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Ever increasing demand on the energy has fostered many
new generation technologies, which include photovoltaics. In
recent years, photovoltaic industry has grown very rapidly.
The installed capacity of PV for 2013 was about 37GW and
2014 sales are expected to be around 45GW. However, there
has been excess production for last several years, which is
responsible in part for the low prices (about 60 ¢/W). To
lower the PV energy costs further, a major strategy appears to
be going to high efficiency solar cells.This approach is favored
(over lower cost/lower efficiency) because cell efficiency has
a very large influence on the acceptable manufacturing cost
of a PV module. Hence, the PV industry is moving toward
developing processes and equipment to manufacture solar
cells that can yield efficiencies >20%. Thus, further research
is needed within existing technologies to accomplish these
objectives. Likewise, research will continue to seek new
materials and devices.

This is the third special issue of International Journal of
Photoenergy on Photovoltaic Materials and Devices and is
aimed at selection of papers on recent advances in materials
and PV systems. This issue contains thirteen papers on
various aspects of photovoltaics. These fall into four broad
categories:

(1) advances in conventional solar cells and materials
based on microcrystalline Si, modeling of bandgap-
tailoredCIGS, and characterization and processmod-
eling of new materials and device designs;

(2) design and applications of grid connected arrays
and applications to building integration: of particular
importance in concentrator application is the effect of
nonuniform illumination;

(3) novel materials: fullerene-based OPV and improve-
ments in preparation of dye sensitized solar cells;

(4) investigations on cuprous oxide, MoTe
2
, Cu
1.4
Te, and

CZTS by sol-gel method.

We hope that readers enjoy this issue.
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The design of a triple junction solar cell’s front contact grid can significantly affect cell conversion efficiency under high
concentration. We consider one aspect of grid design, choosing a linear grid within a distributed resistance cell model to optimize
finger spacings at concentrations between 500 and 2500 suns under uniform and nonuniform illumination. Optimization for
maximum efficiency under Gaussian irradiance profiles is done by SPICE analysis. Relative to the optimized uniform illumination
designs, we find enhancements of 0.5% to 2% in absolute efficiencies for uniform spacing. Efficiency enhancement with nonuniform
spacing under nonuniform illumination is also evaluated. Our model suggests that, at lower concentrations (<1000 suns), the
penalty for using uniformly spacedfingers instead of nonuniformly spacedfingers is<0.1%.However, at a concentration of 2500 suns
the penalty increases to 0.3%. Thus, relative to a uniform irradiance optimization, an absolute efficiency increase of 2.3% can be
attained for an optimized nonuniform spacing given the Gaussian irradiance profile under consideration.

1. Introduction

Multijunction solar cells based on III-V semiconductors
are the most efficient of all photovoltaic technologies, with
a record efficiency of 44.7% under concentration recently
reported [1]. Not only does concentration permit the bal-
ance of concentrator photovoltaic system costs to offset the
expensive material costs of multijunction solar cells, but it
also enhances cell efficiency through the logarithmic increase
in open circuit voltage [2]. The effects of concentration
lead to a nonuniform profile that is not effectively flattened
by secondary optic solutions [3]. Concentrator PV system
optics often generate profiles that peak sharply at the center
of the cell (Figure 1(a)) and follow a Gaussian distribution
[4]. Peak-to-average irradiance ratios (PAR) typically range
between 2 and 10 [2], but greater PARs are not unknown
[5]. The nonuniformity in irradiance leads to a nonunifor-
mity in current production that can decrease cell efficiency
[6, 7].

The decrease in cell performance becomes increasingly
evident at higher concentrations, where increasing current
densities drive higher series resistance (𝐼2𝑅) losses. The
impact of these 𝐼2𝑅 losses is a reduction in fill factor and
therefore a reduction in conversion efficiency [8]. For uni-
form irradiance, a linear grid with even finger spacing, as
shown in Figure 1(b), achieves maximum extraction effi-
ciency regardless of such losses. This is not the case for
nonuniform irradiance, where the consequent nonuniform
current production within each subcell also leads to lateral
currents that exacerbate carrier recombination. Continued
reliance on uniform irradiance grid designs is therefore a
cause for concern [6], motivating analyses of more realistic
scenarios.

Simulation tools such as TCAD Sentaurus allow for valu-
able understanding of how solar cell performance depends
on material properties and device structure [9]. However,
as their complexity drives long computational times, usage
of such tools is limited to simulating a small symmetrical
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Figure 1: (a) A Fresnel-lens based CPV system showing nonuniform illumination on the solar cell. (b) Triple junction solar cell structure
with a linear grid design; the bus-bars are outside the illumination area.

element of the device. Therefore, electrical models designed
in SPICE (simulation programwith integrated circuit empha-
sis) have been used to characterize the spatial dependence of
solar cell performance. Due to their inability to simulate the
effects of distributed resistance with varying irradiance pro-
files, classical lumped SPICE models do not permit realistic
simulation. Hence, distributed resistance models, capable of
simulating actual cell areas, are required for evaluating the
effects of nonuniform illumination.

In this paper, we use a two-diode equivalent circuit for
each subcell in a two-dimensional (2-D) distributed resist-
ance model to address non-uniform current production
under various Gaussian irradiance profiles. We report on
the efficiency enhancements obtained by grid spacing opti-
mization using realistic irradiance profiles at concentrations
of 500, 1000, 2000, and 2500 suns with both uniform and
nonuniform grid spacing. The results are compared with
those obtained from the corresponding uniform irradiance
analyses.

2. Numerical Model

2.1. Device Structure and Parameter Extraction. In order to
generate values for equivalent circuit parameters that act as
an input to the SPICE model, 𝐼-𝑉 curves for each subcell are
required.These can be obtained either by using experimental
data from isotypes or by simulating solar cell structures
using TCAD tools [9, 10]. In this work, we have designed
a triple-junction solar cell (TJSC) structure using TCAD
Sentaurus by Synopsys. The simulation has been performed
on a symmetrical element of a lattice-matched TJSC with 5%
shading due to an ohmic contact on a highly doped GaAs
cap layer.The structure consists of three subcells composed of
GaInP, InGaAs, andGe layers on aGe substrate [9] connected
in series using low-resistance tunnel junctions [11]. Previous
variants of the model have been validated with experimental

Table 1: Triple junction solar cell parameters as obtained by curve-
fitting simulated subcell IV curves at 1 sun.

Parameter Top subcell Middle subcell Bottom subcell
𝐼
01
(A) 1.0 × 10

−25
1.6 × 10

−19
1.6 × 10

−6

𝐼
02
(A) 1.0 × 10

−20
6.5 × 10

−12
1.3 × 10

−5

𝐼
𝐿
(mA) 12.9 12.9 21.5

𝑅sh (kΩ) 10 10 3.5

results. Since a two-diode model yields more accurate results
than a one-diode model [12], solar cell parameters have been
determined for each subcell by curve-fitting the subcell 𝐼-𝑉
curves to

𝐼 = 𝐼
𝐿
− 𝐼
𝐷1
− 𝐼
𝐷2
−

(𝑉 + 𝐼𝑅
𝑆
)

𝑅sh
, (1)

where the individual diode equations are

𝐼
𝐷1
= 𝐼
01
[exp(
𝑞 (𝑉 + 𝐼𝑅

𝑆
)

𝑘𝑇

) − 1] ,

𝐼
𝐷2
= 𝐼
02
[exp(
𝑞 (𝑉 + 𝐼𝑅

𝑆
)

2𝑘𝑇

) − 1] .

(2)

𝐼
𝐿
is the light-generated current (which is directly propor-

tional to the solar irradiation), 𝐼
01

and 𝐼
02

are reverse satu-
ration currents, 𝑞 is the electronic charge, 𝑘 is the Boltzmann
constant,𝑅

𝑆
is the series resistance,𝑅sh is the shunt resistance,

𝑉 is the output voltage, and 𝐼 is the output current of the solar
cell.

Since the values of 𝐼, 𝑉, and 𝑅
𝑆
are known from

the subcell 𝐼-𝑉 curves and from the sheet resistances of
the TJSC structure, the remaining unknowns, 𝐼

𝐿
, 𝐼
01
, 𝐼
02
,

and 𝑅sh, can be determined by curve-fitting using the
least-squares method [13]. The parameters thus obtained
are shown in Table 1 and have errors of less than 2%.
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Figure 2: Simulated subcell J-V data for the TJSC obtained using
TCAD Sentaurus (at 300K and 1 sun) along with the least-squares,
curve-fitted data.

Figure 2 shows the fitted subcell current-density versus volt-
age (𝐽-𝑉) curves along with the simulated (𝐽-𝑉) curves
obtained for this structure using TCAD Sentaurus.

2.2. 2-Dimensional Distributed Resistance Model. Equivalent
circuit representation of solar cells is useful for CPV system
analysis [14–17]. In this work, a 2-D distributed resistance
model for a TJSC is used [13]. This model, designed using
LTSPICE, is an improvement over the 2-D model described
by Nishioka et al. [14] as it includes equivalent circuits for
the directly illuminated regions and for the shaded areas
underneath the metal contact. The inclusion of equivalent
circuits for the shaded areas is essential to analyze the effects
of nonuniform illumination on cell efficiency [16].

Figure 3 presents a detailed circuit diagram for the SPICE
model depicting illuminated and shaded equivalent circuits
that comprise the repeated functional block. Since finger
spacing is variable (given constant finger width), the number
of functional blocks 𝑛 varies with spacing for each simulation
and is given by

𝑛 =

𝐴
𝑡

𝑆
𝑓
+𝑊
𝑓

, (3)

where 𝐴
𝑡
is the total cell area, 𝑆

𝑓
is the finger spacing, and

𝑊
𝑓
is the finger width. Narrower spacing requires a larger

number of functional blocks to represent the physical extent
of the TJSC being modeled.

The linear grid means a 2-Dmodel will suffice to describe
the TJSC. The model incorporates lateral resistance compo-
nents connecting the functional blocks across the rows (𝑅lat),
tunnel junction resistances (𝑅

𝑇
) connecting the subcells

in series, and contact resistances (𝑅se) for the electrodes.
The number of function blocks for a fixed cell dimension
determines the lateral resistance values [13, 18]. Electrode
resistances are assumed to be negligible, finger widths are
fixed at 5 𝜇m, and the active cell area is equal to 1 cm2. The
model therefore accounts for shading losses due to the fingers

Shaded areaIlluminated area

C

B

A

Repeated n times

RL1

RL2

RL3

RL4

RL5

RT1

RT2

RD

Rse

Figure 3: 2-D distributed resistance model developed in SPICE
showing the two-diode equivalent circuits for each of the subcells
where (A) top subcell, (B) middle subcell, and (C) bottom subcell
are connected in series using tunnel junctions. An illuminated and
a shaded unit form a complete functional block that is repeated 𝑛
times.

and ohmic losses due to series resistances. Bus bars are
assumed to be outside the active cell area and are not included
in the model. Shading losses and series resistances due to bus
bars are neglected for our simulations.

3. Optimization

In order to optimize finger spacing, the solar cell conversion
efficiency is assumed to be a unimodal objective function
with onemaximum. A derivative-free optimization approach
is adopted to maximize cell efficiency. In order to reduce the
number of iterations and for a faster convergence, a Golden-
section search algorithm is used. Finger spacings range from
50 𝜇m to 300 𝜇m, for a shading range of ∼2% to 10%, which is
typical for solar cell designs. Convergence of the optimization
process is ensured by requiring the absolute change in
efficiency to be less than 0.01%; spacing increments are 3 𝜇m.
Eight to ten iterations are sufficient to achieve convergence.
Section 3.1 below describes the optimization process for an
ideal uniform irradiance distribution; Section 3.2 describes
the process for a nonuniform irradiance distribution.

3.1. Under Uniform Illumination. Figure 4 shows efficiency as
a function of finger spacing at concentrations of 500, 1000,
2000, and 2500 suns under a uniform illumination profile
(1 sun = 900W/m2). The relationship between the short-
circuit current and the concentration is assumed to be linear
[2]. This implies that the short-circuit current for this cell at
1000 suns is 1000 times that of the short-circuit current under
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Figure 4: Efficiency as a function of spacing at 500, 1000, 2000, and
2500 suns under uniform illumination. An optimal finger spacing is
obtained using a Golden section search algorithm after 8–10 itera-
tions.

one sun operation. The figure reveals that the efficiency of
the cell reaches a maximum value at each concentration for
a specific finger spacing.

The optimal finger spacing at 500 suns is found to be
120𝜇m. However, at 1000 suns the optimal finger spacing
is reduced to 95 𝜇m. It is evident that this cell can perform
almost optimally, without much loss in efficiency (<0.2%), at
both 500 and 1000 suns if the fingers are spaced from 95 to
120𝜇m. At 2000 and 2500 suns, however, the cell needs to be
designed with more closely spaced fingers (optimal spacing
is 75𝜇m and 72𝜇m resp.) in order to get the best possible
efficiency. A similar trend is reported in an NREL technical
report [19]. The highest efficiencies obtained with this cell
under uniform illumination are 37.9% at 500 suns, 38.1% at
1000 suns, 38.0% at 2000 suns, and 37.9% at 2500 suns.

An increase in the slope of the efficiency versus spacing
curve with concentration indicates that the penalty for using
a nonoptimal spacing is greater at higher concentrations
(2000 and 2500 suns) than at lower concentrations (500 and
1000 suns). If the cell is designed with a 120 𝜇m spacing and
operated under uniform illumination at a concentration of
2500 suns, a 1.3% absolute loss in efficiency is observed as
compared to that obtained with the optimal spacing.

3.2. Uniform Spacing under Nonuniform Illumination. To
model nonuniform illumination, threeGaussian profiles with
different peak to average ratios (PARs) are used to represent
various types of concentrating optics. Efficiency optimization
is performed for PARs of 1.6, 2.6, and 5.3 at concentrations
of 500, 1000, 2000, and 2500 suns across the range of finger
spacings. A PAR of 1.6 approximates an ideal concentrating
system, while a PAR of 5.3 may represent a systemwith only a
primary Fresnel lens element and no secondary homogenizer.
Note that, while the total intensity of each irradiance profile
is kept constant, chromatic aberration effects are ignored in
the optimization.This implies that currentmismatch between

top, middle, and bottom subcells is neglected. Figure 5 shows
how the efficiency variation with finger spacing depends
on the illumination profile; uniform illumination has also
been included, for comparison.The threeGaussian irradiance
distributions are shown in the inset. The optimal finger spac-
ing is seen to decrease with both increasing nonuniformity
and increasing concentration, and the efficiency is likewise
reduced. Figure 5(a), at 500 suns, shows that, for the highest
PAR, the efficiency at the optimal uniform spacing of 120 𝜇m
is about 0.5% absolute lower than it would be at its optimal
90 𝜇m spacing; for Figure 5(b), at 1000 suns, the efficiency at
the optimal uniform spacing of 98 𝜇m is about 0.9% absolute
lower than it would be at its optimal 69 𝜇m spacing; and
for Figure 5(c), at 2000 suns, the efficiency at the optimal
uniform spacing of 75𝜇m is about 1.5% absolute lower than
it would be at its optimal 50 𝜇m. The results clearly illustrate
that an increase in concentration and in nonuniformity has
an increasingly significant effect on the conversion efficiency
of the solar cell.

3.3. Nonuniform Finger Spacing under Nonuniform Illumina-
tion. In order to further improve the efficiency of the cell
exposed to a nonuniform irradiance profile, a nonuniform
grid spacing is investigated to ascertain if unevenly spaced
fingers enhance cell efficiency. To reduce computational com-
plexity, the cell is virtually divided into a number of segments
of equal area. Spacing is uniform within a segment but dif-
fers between segments. For example, consider a solar cell
virtually divided into ten segments (say 𝑆

1
to 𝑆
10
). Since the

segments closest to the center of the cell will receive higher
illumination, the fingers should be more narrowly spaced at
the center of the cell than at the edges. Also, since Gaussian
irradiance profiles have been used to represent nonuniform
illumination, a symmetric spacing distribution can be used.
For example, the spacing for the two outermost segments, 𝑆

1

and 𝑆
10
, is the same.

Simulations show a negligible change in efficiency
(<0.01%) when the number of segments is increased beyond
ten. Therefore, ten segments are used for our model. Each
segment consists of a number of functional blocks given by

𝑌 = 𝑚 ∗ Seg𝑁 + 𝐶, (4)

where Seg𝑁 is the segment number for the symmetric left
half of the cell, 𝑚 is the slope of the linear profile, and 𝐶 is
a constant.

By varying the values of 𝑚 and 𝐶, the number of func-
tional blocks, and hence the finger spacing, is varied. Chang-
ing 𝑚 varies the spacing between segments more drastically
than changing 𝐶. In order to implement this in SPICE,
recalculation of resistance values for each segment, and for
intermediate areas between segment transitions, is required.
Maximum slope (Max𝑀) and constant (Max𝐶) values are
set to 10 and maximum efficiencies are obtained as the values
of 𝑚 and 𝐶 are varied between 1 and 10, yielding optimal
configurations for all irradiance profiles and concentrations.
Figure 6 shows results for a Gaussian irradiance profile of
PAR = 5.3 at 1000 suns and 2500 suns. At 1000 suns, a
maximum efficiency (𝜂max) of 36.9% is obtained at𝑚 = 2 and
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Figure 5: Efficiency as a function of finger spacing at a concentration of (a) 500 suns, (b) 1000 suns, and (c) 2000 suns; inset: Gaussian
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Table 2: Maximum efficiency (𝜂max) comparison with uniform and nonuniform spacing under PAR = 5.3 and PAR = 2.6 at various
concentrations (𝑋).

𝑋

PAR = 5.3 PAR = 2.6
𝜂max 𝜂max 𝜂max 𝜂max

Uniform spacing [%] Nonuniform spacing [%] Uniform spacing [%] Nonuniform spacing [%]
500 36.9 37.0 37.4 37.4
1000 36.8 36.9 37.5 37.5
2000 36.4 36.6 37.3 37.4
2500 36.1 36.4 37.1 37.2
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Figure 7: Optimal nonuniform spacing profile at (a) 500 suns and
(b) 2000 suns under a Gaussian irradiance profile (PAR = 5.3) with
the solar cell divided into ten equal segments.

𝐶 = 3. In this case the spacing varies from 195 𝜇m at the cell
edges to 72𝜇m at the cell center. At 2500 suns, 𝜂max = 36.4%
is obtained at𝑚 = 3 and 𝐶 = 4. In this case the spacing varies
from 137 𝜇m at the cell edges to 48𝜇m at the cell center.

Figure 7 shows the optimal spacing profile as a function of
segment position under nonuniform irradiance profile with a
PAR= 5.3 at concentrations of 500 and 2000 suns. It is evident
that the spacings become narrower toward the center of the
cell. For 500 suns, the spacing varies from 328𝜇m at the cell
edges to 86 𝜇m at the cell center; and for 2000 suns, it varies
from 162 𝜇m at the cell edges to 51 𝜇m at the cell center.

Similar simulations have been carried out for illumi-
nation profiles with PAR = 1.6 and PAR = 2.6. Negligible
change in maximum efficiency was seen for the near-optimal
profile (PAR = 1.6). Table 2 shows the maximum efficiency
for Gaussian profiles having a PAR of 2.6 and 5.3 at various
concentrations.

For lower concentrations and lower PAR values, the
penalty for using uniform spacing isminimal. A similar result
has been reported in [20] at 1000 suns. However, at higher
concentrations, a 0.3% absolute efficiency gain is observed.
The effect of using a nonuniform spacing ismore pronounced
as the irradiance PAR increases.

4. Conclusion

Our results indicate that, under uniform illumination, the
finger spacing needs to be optimized for the system con-
centration. Under nonuniform illumination, the effect of
finger spacing on solar cell efficiency can be pronounced. For
uniform spacing at 2500 suns, an efficiency enhancement of
2% absolute is obtained when optimizing using a Gaussian
profile of PAR = 5.3 rather than a flat profile. For nonuniform
spacing an additional enhancement in absolute efficiency of
0.3% was found. At lower concentrations, the penalty for
using evenly spaced fingers becomes negligible. The need
to optimize grid designs based on nonuniform illumination
is thus clearly demonstrated by our optimization of front
contact finger spacing onmultijunction solar cells usingmore
realistic irradiance profiles across a range of concentrations.
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One process of layer-by-layer sol-gel deposition without sulfurization was developed. The CZTS films with 1.2𝜇m and the sulfur
ratio of ∼48% were prepared and their characteristics were measured. The as-deposited and annealed films are of Kesterite
structure. The as-deposited films do not present obvious electric conduction type. However, the annealed 9-LAY-ANN film is
p-type conduction and has sheet resistance of 4.08 kΩ/◻ and resistivity of 4.896 × 10−1Ω⋅cm. The optic energy gap is 1.50 eV for
as-deposited films and is 1.46 eV after being annealed. The region deposited by using Lo-Con solution is more compact than that
by the Hi-Con solution from SEMmorphology images.

1. Introduction

Great attention is paid to the earth-abundant and nontoxic
CZTS (Cu

2
ZnSnS

4
) as a potential candidate for a light

absorbing layer in thin film solar cell devices. The theoretical
conversion efficiency of single-junction CZTS solar cell is
32.2% [1], because of its high absorption coefficient over
104 cm−1 and a suitable direct band gap of 1.4–1.5 eV. In
general, the methods of fabricating CZTS films consist of the
vacuum-based and the liquid-based techniques. The deposi-
tion systems are so expensive that they possibly increase the
manufacturing cost for the vacuum-based technology, such
as thermal evaporation [2] and Magnetron sputtering [3, 4].
However, the low-costmanufacturing system and process can
be adopted by liquid-based technology, such as screen print-
ing [5, 6], chemical bath deposition [7], electro-deposition
[8], and sol-gel method [9–15].

The optical and electronic properties of CZTS films are
dependent on their composition. So the sulfurization process
is an indispensable step for vacuum-based techniques in
order to obtain the stoichiometric film, because sulfur is apt
to be deficient in the vacuum ambiance owing to its high sat-
uration vapor pressure. On the other hand, the toxic H

2
S

was often used for the liquid-based deposition techniques to
avoid S-deficiency during the annealing process [5, 9–13]. So

the liquid-based techniques without intentional sulfurization
were developed by some research groups [6–8, 14, 15]. Park
et al. reported the CZTS film of 563 nm thickness with the
ratio of S being about 50%, which was prepared by using sol-
gel technology, by adding excess thiourea into the solution
[15]. Yeh et al. reported the CZTS film of 2.9𝜇mwith the ratio
of S below 40%, which was prepared by layer-by-layer sol-gel
technology in air with the synthetizing temperature of 593K
[14].

Usually, the thickness of CZTS thin film used as solar cell
absorbing layer should bemore than 1𝜇mwith the purpose of
absorbing the light sufficiently and the ratio of sulfur should
be about 50%, in order to ensure optical and electronic prop-
erties of the film.

In this work, one process of layer-by-layer sol-gel
(LBLSG) deposition without sulfurization was developed.
TheCZTS filmswith 1.2 𝜇mand the sulfur ratio of∼48%were
prepared and their characteristics were measured.

2. Experiment

The sol-gel solutions for CZTS precursors were prepared by
dissolvingCuCl

2
⋅2H
2
O,Zn (CH

3
COO
2
)
2
⋅2H
2
O, SnCl

2
⋅2H
2
O,

and CH
4
N
2
S into 2-methoxyethanol (2-metho) and
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Table 1: The amount of starting materials in the two solutions.

Solution CuCl2⋅2H2O (mmol) Zn(ac)2⋅2H2O (mmol) SnCl2⋅2H2O (mmol) CH4N2S (mmol) 2-metho (mL) MEA (mL)
Hi-Con 14.4 9.6 8 64 10 1
Lo-Con 3.6 2.4 2 16 10 1
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Figure 1: (a) XRD patterns of the CZTS films. (b) Raman spectrum of 9-LAY-ANN CZTS thin film.

monoethanolamine (MEA). The 2-metho and MEA were
used as the solvent and the stabilizer, respectively. Two types
of sol-gel solutions, named as Hi-Con and Lo-Con, were
prepared by the recipe shown in Table 1. Each solution was
stirred for 20min at 300K. The vicious yellow solution
Hi-Con was used to make the film thick enough and the pale
yellow solution Lo-Con aimed to make the film surface
smooth and compact.

CZTS films were deposited on the borosilicate glass. The
procedures to deposit each layer in the LBLSG included spin-
coating, drying, and baking. Firstly the solution was dropped
and rotated for 60 s at 3000 rpm; secondly the spin-coated
films were dried at 393K for 2 h in air on the hot plate;
thirdly the dried samples were baked at 523K for 10min
under nitrogen atmosphere in the quartz tube to prevent O

2

affecting the film. Three samples were prepared. The sample
3-LAY was deposited up to three layers on the borosilicate
glass, using solution Lo-Con by LBLSG process. The sample
5-LAY was deposited up to 5 layers, which was deposited
with two layers by using solution Hi-Con on the sample 3-
LAY. The sample 9-LAY was deposited up to 9 layers, which
was deposited with four layers by using solution Lo-Con on
the sample 5-LAY.The as-deposited samples of 5-LAY and 9-
LAYwere annealed at 773K for 60min underN

2
atmosphere,

named as 5-LAY-ANN and 9-LAY-ANN, respectively.
The structure and phase were characterized by X-ray

diffraction (XRD) by using a DX-2500 XRD diffractome-
ter from Dandong Fangyuan Instrument LLC, China. The
Raman spectrum was recorded by using a LabRAM-HR
Raman Spectrometer from Horiba-Jobin Yvon Ibh Ltd. The
filmmorphologies of surface and cross section were observed
by a Hitachi S-4800 scanning electron microscope (SEM),

and the compositions were determined by energy dispersive
spectrometer (EDS) attached to SEM. X-ray photoelectron
spectroscopy (XPS) was measured in order to analyze the
element chemical valence state of films via an X-ray pho-
toelectron spectroscope (KRATOS, AXIS Ultra DLD). The
transmittance was measured using a UV-VIS-NIR spec-
trophotometer PerkinElmer Lambda 950 with 150mm inte-
grating sphere. The film thickness was determined by a
surface profiler (XP-2, Ambios Technology, Inc.). The sheet
resistance was measured by RTS-9 four-probe test system
from Guangzhou 4Probes Tech. Inc., China. And the con-
ductive type was determined using cold-hot probe method
by a PN-12 conductive typemeasure system fromGuangzhou
4Probes Tech. Inc., China.

3. Results and Discussion

The XRD patterns of films are shown in Figure 1(a). The
as-deposited thin films, 5-LAY and 9-LAY, were poorly
crystalline, while the annealed films, 5-LAY-ANN and
9-LAY-ANN, are well crystalline which match well the
Kesterite structure of CZTS (JCPDS card 26-0575). The
refined tetragonal lattices parameters for 9-LAY-ANN are 𝑎 =
𝑏 = 5.42 Å, 𝑐 = 10.83 Å, and 𝑉 = 318.24 Å3, analyzed by
Jade5.0 software; however, for sample 5-LAY-ANN, the
refined tetragonal lattices parameters were not figured out
because of the major error. The crystallites size of 5-
LAY-ANN and 9-LAY-ANN was calculated as 24.9 nm and
31.8 nm, respectively, using Debye-Scherrer formula by
Jade5.0 software.
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Figure 2: XPS spectra of 9-LAY and 9-LAY-ANN CZTS thin films: (a) Cu 2p, (b) Zn 2p, (c) Sn 3d, and (d) S 2p.

Table 2: Element binding energy values of CZTS films’ XPS spectra.

Sample Cu 2p3/2 (eV) Cu 2p1/2 (eV) Zn 2p3/2 (eV) Zn 2p1/2 (eV) Sn 3d5/2 (eV) Sn 3d3/2 (eV) S 2p3/2 (eV) S 2p1/2 (eV)
9-LAY 932.0 951.4 1021.8 1044.7 486.5 494.9 161.5 163.0
9-LAY-ANN 931.7 951.7 1021.8 1044.9 486.6 495.0 161.0 162.5

Since the (112), (200), (220), and (312) peaks of
Cu
2
ZnSnS

4
XRD pattern are very close to the (111), (200),

(220), and (311) of ZnS XRD pattern (JCPDS card 65-5476), it
is necessary to identify further the phases by Raman spec-
troscopy [16]. The Raman spectrum of 9-LAY-ANN is
presented in Figure 1(b). The Cu

2
ZnSnS

4
Raman peaks are

observed at 287 cm−1 and 338 cm−1, while the ZnS Raman
peak is not observed at 351 cm−1, demonstrating a single-
phase Kesterite CZTS.

XPS spectra of 9-LAY and 9-LAY-ANN CZTS thin films
are shown in Figure 2. The element binding energy and the
spin-orbit splitting values are listed in Tables 2 and 3,
respectively, which are consistent with those reported in the
literatures [3, 6, 17]. The almost same characteristics of XPS
spectra between 9-LAY and 9-LAY-ANN demonstrate that

Table 3: Spin-orbit splitting values of CZTS films’ XPS spectra.

Sample Cu 2p (eV) Zn 2p (eV) Sn 3d (eV) S 2p (eV)
9-LAY 19.4 22.9 8.4 1.5
9-LAY-ANN 20.0 23.1 8.4 1.5

theCZTS phase began to grow in the LBLSGprocess, which is
consistent with XRD measurements, in which the broad and
weak peaks of (112), (220), and (312) are observed for as-
deposited samples.

