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High Efficiency Semiconductor-Liquid Junction

Solar Cells based on Cu/Cu,O

Fang Shao, Jing Sun,* Lian Gao, Jiangiang Luo, Yanggiao Liu, and Songwang Yang

Cu/Cu,0 photoelectrodes are synthesized by a simple electrodepositing
process at low temperature. The values of the electrolyte pH have great
influence on the morphology and the compositions of the obtained films,
and thus affect the performance of the electrodes. The best device based
on Cu/Cu,0 and I7/1;~ electrolyte gives a high conversion efficiency of
3.13% under simulated AM1.5G illumination. To the best of our knowledge,
this is the highest efficiency reported for solar cells based on electrodepos-
ited Cu,0. For comparison purposes, pure Cu,O films are also synthesized.
The performance of the solar cells based on pure Cu,O is very poor, as low
as 0.013%. In addition, the Cu/Cu,O films are perfectly compatible with
the lightweight plastic substrates and yielded a power conversion efficiency

method for the production of Cu,0 used
in solar cells. The quality of the Cu,0 syn-
thesized by this method is relatively good.
But during the oxidation, the temperature
is above 1000 °C and the O, partial pres-
sure should be controlled. So this method
has more requirements on equipments,
and is more energy consuming. In con-
trast, electrodeposition is simple, scalable
and inexpensive, which requires minimal
energy input.’” However, the electrode-
posited Cu,O films have a high resistivity
and thus the solar cells based on elec-
trodeposited Cu,O often offer a poor per-

of 1.44%.

1. Introduction

In view of the severe ecological impacts of fossil fuels, solar
energy has been extensively investigated as the cleanest and
least limited energy source. The development of solar energy
converters with good performance and low cost requires the
availability of inexpensive, non-toxic materials with potential
application in solar energy converting.

Cuprous oxide (Cu,0) is an interesting p-type semiconductor
with a band gap of 2 eV, which makes it suitable for solar cell
applications.['"% The theoretical energy conversion efficiency of
Cu,0 is 20%.781 What's more, Cu,0 is a non-toxic and cheap
material.’) Owing to the solar light absorption of Cu,0, Cu,0/
TiO, has already exhibited enhanced performance as catalysts
compared with TiO,.1%13] Many Cu,O based solar cells have
also been reported, however, the preparation process is time
and energy consuming or the efficiencies are very low.'4-1]
The highest efficiency ever reported for any Cu,O based solar
cell is 29.118] The majority of absorption occurs in the Cu,0;
photogenerated carriers are transported through the Cu,O to
a collection electrode. The Cu,0 was prepared by oxidizing
copper at a high temperature, which is so far the most popular
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formance. For example, hetero-junctions

of Cu,0/Zn0O have been synthesized and

used in solar cells, yielding an efficiency of
0.47%.1" Chen et al.?% reported the deposition of Cu,0 onto
vertical ZnO nanowires. The fabricated Cu,0/Zn0O solar cell
exhibited an over all conversion efficiency of around 0.1%.

Using electrodeposition method, both pure Cu,0 and Cu/
Cu,O can be easily obtained. In the conventional solid-state
photovoltaic devices, Cu metal is deleterious. It lowers the bar-
rier heights of the Schottky junctions and limits the open-circuit
voltage to below 350 mV. So many efforts have been made to
minimize the Cu formation. However, Cu has good electric
conductivity, which may be beneficial to charge collecting and
transferring.?!) In addition, the transmission light could be
reflected by Cu metal and recycled, which would enhance the
light harvesting ability. The dominant photovoltaic mechanisms
in Cu-Cu,0 junctions are electron injection from Cu,0 into Cu
when hv > E, and hole photoemission from Cu into Cu,O when
hv < E,122%]

Semiconductor-liquid junction solar cells have attracted more
and more concern in recent years.?*2% Semiconductor-liquid
junctions offer the opportunity to fabricating a more efficient
solar cell based on Cu,0. In aqueous solutions, Cu,0 is usu-
ally not stable while in acetonitrile or other nonaqueous electro-
lytes, Cu,O exhibits a more stable property.?-%l Lewis et al.?’]
prepared nonaqueous liquid junction solar cells with Cu,O
photoelectrodes and resulted in an efficiency of 1.5%.

