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Abstract

Due to their remarkable long-term stability, variable bandgap, and relatively high absorp-
tion coefficient, copper indium gallium diselenide (CIGS) solar devices are among the
most promising photovoltaic technologies due to their compatibility with lightweight
substrates and special applications. This review critically discusses recent progress in the
electrodeposition-based fabrication of CISe/CIGSe absorber layers, with special focus on
electrolyte chemistry, electrochemical deposition mechanisms, precursor composition and
morphology, post-deposition selenization/sulfurization, absorber quality, and photovoltaic
device performance. We discuss aqueous and non-aqueous electrolytes, one-step and
sequential electrodeposition, pulse-based deposition techniques, compositional control,
film quality enhancement, Cd-free buffer layers, and large-area processing. The issues
arising from the varied electrochemical behaviors of Cu, In, Ga, and Se are discussed,
with specific emphasis on hydrogen evolution, limited integration of Ga, development of
secondary phases, inhomogeneity of precursors, and process reproducibility. We review
recent progress in device performance and explain typical manufacturing methods, and we
summarise the key criteria for scaled electrodeposition. This review therefore sets up an
integrated processing—structure-performance perspective for the further development of
efficient and industrially relevant electrodeposited CIGSe solar cells.

Keywords: CIGS; electrochemical; thin sold films; electrodeposition; hydrogen evolution;
PV cells; quantum efficiency

1. Introduction

Due to increasing energy demand, scientists are increasingly exploring novel energy
sources. Solar energy is becoming increasingly prevalent as a primary renewable energy
source. This is a significant aspect of the development of abundant renewable technolo-
gies that use sunlight and heat, including artificial photosynthesis, thermal energy, solar
heating, photovoltaics, and solar architecture. Furthermore, the generation of photocurrent
when semiconducting materials are illuminated is commonly observed in active solar
technologies that convert sunlight into energy. A standard photovoltaic system uses solar
panels composed of many solar cells that generate electricity, such as solid films. The initial
generation of solar cells is built on silicon wafers. They evolved from single-crystalline
silicon (mono-5i) to polycrystalline silicon (multicrystalline Si). They now account for
around 90% of the global market. Their efficiency in converting power ranges from 12% to
16%, depending on their wafer quality and fabrication process [1]. Even though mono-Si
devices are very efficient and the most popular on the market, researchers are looking
for a better option because the purification process is too expensive, fault tolerance is
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too low, and the band gap is indirect (meaning that they do not absorb as much light).
Achieving high-efficiency CIGSe solar cells also requires intentional doping, alkali-metal
inclusion, defect engineering (intrinsic and extrinsic), impurity control, grain-boundary
passivation, and comprehensive interface-defect chemistry [1]. Where these issues have an
immediate bearing on electrodeposition or post-deposition treatment, we briefly address
them. Nevertheless, specialized studies addressing CIGSe defect physics and impurity
engineering would be better suited than this review to thoroughly evaluate their electrical,
atomic, and spectroscopic characteristics [2].

Most high-performance CIGSe devices to date have been manufactured via vacuum-
based methods. These processes provide good control over film composition and quality.
Still, they may be limited for large-scale deployment due to the high capital cost of vacuum
equipment, target material requirements, energy consumption, and material loss during
processing. Thus, non-vacuum fabrication techniques that lower processing costs while still
providing appropriate control over absorber content and morphology have received much
interest [3-5]. Electrodeposition is particularly attractive among these approaches since it is
based on comparatively simple equipment, provides high material utilization, can be run
over large substrate areas, and enables direct control through deposition potential, current
density, electrolyte chemistry, and deposited charge. Furthermore, industrial and pilot-scale
advancements have demonstrated the feasibility of electrochemically generated CIGSe
precursors for integration in solar systems, strengthening the promise of electrodeposition
for scalable thin-film manufacturing [6-8]. But with these benefits, electrodeposition of
CIGSe is far more complicated than deposition of a single metal or binary compound. The
electrochemical reduction potentials, reaction kinetics, and mass transfer behaviors of the
four species in CIGS are considerably different. Ga’s addition in aqueous electrolytes is par-
ticularly challenging, because the reduction of Ga often occurs at very negative potentials,
where hydrogen evolution and local changes in the interfacial pH are prominent. These
actions may enhance oxide or hydroxide development, decrease current efficiency, and
produce porous or compositionally inhomogeneous films [9]. Similarly, secondary phases
can form by overinclusion of Cu or Se, and uncontrolled deposition of In and Ga can cause
unwanted compositional gradients. Hence, the electrolyte composition, pH, complexing
agents, deposition potential or current density, agitation, temperature, and pulse parame-
ters have to be precisely coordinated to create homogeneous CISe/CIGSe precursors with
controlled stoichiometry. Therefore, several approaches have been explored to enhance
electrochemical control [10]. They are one-step co-deposition, progressive deposition of
single or binary precursor layers, pulse-current and pulse-potential techniques, diluted elec-
trolytes, complexing agents, nitrate-assisted deposition, and non-aqueous or deep-eutectic
solvent systems. Pulse deposition can lessen the total current density by permitting ion
replenishment during the relaxation phase, and complexing agents can diminish disparities
between effective metal-ion reduction potentials. Non-aqueous electrolytes have larger
electrochemical windows and can suppress competing hydrogen evolution. An alternate
route is sequential deposition. In this case, the amount of each metal component can be
adjusted independently before the subsequent thermal conversion [11-13].

Electrodeposition of CIGSe has been confirmed on scientific and technological grounds
through several key reviews. Lincot [12] provided a general review of semiconductor elec-
trodeposition, with an emphasis on the basic electrochemical principles of nucleation,
development, and compound-semiconductor formation. Later, Saji et al. [13] examined
progress on electrodeposited Culn;.4GaxSe, absorber layers and summarised the ma-
jor electrolyte systems, deposition methods, compositional control approaches, and ab-
sorber processing developments reported at that time. Further studies on electrodeposited
Cu(In,Ga)(Se,S), (CIGSS) for photovoltaic applications were performed by Bermudez [14],
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with an emphasis on improvements in precursor production, post-deposition conversion,
and device fabrication. In a review of flexible CIGS photovoltaic technologies, Park and
Jo [15] covered material and substrate selection, device and panel implementation, and
more recent developments in flexible processing and mechanical performance. Together,
these works illustrate the stepwise evolution of CIGSe technology from basic electrodepo-
sition chemistry to absorber optimization, device integration, and scalable photovoltaic
systems. By contrast, Ramanujam and Singh [16] provided a much broader review of
CIGS photovoltaics, discussing absorber growth by a range of deposition technologies,
band-gap grading, sodium effects, buffer layers, flexible devices, efficiency, stability, and
commercialization; electrodeposition was thus only one of several fabrication approaches
discussed [16].

This review presents an updated and focused examination of the processing-structure—-
performance of electrodeposition compared to the above-mentioned work. Special empha-
sis is placed on electrolyte chemistry and metal-ion speciation, electrochemical reduction
and co-deposition mechanisms, aqueous and non-aqueous electrolyte systems, one-step and
sequential electrodeposition, pulse-current and pulse-potential approaches, mass-transfer
effects, hydrogen evolution, compositional control, precursor morphology, secondary-phase
formation, substrate pre-treatment, and post-deposition selenization or sulphurization.
The review also discusses the effect of these parameters on absorber crystallinity, composi-
tional homogeneity, device architecture, photovoltaic performance, process repeatability,
Cd-free device integration, and wide-area production [16,17]. This review is structured
into eight sections that highlight key findings in the research area of CISe/CIGSe film
electroplating research.

The scope of this review is purposely restricted to events directly related to the
electrodeposition and subsequent transformation of CISe/CIGSe precursors. Therefore,
detailed atomistic defect physics, intentional doping strategies, alkali-metal diffusion mech-
anisms, impurity segregation, advanced grain-boundary and interface-defect modeling,
mechanical modeling of flexible devices, tandem-cell design, artificial-intelligence-assisted
process optimization, full techno-economic analysis, and life-cycle assessment are out of
the principal scope. They are only mentioned if they directly influence electrodeposition,
precursor conversion, absorber quality, or the performance of the finished device. These
boundaries delineate a processing—structure—performance framework to highlight the criti-
cal scientific and technological needs for reproducible, scalable, and ecologically sustainable
electrodeposited CIGSe photovoltaics [16-19].

2. Device Structure and Material of CIGS
2.1. Structure of CIGS Complete Device

A substrate- or superstrate-based architecture is typically used for CIGS solar devices.
The substrate configuration is the most popular since it works well with flexible metallic
foils and can be processed at high temperatures. A conventional CIGS photocell is com-
posed of a multilayered structure that maximizes light absorption, charge separation, and
carrier collection.

The following layers typically make up the device structure (Figure 1):
a.  The Substrate

Conventional substrates include soda-lime glass (SLG), stainless steel, and molybdenum-
coated polyimide. SLG is widely used in high-efficiency devices due to its beneficial
diffusion of Na* ions, which promote CIGS grain growth and defect passivation [1].

b.  Molybdenum (Mo) Back Contact Layer
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The back contact layer is Mo deposited by sputtering. The Mo layer forms an ohmic
contact with the CIGS absorber and provides high electrical conductivity and chemical
stability during heating. To prevent peeling and cracking, its adhesion and stress must be

properly managed [1].
Window Layer Al-ZnO <— 0.5 um
Buffer Layer Zn0 «— 100 nm
—{ Cds <— 70 nm
1.5um
Absorber layer —=< CIGS or CIGSS < ok
Back Contact Moly e— 0.5 um
; fe— 2 um
Barrier ( Cu, Cr, Ni) Barrier
- Saisesteel
5id) | P a1 R R

Figure 1. CIGS device layer structure.

c.  The CIGS Absorber Layer

Photon absorption and carrier production take place in the core functional layer,
which is the p-type layer of the CIGS absorber. The Ga/(Ga + In) ratio can be adjusted
to regulate the bandgap within the range of approximately 1.0 to 1.7 eV. This allows
bandgap grading to enhance carrier collection and reduce recombination. Large parti-
cle size, high crystallinity, and a Cu-poor surface composition are required for optimal
outcomes [1].

d. Buffer Layers (CdS or Other Buffers)

The CIGS absorber and a thin buffer layer of n-type CdS created by chemical bath
deposition (CBD) form a p—n junction. CdS offers advantageous interface passivation and
band alignment. To address Cd toxicity, substitute CIGS device buffer layers, such as ZnS,
Zn(0O,S), and In,S3, have been developed; they exhibit good transparency and reduced
parasitic absorption [1].

e.  Window Layer (Al-Doped ZnO/i-ZnO)

To protect the junction against shunts, intrinsic ZnO (i-ZnO) is applied on top
of the buffer layer. The final conductive transparent oxide (TCO) is often Al-doped
ZnO (AZO). As the front contact, the AZO layer offers low sheet resistance and great
transparency [1].

f.  Anti-reflective coatings and the front electrode help reduce optical losses. A thin
anti-reflective coating (ARC), such as MgF,, can be used. To further lower series
resistance, especially in large-area modules, metal grid fingers are added in certain
layouts [1].
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2.2. Crystal Structure of CIGS Absorber Layer

Figure 2 illustrates the quaternary CulnGaSe, tetragonal chalcopyrite structure, in
which the atomic positions of the In and Ga atoms are identical, and they are formed by
the intermixing of ternary CISe and CGSe of the I-III-VI group (I = Cu, Il = In, Ga, and
VI = Se), as illustrated in Figure 2 [14]. The crystal structure can be described by a twofold
unit cell of zinc-blend composition with alternately arranged Cu and In atoms [20]. Each
Se atom is paired with two Cu and two In atoms, and each Cu or In atom is tetragonally
bound to four Se anion atoms. The binding strength between I-VI and III-VI varies, which
may lead to lattice distortion, and thus, the lattice constants (c and a, where a” is the lowest
dimension and ‘c’ is the cell height) do not always have the intended value of 2:1 (c/a
ratio) [21]. The departure of the (c/a) value from 2:1 indicates the extent of distortion. The
ratio is around two for pure CulnSe;. However, as Figure 2 illustrates, the deviation of the
c/a standard ratio toward decreased values is due to grain refinement because Ga atoms
are placed as part of the main structure [21].

"/ Intermixing of Ternary Chalcopyrites

| CuinSe, CuGaSe, Culn,,Ga,Se,
(ClSe) (CGSe) (CIGSe)
Q cu@
Q@ In/Ga (Il
(In and Ga share
the same site)
o Se (V1) 1 Qcu Qi Qse Qcu @Ga Qse |
\ i )
B Wl DS S N S ) LA i
Cu cu Cu/lnfGa g,
Q 9 o 1 oF
. . =4 b ¢
: a I In/Ga In/Ga Se Se
——— S = Each Se atom is coordinated Each Cu or In(Ga) atom is
Twofold Unit Cell of Zinc Mix Structure with two Cu and two In(Ga) atoms. tetragonally bound to four Se
‘ (with alternating Cu and In atoms) L anion atoms.
\
"' Effect of Lattice Distortion (c/a ratio)
Q Cu 1 Ideal chalcopyrite Distorted structure
| (c/a=2) (c/a<2)
Q In/Ga : c/a deviates
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0 Se = clax2.0 and grain refinement 3 {owarivaliies.
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e
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[ The departure of the (c/a) value from 2:1 indicates the extent of distortion. ]

Figure 2. Quaternary CulnGaSe; (CIGS) tetragonal chalcopyrite structure.

Cu-d and Se-p state contributions to the valence-band area control the electronic struc-
ture of CIGSe, while group-III dominates the conduction band’s lowest (In/Ga) states [22].

Chalcopyrite-based absorber components, which are direct-bandgap semiconductors with
1

7

an optical absorption coefficient of o = 10° cm ™!, can be used to create p-type “absorber’
layers in thin-film solar cells. The Cu-poor CIGSe chalcopyrite absorber (with a composition
of Cu/(In + Ga) or CGI ratio < 1 and Ga/(In + Ga) or GGI ratio = 0.25-0.35) contains nu-
merous imperfections, most likely Cu vacancies (VCu) and InCu or GaCu antisites [23,24].
In the Cu-poor CIGSe, the In?*Cu antisites couple with copper easily (Figure 3).

Cu-poor CIGSe absorbers often include ordered vacancy compounds that are created
by the periodic ordering of Cu vacancies and group-III antisite defects. A representative
neutral defect complex is 2V, ~ + Inc,?* or the analogous Ga-containing combination
2Vcy~ + Gacy?t. Two negatively charged Cu vacancies balance out one positively charged
In or Ga atom at the Cu lattice position in these compounds. Cu-deficient phases like
CulnsSes, CulnsSeg, and CuyIngSey and related Ga-substituted compounds may appear
when such defects become spatially organized [22-24] (Figure 3).
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Representative neutral
defect complex:

2Ve,~ + Ing, 2

Ga-containing analogue:

Q cu

@ h/Ga = 2+
(group-Ill) Ve~ + Gag, )
Q se
e Ordered arrangement of
e y Cu vacancies and
group-lil antisites
@ Inc./Gag,
(antisite)
- Examples of Cu-deficient
ordered vacancy phases:
b Culn;Seg, CulngSeg,
Q* a Cuy,In,Se;,

and Ga-substituted analogues.

Figure 3. Scheme of structured vacancy compound (OVC) in Cu-deficient CIGSe. The scheme
demonstrates a chalcopyrite-type lattice comprising ordered copper vacancies (V¢ ) and group-III
antisite defects, denoted as Inc, or Gacy. A representative neutral defect complex is 2V, + Inét,
whereas the comparable Ga-containing complex is 2V, + Gaét. The ordered arrangement of
these defects may result in Cu-deficient OVC phases such as CulngSes, CulnsSeg, and CuyIngSe;
and related Ga-substituted compounds. Reasonable Cu deficiency can support p-type conductivity,
whereas excessive vacancy ordering may increase recombination and decrease the open-circuit

voltage (Voc) [22-24].

Figure 3 shows that ordered vacancy compounds have often been observed on
the surface of Cu-poor CIGSe absorbers and at the absorber/buffer interface. A slight
Cu deficiency is beneficial since shallow Cu vacancies enhance p-type conductivity
and may facilitate junction formation. However, a significant Cu deficit increases the
density of antisite defects, organized vacancy phases, and deep recombination centers.
Imperfections may cause carrier recombination, Fermi-level pinning, and lower open-
circuit voltage. Thus, control of the Cu/(In + Ga) ratio is crucial to optimize benefi-
cial vacancy-mediated p-type conductivity while suppressing deleterious defect-complex
formation [22,24].

Another important bond-structure challenge is the 2V Cu in Cu-poor CIGSe, which
leads to a neutral imperfection structure (2V¢,~ + Incy2*) [24]. Nonetheless, the inbuilt
p-doping of the CIGS film absorber is facilitated by a slight excess of shallow acceptors,
such as V¢, vacancies (with an energy level near the valence band). Ordered vacancy
compounds (OVC) are the 2V¢, ™ + Incy2*) clusters of neutral defects with an average
composition of CuyInsSe;, CulnsSes, CulnsSeg, etc. [25]. At the CdS/CIGSe interface,
OVCs are expected in the CIGS absorber. The random structure of chalcopyrite, having
dispersed vacancies of copper or (2Vcy ™~ + Inc,?*) pairs of defects, can be used to create
OVC layers, which are thought to improve device performance [26]. However, a higher
OVC concentration in CIGSe may cause defects related to excessive Cu deficiencies to form,
including Ga at Cu (InCu or GaCu) anti-site-based defects, thereby lowering the device’s
open-circuit voltage (Voc) [27]. Through Fermi-level pinning, sophisticated electron traps
(InCu, GaCu, and their complex DX centers) limit the devices’ persistent photoconductivity
effect (PPC) [28-30]. Light- and bias-induced variations in the electrical properties of CIGSe,
such as red-blue lighting and persistent photoconductivity (PPC), are believed to arise
from various defects, including the (Vs.—Incy) divacancy defect complex, selenium voids
(Vse), and copper interstitials (Ci). Under electrical bias or light, this di-vacancy complex
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(Vse—Vcy) in p-type CIGS can change from a donor to an acceptor configuration, raising
the hole concentration and acting as a recombination route for minority charge carriers
(electrons) [31,32]. Potential oscillations in the material are thought to originate from the
predominance of these inherent faults and compensations.