The transmittance curves of the CZTS thin films are
shown in Figure 3(a), and the Tauc curves calculated from the
transmittance curves are shown in Figures 3(b)–3(e). The
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Figure 3: (a) Transmittances of CZTS films. (b)–(e) Tauc curves of CZTS films.

absorption band-edge blue shift of sample 3-LAY transmit-
tance is observed compared with 5-LAY. And the absorp-
tion band-edge blue shift of sample 5-LAY transmittance is
observed compared with 9-LAY. The absorption band-edge
is dependent on the material energy band structure, which
is determined by the atom arrangement and crystallization
degree. So 9-LAY film should have higher crystallinity than
5-LAY and 3-LAY. The optic energy gap from Tauc curves
are listed in Table 4. The annealed samples of 5-LAY-ANN
and 9-LAY-ANNhave lower optic energy band gap compared
with the as-deposited samples of 5-LAY and 9-LAY, which

indicates that the annealed films present higher crystallinity.
That is consistent with the XRD measurements.

Figure 4 shows SEM photographs concerning surface
and cross section morphology of 9-LAY and 9-LAY-ANN
CZTS films. There are no obvious grain characteristics for
as-deposited 9-LAY film, while about 30 nm grains can be
observed for the annealed 9-LAY-ANN film (see Figure 4).
Besides, the as-deposited film is compact according to
Figure 4(c), while the holes and bigger grains are observed for
annealed film as shown in Figures 4(b) and 4(d). The region
deposited by using the Lo-Con solution ismore compact than
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(a) (b)

(c) (d)

Figure 4: SEM photographs of CZTS films. (a) and (c) Surface and cross section of 9-LAY. (b) and (d) Surface and cross section of 9-LAY-
ANN.

Table 4: Characterizations of the CZTS films.

Sample Thickness (𝜇m) Sheet resistance (Ω/◻) Conduction type Eg (eV)
3-LAY 0.4 \ \ 2.05
5-LAY 1.3 \ \ 1.50
5-LAY-ANN 0.9 5.25 × 10

3 P 1.46
9-LAY 1.7 \ \ 1.48
9-LAY-ANN 1.2 4.08 × 10

3 P 1.46

Table 5: The compositions of the CZTS thin films.

Sample Cu% Zn% Sn% S% Cl% Cu/(Zn + Sn) Zn/Sn
9-LAY 19.44 15.11 10.64 46.44 8.37 0.75 1.41
9-LAY-ANN 23.49 16.04 12.35 48.12 \ 0.83 1.30

that deposited by using the Hi-Con solution, as shown in
Figures 4(c)-4(d).

Table 5 is the chemical compositions of CZTS films
obtained by EDS measurement. There is Cl in the as-
deposited sample, 9-LAY, but Cl is not detected from the
annealed 9-LAY-ANN film. The ratio of S/(Cu + Zn + Sn) is
1.028 for 9-LAY and decreases to 0.928 after being annealed.
The ratio of metal elements, Cu/(Zn + Sn) and Zn/Sn, is 0.83
and 1.30, respectively, for the annealed 9-LAY-ANN, which is
Cu-poor and Zn-rich.

The as-deposited films did not demonstrate obvious con-
duction type and their sheet resistances were too high to be
measured by four-probe test system. The sheet resistances of

5-LAY-ANN and 9-LAY-ANN are 5.25 kΩ/◻ and 4.08 kΩ/◻,
respectively, and their resistivity is 4.725 × 10−1Ω⋅cm and
4.896 × 10−1Ω⋅cm, respectively. The film crystallinity change
andCu-poorwill promote the formation of copper vacancy in
the annealing process, which is the reason that the conduc-
tion type and sheet resistance of the annealed films could be
detected.

4. Conclusion

CZTS films were prepared by LBLSG technology without
specific sulfurization. The CZTS phase began to form in
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the LBLSG process. And the grains grew up to ∼30 nm
after being annealed. The optic energy gap is 1.50 eV for as-
deposited film and is 1.46 eV after being annealed. The as-
deposited and annealed films are both of Kesterite structure.
The as-deposited films do not present obvious electric con-
duction type. However, the annealed film is p-type conduc-
tion and has sheet resistance of 4.08 kΩ/◻ and resistivity of
4.896× 10−1Ω⋅cm for 9-LAY-ANNfilm.The region deposited
by using Lo-Con solution was more compact than that by the
Hi-Con solution from SEMmorphology images.
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The effect of Cu(In,Ga)Se
2
(CIGS) with V-shaped bandgap on device performance is investigated in detail. A series of Ga/(In+Ga)

ratio are set to study the influence of V-shaped bandgap profile on the electricity of CIGS thin film solar cells.Themodeling of device
current density-voltage (J-V) curve and bandgap grading profile corresponded well to measurement results. Detailed characteristic
andmodeling results show that an increased gradient of bandgap from valley to the buffer layer CdS will result in a barrier and lead
to an enhanced recombination in the valley. This phenomenon can be modified by the back electric field resulting from a gradient
bandgap from valley (bandgap minimum) to the Mo back contact. These results indicate CIGS-based solar cells can achieve higher
performance by optimizing the V-shaped bandgap profile.

1. Introduction

Nowadays, it is an important issue to improve the conversion
efficiency of thin-film solar cells. Impressively, the record
conversion efficiency of thin-film Cu(In,Ga)Se

2
-based solar

cells are to date over 20% [1]. The major advantage of the
CIGS-based solar cell is that the quaternary material system
can attain a variable bandgap energy and lattice parameters
by varying the Ga/(In+Ga) ratio [2]. Chalcopyrite CIGS is
reported to have an adjustable bandgap from 1.01 eV (CIS) to
1.636 eV (CGS) by changing the gallium content from 0 to 1
[3]. However, only the position of the conduction-band edge
will be affected when changing the CIGS bandgap [4, 5]. The
latest reported high efficiency CIGS solar cell uses three- or
multistage evaporation processes to prepare CIGS absorber
layer with a double-graded bandgap profile, a higher gallium
content towards the back and the front of the CIGS absorber
layer, and a notch of low gallium content in between [6]. From
the other earlier research, the influence of the decreasing of

gallium content from the buffer layer towards the notch of
the absorber can enhance the electrons generated within the
space-charge region [7]. Furthermore, the potential benefit
of the Ga content increases from notch towards the back
contact induces a back-surface field in the conduction band,
which causes electrons to drift away from the rear contact
and thereby reduces the recombination at the back contact
[8]. As mentioned above, it is an excellent method to provide
a variable bandgap of CIGS and obtain higher open circuit
voltage and efficiency by using gallium to replace partial of
indium.

However, it is hard to understand the benefits and effects
of “grading” by studying the actual devices. Therefore, in
order to understand how “grading” can improve cell per-
formance, a novel approach is to use numerical modeling
[9, 10]. In this paper, we investigate the influence of the Ga
content numerically in the CIGS solar cells by modeling and
device simulation.The amount of Ga doping is fixed in order
to avoid the influence of open-circuit voltage by different
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Table 1: Base parameters for CIGS numerical model.

AZO i-ZnO CdS CIGS
Thickness (nm) 500 50 50 2000
𝜀 9 9 10 13.6
𝜇
𝑛
(cm2/Vs) 50 50 10 300
𝜇
𝑝
(cm2/Vs) 5 5 1 30
𝑁A (1/cm3) 0 0 0 8.𝐸 + 16

𝑁D (1/cm3) 1.𝐸 + 20 1.𝐸 + 17 5.2𝐸 + 16 0
𝐸
𝑔
(eV) 3.3 3.3 2.4 grading
𝜒 (eV) 4 4 3.75 3.89
𝜀, dielectric constant; 𝜇𝑛, electron mobility; 𝜇𝑝, hole mobility;𝑁A, effective
density of states in conduction band;𝑁D, effective density of states in valence
band; 𝐸𝑔, bandgap energy; 𝜒, electron affinity.

gallium content, and we introduce different distributions in
absorber layer to analyze and investigate the effect of different
type of gradient bandgap.

2. Simulation

The device characteristics of the CIGS solar cells are studied
numerically using the APSYS simulation program, which
was developed by Crosslight Software Inc. [11]. The APSYS
simulation program can deal with electrical properties by
solving several interwoven equations including the basic
Poisson’s equation, drift-diffusion equations, photon rate
equation, and scalarwave equation. To investigate the effect of
bandgap grading in a CIGS solar cell, physical parameters of
CIGS solar cells needed for electrical modeling are obtained
from measurements and earlier literatures to construct the
accurate model [12–14]. Table 1 lists the parameters used in
the numerical model. In the simulation, the model consists
of several layers including 500-nm-thick AZO transparent
conductive oxide layer, 50-nm-thick intrinsic ZnO layer, 50-
nm-thick CdS buffer layer, and 2-𝜇m-thick CIGS absorber
layer. All simulations have been performed under anAM 1.5G
light spectrum.

From the previous reports, the bandgap grading is
dependent on the Ga composition, and the variation of
the Ga/(In+Ga) ratio, 𝑥, will affect the value of bandgap.
The relation between Ga/(In+Ga) ratio and bandgap can be
described by the following formula:

EgCIGS = EgCIS (1 − 𝑋) + 𝑋EgCGS − 𝑏𝑋 (1 − 𝑋) , (1)

where EgCIS = 1.01 eV, EgCGS = 1.636 eV, 𝑏 = 0.167 eV, and
the modeling reference of Ga grading profile was obtained
from secondary ion mass spectroscopy (SIMS) data [15, 16].

In order to confirm the validity of ourmodel, the results of
numerical analysis are compared with device measurement.
Afterward two different types of absorber layer are discussed
in detail. In the first type, we fix the Ga doping and vary
bandgap notch depth (minimum bandgap). Whereas, the
second type keeps bandgap notch depth unchanged but with
different front grading (linear variation from notch increase
towards the front side). After that, the electrical properties

such as current density-voltage (J-V) curves, electric field
intensity, and recombination intensity are investigated.

3. Results and Discussion

The cell structure and cross-sectional scanning electron
microscopy (SEM) photographs of typical CIGS/Mo struc-
ture fabricated on Mo-coated soda-lime glass substrate are
shown in Figure 1(a). SEM images show a reduction in grain
size with increasing Ga content from top to bottom of
absorber layer, which agrees well with the results by other
groups [17]. In Figure 1(b), the J-V curve from simulation
is compared with experimental data, and inset shows the
bandgap grading (Ga content) in absorber layer. From SIMS
measurement result, one can find that bandgap shows a “V”-
shaped grading (see inset in Figure 1(b)) with the minimum
gap locating at 150 nm from the CdS/CIGS surface (located
at 𝑥 = 0 nm). All measurements and simulations are set
under room temperature. At the same time, the simulation
of J-V curve with V-shaped grading is corresponding well
to measurements. This result indicates that the baseline
parameters used in the model are in line with the physical
properties of actual device.

It has been well known that Ga doping will not only
change the CIGS bandgap but also obtain different open cir-
cuit voltage. The parameters are shown in Table 2. Therefore,
in the simulation, we compare the samples with same amount
of Ga contents in the absorber layer but different minimum
bandgap in a distance of 150 nm from the CdS/CIGS surface
as shown in inset of Figure 2(a). In addition, we also take
the case with no V-shaped grading into consideration. The
inset of Figure 1(b) shows the difference between the bandgap
minimum and maximum close to the back contact and CdS
buffer layer, which is defined as ΔEgBack and ΔEgFront, respec-
tively. From Figure 2(a), the fill factor of photovoltaic device
will increase as the depth of valley (minimum gap) in the
absorber layer increases. As expected, more recombination
might happen in the valley when the valley became deeper.
Simultaneously, a stronger electric field is created to provide
the carriers more energy to drift out the space charge region
(SCR) as the ΔEgBack becomes larger as shown in Figure 2(b).
In this way, the carrier collection will be increased and also
the fill factor. From these results we can speculate that the
positive ΔEgBF (ΔEgBF = ΔEgBack − ΔEgFront) can reduce the
recombination in the valley of absorber layer.

The effect of a ΔEgFront has been studied by many groups.
Dullweber et al. [18] have observed that the slight increasing
of Ga content in the front of the absorbers can not only
enhance the electrons generated but also reduce SCR recom-
bination. However, the Ga content increased strongly in the
front of the absorber layer will cause a barrier for electrons.
In Figure 3, the recombination intensity corresponding to
five kinds of bandgap with different V-shaped grading has
been investigated, the inset (a) and (b) show different type
profile of the bandgap shape with different depth of bandgap
minimum and ΔEgFront, respectively. Due to the fact that the
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Figure 1: (a) Cell structure and cross-sectional SEM photographs of a CIGS/Mo solar cell fabricated onMo-coated soda-lime glass substrate.
(b) Simulation result from device modeling with baseline parameters including a grading bandgap compared with experimental J-V curve
and SIMS data.

Table 2: Photovoltaic parameters of different sample of CIGS solar cells.

Samples 𝑉oc (V) 𝐽sc (mA/cm2) F.F. 𝜂 (%) Ga/(Ga + In)
𝑋 = 0 𝜇m 𝑋 = 0.15 𝜇m

Flat 0.55 28.77 0.45 7.15 0.19 0.19
A 0.56 31.42 0.59 10.43 0.15 0
B 0.56 31.51 0.59 10.33 0.15 0.03
C 0.56 31.57 0.55 9.72 0.15 0.1
D 0.57 31.57 0.49 8.78 0.25 0.03
E 0.57 31.43 0.42 7.46 0.35 0.03
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Figure 2: (a) Current density-voltage curves and (b) electric filed intensity of CIGS cells with different bandgap grading profiles taken under
illumination with an intensity of 1 sun at room temperature (300K).
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Figure 3: Recombination intensity of CIGS cells with different
bandgap grading profiles taken under illumination with an intensity
of 1 sun at 193 K.

thermal energy in room temperature will cause the electrons
to overcome it [19], the environmental temperature is set at
193 K in this simulation.

In the varied-notch depth cases, although the recombi-
nation intensity is stronger in the deeper notch situation,
the ΔEgBack is also increased and provides a higher electric
field for carriers to overcome the barrier, hence resulting
in lower recombination intensity. In the ΔEgFront cases,
larger slope will build up a higher barrier and cause the
carriers to be localized in the valley to release energy via
radiative recombination. In conclusion, there is an inversely
proportional relation between the electric field intensity and
recombination intensity. The higher electric field intensity

and lower ΔEgFront will cause a lower recombination in the
valley. In addition, as theΔEgBF is positive, the recombination
intensity is larger than that of the negative ΔEgBF, which
agreeswith our speculation. In order to illustrate the observed
blocking behavior, the band diagrams of grading profiles are
shown in Figure 4.

In Figure 4, the diagram describes the influence of ΔEgBF

clearly. In the Figure 4(a), the ΔEgBack is larger than ΔEgFront

(positive ΔEgBF); ΔEgBack can produce an inner electric field
to repel photo-induced electrons reach the backside, thereby
reducing the back-surface recombination velocity. However,
as Figure 4(b), the ΔEgFront is larger than ΔEgBack (negative
ΔEgBF); the inner electric field cannot give enough energy
to electrons to reach CdS n-type layer. Therefore, the valley
in the conduction band will trap the electrons and lead to
an enhanced recombination velocity with the holes in the
valence band which reduces the extraction of electricity.

4. Conclusion

In summary, we have developed a well-established model to
study the CIGS solar cells with various bandgap absorber
layers, and the results are corresponding well to actual
device measurements. The simulation results show that a
positive ΔEgBF can bring out an inner electric field to reduce
back-surface recombination velocity and overcome the front
barrier built up by ΔEgFront. On the contrary, the negative
ΔEgBF will generate a barrier between CdS and CIGS layer,
and the minority carriers (electrons) will be trapped in the
valley easier and lead to low device conversion efficiency. In
the future, thismodel can be adopted to optimize the bandgap
grading type and fabricate high conversion efficiency CIGS-
based thin film solar cell.
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Five fulleropyrrolidines andmethanofullerenes, bearing one or two terthiophenemoieties, have been prepared in a convenient way
and well characterized. These novel fullerene derivatives are characterized by good solubility and by better harvesting of the solar
radiation with respect to traditional PCBM. In addition, they have a relatively high LUMO level and a low band gap that can be
easily tuned by an adequate design of the link between the fullerene and the terthiophene. Preliminary results show that they are
potential acceptors for the creation of efficient bulk-heterojunction solar cells based on donor polymers containing thiophene units.

1. Introduction

The use of renewable energy sources instead of fossil fuel is a
necessity for humanity.The Sun is a green and cheap source of
energy: 10minutes of solar irradiation onto the Earth’s surface
is equal to the total yearly human energy consumption [1, 2].
The world energy challenge can be won harnessing the Sun
power with photovoltaic technologies. Organic photovoltaic
devices (OPVs) based on conjugated polymers and oligomers
have received a lot of attention because of their potential
for lightweight, flexible, and low cost photovoltaic energy
conversion [3–7]. Among them, the most common devices
are bulk-heterojunction (BHJ) polymer solar cellsmade upon
blending an electron donor conjugated polymer with an
electron acceptor material such as fullerene derivatives [3–7].
Fullerene-based OPV can be fabricated via vapor deposition;
however, considering the expected demand for enhancing
cost performance by mass production in the near future,
application of roll-to-roll processing (i.e., the solvent casting
method) appears highly desirable [8]. Therefore, develop-
ment of stable fullerene derivatives that show both high

power conversion efficiency and sufficient solubility in
organic solvents is strongly desired [3–7]. Various types of
fullerene derivatives for use as OPV acceptor materials have
thus been developed. [6, 6]-Phenyl-C61-butyric acid methyl
ester (PCBM) [9, 10] is known to be the best blendingmaterial
among these derivatives as an acceptor with polythiophenes
such as regioregular poly(3-hexylthiophene) (P3HT), which
is a typical donor partner in polymer solar cells [3–7].

Although PCBM is the most popular acceptor material
so far for BHJ polymer solar cells, it is important to explore
new easily accessible C60 derivatives as acceptor partners for
polymer donor materials with a huge diversity of chemical
structures. Many efforts have been devoted to the modifica-
tion of the PCBM skeleton by introducing substituents on
the phenyl ring, exchanging methyl groups with long alkyl
chains, an ethyleneoxy moiety, or a perfluoroalkyl chain to
tune the miscibility, thermal properties, and energy levels,
and the resulting methanofullerene derivatives have been
used to control the film morphology, raise the open circuit
voltage (𝑉oc), and improve the device stability [11–17]. A few
years ago, a PCBM analogue containing a thiophene moiety,
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Scheme 1: Synthesis of F1 and F2.

[6, 6]-thienyl-C61-butyric acid methyl ester (TCBM), has
been reported to exhibit device performance close to PCBM
with P3HT as the donor [11–17]. A series of TCBM ana-
logues with different alkyl chains (methyl, hexyl, and ethyl-
hexyl) at the 5 positions of the thiophene ring was then
prepared [18]. Like methanofullerenes, fulleropyrrolidines
are efficient acceptors for OPV devices and, recently, it
was established that the introduction of a thiophene moi-
ety on the pyrrolidine ring has a favorable effect on the
power conversion energy (PCE) of a solar cell [19]. It was
reported that 1-(2-(2-methoxyethoxy)ethyl)-2-(2-thiophen-
2-yl)fulleropyrrolidine and related derivatives with bithio-
phene or terthiophene are efficient acceptor partners with
P3HT, the compound bearing terthiophene being character-
ized by the highest𝑉oc but lower fill factor (FF) and short cir-
cuit current (𝐽sc) due to reduced solubility when compared to
the mono- and bithiophene derivatives [19]. In fact the solu-
bility of a fullerene derivative strongly affects themorphology
of its composite with P3HT and therefore the efficiency of the
cell [20, 21]. These interesting results prompted us to design
novel soluble terthiophene-substituted fullerene derivatives
as easily accessible acceptor molecules for BHJ polymer solar
cells (Scheme 1). We prepared both terthiophene-substituted
fulleropyrrolidines (F1–F3) and methanofullerenes (F4-F5),
with the aim of obtaining soluble acceptor materials with a
good affinity for donor polymers based on thiophene units
(Figure 1). As our work was in progress, as expected, it was
reported by Saravanan et al. that F2 is a better electron

N S S S

R R

SSS

R R

O
OMe

OS S S

R R

SS S

RR

O
OO

R = hexyl

N S S S

N S S S

R = hexyl

R = hexyl

O
OMe

PCBM

F1 F2

F3 F4

F5

Figure 1: Terthiophene-substituted fullerene derivatives studied in
the present work.

acceptor than PCBM for the fabrication of P3HT based bulk-
heterojunction solar cells [22].

2. Materials and Methods

General Comments. Solvents were dried by standard pro-
cedures: tetrahydrofuran (THF) and toluene were freshly
distilled fromNa/benzophenone under nitrogen atmosphere;
N,N-dimethylformamide (DMF) was dried over activated
molecular sieves; triethylamine (Et

3
N) was freshly distilled

over KOH. All reagents were purchased from Sigma-Aldrich
and were used without further purification (2,2:5,2-
terthiophene 99% purity, fullerene-C

60
99.5% purity, and

4-[(trimethylsilyl)ethynyl] benzaldehyde 97% purity). Reac-
tions requiring anhydrous conditions were performed under
nitrogen. 1Hand 13CNMRspectrawere recorded at 400MHz
on a Bruker AVANCE-400 instrument. Chemical shifts (𝛿)
for 1H and 13C spectra are expressed in ppm relative to
internal Me

4
Si as standard. Signals were abbreviated as

follows: 𝑠: singlet; bs: broad singlet; 𝑑: doublet; 𝑡: triplet;
𝑞: quartet; 𝑚: multiplet. Mass spectra were obtained by
FT-ICR Mass Spectrometer APEX II & Xmass software
(Bruker Daltonics) and 4.7 Magnet and Autospec Fission
Spectrometer (FAB ionization). MALDI-TOF mass spectra
were obtained using aMICROFLEX LT (Bruker) with dithra-
nol (DHB) or trans-2-[3-(4-tert-Butylphenyl)-2-methyl-2-
propenylidene]malononitrile (DCTB) as matrix. Absorp-
tion spectra were recorded at room temperature with a
Perkin-Elmer Lambda 950 spectrophotometer. Samples were
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prepared by dissolving the compounds in chlorobenzene
solutions in cell with 10mm optical path length. Thin layer
chromatography (TLC)was carried outwith precoatedMerck
F
254

silica gel plates whereas flash chromatography (FC)
was carried out with Macherey-Nagel silica gel 60 (230–400
mesh).

2.1. Preparation of Fullerene Derivatives F1–F3. Fullerenes
F1 and F2 were prepared according to Scheme 1, by using
compounds 1–5 as intermediates, whereas F3 was prepared
according to Scheme 2 with compounds 6 and 7 as interme-
diates.

2.2. Synthesis of Compound 2. Compound 2 was prepared as
reported in the literature [23]. Under a nitrogen atmosphere,
N-bromosuccinimide (NBS) (176.3mg, 0.99mmol, 1 equiv.)
was added in small portions to a solution of commercial
2,2:5,2-terthiophene (1) (245.7mg, 0.99mmol, 1 equiv.)
in N,N-dimethylformamide (14.1mL) and stirred for 24 h at
room temperature. The reaction mixture was diluted with
CH
2
Cl
2
(15mL) and washed with water (2 × 50mL): the

organic layer was dried over Na
2
SO
4
and evaporated to dry-

ness. The product, isolated in quantitative yield (324mg),
was used without further purification. 1H-NMR (400MHz,
CDCl

3
): 𝛿 7.25 (td, 1H, 𝐽 = 1.2Hz, 𝐽 = 3.6Hz), 7.20-7.19 (m,

1H), 7.10-7.08 (m, 1H), 7.06-7.02 (m, 2H), 6.99 (d, 1H, 𝐽 =
4Hz), 6.93 (d, 1H, 𝐽 = 3.6Hz).

2.3. Synthesis of Compound 4. The novel terthiophene
derivative 4 was prepared following a procedure reported
for related compounds [24]. To a solution of 4-ethynylben-
zaldehyde (3) (42.2mg, 0.32mmol, 1.2 equiv.), obtained start-
ing from 4-[(trimethylsilyl)ethynyl]benzaldehyde [25], and
terthiophene derivative (2) (88.5mg, 0.27mmol, 1 equiv.) in
degassed tetrahydrofuran (6mL), [PdCl

2
(PPh
3
)
2
] (7.6mg,

4mol%), CuI (3.1mg, 6mol%), and triethylamine (1.5mL)
were added, under a flow of nitrogen. The reaction mixture
was left under stirring at 70∘C overnight. The solvent was
removed under reduced pressure and the residuewas purified
by flash chromatography, using dichloromethane/hexane 6/4
as eluant, to give 4 as a dark yellow solid (66.1mg; yield 65%).

1H-NMR (400MHz, CDCl
3
): 𝛿 10 (s, 1H), 7.89 (d, 2H,

𝐽 = 8.4Hz), 7.67 (d, 2H, 𝐽 = 8.4Hz), 7.27 (d, 2H, 𝐽 = 3.6Hz),
7.22 (d, 1H, 𝐽 = 3.2Hz), 7.14 (d, 1H, 𝐽 = 3.6Hz), 7.11 (t, 2H,
𝐽 = 3.6Hz), 7.06 (dd, 1H, 𝐽 = 3.6Hz, 𝐽 = 5.2Hz).

2.4. Synthesis of Compound 5. The known terthiophene
derivative 5 [19] was prepared following a procedure reported
for related compounds [26]. To a solution of 2,2:5,2-
terthiophene (1) (100.7mg, 0.40mmol, 1 equiv.) in N,N-
dimethylformamide (3mL), under nitrogen and cooled to
0∘C, was added, in small portions, phosphoryl trichloride
(75.1mg, 0.49mmol, 1.2 equiv.). The cool bath was then
removed and the mixture was stirred for 24 h at 80∘C.
After cooling to room temperature, the reaction mixture was
neutralized with NaOH (2mL, 1.25M) and then diluted with
CH
2
Cl
2
and washed with water: the organic layer was dried
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Scheme 2: Synthesis of F3.

over Na
2
SO
4
and concentrated. The crude product was puri-

fied by flash chromatography, using dichloromethane as
eluant, to give 5 as a dark solid (77.4mg; yield 70%). 1H-NMR
(400MHz,CDCl

3
): 𝛿 9.88 (s, 1H), 7.69 (d, 1H, 𝐽 = 3.6Hz), 7.30

(t, 2H, 𝐽 = 4Hz, 𝐽 = 2Hz), 7.25 (t, 2H, 𝐽 = 4Hz, 𝐽 = 3.2Hz),
7.15 (d, 1H, 𝐽 = 4Hz), 7.07 (dd, 1H, 𝐽 = 3.6Hz, 𝐽 = 5.2Hz).

2.5. Synthesis of Compound 6. The terthiophene derivative 6
was prepared according to the literature [27]. To a solution of
2,5-dibromo-3,4-dihexylthiophene (523.4mg, 1.27mmol, 1
equiv.) and 2-tributylstannylthiophene (1.18 g, 3.17mmol, 2.5
equiv.) in degassed tetrahydrofuran (8.5mL), under a flow of
nitrogen, [PdCl

2
(PPh
3
)
2
] (71mg, 8mol %) and KF (581mg,

10 mmol, 7.9 equiv.) were added. The reaction mixture
was left under stirring at 70∘C overnight. The solvent was
removed under reduced pressure and the residue was diluted
with CH

2
Cl
2
and washed with water: the organic layer was

dried over Na
2
SO
4
and concentrated.The crude product was

purified by flash chromatography, using hexane as eluant, to
give 6 as a dark green oil (370mg; yield 70%). 1H-NMR data
are fully consistent with data reported in the literature [27].

2.6. Synthesis of Compound 7. The terthiophene derivative 7
was prepared following a procedure reported for related
compounds [26]. To a solution of 3,4-dihexyl-2,2:5,2-
terthiophene (6) (257mg, 0.62mmol, 1 equiv.) and N,N-
dimethylformamide (49.7mg, 0.68mmol, 1.1 equiv.) in
dichloroethane (6.2mL), under nitrogen and cooled to
0∘C, was added, in small portions, phosphoryl trichloride
(104.3mg, 0.68mmol, 1.1 equiv.). The cool bath was then
removed and the mixture was stirred overnight at 80∘C.
After cooling to room temperature, the organic solvent was
removed and the residue was dissolved in chloroform. A
solution of NaOH 1.25M was added and stirred for 2 h. The
organic layer was washed with water, dried over Na

2
SO
4
,

and concentrated. The crude product was purified by flash
chromatography, using chloroform as eluant, to give pure 7
(207mg; yield 75%). 1H-NMR (400MHz, CDCl

3
): 𝛿 9.91
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(s, 1H), 7.72 (d, 1H, 𝐽 = 4Hz), 7.38 (dd, 1H, 𝐽 = 1.2Hz,
𝐽 = 5.2Hz), 7.24 (d, 1H, 𝐽 = 4Hz), 7.19 (dd, 1H, 𝐽 = 0.8Hz,
𝐽 = 3.6Hz), 7.10 (dd, 1H, 𝐽 = 3.6Hz, 𝐽 = 1.6Hz), 2.82 (bt,
2H, 𝐽 = 8Hz, 𝐽 = 8.4Hz), 2.74 (bt, 2H, 𝐽 = 8Hz, 𝐽 = 8.4Hz),
1.63-1.53 (m, 4H), 1.48-1.39 (m, 4H), 1.36-1.33 (m, 8H), 0.91
(bd, 6H). MS (FAB+):𝑚/𝑧 376.

