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ABSTRACT: In the solar cell field, development of simple,
low-cost, and low-temperature fabrication processes has
become an important trend for energy-saving and environ-
mental issues. Copper indium gallium selenide (CIGS) solar
cells have attracted much attention due to the high absorption
coefficient, tunable band gap energy, and high efficiency.
However, vacuum and high-temperature processing in
fabrication of solar cells have limited the applications. There
is a strong need to develop simple and scalable methods. In
this work, a CIGS solar cell based on all printing steps and
low-temperature annealing is developed. CIGS absorber thin film is deposited by using dodecylamine-stabilized CIGS
nanoparticle ink followed by printing buffer layer. Silver nanowire (AgNW) ink and sol−gel-derived ZnO precursor solution are
used to prepare a highly conductive window layer ZnO/[AgNW/ZnO] electrode with a printing method that achieves 16 Ω/sq
sheet resistance and 94% transparency. A CIGS solar cell based on all printing processes exhibits efficiency of 1.6% with open
circuit voltage of 0.48 V, short circuit current density of 9.7 mA/cm2, and fill factor of 0.34 for 200 nm thick CIGS film, fabricated
under ambient conditions and annealed at 250 °C.
KEYWORDS: CIGS nanoparticles, low temperature, printing process, Ag nanowires, ZnO sol−gel

1. INTRODUCTION

With global population growth and increased energy
consumption, how to effectively use clean solar energy without
depletion has become one of the urgent world research issues.
Solar cells, such as silicon, GaN, dye-sensitized, and copper
indium gallium selenide (CIGS), have been extensively studied
and applied recently. Among these cells, a thin-film CIGS solar
cell has attracted much attention due to its high efficiency, band
gap tunability, and cell stability.1 The most efficient CIGS solar
cell is based on harsh fabrication processing, such as high-
vacuum deposition, high selenization temperature, and
complicated multilayer structure.2 These complicated and
high-cost fabrication processes have greatly stimulated the
development of solution techniques, such as printing and
electrodeposition. A vacuum-free, simple, low-cost and low-
temperature printing process has become an important goal for
fabrication of CIGS solar cells. Normally, a CIGS solar cell
includes three parts: a CIGS absorber layer, a buffer layer, and a
conductive window layer. Owing to large-scale production and
low-cost processing, the simplest low-temperature solar cell can
be fabricated when all these layers become printable. For
example, concerning the CIGS absorber layer, recently several
solution ink methods have been developed3−8 and efficiency of
15.2% has been achieved. However, highly toxic materials like
hydrazine and high-temperature postdeposition annealing have
been employed.8 In order to prevent the use of toxic
compounds, other simple solution-phase methods have been

developed for synthesis of CIGS nanoparticle ink for solution-
process deposition by using long-chain oleylamine as solvent
and dispersant to prepare CIGS nanoparticles due to its better
dispersion ability and high boiling point.9−14 Panthani et al.15

first prepared an oleylamine-stabilized CIGS nanocrystal ink-
based cell and reported 0.2% efficiency with an intrinsic zinc
oxide/indium tin oxide (i-ZnO/ITO) top window layer
deposited by a radio frequency (rf) sputtering method without
any postdeposition high-temperature treatment of CIGS film.
Akhavan et al.16 demonstrated 3% efficiency for spray-coated
CuInSe2 nanocrystals film as absorber materials, but after heat
treatment of the completed cell in vacuum at 200 °C for 40
min. The major problem with using long-chain amine to
synthesize CIGS nanoparticles has been the formation of an
insulating layer on the nanoparticle surface, which limits the
sintering nanoparticles at low temperature.13,14,17 All these
CIGS nanoparticle films were annealed in vacuum16 or some
others were annealed under Se atmosphere at high temper-
ature.18 Additionally, due to recombination of photogenerated
carriers at the surface insulating layer, surface passivation of
CIGS is required in order to achieve substantial device
performance for commercial uses. A solvent with smaller
carbon chain and low boiling point may be a better alternative
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to prepare surface-modified CIGS grains due to easy removal
from the surface of CIGS nanoparticles at low temperature.
Consequently, it is required to develop a modified method of
CIGS synthesis and to extend its use in an all-layers-printed
solar cell without any vacuum-based processing and high-
temperature treatments.
For CdS buffer layer deposition, chemical bath deposition