Figure 4 displays the schematic of the most advanced CIGS film structure, Mo/CIGSe/
CdS/i-ZnO/Al-ZnO, along with the film’s consistent band diagram. A maximum claimed
efficiency () of 21% has been observed for these devices [33]. Following a summary of the
composition, characteristics, and developments of the separate multilayers, the device’s
operating principle is presented.

(a) Incident light (b) —— Without double grading

------ With double grading

TCO Cds | CIGSe (absorber) . Mo
Reflection
loss !
H Back-surface field
E i (extra barrier prevents
Metal grid ¢ s | . electron backflow)
«<iMetalignd [l Sanaae BT e
> MgF, (anti-re-- .: ____________
lection coating) R e e e—— R
Al:ZnO H H
TCO : :
i-Zn0 (Al:ZnO/i-Zn0) B |hessssiessecadeacescasaosscacioanmacanacaccacaceast -
s ! :
I ! i
CdS (window layer) > H f
2 r——
V\ o ‘*\‘ 2 g
w pr— l—"
@ N Ey !
Electrons to i Electrons to
front contact ‘\ back contact 228
(correct) S=—» | (recombination E
/‘\ loss) o
® g
s
>
2 === Double grading
Mo (back contact) & — No grading
: 0.9
‘ Glass substrate ‘ : 00 02 04 06 08 1.0
Depth in absorber (normalized) g
Front contact Back contact
(Metal grid) (Mo)

Figure 4. (a) Schematic cross-sectional architecture of a conventional CIGSe thin-film solar cell,
illustrating the glass/Mo/CIGSe/CdS/i-ZnO/Al:ZnO/metal-grid structure, incident-light reflection
losses, carrier generation in the absorber, and possible electron transport pathways toward the front
contact or recombination at the back contact. (b) Schematic energy-band diagram of the corresponding
CIGSe device comparing structures with and without double band-gap grading. The graded absorber
produces a modified conduction- and valence-band profile and a back-surface electric field near the
Mo contact.

Aluminum-doped zinc oxide ZnO, as the front-contact of the device, confirms that
the device receives maximum light due to its high bandgap and optical transparency. In
high-efficiency devices, the sputtered layers of i-ZnO/ZnO:Al are typically employed as
window layers. Since ZnO is inexpensive, non-toxic, and abundant, it is considered the
most attractive TCO with an optical spectral bandgap of Eg = 3.3 eV [34]. According to
several reports, devices with intrinsic zinc oxide window layers show decent stability under
heat stress. Furthermore, by addressing local inhomogeneity in the CIGSe absorber, the
combination of both buffer/window i-ZnO/CdS reduces the electrical shunt routes in CIGS
films [35,36]. The buffer layer of cadmium sulfide (CdS) has been deposited in the majority
of high-efficiency CIGSe devices reported to date. Light up to 2.4 eV is transmitted to the
P-CIGS layer via the CdS bulffer to the N-type of the device (Eg = 2.4 eV). Nakada [37]
reported that Cd incorporation into the Cu-deficient CIGSe surface can occur through
substitution on Cu sites. The similar ionic radii of Cu™ (~0.96 A) and Cd** (~0.97 A) favor
the substitution of Cd?* for Cu*. Because Cd?* replaces monovalent Cu*, the resulting
substitutional defect acts as a donor and is denoted as Cdéu donor defects, where the
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superscript ‘+’ represents the effective positive defect charge relative to the host lattice
rather than the oxidation state of Cd [37-39].

The infiltrated Cd creates a buried CIGSe/CdS homo-junction in the absorber inho-
mogeneity [40]. Therefore, conductivity inversion of the absorber from p-type (CIGS) to
n-type (CdS) and Cd doping at grain borders are unavoidable. Additional noteworthy
findings are also documented, including Cu—-Cd interdiffusion at the CdS/CIGSe interface,
the formation of Cuy_,Se secondary phases, alkali-oxygen (Na-O) impurity buildup at the
interface, Cd-Se formations, Cd diffusion in CIGSe, and selenim—sulfur exchange within
CIGS-CdS [39-43]. The contact at the junction of CdS/CIGS is still a contentious issue and
needs further investigation.

A schematic Raman spectrum of CIGSe is shown in Figure 5, which was created utiliz-
ing the distinctive Raman peak locations documented in the literature. The picture does
not depict an actually measured or theoretically computed spectrum; rather, it is meant to
show the primary CIGSe vibrational modes and the locations of potential secondary-phase
peaks. As shown in Figure 5, the inclusion condition of indium at lesser cathodic potentials
is excess selenium relative to the CuSe phase [44]. The poor response of the Se(0) species
results in higher surface electrical resistance, which limits the amount of In that can be
incorporated via surface reactions (at lesser cathodic potentials) [45,46]. The generated
Se(-II) elements react with In3* to create indium selenides (InySe3) under high cathodic
potential, and they are assimilated into the expanding CulnSe; film [45-47]. At higher
species concentrations and electrochemical potentials, In3* can also immediately decrease
to form In(0). The typical CIGS layer thickness ranges between 1.5 and 2 um. Observa-
tions reveal the presence of the Cu-deficient CISe phase (160 cm 1) and elemental Se(0)
(260 cm™1), also referred to as OVC, and the CIS mode of A1 (177 cm™1). The peak shows
the conductive Cu,Se phase at 260 cm ™1 [47].

Conceptual Raman Spectrum of Electrodeposited CISe/CIGSe Thin Film

i — Electrodepo'sited CISe/CIGSe Raman spectrum
cisé Ar -~ Cu-deficient CISe / OVC =160 cm~*
1.2 A i ~177iem™ —-- A1 mode of CISe =177 cm~*
‘ : -=== Se(0) / CuzSe =260 cm~*

se(0)/CuzSe
~260,cm*

o o g
o © =}

Relative Raman intensity (a.u.)

o
IS

0.2 4

0.0 T T . T T T T i T T
100 125 150 175 200 225 250 275 300
Raman shift (cm~?)

Figure 5. Schematic Raman spectrum of CIGSe showing the characteristic vibrational bands of an
electrodeposited CISe/CIGSe thin film showing OVC, CISe A, and Se(0)/Cu;Se-related peaks.

Cu-poor ordered-vacancy compounds, such as CulnzSe; or analogous defect-ordered
phases, may be responsible for a Raman signature around 150-160 cm ~!. These Cu-poor
phases may be present in small quantities close to the absorber’s surface and may aid the
creation of favorable junctions [47]. On the other hand, a broad or intense peak in this
area could indicate incomplete chalcopyrite phase development, severe Cu deficiency, or
compositional disorder. Elemental selenium or Cu-Se secondary phases may be linked
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to features in the range of roughly 250-265 cm~!. While Cu,Se and comparable copper
selenides may also provide peaks within a similar spectral area, elemental Se typically
produces a Raman band around 250-260 cm~!. Excessive selenium inclusion, regionally
Cu-rich deposition, or partial conversion during annealing can all result in the formation
of these phases [48]. Conductive Cu—Se phases are typically not wanted in solar absorber
layers because they can create shunting routes and promote detrimental carrier recom-
bination, thereby reducing device performance. A high-quality CISe/CIGSe absorber
should therefore show a dominant chalcopyrite (A_1) mode, with peaks associated with
elemental Se, Cu,Se, and excessive ordered-vacancy compounds that are either absent
or somewhat weak, as shown in the schematic spectrum in Figure 5. To verify phase
purity and distinguish the chalcopyrite absorber from secondary phases, Raman spec-
troscopy should be interpreted alongside X-ray diffraction, compositional analysis, and
microscopy [46—48].

The applied potential primarily determines the Gallium content level during the
deposition of CIGS films for CuGaSe; or CulnGaSe;. Ga species do not exhibit induced
surface interactions of In(Ill) ions with the CuySe phase, in contrast to indium. At lower
or higher cathodic potentials, Ga is included either as Ga(OH)3 (caused by a local pH
shift) [49-51] or as GaySe; (caused by a reaction with H,Se). Figure 6 shows two primary
diffraction peaks corresponding to the <112> and <220> planes, consistent with the crystal
structure of CIGSe. Cu Ko radiation with a wavelength of A = 1.5406 A was used for X-ray
diffraction analysis. The diffraction patterns are shown as a function of 26. The Cu(Galn)Se;
composition of the deposited absorber layer was revealed by XRD; no additional peaks
were observed. The desired CIGS crystallography is shown by the strongest diffraction
peak at 26.81. The thickness of the CIGSe absorber layer was approximately 1.4 um,
which is enough to absorb 97.5% of the incoming light, as shown in Figure 6 [6]. The
tetragonal chalcopyrite CIGS structure’s (112) and (220)/(204) planes are represented by
major diffraction peaks. Polycrystalline CIGS absorber films frequently exhibit preferential
crystallographic orientation, which is shown by the strong (112) reflection [6].

6

o~
)
L o)
c
5 © 2
S
S
O -
4
-}
: Q'
< 2 o
s 3 C ~N —
> © -
> o U] &
-] S = 0 0
c o~ o ’UAO
Q ) c =
- ) (72 ® ~
c [=] o ) ~
= s e a g
=] = —
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o ©
1 g O
5 -
=
n "~

25 35 45 S5 65 75 85
2-theta / deg

Figure 6. Diffraction peaks of Cu Ka radiation (A = 1.5406 A, and 26) demonstrating that the CIGS
layer was formed from a low-concentration solution during a 30 min annealing period at 500 °C. The
deposit composition obtained after 40 min at —0.76 V vs. NHE at 500 rpm is shown in the tabulated
insets. The solution comprised 0.45 mM CuCl,.2H;0; 0.44 mM InCl3; 0.85 mM H,SeO3; 0.5 mM
GaCls; pHydrion (pH = 2); and 0.66 M LiCl as supporting electrolytes. Temperature = 20 °C [6].
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Raman spectroscopy and X-ray diffraction provide complementary information for
the assessment of phase purity and structural quality of electrodeposited CISe/CIGSe
absorber layers. Raman spectroscopy can be used to identify the characteristic chalcopyrite
vibrational mode and differentiate it from features associated with Cu-deficient ordered-
vacancy compounds, elemental Se, and the secondary phases (Cu—-Se), as shown in Figure 5.
This is especially essential because some secondary phases may overlap with the main
CIGSe diffraction peaks and hence be difficult to identify by XRD alone. The distinc-
tive X-ray diffraction peaks of the annealed electrodeposited CIGSe layer are shown in
Figure 6 as complementary information for this investigation, confirming the creation of
the tetragonal chalcopyrite structure and its favored crystallographic orientation [6]. Thus,
Figures 5 and 6 illustrate the complementary use of Raman spectroscopy and XRD for phase
identification, structural verification, and quality control of electrodeposited CIGSe absorber
films [47-51].

2.3. Deposition Methodology

Electrodeposition is a low-temperature, non-vacuum technique for the preparation
of CISe/CIGSe precursor layers and offers potential benefits in terms of material utiliza-
tion, process cost, and large-area production. However, the electrochemical production
of multicomponent CIGSe is difficult because Cu, In, Ga, and Se species have very vari-
able reduction potentials and reaction kinetics, chemical speciation, and mass-transfer
behavior [13,15]. Therefore, deposition potential or current density, electrolyte composition,
pH, complexing agents, temperature, and hydrodynamic conditions have to be carefully
managed to produce precursor layers with proper Cu/(In + Ga) and Ga/(In + Ga) ratios.
In addition, these parameters affect hydrogen evolution, localized pH changes, hydroxide
generation, secondary phase growth, surface shape and compositional homogeneity, all
of which play a role in absorber creation during selenization or sulphurization and ulti-
mately photovoltaic performance [51-53]. Because of the difference in refractive index
(n), reflection loss may occur when light enters through the metal grid spacing and TCO
(Al:ZnO/i-ZnO) in back-contact-arrangement CIGSe films (Figure 7). Anti-reflective coat-
ings like MgF, can be used to reduce these reflection losses [51]. When the devices are
illuminated, the built-in electric field at the CdS/CIGSe heterojunction interface sweeps the
produced electron-hole pairs through the appropriate contacts, resulting in photocurrent.
This is the basic idea behind how the devices work.

Additionally, some electrons may travel toward the back contact (or an incorrect
contact) and recombine. Adding a back-surface field—an extra energy barrier that prevents
electrons from flowing backward—can prevent this. The GGI ratio can be changed to
produce the bandgap gradient. The energy-band diagram of the CIGSe device with (dotted)
and without double grading (continuous line) is displayed in Figure 7, which shows the
energy-bandgap profile of the CIGS absorber layer used in the simulation. Double grading
in the CIGS absorber layer has significantly enhanced the performance of single-junction
CIGS cells, as demonstrated by simulation and experimental studies [51,52]. Readers can
consult the referenced literature for comprehensive details on grading methods and their
effects on device performance [53-55].

All of the high-efficiency devices reported to date have low bandgap values
(1.15 eV—Culng 7Gap 3Sey) and a final device stage that is Cu-poor, with GGI ratios of
0.3-0.35 and CGI ratios of 0.8-0.9. Since excessive Cu content can generate a copper—
selenium secondary phase that is harmful to film performance, a modest rise in dopant
atomic composition is recognized as Cu-rich (>25% at wt%) [56]. Therefore, the total
copper composition of the absorber, including the Cu-Se secondary phase, is referred to as
Cu-rich stoichiometry. Despite having higher mobility, lower defect concentrations, better
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crystallinity, and less bulk recombination, Cu-rich absorbers were less efficient than Cu-
poor devices [57]. Potassium cyanide (KCN) selective etching can be used to eliminate the
excess CuySe phase and enhance the performance of the Cu-rich device [58]. By controlling
the doping level, the interface recombination issues common in Cu-rich CISe devices can be
resolved. Simulation studies (Figure 7) show that lower doping contents (Na = 10'® cm~3)
may reduce tunnel-assisted recombination at the interface by increasing the recombination
barrier of the Fermi level and the valence band edge. The Se flux can be used to adjust the
level of copper-rich doping devices. The efficiency of the copper-rich device was greater
than that of the copper-poor CISe device, with 11 = 8.6% at lower selenium variation and
1 = 6.2% at extremely high selenium flux [59,60]. Additionally, a thin In-Se layer was
deposited, yielding a device efficiency of 13.1%. By lowering interface recombination, this
approach restores the open-circuit voltage loss [60]. Given that compositionally modified
Cu-rich devices may be able to compete with Cu-poor ones in terms of efficiency, these
results are encouraging.

14 -

13.1%

(Low Se flux / lower doping
"High»eff'i'ciency Cu-poor devices: g reduces interface recombination |
12 4 GGl = 0.30-0.35, CGI = 0.80-0.90
Bandgap = 1.15 eV

10 4

Device Efficiency, n (%)

Thin In-Se layer restores Voc loss
by lowering interface recombination

Cu-poor Cu-rich Cu-rich Cu-rich +
ClSe very high Se flux low Se flux In-Se layer

Absorber Composition / Treatment Condition

Figure 7. Influence of absorber composition and selenium-related treatments on the conversion
efficiency of electrodeposited CulnSe,/CIGS solar cells. Cu-poor CISe devices with optimized
composition, GGI ~ 0.30-0.35, CGI = 0.80-0.90, and a bandgap of approximately 1.15 eV. Column 2:
Cu-rich absorbers prepared under a very high selenium flow. Column 3: Low selenium flux. Column
4 represents the thin In-Se interfacial layer [59-61].

The development of CIGSe absorbers may focus heavily on compositionally modi-
fied Cu-rich absorbers in the future. Furthermore, compared to vacuum deposition, the
electrochemical approach is significantly more straightforward to replicate in similar in-
vestigations. The relevant literature [61,62] discusses the most recent CIGS devices and a
thorough recent evaluation of advancements in CIGSe solar cell fault processes.

3. Electrodeposition Methodology

3.1. Electrodeposition Parameters
3.1.1. Influence of Current Density and Applied Potential

The overall rate of electrochemical reduction is controlled by the current density,
which substantially affects nucleation, growth, composition, and surface morphology. At
relatively low current densities, deposition may be sluggish, and partial coverage of the
substrate or integration of the more electrochemically active elements, especially In and Ga,
may be insufficient. However, overly high cathodic potential can cause total current density,
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hydrogen evolution, local alkalization, and dendritic or porous development, which can
limit improvements in the deposition rates of these species. In potentiostatic deposition,
the ionic species reducible at the cathode are controlled by the applied potential. Cu and Se
species typically deposit at less negative potentials than In and Ga; therefore, a sufficiently
negative potential for In and Ga incorporation may also accelerate hydrogen evolution.
Thus, the usable deposition window must be a compromise between co-deposition of the
constituent elements, parasitic gas production, and low current efficiency [62].

The current or potential should not be chosen independently of the composition of
the electrolyte. Complexing agents may change the effective reduction potentials of the
four species and reduce the separation between their deposition ranges. This allows a
multicomponent deposition under less harsh cathodic conditions and can diminish the
preferred production of Cu-Se [61-63].

