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As the global energy needs grow, there is increasing interest
in the generation of electricity by photovoltaics (PVs) devices
or solar cells—devices that convert sunlight to electricity.
Solar industry has seen an enormous growth during the last
decade. The sale of PV modules has exceeded 27 GW in
2011, with significant contributions to the market share from
all technologies. While the silicon technology continues to
have the dominant share, the other thin film technologies
(CdTe, CIGS, a-Si, and organic PV) are experiencing fast
growth. Increased production of silicon modules has led
to a very rapid reduction in their price and remains as
benchmark for other technologies. The PV industry is in full
gear to commercialize new automated equipment for solar
cell and module production, instrumentation for process
monitoring technologies, and for implementation of other
cost-reduction approaches, and extensive research continues
to be carried out in many laboratories to improve the
efficiency of solar cells and modules without increasing the
production costs. A large variety of solar cells, which differ in
the material systems used, design, PV structure, and even the
principle of PV conversion, are designed to date.

This special issue contains peer-reviewed papers in the
recent developments in research related to broad spectrum
of photovoltaic materials and devices. It contains papers
on many aspects of solar cells—the growth and deposition,
characterization, and new material development.
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This project brought further advancements to the quantum well solar cell concept proposed by Keith Barnham. In this paper,
the optical modelling of MQW solar cells was analyzed and we focussed on the following topics: (i) simulation of the refraction
index and the reflectance, (ii) simulation of the absorption coefficient, (iii) simulation of the quantum efficiency for the absorption
process, (iv) discussion and modelling of the quantum confinement effect, and (v) evaluation of datasheet parameters of the MQW

cell.

1. Background

Quantum well (QW) photovoltaic cells, third-generation
solar cells, were proposed in 1990 by the research group
of Professor Barnham [1] aiming at extending the spectral
response and at increasing the photocurrent.

The quantum well solar cell (QW) is a p-i-n structure
having quantum wells built in the intrinsic. Doped regions
on each side will produce an electric field perpendicular to
the layers of quantum wells. It is also possible to have induced
electric fields, because of the piezoelectric effects. These fields
are induced by the intensities from the semiconductor layers,
because of the disparity between network constants [2].

The multiple quantum well (MQW) solar cell is a system
that contains a layer in which the carrier assemblies comply
quantum rules in connection with layers in which the carrier
assemblies are performing classical, and its modelling is
conducted on two-dimensional levels [3]:

(1) quantum level in which one computes the energy
spectrum of the electron and the absorption coeffi-
cient of the MQW;

(2) macroscopic level in which one studies the trans-
port of charge carriers in a similar manner to the
conventional p-i-n diode [4]. The reflection of light
is brought considering MQW cell a pseudohomoge-
neous medium. This combination of quantum and
classical elements used in modelling of MQW solar

cell justifies the name of hybrid given to the model
of MQW solar cell. An example of application of
this hybrid model (HM) [5] is the case of solar cell
based on a ternary alloy semiconductor A,B;_,C
(AlyGa;_4As) which has the lowest BC band gap
equal with zero and achieve the greatest value (x = 1)
for the AC semiconductor band gap.

In Figure 1 are graphically represented the transmittances
and energetic levels in the MWQ system as a result of
the transport matrix algorithm [6]. The proper values
from Figure 1(a) and resonances from Figure 1(b) are iden-
tical and mutually confirmed. The levels represented in
Figure 1(a) are obtained by applying Kramer’s rule, while
the transmittances represented in Figure 1(b) are calculated
via the transfer matrix. It is noted that a large variation of
alloy composition x does not determine significant changes
in position of the first level from the quantum wells, which
means that there is a weak dependence between short-circuit
current and the ternary alloy composition. Each curve in
Figure 1(b) is calculated in 104 points in less than a minute.

Figure 2 shows the geometry of an MQW solar cell in
the HM hybrid model. This model allows determining the
configuration that leads to maximum conversion efficiency.
This layer configuration can further be designed, by using
the transfer matrix method and the properties of the real
materials. In other words, starting from a hypothetic layer
system, the HM model allows optimization of the cell
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FIGURE 1: (a) Schematic representation of levels in the valence bands and conduction for the MQW system Alj3Gag;As/GaAs containing
30 quantum wells. The corresponding level for the heavy gaps is shown with dotted line. (b) Transmission coefficient based on the electron
energy for the same system. The curves parameter is the number of quantum wells.
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FIGURE 2: Geometry of a solar cell in the HM hybrid model.

configuration in order to obtain maximum output electrical
power, for a certain state of illumination [4].

The HM model may have the capability to evaluate the
performances of the MQW cell. These are represented by the
shape factor of cell

Vinlm

Fr— Vinlm
f Veplsc

[GoMyd\’
(1)

and conversion efficiency 5 =

where V,, and I,, are the operation point coordinates when
the power supplied in the load is maximum.

2. Modeling and Simulation of
Refraction Index and Reflectance

Investigation of electric field effects on the refraction index of
MQW solar cells can be achieved by calculating the absorp-
tion coefficient [7]. In the case of solar cells with quantum
wells was introduced the hypothesis of an electrostatic field
generated by the load [8]. For this reason, it is expected
a nonvarying change in the refraction index. Based on the
results obtained by Barnham, it should be noted that the
quantum wells from the solar cells of this type are designed
to use the spectrum region, with the possibility of generating
particles in those quantum wells. For the refraction index of
the solar cell with quantum wells it was used the following
expression:

HZZWZ\J

The parameters are E;, = 1.6729; E, = 1.4235; E, = 2.6 +
0.7E,; E4 = F/E, and = nE4/(2E3(E2 — E?)).

The simulation results for the refraction index depending
on the photon energy are represented in Figure 3.

The index of refraction model can be used to explore the
relation between the index of refraction and reflectance. To
achieve this, the refraction index model must be combined
with the Fresnel relations, thus allowing the finding of the
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FiGure 3: The refraction index of the cells with quantum wells
depending on the photon energy.

losses caused by reflection of the quantum wells structure.
The R reflectance of the solar cell can be calculated using a
Fresnel-type relation [9]

2 + 13 + 21115 cos 20

= (3)
1+ 1213 + 21115 c0s 20’
where
f’lo—f’ll. o My —f’lz' _ 27T7T1d1 (4)
no + ny ’ ny +np ’ A '

The following notations were introduced:

3.24123 — (4.8304085/1) + (2.82482/A2) — (0.769037/A3) + (0.08198/A%)

(i) no the refraction index of the incident environment;
for air ny = 1;

(ii) n, the refraction index of the antireflecting coating;

(iii) n, the refraction index of the under layer (the solar
cell with quantum wells).

Thickness d; of the antireflecting coating can be deter-
mined by minimizing the last relation (5). It was noted that
this value is approximately 600-650 nm, for the minimum
reflection.

It can be evaluated the effect of the quantum well number
on the index of refraction and on the reflection losses so the
optimal number of the quantum well for the structure could
be calculated [10].

In Figure 4 are the results of the optical simulation of
solar cells with quantum well (based on relations (3)-(4)), in
the from of dependence on reflectance R, depending on the
wavelength for different thicknesses d for the antireflecting
coating; were considered two cases of antireflecting coating
(n; = 2.4—TiO; and n; = 1.4—Si0O). Results from model
are consistent with experimental results obtained. The
reflectance model can be used to determine the variation
effects of quantum well number on the index of refraction.

The simulation of refraction index and reflectance of the
solar cells with quantum wells have been made with the
Octave software, version 3.02.

The cell reflectance can be calculated using the refraction
indices of GaAs semiconductor and of the Aly3Gag7As alloy
(obtained by filtering the experimental data [11].

1 — (1.5308/1) + (0.9123972/)A2) — (0.2508648/A%) + (0.026769/A%)
2.8434068 — (1.8916996/1) + (0.4189801/A?) — (0.0308637/A%)

NGaAs =

if 0.325 <A <4,
(5)

, if 0.2 < A <0.325.

1 —(0.682372/A) + (0.154593/A2) — (0.01159/A3)

In (5) A is expressed in ym. The refraction index of
ternary alloy Al,Ga;_,As is calculated using the same trans-
lation procedure of the axes as in the case of the absorption
coefficient:

AL Gay as(A) = [1.05 — 0.53x + 0.09x% | nGans (Ax)

s (6)
with A in pym.

To minimize the reflection losses the solar cells are fre-
quently coated with antireflecting coating (ARC).

In Figure 5(a) are the values calculated for the four
refraction indices listed according to the wavelength. The
MQW layer was considered to consist of 30 quantum wells
of GaAs of 20 nm width separated by barriers Aly3Gag7As
with width of 10 nm.

In Figure 5(b) are summarized the results of reflection
losses for the various thicknesses of the antireflecting coating.
In the absence of ARG, reflection is an important mechanism
of losses exceeding 30% on the spectral range in which the
cell absorbs. The other curves show that it is possible to

reduce losses through reflection by covering with an an-
tireflecting coating of appropriate thickness.

3. Modelling and Simulation of
Absorption Coefficient

In applications related to calculating the conversion effi-
ciency of solar cells, but also in other applications, the
coefficient of absorption (the absorbance) is practically
described by continuous functions. For GaAs, dropping from
the experimental data [12] was determined the following
function that approximates the acceptable rate of absorption:

P, 0.7 <1 <0.88,
b le®, 02<a <07,
®Gaas(A) = eF024) 0 <) <0.24,
0, otherwise,
A —0.84291
Fi(A) = —0.7863 + 5.3115[1 + erf(—w)]’
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FiGURE 4: Simulation of the reflectance for a solar cell with QW
structure, for a SiO antireflecting coating.

Fy(A) = —447.432 + 4201.2A% + 6835.128\* In A

3.9049
3
—3781.1930° + B

(7)

In Figure 6(a) is graphically represented the absorption
coefficient for GaAs calculated with the algorithm from [13]
for different compositions of the alloy.

In Figure 6(b) are graphically compared the absorption
coefficients for GaAs, Alg5GagsAs, and MQW system. It is
noted that with increasing energy the absorption coefficient
from MQW system increases in steps; this is because of the
quantifying of the density of states in confinement of the
carriers’ direction.

Absorption coefficient a,(1) of the Al,Ga;_,As alloy
is generated from the absorption coefficient of the GaAs:
ax(A) = ag(Ay) (h is Planck constant, ¢ is the speed of light,
a=0.62and b = 0.5 [13])

he
(he/A) = Eg(x) + Eg(0) + a| (hc/)) - Eg(O)]hx'

Ax (8)

4. Increasing Quantum Efficiency of
the QW Solar Cells

4.1. Simulation of the Quantum Efficiency of QW Solar Cells
by Using a Semiquantum Model. The analyzed model uses
the transport equation of Al,Ga;_xAs quantum well solar
cells, where x represents the Aluminium concentration. We
considered the results obtaining by Hutchby and Fudurich
[14], Connolly in his doctoral thesis [15], and Barnham’s
research group [16].

The model used the transport equation of Al,Ga;_,As
solar cells. The expression of the quantum efficiency is given
by

ak(a - 9) _ a-s
(k2 — a?)(Ssinh(kz) — kcosh(kz)) ~ a2(S—1)

It is introduced the parameter S of the boundary
condition on the surface. It is resulted S ~ 2¢f, a = spectral

QE = 9)
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absorption coefficient, &7 = effective electric field due to the
minoritary carriers in the band.

The simulated results are presented in the Figures 7(a)
and 7(b).

From the analysis of the data obtained, one can draw the
following comments:

(i) quantum efficiency increases with any increase in A,
reaching significant values of maximum 90%, in the
case of large diffusion wavelength;

(i) quantum efficiency increases with any increase of z
and ey, respectively.

4.2. Quantum Confinement Effect. In order to find ways for
increasing efficiency through the simulation of nanostruc-
tured solar cells (QW), we have used a mathematical model
for the quantum efficiency of the transitions between the
resonant levels (in GaAs) and another one for the quantum
efficiency of the transitions between the confining levels (in
AlL,Ga;_.As) [17].

In the case of resonant levels, quantum efficiency of the
absorption process is given as follows [18]:

8m2e? sin?i 2 sin%i
QEy=——|(1- + 7 , (10)
chegery 4&py L? 4¢,,,
where « is prism angle, i is incidence angle, ¢, is relative per-
mittivity, and #» is confinement level of quantum efficiency.

For transitions between the confining levels, the quan-
tum efficiency is given by

4096¢2 fﬁ,ib n?sin%i
ncheoer,,, L (4n2 —1)*

QE,, = (11)
In expressions (10) and (11), index w refers to GaAs, and
index b refers to AL, Gaj_,As.

For GaAs one obtains the curves of quantum efficiency of
the transitions between the resonant levels (see Figures 8(a)
and 8(b)) and between the confining levels, depending on the
prism refraction index and on the incidence angle of the ray
that falls on the prism, for &« = 7/6 and « = 27/3. Similarly
one obtains the quantum efficiency, for Al,Ga;_As, Np =
1.5 (Np = 2resp.), « = n/6 and « = 271/3, depending on the
quantity of Aluminium.

From the analysis of the results, one can conclude the
following.

(i) The quantum efficiency of the absorption process for
nanostructured (quantum) solar cells is higher for
a larger range of wavelengths, in comparison to the
semiquantum solar cells.

(ii) Although the quantum efficiency of the absorption
on the confining levels is very low, the appearance of
electrons in the gap greatly increases the photocur-
rent through photoassisted tunnelling.

(iii) Monitoring the operating parameters (processor
loading, memory used, network traffic, etc.) of the
cluster (which allowed a large volume of compu-
tations) was done with the help of the Ganglia
application.
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5. The Results Obtained during
Simulation of the Cell Parameters

In Figure 9, for the cell parameters N,, = 30, [, = 20nm,
and [, = 10nm are summarized the calculation results of
the conversion efficiency. In Figure 9(a) are represented the
current-intensity characteristic with the power dissipated by
the cell in the external circuit. Hence the main parameters of
the cell are Jsc = 48.5mA/cm?, Vep = 0.886V, Fy = 0.86,

and # = 0.371. The numerical values are closed to those
reported in the literature [19, 20]. As for the conventional
cell with a p-n junction the maximum possible efficiency is
estimated at 34% [3]. The result nor confirms nor invalidates
that the insertion of MQW in the space-load region improves
the conversion efficiency.

Figure 9(b) shows the conversion efficiency dependence
on the antireflecting coating depth. It can be noted that in the
ideal case, when the cell reflectance is neglected, the MQW
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cell efficiency based on GaAs/Al,Ga;_xAs does not exceed
40%.

Unlike the reflectance, in Figure 9(c) it is observed that
the conversion efficiency is strongly correlated with the
number of quantum wells up to N,, = 30; over this value
the efficiency is saturated in proportion to N,,. Inside the
MQW system the saturation is installed when the road length
travelled by light is comparable with the absorption length.

This is a one way to use the HM model. Knowing the
materials componence of MQW cell and its optoelectronic
properties, for a given geometric configuration the conver-
sion efficiency can be calculated. Obviously the calculation
can be repeated varying different geometrical and material

parameters in order to determine the optimal configuration,
that is, one that maximizes efficiency.

Recently good experimental results were reported in
MQW solar cells [21]. The fabricated solar cells based on
Ing3Gap7N/GaN MQWs exhibit an open-circuit voltage of
about 2V, fill factor of about 60%, and an external efficiency
of 40%-10% at 420 nm—50 nm.

6. Conclusions

The results were based on the HM hybrid model of the
MQW solar cells; after simulation there were highlighted the
following conclusions.
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(i) It could be evaluated the quantum well number effect
over the refraction index and reflection losses by
evaluation of the quantum well optimal number of
the structure.

(ii) The reflectance model proposed by authors could be
used to determine variation effect of the quantum
well number over the refraction index.

(iii) It was developed an absorption coefficient model
which was used for studying the simulation of the
MQW solar cells in special weather conditions.

(iv) It was obtained the internal quantum efficiency for
the absorption process between the confining levels.

(v) The results generated by the model simulator agree
with the experimental ones [22].

There were studied several MQW solar cells configura-
tions for optimized values of the optical parameters (re-
flectance, refraction index, and absorption), so the conver-
sion efficiency could be improved. Although in our study, we
considered only rectangular quantum wells, the HM hybrid
model allows computing the levels whatsoever the form of
the quantum wells is.

New solar devices could be conceived based on optical
properties of nanostructured materials [23, 24].
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based on the number of quantum wells.

QuantaSol [25] is a company form UK which developed
firstly quantum wells and quantum dots for solar photo-
voltaics as well as concentrating solar cells for individual
requirements.
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We have investigated spray coating as a novel processing method for organic solar cell fabrication. In this work, spraying
parameters and organic solvent influences have been correlated with cell performance. Using airbrush fabrication, bulk
heterojunction photovoltaic devices based on a new low band gap donor material: poly[(4,8-bis(1-pentylhexyloxy)benzo[1,2-
b:4,5-b’ ]dithiophene-2,6-diyl-alt-2,1,3-benzoxadiazole-4,7-diyl] with the C60-derivative (6,6)-phenyl C61-butyric acid methyl
ester (PCBM) as an acceptor, have achieved power conversion efficiencies over 3%. We show that airbrush fabrication can be
carried out with simple solvents such as pristine 1,2-dichlorobenzene. Moreover, the influence of device active area has been
studied and the 1 cm? device by spray coating maintained an excellent power conversion efficiency of 3.02% on average.

1. Introduction

Worldwide, organic photovoltaics are under development as
an inexpensive approach for collecting solar energy. Within
the field, much effort has been given to the modification
of either the absorber chemistry or its structural order. The
chemical approach used by most researchers is to modulate
the HOMO-LUMO levels of the donor polymer to obtain
a low optical band gap (<1.74eV) and thereby allow for
absorption in a range that best matches the solar spectrum
[1]. Recently, significant progress has been achieved follow-
ing these routes, from a starting efficiency of around 1%
in 1995 [2] when the bulk-heterojunction architecture was
introduced, to 5% in 2007 for the first low band gap donor
polymer [3] and most recently record efficiencies of 6%—
8% [4-6]. However, these results are generally limited to the
laboratory by the experimental requirement of using ultra-
thin layers that typically means employing spin coating. This
method of fabrication only allows for devices on a small scale
(usually 2.5cm X 2.5cm chips) that would neither control
the cost nor satisfy the needs of large-scale manufacturing.
Because of this, alternative coating technologies for absorbers

have been of significant interest, aimed specifically at cheap,
large area coating. These have included ink-jet printing [7],
roll-to-roll printing [8], brush painting [9], and spray coat-
ing [10, 11]. Among these techniques, spray coating began
to gain attention when Vak et al. in 2007 [12] showed they
could easily fabricate the active layer with a commercially
available hand-held airbrush. Up until now, most of the stud-
ies on spray coating OPV have been based on the poly(3-
hexyl thiophene) (P3HT): the Cgo-derivative (6,6)-phenyl
C61-butyric acid methyl ester (PCBM) bulk-heterojunction
(BHJ) material system and the commonly achieved efficiency
was 2-3% with a small active area (10 mm?). Therefore, a
natural question is “how will the low band gap polymers with
higher efficiencies translate into these scalable techniques?”
Previously we reported a newly designed and synthesized
low band gap polymer (~1.69 eV) poly[(4,8-bis(1-pentylhe-
xyloxy)benzo[1,2-b:4,5-b"]dithiophene-2,6-diylalt-2,1,3-be-
nzoxadiazole-4,7-diyl] (P1) [13]. When optimized with sol-
vent additives in spin coating fabrication, this polymer easily
achieves efficiencies exceeding 6%. Based on a similar donor-
acceptor architecture as the record polymers referenced
above, this polymer provides an excellent opportunity to



International Journal of Photoenergy

TaBLE 1: Average ]V characteristics by spraying coating. P1: PCBM solutions dissolved by CB, DCB and TCB under room temperature and
spin coated from DCB. The maximum value of PCE over 8 devices under each condition is given in the last column as Peak PCE.

Solvent Voc (V) Jsc (mA/cm?) FF PCE Peak PCE
CB 0.946 5.67 0.455 2.37% 2.53%
Spray coating DCB 0.960 6.88 0.404 2.68% 3.00%
TCB 0.902 3.88 0.377 1.31% 1.40%
. . CB 0.978 2.58 0.564 1.38% 1.42%
Spin coating
DCB 0.923 7.61 0.496 3.49% 3.72%
- 0,
Spray coating P3HT Un-annealed 0.628 4.59 0.316 0.91%
Annealed 0.624 9.39 0.426 2.5% 2.72%

study correlations in such systems, between spray-coating
techniques and device performance for potential large scale
applications.

2. Experiment

Prepatterned ITO substrates were cleaned in an ultrasonica-
tion bath with triton water, DI water, acetone, and isopropyl-
alcohol for 20 min respectively and dried in a vacuum oven
at 100°C for 1 hour. A 30 min UV-Ozone treatment was
performed on the ITO surface afterwards and PEDOT : PSS
(CLEVIOS 4083) was spun cast at a spin speed of 4000 rpm.
The 100 nm active layer was either spun cast or spray-coated
from the blend solution of P1 and PCBM (the optimized
ratio of 1:2 by weight was previous determined by exper-
iment and IV curve available in Figure 4 in the appendix)
dissolved in 1,2-dichlorobenzene (DCB). The substrates with
dried films were transferred to a vacuum chamber, pumped
down to 1 X 107 torr and LiF (~0.25nm) as hole blocking
layer and aluminum (~100 nm) as cathode were added. The
resulting organic photovoltaic (OPV) devices were tested in
air with a standard A.M 1.5 G solar simulator for I-V char-
acters and external quantum efficiency (EQE) measurement
was carried out by a Newport Cornerstone 260 Monochro-
mator connected with a Newport 300 W Xenon light source.

3. Results and Discussion

3.1. Nozzle to Substrate Distance. Parameter control is the
first step in developing this technology for any new polymer.
Then, comparisons with standard spin-coating methods can
be made between the thin films. From the basic structure of
an airbrush in Figure 1, the carrier gas brings the polymer
solution from a feed cup, along a needle that leads to the
nozzle (dia. 0.18 mm in our case). Once the solution passes
through the nozzle, a fine line composed of very small drop-
lets will be generated and deposited on the substrate. In this
process, a variety of parameters are correlated with the result-
ing thin film morphology [12, 13]. These include the needle-
nozzle distance which determines the size of the spray spot
(and density of droplets), the carrier gas pressure which con-
trols the deposition rate, and the nozzle to substrate distance
which determines the droplet drying time during flight. A
detailed study on the nozzle to substrate distance was carried
out in the first study in spray coating on OPV by Vak et al.

FIGURE 1: Airbrush spraying polymer on top of a device.

[12]. In that work, they defined the three regions between
airbrush nozzle and substrate as “wet”, “intermediate,” and
“dry” and they found the best linear control over thickness as
a function of spraying time was in the “intermediate zone.”
They also suggested that the “intermediate zone” varied with
the boiling point of the solvent used.

Initially, as a control, we fabricated devices using
P3HT:PCBM as the absorbing layer and the performance
was quit close to that reported elsewhere [10] and shown in
Table 1 for the spray distance of 15cm. A detailed study
was then carried out for our P1 polymer [14] and based on
this, the “intermediate zone” was found to be very similar
to the P3HT system; around 15 cm, using the fixed solution
made by dissolving 2.5 mg P1 and 5mg PCBM in DCB. We
note that the DCB solution will dry the film slower than
chlorobenzene due to the higher boiling point and therefore
gives us a wider window for film thickness control [15].

3.2. Polymer Ink Properties. The properties of the spray solu-
tion not only affects the choice of nozzle-substrate distance
for thickness optimization, but also plays an important role
on film morphology. This is based primarily on the choice of
solvent boiling point and vapor pressure. The basic concept
is to choose a fast drying solvent to prevent droplets from
redissolving sublayers but not so fast so as to allow for a
homogenous and pin-hole free film to form. Green et al. [15]
found chlorobenzene (CB) to be an excellent choice for a
good film quality and achieved efficiencies ~2.36% using
P3HT : PCBM as the sprayed active layer. In 2009, Hoth et al.
[16] adjusted the polymer solution viscosity by using a sol-
vent mixture combining DCB and 1,3,5-trimethylbenzene in
order to prevent the droplets from drying before touching the
substrate as pristine CB does. This approach allowed for
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FIGURE 2: (a) I-V character under illumination and (b) EQE for spin and spray-coated device using difference solvents; AFM images for (c)
spray-coated and (d) spin-coated device; the scale bar for AFM is in units of nm.

efficiencies up to 3.1% in the same BH]J material system with
the resulting reduced surface tension allowing for the
formation of a preferred morphology. Very recently, Susanna
et al. used the mixed solvent of DCB and CB to achieve a
similar morphology and obtained a PCE ~ 4.2% [13].

However, the choice of solvent varies the solution vis-
cosity, which is then related to the specific material to be
sprayed. So it was necessary to determine the best solvent for
the blended solution of P1 and PCs;BM. Considering both
the solubility of the polymer and the boiling point (bp) (re-
lated to the drying rate) of the host solvent, we initially in-
vestigated three solvents: CB (bp = 131°C), DCB (bp =
180.5°C), and 1,2,4-trichlorobenzene (TCB, bp = 241.4°C).

The optimum ratio of P1:PCgsBM was previously deter-
mined to be 1:2 and this was held constant for this
study. Absorbing layers were sprayed at room temperature
(RT) with constant volumes (200uL) and concentrations
(3.00 mg/mL), yielding a film thickness of 90 + 33.5 nm.

The current density-voltage (J V) characteristics are sum-
marized in Table 1. Active layers sprayed from DCB gave the
best results with average power conversion efficiency (PCE)
of 2.68%, and a peak value of 3.00%. Comparing to data
from the devices sprayed from CB and TCB solution, we find
that differences in performance are largely a result of differ-
nces in short-circuit current density, which is 20% and 77%
lower for the devices sprayed from CB and TCB, respectively.
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Similar to our previous work with P1 we find that the fill fac-
tor (FF) is higher for the devices sprayed from CB (~0.455)
compared with DCB (~0.405), though this difference is not
significant enough to offset the Jsc difference.

Figure 2 shows the JV curve under illumination and the
corresponding external quantum efficiency and indicating
that the performances are quite close between spin cast de-
vices and sprayed devices. The slightly lower fill factor can be
explained by observing in the atomic force microscopy
(AFM) images of Figures 2(c) and 2(d), which show a similar
morphology, but a much higher height variation for spray-
coated films (0 ~ 192 nm) than spun cast films (0 ~ 82 nm)
(refer to Figure5 in the appendix). A variation in film
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FIGURE 4: JV characteristics under 100 mW/cm? illumination by
standard A.M. 1.5 solar simulator with P1:PCBM ratio at 1:1
(black solid), 1:2 (red dash), 1:3 (blue dot), and 1:4 (green dash-
dot).

thickness and roughness will result in a charge recombina-
tion due to the limited charge mobility for conjugated poly-
mers. Therefore, the thicker parts in the spray-casted film
will lower the total shunt resistant and affect the device fill-
ing factors. However, this confirms that spray coating does
present an approach to large-scale fabrication for OPV using
this materials system.

3.3. Active Area. Researchers have also begun to focus on the
realistic processes for larger area production. Na et al. [17]
reported fully spray-coated, ITO-free, solar cells using the
anode (PEDOT :PSS) and the active layer (P3HT : PCBM).
They were able to achieve PCE ~ 2.17%, thereby moving to-
wards a cost-effective deposition method. At the same time,
Girotto et al. [11] have developed a physical model for un-
derstanding droplet dynamics. In this work, they were able
to spray a uniform PEDOT : PSS followed by a spray-coat-
ed absorbing layer with a fill factor over 70%, which is
comparable to that achieved experimentally on spun-coated
films. Taken together, these suggest that spray-coating can
lead the OPV device to market without sacrificing efficiency
but morphological considerations may be different from the
spun cast approach.

However, we note that most of the studies [11, 12, 15,
18, 19] for spray coating OPV were carried out with an ac-
tive area of around 10mm? so scalability has not been
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F1GURrE 5: AFM topology analysis of (a) a spun-casted film and (b) a spray-casted film using DCB as carrier solvent.

demonstrated. Importantly, the roughness and thickness of
sprayed films may reduce the final performance in large de-
vices due to the increased internal resistance. In fact, it has
been demonstrated that a 50% decrease occurs in a very large
device (over 12cm?) [20], whereas on a 4cm? device very
little loss of performance (2.64%) from the smaller devices

was observed. In our study, we observed a 1% decrease as
well when larger device sizes (to 1 cm?) were fabricated by
spraying. This is due to the rougher surface.

In order to scale up our device by spray coating, we stud-
ied the JV performance as a function of active area statisti-
cally in Figure 3. Each point in Figure 3 refers to the average



over 8 electrodes (2 chips of 4-electrode devices). Each elec-
trode is an active area of the film. The error was estimated
by the difference between the average and maximum. Again,
the Voc is not affected by active area as shown in Figure 3
with voltages ranging from 0.957V to 0.970V. Jsc is also
relatively constant at 8.52 + 0.5 mA/cm? up to the active area
of 34 mm?. It dropped to 0.45mA/cm? when device sizes
were increased to 100 mm?, which is only a 5% sacrifice in
performance. The fill factor also decreased at 100 mm? as
expected to 0.395 + 0.007 but the device with an active
area of 34 mm? still maintains a good fill factor of 0.49
that is comparable to the spun-casted devices. Because of
the variation in thickness across the active are, the polymer
solar cell can be viewed as a number of devices connected in
parallel. When the active area increases, the shunt resistant
was reduced from 853 ohm-cm? for the 0.3 cm? device down
to 585 ohm-cm? due to this film thickness variation which
leads to charge recombination (AFM analysis is available in
Figure 5 in the appendix). We suggest that this dominates
the change in device filling factor. Surprisingly, the 100 mm?
devices show an average PCE of 3.02% in spraying coated
devices. For such large active area devices this is quite good
even though there is a 1.1% drop compared to the peak value

of 4.12% for an active area of 34 mm?2.

4. Conclusion

In summary, a review of the recent achievements in large-
scale OPVs (mainly based on P3HT : PCBM BH]J structures)
by spray coating technology, has identified several important
parameters such as nozzle-substrate distance, choice of sol-
vent, mixture of cosolvent that influence morphology opti-
mization. Using these parameters in this work, we have
explored the possibility of fabricating solar cell devices by
a hand-held airbrush with an active layer composed of a new
low band gap copolymer poly[(4,8-bis(1-pentylhexyloxy)be-
nzo[1,2-b:4,5-b"]dithiophene-2,6-diyl-alt-2,1,3-benzothia-
diazole-4,7-diyl] and phenyl-Ce;-butyric acid methyl ester
(PCe1BM). 1,2-Dichlorobenzene is shown as an appropriate
carrier solvent by comparing the solar cell performance with
other two solvents (chlorobenzene, 1,2,4-trichlorobenzene)
under identical conditions, and we obtain a promising PCE~
3.00% on average without any special treatment under room
temperature conditions. We believe these results may give
some guidance to spray approaches in this class of donor ac-
ceptor polymers.

Appendix

See Figures 4 and 5.
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Due to the vast expansion of photovoltaic (PV) module production nowadays, a great interest is shown in factors affecting PV
performance and efficiency under real conditions. Particular attention is being given to degradation effects of PV cells and modules,
which during the last decade are seen to be responsible for significant power losses observed in PV systems. This paper presents
and analyses degradation effects observed in severely EVA discoloured PV cells from field-aged modules operating already for 18—
22 years. Temperature degradation effects are identified through IR thermography in bus bars, contact solder bonds, blisters, hot
spots, and hot areas. [-V curve analysis results showed an agreement between the source of electrical performance degradation and
the degradation effects in the defected cell identified by the IR thermography. Finally, an algorithm was developed to automatically
detect EVA discoloration in PV cells through processing of the digital image alone in a way closely imitating human perception of
color. This nondestructive and noncostly solution could be applied in the detection of EVA discoloration in existing PV installations
and the automatic monitoring and remote inspection of PV systems.

1. Introduction

During the last decade, the integration of photovoltaics (PV)
in buildings, telecommunication stations, power plants, and
industrial applications has greatly expanded, in an effort to
provide cheaper and greener energy production and energy
saving. While the c¢-Si and pc-Si PV module production
account together for about 83% of the market share world-
wide [1], newer cell technologies such as thin film, a-Si,
CdTe, and CulnSe;, [2] are constantly being sought and fur-
ther investigated in an attempt to provide higher module
efficiency and more reliable PV performance. Recent research
interest has shifted towards a deeper understanding of factors
which affect PV performance and efficiency under real condi-
tions, whereby the PV power output is often largely different
from the expected performance under the specified factory
rating norms. Temperature, solar irradiance, and spectral
effects [3], as well as the degradation of PV cells and modules
[4], which often appears after a few years of operation and
continues to increase thereafter, are the main factors which
attribute to the discrepancy observed. The extent of cell and
module natural degradation after 20-25 years performance
in silicon module productions can nowadays be observed [5].

Due to the complex manner in which these defects appear
and interrelate, a deeper understanding of the nature of these
defects and the degree to which they correlate with reduction
in PV performance and efficiency is of prime importance
both for the early and accurate defect detection in existing
technologies and the offering of highly improved PV systems.

PV cell and module degradation has been attributed to
the discoloration of the ethylene vinyl acetate (EVA) encap-
sulant used in PV modules, which is more evident in mod-
ules operating at locations of high ambient temperature and
high solar irradiation especially at lower UV wavelengths [6].
Studies have reported on the degradation mechanisms of the
EVA copolymer induced from UV and high temperatures
developed in cells, involving the formation of acetic acid
and polyenes, the production of ketone and aldehyde, and
the production of acetaldehyde and other gases [4, 6]. EVA
discoloration is connected to the formation of polyenes
and a,B-unsaturated carbonyl products and, further, to the
depletion in the UV stabilizing additives, such as Cyasorb UV
531 and Tinuvin 770 [4, 6]. EVA discoloration in silicon PV
cells appears in several degrees and extends from yellow to
dark brown. Cell and module degradation is also attributed
to the delamination of the encapsulant near the edges of



the cell due to water penetration [7], the formation of high
conductivity paths, known as shunts, inside the cell or along
its edges as a result of crystal defects and impurities [8],
and sometimes to manufacturing microdefects that may
be passed through the fabrication process. Furthermore,
external factors responsible for cell and module degradation
include partial shading, dirt, or dust, which cause cell mis-
match and may lead to the formation of hot spots and hot
areas [9], or other factors such as cracks or sealant diffusion
allowing humidity penetration [7].

Several of these factors are seen to cause a temperature
increase at the defected area, which is often several degrees
above the temperature of the healthy part of the cell. Depend-
ing on the severity of the defect and the extent of the cell area
it covers, the temperature increase may be realized through
hot spots or large hot areas. The defected cells are shown to
produce less current, leading to cell mismatch in the module
and result in the defected cell operating under reverse-bias
mode, dissipating power in the form of heat [9]. Studies have
shown that short-circuit current (Iy.) and fill factor (FF) are
significantly affected by module aging and cell degradation,
leading to considerable maximum power (P,,) losses, with
FF decrease mainly attributed to degradation in the cell
interconnections causing increase in the series resistance
(R;s), and I, losses mainly due to degradation in the optical
properties (EVA discoloration, delamination, etc.) [10].
Furthermore, nonuniform EVA degradation among modules
leads to additional power losses due to mismatch [6].

Optical defects including EVA discoloration, delamina-
tion, cracks, and humidity ingress along with corrosion
defects in the metallic elements of the cell can be easily
detected by means of visual inspection. Recently, great
interest is shown in the use of IR thermography for nonde-
structive testing and inspection of PV modules. As defected
cell areas exhibit higher or lower localized temperature than
that of the remaining cell, the use of an IR camera to
capture the temperature distribution on the surface of the
cell can easily assist in the detection of these defects. Recent
studies have reported on the detection of hot spots and hot
areas using conventional IR cameras [11, 12]. The use of IR
cameras equipped with spectral filters with IR sensitivity in
the midwavelength rather than the conventional long-wave
IR detectors was shown to effectively aid in the identification
of shunt paths and resistive solder bonds in solar cells [13].

The study presented in this paper analyses aging defects
appearing in 18-22-year-old PV modules, identified by
means of IR thermography and digital image processing.
The defects detected show the extent of optical degradation
after several years of module operation in field conditions.
I-V curves obtained from these PV modules assisted in the
determination of the degree of performance degradation
and verified the results of IR and digital image processing
attributing the source of power and current losses to degra-
dation in the cell interconnections and its optical properties.

2. Experimental Methodology

Experiments were performed during a period of several
months on SIEMENS M55 and BP B 1233 ¢-Si PV modules
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with 18 and 22 years of field operation, respectively, at the
R.E.S. Lab of T.E.L. of Patras, Greece. Both digital images
and IR images were obtained from cells exhibiting different
degrees and forms of optical degradation. Images of the cell
neighborhood were also obtained for relative comparison
reasons.

Digital images were obtained using a conventional 7.1
MP digital camera. The digital images were processed and
analysed with software developed for the purposes of this
study in MATLAB environment. The IR images were ob-
tained using TROTEC ICO80LV thermocamera with detector
resolution 384 x 288 pixels and accuracy of +2°C. The
detector is an uncooled microbolometer with spectral range
7.5 to 14pm. For the calibration settings, emissivity was
set to 0.83 for the front glass side of the cell and 0.91
for the back side Tedlar surface. The temperature data files
extracted using the specialized camera software were then
processed and analysed in MATLAB. For the I-V curves
obtained, an I-V curve analyser for photovoltaics, PV-KLA,
was used with a silicon irradiance sensor Si-01TCext with
active temperature compensation and a PT-100 sensor for
measuring module temperature. For each measurement the
temperature coefficients of Py, I, and V. for the PV
module were set.

The experiments with the SIEMENS M55 modules were
performed during September 2011 on days 13, 17, and 27,
while the experiment with the BP B 1233 PV module was
performed during April 2011 on day 8. At the time of the
experiment, the following parameters were recorded: the
ambient temperature via means of an MP101A sensor, the
wind speed via means of a 05103 R.M. Young wind sensor
and the global solar radiation at horizontal via means of a
CMBG6B pyranometer.

3. Visual Inspection

Several SIEMENS M55 PV panels operating for 18 years in
the T.E.L. of Patras, Greece, were visually examined for signs
of optical degradation. The panels have been exposed to the
rather hot and dry Greek climate, and about 10 years ago
lumps of mortar were incidentally shed on the PV array and
covered several cells for a prolonged period of several months
(see Figure 1).

Although EVA discoloration in panels is known to be
heterogeneous, the fact that some cells exhibit a significantly
higher degree of browning is highly considered to be because
of the shading effect caused by the layer of mortar. This
induced shading effect caused the cells covered by this layer
of mortar to operate under reverse bias mode, developing
higher temperatures within the cell due to Joule effect.
These modules exhibit now different types of degradation
effects and to a different degree. These include browning
due to EVA discoloration, corrosion of contacts and fingers,
delamination, and humidity ingress, see Figure 2.

4. IR Thermography

4.1. Junction Box Effects. The IR images of the SIEMENS
M55 modules were obtained using the thermocamera. The
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FIGURE 2: Various degradation effects observed in 18-year-old SIEMENS M55 PV cells.

ambient temperature recorded was 31.5°C, the average wind
speed was 2 m/sec, and the global solar radiation at horizon-
tal was 680.5 W/m?.

IR thermography shows the temperature distribution
on the PV surface. When taken from a distance only large
temperature variations can be observed. Figure 3 shows the
front and back of two PV modules. A hot spot area with an
increased temperature of about 7°C compared to the temper-
ature of the rest of the module is shown at the cell where the
bypass diode box lies. The IR image of the back of the mod-
ules shows an even higher temperature at the sealant of the
junction box. This temperature increase at the cell where the
junction box lies causes a difference in voltage § Vi, resulting
in mismatch between the cells equivalent to partial shadow-
ing effects and leads to a §P,,, reduction in the power output.
As this effect is constant, the cell operating under increased
temperature will eventually experience a slow physical degra-
dation leading to permanently reduced power output.

Furthermore, cell temperatures measured at the back
of the panel are observed to be higher by about 7-10°C
from temperatures measured at the front. This is due to
the increase of the thermal resistance added by the tedlar
insulation at the back of the module. Based on the heat
conduction law, the temperature at the back due to higher

insulation is expected to be higher than temperatures at the
front of the panel.

4.2. Browning and Bus Bar Degradation Effects. The IR im-
ages of cells exhibiting different degree of browning were
captured for the determination of any temperature degrada-
tion effects. Figures 4(a) and 4(b) show the digital image and
the IR image of a c-Si cell neighborhood from a SIEMENS
M55 panel, whereby the bottom corner cell with severe
EVA discoloration is shown in the IR image to display an
average temperature increase by about 25°C compared to
the temperature of the nearby cells exhibiting browning to a
lesser degree. Furthermore, the IR image reveals the existence
of two hot spots reaching 86°C, a relative increase by more
than 35°C with respect to the temperature of the nearby
cells. Due to the overall conductance of the PV module front
cover, heat propagates around the hot spots, while the tedlar
insulation at the back of the panel having low conductivity
discloses the hot spots more clearly. The IR image at the
back side tedlar surface of the cell reveals that these two hot
spots are located on the bus bars of the cell, see Figure 5(b).
The larger one appears at the soldering bond where the
contact is corroded (see Figure 4(a)). The temperature of
these hot spots at the back side of the cell reaches 96°C,
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FiGure 3: IR image of PV modules showing hot area at the junction box, (a) at the front of the panels, and (b) at the back of the panels.
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FIGURE 4: (a) Digital and (b) IR image, of browned cell and neighboring cells. IR image reveals two hot spots at the severely browned cell.

>>96.39 C
- 96

- 82

- 68

- 54
<< 48.87 C

(a) (b)

FIGURE 5: (a) Digital and (b) IR image, of the back of the severely browned cell of Figure 4. IR images reveals the two hot spots are located
on the two bus bars. The tear of the tedlar sheet also appears in the IR image.
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FIGURE 6: 3D temperature plot of IR data extracted from the back of
the cell of Figure 5(b).

which is detrimental to the operational lifetime of the cell.
At the time of the experiment, the ambient temperature was
32.2°C, the wind speed was 2.2 m/sec, and the global solar
radiation at horizontal was 607.1 W/m?. During summer
higher temperatures have been recorded, with the hot spot
reaching temperatures above 100°C.