In this paper, Cu/Cu,0 and pure Cu,O films were synthe-
sized by electrodepositon from solutions at low temperature.
The materials are abundant, cheap, and non-toxic, the fabrica-
tion method is simple and cheap, which is suitable for indus-
trial production. The pH values of the electrolyte have great
influence on the morphology and the compositions of the
obtained films, and thus affect the performance of the cells. The
best solar cell which is based on Cu/Cu,O films, reached an
open-circuit voltage of 0.56 V, a short-circuit current density of
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Figure 1. XRD patterns of the films on FTO glasses deposited with dif-
ferent pH and time (min). (A) Cu/Cu,0-5.0-20, (B) Cu/Cu,0-5.4-20,
(C) Cu/Cu,0-5.4-60, (D) Cu,0-5.8-20.

11.3 mA/cm?, a fill factor of 49.6%, and a conversion efficiency
of 3.13% under simulated AM1.5G illumination. To the best of
our knowledge, this is the highest efficiency value reported for
solar cells based on electrodeposited Cu,O.

2. Results and Discussion

The electrodeposition of Cu,O includes two steps, one is the
cathodic reduction of Cu?" ions to Cu* ions and the other is
the deposition of Cu,0 due to the solubility limitation of Cu*
ions.??) This reaction is 2Cu?* + 2e~ + H,0—Cu,0 + 2H*. There
was another reaction during the reduction of cupric acetate:
Cu?t + 2e” —Cu. The electrolyte pH significantly dropped after
the reaction due to the accumulation of H* ions. The experi-
mental conditions involving pH and electrodeposition time
have enormous influences on the composition and mophology
of samples.

XRD patterns of the samples synthesized with different
growth parameters are shown in Figure 1. The samples were
denoted as Cu/Cu,0-x-y or Cu,0-x-y, where x (5.0, 5.4, or 5.8),
y (20 or 60) referred to the corresponding pH and deposi-
tion time (min), respectively. When the pH is ~5.0 and ~5.4,
the deposited films are all a composite of Cu and Cu,0, while
the films deposited at pH ~5.8 are pure Cu,0. No peaks from
CuO are present in these patterns. The results are consistent
with previous reports.2?] It’s worth noting that the intensity
of Cu peaks increased with the increase of deposition time or
the decrease of pH. It indicates that the contents of Cu metal
in Cu/Cu,0-5.0-20 and Cu/Cu,0-5.4-60 are both higher than
Cu/Cu,0-5.4-20.

Furthermore, morphologies of the samples were examined
by SEM (Figure 2). Figures 2a to e show the SEM images of
Cu/Cu,0-x-y while Figure 2f exhibits Cu,0-5.8-20. We can see
that there exist many differences between the two kinds of
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Figure 2. SEM images of (a) Cu/Cu,0-5.0-20, (b) the surface of spheres
in Cu/Cu,0-5.0-20, (c) Cu/Cu,0-5.4-20, (d) Cu/Cu,0-5.4-60, (e) the
spheres’ surface of Cu/Cu,0-5.4-60, (f) Cu,O-5.8-20. The inset images
in (a,c) shows the corresponding morphology at higher resolution. The
scale bars of the insets are both 5 um.

samples. Cu,0-5.8-20 formed quasi-cuboid structure, while the
Cu,0 crystal of Cu/Cu,0-x-y took on a dendritic growth. This
dendritic structure formed a physically continuous crystal body,
which may be beneficial to charge-transport property. As shown
in Figure 2a and c (the insets are the high magnified images),
the dendritic crystals may be developed from polyhedral crystals
due to the acetate ions preferentially adsorbed.l3% Besides, some
spheres appeared in this kind of sample. In the cases of Cu/
Cu,0-5.0-20 and Cu/Cu,0-5.4-20, the diameters of the spheres
are in the range of 5-10 um and the surfaces of the spheres
are closely coated by a crystal layer (as shown in Figure 2b
and Figure S1). The amounts of spheres in Cu/Cu,0-5.0-20 are
much more than those in Cu/Cu,0-5.4-20. EDS results indicate
that Cu and O are the only elementary components in these
spheres, and their concentrations are 88.8 and 11.2 atom%
in Cu/Cu,0-5.0-20; 85.6 and 14.4 atom% in Cu/Cu,0-5.4-20,
respectively (Figure S2 and Figure S3). Figure 2d is the SEM
image of Cu/Cu,0-5.4-60, from which it can be seen that the
spheres became more and larger with the prolongation of
treating time. The crystals on the surfaces of the spheres exhib-
ited the octahedral morphology (Figure 2e).