(CBD) has been the most common route.19 Nevertheless, the
problem with CBD is the loss of materials. Hence, a spin-
coating method has been reported to decrease the loss of
materials after the deposition process.20

In addition to the solution-process deposition of CIGS and
CdS layers, formation of a window layer on top of the CIGS
layer also determines the cost and efficiency of the cells.
Normally, a vacuum-deposited i-ZnO/Al·ZnO or ITO layer has
been the main candidate as window layer and to maintain the
strong adhesion between window layer and absorber layer,
which facilitates charge carrier transfer. However, multilayer
deposition processing using different deposition techniques
largely complicates the fabrication of cells and increases the
cost.
To replace the vacuum-based costly i-ZnO/Al·ZnO or ITO

deposition, various other transparent electrode materials have
been employed in manufacturing of solar cells.21−25 Recently,
silver nanowire (AgNW) films have been demonstrated as an
alternative to vacuum-deposited transparent conductive oxide
as top contact electrode26−29 materials. However, weak
adhesion and smaller contact area between AgNWs and n-
type buffer layer leads to the incapability of collecting charge
carriers generated at the p−n junction. Other oxide compounds
such as ZnO, Al·ZnO, and ITO have been used to improve the
conductivity of AgNW/oxide composite films and adhesion
with n-type materials.30,31 For example, Kim et al.30

demonstrated solution-processed high-quality top conductive
oxide electrodes structured as Al·ZnO/AgNW/Al·ZnO/ZnO
stacked layers. They prepared ZnO and Al·ZnO films by sol−
gel combustion at 200 °C, which may deteriorate the
performance of AgNWs. Chung et al.31 demonstrated use of
AgNWs with expensive and scarce ITO nanoparticle-stacked
composite as top electrode to fabricate vacuum-deposited CIGS
solar cell. These electrodes30,31 suffered from low transparency
and high resistance due to the use of multiple coating cycles
and nanoparticles. Nevertheless, these results confirmed that
AgNW film is a promising candidate for window layer.
However, these solution-processed window layers were
assembled on top of vacuum-deposited CIGS layers and
demonstrated those interface interactions. Until now, there has
been no report in literature demonstrating the deliberate
arrangement of solution-processed CIGS absorber and
solution-processed window layer, that is, an all-layers
solution-processed CIGS solar cell.
In order to fabricate a low-cost all-layers-printed CIGS solar

cell device, we present CIGS nanoparticle synthesis in short
carbon chain dodecylamine (DDA) to prepare absorber layer
sintered at low temperature (250 °C) in an atmospheric
environment, followed by coating of CdS layer and a solution-
processed ZnO/[AgNW/ZnO] composite layer as top trans-
parent window electrode. For the first time, we are
demonstrating the use of DDA-stabilized CIGS nanoparticles
for solar cell fabrication. In addition, the performance of an all-
layers-printed CIGS solar cell structured as glass/Mo/CIGS/
CdS/ZnO/[AgNW/ZnO] is demonstrated and evaluated.

2. EXPERIMENTAL SECTION
2.1. Synthesis of CIGS Nanoparticles and Fabrication of

CIGS Solar Cell. CuCl [copper(I) chloride, 5 mmol], InCl3
[indium(III) chloride, 3.5 mmol], Ga(acac)3 [gallium acetyl acetonate,
1.5 mmol], and elemental Se (selenium, 10 mmol) were mixed in 20
mL of DDA as a coordinating solvent to prepare CIGS nanoparticles.
All the chemicals were purchased from Wako Chemicals Industry,
Japan. The flask with attached condenser, containing all the precursors
in DDA, was heated up to 80 °C for 10 min on a hot plate with
vigorous stirring and continuous nitrogen flow. The temperature of the
reaction mixture was increased up to 240 °C with vigorous stirring and
continued at this temperature for 4 h. A dark black, thick solution was
obtained as product. The product solution was precipitated, washed in
methanol and toluene, and centrifuged at 8000 rpm to remove excess
DDA. Any desired composition of CIGS nanoparticles can be
prepared by use of DDA. Details of synthesis parameters and
properties of various compositions of CIGS nanoparticles prepared in
DDA can be found in our recent publication.32 CIGS nanoparticles
were suspended in o-dichlorobenzene at a concentration of 50 mg/mL
to fabricate CIGS film by spin-coating. Thin film with thickness of 200
nm was prepared by spin-coating CIGS ink solution at 1500 rpm for
30 s. Finally, prepared CIGS film was annealed at 250 °C for 30 min to
remove DDA and impurities present in the film and to improve
contact between CIGS and Mo substrate. After that, the CdS film was
deposited by use of precursor solution by spin-coating.20