Figure 5(a) also shows a tear in the tedlar sheet, which
also appears in the IR image crossing through the bus bar
at the hot spot and displaying slightly lower temperature at
the edges of the tear (see Figure 5(b)). The temperature data
extracted from the back side of the cell of Figure 5(b) were
also analysed in MATLAB. The data were filtered witha 3 X 3
median filter. The 3D temperature plot is shown in Figure 6.
The two hot spots appear clearly and the small temperature
decrease at the place of the tear is now obvious. A temper-
ature pattern appears, due to heat propagation, between the
two hot spots which replicates the exact temperature pattern
observed at the front side of the cell.

4.3. Blister Effects. Another SIEMENS M55 c-Si cell exhibit-
ing severe browning discoloration, particularly evident at the
bus bar contacts and solder bond, is displayed in Figure 7(a).
The image of the back of the cell (Figure 7(b)) exhibits a large
blister at the bottom bus bar and a smaller blister at the top
bus bar. The browning at the bus bar and solder bond is also
visible at the back of the cell. The IR image at the front and
back side of the cell are displayed in Figures 8(a) and 8(b),
respectively. The ambient temperature recorded was 36.5°C,
the wind speed was 1.7 m/sec, and the global solar radiation
at horizontal was 717.1 W/m?.

A large hot spot area is visible in the front IR image, while
the IR image at the back displays more information. A hot
spot appears on the bus bar with its temperature reaching
nearly 99°C, extremely detrimental for the operational health
of the cell, which is higher by about 30°C from the remaining
part of the cell. An extended part of the bus bar around the
hot spot appears with also an increased temperature by 15—
25°C compared to the temperature of the remaining part of
the cell. An effect of this extreme temperature of the bus bar

is a blister which has formed at the tedlar backsheet cover
located on the bus bar at the edges of this hot area. The
blister exhibits lower temperature 63°C, about 6-7°C below
the temperature of the remaining part of the cell.

4.4. Natural Discoloration, Hot Spots and Hot Areas. A 22-
year-old ¢-Si BP B 1233 PV module examined revealed
natural EVA discoloration on all of its cells covering about
90% of the cell area. The EVA discoloration appears not
only on the surface of the cell but also on the street surface
between the cells. The digital image of the lower part of
the panel is displayed in Figure 9(a). The IR image of the
back of the panel reveals one of the cells to exhibit higher
temperature than the others (see Figure 9(b)).

The temperature data extracted from the back of the
panel were further analysed in MATLAB, and the 3D
temperature plot is displayed in Figure 10(a). A temperature
pattern with a hot area reaching 53°C appears on the cell
indicated by the arrow. Temperature data extracted from the
IR images capturing this cell from the front glass side are
plotted in Figure 10(b) together with neighbouring cells and
in Figure 10(c) the temperature pattern of this cell alone.
The temperature data of the cell neighborhood identify
the defected cell having about 10°C higher temperature
than the nearby cells. The temperature distribution of the
defected cell alone (Figure 10(c)) reveals the existence of a
large hot spot and hot area in the middle of the cell area. The
highest temperature at the hot spot was 47°C due to the low
irradiation 550 W/m? at the time of the experiment, while
ambient temperature was 17°C. The relative temperature
differences compared to the remaining part of the cell can be
observed.

5. I-V Curve Analysis

In order to investigate whether the thermographic informa-
tion identifying the source of degradation in a PV module
correlates with its electrical performance, a series of I-
V' experiments were carried out with the SIEMENS M55
module of Figure 4(a). The I-V curve of the PV module
was obtained using the I-V curve analyser. The I-V curve
was obtained for a series of shading configurations: with all
cells of the module unshaded; with the severely browned
cell shaded by 100% using a black carton; with each one of
the three strings of the module successively shaded (all 12
cells) by 100%. This was done in order to determine which
string of cells contributed to the deterioration observed in PV
performance. It should be noted that each string has 12 cells
and the three strings are connected in series. The module has
two bypass diodes connected so that the first diode bypasses
the first and second strings and the second diode bypasses the
second and third strings. Thus, the second string is bypassed
by both diodes. When the second string is shaded, the circuit
configuration changes so that the first and third strings are
now connected in parallel and the total current at the panel
output is higher than the current output when all cells are
unshaded [14, 15]. Figure 11 shows the I-V curves obtained
under the various configurations.
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(a) (b)

Ficure 7: Digital image (a) front and (b) back, of a SIEMENS M55 c-Si cell exhibiting browning, degradation at bus bars and solder bond,
and the appearance of blisters at the back sheet tedlar cover.
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FiGure 8: IR image (a) front and (b) back, of the cell displayed in Figure 7, exhibiting a large hot spot area at the front and increased
temperature on the bus bar and blister at the back.

(a) (®)

FIGURrE 9: (a) Digital image of the lower part of a BP B 1233 ¢-Si PV panel; (b) IR image of the back of the panel revealing a hot cell in reverse
order as illustrated by the arrow.
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FiGure 10: 3D temperature plot of defected cell and neighboring cells as seen in clockwise order (a) from the back of the panel (in reverse
order), (b) the front side lower corner of the panel, and (c) the temperature plot of the defected cell alone revealing a hot spot and hot area.
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FIGURE 11: I-V curves obtained from the aged SIEMENS M55 PV module under the various configurations.



The slope of the I-V curve at V. indicates the series
resistance R, while the slope of the I-V curve at I indicates
the shunt resistance Ry, [5]:

v

ﬁ VeVi, - _Rs> (la)
dl 1
I — Ry (1b)

The I-V curve of a healthy panel would be rather horizontal
at I and steep at V,, indicating high Ry, and low R;.

The I-V curve of the PV module in Figure 11, when
all cells are unshaded, displays a step-wise decrease, which
reveals the existence of deteriorated cell(s). The decreased
slope at V,. proves the existence of a high parasitic series
resistance R;. On the other hand, the small slope at I indi-
cates high Ry, and therefore a small parasitic shunt resistance.
Parasitic shunt resistances arise from high conductivity paths
(shunts) in or at the edges of the cell [8], while series
resistances arise from contact resistance, bus bar resistance,
and fingers [14]. Thus, the I-V curve of the PV module shows
that the deterioration in PV performance is mainly due to
high resistance at the cell bus bars and contacts.

Due to the connection of the diodes earlier explained,
when the first string was entirely shaded, the PV module
operated through the cells of the third string. The I-V curve
obtained under this configuration (see Figure 11) displays
an increased R; illustrated by the decreased slope at V.
This indicates the existence of a high parasitic resistance in
the third string. On the other hand, for the configurations
whereby the browned cell was shaded or the third string was
entirely shaded, which means that the PV module operated
through the cells of the first string, the I remains as high
as the initial I-V of the module and the slope at V. is now
steep indicating a significantly smaller series resistance. Thus,
the location of the increased parasitic series resistance is the
browned cell located in the third string, as identified by the
thermography, which detected in this severely browned cell
an increased bus bar resistance due to the high temperature
observed at the hot spots located on both bus bars (see
Figures 4 and 5).

An indication of the overall PV module performance
degradation may be shown through the reduced P, =
47.7W and FF = 61.7% when converted to standard test
conditions (STC). The reduction of P,, from the nominal
53 W value, 6P,,/P,,, is 10%. It should be noted that a small
deviation in the measured power losses may be observed
due to spectral variations and sky conditions. While the
reduction is obvious and significant, considering the 18 years
of field operation of the PV panel, the technology used at
the time of production, the optical and electrical degradation
which it exhibits, it may be said that the degradation is
smaller than expected.

6. Digital Image Processing

Visual inspection of PV cells and modules may reveal many
optical and electrical defects. As a correlation has been
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observed between optical degradation and current loss [4, 7],
which was also shown in this paper, the ability to automat-
ically detect optical degradation through EVA discoloration
would bring major improvements in the remote monitoring
of the operational health of PV systems and the identification
of early signs of degradation. The human eye can easily
detect EVA discoloration in PV cells and generally distinguish
between largely different degrees of discoloration. An algo-
rithm has been developed in this study to automatically
detect optical degradation in PV cells through processing of
the digital image alone, in a way closely related to human per-
ception.

The algorithm developed first converts the RGB image of
the cell to the HSV (hue, saturation, value) color space. The
HSV color model belongs to a group of similar hue-oriented
color models (HSI, HSV, HSL) which correspond more
closely to the human perception and interpretation of color.
These models share the same attribute for hue and differ
in terms of their definition of saturation and of intensity/
value/lightness. The HSV coordinate system is cylindrical,
and the H, S, and V components can be derived from the R,
G, and B components through the following equations [16].
Note that in the equations RGB values are normalized to the
range [0, 1], and H needs to be normalized to the range [0, 1]
by dividing by 360:

0 if B<G,
H= (2a)
360-60 ifB>G,

with 6 = cos™! 2R-G)+(R-B) , (2b)

(R-G)*+(R-B)(G-B)

max(R, G,B) — min(R, G, B)

$= max(R, G, B) ’

(3)

V = max(R, G, B). (4)

Segmentation is then carried out in HSV color space based
primarily on hue, which is the only component carrying
color information. The saturation component is used to
mask out regions for which hue is undefined, and the value
component is used to further detect different tones of color
in regions specified by hue—in order to detect different
strengths of browning effect. The segmentation results are
presented via a pseudocolor image produced based on the
following. Hue in the range of [180°, 300°) corresponds
to blue colors and is represented with a blue color in the
pseudocolor image, identifying the unaffected area of the cell.
Hue in the range of [300°, 360°] and [0°, 60°] corresponds
to red and golden colors and is represented by red in
the pseudocolor image, which identifies the yellowing and
browning in discolored cell areas. Depending on the value
component and with respect to different hues, a greater value
of V is represented in brighter color (red or blue) in the
pseudocolor image while a smaller value of V' in darker color,
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FiGgure 12:
algorithm.

(a)

FIGURE 13: (a) Original digital image of a c-Si SIEMENS M55 cell, (b) respective pseudocolour image provided by the proposed segmentation

algorithm.

signifying different levels of brightness in the color. Values
of V near 0 are represented with black. Values of S near 0
and V near 1 are represented with white in the pseudocolor
image and distinguish the street regions between the cells.
For saturation 0 the value of hue is irrelevant. Saturation
near 0, signifying ambiguous grey-ish colors, often evident
in discolored parts of the cell, is represented in gray color in
the pseudocolor image.

Figures 12(a) and 12(b) show, respectively, the original
digital image of an aged c-Si cell from the BP B 1233
PV module, and the pseudocolor image produced by the
segmentation algorithm. It may be observed in the pseudo-
color image that the undamaged part of the cell has been
accurately detected, and the nonbrowned part of the street
surface around the cell. Furthermore, the browning has been
accurately detected on all affected areas, which is shown
in red and dark red color in the pseudocolor image. Also,
areas exhibiting different severity of browning appear in
grey color in the pseudocolor image. The browning which
appears on the bus bars and fingers has also been accurately
detected. Figure 13(b) displays the resulting pseudocolor

image for a browned c-Si cell from a SIEMENS M55
module (Figure 13(a)). It is evident that the pseudocolor
image produced has accurately detected the undamaged and
damaged parts of the cell. The browning which appears on
both bus bars and soldering bond is clearly detected and
appears in red in the pseudocolor image. The small browning
at the lower bus bar, which could have been passed unnoticed
during a visual inspection, has been correctly identified and
appears in red in the pseudocolor image.

The identified discoloured part of the cell is also mea-
sured in terms of percentage area of coverage with respect to
the true area of the cell, and in terms of the different tones of
colour in order to identify the severity of browning detected.
An extended analysis of this algorithm will be presented in a
separate study.

7. Discussion

Optical and electrical defects in field-aged PV modules of
18-22 years of operation have been identified and analysed
through visual inspection, digital image processing, IR ther-
mography, and I-V curve analysis. The SIEMENS M55
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modules exhibited in certain cells severe optical degradation
which was induced by external field factors in the past,
while the BP B 1233 module exhibited severe natural EVA
discolouration. PV cells exhibiting severe EVA discoloration
were identified through visual inspection, and the IR image
of the PV panels also confirmed temperature degradation
defects in these discolored cells. Severely discolored cells of
the M55 module exhibited degradation defects mainly on
the bus bars of the cell, increasing cell temperature and,
further, increasing the series resistance of the cell. This
in turn causes mismatch effects and reduces the power
output of the module as seen in the I-V curve analysis
performed. The temperature measured at the hot spots
reached temperatures above 95°C for the experiments
carried out during September 2011, which is detrimental
for the operational health of the cell. In the most severe
cases examined, hot spots experienced temperature increase
6T./T: by 50%—-80% compared to the temperature of the
nearby cells. Cells including these hot spots experienced an
average temperature increase in the entire cell by 20-50%
compared to the temperatures of the nearby cells. Milder
hot areas due to junction box effects exhibited temperature
increase by about 15% compared to the temperature of
the nearby cells. Hot spots in the IR image of the BP cell
captured during April exhibited also a temperature increase
by about 18% compared to the temperature of nearby cells.
For measurements under higher ambient temperature and
higher solar radiation, this relative temperature increase at
the hot spots and within the cell is expected to be higher
mainly due to the Joule effect I2R;.

Due to the overall conductance of the PV module front
cover, temperature propagation appears around the area of
the hot spot. It was shown that the IR image at the back of the
panel exhibited more precisely the temperature topography
assisting in the identification of the exact location of the
hot spots. In addition, higher temperatures by about 10°C
were measured at the back side of the panels compared to
temperatures measured at the front.

IR images were captured at different seasons, and the
identification of the hot spots was possible even for cases
when solar radiation was much lower than the maximum
range observed during summer. This highlights the appro-
priateness and flexibility of the IR thermography as a method
for defect detection. Nevertheless, the severity of the defect
needs to be considered also under the high solar radiation
conditions that prevail at the site of the PV installation for
an indication of the maximum temperatures that may be
observed and may be accounted responsible for permanently
increasing deterioration of the operational health of the cells
and modules. On the other hand, identification of discolored
cells, hot spots, and defected areas can be reliably performed
even during colder months of the year.

Via means of an [-V curve analyser, the I-V curves
obtained through a series of experiments on one of the
modules led to a correlation between the results of the visual
inspection, thermography, and the I-V curve characteristics.
The hot spots on the bus bars and solder bond identified
through the IR thermography was verified by the I-V curve
characteristics showing increased parasitic series resistance
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when operating with the severely discolored cell, identifying
this cell as the source of electrical performance degradation
for the module.

The algorithm developed for the automatic detection of
EVA discoloration in PV cells via digital image processing
gave reliable results identifying correctly the discolored cell
area and the healthy part of the cell. The percentage area of
coverage of the discoloration with respect to the true area of
the cell and the identification of different tones of color gives
estimates of the severity of browning detected. The ability
to easily detect optical degradation is of high importance
for the inspection and monitoring of the operational health
of PV modules. This could be applied in the detection of
EVA discoloration in existing PV installations via means of
a single digital picture, or in the automatic monitoring and
remote inspection of PV systems.

8. Conclusions

This paper has presented and analysed optical and electrical
degradation effects in modules operating under field con-
ditions already for 18-22 years. Certain modules or cells
had experienced heavily induced degradation by external
field factors, while others exhibited signs of severe EVA
discoloration due to natural aging. The degree of EVA dis-
coloration observed differed between cells and modules with
some cells exhibiting severe signs of discoloration which
affected the bus bars and contacts of the cells. The type of
optical degradation also differed among modules, with most
experiencing EVA discoloration and a few exhibiting a higher
degree of delamination of the encapsulant. The naturally
aged BP module did not exhibit the severe degradation of
bus bars and contacts, which was observed in the cells of the
M55 modules subjected to the induced aging by the external
factors.

The optical degradation was detected through visual
inspection and through IR thermography, which reliably
identified hot spots and hot areas, leading to increased series
resistance in the cells and causing mismatch effects. Results
of the IR thermography were also verified by the I-V curve
characteristics showing increased parasitic series resistance
when operating with the severely discolored cell, identifying
this cell as the source of electrical performance degradation
for the module. The IR thermography proved a reliable and
accurate tool for the diagnosis of degradation defects, both
optical and electrical, in PV cells and, furthermore, for the
identification of the precise location and the severity of these
faults. The relative temperature differences measured within
the cell or between neighboring cells may further assist in the
diagnosis of early signs of degradation. This is important as
degradation is observed to advance in an increasing rate.

Finally, an algorithm was developed to automatically
detect EVA discoloration in cells through digital image pro-
cessing in a way closely imitating human perception of
color. The algorithm gives an accurate identification of the
healthy and discolored part of the cell and presents the result
in pseudocolor image. Furthermore, it identifies different
degrees of severity of discoloration and gives an estimate of
the percentage area coverage of the discoloration. This novel
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approach brings several advantages in the area of automatic
defect diagnosis for remote inspection and monitoring of PV
cell and module condition. The latter is particularly impor-
tant for the early diagnosis of faults, assisting in prolonging
the operational lifetime of the system.
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It is well known that nitride-based devices suffer the polarization effects. A promising way to overcome the polarization effects is
growth in a direction perpendicular to the c-axis (nonpolar direction). Nonpolar devices do not suffer polarization charge, and
then they have a chance to achieve the high solar efficiency. The understanding of the solar performance of non-polar InGaN-
based solar cells will be interesting. For a pin non-polar solar cell with GaN p- and n-cladding layers, the conduction band offset
(or barrier height, AE) between an intrinsic layer and n-GaN layer is an important issue correlating to the efficiency and fill factor.
The efficiency and fill factor will be seriously degraded due to sufficiently high barrier height. To reduce a high barrier height, some
graded layers with an energy bandgap between the energy bandgap of n-GaN and In,Ga, N intrinsic layer can be inserted to the
interface of n-GaN and In,Ga; N layers. From simulation, it indicates that the insertion of graded layer is an effective method to

lower energy barrier when there exists a high energy band offset in non-polar nitride devices.

1. Introduction

Nitride-based materials such as In,Ga;_x N have become
important in fabricating photovoltaic devices due to their
energy band gaps lying between 0.7 and 3.4eV [1-5]. It
can absorb the full solar spectrum by a single material of
In,Ga;_x N with different indium contents. Many theoretical
calculations on the performance evaluation of InGaN-based
solar cells have been performed [1, 4, 5]. They demonstrated
that a very high solar efficiency could be achieved. The direct
bandgap properties and high absorption coefficients make
it have great potential in photovoltaic application. Further,
the GaN-based materials have a high resistant to high energy
irradiation and temperature variations [6, 7]. Thus, it is
suitable for space applications or high concentrator solar
cell systems. However, a good-quality InGaN film with
high indium composition cannot be obtained due to the
low miscibility of InN in GaN. It also suffers polarization
effects that degrade the device performance seriously [8—11].
Although the current nitride devices suffer the polarization
effects, a promising way to overcome the polarization
effects is growth in a direction perpendicular to the c-
axis (nonpolar direction) [12-14]. In the heterojunction of

p-GaN/i-In,Ga;_, N/n-GaN structure on r-plane sapphire
(nonpolar a-plane GaN), the nitride devices do not suf-
fer polarization charge, and then they have a chance to
achieve a high solar efficiency. The understanding of solar
performance on non-polar InGaN-based solar cells will be
interesting. In this work, the solar performance of non-
polar p-GaN/i-In,Ga;_, N/n-GaN solar cells with different
In,Ga;_x N energy bandgaps from 1.1 to 3.2eV has been
simulated. It is observed that the conduction band offset
between In,Ga;_x N and n-GaN layer will be an important
issue for the efficiency of pin solar cells. Although a pn
junction device is the most common structure in solar
cells, a pin structure will be the best choice for high-defect
materials due to drift field assistant properties. It is known
that an intrinsic layer with low energy bandgap in pin solar
cells has higher solar efficiency than that with high energy
bandgap. But, one has to pay attention to the effects of the
conduction band offset on the efficiency of solar cells. The
photogenerated carriers cannot tunnel through the energy
barrier if the AE is too high. To reduce the barrier height,
some graded layers with an energy bandgap between the
energy bandgap of n-GaN and In,Ga;_, N intrinsic layer can
be inserted to the interface of n-GaN and In,Ga;_, N layers.
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TasLE 1: The simulation parameters for In,Ga,_, N materials at 300 K [1].
Parameters Expression References
Energy bandgap (eV) E,(In,Ga; «+N) = 0.7x +3.4(1 — x) — 1.43x(1 — x) [15]
. Linear fitting: 170 at P = 4 x 10'® cm~3 and 100 at
2 -1 o—1
Electron mobility (cm?eV~'s71) P—1x10% em-> [16,17]
- Linear fitting: 22 atn = 3 X 107 cm ™ and 13 at
2 -1 -1
Hole mobility (cm?*eV~'s™1) 0= 1% 10 em-3 [16, 18]
Relative permittivity e £(In,Ga;_N) = x - ey + (1 — X) - €gan [19, 20]
Electron affinity y (eV) Xcax +0.7 - (3.4 — E,) [19,21]

Effective density of states in the conduction band N, (cm~?)
Effective density of states in the valence band N, (cm™?)
Absorption coefficient a (cm™!)

Carrier lifetime 7 (ns)

Surface recombination velocities Spo, Syr, Sno> Spr (cms™)

Ne(In,Gay-x N) = xNIN (1 - x)NGN [19]

N, (In,Ga;_ N) = xNI'N+ (1 — x)NGN [19]
a(d) =2.2x10° (1.24/A) — E, (19]
1 ns [22]
1000 23]

It can assist the photogenerated carriers to tunnel through
the energy barrier and result in a higher solar efficiency.
Thus, a graded GaN/In,Ga;_x N/GaN solar cell grown on a
nonpolar epilayer is simulated.

2. Simulation Parameters

The simulation parameters for In,Ga, —, N materials at 300 K
are listed in Table 1 [1, 15-23]. The In composition depen-
dence of In,Ga; _x N energy bandgap at 300 K is calculated by
Wu’s fitting equation [15]. The doping level dependence of
the carrier mobility in In,Ga, -, N materials at 300 K is based
on the fitting data [16-18], and the other related calculation
parameters are assumed to be the same as GaN [22]. The
simulation software of AMPS-1D is used to simulate the
characteristics of InyGa;_, N pin solar cells. The parameter
of the front contact reflectivity is set to 0.1 in order to reflect
general condition, and the back contact reflectivity is set to
zero. It is noted that the series and shunt resistance of solar
cells will degrade the solar performance. The series resistance
mainly consists of contact and film resistance, and the shunt
resistance results from the bulk and surface leakage current.
It is known that the film quality of the p-type GaN is not
good for a very high concentration. In addition, it is difficult
to form a good ohmic contact when the concentration of the
p-type GaN is lower than 1 X 10'7 cm~>. So, a concentration
of 5 x 10" cm™ is used as the doping concentration of p-
type GaN region and a concentration of 1 x 10" cm™ is
assumed in the n-type GaN region. The concentration of
the intrinsic layer is assumed as 5 x 10'® cm™ due to un-
intentionally high background concentration of donors. A
quite good ohmic contact to p-GaN with a concentration
of 5 X 107 cm™> was obtained by semitransparent ohmic
contact formation and metal grid deposition [3]. Thus, an
ideal contact is assumed in this simulation. No attempt is
made to find the optimum condition for the layer thickness
and doping concentration. It just wants to demonstrate the
needed layer structure of pin solar cells for a small energy
bandgap of the intrinsic layer due to a high conduction band

energy barrier at the interface of InyGa;—xN and n-GaN
layers.

3. Results and Discussions

Figures 1(a) and 1(b) show the efficiency and short circuit
current (Jic) as well as open circuit voltage (V) and fill
factor of In,Ga,;_, N pn junction solar cells, respectively, with
an In composition from x = 0 (E, = 3.4eV) to x = 0.75
(Eg = 1.11eV) under AM1.5G illumination. The inset of
Figures 1(a) and 1(b) shows the structure of In,Ga;_ N pn
junction solar cells. By doing the simulation, the thickness
of n-type region doped with 1 x 10 cm™ is fixed at
250nm and the thickness of p-type region doped with 5
x 107 cm™3 is optimized to obtain the highest efficiency
at each In composition. A small optimum thickness range
of 180 to 310 nm in p-type region is observed. It is noted
that the efficiency reaches the maximum of 18.4% (V,c =
0.9V, J;c = 26.1 mA/cm?) at an In composition of x = 0.6
(E; = 1.44 V) and then decreases with further increase in In
composition. The higher the In composition of In,Ga;—, N
is, the higher the Ji, the lower the FE, and the lower the
Voc are. With the increase of In composition from x = 0 to
0.75, the Vi linearly decreases from 2.64 to 0.59V, the J
monotonously increases from 0.38 to 37.2 mA/cm?, and the
fill factor decreases from 0.89 to 0.72.

It is noted that a pn junction device has the best perfor-
mance in solar cells for good-quality material. However, a pin
structure will be the best choice for high-defect materials.
In this paper, it is assumed that the carrier lifetime is 1 ns
that is obtained from a more real quality GaN film [22].
So, the efficiency of the pn junction solar cells is better
than that of the pin solar cells. One can demonstrate the
clear advantages of the pin solar cells over pn junction if
the carrier lifetime is shorter than 0.3 ns. (i.e., high-defect
Ing6Gag4 N film) The carrier lifetime is strongly correlated
to the film quality. The longer the carrier lifetime is, the
better the film quality is. Figure 2 presents the comparison
of the efficiency in Ing¢Gap4 N pn and pin solar cells versus
the carrier lifetime. Clearly, the pin solar cells exhibit better
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FIGURE 1: (a) The efficiency and short circuit current (Ji.) as well as (b) open circuit voltage (V,.) and fill factor of In,Ga;_, N pn junction
solar cells, respectively, with an In composition from x = 0 (E; = 3.4eV) to x = 0.75 (E, = 1.11eV) under AML.5 illumination. The inset

shows the structure of In,Ga;_, N pn junction solar cells.
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efficiency than the pn solar cells when the carrier lifetime is
shorter than 0.3 ns.

It is difficult to grow good-quality film especially in
a thick In,Ga;_xN film with high In composition due
to InN segregation problems. Presently, the film quality
for a thin In,Ga;_,N film (several tenth nanometers) is
good, but it is not good for a thick In,Ga,_xN film
(several hundred nanometers). Generally, the acceptable film
quality of InyGa;_xN film is less than 100 nm for higher
In composition (x > 0.3). However, the thickness of an
In,Ga;_x N solar cell with enough light absorption is larger
than 400 nm, which is mainly determined by the carrier life-
time and the material light absorption coefficients. The good

solar cell performance of In,Ga;_, N(p)/In,Ga;_x N(n) or
In,yGa;—x N(p)/InyGa;—x N(i)/In,Ga; -, N(n) structures with
high In composition cannot be achieved due to poor
InyGa;_x N quality film with high In composition. An alter-
nate structure of GaN(p)/In,Ga,;_, N(i)/GaN(n) is more easy
to be achieved, like the recent published papers with relative
high quantum efficiency [2, 3]. Thus, for more practical
realization consideration, both of p-GaN and n-cladding
layers are used in this simulation although the 17.3% effi-
ciency of the IngeGagaN(p)/IngsGagaN(i)/IngcGag4N(n)
solar cells is slightly better than the 16.8% efficiency
of the GaN(p)/IngsGag4N(i)/GaN(n) with three graded-
layer insertions at the carrier lifetime of 1ns. The effi-
ciency of p-GaN (100 nm)/i-In,Ga;_x N (200~500 nm)/n-
GaN (100 nm) solar cells with an In composition of x =
0.05-0.3 is shown in Figure 3(a). Clearly, the higher the
thickness of intrinsic layer, the higher the efficiency of the
solar cell, but the increment is small due to high absorption
in In,Ga;_x N layer. It is noted that the efficiency reaches
the maximum of 9.2% at an In composition of x = 0.26
and then drops dramatically with the further increase of In
composition. However, it is well known that an intrinsic layer
with low energy bandgap in pin solar cells has higher solar
efficiency than that with high energy bandgap under the
same illumination. What reason causes the efficiency drop
after the increase of In composition to higher than 0.26?
It is possibly due to that a large conduction band energy
barrier, AE, exists between In,Ga;_, N intrinsic layer and n-
type GaN region. It is noted that high energy barrier in pin
solar cells will seriously degrade the solar efficiency and the
fill factor.

Figure 3(b) shows the fill factor of pin solar cells with
various intrinsic layer thicknesses and In compositions.
The fill factor begins to reduce dramatically when the In
composition of In,Ga;_ N intrinsic layer is higher than
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FiGure 4: The current-voltage (I-V) curve of pin solar cells with
various In,Ga;_xN energy bandgaps (corresponding to an In
composition of 0.25-0.3 in Figure 2).

0.26, which is corresponding to an energy barrier of 0.68 eV.
The photogenerated carriers cannot tunnel through the
energy barrier if the AE is higher than 0.68 eV or if an existing
electric field is small. It will seriously reduce the electric
current and then result in a very low fill factor. It is noted that
the diffusion current is dominated in the pn junction solar
cells. However, the drift current is dominated in pin solar
cells especially for high-defect materials. In the In,Ga;—x N
pn junction structures, the diffusion current is dominated. In
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F1Gure 5: The conduction band energy diagram of Ing3Gag; N pin
solar cells at the voltage bias of 0, 0.54 and 1.67 V.

the In,Ga;_x N(p)/In,Ga;_, N(i)/In,Ga;_, N(n) structures,
the diffusion current is still dominated when the carrier
lifetime is longer than 0.3 ns and the drift current will be
dominated when the carrier lifetime is shorter than 0.3 ns
(a lot of diffusion currents will be recombined by defects
and cannot be effectively collected by the contact). In the
GaN(p)/In,Ga;_, N/GaN(n) structures, the drift current is
dominated due to less current contribution in GaN, which
generates less photocurrent by its high bandgap. More
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Figure 7: The efficiency of one graded-layer pin solar cells as a
function of In composition from 0.3 to 0.5.

photogenerated currents will be contributed in GaN by the
In,Ga;_x N intrinsic layer.

The current-voltage (I-V) curve of pin solar cells with
various In,Ga;_, N energy bandgaps (corresponding to an
In composition of 0.25-0.3 in Figure 3) is shown in Figure 4.
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FiGure 8: The efficiency of two graded-layer pin solar cells as a
function of In composition from 0.4 to 0.75.

Clearly, the I-V curve begins to deform with increase of
voltage bias when the In,Ga;_, N energy bandgap is lower
than 2.42 eV (x = 0.26). The deformation of I-V curve will
gradually worsen with the decrease of In,Ga;_ N energy
bandgap (increasing In composition). It means that the fill
factor will become smaller. A completely deformed curve
is observed in the In,Ga;_ N energy bandgap of 2.29 eV
(x = 0.3), which has a very low fill factor of 0.13. The inset
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of Figure 4 shows the conduction band energy barrier in
pin solar cells with an In composition of 0.25-0.3. The
In,Ga;_x N intrinsic layer with an In composition of 0.3
exhibits the highest energy barrier at the interface. Therefore,
it has the lowest fill factor. Figure 5 shows the conduction
band energy diagram of Ing3Gagz N pin solar cells at the
voltage bias of 0, 0.54 and 1.67 V, respectively. It can clearly
explain why a large reduction of fill factor is in a high energy
barrier of pin solar cells. At lower voltage bias (around 0V),
there exists a high electric field in intrinsic layer. Most of
the photogenerated carriers can tunnel through the energy
barrier due to high field-assisted tunneling and then be
collected by electrode contact; hence, a high Ji is observed.
However, the electric field will gradually reduce with the
increase of voltage bias. At a higher voltage bias, most of the
photogenerated carriers cannot tunnel through the energy
barrier due to low field-assisted tunneling or high energy
barriers, existing at the interface between In,Ga,_, N intrin-
sic layer and n-GaN region. Few photogenerated carriers are
collected in the electrode contact and result in a small electric
current. It is noted that a reduction of the electric current
will begin to occur at moderate voltage bias if the energy
barrier at the interface is too high, for example, in the case
of In composition with 0.27-0.3 it will seriously degrade the
fill factor of solar cells due to poor current shape gradually
changing from a seemingly rectangular shape to a triangular
shape with an increasing energy barrier, which is consis-
tent with the I-V observations in Figure 4. Recently, both
Ing>GagsN/GaN and Ing5Gag 7, N/GaN multiple quantum
well solar cells (MQWSCs) are experimentally fabricated and
compared. The I-V curve behavior of Ing,GagsN/GaN and
Ing 8 Gag7,N/GaN MQWSCs is similar to the simulation
observation in Figure 4 [24]. The higher the energy barrier
height is, the lower the fill factor is. The IngsGag72N/GaN
MQWSCs with the higher energy barrier between well and
barrier materials exhibit more deformed I-V curve and lower
fill factor than the Ing,GaggN/GaN MQWSCs. It is believed
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that this behavior is possibly related to the energy barrier
height (or conduction band offset).

To reduce the high energy barrier height, one can insert
a graded layer of 10 nm with an energy bandgap between
the energy bandgap of GaN and In,Ga,_, N intrinsic layer
to the interface of GaN and In,Ga;_, N. Figure 6(a) presents
the efficiency of one graded-layer Ing3;Gag;N pin solar
cells with four different graded energy bandgaps of 3.01,
2.81, 2.63, and 2.46eV as a function of the graded layer
thickness. The pin solar cells with a graded layer having an
energy bandgap of 2.81eV exhibit the highest efficiency,
when the energy barrier is closely to a half of bandgap
difference between GaN (3.4 eV) and Ing3Gag7 N (2.29¢eV).
A graded layer with an energy bandgap of 2.46 eV has the
worst efficiency due to poor fill factor (large energy barrier).
To achieve high efficiency, the optimized thickness of the
graded layer is observed at 6 nm and the efficiency drops
dramatically at 2nm. The energy band diagram of one
graded-layer Ing3Gag7 N pin solar cells with four different
graded energy bandgap of 3.01, 2.81, 2.63, and 2.46¢eV is
shown in Figure 6(b). Clearly, an Ing3Gag 7 N pin solar cell
with a graded-layer insertion exhibits an energy barrier
lower than that without a graded layer insertion. Especially
for a graded layer with an energy bandgap of 2.81 eV, it has
the lowest energy barrier. This indicates that the barrier
height (AE) between an intrinsic layer and n-GaN is an
important issue correlating to the efficiency and fill factor.
The higher the barrier height is, the poorer the efficiency
and fill factor are, as shown in Figure 4.

As mentioned above, it is known that the efficiency and
fill factor will seriously degrade when an In composition
of InyGa;_ N intrinsic layer is larger than 0.26. In order
to improve the solar efficiency, a graded layer is needed to
lower the energy barrier height. Figure 7 shows the efficiency
of one graded-layer pin solar cells as a function of In
composition from 0.3 to 0.5. The efficiency of Ing3Gag; N
pin solar cells can be improved from 1.4% (as shown in
Figure 3(a)) to 10.5% with a graded-layer insertion due to
a great improvement of the fill factor from 0.15 to 0.87
(due to a lower barrier height AE). It is interesting to note
that one graded-layer insertion has an effective improvement
of efficiency only in the In composition range of 0.3-0.45.
The efficiency begins to drop when an In composition of
In,Ga;_ N intrinsic layer is larger than 0.45. The graded
layer with an In composition of 0.2 has better efficiency
than those with the In composition of 0.15 or 0.25 in
higher In composition of InyGa;_x N intrinsic layer (x = 0.4
or 0.45). One simple rule that can be used to determine
the In composition of a graded layer is a half value of In
composition of InyGa;_, N intrinsic layer. For example, a
pin solar cell with an In composition of 0.3 in In,Ga;_, N
intrinsic layer optimally needs a graded layer with an In
composition of 0.15, while that with an In composition of
0.4 or 0.45 needs a graded layer with an In composition of
0.2. In addition, the energy barrier height of In,Ga;_, N pin
solar cells with an In composition of 0.5 is still too high and
results in a poor efficiency although a graded layer has been
inserted. That is to say, more graded layers are needed for
high In composition In,Ga,;_, N intrinsic layer (x > 0.45).
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TaBLE 2: The optimum In-composited combination of two graded layers for each In composition of In,Ga;_, N pin solar cells.

The In composition of In,Ga;_ N

intrinsic layer (corresponding energy 0.4 (1.98) 0.45(1.83) 0.5(1.69) 0.55(1.56) 0.6 (1.44) 0.65(1.32) 0.7 (1.21) 0.75(1.11)

bandgap eV)

g:rm composition of the st graded 155 417 015 (2.81) 0.15 (2.81) 0.15 (2.81) 0.2 (2.63) 02 (2.63) 0.2 (2.63) 0.25 (2.46)

The In composition of the 2nd graded 35 )9y 13229 03(229) 035 (2.13) 0.4 (1.98) 0.4 (1.98) 0.45 (1.83) 0.5 (1.69)

layer

TaBLE 3: The optimum In-composited combination of three graded layers for each In composition of In,Ga;_, N pin solar cells.

The In composition of In,Ga,_, N intrinsic layer

(corresponding encrgy bandgap eV) 0.6 (1.44) 0.65 (1.32) 0.7 (1.21) 0.75 (1.11)
The In composition of the 1st graded layer 0.15(2.81) 0.15(2.81) 0.15(2.81) 0.15(2.81)
The In composition of the 2nd graded layer 0.3 (2.29) 0.3 (2.29) 0.3 (2.29) 0.35(2.13)
The In composition of the 3rd graded layer 0.45 (1.83) 0.5 (1.69) 0.5 (1.69) 0.55 (1.56)

The efficiency of two graded-layer pin solar cells as
a function of In composition from 0.4 to 0.75 is shown
in Figure 8. Clearly, an InpsGapsN pin solar cell with
two graded-layer insertion exhibits the highest efficiency
of 15.3%. The efficiency of In,Ga;_,N pin solar cells
dramatically drops when an In composition of pin solar
cell is at 0.75. It means that three graded-layer insertions
are needed to lower the energy barrier height in such high
In composition. Table 2 lists the optimum In composite
combination of two graded layers for each In composition
of In,Ga;_, N pin solar cells. An equally spacing interval of
In composition is observed to achieve high efficiency. It is
reasonable due to that it can equally minimize the energy
barrier height.

Figure 9 shows the efficiency of three graded-layer pin
solar cells as a function of the In composition from 0.6 to
0.75. The efficiency of two graded-layer pin solar cells is also
shown for comparison. A great improvement of efficiency
from 0.23% to 13.1% can be seen at an In composition of
0.75 by three graded-layer insertion. The three graded-layer
pin solar cells exhibits a little increase of efficiency at an In
composition lower than 0.7 in comparison with two graded-
layer pin solar cells. The IngsGagsN pin solar cells with
three graded-layer insertions exhibit the highest efficiency of
16.8% (Vo = 0.83V and Jic = 26.2 mA/cm?). The optimum
In composite combination of three graded layers for each In
composition of InyGa;_x N pin solar cells is listed in Table 3.
For the In composition range of 0.6 to 0.75, the first graded
layer with an In composition of 0.15 and the second graded
layer with an In composition of 0.3 or 0.35 are the best
choices. The selection rule of In composition of the third
graded layer is that the In composition differences are no
more than 0.2 between In,Ga;_ N intrinsic layer and the
second graded layer.

4. Conclusions

The non-polar In,Ga;_x N pn and pin junction solar cells
with different In compositions have been simulated. It is

observed that an IngGag4N (E; = 1.44¢V) pn junction
solar cell exhibits the highest efficiency of 18.4% (Vo =
0.9V and Jic = 26.1 mA/cm?). For the pin solar cells with
a GaN/In,Ga;_, N/GaN structure, a graded layer is needed
at the interface of In,Ga;_, N intrinsic layer and n-GaN
region when the energy barrier height is too high. In order
to obtain higher efficiency, one graded layer is necessary
when the In composition of In,Ga;_ N intrinsic layer is
larger than 0.26, while two graded layers are necessary when
the In composition of In,Ga;_x N intrinsic layer is larger
than 0.45. Finally, three graded layers are needed when the
In composition of InyGa;_x N intrinsic layer is larger than
0.7. It is interesting to note that one graded-layer insertion
has an effective improvement of efficiency only in the In
composition range of 0.3-0.45. Two and three graded-layer
insertions are needed to improve the efficiency and fill factor
when the In composition of the intrinsic layer is larger than
0.45 and 0.7, respectively. The GaN/Ing¢Gag4N/GaN pin
solar cells with two and three graded-layer insertions exhibit
the highest efficiency of 15.3% and 16.8%, respectively
(Voe = 0.82V and Jc = 26.2 mA/cm?). This simulation work
indicates that the insertion of graded layer is an effective
method to lower energy barrier when there exists a high
energy band offset in non-polar nitride devices.
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I-V characterization of solar cells is generally done under natural sunlight or solar simulators operating in either a continuous
mode or a pulse mode. Simulators are classified on three features of irradiance, namely, spectral match with respect to air mass 1.5,
spatial uniformity, and temporal stability. Commercial solar simulators use Xenon lamps and halogen lamps, whereas LED-based
solar simulators are being developed. In this work, we build and test seven simulators for solar cell characterization, namely, one
tungsten halogen simulator, four monochromatic (red, green, blue, and white) LED simulators, one multicolor LED simulator, and
one tungsten halogen-blue LED simulator. The seven simulators provide testing at nonstandard test condition. High irradiance
from simulators is obtained by employing elevated supply voltage to tungsten halogen lamps and high pulsing voltages to LEDs.
This new approach leads to higher irradiance not previously obtained from tungsten halogen lamps and LEDs. From I-V curves,
electrical parameters of solar cell are made and corrected based on methods recommended in the IEC 60891 Standards. Corrected
values obtained from non-STC measurements are in good agreement with those obtained from Class AAA solar simulator.

1. Introduction

Solar simulators for solar cell testing can be broadly classified
into 3 groups, namely, AM 1.5 G terrestrial system solar sim-
ulators, AM 1.5D concentrating PV solar simulators, and
AM 0 space system solar simulators. Major building blocks
of solar simulators, are light sources and light quality control
components, such as filters and lenses, rendering AM 1.5
spectrum as specified in the IEC 60904-3 Standards and
ASTM G173-03 Standards or AM 0 specified in ASTM E490-
00a [1-3]. The IEC 60904-9 and ASTM E927-10 classify
solar simulators in terms of spectral match, uniformity and
temporal stability into simulator classes [4, 5].

Solar simulators have been continuously developed for
nearly five decades, with differing approaches on lamp selec-
tion, combined light sources and filtering. Xenon arc lamps

and metal halide arc lamps are employed in commercial
solar simulators. Research solar simulator works during the
last two decades are reported on light emitting diodes (LED)
as they are inexpensive, consume small power and can be
combined to produce required spectrum outputs, and pro-
mising a new approach to low cost. Current-voltage charac-
terizations of solar cells are done at standard test condition
(STC) (1,000 W-m?, 1.5 AM spectrum, cell at 25°C) as speci-
fied in IEC 60904-1 Standards [6]. As there are simulators not
conforming to AM 1.5 G, notably simulators based on metal
halide lamps and LEDs, the IEC 60891 Standards provide
correction methods to convert the non-STC test results to
the STC [7]. During the present decade the major research
trend in solar simulators for terrestrial solar cells is on low
cost and high intensity LED solar simulators and translation
of non-STC results. This paper focuses on construction and



characteristics of simulators not conforming to AM 1.5G,
with emphasis on LED-based simulators, and applications of
the IEC 60891 Standards on non-STC results.

