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Highlights

e  Colloidal CIGS/CZTSSe films are treated as constrained particulate green bodies.

e Ligand removal, packing, drying, burnout and chalcogenization control absorber
quality.

e Densification alone is insufficient; defects and interfaces govern CZTSSe device
losses.

e  Ceramic-processing concepts are linked to photovoltaic loss mechanisms and diag-
nostics.

Abstract

Colloidal processing provides a scalable non-vacuum route for fabricating CIGS and
CZTSSe thin-film absorbers, but nanoparticle-derived films should be treated as con-
strained particulate green bodies rather than as simple chemically deposited semiconduc-
tor layers. This review reorganizes colloidal chalcogenide photovoltaics using ceramic-
processing concepts: ink dispersion, green-body packing, capillary drying stress, ligand
burnout, constrained shrinkage, reactive chalcogenization, transient liquid-assisted coars-
ening, secondary-phase control, defect chemistry, and interface reactions. The central ar-
gument is that film densification and grain growth are necessary but insufficient for high-per-
formance CZTSSe devices. Residual carbon, Sn loss, Cu/Zn disorder, ZnSe or Cux~Se second-
ary phases, excessive MoSez, and nonideal absorber/buffer band alignment can dominate
open-circuit-voltage loss, fill factor, and carrier collection even when the absorber appears
dense in cross-sectional microscopy. By linking ceramic-processing variables to photovoltaic
loss mechanismes, this review identifies practical routes for improving colloidal chalcogenide
solar cells: controlled ligand exchange and binder burnout, high-green-density precursor de-
sign, moderated chalcogen chemical potential, transient liquid management, depth-resolved
phase analysis, and integrated front/back-interface engineering.

Keywords: CIGS; CZTSSe; colloidal processing; constrained sintering;
reactive chalcogenization; ligand exchange; secondary phases; defect chemistry;
photovoltaic devices
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1. Introduction
1.1. Motivation

The rapid expansion of renewable energy is no longer only an environmental prefer-
ence; it is an urgent technological requirement for decarbonizing electricity generation,
transportation, buildings, and industrial heat. Photovoltaics are central to this transition
because they can be deployed from distributed rooftops to utility-scale plants, but no sin-
gle photovoltaic technology satisfies all requirements for efficiency, cost, material availa-
bility, toxicity, stability, and manufacturability. Crystalline Si dominates the present mar-
ket because of its high efficiency, reliability, and mature manufacturing base, whereas
perovskite and perovskite/Si tandem solar cells offer very high performance but still face
stability, scale-up, and lead-management concerns [1,2]. CdTe is commercially mature
and scalable, but it is constrained by Cd toxicity perception and Te availability. III-V ab-
sorbers and III-V nanowire architectures offer exceptional optoelectronic quality, strong
light trapping, and prospects for advanced multi-junction or intermediate-band concepts,
but their cost, epitaxial complexity, and nanowire-device integration remain major chal-
lenges [3,4]. Within this broader landscape, CIGS and CZTSSe are important because they
combine direct band gaps, high optical absorption, thin absorber requirements, and com-
patibility with flexible or lightweight modules while also exposing distinct materials chal-
lenges that motivate the present review.

Against this background, chalcopyrite Cu(In,Ga)Sez (CIGS) and kesterite
Cu2ZnSn(S,Se)s (CZTSSe) occupy a distinctive position among high-efficiency thin-film
absorbers. CIGS is one of the most successful compound thin-film photovoltaic materials;
recent certified CIGS-family devices have reached 23.64% efficiency through Ag alloying
and steep back-contact Ga grading [1,5]. CZTSSe has lower demonstrated efficiency than
CIGS, CdTe, perovskite, or III-V devices, but it replaces In and Ga with more earth-abun-
dant Zn and Sn and therefore remains scientifically and technologically important as a
sustainable kesterite absorber platform [6-9]. The comparison with competing photovol-
taic systems reinforces the focus of this review: for CIGS and especially CZTSSe, the cen-
tral issue is not only achieving high optical absorption but also understanding how pre-
cursor processing, chalcogenization, defects, secondary phases, and interfaces determine
the gap between material potential and device performance. The structural and device-
level contrast is therefore introduced schematically in Figure 1.
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Figure 1. Schematic comparison of chalcopyrite CIGS and kesterite CZTSSe thin-film solar cells,

highlighting absorber composition, crystal-structure relationship, band-gap tunability, representa-
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tive device architecture, and dominant performance-limiting factors. CIGS has reached certified ef-
ficiencies above 23%, whereas CZTSSe offers earth-abundant chemistry but remains limited by an-
tisite disorder, secondary phases, and interface recombination. Al-assisted schematic; scientific basis
supported by Refs. [1,5-9].

Conventional high-efficiency CIGS and CZTSSe devices are commonly fabricated by vac-
uum-based routes such as co-evaporation, sputtering followed by selenization, or sequential
elemental deposition. These methods provide strong control over film composition, crystal-
linity, and absorber/buffer interfaces, but they require high-vacuum equipment, relatively
high capital investment, and precise process control over large areas [1,5,9].

Unlike previous reviews that mainly emphasize photovoltaic performance, kesterite
defect chemistry, or solution chemistry, this review reorganizes colloidal CIGS/CZTSSe
processing using ceramic-processing concepts: green-body packing, binder burnout, ca-
pillary-stress-driven cracking, constrained shrinkage, reactive chalcogenization, transient
liquid-assisted coarsening, and interface-reaction control. The objective is not to relabel
photovoltaic processing with ceramic terminology, but to use ceramic science to identify
the processing variables that determine film continuity, densification, secondary-phase
distribution, defect formation, and device loss.

Among the various non-vacuum strategies, colloidal processing is especially attrac-
tive because it decouples precursor synthesis from film formation. In this approach, CIGS,
CZTS, CZTSe, or CZTSSe nanocrystals are first synthesized with controlled composition,
particle size, and surface chemistry, then dispersed into printable inks for subsequent dep-
osition and thermal conversion [10-15]. From a ceramic-processing perspective, this route
is analogous to the fabrication of a thin ceramic green body, but the analogy has a defined
scope: particle packing, dispersion stability, solvent evaporation, binder or ligand re-
moval, and constrained shrinkage are ceramic-style precursor phenomena, whereas S/Se
exchange, Sn volatility, chalcogen chemical potential, secondary-phase redistribution, and
MoSe: formation are chalcogenide-specific chemical processes. The ceramic sequence is
therefore used here as an organizing framework for precursor-state control, not as a claim
that colloidal chalcogenide absorber formation is directly equivalent to oxide-ceramic sin-
tering (Figure 2).

However, the conversion of a nanoparticle compact into a dense, large-grained sem-
iconductor absorber remains challenging. Long-chain organic ligands such as oleylamine
are often required to stabilize nanocrystals in solution, but incomplete ligand removal can
leave residual carbon at particle contacts and grain boundaries, suppressing mass
transport and increasing carrier recombination [10,13-15]. During drying and heat treat-
ment, the film is constrained by the rigid Mo-coated glass substrate, preventing free in-
plane shrinkage and generating tensile stresses that promote mud cracking, delamination,
and residual porosity [16,17].

The motivation of this review is therefore to reinterpret colloidal CIGS and CZTSSe
thin-film fabrication through a ceramic-processing lens. Rather than treating the absorber
layer simply as a chemically deposited semiconductor film, this review emphasizes the
absorber precursor as a constrained particulate compact whose final photovoltaic perfor-
mance is governed by the coupled evolution of packing density, organic residues, grain
growth, secondary phases, point defects, and interfaces. This perspective provides a uni-
fied framework for understanding why non-vacuum colloidal routes are promising for
scalable manufacturing, while also clarifying why their performance still lags behind the
best vacuum-processed devices, especially for CZTSSe.
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Figure 2. Ceramic-processing framework for colloidal CIGS/CZTSSe absorbers. The sequence links
nanocrystal synthesis, ligand exchange, ink formulation, deposition, drying, green-body formation,
organic burnout, reactive chalcogenization, grain growth, secondary-phase control, and device in-

tegration. Al-assisted schematic; scientific basis supported by Refs. [10-17].

Unlike previous reviews that have primarily summarized device performance, kes-
terite defect chemistry, or solution-precursor chemistry, this review focuses on a less ex-
plicitly addressed but technologically important question: how does the as-deposited na-
noparticle compact predetermine the subsequent chalcogenization pathway and, ulti-
mately, the photovoltaic loss mechanisms? This distinction is central to colloidal CIGS and
CZTSSe processing because the absorber is not initially formed as a continuous semicon-
ductor layer. It is first deposited as a constrained particulate green body composed of
nanocrystals, surface ligands, solvent residues, interparticle pores, particle—particle con-
tacts, drying-induced stresses, and a mechanically rigid Mo-coated substrate. These pre-
cursor-state features are established before high-temperature chalcogenization, but they
strongly influence whether the final absorber becomes dense and electronically continu-
ous, carbon-contaminated, cracked, nonuniformly converted, or locally enriched with
buried secondary phases.

The green-body framework therefore provides more than a ceramic terminology for
known processing problems. Its value lies in converting colloidal absorber fabrication into
a set of precursor-state criteria that can be measured before chalcogenization and corre-
lated with final device behavior. In this framework, drying defects are interpreted through
a shrinkage—constraint criterion, in which green density, film thickness, solvent evapora-
tion rate, particle packing, and substrate adhesion determine the tendency for cracking,
delamination, and nonuniform chalcogen transport. Organic removal is treated through
a carbon-removal criterion, in which ligand exchange and burnout must be judged by
residual carbon at particle contacts, grain boundaries, and interfaces, rather than by im-
proved surface morphology or loss of organic functional groups alone. Chalcogenization
is described through a reaction-transport criterion, in which pore connectivity, crack net-
works, agglomerates, and carbon-blocked contacts control Se/S penetration, phase-con-
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version uniformity, secondary-phase redistribution, and MoSe: formation. Grain growth
is further evaluated through a transient liquid management criterion, which distinguishes
beneficial liquid-assisted coarsening from excessive liquid segregation, conductive
Cux~Se formation, Sn-related phase loss, or nonuniform interface reaction. Finally, the
framework introduces a microstructure-defect decoupling criterion, emphasizing that
densification and grain growth are necessary but not sufficient for CZTSSe because Cu/Zn
disorder, Sn-related defects, band tailing, secondary phases, and interface recombination
can still dominate the Voc deficit.

This perspective provides predictive insight by shifting attention from final morphol-
ogy alone to the precursor conditions that bias the entire processing trajectory. It explains
why nominally similar compositions and annealing conditions can yield very different
absorber quality and device performance: the high-temperature reaction is already con-
strained by the green-body packing density, organic loading, pore structure, drying his-
tory, and Mo/precursor contact established during film formation. The framework also
clarifies why a dense or large-grained absorber is not automatically a high-quality photovol-
taic absorber, especially in CZTSSe. A film may appear compact in cross-sectional SEM but
still contain buried carbon, localized ZnSe or Cu2-Se, excessive MoSez, Sn-related defects, or
disorder-induced band tails that degrade Voc, FF, EQE, and carrier lifetime. In this sense, the
green-body framework complements existing photovoltaic and defect-chemistry reviews by
linking colloidal film formation to experimentally testable processing—structure-defect—de-
vice relationships for non-vacuum CIGS and CZTSSe solar cells.

Critical summary: The central strength of colloidal CIGS/CZTSSe processing is its com-
patibility with scalable, non-vacuum manufacturing, but its weakness is that precursor-state
defects are easily hidden until they appear as voltage, current-collection, or reproducibility
losses. The review therefore treats the green body not as a rhetorical analogy, but as the earliest
measurable state from which later device limitations can be anticipated.

Organization of This Review

This review is organized to guide readers from processing chemistry to device-level con-
sequences. Section 1 first frames the renewable-energy motivation and the need for scalable
thin-film absorbers, then defines the ceramic-processing viewpoint used throughout the arti-
cle and contrasts the established CIGSSe platform with earth-abundant CZTSSe.

Section 2 examines precursor synthesis and ink formulation. Section 2.1 compares
nanocrystal synthesis routes, including hot-injection, heating-up, solvothermal/hydro-
thermal, and molecular or hybrid precursor approaches (Sections 2.1.1-2.1.4). Sections 2.2
and 2.3 then connect ligand exchange, carbon removal, ink stability, and green-body pack-
ing to the density and chemical homogeneity of the deposited precursor layer.

Section 3 discusses constrained drying, burnout, and pre-sintering. It separately
treats drying-induced shrinkage and cracking (Section 3.1), organic burnout and residual-
carbon control (Section 3.2), and pressure-assisted pre-sintering or green-body compac-
tion as routes to improved precursor contact and reduced pore volume (Section 3.3).

Section 4 focuses on reactive chalcogenization and microstructural evolution. The
discussion distinguishes the ceramic analogy of reactive sintering (Section 4.1) from chal-
cogenide-specific pressure-assisted selenization (Section 4.2), transient liquid-assisted
grain growth (Section 4.3), and bilayer microstructure formation (Section 4.4).

Section 5 connects phase evolution, secondary phases, and defect chemistry. Sections
5.1.1 and 5.1.2 describe phase-evolution pathways in CIGSSe and CZTSSe, respectively,
while Sections 5.2 and 5.3 discuss how secondary phases and intrinsic defects influence
band tailing, recombination, and carrier transport.

Section 6 reviews alloying, surface cleaning, and interface engineering. It covers Ag
substitution, Ge alloying, Sb treatment, and Li/alkali doping (Sections 6.1.1-6.1.4), fol-
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lowed by absorber-surface cleaning (Section 6.2) and interface/back-contact control strat-
egies (Section 6.3).

Section 7 translates the processing and microstructural issues into transport and per-
formance metrics. It discusses carrier-transport mechanisms (Section 7.1), device metrics
and diagnostic signatures (Section 7.2), and the remaining bottlenecks that limit voltage,
fill factor, and carrier collection (Section 7.3).

Section 8 outlines future directions, including operando characterization of reactive
chalcogenization (Section 8.1), interface passivation and contact selectivity (Section 8.2),
alloying and defect control linked to the Voc deficit (Section 8.3), and scalable, environ-
mentally safer manufacturing (Section 8.4). Section 9 closes with the principal conclusions
and the processing—structure—property criteria that emerge from the review.

1.2. Ceramic-Processing Viewpoint: From Descriptive Analogy to Predictive Criteria

Nanoparticle-derived CIGS and CZTSSe absorber layers should not be viewed only
as chemically deposited semiconductor films. In colloidal processing, the deposited layer
first exists as a constrained particulate precursor compact composed of nanocrystals, sur-
face ligands, solvent residues, interparticle pores, particle-particle contacts, drying-in-
duced stresses, and a mechanically rigid Mo-coated substrate. In this review, the term
“green body” is used in a restricted precursor-state sense: it denotes the as-deposited or
partially dried particulate film before full sulfurization or selenization. The term does not
imply a free-standing ceramic compact, conventional powder pressing, or direct equiva-
lence to bulk ceramic green-body compaction. Its usefulness is that green density, pore
connectivity, organic loading, substrate adhesion, and drying stress can bias later chalco-
genization, secondary-phase redistribution, interface reaction, defect formation, and pho-
tovoltaic loss [15-22].

To avoid overextending ceramic terminology, this review separates three levels of
discussion. First, ceramic concepts such as green-body formation, constrained shrinkage,
burnout, and consolidation are used only to describe measurable precursor-state varia-
bles. Second, chalcogenide-specific chemistry describes the actual absorber-forming reac-
tions, including Se/S vapor transport, S/Se exchange, Sn-containing volatile species, kes-
terite or chalcopyrite phase formation, transient chalcogenide liquids, and MoSez growth.
Third, a mechanism is described as directly demonstrated only when supported by appropri-
ate evidence, such as density or thickness change for compaction, quenched or in situ phase
analysis for transient liquids, Raman/XPS/SIMS/TEM evidence for secondary phases, and de-
vice diagnostics for recombination or carrier-collection losses [7-9,16,17,23-33].