The top conductive oxide window electrode was prepared by using
AgNWs and sol−gel-derived ZnO precursor solution. AgNWs were
synthesized by the well-known polyol process33,34 as earlier reported
by our group. The AgNWs were 50 nm in diameter and 60 μm in
length. To prepare ZnO precursor solution, (1 M) zinc acetate
[Zn(CH3COO)2·2H2O] were dissolved in 2-methoxyethanol
(CH3OCH2CH2OH) and monoethanolamine (NH2CH2CH2OH).
Equimolar amounts of zinc acetate and monoethanolamine were
used. After being stirred for 2−3 h, the solution was kept for 2 days for
aging. The transparent solution obtained after aging is the ZnO
precursor solution.

After deposition of CIGS and CdS layers for the all-printed CIGS
solar cell, the top conductive electrode ZnO/[AgNW/ZnO] was
deposited by solution coating. ZnO precursor solution was spin-coated
four times at 2000 rpm for 30 s. After each coating, film was dried at
250 °C for 5 min. Above ZnO layer, AgNW solution (2 wt %) was
spin-coated two times at 1000 rpm for 20 s and dried at room
temperature. Again one layer of ZnO was coated over AgNW and
dried at 200 °C for 5 min. At last, a cell based on the structure of
glass/Mo/CIGS/CdS/ZnO/[AgNW/ZnO] was fabricated by all-
printed methods. Cells with active area of 0.1 cm2 were prepared by
mechanical scribing for measurement.

2.2. Characterization. The CIGS nanoparticles were characterized
by transmission electron microscopy (TEM), scanning electron
microscopy (SEM), and X-ray diffraction (XRD). TEM imaging
(JEOL-JSM at accelerating voltage of 300 kV) of the CIGS
nanoparticles was done by placing a drop of toluene suspension on
a Cu grid. SEM and energy-dispersive spectrometry (EDS) (JEOL-
JSM at accelerating voltage of 5 kV) analysis were done by drying the
powder sample on glass. XRD of the powder and film was performed
on a Rigaku Rapid II X-ray diffractometer in 2θ range from 10° to 80°
with scan speed of 6 deg/min with Cu target (Cu Kα radiation λ =
1.54 Å). Thermogravimetric analysis (TGA) (Netzsch TG-DTA
200SE) was carried out by collecting powder removed from glass
substrate.

Optical transmittance of the ZnO/[AgNW/ZnO] composite
electrode was measured at room temperature on a UV−vis
spectrophotometer (Jasco V-670) in the wavelength range from 300
to 1400 nm. XRD was carried out to check the crystallinity of the
composite electrode. The surface morphology of ZnO/[AgNW/ZnO]
composite electrode was analyzed by a scanning electron microscope
and atomic force microscopy (Nanoscope SII, Nanocute). The sheet
resistances of the ZnO/[AgNW/ZnO] samples were measured by a
four-point probe system (LorestaGP T610, Mitsubishi Chemical
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Analytech Co. Ltd.). The resistance reported here is the average value
obtained after at least 10 measurements. The efficiency of the device
fabricated with structure glass/Mo/CIGS/CdS/ZnO/[AgNW/ZnO]
was measured by Keithley 2400 solar simulator under AM1.5
illumination.

3. RESULTS AND DISCUSSION

Figure 1 presents the TEM image, XRD pattern, and EDS
results of as-synthesized DDA-stabilized CIGS nanoparticles.
TEM image (Figure 1a) shows the spherical particles in size

range from 15 to 20 nm. XRD pattern (Figure 1b) shows the
presence of phase-pure CIGS nanoparticles, as peak splitting
was not observed. Intensity of the XRD peaks clearly indicates
well-crystallized particles. The average crystallite size calculated
from Scherrer formula was obtained as 18 nm, which is in good
agreement with TEM results. EDS analysis of the CIGS
nanoparticles (Figure 1c) reveals the composition as
CuIn0.7Ga0.3Se1.7. It is interesting to observe that the size of
DDA-stabilized CIGS nanoparticles is same as prepared in

Figure 1. (a) TEM image, (b) XRD pattern, and (c) SEM−EDS spectra of synthesized DDA-stabilized CIGS nanoparticles.