Solar simulators using Xenon lamps and metal halide
sources were reported over forty years ago, initially for
space radiation simulation and afterwards for terrestrial solar
cell characterization. An excellent review on early works
is undertaken by Emery [8]. Compact source iodide (CSI)
lamps were introduced in 1980s, as reported by Beeson [9].
After that multi-CSI solar simulators for large scale testing
have become commercially available. On pioneering LED-
based solar simulators, Kohraku and Kurokawa measure
spectral responses of solar cells using 4-color and 6-color
LED simulators [10]. Potential low cost and simplicity of
LED-based simulators are pointed out. During the past
decade, numbers of research work are published on LED
simulators, all showing low intensity limitations of LED-
based simulators. Bliss et al. develop an LED-based solar
similar prototype producing light at variable flash speeds and
pulse shapes [11]. Color and UV LEDs and halogen light
sources are employed.

This paper is on construction and testing of seven solar
simulators for solar cell characterization using tungsten
halogen lamps and monochromatic red, green, blue, and
white LEDs. High irradiance is achieved by operating lamps
at elevated supply voltage above rated voltage, and in LEDs by
applying voltage high pulses. This approach leads to higher
irradiance that has not been previously obtained. Solar cell
electrical parameters are derived and corrected according to
the IEC 60891 Standards for I-V characterization at non-
STC obtained under the seven simulators.

2. Electrical Parameters of Solar Cells

In representing solar cells (and modules) one uses a DC
equivalent circuit or an AC equivalent circuit. The DC circuit
consists of three resistances, namely, series resistance (Rg),
shunt resistance (Rq,), and internal dynamic resistance (Ry).
The AC equivalent circuit has two additional parameters,
that is, junction capacitance (Cr) and diffusion capacitance
(Cp). Cr is voltage dependent whereas Cp is voltage and
frequency dependent. Figurel shows an AC equivalent
circuit.

Series and shunt resistances are determined from dark
I-V characteristics or dark I'V curves. Dark or illuminated
IV curves are employed to determine internal dynamic re-
sistance. The IEC 60904-1 Standards provide guidelines on
performing I-V characteristics measurements under natural
sunlight, steady-state simulated sunlight, and pulsed simu-
lated sunlight [6].

Impedance spectroscopic techniques, not covered in this
paper, are employed to determine dynamic parameters.
Spectroscopic measurements can be done by expensive
impedance spectroscopy equipment, reported by Kumar et
al. [12]. Alternatively, Chenvidhya et al. has determined dy-
namic parameters utilizing laboratory equipment, with small
periodic signals superimposing on AC signal as inputs to
solar cells and FFT analysis of output signals [13].
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FiGURE 2: Dark and illuminated I-V curves of a solar cell.

From a dark I-V curve as showen in Figure 2, Rg is a
slope in the first quadrant and depends on resistances of
bulk semiconductors and contacts. Ry, can be derived from
a slope at near-zero voltage, and depends on defects and
traps in semiconductors. For each solar cell, Rg and Ry, are
constant at all operating conditions. On the other hand, Ry is
operating point dependent and is a slope at of an I-V curve
(under dark or illumination) at a particular operating point.

In comparing performance of solar cells, apart from
series and shunt resistance, other electrical parameters are
also required. These are open circuit voltage (Voc), short
circuit current (Isc), maximum power (Ppm) (and corre-
sponding current and voltage), solar cell efficiency (), and
fill factor (FF).

3. Equipment

For characterization of solar cell under Class AAA simulator
according to IEC 60904-9 Standards [4], natural sunlight
and seven solar simulators fabricated in this study, we use a
solar cell obtained from a local module manufacturer. It is a
monocrystalline silicon solar cell with a dimension of 12.5 X
12.5cm?. The solar cell is encapsulated with EVA and has a
Tedlar backsheet.
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FIGURE 3: A schematic structure of combined tungsten halogen and blue LED solar simulator.

3.1. Solar Simulators

3.1.1. Tungsten Halogen Solar Simulator. The basic lamp
array consists of 3 X 3 Philips tungsten halogen lamps, each
rated at 12V and 50 W. The array is naturally ventilated.
Supply voltages can be varied from 100%, 120%, and 140%
of rated voltage to increase lamp light outputs. This, however,
affects color temperature of lamps, and resultant spectra.

As lamp supply voltage increases, lamp light outputs
increase and the spectra are blueshifted. To maintain a
constant irradiance of 1,000 W-m™2 on a test plane, spacing
distances between the array and the test plane are adjusted.
For supply voltages at 100%, 120%, and 140% of rated volt-
age, the spacing distances are 42cm, 62cm, and 78 cm,
respectively.

3.1.2. LED Solar Simulators. Study on five LED simulators,
four monochromatic LED arrays, and one combined color
LED array, used in this work, has been reported by Namin
et al. [14]. Four monochromatic LEDs are red-R at 632 nm,
green-G at 525nm, blue-B at 468 nm and white-W. Each
array has 1,024 LEDs and is 227.5mm X 227.5mm. The
LED array is 3 mm above a glass diffuser, under which is a
test plan. Supply voltages to LEDs are pulse signals whose
amplitudes are increased above rated voltages to raise light
outputs. Amplitudes of pulse signals can be continuously
varied from 0-150 V with a pulse width of 10 ms and a period
of 1s. Heat from LEDs is removed with LED heat sinks and
forced air cooling. This helps maintain steady temperature of
heat sink at 25°C.

3.1.3. Combined Tungsten Halogen-Blue LED Solar Simulator.
Tungsten halogen lamp light outputs are deficient in the blue
part of the spectrum. To augment the blue part, we in-
corporate a blue LED array with tungsten halogen lamps

as shown in Figure 3. The simulator combined light sources
consisting of two 3 X 3 tungsten halogen lamp arrays and one
blue LED array, similar to the one described above. The blue
LED array is located directly 65 cm above the test plane. Two
tungsten halogen lamp arrays are placed along opposite sides
of the blue LED array, and at an inclined angle of 26 degrees
with respect to the horizon.

3.1.4. Class AAA Solar Simulator. PASAN Class AAA Sun
Simulator IIlc is used as a reference solar simulator. It is a
commercial short-pulse solar simulator employing 4 flash
Xenon lamps. Light pulses can be varied between 2—-10 ms.
Up to 2 X 2 m solar cells modules can be tested.

4, Measurements and Analysis

4.1. Measurements on Solar Simulator Characteristics. The
following measurements are made.

Tungsten Halogen Solar Simulator. Spectral characteristics,
irradiance spatial uniformity, and temporal stability are
maintained when lamps are supplied at 100%, 120%, and
140% of rated voltage.

LED Solar Simulators. The above-mentioned study of Nam-
in et al. covers

(i) thermal characteristics of LED arrays under con-
tinuous and pulsed operations. This is to compare
temperature profiles of arrays under the two operat-
ing conditions. Infrared pictures of LED heat sinks
are taken and used to determine corresponding
temperature,

(ii) continuous and pulsed operations of LEDs at differ-
ent amplitudes, pulse widths, and pulse periods. The
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TaBLE I: Irradiance uniformity and temporal instability of seven solar simulators.

Average Uniformity Temporal instability
Light sources irradiance % Uniformity Uniformity % Temporal Temporal
(Wm2) class instability instability class
Tungsten halogen lamps
Supply voltage and separation
distance
100% rated voltage, 42 cm 1004 9.8 C 1.25 A
120% rated voltage, 62 cm 1006 4.85 B 1.25 A
140% rated voltage, 78 cm 1005 2.60 B 1.25 A
Tungsten halogen lamps with
blue LEDs
éiocﬁ rated voltage, 1,040 3.60 B 0.47 A
Light emitting diodes
Blue LED 1,015 2.68 B 1.40 A
Red LED 1010 2.60 B 1.50 A
Green LED 410 3.92 B 2.50 B
White LED 415 2.92 B 2.75 B
Combined R-G-B LED 810 3.84 B 3.10 B

shortest pulse duration that can be used would be
governed by the sweeping time from the short circuit
condition to the open circuit condition in I-V curve
measurement,

(iii) spatial uniformity and temporal stability of irradi-
ance are examined.

Table 1 shows irradiance levels, uniformity, and temporal
stability of the seven solar simulators. Averaged irradiance
levels are calculated from measured irradiance at 64 locations
on the test plane.

4.2. Determination of IV Curves. The seven solar simulators
used to measure I-V curves are (i) one tungsten halogen
simulator, (ii) four monochromatic LED solar simulators,
(iii) one combined RGB LED solar simulator, and (iv)
one combined tungsten halogen-blue LED solar simulator.
IV curves of a solar cell are made under STC condition
PASAN Class AAA solar simulator, non-STC conditions
(seven simulators) and under natural sunlight. The I-V
characterization method follows the IEC 60904-1 Standards
[6].

4.3. Analysis of Electrical Parameters

STC Condition. Calculations are made on solar cell electrical
parameters (Isc, Voc, Pmp, efficiency, fill factor) and resis-
tances (Rs, R¢h, Rg).

Non-STC Conditions. At present, there are correction meth-
ods based on the IEC 60891 Standards for measurements
at non-STC conditions. I-V curves at different irradiances

and temperatures were characterized by Class AAA solar
simulator. The Rg and temperature coefficients of current
(a) and voltage (f) and curve correction factor (k) are
determined.

The equations to translate or correct the non-STC results
are as follows:

Iz = Il +Isc|:IsiR — 1:| +OC(T2 — Tl),
Iur (1)
Vo= Vi=R(L — L) —«kL(T> = Tv) + B(T, — Th).

In the above equations, I, V) are measured current and
voltage at non-STC; L, V, are corrected current and
voltage; Isc is the short circuit current of the test solar cell;
Ivr is the short circuit current of the reference cell; Isg is
the short circuit current of the reference cell under standard
light intensity; T; is the measured temperature of the test
solar cell; T, is the standard temperature or other specified
temperatures; o and f3 are temperature coefficients of current
and voltage, respectively; « is the curve correction factor.
Based on the equations outlined above, we correct results
obtained from seven solar simulators using the IEC 60891
Standards and compared with the STC results. Figure 4 is a
flowchart on solar simulator construction and corrections of
electrical parameters using the IEC 60891 Standards.

5. Results and Discussions

5.1. Spectral Irradiance of Tungsten Halogen and Combined
Tungsten Halogen-Blue LED Solar Simulators. For simplicity,
we herein will use the term “spectral irradiance” of solar
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FIGURE 4: Flowchart of solar simulator construction and corrections of electrical parameters using IEC 60891 Standards.

simulator instead of spectral intensity. It can be seen from
Figure 5 that spectra of the tungsten halogen simulator are
different from the reference spectral irradiance [1]. The
spectra are more “red” in contents. As the supply voltages
are increased, the lamps get hotter and the output light
spectra shift towards shorter wavelengths—blue-shifting. As
a consequence, better spectrum matching with the AM 1.5
spectrum can be expected at elevated supply voltages. Thus,
one can improve the spectral match of tungsten halogen solar
simulators by raising supply voltages. The disadvantages
would be higher power consumption and shorter lamp
life. Adopting pulsed supply voltages would reduce such
disadvantages, permit even higher supply voltages, and
improve spectral match. We do not pursue such idea with
tungsten halogen lamps, but carrying this out with LED
simulators. The results are reported in later parts of the
paper.

The spectral irradiance and intensity of a combined
tungsten halogen-blue LED solar simulator is shown in
Figure 6. The spectral match is improved by adding a blue
irradiance component in the range of 400-500 micron.
Temporal stability of irradiance of tungsten halogen solar
simulators, obtained from an ordinary power supply with
simple rectifier and a high quality power supply, shown in
Figure 7, are compared and evaluated. It is seen that a Class
A temporal stability is achieved using a high quality power
supply.

Tables 2 and 3 compare spectral matches obtained from
the tungsten halogen solar simulators using three supply
voltages, and a combined tungsten halogen-blue LED solar
simulator.
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FIGURE 5: Reference spectral irradiance [1] and spectral intensity of
tungsten halogen simulator under various supply voltage.

It is clearly seen form Tables 2 and 3 that combining blue
LEDs with tungsten halogen lamps produce a better spectral
match. Better I-V characterization and more accurate elec-
trical parameters can be expected. This opens new avenues
for low cost solar simulator construction.

5.2. LED Array Characterization. Followings are salient fea-
tures on LED array characterization undertaken by Namin
etal.
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TABLE 2: Spectral match of tungsten halogen solar simulator at three different supply voltages.

Supply voltage at Supply voltage at Supply voltage at
Wavelength range (nm) 100% of rated voltage 120% of rated voltage 140% of rated voltage
Spectral match Class Spectral match Class Spectral match Class

400-500 0.40 C 0.49 C 0.55 C
500-600 0.84 A 0.95 A 1.04 A
600-700 1.21 A 1.25 A 1.28 B
700-800 1.05 A 1.04 A 1.00 A
800-900 0.94 A 0.88 A 0.82 A
900-1100 1.65 C 1.38 B 1.29 B
Classification 1,010 W-m~2 C 1,009 W-m~2 C 1,010 W-m~2 C

Note: In the IEC 60904-9 Standards, six wavelength ranges are used to determine a spectral match with standard AM 1.5 G [9].
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FIGURE 6: Reference spectral irradiance [1] and spectral intensity of

combine tungsten halogen operated at 120% rated voltage and blue
LEDs.
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FIGURE 7: Temporal stability of irradiance of tungsten halogen solar
simulator under different supply voltages.

TaBLE 3: Classification of tungsten halogen solar simulator and
combined tungsten-halogen blue LED solar simulator.

Light sources at irradiance of 1,000 Wm 2

Classification )
Combined tungsten
Tungsten halogen ~ halogen lamps
lamps at 140% (120% rated
rated voltage voltage) and blue

LEDs
Spectral match class C B
Nonuniformity class B B
Temporal instability class A A
Standard classification CBA BBA

Thermal Characteristics of LED Arrays. Under continuous
voltage, heat sink temperature rises substantially (63°C).
However, under pulse operation mode the array remains
cool at room temperature (27°C). The merit of the pulse
operation mode is evident.

Stability of Irradiance from LED Arrays under Pulse Opera-
tions. Irradiance stability of the R, G, B, and W LED arrays
and the RGB array under 10 ms pulse operations is studied.
Pulse amplitudes at one, two, and three times LED-rated
voltages are applied, and irradiance stability is recorded. It
is found that amplitudes of pulses can be increased to at
least twice the rated voltage, and the array still provides a
stable light output. Temporal stability is under 5%, and, the
5 simulators are Class B.

Spatial Uniformity of Irradiance. On the test plane, the spa-
tial uniformity is better than 5%. The 5 simulators are Class
B.

Relationship between the LED Current and Irradiance. LED
light outputs and irradiance levels initially increase with
increasing LED current but level off, due to temperature
rises. Among the four monochromatic R, G, B, and W arrays
and the combined RGB array, only R and G arrays provide
irradiance higher than 1000 Wm™2. Less than 1000 W-m™2 is
available from G, W, and RGB arrays. Blue and white LEDs
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FiGure 8: Dark and illuminated I-V curves of an X-Si solar cell
obtained from Class AAA solar simulator.

are more temperature dependent and are less efficient as their
light outputs rapidly fall with increasing supply current.

In principle we can further increase LED light outputs
by using higher pulse amplitudes while keeping LED tem-
perature down. Chilled air, instead of room temperature
air, could possibly be used in the cooling. But LED array
structures would be complex and more expensive.

5.3. I-V Characteristics Obtained from the Seven Solar Simu-
lators

5.3.1. Uncorrected I-V Curves Obtained from the Non-STC
Simulators. We compare [-V curves obtained from seven
non-STC solar simulators with I-V curves from a reference
STC solar simulator (PASAN Class AAA Sun Simulator IIIc).
Results are plotted in Figures 10 and 11.

From the Figures 8, 9, and 10, we note the following.

(a) PASAN Sun Simulator can be adjusted to provide an
irradiance over 400—1,000 W-m~2, Figure 8.

(b) Tungsten halogen simulator supply voltage can be
adjusted to 140% of rated voltage, resulting in
changes in irradiance and spectrum shift.

(c) For all 5 LED simulators, voltages and current can
varied to provide irradiance in the range of 400-
1,000 W-m~2, and light spectra being different from
AM 1.5. Out of the 5 simulators, only the red
and blue LED simulators provide an irradiance of
1,000 W-m~2. Results are previously reported and
not shown here [14].

For the tungsten halogen simulator, at the irradiance level
of 1,000 W-m~2, Figure 10, uncorrected I-V curves mea-
sured with the three supply voltages are of the same shape
as the I-V curve of the Class AAA simulator, with some devi-
ations. The curve of the simulator operated at 140% rated
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FIGURE 9: Uncorrected I-V curves obtained from tungsten halogen
simulator under three supplied voltages, natural lighting, and Class
AAA solar simulator at irradiance of 1,000 W-m™2.
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Figure 10: Uncorrected I-V curves from natural sunlight, Class
AAA solar simulator, red LED, blue LED, and combined tungsten
halogen-blue LED simulators at irradiance of 1,000 W-m™2-

voltage is the best fit. This is understandable as at elevated
voltages, the lamp temperature increases with accompanying
spectrum shift towards the short wavelength. On the other
hand, I-V curves of the red and blue LED simulators are
significantly different from that of the Class AAA simulator,
Figure 11. Red LED simulator results in higher current than
blue LED simulator. This could be explained partly by the
fact that at the same irradiance there are more red photons
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FIGURE 12: Corrected I-V curves measured under natural sunlight,
Class AAA solar simulator, red LED simulator, blue LED simulator,
and combined tungsten halogen-blue LED simulator after IEC
60891 Standards correction.

(at lesser energy) than blue photons. Hence, photocurrent
due to red photons is greater.

5.3.2. Corrected I-V Curves at STC Based on the IEC 60891
Standards. We undertake corrections of the non-STC mea-
surements of the seven non-STC simulators using the IEC

International Journal of Photoenergy

60891 Standards, outlined in Section 4.3, and plot results as
Figures 11 and 12.

The corrected I-V curves and that of the Class AAA
simulator are quite similar. We wish to point out that this
is the first instance that the IEC 60891 correction method
is applied for tungsten halogen, LED and tungsten halogen-
LED simulators. Kohraku and Kurokawa have proposed a
different correction method, called the Two-curve method.

5.3.3. Electrical Parameters of Solar Cell at STC. From the
corrected I-V curves of the tungsten halogen simulator, the
red and blue simulators, and the tungsten halogen-blue LED
simulator at 1,000 W-m~2, we derive electrical parameters
(Isc, Voc, Pmp, efficiency, fill factor) at the STC. The results
are shown in Table 4.

Comparing electrical parameters obtained from the
seven non-STC simulators after corrections based on the
IEC 60891 Standards and those obtained from Class AAA
simulator, very good agreement is seen. Differences in values
of electrical parameters are about 2% or less. This level
of result accuracy is essential in adopting tungsten halogen
lamps, LED and combined tungsten halogen-LED simulators
in solar cell characterization. Less expensive but yet excellent-
performance solar simulators can be constructed from these
light sources.

6. Conclusions

We construct and test seven solar simulators with tungsten
halogen lamps and LEDs as light sources for solar cell
characterization. The seven simulators are one simula-
tor using tungsten halogen lamps, four simulators using
monochromatic red, green, blue, and white LEDs, one with
combined red-green-blue LEDs and one tungsten halogen
lamps—blue LEDs. Higher irradiance are achieved with
tungsten halogen lamps and LEDs, by operating lamps at
elevated supply voltage above rated voltage and pulsing
LEDs by at voltage, respectively. Irradiance uniformity and
instability qualify the seven simulators as Class B. Their
spectral match with air mass 1.5 is varied. Using these
simulators, I-V curves of solar cell are measured under
non-STC conditions. Solar cell electrical parameters are
derived. Applying correction methods recommended in the
IEC 60891 Standards, for I-V characterization at non-STC,
results on electrical parameters obtained with the tungsten
halogen simulator, the combined tungsten halogen-blue
LED simulator, and the monochromatic red and blue LED
simulators are in good agreement with Class AAA simulator.
Less expensive and excellent performance solar simulators
can be fabricated with tungsten halogen lamps and LEDs as
light sources.
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TaBLE 4: Electrical parameters of solar cell measured under natural sunlight, Class AAA solar simulator, and non-STC solar simulators after
IEC 60891 Standards correction.

Tungsten halogen lamps under three supply voltages

Light sources

Parameters 100% rated 120% rated 140% rated ~ Red LED Blue LED E;?gi?;iéuilsg:n Natural Class AAA
voltage voltage voltage sunlight (STC)
G (W-m™?) 1000 1000 1000 1000 1000 1000 1000 1002
T (C) 25 25 25 25 25 25 25 25
Voe (V) 0.58 0.58 0.58 0.59 0.57 0.58 0.58 0.58
I (A) 4.63 4.63 4.63 4.63 4.63 4.63 4.59 4.63
Prax (W) 1.65 1.68 1.67 1.69 1.65 1.68 1.66 1.72
Vimp (V) 0.41 0.42 0.41 0.41 0.41 0.42 0.41 0.42
Inp (A) 4.07 4.04 4.07 4.11 4.03 4.04 4.07 4.06
FF (%) 61.8 62.7 62.8 61.9 62.1 62.7 62.2 63.5
11(0/0) 11.3 11.5 11.4 11.5 11.1 11.5 11.4 11.7
R, (Q) 0.03 0.03 0.03 0.03 0.03 0.03 0.03 0.03
Ry, (Q) 5.20 5.20 5.20 5.20 5.20 5.20 5.20 5.08
Ry @V, (Q) 0.08 0.08 0.08 0.08 0.08 0.08 0.08 0.08
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For the measurement of the minority carrier bulk-lifetime the characterization method MW-PCD is used, where the result of
measurement is the effective carrier lifetime, which is very dependent on the surface recombination velocity and therefore on
the quality of a silicon surface passivation. This work deals with an examination of a different solution types for the chemical
passivation of a silicon surface. Various solutions are tested on silicon wafers for their consequent comparison. The main purpose
is to find optimal solution, which suits the requirements of a time stability and start-up velocity of passivation, reproducibility
of the measurements and a possibility of a perfect cleaning of a passivating solution remains from a silicon surface, so that the
parameters of a measured silicon wafer will not worsen and there will not be any contamination of the other wafers series in the
production after a repetitive return of the measured wafer into the production process. The cleaning process itself is also a subject

of a development.

1. Introduction

The main objective of this work is to propose a solution,
which would meet a few key parameters. It has to exhibit
an immediate startup of passivation properties as well as
long-time stability (few hours for an appropriate high-resol-
ution scan or degradation study). Last but not least the repro-
ducibility of the lifetime measurement is very important,
which means that a repeating of measurement-cleaning pro-
cess will not lead to extreme lifetime degradation due to pass-
ivation solution residues on a silicon surface of the tested
wafer. Therefore perfect cleaning of the wafer surface must
be possible. If a contaminated wafer is returned back to the
production process, the whole wafer series may be contami-
nated (mainly during the high-temperature processes). The
carrier lifetime is measured by the WT-2000 machine us-
ing the MW PCD method [1]. Wafers with a resistivity of
20 -cm and 4" in size used for the measurements went
through saw damage removal (etching in 60% KOH at a
temperature of 80-90°C for 1-5min + washing 3 X 2 min
in demineralized water). Some wafers were textured by an
anisotropic texturing process in 3% NaOH + IPA. Excellent

passivation properties of a solution are needed to gain the
maximum average lifetime values. This means that there is
nearly no surface recombination, which is the main objective
of chemical passivation for experimental purposes [2].

2. Chemical Passivation in
Iodine/Ethanol Solution

Testing of the standard passivation solution of 1% iodine/
ethanol (see Figure 1) exhibits quite remarkable time in-
stability. On the other hand, the immediate startup of the
passivating ability is the big advantage of this solution. The
measured average lifetime values are at their maxima from
the beginning, and then they decrease by about 25% per
hour. This may influence the final results (measurement of
high-quality wafers even with a resolution of 1 mm takes up
to 30 minutes).

The disadvantage of this solution is the somewhat pro-
blematic reproducibility of measurement, as a significant de-
crease of the average lifetime (more than 10%) was recorded
after each rinsing. The main reason is that there are residues



300
280
260
240
220
200
180
160
140
120
100

Lifetime (us)

0 50 100 150 200
Time after passivation (min)

FIGURrE 1: Time stability of iodine passivation.

270
250 )/e,g—e—-v
230 A B
210 A
190 A
170 A
150 A

130 4 . . . .
0 50 100 150 200 250

Lifetime (us)

Time after passivation (min)
—A— QMO001
—©— QMO005

FiGure 2: Comparison of the passivation startup between QMO001
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of the solution left on the surface thus degrading it, and
therefore it is not possible to achieve equal or similar results.
Next problem may be caused by ethanol, which can decrease
surface tension and hinder the texture creating process
after the postpassivation cleaning. There are areas without
any texture on the surface after the alkaline texturing in
3% NaOH solution. For other solutions which contained
methanol instead of ethanol, this phenomenon did not exist
and the process of texturation was completed in the standard
way.

3. Chemical Passivation in
Quinhydrone/Methanol Solution

3.1. Comparison between QMO00I and QMO005. The quinhy-
drone/methanol solution shows a very good time stability
[3, 4]. There is nearly no decrease in average lifetime values
observed approximately after 2 hours after their stabilization
at reached maxima, and even later the measured values
decreased by only about 10% within 10 hours. The solution
with the concentration of 0.01 mol/dm?® marked QMO001
(218 mg of quinhydrone in 100 mL of methanol) cannot be
used for practical purposes, because the start-up of passiva-
tion abilities in this case is about 3 hours (see Figure 2).

This solution can be used to measure the efficiency of
rinsing after the chemical passivation. Quinhydrone residues
which remain on the surface increase the concentration of
the solution near the surface and thus decrease the startup
time of the passivating abilities. This can be recognized from
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a graph, and it can be estimated how much quinhydrone
remains on the surface of the rinsed wafer.

The solution marked as QMO005 (the solution with con-
centration of 0.05 mol/dm?) has a significantly lower passi-
vation ability start-up time (20 minutes for polished wafers
and 40 minutes for textured wafers). However, it is not yet
sufficient enough for practical lifetime measurement for in-
dustrial use.

3.2. Quinhydrone/Methanol Solution QMO007. It is possible
to meet all the initial requirements with concentration of
0.07 mol/dm?, marked QM007. The startup is nearly imme-
diate (see Figure 3). This solution passivates immediately
after the wafer diving for polished wafers and within 10 min-
utes for textured wafers. The solution also meets the time
stability requirement (minimally 1 hour and then a decrease
of 15% in 10 hours). This solution also exhibits a high re-
producibility of the measurement with the possibility to
texture Si wafers after effective rinsing.

3.3. Influence of Quinhydrone Concentration on
the Temporal Stability of the Passivation Layer

Hypothesis H1. The increasing of quinhydrone concentra-
tion in the solution causes rapid degradation of the passiva-
tion layer. The reason for this hypothesis is to demonstrate
zero impact on the temporal stability of passivation layer.
The concentration has to be specified exactly, the high
concentrated solutions do not have any importance.

Graphs for both concentrations are parallel (see
Figure 4), which means that the velocity of decline is the
same and therefore the time degradation of the passivation
layer does not depend on the quinhydrone concentration in
the solution, hypothesis H1 was rejected.

3.4. Quinhydrone/Methanol Solution with
High Concentration for Textured Wafers

Hypothesis H2. The increasing of quinhydrone concentra-
tion in methanol will result in the an acceleration of start-up
passivation ability for textured silicon wafers.

As the increasing quinhydrone concentration over
0.07 mol/dm? produces no effect for textured Si wafers, it
is not desirable to increase the concentration (see Figure 5).
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With the concentration of 0.07 mol/dm?, velocity saturation
occurs for textured wafers and further concentration increas-
ing has no effect on the startup of passivation. The solution
with a concentration of 0.13 mol/dm? is useless for practical
purposes, because there is a problem with dissolving of quin-
hydrone (the solution is “saturated”) and quinhydrone cryst-
allisation from the solution produces a large amount of quin-
hydrone waste. Another problem with the rinse is where the
quinhydrone waste quickly pollutes methanol in the rinse
cascade.

4., Postpassivation Cleaning

Postpassivation cleaning is important if the wafer should be
returned back to the production process, and it is desirable
that the silicon surface remains clean, without any remains
of the passivation solution that could damage the final solar
cell structure or even contaminate the whole series of wafers
in next production operations (especially high-temperature
operations). The cleaning in pure methanol (see Figure 6)
requires an improved rinsing technique, because some sur-
face degradation can be observed after multiple testing. The
degradation of 3-5% after each testing is insignificant and
caused by scratches and crystal-lattice defects during mani-
pulation.

A possible modification of the cleaning process is based
on adding another cleaning step—washing of the wafer in
DEMI (demineralized) water with a temperature of 80°C
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FiGure 6: Three cycles of passivation-cleaning process (passivated
in QMO005).

after the cleaning in pure methanol. But since this rather
time-consuming technique is not particularly efficient, the
multiple-cleaning process in pure methanol seems to be
more acceptable. As quinhydrone is more difficult to resolve
and easy to catch at a silicon surface, a methanol cascade was
designed. The cascade consists of three small baths filled with
methanol. The cleaned wafer goes to the first bath, then it
is rinsed by DEMI water (to get rid of most quinhydrone
remains). After that comes the second and subsequently the
third bath to ensure that the wafer is perfectly clean. After
multiple tests the methanol in the last two baths is clean.

5. Conclusions

This work confirms the drawbacks of the commonly used
iodine/ethanol passivation, where this solution shows the
time instability of the passivation abilities, problems with the
reproducibility of the measurement and mainly with clean-
ing of the solution residues from the surface after the pas-
sivation. As a consequence there is a problem in the textur-
ing process after iodine passivation, which may be also caus-
ed by decreased surface tension (ethanol).

The quinhydrone/methanol solution, for which the ideal
concentration of 0.07 mol/dm® was determined, has nearly
ideal parameters of the silicon surface chemical passivation.
This solution marked as QMO007 exhibits a high time stability
of the passivation abilities (at least 2 hours without average
lifetime decrease and then only a slow decrease of about 10%
in 10 hours), immediate startup of passivation abilities (for
the polished wafers, and less than 10 minutes for the textured
wafers: enlargement of the total surface and its different
orientation, where the initial measured lifetime 7 is 80% of
the maximum), good reproducibility of the measurement
(decrease of the average lifetime values by 3-5% after each
cleaning, the degradation only due to scratches and cryst-
al-lattice defects during manipulation), and possibility of
perfect surface cleaning with the subsequent successful text-
uring process.

The influence of quinhydrone concentration on the de-
gradation of passivation layer was verified. With increasing



concentration, there was no degradation; therefore hypoth-
esis H1 was rejected. When increasing quinhydrone con-
centration in methanol concentration over 0.07 mol/dm?, a
faster start-up passivation ability for textured wafers was not
achieved and hypothesis H2 was rejected.

For practical use of chemical passivation of silicon sur-
faces for minority carrier bulk-lifetime measurements, the
ideal solution is QM007 which overtops the commonly used
chemical passivation in iodine/ethanol solution. Postpassi-
vation cleaning in a methanol cascade is a sufficient rinsing
technique.
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We have studied the optical properties of nanocrystalline silicon (nc-Si) film deposited by plasma enhancement chemical vapor
deposition (PECVD) on porous aluminum structure using, respectively, the Photothermal Deflection Spectroscopy (PDS) and
Photoluminescence (PL). The aim of this work is to investigate the influence of anodisation current on the optical properties of the
porous aluminum silicon layers (PASL). The morphology characterization studied by atomic force microscopy (AFM) technique
has shown that the grain size of (nc-Si) increases with the anodisation current. However, a band gap shift of the energy gap was

observed.

1. Introduction

Porous anodic alumina films are an interesting material [1]
for nanotechnology applications because of their unusual
properties compared to the bulk counterparts [2]. Many
works have been published relative to the deposition of
porous aluminum films [3, 4]. Different methods of film
growth on the surface of the porous matrix layer were used,
as for example reactive sputtering [5] and low pressure
metal-organic chemical vapor deposition [6].

In this work we demonstrate the capability to grow
porous aluminum layers (PAL) by a simple electrochemical
anodisation method. The anodizing process was done by
varying the anodizing voltage between 200 to 400 mV. Crys-
talline silicon films are deposited on the PAL by a PECVD
technique. Photothermal deflection spectroscopy (PDS) is
used to determine the optical absorption spectrum and gap
energy by comparing the experimental amplitude of the
photothermal signal to the corresponding theoretical one.
PL and PDS are used in order to study the influence of
anodic current on optical properties of our samples. For this
purpose, absorption spectrum, gap energies are measured.

The optical properties of the deposited films are correlated
to the porous aluminum and nc-Si films morphologie.

2. Film Preparation

High-purity aluminum foil (99.997%), 0.25 mm thick, was
used as a starting material. The cleaned samples were ano-
dized during 25min in a solution of diluted sulfuric acid
with 66.66% H,SO, and 33.33% H,0O, at room tempera-
ture and with five different anodization currents (200 mA,
250 mA, 300 mA, 350 mA, and 400 mA). On the surface, nc-
Si films were deposited by PECVD technique [7] at 50°C
using a gas mixture of silane and H, at a total pressure of
0.5 mTorr.

3. AFM Characterization

The surface morphology of the films was examined by atomic
force microscopies. Figure 1 shows AFM images of porous
Al filled of nc-Si and obtained with different anodisation
currents varying from 200 mA to 400 mA. The surface shows
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Ficure 1: AFM images of silicon deposited on porous aluminum layer (PAL) as a function the anodisation current.

spherical domes with an average size (as estimated from the
AFM images), varying approximately from 12 to 15nm as a
function of the anodisation current.

4. Optical Characterization

4.1. Photoluminescence. The PL properties were measured
using an Ar laser (A = 364nm) and detected by a cooled
GalnAs detector with a standard technique using a lock-in.
Figure 2(a) shows the PL spectrum of the nc-Si layer.
The PL emission lies in the orange region of the visible
spectral range. The PL band peak position varies from
616 nm to 624 nm (2 and 1.98 eV, resp.) as I, increases from
200 to 400 mA. This observed PL does not seem to have
its origin only from silicon nanocrystals embedded in the
porous aluminum matrix, as proposed by Ong and Zhu
[8] but it is due to the contributions of the two materials
(Si incorporated in PAL). To assure that these peaks come
from the nc-Si films, we have measured the PL of porous
Al (without nc-Si). As shown in Figure 2(b), the PL peak
originates from the PAL that is located at 430 nm (2.8 eV) far

from the nc-Si ones. The PL peak position represents a blue
shift as the nc-Si size decrease. This effect could be explained
by the increase of Si—O/Si—H surface bond ratio [9].

4.2. Photothermal Measurements. The photothermal deflec-
tion spectral measurements have been used for investigating
optical properties of semiconductors. The great advantage
of the PDS is that it is a direct monitor of the nonradiative
recombination processes of photo-excited electrons in a
semiconductor.

The experimental setup has been described in detail in
[10]. When a sample (Figure 1) is irradiated with modulated
and monochromatic beam radiation, the absorbed energy is
converted into heat through different relaxation processes.
The generated thermal wave diffuses in the material and in
the surrounding fluid (CCly). The temperature variations
in the fluid lead to a refractive index gradient causing the
deflection of a probe laser beam (He—Ne 4 mW) skimming
the sample surface. This deflection is detected by a position
photosensor linked to a lock in amplifier. The obtained pho-
tothermal signal has two compounds: amplitude and phase.
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The principle of this technique is shown in Figure 3. The
probe beam deflection is given by [11]: = L/n(dn/dT)os T,
where n is the fluid refractive index, x, is the distance
between probe beam axis and the sample surface, and L is
the sample length. o = (1+j)/us, uf = Dy/nF is thermal
diffusion length in the fluid, D¢ the thermal diffusivity, and
F is the modulation frequency of the heating beam. We
notice that the deflection is proportional to the complex
temperature expression T, at the sample surface. This
temperature Ty is calculated by solving the one-dimensional
heat equation in the different media sample, backing, and the
surrounding fluid (Figure 4):

an 1 an

ﬁ = foﬁ forx>0,

o _ 1Ty .

o~ D, ot Aexp(ax) 1+exp jwt , ()
for —h<x<0,

a1, _ 19T,

o "D, ot for—h-1, <x< —h.

These equations are solved while taking into account of the
boundary conditions at different interfaces. The obtained
surface temperature Ty is given by

(2)

To= 2K (a? — 0?)

g+1 (b+1)exp(oh) — g—1 (b—1)exp(—och)
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TaBLE 1: Evolution of the bandgap energies.
Anodisation current E, (eV) E, (eV)
PASL Sample I, (mA) PDS PL
A 200 2.2 2.2
B 250 2 1.99
C 300 2.01 1.9
D 350 1.95 1.98
E 400 1.93 1.97

Thermal and optical parameters that appear in the above
expression are given in [12].

4.2.1. Near Gap Absorption Spectrum. Figure 5 shows the
obtained experimental curves of the normalized amplitude
for the studied samples: nanocrystalline Si (nc-Si) thin films
deposited on porous aluminum by plasma-enhanced chem-
ical vapor deposition as a function the anodisation current.
200, 250, 300, 350, and 400 mA. The amplitude shows two
saturations zones corresponding, respectively, to high and
low optical absorption coefficient. For energy higher than
the gap energy, the sample is optically opaque (maximum
amplitude) and became more and more transparent when
the energy decreases (minimum amplitude). We notice that
in the subband gap region, the amplitude saturates at
different minimum values for each sample.

The comparison of experimental curves of amplitude
versus wavelength to theoretical amplitude versus absorption
coefficient permits to obtain the optical absorption spectrum
for the samples shown on Figure 6. We remark that the less-
anodized sample has a relative higher absorption coefficient
in the transparency zone.

4.2.2. Determination of the Gap Energies. In order to obtain
the gap energy E, from optical spectra, we have used the
Tauc method [13, 14]. For energies E = h higher than
Eg, the quantity (aE)" should have linear variations with E,
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following the Tauc law: (aE)" = B(E — E,) where « is the
absorption coefficient and f3 is the slope of the curve. For
indirect bandgap semiconductor such as nanocrystalline Si
(nc-Si) thin films deposited on porous aluminum: n = 1/2.
The curves of («E)"? versus E are shown in Figures 7(a)
and 7(b). The obtained gap energy E, values are reported
in Table 1. We notice a bandgap shift of about 24 mev.
The energy bandgap decreases with anodisation current and
varies from 2.2 to 1.9¢€V as I, varies from 200 to 400 mA,
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respectively (Table 1). The obtained value of E, agrees with
gap energies measured by other authors [15].

Comparison between the various bandgap shows that
the optical absorption properties are significantly affected
by particle size of the nc-Si films. The fact that these
energies are high than the expected ones (for nanosized Si
crystal) could be explained by the contribution of alumina
in the absorption spectra. Alumina has in fact a high band
gap energy (=3.2eV) [16] compared to silicon. The effect
could be also attributed to the presence of particles with
very small size (quantum confinement). In Table 1, the
gap energies measured with photoluminescence spectra and
photothermal deflection has been compared for different
anodized levels. We notice that the E, is slightly higher than
the real gap energy determined by photothermal deflection,
because it corresponds to the radiative transition.

5. Conclusion

In this work, nanocrystal silicon thin films were deposited by
PECVD technique on a porous aluminum substrate prepared
with different anodizations currents. Optical absorption
spectrum, and gap energy are measured and analyzed using
the PL and PDS techniques. A bandgap shift induced by
the anodisation current is detected. We found a correlation
between the particle size and the gap energy.
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A layer-by-layer assemble method was used to fabricate CdS quantum dots (QDs) sensitized electrodes. Scanning electron micro-
scopy (SEM), energy-dispersive X-ray spectroscopy (EDS), and transmission electron microscopy (TEM) have been utilized to
characterize the samples. The absorption spectra and photovoltaic measurement confirmed that much more effective deposition
of QDs in TiO, matrix and much better power conversion performance were achieved for these multilayer electrodes compared
with the ones fabricated by traditional single-layer assembly method.

1. Introduction

In recent years, dye-sensitized solar cells (DSSCs) have at-
tracted a lot of scientific and technological interests owing to
their high energy conversion efficiency, low production cost,
and a facile fabrication process [1-3]. Besides conventional
ruthenium dyes, inorganic short-band-gap semiconductor
quantum dots, such as CdS, CdSe, CdTe, PbS and others,
have been researched as the good candidate sensitizers in the
so-called quantum-dot-sensitized solar cell (QD-SSC) [4-7].
The advantage of inorganic QDs over conventional ruthe-
nium dyes is that QDs can generate multiple electron-hole
pairs per proton and improve the efficiency of the solar cells
[8]. In addition, QDs’ optic and electronic properties can
be adjusted to match the solar spectrum much better by
changing their shape and size [9-11]. However, the difficulty
of penetrating QDs into the mesoporous TiO, matrix
hindered QD-SSCs from achieving higher energy conversion
efficiency. The QDs assembly difficulty can mainly be
attributed to the two following reasons: (1) QDs are generally
not bound effectively to the TiO; crystalline surface to form
a firmly anchoring QDs monolayer on TiO, nanoparticles
[12]. (2) It is relatively difficult for nanoscale QDs to

penetrate deep into the TiO, mesoporous films and deposit
in the underlayer of TiO, film. To solve the first problem, the
various bifunctional surface modifiers are adopted as linker
molecules to anchor the QDs on TiO, surface, which in-
deed enhance assembly of QDs [13—15]. But little attention
focused on the second problem. It is still unachievable to
obtain an entire coverage of QDs on the surface of TiO;
crystal throughout the mesoporous films.

In this work, we used multilayered quantum dots as-
sembly method to fabricate CdS QDs sensitized solar cells.
The increased coverage ratio, incorporation amount of QDs,
and effective deposition of QDs in underlayer of TiO,
mesoporous films were expected for these multilayer CdS
quantum-dots-sensitized solar cells.

