1, 16–
24] have been written by authors; however, until now, there
is no review paper to systematically introduce the basic
methods to reduce oxygen impurity during multicrystalline
silicon production. Therefore, this paper provides a basic
framework for oxygen reduction in multicrystalline silicon
during the unidirectional solidification process from the view
of control of chemical reaction, melt convection, and gas
flow. Furthermore, the control of melt convection for oxygen
reduction is first reported by the present paper.

2. Mechanism of Oxygen Incorporation

Incorporation of oxygen impurity into multicrystalline sil-
icon occurs during the global unidirectional solidification
process. To effectively illuminate the mechanism of oxygen
incorporation, the global solidification process is divided
into several substeps: melting process, solidification process,
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and cooling process. During these processes, there are some
differences in the main mechanism of oxygen incorporation
into silicon.

2.1. Melting Process. During the melting process, there are
two reactions occurring.The first is rapid reaction of themelt
silicon with the silica crucible:

Si (l) + SiO
2

(s) = 2SiO (g) , (1)

where the symbols (l), (s), and (g) denote liquid phase, solid
phase, and gas phase, respectively. The second is decomposi-
tion of the silica crucible at a high temperature:

SiO
2

(s) = Si (l) + 2O (m) , (2)

where the symbol (m) means the concentration inside the
melt.

The silicon and oxygen atoms are transported onto the
melt surface and react with each other to produce SiO gas:

Si (l) +O (m) = SiO (g) . (3)

The resultant SiO gas evaporates from the melt surface.
Reaction (2) is usually treated as a main source of oxygen
impurity during the global solidification process and reaction
(3) is treated as a main mechanism for oxygen reduction.

During the melting process, there is another chemical
reaction that can contribute to oxygen incorporation. The
graphite susceptor of the crucible can react with the crucible
[16]:

C (s) + SiO
2

(s) = SiO (g) + CO (g) . (4)

Experimental results [25] have shown that SiO gas ismost
likely to be rapidly formed when carbon and silica particles
are in contact, and reaction (4) is favorable over the entire
temperature range from 1500 to 2500K.The resultant SiO gas
can diffuse back into melt from the carried gas.

2.2. Solidification Process. During the solidification process,
besides reactions (1)–(4), there is another segregation reac-
tion, that is, segregation of oxygen atoms into the crystal:

𝑘seg
∗O (m) = O (c) , (5)

where the symbol (c) means the concentration in the crystal
and 𝑘seg is the segregation coefficient of oxygen, which is
taken to be 0.85 [26].

2.3. Cooling Process. During the cooling process, the increase
of oxygen impurity in solid phase is mainly due to diffusion
from the crucible wall into the crystal. This contribution
is very small due to small diffusion coefficient of oxygen
in crystal, which is close to 10−8m2/s [27]. The diffusion
depth of oxygen from the crucible wall is small and can be
negligible.

3. Techniques for Oxygen Reduction and
Numerical Models

The above analysis of oxygen incorporation indicates that
oxygen impurity in multicrystalline silicon mainly originates

from the silica crucible. To effectively reduce oxygen impu-
rity, it is essential to prevent or reduce any reaction with the
crucible, such as reaction between the crucible and silicon
and reaction between the crucible and its graphite susceptor.
Meanwhile, it is also important to enhance the evaporation of
SiO gas by controlling themelt and gas convection.Therefore,
the basic principle for oxygen reduction is to reduce oxygen
generation and to increase oxygen evaporation.

Global numerical modeling, which includes heat transfer
in global furnace, argon gas convection inside furnace, and
impurity transport in both melt and gas regions, has been
implemented to validate the above methods.

3.1. NumericalMethodology. Our simulation implementation
involves three steps: first, the temperature distribution of
furnace components, due to heat transfer and heat radiation,
is computed without gas flow; second, the flow field and
temperature field of the cooling argon gas are computed using
the temperature boundary conditions from the first step; and
third, carbon and oxygen impurities in the gas and melt are
computed using the flow field and temperature field from the
second step.

The modeling of heat transfer in the furnace involves
convective heat transfer of themelt in the crucible, conductive
heat transfer in all solid components, and radiation heat
transfer in all enclosures of the furnace. The melt flow in
the crucible is assumed to be an incompressible laminar
flow. The radiative heat exchange in all radiative enclosures
is modeled on the basis of the assumption of diffuse-gray
surface radiation.

The flow of argon gas through the furnace is considered
to be a compressible and axisymmetric flow.The compressible
flow solver can accurately simulate the buoyancy-driven flow
due to the large density variation in the furnace. Although the
flow velocity in this furnace is low, yet the density variation is
significant for this buoyancy-driven flow, which is similar to
the combustion problem.

The concentration of oxygen impurity is calculated by
coupling the calculation of carbon impurity inside the global
furnace.The SiO and CO concentrations inside gas and the C
and O atom concentrations inside melt are calculated by a set
of fully coupled program [1]. The boundary condition of SiO
concentration at the melt surface is obtained from a dynamic
update of SiO concentration [1]. The carbon flux from the
gas into the melt is obtained from a local nonequilibrium
consideration [1]. The carbon flux at the gas/melt interface is
calculated locally and thus carbon accumulation in the melt
is included. For details, refer to the paper [1].

3.2. Techniques for Oxygen Reduction

3.2.1. Reduction of Oxygen Generation. Since an important
source of oxygen impurity in the crystal is the reaction
between the crucible and silicon, an effective method to
weaken that reaction is to use Si

3

N
4

liner along the inner
wall of the crucible. This liner can prevent direct contact
between the crucible and silicon and thus reduce the intensity
of chemical reaction between them. One simulation has been
implemented to test the effect of the liner on oxygen impurity
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Figure 2: SiO gas distribution inside the gas space after considering
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in a crystal [28]. The calculated oxygen concentrations in
crystal without Si

3

N
4

liner (Figure 1(a)) and with Si
3

N
4

(Figure 1(b)) liner are shown in Figure 1. It can be seen
that the oxygen concentration with Si

3

N
4

liner is obviously
reduced. The paper [28] has pointed out the possible mecha-
nism of oxygen reduction due to the Si

3

N
4

liner. Between the
liner and the crucible, one chemical reaction occurs:

Si
3

N
4

(s) + 3SiO
2

(s) = 6SiO (g) + 2N
2

(s) . (6)

Between the liner and silicon melt, another reaction occurs:

SiO (g) = Si (l) +O (m) . (7)

The equilibrium oxygen concentration given from the reac-
tions (6) and (7) at interfaces is about half of that in the case
of reaction between a quartz crucible and silicon melt. The

equilibrium precondition of the reaction (7) is that the SiO
gas can quickly pass through the Si

3

N
4

liner. We can derive
that the thickness of Si

3

N
4

liner has a direction effect on
oxygen reduction, since thicker liner can effectively impede
the SiO gas passing through the liner. Therefore, from the
view of point of oxygen reduction, it is more preferable to use
thick Si

3

N
4

liner.
Oxygen impurity measures at different solidified fraction

with Si
3

N
4

liner have been implemented in our group [28].
The comparison between the measured data and simulated
data shows good agreement under Si

3

N
4

liner [28].
Another important source of oxygen impurity is the

reaction between the crucible and its graphite susceptor.
Numerical simulations have been implemented to test the
effect of that reaction on oxygen impurity [16]. The chemical
reaction is only considered at triple-phase points, that is,
the crossing point among the crucible, susceptor, and gas
space. The SiO distribution inside the gas space is shown in
Figure 2. It can be seen that there is a large SiO concentration
at the crossing point, which is 6.7 × 10−9mol/cm3. The large
concentration can cause SiO gas to diffuse back into the
silicon melt from that triple-phase point and thus cause large
oxygen impurity in the melt.

Figure 3 shows the variation of oxygen concentration in
the melt with variation of carbon activity at the SiO

2

surface
[16]. When the carbon activity increases, oxygen impurity in
the melt rapidly increases.

The increase of oxygen impurity inmelt is due to the rapid
generation of SiO and CO in gas phase: C(s) + SiO

2

(s) =
SiO(g) + CO(g). The resultant SiO and CO gases can diffuse
back into the melt from the carried gas. Therefore, when
carbon activity increases, more SiO and CO gases result in
and diffuse into melt.

Therefore, an effectivemethod for reducing oxygen impu-
rities in the crystal is to prevent reaction between the silica
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Figure 4: Oxygen concentration distributions inside silicon melt for different convection directions: (a) first from the crucible wall to the
bottom and then to the surface, (b) first from the crucible wall to the surface and then to the bottom.

crucible and the graphite susceptor by setting a free space
between them or by depositing a layer of SiC film on the
surface of the susceptor.

3.2.2. Enhancement of Oxygen Evaporation. Since reaction
(3) is a main source for oxygen evaporation, an effective
method for oxygen reduction is to promote evaporation
reaction (3). The evaporation speed is determined by the
oxygen flux inside the melt and inside the gas. Therefore, it is
essential to increase flux in both sides for effective reduction
of oxygen impurity.

