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ABSTRACT: Selenium-rich Cu(In,Ga)(S,Se), (CIGSSe) thin films on an
Mo-coated soda-lime glass substrate were fabricated by spray pyrolysis of an
aqueous precursor solution containing Cu(NOs),, In(NO,);, Ga(NOy);, and ¥
thiourea followed by selenization at 560 °C for 10 min. We studied the effects
of intentional sodium addition on the structural and morphological properties <
of the fabricated CIGSSe films by dissolving NaNOj in the aqueous precursor Ca’:ﬁ:)gas
solution. The addition of sodium was found to affect the morphology of the & f A A N
final CIGSSe film: the film had denser morphology than that of the CIGSSe : lags v

film obtained without addition of NaNO;. Photoelectrochemical measure-

ments also revealed that the acceptor density of the nondoped CIGSSe film

was relatively high (N, = 7.2 X 10" cm ™) and the addition of sodium led to a / ch;:;ss " i
more favorable value for solar cell application (N, = 1.8 X 10" cm™3). As a Hot-plate Glass
result, a solar cell based on the sodium-modified CIGSSe film exhibited

maximum conversion efficiency of 8.8%, which was significantly higher than

that of the cell based on nondoped CIGSSe (4.4%). In addition, by applying MgF, antireflection coating to the device, the
maximum efficiency was further improved to 10.7%.
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1. INTRODUCTION temperature process, can be used for large-area deposition, and
8—

Chalcopyrite Cu(In,Ga)Se, (CIGSe)-based solar cells have is suitable for roll-to-roll production. ’ Moreover, composi
been intensively studied, and a relatively high conversion tion of the film can be easily adjusted by controlling amounts of

efficiency of 21.7% has been obtained by using a CIGSe film constituent metals in the precursor solutiog. MosF of the
fabricated by coevaporation of its elements.! These cells are reports. on the sp ra}f p yroly.31s-b.asec.1 chalcopyrite devices ,WIth
regarded as strong high-efficiency competitors to silicon-based appreciable conversion efficiencies involved spray pyrolysis of
solar cells, and their photovoltaic modules have been pure s.ulﬁfle Culn$, or ('Zu('In,Ga)SZ precursor ﬁlm followed.by
commercialized by several companies>™ The emergence of sulfurization or ﬁelenlzatlon to Produce their ff);sétalllge
CIGSe-based solar cell can be attributed due to their excellent comp oun.ds or le.ed sulﬁde-seleglde compounds. It is
intrinsic properties, such as adjustable band gap (1.0 to 1.7 eV) also possible to fabnéatl% pure selenide CuInSe% or C“Q“’G,a)‘
in a suitable range for optimal sunlight absorption, high Se,l by spray Pyrolysm. I, However, for p I'fiC'tlcal app llcathn,
absorption coefficient (more than 10* cm™") that allows the use this a.pproach is often avoided due to the toxicity of the volatile
of thin material to reduce material consumption, and tolerance selenium source. o

to off-stoichiometric composition.®> Furthermore, a polycrystal- Anothe'r advantage of spray py‘r01y.515 is that exter.nal dopants
line structure was proven to be superior to a single crystalline can be introduced to the film simply by adding dopant

structure, which allowed the versatility to use various methods element§ to the solution. For _the CIC_}Se-based solar c.ell, this
to fabricate the materials.%”’ feature is advantageous especially to include Na (sodium) to

For a CIGSe-based thin film solar cell to be one of the the CIGSe. Several studies have shown enhancement of the

dominant players in the solar cell market, reduction of the photovoltaic properties of a CIGSe-based solar cell by adding

manufacturing cost of the absorber is an important issue. For

this purpose, nonvacuum processes that use low-cost instru- Received: November 4, 2014
ments and have high throughput are desirable. Spray pyrolysis Accepted: March 16, 2015
is a method that satisfies those requirements because it is a low Published: March 16, 2015
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external sodium to the CIGSe films aside from that supplied
from the soda-lime glass substrate.'>~'® Explanations for this
beneficial effect are manifold,">~2° such as enlargement of grain
sizes of the film,'>'® increase in conductivity of the materi-
al,'”" and compensation of point defects by O atoms
facilitated by the presence of sodium components.”® However,
no conclusive mechanism of the actual role of sodium is given
at present.