3.1.2. Role of Chemical and Electrochemical Potential

The electrochemical potential of each species depends on its thermodynamic tendency
to be reduced and its activity in the electrolyte. It depends on the standard reduction
potential, ion concentration, complex formation, pH, temperature, and interfacial electric
field. Thus, the actual behavior of deposition may differ considerably from that expected
based on typical reduction potentials alone. Phase development during deposition and
subsequent chalcogenization is also influenced by the chemical potential of the CIGS
species. A high copper chemical potential may favor the formation of conductive Cu-
Se secondary phases, while a low Cu chemical potential may lead to the formation of
very Cu-deficient ordered vacancy phases. Also, a lack of Ga chemical potential can
lead to Ga-poor films, whereas excessive or non-uniform Ga incorporation can result in
oxide/hydroxide phases or vertical compositional gradients. Therefore, the bath com-
position, complexation, applied potential, and deposited charge should be optimized to
create a slightly copper-poor precursor with controlled Cu/(In + Ga) and Ga/(In + Ga)
ratios [62,63].

3.1.3. Effect of Solution pH

The solution pH influences the speciation of metal ions, complex stability, hydrogen
evolution, and oxide or hydroxide precipitation. Aqueous CIGSe electrodeposition is often
performed under acidic conditions, since they allow In®* and Ga®* species to remain in
solutions and hinder bulk precipitation. In very acidic solutions, however, the availability
of protons increases, and the hydrogen evolution reaction is accelerated with appropriately
negative potentials. The pH measurement at the cathode surface can differ markedly from
the measured bulk pH. The hydrogen evolution and nitrate reduction reactions use protons
or produce OH™ at the electrode, raising local pH. This local alkalization may lead to
incorporation of In and Ga as hydroxide or oxide intermediates rather than metallic species.
These intermediates can be later transformed to the chalcopyrite phase upon reduction and
selenization. Hence, stable pH control is necessary during the deposition process. Buffer
systems, controlled agitation, diluted electrolytes, and pulse-off times can decrease local
pH changes and improve composition and morphology [64].

3.1.4. Bath Temperature

Bath temperature affects ionic mobility, diffusion coefficients, electrolyte viscosity,
complex stability, charge-transfer kinetics, and nucleation behavior. In aqueous electrolytes,
mild temperature increases often boost mass transport and deposition kinetics. However,
high temperatures can destabilize complexes, increase evaporation, expedite bath decompo-
sition, or cause uncontrolled precipitation. Temperature management is especially crucial
in non-aqueous electrolytes and deep eutectic solvents. Frequently, these media are highly
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viscous at room temperature. Heating lowers viscosity and enhances the movement of Cu,
In, Ga, and Se species. Choline chloride—urea electrolytes are therefore generally used at
temperatures of about 60-70 °C. But the temperature has to be maintained at a constant
level because the film composition can be changed by variations in viscosity and diffusion
even if the cathode-applied waveform remains the same [65].

3.1.5. Mass Transport Role

The replenishment rate of depositing ions is determined by mass transfer. If the
deposition is continuous, one or more species will be quickly consumed, establishing a
depleted diffusion layer and leading to high current densities. This can change the relative
electroplating rates of the four species, leading to composition gradients or rough morphol-
ogy. Agitation, electrolyte circulation, rotating-disk electrodes, substrate movement, and
flow-assisted cells can improve ion replenishment. However, excessive agitation may desta-
bilize initial nuclei or create non-uniform hydrodynamic conditions over large substrates.
Mass-transfer conditions, coupled with current density, bath composition, and deposition
duration, must be controlled and reported [6].

3.1.6. The Role of Pulse Deposition

Pulse current and pulse potential deposition alternate between a deposition period
and a rest period. During the pulse-on time, electrochemical reduction and film growth
take place. During the pulse-off time, depleted ions diffuse back to the cathode, partially
restoring the interfacial concentration and reducing local pH gradients. The short pulse-on
time promotes high nucleation density, and the sufficient pulse-off time prevents hydrogen
evolution. But a very low duty cycle lowers the average deposition rate, and a high
duty cycle is close to DC deposition and does not allow enough relaxation. Hence, pulse
parameters should be optimized in conjunction with bath concentration, temperature,
pH, agitation, and substrate conditions. Reproducibility is not possible by reporting
merely pulse duration without specifying the peak current density, potential, or duty
cycle [66].

3.2. Practical Issues Combined with Electrodeposition of CIGSe

The deposition of CIGS absorbers is typically accomplished in two ways, regardless
of the synthesis route: either continuous electrodeposition and selenium/sulfurization
or CIGS electroplating, followed by selenization or sulfurization [67]. Most vacuum de-
position methods use simultaneous selenium deposition, while other processes, such as
roll-to-roll printing, electrodeposition, and ink primer coating, use selenization. A signifi-
cant challenge is the concurrent regulation of four-metal electroplating, given their varying
reduction potentials, which complicates achieving the needed Cu-deficient and gallium-
regulated composition. The presence of gallium is particularly challenging and may lead to
undesirable Ga,O3 formation, internal flaws, and reduced conductivity if the local pH near
the cathode is poorly regulated. The development of hydrogen during aqueous electrodepo-
sition is a significant challenge, as it competes with metal-ion reduction, potentially leading
to rough surfaces, pinholes, inadequate adhesion, and non-uniform films [68-70]. The
deposition parameters, including current density, pulse-on/pulse-off duration, electrolyte
concentration, pH, agitation, and complexing agents, must be meticulously optimized to
prevent powdery deposits, secondary phases, inadequate crystallinity, and non-uniform
thickness. The ultimate objective of any path, regardless of the deposition processes used in
thin-film CIGSe/CISe production, is to obtain a compositional film with high crystallinity,
yielding a material with good photovoltaic properties. In non-vacuum electrodeposition,
ions at a specific reduction potential are reduced on a conductive substrate under an ap-
plied electric field to form thin films. The four metal ions in the electromotive force (EMF)
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series have the following equilibrium reduction potentials: +0.337/SHE, —0.342/SHE,
—0.529/SHE, and +0.741/SHE. The decrease in the potential of the active standards of
In®* and Ga®* ions is the cause of the difficulty encountered during CIGSe electrodepo-
sition. The potential changes toward Cu(Il) when In(Ill) and Ga(IlI) concentrations are
increased [70]; however, excessive currents produced by high bath concentrations can
seriously pit and corrode Mo/ glass substrates [71]. Excessive ions may interact with or
combine with the surface of molybdenum oxides, ultimately leading to some degree of
Mo dissolution according to the latest impedance investigations carried out by a research
group (Saji et al.) [71]. The efficiency of In and Ga plating is affected by electrodeposition at
high cathodic potentials due to concurrent hydrogen evolution, which is thought to cause
pinhole development and film inhomogeneity [72-74]. This further complicates the electro-
plating of stoichiometric and pinhole-free CIGS films. This deficiency developed because
complexing agents added to In(Ill) and Ga(IlI) ions limited inclusion. Complexing agents
can meaningfully raise the drop potential of copper ions toward that of active indium and
gallium ions, simplifying co-electroplating. CIGS materials enhance the compactness of
the deposited film, preventing pinholes and reducing hydrogen formation. Additional
additives, including brighteners, surfactants, and supporting electrolytes, are frequently
added to enhance bath chemistry and film quality [75]. The majority of complexing agents,
however, only form strong complexes with copper and selenium ions and have little impact
on Ga(IIl) or In(IIl) ions [10]. Significant recent developments in the deposition solution
chemistry for the regulated ions of both In3* and Ga3* CIGS solar devices under aqueous
and non-aqueous electrochemical process conditions are highlighted in the sections that
follow [74-76].

4. Electrolyte Systems
4.1. Electrodeposition of C1Se/CIGSe Utilizing Complexing Agents in Aqueous Solution

The one-bath electroplating of a CISe absorber layer using a complexing agent (tri-
ethanolamine (TEA)) was initially reported by Bhattacharya et al. [77]. Since then, a number
of studies on the electrochemical plating of both CISe and CIGS using the TEA agent have
been published, owing to its ability to form weak complexes with In®" ions and strong
complexes with Cu?* and HSeO?™ ions [78]. According to Calixto et al., pinhole-free sto-
ichiometric CIGSe was electrodeposited in a bath at pH 2.5 using low concentrations of
CuCl,*2H,0 (2.56 mM), InCl3 (2.40 mM), GaCl;3 (5.7 mM), and H,SeOj3 (4.5 mM). Lithium
chloride was used as a plating solution support, and a pH 3 buffer (pHydrion) for adjusting
pH levels was used to stabilize the electrolyte [79]. According to recent research by Liu
et al., the layer atomic ratio shifts from copper-rich to copper-poor with a rise in sodium
sulfamate concentrations, whereas the (Cu + Se)/(In + Ga) ratio decreases with increasing
gallium atomic ratios [80]. Cu?* and Ga®** have a reduction potential difference of just 80
mV. When KCN— was used as the complexing agent, the difference in potential was 870
mV for uncomplexed (Cu,Ga) species [80]. Cu(I) in a soluble form is the main species at
high concentrations of the thiocyanate complex. Moreover, the presence of thiocyanate
(CNS—) ions can catalyze the reduction of Ga. For CIGSe/CGSe electroplating, thiocyanate
is therefore an appropriate complexing agent [81].

Even under high alkali conditions, by applying potassium sodium tartrate as a com-
plexing agent for In ions and trisodium citrate for Ga ions, Aksu et al. were able to
electroplate In-Se and Ga-Se films. At a pH of 13, a 68% plating efficiency for In-Se was
achieved. When Ga-Se complexed with trisodium citrate, the Ga percentage was dominant
at high pH values of 13.5, while the Se percentage dominated below pH 5. Ga-Se films
could be co-deposited within a pH range of 7-8.5 [82]. Complexing agent blends are used
to solubilize and inhibit the formation of hydroxide ions under such highly alkaline condi-
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tions, and they are also used to co-deposit a Cu-In-Ga layer (9-13.5). Common chelating
agents including TEA, EDTA, citric acid, trisodium citrate, potassium sodium tartrate, and
tartaric acid might be utilized because they form complexes with Cu, In, and Ga ions, even
though the processing parameters were not stated. Modulating the current density during
electroplating is another method for grading Ga [83].

According to the research group, an intriguing alternative method for adding Ga(III)
and In(IlI) is to use the corresponding nitrate salts as oxides or hydroxides [84,85].

Nitrate reduction and oxide precipitation are two simultaneous stages that reduce in-
dium and gallium during the process. Proton consumption during nitrate reduction causes
a local pH shift near the surface cathode; the next step is the deposition of indium and gal-
lium as precipitated oxides or hydroxides. Compared to Cu-In-Ga electroplating from con-
ventional chloride/sulfate electrolytes, the deposition of In and Ga as oxides/hydroxides
occurs at comparatively lower cathodic potentials, as illustrated in the usual deposition
potential diagram (Figure 8). The crystalline CIGSe absorber that was deposited had a
power conversion efficiency of n = 9.4% with additional hydrogen reduction and selenium
pre-treatment (shown in Figure 8) [86].

Comparative diagram of the standard deposition potentials of copper,
indium and gallium in the form of metals or hydroxide/oxide during nitrate

reduction
0
Bl Metal
~0.5 '+ Hydroxide/oxide
)
a —1.0 -
b
z
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_25 | I I
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Figure 8. A comparison of the standard deposition potentials of gallium, copper, and indium as
metals or hydroxide/oxide following nitrate reduction [82-85].

With respect to the application of hydrogen peroxide (H,O;) as the source of oxygen
that facilitates Ga incorporation as Gallium(III) hydroxide (Ga(OH)3), according to Yang
et al., the reduction starts with the cupric ion and moves on to the reduction of H,O,. This
regulated Ga(III) ion inclusion includes In and Ga as oxides or hydroxides. At higher HyO,
concentrations (20 mM), where deposition occurs via kinetic control of hydroxide ions,
precipitation of In and Ga was observed [87].

The experiment demonstrated that by altering the electroplating potential from a
similar bath, it was possible to electroplate CIS (p, i, and n-type) [88] and CIGS (p*,
p, i, n, and n*) [89] without the need for complexing agents or supporting electrolytes.
Significant variations in the (Ga/IIl) concentration are the main obstacle to employing
aqueous electrolytes, since even slight changes in the electroplating may affect the atomic
ratio of the deposited film and, consequently, the deposition mechanism [90]. Therefore,
the applied deposition potential significantly affects the film’s morphology. Balancing the
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composition and quality of a film is often difficult due to the limited deposition potential
window, as illustrated in Table 1. Furthermore, the (Ga/Ill) atomic composition can
be adjusted to an exact point, exceeding the limit at which hydrogen evolution (HER)
occurs in parallel and adversely affects film quality, leading to dendritic morphology and
pinhole formation [91]. The issue of hydroxide generation during traditional CulnGa
electrodeposition is leveraged in metal-oxide/hydroxide depositions, which show greater
promise. Using metal-oxide/hydroxide deposition, Ga inclusion in conventional CulnGa
plating is a relatively solved issue [91].

Table 1. Standard reduction potentials and typical cathodic reactions associated with CIGS electrode-
position in nitrate-based aqueous media.

Process (What You “See” at
the Cathode)

Representative Half-Reaction E° (V vs. SHE) Meaning for CIGS in Nitrate Media

Cu metal deposition

Cu can be deposited as a metal at

2+ -
Cu™ +2e” = Culs) +0:340 relatively mild potentials.

In metal deposition

Very negative — competes strongly
In®* + 3e~ — In(s) —0.338 with water reduction; metallic In is
hard to plate using water.

Ga metal deposition

Even more negative — deposition of
Ga®* +3e~ — Gal(s) —0.560 metallic Ga from aqueous electrolytes is
typically impractical.

Nitrate reduction

NO3~ + HyO + 2~ — NO,~ Happens at relatively mild cathodic

(OH" generation) +20H- +0.01 It:)hoetecr;’fclfllcl)sél aend raises local pH near
Hydrogen evolution (basic) 2H,0O +2e~ — H, + 20H™ —0.828 Sets the practical “very negative” limit

(gas evolution, poor film quality).

Cu hydroxide/oxide
route (example)

At sufficiently negative potentials and
—0.36 high local pH, Cu can participate in
hydroxide/oxide chemistry.

Cu(OH),(s) + 2e~ — Cu(s) +
20H~

Compared with traditional deposition methods, recent developments in solution
chemistry for CIGS deposition, including (1) combinations of complexing agents, (2) nitrate
precursor, and (3) the source of hydrogen peroxide, are encouraging, as they make it
easier to overcome the issue of Ga inclusion. Additional research on electrolyte stability,
ion replenishment, and electrolyte reuse may contribute to economical industrial-scale
deposition processes [91].

Copper deposits are initially metallic. Given that Cu?*/Cu possesses a positive E°
(~+0.34 V), copper can deposit as a metal prior to reaching the strongly cathodic region
required for In/Ga. In and Ga metal deposition requires highly negative potentials, ap-
proaching or exceeding the threshold for H, evolution in aqueous solutions. Nitrate
reduction occurs at significantly lower potentials and produces OH™, thereby substantially
increasing the cathode surface’s pH, even when the bulk pH remains moderate. Due to the
exceedingly low solubility product constants (Ksp) of In(OH); and Ga(OH)3, a localized
pH elevation to approximately 2—4 can initiate the deposition of hydroxide/oxide species
of In and Ga at or near the cathode by chemical precipitation [89-91].

The practical implication for CIGS electrodeposition is that, in nitrate-containing solu-
tions, a mixed mechanism is often observed. Copper can be electrochemically deposited as
a metal; incorporation of indium and gallium is strongly influenced by nitrate-induced local
alkalization, resulting in the formation of indium/gallium hydroxide/oxide intermediates,
which must then be converted to the necessary chalcopyrite phase. The reduction of nitrate
elevates local OH ™ concentrations, allowing In3* /Ga®* to form hydroxide precipitates
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despite the thermodynamic and kinetic unfavorable conditions for metal deposition, as
shown in Table 1 [90,91].

4.2. Electrodeposition of C1Se/CIGSe in Non-Aqueous Electrolytes

Ionic liquids, ethylene glycol, and other non-aqueous electrolytes lack the presence
of complexing compounds [91,92], and an ionic liquid mixture can be used to circumvent
the HER interference. Combining LiCl electrolytes (pH 1.9-2.2) and alcohol, Long et al.
demonstrated superior electroplating quality and produced convenient CIGS devices at
—1.6 V/SCE [93]. In(III) and Ga(III) ion electrodeposition, the availability of such a broad
electroplating window layer in non-aqueous deposition baths makes it convenient.

Ionic liquids have attracted attention for their wide electrochemical potential windows,
biocompatibility, non-toxicity, and cost-effectiveness, which make them ideal electrolytes
for electrodepositing elements that are challenging to plate under traditional aqueous-bath
conditions [94]. In particular, aprotic deep eutectic solvents (DESs) and choline chloride
(ChCl)-based ionic liquids have become effective substitutes for traditional ionic liquids.
One of the commonly used DESs in CIGSe electrodeposition is reline, which is a combina-
tion of urea and choline chloride (ChCl/U = 1/2). Ionic liquids can achieve high solubility
and reagent concentrations without water, in contrast to aqueous electrolytes, where the
precipitation of oxides and hydroxides limits the solubility of metal ions. Furthermore, high
ligand concentrations provide greater control over metal solubility in the electrolyte [95-97].
Consequently, reline and the ions form potent metal complexes, which eliminate the need
for complexing agents. Even after extended hot conditions, reline remains extremely stable
and does not break down. It is possible to improve the mass transport properties of ions
by decreasing the viscosity (1) of reline. Because of this, the ideal bath temperature for
electroplating is often kept between 60 and 70 °C [98].