Inside the melt, the oxygen concentration at the melt
surface is always minimal due to evaporation. Thus, the flux

along the surface is determined by the concentration just
beneath the surface, denoted by 𝐶

𝑚

. If 𝐶
𝑚

is large, oxygen
flux is definitely large. Therefore, it is essential to increase
𝐶
𝑚

as much as possible to enhance oxygen flux toward the
surface. Figure 4 shows oxygen concentration in the melt
with different convection patterns. In Figure 4(a), the melt
flows first from the crucible wall to the bottom and then to
the surface, and in Figure 4(b), the melt flows first from the
crucible wall to the surface and then to the bottom. It can
be seen that when the melt directly flows from the crucible
wall to the surface, the oxygen concentration inside the global
melt is obviously small. The main reason is that 𝐶

𝑚

near the
surface is larger when the melt directly carries the oxygen
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Figure 5: Oxygen concentration distributions inside silicon melt: (a) without a crucible cover, (b) with a crucible cover.

from the crucible wall to the surface. Therefore, the oxygen
impurity can be effectively reduced by controlling the flow
pattern of the melt.

Inside the gas space, the oxygen concentration at the
gas/melt interface is always maximal. Thus, the oxygen flux
along the interface is determined by the concentration just
above the interface, denoted by 𝐶

𝑔

. If 𝐶
𝑔

is small, the flux is
definitely large. Therefore, it is essential to reduce that value
as much as possible to enhance the evaporation flux. Two
numerical simulations have been done with a fixed flow rate
of argon gas and temperature boundary conditions.The shape
of the gas tube has some difference for the two cases. Figure
5 shows a comparison of oxygen distributions inside the
melt without a cover (Figure 5(a)) and with a cover (Figure
5(b)) [18]. It can bee seen that the oxygen concentration is
obviously small with a cover.Themain reason is that the cover
strengthens the flow above the melt, which reduces 𝐶

𝑔

above
the interface and causes a large SiO flux out from the surface.
Therefore, the oxygen impurity can be effectively reduced by
strengthening the gas flow above the melt.

To indicate the validation of our calculation, some mea-
surements and numerical simulations have been done for
the effect of strengthening the gas flow on impurities [1].
The comparison between numerical and experimental results
showed good agreement for impurities if the gas flow is
strengthened by increasing the gas flow rate [1].

4. Conclusions

The oxygen impurity inside multicrystalline silicon mainly
originates from the silica crucible. To effectively reduce the
oxygen impurity, it is essential to reduce the oxygen genera-
tion and enhance oxygen evaporation. For the reduction of

oxygen generation, it is necessary to weaken the chemical
reaction between the crucible and silicon by using a layer of
Si
3

N
4

liner and to prevent the reaction between the crucible
and the graphite susceptor by setting a free space between
them or by depositing a layer of SiC film on the surface of
the susceptor. For the enhancement of oxygen evaporation,
it is necessary to increase the oxygen concentration value
beneath the melt surface as much as possible by adjusting the
convection direction and to reduce the oxygen concentration
just above the melt-gas interface as much as possible by
strengthening gas flow. The feasibility of the above methods
has been validated by the global numerical simulation.
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CuInSe
2

(CIS) thin films are successfully prepared by electron beam evaporation. Pure Cu, In, and Se powders were mixed and
ground in a grinder and made into a pellet. The pallets were deposited via electron beam evaporation on FTO substrates and were
varied by varying the annealing temperatures, at room temperature, 250∘C, 300∘C, and 350∘C. Samples were analysed by X-ray
diffractometry (XRD) for crystallinity and field-emission scanning electron microscopy (FESEM) for grain size and thickness. I-V
measurements were used to measure the efficiency of the CuInSe

2

/ZnS solar cells. XRD results show that the crystallinity of the
films improved as the temperature was increased. The temperature dependence of crystallinity indicates polycrystalline behaviour
in the CuInSe

2

films with (1 1 1), (2 2 0)/(2 0 4), and (3 1 2)/(1 1 6) planes at 27∘, 45∘, and 53∘, respectively. FESEM images show
the homogeneity of the CuInSe

2

formed. I-V measurements indicated that higher annealing temperatures increase the efficiency of
CuInSe

2

solar cells from approximately 0.99% for the as-deposited films to 1.12% for the annealed films. Hence, we can conclude
that the overall cell performance is strongly dependent on the annealing temperature.

1. Introduction

Among various materials for thin film solar cells, copper
indium diselenide (CuInSe

2

) has emerged as a promising
material due to its use as a solar radiation absorber. In recent
years, interest has increased regarding the use of copper
indium selenide (CIS) compounds, which are elements of
the I-III-VI

2

group, as materials for thin film photovoltaic
solar cells because of their high theoretical efficiency of
approximately 24.8% [1]. CuInSe

2

is a promising material for
thin film solar cells because of its extraordinary radiation sta-
bility [2]. CuInSe

2

films possess certain exceptional material
characteristics including a band-gap, absorption coefficient
and minority carrier diffusion length which are particularly
suitable for photovoltaic applications. Because these films
can be prepared with n- and p-type conductivity, there is
potential for both a homo- and heterojunction [3]. CuInSe

2

is also favoured because it is more environmentally benign
than CIS. These materials have remarkably stable electrical
properties over a wide range of stoichiometries [4]. Recently,
CIS solar cells have been produced with efficiencies as high

as 15.4%, andhave demonstrated good long-term stability and
stable device performance [5]. To achieve further commercial
success for CuInSe

2

-based photovoltaics and to reduce the
cost of these solar cells, it is necessary tomass-produce quality
CuInSe

2

films via a low-cost, eco-friendly, and easily scalable
process [6]. Evaporation techniques are typically used to
produce good film stoichiometry for elements and simple
compounds [7]. Among II-VI compounds, zinc sulfide (ZnS)
and zinc selenide (ZnSe) are suitable for many applications
[8]. ZnS has a large band gap of approximately 3.7 eV, high
refractive index, high precision dielectric constant, and broad
band of wavelengths [9]. At certain temperatures, ZnS can
change phase from cubic to wurtzite [10]. ZnS can be used
in the fabrication of optoelectronic devices, photoconductors
and window materials for thin film heterojunction solar cells
[11]. The aim of this research is to study the dependence
of CuInSe

2

: ZnS solar cell efficiencies, structures, and mor-
phologies on the annealing temperature of the CuInSe

2

films.
In this study, CuInSe

2

films with an annealing temperature
of room temperature (27∘C), 250∘C, 300∘C, or 350∘C were
examined for changes in morphology and structure by
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Substrates were cleaned with acetone and ethanol

substrate by e-beam evaporation

ZnS films were prepared by chemical bath deposition 

Samples were characterised by performing FESEM, 
XRD and I-V measurements

CuInSe2 films were prepared and deposited on the 

CuInSe2 films were annealed at room temperature 

(CBD) and deposited on CuInSe2 films

(27◦C), 250◦C, 300◦C and 350◦C

Figure 1: Flow chart of overall process in fabrication of
CuInSe

2

: ZnS solar cell by electron beam evaporation and chemical
bath deposition (CBD) method.

FESEM and XRD analysis. To study the effects of the an-
nealing temperature on the overall CuInSe

2

: ZnS solar cell
efficiency, I-V measurements were performed for thin films
with annealing temperatures of 27∘C and 100∘C.

2. Experimental Details

CuInSe
2

layers were produced by annealing CuInSe
2

pellets
onto FTO glass substrates via electron beam evaporation.
ZnS layers were made using the chemical bath deposition
(CBD) technique with a 3 h deposition time. The CuInSe

2

pellets were made from a mixture of Cu, In and Se powders,
while ZnS films were fabricated from a Zn(CH

3

COO)
2

, TEA,
NH
3

, C
6

H
5

Na
3

O
7

and thiourea solution. CuInSe
2

films were
varied by using annealing temperatures of room temperature,
250∘C, 300∘C, and 350∘C to study the effect of the annealing
temperature on the morphology, structure and the efficiency
of the solar cells. The flow of the cell fabrication is outlined
in Figure 1. The surface morphology was studied with field-
emission scanning electron microscopy (FESEM) while the
crystallinity of the CuInSe

2

films was determined by X-
ray diffraction (XRD). I-V data were collected by Gamry
Instruments G300 with a light intensity of 110mW/cm2.
Figure 2 shows a diagram of the prepared samples with ZnS
and CuInSe

2

films on top of a glass substrate with an FTO
layer.

3. Results and Discussions

Figure 2 shows the cross-section of prepared samples with
ZnS and CuInSe

2

films on top of glass substrate and FTO
layer while Figure 3 shows FE-SEM images of CuInSe

2

films
deposited with an annealing temperature of 27∘C, 250∘C,

( b )
Glass substrate

FTO film

ZnS film

CuInSe2 film

Figure 2: Cross-section of prepared samples with ZnS and CuInSe
2

films.

Table 1: Particle size of CuInS2 for each annealing temperature.