2. Experimental Details

8 g TiO;, powder (P25, Degussa) was thoroughly mixed with
100mL distilled water by vigorous stirring and ultrasonic.
The slurry was then sprayed on transparent conductive oxide
(TCO) glass (14 O/squ, Nippon Sheet Glass) and the films
were dried at 120°C for 10 min. For CdS quantum dot
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Figure 1: The preparation process of multilayer CdS-sensitized
TiO; electrodes.

deposition, the TiO, films were immersed in 20 mL solution
containing 0.002 mmol Cd(NOs);, 1 mmol thiourea, and
0.02 mol NH3-H,O and heated up to 60°C for two hours.
The as-prepared samples were cleaned sequentially with
distilled water. The spraying-drying-depositing procedure
was termed as one SDD cycle. One to five cycles were applied
to fabricate the TiO,(n)-CdS(n) electrodes (n = 1-5). The
process used for the preparation of the TiO,(n)-CdS(n)
electrodes was displayed in Figure 1. For comparison, one-
step (abbr. OS) preparation of TiO, film (TiO,(0S)) with
almost same thickness as TiO,(5) was also fabricated. CdS
deposition process was similar to the procedure ascribed
above except the longer CdS bath time of 10 h. TiO,(OS)-
CdS and multilayer TiO,(n)-CdS(n) (n = 1-5) electrodes
were all annealed at 400°C for 30 min in nitrogen.

A surlyn spacer (30 ym thick, DuPont) was sandwiched
between the CdS quantum-dot-sensitized electrode and the
Pt-coated counterelectrode. The space between the elec-
trodes was filled with the polysulphide electrolyte which con-
sisted of Na,S (0.5M), S (0.125M), and KCl (0.2 M), using
water/methanol (7:3 by volume) solution as co-solvent.
A 0.25cm? active area was defined by a hole punched
through the surlyn frame and was additionally masked from
illumination by black electrical tape to the same size.

The morphology and chemical composition of pho-
toanode were examined by field-emission scanning electron
microscopy (FESEM, JSM-6330F) equipped with an energy-
dispersive X-ray spectrometer (EDS) analyzer. The detailed
microscopic characterization of CdS QDs was analyzed using
transmission electron microscope (TEM, JEM-2010HR).
Absorption spectra of samples were recorded using a
spectrophotometer (Hitachi U-4100). The photocurrent-
voltage (I-V) curve of each cell was measured by Keithley
2400 source meter under an illumination of a solar sim-
ulator (Newport Oriel 91192) at 100 mW cm~2. Electron
impedance spectroscopy (EIS) measurements were carried
out by applying a 10 mV AC signal over the frequency range
of 1072-10° Hz under 100 mW cm~2 illumination at open
circuit voltage by using an electrochemical workstation
(CHI760C).
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3. Results and Discussion

Figures 2(a) and 2(b) are the SEM images of TiO; film before
and after CdS quantum dots deposition, respectively. The
bare nanocrystalline TiO, film was exhibited in Figure 2(a).
After CdS modification, there was a coating assembled on
the surface of TiO, nanoparticles (Figure 2(b)). The EDS
analysis (Figure 2(c)) confirmed that this coating consist
of CdS. Figure 2(d) shows the TEM image of the CdS
nanocrystal. The distance of 0.337 and 0.245nm between
the adjacent lattice fringes can be assigned to the interplanar
distance of hexagon CdS (002) and (102) face, respectively.
The diameter of QDs was about in the range of 5~10 nm.

Figure 3 shows the comparison of the absorption spec-
trum of multilayer electrodes. The absorbance intensities of
electrodes increased with SDD cycles. The absorption peaks
of CdS-modified electrodes with different cycles were almost
at same position of 450 nm, which was consistent to the value
reported in the literature [16]. For TiO,(5)-CdS(5), the
absorption edge was approximately 510 nm, which was
obtained from the intersection of the sharply decreasing
region of a spectrum with its baseline. Corresponding to this
absorption edge, the band gap was calculated to be 2.43 eV.
That was higher than 2.25¢V, the value reported for CdS
in bulk [16]. It indicated that the size of the CdS particles
deposited on the TiO, films were still within the scale of
quantum dots. The size of CdS particles was possible to be
estimated from the excitonic peaks of the absorption spectra
based on the empirical equations proposed by Yu et al. [17].
Then the mean diameter of CdS particles deposited on the
TiO, films was calculated to be ca. 8.23nm. The size of
CdS calculated based on empirical equations was consistent
with that observed in TEM image. For comparison, the UV-
Vis absorption spectra of TiO,(0S)-CdS was also showed
in Figure 3. The absorbance of TiO,(OS)-CdS was lower
than that of TiO,(5)-CdS(5) although their film thickness
were almost the same, which displayed the superiority of
multilayered electrodes in depositing quantum dots. The
absorption edge of TiO,(0OS)-CdS was also at ca. 510 nm,
indicating that the size of CdS particles on TiO,(OS) was the
same as that on multilayered electrodes.

The effect of SDD cycles on the device performance
has also been studied. The photocurrent-voltage (I-V)
curves of the QD-SSCs using TiO,(n)-CdS(n) (n = 1-5)
and TiO,(0OS)-CdS as photoelectrodes were showed in
Figure 4. It was considered that the absorption spectrum of
photoelectrodes played an important role in determining the
energy conversion efficiency of DSSCs. Inferred from Figures
3 and 4, the I-V properties of TiO,(n)-CdS(n) QD-SSCs
(n = 1-5) were consistent to the absorbance of TiO,(n)-
CdS(n) electrodes (n = 1-5). Table 1 summarizes the open
circuit potential (Vioc), short circuit current density (Jsc), fill
factor (FF), and overall energy conversion efficiency (#) of
these cells. The Voc, Jsc and # increased with cycles and the
QD-SSC using TiO,(5)-CdS(5) photoelectrode exhibited the
best performance due to the most incorporated amount of
CdS on electrode. The Ve, Jsc, and 57 of TiO,(0OS)-CdS QD-
SSC were only 0.31V,0.91 mA cm ™2, and 0.11%, respectively,
which were much lower than those of TiO,(5)-CdS(5)
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FIGURE 2: SEM images of TiO, nanocrystalline film (a) before and (b) after CdS quantum dots deposition. (c) EDS spectra of CdS-modified

TiO,. (d) TEM image of CdS quantum dots.
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FIGURE 3: UV-vis absorption spectra of bare TiO, nanocrystalline
film, TiO,(n)-CdS(n) (n = 1-5) and TiO,(0OS)-CdS electrodes.
Photographs of bare TiO, and TiO,(n)-CdS(n) (n = 1-5),
electrodes were presented in turn as inset.

QD-SSC (0.44V, 7.12mA cm™2, and 1.06%), although its
absorbance was little lower than that of TiO,(5)-CdS(5). It
may be due to the difficulty for CdS QDs diffusing and
depositing in the underlayer of TiO, mesoporous film,
which resulted in overloading of CdS QDs in the surface of
TiO, film. Overloading of QDs was reported to be disad-
vantageous to the cell performance because mesopores were
blocked by extra loading of CdS QDs and the electrolyte
diffusion was also hindered [18]. So the advantage of
multilayer TiO, films in cell performance over the traditional
TiO; films was evident. The sealed multilayer CdS QDSSCs
displayed good stability still retaining over 90% of their
initial efficiency after 720 h of storage in ambient conditions.
Here we used only CdS QDs as multilayer sensitizer in this
work. It is very promising to deposit different kinds of QDs,
such as CdSe, CdTe, and PbSe and the others in multilayers
of electrodes. The extending of absorption range, the increase
of absorbance, and improvements in the cell efficiency could
be possible for solar cell fabricated by multilayer TiO, film
sensitized by multiple QDs with different absorption spectra
range.

Electron impedance spectroscopy of multilayer QD-
SSCs, shown in Figure 5, were measured to investigate the
kinetics of charge transfer and recombination. An equivalent
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TaBLE 1: A summary of photovoltaic and photoelectron transport properties of CdS QD-SSCs under AM1.5 condition.

Sample Voc (V) Jsc (mAcm™2) FF (%) (0’/1) R (Q)  keg (s7Y) Teir () Degr X 10% (cm?/s)  Film thickness (um)
0
TiO,(1)-CdS(1) 0.16 0.91 35.2  0.05 308.75 8.291 0.121 3.770 1.2
TiO,(2)-CdS(2) 0.33 1.71 30.5 0.17 254.86 6.876 0.145 5.331 2.8
TiO,(3)-CdS(3) 0.42 3.58 294 0.44 228.15 3.167 0.316 8.251 3.9
TiO,(4)-CdS(4) 0.42 5.40 29.9 0.66 197.18 4.663 0.214 24.193 4.9
TiO,(5)-CdS(5) 0.44 7.12 33.7 1.06 157.33 5.638 0.177 43.264 5.6
TiO,(0S)-CdS 0.31 0.91 379 0.11 312.71 6.876 0.145 38.763 5.8
200 =

Current density (mA cm™?2)

0.4

0.2
Voltage (V)

0.3
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FIGURE 4: Photocurrent-voltage curves of CdS QD-SSCs measured
under AM1.5 condition. The active surface area was 0.25 cm?.

circuit used to fit the experimental data was shown as inset in
Figure 5. By modeling and fitting the Nyquist plots, the elec-
tron transport parameters such as charge transfer resistance
related to recombination of electrons at the TiO,/electrolyte
interface (Ry), the first-order reaction rate constant for loss of
electrons (keg), electron life time (7e) and effective diffusion
coefficient (D) were extracted and also presented in Table 1.
It was clear that Ry decreased with the SDD cycles, for
which there are two possible reasons: (1) an increase in film
thickness and (2) an increase in the electron density owing
to the increasing current density. ke decreased with cycles
varying from 1 to 3. Thus, the recombination rate decreased
with cycles when cycle was below 3. This showed the reason
the value of Jsc and 7 increases greatly when cycles were
within 3. But k. increased when cycle was more than 3. The
increasing recombination rate means that electrons were lost
rapidly by recombination. Inferred from Table 1, although
FF decreased with cycle changing from 1 to 3 and then
increased when cycle was above 3, the growth rate of # for
cells with cycle above 3 decreased comparing with that
for ones with cycle below 3 under considering the rate of
increase for film thickness. It was deduced that the increase of
electron recombination rate may contribute to the decreasing

- Z (ohm)
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F1GuUrE 5: Experimental (dots) and fitted (solid curve) Nyquist plots
of CdS QD-SSCs under AM1.5 condition. The equivalent circuit
used to fit the experimental data was shown as inset.

growth rate of # above 3 SDD cycles. D.g increased with
the increasing film thickness, which was consistent with the
result reported by Adachi et al. [19]. As for TiO,(OS)-CdS,
the Ry value was similar with that of TiO,(1)-CdS(1), which
should due to similar current density of these two cells.

4, Conclusion

We have demonstrated a layer-by-layer assembling method
to improve the coverage of QDs on the surface of TiO,
crystal throughout the mesoporous films effectively and
its application in QD sensitized solar cells. The multilayer
electrodes showed much more effective deposition of QDs
in TiO, matrix and better power conversion performance,
compared with the ones fabricated by traditional method.
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The open circuit voltage, short circuit current, and overall
power conversion efficiencies of multilayer CdS QD-SSCs in-
creased with the layers and reached maximum value, 0.44V,
7.12mA cm~2, and 1.06%, respectively, for 5 layers.
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Molybdenum thin films were deposited by rf and dc magnetron sputtering and their properties analyzed with regards to their
potential application as a back contact for CIGS solar cells. It is shown that both types of films tend to transition from tensile to
compressive strain when the deposition pressure increases, while the conductivity and the grain size decreas. The nucleation of the
films characterized by in situ and real time spectroscopic ellipsometry shows that both films follow a Volmer-Weber growth, with
a higher surface roughness and lower deposition rate for the rf deposited films. The electronic relaxation time was then extracted
as a function of bulk layer thickness for rf and dc films by fitting each dielectric function to a Drude free-electron model combined
with a broad Lorentz oscillator. The values were fitted to a conical growth mode and demonstrated that the rf-deposited films have
already smaller grains than the dc films when the bulk layer thickness is 30 nm.

1. Introduction

With 20.3% efficiency, Cu(In,Ga)Se; (CIGS) solar cells
are the most efficient polycrystalline thin films solar cells
today [1]. Part of the success of this technology comes
from the underlying molybdenum layer. It fulfills most re-
quirements for an effective back contact, notably chemical
and mechanical compatibility with the other deposition
processes, high conductivity, low contact resistance with the
CIGS layer, and commensurate thermal expansion coefficient
[2]. The deposition of a molybdenum film as a back contact
is not by itself, however, an assurance of a high efficiency
solar cell. The deposition process and parameters play a key
role in obtaining a layer with the appropriate properties.
Extensive research has been done on the deposition of
molybdenum thin films by direct-current (dc) sputtering [2—
6]. As the potential portfolio of CIGS applications expand,
different Mo film properties may be required to adapt to new
requirements. In this paper, therefore, we have described the
use of dc magnetron sputtering to deposit Mo thin films on
soda-lime glass and the comparison of such films with those

deposited by radio frequency (rf) magnetron sputtering. To
our knowledge, much less research has been performed on
Mo thin films deposited by this latter method [7-16]. To
assess the potential of this process, the physical, electrical,
and optical properties of rf and dc sputtered films were
studied as a function of argon pressure via ex situ and in situ
measurements.

2. Experimental Details

Molybdenum thin films were fabricated using rf and dc
magnetron sputtering onto soda-lime glass (SLG) substrates.
The deposition was carried out in high purity (99.999%)
argon ambient using a 2 inch diameter Mo sputtering target.
The argon flow was metered with a mass flow controller and
fixed at 10 sccm. The required argon pressure for sputtering
was achieved by throttling a high vacuum gate valve. The
thickness for all depositions was kept constant at 0.7 ym.
There was no intentional heating, but it should be noted
that the substrate temperature increased to 310K during
the rf depositions. Uniform film thickness (+5% error)



was achieved using a rotatable substrate holder fixed 6 cm
from the target. The argon pressure was varied between 4
and 20 mTorr while keeping a constant sputtering power of
100 W.

The structural, physical, electrical and optical properties
of the films were studied as a function of deposition argon
pressure. The influence of pressure on the crystallographic
properties and the mechanical properties of the films were
studied by X-ray diffraction (XRD) using a XPERT-PRO
diffractometer. The X-ray scans were performed using CuK,
radiation (Acuke = 0.154nm) in a scanning 20 mode with
0.01° step size over a 26 range of 20° to 90°. The adhesion
of the films to the substrates was examined using an ad-
hesive tape test. The samples were mechanically scribed
to a rectangular shape, adhesive tape strips of the same
length were attached to the scribed films, and the tape
was stripped with approximately equal amounts of force.
Failure of the test is evidence by any film’s residue on
the tape. The film resistivity was calculated from the sheet
resistance by four-point probe and the film thickness by
DekTak®ST Surface Profiler. An atomic force microscope
(AFM) operated in noncontact AC mode (320 KHz tip) was
used for the topographical images of the films. The acquired
AFM images were used to determine the root-mean square
roughness (rms) of the films. Spectroscopic ellipsometry
measurements were performed in situ with a rotating-
compensator multichannel instrument in the energy range
of 0.75 to 6.5¢V. In ellipsometry, two quantities, ¥ and
A, are measured in reflection; these represent, respectively,
the relative amplitude ratio and the phase difference shift
between the parallel and perpendicular field components
as measured with respect to the plane of incidence in the
reflection of polarized light. Pairs of (y,A) spectra were
collected within a time of 1.5sec. Analyses of the spectra
involved numerical inversion and least-squares regression
algorithms. The angle of incidence was at 65° [17, 18].

3. Results and Discussion

3.1. Physical Properties. The influence of pressure and depo-
sition process on the crystallographic properties and the
mechanical properties of the films was studied by XRD. As
shown in Figure 1 (for p = 10 mTorr), the rf films tend to
have a lower degree of crystallization compared to the dc
films, as indicated by their broader and smaller peaks. It was
also found that the films deposited with lower pressure had a
higher degree of crystallinity as shown in Figure 2. This can
be explained by the fact that at lower deposition pressures
adatoms have impacted the surface with sufficient energy
to enhance their mobility, leading to increased diffusion of
atoms, atomic rearrangements, and atomic displacements,
which in turn are conducive to the growth of more stable,
larger crystalline grains. In the case of the rf films, since a
longer deposition is required to achieve the same thickness,
there may be an additional reduction of the mobility due
to the introduction of contaminant species such as oxygen,
which suppresses the diffusion of Mo adatoms and lead to
lattice defects.
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molybdenum thin films at 10 mTorr. (Inset: closeup of the (110)
peak).
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Figure 2: XRD pattern of the (110) peak for rf sputtered
molybdenum thin film as a function of argon pressure.

The observed (110) peak distortion can be directly
related to the strain in the films, which can be either
compressive or tensile. The Bragg law was used to calculate
the lattice spacing, d(110), and hence the lattice parameter a.
The strain of the film was then calculated using the formula:

. A
Strain(%) = 7“ x 100, (1)

where Aa is the change in lattice parameter in the film
compared to a Mo sheet.

The change in strain with pressure for rf and dc films is
shown in Figure 3. In both cases the tensile strain dominates
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FIGURE 3: Strain variation in rf and dc films as a function of
pressure; (the curves are a guide to the eye).

over compressive strain. These strain versus pressure curves
can be split into low and high pressure domains. At low
pressure, the films are under either low tensile or compressive
strain. With increasing pressure, the tensile strain increases
until it reaches a maximum. For the rf films, the maximum is
about 0.24% at 8 mTorr, whereas for the dc films it is 0.33%
at 10 mTorr. At high pressure, the tensile strain gradually
decreases with further increasing pressure, leading toward
or reaching compressive strain once again at pressures
higher than 16 mTorr. The observed compressive strain at
low pressures can be explained by an effect called “atomic
peening” in which the high momentum sputtered ions
impinge onto the growing film surface [19, 20]. In striking
the surface with high momentum, the incident atoms
drive the near-surface atoms of the film closer together.
As a result, both incident and impacted atoms become
embedded deeper into the film surface thus generating the
film’s compressive stress and concomitantly a denser film
microstructure.

Conversely, the absence of energetic particle bombard-
ment at high pressure leads to a tensile stress and to a
more porous film microstructure. The compressive stress at
the higher pressures is most probably influenced by lattice
distortion due to one of the following: (i) incorporation of
foreign atoms into the film, (ii) reaction at grain boundaries
that produce a phase with a different molar volume, or (iii)
surface energy reduction at void surfaces. It is important to
notice that the nature and degree of the strain in the Mo films
can potentially alter the chemical activity of selenium during
the formation of the CIGS layer.

To assess the effect of strain, we measured the adhesion
of the films on the substrate by using an adhesive tape test
as described in Section 2. We found that all rf and dc films
passed the test except for the dc films prepared at 4 mTorr.
The failure of the test of the dc films at this pressure may be

due to high compressive strain in the films, as observed in
Figure 3.

The degree of orientation of the films along the (110)
direction, P(110), was calculated using:

1(110)/15(110) + 1(220)/15(220)
2wt I(hkD)/To (hkI) ’

P(110) = (2)
where I(hkl) is the measured intensity of the (hkl) peak
and Iy(hkl) is the relative molybdenum powder diffraction
intensity. The rf films did not show any correlation of P(110)
with pressure (P(110) ~ 0.8-0.9); however, P(110) for the
dc films was observed to decrease linearly from 0.96 to 0.87
for films of increasing pressure from 4 to 20 mTorr. The
fact that the crystallites have a strong preferential orientation
along the (110) plane can be explained by the lowest surface
potential energy for these planes.

The variation of the full width at half maximum
(FWHM) of the (110) peak with pressure for rf and dc films
was also measured. The average grain size of the films was
then determined using Scherrer formula [21]:

KA
L= Bcos(o)

(3)

where L is the crystallite size, K is the Scherrer constant
(considered 0.90 for spherical particles), A is the X-ray
wavelength, 8 is the FWHM of the peak, corrected for
instrument broadening (i.e., f2 = B? — b®> where B =
experimental, b = instrumental), and 0 is the Bragg angle.
For both type of films, a decrease in grain size with increasing
sputtering pressure was observed, followed by saturation
above 12 mTorr (Figure 4). For all pressures, the dc films
tend to have larger grain size than the rf films, which may
be related to the higher deposition rate of the dc films and
therefore the potential for lower foreign atom incorporation.

Film morphology measured by atomic force microscopy
(AFM) is shown Figures 5(a) and 5(b) for 4 mTorr. The
dc films show relatively smooth surface with uniform grain
distribution, whereas the rf films have a wider range of
grain sizes, a fibrous or columnar morphology and rougher
surfaces. The rms roughness of the dc and rf films were
found to increase from 2nm to 6nm and from 3nm
to 9nm, respectively, as pressure increased from 4 mTorr
to 20mTorr. Furthermore, the films deposited at high
sputtering pressures showed dendritic-like morphologies,
and thus may incorporate high void volume fraction in
the films. With an increasing concentration of small void
structures with increasing pressure, the film volume may
expand slightly into the void regions, leading to tensile
stress. As the voids increase in size and their surfaces have a
dominating influence, high internal surface tension can then
force the film volume toward compression, as observed at the
highest pressures in Figure 3.

For optimal CIGS device performance, the desirable Mo
films display a fibrous morphology closer to that of the
rf sputtered films that allows diffusion pathways for the
migration of sodium (Na) atoms from the underlying soda
lime glass (SLG) substrate to the CIGS layer during its
deposition [5].
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FIGURE 4: Variation of average grain size of rf and dc films as a
function of pressure. The lines connect data points as guides to the
eye.

3.2. Electrical Properties. The resistivity of the rf and dc films
was found to increase with increasing pressure (Figure 6).
The rf films were found to be more resistive compared to
the dc films under otherwise identical deposition conditions.
The higher conductivity at low pressure is consistent with
a dense microstructure, whereas the low conductivity at
high pressure correlates well with porous microstructure
associated with tensile strain in the films. Low conductivity at
higher pressure is also consistent with decreasing grain size.

3.3. Optical Properties. During the deposition of the molyb-
denum films, real time in situ spectroscopic ellipsometry
(RTSE) was used over a wide spectral range (0.75-6.5eV) in
order to characterize the growth process and the dielectric
functions. We chose 10 mTorr as a characteristic pressure,
where high tensile strain is observed for both rf and dc films.

Figure 7 shows the surface roughness and the bulk layer
thickness as a function of deposition time extracted from
RTSE as the film is deposited. During the initial stage of
growth, the incident Mo atoms nucleate forming separate
islands which is evidenced by a sharp increase in the surface
roughness thickness [22]. The Mo island size for the rf
films relative to the dc films is slightly greater, as measured
normal to the film surface at the onset of coalescence. Island
coalescence is characterized by a subsequent decrease in
surface roughness simultaneously with the onset of bulk layer
growth. A linear extrapolation of the bulk growth in the
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uniform growth regime allows calculation of the deposition
rates and the final thickness. These thicknesses are found to
be in excellent agreement with ex situ surface profilometry
measurements. After complete coalescence of the islands,
the surface roughness thickness increases slightly before
saturating to a value of 3.9 nm (dc films) and 5 nm (rf films)
which correlates well with the ex situ AFM measurements
of 2.9nm and 3.8 nm. Both rf and dc sputtered Mo thin
films follow a similar trend of surface roughness and bulk
layer thickness variation, but smoother film morphology
and higher deposition rates are obtained for the dc films
compared with the rf films.

Figures 8 and 9 show the complex dielectric function
components (g1,&) of the Mo films at two bulk layer
thicknesses (3.3nm and 100nm), as determined by exact
inversion of spectra collected in real time during the growth
process. The bulk layer thickness used in the inversion
was determined through a global fit to spectra collected
over a narrow time range [23]. The surface roughness in
this comparison was neglected as it was relatively thin.
Clear differences in (&1, &) are observed for rf and dc films
at the two thicknesses. At the beginning of the growth
(3.3 nm), the overall amplitude of ¢, for the dc films is larger,
indicating less void volume fraction in the dc films. This is
an indication of greater coalescence in the dc film at a given
thin-layer thickness. Furthermore as the thickness increases
from 3.3 nm to 100 nm, the amplitude of ¢; at the minimum
photon energy of 0.75eV sharply decreases from 9 to —22
and from —6 to —54, for the rf and dc films respectively.
This is an indication of an increase in Drude free-electron
relaxation time (7) most likely due to larger grain sizes and
reduced grain boundary scattering as the films increase in
thickness.

From the full set of dielectric function spectra, collected
every 1.5s during the film growth, an electronic relaxation
time was extracted as a function of bulk layer thickness for
rf and dc films. This was done by fitting each dielectric
function to a Drude free-electron model combined with
a broad Lorentz oscillator [24]. The Drude model serves
to extract information from the low energy portion of the
spectra while the broad Lorentz oscillator serves to represent
all background contributions to the dielectric function from
higher energy. The Lorentz oscillator component of the
model is too broad and weak in the case of our Mo films, so
no information can be reliably extracted from it. The Drude
model on the other hand allows for a determination of the
broadening parameter, I', which is inversely proportional to
the free electron relaxation time, that is, T ~ A/I', where F is
Planck’s constant. The Drude free-electron equation is given
by:

2

_ _ )4
e(B) = &« — grE Ty @

where E, is the free-electron plasma energy and & is the
contribution to the dielectric function due to higher energy
oscillators, that is, the contribution from the interband
transitions (excluding the Lorentz oscillator used to obtain
a suitable fit). The resulting best-fit relaxation time (7) as a
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FiGure 6: Normalized resistivity as a function of pressure for Mo
thin films.

function of bulk layer thickness, dp, is shown in Figure 10. It
shows that both rf and dc films have a similar trend for 7, that
is, initial increase with increase in dj, and saturation toward
the end, most likely when the grain grows with diameter
comparable to the bulk thickness. It is important to note that
the relaxation time for the rf films is systematically lower than
that for the dc films.

The particular functional electronic relaxation time
observed in Figure 10 can be attributed to grain boundary
scattering. To model this behavior, we use the model
proposed by Kasap [25], following (5):

= Tb—l + 3%71}1”’ (5)
[201 - ®)A, |

where 7, is the relaxation time in the limit of a single
crystal, v = 1.7 X 10°m/s is the Fermi velocity for Mo,
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FIGURE 7: Evolution of surface roughness (solid line) and bulk layer
thicknesses (dashed line) obtained by RTSE for Mo deposition using
dc and rf sputtering at 10 mTorr. The bulk layer becomes fully
opaque at large thickness values and, as a result, its thickness cannot
be determined.

Ag is the electron mean free path, and R is the grain
boundary reflection coefficient, taken to be 0.5 as a first
approximation [15]. Reasonable fits to the data for 7 in
Figure 10 are obtained if one assumes that the mean free path
Ag is proportional to the grain radius and that the crystallite
evolution follows a conical growth mode in accordance the
relationship A, = xd,. Values of x = 0.33 (rf films) and
x = 0.45 (dc films) were extracted. This higher value of
the grain size for the dc films compared to the rf films is
consistent with the XRD results.

4. Conclusion

Molybdenum thin films were deposited onto soda-lime glass
substrates, using rf and dc magnetron sputtering. We have
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shown that critical sputtering parameters which control
the mechanisms and kinetics of film growth are not only
pressure and power but also the deposition mode (rf versus
dc). Both rf and dc deposited films show similar trends in
microstructural evolution, characterized by a Volmer-Weber
island growth-coalescence process followed by a continuous
increase of the grain size according to a cone-growth model.
The strain in the film also varied similarly for both films,
transitioning from compressive through tensile and back
to compressive again. Interestingly, this has little effect on
the adhesion of the films, which was good for all films
except those deposited by dc sputtering at low pressure. It
is important to note, however, that these films have not
been exposed to the CIGS deposition process at 550°C
under Se atmosphere, and therefore could still delaminate
during solar cell fabrication. Another parameter to take into
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of the bulk layer thickness for both dc and rf mode sputtering. Also
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model.

account, depending on the CIGS deposition process, is the
ability of the molybdenum to serve as a conduit for sodium
diffusion from the glass. Here, our experiments have shown
that the dc films have larger grains from the beginning to
the end of the growth, which may be less advantageous
for sodium diffusion through grain boundaries. Finally, the
lower conductivity of the rf films can be seen as a problem
since this may increase the solar cell series resistance. The
lower conductivity may also be an indicator of the presence
of foreign atoms (such as oxygen), which in turn may allow
for more flexibility of the film and less delamination when
deposition is performed on flexible substrates [26].
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This paper discussed the effect of different thermal evaporation treatments for nanocomposited MEH-PPV:CNTs thin films
towards the performance of organic solar cells. The configuration of the organic solar cells is ITO/MEH-PPV:CNTs/Au. The
heating temperature was varied from, as deposited, 50°C, 75°C, and 100°C. From the results, we observed that the efficiency
increase slightly before decreasing back at 100°C. The highest efficiency was solar cells heated at 75°C with efficiency 0.001%
which is supported by the I-V characteristics and also by the absorption spectra.

1. Introduction

Organic solar cells are gaining much interest in this energy-
saving era, due to their simple and low cost fabrication
process. However, the efficiency of organic solar cells is still
low. Even though much research is done on blending organic
material with a nonorganic material, very rare is done on
blending polymer with carbon nanotubes (CNTs) because of
the dispersity problem.

Even if CNTs have dispersion problems, it still has
gained a lot of attention due to its unique properties. The
uniqueness of the nanotube arises from its structure, which
is the helicity in the arrangement of the carbon atoms
in hexagonal arrays on their surface honeycomb lattices
[1]. CNTs have high surface area (~1600 m?/g) that offers
tremendous opportunity for exciton dissociation [2]. CNTs
can be metallic or semiconducting which is determined by
the chirality of the nanotube. The diameter of the CNTs is
an important property as it has a direct correlation with the
optical band gap. The optical absorbance of CNTs is affected
by both structure and dimension of the nanotube [3].

CNTs properties like high electron conductivity, high
thermal conductivity, and robustness are flexible by nature
and are assumed to improve the properties of a conjugated

polymer. Basically, conjugated polymer has high absorption
coefficient in the visible region (~107>cm™!), charge gener-
ation under illumination, and easy deposition on substrates
even at room temperature [4], which makes them well-
liked in recent research. Poly[2-methoxy-5-(2’-ethylhexloxy-
p-phenylene vinylene] (MEH-PPV) is a commonly used
conjugated polymer due to its solubility and absorption in
the visible range [5]. The structure of electronic states of con-
jugated polymers is such that several types of excited states
(singlet and triplet excitons) and charges (e.g., polarons)
can be easily created by visible light excitation [6]. MEH-
PPV is a conjugated polymer which is known as a novel
class of material that combine the optical and electronic
properties of semiconducting with the processing advantages
and mechanical properties of plastics. It is found that the
corresponding property of the matrices could be enhanced
in the presence of homogeneously dispersed CNTs [7].

In order to solve the issue of undispersity of CNTs,
the increase percentage of the composition is presented
in this work. However, so far the agglomeration of the
undisperse CNTs still exists and they are still unevenly
scattered. Photoconductivity of MEH-PPV is often limited
by low absorption. Therefore, in this paper we fabricate
organic cells as shown in Figure 2 and discuss on the heating
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FIGURE 1: Structure of organic solar cell.

temperature when the concentration of CNTs is high. This
is due to heating temperature that also plays vital role in
determining the performance of organic solar cells due to
removal of moisture in the nanocomposite [8].

2. Methodology

The compositions of CNTs are fixed at 60 wt%. The CNTs
used are commercially available with purification >95%.
Before adding the CNTs to the polymer solution, it was
annealed at 450°C for 30 minutes to ensure that all of the
impurities in the CNTs are totally removed. The solvent
used for dissolving the MEH-PPV powder is tetrahydrofuran
(THE).

A thin layer of nanocomposited MEH-PPV blend CNTs
was spin-coated with 2000 rpm for 1 minute on indium
tin oxide (ITO) size 2cm X 2cm. The deposition was
done at room temperature under normal pressure. After the
deposition is done, the nanocomposited on the ITO was
heated on a hot plate stirrer for 5 minutes to vaporize the
solvent at 50°C, 75°C, and 100°C. The detailed descriptions
of the samples are shown in Tablel. To compare the
performance of the devices, as deposited, and undergo heat
treatment, one device is fabricated without undergoing the
treatment process. The thickness of the blended device was
in the range of 50 to 90 nm. Film thickness is important
in determining the efficiency of organic solar cells due to
the face that it has short diffusion length which leads to
recombination. Therefore, it will yield low photocurrent and
gives less energy conversion efficiency. The thickness of the
nanocomposited MEH-PPV:CNTs is measured using surface
profiler Veeco Dektak 750. A schematic diagram of the
present solar cells is shown in Figure 1. The Au was deposited
on another ITO using sputter coater so that the blended thin
film was sandwiched between Au and ITO electrode.

The current density-voltage (J-V') characteristics of the
solar cells were measured both in dark and under illumina-
tion at 100 mW/cm? by using an AM 1.5 solar simulator CEP
2000 Spectral Sensitivity Analyzing System. The solar cells
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were illuminated through the side of ITO substrates, and the
illuminated areas were 0.01 cm?.

UV-visible absorption spectra were obtained by using
Perkin Elmer Lambda 750 UV/Visible Spectrometer to ana-
lyze the absorbance and transmittance.

3. Results and Discussions

3.1. Electrical Properties. The measured current-voltage (I-
V) characteristics of a MEH-PPV:CNTs organic solar cells in
dark and under illumination are shown in Figures 2(a), 2(b),
2(c), and, 2(d), respectively, where else Figure 2(e) shown
the comparison for I-V characteristic under illumination for
different thermal evaporation temperature. It can be seen
that the I-V curve form Schottky contact when Au was
used as the metal contact. The metal-semiconductor (M-S)
contact in which y > g is called a Schottky barrier diode
where there is nonlinear current flow in the device. Because
the current flows easily in one direction but not in the other,
it is a rectifying contact. The explanation concerning this
issue is that Au has work function value higher than the
organic-inorganic blend. We also assumed that the Schottky
formation is based on solvent used to dissolve the MEH-PPV.
Naturally, MEH-PPV is a p-type material but in this paper,
MEH-PPV acts as electron acceptor (n-type) and CNTs act
as electron donor (p-type). The type of MEH-PPV depends
on the solvent used to dissolve the polymer [9]. The Schottky
formation can also be regarded as the CNTs being the
metallic material and the MEH-PPV is the semiconducting
part. Metallic CNTs conduct electricity easily because many
electrons have easy access to adjacent conduction states.

It can be seen in Figures 2(a), 2(b), 2(c), and 2(d) that the
I-V curve showed insignificant changes under illumination
condition as compared to in dark due to the samples are
sensitive to light. There is only a slight change for both
conditions in dark and under illumination due to CNTs
structure that is not compatible with the MEH-PPV polymer
chain [10]. However, devices consisting MEH-PPV only
show a shorter lifetime compared to organic solar cells
fabricated with MEH-PPV blend CNTs [11]. Even though the
current shows not much different but the MEH-PPV:CNTs
nanocomposite behaves like a photoamplifier, that produce
a very large current and more electrons for each photon
absorbed by the polymer [12].

Figure 2(e) shows the I-V characteristics at room tem-
perature in treated and as deposited samples. Figure 2 is the
same as in Figures 2(a) to 2(d) but in Figure 2(e), we can see
that S75 shows the highest current. It can be seen that the
current tend to increase from as deposited samples to treated
samples from S5y to S7s but it started to decrease at Sjgo.
S75 showed the highest current under illumination condition
compared to the as deposited solar cell. This is due to its high
absorbance which is shown in Figure 5, later. The increment
from as Sy to S75 implies that as the temperature is increased,
more charge carriers overcome the activation energy barrier
and participate in the electron movement [13].

The measured current density-voltage (J-V) charac-
teristic of a nanocomposited MEH-PPV:CNTs structure
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TaBLE 2: Measured parameters of the solar cells.

As deposited 50°C 75°C 100°C
Voe (V) 0.097 0.094 0.091 0.079
Jsc (mA/cm?) 0.033 0.031 0.052 0.029
FF 0.243 0.269 0.229 0.255
1 (%) 0.0007 0.0008 0.001 0.0006

under illumination are shown in Figure 3. Photocurrent
of 0.052mA/cm? is observed under illumination for Sys
which is the highest as compared to the other solar cell.
This support the assumption where absorption of light in
the MEH-PPV:CNTS, followed by the separation of carriers
at the interface. Where else the lowest photocurrent is
shown for Sipo with 0.029 mA/cm?. This occurred due to
the degradation of the MEH-PPV emission properties [14].
Measured parameters of these solar cells are summarized in
Table 2. S;5 showed the highest efficiency which is 0.001%
but it has the lowest fill factor (FF) compared to the
other solar cell and it has lower open circuit voltage (Vo)
compared to the Sy solar cell.

3.2. Surface Morphology. As can be seen in Figures 4(a) and
4(b) above, no difference can be seen in the morphology of
the samples. The dispersion of CNTs in the MEH-PPV still
occurs and was unevenly scattered. This is because of the
bonding of the CNTs that is not easy to break in order to
robust in the polymer matrix. Therefore, we supposed that by
adding more CNTs to get well scattered CNTs are not doing
well. Another reason of the undispersity was because of the
solvent effect [14]. Formation of large CNTs agglomerates is
observed because of using nonaromatic solvents instead of
aromatic solvents [9].

3.3. Optical Properties. The absorption spectra of MEH-
PPV blend CNTs are presented in Figure5 for various
heating temperature of MEH-PPV:CNTs with samples as
deposited, Sso, S75, and Sig, respectively. The maximum
absorption occurred at wavelength around 500 nm. The
peak did not show any shift either to red or blue light.
There is no noticeable wavelength shift observed in the
absorption maximum in MEH-PPV:CNTs nanocomposite
films, but there is a substantial drop in the magnitudes due
to reflectance of light when it heat the undisperse CNTs.
As the heating treatment increase, the peak of absorption
spectra decrease with respect to the sample as deposited,
while sample S;5 showed the highest absorbance with the
value more than 1. We assume that at 75°C the solvent
was completely vaporized. This is directly related to the I-
V characteristic where the same sample showed the highest
current. Sz5 absorbed the most light when it is illuminated.
Therefore, the excess carriers were excited the most at this
sample, where else at 100°C, the polymer was not capable
to perform due to reaching its maximum temperature at
75°C where at this temperature, it can be demonstrated that
the solvents are completely vaporized. However, the changes
cannot be seen from the surface morphology analysis.

4, Conclusion

It can be concluded that MEH-PPV:CNTs nanocomposite
shows a Schottky contact when Au is used as the metal
contact. There is a slight change for I-V in dark and under
illumination condition which shows that CNTs influence
the behaviour of the conjugated polymer. The highest I-
V is shown for sample undergoes heat treatment at 75°C.
This is supported by the highest absorbance also occurred at
75°C. At 100°C, the nanocomposited MEH-PPV:CNTs was
not capable to perform due to its decrement in its photoam-
plifier properties. From the surface morphology images, the
dispersion of CNTs in the polymer matrix also does not show
remarkable results that will influence the overall results.
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To improve the durability of dye-sensitized solar cells (DSCs), monolithic DSCs with ionic liquid electrolyte were studied.
Deposited by screen printing, a carbon layer was successfully fabricated that did not crack or peel when annealing was employed
beforehand. Optimized electrodes exhibited photovoltaic characteristics of 0.608 V open-circuit voltage, 6.90 cm™2 mA short-
circuit current, and 0.491 fill factor, yielding 2.06% power conversion efficiency. The monolithic DSC using ionic liquid electrolyte

was thermally durable and operated stably for 1000 h at 80°C.

1. Introduction

To meet the demand for renewable cost-effective energy
sources, dye-sensitized solar cells (DSCs), which can be
fabricated from low-cost materials (TiO,, dye, etc.) by
nonvacuum printing, have attracted attention in academic
and industrial research [1-4]. DSCs are normally fabricated
by sandwiching TiO, and Pt counter electrodes. F-doped
tin oxide (FTO) glass substrates for these electrodes account
for 80% of DSC-fabrication cost. Additionally, Pt used in
the counter electrode is also expensive. Hence, to realize
further cost reductions, the use of FTO glass and Pt should
be minimized. Toward this end, monolithic DSCs have been
fabricated on a single FTO glass substrate with a porous
carbon counter electrode (Figure 1) [5-12]. A porous carbon
layer and a porous ZrO, layer are set on dyed porous TiO;
layer for the monolithic DSC. The porous ZrO, layer has
two functions: a function as transportation of electrolyte to
dyed porous TiO; layer and a function as spacing insulator
to separate dyed TiO, layer and carbon layer electrically.
There are three roles in the porous carbon layer: (1) the
catalyst to reduce I3 to I~ for the photocurrent flow;
(2) the electrical current corrector to external circuits; (3)
the transportation of electrolyte to dyed-porous TiO, and

porous ZrO,. By means of capillary force within nanoholes,
monolithic porous electrodes prevent electrolyte leakage.
Through the use of such porous electrodes, highly durable
DSCs are expected.

In research on durable DSCs, industrial applications are
now being emphasized. Volatility of the DSC electrolyte has
been a major problem because the interface temperature of
the cell rises considerably in sunlight. To address the problem
of thermal instability, the electrolyte should be nonvolatile
and solvent-free, which are notable properties of ionic
liquids. Accordingly, ionic liquids have been investigated for
use as the electrolyte in DSCs in order to enhance their
durability [13-15].

In this paper, we report a screen-printing method for
fabricating porous carbon electrodes that do not crack or
peel off in monolithic DSCs. In particular, we focused on
carbon-paste preparation. Finally, ionic liquid electrolyte was
used to prepare thermally durable monolithic DSCs that
operated stably for 1000 h at 80°C.

2. Experiments

The process for fabricating carbon paste is presented in
Figure 2. Carbon powder and TiO, powder (P25; Degussa,
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FiGure 1: Structure of monolithic DSC.

Germany) were ground in a mortar. The carbon powder
was a mixture of Printex L (Degussa) and graphite (Aldrich,
Germany) or a mixture of Printex L and active carbon
(Degussa, Germany). The total weight of carbon powder
was 6g. Water (10mL) and ethanol (20mL) were added
to the mortar containing the powder mixture, which was
further ground. This mixture was transferred from the
mortar to a beaker with an additional 100 mL portion of
ethanol. Then, the mixture was agitated with a magnetic
stir bar for 1 min and an ultrasonic homogenizer (Vibra
Cell 72408 Bioblock Scientific, USA) for 2 min. a-Terpineol
(20 g, Tokyo Chemical Industry Co., Ltd., Japan) was added
to the carbon dispersion and agitated with a magnetic
stir bar for 1min and an ultrasonic homogenizer for
2min. Ethyl cellulose solution in ethanol (10wt%, 30g)
was added to the carbon solution and agitated with a
magnetic stir bar for 1 min and an ultrasonic homogenizer
for 2 min. The ethyl cellulose solution was prepared before-
hand by adding equivalent amounts of two ethyl cellulose
powders in ethanol (5wt% of ethyl cellulose no. 46080
and 5wt% of ethyl cellulose no. 86480, Tokyo Chemical
Industries, Co., Ltd., Japan). Removal of water and ethanol
by evaporation at 40°C and 125 m bar afforded the carbon
paste.