We attempted to fabricate a mixed sulfide-selenide Cu-
(In,Ga)(S,Se), (CIGSSe) film by selenization of a spray-
pyrolyzed Cu(In,Ga)S, (CIGS) precursor. For this purpose, we
studied the effects of intentional sodium addition to the sulfide
precursor film on the structural and electrical properties of the
fabricated CIGSSe films in relation to their solar cell
performance. The addition of sodium was performed by
dissolving sodium nitrate (NaNO;) in the precursor solution. A
CIGSSe-based solar cell with conversion efficiency (17) of 10.7%
after applying an antireflection coating to the device (8.8%
without an antireflection coating) was achieved.

2. EXPERIMENTAL SECTION

2.1. Fabrication and Characterization of CIGSSe Films. A 6
cm® portion of aqueous solution containing 0.09 M Cu(NO,),, 0.07 M
In(NO;);, 0.03 M Ga(NO;);, and 0.8 M thiourea was sprayed using
N, as a carrier gas. N, was used as the carrier gas instead of air in order
to avoid a formation of appreciable MoO, layer on Mo-substrate. The
molarity of the respective metal sources were chosen so that Cu-poor
(Cu/(In+Ga) < 1) precursor film can be obtained. The excess thiourea
(S/(Cu + In + Ga) = 4) compared to the stoichiometric ratio (S/(Cu
+In + Ga) = 1) was used to avoid formation of a white precipitate
which is likely to be a Cu-thiourea complex."” To study the effect of
addition of sodium, NaNO; was dissolved in the precursor solution
with an Na/(In + Ga) molar ratio of 0.3. Deposition of CIGS
precursor films was performed on an Mo-coated glass substrate heated
at 330—360 °C by using a hot plate. Distance between the substrate
and the spray nozzle was fixed at 20 cm. The spray rate was fixed at 2
cm?® min™' by using a FUSO SEIKI Lumina STS-10SK and cycled two
times. These experiments were conducted in the open atmosphere.
Thus-obtained CIGS films were selenized in the presence of 5 mg
elemental selenium powder in an evacuated borosilicate glass ampule
at 560 °C for 10 min to obtain sulfur—selenium mixed CIGSSe films.
Crystalline structures of the films were determined by using a Rigaku
Mini Flex X-ray diffractometer (XRD, CuKaq, Ni filter). Morphologies
of the films were examined by using a Hitachi S-5000 FEG scanning
electron microscope (SEM). Elemental compositions of the films were
determined using a Hitachi TM3000 scanning electron microscope
(SEM) equipped with a SwiftED3000 energy dispersive X-ray
spectrometer (EDX).

Photoelectrochemical (PEC) measurements of CIGSSe films were
carried out in 0.2 M Eu(NOj;); electrolyte by using a conventional
three-electrode cell.*"”*> A Pt wire and an Ag/AgCl electrode served as
the counter electrode and reference electrode, respectively, and a
Hokuto Denko HB-151 potentio-galvanostat was used to obtain
photocurrent density—voltage (J—V) response. Photocurrent densities
were measured using the lock-in technique to obtain external quantum
efficiency (EQE) spectra.22‘23 Sample electrodes were illuminated with
a monochromatic light of variable wavelength chopped at a frequency
of 10 Hz. The number of incident photons was determined with an
OPHIR Orion Laser power meter equipped with a photodiode.

2.2. Fabrication and Characterization of Solar Cells. For
evaluation of solar cell properties of the CIGSSe films, they were
processed to form an Al:ZnO/ZnO/CdS/CIGSSe/Mo/glass structure.
A CdS buffer layer (~70 nm) was deposited by chemical bath
deposition (CBD). Then an Al:ZnO/ZnO bilayer (~1 um) was
deposited on the top of the CdS layer by radio frequency (RF)
magnetron sputtering. J—V characteristics of thus-obtained devices
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under simulated AM1.5 irradiation (100 mW cm™) were measured
with a Bunkoh—Keiki CEP-01S photovoltaic measurement system.

Atomic concentrations of sodium in as-prepared CIGSSe-based
devices were measured by using ULVAC-PHI ADEPT-1010 Quadru-
pole Dynamic secondary ion mass spectroscopy (SIMS). Resistivity
profiles of the devices were obtained by a Bruxer AXS NanoScope IV
Dimension 3100 scanning probe microscope system equipped with a
scanning spreading resistance microscopy (SSRM) module.