Quaternary CIGS film electrodeposition in a single step employing reline was initially
reported by Harati et al., with 65 °C set as the default temperature [99]. Steichen et al.
described using reline at 60 °C to electrodeposit Cu—Ga thin films. The total-area power
conversion efficiency of the selenium-treated CuGaSe, photovoltaic cells, produced at
550 °C in the Se environment, was 4.1%. No alloying processes were seen when gallium or
gallium and indium bilayer films were electroplated on back-contact Mo alone; instead, the
resulting layers were discovered to be physical droplets of the In-Ga mixture (Table 2) [100].
On the other hand, producing a CuGa; alloy substrate consisting of Mo/Cu was found to
improve the adhesion of Cu—Ga films (Table 2) [100]. For pulse-current plating of a CIG
ternary film, a reported efficiency of 10.1% was obtained for the CIGS film. Accelerated
thermal treatment in an Ar environment for one hour at 550 °C was used to incorporate
selenium (Se powder). By modifying the ion concentration flux ratio of [Ga®* /In%*] ions,
Malaquias et al. demonstrated that it is possible to change the [Ga/In] ratio from 0 to
1 [Table 2] [101]. For CIGSSe thin films, the same group claimed an efficiency of 9.8%.
After the In-Ga bilayer film was electrodeposited onto Mo/Cu back-contact films, a three-
phase thermal treatment process using HjSe, Ar, and H,S was performed, as shown in
Table 2 [98-101].

Table 2. Non-aqueous electrolyte systems for electrodeposition of CIS/CIGS/CIGSe thin-film precursors.

Non-Aqueous
Electrolyte Family

Typical Example(s) Typical Workflow Outcome Key Notes

Deep eutectic solvent
(DES)/"reline” choline
chloride (ChCl: urea 1:2)

Window reported >2.5V;
motivated by avoiding H*
reduction limitations [91].

Selenization (e.g., 500 °C/30 min)

ChCl + urea (“reline”) —+ CulnSe, /CIGS
2
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Table 2. Cont.

Non-Aqueous

Electrolyte Family Typical Example(s) Typical Workflow Outcome Key Notes
DES for Cu_In ChCL:U containing CuCl Cu-In precursor deposition Film morphology and phase
- ) 2 followed by annealing under Se formation depend strongly on
precursor deposition and InCl;

pressure to form CulnSe,

deposition potential [91-94].

DES (ChCl:urea) for
metal-alloy precursors

ChCLU + CuCl, + InCl,

Anneal under Se
pressure — CulnSe;

Studied via cyclic
voltammetry /rotating-disk
electrode (CV/RDE);
morphology & phase depend

strongly on deposition
potential [95].

DES for Ga tuning/one-step
precursors

Reported as a DES pathway
for Ga-controllable
CIGS/CIGSe

processing [96,97].

Tunable Ga fraction in precursor
— CIGSe
after selenization

Reline-based systems used
for Ga control

Pulsed plating of
Cu-In-Ga film

Non-aqueous electrolyte
containing Cu, In,
and Ga precursors

Pulse electrodeposition, then
rapid thermal treatment with Se
powder

CIGSe device efficiency of
approximately 10.1% was
reported [98].

High-boiling organic solvent
(non-aqueous)

Study notes poor as-deposited
crystallinity; compares
unfavorably in some cases to
aqueous room-temperature
growth [99,100].

Often needs annealing with Se to

Ethylene glycol (150 °C) improve crystallinity

5. Deposition Mechanisms
5.1. Challenges in CIGS Electrodeposition

A chalcopyrite semiconductor, copper gallium diselenide (CuGaSe;y), has a relatively
wide band gap (often reported near ~1.65-1.70 eV). This makes it appealing as a “Ga-rich
end member” important for understanding Ga incorporation trends in CIGS, as well as a
wide-gap absorber (e.g., for top cells in tandem concepts). Although CGS is notoriously
difficult to electrodeposit in a single step due to the electrochemical challenges posed
by Ga inclusion, low-cost electrodeposition is attractive because it can be scaled to large
areas using inexpensive precursors and simple equipment. Reviews and the literature on
electrodeposition for chalcopyrites highlight this difficulty [101].

5.2. Electrodeposition Conditions and Challenges

(1) Gainclusion versus hydrogen evolution: a fundamental electrochemical challenge

Very cathodic potentials are required for Ga?* reduction in aqueous baths, and
at low pH, these potentials are strongly opposed by hydrogen evolution (HER).
Since Ga reduction peaks are weak or hard to see in cyclic voltammetry investiga-
tions of Cu—Ga-Se baths, Ga is usually the rate-limiting constituent in one-step CGS
electrodeposition [102].

Practically speaking, pushing to more negative potentials can increase Ga content,
but it can also destabilize stoichiometry, promote HER-induced defects, and increase
roughness and porosity. The Ga atomic fraction, for instance, increased significantly with
increasing negative potentials in acidic baths on ITO (approaching ~16 at.% at roughly
—0.95 V vs. SCE in some systems), highlighting the potential-controlled character of Ga
integration [102-104].

(2) Complexing agents” function: bringing reduction potentials closer together
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One important tactic is to use complexing agents to “pull” the species’ reduction
potentials closer together, particularly by cathodically shifting the Cu(II) reduction potential,
thereby making Ga inclusion more practical in a single bath. One of the best-known
examples is thiocyanate (SCN ™), which can drastically alter the chemistry of Cu, leading,
according to some publications, to a gap of just tens of mV between the peak currents
of Cu and Ga in CV. This allows for wider stoichiometric windows and more controlled
co-deposition [103].

In contrast to non-complexed or less appropriate settings, CV evidence indicates that
some acidic/complexing situations can promote Ga uptake and make Ga reduction more
detectable. Other complexing environments, such as acidic agents like hydrochloric or
sulphamic systems, have also been investigated [102,103].

(3) Enhancing mass transfer and composition management to support electrolytes and
bath conductivity

Supporting electrolytes enhance ionic conductivity and can affect secondary-phase de-
velopment and deposit composition, in addition to complexation. Lithium salts have
been investigated as conductivity enhancers for Cu-Ga—-Se electrodeposition; one ac-
cepted manuscript study reports that films deposited with lithium nitrate (as opposed
to lithium chloride) showed atomic ratios closer to CGS stoichiometry (e.g., [Cu]/[Ga]
and [Se]/[Cu + Ga] approaching ~1 with increasing LiNOj3 concentration). However,
morphology remained substrate-dependent [104]. This emphasizes a recurrent theme:
while composition in ternary electrodeposition is frequently controlled by coupled ki-
netics, mass transport, and induced compound formation pathways, bath engineering
(complexant + support electrolyte + pH) is just as crucial as potential selection [104].

(4) Effects of the Substrate ITO/FTO vs. Mo): Secondary Phases, Morphology, and
Nucleation. Transparent conducting oxides (ITO/FTO) and Mo-coated glass (device-
relevant) have both been shown to exhibit CGS electrodeposition. The choice of
substrate affects adhesion, post-anneal microstructure, and nucleation density. When
comparing Mo to FTO, for example, Mo can produce deposits with isolated tiny
grains or voids under some circumstances, suggesting that substrate-specific tuning
(additives, pulse plating, agitation, etc.) may be necessary to optimize nucleation
and coalescence [104]. Secondary phases, especially Cu-Se phases, are a recurring
problem in local conditions that are Cu-rich or Se-rich. After annealing, XRD may
identify CuSe; signatures but also reveal CGS peaks (e.g., (112), (204)), suggesting
partial conversion or residual Cu-Se phase segregation, which may degrade electronic
quality [103-105].

(6) Post-Treatment (Annealing/Selenization): Creating Chalcopyrite CGS from Weakly
Crystalline Deposits. One-step, as-deposited films frequently exhibit mixed or weakly
ordered phases or low crystallinity. Chalcopyrite CGS is thus largely dependent on
thermal treatment, usually annealing or selenium. It has been demonstrated that one-
step water electrodeposition and annealing can “dramatically” increase crystallinity,
resulting in polycrystalline CGS with a reported band gap of about 1.66 eV (and, when
sulphurized, conversion to CuGaS, with a larger band gap). Another method is to
electrodeposit Cu—-Ga metallic precursor layers (often in alloy form) and then anneal
them in selenium vapor. When the precursor stoichiometry is properly managed,
this method can provide improved control over the metal ratio before selenium
incorporation and enhance absorber quality [105].

(7)  The Significance of Ionic Liquids and Deep Eutectic Solvents (DESs) for CGS Elec-
trodeposition. Ionic liquids and deep eutectic solvents have become crucial for Ga-
containing deposits because Ga is limited in aqueous systems and has a narrow
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electrochemical window. Ga deposition may continue in a choline chloride /urea DES
(reline) with good plating efficiency and without HER interference; Cu-Ga precursor
stoichiometry can be adjusted by hydrodynamic and potential control; CGS absorbers
are formed by selenium annealing afterward. This technique has been shown to
produce complete devices, with stated efficiencies of about 4% in representative
trials [103-105]. Needle holes and poor morphology result from HER's interference
with the electrodeposition process. Table 3 provides the deposition characteristics for

the one-step deposition process of CGSe films.

Table 3. CIGS (or CGSe) electrodeposition conditions and resulting film compositions.

Study/ Deposition Electrolyte Depos.ltion Temperature Deposition Resulting F.llm
Reference Method Composition Potential (V Q) pH Time Composi-
vs. Ag/AgCl) tion/Notes
Cu(NOs3),,
Sample 1 One-step Hcgégoirglél Cu-poor,
[102 5 04] electrodepo- LiIZ\I o 3;15 the; -0.6 25 2.5 20 min Ga-deficient
sition 3 CGSe precursor
supporting
electrolyte
Two-step CuSQy, or,
Sample 2 electrodepo- CuClp, GaCls; 15 min + Stoichiometric
P sition and LiCl as -0.9 50 3.0 o CGSe, improved
[105] selenization P
(Cu—Ga then supporting crystallinity
Se) electrolyte
Cusg;lcolr (;?Clz, Good control of
Three-step 3 ) Ga/(Ga + Cu),
Sample 3 (Cu, Ga, Se Ga(NOs)s; Se ~05t0-1.0 25-60 2.0- Varied reduced
[105-107] . deposition bath 35
sequentially) . secondary
containing hases
H,SeOs P
CuCly, GaCls,
and HySeOj3 in
an aqueous —-0.8 (ON), Pulse Dense films,
Sample 4 Pulse elec- . o . ‘formi
[103-105] trodeposition supporting open-circuit 40 3.5 duration better uniformity,
electrolyte; (OFF) 0.1-1s reduced cracks
thiocyanate,
SCN~—
CuSO4, GaCl3,
H,SeO3; and
trisodium citrate
Modified ! Smooth CGSe
Sample5 i atebased  TN3CeHsOy or 0.7 30 4.0 30 min film, controlled
[105-107] citric acid, .
bath C4H5Oy, as the grain growth
complexing
agent

Potassium cyanide (KCN™) is an appropriate complexing agent for single-step electro-
plating of CuGaSe, films according to recent research. A shift in Cu’s reduction potential
toward more negative values facilitates the assimilation of Ga®* ions in the form of Ga,Se;
during the formation of CuGaSe; films. There have been reports of crack-free CGS thin
films made of gelatin and lithium sulfate (Li;SO4). Successful electrodeposition of CGSe
using DES, such as reline, has been documented. Another effective method for incorporat-
ing Ga as oxides or hydroxides is the electroplating of a Cu-Ga film using copper-gallium
nitrate salts [105-107].
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5.3. Electrodeposited CIGSe Thin Film Quality

The thin CIGSe layers must be devoid of surface imperfections, voids, cracks, and
molecular inhomogeneities to be produced on an industrial scale via electrodeposition
of CIGSe. This section covers documented experimental methods for enhancing CIGSe
absorber quality for excellent performance systems [108]. Precisely controlling electrolyte
composition and deposition potential is one of the most crucial tactics. The concentrations
of the four species in the deposition bath can be adjusted to modify the final CIGSe compo-
sition. For instance, while Se?* concentrations significantly affect both Se incorporation and
metal content, increasing Cu?* concentrations tend to increase Cu content [108—110]. To
create Cu-poor and slightly In/Ga-rich absorbers, which are often desired for high-quality
photovoltaic systems, ion concentration, pH, complexing agents, and deposition potential
must be optimized. The primary objectives are to prevent Ga deficits, suppress Cu-rich
phases such as Cu;Se, and maintain an appropriate Cu/(In + Ga) ratio near the chalcopyrite
phase requirement [108-111].

Another efficient technique for raising the quality of CIGSe films is pulse electrode-
position. By alternating between deposition and relaxation periods, pulse-current elec-
trodeposition provides greater control over nucleation and growth than direct-current
electrodeposition. Metal ions are reduced and deposited during the pulse-on period, and
total current density is reduced during the pulse-off period due to ion redistributions
near the electrode’s surface [111]. This increases compositional homogeneity, decreases
roughness, and improves film compactness. It has also been observed that island-shaped
indium development, a significant contributor to irregular precursor layers and subpar
absorber morphology, can be eliminated using pulse-current techniques. Furthermore,
current density, duty cycle, pulse-on and pulse-off timings are examples of deposition
parameters that can be employed to adjust crystallinity, surface morphology, and elemen-
tal distribution according to recent research on pulsed electrodeposition of CIGS/CIGSe
absorbers [112-115].

5.4. Preliminary Treatment Step

Since Figure 9 illustrated the electroplated films will faithfully replicate any surface con-
tamination, oxide, roughness, or local nonuniform current distributions present at the sub-
strate/back contact before deposition, the pre-treatment (PT) step in CIGS (Cu(In,Ga)Sey)
electrodeposition is commonly regarded as a “hidden lever” that controls early-stage
nucleation, adhesion, and defect density. PT is typically designed as a combination of
(i) physical/chemical cleaning + (ii) the electrochemical conditioning protocol performed
right before (or at the beginning of) plating to stabilize the electrode’s surface and the
interfacial chemistry [116]. Inadequate substrate preparation and cleaning can result in
debris or surface roughness that prevents plating and becomes a “killer defect” that shunts
devices according to industrial and scale-up experience. This calls for strict control of foil
roughness/defect density and meticulous adjustment of cleaning consumables/parameters
for high-yield electroplating [117]. To “activate” the surface (reduce residual oxides, desorb
weak contaminants, and establish a reproducible interfacial state in the supporting elec-
trolyte or in the actual deposition bath), PT usually starts at the laboratory scale with solvent
degreasing/ultrasonic cleaning (e.g., acetone/isopropanol), DI rinsing, and drying. This
is followed by a mild chemical etch or oxide removal matched to the substrate (Mo/SLG,
stainless steel, or FTO) [118]. Calixto and colleagues reported that CIGSe films deposited
without PT showed pinholes, micro-cracks, and secondary Cu-Se phases, whereas these de-
fects were strongly suppressed when PT was used. In the same discussion, a representative
CISe protocol is described where CISe is deposited for 20 min at —0.6 V vs. SCE, and a quick
PT for 1 min at —0.5 V vs. SCE (on FTO) significantly reduces cracks/pinholes and mitigates
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nano-islands, suggesting that PT alters the initial growth pathway and improves composi-
tional /microstructural uniformity. PT is important in chalcopyrite electroplating as showed
on the Figure 9 [118]. This conditioning is consistent with what is known about multicom-
ponent electrodeposition; mechanistically, the relative kinetics of Cu/In/Ga/Se reduction
and early nuclei density are highly sensitive to the surface state and local overpotential.
Therefore, PT that slightly “backs oft” the driving force (or briefly polarises in a controlled
way) can promote more homogeneous nucleation, reduce local depletion/overshoot, and
minimize early Cu-Se segregation, which later evolves into secondary phases [118-120].
This is especially important in pulse-plating strategies (often using complexants like citrate

to narrow reduction-potential gaps) where stable initial interfacial behavior is required

to realise the benefits of pulsing for dense, smooth precursors of selenium. Because the

plated precursor must later withstand high-temperature chalcogenization, many groups

broadly define “PT” to include back-contact/interface pre-engineering performed prior to

electrodeposition and subsequent selenization [121]. Examples include limiting excessive

MoSe; and controlling the Na supply (e.g., engineered Na sources, such as Na-doped Mo

back contacts, to achieve more homogeneous Na incorporation, which is known to improve

CIGS growth and device properties). Formation/Se diffusion during selenization using

diffusion-barrier interlayers, including ultrathin TiN in Mo/TiN /Mo stacks, can enhance

device performance and more effectively control the rear interface Figure 9 [121].

1. Pre-treatment (PT) 2. CIGSe Electrodeposition 3. Post-Deposition 4, Device
Selenization Structure
e——
— —_— —_— — l I e L
< b o —Buﬁer (Cds /Zn(0,5)) |,
Solveit d ; Chemical etch / Electrochemical
Ae egrel:;mg oxide removal conditioning (PT) - Chalcogenization '
i (.. HCI/ H,0, Brief polarization Clcis deposition (Se) — CIGSe Ere e o
rasonic cleaning or suitable etchant) (e.g. —0.5V vs SCE, (e.g., -0.6 sz SCE, formation CIGSe
1 min) 20 min) Solar Cell
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Figure 9. Effect of pre-treatment on electrodeposited CIGSe film quality: Schematic of the CIGSe
fabrication and pre-treatment (PT) effects: (1) substrate pre-treatment, (2) CIGSe electrodeposition,
(3) post-deposition selenization, and (4) final device structure; (A) SEM comparison of CIGSe and
CISe films with and without PT; (B) early-stage nucleation/current response; (C) defect-density
reduction by PT; (D) compositional uniformity from EDS line scans; and (E) typical improvement in
device efficiency and fill factor after PT [117-120].
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Pinholes, microcracks, and a secondary Cu-Se phase were observed in CIGSe thin
films deposited without PT. These were prevented by performing pre-treatment prior to
deposition. For CISe electrodeposition, a similar procedure was used to explore the effect of
PT (4 mM CuCly, 9.75 mM InClz, 6 mM HeSeQy, 0.4 M citric acid, and PT at —0.5 V/SCE for
1 min and 0.35 g sodium dodecyl sulphate at —0.6 V/SCE for 20 min over FTO substrates).
Surface irregularities, fractures, and pinholes were evident in PT-free CISe but decreased
with PT. Furthermore, the PT-free surface exhibited nanoscale islands, which could affect
device performance [122]. In contrast, microstructural investigations showed that PT-CISe
had a consistent particle morphology with fewer nanoscale islands. This would therefore
help preserve the film’s composition. Pre-treatment affects the electrodeposition mechanism
during one-bath electrodeposition and, consequently, the quality of the device, although its
precise role has not been thoroughly investigated. Although the pre-treatment procedure
appears to work for all electrolytes, more investigation is required to fully understand
its role and the process by which it regulates morphological and chemical changes. It
appears that this pre-treatment procedure enables the uniform distribution of In and
Ga [120-122].