To fabricate monolithic electrodes, FTO glass plates
(TEC-15, Nippon Sheet Glass Co., Ltd., Japan) were utilized.
The FTO layer was divided into two parts by etching with
Zn and HCI (see Figure 1). The etched FTO glass plates
were washed with glass-cleaning detergent in an ultrasonic
bath for 15 min. The substrates were then rinsed with water
and ethanol. Subsequently, the surface of substrate was
cleaned in a UV-Os3 system for 18 min. Two types of TiO,
pastes—PST-30NRD and PST-400C (JGC-CCIC Co., Ltd.,
Japan)—were deposited by screen printing on one of the
FTO layers (Figure 1) as a transparent nanocrystalline—
TiO; layer (10 um thick) and a light-scattering layer (4 ym
thick), respectively. The resulting TiO, electrodes had a
double-layered structure [16]. The substrate was sintered
on a hotplate at 500°C for 2h. When the substrate was
cooled, ZrO, paste was printed on the TiO; layer to be 30 ym
thick and to cover the porous TiO, layer. The ZrO, paste
was dried on the hotplate at 125°C. The ZrO, paste was
prepared according to a published procedure [17] using ZrO,
nanoparticles (d = 40-50 nm; Fulka, USA). The substrate was
heated on the hotplate at 200°C at 1 h. When the substrate
cooled, carbon paste was printed on the ZrO, layer to form a
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FIGURE 2: Process for preparing carbon paste for porous carbon
electrode in DSCs.

layer with thickness of 130 ym. At the same time, the carbon
layer was connected to the other FTO layer and sintered at
400°C (Figure 1). The fabricated electrodes were immersed
in dye solution (0.3 mM in acetonitrile and ¢-butyl alcohol;
7907 Ru-dye, Solaronix SA) and kept at room temperature
for 12h [18].

The dye-coated electrodes were rinsed with acetonitrile
and combined with glass plates by heating a hot-melt
glue film at 250°C for 1 min (150 yum thick; Bynel 4164,
DuPont, USA). A drop of the electrolyte solution was
placed into a hole drilled into the glass of the assem-
bled cell and driven into the cell by vacuum backfilling.
Finally, the hole was sealed using additional Bynel film
and a glass cover slip (0.1 mm thick). The electrolyte was
composed of 0.2M L, 0.5M N-methylbenzimidazole, and
0.1 M guanidinium thiocyanate in PMII and EMIB(CN),4
(13:7 v/v), which has been used in highly durability DSCs
(18, 19].

Photovoltaic measurements employed an AM 1.5 solar
simulator. The power of the simulated light was calibrated
to be 100mWcm™ by using a reference Si photodi-
ode equipped with an IR-cutoff filter (BS-520, Bunkou-
Keiki Co., Ltd., Japan) to limit mismatch in the region
of 350-750nm between the simulated light and AM1.5
to less than 2% [20, 21]. I-V curves were obtained
by applying an external bias to the cell and measuring
the generated photocurrent with a digital source meter
(6240A, ADCMT, Japan). The thermal durability test
was performed by keeping DSCs in oven at 80°C. The
sheet resistances (four-point probe method), the X-day
diffraction patterns, and the electrical impedance spectra
were measured using Loresta-EP MCP-T360 (Mitsubishi
Chemical Analytech Co., Ltd., Japan), MiniFlex II (Rigaku
Co., Ltd., Japan), and SP-150 (Bio-Logic, France), respec-
tively. The impedance spectra were analyzed using software
(Z-view 2).
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3. Results and Discussion

In past work, to prepare porous carbon counter elec-
trodes for DSCs, colloidal amorphous TiO, particles have
been added as a binder for carbon particles [22]. In the
present study, however, gas-synthesized TiO, nanopow-
der (80% anatase/20% rutile, P25; Degussa) was added
to carbon pastes instead of colloidal amorphous TiO;.
When we used colloidal amorphous TiO, nanoparticles
to fabricate thicker porous carbon layers for monolithic
DSCs, the annealed carbon layer easily cracked and peeled
off the substrate, likely caused by crystallization and
shrinkage of the amorphous TiO, nanoparticles. On the
other hand, the gas-synthesized TiO, nanopowder gave a
thicker (>100 ym), more stable porous carbon layer that
did not crack or peel, because the gas-synthesized TiO,
nanopowder does not undergo further crystallization and
shrinkage.

To optimize the conductivity of the porous carbon
layer, the ratio of amorphous nanocarbon (Printex L) to
graphite or the ratio of amorphous nanocarbon (Printex
L) to active carbon was varied. A carbon layer of 13-
14 ym in thickness was fabricated on the glass plate by the
doctor blade method. The sheet resistance was measured by
four-point probe method (Figure 3). The sheet resistance of
amorphous nanocarbon (Printex L) layer was increased by
adding the active carbon. In contrast, the sheet resistance
of amorphous nanocarbon (Printex L) layer was decreased
by adding the graphite, reaching a minimum of 90 )/
at 40% amorphous nanocarbon in graphite (2.4g amor-
phous nanocarbon (Printex L) and 3 g graphite). For the
experiments below, carbon paste with this mixing ratio was
used.

3
3
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FiGure 4: X-ray diffraction patterns of prepared carbon pastes:
amorphous nanocarbon (Printex L) and graphite (a); amorphous
nanocarbon (Printex L) and active carbon (b).

Figure 4 shows X-ray diffraction spectra of carbon
pastes. The carbon paste containing graphite shows an
intense peak attributed to the graphite structure, which
is not seen in the paste using active carbon. Although
the graphite can give high conductivity due to the high
crystallinity, the graphite particle was so large that the
connection between the graphite particles was not enough
to achieve the high conductivity. On the other hand, since
the amorphous nanocarbon (Printex L) was very small,
the connection between the particles can be very strong.
However, because of the low crystallinity of amorphous
nanocarbon (Printex L), the pure amorphous nanocarbon
layer was not able to improve the conductivity. Hence, the
addition of amorphous carbon improved the connection
between the graphite particles, resulting in the improvement
of conductivity. These are the reasons why the mini-
mum sheet resistance was obtained with 40% amorphous
nanocarbon (Printex L) and 60% graphite as shown in
Figure 3.

To fabricate porous carbon layers on porous TiO,/ZrO,
layers, the annealing process should be optimized. Under
simple heating at 400°C for 30min, the carbon layer
cracked and peeled (Figure 5(a)). This cracking and peel-
ing was found to occur on the ZrO, layer, but not on
the FTO glass plate. Therefore, peeling of the carbon
layer was likely attributable to shrinkage of ZrO,. To
prevent ZrO, shrinkage from damaging the carbon layer,
ZrO, was pre-annealed at 200°C for 20 min. Thereafter,
carbon paste was printed on the surface of the porous
ZrO, layer, resulting in a crack-free porous carbon layer
(Figure 5(b)).

Figure 6 shows the current-voltage curve of monolithic
and standard sandwich-type DSCs. The Monolithic cell



FiGUre 5: Photos of annealed carbon electrodes in monolithic
DSCs: (a) without preannealing and (b) with preannealing.
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Figure 6: I-V curves of DSCs: monolithic structure with carbon
electrode (thick line); sandwich structure with Pt/FTO electrode
(thin line). Dye (Z907), nanocrystalline-TiO, electrodes, photoan-
ode FTO, and ionic liquid electrolyte were the same in the two types
of electrodes.

exhibited a short-circuit photocurrent density of 6.90 mA
cm™2, open-circuit photovoltage of 0.608 V, and fill factor of
0.491, yielding a power conversion efficiency of 2.06% under
AM1.5 irradiation. This photovoltaic performance was com-
parable to that of standard sandwich-type DSCs using Pt
and FTO as counter electrodes (short-circuit photocurrent
density, 6.91 mA cm™2; open-circuit photovoltage, 0.544 V;
fill factor, 0.592; power conversion efficiency, 2.22%). The
prepared monolithic DSCs performed similarly to standard
sandwich-structured DSCs in terms of short-circuit pho-
tocurrent density. However, the fill factor of the monolithic
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FiGgure 7: Impedance spectra (Cole-Cole plot) of monolithic- (a)
and sandwich- (b) structured DSCs, which was analyzed using an
equivalent circuit (c), where R, R,, and CPE are series resistance,
parallel resistance and constant-phase element (imperfect capaci-
tance), respectively.

cells was slight lower than that of standard sandwich-
structured DSCs, because the resistance of the carbon layer
was higher than that of the FTO layer.

Figures 7(a) and 7(b) show the impedance spec-
tra of monolithic and sandwich-structured DSCs, respec-
tively. The structure of a sandwich DSC was a standard
one: <glass/FTO/porous TiO,/dye/electrolyte/Pt/FTO/glass>
[16]. The spacer between FTO-glass substrates was 35 ym,
where the electrolyte was filled without porous-ZrO, layer.
These spectra were analyzed using an equivalent circuit
(Figure 7(c)), resulting in a series resistance (R;), paral-
lel resistances (R,), and constant-phase elements (CPE,
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TaBLE 1: Impedance elements (resistance and constant-phase element) in monolithic- and sandwich-structured DSCs under photoirradiated

open-circuit conditions.

DSC structure Series resistance

Interface of electrolyte/counter electrode

Interface of TiO,/ dye/electrolyte  Electrolyte diffusion

R/} R,/Q CPE/F

R,/Q CPE/F R,/Q CPE/F

4.25 x 107
7.77 x 107°

Monolithic 35.3 10.5
Sandwich 16.0 6.24

33.8 2,13 x 1074 33.1 0.136
15.2 3.29 x 1074 7.04 0.226

0.8 —

Efficiency (normalized)

02—

| | | |
0
0 200 400 600 800 1000

Time (h)

FiGure 8: Stability test of monolithic DSC using ionic liquid elec-
trolyte at 80°C in the dark.

imperfect capacitance). Each element was summarized in
Table 1. The CPE is a kind of capacitance which indicates
the depressed semicircles to fit the experimental spectra. In
monolithic DSC, the series resistance and interface resistance
between the carbon electrode and electrolyte were 35.3 Q and
10.5 Q, respectively. For Pt/FTO counter electrodes, these
values were 16.0 Q) and 6.24 Q, respectively. In addition,
the diffusion resistance in the electrolyte was increased
from sandwich-structured DSC (7.04)) to monolithic-
structured DSC (33.1 Q) due to the addition of the ZrO,
layer (30 ym). Thus, the deterioration of fill factor was due
to the incensement of resistivity by the carbon counter
electrode layer and the ZrO, layer. Further optimization
is needed to improve the photovoltaic characteristic of the
carbon electrode and ZrO, layer. Figure 8 shows stability
test results for an ionic liquid monolithic DSC at 80°C
in the dark. Although the efficiency varied slightly at first,
it was relatively stable in a 1000h thermal test at 80°C
[18].

In conclusion, we have reported a method using TiO,
nanopowder, instead of TiO, colloid (P25), to prepare
carbon paste that does not crack and peel. In addition,
cracking due to shrinkage of the ZrO, layer was prevented
by preannealing the electrode at 200°C for 30 min before
printing the carbon layer. As a result, thermally durable

monolithic DSCs using ionic liquid electrolyte were prepared
that operated stably at 80°C for 1000 h.
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Cu(In,Ga)Se, solar cells were fabricated using a hybrid cosputtering/evaporation process, and efficiencies as high as 12.4% were
achieved. The films were characterized by energy-dispersive X-ray spectroscopy, glancing incidence X-ray diffraction, scanning
electron microscopy, auger electron spectroscopy, and transmittance and reflectance spectroscopy, and their properties were
compared to the ones of films deposited by coevaporation. Even though the films were relatively similar, the ones deposited by
the hybrid process tend to have smaller grains with a slightly preferred orientation along the (112) axis and a rougher surface.
Both types of films have uniform composition through the depth. Characterization of these films by variable angle of incidence
spectroscopic ellipsometry allowed for the calculation of the position of the critical points, via calculation of the second derivative
of the dielectric function and fit with critical points parabolic band oscillators. The solar cells were then characterized by current-
voltage and quantum efficiency measurements. An analysis of the diode parameters indicates that the cells are mostly limited by a
low fill factor, associated mostly with a high diode quality factor (A — 1.8) and high series resistance (R, ~ 1.1 Q-cm?) .

1. Introduction

Many technology options exist nowadays to harvest the pow-
er of the sun, a sustainable energy source, and generate elec-
tricity directly from this source via the photovoltaic effect.
Among them, Cu(In,Ga)Se, has gained significant momen-
tum as a possible high-efficiency and low-cost thin film solar
cell material. Results for high-performance Cu(In,Ga)Se;
solar cells have been reported with absorber material pre-
pared either by multisource coevaporation of the elements
(Cu, In, Ga, and Se) at temperatures between 550-600°C or
by selenization of Cu, In, and Ga films in the presence of
H,Se gas [1-7]. These techniques are currently implemented
in companies such as Wurth Solar, Global Solar, or Solar
Frontier. The objective of this work is to fabricate device
quality Cu(In,Ga)Se; solar cells using a process that may have
greater potential for large-scale production. For the produc-
tion of this thin film solar cell technology, the implemen-
tation of an easily scalable deposition process is effectively
as important as the achievement of high efficiencies. One
means to accomplish this goal is by introduction of a hybrid

process for the deposition of the Cu(In,Ga)Se, layer using
both cosputtering of the metals and evaporation of the
selenium. To the best of our knowledge, device fabrication
using a similar hybrid process has not been actively pursued
since 1995, having achieved an efficiency near 10% on a small
area device [8]. In this study, we will present results on the
hybrid deposition and characterization of Cu(In,Ga)Se; thin
films and solar cells and will compare these results with
those from solar cells in which the Cu(In,Ga)Se; is purely
coevaporated.

2. Experimental

Cu(In,Ga)Se; thin films were deposited onto molybdenum
(Mo) coated soda-lime glass by a hybrid process using dc
magnetron cosputtering of elemental copper (Cu), indium
(In), and copper-gallium alloy (Cu-Ga: 75-25 at. %) targets
along with simultaneous evaporation of selenium (Se). This
is a modification of the previous process used for these
films [8] with the addition of the copper source, allowing
for greater flexibility in the process. Film depositions were



performed at an Ar pressure of 2 mTorr with constant rates
for the metal fluxes and the selenium. The Cu(In,Ga)Se,
film thicknesses ranged from 2 ym for the devices down to
60nm for specialized optical analysis. The substrate tem-
perature was set at 550°C. Good uniformity of the films’
elemental composition (~2%) and its thickness (~5%) were
both obtained by rotating the substrate holder (15 rev/min).
Coevaporated Cu(In,Ga)Se, films were also deposited and
characterized for this study using a process described
elsewhere [9].

3. Results and Discussions

The elemental composition of the films was determined by
energy dispersive X-ray spectroscopy (EDS). The ratios x =
Ga/(In+Ga) and y = Cu/(In +Ga) were found to be 0.30 and
0.93, respectively, which results in an energy band-gap, Ej,
of 1.16 eV. Figure 1 shows representative surface and cross-
sectional images of the 2 ym thick Cu(In,Ga)Se; film by scan-
ning electron microscopy (SEM). The images reveal that the
hybrid-sputtered Cu(In,Ga)Se, films have well-defined co-
lumnar grains with an average grain size of ~300 nm. This
size is smaller than that of the films grown by the coevapora-
tion process for the same composition.

Glancing incidence X-ray diffraction (GIXRD) meas-
urements were performed using CuKa-radiation (A =
0.15418 nm) with a 0.01° step size and various incidence
angles ranging from 0.5° to 10°. The Cu(In,Ga)Se, films
form a single-phase tetragonal crystal structure. The relative
crystal orientations of the films prepared by hybrid sput-
tering and by coevaporation were 0.8 and 0.6, respectively,
as measured by the ratio of the area under the (112) and
(220)/(204) peaks. This indicates a slightly preferred orien-
tation along the (112) axis for the hybrid-deposited films
versus a random orientation for the coevaporated films. The
average crystallite size, as determined by the full width at
half maximum using Scherrer formula [10], was 393 nm for
the hybrid films, which is consistent with the SEM images.
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FIGURE 1: Surface (a) and cross-sectional (b) scanning electron microscopy (SEM) images of Cu(In,Ga)Se, films deposited by a hybrid
process.

The coevaporated films show a larger grain size, above the
sensitivity range of this method. Little variation of the peaks
was observed as a function of incidence angle indicating a
constant compositional profile with depth into the film. This
was corroborated by Auger electron spectroscopy measure-
ments, which did not show any variation in composition as a
function of depth.

The dielectric functions (e1,&) of Cu(In,Ga)Se, thin
films (60nm) deposited by the hybrid and coevaporation
processes were obtained by variable angle of incidence spec-
troscopic ellipsometry over the photon energy range from
0.74 eV to 6.6eV. Thinner films were selected due to their
relatively smooth surfaces, which provide higher accuracy
results. It should be emphasized, however, that the thinner
films may exhibit a smaller grain size and a different prefer-
ential grain orientation, factors that may lead to a difference
in these dielectric functions relative to those of the thick films
used in solar cells.

Given the uniaxial optical nature of the tetragonal
chalcopyrite crystal structure, small differences exist between
the ordinary and extraordinary dielectric function com-
ponents of the single crystal. For (112) oriented films as
well as for random orientation, the dielectric function is
a weighted superposition of ordinary and extraordinary
components [11]. In this study, an isotropic model for the
dielectric function of the films was assumed. The optical
model consists of (i) the soda-lime glass substrate (SLG);
(ii) an interface roughness or modulation layer (thickness:
d;) between the SLG and Cu(In,Ga)Se;, whose dielectric
function is determined from an effective medium theory as a
0.5/0.5 volume fraction mixture of glass and the overlying
bulk layer Cu(In,Ga)Se,; (iii) the bulk layer Cu(In,Ga)Se,
(thickness: dy,); (iv) a surface roughness layer (thickness: d),
whose dielectric function is determined similarly to that of
the interface—now as a 0.5/0.5 volume fraction mixture of
the bulk layer material and void.

Figure 2 shows the results of an analysis of ex-situ spec-
troscopic ellipsometry data for the Cu(In,Ga)Se, films,
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Figure 2: Optical dielectric functions for Cu(In,Ga)Se, films
deposited by the hybrid process (solid line) and coevaporation
process (dotted line).

applying the optical model of the previous paragraph along
with exact inversion. The photon-energy-independent pa-
rameters are obtained via the artifact-minimization/semi-
conductor criterion. In this procedure, bulk, surface, and
interface layer thicknesses are chosen to ensure that the
imaginary part of the dielectric function &, is constantly
below the absorption onset and as close as possible to zero.
Such analysis led to the following numerical values for the
films by the hybrid process: bulk layer thickness d, = 60 +
0.6 nm; surface roughness layer thickness d; = 8 = 0.3 nm;
interface layer thickness d; = 1.4 + 0.2 nm. Similarly, the cor-
responding parameters for the coevaporated Cu(In,Ga)Se;
film were d, = 61 +0.5nm, d; = 6 + 0.6 nm, and an interface
layer thickness d; = 1.7 + 0.3 nm. The surface roughness was
also measured by noncontact mode atomic force microscopy
(AFM) and correlated well with the values obtained by
ellipsometry analysis. Values of 6 nm and 4 nm were obtained
for the hybrid and coevaporation processes, respectively,
indicating a slightly rougher surface for the hybrid process
as mentioned earlier.

The dielectric functions (&, €;) for the hybrid deposited
and coevaporated films are obtained as shown in Figure 2
simultaneously with the identification of the correct (ds, d;,
d;) by the artifact-minimization/semiconductor criterion.

The observed features in (&1, &;) are associated with inter-
band transitions that appear at the van Hove singularities
or critical points (CPs) of the joint density of states. These
features were fitted assuming parabolic bands (PBs), yielding
CP-PB oscillators each given by

g( w) = [Aj exp(igbj)]( w —Ej+ifj):, (1a)

ei( ) = [Ajexp(ig;) |In( w—E;+iT;),  (1b)

d*e/dE?
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FIGURE 3: Second derivatives of the imaginary parts of the dielectric
functions (e;) of 60nm Cu(In,Ga)Se, films obtained by hybrid
(solid line) and coevaporation processes (dotted line).

where A; is the amplitude, E; is the energy, I'; is the broad-
ening, and ¢; is the phase, all for the jth critical point. The
exponent n; is —1, —1/2, 0 (i.e., the “In” function in (1b)),
or +1/2 for excitonic, 1-dimensional, 2-dimensional, or 3-
dimensional CPs, respectively. Here the fundamental transi-
tions were fitted with excitonic CPs, and the higher transition
points were fitted with 2-dimensional CPs. Because some
CPs were not easily resolved, the second derivatives of the
dielectric functions were used in fitting the CP-PB oscillators,
as follows [12-15]:

P mep(io)|(E-E+m) ", @

where E = w is the photon energy. The remaining four pa-
rameters for each CP were obtained in fits to the second
derivatives of the dielectric functions obtained as described
elsewhere [13]. The polynomial order and number of
grouped data points used in this differentiation procedure
were chosen to smooth the second-order derivatives with-
out excessive line-shape distortion. The derivatives of the
imaginary parts (&;) of the dielectric functions are shown
in Figure 3 for both types of films. A sum of up to twelve
resonances of the form of (2) was used to simulate the
convolved ordinary and extraordinary dielectric functions of
the polycrystalline Cu(In,Ga)Se, thin films.

The second derivatives of the imaginary parts dielectric
functions of Cu(In,Ga)Se, thin films deposited by both
processes in Figure 3 show similar positions for the CP
energies. The following electronic transition assignments for
the hybrid process are based on a comparison with those of a
single crystal [15]. The E, transition energies are as follows:
Eo(A) = 1.15eV, Eq(B) = 1.23 eV, Eq(C) = 1.46 V. The value
for Eg(A), the fundamental energy band-gap, when applied
to extract composition, yields results in excellent agreement



4
1 J108 T T T
2 "
/ \
0.8} “\ ;0 i
o 1 \
E 1
= 0.6
|
< 0 [
= 04l 1.15 1.2 1.25
Energy (eV)
0.2 4
Vi
0 - 1 1 1
800 1000 1200 1400
Wavelength (nm)

--- Co-evaporation
—— Hybrid process

FIGURE 4: Room temperature T/(1 — R) spectra of 2um thick
Cu(In,Ga)Se, films; the inset is a plot of (aE)* versus E for the
hybrid deposited sample.

with those obtained by EDS and XRD measurements. Three
high energy transitions, namely, Es—Es were also identified;
however, assignments to specific electronic transitions in the
band-structure are not yet possible. The following describes
the higher energy CPs obtained in this analysis: E;(A) =
2.95eV, E(XT) = 3.31eV, E{(B) = 3.75¢eV, E(AX) = 4.19¢V,
E'(TX) = 4.23¢V, Es(A) = 4.61 ¢V, E,(B) = 4.86¢V, E; =
5.14¢eV, E4 = 5.47¢V, and Es = 5.94¢eV. The CPs are not
only directly useful for determining the band gap, which is a
critical parameter for the solar cell, but also potentially useful
for distinguishing between two materials with different prop-
erties that may lead to different device performance param-
eters. For example, the broadening parameters can provide
information on the grain size.

Since Cu(In,Ga)Se; is a direct gap semiconductor [16],
the absorption coefficient « is predicted to follow the well-
known relationship (anE)? = A(E — E,) for E > Eg, where
E, is the energy band-gap and n is the refractive index.
Thus, to determine the band-gap, it is usual to measure «
by transmittance and reflectance (T and R) spectroscopy and
then to extrapolate linear plots of (aE)* versus E to zero or-
dinate as shown in Figure 4. This is based on the assumption
that n is weakly varying with respect to energy in the range of
interest. As one can see, a value of E, = 1.16 eV was obtained
for the hybrid process, consistent with the critical point
energy Eq(A) obtained by analysis of the dielectric function.
It is also interesting to note that the interference fringe
amplitude for the coevaporated film is larger, indicating a
smoother surface since the film thicknesses are essentially
identical.

After the films were fully characterized using the methods
described, solar cells were fabricated by the two processes.
This requires depositing a thin #-CdS buffer layer (~50 nm)
by chemical bath deposition (CBD) and two rf magnetron-
sputtered window layers that consist of a highly resistive
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Ficure 5: Current density-Voltage (J-V) characteristics of
Cu(In,Ga)Se, solar cells deposited by hybrid and coevaporation
processes.

intrinsic zinc oxide (80 nm) and a conductive and transpar-
ent indium tin oxide (180 nm). To enhance current collec-
tion, the device was completed by the thermal evaporation
of Ni/Al/Ni metal grids with thicknesses of 50 nm/2 ym/
50 nm. Finally, a MgF, antireflection coating (130 nm) was
deposited by thermal evaporation. The cell area of 0.5 cm?
was defined by mechanical scribing.

The current density-voltage (J-V) measurements of the
completed devices were performed under standard test con-
ditions (AM 1.5 global spectrum at 25°C, 100 mW/cm?). We
observed uniform cell performance, with efficiencies greater
than 11%, for 1inch by 3inch substrates incorporating 26
small area devices (0.50 cm?). The best cell exhibited an effi-
ciency of 12.4%, with the following critical cell parameters:
open circuit voltage Vo = 576 mV, short-circuit current
density J,c = 32.7mA/cm? and fill factor FF = 66%. In
Figure 5, the J-V curve for the best device by the hybrid
process is compared with a similar device deposited by sin-
gle-stage coevaporation.

Quantum efficiency (QE) measurements were also per-
formed on the best hybrid cell and on a coevaporated cell
(Figure 6). The two QE cells are nearly indistinguishable
in agreement with their similar current and band gap. The
calculation of the current from the QE curve by integrating
the data over the entire spectrum leads to value identical
to the ones obtained via the J-V curves and confirmed the
proper calibration of our system and correct area of the cells.
The QE onset in the near infrared (~1070 nm) is consistent
with the energy band-gap obtained from the EDS, XRD, and
optical measurements.

In the near-infrared region >900 nm, the slight drop in
QE for the hybrid cell may be explained by a higher recom-
bination rate for electrons generated by photons absorbed
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FIGUure 6: Normalized quantum efficiency (QE) characteristics for
Cu(In,Ga)Se;, solar cells deposited by hybrid and coevaporation
processes.

deep within the Cu(In,Ga)Se; layer (i.e., towards the Mo
back electrode) and/or by photon absorption by a larger
concentration of free carriers in the ITO of the hybrid cell.

The J-V data were then analyzed using the standard
diode equation considering that the forward diode current
is limited by Shockley-Read-Hall (SRH) recombination
through the states within the Space Charge Region (SCR) of
the Cu(In,Ga)Se;. The diode equation is given by

q(V —RJ)

AkT > _]O _]L+GV) (3)

I—]oexP(

where Jj is the forward current, A the diode quality factor,
R, the series resistance, J; the light generated current, and
G the shunt conductance. The shunt conductance, calculated
from the J-V characteristics in the dark was found to be small
for both types of devices and is, therefore, neglected in our
device analysis. Differentiation of (3) with J; = Ji leads to

dlzRS+A1;T

dj

For the Cu(In,Ga)Se; films deposited by hybrid sputter-
ing, we found that Ry ~ 1.1 Q-cm? and A ~ 1.8, whereas for
the films deposited by coevaporation, Ry ~ 0.8 Q-cm? and
A ~ 1.6. These data were derived from the slope and in-
tercept, respectively, in a linear fit to dV/d] plotted versus
(J + Jsc)~ 1. Classically, the value of A is between 1 and 2. The
higher value for the diode quality factor in the case of the
hybrid process appears to indicate that the main recombina-
tion mechanism is more closely related to interface recom-
bination than to space charge region recombination. The
higher value of the series resistance for the hybrid process
might also be correlated to its higher surface roughness.
Further characterization of the devices, as a function of

T+ (4)

temperature, for example, would be necessary to investigate
further this difference.

4. Conclusion

The fabrication and characterization of Cu(In,Ga)Se, thin
films deposited by a hybrid process were performed, and
solar cells with efficiencies as high as 12.4% were achieved.
Chemical, structural, and optical characterization indicates
that the properties of films deposited by the hybrid process
are very close to those deposited by a standard coevaporation
process. The primary differences include a smaller grain size
and thicker surface roughness for the hybrid process. The
device performance characteristics are also found to be very
similar in this study. Two aspects of this study should be
emphasized, however. First, we are currently achieving high-
er efficiencies by coevaporation using a 3-step process; our
modified hybrid process will allow us to do similar mul-
tistep deposition in the future. Second, the hybrid device
performance is primarily limited by a low fill factor, which
may be due to parameters other than those associated with
Cu(In,Ga)Se, material limitations. As a result, further im-
provement in the hybrid process is expected, and the per-
formance achieved here is not the ultimate limit of the
optimization process. Overall, this new hybrid co-sputtering/
evaporation process has demonstrated the capability of fabri-
cating devices with reasonable efficiency and high uniformity
and, therefore, is a promising process for potential scale up in
the future.
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In the process of crystalline silicon solar cells production, there exist some solar cells whose reverse current is larger than 1.0 A
because of silicon materials and process. If such solar cells are encapsulated into solar modules, hot-spot phenomenon will emerge
in use. In this paper, the effect of reverse current on reliability of crystalline silicon solar modules was investigated. Based on the
experiments, considering the different shaded rate of cells, the relation between reverse current of crystalline silicon solar cells and
conduction of bypass diode was investigated for the first time. To avoid formation of hot spots and failure of solar modules, the
reverse current should be smaller than 1.0 A for 125 mm x 125 mm monocrystalline silicon solar cells when the bias voltage is at

-12V.

1. Introduction

More and more people are convinced that solar cell tech-
nology is the solution for our future energy supply. The
crystalline silicon solar cells have been a workhorse of
photovoltaic industry for a long time. Although the hot-
spot endurance tests for extreme outdoor conditions are
used for qualification tests procedures, and the bypass diodes
are also built in crystalline silicon solar module, hot-spot
phenomenon still emerges in solar power plant frequently.
This is very detrimental to young photovoltaic industry.

Hot-spot heating in crystalline silicon solar modules
occurs when the modules’ operating current exceeds the
short circuit current of a low-current-producing cell. The
reduced short circuit current of cells becomes reverse biased,
which leads to power dissipation resulting in the increase in
surface temperature [1-3].

In order to avoid hot-spot phenomenon in solar power
plant, one of the technical requirements of crystalline silicon
solar modules is a fulfilment of the pass criteria of the
hot-spot endurance test [4]. But in practice, it is found by
infrared camera that the hot-spot heating occurs in some
modules even if bypass diodes are built-in. One reason for

the hot-spot phenomenon is that some cells have large
reverse current in crystalline silicon solar modules. Although
some photovoltaic experts have investigated reverse current
of crystalline silicon solar cells [5-8], nobody gives a standard
that rules magnitude of reverse current in the process of solar
modules production from theoretical study or experiments.
This question is still under discussion in the photovoltaic
area. In this paper, the origin of reverse current is analyzed.
Considering the different shaded rate of cells, the relation
between reverse current of crystalline silicon solar cells and
conduction of bypass diode was investigated for the first
time. To avoid formation of hot spots and failure of solar
modules, the reverse current should be smaller than 1.0 A for
125mm X 125 mm monocrystalline silicon solar cells when
the bias voltage is at —12 V.

2. The Origin of Reverse Current for
Crystalline Silicon Solar Cells

Figure 1 shows the reverse bias model and the reverse char-
acteristic of crystalline silicon solar cells.
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Figure 1(a), the current flows through the solar cell can
be expressed as

VR - IrevRS
Rsh ’
VR - IrevRS
R —— 1
Ra (1)
ToRsh VR
Riw+Rs Ry +Rs’

Irev = IR +Ish = IR +

Irev = IO +

II'CV -

where I, is the reverse current of crystalline silicone
solar cell under reverse bias voltage Vz which is below

the breakdown voltage of the silicone diode, I is the reverse
leakage current of diode, and Ry, is the shunt resistance.

The P-N junction leakage current Iz under reverse
bias includes the contributions of diffusion current, space
charge generation current; band-to-band tunneling current
and thermionic emission current. These shunt types are
processed-induced, caused by grown-in defects of the mate-
rial. The process-induced shunts are due to strong recom-
bination sites at grown-in defects and inversion layers caused
by microscopic (SiC) precipitates on grain boundaries [9]. As
the reverse bias voltage Vp is small, the leakage current Iy can
be expressed as the function of saturation current of silicon
diode I and shunt resistance Ry,. Either the I increase or Ry,
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TABLE 1: The terminal voltage of the bypass diode.

The reverse current of cells Terminal voltage when the

Terminal voltage when the Terminal voltage when the

at bias voltage —12V cell is unshaded (V) cell is half shaded (V) cell is completely shaded (V)
0.8A —-5.83 0.23 0.25
0.9A —-5.83 0.18 0.25
1.0A —5.83 0.15 0.25
1.1A —-5.83 0.09 0.14
1.2A —5.84 —-0.08 0.05
1.3A —-5.82 -0.09 -0.24
1.4A —5.83 -0.21 -0.34
1.5A —-5.83 —0.43 -0.59
1.6A —5.84 —0.58 -0.83
1.8A -5.83 -0.79 —1.12
2.0A —5.82 -1.03 -1.25
2.2A —5.84 —-1.18 —1.47
2.4A -5.85 —1.36 -1.79
2.6A -5.83 —-2.63 -1.83
2.8A —5.82 -3.53 -1.99
3.0A -5.83 —-3.67 —2.56
7 e O e e B e e M
0 LN N N N [ O N N N By i
(A1 arary rMrgrraririrs
50 - L N N N N N N I O |
e
7 HyHHdHHHY
S 30 08 09 1 L1 12 13 14 L5
2l HyH - HHHH
1.6 1.8 2 2.2 2.4 2.6 2.8 3
10
FIGURE 4: The makeup of module before lamination.
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FiGure 3: The dissipated power at different shunt resistance.

decrease, the reverse current I, increases with the variable,
and these two parameters determine the solar cell type.
Spirito and Abergamo made a distinction between A-
type cells, dominated in reverse bias by avalanche multiplica-
tion, and B-type cells, dominated by shunt resistance effects
in reverse bias [1]. Reverse bias equation for A-type cells is

\%4
I = Isc—1 -1 M(V),
sc —Io eXPth (V)
(2)
M= 1
o=V

where Isc, Iy, m and V; have their usual meaning, V}, is break-
down voltage, and # is the Miller exponent.

\%4 \4
I= Igc—Iy exp—r—1 — —. 3
sc —lo expor R (3)
The characteristics of different types of solar cells are
described in Figure 1(b). The reverse [-V characteristics of
the individual cells mainly determine the power dissipated
within a single cell under reverse bias.

3. The Effect of Reverse Current on
the Reliability of Crystalline Silicon
Solar Modules

In a general way, the reverse current of crystalline silicon
solar cells originates in cell defects and impurity centers in
the materials and can be represented by a shunt resistance.
We chose 71 cells (125 mm X 125 mm) whose reverse current
is smaller than 1.0 A at V' = —12V and the shunt resistance
is larger than 20 Q). And one cell has a 2.008 A of reverse



FiGURE 5: The method of the experiment.

current and 12.88 Q) of shunt resistance. These 72 single
silicon solar cells are laminated one module in series that
three Schottky diodes are built-in. 24 cells were serially
connected with a bypass diode across each string. The
modules were short-circuited for several days under natural
sunlight; the cell which has a 2.008 A of reverse current at
—12V is partially shaded, and after about 20 k Wh/m?-day
of solar irradiation, there was a hot spot in this module, as
can be seen from Figure 2.

From Figure 2, this clearly indicates that focal point
heating at the hot-spot sites causes irreversible destruction of
the crystalline silicon solar module structure, even if bypass
diodes were used in this solar module; this is because the
shaded cell dissipated power in the form of heat and led to
deterioration of the encapsulation.

Figure 3 shows the dissipated power of the shaded cell in
a solar module described by Figure 2(a).

As shown in Figure 3, the smaller the shunt resistance is,
the more power the shaded cell dissipates.

4. Investigation of the Threshold of Reverse
Current about Bypass Diode Conduction

In order to study the threshold of reverse current that can
avoid hot spot, the experiment designed by us is presented
in Figure 4. The cells used in this experiment are 125 mm X
125 mm (154.8 cm?) single crystalline silicon solar cells, and
the reverse current of the above two rows of cells is less than
1.0 A at bias voltage —12V. The reverse current of the rest
cells is shown in Figure 4.

In Figure 5, the dashed part represents one cell that
has different reverse current (0.8 A—3.0 A) and is connected,
respectively.

Table 1 gives out the terminal voltage of the bypass diode
under different shaded rate.
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From Table 1, it can be concluded that the bypass diode
becomes conductive easily when the reverse current of solar
cells is less than 1.0 A at bias voltage —12 'V, so we can explain
why the bypass diode did not function in Figure 2.

By comparing Table 1 with our former experimental
results [10], we find that conduction of the bypass diode is
also relevant to the area of crystalline silicon solar cell.

Figure 6 gives out the I-V characteristics of shaded
photovoltaic module; the current of module is decided by
the points of intersection between the reverse I-V of the
shaded cells and the forward I-V of the rest cells.
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From this experiment, we find that the larger the reverse
current is, the larger the reverse-biased cell dissipates, and
it is not more conducive to the bypass diode conduction.
The slope of the I-V curve in the reverse bias mode gives
information regarding the cell’s pn junction properties in
shunt resistance and has an effect on the I-V slope of a cell
in the reverse bias, resulting in high power dissipation.

For the cells with a large reverse current, in addition to
the level of irradiance and reverse current, the dissipated
power at a shaded crystalline silicon solar cell is strongly
influenced by the shaded rate.

5. Conclusions

In general, to avoid of the formation hot spots for crystalline
silicon solar modules, substrings of cells inside the inter-
connection circuit of modules are bridged by bypass diodes,
but conduction of bypass diode is determined by the reverse
current and the shading rate of the shaded cell.

When the reverse current is larger than 1.0 A at bias
voltage —12 V for 125 mm X 125 mm monocrystalline silicon
solar cells, the shaded cell does not become reverse biased
and the bypass diode does not conduct; this will lead to
irreversible hot-spot damage of cells.

By experiments, we recommended that the reverse cur-
rent should be smaller than 1.0 A for 125 mm X 125 mm mo-
nocrystalline silicon solar cells when the bias voltage is at
—-12V.
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Dye-sensitized solar cells (DSSC) are emerging low-cost, simple alternatives to conventional solar cells. While there has been
considerable study on improving the efficiency of DSSCs, there has not been sufficient research on a photovoltaic power
conditioning system adaptable to DSSCs or on a solar simulator for DSSCs. When DSSCs are commercialized in the near future,
the DSSC modules must be connected to an adaptable power conditioning system in order to manage the energy produced and
provide a suitable interface to the load. In the process of developing a power conditioning system, a solar simulator with the
characteristics of DSSCs is essential to show the performance of the maximum power point tracking. In this paper, a virtual DSSC
is designed and simulated in PSIM. Irradiation factors, temperature and shadow effects are considered in dynamic link library
block in PSIM which is linked to the external C routine. A 100 W converter is built to show the performance of a DSSC as the solar

simulator controlled by a digital signal processor.

1. Introduction

Solar energy has emerged as a solution for problems such
as depletion of fossil energy resources and environmental
pollution. Solar energy is a clean and permanent energy
source. In addition, solar power systems have many benefits
such as very low maintenance, long life, and easy installation.
That is why the solar power industry is rapidly developing
[1]. Most solar panels on the photovoltaic market are
crystalline or multicrystalline silicon solar cells. However,
in spite of their high efficiency, these are difficult to
commercialize due to shortage of raw materials, high
manufacturing costs, and complicated fabrication processes.
DSSCs based on a photochemical mechanism are in the lime-
light as a promising alternative to silicon solar cells because
of various advantages such as low manufacturing costs,
simple fabrication process, flexibility, and transparency [2—
4]. However, to commercialize DSSCs, there are still many
shortages to overcome [5]. In particular, their low efficiency
limits their practical application. Much DSSC research is

currently focused on this problem. In addition, research on
the installation of large-scale DSSC modules is important
[6].

To develop a solar controller for DSSCs, researchers
need to consider the output characteristics and conduct an
experiment with DSSC modules. However, the output
characteristics of DSSCs depend on the weather conditions.
Therefore, an assistant power system that simulates the char-
acteristics of DSSCs and that can be controlled arbitrarily by
the researcher is required in the development process for
reliable experimental data.

To solve these problems, in this paper, a simple and
low-cost DSSC solar simulation of discontinuous conduction
mode (DCM) boost converter is suggested, showing the
performance versus such factors as irradiance, temperature,
shading, and connection method. The algorithm is first
simulated by the DLL block linked with the external C rou-
tine, referring to the extracted data from lab-made DSSCs.
The simulation program shows the I-V and P-V curves
versus conditions. The proposed solar simulator consists of



the power supply, DC-DC boost converter, electronic load,
and digital signal processor (DSP). That system generates
the output power to 100 W level of DSSCs controlled by
DSP with the SS algorithm. The SS is designed for trial
experiments of large scale, and the reliability of the SS is
verified in this paper.

2. Dye-Sensitized Solar Cell

2.1. An Equivalent Circuit of DSSCs. The simple equivalent
circuit consists of the current source, diode, capacitances,
and the resistances. The current source generates the Ipy
(photoelectric current) in proportion to the irradiation of
sunlight. Figure 1 shows the equivalent circuit of a DSSC.
The Cp; and Rp; are the impedance through carrier transport
on the surface of the counter electrode. The Cgrrc and Rgirc
are the impedance with regard to carrier transport through
the ions in the electrolyte, and those are worked as the
diode with regard to electron transfer of TiO,/dye/electrolyte
facing surface. Ryco is the resistance through the surface
resistance. Rsy is shunt resistance through the back electron
transfer. The capacitance elements can be ignored because
the values of the capacitances are fairly large. That is why
the circuit will be simplified such as current source, diode,
one of parallel resistance, and three of series resistances. The
Equation (1) represents the Ip which is the current flowing
through a diode:

V +1IR
ool L

Equation (2) represents the Isi which is current flowing
through Rsy. The Rrco, Reiec, and Rp; are incorporated as
Rs:

Isy=——-. (2)

The output current Ip can be explained like (3). The
output current is same as all current excluding Ip and Isy
[7-9]:

V +1IR
Io =IpH —ID—ISH =IPH—ID{6XP (q i’lkT S) — 1}

VIR 3
Rsy

2.2. The Characteristics of DSSCs. The characteristics of
DSSCs are changed according to the factors such as irradia-
tion, temperature, shadowing effect, and connecting style. In
this paper, the characteristics of a 1 X 1 cm? size DSSC unit
cell are explained according to some factors. Figure 2 shows
1 X 1 cm? size lab-made DSSC unit cell.