Annealing temperature (∘C) Particle size (nm)
27 113.90
250 27.90
300 21.66
350 24.03

300∘C, or 350∘C. From the results obtained, CuInSe
2

films
were deposited uniformly over the substrate. These layers
covered the entire surface of the substrate even without
annealing, but the nonannealed films resulted in grains
having less homogeneity. The grains became smaller and
more densely arranged when temperature increased from
300∘C to 350∘C than when the temperature was increased
from 250∘C to 300∘C. FE-SEMalso shows an increase in grain
size due to the roughness that developed when the growth
rate was increased with an increase in annealing temperature
[12]. The average particle size and film thicknesses are shown
in Table 1.

As shown in Table 1, the average particle sizes were
156.33 nm, 137.70 nm, 139.53 nm, and 163.77 nm for annealing
temperatures of 27∘C, 250∘C, 300∘C, and 350∘C, respectively.
After the heat treatment, single grains of CuInSe

2

were
developed and the morphology of the films became denser.
The thicknesses measured 172.67 nm, 109.76 nm, 121.33 nm,
and 133.23 nm for the annealing temperatures of 27∘C, 250∘C,
300∘C, and 350∘C, respectively. These show that at room
temperature, CuInSe

2

films have the greatest thickness, and
after annealing, the thickness decreases from 172.67 nm to
109.76 nm. This thickness change occurs because the smaller
grains deposited on the film upon thermal treatment have
less energy and have lost some of the weak binding between
the grains and the substrate. These grains leave the substrate
after annealing, but with increased annealing temperatures
up to 300∘C and 350∘C, the denser grains become larger
serve to increase the thickness of the film.The average size of
the grains measured was approximately 100 nm. The similar
phenomenon has also been studied by Zhang et al. 2010 [13].
We can conclude from these results that annealing tempera-
ture, particle size and film morphology are all proportionally
related.

The diffraction patterns for CuInSe
2

samples annealed at
temperatures of 27∘C, 250∘C, 300∘C, and 350∘C are shown in
Figure 4. From analysis of the XRD patterns, it was observed
that the CuInSe

2

crystallinity increased from amorphous
structure to a polycrystalline structure as the annealing
temperature increased. As shown in Figure 4, the CuInSe

2

films are amorphous at room temperature. There are three
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Figure 3: FESEM images of CIS samples prepared at temperature (a) room temperature, (b) 250∘C, (c) 300∘C, and (d) 350∘C.
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Figure 4: XRD results of CIS films prepared at temperature (a) room
temperature, (b) 250∘C, (c) 300∘C, and (d) 350∘C.

dominant peaks corresponding to (1 1 2), (2 2 0)/(2 0 4),
and (3 1 2)/(1 1 6) orientations at a 2𝜃 of 27∘, 45∘, and 53∘,
respectively. These peaks have also been studied by Bindu et
al. [6], Soon et al. [14], Yang and Chen [12], and Jeong et
al. [15]. At an annealing temperature of 250∘C, three peaks,
which contained both CuInSe

2

and FTO, could be observed
with (1 1 2) and (2 2 0)/(2 0 4) orientations, as reported
by Bernéde and Assmann [16]. At a temperature of 300∘C,

CuInSe
2

peaks were dominant and the FTO peaks slowly
disappeared. When the temperature was increased to 350∘C,
CuInSe

2

peaks appeared at three locations (2𝜃) of 27∘, 45∘,
and 53∘. The peaks became sharper after the annealing tem-
perature was increased, showing that the crystal sizes were
larger than 1 nm [17]. The intensity of the peaks decreased
with increasing annealing temperature, showing that the
amount of the binary compound CuSe decreases during the
annealing process. Higher and sharper peaks also appeared,
showing that the primary crystal structure was successfully
increased after the annealing process.

Figure 4 also shows that the main phase of the deposited
CuInSe

2

film has a chalcopyrite structure [18].
A qualitative estimation of the crystal size was obtained

from Scherrer’s formula:

𝐷 =

𝑘𝜆

𝐵 cos 𝜃
, (1)

where 𝑘 is the shape factor, 𝜆 is the wavelength (0.154 nm), 𝐵
is the full-width at half-maximum of the main peak, and 𝜃 is
the main peak position [19]. The crystal size was calculated
and is shown in Table 2. The average crystal size of CuInSe

2

was 2.63 nm, 2.55 nm, and 3.05 nm for CuInSe
2

(1 1 1),
8.99 nm, 7.49 nm, and 7.05 nm for the (2 2 0)/(2 0 4)
plane, and 3.70 nm for the (3 1 2)/(1 1 6) plane. The grain
size increased in the (1 1 1) plane and decreased in the
(2 2 0)/(2 0 4) plane proportionally with the increasing
annealing temperature. At the higher temperatures of 300∘C
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Table 2: Crystal size and diffraction angle for each of annealing temperature.

Samples Annealing temperature (∘C) 2𝜃 (degrees) Crystal size, 𝑑 (nm) (ℎ 𝑘 𝑙)
CuInSe2 27 25 Amorphous Amorphous Amorphous

CuInSe2 250 250 26.9 2.63 1 1 1
45.0 8.99 2 2 0/2 0 4

CuInSe2 300 300 26.9 2.55 1 1 1
44.9 7.49 2 2 0/2 0 4

CuInSe2 350 350
26.8 3.05 1 1 2
44.8 7.05 2 2 0/2 0 4
52.7 3.70 3 1 2/1 1 6

Table 3: Efficiency of CuInSe2 : ZnS solar cell at produced room temperature and annealing temperature of 100∘C.

Sample Annealing temperature (∘C) Current density, 𝐽 (mA/cm2) Open-circuit voltage (V) Fill factor FF Efficiency (%)
4000 room temperature 27 8.65 0.20 0.36 0.99
4000 100 100 1.92 1.96 0.33 1.12

and 350∘C, the FTOpeak disappeared and a peak correspond-
ing to the (3 1 2)/(1 1 6) plane is observed, showing that
the growth of the ternary compound CuInSe

2

. This analysis
shows that the crystalline structure of CuInSe

2

films can be
changed from an amorphous to a polycrystalline phase with
heat treatment.

CuInSe
2

: ZnS solar cells were fabricated by depositing
ZnS thin films on top of CuInSe

2

films via the chemical bath
deposition (CBD) method with a deposition time of 3 h.
Figure 5 shows the I-V curves for CuInSe

2

: ZnS solar cells
for the CuInSe

2

films annealed at temperatures of 27∘C and
100∘C. These temperatures have been chosen for the I-V
measurements and are merely included to study the effect
of annealing treatments on the overall solar cell efficiency.
As shown in Figure 5, the effect of the changes in annealing
temperature on the solar cell efficiencies was analysed and
the results indicate that there was a difference in current
density (𝐽sc) and open-circuit voltage (𝑉oc) of the samples
before and after annealing. After annealing, 𝐽sc, decreased
from 8.65mA/cm2 to 1.92mA/cm2 while 𝑉oc, increased
from 0.20V to 1.96V. This could be due to the surface
morphology of the samples prior to annealing as was shown
by FESEM. This condition enhanced the electron-hole pair
recombination rate in the film which affected the overall cell
performance. The cell with the thicker layer had a lower
efficiency, despite having greater photon absorption due to
a simultaneous decrease in internal quantum efficiency [20].
As shown in Table 3, which presents the calculated efficiency
along with 𝐽sc, the fill factor, FF and 𝑉oc, annealing increases
the efficiency of CuInSe

2

: ZnS solar cells from0.99% to 1.12%.

4. Conclusions

This study used electron beam evaporation, with annealing
temperatures of 27∘C, 250∘C, 300∘C, and 350∘C, and the
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Figure 5: I-V measurement CIS : ZnS solar cell with room temper-
ature (27∘C) and 100∘C.

chemical bath deposition (CBD) method, with a 3 h deposi-
tion time, to produce CuInSe

2

: ZnS solar cells. XRD analysis
suggested that the diffraction of CuInSe

2

films changed
from an amorphous to a polycrystalline phase after anneal-
ing at 27∘, 45∘ and 53∘ at (1 1 2), (2 2 0)/(2 0 4), and
(3 1 2)/(1 1 6) orientations, respectively. FESEM results
showed that the CuInSe

2

particles were in better arrays after
annealing and had sizes of 156.33 nm, 137.70 nm, 139.53 nm,
and 163.77 nm. The thicknesses measured were 172.67 nm,
109.76 nm, 121.33 nm, and 133.23 nm for annealing tempera-
tures of 27∘C, 250∘C, 300∘C, and 350∘C, respectively. From
these data, we conclude that as the annealing temperature
increases, the particle size and thickness also increase. I-
V measurements indicated that annealing increases the effi-
ciency of solar cells from 0.99% to 1.12%. These results show
the dependence of both the efficiency and the structural and
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morphological characteristics of CuInSe
2

layers on annealing
temperature.
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Transparent ITO/ZnO and ITO/SnO2 complex conductive layers were prepared by DC- and RF-magnetron sputtering. eir
structure and optical and electronic performances were studied by XRD, UV/Vis Spectroscopy, and four-probe technology. e
interface characteristic and band offset of the ITO/ZnO, ITO/SnO2, and ITO/CdS were investigated by Ultraviolet Photoelectron
Spectroscopy (UPS) and X-ray Photoelectron Spectroscopy (XPS), and the energy band diagrams have also been determined. e
results show that ITO/ZnO and ITO/SnO2 �lms have good optical and electrical properties.e energy barrier those at the interface
of ITO/ZnO and ITO/SnO2 layers are almost 0.4 and 0.44 eV, which are lower than in ITO/CdS heterojunctions (0.9 eV), which
is bene�cial for the transfer and collection of electrons in CdTe solar cells and reduces the minority carrier recombination at the
interface, compared to CdS/ITO. e effects of their use in CdTe solar cells were studied by AMPS-1D soware simulation using
experiment values obtained from ZnO, ITO, and SnO2. From the simulation, we con�rmed the increase of 𝐸𝐸ff, FF, 𝑉𝑉oc, and 𝐼𝐼sc by
the introduction of ITO/ZnO and ITO/SnO2 layers in CdTe solar cells.