Figure 3 exhibits TEM images of a sphere in Cu/Cu,0-5.4-60,
it can be seen that there is a layer of nanocrystal at the outer part
of the sphere except the bottom. Additional SEM and EDS char-
acterizations were performed to study the structure of the films.
We choose three characteristic points, as shown in Figure S4.
Point 1 is a polyhedral crystal while point 2 is a large sphere,

Adv. Funct. Mater. 2012, 22, 3907-3913
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Figure 3. TEM image of a sphere of Cu/Cu,0-5.4-60.

point 3 is the dendritic structure. The three selected parts can
basically represent all the structures in the film. It has been
generally accepted that the penetration depth of electron beam
increase along with the accelerating voltage (Monte Carlo simu-
lation). When the voltage was 3 KV and 5 KV, the Cu/O atomic
ratios of the three points were all about 2:1, indicating the exist-
ence of pure Cu,O (Table S1). At 8 KV, the compositions in
point 1 and 2 had no obvious change while the electron beam
went through point 3, giving information on FTO substrate
(the fluorine-doped SnO, conducting glass). When the voltage
increased to 15 KV, the contents of Cu at point 2 increased
sharply, demonstrating that the core of the sphere is Cu. Cu
concentrations continue to increase for point 2 at 20 KV, and
Sn elements from FTO had been detected, indicating the direct
connection of Cu with FTO at point 2. At that moment, point
1 was also penetrated. There were no increase of Cu at point 1
and 3 until penetrated, which suggests that the component of
the structures between the spheres are pure Cu,0.

In the case of Cu,0-5.8-20, the growth process of the Cu,0O
crystals deposited directly on the FTO substrate is favorable.
However, when pH reduces and Cu is presents, Cu,O crystals
were frequently deposited on top of the exposed Cu, which
provides nucleation sites for Cu,O crystals.?!! The dense Cu,0
crystal layer could protect Cu by isolating Cu surface from the
redox electrolytes.

The reflectance measurement could help to quantify the
surface fraction occupied by the Cu/Cu,O spheres. Figure 4a
indicated that the Cu/Cu,O spheres in Cu/Cu,0-5.0-20 and
Cu/Cu,0-5.4-60 are much more prevalent than in Cu/Cu,0-
5.4-20 and Cu,0-5.8-20, which is in good agreement with
previous results. As shown in Figure 4b, the high Cu content
results in greater loss of transmission. Compared with that of
Cu,0-5.8-20, the absorptance of Cu/Cu,0-5.4-20 increased in
a degree, while absorptance of Cu/Cu,0-5.0-20 and Cu/Cu,0O-
5.4-60 decreased to a certain extent. It is presumed that the inci-
dent light could be reflected by Cu/Cu,O spheres and recycled,
which would enhance the light harvesting ability in a degree.
However, too much Cu results in less effective light. Though
the differences are not enormous, these could also explain the
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Figure 4. (a) Reflectance spectra, (b) transmittance and absorptance
(1-transmittance-reflectance) spectra of the as-prepared samples (Cu/
Cu,0-5.0-20, Cu/Cu,0-5.4-20, Cu/Cu,0-5.4-60 and Cu,0-5.8-20)

performance change of the various cells from light utilization
side.

Sandwich type solar cells were constructed with the as-
prepared samples and their performances were evaluated by
recording the current density—voltage (J-V) curves under nor-
malized illumination and dark condition. The characteristics
are presented in Figure 5 and the parameters for the cells pre-
pared from four different photoanodes are reported in Table 1.
When pure Cu,0 was used as the photoanode, the [~V curves
of the cell took on a diagonal appearance. The short circuit
current density (Js¢) and open-circuit voltage (Voc) are both
very low, which are 0.5 mA/cm? and 0.10 V, respectively. The
fill factor (FF) is 25.3% and the efficiency () is 0.013%. The
resistances of the pure Cu,0 films are above 10° Q/J, resulting
in a high series resistance of the corresponding cells and thus
lead to the strong loss of photovoltaic efficiency. In any solar
cell, there are parasitic resistances that will cause the limited
performances. They can be divided into two parts, the series
resistance (Rg) and the shunt resistance (Rgy). The resistance
through the semiconductors is a big part of R, while the resist-
ance of alternate electrical pathways that do not contribute to
the photocurrent makes Rgy. In an ideal solar cell, Rg is zero,
and Rgy is infinite.?
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Figure5. Currentdensity-voltage characteristics measured underAM 1.5G
at 100 mW cm2 illumination for Cu/Cu,0-5.0-20 (A), Cu/Cu,0-5.4-20
(B) and Cu/Cu,0-5.4-60 (C) based cells; (A",B’,C"), corresponding cur-
rents in the dark for (A,B,C); the curve in the inside image is photocurrent-
voltage plot of the cell based on Cu,0-5.8-20.

