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ABSTRACT: Chalcopyrite-based solar cell deposited by
solution processes is of great research interest because of the
ease of fabrication and cost effectiveness. Despite the initial
promising results, most of the reported methods encounter
challenges such as limited grain growth, carbon-rich interlayer,
high thermal budget, and the presence of secondary Cu-rich
phases, which limit the power conversion efficiency (PCE). In
this paper, we develop a new technique to deposit large grain,
carbon-free CISSe absorber layers from aqueous nanoparticle/
precursor mixture which resulted in a solar cell with PCE of
6.2%. CuCl2, InCl3, and thiourea were mixed with CuS and
In2S3 nanoparticles in water to form the unique nanoparticle/
precursor solution. The Carbon layer formation was prevented because organic solvents were not used in the precursor. The
copper-rich (CuS) nanoparticles were intentionally introduced as nucleation sites which accelerate grain growth. In the presence
of nanoparticles, the grain size of CISSe film increased by a factor of 7 and the power conversion efficiency of the solar cell is 85%
higher than the device without nanoparticle. This idea of using nanoparticles as a means to promote grain growth can be further
exploited for other types of chalcopyrite thin film deposited by solution methods.
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■ INTRODUCTION

Cu(In,Ga)Se2 (CIGS) is a good light absorber materials and
has been reported to yield one of the highest power conversion
efficiencies for thin film photovoltaic devices because of its high
absorption coefficient and appropriate band gap. Despite the
promising efficiency level,1 the production cost of the
conventional vacuum-based processes such as coevaporation
or sputtering2−4 prevents the widespread commercialization of
CIGS-based solar cells. In this regard, CIGS deposited by
solution processes5−13 are promising because of relatively
simple and low-cost procedures. To date, the reported solution-
based approaches for CIGS absorber layer deposition include
electrochemical,6,13 spray or spin-coating of organometallic
precursors,5 screen printing of CIGS or component metal
pastes,7,8 ink jet printing of nanoparticle-based ink,9,12 and
hydrazine-based approach.14

Even though the nanoink approach allows possibility of
controlling the composition uniformity, most of these
approaches do not result in significant grain growth and
hence limit the power conversion efficiency.11,9,15 The
formation of carbon-rich interlayer between Mo substrate and
CIS thin film was also frequently reported to limit the power
conversion efficiency.16−18 Jeong et al.12 reported a method

with a very small amount of C content but the selenization was
carried out at 520 °C for 1 h. The high thermal budget process
is not desirable for solar cell fabrication on flexible polymeric
substrates. The Hillhouse group recently reported a nanoink-
based device with 12% efficiency by using Na doping to induce
grain growth; however, a toxic KCN treatment was used to
remove unwanted Cu-rich residues.19 Therefore, it is clear that
challenges associated with solution-processed CIGS thin film
such as limited grain growth, carbon-rich interlayer, high
thermal budget, and the presence of secondary Cu-rich phases
still need to be addressed in order to realize a low-cost, high-
efficiency CIGS device from solution processes.
In the vacuum-deposited CIGS film, it is well-established that

a Cu-rich phase facilitates grain growth4 even though the final
CIGS film should be free of the Cu-rich phase because they can
cause electrical shorts. Inspired by this approach, we used Cu-
rich nanoparticles to help grain growth together with Cu-poor
precursor to yield a final absorber film that is free from Cu-rich
phases. The absorber layer solution contains CuS and In2S3
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nanoparticles mixed with a clear solution of CuCl2, InCl3, and
thiourea in water, without any organic solvents. By using excess
Sulfur in the precursor, we managed to avoid the molybdenum
oxide formation on Mo substrate during spray deposition as
well as preventing the formation of C-rich film. CuIn(S,Se)2
(CISSe) thin film with appropriate grain size and composition
was achieved after selenization and solar cell device with 6.2%
power conversion efficiency was demonstrated. In a nutshell,
the key advantages of our novel approach are (1) all synthesis
routes were carried out in aqueous solution without any organic
solvents to prevent the formation of Carbon-rich layer, (2)
grain growth was assisted by the presence of Cu-rich
nanoparticles in the precursor solution, and (3) no toxic
chemicals (such as hydrazine or KCN etch) were used in the
synthesis and device fabrication procedures.