This concept is illustrated schematically in Figure 3. Ligand-capped nanocrystals are
first assembled into a particulate film on a Mo-coated glass substrate. During solvent
evaporation, capillary forces pull the particles together, while the rigid substrate restricts
in-plane shrinkage and generates tensile stress. During organic burnout, residual ligands
and carbonaceous species may either be removed cleanly or remain at particle contacts
and grain boundaries. During reactive chalcogenization, Se/S vapor transport, S5/Se ex-
change, phase transformation, possible transient liquid formation, grain coarsening, sec-
ondary-phase redistribution, and Mo back-contact reactions can occur simultaneously.
Thus, Figure 3 is not intended to claim a single universal sintering mechanism. It defines
the central hypothesis of this review: precursor-state physical variables and chalcogenide-
specific reaction chemistry jointly predetermine absorber quality [16,17,20,23,24,32,34].
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Figure 3. Ceramic-processing view of a nanoparticle-derived chalcogenide absorber. Ligand-capped
nanocrystals form a constrained particulate green body that undergoes capillary-stress-driven dry-
ing, binder burnout, reactive chalcogenization, liquid-assisted coarsening, and interface reactions
before becoming a photovoltaic absorber. Al-assisted schematic; scientific basis supported by Refs.
[15-17,20,23,24,32,34].

This viewpoint differs from previous reviews that primarily emphasize final device
performance, intrinsic kesterite defect chemistry, or solution precursor chemistry. Those
perspectives are essential, but they often begin with the final absorber or final device re-
sponse. The ceramic-processing framework instead asks which precursor-state variables
can be measured before chalcogenization and how those variables determine the proba-
bility of obtaining a dense, chemically uniform, and electronically benign absorber. Its
value is therefore not the replacement of photovoltaic or defect-chemistry analysis, but
the addition of a processing—structure—defect—device bridge that links the as-deposited
compact to the final solar-cell behavior [7-9,15,21,28].

The first predictive element is the shrinkage—constraint relationship. During drying,
solvent evaporation produces capillary pressure within the nanoparticle network and
drives particle rearrangement and film shrinkage. Because the film is attached to a rigid
Mo-coated glass substrate, in-plane shrinkage is restricted. The resulting tensile stress de-
pends on green density, film thickness, particle size distribution, solvent evaporation rate,
organic fraction, and adhesion to the substrate. This relationship predicts that cracking, de-
lamination, and thickness nonuniformity are not merely post-deposition defects, but conse-
quences of an imbalance between the shrinkage required by the particle compact and the
shrinkage permitted by the substrate. From this viewpoint, thinner sequential coatings, higher
green density, controlled drying rate, reduced unnecessary organic loading, and improved
wetting on Mo are not empirical adjustments; they are routes to reduce constrained-shrinkage
stress and to improve the uniformity of subsequent Se/S transport [16-18,20,21].

The second predictive element is the carbon-removal relationship. Long-chain lig-
ands such as oleylamine are beneficial for nanocrystal synthesis and ink stability, but they
can become detrimental during absorber formation if they are not removed or exchanged
effectively. Residual carbon at particle contacts, grain boundaries, or the Mo/absorber in-
terface can suppress interparticle diffusion, inhibit liquid-assisted coarsening, increase se-
ries resistance, and create recombination-active regions. Therefore, ligand removal should
not be judged only by smoother film morphology or by the apparent disappearance of
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organic bands in FTIR. A green-body-based assessment requires correlating TGA/DSC,
FTIR, Raman carbon signals, XPS, SIMS depth profiles, and, where possible, TEM/EELS
with microstructure and device response. This criterion explains why a film can appear
dense in cross-sectional SEM but still show poor carrier collection or low fill factor if car-
bon-rich barriers remain buried within the absorber [15,21,22,34].

The third predictive element is the reaction-transport relationship. Selenization or
sulfurization of a nanoparticle compact is a coupled process involving chalcogen vapor
transport, S/Se exchange, phase transformation, cation redistribution, grain coarsening,
secondary-phase redistribution, and Mo back-contact reaction. The efficiency and uni-
formity of this process are controlled by the precursor pore network, crack distribution,
agglomeration state, and cleanliness of particle contacts. A homogeneous green body with
connected but not excessive porosity can promote uniform Se/S penetration and reaction-
front propagation. In contrast, dense surface skins, large agglomerates, drying cracks, or
carbon-blocked contacts can produce nonuniform chalcogenization, fine-grained bottom
layers, buried ZnSe or Sn-related phases, conductive Cu2-Se regions, or excessive MoSe:
growth. Thus, Raman mapping, SIMS depth profiling, EDS mapping, cross-sectional
SEM/TEM, and EQE analysis should be interpreted together, because they reflect different
consequences of the same precursor-controlled reaction pathway [21,23-32,35].

The fourth predictive element is the transient liquid management relationship. In this
review, “transient liquid-assisted coarsening” means a liquid or liquid-like chalcogenide
phase that exists only during part of the thermal treatment, enhances mass transport by
dissolution-reprecipitation or liquid-phase redistribution, and is then consumed or incor-
porated without leaving a harmful residue. This mechanism should be separated from
simple grain growth, volatile-assisted Sn or Se transport, and residual secondary-phase
segregation. In CZTSSe, a beneficial transient liquid can promote particle coalescence,
grain growth, and pore elimination, but a poorly controlled liquid-derived pathway can
also promote Cu-, Sn-, or Se-rich segregation, conductive Cuz-Se formation, Sn loss, ZnSe
accumulation, or nonuniform back-contact reaction. Therefore, large grains should not be
regarded automatically as evidence of beneficial liquid-assisted coarsening. The mecha-
nism requires supporting evidence for liquid composition, location, lifetime, consump-
tion, and final device effect [23,24,32,35].

The fifth predictive element is the microstructure-defect decoupling relationship. Ce-
ramic-style processing can reduce extrinsic defects such as cracks, residual pores, carbon-
contaminated particle contacts, incomplete coalescence, and nonuniform chalcogeniza-
tion. However, these improvements do not by themselves eliminate the intrinsic electronic
penalties of the kesterite lattice. In CZTSSe, Cu/Zn disorder, Sn-related defects, band tail-
ing, secondary phases, and front/back-interface recombination can still dominate the VOC
deficit even when the absorber appears dense and large-grained. Therefore, the green-
body framework must be coupled with defect-sensitive and device-physics measure-
ments, including PL, TRPL, temperature-dependent J-V, admittance spectroscopy, EQE,
Hall measurements, Raman disorder analysis, and interface-sensitive characterization.
This prevents the overinterpretation of microstructural densification as proof of electronic
quality [7-9,28,36-39].

Taken together, the ceramic-processing viewpoint provides a predictive framework
for colloidal CIGS and CZTSSe absorbers by shifting attention from final morphology
alone to the precursor conditions that define the later processing trajectory. As summa-
rized conceptually in Figure 3, the high-temperature reaction is already biased by green-
body packing density, organic residue, pore connectivity, drying stress, and Mo/precursor
contact. This framework explains why nominally similar compositions, annealing temper-
atures, and chalcogenization atmospheres can yield very different device outcomes. It also
clarifies why colloidal CZTSSe optimization cannot rely solely on achieving dense films
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or large grains. Instead, effective processing must simultaneously control green-body for-
mation, organic removal, reaction transport, transient liquid behavior, secondary-phase
localization, and interface reactions, while independently verifying that intrinsic and in-
terfacial recombination losses have been reduced [7-9,16,17,21,23,24,32,34].

Critical summary: The ceramic-processing viewpoint is useful because it converts
drying, burnout, packing, and constrained shrinkage into measurable precursor variables.
Its limitation is that ceramic terminology alone cannot explain chalcogenide-specific
chemistry; reliable interpretation requires coupling green-body metrics with Se/S
transport, Sn volatility, secondary-phase evolution, and recombination-sensitive device
diagnostics [7-9,16,17,21,23,24,28,32,34].

1.3. CIGS Versus CZTSSe

Although CIGS and CZTSSe are both multinary chalcogenide thin-film absorbers,
they should not be treated as equivalent material systems. Their structural chemistry, de-
fect tolerance, phase stability, and processing limitations are fundamentally different.
These material-specific differences are summarized schematically in Figure 4.
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Figure 4. Comparison of CIGS and CZTSSe absorber systems. CIGS is governed mainly by Ga grad-
ing, alkali incorporation, crystallization, and interface optimization, whereas CZTSSe additionally
requires stringent control of Cu/Zn disorder, Sn volatility, secondary phases, band tailing, and back-

contact reactions. Al-assisted schematic; scientific basis supported by Refs. [5-9,23,24,28-34,36-39].

The relatively high performance of CIGS arises partly from its ability to tolerate a
range of intrinsic defects without forming extremely detrimental recombination centers.
In CIGS, Cu-poor growth conditions promote benign defect complexes and help produce
favorable electronic properties, while Ga incorporation allows band-gap tuning through
the Ga/(In + Ga) ratio [1,5,9].

CZTSSe, by contrast, has a narrower phase-stability window and a more complex
defect landscape. The similar ionic sizes of Cu* and Zn?* promote Cu/Zn antisite disorder,
leading to band tailing, potential fluctuations, and a large open-circuit-voltage deficit [7—-
9]. This distinction should be interpreted as a fundamental materials difference rather
than solely as a processing difficulty. In CIGS, microstructural improvement, alkali incor-
poration, and band-gap grading can often be translated efficiently into higher device per-
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formance because the chalcopyrite lattice is relatively defect-tolerant. In CZTSSe, how-
ever, the kesterite lattice intrinsically favors Cu/Zn site disorder because Cu* and Zn**
can occupy closely related crystallographic sites with relatively low energetic penalty. As
a result, even a dense, large-grained, and apparently phase-pure CZTSSe absorber may
retain substantial band tailing and potential fluctuations. This is why the Vo deficit can-
not be treated as an afterthought to ceramic densification; it must be considered a central
defect-thermodynamic limitation of the kesterite system.

The key distinction is therefore that CIGS processing is primarily a problem of composi-
tional grading, alkali control, crystallization, and interface optimization, whereas CZTSSe pro-
cessing is additionally constrained by intrinsic cation disorder, narrow phase stability, Sn vol-
atility, secondary-phase formation, and severe Voc loss. This difference is especially important
for colloidal processing. The key differences are condensed in Table 1. The processing impli-
cations of these differences are mapped to device signatures in Table 2.

Table 1. Key differences between CIGS and CZTSSe thin-film absorbers.

Item CIGS CZTSSe Refs.

Crystal structure Chalcopyrite Kesterite [1,2,5-9]
Representative composition Cu(In,Ga)Se2 Cu2ZnSn(S,Se)4 [1,2,5-9]

Main advantage High .efﬁc1ency and relatively Earth—abund.ant and lower-toxicity [12,5,69]

high defect tolerance constituent elements
Band-gap control Mainly through Ga/(In + Ga) ratio Mainly tl.uroug}.l SAS + SQ ra-lt1o and [6-9,36]
partial cation substitution
Key performance limitation In/Ga sceTrC1ty, Ga gradmg, alkah Large Vo.c .deﬁC1t, Cu/Zn disorder, [5,7-9,36]
control, interface recombination  band tailing, secondary phases
Composition grading, Na/K diffu- Narrow phase-stability window,
Major processing challenge sion, crystallization, MoSez con-  Sn loss, Cu/Zn disorder, second- [5,7-9,24,36]
trol ary-phase suppression
Typical secondary/interface MoSe: thickness, Ga gradients, ab- CuzxSe, ZnSe, SnSe2, Cuz25nSes, ex-
. . [25-29,37,38]
concerns sorber/buffer interface cessive MoSe2

Composition depth profiling, al- Raman, XPS, SIMS, TEM/EDS, de-
Main characterization needs kali analysis, interface characteri- fect spectroscopy, recombination  [7-9,28,37,38]
zation analysis

Achieving dense films while con-
trolling disorder, Sn volatility, and [21,22,34,36,40—48]
secondary phases

Achieving dense films with con-

Colloidal-processing concern trolled Ga and alkali distribution

Table 2. Processing-to-device loss map for colloidal CIGS/CZTSSe absorbers.

Microstructural Conse-

Processing Defect quence Electronic Consequence Typical Device Signature  Refs.
P ticl 1 ; R ination sit d LoweFF,1 k
Residual carbon oor particle coalescence; e(?ombm.a fon sites an ow FF, low Jsc, wea [21,22,34]
carbon-rich boundaries high series resistance long-wavelength EQE
. . Discontinuous absorber Local junction failure and  Low shunt resistance, [16,17,20,2
Mud cracking or pinholes . .
and shunting paths leakage scattered J-V statistics 1,34]
ducti f B in- Shunti d lecti
Cuz-Se secondary phase —onductive surface/GB in-Shunting and nonselective g 1ow FE - [25,2628]
clusions recombination
ZnSe or Sn-related phases .Insulating/blo.cki.ng re-  Transport barrier, de.ep Reduced Jsc, FE, fmd high [28,37,38]
gions or off-stoichiometry defects, and band tails Voc deficit
Excessive MoSez/back re-  Thick or nonuniform  High series resistance and Low FF; poor long-wave- [29-31]
action back-contact layer back recombination length response
Fine-grained bottom layer H%gh GB density near Mo; Bfick—interface:‘ recomb?na— Poor EQE near band edge; [21,32,48]
incomplete coarsening  tion and carrier trapping low Voc
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Critical summary: CIGS and CZTSSe share related thin-film device architectures, but
they should not be optimized using the same assumptions. CIGS benefits from greater defect
tolerance and mature alkali/interface control, whereas CZTSSe remains limited by a narrow
phase window, cation disorder, Sn-related defects, and a larger VOC deficit; this difference is
the main reason that microstructural improvement alone is insufficient for CZTSSe.

2. Precursor Synthesis and Ink Formulation
2.1. Nanocrystal Synthesis Routes

The synthesis route used to prepare CIGS, CZTS, CZTSe, or CZTSSe nanocrystals
strongly determines the subsequent ink stability, green-body packing, chalcogenization
behavior, and final absorber microstructure. Unlike vacuum-deposited absorbers, where
composition and crystallization are controlled during film growth, colloidal processing
separates the formation of the precursor particles from the formation of the film. The main
precursor routes and their processing implications are compared in Figure 5.
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precursor injection  (Se/S)
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=

Results

Hot
solvent
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Figure 5. Representative precursor routes for colloidal and solution-processed CIGS/CZTSSe ab-
sorbers: hot-injection synthesis, heating-up synthesis, solvothermal/hydrothermal synthesis, molec-
ular precursor chemistry, and hybrid particle/molecular inks. Each route imposes different con-
straints on particle size, composition, ligand chemistry, scalability, and film conversion. Al-assisted
schematic; scientific basis supported by Refs. [10-15,40—48].

Critical summary: Precursor synthesis is the first point at which particle size, compo-
sition, ligand shell, and phase purity can be controlled. The strength of nanocrystal routes
is modularity, but their weakness is that a well-dispersed ink does not guarantee a chem-
ically uniform, low-carbon, and electronically benign absorber after chalcogenization.

2.1.1. Hot-Injection Synthesis

The hot-injection method is one of the most widely used approaches for preparing
monodisperse semiconductor nanocrystals. In this route, a reactive precursor, often con-
taining the chalcogen source, is rapidly injected into a hot coordinating solvent containing
metal precursors. The sudden increase in supersaturation promotes burst nucleation, fol-
lowed by a separated growth stage, which can yield relatively uniform particles with good
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crystallinity [40,41]. For binary and some ternary chalcogenides, this method provides ex-
cellent control over particle size, shape, and crystallinity.

However, the extension of hot-injection synthesis to multinary CIGS and CZTSSe
systems is more difficult. The formation of quaternary or pentanary compounds requires
simultaneous or sequential incorporation of several cations with different coordination
environments, precursor reactivities, and reaction kinetics. For example, in CIGS nano-
crystal synthesis, Cu-, In-, and Ga-containing complexes do not necessarily react at the
same rate, which can lead to local compositional inhomogeneity, phase segregation, or
incomplete Ga incorporation [10,40].

Critical summary: Hot injection offers strong control of nucleation and particle uni-
formity, making it attractive for mechanistic studies. Its weakness is limited scalability
and sensitivity to injection, temperature, and ligand conditions; therefore, hot-injection
success should be judged by absorber density, residual carbon, composition retention, and
device statistics, not only by nanocrystal monodispersity.

2.1.2. Heating-Up Synthesis

The heating-up, or non-injection, method was developed to improve scalability and
compositional control in multinary chalcogenide nanocrystal synthesis. In this approach,
all metal and chalcogen precursors are mixed at relatively low temperature and then
heated gradually to the reaction temperature.

The heating-up method is especially attractive for colloidal processing because it is more
compatible with larger-batch synthesis and can produce nanocrystals with controlled mor-
phology for ink preparation. However, its success remains highly sensitive to ligand chemis-
try, solvent composition, heating rate, precursor concentration, and reaction time [10,11].