1. Introduction

Transparent conducting oxide (TCO) layers have been exten-
sively studied because of their use as transparent electrodes in
displays and in photovoltaic devices [1]. By incorporating a
high resistance layer, the thickness of a conducting cadmium
sul�de (CdS) layer can be reduced, which signi�cantly
improves the blue response of CdTe devices [2] and makes
CdTe thin-�lm solar cells more competitive [3]. Wu has
reported the efficiency of 16.5%with <100 nm CdS thickness
[4]. However, as the thickness of CdS is decreased, the
�lms would become discontinuous leading to the formation
of localized CdTe/TCO junction, which leads to excessive
shunting and therefore lowers the solar cell efficiency [5].
Using complex transparent conductive layers is known as a
feasible method to improve the characteristics of CdTe thin
�lms solar cells. Indium-tin oxide (ITO) systems, SnO2, and
ZnO have been used as the high resistance layer because of
their excellent electrical and optical properties [6, 7] and the
improvement of device performance [8].

e complex transparent conductive layers are always
heterojunction structure, which are rather complicated

systems for their different electron affinities, band gaps. e
band offset and interface properties of a heterostructure are
some of the most important properties. Sheng et al. have
studied the n-layer/transparent conducting oxide (n/TCO)
interfaces in amorphous silicon (a-Si:H) andmicrocrystalline
silicon (mc-Si:H) materials by XPS [9]. Liu et al. studied
the interface properties and band alignment of Cu2S/CdS
heterojunction, and the band offsets are obtained [10]. Horn
studied electronic structure at the interface, relating to band
bending and the evolution of transport barriers such as the
Schottky barrier and the heterojunction band offset [11].
Bernède and Marsillac. have measured the band offsets of
SnO2/𝛾𝛾-In2Se3 heterojunction by XPS and estimated the
conduction band discontinuity Δ𝐸𝐸𝑐𝑐 to be −0.3 ± 0.3 eV
[12].Mönch discussed the electronic properties and chemical
interactions at GaAs (110) and InP (110) surfaces [13].

In this present work, ITO, ZnO, and SnO2 �lms have
been successfully prepared on ITO coated glass substrate
by DC- and RF-magnetron sputtering and characterized by
XRD, UV/Vis spectra, and four-probe apparatus. UPS and
XPS were used to characterize the band offset of ITO/CdS,
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T 1: e parameters used in the AMPS-1D simulation.

ITO ZnO SnO2 CdS CdTe
Eg (eV) 3.72 3.27 4.11 2.42 1.46
EPS 9.4 9 9 9 9.4
Electron mobility (cm2/V/s) 30 100 3.6 340 500
Hole mobility (cm2/V/s) 5 25 1 50 60
Carrier density (cm−3) 4.3∗ 1020 1019 2.4∗ 1018 1017 2∗ 1015

Density of state, CB (cm−3) 4∗ 1019 1.8∗ 1019 1.8∗ 1019 1.8∗ 1019 7.5∗ 1017

Density of state, VB (cm−3) 1018 2.4∗ 1018 2.4∗ 1018 2.4∗ 1018 1.8∗ 1018

Electron affinity 3.6 4 3.44 4.5 4.28
ickness (𝜇𝜇m) 0.4 0.15 0.15 0.15 6

Au

CdTe

CdS

Glass

ITO and ITO/ZnO andITO/SnO2

F 1: Structural view of CdTe solar cells with different con�gu-
ration.

ITO/ZnO, and ITO/SnO2 layers and the in�uence on the
transfer of electrons in CdTe thin �lm solar cells. AMPS-
1D simulations, based on the Poisson equation and the hole-
electron continuity equations in one dimension [14], were
used to study the device performance of the CdTe solar cells
with these different transparent conductive layers.

2. Experiment

DC magnetron was used to sputter the ITO and ZnO �lms
in this paper. e targets were ceramic ITO (In2O3 : Sn2O3
= 90 : 10) and metallic Zn (99.999%).e substrate was held
at 300∘Cwhile the sputtering pressure was 1.0 Pa for ITO and
2.4 Pa for Zn, of high purity argon (99.999%) mixed with 10%
oxygen. e SnO2 �lms were prepared on an ITO substrate
by RF-magnetron sputtering. Sputtering was conducted at
267∘C and 1.0 Pa of argon (99.999%) mixed with 1% oxygen.
e ITO layers were about 400 nm and the ZnO (SnO2) were
about 150 nm. e CdS layers were deposited by chemical
bath deposition (CBD) and were about 150 nm thick.

e TCO/CdS structure was analyzed by X-ray diffrac-
tion (DX-2500, Dandong Fangyuan Instrument LLC) using
Cu Κa radiation (𝜆𝜆 𝜆 0𝜆𝜆𝜆𝜆0𝜆 nm). e sheet resistance was
measured with a Digital Four-Probe Tester (SZT-2, Suzhou
Tongchuan Electronics). e thickness of each �lm was
measured with a stylus pro�ler (XP-2, Ambios Technology

Inc.).eoptical transmissionwasmeasured byUV/Vis spec-
trometer (Perkin Elmer Inc., Lambda-950).eXPS andUPS
were measured by the multifunctional X-ray Photoelectron
Spectroscopy (AXIS UltraDLD, Kratos Analytical Inc.) with
the base pressure ∼5.0 ×𝜆0−9 Torr, the X-ray of Al K𝛼𝛼, and
the X-ray tube power of 130W. e samples were etched
by 21.2 eV He+ beam and were biased with 7.36 volts to
obtain reproducible cut-off results. e work functions were
determined from the low-kinetic energy cut-off in the UPS
spectra; that is, the intersection of the linear extrapolation
with the baseline. In this experiment, samples were cleaned
and thinned by sputtering with He+ ions in HUV.

AMPS-1D has been employed to model and analyze the
CdTe solar cells, and the different cells con�guration is shown
in Figure 1.e parameters used in the simulation are shown
in Table 1. e electron affinity energies and mobility were
obtained from [15–17].e thickness of CdTe �lm was set as
6 𝜇𝜇m.

3. Results and Discussion

3.1. XRD. Figure 2 shows XRD patterns of ZnO and SnO2
�lms deposited on ITO �lms. e main diffraction peaks
(400), (440), and (222) and so on come from the ITO �lms.
Only one weak peak of ZnO was observed in the spectra
labeled as (101), and one weak peak of SnO2 was observed
labeled as (200) at 36𝜆𝜆0∘ diffraction angle.is indicates that
the ZnO and SnO2 �lms have been deposited successfully
onto the ITO �lms.

3.2. Transmittance. e optical and electrical properties of
ITO, ITO/ZnO, and ITO/SnO2 �lms were measured. e
thickness was 400 nm for ITO �lms and 150 nm for ZnO and
SnO2 �lms. Figure 3 shows the optical transmission of the as-
deposited ITO/ZnO and ITO/SnO2 �lms. At the wavelength
from 500 nm to 850 nm, the average transmittance is 82%
for ITO/ZnO and 81.64% for ITO/SnO2 �lms, respectively,
which are not lower than ITO �lms (85%) too much. On
the other hand, in the blue region, the red shis of the
effective absorption edge of ITO/ZnO and ITO/SnO2 �lms
are clearly observable. e sheet resistance of the ZnO was
obtained as 108Ω/□while 104Ω/□ for the SnO2 �lms, which
are higher than ITO (13.2Ω/□). e deposition of ZnO or
SnO2 �lms as high resistance transparent (HRT) on ITO
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F 2: XRD spectrum of ITO/ZnO and ITO/SnO2 �lms.
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F 3: Transmittance spectra of the ITO, ITO/ZnO, and ITO/
SnO2 �lms.

�lms can passivate the CdS surface than ITO, which could
eliminate the leakage current caused by the pinhole effects
of CdS [15] and thus improves the short circuit current
remarkably.

3.3. XPS/UPS. Before analysis with XPS/UPS, all of the
samples were cleaned by sputtering with He+ ions for 1
minute in HUV to eliminate surface effects. e layers were
pro�led using XPS and UPS by taking spectra aer every
pro�ling time intervals until it revealed to the ITO �lm by
He+ sputtering.
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F 4: UPS pro�ling spectra of ITO/CdS �lms.

