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Abstract: We have demonstrated a low-cost and simple method for the fabrication of large-area
films using the electrodeposition technique. Fairly superior quality Culn(Ga)Sez (CIGS) films were
deposited by a one-step electrodeposition method using a salt bath followed by annealing in an
argon atmosphere at 550 °C for 1 h. The X-ray analyses demonstrate that the films are crystalline in
nature, having a chalcopyrite phase. However, the conversion efficiencies are found to be lower
compared to other methods. Our results indicate that CIGS films can be produced effectively via a
one-step electrodeposition method. The observed morphology can have a great impact on solar cell
efficiency. With suitable modifications, this simple and cheaper manufacturing process will be the
best alternative method to the vacuum deposition technique for the fabrication of reliable and flex-
ible CIGS solar cells in the near future.
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1. Introduction

The current global energy consumption of about 10 terawatts (TW) per year is pro-
jected to exceed 30 TW by 2050; 20 TW of clean energy is needed to stabilize and compro-
mise CO2 concentration in the atmosphere by that time. Several clean energy technologies,
such as wind, geothermal, biomass, hydroelectric, and nuclear, will play an important
role in this challenge. However, none of these technologies have the scalable capacity to
meet the goal of our global energy demands [1]. The current energy demand trends sug-
gest that solar energy will play an important factor in upcoming energy production [2],
as we know that direct solar energy is a huge energy resource which delivers about 4 x
102 J of energy to the earth’s surface per year (assuming a solar flux of 1 kW/m?). The
world’s total energy consumption is around 5.6 x 102 J in a year [3], which means that the
solar energy hitting the earth in one hour is sufficient to cover the energy needs of human-
ity for a whole year. For significant energy production, large-area solar cell installations
are necessary. The photovoltaic (PV) market is now dominated by crystalline silicon solar
cells. The continuous increase in the demand for PV modules and the need for low-cost
PV options have pushed these types of cells to the limit and created some disadvantages
for c-Si technology, such as the costly processing of materials and device fabrication steps.
These have shifted recent commercial interest towards thin-film solar cells [4]. Compared
to wafer-based Si technology, thin-film solar cells are cost-effective to deposit on large-
area substrates, such as (soda-lime) glass [5], stainless steel, or even polyimide sheets,
which would make these solar cells truly lightweight by saving the materials’ manufac-
turing time and the weight of the modules, which is of interest in favoring thin-film solar
cells.

The absorber layers used in thin-film solar cells are generally polycrystalline in na-
ture, deposited on electrically active or passive substrates, such as soda-lime glasses, plas-
tics, ceramics, steel, or silicon substrates. Among all materials, amorphous Si (a-Si),
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polycrystalline Si (p-Si), Culn(Ga)Sez (CIGS), and CdTe/CdS are the most promising. In
particular, CIGS and CdTe show the appropriate direct band gap, allowing them to absorb
solar radiation much more efficiently than crystalline silicon. This high absorbing effi-
ciency enables the use of only 1-10 um thick films as the active material. Culn«Gai-Se: is
one of the most promising semiconductors for the absorber layer of thin-film solar cells.
Record efficiencies of up to 20.3% [6] in laboratory conditions have been obtained by the
thermal co-evaporation method, as well as up to 15.7% module efficiency in mass produc-
tion. However, for the wider application of these devices, manufacturing process optimi-
zation and cost reduction are very much needed. Hence, a lot of effort is necessary to de-
velop new, cost-effective manufacturing technologies in order to boost cell efficiency.

Most of the labs developing CIGS films have used sputtering or co-evaporation for
solar absorber fabrication, which gives independent control over elemental fluxes and
process conditions such as pressure and chemical atmosphere. However, these and other
techniques involving high vacuums have several economic problems. The deposition sys-
tems create a large capital cost, and the use of vacuum deposition is highly energy inten-
sive. In addition, material utilization is not optimal in these techniques, reaching a maxi-
mum of 80% with even the most efficient sputtering systems. Hence, there is a need to
identify lower-cost processing methods for high-yield CIGS film growth for high-effi-
ciency solar cells. One of the promising methods is electrodeposition, which is a low-cost
method that has been explored for CIS and CIGS film formation. The electrodeposition
approach concentrates on the deposition of the compound or a mixture of various Cu, In,
Ga, and Se phases/elements from a single electrolyte [7,8].