2.2.1. The Shadowing E ect. The shadowing effects affect
the characteristics of a DSSC. When the DSSC is under the
shadow, power loss is generated as heat because of reverse
current flows [10—-12]. But a DSSC is less sensitive to partial
shade compared with the Si solar cells.
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FIGURE 1: An equivalent circuit of a DSSC.

FiGURE 2: A 1 X 1 cm? size DSSC unit cell.

A1 X 1cm? DSSC was prepared for experiments on the
shadowing effect. The metal-coated foil was also prepared
to create a shadow. The shadowing effects were given to 0,
25, 50, and 75% in order. The photovoltaic performances of
the cell were evaluated by a source meter unit (Model 2400,
Keithley Instruments Inc.) under the standard test conditions
(STC), which is the temperature of 25°C and irradiation
of 1000 W/m?, using a solar simulator (Sun 2000, Abet
Technologies Inc., USA). Table 1 shows the characteristics of
the unit cell according to the shadowing effects such as open-
circuit voltage (Vo), short-circuit current (I5), fill factor
(FE), efficiency, and maximum power. The current is greatly
reduced by increasing the shadowing rate. But the voltage is a
little reduced. The power is reduced according to the shading
rate. The V, and I of each shading condition are considered
in SS algorithm.

2.2.2. The Temperature and Irradiation E ect. The DSSCs
in the field operate under the variable STC due to the
irradiation and temperature changes throughout the day.
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TaBLe 1: The characteristics of the unit cell according to the
shadowing effect.

. Parameter
Shading rate
Voc (V) ILc(mA)  FF 5 (%) Pua (mW)
0% 0.734 8.186 0.643  3.863 3.863
25% 0.722 5.932 0.664  2.843 2.843
50% 0.716 4.026 0.707  2.039 2.093
75% 0.702 2.631 0.738 1.363 1.363

The change of temperature and irradiation affects the
efficiency and performance of a DSSC. Figure 3(a) shows the
I-V characteristics of a DSSC according to the change of
the temperature. At this time, the irradiation is constant at
1000 W/m?. The current is almost constant, and the voltage
is changed by the change of the temperature. The voltage
decreases by approximately 2.84 mV when the temperature
increases by 1°C [13]. The maximum power point is also
changed by the alternation of the value of voltage. Figure 3(b)
shows the I-V characteristics of a DSSC according to the
change of the irradiation. At this time, the temperature is
constant as 25°C. The voltage is almost constant, but the
current is linearly changed according to the irradiation. The
maximum power point is also changed by the value of
irradiation.

2.2.3. The Series-Parallel Connection. We assumed that there
is no loss in series-parallel connection. The value of the
voltage increases in proportion to the number of DSSCs in
the series connection. At this time, the current is constant.
And the value of the current increased in the parallel
connection. At this time, the voltage is constant. Therefore,
the I-V and P-V characteristics of DSSCs according to the
connection method can be simply obtained by multiplying
N; (Number of series connections) and Np (Number of
parallel connections) to STC data.

3. Simulation Program

3.1. The Design of the Simulation Program. The SP (simula-
tion program) model is designed with DLL block in the PSIM
and Microsoft Visual C++. The DLL block is the virtual
circuit of the 1 X 1cm? DSSC unit cell. The DLL block is
the linked external C routine which is made from Microsoft
Visual C++. The results of the simulation are represented as
I-V and P-V curves according to the input conditions such
as irradiation, temperature, connection style, and shadow
effect. Figure 4 shows PSIM circuit with a DLL block and the
window for conditions input.

Since characteristic equations of DSSC are of nonlinear
form, the implementation using equivalent equations take
lots of data memory size and calculation time in micro-
controller unit (MCU). So, the proposed method uses only
extracted data from lab-made DSSC according to the factors
and interpolation method to obtain the new reference curve
in any conditions [14].
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Ficure 3: (a) The I-V characteristic curves of DSSCs according
to the temperature. (b) The I-V characteristic curves of DSSCs
according to the irradiation.

To simplify the process of getting I-V curve in selected
new conditions, relationship variables are calculated from
Figure 5:

Vieey = Vi, ﬁ(vlm = Virry ) (4)
Vi = Vi - e (Ve = Ve), )
Vshy = Vsh, SSI—II_IILIiSSHI; (Vsi, — Vsny )» (6)

where Vi, is the voltage of the lower range according to
the selected irradiation, Vpy, is the voltage of the higher
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FIGURE 5: Proposed SS algorithm flow chart.

range according to the selected irradiation, Vi, is the new
reference voltage according to the selected irradiation, Irr is
the selected value of irradiation, Vr, is the voltage of the
lower range according to the selected temperature, Vr, is
the voltage of the higher range according to the selected

temperature, Vr, is the new reference voltage according
to the selected temperature, T is the selected value of
temperature, Vsy, is the voltage of the lower range according
to the selected shadowing rate, Vsy, is the voltage of
the higher range according to the selected shadowing rate,



International Journal of Photoenergy

10 8

kN L7
G 8 At
= M\\ Fe o
3 7 \ =i
< L2
E 64 ksg
& E
g 51 [4 s
= Y o)
L
T 4] .-
<] L [s¥
2 3 E
3 F2 &
O 24 “ O:

14 Ml

E
0 T T T T T + T T T 0
0 01 02 03 04 05 06 07 08 09 1

Voltage (V)
(a)

—
(=}

DWW s YN e O
1

Current density (mA/cm?)

—
1

0 T

10 8
27 L7
& 81
E . [6a
E: [, 5
E 61 53
= =
Z 5 F4 =
=) : o)
L
T4 L3 2
=] oy
2 3 5
3 \ (2 &
3 21 z
1 4 rl
0 T T T T T T T T T O
0 01 02 03 04 05 06 0.7 08 09 1
Voltage (V)
(b)
8
-7
k6(:.\
g
L5 2
z
k4v
o}
s 2
\ s
. =
3 VIO
0

0 0.1

02 03 04 05 06 07 08 09 1

Voltage (V)

—=— Current density
- # - Qutput power

(c)

FIGURE 6: (a) Simulation results at 75°C, 1000 W/m?, 0% shadowing rate. (b) Simulation results at 25°C, 600 W/m?, 0% shadowing rate. (c)

Simulation results at 25°C, 1000 W/m?, 50% shadowing rate.

Vs, 1s the new reference voltage according to the selected
shadowing rate, SH is the selected value of shadowing rate,
Prr 1s the relationship variable of irradiation, fr is the
relationship variable of temperature, sy is the relationship
variable of shadowing rate, and Vsc is the voltage at STC.
For example, if the irradiation is selected to 700 W/m?,
the higher range and lower range are each 800 W/m? and
600 W/m?,

Finally, the new reference voltage (Vrgr) is calculated by

Vrer = Vste X (Bree X Br X Bsu) X Ni. (8)

Similarly, the new reference current (Iggp) is obtained
through the same procedure like (4) ~ (8):

Ingr = Istc X (@ X a1 X asg) X Np,

)

where ay,, is the relationship variable of irradiation, ay is the
relationship variable of temperature, asy is the relationship
variable of shadowing rate, and Isrc is the current at STC.

After the calculation is finished according to the con-
ditions, the collection of the results will be made. After
the collection is finished, the results of simulation will be
displayed at the Simview of the PSIM.

3.2. The Result of the Simulation Program. The output of
DSSCs is changed according to some factors. The SP model
represents the output of DSSCs in the PSIM. The results
of simulation are displayed at the Simview of the PSIM
according to some factors. Figure 6 shows the I-V and P-V
curves of the simulation for DSSCs. The user can obtain any
output curves according to any value of the factors from SP.

4. Solar Simulator

4.1. The Design of the Solar Simulator. Figure 7 shows the
block diagram of the SS. The SS consists of the power supply
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device, DC-DC boost converter, electronic load, voltage
conversion circuit, and DSP.

The power supply device supplies the power to the entire
system. The DC-DC boost converter in DCM is used to

obtain the power of the DSSCs. The basic converter usually
uses the hard switching which causes the switching loss and
diode recovery loss when the switch is turned on and off
[15]. The DCM is not perfect soft switching. However, it
is simple to control, only need output voltage to feedback,
and is sometimes the best topology given the capacity and
switching loss. That is why the DC-DC boost converter in
DCM is applied in this paper [16].
The inductor of DCM boost converter was designed:

_ 0.64Rp Viz(Vo - Vi)
2f V3 ’

L (10)

where L is the value of inductor in DCM, Ry is the output
load, V; is the input voltage, Vo is the output voltage with
maximum value of 40V, and f is the switching frequency of
the converter with the value of 30 kHz.

A converter was implemented on lab-made PCB. The
electronics load is used to change the output load condition.
In this paper, that DSP (TMS320F28335 EVM) is used
to control the current and voltage of the converter. The
voltage is measured to the ADC of the DSP through the
voltage interface board. A DSP compares the voltage with
the reference curve of DSSCs according to the conditions
such as the irradiance, temperature, connection method, and
shadowing effects and generates the PWM signal to control
the reference current in boost converter through the simple
PI control. Finally, the converter makes the output of DSSCs
and then the measurement is implemented. The output of
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DSSCs can be changed according to change of the value of
the electronics load as explained previously.

4.2. Experimental Results. Figure 8 shows the I-V curve (red
line) of DSSCs module under STC and the I-V curve (blue
line) of DSSCs module under non-STC. The module consists
of 54 series-318 parallel connection without shadowing
effects. Six points from A to F are marked on Figure 8, which
is the experiment target.

As shown in Figure 9, there are three different wave
forms. The first wave form shows the wave form of the gate
(Vgs). The second and third wave forms show the wave forms
of the output voltage and current. Figure 9(a) shows the wave
forms of 21V and 2.54 A, which is in Point A. Figure 9(b)
shows the wave forms of 25V and 2.44 A, which is in Point B.
Figure 9(c) shows the wave forms of 30 V and 1.87 A, which
is in Point C. The outputs of DSSCs are confirmed according
to the DSP control with the proposed algorithm.

Figure 10 shows the wave forms of the results according
to selected irradiation, temperature, and shadowing effect.
This module is also DSSCs of the 54 series-318 parallel
connected module. At this time, the irradiation is 800 W/m?,
the temperature is 25°C, and the shadowing rate is 25%.

Figure 10(a) shows the wave forms of 21 V and 1.47 A, which
is in Point D. Figure 10(b) shows the wave forms of 25V
and 1.43 A, which is in Point E. Figure 10(c) shows the wave
forms of 30 V and 1.17 A, which is in Point E. The outputs of
DSSCs under non-STC are also confirmed with the proposed
SS system.

5. Conclusion

In this paper, the simple and low-cost SS is suggested for
trial test of the DSSCs for developing adaptable power
conditioning system. For the first time, the simulation
program is designed to simulate the DSSCs. That consists of
the DLL block which is linked with the external C routine
in the PSIM. The proposed method is based on the actual
data from lab-made DSSC unit cell and simple calculation
using interpolation method. The SS consists of the power
supply, DC-DC boost converter in DCM, electronics load,
and DSP. The performance of SS for DSSC modules was
verified through the 100 W level of DCM boost converter
according to the factors of irradiation, temperature, and
shadow effects.
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We fabricated a heterojunction of Lag 4Cag¢MnO3/SiO,/n-Si and investigated its electronic transport and ultraviolet photovoltaic
properties at higher temperature up to 673 K. The rectifying behaviors vanished with the energy-band structure evolvement from
300 to 673 K. Under irradiation of a 248 nm pulse laser, the peak values of open-circuit photovoltage and short-circuit photocurrent
decreased drastically. This understanding of the temperature-related current-voltage behavior and ultraviolet photodetection
of oxide heterostructures should open a route for devising future microelectronic devices working at high temperature. PACS:

73.40.Lq, 71.27.+ a, 73.50.Pz.

1. Introduction

Ultraviolet (UV) sensors have several applications, including
flame detection, radiation analysis, drug detection, and envi-
ronment monitoring. In some cases such as the optical
electron sensor for oil and gas optics and the flame detection
for a hot engine, thermally stable detectors with high perfor-
mance are required. Perovskite manganite is a typical system
that shows multifunctional properties due to strong electron
correlation and magnetic state dependence of the band struc-
ture with a chemical stability, which is insensitive to harsh
physical environment such as fluctuations of temperature
and pressure. Many researchers have devoted time to study
the nature of carrier transport in the photoelectric process
and explore photoresponse characteristics of devices based
on doped manganite thin films and heterostructures [1-8].
Recently, there has been an active study of th photovoltaic
properties of the perovskite manganite thin films [9, 10].
Among the different types of detectors, silicon-based pho-
todiode has a great potential for high-temperature detection
owing to combine the functional properties of oxides with
that of Si electronics [11-13]. In this paper, we aim to develop

an UV photodiode for high-temperature applications, which
was fabricated by depositing the Lag4CagsMnO; (LCMO)
thin film on the n-type Si (001) wafer. The transport charac-
teristics and UV photodetection were systematically studied
in a wide temperature range of 300 to 673 K. The carrier
transport and photoresponse properties are discussed with
regard to the evolution of band structure by the variation of
temperature across the interfaces.

2. Experimental

We fabricated the LCMO/SiO,/Si heterojunction by deposit-
ing the 100 nm thick LCMO thin film on a native n-type
Si (001) wafer using facing-target sputtering technique from
stoichiometry targets [14]. The two sputtering targets with
a nominal composition of LCMO, were prepared using
standard ceramic technique. The Si wafer has the carrier con-
centration of 1 X 10'® cm™, and a 3 nm thick native silicon
oxide layer located on its surface was confirmed by the cross-
sectional transmission electron microscopy (TEM) image.
During deposition, the substrate temperature was kept
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at 680°C. The sputtering gas pressure of Ar and O, was 60
mTorr with 1:1 gas flow-rate ratio of Ar and O,. The film
thickness was controlled by sputtering time with the deposi-
tion rate (~0.03 nm/s). After deposition, the vacuum cham-
ber was immediately back-filled with 1atm oxygen gas to
improve the oxygen stoichiometry. And the sample was then
cooled to room temperature with the substrate heater power
cut-off.

The LCMO/Si0O,/Si sample was 5mm X 5mm in-plane
dimension. Before experiments, we carefully cleaned sample
using alcohol and acetone. Colloidal silver electrodes of
I mm X 5mm area were printed on the LCMO film and Si
substrate. Current-voltage (I-V) characteristics of the junc-
tion at different temperatures from 300 to 673 K were meas-
ured in a four-probe arrangement using a Keithley 2400. The
voltage polarity and the layout of the device are illustrated in
the lower inset of Figure 1. A 248 nm KrF pulse laser (20 ns
pulse width, 0.15m] mm~2 energy density, and 2 Hz rep-
etition rate) was used to irradiate the LCMO film surface
perpendicularly with sample pulse energy of 2.25 mJ. Pho-
tovoltaic signals of the sample at different temperatures were
recorded with a sampling oscilloscope terminated into 1 MQ,
50 Q, and 3 Q, respectively, as shown in the insets of Figures
2 and 3.

3. Results and Discussion

Figure 1 shows the dark I-V characteristics of the LCMO/
SiO,/Si heterojunction at different temperatures from 300 to
673 K. Electrode settings and the voltage polarity are illus-
trated schematically in the lower right inset of Figure 1. As
can be seen, the heterostructure at room temperature pre-
sents a typical rectifying characteristic of a junction diode,
which was ascribed to the presence of interfacial potential

obtained from carrier diffusion. The diffusion potential Vp
of built-in field in junction can be measured by the voltage at
which a current rush occurs in positive bias, and its variation
with temperature is presented in the left inset of Figure 1.
With the temperature elevating to 673K, the I-V curves
become more and more linear and steeper, and it is nearly
linear when temperature was over 523 K. The Vp decreased
monotonically with increasing temperature, indicating that
accompanied by elevating temperature, the built-in field
gradually reduced.

The UV detective property in LCMO/SiO,/Si hetero-
junction was measured at different temperatures from 300
to 673K under a 248nm laser pulse irradiation. The
open-circuit photovoltages (PVs) across the 1 MQ input
impedance of oscilloscope are displayed in Figure 2(a). The
PV peak value V}; decreases drastically from 215 to 36.4 mV
with increasing temperature from 300 to 673K as evident
shown in the inset of Figure 2(b), and the 10-90% rising
time 7; of the waveforms decreased from 175 to 25ns
with increasing temperature from 300 to 673K (inset in
Figure 2(b)). We note that the photoresponse is composed
of a fast rise time and much slower decay. The RC constant
in the circuit should be responsible for the slow decay
phenomenon. For the impedance matching, a 50 Q) resistance
was connected in parallel with the detector. From the tem-
poral profile of photoresponse waveforms (Figure 2(c)), the
PV peak value Vp, shows similar tendency as Vp; and
decreases from 71.7 mV at 300K to 12.4 mV at 673 K, while
the rising time 7, drop dramatically and maintains around
~17 ns for different temperatures.

For further studying the temperature-dependent pho-
tocurrent responses of the LCMO/SiO,/Si junction, a 3 Q
resistance was connected in parallel with the sample (see the
lower left inset of Figure 3). A typical temporal profile of
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photoresponse waveforms measured at 523 K is shown in the

upper right inset of Figure 3.

The peak value V, and full

width at the half maximum (FWHM) are reduced to about
4.3mV and 7.6 ns, respectively. The peak photocurrent I, is
calculated approximately by I, = V,/3Q where V, is the

peak voltage across the connected resistance 3 Q). Ip decreases
monotonically to 1.16 mA at 673K, which is 1.88 times
smaller than 3.35 mA at room temperature.

The photon energy of 248 nm wavelength (~5.0eV)
is larger than the bandgap (~1.2eV) of LCMO and Si
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laser irradiation. The lower inset displays the schematic measurement circuits with a 3 Q resistance connected in parallel with the detector.

250
240
Vpi 99 16
Z 160 Vo - Q/@
200 | = 2 -
& 80 t ol O ]
gg_.,@/ < °
0 -
15 307
150 | Ip (mA) - 14
E V /‘/./V * */ E
Pl g ~
2 <~ O Ip X~ S
100 ‘/./ J, /*/\Pr) 43 =
IS g 29 |
50 P I @7
* a7l
@ i
0 1 1 1 1 1
0.1 0.2 0.3 0.4 0.5
Vp (V)

F1Gure 4: Diffusion potential V), dependences of V,, V5, and I,. The inset shows the relations between V1, V3, and I,,.

(~1.12eV). Valence electrons absorb the photons and transit
to conduction band, resulting in the photogeneration process
of electron-hole pairs. The internal electric field separates the
photogenerated electron-hole pairs, leading to photovoltaic
responses between two sides of the junction. Based on this
understanding, photovoltaic responses would deeply depen-
dent on the built-in field across the junction. The V, and
I, dependences of diffusion potential Vp are summarized in
Figure 4 and V, increase monotonically with the Ip (inset of
Figure 4). We note that the V, and I, almost linearly increase
with increasing Vp from 0.11V at 523K to 0.48V at 300K,

indicating that photovoltaic effect due to the built-in field
makes the main contribution to the PV signals when the
temperature is lower than a certain value (~523 K).

At room temperature, the conductivity of LCMO and
Si is mainly due to the n-type doping. With increasing
temperature, intrinsic excitation gradually becomes the main
role in both LCMO and Si, which makes the Fermi level drop
down to the middle of band gap. Consequently, the decrease
of the built-in field leads to the decrease of the V) shown in
the inset of Figure 1. When the temperature rises to a certain
value, the conduction and valence bands in LCMO flush,
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respectively, with that in Si, due to near-identical value of
band gap in LCMO and Si. The positive bias, driving the
intrinsic carriers across the interface potential barrier, has the
same value as the negative one. Thus, the I-V curves show
symmetry on positive and negative biases at the temperature
over 523 K as shown in Figure 1. Meanwhile, due to the high-
er temperature, hot carriers carry more energy and can be
driven over the interface potential barrier induced by SiO,
even by small applied voltage due to Richardson effect. As the
temperature continues to rise, hot carriers that carry more
energy can freely cross over the potential barrier. Thus, the
I-V curves become linear. The experiment results in Figure 1
reflect the evolution of band structure with the increasing
temperature.

As mentioned above the 248 nm photons irradiation
produces a photovoltage perpendicular to the LCMO/SiO,/Si
interface because of photovoltaic effect. At room tempera-
ture, photoinduced nonequilibrium carriers drift under the
built-in electric field within the junction. However, with the
increasing temperature, the built-in field becomes weaker
and weaker and consequently the diffusion effect plays the
main role. So we can see that the peak PVs become smaller
with the increasing temperature and then get stabilized.

4. Summary

In conclusion, we fabricated the Lag4CaysMnQO3/SiO,/Si
heterojunction and investigated the electronic transport and
UV photodetection properties at higher temperature up to
673 K. The I-V curves of the junction change with increasing
temperature, which has been explained by considering the
energy-band structure evolvement at different temperatures.
The open-circuit photovoltage and short-circuit photocur-
rent peak values decreased drastically from 215 to 36.4 mV
and 3.35 to 1.16 mA with increasing temperature from 300 to
673 K. The temperature-related UV photodetection proper-
ties of oxide heterostructures should open a route for devis-
ing future microelectronic devices working at high tempera-
ture.
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It is imperative to improve the crystal quality of Si multicrystal ingots grown by casting because they are widely used for solar
cells in the present and will probably expand their use in the future. Fine control of macro- and microstructures, grain size,
grain orientation, grain boundaries, dislocation/subgrain boundaries, and impurities, in a Si multicrystal ingot, is therefore
necessary. Understanding crystal growth mechanisms in melt growth processes is thus crucial for developing a good technology for
producing high-quality Si multicrystal ingots for solar cells. In this review, crystal growth mechanisms involving the morphological
transformation of the crystal-melt interface, grain boundary formation, parallel-twin formation, and faceted dendrite growth are
discussed on the basis of the experimental results of in situ observations.

1. Introduction

The expectations for solar cells have been increasing yearly
toward solving energy and environmental problems world-
wide. The Si multicrystal (mc-Si) is one of the most impor-
tant materials along with the Si single crystal (sc-Si) for the
substrate of solar cells in the future although other materi-
als are being developed. The crystal structure of an mc-Si
ingot obtained by casting based on a unidirectional growth
technique is markedly different from that of sc-Si, as illustrat-
ed by the formation of grain boundaries and the distribution
of crystallographic orientations, which prevent the realiza-
tion of high-efficiency solar cells. Various types of defect
included in an mc-Si ingot, such as grain boundaries, dislo-
cations, sub-grain boundaries, and metallic impurities, affect
the properties of solar cells. Therefore, there is increasing im-
portance to control the macro- and microstructures of mc-Si
ingots. In recent years, various new methods for controlling
the macro- and microstructures have been presented, which
focus on controlling the nucleation or crystal growth mecha-
nism in the earlier stage of casting. Dendritic casting is a
method in which seed crystals are created from the melt
during crystallization by inducing dendrite growth at the
bottom of the crucible [1-3]. Seeded casting is a method
in which prearranged seed crystals are set at the bottom of

a crucible before crystallization, which initiates from seed
crystals [4-6]. Other methods have been proposed, in which
the nucleation site is controlled by controlling the cooling
area in the initial stage of casting [7-9]. Many studies to
establish such technologies for obtaining high-quality mc-Si
ingots have been continuously performed on all these meth-
ods. In this review, such technologies for mc-Si ingot growth
will not be discussed; only the melt growth mechanisms of
Si will be discussed because fundamental understanding of
crystal growth mechanisms is crucial to developing all such
technologies. The crystal growth phenomena during melt
growth processes including the morphological transforma-
tion of crystal-melt interfaces, grain boundary formation,
parallel-twin formation, and faceted dendrite growth will be
discussed by providing a review of our recent studies.

2. Morphological Transformation of
Crystal-Melt Interface

2.1. Crystal-Melt Interface during Unidirectional Growth. To
control the morphology of the crystal-melt interface during
unidirectional growth processes is crucial to obtaining high-
quality crystals because it affects the macro- and microstruc-
tures and eventually the mechanical, optical, and electrical
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FIGURE 1: Morphological transformation of Si (100) crystal-melt interface moving at 162 ym/s [10].

properties of materials. It has been suggested that the gener-
ation of crystal defects, such as dislocations and twin bound-
aries, is related to the morphology of the crystal-melt inter-
face [12—14]. The segregation of impurities is also dependent
on the interfacial morphology [15]. According to Jackson’s
theory [16, 17], only the crystal-melt interfaces of Si {111}
planes, called facet planes, are atomically smooth; other crys-
tallographic planes are atomically rough. Because the {111}
planes have the lowest surface energy [18], a zigzag-faceted
interface bounded by {111} planes is expected to form at
the crystal-melt interface of rough planes. The crystal-melt
interface was observed in recrystallization processes in Si thin
films [19-28], and micron-sized zigzag facets at the Si (100)
crystal-melt interface were observed. Molecular dynamics
simulation showed the existence of atomic-scale zigzag facets
at the Si (100) crystal-melt interface [29, 30]. Such a zigzag-
faceted interface at the Si (100) crystal-melt interface was
also observed in bulk samples [31, 32]. Therefore, as one
possible formation mechanism of a zigzag-faceted interface,
it was considered that atomic-scale facets are initially formed,
which gradually enlarge to macroscopic facets during crys-
tallization [26]. On the other hand, recently, the zigzag-facet
formation at the Si (100), (112), (110), and (111) crystal-
melt interfaces has been investigated by in situ observation
(10, 11].

Figure 1 shows the Si (100) crystal-melt interface whose
growth velocity was 162 ym/s [10]. In this experiment, a
piece of Si (100) wafer was set between quartz plates inside
the furnace to keep the surface of the Si melt flat during
crystal growth. The morphology of the interface transformed
from planar to zigzag facets during the growth. It was shown
that a wavelike perturbation is introduced into a planar
interface, the perturbation is amplified, and the zigzag facets
are formed finally. A similar morphological transformation
from planar to zigzag facets of the moving interface was
observed at the Si (112) and (110) crystal-melt interfaces at
higher growth velocities, as shown in Figure 2 [11]. On the
other hand, when the growth velocity was lower, the planar
interfaces were maintained throughout the crystallization,
as shown in Figure 3. The critical growth velocity for the
morphological transformation, V., was found to be 123 ym/s
< V. < 147 uym/s, 107 um/s < V. < 124 ym/s, and 102 ym/s

< V¢ <129 ym/s at the Si (100), Si (110), and Si (112) crystal-
melt interfaces, respectively [10, 11]. In those experiments,
the temperature gradient along the growth direction in the
furnace was about 8 K/mm. It was found that the critical
growth velocity was dependent on the temperature gradient
in the furnace. When the temperature gradient was about
4 K/mm, the critical growth velocity of the Si (100) interface
was 36 ym/s < V. < 100 ym/s [33]. Figure 4 shows isochrones
of the interface of Si (100) and Si (110) when the planar
interface transformed to a zigzag-faceted interface. It was
shown that the wavelength of the wavy interface completely
agreed with that of the zigzag-faceted interface. The per-
turbation was amplified with time, and one perturbation
peak formed one zigzag facet peak. Here, it should be
determined why the perturbation is amplified when the
growth velocity is high, using stability arguments [34].
Tokairin et al. calculated the thermal field in the Si crystal
and melt during crystallization along the growth direction at
a constant growth velocity, before the zigzag facet formation
[10]. Generally, a crystal-melt interface becomes unstable,
leading to the amplification of the perturbation, when the
temperature gradient at the interface is negative along the
growth direction [35]. However, the temperature gradient
in the furnace was positive in Figures 1-4. Therefore, it was
considered that the latent heat of crystallization increases
the temperature at the crystal-melt interface, and that the
temperature gradient in the Si melt at the interface becomes
negative when growth velocity is high, because the amount
of generated latent heat per unit time increases with growth
velocity. The thermal field of the Si crystal and melt, T, is
governed by the partial differential equation [36]

oT, oT,
Pc,mCPc,m% = _Pc,mCPc,m Vﬁ
P T 2K,
=K e T L (Gx+Ti = Tem),

(1)

where pemCrems kems kg lg, and Is; are the heat capacity
of the Si crystal and melt, the thermal conductivity of the
Si crystal and melt, the thermal conductivity of the quartz
plate, the thickness of the quartz plate, and the thickness
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FIGURE 2: Morphological transformation of Si (110) and (112) crystal-melt interfaces at high growth velocities [11].
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of the Si, respectively. The origin of the coordinate is the
crystal-melt interface, which moves with the growth velocity
V. Gx + T; is the furnace temperature, where G is the
temperature gradient in the furnace, and T; is the furnace
temperature at the interface. The first and second terms on
the right-hand side of (1) come from the heat diffusion
along the growth direction and the heat conduction between
the Si crystal or melt and the furnace through the quartz
plates, respectively. From the solution of (1), the thermal
fields of the Si crystal and melt during crystal growth for
various growth velocities were obtained, as shown in Figure 5
[10]. The physical properties of Si used were based on
those indicated in [37], and I;, s, and G were based on
experimental values. The temperature gradient in the Si
melt at the interface changes from positive to negative as
growth velocity increases. When the growth velocity is low,
the temperature gradient is positive, and this means that the
interface is stable and the planar interface is maintained. On

the other hand, when the growth velocity exceeds its critical
value, the temperature gradient in the Si melt at the interface
changes from positive to negative, and thus the perturbation
introduced into the planar interface is amplified, forming
zigzag facets at high growth velocities.

Figure 6 shows the crystal-melt interface of the Si (111)
plane growing at a high growth velocity of 200 ym/s. The
Si (111) interface maintained a planar shape even at a high
growth velocity although a negative temperature gradient
should have been formed at the interface at such a high
growth velocity. The difference in interface morphology
between the (111) plane and the other planes could be
explained by considering the anisotropy of growth velocity.
The growth velocity along the (111) direction is the lowest.
Moreover, the growth velocity on the Si (111) plane was more
than 2 orders lower than that on the Si (100) plane at a
given undercooling [38]. Thus, even though perturbation is
introduced into the (111) planar interface, the morphology
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4.122]/mm’, and Ty, = 1683K. I, I5, and G are based on the
experimental values, and the physical properties of Si used are based
on those mentioned in [37]. The temperature gradient in the Si melt
at the crystal-melt interface changed from positive to negative as V'
increased [10].

of the interface remains planar owing to the faster growth in
the lateral direction than in the (111) direction. For added
consideration regarding the growth of the Si (111) interface,
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FIGURE 6: Typical image of the Si (111) crystal-melt interface during
crystal growth [11].

it was reported that the step-flow mode is stable up to
an undercooling of 40 K by molecular dynamics simulation
[39]. The step velocity at the (111) interface was found to
be quite high because of the large step kinetic coefficients,
that is, 0.29-0.79 m/sK. Such a high step velocity makes the
interface planar in this growth mode.

It has been shown that the interface morphology is
controlled by temperature gradient and growth velocity.
When the zigzag facets are formed at the crystal-melt
interface of rough planes during a unidirectional growth
process of an mc-Si ingot by casting, the growth velocity
difference between the rough planes and {111} facet planes
becomes larger [32, 40]. When two crystal grains, the one has
(100) interface and the other one has (111) interface, exist
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side by side, the (100) grain with zigzag facets interface grows
much faster than (111) grain with planar interface, and the
(100) grain gradually occupies the space and becomes larger
than (111) grain during the unidirectional growth. In such
competitive growth process between the two crystal grains,
the shape of the grain boundary between two crystal grains is
also changing during the growth [32, 40]. The stress given to
the grain boundary maybe increased with the shape change,
which leads to increasing the defect generation, such as dis-
locations or twin boundaries, at the grain boundary. More-
over, when the zigzag facets are formed at the crystal-melt
interface of rough planes during a unidirectional growth pro-
cess, the impurities segregate at the valleys of zigzag facets,
which lead to in-plane inhomogeneity in an ingot. Those
phenomena seem to affect the quality of an mc-Si ingot in
an adverse way. On the other hand, Si-faceted dendrites easily
grow from a zigzag facets interface [12]. In the dendritic cast-
ing, faceted dendrites are promoted to grow along the bottom
of the crucible in the earlier stage of casting [1]. In this
method, the growth condition to form the zigzag facets inter-
face should be selected to initiate the dendrite growth in
the initial stage of casting, which leads to the formation of
large-size grains at the bottom of the ingot. Thus, we should
carefully control the growth mechanism during casting for
obtaining high-quality mc-Si ingots.

2.2. Growth Kinetics in Melt Growth of Silicon. In the pre-
vious section, the morphological transformation of crystal-
melt interfaces for different orientations was shown. Those
phenomena observed at crystal-melt interface depend on the
anisotropy of crystal-melt interfacial energy, which governs
the growth kinetics and growth modes. It is well known that
Si (111) is a facet plane, which means that the surface of
crystal-melt interface is atomically smooth, and other planes
are atomically rough. Therefore, the growth kinetics in melt
growth processes seems to be different between the (111)
plane and other planes. In general, the growth on the (111)
facet plane is discussed by a 2D nucleation mode, and that
of rough planes are discussed by a normal growth mode
[38]. The normal growth velocity, V,, on Si rough plane is
expressed as V,; = Prough AT, where Brough and AT are the
kinetic coefficient for rough plane and undercooling at the
crystal-melt interface, respectively. The value of the kinetic
coefficient for Si (100) rough plane has been derived by
computations as approximately 0.1 m/(sK) [38, 39]. Thus,
the growth velocity on Si (100) rough plane linearly increases
with increasing the amount of undercooling. On the other
hand, the growth velocity on a Si (111) facet plane increases
exponentially with undercooling in a 2D nucleation growth
mode [38, 42]. Therefore, the growth velocity on a facet plane
seems to be much smaller than that of the rough plane at a
low undercooling. However, direct evidences by experiments
for the growth kinetics in melt growth processes have been
very limited comparing with those in the solution growth
or the vapor growth. Thus, a more detailed discussion
of the growth mode should be reserved for future works.
The growth mode on a Si (111) facet plane has been well
summarized in [42].

2.3. Crystal-Melt Interface at the Grain Boundary Formation.
In mc-Si grown by a casting, grain boundaries are one of the
main factors governing the mechanical, optical, and electrical
properties. For instance, some of the grain boundaries inhibit
the increase in the energy conversion efficiency of solar cells
because they act as recombination centers of photocarr-
iers. Therefore, the relationships between grain boundary
properties and electrical activity have been extensively
investigated [44-51]. Moreover, a {111} >’ 3 grain boundary,
which is usually straight, is electrically inactive, but other
CSL (coincidence site lattice) boundaries or random grain
boundaries, which are straight, wavy or curved, are electri-
cally active. Grain boundary structures are also investigated
by transmission electron microscopy [52-54] or computer
simulation [55-57]. Almost all studies of grain boundaries in
Si have been performed after crystallization. Here, the crystal
growth behaviors in grain boundary formation during cry-
stallization from Si melt are shown.

Figure 7(a) shows the crystal growth behavior when two
crystals converge during the crystallization process [41].
Most of the crystal-melt interface between the two crystals
is linear, which suggests that the growth direction vertical to
those interfaces is (111). In the underlying crystal, a sharp
triangular corner is observed at the right edge of the interface
when there is sufficient distance between the two growing
crystals. This difference in interfacial shape is due to the di-
fference in the growth direction owing to the existence of a
grain boundary at the location marked by a red arrow in
Figure 7(a). The sharp corner gradually flattens as the two
crystals become approach each other. Figure 7(b) shows the
result of crystallographic orientation analysis after crystal-
lization determined by the electron backscattering diffrac-
tion pattern (EBSP) method [41]. The directions vertical to
the grain boundary are shown in color using the inverse pole
figure triangle. A linear grain boundary was formed corres-
ponding to the shape of crystal-melt interfaces just before
grain boundary formation. It is found that the growth direc-
tions vertical to the linear growing interfaces were (111)
(shown in blue), and that the growth direction with a
sharp-cornered interface in the underlying crystal was (100)
(shown in red). Grain boundary characteristics are also in-
dicated by colored lines in Figure 7(b). The grain boundary
characteristic differs depending on location. A (111) >3
grain boundary, shown by a red line, is formed where {111}
facet planes impinge on each other. On the other hand, a ran-
dom grain boundary, shown by a black line, is formed at a
location where the shape transition of the growing interface
occurs just before grain boundary formation. Figure 8(a)
shows isochrones of the position of the growing interfaces
at 1/3 s intervals for the sample shown in Figure 7, and
Figure 8(b) shows the #-x plot of the growing interface at the
two parts marked by the red and blue lines on the isochrones
[41]. The color of dots in Figure 8(b) corresponds to the line
color in Figure 8(a). The initial point of the shape transi-
tion of the interface is indicated in Figure 8(b). It is shown
that the growth velocity of the growing interfaces, the
gradient of the t-x curve, decreases from this point. This
means that the amount of undercooling in front of the
growing interface decreased and the melt temperature in
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FIGURE 7: (a) Growth behavior of two Si crystals when they meet during crystallization. In the underlying crystal, the shapes of the growing
interface are different on both sides of the grain boundary indicated by the arrow [41]. (b) Result of EBSP analysis of region observed in (a).
The orientation vertical to the grain boundary is shown in color using the inverse pole figure triangle. The grain boundary is also shown in
color in accordance with the grain boundary characteristics [41].
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FIGURE 9: (a) Growth behavior of two Si crystals with zigzag-faceted interfaces [41]. It is observed that the sharp corners on the faceted
interfaces gradually disappear as the crystals grow. (b) Result of EBSP analysis of the sample shown in (a) [41]. The growth direction vertical

to the line indicated in (b) is shown in color.
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FIGURE 10: Growth behavior of faceted dendrite at grain boundary formation. The tip of the dendrite becomes flat during growth.

front of the growing interface increased. We explained this
phenomenon by considering the thermal fields in front of the
growing interface. When a crystal is growing from the melt,
the heat of crystallization is released. The heat of crystalliza-
tion can be taken away through the melt and/or crystal [58]
when the two crystals are sufficiently separated. However, as
the distance between two crystals becomes smaller, thermal
fields in front of the two growing crystals overlap and the heat
of crystallization cannot be taken away; then the temperature
between the two crystals increases. This leads to the reduc-
tion in the growth velocity at the tip of the corner on the
growing interface, and, as a result, the shape of the interface
becomes flat. Figure 9(a) shows the growth behavior of the
two crystals with zigzag-faceted interfaces [41]. Although the
distance between the two crystals is large, well-developed
{111} facet planes appear on the growth surfaces, and, thus,
sharp corners are formed. As the distance between the two
crystals becomes smaller, the shape transition of the growing
interface is observed. The sharp corners on the interfaces
gradually disappear, and wavy interfaces are formed. Just
at impingement, the shape of the interfaces becomes more
linear. This behavior of the growing interface is similar to
that observed in Figure 7. Figure 9(b) shows the result of
orientation analysis. The grain boundary was wavy owing to
the shape transition of the growing interface, and a random
grain boundary was formed [41]. The results in Figure 7
to Figure 9 show that the grain boundary shape and grain

boundary characteristics are dependent on the behavior of
the growing interface before impingement, which, in turn,
strongly depends on the shape of the faceted interface.
Figure 10 shows the growth behavior of the dendrite at the
grain boundary formation. The tip of the dendrite is narrow
and sharp when the distance between the two crystals is large.
As the distance between the two crystals becomes smaller, the
tip of the dendrite becomes wider and flatter. To continue
the dendrite growth, sufficient undercooling, that is, more
than 10K, is necessary [12]. When the distance between the
two crystals becomes smaller, melt temperature seems to
increase owing to the overlapping thermal fields in front of
the crystal-melt interfaces, as explained before, and then the
dendrite growth cannot continue; thus, the tip of the den-
drite is flattened.

3. Parallel-Twin Formation

In mc-Si ingots, twin boundaries are often observed at a high
density [59]. The twin boundary formation energy is very
low [60, 61], and some origins of twin boundary formation
have been reported [16, 62—64]. Figure 11 shows an mc-Si
wafer (left) and a faceted dendrite crystal examined by EBSP
analysis (right). Most straight lines observed in the mc-Si
wafer and the red lines at the center of the dendrite by EBSP
analysis are twin boundaries. It is observed that at least two
twin boundaries often exist parallel to each other, with a
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FIGURE 11: Mc-Si wafer (left) and faceted dendrite crystal examined by EBSP analysis (right) [43].

narrow spacing. Here, the parallel-twin formation, which is
related to the faceted dendrite growth, is discussed.

The fundamental study of faceted dendrite growth has
had a long history since the first report by Billig [65]. It has
been shown that more than two parallel twins exist at the
center of a faceted dendrite [65-69]. There have been some
discussions concerning when and/or where a twin boundary
is formed, that is, whether a nucleus originally contains a
twin boundary [70] or whether a twin is formed after nuclea-
tion [71]. There was a report that twin boundaries are gene-
rated from a normal grain boundary during directional
growth [72]. It has also been reported that parallel twins
can form at (111) microfacets at a crystal-melt interface [43].
Pohl et al. studied this issue by classical molecular dynamics
simulation [13]. In their simulations, parallel twin formation
at the normal grain boundary was observed, but that at
microfacets on a crystal-melt interface was not observed.

Figure 12 shows the growth behavior of a faceted den-
drite grown from a crystal-melt interface. In this experiment,
the crystal growth was initiated from a Si single-crystal seed.
A faceted dendrite always appears following the zigzag facet
formation on a crystal-melt interface during unidirectional
growth. Figure 13 shows the result of the EBSP analysis of the
faceted dendrite after crystallization. The EBSP analysis was
performed at the origin of the dendrite growth. The direction
along the dendrite growth was colored using the inverse pole
figure triangle. > 3 grain boundaries were indicated by red
lines, and other grain boundaries were labeled by black lines
if they existed in the crystal. It was found that no grain
boundaries without twin boundaries related to the dendrite
growth existed in the crystal. This suggests that the grain
boundary is not always necessary for twin boundary forma-
tion. To explain the experimental result, it should be consid-
ered that the twin boundary is formed on microfacets at the
crystal-melt interface. Figure 14 schematically shows a model
for generating parallel twins at the crystal-melt interface

FIGURE 12: Growth behavior of faceted dendrite grown from
crystal-melt interface.
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F1GURE 13: Result of EBSP analysis of faceted dendrite after crystalli-
zation. The EBSP analysis was performed at the origin of dendrite
growth. The direction along the dendrite growth was shown in color
using the inverse pole figure triangle. >’ 3 grain boundaries were
indicated by red lines, and other grain boundaries were indicated
by black lines when they existed in the crystal.