3.3.1. ITO/CdS System. Figure 4 shows the UPS of ITO/CdS
structure at different times (9–12min). e “valence band
offset” corresponds to be (𝐸𝐸𝐹𝐹 − 𝐸𝐸VBM) and provides a direct
measure of the Fermi level at the sample surface. e results
show that the valence bandmaximum (VBM) in the interface
of ITO/CdS �lms increases from 2.14 eV to 3.10 eV. e
𝐸𝐸cutoff (secondary electron onset) is the abscissa value on the
le side when the intensity is 0 in the later UPS, so the work
function can be obtained by

Φ = ℎ𝑣𝑣 − 𝐸𝐸cutoff − 𝐸𝐸Fermi . (1)



4 International Journal of Photoenergy

538 536 534 532 530 528 526

In
te

n
si

ty
 (

C
P

S
)

46 min

26 min

18 min

13.5 min

11 min

9 min

B.E. (eV)

1 min

O1s

(a)

408 407 406 405 404 403

In
te

n
si

ty
 (

C
P

S
)

B.E. (eV)

26 min

18 min

13.5 min

11 min

9 min

1 min

Cd3d

46 min

26 min

18 min

13.5 min

11 min

9 min

1 min

(b)

F 5: XPS spectrum of the O1s and Cd3d reigns for n-ITO/n-CdS isotype heterojunction at various pro�ling times.
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F 6: Energy band diagram of the ITO/CdS isotype heterojunc-
tion.

e ℎ𝜈𝜈 is the excitation energy of Helium (21.2 eV), and
the 𝐸𝐸Fermi is set to be 0, so the Φ would be concluded to be
4.7 eV for CdS and 4.2 eV for ITO. And the interface dipole 𝛿𝛿
of ITO and CdS �lms can be obtained as 0.41 eV and 0.2� eV
by

𝛿𝛿 𝛿 𝐸𝐸𝑔𝑔 − VBM. (2)

e XPS at various times in Figure 5 shows the band
energy variation at the interface of the ITO/CdS �lms. e
pro�ling of samples starts CdS �lms and ends at 46min,
when the intensity peak of Cd3d is zero. e O1s emission
gradually increases in intensity and the Cd3d decreases
during the pro�ling process. At 1–9min the intensity of O1s
is weak and the B.E. is of no change because the content of
oxygen atoms is very lower when the CdS �lms have been
etched for 1min. At 9–11min, the intensity of O1s increases
while the Cd3d decreases and the B.E. of Cd3d increases
about 0.14 eV. at is to say, that the surface pro�ling occurs
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F 7: e �PS spectra of ITO/�nO thin �lms.

at 9–11min. e thickness of CdS �lms is 150 nm, so the
pro�ling speed is estimated as 15 nm/min. e intensity of
Cd3d decreases gradually and passes off at 46min.e results
show a shi in all the core level lines to larger binding
energies, which indicates the formation of a space charge
layer (band bending) in the substrate.

In order to construct the band energy diagram, the
position of𝐸𝐸𝐹𝐹 within the bulkmust be known.e difference
between the vacuum level Δ𝐸𝐸vac can be obtained by subtract-
ing the overall band bending from the difference of the work
functions by (𝑥𝑥 is electron affinity)

Δ𝐸𝐸vac 𝛿 𝜒𝜒2 + 𝛿𝛿2 − 𝜒𝜒1 + 𝛿𝛿1 𝛿 0.56 eV. (3)
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tion.

en the valence band offset Δ𝐸𝐸𝑉𝑉 can be determined by
using the band energy difference between the O1s and Cd3d
at intermediate coverage and the binding energies of the core
levels with respect to the valence band. One has

Δ𝐸𝐸𝑉𝑉 = VBM1 − VBM2 − Δ𝐸𝐸vac = 0.61 eV. (4)

Using the Δ𝐸𝐸𝑉𝑉 and the band gaps given before, the
conduction band offset Δ𝐸𝐸𝑐𝑐 was calculated to be

Δ𝐸𝐸𝑐𝑐 = Δ𝐸𝐸vac + 𝛿𝛿1 − 𝛿𝛿2 = 0.9 eV. (5)

Having determined band bending, band offset, and inter-
face dipole, the �nal band alignment at the interface ITO/CdS
heterojunction is presented in Figure 6.e conduction band
bends upward in the ITO layer at the surface while the CdS
layer bends downward. e electrons need to overcome a
huge energy barrier (about 0.9 eV) when transferring from
the CdS to ITO �lms.

3.3.2. ITO/ZnO System. e characterization of the layer at
different pro�ling times is illustrated in Figure 7. e VBM

increases from 3.11 eV to 3.21 eV at the interface of the
ITO/ZnO �lms. And the Φ would be calculated to be 3.8 eV
for ZnO and 4.1 eV for ITO.And the interface dipole 𝛿𝛿 of ITO
and ZnO �ms can be obtained as 0.51 eV and 0.16 eV.

e �PS at various pro�ling times in Figure 8 shows the
variations in the band energy of the ITO/ZnO �lms at the
interface (20�23min). e pro�ling of samples starts ZnO
�lms and ends at 61min. e In3d (ITO) emission gradually
increases in intensity and the Zn2p (ZnO) intensity decreases
along the pro�ling progress. e thic�ness of ZnO �lms is
150 nm, so the pro�ling speed is estimated as 7 nm/min,
which is obviously lower than CdS. And Δ𝐸𝐸vac = 0.05 eV was
obtained and the valence band offset Δ𝐸𝐸𝑉𝑉 and conduction
band offset Δ𝐸𝐸𝑐𝑐 were calculated to be 0.4 eV and 0.05 eV,
respectively.

e �nal band alignment at the interface ITO/ZnO
heterojunction is presented in Figure 9. e conduction
band bends downward in the ITO layer while ZnO layer
bends upward at the interface. e barrier energy is about
0.4 eV, which is lower than ITO/CdS heterojunction potential
barrier. at is to say the introducing ZnO �lm is bene�cial
for the transfer and collection of electrons.

3.3.3. ITO/Sn𝑂𝑂2 System. e interface pro�ling from 9
to 20min is presented in Figure 10. At the interface of
ITO/SnO2, the VBM value decreases from 3.38 eV to 3.28 eV.
e Φ of SnO2 �lms would be calculated to be 4.14 eV and
4.06 eV for ITO �lms. And the interface dipole 𝛿𝛿 of ITO and
SnO2 �lms can be obtained as 0.44 eV and 0.73 eV.

e �PS at various pro�ling times is showed in Figure
11. e pro�ling of samples starts SnO2 �lms and ends at
42min, when the intensity of Sn3d passes off. It con�rms that
the In3d (ITO) emission increases in intensity and the Sn3d
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(SnO2) decreases during the pro�ling process. At 20�23min,
the pro�ling came to the interface, and the pro�ling speed
is estimated as 7 nm/min and the thickness of SnO2 �lm
is 150 nm. e adding of SnO2 �lms between ITO and
CdS �lms also changes the energy structure. e Δ𝐸𝐸vac =
0.13 eV, Δ𝐸𝐸𝐶𝐶 = 0.44 eV, and Δ𝐸𝐸𝑉𝑉 = −0.06 eV were also
obtained.

e energy band diagram is presented in Figure 12. e
conduction band bends downward in the ITO layer at the
surface while SnO2 layer bends upward. e results shows
that electrons must overcome an energy barrier (0.44 eV)
when transferring from the SnO2 to ITO �lms, which is also
less than that in the ITO/CdS heterojunction. us adding
SnO2 layer is also bene�cial for the transfer and collection of
electrons.

3.4. Device Simulation. Based on the previous analysis, we
have simulated the effect of ITO/ZnO and ITO/SnO2 �lms
in CdTe cells by AMPS-1D. Figure 13 shows the electric
�elds, dark I-V curves, and simulated output performance of
different cells.e results show that inserting of ZnO or SnO2
�lms changes the electric �eld distribution, with the electric
�eld strength decreasing at the ITO/CdS interface and a new
electric �eld appearing at the ZnO (or SnO2)/CdS interface.
ese electric �eld distributions are bene�cial for the transfer
and collection of electrons in CdTe cells. e introduction of
ITO/ZnO or ITO/SnO2 �lms in CdTe solar cells improves the
efficiency (𝐸𝐸ff), open voltage (𝑉𝑉oc), and short circuit current
(𝐼𝐼sc) signi�cantly.

Also, we fabricated CdTe solar cells with or without HRT
�lms. e cells with ZnO �lms have the efficiency of 12.17%
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(𝑉𝑉oc = 742mV, 𝐽𝐽sc = 26mA/cm2, FF = 62.6%, and
area = 0.5 cm2) and the sample with SnO2 �lms has the
efficiency of 11.4% (𝑉𝑉oc = 724mV, 𝐽𝐽sc = 25.8mA/cm2, FF =
61.2%, and area = 0.5 cm2), while the sample without HRT
layers has a much lower efficiency of 8.7% (𝑉𝑉oc = 689mV,
𝐽𝐽sc = 23.55mA/cm2, FF = 53.6%, and area = 0.5cm2).
e results also show that the introduction of HRT layers
decreases the series resistance, which was partly attributed to
good interface properties between HRT and CdS layers.