5.5. Composition Optimization to Prevent Micro-Cracks

Cu deficits are directly relevant to electrodeposition because the Cu/(In + Ga) ratio
strongly influences absorber composition, phase formation, and photovoltaic behavior.
Slightly Cu-poor CIGSe compositions promote Cu-vacancy-related acceptor states and
can support p-type conductivity and favorable junction formation. However, excessive
Cu deficiency may increase the concentration of antisite defects and Cu-deficient sec-
ondary phases, which can enhance carrier recombination and reduce open-circuit voltage.
Electrodeposition conditions should therefore be optimized to maintain a moderately
Cu-poor composition while avoiding both Cu-Se secondary phases under Cu-rich con-
ditions and excessive defect-related phases under strongly Cu-poor conditions. Detailed
atomistic defect energetics and metastable defect phenomena are outside the scope of this
review [123-125].

One of the most important factors in preventing microcrack formation in electrode-
posited CIGS films is compositional control. Small variations in the species ratios can
significantly affect nucleation, grain development, internal stress, secondary-phase for-
mation, and film adhesion to the Mo/glass substrate, as CIGS is a multinary compound.
Cu?*, In®**, Ga®*, and Se species have differing reduction potentials and deposition kinetics,
making electrodeposition more challenging [123]. Thus, in addition to the bath composition,
other factors that affect the final morphology include pH, applied potential /current density,
pulse timing, agitation, and post-selenization conditions. For high-quality CIGS absorbers,
a somewhat Cu-poor final composition is often desired because it promotes the generation
of beneficial vacancies in copper that contribute to p-type conductivity and reduces the
generation of conductive secondary phases (CupSe) [123]. On the other hand, a significant
Cu shortage can lead to Cu-poor ordered vacancy compounds and porous, weakly linked
grains, further exacerbating mechanical weakness and microcrack formation. However,
because Cu—Se phases can function as a liquid-like flux, Cu-rich deposition may enhance
grain growth during annealing. To achieve the final Cu-poor absorber composition, excess
Cu must be eliminated or compensated for by adding In, Ga, and Se. Cu-rich electrode-
posited precursors were used to fabricate high-efficiency devices, as reported by NREL
on electrodeposited CIGS. This was followed by additional In, Ga, and Se adjustments to
achieve an approximate final composition of Cu: eIng7.“Gag3.”Sep [119-126].
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Unbalanced precursor concentrations and non-uniform composition are frequently
linked to microcracks. According to recent studies, CIGS films formed utilizing low concen-
trations of CuCly, InCl3, and GaCls, along with a high concentration of H,SeO3, developed
microcracks. This suggests that an excess of selenium relative to metallic cations may
disrupt the formation of compact films, leading to brittle, strained, or porous layers. Addi-
tionally, they found that CuCl, and H,;SeO3 had a greater impact on film composition than
InCl; and GaCls, indicating that careful management of Cu and Se species is necessary to
achieve a crack-free morphology. Another important problem is gallium optimization [127].
Because Ga** reduction is unfavorable and can lead to oxide /hydroxide formation, par-
ticularly at local pH shifts near the cathode, Ga inclusion in aqueous electrodeposition
is challenging. Stress, phase separation, and local lattice mismatch might result from
poor Ga distributions during selenization. Research on progressively electrodeposited
Cu/In/Cu/Ga/Cu stacks revealed that, particularly at lower selenization temperatures,
non-uniform composition during selenization can produce intermediate phases, including
CulnSe;, CuGaSep, In-Se phases, Cu—Ga phases, and phase-separated regions. Phase
separation and defect holes in the CIGS film at higher temperatures can also result from
excessive or uneven Se concentration during the early stages of selenization. Consequently,
the Ga/(In + Ga) ratio should be optimized for uniform grain growth, mechanical integrity,
and band-gap tuning [127].

The target absorber composition should be near Ga/(In + Ga) = 0.25-0.35 and
Cu/(In + Ga) = 0.85-0.95 for fracture prevention. This range prevents extreme Cu defi-
ciency, which can result in voids and weak grain boundaries, while producing a somewhat
Cu-poor CIGS absorber with an appropriate band gap and decreasing the likelihood of
CuySe production. However, the electrodeposition method determines the precise opti-
mum. Since all elements are deposited concurrently, one-step co-electrodeposition requires
more stringent bath control. Although sequential electrodeposition provides greater control
over individual layers, it requires careful heat treatment to prevent phase segregation and
vertical compositional gradients [128].

Pulse electrodeposition reduces microcracking by improving ion replenishment at the
cathode interface. Metal and selenium species are decreased during the “on-time,” while
depleted ions return to the electrode surface during the “off-time.” Total current density,
hydrogen evolution, rough deposition, and local pH rise all diminish as a result [129]. Pulse
deposition is particularly useful for multicomponent systems like CIGS because it enables
improved control for the deposition of copper-rich and In/Ga-rich phases. Multi-potential
deposition and substrate preparation can help achieve crack-free CIGS layers, according
to reviews of pulsed CIGS electrodeposition; however, if Ga addition is not carefully
controlled, it can lead to morphology-related issues. Cu contents increased, and Se contents
decreased with increasing Cu?* concentrations. Ga decreased as the In3* concentration
increased, while In contents increased gradually. The concentration of In** did not affect
the concentrations of Cu and Se. At lower concentrations, none of the ions was affected by
Ga®*, as illustrated in Table 4. Cu and In contents steadily increased, whereas Ga and Se
contents steadily decreased at high Ga3*. The contents of Se**, Cu, and In decline sharply
when the contents of Ga and Se rise (Table 4) [128-131].
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Table 4.
by composition.

Strategies for reduction in micro-cracks in electrodeposited CIGS films influenced

Composition Factor

Problem When
Not Optimized

Recommended Optimization
Strategy

Expected Effect on
Micro-Cracks

Cu/(In + Ga) ratio

A significant Cu deficit results
in porous films and weak
grain boundaries; excess Cu
forms Cu,Se.

The final absorber is usually
Cu/(In + Ga) = 0.85-0.95,
which is slightly Cu-poor.

Enhances compactness and
lessens porous,
brittle morphology.

Se/metal ratio

Brittle, strained or broken
layers due to excess HySeOs
or Se-rich deposition.

Avoid excessive H,SeO3
concentration relative to Cu,
In, and Ga salts.

Reduces microfractures;
increases film adhesion.

Ga/(In + Ga) ratio

Non-uniform Ga leads to
lattice tension, phase division
and low crystallinity.

Maintain Ga/(In + Ga) ~
0.25-0.35 for conventional
absorber design, avoid local
Ga-rich regions.

Reduces stress and promotes
consistent grain development.

Cu and Se bath concentrations

CuC12 and H25603
significantly influence the
film’s composition

and morphology.

Adjust CuCl, and H,;SeO5
meticulously prior to altering
InCl3 or GaCls.

Improves the integrity of the
composition and the
compactness of

the deposition.

In/Ga balance

Secondary phases may form
due to inadequate

In-Ga distribution

during selenization.

Enhance the incorporation of
In and Ga by employing
sequential or pulse deposition.

Minimizes internal tension
and phase fragmentation.

Pulse on/off time

Ion depletion, uneven growth,
and hydrogen evolution may
result from

continuous deposition.

Utilize pulse current or pulse
potential with an adequate
amount of off-time to facilitate
ion replenishment.

Generates films that are
denser, smoother, and free
of cracks.

Selenization composition
control

Voids and gaps may be
generated by a rapid S-e
reaction or non-uniform
precursor layers.

Gradual thermal escalation
and a controlled supply of Se
are recommended.

Decreases the presence of
voids, phase separation,
and fractures.

Final composition adjustment

Deposited films may not have
the desired
final stoichiometry.

Modify the final composition
by adding In, Ga, Se, or by
post-treatment.

Enhanced the composition
and integrity of the material in
the device.

5.6. Selenization/Sulfurization of Electrodeposited CISe/CIGSe Absorber Layers

In addition to electrodeposition parameters, post-annealing treatment procedures,

such as sulfurization and selenium oxidation, significantly impact the final device’s effi-
ciency. Post-processing annealing techniques in H,Se/selenium/sulfur/Ar/N,/vacuum
environments involve either standard furnace annealing (slow or fast heating rate/long
annealing duration) or rapid thermal processing (rapid heating rate for a short annealing
period). Thermal treatment of the CIGS layer in a vacuum or N or Ar environment is the
most straightforward post-processing annealing method. However, Se loss is the main
disadvantage during Ar and N, annealing. According to certain publications, Se may be
satisfactorily retained in CISe even after 30 min of annealing at 400 °C under argon [132].
The behavior of the electroplated CISe diode after 15 min of treatment at 350 °C in an
argon environment was reported by Frontini et al. [133]. The electrodeposited CulnSe, was
vacuum-annealed at 400 °C, as reported by Hamrouni et al. For the FTO/CISe/ Al device
configuration, the CISe absorber with a 1.2 eV bandgap showed rectifying behavior [134].
For the CIGS layers’ thermal treatment at 300 °C in an Ar environment, Bamiduro et al.
reported a 1 at.wt% Se loss [135]. Mandati et al. observed stoichiometric CIGS layers in
pulse-electrodeposited CIGSe following 30 min of posttreatment at 550 °C in an argon
environment [134-136]. It is too soon to conclude the device’s advantages, considering
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that its effectiveness for Ny- or Ar-annealed CISe/CIGSe absorbers has not been studied.
Since removing the sulphurization and selenium procedures could lower the device’s
fabrication cost, a comprehensive investigation is necessary. Selenization, which uses either
a standardized Se powder or H,Se gas in a regulated environment, is the most popular
annealing process. However, elemental Se powder is preferred over H,Se gas due to the
latter’s hazardous nature. The formation of the CulnSe; phase occurs between 370 and
380 °C after Cu and In binary selenides are first synthesized during the annealing of
CulnGaSe;. The development of the CuGaSe; phase is induced [136].

At high temperatures of only about 425 °C, the gradual interdiffusion of CISe and
CGSe and Ga buildup in the direction of the back contact result in a fully single-phase
CIGSe. Ga dispersion in CIGSe absorbers toward the rear contact throughout selenium
processing is a well-documented issue with poor Voc performance that stems from their
tendency to provide an inadequate bandgap at the SCR [137]. According to research, the
preferred interaction between In and H;Se over Ga leads to greater Ga accumulation at the
back contact (Mo) [138]. A favorable Ohmic-type contact replaces the Schottky contact in
the CIGSe/Mo heterocontact at high-temperature selenium because of the thin MoSe; layer
that forms. Additionally, the generation of a MoSe; film facilitates adhesion enhancement
at the CIGSe/Mo interface [139]. However, an excessively thick MoSe; layer may lead to
high series resistance (Rs), which can affect the fill factor (FF) and open-circuit voltage (Voc)
of CIGSe devices. A thorough investigation of the interdiffusion and phase development of
electrodeposited Cu/In, Cu/Ga, and Cu/(In + Ga) stacks carried out by Oliva et al. found
that a higher treatment temperature or a longer treatment time may improve the incorpo-
ration or distribution of gallium in electrodeposited CIGSe precursors [140]. According
to Ribeaucourt et al., a selenium-treated CulnGa alloy electrodeposited at 450 °C had an
efficiency of 9.3%. However, only 4% efficiency was achieved for CIGSe selenium at 600 °C.
For CIGS post-treatment under a selenium atmosphere between 600 °C and 450 °C for
45 min, the thickness of the binary MoSe; film was between 1 pm and 500 nm. Ga buildup
near the back contact was unavoidable under both circumstances [141]. For CulnGa ox-
ide precursor layer alloys, the efficiency recorded by the same group was 12.4% after
selenium treatment at 550-600 °C for 45 min, followed by reduction (in a H, environ-
ment) at 500-550 °C; moreover, for CIGSe/Cu/In precursor layers and layered Cu/In/Ga—
selenium-treated at 550 °C for 45 min—efficiencies of 11.7% and 10.9% have been reported
by Bhattacharya et al. [139-141]. On flexible stainless steel (SS) substrates, A total-area
efficiency of 13.76% for a 0.48 cm? device—12.5% for cells with a 120 cm? area and 10% for
a 1.07 m? module with an overall output of 107.5 W (Vm =38.2 V and Im = 2.8 A)—was
reported by Basol et al. [142]. Additionally, they have reported certified efficiency over
flexible SS substrates of 14% for 12 cm? and 15.36% for 5.4 cm?. Additionally, the flexible
CIGS module was observed to have a record efficiency of 13.4% fabricated by roll-to-roll
electrodeposition, with a device area of 147.1 x 26 cm? [143]. Fast thermal treatment at
500 °C was used to fabricate the devices using stacked layers of electroplated Ga—Se or
Mo/Cu-In-Ga/In-Se, although the specifics of the post-processing were not disclosed.
Additionally, NEXCIS reported a module efficiency of 14% for Cu(In, Ga)(S, Se), thin
films measuring 60 x 120 cm?. Between 500 and 550 °C, the electroplating of the stack
of Cu-In-Ga underwent progressive sulphurization and selenium processes [144]. By
electrodepositing Cu/In/Ga stacks, Duchatelet et al. found that CIGSe thin films had an
efficiency of 8.7% that were 370 nm thick. The thickness of the CulnGa precursor when
deposited was approximately 120 nm. They noticed a larger Voc of 865 mV after sele-
nium deposition at 550 °C for 15 min compared to the typical CIGSe (2100 nm), which
showed an efficiency of 12.6% with a Voc of 605 mV. In extremely thin CIGS films, the
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accumulating Ga functions as a back-surface field, limiting electron recombination at the
back contact [144,145].

Malaquias et al. obtained an efficiency of 9.8% for electroplated CulnGa alloys
with decreased Ga buildup using a three-step annealing technique [145]. A study by
Kim et al. [146] is described below to illustrate the effects of the three-phase thermal treat-
ment procedure. Three processes are involved in the thermal annealing of the CulnGa metal
precursor that was vacuum-deposited: (1) selenium addition in an H,Se gas environment
for one hour, (2) thermal treatment in argon for around 20 min, and (3) H,S sulfurization
for 10 min at a temperature of 550 degrees Celsius. The experiments showed that the
sputter-deposited CIGS samples were Ga/Cu—Ga intermetallic-rich at the back contact
and stoichiometric at the surface. However, following Ar and H;S post-heat treatments,
homogenization of In and Ga was discovered. The voids on the film disappeared after the
post-thermal treatments (Ar and H5S), as shown by the improved CIGSe microstructure
(vacuum-based deposition). Bi et al. reported an efficiency of 11.04% for CIGS thin films
used in electroplated Cu/In/Ga metal stacks that were annealed in three steps: first, sele-
nium at 580 °C for 15 min; second, N5 for 30 min at 580 °C; and third, selenium at 400 °C
for 10 min [147]. Three-step annealing, as shown in Figure 10, in addition to rapid thermal
annealing, allows a gradual introduction of CulnSe;. Additionally, the third selenium step
prevents the formation of a secondary phase at the surface [144-147].
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Figure 10. Variation in the composition of CIGSe based on the concentrations of Cu, In, Ga, and Se ions
according to different electrodeposition conditions: (a) increasing Cu?* concentration increases the Cu
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fraction while the Se content decreases, with In and Ga remaining nearly constant; (b) increasing
In3* concentration increases In incorporation and correspondingly decreases Ga, while Cu and Se
remain approximately unchanged; (c) increasing Ga3* concentration promotes Ga incorporation at
the expense of In and slightly reduces the Se fraction; and (d) increasing Se** concentration increases
Se and Ga contents while decreasing the In fraction [144-147].

Gallium has a more negative reduction potential than Cu and Se, and the competing
reduction reactions, hydrogen evolution, local pH changes, mass transfer limitations, and
the potential formation of Ga-containing hydroxide or complex species at the electrode
surface strongly influence its deposition. These effects may reduce the fraction of electro-
chemically active Ga species and the Ga deposition efficiency with increasing nominal Ga®*
concentrations. Furthermore, preferential deposition of species containing Cu, In, or Se
can restrict Ga incorporation during simultaneous co-deposition. Therefore, the measured
Ga-related reaction may be reduced, but the total Ga** concentration in the electrolyte
increases [143-147].

5.7. Composition and Structural Control During CIGSe Electrodeposition

Because several chemical and electrochemical events occur concurrently with qua-
ternary CIGS electroplating, the production mechanism of CIGSe is complicated. Some
research teams have provided a satisfactory explanation of the CIGSe deposition mechanism
in recent years. We have compiled the important findings that complete our knowledge of
the mechanism of electodeposition.