2.7. Synthesis of the New Fulleropyrrolidines F1–F3. Fullero-
pyrrolidinesF1–F3were prepared by using the Prato cycload-
dition procedure [28, 29]. A mixture of the suitable aldehyde
(1 equiv.), fullerene C-60 (1 equiv.), and sarcosine (8 equiv.)
was refluxed for 24 h in anhydrous toluene under a nitrogen
atmosphere. After cooling to room temperature, the solvent
was evaporated under vacuum and the residue was purified
by flash chromatography, as indicated in each case.

2.8. Synthesis of F1. The crude product was purified by flash
chromatography, using hexane/toluene from 4/6 to 3/7 as
eluant. Yield is 56%. 1H-NMR (400MHz, CDCl

3
): 𝛿 7.98 (bs,

2H), 7.63 (d, 2H, 𝐽= 8Hz), 7.25 (bd, 1H, 𝐽= 4Hz), 7.20-7.17 (m,
2H), 7.10 (q, 2H, 𝐽 = 4Hz, 𝐽 = 7.2Hz), 7.06 (d, 1H, 𝐽 = 4Hz),
7.04 (dd, 1H, 𝐽 = 4.8Hz, 𝐽 = 3.6Hz), 5.31 (s, 1H), 5.26 (bs,
1H), 4.46 (d, 1H, 𝐽 = 10Hz), 3.02 (s, 3H). MALDI-TOF MS:
𝑚/𝑧 1122.9 (C

83
H
17
NS
3
requires 1123.1, matrix DCTB).

2.9. Synthesis of F2. The crude product was purified by flash
chromatography, using hexane/toluene from 1/1 to 3/7 as
eluant. Yield is 42%. 1H-NMR (400MHz, CDCl

3
+ CS
2
): 𝛿

7.38 (bs, 1H), 7.23 (d, 1H, 𝐽 = 5.2Hz), 7.17 (d, 1H, 𝐽 = 3.6Hz),
7.13 (d, 1H, 𝐽 = 3.6Hz), 7.11 (d, 1H, 𝐽 = 4Hz), 7.08 (d, 1H,
𝐽 = 3.6Hz), 7.03 (dd, 1H, 𝐽 = 3.6Hz, 𝐽 = 4.8Hz), 5.29 (s, 1H),
5.05 (d, 1H, 𝐽 = 9.6Hz), 4.31 (d, 1H, 𝐽 = 9.6Hz), 2.99 (s,
3H).MALDI-TOFMS:𝑚/𝑧 1022.8 (C

75
H
13
NS
3
requires 1023,

without matrix).

2.10. Synthesis of F3. The crude product was purified by flash
chromatography, using hexane/toluene 1/1 as eluant. Yield is
60%. 1H-NMR (400MHz, CDCl

3
): 𝛿 7.37 (d, 1H, 𝐽 = 3.6Hz),

7.32 (bd, 1H, 𝐽 = 5.2Hz), 7.20-7.18 (m, 1H), 7.14-7.13 (m, 1H),
7.08-7.06 (m, 1H), 5.28 (s, 1H), 5.02 (d, 1H, 𝐽 = 9.6Hz), 4.28
(d, 1H, 𝐽 = 9.6Hz), 2.97 (s, 3H), 2.72-2.64 (m, 4H), 1.48-
1.44 (m, 2H), 1.40-1.37 (m, 2H), 1.32-1.27 (m, 12H), 0.91-0.85
(m, 6H). MALDI-TOF MS: 𝑚/𝑧 1192.6 (C

87
H
37
NS
3
requires

1191.2, matrix DHB).

2.11. Preparation of Fullerene F4. Fullerene F4 was prepared
from compounds 8–10 as shown in Scheme 3.

2.12. Synthesis of Compound 9. The novel compound 9 was
prepared as follows. To a solution of 3,4-dihexyl-2,2:5,2-
terthiophene (6) (409.6mg, 0.98mmol, 1 equiv.) and methyl
5-chloro-5-oxopentanoate (8) (161.7mg, 0.98mmol, 1 equiv.)
in toluene (1.6mL), under nitrogen and cooled to 0∘C,
was added, in small portions, tin tetrachloride (255.3mg,
0.98mmol, 1 equiv.) and stirred for 2 h. The reaction mixture
was diluted with CH

2
Cl
2
and washed with water: the organic

layer was dried over Na
2
SO
4
and concentrated. The crude

product obtained was purified by flash chromatography,
using dichloromethane as eluant, to give 9 as a pure product
(347mg; yield 65%). 1H-NMR (400MHz, CDCl

3
): 𝛿 7.67 (d,

1H, 𝐽 = 4Hz), 7.36 (dd, 1H, 𝐽 = 0.8Hz, 𝐽 = 5.2Hz), 7.18-7.15
(m, 2H), 7.09 (dd, 1H, 𝐽 = 3.6Hz, 𝐽 = 5.2Hz), 3.71 (s, 3H),
2.99 (t, 2H, 𝐽 = 7.2Hz), 2.81 (bt, 2H), 2.71 (bt, 2H), 2.48 (t,
2H, 𝐽 = 7.2Hz), 2.15-2.08 (m, 2H), 1.58-1.53 (m, 2H), 1.47-
1.39 (m, 4H), 1.36-1.29 (m, 8H), 0.92 (bd, 6H, 𝐽 = 6.8Hz).

2.13. Synthesis of Compound 10. The novel compound 10 was
prepared as follows. A mixture of 9 (165mg, 0.3mmol, 1
equiv.) and 𝑝-toluenesulfonyl hydrazide (68mg, 0.36mmol,
1.2 equiv.) was refluxed inMeOH (0.5mL) for 18 h. After cool-
ing to room temperature, the organic solvent was removed
under reduced pressure and the residue was dissolved in
dichloromethane and washed with water. The organic layer
was dried over Na

2
SO
4
and concentrated. The residue was

purified by flash chromatography, using hexane/ethyl acetate
7 : 3 as eluant, to give 10 as a pure product (148mg; yield 75%).
1H-NMR (400MHz, CDCl

3
): 𝛿 8.97 (s, 1H), 7.94 (d, 2H,

𝐽 = 8Hz), 7.35-7.30 (m, 2H), 7.16 (d, 1H, 𝐽 = 1.2Hz), 7.14 (d,
1H, 𝐽 = 4Hz), 7.09 (dd, 1H, 𝐽 = 3.6Hz, 𝐽 = 4.8Hz), 7.01 (d,
1H, 𝐽 = 3.6Hz), 3.82 (s, 3H), 2.77-2.69 (m, 4H), 2.62 (t, 2H,
𝐽 = 7.6Hz, 𝐽 = 8Hz), 2.45 (s, 3H), 2.35 (t, 2H, 𝐽 = 5.2Hz,
𝐽 = 6.4Hz), 1.58-1.54 (m, 4H), 1.45-1.42 (m, 4H), 1.37-1.29 (m,
8H), 0.92 (bd, 𝐽 = 6.4Hz). MS (FAB+):𝑚/𝑧 712.

2.14. Synthesis of F4. The new methanofullerene F4 was pre-
pared following procedures reported for related compounds
[18, 30, 31]. A mixture of 10 (55.3mg, 0.084mmol, 1.2
equiv.), sodium methoxide (4.5mg, 0.084mmol, 1.2 equiv.),
and dry pyridine (0.84mL) was stirred at room temperature
for 30min. Then a solution of fullerene C-60 (50.3mg,
0.07mmol, 1 equiv.) in o-dichlorobenzene (4.1mL) was
added, and the homogeneous reaction mixture was stirred
at 75∘C under nitrogen overnight. Then the mixture was
refluxed for 24 h (180∘C); after cooling to room temperature
the solvent was evaporated at reduced pressure, and the
residue was purified by column chromatography on silica
gel with toluene/hexane 6 : 4 as eluent to give F4 as a pure
product (yield 55%). 1H-NMR (400MHz, CDCl

3
): 𝛿 7.46 (d,

1H, 𝐽 = 4Hz), 7.33 (dd, 1H, 𝐽 = 4.4Hz, 𝐽 = 0.8Hz), 7.18 (dd,
1H, 𝐽 = 4.4Hz, 𝐽 = 0.8Hz), 7.15 (d, 1H, 𝐽 = 4.4Hz), 7.10
(dd, 1H, 𝐽 = 3.6Hz, 𝐽 = 5.2Hz), 3.72 (s, 3H), 3.01 (bt, 2H,
𝐽 = 8Hz), 2.79 (bt, 2H, 𝐽 = 8.4Hz, 𝐽 = 8Hz), 2.73 (bt, 2H,
𝐽 = 8.4Hz, 𝐽 = 8Hz), 2.63 (t, 2H, 𝐽 = 7.2Hz), 1.63-1.56 (m,
4H), 1.45-1.40 (m, 4H), 1.35-1.28 (m, 8H), 0.91 (bd, 6H, 𝐽 =
6.8Hz). MALDI-TOF MS:𝑚/𝑧 1248.9 (C

90
H
40
O
2
S
3
requires

1248.2, matrix DCTB).

2.15. Preparation of Fullerene F5. Fullerene F5 was prepared
from compounds 11–13 as shown in Scheme 4.

2.16. Synthesis of Compound 11. Under a nitrogen atmo-
sphere, N-bromosuccinimide (NBS) (408.6mg, 0.98mmol,
1 equiv.) was added in small portions to a solution of 3,4-
dihexyl-2,2:5,2-terthiophene (6) (147.7mg, 0.98mmol, 1
equiv.) in N,N-dimethylformamide (14mL, 0.07M) and
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stirred for 24 h at room temperature. The reaction mixture
was diluted with CH

2
Cl
2
(15mL) and washed with water (2×

50mL): the organic layer was dried over Na
2
SO
4
and concen-

trated. The product, isolated in quantitative yield (485mg),
was used without further purification. 1H-NMR (400MHz,
CDCl

3
): 𝛿 7.40-7.32 (m, 1H), 7.14 (d, 1H, 𝐽 = 2.4Hz), 7.08

(dd, 1H, 𝐽 = 3.6Hz, 𝐽 = 5.2Hz), 7.04-7.01 (m, 1H), 6.89-6.87
(m, 1H), 2.75-2.64 (m, 4H), 1.63-1.56 (m, 4H), 1.44-1.40 (m,
4H), 1.34-1.28 (m, 8H), 0.90 (bd, 6H, 𝐽 = 6.8Hz).

2.17. Synthesis of Compound 12. Thenew terthiophene deriva-
tive 12was prepared according to the following procedure. To
a solution of propargyl alchol (36.5mg, 0.65mmol, 1.1 equiv.)

and 11 (247.8mg, 0.59mmol, 1 equiv.) in degassed tetrahy-
drofuran (14.7mL), under a flow of nitrogen, were added
[PdCl

2
(PPh
3
)
2
] (16.6mg, 4mol %), CuI (6.7mg, 6mol%),

and triethylamine (3.7mL). The reaction mixture was left
under stirring at 70∘C overnight. The solvent was removed
under reduced pressure and the residue was purified by
flash chromatography, using chloroform as eluant, to give 12
(152mg; yield 55%). 1H-NMR (400MHz, CDCl

3
): 𝛿 7.34 (dd,

1H, 𝐽 = 4.8Hz, 𝐽 = 0.8Hz), 7.18 (d, 1H, 𝐽 = 4.8Hz), 7.15
(dd, 1H, 𝐽 = 3.6Hz, 𝐽 = 0.8Hz), 7.09 (dd, 1H, 𝐽 = 3.6Hz,
𝐽 = 5.2Hz), 7.01 (d, 1H, 𝐽 = 3.6Hz), 4.55 (s, 2H), 2.74-2.68
(m, 4H), 1.59-1.55 (m, 4H), 1.44-1.41 (m, 4H), 1.36-1.29 (m,
8H), 0.92 (bd, 6H, 𝐽 = 6.8Hz).
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2.18. Synthesis of Compound 13. The new terthiophene deriv-
ative 13was prepared as follows.Malonyl dichloride (1.75mL,
18mmol, 1 equiv.) was added to a solution of terthiophene 12
(142mg, 0.3mmol, 2 equiv.) and pyridine (23.7mg, 0.3mmol,
2 equiv.) in dichloromethane (2.1mL) at 0∘C under nitrogen.
After 1 h, the mixture was allowed to warm up to room
temperature and then stirred for 18 h, filtered, and evaporated.
The residue was purified by flash chromatography, using
dichloromethane/hexane 8/2 as eluant, to give 13 (106mg;
yield 70%). 1H-NMR (400MHz, CDCl

3
): 𝛿 7.34 (d, 2H, 𝐽 =

5.2Hz), 7.21 (d, 2H, 𝐽 = 4Hz), 7.14 (dd, 2H, 𝐽 = 3.6Hz,
𝐽 = 1.2Hz), 7.08 (dd, 2H, 𝐽 = 3.6Hz, 𝐽 = 5.2Hz), 7.01 (d, 2H,
𝐽 = 3.6Hz), 5.05 (s, 4H), 3.57 (s, 2H), 2.73-2.67 (m, 8H), 1.58-
1.54 (m, 8H), 1.46-1.41 (m, 8H), 1.35-1.29 (m, 16H), 0.93 (m,
12H). MS (FAB+):𝑚/𝑧 1008.

2.19. Synthesis of F5. The new methanofullerene F5 was
prepared following procedures reported for similar com-
pounds [32, 33]. 1,8-diazabicyclo[5.4.0]undec-7-ene (19.3mg,
0.125mmol, 2.5 equiv.) was added under nitrogen at room
temperature to a stirred solution of fullerene C-60 (39mg,
0.05mmol, 1 equiv.), I

2
(19mg, 0.075mmol, 1.5 equiv.), and

13 (55mg, 0.05mmol, 1 equiv.) in toluene (39mL) at room
temperature. The resulting solution was stirred for 12 h and
then filtered through a short plug of silica (CH

2
Cl
2
) and evap-

orated. The residue was purified by flash chromatography,
using hexane/toluene 6/4 as eluant, to give F5 (yield 52%).
1H-NMR (400MHz, CDCl

3
): 𝛿 7.33 (dd, 2H, 𝐽 = 5.2Hz,

𝐽 = 1.2Hz), 7.20 (d, 2H, 𝐽 = 4Hz), 7.13 (dd, 2H, 𝐽 = 3.6Hz,
𝐽 = 1.2Hz), 7.07 (dd, 2H, 𝐽 = 3.6Hz, 𝐽 = 4.8Hz), 6.98 (d, 2H,
𝐽 = 4Hz), 5.38 (s, 4H), 2.73-2.68 (m, 8H), 1.56-1.54 (m, 8H),
1.43-1.38 (m, 8H), 1.34-1.28 (m, 16H), 0.92 (m, 12H). MALDI-
TOF MS: 𝑚/𝑧 1729.3 (C

117
H
66
O
4
S
6
requires 1727.3, matrix

DCTB).

2.20. Electrochemical Characterization. The cyclovoltammet-
ric (CV) characterization was carried out with an Auto-
lab PGSTAT 128N potentiostat, run by a PC with GPES
software. The working cell included a Glassy Carbon (GC)
disk embedded in Teflon (Amel, surface 0.071 cm2) as the
working electrode, a Platinum counter electrode (Metrohm),
and an aqueous saturated calomel electrode (SCE, Amel)
as the reference electrode. The sample was dissolved in
o-dichlorobenzene (≈0.5mg/mL) and drop coated from a
capillary on the GC electrode. The electrolytic solution was
acetonitrile (Carlo Erba, HPLC grade) with 0.1M tetra-
butylammonium tetrafluoroborate TBATFB (Fluka, electro-
chemical grade). The solution was degassed with argon
purging. The scan rate was 200mV s−1. According to IUPAC
recommendations the data have been referred to the Fc+/Fc
redox couple (ferrocenium/ferrocene).
𝐸HOMO and 𝐸LUMO values were extrapolated from the

onset peaks potential.

2.21. Preparation and Characterization of Solar Cells. Solar
cells were fabricated on patterned ITO-coated glass substrates
previously cleaned with detergent and water and then ultra-
sonicated in acetone and isopropyl alcohol for 15min each.

A PEDOT : PSS (Clevios PVPAI 4083) layer was spin-coated
at 3000 rpm onto air plasma cleaner ITO-coated substrates
to a thickness of around 40 nm and then baked in an oven
at 120∘C for 10min. Fullerenes and P3HT were dissolved
separately in chlorobenzene (20mg/mL) (Carlo Erba, HPLC
grade), mixed 1 : 1 w/w obtaining a total concentration of
10mg/mL, and then stirred overnight at 70∘C. The blend
solutions were spin-coated at 600 and 1200 rpm in glove box
onto the ITO/PEDOT : PSS substrates. The thickness of the
active layers, measuredwith a VeecoDektak 150 profilometer,
ranged between 50 nm and 130 nm. Then the samples were
completed with the thermal evaporation of the Al (80 nm)
cathode at a base pressure of 10−6mbar. The active device
area was 25mm2. The devices were postproduction thermal
annealed in glove box (nitrogen filled) at 150∘C for 10min.
The device electrical characterization was carried out at room
temperature in glove box. Solar cells were illuminated using
a solar simulator (Sun 2000, Abet Technologies) and the
light power intensity was calibrated at AM1.5 illumination
conditions (100mWcm−2) using a certified silicon solar cell.
The current-voltage curves were taken with a Keithley 2602
source measure.

3. Results and Discussion

Terthiophene is an interesting 𝜋-conjugated electron-
releasing substituent group that can influence both the light
absorbing behavior and charge separation process of
fullerenes. Interestingly, it was reported that 1-(2-(2-meth-
oxyethoxy)ethyl)-2-(terthiophene)fulleropyrrolidine is an
efficient acceptor partner with P3HT, being characterized by
a higher 𝑉oc but lower fill factor and shorter circuit current
with respect to related compounds bearing thiophene or
bithiophene instead of the terthiophene moiety, attributed to
its lower solubility [19]. These interesting results prompted
us to design novel soluble terthiophene-substituted fullerene
derivatives as easily accessible acceptor molecules for
BHJ polymer solar cells (Scheme 1). We prepared both
terthiophene-substituted fulleropyrrolidines (F1–F3) and
methanofullerenes (F4-F5), with the aim of obtaining soluble
acceptor materials with a good affinity for donor polymers
based on thiophene units.

The novel terthiophene-substituted fulleropyrrolidines
(F1, F3) and the known F2 [22] were prepared following
a method similar to that originally developed by Prato
and Maggini and coworkers (Schemes 1 and 2) [28, 29].
Sarcosine was treated with [C60]-fullerene in the presence of
a suitable terthiophene-substituted aldehyde, in toluene, and
themixture was heated under reflux for 24 h under a nitrogen
atmosphere.

The novel terthiophene-substituted methanofullerene
F4 was prepared following the procedure reported for
other methanofullerenes [18, 30, 31], by reaction of the 𝑝-
tosylhydrazone 10 with sodium methoxide and fullerene C-
60 (Scheme 3), whereas F5 was synthesized by the Bingel
reaction [32, 33] treating the novel bisterthiophenylmalonate
13with iodine, fullerene, and 1,8-diazabicyclo[5.4.0]undec-7-
ene (Scheme 4).
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Figure 2: UV-visible absorption spectra of F1–F3 and PCBM in
chlorobenzene.

All fulleropyrrolidines and methanofullerenes were puri-
fied by silica gel flash chromatography and characterized by
elemental analyses, 1H NMR and UV-visible spectroscopies,
mass spectrometry, and cyclovoltammetry (see Section 2).

Figures 2 and 3 show the UV-visible absorption spectra of
fullerenes F1–F5 along with that of PCBM in chlorobenzene
solution.

The fulleropyrrolidine F2 shows a broad absorption band
between 350 and 400 nm, as expected for a terthiophene
moiety [22]. This band is red shifted in compound F1, in
agreement with the presence of a 𝜋-delocalized bridge
between the pyrrolidine and the terthiophene moiety, and
blue shifted in compound F3, due to the presence of the hexyl
chains, responsible of the tilting of the structure and the final
reduced conjugation.

Red shifting is observed in the compounds F4 and
F5 in comparison with PCBM. Interestingly also a large
enhancement in the 𝜀 of the peak at 330 nm (assigned to the
fullerene) is obtained. Theoretically this enhancement can
benefit the performance of the solar cells being the absorption
in this region complementary to P3HT. In fact, it was reported
that fullerenes’ derivatives with a better light absorption
can lead to a better power conversion efficiency since more
photons are available to be converted into electricity [34].

The electrochemical properties of the various fullerenes
were examined by cyclic voltammetry (CV). Current poten-
tial profiles are shown in Figures 4 and 5.

We use the first oxidation and reduction potentials to esti-
mate the HOMO and LUMO energy levels by means of equa-
tions 𝐸HOMO(eV) = −(𝐸OX +4.8) and 𝐸LUMO(eV) = −(𝐸RED +
4.8), which involve the use of the internal ferrocene standard
value of −4.8 eV with respect to the vacuum level [35, 36].
The results are summarized in Table 1. Interestingly, all the
novel fullerene derivatives have an enhanced LUMO level
with respect to PCBM, possibly improving the 𝑉oc. In fact,
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Figure 3: UV-visible absorption spectra of F4, F5, and PCBM in
chlorobenzene.
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Figure 4: Synopsis of cathodic part of cyclovoltammograms for
fullerenes F1–F5 and PCBM.

Kim and coworkers reported that the 𝑉oc of an OPV device
is determined by the difference between the HOMO level of
the p-type semiconductor and the LUMO level of the n-type
conductor [37]. Fullerenes F1–F3 and F5 are characterized by
a remarkably low band gap due to a relatively high HOMO
level.
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Figure 5: Synopsis of anodic part of cyclovoltammograms for
fullerenes F1–F5 and PCBM.

Table 1

Fullerene derivative 𝐸HOMO (eV) 𝐸LUMO (eV) Band gap (eV)
F1 −5.15 −3.78 1.37
F2 −5.27 −3.78 1.49
F3 −5.29 −3.74 1.55
F4 −5.67 −3.75 1.92
F5 −5.26 −3.79 1.47
PCBM −6.01 −3.83 2.18

The use of fullerenes F1, F3, and F4 as acceptor molecules
for bulk-heterojunction polymer solar cells was investigated
in a preliminaryway using P3HT as donor polymer.However,
up to now the highest power conversion efficiency, reached
with F4, was 0.46% only, although acceptable FF (0.30)
and 𝑉oc (0.48 Volt) were obtained. A wider screening of
solvents and thickness in order to optimize morphology and
performance is in progress in our laboratories.

4. Conclusions

In summary, we have prepared five interesting soluble
fulleropyrrolidines and methanofullerenes, bearing one or
two terthiophene moieties, as potential acceptors for the
creation of efficient bulk-heterojunction solar cells based
on donor polymers containing thiophene units. These novel
fullerene derivatives are characterized by a better harvesting
of the solar radiation with respect to traditional PCBM. In
addition, they have a relatively high LUMO level and a low

band gap that can be easily tuned by an adequate design of
the link between the fullerene and the terthiophene.

Besides, it is worth pointing out that the new fullerene
derivatives prepared in the present work are also of interest as
new molecular building blocks for materials with nonlinear
optical (NLO) properties [38–43]. In particular, because the
methanofullerene F4 is an excellent candidate as second-
order NLO chromophore due to the presence of the highly
polarizable electron acceptor C60-fullerene system linked to
the donor terthiophene through a cyclopropane group, its
quadratic hyperpolarizability is under study in our laborato-
ries.
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Molybdenum-tellurium alloy thin films were fabricated by electron beam evaporation and the films were annealed in different
conditions in N

2
ambient. The hexagonal molybdenum ditelluride thin films with well crystallization annealed at 470∘C or higher

were obtained by solid state reactions. Thermal stability measurements indicate the formation of MoTe
2
took place at about 350∘C,

and a subtle weight-loss was in the range between 30∘C and 500∘C. The evolution of the chemistry for Mo-Te thin films was
performed to investigate the growth of the MoTe

2
thin films free of any secondary phase. And the effect of other postdeposition

treatments on the film characteristics was also investigated.

1. Introduction

Molybdenum ditelluride (MoTe
2
) belongs to the large family

of layered transition metal dichalcogenides, which is bound
by weak van der Waals interactions along the 𝑐-axis [1].
The electronic, optical, magnetic, and catalytic properties of
the transition metal dichalcogenides have been extensively
studied [2–6]. MoTe

2
can act as an efficient absorbing layer

in solar cells only if the crystallites of the films are textured
with the 𝑐-axis perpendicular to the plane of the substrate
[7]. Because of the layered structure of MoTe

2
, various

metal atoms can be doped between the layers to change its
optical and electrical properties [8]. It has been found that
H absorption on MoTe

2
monolayers results in large spatial

extensions of spin density and weak AFM coupling between
local magnetic moments even at the distance of above
12.74 Å [4]. MoTe

2
has a bandgap of around 1.1 eV and a

high work function of ∼4.7 eV, and the valence band offset of
CdTe/MoTe

2
is only 0.03 eV [1]; these are advantageous to the

hole transport between cadmium telluride and molybdenum
ditelluride. Therefore, MoTe

2
is a potential candidate for a

stable Cu-free back contact to CdS/CdTe solar cells.
Tellurium pressure or vapor is often indispensable for the

preparation of the MoTe
2
thin films [9, 10], and the adhesion

or reproducibility of the films is very poor. In this work,

MoTe
2
thin films were synthesized by solid state reactions

between Mo and Te thin films followed by an anneal in
N
2
ambient. The structural property and stability of Mo-Te

thin films were investigated under different postdeposition
treatment conditions.

2. Experimental

Molybdenum-tellurium alloy thin films were deposited by
electron beam evaporation at room temperature in the pres-
sure of ∼10−4 Pa. The multilayer Mo/Te films with a stacking
sequence Te-Mo-Te-Mo were deposited independently and
alternately using high purity molybdenum (99.999% purity,
Alfa Aesar) and tellurium (99.999% purity, Alfa Aesar).
The deposition rates of molybdenum and tellurium were
monitored by a thickness monitor. The total thickness of
the molybdenum-tellurium multilayer thin films was 200∼
450 nm. After deposition, a posttreatment was performed
at different temperatures in N

2
ambient. The temperatures

reproducible to±1 Kwere obtained from repeated runs on the
same sample.

The structure and the surface morphology of the samples
were done by X-ray diffraction (XRD) (DX-2600, Dandong,
China) and atomic force microscope (AFM) (MFP-3D-BIO,
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Figure 1: XRD patterns of Mo-Te thin films annealed at different temperatures for 15min in N
2
ambient.

Asylum Research, USA). The film thickness was surveyed
using a stylus profiler (XP-2, Ambios Technology Inc., USA).
To study the effect of annealing on the MoTe

2
thin films,

thermogravimetry and differential scanning calorimetry
(TG/DSC) (STA 449C, NETZSCH, Germany) analysis were
carried out. X-ray photoelectron spectra (XPS) (ESCALAB
250, Thermo Fisher SCIENTIFIC, UK) were performed to
determine the atom chemical states.

3. Results and Discussion

Figure 1 shows the XRD patterns of the Mo-Te thin films
with 450 nm thickness annealed at different temperatures in
N
2
ambient. The peaks marked by rhombus were indexed

to the phase of Te (JCPDS NO. 65-3370), and the others
were the phase of MoTe

2
(JCPDS number 15-0658) (see

Figure 1). The reflection positions in the XRD patterns of
as-deposited layers were at the angles of 23.029∘, 27.560∘,
40.454∘, and 49.650∘, which correspond to Te (100), (011),
(110), and (021). In order to form the crystalline compound
MoTe

2
thin films with a simple hexagonal Bravais lattice,

thermal postdeposition treatment was performed. The as-
deposited thin films were annealed at 300∘C, 356∘C, 450∘C,
470∘C, and 475∘C inN

2
ambient, respectively. After annealing

at 300∘C in N
2
ambient, many more diffraction peaks of Te,

such as (012), (111), and (200), emerged at 38.263∘, 43.353∘,
and 47.060∘.When the annealing temperature reached 356∘C,
the patterns of the films were very different from those of

the films annealed at 300∘C; the peaks corresponding to
MoTe

2
(002) and (004) were revealed by XRD patterns as

shown in Figure 1. It was noticed that two diffraction peaks of
Te (011) and (112) were also observed in theXRDpatterns.The
results show that a considerable amount of Te andModiffuses
into the Mo and the Te films, respectively. The chemical
reaction that took place in the thin elemental layers can be
described as 2Te + Mo → MoTe

2
. The thin films with well

crystallization were achieved when annealing was performed
at 470∘C or higher. The peaks of MoTe

2
(006) could be

observed at 38.905∘, and there were no peaks of Te. These
results indicate the disappearance of Te but the presence of
MoTe

2
with increasing the annealing temperature.Therefore,

annealing promotes the formation ofMoTe
2
and annealing at

470∘C leads to the single phase MoTe
2
thin films.