4. Conclusion

e ITO/ZnO and ITO/SnO2 �lms were successfully
deposited on a glass substrate by DC- and RF-magnetron
sputtering. e optical transmittance of the ITO/ZnO and
ITO/SnO2 as complex TCO layers was 82% and 81.64%
from 500 nm–850 nm, respectively. e measured sheet
resistances of ITO/ZnO and ITO/SnO2 layers were 10

5 Ω/□
and 37.5Ω/□, respectively. e interface compositions of
the TCO layers were characterized by UPS and XPS, and the
energy band diagrams were determined. e energy barriers
at the interface of ITO/ZnO and ITO/SnO2 layers are almost
0.4 and 0.44 eV, which are lower than those at ITO/CdS
heterojunctions (0.9 eV). e ITO/ZnO and ITO/SnO2 as
complex transparent conductive bene�t the transfer and
collection of electrons in CdTe solar cells and reduce the
minority carriers recombination at the interface, compared
to CdS/ITO.

Furthermore, we have also simulated and analyzed the
effects of the ITO/ZnO and ITO/SnO2 �lms on CdTe cells by
AMPS-1D.e results show that the electric �eld distribution
changes a lot by the introduction of ZnO and SnO2 �lms
between ITO and CdS.e 𝐸𝐸ff, FF,𝑉𝑉oc, and 𝐼𝐼sc are improved
signi�cantly, that is to say, the ITO/ZnO and ITO/SnO2
complex transparent conductive layers are bene�cial for the
performance of CdTe solar cells.
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Solar cells are made of several materials and device structures with the main goal of having maximum efficiency at low cost. Some
types of solar cells have shown a rapid efficiency progress whereas others seem to remain constant as a consequence of different
factors such as the technological and economic ones. Using information published by the National Renewable Energy Laboratory
(NREL) about the increase of solar cells record efficiency, we apply a simple mathematical model to estimate the evolution in the
near future for the different cell technologies. Here, as an example, we use data for solar cells made with representative materials
and structures of each of the three “PV generations.”

1. Introduction

e photovoltaic effect was discovered by Becquerel in 1839,
but it was until the 1950s that a semiconductor device for con-
verting sunlight energy into electrical energy was developed.
Since then, such devices have evolved, and nowadays solar
cells are made of different materials and structures. Although
most of the semiconductor materials exhibit the photovoltaic
effect, they should have a bandgap greater than 1.0 eV to
be suitable for practical solar cells. e most important
parameter of any solar cell is its efficiency, that is, how much
of the sunlight energy is converted into electrical energy.
Shockley and Queisser established that a single-junction
solar cell can reach a maximum efficiency of 30% [1]. Every
year NREL publishes the Best Research-Cell efficiencies data
(Figure 1). It contains information about the time evolution
of solar cells made of several materials and structures. In
this plot we can observe that some types of solar cells have
a progressive development (CuInGaSe2), while for others it
seems that their evolution has stopped (dye-sensitized TiO2).

It is important to have a tool for efficiency forecasting
since it can help for taking decisions on investment for each
developed technology. We think that it is possible to have a
single model for predicting the efficiency evolution for all the
different solar cells.

For our purposes in this work, we have chosen repre-
sentative materials of the known three “PV generations.”

e �rst generation corresponds to crystalline silicon (c-Si)
solar cells. e second generation refers to cells made from
thin �lms of polycrystalline materials: Cadmium Teluride
(CdTe) and Copper-Indium-Gallium-Selenide (CuInGaSe2
or CIGS). For the third generation we have chosen the
multijunction or tandem solar cells to be operated under
concentrated sunlight. is is a very promising technology
since the reported maximum efficiency is currently above
43%, although they are very sophisticated. In the following
sections, �rst we shall give a brief description of these types
of solar cells, and then we will establish the forecasting
model and the results obtained for each of the selected
technologies.

1.1. c-Si. Silicon is one of the more abundant elements in the
Earth�s crust.e �rst successful solar cells were made of c-Si,
and at �rst they had efficiencies between �% and 10%, and
they were used for powering spatial equipments in satellites.
e basic structure of this solar cell type is shown in Figure
2. It consists of a single p-n junction. e p-type silicon base
is around 300 𝜇𝜇m thick whereas the n-type emitter is around
100 nm thick. An antire�ection coating layer is deposited
over the emitter in order to minimize re�ection losses. Metal
contacts are placed at the bottom of the cell as a whole layer
and at the top as �ngers. Approaches for increasing the
efficiency include making inverted pyramids at the surface
[2], buried contacts, and selective emitters, and so forth. At
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F 1: NREL’s data about record of solar cells efficiencies.

present, c-Si solar cells have reached record efficiencies near
25%, for which the top and bottom surfaces have been well
passivated [3].

1.2. CdTe. Cadmium Telluride was synthesized for the �rst
time in 1947; both conductivities p and n can be obtained
using dopants or by varying the Cd-Te stoichiometry. ere
are many methods to deposit CdTe for solar cells, and some
of them, like spray pyrolysis and screen printing, are very
inexpensive. is is the main reason this material became
important for the photovoltaic industry. e �rst CdTe solar
cell having a 6% efficiency was reported in 1963 [4]. e
typical structure of a CdTe solar cell is depicted in Figure 3.
e efficiency for this solar cell remained unchanged since
2001 (16.5%) [5], until 2011 when a solar cell manufac-
turer obtained 17.3% solar cells [6]. Morales-Acevedo has

explained before that the maximum efficiency expected with
the current technology for CdTe solar cells is around 18%,
unless new structures are developed based on this material
[7].

1.3. CuInGaSe2. Solar cells of this material �rst were made
from CuInSe2 (CIS) because it exhibits interesting properties
for solar cells. e �rst thin �lm solar cell made of CIS was
reported in 1976, and it had an efficiency of 4% to 5% [8].
Due to its low bandgap (1.08 eV), indium was replaced by an
alloy of indiumand galliumwhich allows varying thematerial
bandgap from 1.08 to 1.68 eV depending upon the [Ga]/[In +
Ga] ratio. CIGS thin �lms can be prepared by coevaporation
or by selenization of CuInGa layers previously deposited by
sputtering. e typical structure of this type of solar cells is
shown in Figure 4.e substrate can be rigid glass, or �exible
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like metal foils or plastics. e achieved efficiency depends
on the deposition conditions, and improvements have been
made changing some of the procedures in the �lm growth
process.is cell has reached a record efficiency of 20.3% [9].

1.4. Multijunction Solar Cells. e solar cells previously
described are single junction, and their maximum efficiency
is limited, theoretically, by the material with which they are
made, remembering that the bandgap of the absorber layer
limits which part of the solar spectrum is absorbed by the
device. To overcome this limitation multijunction solar cells
have been proposed. Basically it consist of a stack of two or
more single junction solar cells with different materials, with
the larger bandgap material at the top of the structure and
the lower bandgap material at the bottom. ese cells are
used in space applications, but they represent a promising
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F 4: CIGS solar cell structure.
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technology for terrestrial applications when combined with
solar radiation concentration. e �rst multijunction solar
cell that could overcome the limit for a single junction was
reported in 1985 with a value of 34% [10]. A sketch of a
triple junctionmonolithic solar cell is shown in Figure 5.is
particular structure has reached an efficiency of 34.1% at one



4 International Journal of Photoenergy

 0

 10

 20

 30

 40

 50

 1970  1980  1990  2000  2010  2020  2030  2040  2050

M
ax

im
um

 effi
ci

en
cy

 (%
)

Year

c-Si
CdTe  3-junction

CuInGaSe2

F 6: NREL�s data �tted to proposed forecasting model.

sun and 41.6% at 364 suns [11], whereas the record efficiency
(43.5% at 418 suns) is held by a slightly different structure
[12].

2. The ForecastingModel

In Figure 1 the NREL plot of the record efficiencies for
different solar cells along time is shown. Notice that some
types of solar cells change its record efficiency in a relatively
short time (e.g., the three-junction solar cell technology).
Others, like c-Si and CIGS, currently exhibit a slower record
efficiency growth. CIGS solar cells are still under develop-
ment, but c-Si solar cells seem to have stopped its progress
since the year 2000. e slowest development rate for the
chosen technologies described previously corresponds to
CdTe solar cells which recently (2011) improved their record
efficiency from 16.5% [5] to 17.3% [6], aer 10 years without
variation.is behavior suggests a “bound efficiency growth”
limited by the open-circuit voltage [7]. First, the increase
of short-circuit current density would cause a rapid (linear)
efficiency growth, and then further improvement due to the
(logarithmic) open-circuit voltage increase would determine
the record efficiency. erefore, we shall use the following
function proposed by Goetzberger et al. [13]:

𝜂𝜂 𝜂 𝜂𝜂max 1 − exp 
𝑦𝑦 − 𝑦𝑦0

𝜏𝜏
 , (1)

where 𝜂𝜂 is the cell efficiency (%) at a given year 𝑦𝑦; 𝑦𝑦0 is
the year for which signi�cant development began, 𝜂𝜂max is
the maximum efficiency a given solar cell technology would
achieve, and 𝜏𝜏 is a characteristic time parameter (years)
related to the rate of development.