Figure 2. (a, b) SEM images of the surface of (a) as-prepared CIGS film on glass and (b) film heated at 250 °C for 30 min. (c) Elemental mapping
image of CIGS film heated at 250 °C. (d) Comparison of XRD patterns of as-prepared CIGS film and film heated at 250 °C.
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longer carbon chain containing solvents such as widely used
oleylamine.15

CIGS nanoparticle ink was coated on the Mo substrate to
achieve a thin film of 200 nm thickness. Figure 2 presents
morphology of the thin film prepared from DDA-stabilized
CIGS nanoparticle ink. Figure 2 shows the surface morphology
of (a) the thin film deposited from as-prepared DDA-stabilized
CIGS nanoparticles and (b) the film heated at 250 °C for 30
min. As-prepared CIGS film (Figure 2a) shows aggregated fine
particles, and the film remained homogeneous without cracks.
After heating at 250 °C for 30 min, cracks were observed
(marked by arrow in Figure 2b) in the film, which suggested
that the film shrank due to removal of DDA and the surface
appeared more compact due to close contact among the
particles. The composition of CIGS was obtained as
CuIn0.7Ga0.3Se1.7 for as-prepared film and Cu0.8In0.7Ga0.2Se1.6
for film heated at 250 °C. EDS spectra are shown in Figure S1
in Supporting Information. The change in composition
indicated that, during heating at 250 °C, there was elemental
loss in the film and the composition changed to Cu-poor after
heating. The removal of DDA after the film was heated at 250
°C was confirmed by carbon content in the film, which
decreased from 30 to 6 at. % as revealed by the EDS spectra
(Figure S1, Supporting Information). TGA curve of the CIGS
nanoparticles (Figure S2, Supporting Information) reveals that
the weight loss is about 50% below 250 °C. Most of the weight
loss is associated with carbon loss because there is no other
reaction that can happen under the present conditions. The
decrease in oxygen content was also observed after the film was
heated at 250 °C for 30 min, as revealed by EDS spectra
(Figure S1, Supporting Information). This decrease in oxygen
may be due to the conversion of oxide impurities into CIGS
phase due to chemical reaction during the sintering process.
The cross section image (Figure S3, Supporting Information)
of CIGS film after heating at 250 °C shows a dense film with
200 nm thickness. We intentionally prepared a very thin CIGS
film so that it could be annealed at low temperature and could
form better adhesion with Mo-glass substrate. The cost of the
cell could also be minimized by making a very thin film in
comparison with conventional 2−3 μm thick film. Figure 2c
presents elemental mapping of the as-prepared CIGS film. It
indicates the uniform presence of all four elements throughout
the film. Figure 2d shows the XRD patterns of as-prepared
CIGS film and film annealed at 250 °C for 30 min. It is clear
from the figure that the intensity of XRD peaks increases after
heating as compared to as-prepared film. Increase in intensity is
again attributed to the removal of DDA and increase in
crystallite size of CIGS due to sintering of nanoparticles. Thus,
it is clear that DDA-stabilized CIGS film can be annealed at low
temperature due to easy removal of DDA.
CIGS cell is a multilayer structure including CIGS absorber,

CdS buffer layer, and top transparent conductive oxide window
electrode. At higher temperature, large amounts of Cd from the
CdS layer diffuse into the CIGS layer, and also Se from the
CIGS layer reacts with n-type CdS to form CdSe, which no
longer remains n-type material. Normally, high-temperature
annealing of the CIGS absorber layer in Se atmosphere is used
to restrain the diffusion of Se, and then rf sputtering at about
200 °C is used to deposit top conductive oxide electrode in
many reports.30,31 In the present work, low-temperature-
processed CIGS layer is deposited, followed by CdS layer
deposition and solution-processed top conductive oxide
electrode structured as ZnO/[AgNW/ZnO] at 200−250 °C

temperature. The thickness of the bottom ZnO layer near the
CdS layer was optimized to achieve highest transparency and
lowest sheet resistance in composite electrode ZnO/[AgNW/
ZnO]. The role of the top ZnO layer in ZnO/[AgNW/ZnO]
electrode was to cover AgNWs and to fill in the gap between
wires, making the composite film more conductive as described
in the Introduction. Figure 3 shows UV−vis transmittance