To study the stability of the molybdenum-tellurium alloy
thin films, TG and DSC analysis were performed. The
thin films as-deposited were cleaved from the substrates;
approximately 2.952mg of sample was used in this work.The
gas rate was 30mL/min, and the heating rate was 10 K/min.
Figure 2 shows the TG-DSC curves of as-deposited films.The
peaks of as-deposited MoTe

2
thin films were extended from

30∘C to 600∘C. The peaks in DSC values meant endothermic
reactions happened while heating. The first endothermic
peak was located at 68.5∘C and it was the endothermic peak
of water. Then with the increase of temperature, there were
endothermic peaks appearing at about 350∘C and 448.5∘C
due to the energy consumption, which results from Te
atoms and Mo atoms moving into lattice sites so as to form
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Figure 2: TG and DSC analysis of the as-deposited films.

MoTe
2
. This behavior is consistent with the results of XRD

(Figure 1); that is, polycrystalline MoTe
2

was gradually
formed when the annealing temperature increased up to
350∘C. From the TG values also shown in Figure 2, one can
see that there was almost no weight loss at the temperatures
lower than 500∘C, whereas the TG curve dropped sharply at
the temperatures higher than 500∘C. The severe weight-loss
might be the reevaporation of tellurium forMoTe

2
, the results

of which will be discussed later.
With the increase of the annealing temperature, the

intensities of the peaks for the thin films became significantly
strong and the positions of the peaks were not changed
(Figure 3). These indicate the improved crystallinity and sta-
ble structure ofMoTe

2
thin films due to the interdiffusion. As

the annealing temperature increased up to 500∘C, although
the weight-loss was about 2% (Figure 2), an amorphous
baseline distinctly appeared. We attribute the poor crys-
tallinity of the films to the severe reevaporation of tellurium
in the process of the postdeposition treatments. When the
annealing temperature was further increased, the adhesion
of the films was poor. Grain growth of MoTe

2
thin films may

introduce stress at the glass/MoTe
2
interface, resulting in film

blistering or peeling.
Based upon the investigations of XRD and TG/DSC

analysis, the evolution of the morphology and chemistry
for MoTe

2
thin films annealed at temperatures lower than

500∘C was studied by AFM and XPS (Figures 4-5). Figure 4
shows the atomic force microscopy of Mo-Te thin films as-
deposited and annealed at 475∘C in N

2
ambient. The surface

of the as-deposited MoTe
2
thin film was smoother than the

one annealed at 475∘C. The root mean square of the as-
deposited film was 1.179 nm while it became 19.803 nm after
annealing. That means annealing could promote the growth
of the grains.Thewell-distributed atomsmoved to lattice sites
so the valleys and peaks on the surfacewere detected byAFM,
and this is consistent with the XRD results.

Figure 5 shows XPS spectra of Mo-Te thin films at
different temperatures. When the annealing temperature was
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Figure 3: XRD patterns of Mo-Te thin films with a thickness of
450 nm annealed at 485∘C, 495∘C, and 500∘C for 15 minutes in N

2

ambient.

below 450∘C, it was noticed that there was only one emission
peak in XPS spectra of Mo 3d

3/2
, which drew core level lines

at about 232.75 eV, and it was a double peak. The emission
peak with lower binding energies was determined to be the
Mo 3d

5/2
in MoTe

2
which occurred at 229.2 eV when the

annealing temperature reached 450∘C or higher. That means
MoTe

2
was formed when the annealing temperature rose to

450∘C and it has been confirmed by XRD in Figure 1. In
Figure 5, the doublet of Te 3d was doubled (the two Te 3d

5/2

peaks being at about 572.9 eV and 576.5 eV), while the Te
3d
5/2

position of TeO
2
occurred at 576 eV; maybe there was

a small amount of tellurium oxidation at the surface of the
films. It was obvious that the ratio of ionized Te/elemental Te
increased dramatically after annealing since the peak areawas
proportional to the chemical composition. The results show
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Figure 4: AFM images of Mo-Te thin films as-deposited (a) and (b) annealed at 475∘C for 15min in N
2
ambient.
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Figure 5: XPS spectra of (a) Mo 3d, (b) Te 3d, and (c) O 1s for Mo-Te thin films annealed at different temperatures.
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Figure 6: XRD patterns of Mo-Te thin films with thickness of
450 nm annealed at 470∘C for different times in N

2
ambient.

that a large amount of Te was not alloyed in the as-deposited
films. After annealing, most of Te was alloyed with Mo in the
form of MoTe

2
due to the interdiffusion. This could explain

why the peak of Te was firstly detected but disappeared after
annealing in XRD patterns (see Figure 1).

To further explore the effect of annealing on the struc-
ture of Mo-Te thin films, the other thermal postdeposition
treatments such as annealing time and thickness were carried
out. Figure 6 shows XRD of Mo-Te thin films with thickness
of 450 nm annealed at 470∘C for different annealing time. It
was noticed that when the annealing time was 10 minutes,
peaks of MoTe

2
(002), (004), (006), and (008) were revealed

with Te (100) at 23.029∘, while the annealing time reached
15 minutes and the Te phase disappeared. With the increase
of the annealing time (e.g., 20 minutes), the crystallization
of the films was not better than that of the films annealed
for 15 minutes and the intensities of the peaks became weak.
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Figure 7: XRD patterns of Mo-Te thin films annealed at 470∘C in
N
2
ambient with different thicknesses.

The poor crystallization can be also attributed in part to the
reevaporation of tellurium.

From Figure 7, peaks of Te (100), (110), (111), (200), (021),
and (210) for 300 nm thick Mo-Te thin films were detected
withMoTe

2
(002). As the film thickness increased to 400 nm,

the number of diffraction peaks of Te was suppressed and the
peak of MoTe

2
(004) was firstly observed. With the increase

of the thickness for the thin films, more peaks of single phase
MoTe

2
, such as (006) and (008), were detected in the 450 nm

thick Mo-Te thin films.

4. Conclusions

Mo-Te thin films were deposited at room temperature by
electron beam evaporation, and then the films were annealed
in N
2
ambient under different conditions. The formation of
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MoTe
2
thin films took place at about 350∘C and the structure

of the thin films was stable from room temperature to 500∘C.
As the temperature increased, the growth of the MoTe

2

phase was predominated and the Te secondary phase was
suppressed. The thin films were single phase MoTe

2
and well

crystallized in the hexagonal structure annealed at 470∘C or
higher. At a temperature of 500∘C or higher, or even for a
long annealing time, the thin films were poor due to the
reevaporation of tellurium and the adhesion-loss problems.
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Single-crystal silicon-based solar cells laminated with tempered-glass and ceramic tiles for use in a building’s façade have been
developed.The optical, thermal, and electrical properties of the proposed PVmodule are first evaluated, and then a wind-resistance
test is carried out to evaluate the feasibility of installing it in Taiwan. The electrical and deflection characteristics of the proposed
PV module did not change significantly after a 50 thermal cycling test and a 200-hour humidity-freeze test, based on IEC 61215
and a wind-resistance test. Finally, the electrical power generation ability of the proposed BIPV system with 1 kWp electrical power
capacity was examined. Building information modeling software tools were used to simulate the BIPV system and carry out the
energy analysis. The simulation results show a very consistent trend with regard to the actual monthly electricity production of the
BIPV system designed in this work. The BIPV system was able to produce an accumulative electrical power of 185 kWh during the
6-month experimental period. In addition, the exterior temperature of the demonstration house was about 10∘C lower than the
surface of the BIPV system, which could reduce indoor temperature.

1. Introduction

Theworld population exceeded seven billion in 2012, present-
ing problems with regard to shortages of food and conven-
tional energy sources. In addition, emissions of greenhouse
gases (GHG), such as carbon dioxide, nitrogen sulfide, and
fluorine carbonate, which are related to the burning of fossil
fuels, are adversely affecting the environment and leading to
a rise in global temperature [1]. Solar energy is a renewable
energy resource that can be easily obtained and presents no
problems with regard to pollution. However, there are still
two main issues that hinder the development of the solar cell
industry. One is the cost of generating electrical power per
unit cell, which cannot compete with conventional electrical
power production based on fossil fuels or nuclear energy.
Another is the varied distribution of sun irradiation on

the earth’s surface, whichmakes it difficult to obtain sufficient
solar energy at a reasonable cost in many places.

Most current solar cells use Si-based technology and
can be divided into single-crystalline, polycrystalline, and
amorphous-silicon (𝛼-Si) types. Single-crystal solar cells have
the highest efficiency of 16 to 24%, with a maximummodular
efficiency of 20%. Polycrystal and 𝛼-Si solar cells have effi-
ciencies of 14 to 18% and 4 to 10%, respectively. Although they
have a lower photoelectron conversion efficiency compared
with single-crystal solar cells, 𝛼-Si and non-Si-based solar
cells, such as CdTe, CIS, and CIGS, have the advantages of
greater flexibility and transparency, as well as lower cost,
and these qualities make them suitable for use in thin film
technologies [2].

The use of the building incorporated photovoltaic (BIPV)
systems is one of the most promising technologies with
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regard to the development of the state-of-the-art photovoltaic
(PV) systems. Compared to traditional nonintegrated PV
systems, BIPV not only requires no extra area to be allocated
for the PV systems, brackets, or rails for installation, but
also offers instant electrical power for buildings, supporting
applications such as air conditioning and illumination. Due
to these advantages, BIPV is likely to be one strategy for
successful development of PV systems in the future [3].
A BIPV system can replace the traditional envelopes of
buildings, like roofs, windows, façades, and shading systems,
and thus this technology has attracted the interest of many
architects. A BIPV system can also provide shade from the
sun, reducing the heat absorbed by the building, thus saving
energy and modulating the indoor temperature [4].

While many researchers are working to develop and
apply BIPV systems, few studies have evaluated the various
benefits associated with the use of integrated PV kits or the
effects of such systems on the comfort of those using the
related buildings. In order to obtain the maximum benefits
with regard to shading effects, indoor temperature, pho-
toelectron conversion efficiency, and indoor light intensity,
Kim et al. combined a sensor-embedded motor-controllable
louver with solar cells to assess the allocation ability and
synergistic advantages of the proposed PV kits [5]. Peng
et al. discussed either choosing BIPV or building-attached
photovoltaic (BAPV) systems for practical use in China.
Their study not only examined how to extend the lifetime
of PV systems, but also considered the functionality, price,
and fabrication techniques of such systems, as well as how
they affected the appearance of buildings. Based on this,
they designed a BIPV system whose PV kits can be easily
retrofitted and maintained on existing buildings [6].

Yoon et al. integrated transparent 𝛼-Si solar cells on
a building’s envelope in Korea and monitored the per-
formance of the BIPV system for two years, with the
results showing that it had electrical power throughputs of
48.4 kWh/kWp/month and 580 kWh/kWp/year.The location
of the proposed PV system was inclined by 50∘ in the
southwest and masked by nearby buildings, and the resulting
masking effect caused the below-average electrical power
output compared to the findings of other studies. The results
of a computer simulation, which consider both shading and
the solar azimuth angle, showed that the energy generation
efficiency could be increased by up to 47% by modifying the
location of the BIPV building [7].

Wittkopf et al. constructed a zero-energy office building
in Singapore, based on integrated PVmodules, and evaluated
the performance of the resulting grid-connectedBIPV system
over 18months under IEC standard 61724.The results showed
a good overall performance ratio and average array yield of
0.81 and 3.86 h/d, respectively. The final yield was 3.12 h/d,
averaged over all arrays. The efficiency of the PV system was
11.2%, and the array efficiency was 11.8%, compared to the
nameplate PV module efficiency of 13.7%, while the overall
inverter efficiency was 94.8%. They also divided the solar
irradiation into three levels and discussed the factors that can
affect this, such as shading, solar azimuth angle, inclination,
and temperature, based on some selected solar cell modules
[8].

Santos and Rüther quantified the potential of BIPV and
BAPV systems for use with existing single-family detached
residential buildings in Florianopolis, Brazil. They compared
the output performance of photoelectron conversion effi-
ciency for thin film (𝛼-Si) and single-crystalline solar cells.
The proposed PV kits were installed on the roof tops of
496 residential buildings in a mixed residential-commercial
area. The roof of a typical single-family, detached home can
easily accommodate the proposed PV kits, with 87% of these
generators yielding at least 95% of the maximum theoretical
generation output. The low-pitched, available roof covers of
such residential buildings represent ideal locations for PV
integration at low latitudes, and installing BIPV on all of the
existing roof areas would be able to transform each and every
house into a net energy-positive building [9].

Yoon et al. examined how the increase in temperature on
the glass surface of BIPV systems is related to the electrical
power output. The results showed that the temperature of
windows situated on both the horizontal and inclined planes
increased significantly during the summer, with a high solar
altitude. With regard to the indoor surface temperature of
the windows caused by the thermal insulation effect of BIPV
systems, which is closely related to the thermal comfort of
the building’s occupants, the surface temperature of BIPV
windows with low solar heat accumulation was 1∘C less than
that of normal windows during daytime in summer and was
about 2∘C higher at night time during winter [10].

This paper examines the case of a BIPV demonstration
house composed of PV ceramic tiles that was built at the
Industrial Technology Research Institute (ITRI), Hsinchu,
Taiwan, at 24∘46 north latitude and 121∘02 east longitude,
with the PV module on the vertical wall of the experimental
house facing west. First, the optical, thermal, and electrical
properties of the proposed PVmodule are evaluated. Awind-
resistance test based on the ASTM E330 [11] standard is then
implemented to evaluate the material performance of the
PV module using the architectural dry-suspended method.
Finally, the BIPV system is directly hung on the vertical wall
of the demonstration house to evaluate the in situ power
generation. In addition, a powerful building information
modeling (BIM) simulation technology is applied to the
modeling and energy analysis of this BIPV system [12].

Since there are some unfavorable factors for widespread
installation of BIPV systems. For example, the cost of PV
modules is still too high, and a better design approach is
needed so that cheaper architectural strategies can be used.
In addition, more data needs to be obtained from computer
simulations in order to design more energy efficient BIPV
buildings.

The current study presents a simulation and energy
analysis of a BIPV demonstration house using the BIM
modeling software, the results of which can help to evaluate
and improve the design of BIPV buildings. More specifically,
the electrical power generation performance of the proposed
BIPV system was investigated for a period of six months
in Taiwan, and the data obtained from this can be used to
develop better PV ceramic tiles for use in such systems.
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Figure 1: Schematic diagram of the proposed PV module.

2. Experimental Setup

2.1. PV Module Structure. A PV module consists of multiple
components, including solar cells, mechanical and electrical
connections, mountings, and means of regulating and/or
modifying the electrical output. All the materials used in
the module need to be resistant to water, electricity, and
temperature. The structure of the single-crystal solar cells
integratedwith a ceramic tile is shown in Figure 1.The length,
width, and thickness of the PV module are 40 cm × 40 cm
× 12mm, respectively, and this PV module is laminated
between tempered-glass and ceramic tile substrate using
an ethylene vinyl acetate (EVA) copolymer. The solar cells
each are serially connected by copper conducting wires. The
proposed PVmodule is finished when all the interconnecting
circuits are completely connected to a connection box on the
reverse side of the device.

2.2. Optical Property Measurement. UV-Vis absorption
spectra are recorded using a Lambda 900 UV-VIS-NIR
spectrophotometer (Perkin-Elmer, UK). Spectral trans-
mittance/reflectance measurements of the samples are
carried out to determine the optical properties in the spectral
range of solar radiation and thus in the wavelength interval
between 300 nm and 2500 nm, based on ISO 9050 [13].
In addition, the emissivity of the samples is determined
using an FTIR spectrophotometer (Perkin-Elmer, UK). The
FTIR spectra are recorded in the range from 400 cm−1 to
4000 cm−1, with a resolution of 4 cm−1, and averaged over 25
scans.

2.3. Thermal Property Measurement. The small-sized hot-
box test with a solar simulator lamp, designed in an earlier
work [14], is used to evaluate the thermal performance of the
PV module. The walls of the chamber are made of 0.05m
thick Styrofoam plates. The inner surfaces of the chamber
are painted black to prevent light from being reflected and
diffused away from the glass surface. A 1000W xenon arc
lamp is used as a solar simulator lamp to provide the
incident radiant energy. The xenon arc lamp is positioned
in order to achieve a homogenous distribution of radiant
intensity across the whole surface area of the PV module.
Six K-type thermocouples are used to measure the surface
temperature on both sides of the PVmodule, and two K-type
thermocouples are used to measure the exterior and interior
ambient temperatures.

2.4. Maximum Power Determination. The maximum power
determination tests are performed under standard test condi-
tions, which correspond to 1000W/m2 at a cell temperature of
25 ± 2∘C, with an air mass of AM

1.5
solar spectral irradiance.

To assess the performance of the samples under practical
conditions, a 50 thermal cycling test and a 200 h humidity-
freeze test based on IEC 61215 are carried out [15].

2.5. Wind-Resistance Test Procedure. Figures 2(a) and 2(b)
show the solar cell arrays (3 × 4), with a size of 1,266mm ×
1,670mm × 120mm, that are used to evaluate the wind-
resistance characteristics of the proposed BIPV system using
the architectural dry-suspended method. A wind resistance
test based on the ASTM E330 standard is conducted in
an approved test chamber at an accredited independent
testing laboratory. Applying a test load spectrum allows
the structural performance of a BIPV system subjected to
an extreme wind event to be assessed. The specified load
spectrum should contain a series of varying positive and
negative pressure cycles that represent the wind behavior that
affects buildings. Based on themechanical load test in Section
10.16 of the IEC-61215 standard, 2400 Pa (± 800 Pa) is used as
the standard test condition for the PV module.

The uniform static air pressure differences (𝑃) acting
inward and outward are related to the wind velocities (𝑉) and
the Beaufort scale (𝐵) by (1) and can be used to confirm to
what degree actual wind disaster conditions are achieved:

𝑉 = 0.836 × (𝐵
3/2
) ,

𝑃 = 𝑘𝑉
2
,

(1)

where 𝑘 is a constant and the value is 0.124 in CGS units.
Using wind pressure between 2400 Pa and 6400 Pa, the
specified load spectrum is divided into five varying positive
and negative progressive pressurized phases. In each phase,
the pressure is increased by 1000 Pa, with each increase
being one unit on the Beaufort scale. For the deflection
measurement, three sets of displacement gauges are mounted
at various locations along the longitudinal centerline of the
windward and leeward surfaces of the PV module. A visual
inspection based on Section 10.1 of the IEC-61215 standard is
conducted to detect any cracking, bending, deformation, or
damage occurring on the PVmodule in terms of the solar cell,
connecting junction, and the critical looseness of the alumina
frames. The critical defects which could significantly affect
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Figure 2: (a) Outward and (b) backward sides of the PV module.

the performance of the PV module are determined using a
lamp with an illumination of not less than 1,000 lux.

The procedure for the wind-resistance test is as follows.

(1) Remove any sealing or constructionmaterial from the
test specimen that will not be used when the assembly
is installed in or on a building. Fit the specimen into
or against the chamber opening. The outdoor side of
the specimen is subjected to positive loads, and the
indoor side is subjected to negative loads. Support and
secure the specimen by the same number and type of
anchors used when installing the unit on a building
or, if this is impractical, by the same number of other
comparable fasteners, located in the same way as in
the intended installations.
Remarks. If the air flow through the test specimen is
such that the specimen cannot be secured, then the
cracks and joints through which air leaks should be
sealed using tape or other means that will effectively
stop this, although this should not restrict any of
the movements of the specimen components. As an
alternative, it is possible to cover the entire specimen
and mounting panel using a plastic film with a
thickness of 0.05mm. However, the technique used
to apply this is important, in order to ensure that the
maximum load is transferred to the specimen and
that the plastic film does not prevent the movement
or cause the failure of the specimen. The plastic
film should be applied loosely, with the folds of the
material at each corner and at all offsets and recesses.
When the load is applied, there should be no fillets
caused by the tightness of the plastic film.

(2) Check the specimen and adjust it if needed.
(3) Install any deflection measuring devices at the re-

quired locations.
(4) Apply 1/2 of the maximum test load and hold for 10 s.

Release the pressure difference across the specimen
and record the initial reading. The recovery period
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Figure 3: (a) Positive wind pressure intervals and (b) negative wind
pressure intervals for wind resistance test.

should not be less than 1min or greater than 5min
at zero loading.

(5) Apply the load in the number of increments specified
by the maximum test load, which should not be less
than four approximately equal increments. Apply and
maintain the full test load for 10 s unless otherwise
specified, and record the related deflection readings
(Figure 3(a)).

(6) Release the pressure difference and, after a recovery
period, which allows for stabilization, record the
permanent deformation. The recovery period for
stabilization should not be less than 1min or greater
than 5min at zero loading.
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Figure 4: (a) The 1 kWp BIPV system is hung on the vertical wall
of the demonstration house, (b) the cross-section structure of the
BIPV/GM system.

(7) If the behavior of the specimen under load indicates
that sudden failure may occur, which would damage
the measuring specimen, the deflection measuring
specimen may be removed, and the load should
then be continuously increased until the maximum
test load or maximum load that can be sustained is
reached. At this point, release the load, and, after a
recovery period, record the permanent deformation.
The recovery period for stabilization should not be
less than 1min or greater than 5min at zero load.

(8) Repeat steps 4∼7 in the reverse loading direction
(Figure 3(b)).

2.6. Full-Scale Demonstration House and Electrical Plan.
Figures 4(a) and 4(b) show the proposed 1 kWp BIPV system
composed of 6 × 14 PV modules, with each containing
2 × 2 solar cell arrays (40 cm × 40 cm × 12mm), which
is integrated into the vertical wall of the demonstration
house. The length, width, and height of the BIPV system are

Figure 5: Back anchor system.

604.5 cm × 12 cm × 259 cm, respectively. The demonstration
house façade contains a BIPV system, air-gap layer, outer
steel frame, 30mm Styrofoam insulators, and 9mm calcium
silicate plates. Four thermal couples are used to measure
the temperature on the front side (TF) and back side (TB)
of the BIPV system and exterior surface (BF) and interior
surface (BB) of the demonstration house. A pyranometer
based on ISO 9060 second class [16] is used to sample the
irradiation data every ten seconds and every one minute.The
BIPV system adopts the novel architectural dry-suspended
method, with the back anchor system shown in Figure 5.

Figure 6 shows the electrical-circuit layout of the 1 kWp
BIPV/GM system. Each 21 PVmodules by shunt winding are
connected to a 10A no fuse breaker (NFB) switch, which has
about 37.8 V of V-MPP. A 250W charge-discharge controller
is used for two sets of serial PV modules and twelve 2V
batteries were charged using the maximum power point
tracking (MPPT) solar charge controller. This standalone
BIPV system design is used with a 3 kWDC/AC electrical
transformer, and this electrical plan can output 24VDC
and 110VAC voltage to the loads. The total capacity of the
batteries is 13,320Ah (26.6 kWh), which can supply electrical
power for up to 20 hours with a 1 kWpAC load.

3. Numerical Simulation

Computer simulations have been shown to be an effective
way to evaluate the energy performance of buildings. The
computer simulation assessment by the “Autodesk Ecotect
Analysis” simulation software carried out in this work ana-
lyzes the energy and electrical generation performance of
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Figure 7: The BIM model for the demonstration house.

whole demonstration house integratedwith the BIPV system.
In order to find the best design of the BIPV systems used
on the building’s envelope in all directions and also for four
vertical walls of the building in this study, we build both
a BIPV demonstration house and a simulation model to
simulate the performance of electrical power generation.The
simulation model is then used to compile and throughput
each electrical power generation condition for the BIPV
demonstration house design.

In our experiment, the BIPV demonstration house is
located in Hsinchu, Taiwan. The simulation model is based
on the average weather data for Hsinchu over the last 10
years (2002–2012; Central Weather Bureau, Taiwan). The
computational simulation control factors include the solar
azimuth, the building location, the distribution of solar
irradiation, the temperature variation, and the shading of
the BIPV demonstration house. The BIM model of the BIPV
demonstration house is shown in Figure 7.

4. Result and Discussion

Much of the work to integrate PV modules into the design
of buildings has focused on the issues of power generation

Table 1: Optical properties of the proposed BIPV.

BIPV module
UV transmittance 0
UV reflectivity 5.40
Visible light transmittance 0
Visible light reflectivity 5.45
Solar irradiation transmittance 0
Solar irradiation reflectivity 8.45
Solar irradiation absorptivity 91.55
Emissivity front side (outdoor) 0.837
Emissivity back side 0.927

efficiency and thermal performance, with many examples
placing the devices on roofs, since this location has greater
solar irradiation intensity and less shade. Most PV modules
adopt poly- or 𝛼-Si solar cells to make a trade-off between
construction cost and electrical generation. In the experiment
carried out in the current study, the BIPV system hangs
directly on the vertical wall of a demonstration house, and
the shading effect and solar azimuth angle will reduce the
system’s electrical generation capacity. This work thus adopts
single-crystal solar cells combined with a ceramic tile for effi-
cient photoelectron conversion and steady electrical power
generation. This approach is based on the ideas presented in
Iencinella et al., which integrated thin film 𝛼-Si solar cells
with 10 cm × 10 cm ceramic tiles [17]. Ceramic tiles are often
used as building materials and have the advantages of high
porosity and high thermal conductivity. By simultaneously
serving as both the building envelope material and a power
generation device, the BIPV system presented in the current
work can provide savings in both material and electricity
costs and add architectural interest to a building.

4.1. Optical Properties. Table 1 shows the optical proper-
ties of the proposed PV module. Most solar cells use
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Figure 8: Histories of the surface temperature (𝑇glass, out and 𝑇glass, in)
and ambient temperature (𝑇air, out and 𝑇air, in) for the proposed PV
module.

a double-glazed type of packaging, sandwiched between two
sheets of tempered-glass. The solar cells are then serially
or shuntly connected by copper conducting wires that go
into a connection box. Although BIPV systems that use
transparent glass have greater visible light transmittance, they
also have poor thermal insulating capabilities and are less
safe, due to their greater weight and fragility. This study
presented a PV module that is integrated with ceramic
tiles and directly hangs on a building’s façade using the
architectural dry-suspended method, and thus a high visible
light transmittance is not required. On the other hand, the
high solar irradiation absorptivity and surface emissivity of
the proposed PV module can help to achieve more efficient
photoelectron conversion.

4.2. Thermal Properties. Figure 8 presents the surface tem-
perature of the exterior and interior sides of the proposed
PV module. The steady temperature of exterior surface of
PV module is 72∘C, while that of the other side is 65∘C. The
temperature on the exterior surface is greater than that on
the interior side because of the high heat-absorptive ability
and heat accumulation on the rear of the PV ceramic tile.
The lower inside temperature of the PV module can reduce
the thermal accumulation that otherwise occurs to decrease
photoelectron efficiency of solar cells.

4.3. Electrical Characteristics. Table 2 shows the open circuit
voltage (𝑉oc), short circuit current (𝐼sc), fill factor (FF), and
maximumpower determination (𝑃max) for a conventional PV
module and the proposed PV module. Although the 𝑉oc and
𝐼sc of the proposed PV module are a little lower than those
of the conventional module, and the 𝑃max there is 4.6% lower,
the proposed PV module has higher fill factor. Table 3 shows
the electrical characteristics of this PV module before and
after a 50 thermal cycling test and a 200 h humidity-freeze

Table 2: Results of maximum power determination test.

Class: A STC 𝐸: 1000W/m2 Temp.: 25∘C

Items Unit Conventional
PV module

Proposed
PV module

𝑉oc [V] 0.62 0.61
𝐼sc [A] 8.27 7.70
𝑃max [W] 3.59 3.43
FF [%] 70.33 72.93

Table 3: Results of maximum power determination test for PV
module.

Class: A STC 𝐸: 1000W/m2 Temp.: 25∘C
Items Unit Before test After test
𝑉oc [V] 0.60 0.61
𝐼sc [A] 7.72 7.70
𝑃max [W] 3.41 3.43
FF [%] 72.69 72.93

test based on the IEC 61215 standard [15]. The results show
that there was no significant decay in terms of the electrical
characteristics of the PV module. This indicates that this PV
module is suitable for use in the kind of humid weather that
is common in Taiwan, which is a subtropical island.

4.4.Wind-Resistance Test. When resistance to severe snow or
ice accumulation is required, the IEC-61215 standard states
that the front surface pressure of themodule should be able to
withstand 5400 Pa. The current study thus tested the inward
and outward wind resistance up to 6400 Pa, with 2400 Pa
used as the benchmark and 6400 Pa as the maximum test
conditions.This is of practical interest in Taiwan, as the island
is often hit by typhoons.The results shown in Table 4 indicate
that the PVmodule suffered from no significant deflection or
damage after wind-resistance test. The proposed PV module
is thus able to withstand a level 17 typhoon in Beaufort scale.

4.5. Simulation Results. The BIMmodeling and energy anal-
ysis software is a powerful tool that can be used to effec-
tively predict and simulate the solar cell irradiation intensity
and electrical power generation levels in relation to BIPV
buildings. Since solar irradiation on the four directions of
building façades (north, south, east, and west) varies with the
time of a day, this will also affect the level of electrical power
generation. Figures 9(a)∼9(h) show the simulation results,
based on the annual solar trajectory and solar irradiation
intensity, for four façades of the demonstration house at
10 o’clock in the morning and 3 o’clock in the afternoon.
And the daily electrical power generation is also shown in
Figure 10 for west, east, south, and north cases, and it can be
seen that the western facing façade produces the maximum
electrical power. In addition, in thewestern case, the electrical
power generation starts at 11 o’clock in the morning and lasts
until 4 o’clock in the afternoon, with the maximum at 2
o’clock. The peak of electrical power generation for the west
side of the building is the highest, at around 900Wh at 2
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Table 4: Results of wind resistance test.