The most common device structure for CIGS solar cells is shown in Figure 1. CIGS
multi-junction solar cells are almost always designed in a substrate configuration. For ex-
ample, it starts from soda-lime glass of a few millimeters thick, which is commonly used
as a substrate. However, for lighter, thinner, and more flexible cells, substrates such as
polyimide or metal foils [9] are more desirable. A thick molybdenum layer is generally
used as a back contact due to its relative stability at the processing temperature, its re-
sistance to alloying with Cu and In, and its low contact resistance to CIGS [10]. In contrast,
the back contact forms Schottky barriers in CdTe-based solar cells, and represent a major
hindrance due to stability issues [11]. A 1-2 um thickness p-type CIGS absorber layer is
deposited by a great variety of processes. The 10-50 nm n-type CdS buffer followed by
transparent Al-doped ZnO window layers are typically deposited on top of the CIGS ab-
sorber by chemical bath deposition and the RF sputtering technique, respectively. A buffer
layer of CdS has proven beneficial for device performance. ZnO layers are often utilized
in a bi-layer configuration of intrinsic and Al-doped material. A less than 1 um thick TCO
(ZnO:Al) layer is used as a window layer, and on top of that, electrical contacts such as
Ni/Al are deposited using a thermal evaporator.

Considering the state-of-the-art CIGS absorber-based solar cells, some films exhibit
efficiencies of about 23.5% [12] (better than that of crystalline Si solar cells) and 23.4% for
rigid glass substrates [13] using extensive and complex vacuum methods for depositing
the absorber layers. Hence, it was suggested to consider alternative cost-effective pro-
cessing or manufacturing strategies [14,15]. One of the most cost-effective, high-deposi-
tion-rate and, hence, fast production methods is the electrodeposition technique. This
technique offers high material use with no electrolyte degradation, large-area substrates,
and one-step deposition at room temperature.

In this paper, we report on the fabrication and characterization of multi-junction-
based CIGS solar cells. We arrange the manuscript in the following way: In the Materials
and Methods Section, we describe the fabrication of the Mo bottom contact followed by
the study of its structural morphology and electrical conductivity and then the fabrication
methods of CIGS absorber layer deposition, the CdS buffer layer, and Al:ZnO window
layer deposition. In the Results and Discussion Section, we describe the microstructure,
structure, composition, and electrical properties of CIGS. Finally, we summarize the re-
sults in the Results and Discussion Section.
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Figure 1. Structure of thin-film CIGS multi-junction solar cell.

2. Materials and Methods

Cleaning contaminants on the substrate with utmost care is a crucial step, as this has
a direct impact on device performance. Soda-lime glass substrates of dimensions 4” x 2”
x 2 mm were cut using a diamond scriber followed by soaking in a bath containing de-
ionized water and a cleaning agent, and they were then cleaned in an ultrasonic bath,
containing a solvent like acetone and methanol, and then washed with DI water for 3 min
each in order to eliminate organic impurities and some contaminants left by the cleaning
agent itself. The substrates were dried using dry nitrogen before subsequent processing.

2.1. Mo Back Contact

Mo thin films were prepared on corning glass substrates using an RF magnetron
sputter system using a high-purity (99.95%) 3” Mo target. The base pressure was approx-
imately 2 x 10-6 Torr and the flow rate of the sputtering gas (argon, 99.9999%) was initially
60 SCCM; with that, the chamber pressure was at 10 mTorr for 1 min and then changed to
20 SCCM. The rest of the deposition was kept constant at 3.2 x 10~ Torr. The deposition
was conducted at 100 W power for 1 h. The thickness was estimated using cross-sectional
FESEM and determined as 90 nm.

The X-ray diffraction (XRD) of the Mo films shown in Figure 2a was carried out in a
Rigaku X-ray diffractometer using CuKa radiation. The most intense peak at approxi-
mately 20 —40° corresponded to the <110> preferred orientation of BCC structure [16]. The
films did not show any Mo-oxide-related peaks in this XRD study. Since better crystallized
material shows sharper XRD peaks [17], and moreover, as the deposition was carried out
at relatively lower working gas pressures, our growth conditions yielded highly crystal-
line films. After deposition, the resistivity of the samples was measured using a 4-point
probe. Figure 2b shows the effect of the substrate temperature (Ts) on the temperature
dependence of the electrical resistivity of grown Mo films. The figure shows a typical me-
tallic behavior with the lowest resistivity of 9.8 x 10-2Q-cm. The films showed a very small
amount of residual resistivity at very low temperatures which can be related to their de-
fects.
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Figure 2. (a) XRD profiles of the (110) reflection of Mo, (b) plot of resistivity vs. temperature for Mo
films, (c) 3D AFM image of Mo thin-film surface, and (d) CIGS thin film deposited on Mo coated
glass substrate.