[43]. The formation of a zigzag-faceted interface bounded by
{111} planes was discussed in Section 2.1. The shape of the
faceted interface is dependent on crystal growth orientation,
and crystal growth is always promoted on {111} facet planes
at the zigzag-faceted interface. When an atom attaches to
a facet plane with a twin relationship, a layer that main-
tains the twin relationship is formed on the facet plane after
lateral growth, and then one twin boundary is generated on
the layer, as shown in Figure 14(b). The crystal continuously
grows in the lateral-growth mode on the {111} plane
(Figure 14(c)), and then another twin boundary forms paral-
lel to the previous twin boundary, as shown in Figure 14(d).
In this model, the formation of parallel twin boundaries is
ensured when one twin boundary is formed on a facet plane
at the zigzag-faceted interface. When the undercooling of the
melt is sufficient, a faceted dendrite grows from the parallel
twin boundaries.

4. Faceted Dendrite Growth

Dendritic growth is a widespread phenomenon that appears
during crystallization from a liquid or vapor phase in almost
all types of materials containing metals, semiconductors,
oxides, and organic materials. Dendrites of faceted materials,
so-called “faceted dendrites,” which are distinguished from
those of nonfaceted materials in metals and alloys, were
discovered in the 1950s [65]. It is known that the surface of
a dendrite is bounded by {111} habit planes, and at least two
parallel twin boundaries exist at the center of the dendrite
[65-69]. Moreover, the preferential growth directions of Si-
faceted dendrites are (112) and (110) [69], and the growth
rate of faceted dendrites is higher than that of equiaxed

grains. Such features can be applied in technologies for
growing thin Si ribbon crystals [76, 77] and mc-Si ingots
[1-3] for solar cells. The growth model of faceted dendrites
preferentially grown in the (112) direction, hereafter referred
toas (112) dendrites, was first proposed in 1960 by Hamilton
and Seidensticker [67]. Recently, the growth model has been
modified to apply to an actual growth based on experimental
evidence by in situ observation of the growth behavior of
(112) dendrites [74]. It was also shown that the modified
model is adequate to explain the growth behavior of (110)
dendrites [73].

Figure 15 shows a (110) dendrite and a (112) dendrite
growing from a portion of a faceted crystal-melt interface. In
both dendrites, parallel twins exist parallel to the {111} sur-
face. The shape of the tip of the growing dendrite is markedly
different between the (110) and (112) dendrites. Although
the tip of the (112) dendrite becomes wider during growth,
that of the (110) dendrite remains narrow during growth.
Figure 16 shows the growth process of the (112) dendrite. It
was found that triangular corners with an angle of 60° were
formed at the tip of the dendrite and that the direction of the
corners alternately changed from outward to forward in the
direction of growth [74].

The modified growth model of the (112) dendrite
based on experimental evidence is shown in Figure 17 [74].
Figure 17(a) shows the equilibrium form of the Si crystal
with two parallel twins. The crystal is bounded by {111}
habit planes, and parallel twin planes exist parallel to the
(111) upper surface. In the explanation, the twins are
distinguished by labeling them twin; and twin,. A reentrant
corner with an external angle of 141° (type I) appears
at the growth surface only at twin; when the dendrite is
growing in one direction. Nucleation more readily occurs
at the reentrant corner than at {111} flat surfaces [69, 73,
74, 78-80], and thus the rapid growth occurs there. In this
mechanism, it is considered that a triangular corner with
an angle of 60° is formed at the growth tip of a dendrite
owing to the rapid growth at the reentrant type I corner, as
shown in Figure 17(b). This is the major difference from the
previous growth mechanism of the (112) dendrite presented
by Hamilton and Seidensticker [67]. In their explanation,
it was considered that the formation of a triangular corner
disturbs the continuous growth of a dendrite because the
reentrant type I corner disappears. However, the formation
of a triangular corner at the tip of the (112) dendrite is
observed in Figure 16 by in situ observation [74]. Crystal
growth can continue on the {111} flat surface although the
rapid growth is inhibited owing to the disappearance of the
type I corner (Figures 17(b)-17(c)). After the propagation
of the crystal, two new type I corners are formed on
the growth surface at twin, (Figure 17(c)). Thus, rapid
growth occurs there again, and triangular corners with an
angle of 60° are formed in the same manner as before
(Figure 17(d)). Crystal growth is promoted on the {111}
flat surface, leading to the formation of a new reentrant
type I corner at twin; (Figure 17(e)), and the rapid growth
occurs again (Figure 17(f)). A faceted dendrite continues
to grow by the repetition of the same processes. In this
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FIGURE 14: Model of parallel-twin formation at crystal-melt interface during crystal growth from Si melt. When a twin boundary is acciden-
tally formed on a {111} facet plane, another twin boundary is formed parallel to the first twin after lateral growth is promoted [43].
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FIGURE 15: Growth shape of Si (112) and (110) faceted dendrites [73].
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F1GURE 16: Growth behavior of Si (112) faceted dendrite observed perpendicular to {111} twins. Triangular corners of angle 60° are formed
at the growth, tip and the direction of the corner changes with growth [74].
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FIGURE 17: Schematic images of growth of Si (112) dendrite [73, 74]. (a) Equilibrium form of a crystal with two twins, which is bounded by
{111} habit planes. It is considered that the crystal grows only in the (112) direction for simplicity. A reentrant corner of 141° angle (type
I) appears at the growth surface only at twin;. (b) A triangular corner is formed owing to the rapid growth at the type I corner at twin;.
(¢) Crystal growth can continue on the {111} flat surface although the rapid growth is inhibited because of the disappearance of the type I
corner. When the triangular crystal propagates across twin,, two new type I corners are formed at twin, (d) Rapid growth occurs at the two
type I corners again, and a triangular corner is formed. (e) After the propagation of the crystal, a type I corner is formed at twin,. (f) Rapid
growth occurs at a type I corner. A faceted dendrite continues to grow along the (112) direction by repeating the process from (b) to (f). The

tip of the (112) dendrite becomes wider with crystal growth.

model, the tip of the (112) dendrite becomes wider dur-
ing the growth.

Figure 18 shows the growth mechanism of a (110) den-
drite [73]. Two parallel twins are also contained in this den-
drite, and thus the initial shape of the crystal should be the
same as that shown in Figure 17(a). This means that the
elemental process for the growth of the (110) dendrite is the
same as that of the (112) dendrite. It is found that type I
corners exist at both twin; and twin, on the growth surface
(Figure 18(a)). This is the major difference from the case of
the (112) dendrite, in which type I corners alternately appear
at each twin. Rapid growth occurs at these type I corners
(Figure 18(b)), leading to the formation of triangular cor-
ners. Although the rapid growth is inhibited after the forma-
tion of triangular corners, the crystal continuously grows on
the {111} flat surface (Figures 18(b)-18(c)). When triangular

crystals propagate across the other twin, two type I corners
appear, and rapid growth occurs there again (Figures 18(c)-
18(d)). When triangular crystals propagate across the other
twin, two type I corners appear (Figure 18(e)). The tip of the
dendrite remains narrow during crystal growth. Thus, the
shapes of the (112) and (110) dendrites during growth are
explained by the models shown in Figures 17 and 18.

The equation for the growth velocity of a (112) dendrite
and a (110) dendrite is derived on the basis of the growth
model shown in Figures 17 and 18 [75]. The growth velocities
of both dendrites are, respectively, described as

h
2 (W/Vi+ d/Vy)

Vi = h +
W= 3 (h/V, + d/V,)

Vi = + Vo,

(2)

VZ)
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FIGURE 18: Schematic images of growth of Si (110) dendrite [73]. (a) Equilibrium form of crystal with two twins, which is similar to that
shown in Figure 17(a). It is considered that the crystal grows only in the (110) direction. Reentrant type I corners appear at both twin; and
twin,. This is markedly different from the growth of the (112) dendrite. (b) Triangular corners are formed owing to the rapid growth at
both twins. (c) Crystal growth can continue on the {111} flat surface. When triangular crystals propagate across another twin, two new type
I corners are formed at both twins. (d) Rapid growth occurs at the two type I corners again, and a triangular corner is formed. (e) After
the propagation of the triangular crystals, type I corners are formed at both twins. A faceted dendrite continues to grow along the (110)
direction by repeating the process from (b) to (e). The tip of the (110) dendrite remains narrow during crystal growth.
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FIGURE 19: (a) Growth process of three dendrites (d1, d2, and d3) grown from same crystal-melt interface at same time [75]. (b) Parallel
twins observed at center of d1, d2, and d3 by EBSP measurement. The average twin spacings in d1, d2, and d3 are 4.5 ym, 10 ym, and
16.5 um, respectively [75]. (c) Dendrite growth velocity as function of twin spacing [75].
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where h is the height of a triangular corner, d is the twin
spacing, V is the growth velocity at a type I corner, and V,
is the growth velocity on the {111} plane. It is found that
the growth velocity of a dendrite is inversely proportional to
twin spacing. Figure 19(a) shows the growth of three den-
drites (d1, d2, and d3) from the same crystal-melt interface
at the same time [75]. The preferential growth direction
of these three dendrites is (110). The growth velocities are
clearly different among the three dendrites. Figure 19(b)
shows the parallel twins observed at the center of d1, d2,
and d3 by EBSP measurement. The average twin spacings in
dl, d2, and d3 are 4.5 ym, 10 ym, and 16.5 ym, respectively.
Dendrite growth velocity as a function of twin spacing is
plotted in Figure 19(c). As twin spacing decreases, dendrite
growth velocity nonlinearly increases. The equation above
was used to fit the experimental results, as shown by the
red line in Figure 19(c). It is found that the growth velocity
of a dendrite eventually approaches a certain value as twin
spacing increases to infinity. The dependence of the growth
velocity of faceted dendrites on undercooling was also
investigated [81]. Dendrite growth velocity increased linearly
with increasing undercooling. It was also found that the rela-
tionship between dendrite growth velocity and undercool-
ing is most sensitive to twin spacing [81].

5. Summary

Some crystal growth behaviors observed in melt growth
processes were reviewed in this paper. Other significant issues
not treated in this review include the dislocation/sub-grain-
boundary formation [82-87] and impurity behavior [88-93]
in crystal growth processes. For the complete understanding
of crystal growth mechanisms and the control of the macro-
and microstructures of mc-Si ingots, further data accumula-
tion is required. It is expected that such ongoing studies will
lead to the establishment of a technology for producing high-
quality mc-Si ingots in the near future.
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It is difficult to deposit extremely thin a-Si:H layer in heterojunction with intrinsic thin layer (HIT) solar cell due to thermal
damage and tough process control. This study aims to understand oxide passivation mechanism of silicon surface using rapid
thermal oxidation (RTO) process by examining surface effective lifetime and surface recombination velocity. The presence of thin
insulating a-Si:H layer is the key to get high V. by lowering the leakage current (Iy) which improves the efficiency of HIT solar cell.
The ultrathin thermal passivation silicon oxide (SiO,) layer was deposited by RTO system in the temperature range 500-950°C for
2 to 6 minutes. The thickness of the silicon oxide layer was affected by RTO annealing temperature and treatment time. The best
value of surface recombination velocity was recorded for the sample treated at a temperature of 850°C for 6 minutes at O, flow rate
of 3 Lpm. A surface recombination velocity below 25 cm/s was obtained for the silicon oxide layer of 4 nm thickness. This ultrathin
SiO; layer was employed for the fabrication of HIT solar cell structure instead of a-Si:H, (i) layer and the passivation and tunneling
effects of the silicon oxide layer were exploited. The photocurrent was decreased with the increase of illumination intensity and

SiO, thickness.

1. Introduction

The surface passivation effect is one of the most important
characteristics in the fabrication of solar cells [1, 2]. The
decrease in quality of surface passivation limits the efficiency
of solar cell due to increase of surface recombination velocity
(Seff). An increase in surface recombination reduces the
generation of electron hole pair (EHP). The quality of the
silicon wafer is also a decisive factor to get high-efficiency
solar cell. One of the typical features that decide the quality
of a wafer is its diffusion length. The diffusion length of
a wafer can be correlated with its diffusivity and surface
passivation. The typical passivation layers used are SiO, and
silicon nitride (SiN) thin films. The passivated emitter, rear
locally diffused (PERL) cell and heterojunction with intrinsic
thin layer (HIT) solar cell recorded an efficiency of 23% and
24.7%, respectively [1, 2]. The PERL cell utilized SiO, as
the passivation layer whereas a-Si:H(i) is used as passivated
layer in HIT solar cell to obtain an efficiency of over 20%.

S. De Wolf et al. [3] indicated that a-Si:H layer is thermally
unstable. However, SiO, will be an appropriate passivation
layer for the solar cell fabrication due to its thermal stability
and low interface defect density (Dj) [4]. The oxidized n-
type silicon has a much better surface passivation properties
than p-type silicon due to the small hall capture cross-section
(04/0p ~ 1000 at mid gap) [5] and optimized thermal oxide
interface state densities of the order of 10° to 10'° cm~2eV~!
range [5, 6]. Two different mechanisms leading to good
passivation are (i) the reduction of interface defect states and
(ii) the field effect passivation, that is, the high reduction
of one type of carrier by the incorporation of fixed charges
Qs in the passivation layer [7]. A reduction of interface state
together with the field effect passivation is more effectively
expected to attain for thermally grown SiO, layers [8, 9].
This thermal oxide growth could be achieved by two
different methods. One is by the normal conventional
furnace process (CFO) and the other is by the rapid
thermal oxidation (RTO) process. The CFO process has



few disadvantages such as low throughput, high process
cost, and high thermal budget. On the other hand RTO
process is driven by the necessity to reduce the overall
thermal budget associated with device fabrication and in
particular to maintain the desired device electrical properties
[10].

In this study, we used a thermal oxide process (RTO
process) for the growth of the SiO, as a passivation layer
for the HIT solar cell application and discussed SiO, layer’s
passivation property.

2. Experimental Method

2.1. Thermal Oxide Passivation Process. The n-type polished
crystalline (100) silicon substrates having a resistivity of 2-
3 -cm were used for this study. The resistivity of the silicon
substrate has a decisive effect on the growth rate of SiO;. The
substrates were cut into 20 cm? pieces and were ultrasonically
cleaned in sequence by dipping in acetone, isopropyl alcohol,
and deionized (DI) water for 10 minutes. The native oxide
layer was removed by dipping the substrate in 2% HF for
2 minutes. Rapid thermal oxidation technique using infra-
red (IR) lamp was utilized to oxidize the silicon substrates.
The oxygen flow rate and temperature were varied in the
range of 1-8 Lpm and 500-950°C, respectively. Firstly, the
chamber was filled with nitrogen gas. At the steady state
temperature, only oxygen was passed through the chamber.
Lifetime was measured by photoconductive decay (PCD,
WCT-1200) model. We confirmed the surface passivation
effect of SiO; layer and estimated the surface recombination
velocity (SRV) using PCD. The thickness of the SiO, layer
formed by RTO process was measured by Ellipsometry (VB-
250, J. A. Woollam) system. The metal-oxide-semiconductor
(MOS) structure was fabricated to measure the interface
trap density (Dji). The Dj value of the MOS struc-
ture was calculated by C-V measurement (HP-4129A) at
1 MHz.

2.2. Heterojunction Fabrication Process. The HIT solar cell
structure was fabricated after growing an ultrathin SiO,
layer on the silicon substrate by the RTO process. A p-
type hydrogenated amorphous silicon (a-Si:H(p)) layer was
deposited as an emitter on the polished side of the n-type
Czochralski (CZ) silicon substrate and n-type hydrogenated
amorphous silicon (a-Si:H(n)) layer was deposited as back
surface field (BSF) layer on the rear side of the n-type CZ
wafer. The thickness of the SiO, layer was around 3 nm.
The thickness of the a-Si:H(p*) and a-Si:H(n") layers was
kept fixed at 7 nm and 10 nm, respectively. The deposition of
ITO was performed by magnetron sputtering using a metal
mask that was directly placed on the a-Si:H(p) surface. The
evaporation method was used to deposit Ag/Al electrodes
(200 nm) on the ITO and rear side to enable a good ohmic
contact. The reactive ion etching (RIE) was carried out using
SFs gas on the top side for mesa-etching. Finally, the above
sample was annealed in air, and the solar cell characteristics
have been measured.
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FiGure 1: Oxidation rate of silicon substrate during rapid thermal
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FIGURE 2: Variation of effective lifetime and interface trap density
(Dy) as a function of rapid thermal annealing temperature.

3. Results and Discussion

Figure 1 depicts variations in the oxidation rate of silicon
substrate during the rapid thermal annealing process at 800,
850, and 900°C as a function of time. The variation of the
oxidation rate as a function of time can be explained by
modifying the Deal-Grove model, which is accurate for very
thin layer up to 1 nm, and proposed by Watanabe et al. [11].
Based on the Watanabe formulas, the thickness of the film as
function of time can be expressed in the following form:

d dt N N; dD,
— — = - A+2x0)——, 1
dx() de D() C* ZD(Z)C* ( XO) de ( )

where the second term on the right side corresponds to the
deviation from the linear kinetics of dt/dxy. If dD/dxy > 0;
that is, Dy is decreased as x( decreases, the slope of dt/dx
decreases. In this case, the plot bends upward at the thin
oxide region (short annealing time), as shown in our
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FIGURE 3: RMS as a function of rapid thermal annealing temperature: (a) 750, (b) 850, (c) 900, and (d) 950°C.

experiment results. Thus, it can be seen from the figure that
the oxidation rate depends on the rapid thermal annealing
temperature and shows a similar trend in the variation
irrespective of RTO temperature. However, as the RTO
temperature increased from 800 to 900°C, the SiO, layer
formation rate was higher, as expected.

Figure 2 shows the variation in the effective lifetime and
interface trap density (Dj) of the HIT solar cell as a function
of RTA temperature. According to (1), an increase in effective
life time would reduce the surface recombination velocity
of the structure. When the thermal annealing temperature
increased, the defect content of the surface may decrease
that would reduce the surface recombination of carriers and
result in an increase of effective carrier life time. The figure
also shows that the effective lifetime increased when the
temperature was increased from 500 to 850°C, maximum
being at 850°C. As expected, the interface trap density (Dj)
decreased with an increase of RTO annealing temperature,

implying that the surface passivation quality is enhanced
with an increase of temperature. The Dj; gives a measure
of the defects at the interface between Si substrate and
SiO; layers. In order to explain the tendency of Dy, the
surface roughness of the SiO,/c-Si was estimated at different
annealing temperatures, that is, 750, 850, 900 and 950°C, as
shown in Figure 3. From Figure 3, we can deduce the average
interface nanoroughness affects the interface condition (Dj).
As the average interface nanoroughness gets bigger, however,
the 7.t decreased. It is also revealed that the lowest Dj
as well as nanoroughness simultaneously can be observed.
This is considered because the carriers are scattered by
nanoroughness of the Si/SiO, interface [12]. Therefore it will
become of more importance to improve the smoothness of
Si/Si0, interface.

The illuminated current-voltage (I-V') characteristics of
the device at different light intensity sources are shown in
Figure 4 along with the dark I-V characteristics measured at
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room temperature. It is observed from the figure that the
illuminated I-V curve has been distorted (S-shaped) and
the dark I-V curve retain in its original form. A change in
light intensity results in changing of output current density,
but does not change the shape of the photo I-V curve.
We performed numerical simulation using AFORS-HET to
determine the probable cause of the S-shaped I-V curve.
The simulation results are shown in Figures 5(a) and 5(b).
Figure 5(a) shows the change in illuminated I-V curve with
increasing energy bandgap. When we increased the energy
bandgap from 1.72 to 1.89eV, the illuminated I-V shape
changed toward our experimental results. Figure 5(b) shows
the band diagram of the device having different valence
band offset. From band diagram we may assume that higher
bandgap of the buffer intrinsic oxide results in higher band
offset, lowering electron affinity, and opposes the flow of the
photocurrent in the device.

In order to remove the S-shaped curve in the I-V char-
acteristics, both our simulation and van Cleef’s experiment
[13] suggested that (1) the energy band gap is either lower
than 1.72 eV or (2) enhances the tunneling mechanism at the
interface which mitigate the blocking of photo-generated free
holes by a high valence band discontinuity. It is well known
that SiO; is a wide-band-gap material (>4.0 V) if it is grown
by RTO method. Figure 6 shows the I-V characteristics of our
device as a function of the intrinsic SiO, thickness in range
of 1.0-3.4 nm. The S-shaped curve in I-V characteristics can
be significantly reduced or even completely removed with the
reduction of thickness. It is clear that the decrease thickness
of the SiO; in the results in a narrow valence band spike.
Then photogenerated holes are able to tunneling through
the SiO, layer. Consequently a high accumulation of holes
at the interface is prevented, and, also depletion region is
prevented from spreading too much inside the emitter. At
the same time, the SiO, layer’s band gap is too high for the
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of passivation layer, (b) schematic of the band diagram depend on
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photoelectrons to cross the tunneling layer. When we apply
wide-band-gap material to passivation layer in HIT solar
cell structure, we should consider compromising condition
between band gap and thickness.

4, Conclusion

The surface passivation is very important issue in amorphous
and crystalline silicon solar cell applications as it highly
influenced the performance of the device. Here we used
ultrathin thermal passivation SiO; layer deposited by RTO
system as a function of temperature and time for the
fabrication of HIT solar cell. The high RTO annealing
temperature can decrease the surface defects and reduce the
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surface recombination which caused an increase in effective
life time. The SiO; layer deposited at a temperature of 850°C
for 6 minutes gives the best values of S, although the
performance of our fabricated HIT solar cell using SiO,
passivation layer is not better than the conventional HIT
solar cell using a-Si:H(i) as a passivation layer. The bandgap
is also a key factor to use SiO, as a passivation layer, which is
yet to be tried to achieve for the upcoming experiments. The
SiO; passivation layer can be employed in HIT solar cell by
proper control of bandgap and tunnelling mechanism.
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Solar cell fabrication on flexible thin plastic sheets needs deposition of transparent conducting anode layers at low temperatures.
ITO thin films are deposited on glass by RF sputtering at substrate temperature of 70°C and compare their phase, morphology,
optical, and electrical properties with commercial ITO. The films contain smaller nanocrystallites in (222) preferred orientation
and exhibit comparable optical transmittance (~95%) in the wavelength range of 550-650 nm, but high sheet resistance of ~
103 /00 (the value being ~36 O/ for commercial ITO).The polymer solar cells with PEDOT: PSS and P3HT: PCBM layers
realized on RF sputtered vis-a-vis commercial ITO thin films are shown to display a marginal difference in power conversion
efficiency, low fill factor, and low open-circuit voltage but increased short-circuit current density. The decrease in fill factor, open-
circuit voltage is compensated by increased short-circuit current. Detailed study is made of increased short-circuit current density.

1. Introduction

Indium tin oxide (ITO) is n-type degenerate semiconductor
with a wide band gap (E, = 3.5-4.2eV). It has excellent
photoelectrolytic properties, namely, electrical conductivity
(10°~10* ohm~! cm™1), transparency (80-95%) in the visible
range and reflectance better than 80% in the infrared region
[1-5]. It has found numerous applications in transparent
electrode, antireflection coating, heat reflecting mirror,
transparent electromagnetic shield, display, optoelectronic
and photovoltaic devices, and so forth [6]. ITO is of
particular interest to high efficiency heterojunction solar
cells [7] and organic light-emitting diode (OLED) [8, 9].
Its thin films can be prepared by a variety of techniques
like plasma-enhanced metal organic chemical vapour depo-
sition (PEMOCVD) [10], ion-assisted deposition (ISD) [11],
pulsed laser deposition (PLD) [12—14], dip coating [15], ion
beam sputtering [16], RF magnetron sputtering [17, 18], and
reactive thermal evaporation [19]. However, majority of the
methods require elevated substrate temperatures to obtain
thin films of reasonably high conductivity and good optical
transmittance. But the amorphous silicon photovoltaic and

flexible electrooptical devices demand the deposition of
ITO at low temperatures (<200°C). RF sputtering allows
preparation at low temperatures and on large areas [20].
Therefore, an attempt has been made here to fabricate solar
cells using (i) ITO thin films deposited by RF sputtering
and (ii) commercial low sheet resistance ITO and undertake
comparative study of their characteristics.

2. Experimental Details

ITO thin films of thickness t ~120 nm were deposited on a
glass plate (size 30 mm X 30 mm) through shadow mask with
8 mm wide X 30 mm long slits at substrate temperature of
70°C in pure argon by radiofrequency (RF) sputtering using
In, 03 :SnO; (90: 10 wt%) target of 99.99% purity. The sys-
tem was evacuated upto ~107° mbar prior to deposition. The
film thickness, sheet resistance, and optical transmittance
were measured by surface Profilometer (Tencoralpha-step
X-100), four probe sheet resistance measurement system,
and a fiber optic spectrometer (Ocean optic model USB
2000), respectively. The crystalline phase was determined
by X-ray diffraction (Thermo Electron ARL X’TRA X-ray
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FIGURE 1: Schematic diagram of solar cell device.

diffractometer), whereas the morphology was observed in
scanning electron microscopes FEI, (Quanta 200, and carl
zeiss SUPRA 40 VP). Further, the work function of RF
sputtered and commercial ITO films was measured by Kelvin
probe model 7.

For solar cell fabrication, polyethylenedioxythiophe-
ne: polystyrenesulfonic acid (PEDOT : PSS) was spin-coated
at 2500 rpm on the patterned ITO-glass substrate and an-
nealed at 120°C for 1 h in vacuum ~ 1-2 X 107> mbar. A pol-
ymer active layer was then spin-coated at 1100 rpm over the
dried PEDOT : PSS layers using the solutions of P3HT (poly
3-hexylthiophene) and PCBM ([6,6]-phenyl-C61-butyric
acid methyl ester) 20 mg/cc each in an organic solvent mixed
in volume ration 1:1 and annealed at 110°C for 20 min
in vacuum. Finally, bilayer metal cathode of LiF and Al
(thickness 0.8 nm and 200 nm, resp.) was realized on the
active layer by thermal evaporation method. The device
structure glass/ITO/PEDOT : PSS/P3HT : PCBM/LiF/Al thus
fabricated is shown schematically in Figure 1. Similar devices
were also made in the same batch on the commercial
(36 ohm/sq, 150 nm thickness) ITO coated glass substrates.
The J-V characteristics of solar cells were obtained by
Keithley source measure unit (SMU) model 236 and a data
acquisition system.

3. Results and Discussion

The XRD patterns of the commercial and RF-sputtered ITO
thin films are shown in Figure 2. The commercial ITO sample
exhibits five peaks of indices 211, 222, 400, 440, and 622,
which match well with the bixbyite tin substituted In,O3
structure having lattice parameter a = 10.124 A [21]. The
thermalized sputtered species are known to orient as (222)
plane while the species with higher energies prefer growth
planes as (400) and (440) [22]. However, RE-sputtered ITO
thin films exhibit (222) preferred orientation (Figure 2(b)).
Obviously, the glass substrate is either placed in thermalized
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FiGure 2: XRD patterns of (a) commercial and (b) RF-sputtered
ITO thin films.

region or the above observation does not conform to the
cited findings [22]. The grain size (§) has been deduced with
the 222 diffraction peak data and using the Scherrer relation

0.91
~ Bcost’ L
where f3 is the corrected full width at half maxima (FWHM)
at Bragg angle 0 and A is the X-ray wavelength [23-25].
The values of (§) for the RF-sputtered and commercial ITO
samples are ~7 and ~12 nm, respectively.

The morphologies of the thin films are shown in Figure 3.
These reveal granular structure with smaller average grain
size (~7nm) for RF-sputtered ITO thin films vis-a-vis
commercial sample. This is observation consistent with the
XRD data and results due to low deposition rate (0.7 As~!)
used [26, 27]. The optical transmittance spectra of ITO
thin films in the wavelength range of 300-800nm are
shown in Figure 4. Accordingly, the RF sputtered thin films
display somewhat poor transmittance than the commercial
ITO below 550 nm and above 650 nm, possibly because
of substantial scattering from the grain boundary regions.
Nevertheless, transmittance level of ITO thin films prepared
by RF sputtering is as high as 95% in the wavelength range of
550-650 nm.

The sheet resistance (R;) values of RF sputtered and
commercial ITO thin films are 103 and 36 Q/[], respectively.
The values of electrical conductivity (¢) of RF and com ITO
thin films, obtained from their sheet resistance (R; = 1/0t)
are 8.1 X 10? and 1.9 X 10° ohm™!-cm™!, respectively. Slater
theory tells that smaller grain size will have a higher energy
barrier. The carriers have to cross the grain boundary, when
they travel from one grain to the other. They need additional
energy to surmount the grain boundary barrier [28]. The
lower electrical conductivity in RF-sputtered ITO thin film is
associated with larger barrier height ¢ o< (X — f8)°, formed
by the smaller grain size (§). Here, X is the barrier width
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FIGURE 3: Scanning electron micrographs of (a) commercial and (b) RF-sputtered ITO thin films.
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FIGURE 4: Transmission spectra of (a) commercial and (b) RF-
sputtered ITO thin films.

related to the number of disorder atom layers, and f is a
fraction of the order of 1/15 to 1/50.

The solar cells fabricated on the commercial and RF-
sputtered ITO thin films had areas of 0.05 and 0.08 cm?, re-
spectively. Their J-V characteristics are presented in Figure 5.
The fill factor (FF) and conversion efficiency (1) are deduced
from [29-31]

(]V)max Pmax
PR = YV max _ Tmax 2
]SCVOC ]SCVOC ( )
Puna FF X Jic V.
Oy = 5 X 100 = % % 100, (3)

where (JV'),.x represents the maximum power that can be
extracted from the cell and Ji., Vo, and P;, stand for the
short-circuit current density (A cm™2), open-circuit voltage
(V) and incident photon flux (W cm~2), respectively. Clearly,
solar cell based on RF-sputtered ITO generates more current
density (Jic ~ 7.6mAcm~2) due to more light absorption

& 0.03
£
o
2
™ 0.015 1
T 14 T o7 7 B0 T 14

V (volt)

o—o0—o0—9]
.,-—0——'”/&;;_'
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FiGure 5: Current density (J)-voltage (V) characteristics of solar
cells on commercial ITO and RF sputtered ITO thin films.

(Figure 6). More light is scattered from the grain boundaries
of RF-sputtered ITO, leading to better absorption. The
scattering light intensity (I;) from the grain boundaries is
expressed as [32]

I = Ip— (1= Ry)e ™, (4)

where Iy is the intensity of incident light, Ry is reflection
loss, t is the thickness of film, and y, is the grain boundary
scattering coefficient. Here, the light scattering from the
pore has been neglected because of film being compact. The
scattering coefficient (y,) depends on the wavelength (1) of
incident light, grain density (N,), grain size (), absolute
refractive index difference (An ~ refractive index difference
of ITO and glass) and is given by

= N () 8% (any?
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FIGURE 6: Absorption spectra of the devices fabricated on commer-
cial and RF-sputtered ITO thin films.
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FIGURE 7: (ah ) versus i plots for commercial and RF-sputtered
ITO thin films.

The linear refractive index (n) of thin films can be deduced
from [33]

7’12 -1 Eg
=1- =
n?+2 20 ©)

where E, is the energy band gap of the film. The E; of a direct
band gap semiconductor can be estimated from the relation

(5]
(ah )* = A(h - Ey), (7)
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where A is a constant, a represents the absorption coefficient,
and h stand for photon energy. The values of the energy
band gap of the RF-sputtered and commercial ITO thin films
have been determined from the plot (ah )* versus photon
energy (h ) by extrapolating linear portion of the spectrum
to the abscissa (h -axis) as shown in Figure 7; the values
obtained are 3.56 and 3.91eV for RF sputtered and com-
mercial ITO thin films, respectively. Their refractive index
values obtained from (6) are 2.26 and 2.19, respectively.
The corresponding absolute refractive index difference (An)
values turn out to 0.76 and 0.69, respectively, by taking the
“n” value of glass substrate as 1.5. Since the RF-sputtered
films have small grain size, their number density (Ng) will be
larger than the commercial ITO samples. So, RF-sputtered
ITO films should exhibit larger grain boundary regions
hence the more scattered light towards the active layer for
enhancing the short-circuit current density.

The values of the open-circuit voltage achieved in devices
on commercial and RF-sputtered ITO glass substrate are 0.63
and 0.55V, respectively. The open-circuit voltage is mainly
governed by the junction between two organic materials [34].
The open-circuit voltage (Vo) is given by energy difference
between the LUMO of acceptor and HOMO of the donor
with a reduction of 0.2V arising due to band bending at
contact following accumulation of charges when the contact
is ohmic in nature. However, in case of a nonohmic contact,
Voc is given by the difference of the work functions [35,
36]. The values of work function for the RF-sputtered and
commercial ITO measured with Kelvin Probe are 4.76 +
0.02eV and 4.84 = 0.02 eV, respectively. The difference in
work function may arise due to size effects and additional
defects present in RF-sputtered films vis-a-vis commercial
ITO. These features may trap/accumulate charges at the
anode interface and cause reduction in the work function.
Incidentally, the V. of RF-sputtered ITO device is lower than
that of commercial ITO-based device by about 0.08 V, which
is exactly the difference in work functions. This corresponds
to situation mentioned above.

The fill factor (FF) of the solar cells fabricated on
commercial and RF-sputtered ITO thin films are 0.44 and
0.28, respectively at a light intensity of 95 mW/cm? under
AM 1.5 illumination at room temperature. Since FF is
totally dependent on the quality of J-V characteristics.
For this, it is crucial to have high carrier mobility, low
trap density, and negligible space charge effect. In other
ways, effective collection of free charge carriers results
better output power [37]. The conversion efficiencies of
the above solar cell devices are 1.5 and 1.2%, respectively,
that is, lower for the RF-sputtered ITO case. The inferior
fill factor and lower conversion efficiency of the solar cell
fabricated on the RF-sputtered ITO films is due to higher
sheet resistance, that is, poor conductivity (¢ = 8.1 X
10 Q' cm™"). The parasitic resistive power loss also causes
reduction in FF and depends mainly on series and shunt
resistances. For an efficient solar cell, series resistance should
be low whereas shunt resistance should be high. The series
resistance (R;) originates from the bulk of organic layer
(P3HT : PCBM blends and PEDQOT : PSS), electrodes (anode
ITO and cathode metals), and the contact resistance between
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the active layer and the electrode. On the other hand, the
shunt or parallel resistance (Rg,) arises from the charge
recombination at the donor/acceptor interface, through the
cell and around the edges of the device [38, 39]. The R, and
Ry, have been determined from the inverse slopes of J-V
curve at bias voltage of over Vi (i.e., J« = 0), and zero,
respectively [40]. The series resistance of identical device on
commercial and RF-sputtered ITO are 55.7 and 64.3 Q-cm?,
respectively. The corresponding shunt resistance values are
325.4 and 110 Q-cm?, respectively. The higher value of shunt
resistance in commercial ITO results in negligible leakage
current and so leads to higher conductivity. It may be pointed
out that the commercial ITO is normally annealed at a high
temperature for attaining low sheet resistance value, that
is, high conductivity. The present experiment is directed
towards RF sputtered ITO films for solar cells and OLED on
polythene sheets, high temperature annealing is intentionally
avoided.

4. Conclusions

The ITO thin films can be prepared by RF sputtering at a
substrate temperature of 70°C on glass with (222) preferred
orientation, grain size of 7nm, high optical transparency
of 95% in the wavelength range of 550-650 nm, and sheet
resistance of 103 QO/[7J (higher than 36 /0] of commercial
ITO). The short-circuit current density (J.) and open-circuit
voltage (Vo) of the device fabricated on the RF sputtered
are 7.6 mA-cm 2 and 0.55 V, respectively. The corresponding
values of J, and V,. are 5.2 mA-cm~2 and 0.63V for solar
cells based on commercial ITO. The fill factor (0.28) and
conversion efficiency (1.2%) of the solar cell with RF-
sputtered ITO layer are smaller than those fabricated with
commercial ITO (values being 0.44 and 1.5%, resp.). The
substantial increase in short-circuit current density of the
solar cell can be attributed to smaller nanocrystallites which
cause dominant light scattering at the grain boundaries
towards the active layer for better light absorption. The open-
circuit voltage is limited by the size effects as well as defects,
responsible for trapping/accumulation of charge carriers at
the anode interface, of ITO. This emphasizes the importance
of the anode (ITO) surface morphology in polymer solar
cells.
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Novel ruthenium bipyridyl sensitizer incorporating conjugated benzo[1,9]quinolizino-(acridin-2-yl)vinyl-2,2’-bipyridine ligand
[JJ-12] has been synthesized and demonstrated as efficient sensitizer in dye-sensitized solar cells. A mesoporous titania film stained
with JJ-12 exhibits a remarkable incident monochromatic photon-to-current conversion efficiency of 82%. Under standard AM
1.5 sunlight, the solar cell using a liquid-based electrolyte consisting of 0.6 M 1,2-dimethyl-3-propylimidazolium iodide (DMPII),
0.05M L, 0.1 M Lil, and 0.5 M tert-butylpyridine in acetonitrile exhibits a short-circuit photocurrent density of 16.47 mA/cm?, an
open-circuit voltage of 0.71V, and a fill factor of 0.71, corresponding to an overall conversion efficiency of 8.34 %.

1. Introduction

Dye-sensitized solar cells (DSSCs) have been extensively
studied as a novel sunlight-to-electricity conversion system
[1-5]. The working principle of the dye-sensitized solar cell
is the following. Upon photoexcitation, the dye molecules
inject an electron into the conduction band of TiO,, leaving
the dye in its oxidized state (D+, also referred to as
dye cation). The dye is restored to its ground state by
electron transfer from the redox pair. The regeneration of
the sensitizer by iodide intercepts the recombination of the
conduction band electron with the oxidized dye. The I3~ ions
formed by oxidation of I~ diffuse to the cathode where the
regenerative cycle is completed by electron transfer to reduce
I3~ to I". DSSCs consist of a dye-sensitized TiO, electrode,
a Pt-sputtered counter electrode, and a redox couple. In
these cells, the sensitizer is one of the key components for
high-power conversion efficiencies. Polypyridyl ruthenium

sensitizers such as cis-dithiocyanato-bis(4,4’-dicarboxy-2,2’-
bipyridine)ruthenium (II) (N719) have shown to be excel-
lent dyes in DSSCs, and their photoconversion efficiency
is more than 10% under air mass 1.5 sunlight [6]. The
main drawback of this sensitizer is the lack of absorption
in the red region of the visible spectrum. An important
goal on ruthenium dyes has been the development of new
ruthenium dyes having a wide and red-shifted MLCT band
[7-9]. Numerous attempts have been made to molecularly
engineer ruthenium sensitizers to broaden the absorption
band and increase the molar absorption coefficient. One
of the successful approaches is to replace one of the 4,4’-
dicarboxylic acid-2,2’-bipyridine (dcbpy) anchoring ligands
in N3 with a highly conjugated ancillary ligand. Several
groups have successfully developed efficient ruthenium sen-
sitizers by introducing extended conjugation units on the
bipyridyl ligand such as thiophene [10-14] and alkoxyben-
zene [15-17] derivatives. Another approach is to synthesize
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efficient ruthenium sensitizers through a systematic tuning
of the LUMO and HOMO energy levels of the ruthenium
polypyridyl complexes by introducing a ligand with a low-
lying 7* molecular orbital or by destabilizing the metal #,,
orbital with a strong donor ligand [18]. Thus, the systematic
designs of efficient ruthenium sensitizers to enhance the
absorption coefficient and red shift the MLCT band by
increasing the conjugation length of the ancillary ligands
such as a styryl-substituted bipyridine and using strong o-
donating power of the amine are well documented strategies.
As even small structural modifications of sensitizers result
in significant changes in redox energies and the threshold
wavelength, the ruthenium sensitizer, JJ-12, is molecularly
engineered in a way to have a red-shift and high absorption
coefficient of MLCT band. Here, we report the synthesis
of a novel ruthenium sensitizer containing benzo[1,9]-
quinolizino(acridin-2-yl)vinyl-2,2’-bipyridine and its excel-
lent photovoltaic performances in DSSCs (Figure 1).

2. Experimental Section

2.1. NMR Spectra, UV-Vis Spectra, and Emission Spectra
Measurement. All of the reactions were carried out under an
argon atmosphere. 'H and *C NMR spectra were recorded
on a Varian Mercury 300 spectrometer. UV-vis spectra were
recorded in a 1cm path length quartz cell on a Cary 5
spectrophotometer. Emission spectra were recorded on a
Spex Fluorolog 112 using a 90° optical geometry. The emitted
light was detected with a Hamamatsu R928 photomultiplier
operated in single-photon counting mode.

2.2. Electrochemical Impedance Spectra (EIS) and I-V Curve
Spectra Measurement. Electrochemical impedance spectra
(EIS) of DSSCs were measured with an impedance analyzer
(VersaSTAT 3, AMETEK) connected to a potentiostat under
illumination conditions at room temperature. The spectra
were scanned in a frequency range from 107! Hz to 10° Hz
and AC amplitude 10 mV at room temperature.
Photoelectrochemical data were measured using a
1000 W xenon light source (Oriel, 91193) that was focused
to give 1000 W/m?, the equivalent of one sun at air mass
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(AM) 1.5, at the surface of the test cell. The light intensity
was adjusted with an Si solar cell that was doubled-checked
with an NREL-calibrated Si solar cell (PV Measurement
Inc.). The applied potential and measured cell current were
measured using a Keithley model 2400 digital source meter.
The current-voltage characteristics of the cell under these
conditions were determined by biasing the cell externally
and measuring the generated photocurrent. This process was
fully automated using WaveMetrics software.