Interval Wind pressure (Pa) Maximum deflection Maximum deflection/span ratio Visual inspection
01 +2400 0.10mm 1/15070 No deformation effect
02 −2400 −0.90mm 1/1674 No deformation effect
03 +3400 1.80mm 1/837 No deformation effect
04 −3400 −2.00mm 1/745 No deformation effect
05 +4400 2.30mm 1/655 No deformation effect
06 −4400 −2.50mm 1/603 No deformation effect
07 +5400 2.90mm 1/520 No deformation effect
08 −5400 −3.00mm 1/502 No deformation effect
09 +6400 3.55mm 1/425 No deformation effect
10 −6400 −3.80mm 1/397 No deformation effect

o’clock in the afternoon. The south side of the building has
a longer electrical generation time than the east and west
sides. However, the peak of electrical power generation for
the south side is only about 280Wh, which means that this
side has a lower solar irradiation intensity over a day. Further,
the northern facing façade has the lowest electrical power
generation, since Taiwan is in the Northern Hemisphere. In
summary, the western façade of the building has the greatest
electrical power generation of the four cases examined in
this work. The results of this simulation can help in the
development of an experimental BIPV demonstration house
that faces towards the west and thus generates the most
electrical power.

Table 5 lists the monthly electrical power generation
results for a whole year, with these being 443.1 kWh,
443.5 kWh, 438.6 kWh, and 47.8 kWh for the east, west, south,
and north cases, respectively.These results indicate that when
the BIPV system faces east, west, or south, it can produce
almost the same amount of electrical power.The total annual
BIPV power output from the western side of the building
is a little higher (0.4 kWh) than that from the eastern and
southern sides and almost 10 times greater than that on
the northern side. This reveals that the direction that a
building façade faces is an important factor with regard to
solar irradiation intensity and thus the resulting electricity
generation potential.

Figure 11 shows the monthly electrical generation (kWh)
of a BIPV system for the building model facing in all four
directions. Interestingly, although the east, west, and south
cases produce almost the same amount of electrical power,
the distribution of electrical power generation over time
varies for each direction. For the east and the west cases, the
most electrical power is generated in the summer, and for
the south it is in the winter period. This information can be
used to design more effective BIPV systems that can provide
a steady supply of power throughout the year.

4.6. Demonstration House Performance. The BIPV system
developed in this work using the architectural dry-suspended
method is hung directly on the vertical wall of the demon-
stration house facing west, with an air gap between the BIPV
system and the wall to provide natural ventilation. Good
thermal dissipation thus occurs on the back side of the

Table 5: Simulation results formonthly electrical power generation.

Month East
(kWh)

West
(kWh)

South
(kWh)

North
(kWh)

January 18.075 16.748 49.297 0.223
February 17.893 15.013 45.315 0
March 22.947 23.085 38.750 0
April 35.784 32.245 27.051 0.400
May 44.128 47.530 9.186 6.415
June 59.503 55.811 1.852 17.459
July 72.133 64.637 4.883 18.269
August 64.150 62.341 24.486 5.011
September 42.896 47.421 47.085 0.093
October 28.200 35.602 60.505 0
November 22.065 26.178 72.440 0
December 15.372 16.919 57.802 0
Annual total 443.146 443.530 438.652 47.870

BIPV system, which can modulate the indoor temperature
of the building. Furthermore, the use of the architectural
dry-suspended method means that buildings can be easily
retrofitted and the BIPV system can be easily maintained.

Figure 12 shows the temperature distribution of the
demonstration house and the ambient temperature (𝑇

𝑎
),

with the daily measurements taken from 8:00 to 17:00.
The results indicate that there is no significant variation in
temperature between the exterior and the interior surfaces
of the demonstration house during 8:00∼10:00, because the
solar radiation intensity is less than 100W/m2 before 10:00
a.m.This result is the same as that seen in the simulation data,
as shown in Figure 10, for the case when the façade faces west.
The simulation data show that both electricity generation
and solar irradiation intensity increase from 11 o’clock in
the morning until 4 o’clock in the afternoon. As the solar
irradiation intensity increases over time, the BIPV system
starts to generate electrical power, although the temperature
on the exterior surface of the demonstration house is still
about 10∘C lower than that on the front side of the BIPV
system. This good insulating effect can ascribe to the high
thermal inertia of ceramic tiles and the architectural dry-
suspended method adopted for the BIPV system. This BIPV
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Figure 9: Solar trajectory and irradiation intensity of (a), (b) west, (c), (d) east, (e), (f) south, and (g), (h) north cases.

system can thus isolate the heat from solar irradiation and
modulate the indoor temperature. In addition, there is also
an air gap between the BIPV system and the vertical wall that
facilitates natural ventilation, which can also reduce thermal

accumulation and the temperature of the back of the BIPV
system. An infrared thermoimaging instrument (NEC, TVS-
200ES) was used to examine the temperature distribution of
the BIPV system. Figure 13 shows the surface temperature
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Figure 11: The monthly electrical output (kWh) of the BIPV for the
building model facing in all four directions.

distribution of the BIPV system at 14:00. The results indicate
that the distribution on the perpendicular surface of the BIPV
system is almost uniform, and the temperature difference
from top to bottom is about 2∘C. Since the proposed BIPV
system is hung perpendicularly on the vertical wall of the
demonstration house, this variation in temperature is caused
by different solar azimuth angle and thus changes in the solar
irradiation intensity.

Table 6 shows the accumulated electrical power gener-
ated by the proposed BIPV demonstration house over six
months, with the result being 185 kWh. Figure 14 compares
the experimental and simulated electrical power generation
data for the period from October, 2012, to March, 2013. The
trend of the simulation is consistent with the experimental
results, although the former underestimates the latter by
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Figure 12: Temperature measurement of the BIPV system.

Figure 13: Temperature distribution of the BIPV system.

about 27%, which is greater than the difference reported in
an earlier study, which underestimated the power generation
by about 20% [18]. However, since the data obtained in the
current study show a good fit between the trends from the
simulated and experimental data, the findings of this work
can be used to predict the electrical generation performance
of versatile BIPV systems and thus improved the design of
this technology.

5. Conclusions

The concepts of net zero energy, zero energy, and passive
energy are becoming more important as part of the energy
conservation policies adopted by the building construction
industry. BIPV systems can be integrated into buildings in
order to save energy, reduce installation costs, and modulate
the indoor temperature.

This work presented a PV ceramic tile that can prevent
thermal accumulation and add aesthetic interest to a build-
ing’s façade. In addition, the architectural dry-suspended
method that is used to install this system can enhance
the efficiency of natural ventilation. The results of a 50



International Journal of Photoenergy 11

Table 6: Electrical power accumulation for the six-month experi-
mental monitoring.

Experimental period Electrical power generation (kWh)
October 1–October 31, 2012 53
November 1–November 30, 2012 26
December 1–December 30, 2012 26
January 1–January 31, 2013 28
February 1–February 28, 2013 22
March 1–March 31, 2013 30
Total 185
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Figure 14: Comparison of electrical generation results from the
simulation and experiment.

thermal cycling test, a 200 h humidity-freeze test, and awind-
resistance test show that the proposed BIPV system is strong
enough to withstand typhoons and a humid climate, both
of which are common in Taiwan. In addition, Autodesk
software was used to carry out a BIM modeling and energy
analysis of the BIPV demonstration house. The results of the
simulation have a very similar trend with regard to the level
of electrical power generation as the six-month experimental
data that was obtained from October, 2012, to March, 2013.
This data can be used to improve the design of BIPV systems,
making them more efficient and cheaper. The results of the
experiments showed that the proposed BIPV system was able
to generate an accumulated 185 kWh electricity over a six-
month period and thus can replace a significant amount of
the electricity that would otherwise be generated by burning
fossil fuels.This paper thus provides valuable information for
renewable energy planners and architectural designers who
are interested in using BIPV systems.
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Cuprous oxide (Cu
2
O) thin films were deposited onto indium tin oxide (ITO) coated glass substrate by sol-gel spin coating

technique using different additives, namely, polyethylene glycol and ethylene glycol. It was found that the organic additives added
had a significant influence on the formation of Cu

2
O films and lead to different microstructures and optical properties. The films

were characterized by X-ray diffraction (XRD), field emission scanning electron microscopy (FESEM), and ultraviolet-visible
spectroscopy (UV-Vis). Based on the FESEM micrographs, the grain size of film prepared using polyethylene glycol additive
has smaller grains of about 83 nm with irregular shapes. The highest optical absorbance film was obtained by the addition of
polyethylene glycol. The Cu

2
O thin films were used as a working electrode in the application of photoelectrochemical solar cell

(PESC).

1. Introduction

Cuprous oxide (Cu
2
O) has a cubic crystal structure with a

lattice parameter of 4.27 Å and this material is suitable for
solar cell applications. As a solar cell material, Cu

2
O has the

advantages of low cost and great availability [1]. The Cu
2
O

is very attractive as a photovoltaic material because of its
high absorption coefficient in visible regions, nontoxicity,
abundantly available startingmaterial (Cu) on earth, low cost
to produce, and the theoretical energy conversion efficiency
being in the order of 20% [2]. Cu

2
O thin films can be

prepared by various methods like reactive sputtering [3, 4],
vacuum evaporation [5], chemical and thermal oxidation
[6, 7], and electrodeposition [8, 9]. In recent times, sol-
gel technique has proved to be an attractive method for
the preparation of nanoscale grain size of metal and metal
oxide materials. Armelao et al. [10] used sol-gel dip coating
technique to prepare Cu

2
O film with copper acetate and

ethanol without any additive. Oral et al. [11] prepared CuO
films with copper acetate and isopropyl alcohol and the

additives used were polyethylene glycol 400 and ethylene
glycol. In this research, Cu

2
O thin film was deposited onto

indium tin oxide (ITO) coated glass using sol-gel technique
with two different polymer additives such as polyethylene
glycol and ethylene glycol because it is a soft bottom-up
approach to achieve a good control over film composition and
microstructure.

Investigations had shown that some polymer additives,
such as polyethylene glycol ((CH

2
–CH
2
−O)
𝑛
–H), effectively

improve the Cu
2
O properties under relatively low temper-

ature [12, 13]. To our knowledge, the use of additives is
seldom found in Cu

2
O preparation. The purpose of this

research is to prepare Cu
2
O thin film onto indium tin oxide

(ITO) coated glass substrate for photoelectrochemical solar
cell application (PESC) by means of sol-gel spin coating
technique and to investigate the behavior of Cu

2
O thin

films under different additives. Not many researchers have
used polyethylene glycol and ethylene glycol as additives in
sol-gel technique. The as-prepared films were annealed at
350∘C in 5% H

2
+ 95% N

2
atmosphere in order to get single
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phase Cu
2
O films. The annealing temperature of 350∘C is

the optimum annealing temperature to prepare the single
phase Cu

2
O films. If the annealing temperature is increased

to 450∘C, other phases exist such as Cu or CuO comes into
existence.The preparedCu

2
O thin filmwas used as a working

electrode for PESC of ITO/Cu
2
O/PVC-LiClO

4
/aluminum.

PESC based on Cu
2
O thin films were fabricated and the

current-voltage characteristic of PESC of ITO/Cu
2
O/PVC-

LiClO
4
/aluminum was studied under light illumination of

100mW/cm2.

2. Experimental

Copper (II) acetate (Cu(C
2
H
3
O
2
)
2
, 99.999% purity) was used

as starting material for the synthesis of cuprous oxide thin
films. Copper (II) acetate was dissolved in isopropyl alcohol
and diethanolamine (DEA, C

4
H
11
NO
2
) solution and mixed

continuously. Small amount of glucopon was then added
into the solution and continuously stirred for 24 hours using
magnetic bar. The solution was then filtered using 0.45 𝜇m
filter prior to spinning. Films were prepared by depositing
the solution by spin coating technique onto indium tin oxide
(ITO) coated glass substrate which was purchased from
Sigma-Aldrich. The solution was spread onto the substrate
at 3000 rpm for 40 s. The films were dried in the oven at
60∘C for 10min and the process was repeated for three
layers of coating in order to get better films which fully
covered the substrate. Two different additives were used,
that is, polyethylene glycol and ethylene glycol. There were
three sets of samples: (a) sample 1 (sample without any
additive), (b) sample 2 (sample with polyethylene glycol),
and (c) sample 3 (sample with ethylene glycol). Films were
annealed at 350∘C for 1 h in 5% H

2
+ 95% N

2
atmosphere.

The use of 5% H
2
+ 95% N

2
atmosphere during annealing

because of H
2
strongly affects the phase composition of Cu

2
O

thin film. Without the atmosphere of 5% H
2
+ 95% N

2
,

the phase composition may not be a single phase of Cu
2
O

thin films because there is more oxygen for copper oxide
to form CuO rather than Cu

2
O. The microstructure of the

films was studied using X-ray diffractometer (XRD) model
D-5000 Siemens. The morphology of the film was observed
using field emission scanning electron microscope (FESEM)
model Supra 55VP and optical properties were measured
using ultraviolet-visible (UV-Vis) spectroscopy model 160A
Shimadzu in the range of 300–900 nm.

3. Results and Discussion

The XRD patterns of obtained samples with different addi-
tives are shown in Figure 1. All diffraction peaks can be
indexed to the cubic phase of Cu

2
O crystals and match well

with standard data (JCPDS 74–1230). No other phases such
as CuO or Cu are found in XRD patterns confirming that all
the samples exist as main Cu

2
O phase. The presence of (110)

planemay be due to themechanismof the thin filmwhichwas
oxidized to Cu

2
O. In the sol-gel technique, the temperature

and time are important factors.The single phase of Cu
2
O thin

films can be prepared at temperature of 350∘C and time of
annealing of 1 hour. When the temperature is lower or the
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Figure 1: The XRD patterns of cuprous oxide thin films with
different additives.

Table 1:The energy gap, grain size, thickness, and plane (ℎ𝑘𝑙) of the
Cu2O films.

Samples Energy gap
(eV)

Grain size
(nm)

Thickness
(nm)

Plane
(ℎ𝑘𝑙)

1 1.85 ± 0.1 104 102 (111), (200)
2 1.90 ± 0.1 83 395 (111), (200)
3 1.75 ± 0.1 90 59 (110), (111), (200)

time is shorter, it is hard to reduce cupric acetate to cuprous
oxide completely, whereas if the temperature is too high or
the reaction time is too long, it is easy to get copper rather
than cuprous oxide [14].

Figure 2 shows the FESEM micrographs of three set of
samples which shows that the films grown on ITO substrate
are uniform. The average grain size and thickness of the
Cu
2
O films for the samples are shown in Table 1. The cross

section of thin films was used to measure the thickness of
the film while the grain size was measured from the FESEM
micrograph. The grain size was reducing from 104 nm to
83 nm, after adding polyethylene glycol.The thickness of thin
film increased with the addition of polyethylene glycol. It is
shown that the addition of polyethylene glycol will increase
the viscosity of solution due to chain length effects [13]. The
spin coating rate also can affect the thickness of the thin film;
lower spin coating rate produce much thicker film due to less
solution spread out from substrate.

The addition of ethylene glycol has been widely used in
the polyol synthesis of metal andmetal oxide due to its strong
reducing ability and relatively high boiling point (∼197∘C).
Polyol synthesis of metal consists in the reduction of metal
cation in a polyol medium. Over the past few years, polyols
have also been used to elaborate a great variety of oxides
[15, 16] and layered hydroxyl-salt [17] by means of hydrolysis
and inorganic polymerization.The addition of ethylene glycol
(sample 3) with thickness of 59 nm shows that the Cu

2
O

grains were irregular in shape.
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Figure 2: FESEMmicrographs of cuprous oxide thin films with irregular grain shape.

The UV-Vis spectra of different Cu
2
O samples are shown

in Figure 3. The absorbance of samples may be influenced
by grain size, thickness, shape, and the area of Cu

2
O films

covered onto ITO coated glass. The films must totally cover
the ITO coated glass. The highest absorbance at wavelength
of 600–700 nm obtained for sample 2 is due to its maximum
thickness and smallest grain size amongst other samples.This
behavior agrees well with the earlier results published byOral
et al. [11]. There is a possibility of increasing of absorbance
caused by scattering at grain size as reported by Ray [7].
The absorbance of sample 2 and sample 3 shows the same
trend and the absorbance can be improved by increasing the
thickness of films.

The addition of polyethylene glycol will produce crack
free films with high optical absorbance [5]. Since the
polyethylene glycol additive can avoid the particle aggre-
gation occurring in the sol-gel solution, sample 2 with
polyethylene glycol has fine crystalline grain (83 nm) and thus
decreases scattering at crystalline boundary. The absorption

coefficient, 𝛼, of the Cu
2
Ofilm is related to the photon energy

ℎ] [7]. Consider

(𝛼ℎV) = (ℎV − 𝐸
𝑔
)

1/2

, (1)

where ℎ] is the photon energy and 𝐸
𝑔
is the energy gap.

These energy gaps are calculated from the intercept of straight
line on the photon energy (ℎ]) of (𝛼ℎV)2 versus (ℎV) plot
and the values are listed in Table 1. The energy gap for these
films was calculated to be in the range of 1.75–2.0 eV and was
found to be influenced by film thickness and also the optical
absorbance. The addition of polyethylene glycol produced
the thickest film with high energy gap and high optical
absorbance.

The Cu
2
O thin films were used as working electrodes

in PESC of ITO/Cu
2
O/PVC-LiClO

4
/aluminum. The layer of

PESC of ITO/Cu
2
O/PVC-LiClO

4
/aluminum was shown in

Figure 4. Most of PESC reported used an aqueous solution
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Figure 4: Layer of PESC of ITO/Cu
2
O/PVC-LiClO

4
/aluminum.

of NaOH as an electrolyte. For PESC of ITO/Cu
2
O/PVC-

LiClO
4
/aluminum, the solid polymer electrolyte of PVC-

LiClO
4
was used as an electrolyte. The total cell active area

was 1.5 cm2. Figure 5 shows current-voltage (𝐼-𝑉) charac-
teristics of the PESC, under dark and light illumination.
The 𝐼-𝑉 characteristic of sample 1 was much different
from that of sample 2 and sample 3 due to absence of
the additive solutions during its preparation. Sample 2
(sample with polyethylene glycol) and sample 3 (sample
with ethylene glycol) have an improvement of 𝐼-𝑉 charac-
teristic because of the additive. This is the first reported
demonstration of photoresponse from a deposited Cu

2
O

thin film of ITO/Cu
2
O/PVC-LiClO

4
/aluminum. Open cir-

cuit voltages (𝑉oc) and short circuit currents density (𝐽sc)
of ITO/Cu

2
O/PVC-LiClO

4
/aluminum PESC were measured

under light illumination of 100mW/cm2 and shown in
Table 2. The best 𝐽sc and 𝑉oc obtained at 100mWcm−2 were
3.2 × 10

−11mA/cm2 and 0.092V, respectively, for sample 2
which was the thickest film and absorbed more energy from
light. From the results shown in Table 2, it was found that
𝐽sc obtained from this device is low. The ITO/Cu

2
O/PVC-

LiClO
4
/aluminum current could be improved by depositing

an organic dye onto the Cu
2
Ofilms [18–20] as light sensitizer.

Table 2: Value of 𝐽sc and 𝑉oc for PESC of ITO/Cu2O/PVC-
LiClO4/aluminium under light illumination of 100mW/cm2.

Photoelectrochemical solar cell (PESC) 𝐽sc
(mA/cm2) 𝑉oc (𝑉)

Sample 1 1.9 × 10
−11 0.090

Sample 2 3.2 × 10
−11 0.092

Sample 3 1.0 × 10
−11 0.080

This material will absorb a larger quantity of light in the
visible region to excite more electrons from its molecule, so
that it can be directly sent to the conduction band of Cu

2
O

film upon illumination. Further studies are needed on ionic
conductivity of the solid polymer electrolyte of PVC-LiClO

4
,

surface morphology of Cu
2
O and aluminum films, light

intensity, and temperature which influence the performance
of the cells.

4. Conclusions

The Cu
2
O thin films were successfully grown onto ITO

substrates by sol-gel spin coating with different additives and
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Figure 5: Current-voltage (𝐼-𝑉) characteristics of the PESC of ITO/Cu
2
O/PVC-LiClO

4
/aluminum under dark and light illumination.

annealed at 350∘C in 5% H
2
+ 95% N

2
atmosphere. Various

properties of Cu
2
O thin films have been characterized. The

addition of polyethylene glycol to the parent solution can
enhance various properties of the films, such as increasing
optical absorbance, energy gap, and the thickness of films.
These results indicate that the Cu

2
O thin film prepared by

sol-gel spin coating technique using polyethylene glycol and
ethylene glycol can be used for photoelectrochemical solar
cell (PESC).
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TiCl
4
pretreatment is used in the fabrication of high performance photoanodes for dyes-sensitized solar cells (DSSCs). In this

paper, TiCl
4
pretreatment was used on fluorine doped tin oxide (FTO) before fabricating ZnO films by electrochemical method.

The effects of TiCl
4
pretreatment on some important parameters of solar cells, such as short-circuit current (Jsc) and filling factor,

were investigated.Themorphology of ZnO films was changed after TiCl
4
pretreatment, which can offer large surface area to absorb

muchmore dyes.When the time of electrodepositionwas 3min, the dyes-sensitized solar cells (DSSCs) based onTiCl
4
pretreatment

ZnO films showed more superior photoelectrochemical performance. The parameters of DSSCs are greatly improved. The DSSC
based on ZnO films after TiCl

4
pretreatment has a very promising value for fabricating high performance solar cells.

1. Introduction

As a promising solar-to-electric energy converter, DSSCs
have attracted much of attention due to their high efficiency
and low cost [1]. With regard to photovoltaic devices, the
conventional silicon-based solar cells are usually too bulky
and heavy for flexible applications. Fortunately, new gen-
eration photovoltaic devices, such as dye-sensitized solar
cells (DSSCs) and organic solar cells, make it possible to
utilize solar energy more efficiently. As a result, invented
new methods have recently attracted much attention to
mesoporous film in the photoelectrodes of dye-sensitized
solar cells (DSSCs) and quantum dots-sensitized solar cells
(QDSCs) [2–6]. However, insufficient internal surface area
limits conversion efficiency at a relatively low level owing to
deficient dyes loading and light harvesting.

ZnO is one of the most important semiconductor mate-
rials as the photoelectrodes of DSSCs and QDSCs due to its
suitable energy-band structure and excellent physical prop-
erties. Up to now, to get high performance, many methods
have been explored to prepare ZnO porous films to offer large
specific surface area for high device performance, such as
doctor-blade (DB) method, chemical bath deposition, and

electrodeposition (ED) [7–11]. In this paper, we expected to
fabricate high performance photoanodes for dyes-sensitized
solar cells (DSSCs). TiCl

4
pretreatment was used on FTO

before fabricating ZnO films by electrochemical method.
The morphology of ZnO films was changed after TiCl

4

pretreatment, which can offer large surface area to absorb
much more dyes. We tried different electrodeposition times.
When the time of electrodeposition was 3min, the quantum
dyes-sensitized solar cells (DSSCs) based on TiCl

4
pretreat-

ment ZnOfilms showedmore superior photoelectrochemical
performance.

2. Experimental

2.1. Preparation of ZnO Electrode. The base electrolyte used
for the electrodeposition of ZnO films contained 0.1M
Zn(NO

3
)
2
and 0.1MKCl. Bath temperature was controlled

at 65∘C and the electrolyte was stirred vigorously before
electrodeposition using a magnetic stirrer (Figure 1). The
cathode substrate and graphite anode were dipped into the
electrolyte solution about 1 cm deep below solution level
controllably. Adjustment distance between electrode and
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Figure 1: Schematic diagram of DC electrochemical deposition
device. (1) Electrochemical workstation, (2) constant temperature
water bath, (3) the cathode substrate, (4) graphite anode, (5) elec-
trolyte solution, (6) bracket, (7) node thermometer, (8) thermostat
magnetic stirrer, and (9) computer.

counter electrode is 2 cm. The electrodeposition was carried
out under the potentiostatic condition. After the reaction,
the reaction products ZnO/FTO was dipped into deionized
water, soaking and cleaning.Then, after annealing for 30min,
ZnO/FTO was taken out from furnace when temperature
decreased to 80∘C through natural cooling and dipped into
the dye (N719, 0.03) for 12 h. Finally they were washed with
de-ionized water.

In order to make a performance comparison between
TiCl
4
pretreatment and no TiCl

4
pretreatment on ZnO

films and photoelectric performance influence, we fabricated
another ZnO electrode. To be different, FTOwas treated with
TiCl
4
solution before making ZnO electrode and annealing

30min at temperature 450∘C.

2.2. TiCl
4
Pretreatment of FTO. The FTO was treated with

TiCl
4
solution before fabricating TiO

2
films bymethodwhich

can be found in the literatures elsewhere. With the pretreat-
ment process, not only adsorption was stronger between
TiO
2
films and FTO but also impede carriers recombination

between I3− and FTO.The conversion efficiency increased as
Jsc increased. In this paper, TiCl

4
pretreatment was used on

FTObefore fabricating ZnOfilms by electrochemicalmethod
and at work current (30mA) growth 4min, then annealing
30min at temperature 450∘C.

3. Results and Discussion

Figure 2 shows the comparison after fabricating ZnO films,
whether if there has been TiCl

4
pretreatment used on FTO

or not, before fabricating ZnO films. It can be readily seen
that the fabricated ZnO films are porous flakes, no matter
they haveTiCl

4
pretreatment or not. Comparedwith noTiCl

4

pretreatment, fabricated ZnO flake is smaller with TiCl
4

Table 1:The performance parameters of DSSCs with TiCl4 pretreat-
ment and without TiCl4 pretreatment.

Samples 𝑉oc (V) 𝐽sc (mA/cm2) FF 𝜂 (%)
Without TiCl4 0.3977 1.07 0.2820 0.12
TiCl4 0.4759 2.86 0.3967 0.54

pretreatment. In addition, a large number of ZnO nanorods
were produced which can offer large surface area to absorb
much more dyes.

Figure 3(a) shows that the UV-Vis absorption spectra
of ZnO films used TiCl

4
pretreatment or not after dye

sensitized (N719) for 12 h. It can easily be seen that under the
same conditions, relative to without TiCl

4
pretreatment, the

absorbance of ZnO films increased after TiCl
4
pretreatment

and light absorption cutoff wavelength presented a remark-
able red shift, effectively broadening the range of ZnO on the
absorption of sunlight.

The prepared ZnO films were immersed into dyes (N719)
for 12 h; then with Pt electrodes they assembled into dye-
sensitized solar cells (DSSCs) and performance was tested. J-
V curves obtained from DSSCs are presented in Figure 3(b).
Table 1 presents the parameters of DSSCs. It can be seen by
the J-V curve that the performance of DSSCs with TiCl

4

pretreatment is much better than the DSSCs without TiCl
4

pretreatment. This experimental result is consistent with
the test results of U-V absorption spectrum. As shown in
Table 1, the short-circuit current (Jsc), open-circuit voltage,
conversion efficiency, and filling factor of DSSCs with TiCl

4

pretreatment are greatly improved. The main reason for the
results is that ZnO absorbed more dyes with the surface
area increasing from ZnO films. Meanwhile, after TiCl

4

pretreatment, a layer of dense TiO
2
on FTO is formed

and impede carriers recombination between I3− and FTO
effectively, thus, the short-circuit photocurrent density is
improved, so the conversion efficiency was increased; this is
consistent with literature reported.

Keeping the same experimental conditions, the electrode-
position times of the preparation of ZnO samples were 2min,
3min, 4min, and 5min, respectively, at the constant current
of electrodeposition of 30mA. Figure 4 shows the SEM of
ZnO films under different electrodeposition times. From the
SEM photos it can be seen that when the electrodeposition
time is 2min, we can get the ZnO sheet structure, which
is composed of small particles with size of about 300 nm.
Along with the growth of the electrodeposited time, flakes
began to accumulate, at the same time, composed of a small
piece of particle size that also increases (electrodeposition
time of 4min, the small particle size increased to 500 nm),
resulting in decreased ZnO films surface area. With the
electrodeposition time of 5min, from amplifier SEM photos,
it can be seen that the dense ZnOfilms are significantly higher
than 4min. But too dense film is not conducive to the dyes
adsorption.

The XRD pattern in Figure 5(a) reveals the ZnO films
under different electrodeposition times. We can get from the
XRD that 2𝜃 angle of 31.8∘, 36.6∘, and 56.64∘ corresponded
to the ZnO thin films (100) (101) (110) diffraction crystal
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Figure 2: SEM images of TiCl
4
pretreatment used on FTO or not. (a) TiCl

4
pretreatment. (b) Without TiCl

4
pretreatment. (c) and (d) The

amplification figure of (a) and (b), respectively.

face, respectively, consistent with the standard peak of XRD
patterns (JCPDS no. 74-534). In addition, some weak peaks
also appeared, (002), (102), (103), (112), and (201). As can be
seen by theXRDpatterns, ZnOfilms prepared under different
electrodeposition time XRD peak are almost the same with a
difference in the peak intensity.

ZnO films prepared under the different deposition times
immersed in the N719 dye-sensitized for 12 h, and then,
with Pt electrodes, they assembled into DSSC performance
testing, J-V characteristic curve shown in Figure 5(b). The
performance parameters of DSSCs are listed in Table 2.