3. RESULTS AND DISCUSSION

Figure la shows typical XRD patterns of as-sprayed films
fabricated from the precursor solution without and with
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Figure 1. XRD patterns of (a) CIGS precursors obtained without and
with addition of NaNO; to the precursor solution and (b) their
respective selenized films.

addition of NaNO;. In both films, weak diffraction peaks at
260 of ~28.2° 46.7°, and 56.1° were observed. Compared to
(112), (220)/(204), and (312/116) reflections of chalcopyrite
CulnS, (CIS), which give 20 of 27.8°, 46.2°, and $5.1°,
respectively (JCPDS 27-0159), they are slightly shifted toward
high 26 angle regions, indicating incorporation of Ga
components in the chalcopyrite CIS crystalline lattice to form
mixed crystal Cu(In,Ga)S, (CIGS). The XRD pattern of the
CIGS precursor film obtained by adding NaNO; in the spray
solution shows slightly strong peak intensities compared to
those of the precursor film without addition of NaNOj, though
such weak and broad peaks suggest difficulty in applying the
film as an absorber layer for thin-film solar cells in that shape.
Upon selenization at 560 °C for 10 min, appreciable crystalline
growth was observed in XRD patterns of both films, as shown
in Figure 1b. Small shifts of diffraction peaks toward 26 angle
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Figure 2. Typical (a, c) surface and (b, d) cross-sectional SEM images of CIGSSe films (a, b) without and (¢, d) with addition of NaNO; to the

precursor solution.

regions, that is, 27°, 45.1° and 53.6° for (112), (220)/(204),
and (312/116) reflections, respectively, were also observed,
indicating partial replacement of sulfur with selenium to form
Cu(In,Ga)(S,Se), (CIGSSe) films. As confirmed by EDX
analyses, thus-obtained CIGSSe films have Se/(S + Se) molar
ratios of ~0.7 (Cu, 25 atom %; In, 18 atom %; Ga, 9 atom %; S,
15 atom %; Se, 34 atom %). The CIGSSe film obtained with
addition of NaNO; (labeled CIGSSe(SNt)) had a relatively
intense peak than that of the CIGSSe film obtained without
addition of NaNO; (labeled CIGSSe(non)). In addition, the
intensity of the peaks assigned to MoSe,, due to partial
selenization of the Mo substrate, were weaker in CIGSSe(SNt),
indicating formation of a relatively thin MoSe, layer compared
to that formed in the CIGSSe(non) sample.

Morphological properties of thus-obtained CIGSSe(non)
and CIGSSe(SNt) films were investigated by SEM. As shown in
Figure 2a, the CIGSSe(non) film was composed of granular
grains of covering the entire surface without any observable
voids. From the corresponding cross-section shown in Figure
2b, sizes of grains in the film were estimated to be ~200—400
nm. The CIGSSe(SNt) film exhibited a distinctively different
grain structure. The grains seem to be interconnected to form a
dense structure, as shown in Figure 2c. Such an interconnected
structure was also obvious in its cross-section as shown in
Figure 2d, while the sizes of grains were similar to the
CIGSSe(non). Comparison of the cross-sectional images of
these films also clearly indicated that CIGSSe(SNt) had a
thicker layer (~1 pm) than that of the CIGSSe(non) (~800
nm). In fact, the as-sprayed film obtained with addition of
NaNOj; was also thicker than that obtained without addition of
NaNO; (see Supporting Information Figure S1). In the above
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XRD results, this reflected stronger XRD peak intensities of the
films obtained with addition of NaNO; before and after the
selenization than those obtained without addition of NaNO;.
This implies that the addition of NaNO; somewhat improved
the deposition efficiency during spray process, which likely to
result in a dense morphology of the as-sprayed film. The dense
structure would also be the main reason for formation of the
significantly thinner MoSe, layer in the CIGSSe(SNt) sample
due to suppression of the rapid diffusion of Se vapor through
the intergrains to induce selenization of the Mo substrate.