The formation mechanism of multinary chalcogenide nanocrystals is strongly gov-
erned by the way supersaturation is created during synthesis, as schematically illustrated
in Figure 6 [10]. In the hot-injection route (Figure 6a), rapid injection of the Se precursor
into a hot metal-ligand solution produces a sudden increase in supersaturation, which
promotes fast nucleation followed by particle growth. Ideally, this temporal separation
between nucleation and growth enables better control of particle size and crystallinity.
However, for multication systems such as CIGS, the different reactivities and coordination
strengths of Cu, In, Ga, and Se precursors can lead to nonuniform cation incorporation,
delayed Ga participation, or the formation of compositionally heterogeneous particles. In
contrast, the heating-up route (Figure 6b) begins with all precursors present in the reaction
medium and relies on gradual temperature increase to drive Se dissolution, intermediate
phase formation, and subsequent surface-mediated conversion toward CIS or CIGS. This
pathway is generally more compatible with scalable synthesis and compositional tuning
because nucleation and growth proceed under a continuously evolving chemical environ-
ment. Nevertheless, the gradual reaction sequence can also broaden the particle-size dis-
tribution and promote intermediate Cu—Se or other secondary phases if precursor reactiv-
ity, ligand chemistry, heating rate, and reaction time are not carefully optimized. There-
fore, the comparison in Figure 6 highlights that hot injection mainly relies on rapid super-
saturation and kinetically separated nucleation/growth, whereas heating-up synthesis
proceeds through a more gradual, intermediate-mediated pathway. These differences are
important because the resulting particle size, surface chemistry, composition homogene-
ity, and residual ligand content directly affect ink stability, green-body packing, and sub-
sequent reactive chalcogenization.
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Figure 6. Schematic comparison of nanocrystal formation mechanisms in the hot-injection and heat-
ing-up methods. (a) In the hot-injection route, rapid mixing of a Se-containing precursor with metal-
ligand complexes generates abrupt supersaturation, leading to CIS nucleation followed by particle
growth and possible CGS/CIGS formation. (b) In the heating-up route, metal complexes, Se, and
oleylamine are heated together, so Se dissolution and Cu-Se intermediate formation occur before
surface-mediated nucleation and conversion toward CIS and CIGS. The figure highlights the con-
trast between rapid burst nucleation in hot injection and gradual intermediate-mediated growth in

heating-up synthesis [10]. Al-assisted schematic; scientific basis supported by Refs. [10,11,14,40].

Critical summary: Heating-up synthesis is simpler and more scalable than hot injec-
tion, but the broader nucleation window can broaden particle-size and composition dis-
tributions. Its practical value depends on whether the resulting particles pack, exchange
ligands, and chalcogenize reproducibly over large areas.

2.1.3. Solvothermal and Hydrothermal Synthesis

Solvothermal and hydrothermal methods provide relatively simple and low-cost
routes for preparing chalcogenide powders or nanocrystals in a closed reaction environ-
ment. These methods use elevated temperature and autogenous pressure to promote crys-
tallization from solution, often with less demanding equipment than high-temperature
organometallic synthesis. In some cases, chelating agents or sulfur/selenium sources can
mediate cation exchange or stepwise crystallization, enabling the formation of ternary or
quaternary chalcogenide phases [12]. The schematic in Figure 7 illustrates a possible in-
termediate-mediated pathway for Culn(S,Se)2 formation during chalcogenide nanocrystal
synthesis. In the initial stage, sheet-shaped CuzxSe crystallites act as a Cu-rich transient
phase and can partially dissolve under the reaction conditions. At the same time, amor-
phous Inx(S,Se), particles nucleate from the In—chalcogen precursor species. The transfor-
mation toward Culn(S,Se): then proceeds through the incorporation and redistribution of
Cu cations into the In-5/Se framework, filling vacant Cu sites and promoting crystalliza-
tion of the chalcopyrite phase. This pathway emphasizes that the formation of Culn(S,Se):
is not necessarily a single-step nucleation event, but may involve dissolution of Cu2-+Se,
formation of amorphous In—chalcogen intermediates, cation redistribution, and final crys-
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tal ordering. Such intermediate phases are important because they influence particle mor-
phology, composition homogeneity, and the subsequent conversion behavior of the pre-
cursor film during selenization.

The main advantage of solvothermal synthesis is its simplicity and potential scalability.
It can also reduce the use of expensive or highly air-sensitive organometallic precursors.

Amorphous
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Figure 7. Schematic illustration of the proposed transformation pathway from Cu2~Se and In-Se

—_—

In,(S,Se), nucleation

intermediates to Culn(5,Se)2 crystals. Sheet-shaped Cu2-Se crystallites dissolve during reaction,
while amorphous Inx(5,Se), particles nucleate and provide an In—-chalcogen framework. Subsequent
incorporation of Cu cations into vacant Cu sites promotes the formation and crystallization of
Culn(S,Se)2 [12]. Al-assisted schematic; scientific basis supported by Refs. [12,14].

Critical summary: Solvothermal and hydrothermal routes can produce crystalline
particles under relatively accessible conditions, but compositional homogeneity and lig-
and/solvent removal remain critical weaknesses. These routes are most convincing when
particle chemistry is linked to film packing, phase evolution, and final device response.

2.1.4. Molecular and Hybrid Precursor Routes

Molecular precursor routes differ from particle-based colloidal routes in that the ab-
sorber film is formed from dissolved metal-chalcogen complexes, salts, or molecular spe-
cies rather than preformed crystalline nanoparticles. This approach can provide excellent
compositional mixing at the molecular scale and has produced high-performance solu-
tion-processed chalcogenide devices, including hydrazine-derived CZTSSe and CIGSSe
absorbers [6,15,36,42].

Hybrid precursor routes combine the advantages of nanoparticles and molecular pre-
cursors. In these systems, crystalline nanoparticles can provide structural or composi-
tional building blocks, while molecular species improve interparticle contact, fill pores,
promote densification, or compensate local composition during chalcogenization
[15,43,44]. The advantages, limitations, and processing relevance of the major precursor
routes are compared in Table 3.

Table 3. Comparison of major precursor synthesis routes for colloidal and solution-processed
CIGS/CZTSSe absorbers.

Route

Advantages Limitations Processing Relevance Refs.

Produces monodisperse  heat and mass transfer
and crystalline particles; during rapid injection;

Hot injection

good control of nucleation  reactivity mismatch

Poor scalability; difficult

Useful for fundamental nano-
crystal studies and controlled [10,13,40,41]

article synthesis
and growth among multication pre- P y

cursors
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Sensitive to ligand/sol-
Better scalability; gradual . gand/ .
L vent chemistry, heating .
. phase evolution; improved Promising for scalable nano-
Heating-up . . rate, and precursor reac- L. . [10,11]
compositional controlin . . particle ink preparation
. tivity; may yield broader
multinary systems . ey
size distributions
Simple, relatively low cost, Larger particles, broader
P Y . €T parnces Useful for powder-based or
Solvothermal/hydro- closed-system synthesis;  size distribution, ag- )
. . hybrid approaches, but often  [12,43]
thermal possible use of less expen- glomeration, less control-

. . requires post-treatment
sive precursors lable surface chemistry

Excellent compositional — Toxic solvents in some  High-performance solution

Molecular precursor mixing at molecular scale; systems; impurity and processing, especially if clean [15,36,42,44]

can form dense films  residue control required conversion is achieved

lecular route

Combines particle control More complex chemistry;
Hybrid particle/mo- with molecular-scale pore possible impurity resi-
filling and compositional  dues and nonuniform

Attractive for improving
green density and reactive
sintering behavior

[22,36,40-
44]
adjustment conversion

Critical summary: Molecular and hybrid routes can improve atomic-level mixing and
reduce some particle-packing limitations, but they can introduce different risks, including
residual organics, complex decomposition pathways, and rapid phase segregation. Their
advantage is strongest when dense film formation is paired with controlled chemistry and
verified defect reduction.

2.2. Ligand Exchange and Carbon Control

Surface ligands are indispensable for colloidal nanocrystal synthesis, but they also
represent one of the most serious barriers to the conversion of nanoparticle inks into dense
and electronically continuous CIGS or CZTSSe absorber layers. Long-chain coordinating
molecules, especially oleylamine (OLA), are commonly used during hot-injection or heat-
ing-up synthesis because they dissolve metal precursors, control nucleation and growth,
prevent particle agglomeration, and stabilize the nanocrystals in nonpolar solvents
[10,11,40,41]. The ligand-removal problem and its processing consequences are summa-
rized in Figure 8.

For CIGS nanocrystals prepared by the heating-up route, Yang and Hsiang showed
that OLA adsorbed on Culno.7Gao.sSe2 particle surfaces is difficult to remove by simple
heat treatment. They reported that ligand exchange or solvent treatment with 1-hex-
anethiol and m-xylene promotes removal of OLA-derived organic species, suppresses re-
sidual carbon formation during sintering, and improves densification and grain growth
of the CIGS film after selenization [34]. This result is important from a ceramic-processing
viewpoint because it demonstrates that the surface chemistry of the precursor particles
controls not only the dispersion state of the ink, but also the mass transport and densifi-
cation behavior during subsequent thermal treatment.

The role of 1-hexanethiol is particularly important because it can replace long-chain
OLA with a shorter sulfur-containing surface species. Compared with OLA, 1-hexanethiol
has a shorter hydrocarbon chain and can reduce the organic volume between adjacent
nanocrystals. This promotes closer particle packing and decreases the amount of carbon
that must be removed during heating.

https://doi.org/10.3390/ma19142989


https://doi.org/10.3390/ma19142989

Materials 2026, 19, 2989 16 of 72
As-Synthesized CIGS/CZTSSe Nanoparticles OPTIMAL LIGAND STRIPPING/REPLACEMENT
// - Long-chain DENSE )
/ Oleylamine PACKING IMPROVED STABLE /
Long-chain / Ligands i S PARTICLE MODIFIED/
Oleylami / U CONTACT  INK /
et || |~~~
RESIDUE /
Stripping Agents "\ /| \ oL Ty
— (e.g., hydrazine)
%% Dense CIGS/
V8,008
Stable Ink | " CZTSSe Film
High C Residue Removing/Replacing Oleylamine Low C Content
Insulating Barrier (e.g., hydrazine)  Oleylamine Conductive Path
statile ik, iy Restoiin lnsubsing Barrsy REENGINEERING VIA CONSEQUENCE OF | | CONSEQUENCE OF
// LIGAND EXCHANGE EXCESS STRIPPING EXCESS STRIPPING
EXCESS LIGAND STRIPPING Rert o~
eplacemen ents
POOR PARTICLE INK ALTERED SURFACE (Z.g_ S% Sn 3 4y Ligand CONTRASTING WITH HIGH CARBON
CONTACT DESTABILIZATION STOICHIOMETRY i Replaced
& e o o SPUIIRN HIGH CARBON ShREBH
OI "i oI/J l%‘ i RESIDUE IMPURITIES
~\\\ //
g INSULATING
O BARRIER
ALTERED SURFACE
o TN STOICHIOMETRY B
Loose/Voided Film ilrars e
Altered Composition \/C;/\Lmz P°’°“§/ High C Film
Non-ldeal Contacts Insulating Contacts

Figure 8. Ligand exchange and carbon-residue control in nanoparticle-derived CIGS/CZTSSe films.
Replacing or removing long-chain oleylamine ligands can improve particle contact and reduce car-
bon residues, but excessive ligand stripping may destabilize inks or alter surface stoichiometry. Al-

assisted schematic; scientific basis supported by Refs. [15,21,34,40,41].

Solvent washing is another important but conceptually distinct approach. Solvents
such as m-xylene can assist in removing weakly bound or excess OLA from the particle
surface and reduce the organic fraction in the deposited film [34].

Carbon control is especially critical because residual carbon affects both microstruc-
ture and device physics. From a processing perspective, carbonaceous residues at particle
contacts suppress interdiffusion, reduce the effectiveness of transient liquid-assisted sin-
tering, and inhibit the formation of large, continuous grains.

The effectiveness of ligand removal should therefore be verified by multiple comple-
mentary techniques rather than inferred only from improved film morphology. FTIR can
monitor the reduction of C-H stretching bands from long hydrocarbon chains and N-H-
related features associated with OLA.

Ligand exchange should therefore be discussed as part of the broader green-body
engineering strategy. The objective is not simply to remove organics, but to design a pre-
cursor compact that can shrink, react, and coarsen without leaving insulating or recombi-
nation-active residues. The processing consequences of ligand chemistry and residual car-
bon are summarized in Table 4.

Table 4. Effects of ligand chemistry and carbon residues on colloidal CIGS/CZTSSe processing.

Processing Factor Beneficial Role Potential Problem Characterization Method Refs.
Stabilizes nanocrystals; Difficult to remove: leaves
Oleylamine controls nucleation and v ! FTIR, TGA/DSC, XPS [15,34,40,41]
carbonaceous residues
growth
Replaces long-chain ~ May induce aggregation,
1-Hexanethiol ex- OLA; reduces organic sulfur-rich surface chemis- FTIR, TGA, zeta potential, (21,22,34]

change

spacing; improves parti-

try, or incomplete ex-
change

dispersion stability
cle contact
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Removes free or weakly Does not necessarily re-

m-Xylene washing  bound OLA; reduces or- place strongly bound lig-  FTIR, elemental analysis ~ [21,22,34]

ganic loading ands
None for device opera-  Blocks diffusion, inhibits
. tion; may temporarily grain growth, increases re- Raman, SIMS, XPS,
Residual carb 21,22,34
esidual carbon preserve film shape dur- sistance and recombina- TEM/EELS [21,22,34]
ing burnout tion
P tes densification, Requires bal ith ink
Optimized lgand &+ o i1'eroin, and carier stability and coating qual- S FlMEBSUement J= o, 3y g 4
moval & & ! Y &4 V, EQE T

transport ity

Critical summary: Ligand exchange is one of the most powerful levers for improving
particle contact and lowering residual carbon. Its weakness is that excessive or incomplete
exchange can destabilize the ink, induce aggregation, or leave carbon-rich grain bounda-
ries; therefore, ligand chemistry must be evaluated by XPS/SIMS/Raman, transport,
PL/TRPL, and device reproducibility rather than by ink stability alone.

2.3. Ink Stability and Green-Body Packing

Ink stability and green-body packing are critical links between nanocrystal synthesis
and final absorber performance in colloidal CIGS and CZTSSe solar cells. Even when the
precursor particles are phase-pure and compositionally well controlled, poor dispersion,
inappropriate viscosity, weak substrate wetting, or nonuniform drying can generate de-
fects before chalcogenization begins [18,21,40,41,45,46,48].

The solid loading of the ink directly affects the packing density and shrinkage behav-
ior of the precursor layer. A low-solid-loading ink may spread easily and produce smooth
coatings, but it often forms a highly porous green film after solvent evaporation [18,20,21].

Viscosity is another key parameter because it controls film thickness, leveling behav-
ior, and coating uniformity. For spin coating, relatively low-viscosity inks are often pre-
ferred to produce smooth and thin layers, whereas doctor blading, slot-die coating, screen
printing, and inkjet printing require different viscosity windows and rheological behavior
[18,21,22,45,46].

Wetting between the ink and the Mo-coated soda-lime glass substrate is equally im-
portant. Good wetting promotes continuous coverage, uniform film thickness, and inti-
mate contact with the back electrode. These ink and green-body variables are grouped
schematically in Figure 9 [18,21,34,40,41,45,46].

Drying stress is a major cause of defect formation in nanoparticle-derived absorber
layers. During solvent evaporation, capillary pressure pulls particles together and causes
the film to shrink [20].

Bimodal particle packing provides one possible strategy to improve green-body in-
tegrity. By mixing submicron particles with nanoparticles, the larger particles can form a
relatively rigid structural skeleton, while smaller nanoparticles fill the interstitial spaces
and improve packing density [18,20].

However, submicron/nanoparticle blending also introduces important risks. Because
smaller particles and larger particles may react, dissolve, or recrystallize at different rates dur-
ing chalcogenization, bimodal mixtures can produce local conversion inhomogeneity
[21,32,48].

The quality of the green body can be assessed using both ceramic-processing and
photovoltaic-characterization tools. Film thickness and roughness can be measured by
profilometry or cross-sectional SEM [18,21,34,40,41].

Drying and constrained shrinkage should be analyzed using explicit ceramic-science
variables. The capillary pressure during drying scales with solvent surface tension and
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inversely with pore radius; therefore, smaller nanoparticles and narrower pores can gen-
erate larger drying stresses. The key ink-formulation and green-body-packing variables
are organized in Table 5 [18,20].