As can be seen from Figures 5(a) and 5(b), when other
experimental conditions are unchanged, with the growth of
the electrodeposition time, the DSSC short-circuit current,
filling factor, and the photoelectric conversion efficiency first
increase and then decrease. When electrodeposition time is
3min, the DSSC performance is the best. The main reason is:
when the electrodeposition time is short, flake particle size is
small and specific surface area is large, but the relatively dense
and thin deposition layer is not conducive to the adsorption

Table 2:The parameters of DSSCs under different electrodeposition
time.

Electrodeposition
time (min) 𝑉oc (V) 𝐽sc (mA/cm2) FF 𝜂 (%)

2 0.6897 2.91 0.3787 0.76
3 0.6922 3.34 0.4758 1.10
4 0.6774 3.38 0.3974 0.91
5 0.6835 3.17 0.3692 0.80

of the dyes, so, short circuit current density of the DSSC is
low, the filling factor and conversion efficiency are low too.
The small particle size also increases with the growth time.
At this point, the thickness of the sediments layer gradually
increased and occupied the leading position; combined effect
is conducive to dyes adsorption, making the short-circuit
current density, filling factor, and efficiency also increase.
However, along with the growth time, small flake particle size
gradually get big, resulting in specific surface area of ZnO
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Figure 3: (a) UV-Vis absorption spectra of ZnO films. TiCl
4
pretreatment (dark yellow). Without TiCl

4
pretreatment (blue). (b) J-V curves

obtained from DSSCs with TiCl
4
pretreatment (black) and DSSCs without TiCl

4
pretreatment (red).
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Figure 4: SEM images of preparation ZnO under different electrodeposition times: (a) 2min, (b) 3min, (c) 4min, and (d) 5min. Part of the
insert of the red box for enlargement.
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Figure 5: (a) XRD pattern of the ZnO films under different electrodeposition times. (b) J-V curves obtained from DSSCs under different
electrodeposition times: (a) 2min, (b) 3min, (c) 4min, and (d) 5min.

films decrease, therefore the performance of the DSSCs get
degradation.

4. Conclusions

We have demonstrated an efficient method to prepare high
performance ZnO electrode. The ZnO electrode has many
porous flakes after TiCl

4
pretreatment. In addition, a large

number of ZnO nanorods were produced which can offer
large surface area to absorb muchmore dyes.The absorbance
of ZnO electrode is increased after TiCl

4
pretreatment and

light absorption cutoff wavelength presents a remarkable red
shift, effectively broadening the range of ZnO on the absorp-
tion of sunlight.The solar energy-conversion efficiencywhich
is shown by DSSC fabricated following TiCl

4
pretreatment

is relatively higher than without TiCl
4
pretreatment, when

the time of electrodeposition was 3min, the DSSC based
on TiCl

4
pretreatment ZnO films showed more superior

photoelectrochemical performance under the illumination of
one sun (AM 1.5, under 100mW/cm2). Since the ZnO films
fabricated following TiCl

4
pretreatment and deposition of a

suitable time, it shows much prospect to be applied in the
photoelectrodes of flexible QDSCs or DSSCs.
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This paper investigates the control performance of a physical configuration of a microgrid (MG), integrated with photovoltaic (PV)
arrays, battery energy storage systems (BESSs), and variable loads. The main purpose is to achieve cooperative optimal control
under both grid-connected and islanded modes for the MG. For the grid-connected mode, a voltage source inverter (VSI) based
on swoop control is used to control the MG connection to the grid even if PV arrays are under partially shading conditions (PSC).
Then, for the islandedmode, the paper analyzes themodel of the PV unit and BESS unit detailed from the small signal point of view
and designs the suitable control strategy for them. Finally, the whole MG system combines the droop control and the main/slave
control to stabilize the DC bus line voltage and frequency. Both simulation and experimental results confirm that the proposed
method can achieve cooperative control of the MG system in both grid-connected and islanded mode.

1. Introduction

To address the challenges of tackling climate change and
maintaining energy security, many countries worldwide are
committed to decarbonizing their energy systems. As a
result, the renewable energy solution becomes an increasingly
attractive and important topic, and it contributes to a sustain-
able development of the society. The development of hybrid
power systems incorporating renewable sources represents a
big step towards distributed generation (DG). The microgrid
(MG) concept [1–4], which represents a cluster of intercon-
nected DGs, loads, and intermediate battery energy storage
systems (BESSs), has caught many researchers’ interest. The
MG flexibility can be achieved by allowing the electricity
operation under two different modes [5]: one is the grid-
connected mode where the MG is connected to the main
grid, being either partially supplied from the grid or injecting
power into the grid; the other is the islandedmode, where the
MG operates autonomously when it is disconnected from the
main grid.

Voltage source inverters (VSI) are often used as a power
electronics interface; hence, the control of parallel VSI form-
ing a MG has been intensively investigated in recent years
[1–10]. Decentralized and cooperative controllers such as the

droop method have been proposed in the literature. Further,
in order to enhance the reliability and performance of the
droop control of VSI, virtual impedance control algorithms
have been developed, providing the inverters with hot-swap
operation, harmonic power sharing, and robustness for large
line power impedance variations [11].

However, droop control has several drawbacks such as
poor harmonic current sharing and high dependence on
the power line impedances. In order to overcome these
drawbacks, methods were proposed by combining low-
bandwidth communications with average power sharing,
droop control, and extra harmonic compensation control
loops [12, 13]. Another solution is to combine both master-
slave and droop control techniques according to the distance
of individual DG unit in an islanded MG [14].

In the case of transferring from the islanded operation
mode to the grid-connected mode, it is necessary to first syn-
chronize the MGs to the grid [1]. Once the synchronization
is achieved, a static transfer switch is triggered to connect the
MG to the grid. After the transition process between islanded
and grid-connected mode is completed, it is necessary to
control the active and the reactive power flows at the point
of common coupling [7].
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For the grid-connected mode, the PV source has the
advantages of low maintenance cost, no moving/rotating
parts, and pollution-free energy conversion. However, a
major drawback of the PV source is its ineffectiveness during
the nights or low isolation periods or during partially shaded
conditions (PSC). Amajor challenge in using the PV source is
posed by its nonlinear current-voltage (I-V) characteristics,
which result in a unique maximum power point (MPPT) on
its power-voltage (P-V) curve.

Several tracking schemes have been proposed [15–24],
among which the popular tracking schemes include the
perturb and observe (P&O), hill climbing [17, 18], short-
circuit current [17], and open-circuit voltage [20]. The
tracking schemes mentioned above have been shown to be
effective under uniform solar insolation conditions, where
P-V curve of a PV module exhibits only one MPPT for
a given temperature and insolation. Under PSC, the entire
array, however, does not receive uniform insolation and theP-
V characteristic becomes more complex, displaying multiple
peaks.The effectiveness of the existingMPPT schemes, which
assume a single peak power point on the P-V characteristics,
will then become less effective. Therefore, there is a need to
develop special MPPT schemes that can track the global peak
under PSC.

This paper investigates the control performance of a
physical configuration of a MG, which incorporates photo-
voltaic (PV) arrays, a BESS, and variable loads. In order to
improve the conversion efficiency of the PV array and the
charger under PSC in MG grid-connected mode, we use a
MPPT algorithm under PSC developed by Ji et al. [24] based
on the analysis of the P-V and I-V output characteristics.
Then, the grid connection requirements of the whole MG
system are achieved using a VSI. Then, for the islanded
mode, the paper analyzes the model of the PV unit and
the BESS unit detailed from the small signal point of view
and designs the suitable control strategy for them. Finally,
the whole MG system combines the droop control and the
main/slave control to stabilize the DC bus line voltage and
frequency. Both simulation and experimental results confirm
that the proposed method can achieve cooperative control of
the MG system in both grid-connected and islanded mode.
Both simulation and experimental results confirm that the
proposed algorithm can automatically track the global power
point under different isolation conditions and coordinated
control of the MG is achieved.

This paper is organized as follows. Section 2 describes
the physical configuration of the MG under study, Section 3
analyzes the MG system control strategy in grid-connected
mode, and Section 4 proposes a coordinated control loop
for the MG system in islanded mode. Section 5 details
the simulation and experimental results. Finally, Section 6
concludes the paper.

2. Physical Configuration of
the Microgrid under Study

The paper considers the following physical configuration of
a MG as depicted in Figure 1, which consists of 2 PV units

Charger unit

Load

PV 2PV 1

Switch

Grid
Controller

∼= ∼=

∼
=

Figure 1: The structure of MG under study.

representing renewable power and a BESS, central controller,
and the local loads, which are all connected to an AC bus line
through static switch. The static switch will connect to the
AC grid and realize grid-connectedmode and islandedmode
through the static switch on and off mode. The PV power
systems are subject to the atmosphere condition and thus
generate variable power. An inverter consisting of a DC/DC
converter, a DC bus, and anH-bridge can realize the interface
between the PVpanels and theMG.The inverter injects active
power and reactive power through the point of common
coupling based on different operation conditions.

The battery energy storage system ensures the power
balance in the MG, acting as a load or a source according to
power unbalance situation. In the ideal condition, the active
power balance is given by

𝑃BESS = 𝑃L − 𝑃PV, (1)

where 𝑃L is the load power requirement, 𝑃BESS is the BESS
power (charging or discharging), and 𝑃PV is the PV power.

The active power balance must be ensured at any time
and the purpose is to maintain the frequency of the system
within the required limits. The main sources of uncertainties
are from the PV power systems, which inject variable active
power according to the actual requirements, and also from
the loads that vary quasirandomly.

3. MG Control Strategy under
Grid-Connected Mode

When the MG works in grid-connected mode, the frequency
and the voltage of theMG aremaintainedwithin a tight range
by the main grid. In this section, we consider the MG control
design under grid-connected mode.

3.1. Normal Model of a PV Array. To control the MG with
integration of PV power as shown in Figure 1, modeling the
PV array is necessary. A PV array is composed of several
PV modules connected in series parallel to produce desired
voltage and current. Usually, more PV cells are needed to
form the series-parallel PV array. The relationship of the
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output voltage and current of one PV cell can be represented
as follows:

𝐼 = 𝐼ph − 𝐼s {exp [

𝑞

𝐴𝐾𝑇

(𝑈 + 𝐼𝑅s)] − 1} −

𝑈 + 𝐼𝑅s
𝑅sh

, (2)

where 𝐼 is the output current of PV cell;𝑈 is the output voltage
of PV cell; 𝐼ph is the photocurrent; 𝐼s is the reverse saturation
current of diode; 𝑞 is the electronic charge (1.6 × 10

−19 C);
𝐾 is Boltzmann’s constant (1.38 × 10

−23 J/K); 𝑇 is junction
temperature;𝐴 is the diode ideality factor;𝑅s is series resister;
𝑅sh is shunt resister.

Due to the large value of shunt resistance 𝑅sh, the last
term in (2) is often omitted, the short-circuit current and
photocurrent are considered to be equal (𝐼sc ≈ 𝐼ph), and when
the PV cell is on open circuit, the output current is zero, so
output current of a PV cell can be approximated as

𝐼 = 𝐼sc {1 − exp [

𝑞

𝐴𝐾𝑇

(𝑈 + 𝐼𝑅s − 𝑈oc)]} . (3)

Equation (3) is an implicit function relating the voltage and
current. To help with the analysis, it can be shown that

𝑈 =

𝐴𝐾𝑇

𝑞

ln(1 +

𝐼

𝐼sc
) − 𝐼𝑅s + 𝑈oc. (4)

Then, the output power of a PV cell is

𝑃 = 𝑈𝐼 =

𝐴𝐾𝑇𝐼

𝑞

ln(1 +

𝐼

𝐼sc
) − 𝐼
2
𝑅s + 𝐼𝑈oc. (5)

Equations (4) and (5) can be used to produce output
characteristic curve of the PV cell. When these series-parallel
PV cells constitute a 𝑁S × 𝑁P array (𝑁S is the number of
PV cells in series, and 𝑁P is the number in parallel), the
corresponding PV array output voltage, current, open-circuit
voltage, short-circuit current, and series resistance can be
formulated as

𝑈
𝐴

= 𝑁S𝑈,

𝐼
𝐴

= 𝑁P𝐼,

𝑈oc𝐴 = 𝑁S𝑈oc,

𝐼sc𝐴 = 𝑁P𝐼sc,

𝑅s𝐴 = (

𝑁S
𝑁P

)𝑅s.

(6)

Taking an array of𝑁S×𝑁P = 3×2 PV as an example, Figure 2
shows the I-V curve and P-V curve, respectively, under the
normal condition.

3.2. MG Unit Control under PSC. To control the MG con-
figured in Figure 1, we first aim to achieve the PV MPPT
control and improve the efficiency of the PV array power
conversion under PSC. Then, we use DC/DC converter to
make the output current and the grid voltage following the
same phase and frequency to realize the unit power factor
control.

An important target inMPPTcontrol is to track the global
MPPT under PSC. One of the key issues is to identify the
PSC, and, in this paper, we adopt the following PSC judgment
criteria which was originally proposed in [24]:

Δ𝑈pv = 𝑈pv (𝑛) − 𝑈pv (𝑛 − 1) < Δ𝑈set,

Δ𝐼pv

𝐼pv (𝑛 − 1)

=

𝐼pv (𝑛) − 𝐼pv (𝑛 − 1)

𝐼pv (𝑛 − 1)

< Δ𝐼set ≈ −

𝐼pv (𝑛 − 1)

𝑁p
,

(7)

whereΔ𝑈pv is the voltage change of PV array,Δ𝑈set is a preset
voltage variation limit of PV array, Δ𝐼pv is the current change
of PV array, andΔ𝐼set is a preset current voltage variation limit
of PV array.

The overall configuration of the control system for MG
under PSC is shown in Figure 3, and it has two separate parts
that can be controlled individually.The first part incorporates
the globalMPPT into the inverter to connect DC power from
the PV array to the MG. The back part is the inverter for
controlling the integration of MG to the AC line. In this
configuration, the key element is theMPPT control of the PV
system with a PSC judging mechanism.

In Figure 3, the first converter is the boost converter and
adopts voltage loop control, which is used to achieve the
MPPT control through adjusting the output voltage of the PV
array. The second converter is with a two-phase bridge, and
𝑇
1
–𝑇
4
are the control signals of the four switches, and it is

connected with the first converter by a large capacitorC
2
, and

the output current of the first converter is the control target
in the back converter.

DC bus line control is also necessary. Although MPPT
control can make the PV array track the MPPT, the different
levels of isolation will affect the power output, and the power
change will cause the DC bus line to drift. If the PV output
energy increases sharply, the power delivery of DC bus line
will be increased if there is no converter or load to consume
the extra energy. On the contrary, if the PV output energy is
decreased and cannot satisfy AC line voltage peak value, the
converter cannot work; therefore it is necessary to keep the
DC bus line balanced.

The second part has two loops, that is, the outer voltage
loop and inner current loop.The function of the voltage loop
is to keep the DC bus line balanced; it is controlled by a PI
controller by comparing the actual value 𝑈dc and the given
value𝑈

∗

dc as the error for driving the PI controller.The output
of the outer loop PI controller produces the AC given current
value, which is multiplied by the sine output signal of the
phase-locked loop (PLL) of the AC voltage 𝑢ac to produce the
given current 𝑖∗ac.The aimof the inner current loop is to realize
the AC current control. The given current 𝑖

∗

ac is compared
with the actual 𝑖ac, producing the error, and is controlled by
the inner loop PI controller. The output of the inner loop PI
controller is compared with the triangle wave for generating
the PWM signal to control 𝑇

1
to 𝑇
4
and thus produce the AC

current output, which has the same frequency and phase with
the grid side.
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Figure 2: I-V and P-V characteristic curve under normal condition.
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Figure 3: The whole control system configuration of MG under grid-connected mode.

4. Control Strategy for Islanded Mode

When the MG is in the islanded mode, the two PV units and
one BESS are all in parallel connection with the AC bus line
(Figure 1). As the MG system is separated from the grid, and
the frequency and voltage will not be provided by the grid,
the MG system needs a suitable control strategy to balance
the frequency and the volume of the AC line.

The control method proposed in the paper is shown in
Figure 4. The MG system adopts two-layered control strat-
egy, where the upper layer is the main controller to realize
the energy prediction and balance, while the lower layer
controller is connected to the main controller and achieves
the output power control, bus line control, and the control of
the PV array and the BESS system state. As shown in Figure 4,
the PV array adopts droop control in the main controller to
achieve stable voltage and frequency regulation. The BESS

inverter is the slave inverter and adopts PLL control and
active and reactive power (𝑃/𝑄) control to ensure that the
frequency and phase are synchronized with the MG system.
If the solar irradiation is less than the normal value, the PV
array will stop generating power and the BESS system adopts
voltage/frequency (𝑉/𝑓) control to provide the energy for the
load and run the MG system continuously.

4.1. The PV Unit Islanded Control Strategy. Figure 5 is the
control system structure of PV unit. The first boost converter
can raise the PV voltage to the needed level and the second
converter adopts voltage and current loop to improve the
response and the property of MG system. When the MG
is in the islanded mode, the PV unit will act as the main
converter to provide the voltage and the frequency for the
other converters.
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Figure 4: MG system control strategy under the islanded mode.
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Figure 5: The control system structure of PV unit.

4.1.1. Small Signal Model of Boost Converter. In the circuit
topology shown in Figure 5, variety of the boost switch duty
cycle𝑑 affects equivalent impedance of the PV systemdirectly
and the PV modules can work at their MPP by adjusting the
duty cycle 𝑑. So the output of PV modules should respond to
the change of 𝑑 as quickly as possible [15]. By analyzing small
signalmodel of the system, the transfer function of the output
voltage and the inductor current versus the boost switch duty
cycle 𝑑 can be shown as

[
[
[

[

𝑑𝑖L (𝑡)

𝑑𝑡

𝑑𝑢dc (𝑡)

𝑑𝑡

]
]
]

]

=

[
[
[

[

0 −

1 − 𝑑

𝐿

1 − 𝑑

𝐶dc
−

1

𝑅𝐶dc

]
]
]

]

[
𝑖L (𝑡)

𝑢dc (𝑡)
]

+ [

[

𝑈dc
𝐿

−𝐼L

]

]

̂
𝑑 (𝑡) + [

1

𝐿

0

] 𝑢PV (𝑡) ,

(8)

where 𝑈dc and 𝐼L are the output voltage and inductor current
at static point. From (8), we can get the following transfer
function:

𝑢dc(𝑠)

̂
𝑑(𝑠)









𝑢PV(𝑠)=0

=

(1 − 𝑑)𝑈dc {1 − 𝐿𝑠/ [𝑅(1 − 𝑑)
2
]}

𝐿𝐶dc𝑠
2
+ 𝐿𝑠/𝑅 + (1 − 𝑑)

2
. (9)

In order to raise the dynamic characteristic of PV unit, we
add a PI controller (shown in (10)) in the original PV unit:

𝐺


𝑜dc (𝑠) =

𝑘
𝑝dc𝑠 + 𝑘

𝑖dc

𝑠

(1 − 𝑑)𝑈dc {1 − 𝐿𝑠/ [𝑅(1 − 𝑑)
2
]}

𝐿𝐶dc𝑠
2
+ 𝐿𝑠/𝑅 + (1 − 𝑑)

2
.

(10)

Figure 6 showed the frequency characteristic of boost
converter before and after PI correction. Comparing them,
it can be seen that the phase margin and the gain margin are
all raised, and the stability of the MG system is improved.



6 International Journal of Photoenergy

150

100

50

0

−50
101 102 103 104 105 106

Frequency (rad/s)

M
ag

ni
tu

de
 (d

B)

Before correction
After correction

(a)

360

270

180

90
101 102 103 104 105 106

Frequency (rad/s)

Ph
as

e (
de

g)

Before correction
After correction

(b)

Figure 6: The frequency characteristic of voltage loop in inverter
after correction.

4.1.2. Small Signal Model of Full-Bridge Converter. When the
PV unit is under the islanded mode, it can be considered an
AC voltage source.Through analyzing the switch which is on
the different states, we can get the small signal model of the
system and the transfer function of output voltage and the
inductor current are shown in

𝑢ac(𝑠)

̂
𝑑ac(𝑠)










𝑢dc(𝑠)=0

=

2𝑅ac𝑈ac
𝑅ac𝐿𝐶ac𝑠

2
+ 𝑠 − (2𝑑ac − 1) 𝑅ac

,

𝑖Lac(𝑠)

̂
𝑑ac(𝑠)










𝑢dc(𝑠)=0

=

2𝑈ac (𝑅ac𝐶ac𝑠 + 1)

𝑅ac𝐿ac𝐶ac𝑠
2
+ 𝐿ac𝑠 − 2𝑑ac + 1

.

(11)

We add a PI controller as shown in

𝐺


oiac (𝑠) =

𝑘piac𝑠 + 𝑘iiac

𝑠

2𝑈ac (𝑅ac𝐶ac𝑠 + 1)

𝑅ac𝐿ac𝐶ac𝑠
2
+ 𝐿ac𝑠 − 2𝑑ac + 1

.

(12)

Figure 7 is the frequency characteristic of voltage loop
after correction. And we can see that, after the correction, the
phase margin is 81.6 dB and the angle margin is 48.9∘. The
MG system dynamic response is improved.

4.2. BESSUnit Control Strategy. BESS unit is themost impor-
tant part in the MG system, for it will influence the property
and the cost ofMG. It is necessary to use and control the BESS
unit. Normally, the BESS unit can have two states, that is, the
charging state and the discharging state. The control aim of
the BESS unit is to let the BESS system realize energy balance
and stable output in the MG system based on charging and
discharging strategy. In this paper, we adopt constant-voltage
limit current charging method.
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Figure 7:The frequency characteristic of boost converter before and
after correction.

Figure 8 is the control block of energy storage unit
on different modes. The first and the second converter
are controlled individually in order to decrease the design
difficulty. Figure 8(a) is the figure of BESS unit which acts as a
master.The first converter control DC bus line and BESS unit
discharged, while the second converter adopts voltage and
current loop control and exchange with AC line. Figure 8(b)
is the figure of BESS unit that acts as a slave. Under this state,
the first converter has the same controller as in Figure 8(a).
Bidirectional converter worked as boost converter, BESS unit
discharges, and the second converter provides the energy for
the loads. Figure 8(c) is the BESS unit that works on charge
mode, at which the first converter worked as buck mode,
BESS unit is charged, and the second converter is to keep the
DC bus line voltage and the AC input current stable.

4.3. MG System Islanded Control Strategy. Figure 9 is the
whole MG control block under the islanded mode. Every
PV unit adopts VSI for connection to the MG, and there is
no need for the PV units to adopt MPPT control and they
only need to adjust voltage loop to keep DC bus balanced.
The inverter adopts droop control strategy with an additional
power calculation loop.

5. Simulation and Experimental Results

The above described configuration and control methods were
first simulated over four different scenarios considering the
variations in the produced PV power and the demand in
the grid-connected mode. Figure 10 shows the simulation
results adopting the control strategy in Figure 4, where 𝑢grid,
𝑖grid, 𝑖load, 𝑖pv1, 𝑖pv2, 𝑃pv𝑎1, and 𝑃pv𝑎2 are the grid voltage, grid
current, load current, the output current of PV1 and PV2,
and the output power of PV1 and PV2, respectively. During
0.1 s∼0.2 s, the PV array produced 6000W power and the
total power was greater than the load demand, so excessive
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Figure 10:The simulation results of PV array connected to the grid.

power was fed back to the grid and the current had the same
phase as the grid voltage. During 0.2 s∼0.4 s, as light intensity
was decreased, the total PV energy was reduced to 2200W,
which could not meet the demands, so the extra power was
injected from the grid, and the grid side current and the grid
voltage had different phase. Between 0.4 s and 0.6 s, although
the PV array produced 2200W power, the load demand was
decreased, and the extra PV power was fed back to the grid
again. It is evident from these figures that the quality of the
output current of converter was satisfied and the response of
MPPT control strategy was swift.
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Figure 11: The experimental results in grid-connected mode.

The proposed control schemes were then applied to
physical setup for the grid-connected mode, and Figure 11
shows the experimental resultswhen the PVwas connected to
the grid. It can be seen that the output current and the output
voltage of converter have the same phase and the unit power
factor has been achieved.

Simulation results of the energy storage unit working on
different modes are shown in Figure 12.

From the simulation results, it can be seen that, whether
the BESS unit is in themaster or the slave, the voltage of BESS
unit is always kept stable and the output current changedwith
the AC line and kept the DC bus line voltage stable also. From
Figures 12(a) and 12(b), it can be seen that the DC bus line is
stable in 400V quickly. From Figure 12(c), it can be seen that
when the BESS unit is in the charging state, the energy will
flow into BESS fromAC line and the phase angle between the
charging state and the discharging state is 180∘.

Figure 13 is the simulation and experiment of BESS charg-
ing state. 𝑈bat and 𝐼bat are the voltage and current of battery,
respectively. From the results, it can be seen that battery can
realize from constant-current charging to constant-voltage
charging and there is no current peak.
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Figure 12: Simulation results of the energy storage unit working on different modes.

The proposed control scheme was then simulated under
5 different scenarios for the islanded mode. Figure 14 is the
simulation results adopting the control strategy under the
islanded mode. 𝑢load, 𝑖load, 𝑢pv1, 𝑖pv1, 𝑢pv2, 𝑖pv2, 𝑖𝑐, 𝑃pv1, 𝑄pv1,
𝑃pv2,𝑄pv2, and𝑓 are the load voltage and current, the voltage,
current, active power and reactive power of PV1 and PV2,

and the frequency, respectively. Between 0 s and 0.1 s, the
MG had no load; therefore, the current and the active power
and reactive power of PV units were all zero. At 0.1 s, the
load of MG became larger and nearly half of the rated load,
the voltage and the current had the same phase, and the
active power was increased to 1500W, while the reactive
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Figure 14: Droop control inverter simulation.

power was still 0W and the frequency was lower than the
prior frequency. Between 0.2 s and 0.3 s, the load increased
continuously; between 0.3 s and 0.4 s, the load was decreased
to half load again, and, during 0.4 s∼0.5 s, the MG had no
load again. From the simulation results, it can be seen that

the MG system responded exceptionally well and the loop
current is small and even the load changes continuously. In
the meantime, the results show that the droop control used
for the control of the inverter could achieve stability of the
whole MG system under different operation scenarios.
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6. Conclusion

This paper studied a MG system integrated with PV panels,
variable loads, a BESS, and AC line under the grid-connected
mode and islanded mode. For the grid-connected mode, the
paper adopts the MPPT combined PSC judgment to get the
maximum power, while for the islanded mode the paper
proposed to combine the droop control and the main/slave
control to achieve the demanded voltage and the frequency
and analysis of the function of BESS unit. Finally, simulation
and experimental results have shown that the proposed
method can automatically track the global power point under
grid-connected mode and realize collaborative control of the
MG system in islanded mode.
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The copper telluride thin films were prepared by a coevaporation technique. The single-phase Cu
1.4
Te thin films could be obtained

after annealing, and annealing temperature higher than 220∘C could induce the presence of cuprous telluride coexisting phase.
Cu
1.4
Te thin films also demonstrate the high carrier concentration and high reflectance for potential photovoltaic applications from

the UV-visible-IR transmittance and reflectance spectra, and Hall measurements. With contacts such as Cu
1.4
Te and Cu

1.4
Te/CuTe,

cell efficiencies comparable to those with conventional back contacts have been achieved. Temperature cycle tests show that the
Cu
1.4
Te contact buffer has also improved cell stability.

1. Introduction

Copper chalcogenides have attracted much interest because
of their potential applications in thermoelectric devices [1]
and in heterojunction structures [2–7]. Cusano [3] prepared
a CdTe solar cell with an efficiency of 7.5% in which cuprous
telluride (Cu

2
Te) was used as a p-type partner to the n-type

CdTe semiconductor. To further improve device performance
of CdTe solar cells, Cu

2
Te is commonly used as a p-type back

contact layer to facilitate low resistance contact formation
[4, 5]. However, due to the fast diffusivity of Cu in CdTe
and the apparent instability of Cu

2
Te (Cu

2
Te→CuTe + Cu,

Cu
2
Te→ 2Cu+𝛼Te+ 1/2(1−𝛼)Te

2
[8, 9]), copper is suspected

to be responsible for changes in cell performance and stability
with exposure to light [10–12]. Since this particular element
plays a key role in cell performance and characteristics, it is
important to minimize the Cu supply while maintaining the
ohmic characteristics of p+ CdTe contact. Thus, an extensive
investigation of the properties of copper tellurides (CuxTe)
and stability of CdTe-based solar cells with CuxTe has been
carried out [13]. It has been found thatCuxTe shows bistability
with energy minimum at 𝑥 ≈ 1.25 and 𝑥 ≈ 1.75 [13].
These results using first-principles calculations are consistent
with experimental observations, which find stable CuxTe
structures at two different Cu concentrations (i.e., 1.30 <
𝑥 < 1.43 and 𝑥 ≈ 2 [6, 7]). The calculated minimum

energy concentrations are slightly smaller than experimental
observations due to the fact that strain and temperature
effects are not included in the calculation. Therefore, in our
work, CuxTe thin films at low x (𝑥 = 1.4) were prepared by
vacuum coevaporation. The properties of CuxTe thin films
at low x were studied and performance of CdTe solar cells
with CuxTe was investigated and also monitored with the
temperature cycle test.