A previous study showed that density of sodium i 1n 2 typical
CIGSe film is in the order of 10'*10% atoms cm™3° On the
basis of the reported value of the lattice constant of CIGSe
crystallite,** density of group III elements (In + Ga) in the
CIGSe film can be calculated to be ~1.2 X 10** atoms cm™ by
assuming that the film has a density similar to that of the
corresponding single crystal. Hence, the Na/(In + Ga) atomic
ratio is estimated to be in the order of 0.001—0.01. Since the
Na/(In + Ga) ratio in the precursor solution with addition of
NaNO; is 0.3, a considerable excess amount of sodium would
be included in the sprayed film.

An interconnected morphology of the CIGSSe(SNt) film
was typically observed in the presence of a liquid phase during
the annealing process; such a liquid phase acted as a liquid flux
to assist grain growth. In this system, presence of the Cu,Se
compound, which commonly acts as an efficient liquid flux
during grain growth of CIGSe, > 26 can be excluded because of
the use of Cu-poor composition of our precursor solution.
Thus, formation of the interconnected morphology is likely to
be related to the presence of a large amount of sodium
components in the film derived from NaNO; dissolved in the
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spray solution. Since the melting point of NaNO; (308 °C) is
lower than the present selenization temperature, this can be
fused during the spray deposition. Although most of NaNOj;
might be decomposed into a different compound(s) because
the other metallic components mostly formed a CIGS
compound during the spray deposition, such excess sodium
components, therefore, would be present as sodium hydroxide
(NaOH) by the reaction of atmospheric water vapor. The
NaOH compound might also be a liquid-flux agent because its
melting point (318 °C) is lower than the present spray-
deposition and selenization temperatures. Apart from the grain
morphology, another role of the sodium component is likely to
be formation of sodium selenide (Na,Se,) during selenization.
In accordance with some previous reports,”’28 Na,Se, acts as
an efficient Se source for the growth of CIGSSe grains, resulting
in the formation of dense grains (see Figure 2c).

To estimate the acceptor densities of the CIGSSe(non) and
CIGSSe(SNt) films, PEC measurements in 0.2 M Eu(NO,),
electrolyte (pH 4) were performed. Figure 3a shows typical
photocurrent—potential responses of the CIGSSe(non) and
CIGSSe(SNt) films detected by using the lock-in technique.
Both of the films showed appreciable photocurrents at
potentials more negative than ca. 0.1 V vs Ag/AgCl, indicating
formation of a Schottky junction between these p-type CIGSSe
films and the electrolyte solution. At the fixed potential of —0.4
V vs Ag/AgCl, where an appreciable photocurrent due to band
bending was produced, we measured the EQE spectra of these
CIGSSe films, as shown in Figure 3b. The CIGSSe(non) film
showed a significantly low EQE response, especially in a
relatively long wavelength region. On the other hand, the
CIGSSe(SNt) film appreciably enhanced the EQE response,
indicating the achievement of appreciable improvement of film
quality by just dissolving the NaNO; compound in the spray
solution.

EQE is correlated with the width of the space charge region
(W) according to the following equation:

EQE =1 — exp(—aW)

where o denotes the absorption coefficient. According to this
equation, W can be estimated from the slope of —In(1 — EQE)
versus @ plot, as shown in Figure 3c. When the a value of the
films was estimated by using the value of the CIGSe film
reported by Minoura et al,”® with the assumption of a linear
shift with the band gap energy from 1.15 to 1.33 eV (see
below), we could estimate W values of the CIGSSe films; these
values were 30 and 60 nm for CIGSSe(non) and CIGSSe(SNt)
films, respectively. By using W, the acceptor density (N,) can
be determined using the relation

W = ((2(Egs — E)ege,)/ (aN )

where Egg, E, &, €, and q denote flat band potential, applied
bias potential, relative permittivity in the vacuum, relative
permittivity of CIGSSe, and electric charge, respectively.”'
Assuming that Epy can be estimated from its J—V response
onset (~0.1 V (vs Ag/AgCl), see Figure 3a) and applying the ¢,
value of CIGSe (11.7),*° N, values of CIGSSe(non) and
CIGSSe(SNt) films were calculated to be 7.2 X 10" and 1.8 X
10" ecm™, respectively. In highly efficient ( > 15%) CIGSe-
based solar cells, the absorber films generally have N, values in
the order of 10"°~10'® cm™3>'7** To confirm the reliability of
the N, values estimated by the present method, we also
estimated the N, of coevaporated CIGSe film used in a high-
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Figure 3. (a) Photocurrent—potential curves of CIGSSe films obtained
without and with addition of NaNO, measured in 0.2 M Eu(NO;),
using 550 nm monochromatic light with the lock-in technique. (b)
Their EQE spectra measured at —0.4 V vs Ag/AgCl and (c) plot to
determine the width of the space charge region (W).