curves of ZnO/[AgNW/ZnO] at different coating cycles
(represented as Z1−Z6 for 1−6 cycles of spin-coating,
respectively) for the bottom ZnO layer while the upper
[AgNW/ZnO] layer was kept the same. Figure 3 also presents
the change of sheet resistance with transmittance (blue line),
plotted on left y-axis and top x-axis. Figure 3 reveals that up to
three coating cycles the transparency is about the same (88% at
550 nm), but for the fourth ZnO coated layer (sample Z4),
transparency increases dramatically to 94% at 550 nm and is
higher than 92% in the range from 500 to 700 nm. The
thickness of the ZnO layer was about 200 nm after four cycles
of spin-coating with precursor solution (Figure S4, Supporting
Information). This thickness of ZnO is enough to improve the
roughness of lower-lying CdS−CIGS surface for a high-
performance solar cell. As the number of coatings increased,
transparency was found to decrease for five and six coating
cycles and drop to 90% at 550 nm. The values of sheet
resistance for the samples were measured as 15, 15, 16, 16, 40,
and 41 Ω/sq for Z1−Z6, respectively. The sheet resistance
remained constant up to four coating cycles and then increased.
The increase in transmittance of the composite electrode for
the first four cycles is attributed to the fact that the composite
electrode was repeatedly sintered to improve the crystallization
of ZnO, which was justified by XRD measurements (Figure S5,
Supporting Information). XRD patterns consist of separate
peaks corresponding to different diffraction planes for ZnO and
AgNWs. They also show the increase in intensity of peaks
corresponding to ZnO with increased coating cycles. However,
the transmittance of Z5 and Z6 samples was slightly decreased,
which might be related to the increase in ZnO layer thickness.
Moreover, evolution of sheet resistance also reflected the

Figure 3. UV−vis transmittance curve of ZnO/[AgNW/ZnO]
composite electrode at different coating cycles (represented as Z1−
Z6 for 1−6 cycles of spin-coating, respectively) and the plot of sheet
resistance (Ω/sq) vs % T for samples Z1−Z6 (left y-axis and top x-
axis, shown in blue).
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sintering behavior of the composite electrode ZnO/[AgNW/
ZnO]. For the first four cycles, sheet resistance was almost the
same except for the change in transmittance; after that, the
sheet resistance was drastically increased, which might be due
to excessive sintering of AgNWs at such high temperature.
Normally, the AgNWs can be heated at about 200 °C for a
limited time. However, in the present work, the AgNWs were
sintered at 250 °C over 20 min, which suggested that these
ZnO layers might improve the stability of AgNWs. The figure
of merit was calculated by using the formula35 ⌀c = T10/Rs,
where T is percent transmittance at 550 nm and Rs is sheet
resistance. The values of ⌀c (× 10−3) were obtained as 16, 16,
18, 33, 9, and 8 for samples Z1−Z6, respectively. The
maximum figure of merit of 33 × 10−3 was obtained for
sample Z4. This indicates that only 200 nm thickness was
required for the bottom ZnO layer to prepare the best ZnO/
[AgNW/ZnO] electrode.
Figure 4 shows the surface morphology of ZnO/[AgNW/

ZnO] composite electrode having (a) bare AgNWs and (b)

AgNWs covered with ZnO. It was observed that without
coating by a top ZnO layer, AgNWs remains distinct and well-
separated with each other in mesh structure (Figure 4a), but
after coating bya single layer of ZnO, AgNWs are connected
(some points marked by arrow in Figure 4b) with each other to
form a cross-linked network structure. In other words, AgNWs
are welded together and the spaces between the wires are filled
with ZnO. The tilted SEM micrograph of ZnO/[AgNW/ZnO]
also shows the welded structure of AgNWs (some points
marked by arrows in Figure S6, Supporting Information). This

is the reason for enhanced conductivity of covered AgNWs with
ZnO and the sheet resistance dropping from 20 to 16 Ω/sq.
Recently, Kim et al.36 have fabricated sputtered ZnO/AgNW/
ZnO composite electrode with sheet resistance of 8 Ω/sq and
transparency of 91.91% at 550 nm. They prepared top and
bottom ZnO layers in a composite electrode by sputtering and
sandwiched AgNW film between the ZnO layers. Our solution-
processed electrode showed higher transparency and com-
parable conductivity in comparison to their vacuum-sputtered
ZnO/AgNW/ZnO electrode.
A solar cell was fabricated by utilizing CIGS nanoparticles as