■ EXPERIMENTAL SECTION
Nanoparticle Synthesis. CuS nanoparticles were synthesized by

mixing Na2S and CuCl2 in the molar ratio of 2:1 in deionized water at
room temperature. Similarly, In2S3 nanoparticles were synthesized by
mixing Na2S and InCl3 in the ratio of 5:2 in deionized water at room
temperature. The resultant mixture was centrifuged and washed with
deionized water before drying in vacuum. The as synthesized
nanopartciles were characterized by FESEM and XRD (the results
are shown in ESI). The FESEM analysis shows that the sizes of both
the nanoparticles are in the range of 20 to 50 nm. From the XRD
analysis, we found the Indium sulfide nanoparticles are amorphous in
nature but the crystallographic phase of copper sulfide nanoparticles is
identical with the digenite phase of Cu9S5 with the JCPDS number
00−047−1748.
Precursor Film Preparation. The Cu-poor precursor was made

by mixing 8 mL of 0.01 M CuCl2, 10 mLof 0.01 M InCl3, and 0.5 mL
of 1.0 M thiourea in water. This Cu-poor precursor was then sprayed
on top of preheated Mo-coated glass at 120 °C (Figure 1a) to form a

thin CIS film. Subsequently, the temperature of the hot plate was
increased slowly during spray to reach the final temperature of 350 °C.
The spray rate was kept at approximately 1−2 mL/min. Another
precursor was designed by mixing nanoparticle with the aqueous
precursor (np-precursor). In a typical procedure, this np-precursor
solution was synthesized by adding 0.2 mmol of CuS and 0.3 mmol of
In2S3 nanoparticles aqueous dispersion with the solution containing 65
mL of 0.01 M CuCl2, 40 mL of 0.01 M InCl3, and 5 mL of 1.0 M
thiourea (SC(NH2)2). The precursor solution was sprayed onto Mo-
coated glass heated to a temperature of 320−350 °C to form a
continuous film. Thereafter, a second precursor solution was prepared
by mixing 8 mL of 0.01 M CuCl2, 10 mL of 0.01 M InCl3, and 0.5 mL
of 1.0 M thiourea in water to form a Cu-poor precursor solution. It
was then sprayed on top of the film formed previously (Figure 1b).
The final Cu/In ratio were obtained as about 0.85 as confirmed by
EDX analysis. To prevent the formation of a carbon interlayer after

selenization, we judicially chose water as the solvent in all synthesis
steps.

Device Fabrication. The sprayed CIS films were annealed in Se
vapor, selenization, at temperature of 480−500 °C to form CISSe film.
Selenization allows the tuning of bandgap by the substitution of S with
Se and induced grain growth in the absorber layer. Thereafter, CdS
buffer layer (∼50 nm) was deposited by chemical bath deposition.
Then, i-ZnO and Al:ZnO (TCO layer) were sputtered on top of CdS
followed by thermal evaporation of Al electrode on top of the TCO
layer. CdS deposition was carried out in the bath containing aqueous
solution of cadmium acetate, ammonium acetate and thiourea at 85
°C. The pH of the bath was adjusted to 9.0 by ammonium hydroxide.
The TCO layer used was aluminum doped zinc oxide and deposited
via DC sputtering with an applied power of 200 W. After thermal
evaporation of Al electrode, the cells were isolated by mechanical
scribing with a cell area of 0.08 cm2.

Characterization. Cross-section images of samples were obtained
by Field Emission Scanning Electron Microscope (FESEM), JEOL
JSM-7600F, with an energy-dispersive X-ray (EDX) spectrometer
attachment. The crystal structures of the samples were studied using
X-ray Diffraction (XRD) by Bruker D8 Advance Diffractometer. The
current density−voltage (J−V) characteristics of the CuIn(S,Se)2
devices were measured in ambient conditions under AM 1.5G
illumination (100 mW/cm2) using a Keithley SMU 2400 sourcemeter.
The light intensity was calibrated by using an NREL calibrated silicon
photodiode.