efficient cell by similar method (see Supporting Information
Figure S2 for the related figures).** The N, of this film was
estimated to be 6.5 X 10'® cm™, in which in reasonable value
for absorber used in high-efficient cell. Hence, it is apparent
that the CIGSSe films, especially the CIGSSe(non) film, have
considerably high doping densities.

The CIGSSe films were then processed into solar cells with
the structure of Al:ZnO/ZnO/CdS/CIGSSe/Mo/glass. Figure
4a and b shows typical photo and dark J—V curves and external
quantum efficiency (EQE) spectrum of the solar cells derived
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Figure 4. (a) Typical ]-V curve and (b) EQE spectrum of a solar cell
using a CIGSSe film obtained without addition of NaNO; (CIGSSe-

(non)).

from the CIGSSe(non) film, respectively. Although these J—V/
curves apparently include poor properties, for example, obvious
leakage, high resistance, and crossover behavior between photo
and dark curves, an appreciable solar cell property with 7 of
4.4% was obtained. The band gap energy (Eg) of the CIGSSe
absorber was estimated to be 1.33 €V (see inset in Figure 4b).
The relatively large E, compared to the conventional CIGSe
with similar Ga content (1.15 eV) indicates the presence of
sulfur components in the film, as expected from the above XRD
and elemental analyses. In the EQE spectrum, there was a
significant drop of the EQE response at a relatively long
wavelength region, leading to reduction of short circuit current
density (Jsc = 17 mA cm™2). This can be attributed to relatively
short minority carrier (i.e., electron) diffusion length caused by
a highly doped nature of the CIGSSe(non) film (see above).
Regarding the open circuit voltage (Ve = 0.50 V), the V-
deficit value (i.e., E;, — Voc = 0.83 V) of the present device is
much larger than that of a highly efficient CIGSe-based device
(0.412 V) reported in the literature.>> Moreover, an appreciable
low fill factor (FF = 0.53) and crossover behavior between
photo and dark J—V curves indicate that there should be many
structural and electrical failures to be improved, such as removal
of a high interfacial resistance between the CIGSSe film and
Mo substrate®® and reduction of defects at the CdS-CIGSSe
heterojunction.*®
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As shown in Figure Sa, the photo J—V curve of the solar cell
based on the CIGSSe(SNt) film showed considerable improve-
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Figure S. (a) Typical J-V curve and (b) EQE spectrum of solar cell

using CIGSSe films obtained with addition of NaNO; (CIGSSe-
(SNt)).

ments of device properties with 7, Jsc, Vo, and FF of 8.8%, 23
mA cm %, 0.63 V, and 0.61, respectively. The corresponding
EQE spectrum presented in Figure Sb showed a significant
improvement in the carrier collection property, especially in the
relatively long wavelength region. As mentioned above,
successful reduction of majority carrier (hole) density achieved
by the addition of NaNO; during fabrication of the
CIGSSe(SNt) film should lead to the observed large incre-
ments of Jsc compared to the above solar cell based on the
CIGSSe(non) film.*”*® In addition, the thick CIGSSe absorber
would also increase the amount of absorbed photons especially
in a long wavelength region. Dissapearance of the crossover
behavior also indicated improvements of CIGSSe-Mo and CdS-
CIGSSe interfaces come from the relatively thin MoSe, layer
and dense CIGSSe film stucture (see Figure 2), respectively,
leading to increases in all of the device properties.