One research group (Mishra and Rajeshwar) claims that underpotential deposition
of Cu?* ions onto previously reduced Cu is the first mechanism for the development
of the CuSe binary phase. Even though Se is nobler than Cu, Se(IV)’s direct reduction
requires the initial creation of Cu, since the generation of Se (IV) to Se (0) is slow [148].
The production of Cu nano-nuclei on the surface of molybdenum substrates during the
first stage of deposition permits the inclusion of Se (0) to produce the CuySe binary
phase. Furthermore, even at open-circuit voltages, the Cu,Se phase can readily expand
over molybdenum.

Figure 11 displays the compositional depth profiles of reacted CIGSe and CIGSeS
absorber films as determined by Auger electron spectroscopy. The profiles demonstrate
the progressive redistribution of the five species during the three post-treatment stages.
The differences between Figure 11a,c are primarily caused by the applied heat and reactive
post-treatments because the initial Cu-In-Ga precursor growth regime was the same.
Figure 11a shows the compositional depth profile after selenization thermal treatment
at 400 °C for one hour. The CIGSe absorber is formed in this phase by a combination
of selenium and a ternary metallic precursor (Cu-In-Ga). Nevertheless, the metallic
components’ distribution is still not completely homogeneous. Indium-containing phases
usually react with HySe more quickly, whereas Ga incorporation and diffusion occur more
slowly. Consequently, Ga and Cu-rich areas can remain concentrated in the Mo back-contact
region. This leads to a non-uniform Ga depth profile and an initially back-graded absorber
composition [148-150].
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Figure 11. Compositional depth profiles determined by Auger electron spectroscopy for Cu-In-
Ga precursor films that underwent the following post-treatment stages: (a) selenization (H;Se
atmosphere) at 400 °C for one hour, (b) subsequent annealing in Ar at 550 °C for 20 min, and (c) final
sulphurization in H,S at 550 °C for 10 min. Since all samples underwent the same precursor-growth
regime, elemental interdiffusion and redistribution throughout the various post-treatment stages are
primarily responsible for the variations in the depth distributions of five species [148-151].

Figure 11b displays the depth profile after the subsequent Ar annealing at 550 °C for
20 min. Because Ar is chemically inert, no new chalcogen species are introduced at this stage.
Instead, the increased temperature promotes solid-state diffusion and makes it easier for the
previously formed In- and Ga-containing phases to combine. Consequently, the treatment
improves the homogenization of In and Ga throughout the absorber’s thickness and
reduces the substantial elemental segregation produced during the initial H,Se treatment.
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Ga redistribution may potentially change the absorber bandgap profile and electrical
properties of the CIGSe layer [150,151].

Figure 11c shows the compositional depth profile after the final sulphurization treat-
ment in HyS at 550 °C for 10 min. At this stage, the absorber is supplemented with sulfur,
which partially replaces selenium, resulting in a composition known as CIGSeS. Sulfur can
change the chalcogen depth distribution and increase the local bandgap, particularly near
the absorber surface. The high-temperature sulphurization stage not only promotes greater
Cu, In, and Ga redistribution but also aids in further homogenizing the composition. The
final profile thus represents the combined effects of phase evolution, metal interdiffusion,
and sulfur incorporation during the last post-treatment step. CulnSe; is formed when
the ratio [Se/Cu] exceeds 1, suggesting the incorporation of In>* ions, as reported by
Chassaing et al. [151].

5.8. CIGSe Electrodeposition Schemes and Device-Built Structure

Figure 12 illustrates how several precursor-layer designs are used to create CIGS
absorber layers on molybdenum-coated Na-doped glass substrates. In electrodeposited
CIGS solar cells, the Mo layer acts as the back contact [152]. The sodium provided by the
Na-doped glass can boost grain growth, passivate defects, and enhance device performance.
The main objective of using multiple stacked layers is to control the final Ga/(Ga + In) and
Cu/(In + Ga) atomic ratios, film adhesion, crystallinity, and elemental distribution after
selenization [153].

a
Iﬁ-Se or Ga-Se
Cu-In-Ga Cu-In-Ga oxides
Mo Mo Mo
Na-doped Glass Na-doped Glass Na-doped Glass
d ©
In B
Cu Cu
Mo Mo
Na-doped Glass Na-doped Glass

Figure 12. Conventional precursor layer designs implemented for the manufacture of electrodeposited
CIGSe absorbers: (a) Cu-In-Ga metal precursor deposited on Mo-coated substrate and transformed
to CIGSe by selenization; (b) Cu-In-Ga precursor with an additional In-Se or Ga-Se layer to modify
the chalcogenization pathway and elemental distribution; (c) precursor Cu-In-Ga oxide/hydroxide,
followed by controlled reduction and HjSe selenization; (d) multilayer CIGSe/Cu/In precursor
architecture to tune the composition of the final absorber. The diverse designs highlight techniques
used to manage Ga distribution, phase formation, stoichiometry, and absorber quality during post-
deposition conversion and (e) sequentially stacked Cu/In/Ga metallic precursor layers deposited
on the Mo back contact, allowing independent control of the individual metal-layer thicknesses and
subsequent elemental interdiffusion during selenization to form the CIGSe [154-166].

In some structures (Figure 12a), the ternary metallic precursor (Cu-In-Ga) is directly
electroplated on Mo. This is one of the simplest methods since the metallic components
are added before the selenization stage [154]. The chalcopyrite CIGS absorber is pro-
duced when the Cu-In-Ga precursor and selenium are annealed in a selenium atmo-
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sphere. This two-step process—precursor deposition followed by selenization—is widely
used because it enables low-cost, large-area processing. Managing Ga incorporation can
be challenging because Ga tends to concentrate near the Mo back contact during sel-
enization, thereby lowering surface Ga concentrations and altering the absorber bandgap
profile [154,155].

The structure in Figure 12b has an additional In-Se or Ga-Se layer above the Cu-In-Ga
precursor. This design boosts the availability of selenium and makes it easier to produce
intermediate binary or ternary phases before complete CIGS crystallization. Ga—Se or
In-Se layers can help control the reaction pathway during annealing and improve the final
absorber’s composition [156]. However, the thickness and order of these layers are quite
important. If the reaction is incomplete, secondary phases including Cu,Se, In;Ses, or
Ga-rich phases might continue to form, leading to poor junction quality and reduced device
performance. Studies on stacked CIGS precursors have shown that the arrangement of Cu,
In, and Ga layers, as well as the selenization process, significantly affect the homogeneity,
morphology, and phase evolution of the final CIGS film [157-159].

The precursor layer in the structure in Figure 12¢ is made of Cu-In-Ga oxides. Oxide
or hydroxide precursors can be useful because they may improve layer stability and allow
greater control over various metal-ion deposition processes, especially Ga inclusion. But
eliminating oxygen during selenization is difficult. Remaining oxygen can increase defect
density, reduce crystallinity, and interfere with chalcopyrite formation [160]. As a result,
converting the oxide precursor into a dense CIGS absorber often requires a strong selenium
atmosphere and carefully controlled heat treatment. Recent studies have shown that
oxide/hydroxide precursor chemistry can facilitate Ga incorporation; however, converting
oxide precursors remains a major challenge due to the close relationship between oxygen
and metal species [160-162].

The structure shown in Figure 12d consists of a multilayer sequence of CIGSe, Cu, and
In on Mo. This type of design is used to modify the absorber composition after annealing.
A prefabricated CIGSe layer can act as a seed or base absorber layer, and additional Cu
and In layers can change the Cu-poor or In-rich composition [163]. Cu-poor CIGS is
often selected for devices with superior performance because it reduces the formation of
conductive CuySe secondary phases and improves junction formation with the CdS buffer
layer. Conversely, an excessive Cu deficiency can lead to defects such as ordered vacancy
complexes, which can reduce carrier collection. The thickness of the additional Cu and In
layers must therefore be carefully controlled [164].

Figure 12e displays a sequential electrodeposited metallic precursor architecture com-
prising Ga/In/Cu layers on a Mo-coated Na-doped glass substrate. This setup allows for
independent control over the deposited amounts of Cu, In, and Ga prior to selenization.
Chalcogenide layers boost selenium availability, oxide precursors facilitate Ga incorpo-
ration, metallic precursors streamline the process, and multilayer or sequential designs
provide greater compositional flexibility [165]. However, careful control is required for
stoichiometry, layer thickness, Ga redistribution, selenization temperature, and interface
quality [154]. Thus, the best results are achieved when the precursor design produces an ap-
propriate Ga-depth profile, suppresses secondary phases, promotes complete chalcopyrite
formation, and maintains a slightly Cu-poor final composition [166]. Therefore, the ideal
electrodeposition technique should balance a suitable Ga depth profile, full selenization,
smooth morphology, and composition control. Optimizing layer order, thickness, deposi-
tion potential, pulse conditions, and selenization temperature is essential to produce dense,
crack-free, high-quality CIGS absorbers [160-166].
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6. Challenges and Optimization Strategies
6.1. CdS-Free Buffer Layer in CIGSe Devices

Two different high-efficiency CIGS device topologies with different buffer-layer de-
signs are shown in Figure 13. The front metallic grid and buffer/window stack are placed
after the CIGSe absorber in both devices, which is on a Mo-coated Na-doped glass sub-
strate. The Na-doped glass supplies sodium during high-temperature processing, thereby
increasing p-type conductivity, promoting grain growth, and reducing defect-related re-
combination in the CIGSe absorber [167]. The Mo layer as the back electrical contact
should be chemically stable and have good adhesion during selenization. The Na-doped
glass/Mo/CIGSe/i-ZnO/ Al:ZnO/front grid device structure illustrated in Figure 13a has
a reported efficiency of n = 21.7%. The transparent conductive oxide window and the
p-type CIGSe absorber are separated by the n-type CdS buffer layer in this widely used
arrangement [36]. CdS is frequently used because it offers suitable conduction-band align-
ment, creates a favorable heterojunction with CIGSe, and passivates surface defects at the
absorber interface. The CdS/CIGSe junction is shielded from sputtering damage during
the deposition of the Al-doped ZnO layer by the thin intrinsic ZnO layer. At the same time,
Al acts as the transparent conductive oxide for lateral charge collection [168].

n=21.7% n=21%

.///
Na-doped glass

Na-doped glass
(a) (b)

Figure 13. Schematic comparison of two CdS-free CIGSe solar-cell architectures: (a) Na-doped
glass/Mo/CIGSe/i-ZnO/ Al/front-grid configuration with efficiency of 21.7% and (b) Na-doped
glass/Mo/CIGSe/Zn(O,S)/ZnMgO (ZMO)/ transparent front-contact/front-grid configuration with
efficiency of 21%. The two structures illustrate alternative Cd-free buffer/window-layer designs
developed to reduce cadmium-related environmental concerns while maintaining favorable band
alignment, carrier collection, and photovoltaic performance [167-171].

For electrodeposited CIGSe absorbers, the CdS buffer is essential because improper
bath chemistry and annealing conditions can induce surface roughness, local composition
fluctuation, Cu-rich/Cu-poor regions, and secondary phases. By enhancing connection
formation and reducing interface recombination, the CdS layer can partially offset these
surface flaws. However, CdS has drawbacks, including parasitic optical absorption in the
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short-wavelength range and cadmium-related environmental problems. As a result, reduc-
ing or eliminating CdS has emerged as a key focus in CIGSe device development [169,170].
Figure 13b shows a Cd-free CIGSe device structure with the buffer layer of Zn(O,S), which
reported an efficiency of 1 = 21%. The structure is composed of Na-doped glass, Mo, CIGSe,
Zn(0O,S), ZMO (zinc magnesium oxide), Al, and a front grid. Because Zn(O,S) may have
its band gap and conduction band position altered by varying the O/S ratio, it is consid-
ered a possible substitute for CdS. This tunability enables more successful optimization of
the conduction-band offset at the CIGSe /bulffer interface. While an excessive spike may
prevent electron transit and lower currents, interface recombination can be reduced by a
small positive conduction-band offset. Zn(O,S) composition and thickness must therefore
be carefully regulated [170].

Because Zn(O,S) has a larger band gap than CdS, it can enhance blue-light responsive-
ness and reduce environmental concerns associated with cadmium, making its application
appealing. Nevertheless, Zn(O, S)-based devices are more susceptible to post-deposition
treatment, absorber surface composition, and interface chemistry. Zn(O,S)/CIGSe band ori-
entation may be significantly impacted by Cu-Se phases, oxide residues, or non-uniform Ga
distribution on the surface of electrodeposited CIGSe films [170]. Therefore, before creating
the Cd-free connection, surface cleaning, KCN etching, controlled annealing, and optimized
buffer deposition are crucial processes. As a window or interface layer between Zn(O,S)
and Al, the ZMO layer in Figure 13b is typically ZnMgO or a similar Zn-based oxide. It
enhances band alignment, optical transparency, and junction stability. The Zn(O,S)/ZMO
stack offers greater band-engineering flexibility than the CdS/i-ZnO combo. Ga contents
affect the conduction-band offset at the interface and modify the absorber’s band gap; this
is especially helpful for CIGSe absorbers with varying Ga/(Ga + In) ratios [171].

One of the most researched alternatives is Zn(O,S), since its bandgap and conduction-
band location can be adjusted using the S/(O + S) atomic ratio. This compositional flexibility
permits tuning the junction band alignment to the CIGS absorber. However, a negative
conduction-band offset may result from a sulfur deficit, or “cliff,” which enhances recombi-
nation at the interface and lowers the open-circuit voltage. In contrast, abundant sulfur can
cause a strong positive offset, or “spike,” which inhibits electron transport and reduces the
short-circuit current. Therefore, it is important to manage the composition and thickness
of Zn(O,S) carefully [162]. ZnS is especially desirable because of its broad band gap, low
toxicity, and compatibility with chemical bath deposition. Efficiencies over 18% have been
observed for Cd-free CIGS devices utilizing chemically deposited ZnS buffers. However,
the fabrication of uniform coverage and proper band alignment usually involves tight
control of bath chemistry, absorber surface preparation, and post-deposition treatment for
ZnS [168].

Another important Cd-free buffer material is indium sulfide. InyS; has a rather
good optical transparency. Physical, chemical, or electrochemical processes can deposit
it. CIGS solar cells with In;S; buffers have achieved an efficiency of 14.7%. However,
performance can be greatly affected by layer thickness, composition, thermal treatment,
and the presence of an undoped ZnO window layer [169]. Mg-alloyed ZnO, commonly
written as Zn;_ Mgy O or (Zn,Mg)O, can have its bandgap and conduction-band location
tuned by varying the Mg content. This is appropriate for matching absorbers with varied
Ga contents and bandgaps. Device topologies based on (Zn,Mg)O and Zn(O,S) have
achieved efficiencies approaching or exceeding 20%, indicating that fully Cd-free front-
junction designs can be competitive with traditional CdS-based designs. A milestone
was recorded with an efficiency of 23.35% for a Cd-free CIGSS solar device, based on a
Zn-based buffer and window structure. Independent testing of the device showed that
processing without Cd can produce performance comparable to or better than typical CIGS
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devices with a CdS buffer. This improved performance was mostly attributed to lower
recombination and a higher open-circuit voltage rather than a significant rise in short-
circuit current [171]. However, various difficulties are still limiting the wide industrial
application of Cd-free buffers despite these advancements. Their performance is frequently
quite sensitive to absorber-surface composition, alkali post-deposition treatment, buffer
stoichiometry, deposition temperature, and subsequent annealing. Shunting paths can
occur due to incomplete surface coverage, and unfavorable band alignment might lead
to increased interface recombination or hinder carrier movement. Also, sputtered buffer
and window layers can harm the CIGS surface unless a protective interlayer or low-energy
deposition technique is adopted [170-172].

Future studies should therefore focus on accurate band-offset engineering, conformal
coverage of rough electrodeposited absorbers, low-temperature and non-toxic deposition
techniques, and stable surfaces that do not require extensive light soaking. In particu-
lar, solution-deposited Zn(O,S), electrodeposited In,Ss, atomic-layer-deposited Zn-based
buffers, and all-sputtered Cd-free structures should be emphasized [167]. Such buffer
technologies, in combination with electrodeposited CIGS absorbers, would enable a more
complete non-vacuum or low-vacuum fabrication route and potentially reduce environ-
mental impact and production costs (Table 5) [170-172].

Table 5. Comparison of major cadmium-free buffer-layer materials investigated for CIGS solar
devices, highlighting their principal advantages.

Cd-Free Buffer Main Advantage Main Limitation Reported Achievement
Wide bandgap, low toxicity, Surface coverage and o) ig
ZnS solution deposition band-offset control More than 18% efficiency
Zn(0,9) Tunable bandgap and Highly sensitive to S/(O +S)  Used in high-efficiency
’ conduction-band position ratio Cd-free devices
S Good transparency and Indium content, thickness, Approximately 14.7%
273 multiple deposition options and annealing sensitivity efficiency
(Zn,Mg)O Tunable band alignment Composition and Cd-free devices near or above
8 through Mg content sputter-damage control 20%
Zn-based multllayer ngh voltage anc.l rec‘luced More Fomlplex multilayer Record efficiency of 23.35%
buffer/window interface recombination optimization
Cadmium-free and Interface barriers and process ~ Promising emerging
Zn-Sn-O o . .
compositionally tunable maturity alternative

6.2. Critical Assessment, Best Practices, and Comparison of the Main Electrodeposition Strategies

The research covered in the previous sections has shown that electrodeposition is
not a single processing route but rather a family of routes, each with its own benefits,
limits, and technological maturity. Therefore, the process choice should not depend on the
highest laboratory efficiency reported. Also, one should consider the intended substrate,
the available equipment, the composition required, the coating area, the allowable thermal
budget, environmental constraints, and the targeted production throughput [173].