For the solar cell based on Cu,0-5.8-20, the Rg is 1695 Q
and Rgy is 1547 Q. The results are consistent with the analyses
above. On the other hand, when there is Cu in the solar cells,
the whole performance increases sharply. As shown, the cell
based on Cu/Cu,0-5.0-20 gives a short circuit current density of

Table 1. Characteristics of solar cells based on four different
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6.5 mA/cm?, an open-circuit voltage of 0.57 V, and a fill factor of
55.4%, yielding a power conversion efficiency of 2.03%. When
the pH was changed to ~5.4, the corresponding values are
Jsc=11.3 mA/cm?, Ve = 0.56 V, FF = 49.6%, and 1 = 3.13%.
The increased pH leads to an increase of 73.9% in Jsc and an
enhancement of 54.2% in 1. While maintaining the pH con-
stant and extending the electrodeposition time to 60 min, the
values turn to Jgc = 10.8 mA/cm?, Ve = 0.56 V, FF = 43.5%,
and 1 = 2.61%. It is clear that, while the V. is same, there is
a decrease in Jsc and 7 for the cell prepared for longer time.
Compared with Cu,0-5.8-20, the Rg values of Cu/Cu,O solar
cells are greatly reduced, and the cell based on Cu/Cu,O-
5.4-20 gives the smallest value, which is 221 Q. When the
content of Cu metal became higher, the values of Ry increased
instead. Though the solar cells based on electrodeposited Cu,0
often give a low performance, the performance of our devices
are better than many reported solar cells based on Cu,O.

In dark condition, the electrodes passed almost only anodic
current under forward bias, and no obvious battery effect can
be observed in the cells. Considering the performances of the
various cells, we can see that by implementing additional Cu
metal, the short circuit current density and overall light conver-
sion efficiency could be significantly increased. However, when
the content of Cu metal is too much, there is a decrease in the
performance. The efficiency change caused by Cu metal can
be explained by considering a combination of several effects.
First, Cu metal decreased the resistances of the films dramati-
cally, which could contribute to the charge transfer; Second, Cu
metal might help to trap the light. However, too much Cu is an
obstacle to the effective use of light. Cu metal is intrinsically
unstable in the polyiodide electrolyte, fast reactions occur when

photoanodes. they meet.
To gain further insight on the inner work process of solar
Photoanodes Jsc Voc FF n Rs Ry cells, electrochemical impedance spectrum (EIS) was meas-
[mAcm™ V] [%] (%] [ €] ured under light illumination. The impedance spectra were
Cu,0-5.8-20 0.5 010 253 0013 1695 1547 also strongly affected by the amount of Cu. The inset image
Cu/Cu05.020 65 057 55.4 203 291 2632 in Figure 6a repre§ents that in the case of Cu,0-5.8-20, the
CufCu,0-5420 113 056 496 313 1 1715 Nyqulst plgts consist of a low-frequency' arc, ar}dfhe global
resistance is very large because of the high resistivity of the
Cu/Cu,0-54-60 1038 0.56 435 261 319 1310 Cu,0, which shows consistence with the big value of Rg. This
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Figure 6. Electrochemical impedance spectra of cells with different electrodes. (a) Nyquist plots, (b) Bode plots. The inside images are the corre-

sponding characteristics of Cu,0-5.8-20.
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parameter may suggest the poor performance. The resistivity
is significantly reduced with the introduction of Cu. As shown
in Figure 6a, the Nyquist plots of cells based on Cu/Cu,0O con-
sist of one arc and one line. The arcs are compressed, which
results from the inhomogeneities of the electrical proper-
ties of the measured interface.’3! According to the EIS model
reported in other literatures,3*7] the shape and size of the
depressed semicircle was linked to the photo-injected electron
transport in the Cu/Cu,O film or the back reaction at the Cu/
Cu,O/electrolyte interface (the electrons in Cu/Cu,0O back to
the electrolyte); the line in the low frequency range is associ-
ated with the Warburg diffusion of the ions in the electrolyte.
The linear behavior indicates that there is slow ionic diffusion
in the electrolyte system. Compared with that of Cu,0-5.8-20,
the semicircles of Cu/Cu,O are reduced in number; this indi-
cates that the charge transport resistance is reduced by intro-
ducing Cu. This may be due to the better charge transfer prop-
erty between Cu/Cu,O and electrolyte owing to the randomly
distributed Cu/Cu,0O spheres on top of the Cu,0O thin films as
shown in Figure 2.2!l The low transfer resistance could be an
important factor for the improvement of the performance of
cells. Among the cells based on Cu/Cu,0 photoanodes, Cu/
Cu,0-5.4-20 has the smallest semicircle, suggesting that the
sample has the best transfer ability. When the Cu content rein-
creases, the semicircles increase in magnitude and the cell
global resistance increased again. This may be caused by the
increased charge recombination.