A INK CHARACTERISTICS & DEPOSITION | B FILM DRYING & COMPACTION C CRACKING TENDENCY & UNIFORMITY )
(Starting State) (Intermediate State) (Resulting Precursor Film)
(1) Inks in Beakers (1) Capillary Stress (P,) (1) High Capillary Stress - Cracking
g < = Drying Rate, High Drying Rate — Cracking
N N e N
ShearRate 7 |'§ Shear Rate Shear Rate OO0 OOC C ) ™~
0100000 V0®
Stable Inks ~ Flocculated ~ Unstable Inks Substrate ‘é
Dispersion Stability (Z-potential) » t 1 Drying Rate, v4 » High Drying Rate — Crackmg
Viscosity Solid Loading .
2) Coating P Spin/S (2) Green-Body Packing
(2) Coating Process (Spin/Spray) Ideal Uniform Packing  Agglomerated Packing
Wetting (Contact Angle, 8) 2 0 bo. rough, _rough
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|
v - N v <
D GREEN-BODY PACKING E SUBSEQUENT CHALCOGENIZATION F CHALCOGENIZED ABSORBER OUTCOMES
(Cross-section SEM) (Conversion Process) (Final Microstructure)
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Figure 9. Ink stability and green-body packing factors affecting colloidal absorber formation. Solid
loading, viscosity, dispersion stability, wetting, drying rate, and particle-size distribution determine
precursor-film density, capillary stress, cracking tendency, and the uniformity of subsequent chal-
cogenization. [18,20,21] (A) Ink characteristics and deposition are governed by dispersion stability,
viscosity, solid loading, wetting behavior, contact angle, and surface tension. (B) During drying,
solvent evaporation generates capillary stress, driving particle rearrangement and compaction into
either uniform or agglomerated green-body packing. (C) Excessive capillary stress and rapid drying
increase cracking tendency and film nonuniformity. (D) Dense green-body packing provides closer
particle contacts and fewer voids, whereas loose packing introduces porosity and poor structural
continuity. (E) During high-temperature Se/S chalcogenization, dense and uniform precursors pro-
mote more homogeneous conversion, while porous or agglomerated precursors lead to nonuniform
reaction and void retention. (F) Consequently, dense precursor packing favors uniform grain growth
and good contacts, whereas loose or agglomerated packing produces higher defect density and less

uniform absorber microstructures.Al-assisted schematic; scientific basis supported by Refs. [18,20,21].

Table 5. Ink-formulation and green-body-packing factors affecting colloidal CIGS/CZTSSe absorb-
ers [18,20,21,34,40,41,45,46,48].

Beneficial Effect When  Problem When Poorly Recommended Characteriza-

F Refs.
actor Optimized Controlled tion e
.. Too low: high porosity; too . .
. . Improves green density | . . Mass fraction, viscosity, SEM
Solid loading ) high: aggregation and poor . [18,21,22,34]
and reduces shrinkage . cross-section
coating
Too low: i ffee-
L Controls film thickness _ © dewett'l ngfcoffee Rheometry, coating-thickness
Viscosity . ring effect; too high: rough- . [18,20,21]
and leveling mapping
ness and trapped pores
. . Agglomerates create local . .
P t DLS, zet tial -
Dispersion stability revents sedimentation pores and secondary 5 zeta potential, sedimen [18,21,22,34]

and agglomeration

phases tation test
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Wetting on Mo sub- Produces continuous and Poor wetting causes pin- Contact angle, optical micros-

21,22,34
strate pinhole-free coating  holes, islands, and shunting copy, SEM [ ]
Drying rate Contro.ls Capillary stre'ss Bapid dry.ing causes Cr.ack— In situ c.irying. observation, [18,20,21]
and shrinkage uniformity ing and thickness gradients optical microscopy
. . Increases packing density May cause local composi- .
Bimodal particl SEM, EDS R
tmoda Patticie  nd reduces constrained tional or conversion inho- ’ mapping, faman [21,34,45,46]
packing . _ mapping
shrinkage mogeneity
Multilayer coating Bl.lﬂds requirecfl absorber Stress accumulati?n a.nd in- Cross—sec.tional SEM, pro- [21,22,34]
thickness and fills defects  terlayer delamination filometry
P if halco-
Green-body homo- romqtes }ml orm ¢ ? o Nonuniform reaction front SEM, Raman, SIMS, EQE cor-
genization and grain [21,22,34]

geneity and residual porosity relation

growth

Critical summary: Ink stability and green-body packing are strengths only when they
lead to uniform, crack-free, low-porosity precursor films. A visually smooth coating can
still contain unfavorable particle contacts, pore networks, or compositional gradients, so
rheology and coating quality must be connected to density, drying stress, chalcogen pen-
etration, and spatially resolved device performance [18,20,21].

3. Constrained Drying, Burnout, and Pre-Sintering

The transformation of a colloidal CIGS or CZTSSe ink into a dense photovoltaic absorber
begins well before high-temperature chalcogenization. After deposition on Mo-coated soda-
lime glass, the precursor layer behaves as a thin constrained particulate compact.

3.1. Constrained Shrinkage and Cracking

Nanoparticle-derived CIGS and CZTSSe precursor films are particularly vulnerable
to constrained shrinkage because they are deposited as thin particulate green bodies on
rigid Mo-coated glass substrates. During solvent evaporation, capillary pressure pulls ad-
jacent particles together and causes the film to shrink.

This constrained-shrinkage problem is more severe in nanoparticle-derived chalco-
genide films than in many conventional powder films because of their high surface area,
high ligand content, large solvent fraction, and large capillary pressure during drying.
Smaller particles provide a high driving force for densification and reactive grain growth,
but they also increase the magnitude of drying shrinkage and the amount of organic ma-
terial that must be removed during burnout [15,18].

The formation of drying cracks is strongly influenced by film thickness, particle pack-
ing density, solvent evaporation rate, adhesion to the Mo substrate, and the mechanical
strength of the green network. Thicker coatings accumulate larger elastic energy during
constrained drying and are therefore more prone to channel cracking.

Constrained shrinkage also affects the later chalcogenization process. Cracks and
pores produced during drying act as nonuniform diffusion pathways for Se or S vapor,
causing spatially uneven chalcogenization.

From a ceramic-processing perspective, the key strategy is to reduce the mismatch
between the shrinkage demanded by the particle compact and the shrinkage allowed by
the rigid substrate. This can be achieved by increasing the initial green density, controlling
the particle-size distribution, reducing the organic content, slowing the drying rate, im-
proving film adhesion, and using multilayer coating with intermediate drying or mild
preheating. The typical constrained-shrinkage defects and mitigation routes are summa-
rized in Table 6.
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Table 6. Origins and consequences of constrained-shrinkage defects in colloidal CIGS/CZTSSe films.

Defect Primary Origin Consequence During Device-Level Effect Possible Mitigation Refs.

Chalcogenization

Nonuniform Se/S

Tensile stress from con- Shunting, poor junction Higher green density, slower

Mud cracks . . transport; local second- ! . ) ) ; [16,17,20,21]
strained drying uniformity drying, thinner coating layers
ary phases
Low pacling de.n51ty' Incomplete densification [ . . . .
. . trapped solvent, incom- . Lower mobility, increased Optimized solid loading, bi-
Residual porosity . and poor grain coales- L . . [16,17,20,34]
plete particle rearrange- conce recombination modal packing, staged drying
ment
Poor back-contact for-
L Poor adhesion to Mo; Oo.r ack-contact tor High series resistance, de-Substrate cleaning, wetting con-
Delamination X . mation; uneven MoSe2 . . . [16,17,20]
high shrinkage stress vice failure trol, gradual drying
growth
. . Poor leveling, high vis- . . . . . .
Thickness nonuni- . . Nonuniform reaction Spatially variable current Rheology control, coating opti-
. cosity, rapid evapora- o . o [21,22,34]
formity tion front and grain size collection mization
Stress-induced pore  Organic burnout and Persistent voids and in- Reduced fill factor and Ligand reduction, staged burn- 21,34]

opening constrained shrinkage terrupted grain growth carrier collection out, pre-sintering

Critical summary: Constrained-shrinkage analysis clarifies why cracks, pinholes, and de-
lamination arise even when the ink appears well formulated. The limitation is that crack sup-
pression alone does not prove electronic quality; the same processing changes must also be
checked for residual porosity, secondary phases, back-contact reactions, and shunt statistics.

3.2. Organic Burnout

Organic burnout is a critical intermediate step between green-body formation and reac-
tive chalcogenization in nanoparticle-derived CIGS and CZTSSe films. In colloidal routes, or-
ganic species originate from coordinating ligands, solvents, dispersants, residual precursor
molecules, and possible polymeric additives used to stabilize the ink and control coating be-
havior [10,11,15,34,40,41].

The removal of organics from nanoparticle films is more complex than simple solvent
evaporation. Long-chain ligands such as oleylamine can be strongly coordinated to nanocrys-
tal surfaces and may decompose over a broad temperature range rather than volatilize cleanly
[10,11,34]. The main burnout pathways and associated risks are summarized in Figure 10.
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)
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Figure 10. Organic burnout in colloidal chalcogenide green bodies. Solvent evaporation, ligand de-
composition, desorption, carbonization, and volatile release must be controlled by staged heating
to avoid diffusion barriers, pore opening, and carbon-rich grain boundaries. Al-assisted schematic;
scientific basis supported by Refs. [15,21,34,40,41].
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A staged heating schedule is generally preferred because different organic species
are removed at different temperatures. The initial low-temperature stage removes resid-
ual solvent and weakly adsorbed molecules.

Incomplete burnout strongly affects microstructural evolution during reactive chal-
cogenization. Carbon-rich residues at particle contacts act as diffusion barriers that sup-
press interparticle necking, delay liquid-assisted coarsening, and prevent the formation
of a dense large-grained absorber [15,34].

The effectiveness of organic burnout should be verified by complementary charac-
terization techniques. TGA and DSC are useful for identifying solvent evaporation, ligand
decomposition, oxidation, and possible exothermic carbonization events.

FTIR spectroscopy is useful for monitoring the removal of organic functional groups
before and after ligand exchange or burnout. For OLA-capped nanocrystals, the decrease
in C-H stretching vibrations from long alkyl chains and N-H-related features provides
evidence for ligand removal [34].

Raman spectroscopy is particularly important after thermal treatment because it can
detect residual amorphous or graphitic carbon through the characteristic D and G bands.
This is essential because a film may show reduced ligand peaks in FTIR but still retain
carbonized residues after heating.

XPS provides surface-sensitive information about carbon, nitrogen, sulfur, selenium,
and metal chemical states. It can help determine whether residual carbon is present as ali-
phatic carbon, oxidized carbon, carbon—nitrogen species, or carbon—sulfur-related species.

IMS is valuable for depth profiling residual carbon and other light elements through
absorber thickness. This is particularly important for nanoparticle-derived CZTSSe films,
where carbon may be nonuniformly distributed and concentrated near the bottom fine-
grained layer or back contact. SIMS can also detect Na, K, S, Se, and other elements that
influence crystallization and defect chemistry. When combined with cross-sectional SEM,
TEM/EELS, Raman mapping, and device characterization, SIMS can help determine
whether poor photovoltaic performance arises from bulk carbon residues, interface con-
tamination, or nonuniform chalcogenization.

Evidence for liquid-assisted growth should combine temperature-dependent phase
identification with cross-sectional microstructure and composition mapping rather than
relying only on grain-size changes. The corresponding characterization methods for burn-
out and residual carbon are summarized in Table 7.

Table 7. Characterization methods for organic burnout and residual carbon in colloidal
CIGS/CZTSSe films.

Method Information Obtained Strength Limitation Refs.
. Quantifies organic content
Mass loss £ lvent, ligand, and Powder dat t -
TGA ass loss from solvent, ligand, and = o decomposition temper- owder data may not repre [15,21,34]
additive removal sent thin-film behavior
ature
DSC Endothermic/exothermic events dur-  Identifies decomposition Requires careful assignment 21,22,34]
ing drying, decomposition, or reaction and reaction events of overlapping processes T
FTIR Organic functional groups such as C— Tracks ligand exchange and Less sensitive to buried or [21,34]
H, N-H, S-H, C-N ligand removal carbonized residues !
Amorphous/graphitic carbon D and G Links residual carbon with A
. . . Surface sensitivity and peak
Raman bands; chalcogenide phase infor- phase formation and sec- . [21,34]
. overlap must be considered
mation ondary phases
XPS Surface carbon, nitrogen, sulfur, sele- Identifies surface residues Limited probing depth; not [21,22,34]

nium, and metal chemical states and chemical bonding  sufficient for buried carbon
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uantification requires
Depth distribution of carbon, Na, K, S, Reveals buried carbon and Q q

SIMS . .. standards and careful cali-  [21,34]
Se, and other elements interface contamination .
bration
Local carbon at grain boundaries or Limited sampling area and
TEM/EELS as Direct nanoscale evidence pimg are [21,22,34]
interfaces complex preparation
Critical summary: Burnout control is essential because residual carbon can block co-
alescence and introduce recombination-active boundaries. The strength of thermal re-
moval is simplicity, but its weakness is that gas evolution and incomplete decomposition
can create pores or local composition changes; burnout protocols must therefore be vali-
dated by chemical depth profiles and device-level transport metrics.
3.3. Pressure-Assisted Pre-Sintering
Pressure-assisted pre-sintering has been reported as a precursor-conditioning strat-
egy for nanoparticle-derived CIGS and CZTSSe thin films, particularly when the depos-
ited precursor layer contains a high organic content, large interparticle porosity, and
strong drying-induced constraint from the Mo-coated glass substrate. In this review, this
term is used narrowly for a treatment applied before full sulfurization or selenization, in
which moderate heat and/or pressure are used to improve the precursor film by increasing
particle contact, reducing cracking, partially consolidating the layer, or decreasing resid-
ual organic species [15-21,34]. It is not used here to imply conventional hot pressing, pres-
sureless oxide sintering, or full absorber formation. The proposed roles and limitations of
pressure-assisted pre-sintering are summarized in Figure 11.
AS-DEPOSITED NANOPARTICLE FILM CONDITIONED PRECURSOR FILM
Mild Pressure‘Mild Heat VOC/Organics release
LOOSE
PARTICLE PRESSURE-ASSISTED VAT INTER-PARTICLE
PACKING PRE-SINTERING MNECKS FORMATION
HIGH —— REDUCED
&
83&16;',?[ (Mild Treatment) POROSITY
¥~_ORGANICS/BINDER
Mgg:o\é?;eﬂ r DECOMPOSITION
Mo-coated glass substrate | Mo-coated glass substrate I
Scale concep illustative,
semantic labels only
ABSORBER WITH PAPS CONDITIONING ABSORBER WITHOUT CONDITIONING
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CONTACT\ GRAIN GROWTH AT GBs DELAMINATION IN FILM
Chalcogenization 4
TRAPPED
; CARBON/
MINIMAL High-temperature Se/S e
PORES BhieHR ! POROSITY

Mo-coated glass substrate Mo-coated glass substrate

Figure 11. Possible roles of pressure-assisted pre-sintering as a precursor-conditioning step. Mild
pressure/thermal treatment may improve particle contact, suppress cracking, reduce porosity, and

remove organics. Al-assisted schematic; scientific basis supported by Refs. [15-21,34].

The first potential benefit of pressure-assisted pre-sintering is the improvement of
particle contact. In nanoparticle-derived films, adjacent particles are often separated by
residual ligands, adsorbed solvent, weakly bound organic species, or nanoscale voids.

The second potential benefit is crack suppression. During drying and organic decom-
position, constrained shrinkage generates tensile stress in the film because the Mo-coated
glass substrate restricts in-plane contraction [16,17,20].
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The third possible benefit is partial compaction, but this term should be used only
when supported by direct evidence such as thickness reduction, porosity decrease, mass-
normalized density increase, profilometry, cross-sectional SEM/TEM, or image-based
pore analysis. Without such evidence, the safer description is improved particle contact
or improved film continuity rather than green-body compaction.

The fourth potential benefit is the reduction of organic residues. Pressure-assisted
pre-sintering can be integrated with staged heating to remove weakly bound solvent and
decompose or desorb surface ligands before the main chalcogenization step.

A key caution is that pressure-assisted pre-sintering should not be confused with
pressure-assisted selenization or gas-pressure sintering in dense ceramics. Pre-sintering
is a precursor-conditioning step before full chalcogenization; pressure-assisted seleniza-
tion is a reactive chalcogenization step in which pressure may primarily control Se chem-
ical potential, volatile Sn-containing species, vapor transport, transient liquid stability,
and film integrity. The possible roles and cautions of pressure-assisted pre-sintering are
summarized in Table 8.

Table 8. Possible roles and cautions for pressure-assisted pre-sintering of nanoparticle-derived
CIGS/CZTSSe precursor films.