One-step aqueous co-electrodeposition is the simplest technique in terms of equipment
and process sequence, as the four species are co-electroplated from a shared bath. The main
drawback is that it is difficult to manage elements with very diverse reduction kinetics
simultaneously. Cu and Se are very easy to integrate, but metallic In and, notably, Ga
are incorporated under more cathodic conditions [173]. Ga incorporation improves with
more negative potentials, but at the same time, the rate of hydrogen evolution; local
cathodic pH; and roughness, porosity, pinhole formation, and hydroxide precipitation
increase. Therefore, when the major goal is process simplicity and perfect control of bath
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composition, potential, agitation, temperature, and substrate preparation, one-step aqueous
deposition should be used [174,175].

Sequential deposition of the Cu, In, and Ga metallic precursors usually allows more
control over the amounts of individual metals and the final Cu/(In + Ga) ratio. Therefore,
it is better suited for cases where reproducibility and vast area composition control are
important. But a well-controlled metal precursor does not guarantee a high-quality absorber.
Selenization may lead to interdiffusion, volume expansion, Ga segregation, void formation,
and MoSe, development, as well as incomplete phase conversion. Hence, the thermal
conversion phase has to be an essential part of the deposition process, not just an annealing
step [172-175].

Pulse-current or pulse-potential electrodeposition offers a middle method. During
the pulse-on time, electrochemical reduction and nucleation take place, while the pulse-off
period allows for partial recovery of ion concentrations near the cathode. This can mitigate
total current density, hydrogen evolution, local pH change, and dendrite growth. Pulse
operation is especially advantageous in dilute baths and in multicomponent systems with
mass transfer constraints. However, pulse deposition is not sufficient to provide acceptable
grade CIGSe. If an unsuitable complexing agent is used, the electrolyte is unstable, the
substrate is contaminated, or the pulse potential is extremely negative, and non-uniform
films will still be formed [174-176].

Oxide- or hydroxide-assisted techniques include In and Ga as oxide or hydroxide
intermediates by local alkalization near the cathode at less negative potentials than for
direct metallic deposition. These technologies can somewhat surmount the problem of Ga
deposition in aquatic media. The fundamental constraint is that the precursor must be
reduced and transformed into a dense chalcopyrite absorber. Residual oxygen, imperfect
reduction, and non-uniform oxide distribution can degrade phase formation and electrical
performance [174-177].

Non-aqueous electrolytes, ionic liquids, and deep eutectic solvents have broader
electrochemical windows and suppress aqueous hydrogen-evolution reactions. Hence,
they are attractive for Ga-containing precursors and for studying deposition mechanisms
that are not easily isolated in water. However, their industrial suitability is now limited
by their higher viscosity, slower mass transfer rates, susceptibility to water, need for
electrolyte purification, and unknowns about their cost and recyclability. They should now
be considered as promising research platforms, not as generally preferable substitutes for
aqueous baths [175].

Recommended Best Practices

The following practices are highlighted as particularly important in the collective literature:

1. Define the target composition prior to optimizing the potential

For typical CIGSe absorbers, a slightly Cu-poor final composition is usually favored.
The composition of the bath and the composition of the deposited precursor should
be stated separately, as the elemental ratios can be significantly altered by selenization,
volatilization, and post-deposition modifications [173,174].

2. Characterize the electrolyte prior to device fabrication

Cyclic voltammetry, linear-sweep voltammetry, rotating-disk measurements, and
deposition-efficiency studies should be employed to identify reduction regions of the
individual and combined species. Selecting a potential only based on typical reduction
potentials is not sufficient, since complexation, pH, substrate type, local mass movement,
and induced co-deposition change the real deposition behavior [174].

3. Rigid control of substrate and pre-treatment
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Surface contamination, native oxides, roughness, and non-uniform conductivity affect
the initial nucleation density and may later cause pinholes or shunting defects. The cleaning,
activation, and electrochemical conditioning stages should be stated in the same detail as
the bath composition [174,175].

4. Consider hydrogen evolution as a measured competitive reaction

Hydrogen evolution should not be merely qualitative. Wherever possible, current
efficiencies, gas evolution, local pH, deposit mass, and charge balance should be evaluated.
Excessive hydrogen evolution is a warning that, by making the potential more negative,
nominal Ga incorporation can be increased at the expense of usable film quality [174].

5. Joint optimization of pulse parameters rather than separate

Coupled variables are the pulse-on time, pulse-off time, peak current density, duty
cycle, agitation, and ion concentration. The longer the off-time, the better the ion replenish-
ment, but the lower the average deposition rate. Optimization has to consider film quality
and production throughput [172-174].

6.  Decouple precursor quality from absorber quality

The smooth precursor may not become phase-pure after selenization, and a composi-
tion near the ideal stoichiometry does not ensure a desirable depth distribution. Surface
and cross-sectional morphology, elemental depth profiles, X-ray diffraction, Raman spec-
troscopy, and device measurements should be assessed in parallel [173-175].

7. Reproducibility and spatial consistency of reporting

A single high-performing sample does not establish process reliability. Mean values,
standard deviations, number of samples, coating area, and measurements at different
positions of the substrate should be reported. This is especially essential when claims are
made about scalability [173,174].

8.  Assess environmental benefits over the entire process

Replacing vacuum deposition with an aqueous process does not necessarily
make fabrication environmentally benign. The sustainability assessment should
take into account the use of toxic selenium compounds, cyanide-containing etchants,
Cd-based buffers, solvent recycling, wastewater treatment, and energy-intensive
selenisation [172-175].

Electrodeposition remains desirable for solar manufacture because of its compatibility
with inexpensive equipment, effective use of material, large-area coating, and continuous
processing. However, the industrial utility of a deposition method is related to the unifor-
mity, yield, bath stability, reproducibility, and module integration rather than small-cell
efficiency alone. This differentiation is in line with earlier appraisals of electrodeposited
CIGS technology and industrial development initiatives [174,175].

6.3. Device Fabrication Workflows and Key Photovoltaic Parameters
6.3.1. Key Photovoltaic Parameters

The conversion efficiency alone is insufficient to estimate the performance of an
electroplated CIGS absorber. The main photovoltaic characteristics are open-circuit voltage
(Voc), fill factor (FF), short-circuit current density (Js), and the device’s efficiency (17). These
quantities are connected by

n= (Voc X Jsc X FF/P,'n) X 100

where Py, is the incident illumination power density, which is normally 100 mW cm—2

under standard AM1.5G conditions [172-175].
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The parameters give complementary information on the quality of the devices. Voc
heavily depends on absorber bandgap, bulk and interface recombination, defect den-
sity, and absorber-buffer band alignment. Jsc depends primarily on optical absorption,
absorber thickness, carrier collection, parasitic absorption in buffer and window lay-
ers, and spectral response. FF is highly sensitive to series resistance, shunt resistance,
junction quality, and transport barriers. Hence, when comparing different electrode-
position and device-fabrication processes, all four characteristics should be presented
simultaneously [172-174].

A conventional electrodeposited CIGS absorber layer possesses complete device struc-
tures deposited with different deposition methods: SS or metal foil/Mo/CIGS/buffer/i-
ZnO/TCO/front grid.

The fabrication process generally includes the following stages:

1.  Cleaning and surface preparation of the glass, stainless-steel foil, or flexible substrate.
Deposition of the Mo back contact, typically by sputtering.

Electrodeposition of a quaternary CIGS precursor or sequential Cu/In/Ga
metallic layers.

Adjustment of the precursor composition, where required.

Selenization or sulfurization to form the crystalline chalcopyrite absorber.

Surface cleaning and removal of undesirable Cu-Se secondary phases when present.
Deposition of the buffer layer by chemical bath deposition or another conformal method.
Deposition of intrinsic ZnO and a transparent conductive oxide such as ZnO:Al.

0O ® N e

Formation of the metallic front grid and, where applicable, an antireflection coating.
10. Current-density—voltage and external quantum-efficiency measurements under cali-
brated illumination [177-179].

6.3.2. Common Chemical-Bath-Deposited Buffer Systems

CBD-CdS: CdS is the typical buffer for CIGS devices because of its reproducible
junction generation, good interface passivation, and known processing window. A typical
bath contains a soluble Cd precursor, an ammonia-based complexing system, and thiourea
as the sulphur source. Due to the toxicity of Cadmium and the parasitic short-wavelength
absorption, other buffers have been developed [180] (Table 6).

Table 6. Typical device structures, processing routes and CIGS device performance made from
electrodeposited precursors.

Absorber Route
ere Representative Buffer/Window Jsc o . . o
and D.ep051F10n Fabrication Workflow  Configuration Voc V) (mA cm—2) FE (%) Efficiency (%)
Configuration
Solution
Electrodeposited electrodeposition of a
CIGS precursor Cu-rich precursor; CBD-CdS/i-
followed by PVD additional In, Ga, and Zn0O/7Zn0O:Al/ 0.666 30.5 75.6 15.4
composition Se incorporation by metal grid
adjustment [180] PVD; device
completion
T e aquens -
Stacked Cu/In/Ga temperature; CdS/Zn0-
. N based 0.55 28.3 66 11.7
electrodeposition [181] selenization near .
o . window /front
550 °C; device
. contact
completion
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Table 6. Cont.
Absorber Route
ore Representative Buffer/Window Jsc o . . o
aggn]?i;z:;g;;n Fabrication Workflow  Configuration Voc (V) (mA cm—2) FE (%) Efficiency (%)
Electrodeposition;
Electrodeposited chalcogenization; CdS
metallic layers witha  deposition; CBD-CdS/Ag
non-vacuum front Ag-nanowire/AZO nanowires/AZO 0.580 3482 69.60 14.05
electrode [182] electrode;
post-treatment
. Electrodeposition and
]éllztsrc‘;if}ﬁ) osited chalcogenization;
} (NHy),S surface CBD-CdS/i-
;?lcsgc’;emperature treatment; ZnO/AZO 0.532 32.9 68.15 11.92
treatment [183] conventional device
) completion
iduilprner cop
High-performance tion/ sulfu,rization and Zn(0,50H)x/
Cd-free CIGSSe . ZnygMgp 20/ 0.7339 39.60 80.4 23.35
alkali treatment;
benchmark [184] transparent

wet-chemical buffer;
ZnMgO front junction

conductive film

CBD-ZnS and ZnS(O, OH): ZnS-based buffers have larger band gaps and lower
parasitic absorption. Their performance is strongly affected by deposition time, thickness,
surface coverage, and light-soaking treatment. Also, ammonia-free techniques for CBD-
ZnS(0O, OH) have been devised to reduce the use of cadmium and the environmental load
of ammonia-containing baths [181].

CBD-Zn(O,S) is a highly desirable buffer without cadmium sulfide since the O/S
composition may be modified to control the optical bandgap and conduction-band location
of Zn(O,S). A too-high conduction band spike may impede electron transport. Cliff-like
offsets may enhance contact recombination [182,183].

CBD-In;, S3-Derived Buffers: Indium sulfide and indium oxyhydroxide-sulfide deriva-
tives have also been employed as Cd-free buffers. The efficiency of these devices is de-
termined by their composition, absorber-surface chemistry, band alignment, and post-
deposition treatment [184] (Table 6).

6.4. Best-Practice Electrochemical Fabrication Routes and Emerging Process-Control Strategies

As shown in Table 7, the maximum CIGS performance based on electrodeposition
is often achieved by sequential deposition of metallic precursors followed by carefully
regulated chalcogenization, rather than by direct one-step aqueous deposition of all four
absorber elements. The 17.3% NEXCIS result shows that electrodeposition can achieve
industrially relevant performance when separating composition control into individual Cu,
In, and Ga deposition processes [185].

A significant historical benchmark is the 15.4% solution-based precursor device, but
it required PVD addition of In, Ga, and Se. This consequently demonstrates the quality
that can be obtained from an electrodeposited seed layer rather than a wholly non-vacuum
procedure. The 14.05% Ag-nanowire/AZO device is an example of a more complete
non-vacuum approach, where both the absorber’s preparation and transparent-electrode
production were compatible with scaled wet processing [181].
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Table 7. Representative best-practice and emerging strategies for electrochemical fabrication of CIGS

solar cells.

Strategy and Bath Chemistry or .. Deposition or Post-Treatment Device
. Principal Control S Performance or
Representative Precursor Monitoring and Buffer
. . Parameters . . Demonstrated
Study Configuration Technique Formation
Outcome
Individual layer Controlled Se
Sequential Separate Cu, In, thickness, charge and/or S Reported cell
Cu/In/Ga and Ga metallic density, current Sequential chalcogenization; o ffiiienc of 17.3%:
electrodeposition— layers; sequential distribution, bath large-area CBD-CdS or module Zfﬁcier.lc ”
NEXCIS route control of stability, and electrodeposition Zn(S,0,H)-type approximatel 1432 y
[184] deposited charge substrate buffer; ZnO PP yos
uniformity front contact
. . Acidic aqueous Bath acidity, .. Thermal 15.4% efficiency;
Hybrid solution- precursor bath, precursor Electrodeposition . .
. . . conversion; hybrid rather than
electrodeposited approximately pH  composition, and followed by PVD .
. o conventional fully
CIGS precursor 2; Cu-rich subsequent addition of In, Ga, .
. . 1 CdS/ZnO electrochemical
[181] solution-deposited ~ composition and Se .
) device stack route
precursor correction
Precursor
All-non-vacuum composition, Electrodeposition ~ Chalcogenization; Ver = 0580 V-
CIGS device with Electrodeposited chalcogenization plus CBD-CdS; ] OC__3 4 .82 m A,
Ag-NW/AZO metallic precursor  conditions, solution-processed ~Ag-NW/AZO csr;:\:z FF — 69.60%:
front electrode layers Ag-NW density, transparent front contact and 1 4' 050/_ R
[186] and AZO electrode post-treatment =207
processing
Pulse potentials
Pulse- and timing, One-step pulse- Absorbe?r Voc =472.7 mV;
. . ChCl:urea = 1:2; . . conversion;
potentiostatic CIGS temperature, potentiostatic ) Jsc =34.0mA
L. CuCl,, GaCls, and . . . .. CBD-CdS; ) o
deposition from InCla: 65 °C diffusion behavior, electrodeposition i-Zn0/ AL-ZnO; cm ™ %; FF = 62.6%;
reline [187] 3/ and CGI/GGI guided by CV . . ! n=10.1%
- Ni/Al grid
ratios
Lamp-pulse Pulse Efficiency of
Pulse selenization . sequence, surface Pulsed thermal halogen-lamp 12.35%;
. Electrodeposited . e . o
of electrodeposited CIGS precursor temperature, waveform during selenization; approximately 38%
CIGS [188] p treatment time, selenization conventional relative
and Se supply device completion  improvement

The reline example demonstrates that, by pulse optimization and advanced waveform
control, some of the limitations of aqueous electrolytes can be circumvented. The extensive
electrochemical window of the deep eutectic solvent helped minimize hydrogen evolution
interference, and pulse-potentiostatic control gave a large scope to tune Ga’s incorporation.
However, its efficiency of 10.1% is still lower than the optimized sequential metallic-
layer approaches, suggesting that one-step simultaneous compositional control is still
problematic [185]. The pulse selenization shows that the device’s performance is not deter-
mined only by the quality of the precursor. The thermal waveform substantially affects Ga
redistribution, grain formation, and defect chemistry. The improvement of about 38% over
pulsed heating implies that post-treatment optimization can yield advantages comparable
to those resulting from the modification of the electrodeposition bath (Table 7) [186-188].

6.5. Future Challenges for CIGS Electrodeposition

One of the most interesting non-vacuum methods is electrodeposition for produc-
ing CIGS absorber thin films. However, several scientific, technological, and commercial
challenges still limit their broader application in high-efficiency solar manufacturing. The
first major challenge is properly managing film stoichiometry, as Cu, In, Ga, and Se ex-
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hibit different electrochemical reduction behaviors in aqueous electrolytes. While higher
cathodic potentials are often required for In and Ga deposition, this increases the possibil-
ity of hydrogen production, local pH variation, porosity development, and non-uniform
morphology; Cu is relatively straightforward to minimize [189]. As a result, it remains
challenging to produce a compact, pinhole-free, compositionally homogeneous CIGS pre-
cursor, especially on large-area substrates [190-192]. Because Ga3* reduction is challenging
in aqueous solutions and Ga may generate oxide or hydroxide species near the cathode
when local pH rises, gallium inclusion is a major limitation [193]. Poor Ga integration,
Ga-rich secondary phases, or suboptimal Ga grading following selenization can result
from this issue. Inadequate Ga distribution can lower the open-circuit voltage and increase
recombination losses because Ga controls the band gap and back-surface field of CIGS
absorbers. Another important issue is secondary-phase generation, such as Cu,Se, InySes,
Gay 03, CuSe, and MoSe;. Some of these phases can be removed by chemical etching, while
others remain in the film, causing negative effects on adhesion, long-term stability, series
resistance, and connection quality [194].