The surface morphology of as-deposited Mo thin films was studied by atomic force
microscopy (AFM) and is shown in Figure 2c. The AFM images show a uniform distribu-
tion of grains. From Figure 2¢, the presence of a dense distribution of larger grains with
well-defined boundaries is clearly observed. However, the root mean square (RMS) is
found to be moderately low, 4.02 nm. The planar view of the Mo films reveals that at a
relatively low pressure of 3 mTorr, the films had a small, densely packed grain micro-
structure with closed boundaries. Since the films were grown at lower processing pres-
sure, the energetic incident atoms impart higher momentum to the depositing Mo atoms
that can fill up microvoids or vacancies, resulting in better crystallinity and enhancing
grain growth. This can clearly be observed in Figure 2c. As a result of that, we were suc-
cessfully able to make a pinhole-free back contact. Figure 2d shows the CIGS thin film
deposited on the Mo-coated glass substrate.

2.2. CIGS Absorber Layer Deposition

CIGS thin films were electrodeposited using a classical set-up containing a three-elec-
trode potentiostatic system in an electrochemical cell. A 900 nm Mo-coated corning glass
was placed as a substrate inside the cell. The set-up comprised a reference electrode
(Ag/AgCl), a counter electrode (Pt gauze), and the working electrode (Mo on glass). Mo
metal was sputtered using RF magnetron sputtering with a power of 150 Watts, at room
temperature. A CHI 6660 Electrochemical workstation was used for the preparation. All
chemicals were analytical grade. Distilled water was used throughout. The electrochemi-
cal experiment was performed [18] in an electrodeposition bath (150 mL) to prepare the
CIGS thin films on a Mo-coated surface. The chemical bath consists of a complex ion so-
lution, containing 2.55 mM of CuClz, 7.19 mM of InCls, 20.7 mM of GaCls, 20.7 H25eOs and
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1.93 M KSCN as the complex agent. The solution was not stirred, and a potential range of
-0.9 V to 0.5 V vs. Ag/AgCl was applied for 1 h at room temperature. The pH of the
chemical bath was adjusted to 3 by adding drops of pH buffer solution. The obtained thin
films were rinsed with bi-distilled water and dried under a nitrogen flux. The films were
then thermally annealed at 550 °C for 45 min in an argon atmosphere.

2.3. CdS Buffer Layer Deposition

CdS buffer layer was deposited using the chemical bath deposition technique. The
beaker was stirred modestly by a magnetic bar and put into a water bath where the tem-
perature was kept around 68-70 °C. The solution inside the beaker started to turn yellow-
ish after 3-4 min and formed CdS particles after 67 min. The deposition lasted for 60 min.
Afterwards, the samples were rinsed with DI water and dried at room temperature. After
the samples were dried out, they were annealed at 200 °C in the air for 2 min.

2.4. Al:ZnO Window Layer Deposition

Al-doped ZnO films were grown on the top of a CdS buffer layer by the RF magne-
tron sputtering technique from a 2 wt.% Al-doped ZnO target. The samples were depos-
ited at the substrate temperature of 200 °C. The deposition was conducted for 1 h to reach
the film thickness of 50 nm. A stainless-steel shadow mask was used to pattern the dimen-
sions of top contacts. The 200 nm thick Al top contacts were deposited using an AJA ther-
mal evaporator system.

3. Results and Discussions

One of the biggest challenges in depositing CIGS absorbers is to create a crack-free
uniform surface throughout the substrate. The surface morphologies of CIGS films are
shown in Figures 3 and 4. The effect of the pH in the bath was systematically studied. The
films grown at lower pH values (2.7) not only have a non-uniform surface, as shown in
Figure 3a, but cracks also formed. Upon increasing the pH value, we can clearly see that
platelet-type grains form dense islands. These islands are very uniformly distributed
throughout the surface of the as-grown film as shown in Figure 3b,c.