In order to optimize the device properties, an MgF,
antireflection layer was applied to the cell based on CIGSSe-
(SNt) film. Table 1 summarized the typical device properties of
several MgF,-coated devices. As expected, Jsc values tended to
be increased after applying the antireflection in all the cases.
One of the devices reached the maximum conversion efliciency
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Table 1. Statistical data of Jsc, V¢, FF, and 7 of the MgF,-
Coated Devices Based on CIGSSe(SNt) Absorber

no. Jsc (mA cm™?) Voc (V) FF 1 (%)
1 24 0.62 0.62 9.2
2 25 0.62 0.61 9.4
3 26 0.62 0.63 10.1
4 28 0.64 0.60 10.7
S 25 0.61 0.60 9.0
6 25 0.62 0.63 10.0
7 25 0.61 0.61 9.2

of 10.7% with Jsc of 28 mA cm™2 It should be noted that the
optimal cell without applying the MgF, coating might have a
high Jc value of more than 23 mA cm™ though we did not

have device properties of the cell without MgF,. To the best of
our knowledge, this efficiency is one of the highest reported for
chalcopyrite solar cells fabricated by using a nontoxic aqueous
precursor route, and it is comparable to a recent report showin
10.5%-efficient device based on the spray-pyrolysis method.’
The devices properties were relatively stable with no observed
appreciable degradation upon prolonged exposure in air and/or
under repetitive measurements.

SIMS profiles of thus-obtained solar cells based on
CIGSSe(non) and CIGSSe(SNt) are shown in Figure 6a and
6b, respectively. An obvious gradient of the sodium content
along the thickness direction was observed in the CIGSSe-
(non)-based sample, where appreciable amounts of sodium
comparable to those in a typical CIGSe film (see above) were
included in the near back contact of the absorber (~3 X 10%°
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Figure 6. SIMS profiles of the solar cells using (a) CIGSSe(non) and (b) CIGSSe(SNt).
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atoms cm™>). This sodium-gradient-profile suggests that the
sodium was slowly diffused from the soda-lime glass during the
present selenization process. As expected, much larger amount
of sodium with homogeneous distribution was observed for the
CIGSSe(SNt)-based sample (~1—1.5 X 10*' atoms cm™),
though the number of atoms was somewhat smaller than that
estimated from the Na/(In + Ga) composition (0.3) of the
spray solution (3.6 X 10*' atoms cm™). Another point worth
noting is that an appreciable amount of carbon was existed at
the interface between CIGSSe(non) and Mo-back contact,
indicating an incomplete decomposition of the remaining
organic compound on the film both during the spray deposition
as well as the selenization process. On the other hand, the
CIGSSe(SNt) film contained negligible amount of carbon,
implying that addition of NaNO; is beneficial for reduction of
carbon impurity in the final CIGSSe film.

The above-described PEC analyses indicated that an
appreciable decrease in N, of the CIGSSe film could be
achieved by dissolving NaNOj in the spray solution. Scanning
spreading resistance microscopy (SSRM) measurements of the
devices derived from the CIGSSe(non) and CIGSSe(SNt)
films also supported these findings; ie., the CIGSSe(SNt)
absorber exhibited higher resistance than that of the CIGSSe-
(non) absorber (see Supporting Information Figure S3). The
sodium-doping (or loading) effect obtained in this study seems
to be opposite to the commonly reported effect of sodium
because the addition of sodium usually resulted in increment of
N,.'”?® Most of the reported CIGSe absorbers usually had a
suitable acceptor density for solar cell application (in the order
of 10°—10" cm™) even without any intentional sodium
addition. A similar behavior of the reduction of N, was
observed by applying NaCl treatment to nanoink-based
CIGSSe absorbers, though there was no detailed explanation
for this observation.'> Therefore, further study is required to
clarify the exact role in sodium to the electronic properties of
our spray-pyrolysis-based CIGSSe samples.

4. CONCLUSION

In this study, we investigated fabrication of CIGSSe thin films
by selenization of CIGS precursor films obtained by spray
pyrolysis. We showed that addition of NaNO; to the precursor
solution effectively promotes enhancement of the crystallization
process of the precursor film during spray-pyrolysis deposition
as well as the final CIGSSe film during the selenization process.
The sodium-added CIGSSe film had an interconnected
morphology of grains with relatively dense structure compared
to that of the CIGSSe film obtained without addition of
sodium. The solar cell based on the sodium-modified film
showed a maximum conversion efficiency of 10.7% after
applying an antireflection coating. The addition of sodium to
the CIGSSe absorber was found to be effective for reducing the
majority carrier concentration in the film when the highly
doped bare CIGSSe absorber film was used.
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