Furthermore, electrodeposited precursors are usually annealed or selenized after depo-
sition to form chalcopyrite with large grains and high crystallinity. However, this thermal
stage is difficult to control, as excessive selenization can lead to Se loss, void formation,
MoSe, overgrowth, Ga segregation at the substrate, and delamination at the interface of
Mo/CIGS, while inadequate annealing results in poor crystallinity. Another significant
challenge is scaling up electrodeposition from tiny lab cells to large-area modules [195].
Uniform current distribution, regulated mass transfer, consistent bath chemistry, repeatable
film thickness, and excellent material utilization across large substrates are all necessary for
industrial manufacturing. Absorber composition and device performance can be signifi-
cantly altered by even small changes in electrolyte content, pH, temperature, agitation, or
electrode spacing. Reducing hazardous chemicals, such as toxic Se-containing atmospheres,
KCN etchants, and Cd-containing buffer layers, is also necessary to support the shift to-
ward more economical, environmentally safe production. Zn(O,S), In;S3, and ZnMgO are
promising Cd-free buffer layers. Still, they require careful band-alignment management
with electrodeposited absorbers, for which their surfaces may be rougher and chemically
more complex than those of vacuum-grown CIGS. The efficiency discrepancy between the
best vacuum-processed CIGS devices and electrodeposited CIGS devices is another poten-
tial problem [196-198]. Improved control over nucleation, pulse deposition, complexing
agents, additive chemistry, precursor architecture, alkali integration, interface passivation,
Ga grading, and absorber defect chemistry will be necessary to close this gap. Lastly,
resource availability and sustainability need to be taken into account. Indium and gallium
are relatively rare elements, and future CIGS electrodeposition research should focus on
thinner absorbers, improved material utilization, recycling of electrolyte baths, reduced
waste, and possibly partial replacement or more efficient use of the key elements [198-200].
Thus, the future of CIGS electrodeposition lies in the development of a fully integrated
process with stable electrolyte chemistry, controlled pulse deposition, optimized seleniza-
tion, Cd-free buffer layers, interface passivation, scalable reactor design, and thorough
in-line monitoring. To establish electrodeposition as a reliable industrial technique for the
production of inexpensive, highly efficient, and sustainable CIGS solar devices, numerous
developments are necessary; all this information is summarised in Table 8 [199-204].
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Table 8. Future challenges and research directions for CIGS electrodeposition.

Challenge

Main Problem

Effect on CIGS
Device Performance

Future Research Direction

Stoichiometric control

The deposition rates and
reduction potentials of the
four CIGS species differ.

Absorber quality and device
reproducibility are decreased
by non-uniform Ga/(Ga + In)
and Cu/(In + Ga) ratios.

Utilize complexing agents, bath
monitoring, regulated pH, pulse
electrodeposition, and optimized
current density.

Gallium incorporation

Ga electrodeposition is hard
in aqueous electrolytes and
may result in the formation of
Ga oxide/hydroxide species.

Inadequate Ga distribution
lowers open-circuit voltage
and worsens

band-gap grading.

Generate consecutive Ga-rich layers,
vacuum-assisted electrodeposition,
pulse plating, and

non-aqueous electrolytes.

Hydrogen evolution

The production of hydrogen
gas is encouraged by high
cathodic potentials.

Causes low plating efficiency,
rough surfaces, porous films,
and pinholes.

Utilize diluted electrolytes, decreased
overpotential, pulse-off relaxation
time, agitation management, and
complexing agents.

During deposition or

Increases poor junction

Use optimized annealing, KCN-free

Secondary-phase selenization, Cu,Se, CuSe, formation, series resistance, selective cleaning, controlled Cu-poor
formation In,Se3, Ga, O3, and MoSe, recombination, and composition, and XRD/Raman
may develop. leakage current. phase monitoring.
Cracks or rough films are . . Enhance substrate cleansing,
. Decreases fill factor, increases .
Morphology and caused by stress, inadequate temperature ramping,

micro-cracks

nucleation, hydrogen bubbles,
and uneven deposition.

shunting, and decreases
absorber continuity.

surfactants/additives, seed layers,
and pulse timing.

Selenization control

Precursors electrodeposited
with CIGS require
high-temperature

Se treatment.

Small grains, voids, Se loss,
Ga segregation, or
delamination are all results of
poor annealing.

Optimize the temperature profile,
ramp rate, annealing duration, quick
thermal processing, and Se pressure.

Mo /CIGS
back-contact stability

During selenization, excessive
MoSe; or poor adhesion
may develop.

Increases series resistance and
causes delamination or poor
back contact.

Optimize Mo thickness and
roughness, add barrier/intermediate
layers, and manage Se activity.

Large-area uniformity

Large surfaces make it more
difficult to control mass
movement and

current distribution.

Causes module efficiency
deficits, composition
gradients, and

thickness variation.

Use flow-assisted deposition,
rotating/linear agitation, and in-line
composition mapping to design
scalable electrochemical cells.

Interface and
buffer-layer
compatibility

The surfaces of CIGS that
have been electrodeposited
may be uneven or
chemically non-uniform.

The voltage is reduced, and
recombination increases due
to a poor

CIGS/buffer interface.

Develop optimized band alignment,
Cd-free buffer layers, controlled
etching, and surface passivation.

Environmental and
safety concerns

Safety concerns are raised by
CdS etching, KCN etching, Se
vapor, and waste electrolytes.

Limits industrial acceptability
and elevates
processing expenses.

Utilize cyanide-free cleaning, closed
Se systems, electrolyte recycling, and
green bath chemistry, in addition to
Cd-free buffers.

Efficiency gap with
vacuum CIGS

The efficacy of
electrodeposited devices is
frequently inferior to that of
record vacuum-processed
devices.

Restricts commercial
competitiveness.

Pulse deposition, alkali treatment,
defect passivation, Ga grading, and
enhanced window /buffer stacks.

Material scarcity and
sustainability

Ga and are key factors for
wide-scale deployment.

May increase cost and limit
manufacturing at
terawatt scale.

Reduce material losses, create thinner
absorbers, enhance utilization, and
recycle electrolyte baths.
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7. Comparative Assessment of CIGS Growth Technologies

There are many vacuum and non-vacuum growth technologies that can be used to
create CIGS and CIGSSe absorber layers. The highest device efficiencies have been achieved
with vacuum-based technologies, particularly multi-stage co-evaporation and sputtered-
precursor processes followed by reactive chalcogenization. Their high performance is
mainly due to the accurate regulation of the Cu/(In + Ga) and Ga/(In + Ga) ratios, the
thickness of the absorber, the gallium grading with depth, the incorporation of alkali, grain
growth, and interface formation. The highest certified efficiency of a single-junction chal-
copyrite solar cell is 23.64% for a vacuum-deposited Ag-alloyed CIGS absorber with high
Ag concentrations and steep back-contact Ga grading [205]. A validated efficiency of 23.35%
was also attained for a cadmium-free CIGSS device prepared with an industrially relevant
vacuum-based precursor and sulfurization/selenization method [206]. Co-evaporated
CIGS devices with heavy-alkali post-deposition treatment have also obtained certified
efficiencies of 22.6% [207]. These results reveal that the absorber composition and defect
chemistry may be precisely controlled via vacuum processing. Non-vacuum techniques
such as electrodeposition, molecular-ink coating, nanoparticle spray coating, and other
solution-based processes are desirable because they can reduce both material waste and
capital-equipment costs. These methods are also amenable to wide-area deposition and
continuous manufacture. A hydrazine-based molecular-precursor technique yielded a
CIGSSe cell with 15.2% efficiency, and a non-hydrazine molecular-ink process later gener-
ated 14.7% [208,209]. The hydrazine technique offers good control of compositions, but it
has considerable toxicity and industrial handling issues (Table 9).

One of the most promising non-vacuum approaches is electrodeposition followed
by thermal chalcogenization. Optimizing the NEXCIS electrodeposition technique has
yielded a reported small-area cell with 17.3% efficiency, one of the highest values known
for an electrodeposited CIGS-family absorber [210,211]. However, caution should be
exercised when comparing reported findings as the efficiencies stated varied in terms
of their certification, illumination area, absorber composition, substrate type and device-
processing conditions.

Within the non-vacuum CIGS synthesis methods, solution-deposited molecular or
nanoparticle precursors followed by selenization have yielded comparatively high efficien-
cies of approximately 16.0-17.3%, demonstrating the promise of solution processing to
generate high-quality absorbers while minimizing material waste and the need for vacuum
equipment [212]. Electroplating of ternary Cu-In—-Ga or CIGS precursors followed by
selenization or sulphurization has also led to efficiencies of up to 17.3% for small-area
devices, demonstrating that electrochemical control of precursor composition can enable
competitive photovoltaic performance [213]. For flexible production, the roll-to-roll elec-
trodeposition of metallic precursors, combined with a fast thermal chalcogenization, has
achieved efficiencies of 13.4-15.4%, depending on the active area and whether the result is
a single cell or a module [212-215]. However, direct aqueous electrodeposition of the entire
CIGS precursor followed by selenization has been reported, with an efficiency of ~10.4%.
This result is due to the more difficult simultaneous control of CIGS four species inclusions
during a single water-deposition phase [215]. The reported non-vacuum CIGS production
technologies can achieve promising efficiencies, but improvements in compositional unifor-
mity, Ga incorporation, precursor morphology, chalcogenization control, and large-area
reproducibility are needed to match the performance of state-of-the-art vacuum-grown
devices (Table 9).
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using different absorber-growth technologies.

Table 9. Comparative summary of representative high-performing CIGS-family solar cells fabricated

Absorber Deposition or Best Reported
Processing Category Representative Device Architecture ~ Conversion
Growth Method . .
Efficiency (%)
Three-stage co-evaporation of .
Ag-alloyed CIGS with Vacuum-based Glass/Mo/ (Ag,Cu)(In,Qa)Sez /CdS/i- 23.64 (2024)
. ZnO/Zn0O:Al/metal grid [205]
controlled Ga grading
Sputtered metallic precursor Vacuum precursor deposition  Glass/Mo/Cu(In,Ga)(S,Se), /Cd-free  23.35 (2019)
followed by . . L .
.. L with reactive chalcogenization  buffer/TCO/metal grid [206]
sulfurization/selenization
vl\fi‘tl}llt‘g;ge co-evaporation Vacutm-based Glass/Mo/Cu(In,Ga)Se, /CdS /i- 226 (2016)
. uu Zn0O/Zn0:Al/Ni-Al grid [207]
post-deposition treatment
Low-temperature Vacuum-based, Polyimide/Mo/CIGS/CdS/i- 21.4, independently

co-evaporation on

flexible polyimide flexible substrate ZnO/Zn0O:Al/metal grid measured (2021) [208]
Direct magnetron sputtering Glass/Mo/intermediate 15.8 (2021)

without an external Se supply =~ Vacuum-based layer/CIGS/CdS/i- 2 (')9]

during absorber deposition ZnO/AZO/metal grid

Hydrazine-based

molecular-precursor coating Non-vacuum Glass/Mo/Cu(In,Ga)(Se,S), /CdS/ 17.3 (2016)

followed by solution processing ZnO-based window /metal grid [210]

thermal conversion

Solution-deposited molecular
or nanoparticle precursor
followed by selenization

Non-vacuum
solution processing

Glass/Mo/CIGSSe/CdS/i-
ZnO/TCO/metal grid

16.0-17.3 (2016-2022)
[211]

Electrodeposited CIGS alloy
followed by
selenization/sulfurization

Non-vacuum
absorber-precursor deposition

Glass or flexible
metal/Mo/CIGSSe/CdS/i-
ZnO/Zn0O:Al/metal grid

17.3 for small-area
cells (2018)
[213]

Roll-to-roll electrodeposition
of metallic precursor followed

Non-vacuum precursor
deposition, flexible

Stainless-steel
foil/Mo/CIGSSe/CdS/TCO/metal

13.4-15.4, depending
on cell or module area

by rapid thermal . . (2010-2013)
chalcogenization manufacturing grid [214]
Direct aqueous .

o Glass/Mo/electrodeposited
electrodeposition of CIGS Non-vacuum . ) 10.4 (2011)
precursor followed laboratory process CIGS/CdS/i-ZnO/Zn0:Al/metal [215]

by selenization

grid

8. Conclusions

Electrodeposition is undoubtedly one of the mature and scalable non-vacuum-based

deposition processes for CISe/CIGSe absorber layers. This study presents advancements
in the electrodeposition of ternary and quaternary films, primarily focusing on the alloy
formation mechanism, experimental procedures, deposition pathways, and substitutes
for the CdS buffer layer. CIGSe thin-film solar cells remain one of the most promising
second-generation photovoltaic technologies due to their high optical absorption coeffi-
cient, adjustable band gap, long-term stability, and compatibility with flexible, lightweight
substrates. This review addresses major developments in CulnGaSe; electrodeposition,
with an emphasis on material properties, device structures, electrolyte chemistry, elec-
trochemical deposition mechanisms, precursor-layer designs, post-deposition seleniza-
tion/sulfurization, and techniques to improve absorber quality. Electrodeposition has
several advantages over vacuum-based deposition techniques, including lower capital
costs, higher material utilization, scalability, and adaptability for large-scale manufactur-
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ing. Because of these benefits, electrodeposition is a desirable method for reducing the
production costs of CIGSe solar devices.

The studies reviewed above demonstrate that absorber quality and photovoltaic
performance are determined by the entire processing sequence, from electrolyte chemistry
and electrochemical deposition to precursor composition and morphology, post-deposition
chalcogenization, and integration into devices. Complexing-agent engineering, diluted and
non-aqueous electrolytes, nitrate-assisted systems, pulse and sequential electrodeposition,
substrate pre-treatment, regulated mass transfer, and optimized selenization/sulfurization
have contributed to substantial advances. In particular, sequentially controlled precursor
deposition followed by carefully controlled chalcogenization has shown great potential for
high-quality absorbers and technologically relevant device performance.

Further gains will rely on translating these advances into reproducible, large-area
production while maintaining homogeneous composition and thickness, stable electrolyte
chemistry, regulated precursor conversion, and dependable device interfaces. Integration of
environmentally preferred Cd-free buffer layers and appropriate in-line process monitoring
will also be necessary. Overall, electrodeposition has shown considerable promise for scal-
able fabrication of CIGSe photovoltaics, but further integration of electrochemical process
control, precursor engineering, thermal treatment, and device-interface optimization is re-
quired to bridge the remaining performance and manufacturability gap with conventional
vacuum-based technologies. Importantly, much effort has already been made to overcome
many of the limitations associated with CIGSe electrodeposition. Improved complexing-
agent systems, diluted electrolytes, nitrate-assisted deposition, and non-aqueous media
have better aligned the reduction behavior of CIGSe four species and improved the in-
corporation of the more challenging elements, particularly Ga. The pulse-current and
pulse-potential methods have minimized hydrogen evolution and local pH variations,
giving rise to denser films with better compositional uniformity and fewer pinholes and
fissures. Pre-treatment of the substrate and regulated hydrodynamic conditions also im-
proved nucleation, adhesion, and large-area film uniformity. Customized selenization and
sulphurization processes have also enhanced the development of the chalcopyrite phase,
grain expansion, and the elimination or transformation of undesired secondary phases.
These developments have led to more reproducible absorber layers and device efficiencies,
thus demonstrating the technological feasibility of electrodeposition. Hence, although
challenges in scale-up, uniformity, gallium control, and process reproducibility remain, the
improvements presented here confirm that these limitations are non-fatal, and systematic
integration of electrolyte engineering, pulse deposition, surface preparation, and thermal
treatment can yield effective solutions. Overall, electrodeposition has made great strides
toward becoming a scalable and affordable technique for making CIGSe thin-film solar cells,
but further development is required before it can fully compete with the most sophisticated
vacuum-processed techniques. The most important future research directions include
enhancing large-area compositional uniformity, preventing hydrogen evolution, increasing
Ga incorporation, avoiding microcracks and secondary phases, optimizing selenisation,
developing Cd-free device structures, and integrating in-line monitoring for industrial
reproducibility. CIGSe electrodeposition has great promise for contributing to the next
generation of affordable, effective, and environmentally friendly thin-film photovoltaic
technologies through further developments in bath chemistry, pulse deposition, precursor
engineering, interface passivation, and sustainable processing.
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The following abbreviations are used in this manuscript:

AES
ALD
ARC
AZO
CB
CBD
CGI
CGS
CGSe
ChCl
CIG
CIGS
CIGSe
CIGSSe
CISe
(G\Y%
DES
DSSC
ED
EDTA
EF

Eg
EMF
EQCM
FF
FTO
GGI
HER
i-ZnO
ITO
Jsc
KCN
KF-PDT
KSpP

OCP
OPV
ovC
Pin

PDT

Auger electron spectroscopy
Atomic layer deposition
Antireflection coating
Aluminum-doped zinc oxide
Conduction band

Chemical bath deposition

Cu/(In + Ga) compositional ratio
Copper gallium sulfide

Copper gallium diselenide

Choline chloride
Copper-indium-gallium precursor
Copper-indium—gallium sulfide
Copper-indium-gallium diselenide
Copper-indium-gallium sulfur-selenium
Copper-indium diselenide

Cyclic voltammetry

Deep eutectic solvent
Dye-sensitized solar cell
Electrodeposition
Ethylenediaminetetraacetic acid
Fermi level

Bandgap energy

Electromotive force

Electrochemical quartz crystal microbalance
Fill factor

Fluorine-doped tin oxide

Ga/(In + Ga) compositional ratio
Hydrogen evolution reaction
Intrinsic or undoped zinc oxide
Indium tin oxide

Short-circuit current density
Potassium cyanide

Potassium fluoride post-deposition treatment
Solubility product constant
Molybdenum

Open-circuit potential

Organic photovoltaic

Ordered vacancy compound
Incident illumination power density
Post-deposition treatment
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PL Photoluminescence

PT Pre-treatment

1Y% Photovoltaic

PVD Physical vapor deposition
RbE-PDT Rubidium fluoride post-deposition treatment
RDE Rotating-disk electrode

RH Relative humidity

Rs Series resistance

RTA Rapid thermal annealing
SCN~™ Thiocyanate ion

SCR Space-charge region

SCE Saturated calomel electrode
SEM Scanning electron microscopy
SHE Standard hydrogen electrode
SLG Soda-lime glass

TCO Transparent conductive oxide
TEA Triethanolamine

U Urea

VB Valence band

Voc Open-circuit voltage

XRD X-ray diffraction

XRF X-ray fluorescence

ZMO Zinc magnesium oxide

Zn(O,S)  Zinc oxysulfide
ZnO:Al  Aluminum-doped zinc oxide
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