■ RESULTS AND DISCUSSIONS
During spray deposition, the proposed chemical reaction of
CuInS2 film formation that occurs when the micrometer size
precursor droplet landed on the heated substrate is described
below

· + · +

→ + +

≈

n m

n m

CuCl H O InCl H O SC(NH )

CuInS Cl H O ( and

2)

2 2 3 2 2 2

2 2 2

The CuInS2 film is then transformed to CuIn(S,Se)2 after
selenization. To confirm the above reaction, we carried out X-
ray diffraction experiments. The XRD patterns of the np-
precursor and precursor-only films before and after selenization
are shown in panels a and b in Figure 2, respectively. Before
selenization, the diffraction peaks match well with the standard
data sheet (JCPDS No- 85−1575) of CuInS2 without any trace
of metal oxides. We believe that the excess sulfur in the
precursor prevents the unnecessary oxide formation from the
precursors and also protect Mo substrate from oxidation at high
temperature. The diffraction patterns of the film after
selenization matches that of CISSe (JCPDS no. 36−1311)
(Figure 2b) with slight variation in peak positions due to the
different S/Se ratio that affects the lattice parameters. The S/Se
+Se ratio for the selenized CISSe films was estimated by
Rietveld refinement and found to be approximately 0.29−0.41
(Table 1). The increase in the relative intensity of (112) peaks
of both films after selenization (Figure 2b) indicate improved
crystallinity of these films. This was expected as the spray
deposition temperature of 320−350 °C might not be sufficient
to induce complete crystallization. The increase in (112) peak
intensity also indicates a preferred grain growth along the (112)
plane at the expense of (204)/(220) oriented grains, which was
observed by NREL group.20

The grain growth and morphology of the thin film were
studied in details by FESEM. Images a and c in Figure 3
represent the cross-sectional images of the as-deposited film
from precursor and np-precursor, respectively. These images

Figure 1. Schematic diagram to illustrate the two precursor film
design: (a) Precursor solution approach and (b) Mixed nanoparticles/
precursor solution approach containing CuS nanoparticle and In2S3
nanoparticles.
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clearly show the formation of a single-layer CISSe thin film.
The difference in grain size is not significant from the FESEM
cross-sectional images but the roughness on the top surface of
nanoparticle-precursor (np-precursor) thin film is higher than

the precursor-based film, probably due to the size of
nanoparticles.
From the cross-section FESEM images of the absorber layer

after selenization, considerable grain growth can be observed
(Figure 3b, d). The np-precursor film (Figure 3d) resulted in
much larger grains of 600−700 nm, whereas the grains of the
selenized film deposited from precursor only are in the range of
100 nm (Figure 3b). The reason for a significant difference in
grain size observed between the films can be attributed to the
presence of Cu-rich nanoparticles which act as nucleation sites
for grain growth. The key idea of incorporating nanoparticles
into our precursor spray solution is to promote the formation
of Cu-rich regions to mimic the 3 stage coevaporation
technique used in high vacuum CIGS deposition.4 We postulate
that the grain growth starts from the Cu-rich and the In-rich

Figure 2. (a) XRD pattern of the as deposited film from the precursor solution and the nanoparticle incorporated precursor solution. (b) XRD
pattern of the films after selenization (peaks are indexed according to the JCPDS No- 85−1575).

Table 1. Rietveld Refinement Results of CuInS2 Films before
and after Selenization

lattice parameter atomic %

sample a (Å) c (Å)
S

(%)
Se
(%)

precursor only 5.518 11.254 100 0
precursor with nanoparticle 5.495 11.103 100 0
precursor with nanoparticle −after
selenization

5.695 11.501 29 71

precursor only − after selenization 5.664 11.448 41 59

Figure 3. Cross-sectional FESEM image of the as deposited absorber layer from precursor (a) before and (b) after selenization, and from
nanoparticle incorporated precursor (c) before and (d) after selenization.