2. Experimental Details

Cu
1.4
Te thin filmswere deposited on a simultaneous evapora-

tion system DM-400 to a thickness of ∼200 nm at room tem-
perature. Cu foil (99.999% purity) and Te powder (99.999%
purity) were evaporated on substrates from two independent
sources, respectively. The deposition rate and the thickness
of thin films were monitored by two-thickness monitors
(LHC-2, Huazhao Industrial Ltd., China). After deposition,
a posttreatment was performed at different temperatures in
N
2
ambient. X-ray diffraction (XRD) (DX-2600, Dandong

Fangyuan Instrumental Ltd., China) measurements were
used to study the copper telluride structure. The transmit-
tance and reflectance spectra were used to investigate the
optical properties of materials. The four-probe Van der Pauw
method was used to carry out the Hall measurements to
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determine the Hall coefficient, mobility, and carrier concen-
tration.

Solar cells were fabricated in a superstrate configuration
typical of CdTe devices, that is, glass/TCO/CdS/CdTe/back
contact. CdS thin films were deposited by a chemical bath
deposition technique to a thickness of 180 nm onto the
glass substrate coated with SnO

2
:F. CdTe thin films were

subsequently prepared in argon and oxygen ambient by close-
spaced sublimation to a thickness of ∼5 𝜇m. Following the
heat treatment of the samples in CdCl

2
, the CdTe surface

was etched in a bromine/methanol solution (0.05% vol.).
The back contact, Cu

1.4
Te (∼100 nm), was deposited on the

etched CdTe surface by coevaporation. And then samples
were treated in a pure N

2
ambient in the 180∘C∼220∘C

range. Finally, Ni thin films (∼300 nm) prepared by electron
beam evaporation were used as a back electrode to complete
the back contacts processing. The photovoltaic devices were
characterized using dark J-V measurement (4155C, Agilent,
USA) and light J-V measurement (XJCM-9, Gsolar, China)
under simulated AM1.5 illumination (100mW/cm2). The
device stability was performed using the high- and low-
temperature cycle tests. As shown in Figure 1 one cycle was
the process of the cycling through two temperature extremes
(i.e., 85∘C and −40∘C).

3. Results and Discussion

3.1. Structural, Optical, and Electronic Properties of Cu
1.4
Te

Thin Films. Copper telluride thin films were deposited by
coevaporation at room temperature on glass substrates as
shown in Figure 2. The thin films as-deposited were an
amorphous structure. There are no changes in the phase
for copper telluride thin films with annealing temperature
up to 170∘C. Then the thin films were annealed at 180∘C
in N
2
ambient. Copper telluride thin films annealed had

some diffraction peaks. The peaks at about 2𝜃 of 11.393∘,
14.461∘, 23.516∘, 26.586∘, 26.667∘, 29.159∘, 44.415∘, 55.078∘, and
60.501∘ correspond to the (021), (002), (051), (052), (004),
(006), (204), and (176) planes of Cu

1.4
Te, respectively. The

results also indicate that the Cu
1.4
Te thin films are single-

phase hexagonal structure with random orientations when
annealed at a higher temperature, that is, 200∘C. Figure 2
shows XRD pattern of Cu

1.4
Te thin films annealed at 220∘C.

The intensity of these diffraction peaks for the thin films
increasedwith annealing temperature. And there are remark-
able differences among these two samples annealed at 200∘C
and 220∘C.Thepeak at 2𝜃 of 12.9∘, corresponding to the lattice
spacing of 6.8487 Å, was indexed as the 1st order diffraction
of the cupric telluride (CuTe). So, the peak positions of the
(002), (003), and (004) planes at 2𝜃 of 25.8∘, 40∘, and 52.8∘
were the 2nd, 3rd, and 4th order diffraction of CuTe. The
presence of other X-ray diffraction peaks associated with a
CuTe phase indicated that the coexisting phase had occurred.
It is obvious that annealing to 220∘C results in the formation
of coexisting phase for copper telluride thin films, which
may have a strong influence on the stability of the CdTe-
based solar cells. Therefore, the devices for this work were

0 50 100 150 200 250 300

0

20

40

60

80

100

Time (min)

85∘C 85∘C

25∘C 25∘C 25∘C

−40∘C

Te
m

pe
ra

tu
re

 (∘
C)

−20

−40

Figure 1: The high- and low-temperature cycle testing curve.

postannealed at 180∘C∼220∘C,whose results will be discussed
in Section 3.2.

The optical properties of Cu
1.4
Te thin films with a

single-phase hexagonal structure were studied using the UV-
Visible-IR transmittance and reflectance spectra as shown in
Figure 3. The transmittance of no more than 30% for Cu

1.4
Te

thin films in the range of 300∼900 nm was observed. While
the reflectance for the thin films increased up to ∼50% in the
range from 500 to 900 nm, which may reflect the photons
in this range to p-n junction. It can be inferred that the
thickness of the absorption layer, CdTe, can be reduced in the
CdTe solar cells due to the incorporation of the thin films,
Cu
1.4
Te, as the back contact. From the optical properties

of Cu
1.4
Te thin films we suggest that it may be a kind

of good photovoltaic materials in CdS/CdTe heterojunction
solar cells.

The electronic properties of single-phase Cu
1.4
Te thin

films from the Hall measurements were also investigated.
Table 1 shows the parameters for Cu

1.4
Te thin films such as

the mobility, Hall coefficient, and carrier concentration. The
results show that Cu

1.4
Te thin films were p-type semicon-

ductor compounds and had high carrier concentration, ∼
1021 cm−3. The high carrier concentration means high con-
ductivity which can reduce series resistance of the solar cells
with a Cu

1.4
Te layer and thus improve remarkably the device

performance. Table 1 also shows that the mobility of Cu
1.4
Te

thin films is very low. The carrier mobility has the following
relation:

𝜇
𝑝
=

𝑞𝜏
𝑝

𝑚
𝑝

, (1)

where 𝑞 is the elementary charge, 𝜏
𝑝
is the relaxation time,

and 𝑚
𝑝
is the effective mass. Because the carrier effective

mass did not alter much, it is deduced that the increase
of the mobility is due to the decrease of the relaxation
time, which inverses to the scattering probability. Therefore,
further improvement in the thin films, such as less defects,
small strain, and large grain sizes, for practical use can be
made.
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Figure 2: XRD patterns of copper telluride thin films as deposited and annealed at different temperatures.
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Figure 3: Transmittance and reflectance spectra for Cu
1.4
Te thin

films.

Table 1: Parameters for Cu1.4Te thin films.

Sample Mobility
(cm2/V∗S)

Hall coefficient
(cm3/Cb)

Carrier concentration
(cm−3)

Cu1.4Te 13.82 0.0042 1.48 × 1021

3.2. CdTe Solar Cells with Cu
1.4
Te Thin Films. In this work,

the device configuration consisted of a glass/SnO
2
/CdS/

CdTe/back contact/Ni structure, where back contact was
Cu
1.4
Te thin films. After chemical etching, the Cu

1.4
Te thin

films were deposited on the CdTe thin films and annealed
in N
2
ambient. Figure 4 shows the XRD pattern of CdTe
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Figure 4: XRD pattern of Cu
1.4
Te thin films deposited on the CdTe

thin films.

solar cells with a Cu
1.4
Te layer annealed at 200∘C before

metallization. Besides the diffraction peaks of CdTe, the XRD
pattern demonstrates the other phase with weak diffraction
intensity, which can be indexed to (051) planes of Cu

1.4
Te thin

films.
To investigate the effect of Cu

1.4
Te thin films on back

contact formation and device performance, device charac-
terization was performed on CdTe devices. Table 2 shows
the device parameters for CdTe solar cells with or without
Cu
1.4
Te thin films annealed at different temperatures in N

2

ambient. One can see that CdTe solar cells made with a
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Table 2: Device parameters for CdTe solar cells with or without Cu1.4Te thin films.

𝑇 (∘C) 𝑉oc (mV) 𝐽sc (mA/cm2 ) 𝐸ff (%) FF (%) Area (cm2)
nbc∗ 667 20.5 7.6 55 0.0707
180 721 22.7 9.7 57 0.19625
200 736 23.6 11.6 67 0.0707
220 788 21.0 9.5 57 0.19625
∗nbc denotes the cells without back contacts.

Table 3: Evolution of device parameters for CdTe solar cells with the temperature cycling.

Day and cycle nbc Cu1.4Te
𝑉oc (mV) FF (%) 𝐽sc (mA/cm2) 𝐸ff (%) 𝑉oc (mV) FF (%) 𝐽sc (mA/cm2) 𝐸ff (%)

Initial 695 55.9 21.45 8.33 732 67.4 23.81 11.75
30d3c∗ 676 46.4 19.33 6.74 709 58.4 22.95 9.50
90d9c 495 — 17.81 — 712 58.2 23.07 9.56
180d12c 708 57.0 22.56 9.10
420d42c 707 50.5 21.24 7.58
∗30d3c denotes 3 cycles after 30 days in the period of testing.

Cu
1.4
Te layer have better performance than those without

Cu
1.4
Te back-contact. that is, the short circuit current (𝐽sc),

open circuit voltage (𝑉oc), fill factor (FF) and conversion effi-
ciency (𝐸ff) increased forCdTe solar cellsmadewith aCu

1.4
Te

layer. Annealing at high temperatures is commonly used in
the back contact formation process for the diffusion and
dopant activation [14]. In this work, higher 𝑉oc was obtained
when the cells were annealed at a higher temperature. This
may be attributed to the increase of the acceptors. It can be
seen that the device performance of CdTe solar cells with
single-phase Cu

1.4
Te thin films annealed at 200∘C is superior

to that of the solar cells with coexisting phase copper telluride
thin films at 220∘C. We suggest that the single-phase Cu

1.4
Te

thin films annealed at 200∘C are more suitable for forming
p-type back contacts between CdTe and the electrodes than
coexisting phase thin films.

Dark J-V characteristic of solar cells (Figure 5) can be
expressed by Shockley diode equation:

𝐽 = 𝐽
0
[exp(
𝑞𝑉

𝐴𝑘𝑇

) − 1] , (2)

where 𝐽 stands for the diode current, 𝐽
0
denotes the dark

saturation current, 𝐴 is the diode ideality factor. From the
dark J-V characteristic curve (Figure 5), one can obtain a dark
saturation current 𝐽

0
= 1.67 × 10

−6mA/cm2, and a diode
quality factor 𝐴 = 2.23, which is consistent with the results
reported by Wu et al. [6], for CdTe solar cells with a single-
phase Cu

1.4
Te layer annealed at 200∘C. The illuminated J-

V curve (see also Figure 5) compared to the dark J-V curve
shows that the crossover is eliminated effectively due to the
incorporation of the Cu

1.4
Te back contact.

The stability of the solar cells with Cu
1.4
Te back contacts

was evaluated with the temperature cycle tests. Table 3 shows
the evolution of the photovoltaic parameters for the CdTe
solar cells with Cu

1⋅4
Te. Under this environmental stress

condition, some parameters of the device have quite random
values as a function of stress time, which is similar to other
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Figure 5: Dark and light J-V curves for a CdS/CdTe/Cu
1.4
Te solar

cell.

environmental stress tests [12]. This may be evidence of
the existence of traps within the absorber CdTe layers. The
CdTe cell without Cu

1.4
Te degraded rapidly in cell efficiency

from 8.33% to zero after 90 days and 9 cycles, whereas the
CdTe cell with Cu

1.4
Te showed much improved stability with

efficiency loss from 11.75% to 7.58% even after 420 days and
42 cycles. The degradation may be attributed in part to the
unencapsulated cells in the laboratory and the back electrodes
with exposure to moist air.

4. Conclusions

Copper telluride thin films were prepared by using the
vacuum coevaporation method. At low temperature, the
copper telluride thin films were an amorphous structure.
In the temperatures ranging between 180 and 220∘C, the
copper telluride thin films indicate the form of the single-
phase Cu

1.4
Te structure, whereas with annealing temperature

higher than 220∘C, the coexisting phase for the thin films
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occurs. With a Cu
1.4
Te as a back contact layer, efficient and

stable CdTe solar cells can be obtained.
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The microcrystalline p-SiC/i-Si/n-Si thin film solar cells treated with hydrogen plasma were fabricated at low temperature using a
CO
2
laser-assisted plasma enhanced chemical vapor deposition (LAPECVD) system. According to the micro-Raman results, the

i-Si films shifted from 482 cm−1 to 512 cm−1 as the assisting laser power increased from 0W to 80W, which indicated a gradual
transformation from amorphous to crystalline Si. From X-ray diffraction (XRD) results, the microcrystalline i-Si films with (111),
(220), and (311) diffraction were obtained. Compared with the Si-based thin film solar cells deposited without laser assistance, the
short-circuit current density and the power conversion efficiency of the solar cells with assisting laser power of 80Wwere improved
from 14.38mA/cm2 to 18.16mA/cm2 and from 6.89% to 8.58%, respectively.

1. Introduction

Recently, the silicon- (Si-) based thin film solar cells with
several advantages, such as high absorptivity, easy fabri-
cation, and low cost, have been extensively studied [1,
2]. The hydrogenated amorphous-Si (a-Si:H) films and the
microcrystalline-Si (𝜇c-Si) films have been popularly utilized
to fabricate the Si-based thin film solar cells. However, the
a-Si:H films deposited using a plasma enhanced chemical
vapor deposition (PECVD) system suffer from the light
illumination induced degradation (Staebler-Wronski effect)
[3]. This degradation phenomenon could be attributed to
that when the a-Si:H thin film solar cells were illuminated
by sunlight for a period time, a part of Si–H bonds in
the a-Si:H films were broken, and the resulting dangling
bonds produced carrier quenching centers, which degraded
the performances of the solar cells. In contrast, the 𝜇c-Si
films did not have this problem and were more suitable
to be applied to construct the thin film solar cells. In this
work, the laser-assisted plasma enhanced chemical vapor

deposition (LAPECVD) system invented by our research
groupwas used to directly deposit 𝜇c-Si films without further
annealing treatment [4–8]. The silane (SiH

4
) reacting gas

could be easily and efficiently decomposed into Si atoms
under the combined action of the plasma and CO

2
laser, due

to the high absorption coefficient of SiH
4
reacting gas at a

wavelength of CO
2
laser (10.6 𝜇m). Consequently, the high

quality microcrystalline intrinsic Si (𝜇c-i-Si) films could be
deposited by the LAPECVD system at low temperature for
the Si-based thin film solar cells. However, compared with
the a-Si thin film solar cells, the open circuit voltage (𝑉oc)
and fill factor (FF) of the 𝜇c-Si thin film solar cells were lower
[9, 10]. To overcome the above problem, the p-SiC film was
deposited as the window layer to enhance the 𝑉oc and FF. In
addition, since the SiC is a wide bandgapmaterial, the carrier
recombination in the SiC layer is slower, which is beneficial
to the improvement in the efficiency of resulting solar cells.

Since the quality of Si thin films played an important
role in the Si-based thin film solar cells, in addition to the
film deposition technique,many treatment technologies were
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Figure 1: Schematic diagram of three-chamber LAPECVD system.

also utilized to passivate the dangling bonds in the Si thin
films, such as hydrogen plasma treatment [11–13], HNO

3

treatment [14], chemical HF treatment [15], wet-chemical
treatment [16], andAl

2
O
3
passivation [17]. In this work, at the

deposited processes, to avoid the contamination between the
films by the external environment, all the fabricated processes
of the microcrystalline p-SiC/i-Si/n-Si solar cells were kept
in the vacuum environment. Consequently, among those
treatment technologies, the hydrogen treatment technique
was used to treat the p-SiC layer surface for decreasing
the dangling bonds and improving the performance of the
microcrystalline p-SiC/i-Si/n-Si thin film solar cells.

2. Experiments

Figure 1 shows the schematic configuration of the three-
chamber LAPECVD system used in the work. The three
chambers were designed to prevent the dopants cross con-
tamination during the deposition of the n-type, intrinsic-
type (i-type), and p-type Si-based films. To investigate the
function of the laser assistance for the improvement in the
properties of the deposited i-Si films, 150 nm-thick i-Si films
were deposited on glass substrates using a LAPECVD system
with various assisting laser powers of 0, 50, 60, 70, and 80W.
Meanwhile, the radio frequency (RF, 13.56MHz) power,
chamber pressure, flow rate of hydrogen-diluted SiH

4
(5%)

reacting gas, and substrate temperature were set to be 20W,
0.6 torr, 60 sccm, and 250∘C, respectively. The bonding con-
figuration and crystallization characteristics of the deposited
i-Si films were analyzed using Fourier transform infrared
(FTIR) spectrometry, micro-Raman scattering spectroscopy,
and X-ray diffraction (XRD), respectively.

Figure 2 shows the schematic configuration of the p-
SiC/i-Si/n-Si thin films solar cells. A 25 nm-thick p-SiC
layer was deposited on the fluorine-doped tin oxide- (FTO-)
coated glass substrate with texture structure using the
LAPECVD system with assisting laser power of 80W. The
reacting gases, hydrogen-diluted SiH

4
(5%), methane (CH

4
),

and hydrogen-diluted diborane (B
2
H
6
) (1%), were utilized

as the Si, C, and p-type dopant sources, respectively. The
corresponding flow rate was 70 sccm, 25 sccm, and 4 sccm,
respectively. The RF power, chamber pressure, and substrate
temperature were kept at 20W, 1.1 torr, and 250∘C, respec-
tively. The hole concentration and conductivity of the p-SiC

Glass

FTO

p-SiC (25nm)

i-Si (200nm)

n-Si (25nm)

Al (150nm)

Figure 2: Schematic configuration of the p-SiC/i-Si/n-Si thin film
solar cells.

layer deposited with assisting laser power of 80Wwere 4.06×
10
17 cm−3 and 2.58 × 10−2 𝜇S/cm, respectively. Prior to the

deposition of the i-Si absorption layer, the p-SiC surface was
passivated using hydrogen plasma treatment at RF power of
20W for 25min. A 200 nm-thick i-Si layer was immediately
deposited on the p-SiC layer using the LAPECVD system
with assisting laser power of 80W. The RF power, chamber
pressure, flow rate of hydrogen-diluted SiH

4
(5%) reacting

gas, and substrate temperature were kept at 20W, 0.6 torr,
60 sccm, and 250∘C, respectively. Subsequently, a 20 nm-
thick n-Si layer was deposited, using the same equipment
with assisting laser power of 80W, on the i-Si absorption
layer. The hydrogen-diluted SiH

4
(5%) and hydrogen-diluted

phosphine (PH
3
) (1%) reacting gases were used as the Si

and n-type dopant sources, respectively. The corresponding
flow rate was 40 sccm and 10 sccm, respectively. The RF
power, chamber pressure, and substrate temperature were
kept at 60W, 0.4 torr, and 250∘C, respectively. The electron
concentration and conductivity of the n-Si layer deposited
with assisting laser power of 80W were 5.74 × 1019 cm−3 and
8.75 𝜇S/cm, respectively. Finally, a 150 nm-thick Al electrode
was deposited on the n-Si layer using the electron beam
evaporator. The active area of the solar cell was 0.025 cm2.
The p-SiC/i-Si/n-Si thin film solar cells deposited without
laser assistance were also fabricated for comparison. The
hole concentration and conductivity of the p-SiC layer
deposited without laser assistance were 2.73 × 1016 cm−3 and
3.45 × 10

−3
𝜇S/cm, respectively. The electron concentration

and conductivity of the n-Si layer deposited without laser
assistance were 2.61 × 1018 cm−3 and 5.26 × 10−1 𝜇S/cm,
respectively.

3. Experimental Results and Discussion

The bonding configurations of the i-Si films deposited with
various assisting laser powerswere carried out using a Fourier
transformation infrared (FTIR) spectrometry. Figure 3 shows
the absorption spectra 𝛼(𝜔) of the deposited i-Si films,
where 𝛼(𝜔) was the absorption coefficient as a function of
wavenumber 𝜔 of the light. In particular, the absorption
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spectrum 𝛼(𝜔)/𝜔 of the i-Si films deposited with assisting
laser power of 80W was shown in the inset of Figure 3.
All the measured spectra, after decomposition, exhibited
two bands with peak positions of 2000 cm−1 and 2100 cm−1,
which correspond to the stretching vibrations of SiH and
SiH
2
, respectively. The microstructure factor 𝑅 was defined

as 𝑅 = 𝐼
2100
/(𝐼
2100
+ 𝐼
2000
), where 𝐼

2000
and 𝐼

2100
were

the corresponding intensity of the two decomposed bands.
The 𝑅 of the i-Si films deposited with assisting laser power
of 0, 50, 60, 70, and 80W was 0.382, 0.318, 0.282, 0.237,
and 0.221, respectively. The 𝑅 value decreased with the
assisting laser power. In other words, the intensity of the band
corresponding to SiH

2
in the deposited i-Si films decreased

with the assisting laser power, which implied that the high
quality i-Si films could be obtained using the LAPECVD
system. The hydrogen concentration (𝑁H) of the i-Si films
deposited with assisting laser power of 80W was estimated
by the equation shown below [18]:

𝑁H = 𝐴2000 ∫
𝛼
2000
(𝜔)

𝜔

𝑑𝜔 + 𝐴
2100
∫

𝛼
2100
(𝜔)

𝜔

𝑑𝜔, (1)

where 𝐴
2000

and 𝐴
2100

are proportionality constants at
wavenumber of 2000 cm−1 and 2100 cm−1 and equal 9.0 ×
10
19 cm−2 and 2.2 × 1020 cm−2, respectively, 𝛼

2000
(𝜔) and

𝛼
2100
(𝜔) are the absorption coefficients of the bands centered

at wavenumber of 2000 cm−1 and 2100 cm−1, respectively, and
𝜔 is the frequency in cm−1. The hydrogen content (𝐶H) of the
i-Si films depositedwith andwithout laser assistance could be
also estimated by the equation𝑁H/𝑁Si × 100%, where𝑁Si of
5×10

22 cm−3 is the number density of crystal Si [19]. Figure 4
shows the hydrogen concentration and hydrogen content of
the deposited i-Si films as a function of the assisting laser
power used in the film deposition. As shown in Figure 4, the
𝑁H of 1.10 × 1021 cm−3 and the 𝐶H of 2.20% for the i-Si films
deposited with assisting laser power of 80W were smaller
than the𝑁H of 5.98 × 1021 cm−3 and the 𝐶H of 11.96% for the
i-Si films deposited without laser assistance. The𝑁H and 𝐶H
of the deposited i-Si films decreased with the laser power. It
could be attributed to the fact that the SiH

4
reacting gas could

be efficiently decomposed into Si atoms by the combined
action of plasma and CO

2
laser and less hydrogen atom was

left in the obtained microcrystalline i-Si films.
To further clarify the microstructure and the chemical

bonding characteristics of the i-Si films deposited with
various assisting laser powers, the micro-Raman scattering
spectra were measured and the results are shown in Figure 5.
As shown in Figure 5, the Raman peak of the i-Si films
shifted from 482 cm−1 to 512 cm−1 as the assisting laser power
increased from 0W to 80W, indicating a gradual transfor-
mation from amorphous to crystalline Si. Therefore, these
micro-Raman results verified that the CO

2
laser-assisted

deposition led to an enhancement in the crystallinity of the
i-Si films and the microcrystalline i-Si films were obtained
when deposited with laser assistance of higher power.

The crystallinity of the i-Si films deposited with vari-
ous assisting laser powers was also examined using X-ray
diffraction (XRD) and the results are shown in Figure 6.
In the XRD results, no diffraction peak could be found for
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Figure 3: Absorption spectra 𝛼(𝜔) of the i-Si films deposited
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spectrum 𝛼(𝜔)/𝜔 of the i-Si films with assisting laser power of 80W.
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Figure 4: Hydrogen concentration𝑁H and hydrogen content 𝐶H of
the i-Si films deposited with various assisting laser powers.

the i-Si film deposited without laser assistance. On the con-
trary, for all of the i-Si films deposited with laser assistance,
three main diffraction peaks at 2𝜃 positions of 28.47∘, 47.34∘,
and 56.17∘ were observed clearly, which correspond to the
(111), (220), and (311) diffraction of the diamond-cubic Si,
respectively. The above XRD results further confirmed that
the microcrystalline i-Si films could be directly deposited
using LAPECVD system at substrate temperature of 250∘C.

Figure 7 shows the current density-voltage (J-V) charac-
teristics of the p-SiC/i-Si/n-Si thin film solar cells deposited
without and with 80W laser assistance. The corresponding
short-circuit current density (𝐽sc), open-circuit voltage (𝑉oc),
fill factor (FF), and power conversion efficiency (𝜂) were
estimated and listed in the inset of Figure 7. The 𝐽sc of
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the p-SiC/i-Si/n-Si thin film solar cells with 80W laser
assistance was 18.16mA/cm2, much larger than the value
of 14.38mA/cm2 for the cell without laser assistance. The
increase in 𝐽sc could be attributed to the enhancement of the
crystallinity of the active layer i-Si film deposited with laser
assistance. Besides, the electron and hole concentrations in
the laser-assisted Si-based solar cells were higher than that
in the non-laser-assisted Si-based solar cells. The high build-
in electronic field could be increased with the high carrier
concentration, which increased the separation velocity of
the photo-generated electron-hole pairs in the active layer.
Therefore, it could reduce the carrier recombination and
increase the 𝐽sc of the resulted solar cells with laser assistance.
On the contrary, the 𝑉oc of the p-SiC/i-Si/n-Si thin film solar
cells decreased from 0.80V to 0.75V as the assisting laser
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Figure 7: Current density-voltage characteristics of the p-SiC/i-
Si/n-Si thin film solar cells deposited without and with assisting
laser power of 80W. The inset table shows the 𝑉oc, 𝐽sc, FF, and 𝜂 of
the p-SiC/i-Si/n-Si thin film solar cells deposited without and with
assisting laser power of 80W.

power used in the film deposition increased from 0W to
80W. The reduction of the 𝑉oc for the laser-assisted Si-based
solar cells was attributed to the crystallization variation of
the i-Si absorption layer.The i-Si film deposited without laser
assistance was amorphous, while the i-Si film deposited with
laser assistance wasmicrocrystalline. It is well known that the
energy bandgap of the amorphous Si is larger than that of the
microcrystalline Si, which interprets the obtained variation
of 𝑉oc. Furthermore, the FF of the p-SiC/i-Si/n-Si thin film
solar cells decreased when the i-Si layer was deposited under
higher assisting laser power.This phenomenonwas attributed
mainly to the reduction of the 𝑉oc. As shown in Figure 7, the
power conversion efficiency of the p-SiC/i-Si/n-Si thin film
solar cells deposited with and without laser assistance was
estimated to be 8.58% and 6.89%, respectively.The significant
improvement of the power conversion efficiency for the laser-
assisted Si-based solar cells was attributed to the fact that
the laser-assisted i-Si absorption layer had lower hydrogen
concentration and better crystallinity compared with the
non-laser-assisted i-Si absorption layer.

4. Conclusion

In this work, the LAPECVD system was used to prepare the
i-Si films as the active layers of solar cells. According to the
FTIR measurement, the estimated hydrogen concentration
of the deposited i-Si films decreased from 5.98 × 1021 cm−3
to 1.10 × 1021 cm−3 as the assisting laser power used dur-
ing the film deposition increased from 0W to 80W. The
micro-Raman and XRD measurements demonstrated that
the i-Si films deposited without andwith laser assistance were
amorphous and microcrystalline, respectively. In particular,
deposited with 80W laser assistance, the high quality i-Si
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films with low hydrogen content and microcrystalline struc-
ture were obtained.

The p-SiC/i-Si/n-Si thin film solar cells with the active
layer i-Si deposited without and with 80W laser assistance
were fabricated and investigated. The short-current density
of the laser-assisted Si-based solar cells was larger than that
of the cells without laser assistance. The improvement in
conversion efficiency of the laser-assisted Si-based thin film
solar cells was more than 22.5% compared with the solar cells
without laser assistance.
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During solar cell firing, volatile organic compounds (VOC) and a small number of metal particles were removed using the gas flow.
When the gas flow was disturbed by the thermal field of infrared belt furnace and structure, the metal particles in the discharging
gas flow randomly adhered to the surface of solar cell, possibly causing contamination. Meanwhile, the gas flow also affected the
thermal uniformity of the solar cell. In this paper, the heating mechanism of the solar cell caused by radiation, convection, and
conduction during firing was analyzed. Afterward, four 2-dimensional (2D) models of the furnace were proposed. The transient
thermal fields with different gas inlets, outlets, and internal structures were simulated. The thermal fields and the temperature of
the solar cell could remain stable and uniform when the gas outlets were installed at the ends and in the middle of the furnace, with
the gas inlets being distributed evenly. To verify the results, we produced four types of furnaces according to the four simulated
results. The experimental results indicated that the thermal distribution of the furnace and the characteristics of the solar cells
were consistent with the simulation. These experiments improved the efficiency of the solar cells while optimizing the solar cell
manufacturing equipment.

1. Introduction

Firing is an important step during the fabrication of crys-
talline silicon solar cell that affects the series-parallel resis-
tance and the fill factor of the solar cells, determining the
efficiency of the solar cells [1]. To form the front and back side
contacts, metallization paste was printed on the siliconwafers
using thick film technology and screen printing. A paste
containing aluminum was used for the back side contact;
silver was used for the front side contact fingers. Afterward,
the pastes were fired in an infrared belt furnace. In the firing
zone, the VOC and a few metal particles were removed by
the gas flow. When the gas flow was disturbed by the thermal
field of the furnace and structure, the metal particles in the
discharging gas flow might randomly adhere to the surface
of solar cell, causing contamination. Meanwhile, the gas flow
also affected the temperature uniformity of the solar cell,
causing stress concentration or breakage. Hoornstra et al.
showed that the thermal field of the furnace was difficult to
measure explicitly [2], making it a key issue.