3. Results and Discussion

We extracted the data for the selected solar cell types from
Figure 1. e reported maximum efficiency every year was
taken into account. � least-squares �tting to the proposed

T 1: Model parameters �tting.

Cell type Parameter
𝜂𝜂max (%) 𝑦𝑦0 (year) 𝜏𝜏 (years)

c-Si 29.4 ± 2.8 1965 ± 2.2 17.7 ± 5.4
CdTe 21.4 ± 3.4 1963 ± 4.1 25.6 ± 11.7
CIGS 25.6 ± 2.4 1970 ± 1.2 22.8 ± 5.2
Triple junction 48.5 ± 3.9 1984 ± 2.6 13.8 ± 4.5

model was performed using this data. � plot of the �tted
function along with the data for the chosen technologies is
shown in Figure 6, and the corresponding �tted parameters
are summarized in Table 1. ese parameters were not
restricted for the �tting process, and therefore the results we
obtained are related to the information contained implicitly
in the data selected for each technology. is is the main
reason for having 𝑦𝑦0 different than the real starting year
for each technology. For example, it is well known that
silicon solar cells began their development around 1954, but
the 𝑦𝑦0 year given in Table 1 for these cells is 1965. is
is not wrong since the value obtained for 𝑦𝑦0 here can be
understood as the year for which development began to be
really signi�cant and for which the basic technology for the
high efficiencies presently achieved was established. In this
regard, the invention of the back surface �eld, as depicted in
Figure 2, was very important and the real silicon solar cell
development began aer this improvement around 1965.

Other interesting observations can be obtained from the
results shown in Table 1. First of all, we can notice that
triple-junction solar cells are having a rapid development as
compared to the other three technologies. is difference
in the evolution velocity is a consequence of both the
physical and technological limitations for each kind of solar
cell, in addition to the total investment for their research
and development. We can notice that solar cells made on
polycrystallinematerials will reach theirmaximum (limiting)
efficiencies more slowly than those made with crystalline
materials since the characteristic time (𝜏𝜏) is shorter in the
latter case.

Notice also that the maximum efficiency predicted for
polycrystalline solar cells is far from the 30% theoretically
predicted by Shockley andQueisser [1]. Furthermore, Silicon,
CdTe, and CIGS solar cell efficiencies are already very close
to their own predicted limit (𝜂𝜂max), and then their future
evolution will be very slow. Meanwhile, triple-junction solar
cells can still be improved towards the 50% limit. However,
in order to have these (space) kind of solar cells ready for
terrestrial applications a great effort is needed in order to
develop low-cost solar concentration systems.

Of the technologies considered here, CdS/CdTe solar cells
are those forwhich theminimumefficiency is expected, while
the triple junction technology promises the highest efficiency,
close to 50%. en, in the short term, CdTe will keep some
market share, but in the long term it might be replaced,
�rst by CIGS solar cells and then by the third generation
triple-junction solar cells under concentrated sunlight, when
these new technologies becomemature enough at production
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level. Silicon solar cells, in the midterm, will maintain an
important share of the PV market since their efficiency/cost
ratio is still competitive and since this technology continues
to be improved due to high production volume and the new
developments that are reducing the silicon solar cell cost at
industry, despite their efficiency record saturation.

4. Conclusion

In this work we have shown that it is possible to use a
simple model for solar cell development forecasting. is
model allows both the prediction of the maximum expected
efficiency and the rate of development. Among the many
technologies under development today we have chosen three
with great potential for replacing silicon solar cells which
is currently the dominant technology in the commercial
market. CdTe is the technology for which the minimum
efficiency is expected, while the triple-junction technology
promises the highest efficiency, close to 50%. en, in the
short term, CdTe will keep some market share, but in the
long term it might be replaced, �rst by CIGS solar cells and
then by the third-generation triple-junction solar cells under
concentrated sunlight, when these new technologies become
mature enough at production level.
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Niobium-doped titanium dioxide (TiO2) nanoparticles were used as a photoanode in dye-sensitized solar cells (DSCs). They
showed a high photocurrent density due to their higher conductivity; however, a low open-circuit voltage was exhibited due to the
back-reaction of photogenerated electrons. Atomic layer deposition is a useful technique to form a conformal ultrathin layer of
Al2O3 and HfO, which act as an energy barrier to suppress the back electrons from reaching the redox medium. This resulted in an
increase of the open-circuit voltage and therefore led to higher performance. HfO showed an improvement of the light-to-current
conversion efficiency by 74%, higher than the 21% enhancement obtained by utilizing Al2O3 layers.

1. Introduction

The world is in urgent quest of seeking alternative renewable
energy resources. Because of their low-cost materials and
their simple elaboration of manufacturing, dye-sensitized
solar cells [1–5] are considered as a promising candidate to
replace the commercial silicon solar cells [6–8]. Titanium
oxide is one of the extremely favorable materials [9] for
the working electrode (photoanode) of DSCs. The control
of their morphological properties, structure, and the kinetic
transport of the charge carriers have a significant impact of
their performance in the DSSCs. Using metal ions as dopants
has a significant effect on the electrical properties of TiO2.
This doping leads to significant changes of electrical conduc-
tivity, shifting of Fermi level potential, particle aggregation,
charge transfer kinetics, and dye absorption characteristics
of TiO2 [10]. Ko et al. [11] have found remarkable enhance-
ment by doping the TiO2 with aluminum and tungsten.

However, many reports have suggested that the perfor-
mance of DSCs at the optimized level of metal ions doping
into TiO2 relates mainly the tuning of the flat band of TiO2.
Lü et al. [12] synthesized a well-crystalline niobium (Nb)
doped anatase TiO2 (Nb : TiO2) and investigated its effect on
the performance of DSSCs. It was revealed that Nb doping

had positive effect on the short-circuit current with positive
shift of the flat band potential. Doping of titanium oxide by
metal ions may elevate the electron hole pair production,
however, may create more trapping sites that affect the per-
formance of dye-sensitized solar cells. Charge recombination
occurs at the interface between the working electrode and the
dye/electrolyte interfaces, where photogenerated electrons
in the porous electrode tend to recombine with either the
oxidized dye or the oxidized species in electrolyte, thereby
reducing the open-circuit voltage. One effective approach
for impeding charge recombination is to apply the porous
electrode/dye interface with a thin insulating metal oxide
layer, which impedes charge recombination by forming an
energy barrier for charge transport at the interface. Since
the insulating layer impedes both charge recombination and
electron injection, the thickness of the insulating layer should
be optimized that does not affect the electron injection
through the photoanode. So, atomic layer deposition (ALD)
is an effective technique to deposit ultrathin layer with
controllable thickness, where no other deposition technique
can achieve the conformality as that done by the ALD on
high-aspect structures [13].

In this work niobium doped titanium oxide nanoparti-
cles were employed to fabricate a photoanode film of DSCs.
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To increase the open circuit voltage of the cell, atomic
deposited layers of Al2O3 and HfO were utilized to form
conformal insulating layers to suppress the charge recombi-
nation. The thickness of the coating layers was optimized to
achieve the best performance.

2. Experimental Work

Nanoparticles of undoped TiO2 for preparing the photoan-
ode film were obtained through hydrothermal treatment of
TiO2 sol, as previously reported. The Nb-doped TiO2 was
obtained by a cohydrolysis of Ti and Nb precursors (e.g.,
titanium isopropoxide and niobium ethoxide, resp.) in an
atomic ratio of 95 : 5. The precursor solution underwent
a hydrothermal growth at 200◦C for 5 h. The resultant
precipitate was washed with water and ethanol for several
times, dried at 90◦C, and ground to find powder for use.

Typically, 0.1 g of Nb : TiO2 nanopowder is wetted and
grinded by using 0.3 g of 15 wt.% aqueous polyethylene gly-
col (PEG20T) in a mortar for 5 minutes until a homogeneous
viscous paste was formed. The Nb : TiO2 paste was deposited
onto FTO glass substrates using the doctor blading technique
to form a (14–16)±2μm thick film. The obtained films were
dried for 30 min at 100◦C and then heated in air up to 450◦C
for 60 min.

3. ALD of Alumina and Hafnia

The Nb : TiO2 films were then treated by atomic layer
deposition (Oxford OpAL System) of Al2O3 and HfO for
0, 5, 10, 15, and 20 cycles, respectively. The deposition
temperature was kept at 25◦C for the precursor and an
argon gas was used as a carrier gas to deliver the precursor
effectively. The substrate temperature was kept at 180◦C
during the ALD process. The deposition rate was 0.8 and
0.5 Å per cycle for Al2O3 and HfO, respectively. After the ALD
process, the coated film was reannealed at 450◦C.