ACS Applied Materials & Interfaces Letter

dx.doi.org/10.1021/am303057z | ACS Appl. Mater. Interfaces 2013, 5, 1533−15371535



regions, which formed around the CuS nanoparticles and In2S3
nanoparticles, respectively. The two regions would subse-
quently react with each other in the presence of Se at high
temperature to form large grain CISSe. The presence of In-rich
nanoparticles is important to avoid the formation of CuSe or
Cu2Se phase, which are unfavorable for device performance.
Since the formation of CuSe and Cu2Se phase could be
prevented, the toxic KCN etching after selenization, which is
commonly used to etch CuSe and Cu2Se, can be skipped. It
should also be noted that the Carbon interlayer between Mo
and CISSe, which was reported in many solution processed CIS
thin films,16−18 are not observed in images b and d in Figure 3.
EDX analysis further confirmed that the absorber layers were
free from Carbon.
To investigate the photovoltaic performance of the absorber

layers deposited from these two precursor designs, we
fabricated the solar cells by depositing CdS buffer layer,
intrinsic ZnO, AZO and metal grid electrode on the absorber
layers. We found the np-precursor film (700 nm thick) exhibits
higher power conversion efficiency (η = 6.15%) as compared to
the device based on precursor film (800 nm thick) (η = 3.47%)
(Figure 4). In general, we fabricated 8 devices on the same

substrate and we observed the PCE variation of the np-
precursor film was in the range of 5−6%, whereas the variation
of the precursor film was in the range of 2.5% to 3.5%. The np-
precursor film shows a higher efficiency due to increase in Voc
(23%) and Jsc (35%) as compared to the precursor film. The
enhanced Jsc of the np-precursor film can be attributed to the
larger grain size with less grain boundary and recombination
site, while the higher Voc could be attributed to larger and more
uniform interface between CdS and the CISSe layer. The
relatively low FF (0.53 and 0.50) is attributed to the inefficient
charge collection as a result of non-optimized transparent
conducting layer (ZnO/AZO) and top electrode. Our best
power conversion efficiency here is comparable to the other
nanoparticle-based approaches,9−11 which does not use any
doping to induce grain growth. It should be noted that the
highest device efficiency of solution-processed CIGS is 15% and
is achieved using toxic hydrazine as a reducing agent.14

The effect of absorber layer thickness on device performance
is shown in Figure 5. The details on device properties (Voc, Jsc,

FF) are summarized in table 2. We found that Jsc increased from
18.1 mA/cm2 to 26.7 mA/cm2 for np- precursor film when the

absorber layer thickness is increased from 300 nm to 700 nm.
As absorber layer thickens, more light could be absorbed and
hence a higher photogenerated carrier density will be generated
and collected at the respective contacts (holes are collected by
Mo substrate while electrons are collected by Al electrode).
The consistent Voc shows a well-controlled CdS deposition
process in all films.

■ CONCLUSIONS

A new deposition technique to deposit carbon-free CISSe
absorber layers from aqueous nanoparticle/precursor mixture
without the use of any toxic chemicals has been developed. It
was found that the nanoparticle-incorporated precursor
promotes grain growth of CISSe absorber layers as the Cu-
rich nanoparticles act as nucleation centers for grain growth. In
the presence of nanoparticles, the grain size of CISSe film
increased by a factor of 7 and the power conversion efficiency
of the solar cell device is 6.2%, 85% higher than the device
without nanoparticle. This idea of using nanoparticles as a
mean to promote grain growth can be further exploited for
other types of chalcopyrite thin film deposited by solution
processes.

■ ASSOCIATED CONTENT

*S Supporting Information
FESEM and XRD data of the individual nanoparticles. This
material is available free of charge via the Internet at http://
pubs.acs.org.

Figure 4. IV curve of device fabricated from nanoparticle incorporated
precursor (blue) film and precursor film without nanoparticle (red).
The active area of both devices was 0.08 cm2.

Figure 5. Photovoltaic performance of a nanoparticle-based device
with different thicknesses of the absorber layers.

Table 2. Photovoltaic Performance of a Nanoparticle-Based
Device with Different Thicknesses of the Absorber Layers

type
thickness
(nm)

Voc
(V)

Jsc
(mA/cm2)

FF
(%) η (%)

precursor with
nanoparticle

300 0.42 18.1 41 3.16
500 0.42 21.0 43 3.74
700 0.43 26.7 53 6.15

precursor only 800 0.35 19.8 50 3.47
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