When comparing the infrared belt furnaces with rapid
thermal processing (RTP), they are similar during rapid
heating. Cooper et al. [3] simulated RTP to study the physics
of solar cell contact formation during mass production using
a high-throughput infrared belt furnace. A lower Ag finger
contact resistance was observed as the sinter dwell time
decreased. Campbell et al. [4] calculated the steady-state
temperature distribution and gas flow patterns in a RTP sys-
tem under various process conditions. The gas flow patterns
and temperature distributions were strongly dependent on
the pressure and ambient composition. Kakoschke et al. [5]
showed a theory of wafer heating during RTP and demon-
strated that temperature uniformity was not only limited by
radiation loss at the wafer edge in the stationary state, but
was also influenced by transient effects during temperature
ramping. Gyurcsik et al. [6] used the first-principles approach
to model the RTP system for temperature uniformity. No
uniform temperatures in the wafers in a RTP system could be
counteracted by adjusting the relative power of the individual
lamps used to alter the heat flux density at thewafer. However,
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the firing furnace is longer, the solar cell is in motion, and the
gas flow is heavy, and currently, no comprehensive studies are
available.

In this paper, the heating mechanism for solar cells
via radiation convection and conduction during firing was
analyzed. Furthermore, four 2D models of the furnace were
proposed and the transient thermal fields with different
gas inlets, outlets, and internal structures were simulated.
To verify the result, four types of furnaces were produced
according to four simulated structures. The temperature
distribution of the furnace firing and the characteristics of
solar cell fired will be discussed in this study.

2. Heat Transfer Analysis

The heat transfer mechanism is shown in Figure 1; the near-
infrared radiation is emitted from the upper lamps and lower
lamps. Most of the radiation is absorbed by the solar cells and
the furnace wall, while a small part is reflected and removed
by the gas flow. Therefore, heat conduction occurs in the
solar cell and the walls of the furnace. Meanwhile, convection
occurs among the solar cells, the walls of the furnace and
the gas flow.Therefore, the thermal field includes conduction,
convection, and radiation.

2.1. Radiant Energy of Solar Cell from the Lamps. Figure 2
shows that a lamp is irradiating a solar cell, where𝐴𝐵 denotes
a linear light source of the near infrared. 𝐼

0
is the radiation

intensity along the normal direction of the lamp. 𝐿 is the
radiance [W/(m2⋅sr)]. 𝑙 is the length of the lamp [m]. 𝑅 is
the radius of the lamp[m]. 𝑋 is a point on the solar cell. ℎ is
the vertical distance from point 𝑋 to the lamp [m], 𝛼

1
is the

angle between𝐴𝑋and𝑋𝐶 [∘], and 𝛼
2
is the angle between𝐵𝑋

and𝑋𝐶 [∘].
The maximum radiation intensity of per unit length is

𝐼
𝑙
=

𝐼
0

𝑙

= 2𝐿𝑅. (1)

The radiation intensity of 𝑑𝑥 in the DX direction is

𝑑𝐼
𝛼
= 𝐼
𝑙
𝑑𝑥 cos𝛼. (2)

The irradiance of 𝑑𝑥 at point𝑋 is

𝑑𝐸
𝛼
=

𝑑𝐼
𝛼

𝑟
2
cos𝛼. (3)

Figure 2 shows the following:

𝑟 =

ℎ

cos𝛼
, 𝑥 = ℎ tan𝛼, 𝑑𝑥 =
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(cos𝛼)2
. (4)

Therefore, the irradiance of 𝑑𝑥 at point𝑋 is as follows:
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The radiant energy of a solar cell from 𝐴𝐵 is as follows:

𝑄
𝑙
= ∬𝐸

𝑥
𝑑𝐴𝑑𝑡. (7)

2.2. Radiant Energy of Solar Cell from the Walls. The radiant
energy of solar cell from the wall is shown in Figure 3, where
Δ𝐴
𝑠
is a radiant source on the wall [m2]. 𝐿 is the radiance

[W/(m2⋅sr)]. Δ𝐴 is a small area irradiated on the solar cell
[m2]. 𝑗 is the distance between Δ𝐴

𝑠
and Δ𝐴. 𝜃

𝑠
and 𝜃 are the

angles associated with 𝑛 and 𝑗 [∘], respectively.
The radiation intensity of Δ𝐴

𝑠
in the 𝑗 direction is as

follows:

𝐼 = 𝐿 cos 𝜃
𝑆
Δ𝐴
𝑆
. (8)

The irradiance of Δ𝐴 is

𝐸
𝑤
=

𝐼 cos 𝜃
𝑗
2

= 𝐿Δ𝐴
𝑆

cos 𝜃 cos 𝜃
𝑆

𝑗
2

. (9)

The radiant energy of the solar cell from the wall is as
follows:

𝑄
𝑊

= ∬𝐸
𝑤
𝑑𝐴𝑑𝑡. (10)
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Figure 3: Irradiance of a solar cell from the wall.

2.3. Conduction Heat in the Solar Cell. The heat transferred
via conduction in the solar cell could be expressed by
Fourier’s law

𝑄
𝜆
= −𝜆𝐴

𝜕𝑇

𝜕𝑛

, (11)

where 𝑄
𝜆
is the conduction heat per unit time [w], 𝜆 is the

thermal conductivity coefficient [W/(m⋅
∘C)], 𝐴 is a surface

area [m2], and 𝜕𝑇/𝜕𝑛 is the temperature gradient of solar cells
[∘C/m].

2.4. Convection Heat on the Solar Cell. Convection was a
mixture of conduction and the motion of a fluid. As the
gas flowed against the surface of the solar cell, heat was
transferred via convection:

𝑄
𝛽
= 𝛽𝐴 (𝑇

𝑤
− 𝑇
𝑓
) , (12)

where 𝑄
𝛽
is the convection heat per unit time [w], 𝛽 is the

heat transfer coefficient [W/(m2 ∘C)],𝐴 is a surface area [m2],
𝑇
𝑤
is the surface temperature of solar cell [∘C], and 𝑇

𝑓
is

temperature of the gas [∘C].

2.5. Total Energy. Based on the solution of (7), (10), and (12),
the total energy of a solar cell from a lamp, Δ𝐴

𝑠
and the

convection is given by

𝑄 = 𝑄
𝑙
+ 𝑄
𝑊

+ 𝑄
𝛽
. (13)

Eighty-four infrared lamps were present in the furnace,
the internal surface of the furnace was large, and several ten
solar cells were heated at the same time.Therefore, it was quite
difficult to calculate the energy of all of the points on each
solar cell according to the above formulas, and numerous
computations were required. Thus, the numerical method
was used to solve this problem in the paper.

3. Numerical Simulations

FLUENT is software for computational fluid dynamics
(CFD). It employs a control-volume-based technique to
convert the governing equations into algebraic equations that
are solved sequentially using the implicit method [7]. In the
paper, a first-order upwind scheme was used for the spatial

Drying chamber

WallInletOutletLamp
cell

Solar

chamberCooling
chamber
Firing

chamberPrefiring

Figure 4: Sketch of firing furnace.

dissociation of the convective terms; the SIMPLE algorithm
was used to couple the pressure and velocity and solve the
pressure-correction implicitly.

3.1. Physical Assumptions. When using FLUENT, some
physical assumptions and geometric simplifications were
employed. The radiant intensity of the lamps was assumed
independent of direction, remaining constant across the
length of the lamp and uniform at the cell lower surface. The
cell was assumed to be infinitely thin.The temperature on the
top surface of the cell was identical to the temperature on the
lower surface. The chamber was axially symmetrical. The gas
was incompressible and could be regarded as an ideal gas. All
surfaces were defined as diffuse reflectors and emitters.

3.2. Geometrical Model. Figure 4 shows a sketch of the
furnace.The furnace is of 6m long and 0.16m high, including
a drying chamber, a prefiring chamber, a firing chamber,
and a cooling chamber. Each chamber contains several
walls, infrared lamps, thermocouples, mesh belts, inlets, and
outlets. The infrared lamps are arranged on the top and the
bottom inside the chambers symmetrically. Because many
supports are added to make no contact between the solar
cell and the mesh belts, the mesh belts are ignored in the
modeling.The inlets and outlets in the chamberswall are used
to remove the VOC that came from the paste.

If the 3D solid model of the furnace was used for
simulation, the storage and calculation of data during the
reconstruction process would be so enormous as to preclude
calculation using common computers. Wacher [8] reported
that a model of the radioactive heat transfer could occur
in an axially symmetric RTP chamber, and a flow included
in the RTP process could further improve the temperature
uniformity. Therefore, simple and effective 2D models were
used.

Based on thework above, four furnaceswere proposed for
studying the effect of inlets and outlets at different positions
on the thermal field and the temperament of the solar cell
surface. The four models are shown in Figure 5.

Figure 5(a) shows that all the gas inlets were in the upper
portion, while outlets were in the lower portion.The gas flow
distance was short, facilitating laminar flow formation and
rapid VOC removal.

Figure 5(b) shows that each chamber had one pair of
inlets and outlets. The VOC in each chamber were blown out
independently.
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Figure 5: The longitudinal section model of the firing furnace.

Wacher [8] found that the smallest chamber height
could attain the best temperature uniformity. Therefore, we
proposed that the lamps were enclosed by quartz glass, and
two pairs of gas inlets and three pairs of gas outlets were
installed in the middle and at the ends of the furnace, as
shown in Figure 5(c). Furthermore, the chambers of the
furnace were smooth and narrow, facilitating laminar flow
formation and rapid VOC removal.

Figure 5(d) shows that the lamps were enclosed by quartz
glass, the fifteen pairs of inlets were evenly distributed in the
furnace, and the three pairs of outlets were installed in the
middle and at the ends of the furnace. Here, the chambers of
furnace were smooth and narrow, containingmore inlets and
fewer outlets. Forming laminar flows and quickly removing
VOC were enabled.

The longitudinal sections of the furnace were drawn up
using traditional engineering computer aided design (CAD)
software, as shown in Figure 6. Then, these sections were
meshed in the preprocessing software, the integrated com-
puter engineering andmanufacturing code for computational
fluid dynamics (ICEMCFD) with unstructured grids and
triangular elements [9]. Finally, the messed models were
exported into FLUENT. FLUENT can use grids comprised of
triangular or quadrilateral cells (or a combination of the two)
in 2D, and tetrahedral, hexahedral, polyhedral, pyramid, or
wedge cells (or a combination of these) in 3D. So we choose
the triangular cell of the mesh type to use in the simulation.

3.3. Parameter Setting. The options of pressure-based, tran-
sient, laminar, discrete ordinate (DO), dynamic mesh were
selected; and the characteristic parameters of the silicon,

Figure 6: The longitudinal section model meshed in ICEMCFD.

quartz glass, and refractory were set in FLUENT. According
to the firing process of the PV17, a paste produced by DuPont,
the radiant powers of the lamps was set separately. The
transport velocity of the solar cell was set to 0.1m/sec, and
the outlet pressure was set to negative 8 Pa. To speed up the
calculation process, the initial temperature in the furnace was
set to 150∘C. The thermal conductivity of the solar cells is
148W/m⋅K. The absorption coefficient of the solar cells is
105m−1. The specific heat of the solar cells is 700 J/kg⋅K. The
density of the solar cells is 2329 kg/m3.

The silicon wafers were stationary in RTP but in motion
in the furnace.Themovement affected the thermal field of the
furnace; therefore, a dynamic mesh was used to study it, and
the moving mesh boundary function was defined as follows:

((move point 2) (time 0 200) (V 𝑥 0.1 0.1)) (14)

(see [10]), wheremove is the name of the function, point is the
type of the function, 2 is number of points, V 𝑥 is the symbol
of velocity in the𝑥 direction, and 0.1 is the velocity of the solar
cells at 0 second and 200 seconds, whose unit is m/s.
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Figure 7: Velocity vectors and thermal distribution of the furnace for different settings of gas inlets and outlets.

3.4. Results and Analysis

3.4.1. Thermal Field Distribution. When the number of iter-
ations increased, the transient thermal field gradually stabi-
lized during the simulation, allowing the thermal distribution
of the furnace to be obtained.

Figure 7(a) shows the thermal field distribution
of Figure 5(a). The gas ran into the furnace from the
upper inlets and drained out of the corresponding lower
outlets in the direction opposite to the moving solar cells.
However, the gas passed through the upper surface of one
solar cell and the lower surface of another. Some metal ions
evaporated from the upper surface of one solar cell to attach
to the lower surface of another, causing contamination.

Figure 7(b) shows the thermal field distribution of
Figure 5(b). The gas ran into the furnace from the upper
and lower inlets in each chamber and drained out of the
corresponding outlets in the opposite direction to themoving
cells. Because it is divided into two layers, the gas flow was
nonuniform; some of it surrounded the lamps, hindering
VOC discharge.

Figure 7(c) shows the thermal field distribution of
Figure 5(c). Due to the installment of quartz glass, the furnace
chamber became narrow and smooth. The gas ran into
the furnace from the upper and lower inlets and drained
out of the corresponding outlets in the direction opposite
to the moving cells. Because it is divided into two layers,

the gas flow was uniform. However, there was a cutoff in the
furnace chamber due to the decrease in the number of inlets,
hindering VOC discharge.

Figure 7(d) shows the thermal field distribution
of Figure 5(d). Due to the installation of the quartz glass, the
furnace chamber became narrow and smooth. The gas ran
into the furnace from the upper and lower inlets to drain out
of the corresponding outlets in the direction opposite to the
moving cells. The gas flow was divided into two uniform and
continuous layers, meaning that the VOC discharged cleanly.

After comparing velocity vectors and thermal distribu-
tion of the furnace for different settings of gas inlets and
outlets, the thermal field of Figure 7(d) is themost reasonable,
making the structure of Figure 5(d) optimal.

3.4.2. Surface Temperatures of All Solar Cells. When the
thermal field was stable, the solar cells were placed at the
points of 𝑥-axis in the four models, respectively, and then
the temperature of three points on each solar cell surface
was obtained from the four simulation results simultaneously
as shown in Figure 10. The average temperature of the solar
cells’ surface is the same as the firing curves of the PV17, a
paste. Afterward, the temperature variance of each solar cell
was calculated as shown in Figure 8. Curve-d was the lowest,
meaning that its surface temperature was the most stable.
Consequently, the structure of Figure 5(d) is optimal.
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Figure 9: Airflow velocity vectors for the solar cell surface.

3.4.3. Gas Flow Velocities of Solar Cell Surface. When the
thermal field was stable, the gas flow velocities 20mm away
from the upper surface of each solar cell in the furnace
marked with red line in Figure 7 were extracted from the
four simulation results simultaneously. Figure 9 shows that
the fluctuation of curve-d was the least, meaning that the
surface temperature was the most stable. Consequently, the
structure of Figure 5(d) is optimal.

4. Model Verification

To verify the simulated result, solar cells that were fabricated
on 125 × 125mm2, 2-Ω⋅cm resistivity, 200𝜇m thick, p-
type, and Cz-Si wafers were textured using random pyra-
mid formation. And the emitters were formed via POCl

3

diffusion. Furthermore, the wafers were coated with SiN
𝑋

via plasma enhanced chemical vapor deposition (PECVD). A
front collection grid was created using screen-printed glass-
fritted Ag paste. The Al paste was printed on the back with
Ag/Al tabbing stripes [3].

4.1. Temperature Measurement of the Solar Cell. When the
thermal field was stable, the solar cells were placed at
the points of 𝑥-axis in the four models, respectively, and
then a Q18 produced by Datapaq was used to measure the
actual temperature of three points on each solar cell surface

1

2

3

Figure 10: Solar cell.
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Figure 11: Temperature curves on the face of solar cells.

as shown in Figure 10 [2]. Figure 11 shows the surface tem-
perature variations of each solar cell. Curve-d was the lowest,
meaning that the temperature is themost uniform.Therefore,
the structure of Figure 5(d) is the most reasonable. When
comparing the curves in Figure 8, the actual temperature
curves were almost the same as those obtained from the
simulations.

4.2. Characteristic Measurement of Solar Cell. Four hundred
pieces of solar material were made using this process.
Afterward, they were divided into four groups and fired
in the four experimental furnaces, respectively. Measured
by IV-Measurement produced by Halm, Table 1 shows the
average characteristic parameters for each group. The Eff
(efficiency) and 𝑅sh (shunt resistance) are minimized in
Table 1-a. Furthermore, according to Figure 7(a), there may
be metal contamination in Figure 5(a). The Eff and 𝑅sh are
maximized in Table 1-d. According to Figure 7(d), we think
that the structure of Figure 5(d) is the most reasonable.

5. Conclusions

To investigate the influence of the gas flow on the thermal
field of the furnace, the heat-transfer mechanism of the
furnace was analyzed; four 2D physical models of the furnace
and their corresponding numerical models were proposed.
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Table 1: Solar cell characteristics.

F.F. (%) Eff. (%) 𝐼sc (A) VOC (V) 𝑅
𝑠
(Ω) 𝑅sh (Ω)

a 78.61 17.11 5.321 0.635 0.014312 800.213
b 79.23 17.23 5.361 0.642 0.011806 850.256
c 79.36 17.43 5.375 0.663 0.011612 1010.351
d 81.43 17.74 5.383 0.661 0.011003 1039.231

The following conclusions were obtained using these numer-
ical simulations and experimental studies.

(1) The thermal field of the furnace was obtained using a
simulation that included conduction, convection, and
radiation.

(2) The temperature of a solar cell could be stable and
uniform when the gas outlets were installed at the
ends and in the middle of the furnace. Furthermore,
the gas inlets were distributed evenly on the furnace.

(3) This work is useful for improving the efficiency of
solar cells by optimizing the structure of solar cell
manufacturing equipment.

2D models were used to simulate the thermal field of
the furnaces, and effect of the mesh net on air flow was
simplified, possibly generating differences relative to the
practical thermal field in the study.
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In heterojunction solar cells, a-Si:H/c-Si heterointerface is of significant importance, since the heterointerface characteristics
directly affect junction properties and thus solar cell efficiency. In this study, we have performed time resolved microwave
conductivity (TRMC)measurements on n-type c-Si wafers passivated on both sides with intrinsic and doped a-Si:H layers in order
to investigate electrical property and passivation quality of the a-Si:H/c-Si heterojunctions. It was found that the TRMC decay time
and decay curve shape varied with the laser wavelength and power intensity and also depended on sample structures. By using
1064 nm laser pulse with high excitation, differences in the decay curve shape between samples with and without p-n junction were
observed. The samples containing p-n junction(s) had unique slow decay mode, after the initial fast decay, which we ascribed to
the release of carriers from the low-mobility amorphous layer into the high-mobility crystalline wafer as the built-in field of the
junction was restored. Experimental results suggest that the TRMC is useful nondestructive technique which is suitable for primary
check of the a-Si:H/c-Si heterojunctions during the solar cell fabrication process.

1. Introduction

Heterojunction silicon solar cells, where hydrogenated amor-
phous silicon (a-Si:H) is deposited onto crystalline silicon (c-
Si) wafers to provide both surface passivation and junction
formation, receive great attention nowadays owing to known
advantages over conventional Si wafer based solar cells, such
as low temperature fabrication process, high efficiency, and
superior performance at high operating temperature [1–3].
Monitoring of properties of such heterojunctions in the
early stages of solar cell production is an essential concern.
Microwave photoconductivity decay (𝜇-PCD) measurement
techniques are routinely used to assess the surface passivation
in a nondestructive, contactless way [4, 5]. These techniques
make use of the fact that photogenerated free carriers
induce a change in the microwave reflectivity of a semi-
conductor material, the magnitude of which is governed by

the mobility and excess density of the free carriers; the latter
one is obtained from the photocarrier generation rate and
the minority carrier effective lifetime (𝜏eff). In high-quality
crystalline silicon wafers, the 𝜏eff is dominated by surface
rather than bulk recombination processes, making surface
passivation a key issue.

Time resolved microwave conductivity (TRMC) exper-
iment is a 𝜇-PCD setup, where illumination is achieved
through a very short laser pulse that offers the possibility
to investigate fast recombination mechanisms, such as those
occurring in microcrystalline Si and organic materials [6,
7]. There have been several reports of investigations of
hydrogenated amorphous silicon nitride (a-SiN:H)/c-Si and
a-Si:H/c-Si heterojunctions by the TRMC technique [8–11].
However, they are mainly mentioned in case of an intrinsic
a-Si(N):H/c-Si heterojunctions and single side passivated
samples. TRMC measurements on both sides of passivated
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samples and characterizations of doped a-Si:H/c-Si hetero-
junctions have been rarely reported [12]. In this study, we
thus have performed TRMC measurements on two-side a-
Si:H passivated n-type c-Si substrates, focusing on changes in
decay time and decay curve shape of different test structures.
Kinetics which caused those variations were also analyzed.

2. Experimental Details

In these experiments, an excess of charge carriers was pro-
duced by illumination with 3 ns full width at half maximum
(FWHM) pulses of a Nd:YAG laser at 532 and 1064 nm.
Optical filters were used to adjust incident light intensity over
four orders of magnitude. The microwave probe signal was
generated by aGunn diode and directed via a circulator to the
sample.The reflectedmicrowave signal was detected from the
sample via a circulator to a detector connected to a transient
digitizer. n-doped, (100-) oriented, FZ grown silicon wafers
of 280𝜇m-thickness and resistivity of 1–10Ω cm were used as
substrates. Two-side passivated samples with three different
structures are made:

(a) n a-Si:H/i a-Si:H/n c-Si/i a-Si:H/n a-Si:H (n-type a-
Si:H on both sides),

(b) p a-Si:H/i a-Si:H/n c-Si/i a-Si:H/p a-Si:H (p-type a-
Si:H on both sides),

(c) p a-Si:H/i a-Si:H/n c-Si/i a-Si:H/n a-Si:H (cell struc-
ture).

The intrinsic and doped a-Si:H films are prepared by
radiofrequency plasma enhanced chemical vapor deposition
(13.56MHz rf-PECVD) technique. The gas sources are silane
(SiH
4
) and hydrogen (H

2
). Phosphine (PH

3
) and diborane

(B
2
H
6
) were used as dopant sources for n-type and p-type,

respectively. The thickness of the i, n, and p layers was
about 8, 28, and 30 nm, respectively. The test samples in this
study were also measured with a SINTON lifetime tester
(photoconductive decay technique) in the transient mode
(short flash) for the comparison of decay time. It should be
noted that attention was placed on trends among samples
not the absolute value obtained from themeasurements since
the results varied with the measurement conditions of each
technique.

3. Results

3.1. Power and Wavelength Dependent Behavior of TRMC
Decay Curve. With increasing laser intensity the microwave
reflectivity decay time of all test samples increased. And
a significantly longer decay time was observed when the
samples were stimulated by long laser wavelength, 1064 nm,
as shown in Figure 1. At high excitation an initial fast decay in
the first 80–100 𝜇s was observed. By measuring under exactly
the same excitation conditions, it was found that TRMC
decay timeD.T. (sample a) >D.T. (sample c) >D.T. (sample b)
(Figure 2). The sample with the n a-Si:H/i a-Si:H passivated
on both sides (sample a) indicated the longest decay time
while the sample with the p a-Si:H/i a-Si:H on both sides
(sample b) showed the shortest decay time.
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Figure 1: TRMC decay curves of sample with n a-Si:H on both sides
induced by 532 and 1064 nm.
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Figure 2: TRMC decay curves of samples with different structures;
(a) both sides n a-Si:H, (b) both sides p a-Si:H, and (c) cell structure,
under the same illuminated conditions.

The 𝜏eff of the samples with different structures estimated
by using the SINTON lifetime tester is summarized in Table 1.
It can be seen that the 𝜏eff and the decay time from the TRMC
measurements of these three structures exhibit the same
trend; that is to say, 𝜏eff(a) > 𝜏eff(c) > 𝜏eff(b). The effective
lifetime of various samples from the TRMC measurements
was summarized as a function of number of photon of laser
pulse in Figure 3. Here, the decay curves were deemed to be
exponential decay and an exponential fit yielded a 1/e lifetime
as the 𝜏eff. As the number of photon increased (higher light
intensity), the decay time of all samples increased and tended
to become saturated at the decay time of about 4ms, which
was likely to be a bulk lifetime of the n-type crystalline wafer
used in this study.
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3.2. Structure Dependent Behavior of TRMCDecay Curve. By
using 1064 nmexcitation, differences in the decay curve shape
between samples with and without p-n junction were found.
The decay curve shape of the samples with p-n junction,
samples b and c, can be divided into three portions: (1) initial
fast decaymode, (2) slow decaymode, and (3) principal decay
mode, as exhibited in Figure 4. The samples without p-n
junction seemed to contain only portions (1) and (3).

4. Discussions

The differences in the TRMC signal—both decay time and
curve shape—implied the variations in the passivation quality
and the junction properties. Analysis of these variations could
lead to better understanding of recombination kinetics of
the heterojunctions. It is worth noting that two phenomena
can contribute to a decrease of the TRMC signal in our
heterojunction structures.

(i) The Electron-Hole Recombination. It is known that in
amorphous region the bulk minority carrier lifetime is less
than a few 10−8 s, while in high-quality silicon it is in the
millisecond range.

(ii) The Transfer of Carriers from a Crystalline to an Amor-
phous Region. Indeed, their mobility in the latter is three
orders ofmagnitude below theirmobility in crystalline silicon
[11].

This allows us to qualitatively understand the shape of the
response curves obtained for the structures with p a-Si:H/n c-
Si on one or two sides (Figure 2).

(i) As the built-in electric field keeps the free carrier
density to a very low level at the location of the
heterojunction, holes generated in the high-mobility
n-type silicon crystal diffuse towards the low-mobility
p-type amorphous silicon region. Once they enter it,
their contribution to the TRMC signal is expected
to drop sharply. Yet the resulting charge separation
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Figure 4: Comparison of TRMC decay curves between samples
with and without p-n junction.

induces a growing counter electric field that ends
up blocking further diffusion. The timescale of the
transient diffusion regime can be estimated to be
𝑤
2
/𝐷
𝑝
where 𝑤 is the thickness of the wafer (about

300 𝜇m) and𝐷
𝑝
is the diffusion constant for minority

holes in n-doped crystalline silicon (about 10 cm2 ⋅s−1
at room temperature). Accordingly, we obtained a
value of 90 𝜇s, which corresponded to the typical
timescale of the observed initial fast decay (Figure 4).

(ii) As recombination goes on in the crystalline silicon
region, holes that were stored in the amorphous
region are released back into the crystalline region—
gradually bringing the electric field back to the
built-in equilibrium value of the heterojunction. The
decrease of the TRMC response due to recombination
is therefore slowed down by the reverse transfer of
holes from a low-mobility region back to a high-
mobility region, leading to the “slow decay” part of
the TRMC response in Figure 4.

(iii) After the electric field recovers its initial value then
the “principle mode” sets in. The principle mode,
exponential decay portion, can be observed at any
illumination intensity.

Among the three structures, the sample with n-type a-
Si:H passivated on both sides indicates the longest decay time.
The front and rear sides of this structure act as reflecting walls
for minority carriers, having excellent passivation property
and preventing transfer of holes to the low-mobility layers
[11]. Its decay kinetic can be simply expressed in the form
of one exponential function. The “slow decay” mode is not
observed. Longest lifetime is observed when the excitation
wavelength is 1064 nm, corresponding to excess charge car-
rier generation in the bulk of the c-Si wafer and negligible
absorption in the a-Si:H layer, as opposed to an excitation
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Table 1: Effective lifetime (𝜏eff) of samples with various structures
measured by SINTON lifetime tester in the transient mode at
minority carrier density of 2 × 1015 cm−3.

Sample Structure Effective lifetime (ms)
a n a-Si:H/i a-Si:H on both sides 4.2
b p a-Si:H/i a-Si:H on both sides 1.5
c Cell structure 2.1

wavelength of 532 nm, which leads to initial excess charge
carrier profile generation at the illuminated surface.

It is obvious that the TRMC results can provide informa-
tion regarding not only the 𝜏eff but also the heterojunction
properties, both of which are significantly important prop-
erties for the heterojunction silicon solar cell development.
These demonstrate that the TRMC technique has high poten-
tial as an effective analysis tool for heterojunction silicon solar
cells.

5. Conclusions

Based on information from the TRMC decay curves, the
electrical property and passivation quality of the a-Si:H/c-
Si heterojunctions as well as their changes can be eval-
uated. The decay curve time and the decay curve shape
of samples provided meaningful interpretation of excess
charge carrier kinetics in the heterojunctions. The samples
with p a-Si:H/n c-Si heterojunction (s) containing a deple-
tion/inversion layer at the interfaces showed the unique slow
decay mode at high excitation (after the initial fast decay
mode) due to excess charge carrier stored in the amorphous
regions. These results agreed well with the change in the
𝜏eff from the SINTON lifetime tester. Experimental results
suggest that the TRMC is an useful nondestructive technique
which is suitable for primary check of the thin film a-
Si:H/c-Si heterojunctions during the solar cell fabrication
process.
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