5.00um

Figure 3. FESEM images of (a) as-grown and (b,c) annealed) CIGS thin films on Mo/glass.
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Figure 4. FESEM images of (a) as grown and (b) annealed (and (c) cross-sectional image of) CIGS
thin films on Mo/glass.

The FESEM micrographs of as-deposited films (Figure 4a) show a dense and compact
grain structure with some visible micro-cracks. However, upon thermal annealing, the
micro-cracks disappeared, as shown in Figure 4b, indicating the effects of annealing. This
may be attributed to the recrystallization of grains, consequently releasing the strain on
annealing and facilitating healing of the cracks. The thermal treatment of CIGS films im-
proves their performance [19]. The cross-sectional view (Figure 4c) of the film shows the
formation of voids between the layers caused by the loss of materials. However, to im-
prove the device efficiencies, we increase the Ga content in the absorber layer. The pro-
cessing conditions are adjusted to produce void-free absorber layers with minimum ma-
terial loss.

As shown in Figure 5a, all the diffraction peaks in the XRD pattern can be indexed to
the chalcopyrite phase of CIGS, with an intense peak at 20 = 26.7° oriented along the (112)
direction [20]. Other peaks correspond to the (204) and (312) directions of the tetragonal
CIGS phase [21]. The broadening and low-intensity peaks observed in the XRD pattern
are due to the lack of a well-developed crystal structure of that particular phase.

The major challenge in producing these CIGS solar cells is to control film composi-
tion. EDX analyses can be used to determine the spatial distribution of the elements
through the device. Figure 5b shows EDS patterns of CIGS thin films after annealing. The
EDS results show that the film composition is slightly Cu-rich with respect to the CIGS
composition. The composition determined using EDX refers only to a certain depth from
the surface. Therefore, one can infer that the variation in the composition along the thick-
ness axis of the films can be because of the fact that copper is deposited faster than the
other elements, and the depletion of copper results in the layer being rich in another ele-
ment at the other end.
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Figure 5. (a) XRD patterns of CIGS films. (b) EDX spectral analyses of the top surface of CIGS ma-
terial.

The current-voltage (I-V) curves of the corresponding solar cells in the dark and un-
der the illumination of white light are characterized using a Keithley 4200-SCS parameter
analyzer connected to a probe station, and are depicted in Figure 6. The measurements
are taken in the dark and under illumination with white light conditions using a CUDA
lamp of 1 W/cm? intensity on 1 cm?2. Our dark-field measurement clearly demonstrates the
Schottky barrier junction behavior at the CIGS/CdS interface and drives exciton dissocia-
tion and charge transport. In the presence of light, photovoltaic behavior is observed, and
the photocurrent induced under illumination was noticeably larger, as shown in the inset
of Figure 6. It is known that under reverse bias, the current is affected by light. From the
FESEM images, it was seen that the absorber layer has a rougher surface as opposed to
standard CIGS films, resulting in a non-uniform coverage of CdS, thus resulting in a
strong leakage current observed, which again caused lower Vocs of about 0.5 V on the glass
substrate, with an estimated efficiency in the vicinity of 12% comparable to a recent report
on CIGS-based tandem solar cells and using SiO2 as a barrier layer [22-24]. Furthermore,
because of the multi-junction solar cells, the interlayer regions need to be optimized. By
further optimizing the annealing in an inert atmosphere, adjusting the composition by an
appropriate potential, reducing the tetragonal phase, and tailoring the interfaces of these
multi-junction solar cells, the efficiency and stability of the films can be improved.
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Figure 6. The solar cell devices consisting of eight active cells fabricated in the lab. The I-V charac-
teristics of CIGS thin-film solar cells.

4. Conclusions

We have presented the most reliable and effective methods for the fabrication of CIGS
solar cells. Thin films of CIGS were prepared by one-step electrodeposition in a salt bath
followed by annealing in an argon atmosphere. The X-ray analyses revealed that the films
are crystalline in nature with a chalcopyrite phase. Though the conversion efficiencies
were by far low from our results, they clearly reveal the potential possibilities for the fab-
rication of flexible CIGS solar cells in the near future. It is expected that this simple and
inexpensive manufacturing process may be one of the best deposition techniques com-
pared to other methods, such as vacuum deposition, for CIGS solar cell fabrication.
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