Possible Mecha-
nism
Ligand removal, More uniform reac-SEM/TEM, reduced

Proposed Effect Expected Benefit Required Evidence Caution Refs.

Do not assume direct
pressure bonding with- [16-18,21,34]
out evidence

tion and grain
growth during proved conductiv-

ity

Improved particle particle rearrange- pore volume, im-

contact ment, partial neck-

ing chalcogenization

Stronger green net-

work, slower vola- Fewer mud cracks Crack reduction may

Optical micros-

Reduced cracking tile release, re-  and delamination copy, SEM crack- arise from thermal his-  [16-18,34]
duced shrinkage defects density analysis  tory, not pressure alone
gradient
Thick h , .
. . Pore reduction, lo- _ _. 1€ r.1ess ¢ ange Use improved contact or
Partial compaction, _ Higher green den- porosity analysis, N
_ cal particle rear- . e continuity if direct com-
when directly .., sity and improved density increase, . . . [16,17,21,34]
rangement, mild . . paction evidence is ab-
measured consolidation continuity profilometry, cross- sent
sectional SEM/TEM
Reduced organic Staged remo.val of L?ss carbon at par- TGA/DSC, FTIR, Improw?d.morp-hf)logy
. solvent and ligands ticle contacts and alone is insufficient [18,21,34]
residues Lo . . Raman, XPS, SIMS
before selenization grain boundaries proof
1 ticl
Improved chalco- C(Snf::tzraiiirrfoie More uniform Se/S Raman mapping, Must distinguish from
genization uni- transport and grain EDS/SIMS depth effects of later seleniza- [16,17,21,34]
. connected precur- ) . .
formity coarsening profiles tion
sor network
Reduced cracks, Higher carrier mo- Device improvement
Better devi - ity, carb o Hall, ]-V, EQE, , ,
erier cevice petr potostly, catbon bility, FF, and cur- all,J Q may involve multiple [21,34]

residues, and inter-
facial defects

formance .
rent collection

PL/TRPL Coupled factors

Pressure-assisted pre-sintering can be considered a precursor-conditioning step that
improves the quality of the nanoparticle-derived green film before full chalcogenization.
Its possible benefits include improved particle contact, reduced cracking, partial consoli-
dation of the precursor layer, and decreased organic residues. However, the role of pres-
sure should be described carefully. Unless direct load transfer to the film is demonstrated
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by thickness reduction, porosity decrease, density increase, stress analysis, or cross-sec-
tional compaction evidence, pressure-assisted pre-sintering should not be interpreted as
conventional hot pressing.

The applied gas pressure may influence volatile release, organic-removal behavior,
film integrity, and subsequent chalcogenization uniformity. Its role should be distin-
guished from direct mechanical pressure used in hot pressing or conventional gas-pres-
sure sintering of bulk ceramics.

Critical summary: Pressure-assisted pre-sintering can improve particle contact and
reduce pore volume before chalcogenization, but it is not automatically beneficial. Exces-
sive compaction may trap organics, restrict chalcogen transport, or enhance nonuniform
reactions; the method is useful only if densification is accompanied by clean interfaces,
phase uniformity, and improved VOC/FF/JSC statistics.

4. Reactive Chalcogenization and Microstructural Evolution

After drying, burnout, and any precursor-conditioning step, the precursor compact
must be converted into a crystalline chalcogenide absorber by sulfurization, selenization,
or combined sulfo-selenization. This step is often described simply as “annealing,” but for
nanoparticle-derived CIGS and CZTSSe films it is more accurately understood as reactive
chalcogenization. The term “reactive chalcogenization” is preferred because it names the
actual chemistry: chalcogen vapor transport, S/Se exchange, intermediate-phase conver-
sion, cation redistribution, volatile-species control, grain coarsening, secondary-phase re-
distribution, and Mo back-contact reaction.

As schematically shown in Figure 12, conventional hot pressing promotes densifica-
tion mainly through direct mechanical force. In contrast, pressure-assisted selenization or
related pressure-assisted chalcogenization primarily modifies the gas-phase environment.
The applied gas pressure increases the Se chemical potential, suppresses volatile Sn—-Se
species loss, promotes vapor transport through the porous precursor, and may stabilize
transient liquid or liquid-like chalcogenide phases. These effects can enhance mass
transport, particle coalescence, and liquid-assisted grain growth, thereby improving ab-
sorber continuity. Therefore, the improved film density or morphology observed after
pressure-assisted processing may arise from chemically enhanced chalcogenization and
liquid-assisted coarsening rather than from direct mechanical compaction. This distinc-
tion should be clearly stated to avoid overinterpreting pressure-assisted processing as true
hot pressing.

4.1. Chalcogenization as Reactive Sintering

Selenization or sulfurization of colloidal CIGS and CZTSSe precursor films can be
viewed as analogous to reactive sintering only in the limited sense that chemical conver-
sion and microstructural coarsening occur during the same thermal step. It is not directly
equivalent to conventional oxide-ceramic sintering, where densification and grain growth
are usually driven primarily by reduction of surface and interfacial energy in a compara-
tively stable solid framework. In chalcogenide absorbers, the dominant variables also in-
clude Se/S chemical potential, volatile Sn-containing species, liquid or vapor intermedi-
ates, narrow kesterite-phase stability, and reactive interfaces. Therefore, this review uses
“reactive chalcogenization” for the actual absorber-forming process and reserves “reac-
tive sintering” as a ceramic analogy that must be supported by mechanism-specific evi-
dence. This coupled conversion process is summarized in Figure 13.
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(A) CONVENTIONAL HOT PRESSING VS. (B)
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Figure 12. Schematic comparison between conventional hot pressing and pressure-assisted seleni-
zation. (A) Conventional hot pressing densifies a compact mainly through direct mechanical load-
ing, whereas pressure-assisted selenization applies gas overpressure that primarily modifies the
chalcogenization atmosphere and mass-transport conditions rather than directly compacting the
film. (B) Elevated gas pressure increases the Se chemical potential, suppresses volatile-species loss
such as Sn—Se evaporation, and promotes Se vapor transport through the porous precursor. (C) A
sufficiently high Se chemical potential can stabilize transient liquid or liquid-like chalcogenide
phases, extending the liquid-assisted grain-growth window and enhancing particle coalescence. (D)
When vapor transport, volatile-species retention, and transient liquid formation are well balanced,
a dense, high-quality absorber can be obtained; insufficient chemical potential or poorly controlled
transport instead leaves a porous film with incomplete conversion and limited densification. Al-
assisted schematic; scientific basis supported by Refs. [16-18,20,23,24,32,35].

For CIGS absorbers, chalcogenization involves the conversion of Cu-In—-Ga-contain-
ing precursors into the chalcopyrite Cu(In,Ga)Se2 phase. The reaction pathway may in-
clude Cu-Se, In-Se, Ga-Se, or mixed ternary intermediates, followed by interdiffusion
and crystallization of the final chalcopyrite structure [10,14,22].

For CZTSSe absorbers, reactive chalcogenization is even more complex because the
kesterite phase has a narrow thermodynamic stability window and contains four cations
and two possible chalcogen species. When CZTS or mixed sulfide/selenide precursors are
selenized, the film undergoes S/Se exchange, lattice expansion, cation redistribution, and
transformation toward Cu2ZnSn(S,Se)s [7-9,23,24].

A central feature of reactive chalcogenization is the role of vapor transport. The chal-
cogen source, such as elemental Se or S, is transported through the furnace atmosphere
and reacts with the precursor film. This is a chalcogenide-specific chemical boundary that
has no direct analog in ordinary oxide-ceramic sintering, because vapor-phase Se/S activ-
ity can determine phase stability, S/Se exchange, Sn retention, and MoSe2 formation.
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Figure 13. Reactive chalcogenization as a coupled conversion process. Selenization or sulfurization
combines chalcogen vapor transport, S/Se exchange, phase transformation, transient liquid for-
mation, grain coarsening, secondary-phase redistribution, and Mo back-contact reaction. Al-as-
sisted schematic; scientific basis supported by Refs. [21,23,24,28,32,35].

Transient liquid or liquid-like phases can further accelerate grain growth and densi-
fication during chalcogenization, but this statement is mechanism-specific. In CZTSSe, lig-
uid Se, Cu-Se, Sn-Se, or Cu-Sn-Se-related phases may promote liquid-assisted phase evolu-
tion, abnormal grain growth, and coarsening of the kesterite absorber [23,24]. However, the
presence of large grains alone does not demonstrate liquid-assisted coarsening; the mecha-
nism requires phase evidence from in situ or quenched experiments, Raman/XPS/TEM/EDS
mapping, composition-depth profiles, or thermodynamic/kinetic analysis.

Reactive chalcogenization also includes important interface reactions. The Mo back
contact is not inert under high-temperature Se- or S-containing atmospheres.

From this perspective, the success of reactive chalcogenization depends on balancing
several coupled factors: sufficient chalcogen activity for complete conversion, controlled
volatile-species loss, clean particle contacts after organic burnout, suitable pore structure
for vapor transport, transient liquid formation for grain growth, and suppression of det-
rimental secondary phases and excessive back-contact reactions. For colloidal CIGS and
CZTSSe absorbers, the objective is not simply to increase annealing temperature or time,
but to design a reaction pathway that converts a constrained nanoparticle compact into a
dense, phase-pure, compositionally uniform, and electronically benign absorber. The cou-
pled processes involved in reactive chalcogenization are summarized in Table 9.

Table 9. Coupled processes during reactive chalcogenization of colloidal CIGS and CZTSSe films.

Role Duri hal i-
Process oe urmg-C acogemt Possible Benefit Possible Problem Refs.
zation
Chalcogen vapor Supplies Se or S to the pre- Enables conversionto = Nonuniform penetration can
: . . [14,23,24,32]
transport cursor film CIGS or CZTSSe cause bilayer microstructure
Repl ith - T I 1 h -
S/Se exchange eplaces S with Se or ad unes band gap and Incomplete exchange causes com [23,24,32]

justs S/(S + Se) ratio lattice parameter positional gradients

Converts binary/ternary
precursors into chalcopyrite
or kesterite phase

Phase transfor-
mation

Forms functional ab- Intermediate or secondary phases

. [23,24]
sorber may remain
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. .. Enhances mass transport Residual Cu-rich or Cu-Sn-Se
Transient liquid e . .
. only when a liquid/liquid- Promotes large-grained phases may cause shunting; large
formation, if .. L. ; . . .. ; [24,32]
like intermediate is present dense films grains alone are insufficient evi-
demonstrated
and consumed dence

Organic-residue

Carbon residues inhibit grain

Cleans particle contacts  Improves coalescence . .
P p growth and increase recombina-  [23,24,32]

during heati d transport
urmg ea H'lg an ran p T tiOI‘l

Interface reaction

Forms MoSe2 or other back- Thin MoSe2 may assist Excessive MoSe: increases series

. . [21,23,24]
contact phases contact formation resistance

Secondary-phase Segregates excess Cu, Zn, May relieve local off- CuzxSe, ZnSe, SnSez, or Cuz2SnSes
redistribution

24,32
Sn, or chalcogen species stoichiometry degrade devices [24,32]

Critical summary: Describing chalcogenization as reactive sintering is helpful be-
cause it emphasizes simultaneous reaction, mass transport, coarsening, and densification.
The weakness of the analogy is that chalcogenide absorbers are governed by volatile spe-
cies, liquid-like intermediates, and narrow phase stability; therefore, the term should be
used as an organizing framework, not as direct equivalence to oxide-ceramic sintering.

4.2. Pressure-Assisted Selenization

Pressure-assisted selenization has been proposed as a useful strategy for improving
the conversion of nanoparticle-derived CIGS and CZTSSe precursor films into dense, crys-
talline absorber layers. However, the role of pressure should be described carefully and sep-
arated into chemical, transport, liquid-phase, volatile-species, mechanical, and interface
contributions. These distinct pressure effects are separated schematically in Figure 14.

PRESSURE-ASSISTED SELENIZATION
(CHEMICAL CONTROL)

High Gas Pressure —
(Thermodynamic Lever) Elevates Selenium
Chemical

Potential (ug,)

|

= ! Suppresses SnSe(g)
hase — Volatilization
P o——— Optimized Vapor
Transport
| (Uniform Conversion)
, , Stabilized Transient
Liquid Phases

Large-Grained
Absorbers
(CZTSSe)

Figure 14. Distinct effects of pressure during pressure-assisted selenization. Gas pressure primarily
modifies Se chemical potential, volatile-species loss, transport through a porous precursor, transient
liquid stability, and film integrity rather than acting as conventional hot pressing. Al-assisted sche-

matic; scientific basis supported by Refs. [23,24,32,35].
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From a chemical perspective, the most important function of pressure-assisted seleni-
zation is to maintain a high Se chemical potential around the precursor film. During high-
temperature selenization, Se vapor must continuously react with the precursor compact
to complete S/Se exchange, stabilize the desired chalcopyrite or kesterite phase, and sup-
press chalcogen-deficient regions.

From a transport perspective, pressure-assisted selenization can influence how Se-
containing species penetrate the porous precursor compact and how the reaction front
moves through the film thickness. In nanoparticle-derived films, Se transport is governed
by pore connectivity, film thickness, residual carbon, crack density, particle contacts, and
the formation of transient liquid phases.

From a mechanical perspective, pressure may help reduce pore growth, crack open-
ing, or volatile-induced film disruption during selenization. For example, a pressurized
atmosphere may suppress rapid outgassing, limit the expansion of internal voids, and
help maintain film continuity during phase transformation. The role of pressure during
selenization is separated into chemical, transport, liquid-phase, volatile-species, mechan-
ical, and interface effects in Table 10.

Table 10. Distinct roles of pressure during pressure-assisted selenization.

Role During Selenization Possible Benefit Caution Refs.

Chemical effect

Promotes complete

Maintains high Se activity and chalcogenization, re- Should be linked to Se chemical po-

subDresses volatile loss duces Sn loss, stabilizestential and phase stability, not simply [24,32]
PP CIGS/CZTSSe for- density
mation

Transport effect transport, and reaction-front

Improves through-

Modifies Se penetration, vapor . ]
thickness conversion

Strongly depends on pore structure,
and may suppress fine- carbon residue, and precursor pack- [24,32]

movement .
grained bottom layers

ing

Liquid-phase

Enhances mass
transport, grain coars- Residual Cu-rich liquid may generate
ening, and densifica- shunting secondary phases
tion

Stabilizes or modifies Se-rich,
Cu-Se, Cu-Sn-Se, or multi- [24,32]

component transient liquids

Volatile-species Suppresses evaporation of Sn-

Maintains stoichiome- Excess pressure/Se activity may en-
try and reduces decom-hance MoSe2 growth or surface segre-  [24]

or Se-containing species Y .
position gation

Possible me-
chanical effect,

Not equivalent to hot pressing unless

May reduce pore expansion, Improves film continu- .
Y p p P load transfer, thickness change, den-

crack opening, or film disrup- ity and reduces defect | . .. [24,32]
not assumed . . sity increase, or porosity reduction is
. tion formation
compaction demonstrated
Thin MoSe2 may im-
Affects MoSe2 formation and  prove contact; con-  Excessive MoSe: increases series re-
Interface effect . . . . [24,32]
back-contact reaction trolled reaction may  sistance and may weaken adhesion

improve adhesion

Pressure-assisted selenization is therefore best described as a process that modifies
the chemical potential, vapor transport, volatile-species balance, transient liquid stability,
and film integrity during chalcogenization. In CIGS systems, pressure may help maintain
Se-rich conditions, promote chalcopyrite crystallization, and reduce porosity during na-
noparticle-film conversion [22].

A rigorous description should therefore avoid statements such as “pressure directly
forces Se into the film” or “pressure mechanically densifies the absorber” unless sup-
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ported by direct evidence. A more accurate description is that pressure-assisted seleniza-
tion can maintain Se activity, suppress volatile loss, modify reaction-front movement, sta-
bilize or shift transient liquid-assisted coarsening, and reduce pore/crack evolution. Direct
mechanical compaction should be claimed only when thickness, porosity, density, stress,
or load-transfer measurements demonstrate it.

Pressure-assisted selenization can enhance absorber formation by maintaining Se ac-
tivity, suppressing volatile loss, modifying Se transport, and stabilizing transient liquid-
assisted grain growth. However, the Se chemical potential must be optimized rather than
simply maximized. A high Se activity can promote S/Se exchange, kesterite crystallization,
and transient-liquid-assisted grain growth, but it can also accelerate the reaction between
Se and the Mo back contact to form MoSez. Therefore, pressure-assisted selenization in-
volves a kinetic competition between absorber coarsening and back-contact selenization.
If MoSe:2 grows too rapidly or becomes too thick, the associated interfacial volume expan-
sion and stress development can disrupt bottom-layer coalescence, weaken adhesion, ob-
struct through-thickness mass transport, and contribute to the persistence of a fine-
grained bottom layer. Its possible mechanical contribution to pore or crack suppression
should be distinguished from direct hot pressing and should only be claimed when effec-
tive load transfer or measurable compaction is demonstrated.