absorber and ZnO/[AgNW/ZnO] as transparent conductive
window electrode on Mo-coated glass substrate. Performance
of the all-printed solar cell was evaluated by assembling ZnO/
[AgNW/ZnO] composite electrode on top of solution-
processed CIGS−CdS layer. Figure 5a shows the cross section
image of completed cell. Some voids are visible at the buffer−
window layer interface, due to removal of organic solvents from
the ZnO layer during drying and annealing of the film. The
current density and voltage (J−V) characteristics of all-printed
CIGS solar cell are given in Figure 5b. The cell based on all
printed layers exhibited efficiency of 1.6% with open circuit
voltage (Voc) of 0.48 V, short circuit current (Jsc) of 9.7 mA/
cm2, and fill factor (FF) of 34%. To evaluate the superiority of
the all-layers-printed cell, another cell was also fabricated with
sputtered deposited i-ZnO/ITO as top conductive window
layer. The performance of the cell using bare AgNW film was
also evaluated. Table 1 shows the sheet resistance and

transmittance of bare AgNW film, sputtered i-ZnO/ITO, and
solution-processed ZnO/[AgNW/ZnO] as window electrodes.
The values of Jsc, Voc, FF, and efficiency of solar cells prepared
with these electrodes are also given in Table 1. Transmittance

Figure 4. SEM image of the surface of ZnO/[AgNW/ZnO] composite
electrode with (a) bare AgNWs on the surface without top ZnO
coating and (b) covered AgNWs with top ZnO layer coating (arrows
show AgNWs welding point).

Figure 5. (a) Cross section SEM image of solar cell fabricated with solution-processed CIGS absorber, CdS buffer, and ZnO/[AgNW/ZnO] as
window layers. (b) Current density and voltage (J−V) characteristics of solution-processed CIGS/CdS cells fabricated with solution-processed ZnO/
[AgNW/ZnO] layer, sputtered i-ZnO/ITO film, and AgNW film as window layer.

Table 1. Characteristics of Transparent Conductive Oxide
Electrode and Prepared Solar Cell

electrode
Rs

(Ω/sq)
T
(%)

Jsc
(mA/cm2)

Voc
(V) FF

η
(%)

AgNWs 11 90 1.0 0.474 0.26 0.1
i-ZnO/ITOa 35 90 9.0 0.475 0.31 1.3
ZnO/[AgNW/
ZnO]b

16 94 9.7 0.478 0.34 1.6

aSputtered. bSolution-processed.
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curves for bare AgNW film and sputtered i-ZnO/ITO electrode
prepared on glass are given in Figure S7 in Supporting
Information. The standard solar cell with sputtered i-ZnO/ITO
on CdS/CIGS/Mo/glass exhibited maximum efficiency of 1.3%
with Voc = 0.475 V, Jsc = 9.0 mA/cm2, and FF = 31%. The
device with a ZnO/[AgNW/ZnO] composite electrode
exhibited comparable parameters with 1.6% efficiency, Voc =
0.478 V, Jsc = 9.7 mA/cm2, and FF = 34%. The device with a
bare AgNW film as electrode exhibited comparable parameters
with 0.1% efficiency, Voc = 0.474 V, Jsc = 1.0 mA/cm2, and FF =
26%. Voc and Jsc of all-solution-processed solar cells showed
higher performance than the other two cells. The solar cell
prepared with only bare AgNW film as electrode exhibited very
low Jsc of 1 mA/cm2. Although sheet resistance of the AgNW
film was 11 Ω/sq, the poor performance of the cell was
attributed to the gap between the wires, which allowed very low
contact area with underlying buffer layer and was also
confirmed by lower FF of this cell. This provided poor charge
collection by the AgNWs. When the gap between the wires was
filled with ZnO layer, AgNWs were connected and welded
together (Figure S5, Supporting Information) and provided
larger area for charge collection. For the sputtered i-ZnO/ITO
electrode, the higher sheet resistance of i-ZnO/ITO electrode
might have decreased the efficiency of the cell. Thus, it is
pointed out that the all layers solution-processed solar cell, with
DDA-stabilized CIGS and solution-processed ZnO/[AgNW/
ZnO] electrode, performed better than the sputtered deposited
i-ZnO/ITO and bare AgNW film as electrodes for the same
solution-processed CIGS materials.
The efficiency of our all-solution-processed DDA-stabilized