2.3. Dye-Sensitized Solar Cell Fabrication. Fluorine-doped
tin oxide (FTO) glass plates (Pilkington TEC Glass-TEC
8, Solar 2.3mm thickness) were cleaned in a detergent
solution using an ultrasonic bath for 30 min and then rinsed
with water and ethanol. Then, the plates were immersed in
40 mM TiCly (aqueous) at 70°C for 30 min and washed with
water and ethanol. A transparent nanocrystalline layer was
prepared on the FTO glass plates by using a doctor blade
printing TiO, paste (Solaronix, Ti-Nanoxide T/SP), which
was then dried for 2h at 25°C. The TiO, electrodes were
gradually heated under an air flow at 325°C for 5min, at
375°C for 5min, at 450°C for 15min, and at 500°C for
15 min. The thickness of the transparent layer was measured
by using an Alpha-Step 250 surface profilometer (Tencor
Instruments, San Jose, CA, USA). A Paste containing 400 nm
sized anatase particles (CCIC. PST-400C) was deposited by
means of doctor blade printing to obtain the scattering layer,
and then dried and heated under same condition which
was applied for TiO, (Solaronix, Ti-Nanoxide T/SP) paste
described above. The resulting film was composed of a
10 ym thick transparent layer and a 4 ym thick scattering
layer. The TiO; electrodes were treated again with TiCly at
70°C for 30 min and sintered at 500°C for 30 min. Then,
they were immersed in JJ-12 (0.3 mM in ethanol) solutions
and kept at room temperature for 24 h. FTO plates for the
counter electrodes were cleaned in an ultrasonic bath in H,O,
Acetone, and 0.1 M aqueous HCI, subsequently. The counter
electrodes were prepared by placing a drop of an H,PtCl
solution (2mg Pt in 1 mL ethanol) on an FTO plate and
heating it (at 400°C) for 15min. The dye adsorbed TiO,
electrodes, and the Pt counter electrodes were assembled
into a sealed sandwich-type cell by heating at 80°C using
a hot-melt ionomer film (Surlyn) as a spacer between the
electrodes. A drop of the electrolyte consisting of 0.6 M 1,2-
dimethyl-3-propylimidazolium iodide (DMPII), 0.05M I,
0.1M Lil, and 0.5M tert-butylpyridine in acetonitrile was
placed in the drilled hole of the counter electrode and was
driven into the cell via vacuum backfilling. Finally, the hole
was sealed using additional surlyn and a cover glass (0.1 mm
thickness).

2.4. Typical Synthesis Procedures and Analytical Data. 4,4'-
bis((E)-2-(4,4,8,8,12,12-hexamethyl-8,12-dihydro-4H-
benzo[1,9]quinolizino[3,4,5,6,7-defg]acridin-2-yl)vinyl)-
2,2"-bipyridine (7): 4,4,8,8,12,12-hexamethyl-8,12-dihydro-
4H-benzo[1,9]quinolizino(3,4,5,6,7-defg]acridine-2-carbal-
dehyde (130 mg, 0.33 mmol), tetraethyl[2,2"-bipyridine]-4,
4’-diylbis(methylene) bis(phosphonate) (80 mg, 0.17 mmol)
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and potassium tert-butoxide (55mg, 0.50 mmol) were
dissolved in tetrahydrofuran (50mL), and the mixture
was stirred for 0.5h. After the solvent was removed under
reduced pressure, H,O (50mL) and methylene chloride
(50 mL) were added. The organic layer was separated and
dried in MgSOj. The solvent was removed under reduced
pressure. The pure product 7 was obtained by column
chromatography on silica gel (methylene chloride:hexane
= 1:1, Ry = 0.3). Yield: 90%. 'H NMR (CDCl;): 8.73 (d,
2H, ] = 5.1Hz), 8.65 (s, 2H), 7.63 (s, 4H), 7.57 (d, 2H,
J = 16.2Hz), 7.44 (m, 12H), 7.18 (m, 4H), 1.71 (s, 24H),
1.67 (s, 12H). 3C NMR (CDCl3): 156.5, 149.5, 146.3, 133.4,
132.8, 131.5, 130.6, 130.2, 130.1, 129.9, 123.9, 123.5, 123.3,
122.4, 120.9, 118.1, 35.6, 33.0. Anal. calcd. for CegHeaNy: C,
87.33; H, 6.68. Found: C, 87.30; H, 6.71.

JJ-12  Complex. A mixture 4,4'-bis((E)-2-(4,4,8,8,12,12-
hexamethyl-8,12-dihydro-4H-benzo[1,9]quinolizino|[3,4,5,-
6,7-defglacridin-2-yl)vinyl)-2,2"-bipyridine (130 mg, 0.14
mmol) and a dichloro(p-cymene)ruthenium (II) dimer
(43 mg, 0.07mmol) in argon-degassed DMF (15mL) was
stirred at 70°C for 4h under reduced light. Subsequently,
4,4’ -dicarboxylic-2,2’-bipyridine (34mg, 0.14 mmol) was
added into the flask, and the reaction mixture was stirred
at 160°C for 4h. At last, an excess of NH;NCS (105 mg,
1.40 mmol) was added to the resulting dark solution, and
the reaction continued for another 4h at 140°C. Then the
reaction mixture was cooled down to room temperature, and
the solvent was removed under vacuum. Water was added to
get the precipitate. The precipitate was filtered out, washed
with water, and dried under vacuum. The resulting solid was
dissolved in methanol containing 2,2 equivalent of tetrabuty-
lammonium hydroxide to confer solubility by deprotonating
the carboxylic group and purified on a Sephadex LH-20
column with methanol as eluent. The collected main band
was concentrated, and the solution pH was lowered to 5.1
using 0.02 M nitric acid. The precipitate was collected on a
sintered glass crucible by suction filtration and dried in air.
Yield: 60%. '"H NMR (CD30D): 9.35-8.90 (m, 6H), 8.23 (s,
1H), 8.08-7.18 (m, 24H), 6.86 (s, 1H), 1.61 (m, 24H), 1.33
(m, 12H), 0.87 (m, 9H). Anal. calcd. for Cg;H7(NgO4RuS,:
C, 70.52; H, 5.05. Found: C, 70.63; H, 5.01

3. Results and Discussion

The synthetic route for the preparation of JJ-12 is depicted
in Scheme 1. First, trimethyl 2,2",2""-nitrilotribenzoate 3
was prepared by the Ullmann coupling reaction [19] of
methyl 2-aminobenzoate 1 and methyl 2-iodobenzoate 2
and compound 6 was synthesized through methylation,
cyclization and formylation from compound 3. 2-Bromo-
4,4'-bis((E)-2-(4,4,8,8,12,12-hexamethyl-8,12-dihydro-4H-
benzo[1,9]quinolizino(3,4,5,6,7-defg]acridin-2-yl)vinyl)-2,
2'-bipyridine 7 was prepared from the reaction of 4,4,
8,8,12,12-hexamethyl-8,12-dihydro-4H-benzo[1,9]quin-
olizino[3,4,5,6,7-defglacridine-2-carbaldehyde 6 and tetra-
ethyl[2,2"-bipyridine]-4,4’-diylbis(methylene))bis(phosph-
onate) using the Horner-Emmons-Wadsworth reaction [20].
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FIGURE 2: Absorption and emission spectra (a) of JJ-12 (blue line)
and N3 (green line) in EtOH, and absorption spectra (b) of JJ-12
(blue line) and N3 (green line) adsorbed on TiO, film.

The one-pot synthetic procedure developed for heteroleptic
polypyridyl ruthenium sensitizers was adapted for the
preparation of new JJ-12 [21, 22]. The analytical and
spectroscopic data of novel sensitizer are consistent with the
formulated structure.

Figure 2 shows the ultraviolet-visible spectra of JJ-12,
together with the N3 absorption spectrum as a reference. The
polypyridyl complexes of JJ-12 show very broad and intense
absorption peaks throughout the whole absorption region.
The UV-vis spectrum of JJ-12 displays two absorption
bands at 420 and 531 nm in the visible region, which are
characteristic of the metal-to-ligand charge transfer (MLCT)
bands [23, 24]. The low-energy MLCT band of JJ-12 at
531nm is 11 nm red shifted relative to that of N3. The red
shift of JJ-12 sensitizer is attributable to the increase of
n-conjugation in an ancillary ligand and donor ability of
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ScHEME 1: Schematic diagram for the synthesis of sensitizers JJ-12.

benzo[1,9]quinolizinoacridine. The low-energy MLCT band
at 531 nm of JJ-12 exhibits a molar extinction coefficient
of 15.4 x 10°M~!'cm™!, which is higher than that of the
N3 dye (14.4 x 10°M~!cm™!). Adsorption of JJ-12 onto
a TiO, electrode was observed to broaden the absorption
band and to red shift the absorption threshold up to 770 nm,
ensuring a good light-harvesting efficiency (Figure 2(b)).
Such broadening and red shift have been observed in many
ruthenium sensitizers on TiO,; electrodes [25, 26].

We also observed that the JJ-12 exhibited strong lumines-
cence maxima at 740-755 nm when they were excited with
their MLCT absorption bands at 298 K in an air-equilibrated
ethanol solution.

The electrochemical properties of the novel sensitizer JJ-
12 were studied by cyclic voltammetry in CH3CN with 0.1 M
tetrabutylammonium hexafluorophosphate using TiO, film
with adsorbed dyes as the working electrode. The oxidation
potential of JJ-12 adsorbed on TiO, film shows a quasi-
reversible couple at 0.92V versus NHE (Table 1). The value
may be compared to 1.12'V versus NHE measured for N3.
The 0.20V cathodic shift of the JJ-12 oxidation potential
compared to that of N3 is attributable to the influence of

the electron-rich fused triphenylamine donor ring. The oxi-
dation potential of JJ-12 sensitizer is energetically favorable
for iodide oxidation [27]. The reduction potentials of JJ-
12 dye calculated from the oxidation potentials and the Ey.g
determined from the intersection of absorption and emission
spectra are —0.96'V for JJ-12 versus NHE [28]. The value
is much more negative than the conduction band level of
TiO, at approximately —0.5V versus NHE, ensuring the
thermodynamic driving force for charge injection [29, 30].
Figure 3 shows the incident monochromatic photon-
to-current conversion efficiency (IPCE) using 0.6 M 1,2-
dimethyl-3-propylimidazolium iodide (DMPII), 0.05M I,
0.1 M Lil, and 0.5M fert-butylpyridine in acetonitrile. The
cell was fabricated using a double layer of 10um thick
TiO, (20 nm nanoparticles) and 4 ym thick scattering TiO,
(400 nm nanoparticles). The incident photon-to-current
conversion efficiency (IPCE) of JJ-12 exceeds 70% in a broad
spectral range from 440 to 630 nm, reaching a maximum
82% at 520 nm. The band tails off toward 800 nm, contribut-
ing to the broad spectral light harvesting that is characteristic
of polypyridyl ruthenium dyes [31-33]. For reference, N3
dye affords a maximum IPCE of 75% at 520 nm under the
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TaBLE 1: Optical, oxidation, and DSSC performance parameters of dyes.
Dye Aabs'/nm (e/M~'cm™) En IV Eoo/V. Euomo®/V  Ji (mA cm™2) Voe (V) FF e (%)
JJ-12 531 (15,430); 420 (24,430) 0.92 1.88 -0.96 16.47 0.71 0.71 8.34
N3 520 (14,400); 380 (14,682) 14.52 0.72 0.69 7.23

aAbsorption spectra was measured in ethanol solution. bOxidation potential of dyes on TiO, were measured in CH3CN with 0.1 M (n-C4Hg)4NPF¢ with a
scan rate of 50 mVs~! (versus NHE). °Ey.o was determined from intersection of absorption and emission spectra in ethanol. 4 Eyymo was calculated by Eoy-Eo.o.
¢Performances of DSSCs were measured with 0.18 cm? working area. Electrolyte: 0.6 M DMPIIL, 0.05M I, 0.1 M Lil, and tert-butylpyridine in acetonitrile.
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same condition. The JJ-12 sensitizer’s IPCE spectrum is more
enhanced in 420-740 nm range compared to that of N3 as
a result of extended m-conjugation of fused triphenylamine
ring, which is consistent with the absorption spectrum of JJ-
12.

The J- V curve for the devices based on JJ-12 is shown
and compared with that of N3 in Figure 4. Under standard
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FiGure 5: Electrochemical impedance spectra measured under the
illumination (1 sun) and in the dark for the cells with different dye
adsorption conditions (i.e., JJ-12 (blue), N3 (green)).

global AM1.5 solar condition, the JJ-12 sensitized cell gave
a short-circuit photocurrent density (Ji) of 16.47 mAcm™2,
an open-circuit voltage (Vo) of 0.71V, and a fill factor of
0.71, corresponding to an overall conversion efficiencies 7
of 8.34%. The photovoltaic performance of the JJ-12 and
N3 sensitized cells is presented in Table 1. Under the same
condition, the N3 sensitized cell gave a Jic of 14.52 mAcm ™2,
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Figure 6: Electrochemical impedance spectra of JJ-12 and N3-
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under open-circuit conditions and AM 1.5 simulated sunlight
illumination (100 mWcm™2).

Voc 0£0.72'V, and a fill factor of 0.69, corresponding to # of
7.23%.

The ac impedances of the cells were measured under
the illumination conditions. Figure 5(a) shows the ac
impedance spectra measured under open-circuit conditions
and under illumination of 100 mWcm™2. The radius of
the intermediate-frequency semicircle in the Nyquist plot
decreased in the order of N3 (34.55Q) > JJ-12 (22.50Q),
indicating the improved electron generation and transport.
This result is in good agreement with that of short-circuit
photocurrent trend shown in Table 1. Figure 5(b) shows the
ac impedance spectrum measured under dark condition.
In the dark under forward bias (—0.68V), the semicircle
in intermediate frequency regime demonstrates the dark
reaction impedance caused by the electron transport from
the conduction band of TiO, to I3~ ions in electrolyte. The
increased radius of the semicircle in intermediate frequency
regime implies a reduced electron recombination rate at
the dyed TiO,/electrolyte interface. In dark, the radius of
the intermediate-frequency semicircle showed the increasing
order of JJ-12 (214.70Q)) < N3 (243.90 Q)), in accord with
the trends of the V. value in Table 1.

The electron lifetime can be estimated from the following
relationship. 7. = 1/@Wmax = 1/27 fmax; fmax is the maximum
frequency of the intermediate frequencies peak [34]. The
results are displayed in the form of a bode-phase plot, as
shown in Figure 6. The fma.x values of JJ-12 and N3 are
22.63Hz and 13.81 Hz, respectively. The 7, values show a
significant gap among the dyes, resulting in the increasing
order of N3 > JJ-12. The different 7, values might be caused
by the different molecular structure of the dyes. The low
value of 7, in JJ-12 compared to those of N3 may be due
to the defects of the JJ-12 monolayer on the TiO, electrodes.
The results of the electron lifetime are well consistent with
those of the V. in Table 1.
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4. Conclusions

In conclusion, a novel ruthenium bipyridyl sensitizer incor-
porating highly conjugated benzo[1,9]quinolizino(acridin-
2-yl)vinyl units has been synthesized and characterized. A
solar-cell device based on the sensitizer JJ-12 in conjunction
with a volatile electrolyte yielded an overall conversion
efficiency of 8.34%. The efficient performance of JJ-12 is
attributed to its high absorption extinction coefficient of
MLCT band and extended absorption in the visible region.
We believe that the development of highly efficient ruthe-
nium sensitizers is possible through meticulous molecular
engineering.
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Since 2000, total PV production increased almost by two orders of magnitude, with a compound annual growth rate of over 52%.
The most rapid growth in annual cell and module production over the last five years could be observed in Asia, where China and
Taiwan together now account for about 60% of worldwide production. Between 2005 and 2009, thin film production capacity
and volume increased more than the overall industry but did not keep up in 2010 and 2011 due to the rapid price decline for
solar modules. Prices for photovoltaic electricity generation systems have more than halved over the last five years making the
technology affordable to an ever-increasing number of customers worldwide. With worldwide over 60 GW cumulative installed
photovoltaic electricity generation capacity installed in November 2011, photovoltaics still is a small contributor to the electricity
supply, and another 10 to 15 years of sustained and aggressive growth will be required for photovoltaic solar electricity to become
one of the main providers of electricity. To achieve this, a continuous improvement of the current solar cell technologies will be

necessary.

1. Introduction

Photovoltaics has enjoyed extraordinary growth during the
last decade with overall growth rates above 50% per annum,
indicating that further increase of production facilities is an
attractive investment. The last World Energy Outlook re-
leased by the International Energy Agency (IEA) in Novem-
ber 2011 indicates that more and more renewable energy and
in particular solar energy will be needed and used in the com-
ing decades to ensure a stable and secure energy supply as
well as limit the effects of energy-induced climate change [1].

On the one hand the IEA stressed an urgent need to ac-
celerate actions to tackle climate changes as 80% of the total
energy-related CO, emissions allowed under the 450 ppm
scenario for 2035 are already “locked in” by the existing
capital stock (power plants, buildings, factories, etc.), but
on the other, the IEA only forecasts an increase of non-
hydrorenewables in power generation from 3% in 2009
to 15% in 2035, which is far below the renewable energy
potential.

Due to the current financial and economic constraints,
the introduction of renewable energy sources and photo-
voltaic electricity generation systems is often depicted as a

too expensive energy option. This is a short-sighted view
as it does not take into account that all those renewable
energy generation technologies that do not require fuels, for
example, solar, wind, and so forth, reduce the price volatility
risk and enhance the predictability of power generation cost.

There are several studies that examine the difficult issue
of quantifying the effect of the inclusion of RES in an energy
portfolio and the reduction in the portfolio energy price.
This is in addition to the employment benefits and the
economic benefits of avoided fuel costs and external costs
(GHG), money which could be spent within the economy
and used for local wealth creation [7].

Production data for the global cell production in 2010
is about 24 GW (Figure 1), which is about the double
compared to 2009. (Solar cell production capacities mean (i)
in the case of wafer silicon-based solar cells only the cells;
(ii) in the case of thin films, the complete integrated module;
(iii) only those companies that actually produce the active
circuit (solar cell) are counted; (iv) companies that purchase
these circuits and make cells are not counted.) For 2011 a
further increase to about 30 GW is expected. The significant
uncertainty in the data for 2011 is due to the very competitive
market environment, as well as the fact that some companies
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FiGure 2: Annual photovoltaic installations from 2000 to 2012.
2011 and 2012 are still estimates. (data source: Bank Sarasin [4],
EPIA [5], EurObserv’ER [6], and own analysis).

report shipment figures, others report sales, and again others
report production figures. The continuation of the difficult
economic situation worldwide as well as a fierce competition
and a production capacity that is more than twice the actual
market led to a decreased willingness to report confidential
company data. The previous tight silicon supply situation
reversed due to massive production expansions as well as
the economic situation. This led to a price decrease on the
spot market from the 2008 peak of around 500 $/kg to below
30 $/kg at the end of 2011.

More than 80% of the current production uses wafer-
based crystalline silicon technology. A major advantage of
this technology is that complete production lines can be
bought, installed, and up and producing within a relatively
short time frame. This predictable production start-up
scenario constitutes a low-risk placement with calculable
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return on investments. However, the temporary shortage in
silicon feedstock and the market entry of companies offering
turn-key production lines for thin film solar cells led to a
massive expansion of investments into thin film capacities
between 2005 and 2010.

Since 2000, total PV production increased by two orders
of magnitude, with a compound annual growth rate (CAGR)
of 53%. The most rapid growth in annual production over
the last five years could be observed in Asia, where China and
Taiwan together now account for more than 60% of world-
wide production.

The change of the market from a supply-restricted to
a demand-driven market and the resulting overcapacity for
solar modules have resulted in a dramatic price reduction
of PV systems of more than 50% over the last four
years. Average prices for grid-connected PV systems were
reported with 2,540 $/kWp (1,880€/kWp) for residential
and 2,350 $/kWp (1,740-€/kWp) for commercial systems at
the beginning of December 2011 [8].

2. Markets

Market predictions for the 2011 PV market vary between
21.9 GW and 24 GW with a consensus value in the 23 GW
range (Figure 2). For 2012 analyst expectations vary between
20.5GW and 27GW. Despite these moderate growth
forecasts, massive capacity increases are still ongoing or
announced, and if all of them are realised, the world-wide
production capacity for solar cells will exceed 65 GW at the
end 0of 2011 and 85 GW at the end of 2012. This indicates that
even with the optimistic market growth expectations, the
planned capacity increases are way above the market growth.
The consequences are either low utilisation rates or the
build-up of high inventories resulting in a continued price
pressure in an oversupplied market. Such a development will
accelerate the consolidation of the photovoltaics industry
and spur more mergers and acquisitions.

With a cumulative installed capacity of over 46 GW,
the European Union is leading in PV installations with a
little more than 70% of the total worldwide 63 GW of solar
photovoltaic electricity generation capacity at the end of
2011 (Figure 3).

In 2012, the European market share of new installations
is expected to drop from about 70% to 50% due to the
rapid growing markets in Asia and North America. This
development reflects the fact that the rapid cost reduction
during the last few years is opening more and more markets
worldwide, easing the dependency of the PV industry from a
few very strong markets.

Asia and Pacific Region. The Asia and Pacific region shows
an increasing trend in photovoltaic electricity system instal-
lations. There are a number of reasons for this development,
ranging from declining system prices, heightened awareness,
favourable policies, and the sustained use of solar power
for rural electrification projects. Countries such as Australia,
China, India, Indonesia, Japan, Malaysia, Repuplic of Korea,
Taiwan, Thailand, The Philippines and Vietnam show a very
positive upward trend, thanks to increasing governmental
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commitment towards the promotion of solar energy and the
creation of sustainable cities.

The introduction or expansion of feed-in tariffs is
expected to be an additional big stimulant for on-grid solar
PV system installations for both distributed and centralised
solar power plants in countries such as Australia, Japan,
Malaysia, Thailand, Taiwan, and Republic of Korea.

In 2010 about 2.5 GW of new PV electricity generation
systems was installed in the region. The largest market
was Japan with 990 MW followed by China with 560 MW
and Australia with 380 MW. For 2011 a market increase to
about 5 GW is expected, driven by the major market growth
in China ( 2GW), India, Japan, Malaysia, and Thailand.

Market expectations for the region range between 7 and
8GW in 2012.

The Asian Development Bank (ADB) launched an Asian
Solar Energy Initiative (ASEI) in 2010, which should lead
to the installation of 3 GW of solar power by 2012 [9].
In their report, ADB states: “Overall, ASEI aims to create
a virtuous cycle of solar energy investments in the region,
toward achieving grid parity, so that ADB developing member
countries optimally benefit from this clean, inexhaustible
energy resource.”

European Union. Market conditions for photovoltaics differ
substantially from country to country. This is due to
different energy policies and public support programmes for
renewable energies and especially photovoltaics, as well as
the varying grades of liberalisation of domestic electricity
markets. After a tenfold increase of solar photovoltaic
electricity generation capacity between 2001 and 2008, the
newly installed capacity more than quadrupled in the last
three years to exceed 46 GW cumulative installed capacity at
the end of 2011 [10, 11]. For 2012 market expectations vary
between 11 and 13 GW of new installations.

The legal framework for the overall increase of renewable
energy sources was set with the Directive 2009/28/EC, and
in their National Renewable Energy Action Plans (NREAPs),
26 Member States have set specific photovoltaic solar energy
targets, adding up to 84.5GW in 2020. However, since the
submission of the NREAPs in 2010 a number of positive
signs have emerged for PV. In Italy, the 4th Conto Energia
was enacted in the first half of 2011 and it limits the support
for PV installations until 2017 or 23 GW whatever is reached
earlier. In August 2011 Greece announced the “Helios”
project, which aims to install up to 10 GW of PV electricity
systems on public land by 2020. These developments indicate
that the targets set in the NREAPs should be seen as the
guaranteed minimum and not the overall goal.

In 2011 Italy overtook Germany as the biggest market
with an expected new connected capacity of 8.2 GW versus
5.2 GW, respectively. The market growth in these two
countries is directly correlated to the introduction of the
Renewable Energy Sources Act or “Erneuerbare Energien
Gesetz” (EEG) in Germany in 2000 and the “Conto Energia”
in Italy in 2005.

North America. In 2010, Canada more than tripled its
cumulative installed PV capacity to about 420 MW, with
300 MW new installed systems. For 2011 a further increase
of the market from 350 to 400 MW is estimated. This
development is driven by the introduction of a feed-in tariff
in the province of Ontario in 2009.

With close to 900 MW of new installed PV capacity,
the USA reached a cumulative PV capacity of 2.5GW at
the end of 2010. Utility PV installations more than tripled
compared to 2009 and reached 242 MW in 2010. The top ten
states—California, New Jersey, Nevada, Arizona, Colorado,
Pennsylvania, New Mexico, Florida, North Carolina, and
Texas accounted for 85% of the US grid-connected PV
market [12]. For 2011 an increase of the US market to
1.6 GW is estimated.
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PV projects with Power Purchase Agreements (PPAs),
with a total capacity of 6.1 GW, are already under contract
and to be completed by 2014 [13]. If one adds that 10.5 GW
of projects, which are already publicly announced, but PPAs
have yet to be signed, this makes the total “pipeline” more
than 16.6 GW.

Many state and federal policies and programmes exist
and one of the most comprehensive databases about the
different support schemes in the USA is maintained by the
Solar Centre of the State University of North Carolina. The
Database of State Incentives for Renewable Energy (DSIRE)
is a comprehensive source of information on state, local,
utility, and selected federal incentives that promote renew-
able energy. All the different support schemes are described
therein and it is highly recommended to visit the DSIRE
website (http://www.dsireusa.org/) and the corresponding
interactive tables and maps for details.

The 2012 market expectations for Canada and the USA
together vary between 3.5 and 5 GW.

3. Thin Film Photovoltaic Industry

Thin film photovoltaics was always an integral part of the
industry. Back in 1994 about 80 companies with a total
production capacity of 130 MW existed worldwide and their
activities ranged from research to production of solar cells.
About half of them were actually manufacturing and other
29 companies were involved in module production only. Out
of the solar cell companies, 41 companies used crystalline
silicon (72 MW capacity), 2 ribbon silicon (1 MW capacity),
19 amorphous silicon (46 MW capacity), 3 CdTe (11 MW
capacity), 5 CIS (research only), and 10 companies other
concepts like ITII-V concentrator cells or spherical cells.

Since then the world wide production capacity of solar
cells has increased about 500 times exceeding 68 GW in 2011
with thin films accounting for 11.5 GW or 17%.

The reported future production capacities are based on a
survey of more than 300 companies worldwide with a cut-off
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date at the beginning of December 2011. Despite the fact
that a significant number of players delayed or cancelled their
expansion plans and some companies had to seize operations
due to bankruptcy, the number of new entrants into the field,
notably large semiconductor or energy related companies
overcompensated this. The announced production capacities
increased again in 2011. It is important to note that pro-
duction capacities are often announced, taking into account
different operation models such as number of shifts and
operating hours per year. In addition the announcements
of the increase in production capacity do not always specify
when the capacity will be fully ramped up and operational.
This method has of course the setback that (a) not all
companies announce their capacity increases in advance and
(b) that in times of financial tightening, the announcements
of the scale back of expansion plans are often delayed in order
not to upset financial markets. Therefore, the capacity figures
just give a trend but do not represent final numbers.

If all these ambitious plans can be realised by 2015, China
will have about 50.8% of the world-wide production capacity
of 112 GW, followed by Taiwan (15.2%), Europe (7.6%), and
Japan (6.3%) (Figure 4).

In 2005 production of thin film solar cells reached for the
first time more than 100 MW per annum. The first 100 MW
thin-film factories became operational in 2007, followed by
the first 1 GW factory in 2010. Between 2005 and 2010, the
Compound Annual Growth Rate (CAGR) of thin-film solar
cell production was above the overall industry, driven by the
temporary shortage in silicon feedstock and the market entry
of companies offering turnkey production lines for thin-film
solar cells. Despite the fact that in production capacity terms,
the market share of thin films is still increasing, the pace has
slowed down considerably because the vast majority of new
production capacity announcements over the last two years
were for wafer-based silicon technologies.

In 2011, more than 200 companies were involved in thin-
film solar cell activities, ranging from basic R&D activities
to major manufacturing activities and over 150 of them
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have announced the start or increase of production. If all
expansion plans are realised in time, thin-film production
capacity could be around 17 GW, or 19% of the total 88 GW,
in 2012 and about 27 GW, or 24%, in 2015 of a total of
112 GW (Figure 5).

In August 2007, when the first survey was presented at
the 22nd EUPVSEC in Milano, it was found that in 2006 just
21 companies had produced thin film solar modules, which
were available in the market with quantities above 1 MW.
Since then the number has more than tripled to 65. However,
the production quantities are in general still quite small.
Out of the over 120 companies, with announced production
plans, about 40% produced 10 MW or more and only 5%
produced more than 100 MW in 2011.

More than 70 companies are silicon based and use either
amorphous silicon or an amorphous/microcrystalline silicon
structure (Figure 6). Thirty-six companies announced using
Cu(In,Ga)(Se,S), as absorber material for their thin-film
solar modules, whereas nine companies use CdTe and eight
companies go for dye and other materials.

Despite the fact that the majority of companies use thin
film silicon structure, the dominating thin film technology
in the market in 2011 is CdTe with about 2.1 GW followed
by thin film silicon with 2 GW and CIGSSe with 0.6 GW.
In terms of projected capacity increases, thin film silicon is
leading followed by CIGSSe and CdTe.

The technology as well as the company distribution
varies significantly from region to region (Figure 7).

This regional distribution reflects on the one hand the
scientific knowledge base concerning the different thin film

technologies and also the investment options and availability
of human resources. This last issue is a very crucial one for
the future development of photovoltaics and thin film photo-
voltaics in particular. All these new thin film factories will
need not only qualified operators and process engineers but
also scientists with a profound knowledge of the respective
materials in order to improve the guaranteed start-up proc-
esses and secure the competitiveness of the companies for
the years to come. Compared to the silicon wafer-based PV
technology, the different thin film technologies still have
a significant number of fundamental material problems to
solve in order to unlock the full efficiency and cost saving
potential of the different technologies.

The change of the market from a supply-restricted to
a demand-driven market and the build-up overcapacity for
solar modules have resulted in a dramatic price reduction
of more than 50% over the last three years. Sepecifically
companies in their start-up and expansion phase, with
limited financial resources and restricted access to capital, are
struggling in the current market environment. This situation
is believed to continue for at least the next few years and
put further pressure on the reduction of the average selling
prices (ASP). The recent financial crisis added pressure as it
resulted in higher government bond yields, and ASPs have
to decline even faster than previously expected to allow for
higher project internal rate of returns (IRRs). On the other
hand, the rapidly declining module and system prices open
new markets, which offer the perspectives for further growth
of the industry—at least for those companies with the ca-
pability to expand and reduce their costs at the same pace.



4. Conclusion

The increase of conventional energy prices has increased the
investment attention for renewable energies and in particular
photovoltaics significantly. Since 2006 the investments and
growth in thin film photovoltaics have surpassed the already
high growth rates of the whole photovoltaics industry but
have recently slowed due to technology and financial reasons.

Thin film solar cells still offer the possibility of reducing
the manufacturing costs considerably; however, considering
the increasing maturity of wafer-based production technolo-
gies, observed learning curves, and recent cost reductions,
newcomers have to enter the game at already very compet-
itive levels. In addition, the entry ticket, that is, factory size
for thin film manufacturers into the market, has increased
from a 20 MW factory in 2006 to a minimum of 100 MW in
2011 and is still growing with the increasing market volume.

Thin film technologies still need a lot of research over
a wide range of issues, ranging from improvement of the
understanding of basic material properties to advanced pro-
duction technologies and the possible market perspectives.
To tackle these problems, a long-term vision for photovol-
taics and long-term research are needed.

However, there is no “winning technology” and a viable
variety of technology options have to be ensured. To focus
on any single technology option now could be a road block
in the future. Public research funding structures should
take into account that different technologies are at different
development stages and need different kind of support
measures.

In order to realise high production volumes for PV we
must now look towards already available high-throughput,
high-yield production technologies analysing if and how
they can be utilised for PV in the future. This is especially
important for thin film solar cell materials, that have only
a limited backing by other industries, such as that provided
by the microelectronic industry, in the development of
production technologies for silicon solar cells. In addition,
there are a number of research issues common to all thin
film technologies which have to be solved. No single solar cell
technology can neither satisfy the world-wide demand nor
all the different wishes consumers have for the appearance or
performance of PV systems.

Disclaimer

The opinion given in this paper is based on the current
information available to the author and does not reflect the
opinion of the European Commission.
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Deposition of polysilicon (poly-Si) was tried to increase productivity of poly-Si by using two different types of gas nozzle in a
monosilane Bell-jar Siemens (MS-Siemens) reactor. In a mass production of poly-Si, deposition rate and energy consumption are
very important factors because they are main performance indicators of Siemens reactor and they are directly related with the
production cost of poly-Si. Type A and B nozzles were used for investigating gas nozzle effect on the deposition of poly-Si in a MS-
Siemens reactor. Nozzle design was analyzed by computation cluid dynamics (CFD). Deposition rate and energy consumption
of poly-Si were increased when the type B nozzle was used. The highest deposition rate was 1 mm/h, and the lowest energy

consumption was 72 kWh - kg ™! in this study.

1. Introduction

Poly-Si is widely used as a raw material in the semicon-
ductor and photovoltaic industry. Generally, most of poly-Si
produced by Siemens reactor are chemical vapor deposition
(CVD) systems with mixed gas of monosilane (SiHy, MS)
or trichlorosilane (SiHCls, TCS) and hydrogen (H,). High
purity silicon slim rods are installed in a Siemens reactor, and
they are heated by an electric current flowing through them
during deposition process. Poly-Si is deposited by thermal
decomposition of silanes in a hydrogen environment in a
Siemens reactor. Between two types of poly-Si production
system, TCS-Siemens reactor is preferred than MS-Siemens
reactor because TCS-Siemens is safe and inexpensive process
for poly-Si production than MS-Siemens reactor. Therefore,
almost 77% of the poly-Si produced worldwide is currently
obtained from TCS-Siemens reactor.

As the price of MS gas decreases, poly-Si production by
MS-Siemens reactor was realized as an attractive method for
commercialization because low decomposition temperature
and high decomposition rate of MS gas have an advantage
for lowering the unit cost of Poly-Si production.

The reaction in the Siemens reactor at the specific tem-
perature, the gases undergo the following reactions:

SiHy g — Si(s) + 2H, ¢

(1)
SiHCl; g + H, g — Si(s)+ 3HCl g

The decomposition temperature of MS is 300-500°C
[1], and, at this temperature, the kinetic energy of the
individual silicon atoms is too low to form crystalline
structures [2]. MS-Siemens reactors are typically operated at
temperatures in the range 800-900°C [3]. On the other hand,
the decomposition temperature of TCS is about 350-400°C
[4]. TCS-Siemens reactors are typically operated at higher
temperatures than MS-Siemens reactors because amorphous
structures might cause chlorine encapsulations [5]. These
chlorine encapsulations would cause defects and degrade
the quality of the poly-Si. Therefore, typical temperature
range for TCS-Siemens reactor is around 1050-1100°C much
higher than MS-Siemens reactor [6, 7].

Gas flow control is important to increase the productivity
of MS and TCS-Siemens reactor because the poly-Si produc-
tion is produced by CVD method.
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FIGURE 1: Schematic diagram of MS-Siemens reactor.

In this study, poly-Si was deposited by MS-Siemens
reactor and the gas flow control was tried with two different
types of nozzle system. The analysis of mass, heat, flow,
momentum, concentration of source gas, and so forth in
the inner space of reactor were accomplished by computa-
tional fluid dynamics (CFD). It is not easy to confirm the
phenomena of heat and flow in the reactor because heat and
flow in the inner space of reactor could be changed with
the structure, shape, position of nozzle, the flow pattern,
and temperature distribution of fluid. The analysis of heat
and flow is necessary to understand the deposition behavior
of poly-Si in a Siemens reactor. Optimum design of nozzle
is suggested for high productivity and economic poly-Si
production process through the comparison of simulation
and experimental results.

2. Experimental

Deposition of poly-Si was performed in a Siemens reactor
using SiH4 + H, system. MS-Siemens reactor is consisted
of chamber, nozzle, gas supply system, exhaust system, base
plate, electrode, heating jacket, and so forth as shown in
Figure 1. 4 highly pure silicon slim rods (9N) with thickness
of 7mm and length of 2100 mm were used as a substrate. 2
slim rods were connected by a bridge silicon rod. The reactor
was equipped with heating jacket around silicon slim rods for
preheating of slim rod before applying an electric current and
cooling of system temperature during deposition process.
Two different types of nozzle are used in this study called
as type A and B. The type A is composed of 4 orifices, and
they were vertically distributed with constant interval. Each
nozzle was set at an angle of 45 degree to the slim rod. The
type B was a ring type, consisted of 6 orifices, which sprayed
diluted gas from bottom to up at the height of 100 mm.

Experiment was performed with the MS concentration
of 4%, deposition time of 55 hours, silicon slim rod surface
temperature of 850°C, and reactor pressure of 3.5 kgf-cm 2.

To understand the behavior of gas flow in the reactor,
the commercial CFD software was used. The credibility of
CFD analysis has been acquired and recognized through
the researches for the transport phenomena of mass, heat,
and momentum in the various geometries that have been
performed for a long time. The ANSYS FLUENT 12.1 is used
as a simulation program to analyze the transport phenomena
of fluid and describe the geometry of reactors. According
to the geometry of reactor, turbulent and vortex flow could
occur and other turbulent and vortex flow could be formed
by the momentum, energy, concentration, and so forth.
Therefore, it is difficult to calculate the heat and flow of gas
mixture directly.

Thus, lots of variables and turbulent models are required
to calculate the turbulent effect in the flow of fluid. The
realizable k-epsilon turbulent model is applied to precisely
analyze the phenomena about wall boundary layer and the
turbulent effects for extensive range. To get the reliable results
in the simulation, the modeling of reactor and operating
conditions were employed with 3-dimensional geometry.
8,500,000 meshes and Intel Xeon CPU (2.67 GHz/2.66 GH)
with 24 GB memory were used for calculation.

3. Results and Discussion

Experimental conditions and results are shown in Table 1.
The type of nozzle was only variable parameter in this study,
and the other experimental parameters such as initial rod
size, rod temperature, reactor pressure, monosilane flow rate,
and concentration were fixed. As deposition time increased,
7mm of silicon rod was changed to 45.2 mm and 62.6 mm
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Figure 2: The deposition thickness change of silicon rod with
deposition time.

TasLE 1: Experimental conditions and results.

Experimental data Nozzle type A Nozzle type B
.. . 7 7

Initial rod size (mm) (square)*2100(H) (square)*2100(H)

Rod temperature (°C) 850 850

Reactor pressure (kgf-cm~2) 3.5 3.5

SiH, flow rate (I-min~!) 5 to 40 5 to 40

SiH, concentration (%) 4 4

Run time (h) 55.3 55.5

Silicon deposition thickness 4521 62.6

(mm)

Deposited silicon (mm-h™!) 0.69 1

Energy consumption 111 7

(kWh-kg 1)

and the amount of deposited poly-Si was 31,320g and
60,750 g for type A and B nozzle, respectively. The changes
of silicon rod thickness with increasing deposition time
are shown in Figure 2. Deposition rates of poly-Si were
calculated to 0.69 mm/h for type A nozzle and 1 mm/h for
type B nozzle. The deposition rate of type B nozzle was larger
than that of type A. In order to understand these phenomena,
the simulations of each case were performed.

The simulation about the heat and flow phenomena
in the reactors and deposition rate on the slim rod were
conducted to explain the experimental results.

The simulation results in Figure 3 show that type B
nozzle has a larger concentration of MS gas on the 10 mm
position from silicon rod surface than type A. The deposition
rate of poly-Si on silicon slim rod surface of type B is also
larger than that of type A, and this result matches with
experimental result. High deposition rate of type B nozzle
is caused by the high MS concentration on the silicon slim
rod. MS gas distribution is more clarified in Figure 4. As

mentioned above, the type A nozzle is composed with 4
vertically arranged orifices that make the circulation flows
around the slim rod. Circulation gas stream of type A
uniformly distributes the MS gas in a reactor. Therefore, the
deposition rate of type A was relatively lower than that of
type B.

On the other hand orifice of type B nozzle was distributed
around silicon slim rod. Thus, the stream of gas mixture
could be formed around slim rod, and the higher MS
concentration of type B increased the deposition rate.

The velocity of gas mixture in an inner wall of heating
jacket is shown in Figure5. In case of type A, strong
circulating flow formed inner wall of heating jacket because
gas mixture of SiHy and H, was emitted from vertically
located 4 orifices of nozzle between silicon slim rod and
heating jacket. Emitted gas mixture flow upward due to
silicon slim rod was being heated. Therefore, gas stream
could be vortex flow as shown in Figure 5.

Gas stream of type B nozzle could be vertically formed
around silicon slim rod because gas mixture was emitted to
upward from the bottom of silicon slim rod. In this reason,
fast deposition of poly-Si was possible.

Figure 6 shows the thickness variation of 4 poly-Si rod
according to the height. The thickness of poly-Si varies
with deposition position. The highest thickness of poly-Si
deposited with type A nozzle was measured at the center of
poly-Si rod. It is certain that the vortex gas stream of type A
makes nonuniform deposition of poly-Si.

In case of nozzle B, poly-Si was uniformly deposited
in whole position because gas stream was formed around
silicon slim rod. The average deposition thickness was 62.5
mm, and deposition rate was 1 mm/h.

Energy consumption is very important parameter for
poly-Si production because the power consumption has a
larger fraction about 25% for poly-Si production in a mass
production system.

The overall value of energy consumption in this study
is shown in Figure 7. 3,490 kWh for type A and 4,381 kWh
for type B of electrical power were consumed, respec-
tively. It could be converted to quantitative value such as
energy consumption per unit weight of poly-Si, and it
was 111kWh-kg™! and 72kWh-kg™! for type A and B,
respectively. It seems that the energy consumption is closely
related deposition rate. High deposition rate of type B has
low energy consumption, and low deposition rate of type A
has high energy consumption.

4. Conclusions

Deposition of poly-Si was conducted in a MS-Siemens
CVD reactor using SiHy4 + H, system. To understand the
importance of nozzle design, deposition of poly-Si was
conducted two different type of nozzle (A and B). Type A
was composed of vertically arranged 4 orifices, and type B
was composed of circularly distributed 6 orifices.

Through experiment, it was realized that the type B
nozzle is better than type A for poly-Si deposition. Type B
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FIGURE 4: Simulation analysis of SiH; mass fraction between nozzle (a) type A and (b) B.
nozzle has high deposition rate, uniform deposition, and low CFD analysis was performed to understand the experi-
energy consumption. mental results. In the case of type A, the vortex flow was

The highest deposition rate in this study was 1 mm/h,  formed in the reactor which makes nonuniform deposition
and lowest energy consumption for production of unit  of poly-Si and low SiH4 concentration around silicon slim
weight of poly-Si was 72 kWh-kg™!. rod.



International Journal of Photoenergy

1.500e- 001
0.000¢+000
(ms™1)

(a)

1.500e- 001
0.000e+000

(ms1)

(®)

FIGURE 5: Simulation analysis results of fluid velocity between nozzle (a) type A and (b) B.
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On the other