Gas pressure may improve film continuity by reducing volatile-induced pore growth
and by maintaining a more favorable chalcogenization environment, but it should not be
treated as equivalent to mechanical compaction unless supported by thickness, density,
porosity, or stress measurements.

Critical summary: Pressure-assisted selenization can stabilize volatile components
and improve reaction uniformity, but it also changes vapor transport, liquid formation,
and back-contact reactions. Its effectiveness should therefore be judged from Sn retention,
S/Se gradients, secondary-phase mapping, MoSe2 thickness, and device metrics rather
than from grain size alone.

4.3. Transient Liquid-Assisted Grain Growth

Transient liquid-assisted grain growth is one possible mechanism controlling the mi-
crostructural evolution of selenized CIGS and CZTSSe absorber films. In nanoparticle-de-
rived precursor layers, the initial particles are usually much smaller than the final grains
required for efficient carrier transport. However, this term should be used only when a
liquid or liquid-like intermediate is identified or strongly supported; otherwise, the more
general term “grain coarsening during reactive chalcogenization” is more appropriate.

For CZTSSe, several possible liquid or liquid-like phases may participate during
selenization. These include Se-rich liquids, Cu-Se phases, Sn-Se phases, Cu-Sn-Se lig-
uids, Ag-Se-containing liquids in Ag-substituted systems, or more complex multicompo-
nent chalcogenide liquids containing Cu, Zn, Sn, S, Se, and dopant elements [23,24,37].
These liquid or liquid-like species should not be treated as a single mechanism. At least
five different pathways must be distinguished. First, a beneficial transient liquid can pro-
mote dissolution—reprecipitation, particle coalescence, pore elimination, and grain coars-
ening when it is short-lived, spatially well distributed, and consumed during kesterite
formation. Second, a harmful residual liquid-derived phase can remain after selenization
as Cux-Se, Cu-5n-Se, or other conductive residues, producing shunting, nonselective re-
combination, and poor fill factor. Third, Sn—Se or Se-containing species may contribute
through volatile-assisted transport rather than true liquid-phase sintering; in this case, the
important issue is Sn retention and vapor-phase redistribution, not liquid-assisted densi-
fication. Fourth, surface-localized liquid formation may generate large grains near the top
surface but fail to assist the bottom region, thereby producing a bilayer absorber with a
large-grained upper layer and a fine-grained bottom layer. Fifth, back-interface liquid or
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highly reactive Se-rich chemistry near Mo can promote MoSe: growth, interfacial voiding,
or secondary-phase segregation instead of beneficial absorber coarsening. Therefore, the
phrase “transient liquid-assisted grain growth” should be used only after specifying the
composition, location, lifetime, and final consumption of the liquid-derived phase. The
possible liquid-assisted growth pathways are summarized in Figure 15.

a. Transient Liquids b. Achieving Large-Grain c. Beneficial Consumption
Accelerate Mass Transport Microstructures vs. Harmful Residue

Liquid Film
(L-CTSe, Cu-Se, Cu-Sn-Se)

Cuy.,Se
Residues

~6 ym CZTSSe Grains

Cu,_,Se

Prfg;;sror Residues
Developed CZTSSe Grains Ideal liquids are unconsumed
Se-rich, Cu-Se, or Cu-Sn-Se liquids Effective liquid-assisted growth fully consumed  residues (Cu,.,Se)
dissolve small particles and creates ~6 ym grains, reducing into the kesterite  create conductive
reprecipitate them onto larger grains grain boundaries that act as phase. shunts that degrade
(Ostwald Ripening). recombination centers. device Fill Factor.

Figure 15. Transient liquid-assisted grain growth during CZTSSe selenization. Se-rich, Cu-Se-re-
lated, Cu-Sn-Se, Ag-Se-containing, or multicomponent chalcogenide liquids can accelerate dissolu-
tion-reprecipitation and grain coarsening, but residual conductive liquid-derived phases can de-
grade device performance. Al-assisted schematic; scientific basis supported by Refs. [23,24,32,35].

The fundamental role of a transient liquid phase is to increase the rate of mass
transport. This description is valid only for a beneficial transient liquid. A liquid phase
improves the absorber only when it enhances dissolution of small particles, reprecipita-
tion on larger grains, interparticle neck growth, and pore elimination without leaving con-
ductive or insulating residues. If the liquid is compositionally unbalanced, spatially local-
ized, or incompletely consumed, it may increase grain size while simultaneously creating
Cuz-xSe shunts, Cu-Sn-Se residues, ZnSe-rich blocking regions, Sn loss, or back-contact
reaction products. Thus, grain coarsening alone should not be used as proof that liquid-
assisted growth was beneficial. In a nanoparticle compact, small particles have high sur-
face energy and therefore tend to dissolve more readily than larger particles.

In CZTSSe absorbers, Cu-containing liquid phases are often considered important
because Cu-Se and Cu-5n-Se compounds can form low-melting or liquid-like phases un-
der selenization conditions [23]. These liquids can assist rapid grain growth and improve
film continuity. However, Cu-containing liquid chemistry is a double-edged pathway. If
the Cu-Se or Cu-Sn-Se liquid is transient and is fully incorporated into the growing kes-
terite phase, it can accelerate grain coarsening and improve film continuity. If it persists
after chalcogenization, it may leave Cuz2xSe or Cu-Sn-Se residues at the surface, grain
boundaries, or back contact. These residual liquid-derived phases are especially harmful
because they can be conductive and may form shunting paths even when the absorber
appears dense in cross-sectional SEM. Therefore, Cu-containing liquid formation should
be evaluated by Raman spectroscopy, selective etching response where appropriate,
cross-sectional TEM/EDS, XPS, and J-V shunt analysis, rather than by grain size alone.
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Sn-Se-related species also require careful consideration. Sn-containing compounds
can participate in transient liquid or vapor-mediated reactions, but Sn volatility is one of the
major challenges in CZTSSe processing [7-9,24]. If the Se activity, temperature, or annealing
time is not properly controlled, Sn loss can shift the absorber away from the desired kesterite
stability window and promote formation of ZnSe, CuzSnSes, SnSez, or other secondary phases.
Therefore, any discussion of Sn—Se liquid-assisted growth should be accompanied by a dis-
cussion of Sn-retention control, Se chemical potential, and phase stability.

Sn-Se chemistry should also be separated into liquid-mediated and volatile-medi-
ated pathways. Some Sn—Se-rich local compositions may participate in transient liquid or
liquid-like reactions, but Sn-containing vapor species can also redistribute or remove Sn
during selenization. In the latter case, the process is better described as volatile-assisted
transport rather than liquid-assisted grain growth. This distinction matters because vapor-
mediated Sn transport can help homogenize local composition under controlled condi-
tions, but it can also drive Sn loss, shift the absorber out of the kesterite stability window,
and promote ZnSe, SnSez, or Cuz2SnSes formation. Evidence for Sn—Se-mediated growth
should therefore include Sn depth profiles, quenched intermediate phases, vapor/temper-
ature dependence, and cross-sectional composition mapping.

Ag substitution can further modify liquid-assisted grain growth. Because Ag can in-
teract with Se and may alter the melting behavior, liquidus temperature, and transport
properties of the transient chalcogenide phase, moderate Ag incorporation has been re-
ported to enhance grain growth and reduce fine-grained regions in some CZTSSe absorb-
ers [23,24,37].

The dissolution-reprecipitation model also helps explain why precursor structure
strongly affects the final microstructure. A well-packed green body with clean particle
contacts can support continuous liquid redistribution and uniform grain coarsening.

Evidence for liquid-assisted growth should combine temperature-dependent or
quenched-phase identification with cross-sectional microstructure, composition mapping,
and device correlation rather than relying only on grain-size changes. The key question is
not simply whether a liquid-like phase forms, but whether it acts as a beneficial transient
transport medium, a harmful residual conductive phase, a volatile-assisted redistribution
pathway, a surface-localized coarsening agent, or a back-interface reaction accelerator.
These pathways are distinguished in Table 11, and mechanistic claims should be worded
according to the level of evidence available.

More rigorously, the community should move beyond post-mortem identification of
Cu-Se, Sn-Se, Cu-Sn-Se, or other liquid-derived residues and instead test the kinetics of
phase dissolution during the actual annealing window. A transient liquid mechanism is
convincingly demonstrated only when time- and temperature-resolved evidence shows
when the liquid-like phase forms, which precursor or secondary phases dissolve into it, how
rapidly the dissolved species are transported and reprecipitated into kesterite or chalcopy-
rite grains, and when the liquid is consumed. Therefore, the phase matrix in Table 11 should
be interpreted as a mechanistic checklist rather than a final proof: thermodynamic or chem-
ical-potential modeling must be coupled with time-resolved structural data from in situ or
operando XRD, Raman spectroscopy, synchrotron scattering, or interrupted-quench exper-
iments before liquid-assisted grain growth is claimed as the dominant mechanism.

Table 11. Possible transient liquid phases and their effects during selenization.

Possible Liquid Possible Origin ~ Beneficial Role  Potential Risk Ev1def1ce‘requ1red Be'fore As- Refs.
Phase signing Mechanism
Excess Se supply  Enhances chalco- i L
M t - S tivit trol, t
Se-rich liquid  orlocal Se conden- gen transport and ay promoze ex © activily control in st [23,24]

sation S/Se exchange

cessive MoSe2 or analysis
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surface segrega-

tion
. Promotes rapid .
-rich local re- R 1 Cuz
Cu-—Se-related lig- Cu‘nc ocatre grain growth and esidual Cuz-Se Raman, XPS, TEM/EDS, phase
. gions during . . can cause shunt- . [23,24]
uid o dissolution-repre- . analysis
selenization . ing
cipitation
May assist phase
Se-rel lie- ) L f ; )
Sn Se-related 1q' Sn Con.talmng in tfané orr.nat1on, T ¢ loss and off- SIMS, EDS depth profiles, va-
uid or vapor-medi- termediates under distribution, or vol- . . [23,24,32]
. . . stoichiometry por analysis, quenched phases
ated species Se atmosphere atile-mediated
transport
Reaction between Strong liquid-as- Cu25nSes or Cu- .
R , TEM, hed mi-
Cu-Sn-Se liquid Cu-, Sn-, and Se- sisted grain coars- rich residues may aman, quenched mi [23,24,35]
. . . . crostructure
rich regions ening remain
S . Excess Ag
.. Agsubstitution or May enhance lig- .
Ag-Se- h - A XRD/R
8 Se.Cor.ltalnmg Ag-containing pre- uid mobility and phases, band g mapping, _/ aman, [23,24,32]
liquid . gap/current device metrics
cursors grain growth
trade-off
C ition dif-
Multicomponent Realistic mixture of Most likely reac- OMPOSIHON &1 . L
' . . : . ficult to control; Thermodynamic modeling, in
chalcogenide lig- Cu-Zn-5n-5-Se+ tion medium in secondary phases situ XRD/Raman, TEM/EDS [23,24,32]
uid dopants CZTSSe yP ’

possible

Transient chalcogenide liquids can enhance mass transport and promote dissolution—
reprecipitation during selenization, but this statement applies only to liquid phases that
are transient, spatially connected, compositionally balanced, and consumed during ab-
sorber formation. A liquid-derived residue is not equivalent to a beneficial transient lig-
uid. Cuz~Se, Cu-5n-Se, or Cu25nSes residues may remain after selenization and degrade
the device by shunting, nonselective recombination, or local band inhomogeneity. Simi-
larly, Sn—Se species may contribute through volatile-assisted transport rather than true lig-
uid-phase sintering; therefore, Sn retention, vapor-phase redistribution, and Sn depth pro-
files must be considered. Surface-localized liquid formation can explain why large grains
develop near the top surface while a fine-grained bottom layer persists near Mo. Back-inter-
face Se-rich or Cu-Sn-Se reaction zones can accelerate MoSe: formation, interfacial voiding,
and secondary-phase segregation. Therefore, any claim of beneficial transient-liquid-as-
sisted grain growth should be supported by quenched or in situ phase analysis, cross-sec-
tional Raman/TEM/EDS, depth-resolved composition, and device-level correlation.

Ag substitution may modify transient liquid chemistry and enhance grain coarsen-
ing, but the actual liquid phase in CZTSSe is likely multicomponent. Therefore, Ag-as-
sisted grain growth should be discussed as a coupled effect of altered liquid or liquid-like
reaction pathways, cation redistribution, defect chemistry, and microstructural evolution
unless specific Ag-Se liquid formation is experimentally confirmed.

Critical summary: Transient liquid-assisted coarsening is a plausible route to larger
grains and improved mass transport, but it is also one of the easiest mechanisms to over-
state. A beneficial liquid must be transient, spatially connected, compositionally con-
trolled, and consumed; more importantly, it must be demonstrated kinetically by tracking
phase formation, dissolution, transport, reprecipitation, and disappearance rather than
inferred only from post-mortem grain size or residual phases. Thermodynamic modeling
coupled with time-resolved structural data is therefore required to distinguish a true tran-
sient liquid pathway from volatile-assisted transport, secondary-phase segregation, or
surface-localized coarsening.
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4.4. Bilayer Microstructure

A characteristic microstructural feature frequently observed in nanoparticle-derived
CZTSSe absorbers is the formation of a bilayer structure, consisting of a large-grained up-
per layer and a fine-grained bottom layer near the Mo back contact. The large-grained top
layer is generally favorable for carrier transport because it contains fewer grain bounda-
ries and provides more continuous pathways for photogenerated carriers. In contrast, the
fine-grained bottom layer is usually detrimental because it contains a high density of grain
boundaries, residual pores, secondary phases, carbonaceous residues, and back-contact
reaction products. The coupled origins of the bilayer microstructure are summarized in
Figure 16. In particular, surface-localized transient liquid formation can accelerate top-
layer coarsening while failing to supply the bottom region with sufficient liquid-mediated
mass transport, thereby producing the common large-grained-top/fine-grained-bottom
bilayer morphology.

D | The 7 Driving Origins A | Large-Grained
« Nonuniform Se penetration Top Layer

* Residual carbon

« Substrate constr

* MoSe, formation

* Sn loss
+ Alkali gradients
* Nonuniform liqu

a

N\

High-purity crystalline zone
o——— optimized for efficient
charge carrier transport.

B | Fine-Grained

_ Bottom Layer
S8 High-resistance zone

trapped with pores,

formation carbon residues, and
grain boundaries.
E | Back-Contact Bottleneck C | Mo-Coated
Interface reactions and MoSe, growth Substrate

modify local stress and chemistry,
inhibiting particle coalescence.

Figure 16. Origin of bilayer microstructure in nanoparticle-derived CZTSSe absorbers. A large-
grained top layer and fine-grained bottom layer may result from nonuniform Se penetration, resid-
ual carbon, substrate constraint, MoSe2 formation, Sn loss, alkali gradients, and spatially nonuni-
form transient liquid formation. Al-assisted schematic; scientific basis supported by Refs. [21,29-
32,34,35,48].

One major cause of bilayer formation is nonuniform Se penetration. During seleniza-
tion, Se vapor reaches the film from the external atmosphere and reacts first with the sur-
face region of the precursor compact.

A second important factor is residual carbon. Long-chain ligands such as oleylamine,
if not completely removed before chalcogenization, can leave carbonaceous residues at
particle contacts and grain boundaries [34].

Substrate constraint also contributes to bilayer formation. The precursor film is at-
tached to a rigid Mo-coated soda-lime glass substrate; therefore, shrinkage, particle rear-
rangement, and grain growth near the back contact are mechanically constrained [16,17].