Figure 6b exhibits the Bode plots of the cells with different
electrodes. It can be seen that the high frequency peak of
Cu/Cu,0-5.4-20 is shifted to lower frequency compared with
that of Cu/Cu,0-5.0-20 and Cu/Cu,0-5.4-60. This result con-
firms that the solar cells based on Cu/Cu,0-5.4-20 have the
least charge recombination.®!

Based on the above experimental facts, the electrode struc-
ture and a possible charge transfer mechanism in the Cu/Cu,O
contacts are proposed as shown in Figure 7. The Fermi level of
Cu,0 is located at a more negative level than that of Cu metal.
When Cu,0 is in contact with Cu, the band structure of Cu,0O
(both the valence band (VB) and the conduction band (CB)) is
bent as shown in Figure 7(b). Under irradiation, excitation of
electrons from the VB to CB in the Cu,O takes place, leaving
holes in the VB. The electron and the hole form an excited
electron-hole pair, which is usually short-lived and recombines
if there is no driving force to separate them.3% However, when
the band structure is bent as in Figure 7(b), the photoexcited
electrons from Cu,O are likely to move to the metal core, while
holes migrate to the surface, thus the hole and the electron can
be separated.l”) In a typical p-n junction, electrons or holes
excited by photoexcitation are accumulated firstly and then

(a) ?Uzo (b) et

Figure 7. A schematicillustration of the structure and the possible charge
transfer mechanism in the Cu/Cu,O contacts.
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Figure 8. Photocurrent—voltage characteristics of a cell before and after
1 h of exposure to full sun condition at short circuit.

create electric currents. In contrast, the photoexcited electrons
from Cu,O are likely to move to the Cu core, and drift directly
instead of accumulating. That is, the schottky junction can not
only assist the charge separation, but also can transfer the dis-
sociated electrons quickly. In this case, the Cu acts as a direc-
tional conductive pathway, which allows the charge transporta-
tion quickly and effectively, thus the adverse reactions (recom-
bination and back reaction) are suppressed and the efficiency
of the cells are improved. After such dissociation and migra-
tion of holes and electrons, the holes can oxidize the donor
in the liquid electrolyte, and the electrons are transported to
the FTO and then to the cathode reducing electron acceptors
there.

The stability test was run at short circuit for 1 h under
full sun condition. As shown in Figure 8, after 1 h, the Jq¢
decreased from 11.7 mA/cm? to 8.7 mA/cm?, the values of
Voc and FF were both reduced, yielding a power conversion
efficiency of 1.6%. This may be due to the corrosion of the
redox electrolyte. Studies to improve long-term stability are
under way. Samples using other electrolytes such as decam-
ethylcobaltocene*’® redox couple are supposed to be more
stabilizing. It is necessary to mention that the samples are
sensitive to the pH and temperature and exhibit individual
differences. In some samples, the particles on the spheres
cannot protect Cu well, so there are redox peaks when being
tested.

Besides, the Cu/Cu,0 can be electrodeposited on ITO/
PEN substrates to form flexible solar cells. With the elec-
trode of Cu/Cu,0 obtained by electrodepositing at pH 5.4 for
20 min (labeled as PEN-5.4-20), the cell achieves an efficiency
of 1.44% (as shown in Figure 9). Other parameters are Jgc
= 3.9 mA/cm?, Ve = 0.57 V, FF = 64.8%, and Rg = 304 Q,
Rgpy = 4275 Q. In the case of PEN-5.8-20, which was prepared
by electrodepositing at pH 5.8 for 20 min, the corresponding
values are Jsc = 0.5 mA/cm?, Voo = 0.13 V, FF = 21.6%, n =
0.015% and Rg = 3531 Q, Rgy; = 1585 Q. We can see that the
values of pH have similar influences on the performances of
flexible cells.
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Figure 9. Photocurrent-voltage characteristics of plastic cells with dif-
ferent electrodes. The orange curve is of PEN-5.4-20 and the pink curve
in the inside image is of PEN-5.8-20, respectively.