CIGS solar cell is higher than the efficiency of the CuInSe2
nanocrystal-based device (0.2%) first reported by Panthani et
al.15 with oleylamine-stabilized CuInSe2 nanocrystals and
vacuum deposited i-ZnO/ITO top contact electrode. However,
the efficiency of our cell is little lower than the efficiency of
device (3%) prepared by Akhavan et al.16 with CuInSe2
nanocrystals in tributylphosphine/oleylamine as solvent,
which had been the highest-ever efficiency exhibited by a
solar cell using as-prepared CuInSe2 nanocrystal film but after
vacuum annealing of completed device at 200 °C for 30 min.
Despite that, the Voc (0.48 V) of our device is higher than that
of their device (0.41 V). The difference in microstructures of
our device and theirs may also be the reason for such changes
in efficiency and Voc.
The series and shunt resistance of our all-solution-processed

cell are 25.68 and 97.3 Ω·cm2, respectively. The higher series
resistance and lower shunt resistance is one of the reason for
reduced efficiency of our cell. The higher series resistance is due
to barriers at the interfaces. The voids at the interface of
CIGS−CdS and ZnO/[AgNW/ZnO] (Figure 5a) may hinder
some charge carriers from propagating up to the surface. The
lower shunt resistance is due to the Se-deficient composition of
CIGS, as dettermined by EDS (Figure 1c), which provides a
shunt path for charge carriers.
In addition to the all-printed-layers solar cell, we fabricated a

solar cell with DDA-stabilized CIGS and conventional i-ZnO/
ITO vacuum-based window layer as discussed above. Solar cell
parameters of this cell were found to be comparable with the
cell based on printed ZnO/[AgNW/ZnO] window layer
(Table 1), and a small decrease in efficiency was observed
after replacing printed ZnO/[AgNW/ZnO] with conventional
i-ZnO/ITO window layer. This analysis indicates that the CIGS
layer is the main layer to decide solar cell parameters and

efficiency. The difference in our CIGS layer and the CIGS layer
that exhibits higher efficiency is the crystal size of CIGS.
Normally, CIGS absorbers are deposited by a vacuum or high-
temperature process to achieve large CIGS crystal sizes over
500 nm or even up to 1 μm.8,17,18,37 The large grain size
reduces the shunt path for photogenerated charge carriers and
improves the efficiency. However, the following solution-
processed buffer layer and vacuum-deposited transparent
electrode deposited on the surface of the CIGS layer also
affected the efficiency, due to interface adhesion between the
layers. In our case, an all-solution process was used to fabricate
the CIGS solar cell to increase the adhesion as much as
possible. The low efficiency in our case is mainly due to the
DDA-stabilized CIGS absorber, which is composed of nano-
particles of 20 nm. Although low-temperature sintering
provided a smooth and partly dense film, the grain boundary
serves as a potential recombination center for photogenerated
charge carriers and adversely affects the solar cell performance.
To improve the efficiency, optimization of the CIGS layer must
be done by adjusting the sintering profile and methods to
improve crystallization and densification.

4. CONCLUSIONS
We have developed a low-cost, all-layers solution-processed
CIGS solar cell having 1.6% efficiency with Voc = 0.48 V, Jsc =
9.7 mA/cm2, and FF = 34%. For solution-processed CIGS layer
deposition, CIGS nanoparticles have been synthesized in the
presence of DDA as solvent and dispersant. The top conductive
oxide layer with structure ZnO/[AgNW/ZnO] has been
fabricated by a solution coating method with AgNW ink and
ZnO precursor solutions. Our composite electrode ZnO/
[AgNW/ZnO] has shown excellent conductivity with 94%
transparency at 550 nm. The all-layers solution-processed cell
exhibited comparable performance with sputtered i-ZnO/ITO
window layer for the same DDA-stabilized CIGS materials. The
demonstrated solution approach to fabricate all-layers solution-
processed solar cells opens up bright chances of a low-cost,
scalable technique for the absorber as well as for transparent
conductive oxide window layer deposition.
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