Another important factor is MoSez formation at the back contact. During selenization,
Se reacts with Mo to form MoSez, and this reaction proceeds simultaneously with kesterite
phase formation and grain coarsening in the adjacent absorber layer [29-32,35]. The
growth of MoSe2 should therefore be viewed as a competing ceramic interface reaction. A
thin and continuous MoSe: layer may assist back-contact formation, but excessive MoSe:
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growth consumes Se near the interface, introduces interfacial volume expansion, gener-
ates local stress, and can mechanically disrupt the bottom region of the absorber [29-
31,35]. This disruption suppresses bottom-up grain coarsening, promotes interfacial void-
ing or delamination, and contributes to the persistence of a fine-grained bottom layer near
the Mo contact [21,32,35]. Therefore, MoSe: control is not only an electrical back-contact
issue; it is also a kinetic and mechanical constraint on microstructural evolution during
reactive chalcogenization. This reaction should be treated as a kinetic competitor to kes-
terite grain coarsening rather than only as a passive back-contact reaction [29-32,35]. Dur-
ing reactive chalcogenization, Se supplied from the vapor phase or transient liquid phase
must simultaneously participate in S/Se exchange, CZTSSe phase formation, liquid-as-
sisted grain growth, and Mo selenization. Near the back contact, the Mo + Se — MoSe:
reaction can consume Se locally and generate a growing interfacial MoSe: layer while the
bottom CZTSSe grains are still attempting to coarsen [29-32,35]. If MoSe2 growth is rapid
or excessive, the associated volume expansion and interfacial stress can physically disturb
the bottom absorber region, interrupt particle coalescence, weaken adhesion, open inter-
facial voids, and hinder bottom-up grain growth. Thus, the fine-grained bottom layer is
not only a mass-transport or residual-carbon problem; it is also a ceramic interface-reac-
tion problem governed by competition between absorber crystallization and back-contact
selenization [21,29-32,35].

Sn loss can further promote through-thickness microstructural inhomogeneity.
CZTSSe has a narrow phase-stability window, and Sn-containing species can volatilize
during high-temperature selenization [7-9,24].

Finally, alkali diffusion gradients may influence bilayer evolution. In many chalco-
genide solar cells, Na and other alkali elements diffuse from soda-lime glass through the
Mo back contact into the absorber during annealing.

The bilayer structure should therefore be treated as a multifactorial processing—mi-
crostructure—interface problem. Nonuniform Se penetration, residual carbon, substrate
constraint, MoSe2 formation, Sn loss, and alkali diffusion gradients may act simultane-
ously and may reinforce one another.

A rigorous discussion of bilayer microstructure should therefore combine cross-sec-
tional microstructure, depth-resolved composition, phase mapping, and device analysis.
Cross-sectional SEM can reveal the thickness and morphology of the fine-grained bottom
layer. The likely causes of bilayer formation and their device consequences are summa-
rized in Table 12.

Table 12. Possible causes of bilayer microstructure in nanoparticle-derived CZTSSe films.

Possible Cause Mechanism Expected Evidence  Device-Level Consequence  Refs.
Se/S depth profile, cross-
sectional Raman map-

Surface region reacts first and
densifies, slowing Se

Incomplete conversion and

N if S -
onuniiorm >¢ pene weak carrier collection near [21,32,48]

trati ing, tion-front -
ration transport to the bottom region ping, feaction-tront mot back contact
phology
R D ds, SIM
Carbon residues block particle ame:;rbi)i ba;g ﬁlsé SIMS High resistance, recombina-
Residual carbon  coalescence and liquid redis- P . tion-active boundaries, fine- [21,48]
o TEM/EELS at grain .
tribution near bottom layer . grained morphology
boundaries

Mo-coated glass restricts ~ Cross-sectional SEM, re- e
. . . . . Poor densification and non-
Substrate constraint shrinkage and grain-bound- sidual pores, delamina- . . [23,32,48]

Lo . . . uniform microstructure
ary migration near interface tion/crack analysis

Se reacts with Mo, modifying Raman/TEM identifica- Excessive series resistance,
MoSe: formation  interface chemistry and local tion of MoSe: thickness back-contact recombination, [21,32,48]
stress and morphology adhesion loss
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Sn loss

Volatile Sn species shift local Sn depth profile, ZnSe, Cu25nSes, SnSe: for-
composition away from kes- XPS/EDS/SIMS, second- mation and increased re- [29-31,48]

terite stability ary-phase detection combination

ent

Na/K diffusion from soda-
Alkali diffusion gradi- lime glass modifies crystalli-
zation and defect chemistry

Nonuniform carrier concen-
SIMS Na/K depth profile tration, grain growth, and [21,32,48]

assivation
near back contact P

Nonuniform transient
liquid formation

Liquid-assisted grain growth Quenched microstruc- Large-grained top layer but
occurs preferentially near Se- ture, TEM/EDS, phase persistent fine-grained bot- [21,32,48]

rich surface mapping tom layer

The bilayer structure is likely produced by several coupled factors, including nonu-
niform Se penetration, residual carbon, substrate constraint, MoSe: formation, Sn loss, al-
kali diffusion gradients, and spatially nonuniform transient liquid formation.

Pressure-assisted selenization may reduce the fine-grained bottom layer by improv-
ing Se activity and reaction-front movement, but complete suppression also requires con-
trol of residual carbon, precursor packing, Sn retention, MoSe2 growth, and back-interface
chemistry [21,32,35]. In particular, MoSe: thickness should be interpreted together with
the kinetics of bottom-layer grain growth. A thin MoSe: layer may provide a useful tran-
sition between Mo and the absorber, but a thick or nonuniform MoSe: layer indicates that
Se consumption and volume expansion at the back contact have become competitive with
absorber coarsening [29-31,35]. In this case, the bottom-layer grains may remain small not
because the system lacks a grain-growth driving force, but because the growing MoSe2
interface mechanically and chemically interrupts the coarsening pathway. Therefore, bi-
layer suppression requires simultaneous control of Se chemical potential, MoSe: reaction
rate, precursor packing, residual carbon, Sn retention, and transient liquid distribution
[21,29-32,35].

Critical summary: Bilayer microstructure is a particularly important weakness of na-
noparticle-derived absorbers because a dense top layer can mask a fine-grained, recombi-
nation-active bottom layer. The critical point is that cross-sectional morphology must be
interpreted together with back-contact chemistry, long-wavelength EQE, TRPL/PL, SIMS,
and TEM/EELS evidence [21,29-32,35].

5. Phase Evolution, Secondary Phases, and Defect Chemistry

Phase evolution, secondary-phase formation, and defect chemistry are tightly cou-
pled during the conversion of colloidal CIGS and CZTSSe precursor films into functional
photovoltaic absorbers. Although both systems belong to the family of multinary chalco-
genide semiconductors, their reaction pathways and defect sensitivities are very different.

5.1. Phase Evolution
5.1.1. Phase Evolution in CIGS Absorbers

The formation of chalcopyrite Cu(In,Ga)Se2 from colloidal or nanoparticle-derived
precursors usually proceeds through a sequence of binary and ternary intermediate
phases before the final quaternary chalcopyrite phase is established. Depending on the
precursor chemistry, heating profile, Se activity, and particle-size distribution, Cu-Se, In—
Se, Ga-Se, Cu-In-Se, and Cu-Ga-Se intermediates may form transiently during seleniza-
tion [10,14,22]. The phase-evolution pathways of the two absorber families are compared
in Figure 17.
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(a) CIGS: Chalcopyrite (b)  CZTSSe: Kesterite Ordering
Crystallization & Ga Grading & S/Se Exchange
Formation is primarily driven by Ga depth Conversion involves complex anion exchange and
distribution and alkali-assisted grain growth. precise cation ordering into the kesterite lattice.
———7ZnSe
Secondary Phase
EBL@e_— Cu,,Se
Secondary
Phase
Anion exchange&
Cation ordering Volatile Sn
(Kesterite!lattice) Retention
. Cuy,Se
Mo-coated glass substrate ﬁﬁm"daw
ase
Cu(In,Ga)Se s U .
Ch§|cop3,ité Absorber Critical Sn Retention & Phase Suppression

CZTSSe requires suppressing volatile Sn loss and
competing secondary phases like ZnSe and Cu,_,Se.

Figure 17. Comparison of phase evolution in CIGS and CZTSSe absorbers. CIGS formation is gov-
erned by chalcopyrite crystallization, Ga distribution, and alkali-assisted grain growth, whereas
CZTSSe formation additionally involves 5/Se exchange, Sn retention, cation ordering, and suppres-
sion of competing selenides. Al-assisted schematic; scientific basis supported by Refs. [5,10-14,23—
25,28,32,35].

The formation of single-phase CIGS requires sufficient interdiffusion among Cu, In,
Ga, and Se. In colloidal routes, the precursor particles may already contain some degree
of chalcopyrite or related crystallinity, but additional high-temperature selenization is
usually necessary to improve grain size, remove residual porosity, and complete compo-
sitional homogenization [10,14,22].

In high-performance CIGS absorbers, controlled Ga grading is often beneficial. A
higher Ga concentration near the back region can increase the local band gap and help
reduce back-surface recombination, whereas excessive Ga near the front interface may
create a barrier to carrier collection if not properly controlled [5,9].

Alkali elements, especially Na and K, also play a central role in CIGS phase evolution
and device performance. Na can diffuse from soda-lime glass through the Mo back contact
during high-temperature processing, while K may be introduced through post-deposition
treatment or controlled alkali incorporation [9].

Critical summary: CIGS phase evolution is comparatively forgiving because the chal-
copyrite system tolerates some compositional variation and benefits from established Ga
and alkali engineering. Its remaining weakness in colloidal routes is maintaining controlled
gradients, low impurity levels, and interface quality during non-vacuum conversion.

5.1.2. Phase Evolution in CZTSSe Absorbers

The phase evolution of CZTSSe is more complex than that of CIGS because the kes-
terite structure contains four cations and two exchangeable chalcogen species. In many
colloidal or nanoparticle-derived routes, the precursor may initially be CZTS, CZTSe, or
a mixed sulfide/selenide compound.

Unlike CIGS, CZTSSe has a narrow thermodynamic stability window. Local devia-
tions from the desired Cu-poor/Zn-rich composition can generate secondary phases such
as conductive Cuz2xSe, insulating ZnSe, SnSe:-related phases, SnSe, or Cu25nSes [7-
9,23,24,38].

Sn volatility is another major challenge in CZTSSe phase evolution. At high seleniza-
tion temperatures, Sn-containing species may evaporate or redistribute, especially under
conditions of low Se activity or prolonged annealing [7-9,24].
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Kesterite ordering further distinguishes CZTSSe from CIGS. The similar ionic sizes
and charges of Cu* and Zn?* promote Cu/Zn antisite disorder, especially between the 2c
and 2d cation sites in the kesterite lattice [7,8].

Another complication is that X-ray diffraction alone cannot reliably distinguish kes-
terite CZTSSe from several secondary phases because of peak overlap. This limitation
should be stated more strongly: a claim of “phase-pure” CZTSSe based only on standard
laboratory XRD is not reliable and should be regarded as a fundamental characterization
weakness. In particular, ZnSe and Cu25nSes can produce diffraction features that overlap
with or closely resemble kesterite CZTSSe reflections, while minor Cuz2«Se, Sn-Se, or inter-
face-localized phases may remain below the detection limit of XRD. Therefore, XRD should
be used only as an initial phase-screening method, not as definitive proof of phase purity.
ZnSe, Cuz2SnSes, and related phases may show diffraction peaks close to those of CZTSSe
[7-9,38]. The phase-evolution issues in CIGS and CZTSSe are compared in Table 13.

Table 13. Comparison of phase-evolution issues in CIGS and CZTSSe absorbers.

Aspect CIGS CZTSSe Refs.
Main structural phase Chalcopyrite Cu(In,Ga)Se:z Kesterite Cu2ZnSn(S,Se)4 [5,7-9,36,42]
Main reaction pathway Cl_l—Se/In—Se/Ga—Se _1r1terme- CZTS or mixed precursor — CZTSSe through [5,42]
diates — chalcopyrite CIGS S/Se exchange
Major compositional variable Ga/(In + Ga) ratio S/(S + Se), Cu/(Zn + Sn), Zn/Sn [7-9,36]
Key phase-evolution issue Ga 1ncorporat10rT and Ga  Snvolatility, secondary .phases, and kesterite [5,24,42]
depth grading ordering
Na/K strongly influence

Alkali effect

Na/K may influence crystallization and defect

7-9,24,3
chemistry, but effects are more complex [7-9,24,36]

grain growth, passivation,
and carrier density

Main secondary/interface
concern

MoSe: thickness, Ga gradi-
ents, back-contact recombi-
nation

Cu2Se, ZnSe, SnSe2, Cu25nSes, excessive

MoSe» [5,36,42]

Characterization priority

Ga depth profile, alkali pro-

file, chalcopyrite phase for- Raman phase mapping, Sn retention, S5/Se

7_
depth profile, defect/order analysis [7-9,28,36]

mation

Device implication

Proper Ga/alkali control im-
proves Voc and carrier col-
lection

Disorder and secondary phases cause Voc def-
. o [1,2,5,36]
icit and recombination

Critical summary: CZTSSe phase evolution is less forgiving because the stability win-
dow is narrow and Sn volatility, Cu/Zn disorder, and secondary phases are strongly cou-
pled. The main strength of processing control is the ability to suppress extrinsic phase
errors, but the weakness is that intrinsic disorder and deep defects can remain even in
apparently single-phase films.

5.2. Secondary Phases

Secondary-phase control is one of the most critical issues in CIGS and especially
CZTSSe absorber processing. In multinary chalcogenide systems, the desired absorber
phase forms within a limited compositional and thermodynamic window.

For CZTSSe absorbers, secondary-phase identification is particularly challenging be-
cause several phases have diffraction peaks that overlap with those of the kesterite struc-
ture. ZnSe, Cu2SnSes, and other related selenides may be difficult to distinguish from
CZTSSe by X-ray diffraction alone [7-9,38]. The secondary-phase detection problem is
summarized in Figure 18. The origin, electrical effect, and detection limits of representa-
tive secondary phases are summarized in Table 14.
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TCO Cu,,Se: The Conductive Shunt
& Typically found at surfaces or grain boundaries, creating
CdS (Buffer) shunting pathways that destroy the fill factor.

@ ZnSe: The Insulating Barrier
' ‘ Q ‘ Often segregates near the buffer interface or back

CZTSSe ® ® contact, blocking carrier transport and reducing current.
(agsarher) ® e ‘.\ Cu,SnSe;: The Recombination Center
‘ \0 Acts as a low-bandgap bulk impurity (0.84 eV) that
triggers non-radiative recombination and reduces voltage.

Mo (Back Contact)
Glass

MoSe,: The Interface Regulator
\Q A thin layer is beneficial for ohmic contact, but excessive
thickness adds harmful series resistance at the back.

Beyond XRD: Multi-Wavelength Detection
XRD alone is insufficient; Raman spectroscopy and TEM/EDS
are required to resolve overlapping phase signatures.

Figure 18. Secondary phases in CZTSSe absorbers and their detection. Cuz2-xSe, ZnSe, Sn-Se phases,

Cu2SnSes, and excessive MoSe: differ in location, electrical effect, and detectability. Al-assisted sche-
matic; scientific basis supported by Refs. [25-28,30-32,38].

Table 14. Secondary phases in CZTSSe: origin, device effect, and detection limitations.

Likely origin/loca-
Phase ey (t)ir(;im/ ocd Electrical effect Useful methods Key limitation Refs.
-rich local regions; ive shunt;
Cu-rich loca regllons, Conduc.t ves unt,_ Raman, EDS/TEM, XRD overlap and poor sen-
CuzSe surface or grain  nonselective recombi- e ) [25,26,28]
X . KCN response, XPS  sitivity to minor phases
boundaries nation
Zn-rich regions; sur- R tration depth
NHICh TegIons; su1.r Insulating barrier; Raman, SIMS, aman -per.le ration dep
ZnSe  face/back-contact vi- ) and excitation wavelength [28,37,38]
. transport blocking TEM/EDS .
cinity affect detection
-rich -rich lo- Deep defects; off-stoi-
eated ol chemisirys mcome chiomety,recombina.  Keman XIS, | Surfacesensitivity o XPS;
1SHry; TEOm: Cometry; recobt TEM/EDS local statistics in TEM
phases plete reaction tion
o A il I
Cu-5n-Se 1nterm?6.11 . otentia Tecombma Raman, XRD with Diffraction/Raman overlap
Cuz25nSes ates or decomposition tion/shunting depend- ) . . [28,33]
. Lo caution, TEM with kesterite features
products ing on distribution
- ot
Excess Mo/Se reaction at bii::iziiscl);xzecz; Cross-sectional Must correlate thick-
. SEM/TEM, XRD, Ra-  ness/continuity with J- [29-31]
MoSe: back contact tact depending on
. man V/EQE
thickness

Cuzx«Se is among the most detrimental secondary phases in CZTSSe because it is
highly conductive and can create shunting pathways through the absorber or along grain
boundaries. It is often associated with Cu-rich local regions or incomplete consumption
of Cu-Se-related transient liquids during selenization [7-9,23].

ZnSe is another important secondary phase, but its effect is different from that of
CuzSe. ZnSe is generally more insulating and may act as a carrier-blocking barrier when
located at grain boundaries, the absorber surface, or the absorber/buffer interface [38].