3. Conclusion

In summary, we have successfully prepared semiconductor-
liquid junction solar cells based on Cu/Cu,0 and pure Cu,O.
The photoelectrodes were synthesized by a simple electrodepos-
iting process at low temperature, which is suitable for indus-
trial production. The values of the electrolyte pH have great
influence on the morphology and the compositions of the
obtained films, and thus affect the performance of the cells. It
is shown that the introducing of Cu metal can greatly improve
the performances of Cu,0 solar cells. The best device based on
Cu/Cu,0 and I7/I5™ electrolyte reached an open-circuit voltage
of 0.56 V, a short-circuit current density of 11.3 mA/cm?, a fill
factor of 49.6%, and a conversion efficiency of 3.13% under
simulated AM1.5G illumination. In contrast, the performance
of the solar cells based on pure Cu,O is very poor, as low as
0.013%. In addition, the films are also electrodeposited on ITO-
PEN plastics to form flexible solar cells. The values of pH have
similar influences on the performances of the flexible cells. The
flexible cells based on Cu/Cu,O films gave a power conversion
efficiency of 1.44%.

4. Experimental Section

Preparation of Cu/Cu,O and Cu,O photoanodes: Electrodepositions of
Cu/Cu,O were performed using a standard three-electrode cell where
FTO glasses, saturated calomel electrode and platinum were used as the
working, reference and counter electrode, respectively. The electrolyte
was composed of cupric acetate (0.02 M) and sodium acetate (0.1 M),
to which sodium hydroxide solution and acetic acid were added to adjust
the pH. The samples were deposited potentiostatically at —245 mV and
the temperature was maintained at 60 °C. After each deposition, the
obtained film was rinsed with ethanol and then dried in an electric oven
at 60 °C.

For comparison purposes, pure Cu,O films were deposited from
aqueous solutions with different pH. Moreover, effects of the pH
and the deposition time were also studied. The as prepared samples
were denoted as Cu/Cu,O-x-y or Cu,O-x-y, where x (5.0, 5.4, or 5.8),
y (20 or 60) referred to the corresponding pH and deposition time (min),

© 2012 WILEY-VCH Verlag GmbH & Co. KGaA, Weinheim
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respectively. We also prepared flexible solar cells by substituting the FTO
glasses with ITO-PEN plastic substrates.

Fabrication of solar cell: The solar cells were composed of a photoanode,
a platinum-sputtered FTO counter electrode, and liquid electrolyte. The
photoanodes were Cu/Cu,O films or pure Cu,O films electrodeposited
on FTO glasses or ITO-PEN plastics. The two electrodes were separated
by a spacer. The internal space of the cells was filled with the electrolyte
which contains Lil (0.5 M), I, (0.05 M) and tert-butylpyridine (0.5 M) in
acetonitrile.

Characterization of samples: Compositions of the as-prepared samples
were investigated by X-ray diffraction (XRD, D/max 2550V, Rigaku
Tokyo, Japan) and energy dispersive spectrometer (EDS), respectively.
The morphology was characterized with field emission scanning
electron microscopy (FESEM, J]SM-6700F, JEOL Tokyo, Japan). The total
transmission and total reflection of the samples were recorded with a
lambda-950 UV-Vis spectrophotometer (Perkin Elmer, Waltham, MA).
Current density voltage (J-V) characteristics of the solar cells were
measured on an electrochemical workstation (Model CHI 660C, CH)
under an AM 1.5 illumination (100 mW/cm?, Model YSS-80A, Yamashita).
The light source was Xe lamp equipped with an AM1.5G filter. Prior to
measurements, an aperture mask was employed for the calibration of
the cell area, which was 0.12 cm?. Dark current voltage characteristics
were performed on CHI 660D electrochemical workstation. The incident
light intensity was 100 mW/cm? calibrated with a standard Si solar cell.
Electrochemical impedance spectroscopic (EIS) curves of the cells were
carried out in the frequency range from 0.1 Hz to 100 kHz under open-
circuit conditions. In the stability test, the J-V curves were recorded by
a Keithley Series 2400 System Source Meter Instrument. The irradiation
source is a solar simulator (Newport) giving AM 1.5 G illumination on
the surface of the solar cells.
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Supporting Information is available from the Wiley Online Library or
from the author.
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