4. Cell Assembly and Characterization

All the films were sensitized by immersing in a 0.5 mM
ruthenium-based N719 dye solution for 24 h, then rinsed
with ethanol and dried in air at RT. A Pt-coated silicon
substrate was used as the counter electrode, and an iodide-
based solution, consisting of 0.6 M tetrabutylammonium
iodide, 0.1 M lithium iodide, 0.1 M iodine, and 0.5 M 4-
tert-butylpyridine in acetonitrile, was used as the liquid
electrolyte. Photovoltaic properties of each solar cell were
characterized using simulated AM 1.5 sunlight illumination
with an output power of 100 mW/cm2. An ultraviolet solar
simulator (Model 16S, Solar Light Co., Philadelphia, PA,
USA) with a 200 W xenon lamp power supply (Model XPS
200, Solar Light Co., Philadelphia, PA, USA) was used as
the light source, and a semiconductor parameter analyzer
(4155A, Hewlett-Packard, Japan) was used to measure the
current and voltage. The J-V measurement was repeated
three times and the average results were reported. The
electrochemical impedance spectroscopy (EIS) was carried

out through the Solartron 1287A coupling with the Solartron
1260 FRA/impedance analyzer to investigate electronic and
ionic processes in DSCs.

The morphology of the photoanode surfaces was charac-
terized by scanning electron microscopy (SEM, JEOL JSM-
7000).

To measure the adsorbed N3 dye amount on the films,
the dye was desorbed by immersing dye-sensitized films in a
solution containing 0.1 M NaOH in water and ethanol (1 : 1,
v/v). An ultraviolet-visible-near infrared spectrophotometer
(UV-VIS-NIR, Perkin Elmer Lambda 900) was employed to
measure the dye concentration of the desorbed-dye solution.

5. Results and Discussions

The J-V curves and the performance characteristic values
(Jsc, Voc, η, and ff) for the DSCs based on the Nb-TiO2 pho-
toanode before and after the atomic deposition of alumina
and hafnia layers are depicted on Figures 1(a) and 1(b) and
summarized in Table 1. The niobium-doped titanium oxide
photoanode showed a relatively high photocurrent density
(14.25 mA/cm2) corresponding to relatively high dye loading
(2.22 × 10−7 moL/cm2), but a low open-circuit voltage
(547 mV) which result in an efficiency of 2.93%. The low
open circuit voltage is explained as a result of the high rate
of charge recombination, where photogenerated electrons
in the porous electrode tend to recombine with either the
oxidized dye or the oxidized species in the electrolyte, thereby
reducing the open-circuit voltage [14]. The deposition of
atomic layers of alumina resulted in an increase of the
open-circuit voltage up to 623 mV after 20 cycles and an
increase of the photocurrent density up to 18.53 mA/cm2

after 15 cycles. The increase in photocurrent, and hence
efficiency, is likely to arise from the improved connectivity
of the nanoparticles composed the photoanode, where no
perceptible change can be observed in the dye loading, but
presents a reduction in carrier recombination. The alumina
layers showed a more effective suppression of the charge
recombination by increasing the thickness of the layers which
resulted in an increase of the open circuit voltage up to
14% and the overall efficiency up to 21%. Beyond 15 cycles
of ALD of alumina, a decrease in the photocurrent density
was founded, which is attributed to the low efficiency of the
electron transport due to too much thickness of the coating
layer.

On the other hand, using hafnium oxide as a passivation
layer of the Nb-doped titania nanoparticles exhibited much
more enhancement compared with the utilization of alumina
layer as shown in Figure 1(b). The open-circuit voltage
increased gradually from 547 mV to 675 mV by increasing
the number of the ALD hafnia layers up to 15 cycles. The
photocurrent density increased up to 16.43 mA/cm2 after 5
cycles followed by minimal drop for the 10 cycles sample
and further drop down to 14.4 mA/cm2 for the 15 cycles
sample. This behavior is correlated with the dye loading as
shown in Table 1. So, by incorporating 10 cycles of ultrathin
hafnia layers, the best performance with overall efficiency of
5.12% was achieved, which exemplifies an improvement of
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Figure 1: The J-V curves for DSCs composed of ALD of alumina on Nb : TiO2 photoanode (a) and of hafnia-coated one (b) treated with
different cycles.

Table 1: The DSC performance parameters for alumina and hafnia ALD Nb : TiO2 photoanode coated with different cycles.

Jsc Voc η FF Dye loading× 10−7

(mA/cm2) (<±0.01 Volt) (%) (<±0.01) (mol/cm2)

Al2O3 HfO Al2O3 HfO Al2O3 HfO Al2O3 HfO Al2O3 HfO

0 cycles 14.25 ± 0.15 14.25 ± 0.11 547 547 2.93 ± 0.04 2.93 ± 0.04 0.38 0.38 2.20 2.20

5 cycles 15.1 ± 0.17 16.43 ± 0.08 600 698 3.06 ± 0.05 4.16 ± 0.03 0.34 0.36 2.29 2.35

10 cycles 17.3 ± 0.14 15.9 ± 0.15 616 663 3.5 ± 0.07 5.12 ± 0.06 0.33 0.45 2.26 2.27

15 cycles 18.53 ± 0.16 14.4 ± 0.11 610 675 3.55 ± 0.03 3.72 ± 0.04 0.31 0.38 2.16 1.77

20 cycles 14.4 ± 0.2 — 623 — 3.1 ± 0.06 — 0.35 — 1.89 —

74%. Such an enhancement of the performance explained
the improvement of the fill factor. This is attributed to better
electron transport via the interfaces, which means that the
diffuse of the hafnia phase through the photoanode network
is efficient and can be demonstrated as a conformal buffering
coating to suppress the leakage current. Both alumina and
hafnia layers have a higher conduction band edge from
niobium-doped titanium oxide, which act as a blocking layer
of the back electrons [15].

6. Structural Properties

XRD pattern for the layers did not show any traces for
alumina or hafnia, as the expected XRD is not sensitive
for this ultrathin layer. It is very likely that we have
an amorphous ALD coating, or with very poor crys-
tallinity. The surface morphology of the niobium-doped
titanium oxide is depicted in Figure 2(a) using different
magnification. The film exhibited a mesoporous structure,
which led to better dye loading. Figures 2(b) and 2(c)

exhibited the surface morphology of the niobium-doped
titanium oxide layer after 10 cycles of ALD of alumina
and hafnia, respectively. The ALD layers of alumina and
hafnia formed a homogenous conformal coverage on the
surface of Nb : TiO2 nanoparticles and inside the meso-
porous structure enhancing the coalescence between the
nanocrystalline nanoparticles making them closer, which
may introduce favorable path for electron transport through
the photoanode layer. In addition, the porous structure of
the layer is still retained as shown in Figure 2(c), which
preserves the high dye loading ability. So, the ALD hafnia
improved the connectivity of the emerged nanoparticles
with enhanced blocking layer against the leakage current,
while retaining the high dye loading of the photoanode
as shown in Table 1. The composition of the surface of
the layer, which was determined by the EDX, exhibited
the existence of the elements K-lines of aluminum, nio-
bium, and titanium referred to the L-spectrum (see the
inset in Figure 2(b)). However, it is difficult to argue
that a doping of aluminum or hafnium is expected to
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Figure 2: SEM images of the surface of (a) uncoated Nb : TiO2 films, for Nb : TiO2 layer treated with 10 cycle of ALD of (b) alumina and (c)
hafnia. The index of (b) showed the EDX spectrum of the layer.

take place. The SEM images revealed a coverage effect more
likely.

7. Electrochemical Impedance
Spectroscopy (EIS)

Figures 3(a) and 3(b) exhibit the typical electrochemical
impedance spectroscopy (EIS) Nyquist plots for the assem-
bled DSCs made of ALD alumina and hafnia photoan-
ode, respectively. Two semicircles is appeared, where the
smallest one in the high-frequency range represents the

electrochemical reaction at the counter electrode and the
largest one represents the charge transfer resistance at the
electrolyte/dye/metal oxide interfaces. The diameter of the
midfrequency semicircle of the ALD alumina and hafnia
photoanode is larger than that of the uncoated one, which
means that the charge transfer resistance increased by the
deposition of alumina and hafnia layers over the surface of
the nanoparticles. The charge transfer resistance increased by
increasing the number of cycles, where the different thickness
of the blocking layers may be the major factor of such
behavior. The peak of the semicircle in the midfrequency
range in the Nyquist plot is correlated with the reaction rate
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Figure 3: EIS spectra showing the Nyquist plots of the alumina ALD layers on Nb : TiO2 DSC (a) and hafnia ALD layers on Nb : TiO2 (b) for
different cycles.

constant for the recombination process. The shift to higher
frequency means a longer life-time is obtained, which results
in higher performance of the DSCs.

8. Conclusion

Niobium-doped titanium oxide nanoparticulate photoanode
in DSC showed a high photocurrent density due to its
higher conductivity; however, a low open-circuit voltage is
exhibited due to the higher recombination rate. Depositing
conformal ultrathin atomic layers of Al2O3 and HfO can sup-
press the back electrons from reaching the redox medium,
which results in an increase of the open-circuit voltage
and therefore lead to higher performance. HfO showed an
improvement of the light-to-current conversion efficiency
by 74%, higher than the 21% enhancement obtained by
utilizing Al2O3 layer.
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