SnSe2 and related Sn-Se phases may form when local Sn and Se activities are not
properly controlled. These phases can appear near the surface, within the bulk, or as in-
termediate reaction products during selenization.

Cu25nSes is commonly discussed as an intermediate or competing ternary phase dur-
ing CZTSSe formation. It can form when Zn incorporation is incomplete or when local
Cu-5Sn-Se chemistry dominates the reaction pathway [7-9,23].
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MoSe: formation at the back contact must also be treated carefully. During seleniza-
tion, Se reacts with the Mo back electrode to form MoSe:. The major secondary phases,
typical locations, and device effects are summarized in Table 15.

Table 15. Major secondary phases in CZTSSe absorbers, their typical locations, and device effects.

Phase Typical Location Main Effect Characterization Requirement  Refs.
CliSe Surface, grain Conducjcive shunt; re.duced Raman, XPS,. TEM/EDS, selective [25,26,28]
boundary shunt resistance and fill factor etching response
Absorb ffer in-
sorber/bu ?r m Carrier-blocking barrier; re- Raman, TEM/EDS, XPS, depth
ZnSe terface, grain . - [28,37,38]
duced current collection profiling
boundary, bulk
Surface, bulk, inter-
ur ?Ce' u ' mter Recombination, phase instabil- Raman, XPS, SIMS, EDS map-
SnSez/Sn-Se phases mediate reactionre- . . " i i [28]
. ity, indication of Sn imbalance ping
gions
Bulk, intermediate Recombination center; incom- Raman, TEM/EDS, XRD with
Cu2SnSes ) . . . : [28,33]
reaction region plete kesterite formation caution
MoSe Back contact riitif;:ilaﬁ tlﬁirﬁii?fvsxiref Cross-sectional Raman, TEM, [29-31]
? e SIMS/GDOES

The location of a secondary phase is often more important than its total amount. A
small quantity of Cuz-Se at the surface or along connected grain boundaries can be much
more harmful than isolated inclusions buried within the absorber.

For CIGS, secondary-phase issues are generally less severe than in CZTSSe but re-
main important. Cu-Se phases may appear under Cu-rich conditions, and Ga-related
compositional gradients can influence phase evolution and band-gap distribution. MoSe:
formation also occurs at the CIGS/Mo interface and must be controlled. However, because
CIGS is more defect-tolerant and has a broader processing window, secondary phases in
CIGS are often more manageable than in CZTSSe. In contrast, CZTSSe requires simulta-
neous control of Cu-poor/Zn-rich composition, Sn retention, S/Se exchange, kesterite or-
dering, and secondary-phase suppression.

Because the diffraction peaks of kesterite CZTSSe overlap with those of several sec-
ondary phases, standard XRD alone cannot confirm phase purity. This point should be
emphasized explicitly because an XRD-only claim of “single-phase” or “phase-pure”
CZTSSe is a fundamental flaw in many reports on kesterite absorbers. ZnSe and Cu25nSes
are particularly problematic because their diffraction peaks can overlap with the major
kesterite reflections, while Cu2-~xSe, SnSe2/Sn-Se phases, and MoSe2 may be present as mi-
nor, surface-segregated, grain-boundary, or interface-localized phases that are not de-
tected reliably by conventional 6260 XRD. Therefore, XRD should be regarded as a pre-
liminary structural screening tool rather than a definitive phase-purity test. Reliable veri-
fication of CZTSSe phase purity requires Raman spectroscopy using multiple excitation
wavelengths, preferably combined with surface and cross-sectional Raman mapping, to-
gether with cross-sectional TEM/EDS to locate secondary phases at the absorber surface,
grain boundaries, absorber/buffer interface, and Mo back contact. XPS, SIMS, GDOES, or
other depth-resolved methods should be used when surface segregation, Sn imbalance,
alkali gradients, or buried interface phases are suspected.

Cu-poor/Zn-rich composition can suppress conductive Cu-rich phases, but excessive
Zn may promote ZnSe segregation, which can act as an insulating barrier at grain bound-
aries or interfaces.

Critical summary: Secondary-phase control is essential because minor Cu-, Zn-, Sn-,
or Mo-containing phases can dominate shunting, blocking, or recombination despite be-
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ing difficult to detect by XRD. The strength of Raman/XPS/SIMS/TEM approaches is local
sensitivity, but each method has sampling or surface-depth limitations; robust conclu-
sions require correlated, spatially resolved characterization and device response.

5.3. Defect Chemistry

Defect chemistry is the central reason CZTSSe remains less efficient than CIGS de-
spite its attractive earth-abundant composition and similar thin-film device architecture.
In CIGS, many intrinsic defects are relatively benign, and Cu-poor growth can produce
electronically favorable defect complexes.

The most important acceptor defect in CZTSSe is the copper vacancy, Vcu. Under Cu-
poor growth conditions, Vcuis readily formed and acts as a shallow acceptor, contributing
to p-type conductivity [7,8].

The dominant intrinsic disorder problem in CZTSSe is associated with Cuz. and Zncu
antisite defects. Because Cu* and Zn?* have similar ionic sizes and can occupy related crys-
tallographic sites in the kesterite lattice, Cu/Zn antisite disorder has a low formation en-
ergy [7,8]. The main defect-related loss pathways are summarized in Figure 19.

Zn0O —

— Window

CdS —

CZTSSe _|
Absorber

V. —
(shallow acceptor,
(beneficial)

High Interface Recombination — Buffer

N
(c) Secondary Phases  Carrier ."
Shunting & Interface Blocking

Cu, Se Pathways Barrier = ZnSe

(b) Sn-Related Deep Defects

(deep donor)

Band Tailing & Deep Recombination Centers

Potential Fluctuations (Major V. Loss)

Cu
CuZn ;2\)@ Zn
CUZn f

~ (a) Bulk Antisite Disorder '

-n L oysdenum

Glass

\

Figure 19. Defect chemistry and loss pathways in CZTSSe. Beneficial shallow acceptors such as Vcu
coexist with Cu/Zn antisite disorder, Zncu compensation, Sn-related deep defects, band tailing, and
interface recombination, producing a large open-circuit-voltage deficit. Al-assisted schematic; sci-
entific basis supported by Refs. [7-9,36-39].

Sn-related defects are also highly detrimental. Among them, Snzn is commonly re-
garded as a deep donor-type defect that can introduce recombination-active states within
the band gap [7,8].

Cu/Zn disorder is particularly harmful because it affects the electronic structure even
when no obvious secondary phases are detected. Disorder broadens the band edges, pro-
duces spatial potential fluctuations, and increases the Urbach tail energy.

The Voc deficit in CZTSSe is therefore a combined consequence of bulk defect chem-
istry, band tailing, secondary phases, and interface recombination. Vcu acceptors are use-
ful for p-type conductivity, but excessive compensation by donor-like defects can reduce
carrier quality.
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A common oversimplification is to state that a Cu-poor/Zn-rich composition sup-
presses defects. This statement should be revised because Cu-poor/Zn-rich processing
solves only part of the defect problem. Cu-poor conditions are useful for suppressing con-
ductive Cu,_, Se secondary phases and for promoting V,-related p-type conductivity,
while Zn-rich conditions can help avoid Cu-rich compositions. However, these composi-
tional choices do not thermodynamically eliminate Cu/Zn antisite disorder. The formation
energy of Cugz,, Znc,, and associated antisite pairs remains low because the kesterite lat-
tice permits facile Cu-Zn site exchange. Therefore, the absorber may still exhibit band-
edge fluctuations, increased Urbach tail energy, electrostatic potential disorder, and a
large Vpc deficit even when the microstructure is dense and the average composition is
Cu-poor/Zn-rich. Excessive Zn-rich processing may also promote ZnSe segregation, cre-
ating carrier-blocking barriers at grain boundaries or interfaces. Thus, Cu-poor/Zn-rich
composition should be described as a necessary phase-control strategy, not as a sufficient
defect-control strategy. The key point defects and defect-related loss mechanisms are sum-
marized in Table 16.

Table 16. Major point defects and defect-related loss mechanisms in CZTSSe.

Defect/Mecha-
¢ e:ﬁ/smec % Defect Type or Origin Main Effect Processing Relevance Refs.
Veu Shallow acceptor Provides p-type conductivity Favored under Cu-poor conditions  [7-9]
Cum Antisite acceptor Contributes to Cu/.ZI.1 disorder Low formatior? ex?ergy due to [7-9]
and band tailing Cu/Zn similarity
C ti d po-
Zncu Antisite donor auses coTnpensa 1or.1 and po Coupled with Cuzn disorder [7-9]
tential fluctuation
[Cu-Zn + Zncu) Antisite defect cluster Band-edge ﬂuctu-a-tion and Ur- Not elimina’.ced simply by Cu- [7-9,36]
disorder bach tailing poor/Zn-rich composition
S Deep donor Recombination-active defect, Related to Sn activ.ity,‘ Sn volatility, (7-9,36]
Voc loss and local stoichiometry
CursSe Conductive secondary Shunting and reduced fill fac- Suppressed b.y Cu-poor processing [25,26,28]
phase tor but requires phase control
ZnSe Insulating secondary Blocking b.arrier an@ reduced Can form under .e>.<cessive Zn-rich [28,37,38]
phase carrier collection conditions
Band tailing Disorder-i_nduced elec- Reduces effective band gap  Requires cation-order e.md defect- [7-9,36]
tronic effect and Voc control strategies
Vo deficit Combined device-level Lower open-circuit voltage = Controlled by bulk defects, inter- [7-9,24,36]

loss than expected from band gap faces, and secondary phases

Defect chemistry should therefore be analyzed using methods beyond conventional
structural characterization. XRD can provide information about lattice parameters and
phase formation, but it cannot reliably quantify Cu/Zn disorder or identify all electroni-
cally active defects.

In addition to these optical and electrical diagnostics, element-specific X-ray absorp-
tion spectroscopy should be included in the defect-chemistry toolkit. X-ray Absorption
Near Edge Structure (XANES) and Extended X-ray Absorption Fine Structure (EXAFS)
probe the local electronic and coordination environment of a selected absorbing element
rather than the long-range average crystal structure measured by XRD [49,50]. For
CZTSSe, Cu-, Zn-, and Sn-edge XANES/EXAFS can therefore test whether apparently
phase-pure absorbers contain local Cu/Zn site disorder, coordination distortion, or Sn-
valence changes that are not resolved by laboratory XRD. In particular, Sn-edge XANES
compared with Sn(Il) and Sn(IV) standards can help identify changes in Sn oxidation state
associated with Sn volatility, Sn off-stoichiometry, and Sn-related deep-defect formation,
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whereas EXAFS can provide nearest-neighbor distances, coordination numbers, and dis-
order parameters around Cu, Zn, and Sn sites. These measurements should not replace
Raman, PL/TRPL, admittance, DLTS/TAS, EQE, or temperature-dependent J-V analysis;
rather, they provide the missing local structural and valence evidence needed to connect
cation disorder and Sn chemistry with the electronic loss mechanisms.

Cu-poor/Zn-rich composition suppresses conductive Cu-rich secondary phases and
favors V¢,-related p-type conductivity, but it does not automatically eliminate Cu/Zn an-
tisite disorder. This distinction is critical because the dominant V¢ deficit in CZTSSe is
not simply a consequence of poor morphology. Even after effective ligand burnout, im-
proved particle coalescence, reduced porosity, and controlled selenization, the kesterite
lattice can retain low-energy Cugz,, Zng,, and [Cuz,+Znc,] antisite disorder. These de-
fects generate band tailing and potential fluctuations that reduce the effective absorber
band gap and increase nonradiative recombination. Sn-related deep defects, especially
under nonideal Sn and Se chemical potentials, further aggravate voltage loss. Therefore,
a dense large-grained microstructure can reduce extrinsic recombination and transport
loss, but it does not by itself confirm reduced antisite disorder, lower Sn-related deep-
defect density, weaker band tailing, or a smaller Vy¢ deficit. Defect-sensitive measure-
ments such as temperature-dependent PL, Urbach-energy analysis, Raman order—disor-
der assessment, admittance spectroscopy, SIMS, TRPL, and temperature-dependent J-V
analysis are required to distinguish morphological improvement from true defect-chemi-
cal improvement.

Critical summary: Defect chemistry is the core limitation that separates CZTSSe from
more defect-tolerant CIGS. Processing can reduce extrinsic defects and secondary phases,
but it cannot be considered successful unless it also reduces local cation disorder, Sn-va-
lence instability, band tailing, deep recombination, compensation, and VOC deficit as
measured by correlated XANES/EXAFS, PL, TRPL, temperature-dependent J-V, admit-
tance, DLTS/TAS, EQE, and Raman disorder analysis.

6. Alloying, Surface Cleaning, and Interface Engineering

Alloying, surface cleaning, and interface engineering are essential strategies for im-
proving colloidal CZTSSe solar cells because device performance is not determined by
microstructure alone. This point is particularly important for CZTSSe because the Vpcdef-
icit is not removed simply by producing a dense absorber. Alloying, cation-ordering con-
trol, surface cleaning, and interface passivation are required to address the intrinsic de-
fect-chemical and band-tail limitations that remain after ceramic-processing defects have
been reduced. Even when a dense and large-grained absorber is obtained, the efficiency
can still be limited by Cu/Zn disorder, Sn-related deep defects, secondary phases, band
tailing, unfavorable band alignment, and recombination at the absorber/buffer or ab-
sorber/back-contact interfaces [7-9,24,38].

6.1. Alloying Strategies

Cation alloying is widely used to modify the defect landscape and microstructural
evolution of kesterite absorbers. The main objective is to reduce the electronic penalty as-
sociated with Cu/Zn disorder, suppress deep recombination centers, enhance grain
growth, and improve carrier transport. However, alloying should not be treated as uni-
versally beneficial. Each dopant or alloying element introduces both advantages and risks,
and the final effect depends strongly on concentration, spatial distribution, incorporation
site, processing atmosphere, and interaction with secondary phases. The major alloying
strategies and their trade-offs are summarized in Figure 20.
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Figure 20. Alloying strategies for kesterite absorbers. Ag, Ge, Sb, Li/Na/K, and related additives can
modify cation disorder, defect levels, grain growth, liquid-phase behavior, and interface recombi-
nation, but their benefits depend strongly on concentration, location, and phase stability. Al-assisted
schematic; scientific basis supported by Refs. [37,47,51-55].

Critical summary: Alloying is attractive because small compositional changes can
modify disorder, band alignment, grain growth, and defect formation. Its weakness is the
risk of trading one loss mechanism for another; therefore, alloying should be evaluated
through both microstructural/chemical analysis and device diagnostics rather than by ef-
ficiency improvement alone.

6.1.1. Ag Substitution

Ag substitution is one of the most studied cation-alloying strategies for CZTSSe. Be-
cause Ag* is larger than Cu*, partial substitution of Ag for Cu can expand the kesterite
lattice and may reduce the tendency for Cu/Zn antisite disorder [51].

However, Ag substitution also introduces important risks. Excessive Ag incorpora-
tion can widen the absorber band gap, which may improve Voc but reduce short-circuit
current density, Jsc, if absorption or carrier collection is compromised. Ag may also sup-
press hole concentration, depending on how it modifies intrinsic defects and compensa-
tion. If Ag is not uniformly incorporated, Ag-rich regions or Ag-containing secondary
phases may form, causing local compositional inhomogeneity and possible recombina-
tion. Therefore, Ag substitution should be described as a concentration-sensitive strategy
rather than a simple defect-removal solution.

A balanced statement is therefore necessary: Moderate Ag substitution may reduce
Cu/Zn disorder, expand the lattice, promote grain growth, and improve carrier transport;
however, excessive or nonuniform Ag incorporation may widen the band gap, reduce Jsc,
alter carrier concentration, or generate Ag-containing secondary phases.

Critical summary: Ag substitution can reduce Cu/Zn disorder and modify liquid-as-
sisted growth, but excessive Ag may introduce phase segregation or band-gap/current
trade-offs. The strategy is strongest when Ag distribution is homogeneous and the result-
ing improvement is confirmed by lower tailing, better PL yield, and improved VOC with-
out sacrificing JSC.
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6.1.2. Ge Alloying

Ge alloying is another promising strategy because Ge can partially substitute for Sn
and may reduce Sn-related defect problems. Since Sn-related defects such as Snzn are con-
sidered deep recombination centers, Ge incorporation has been explored to improve de-
fect chemistry, promote crystallization, and reduce nonradiative recombination [37,52].
Surface Ge treatments and Ge-containing precursor designs may also influence grain
growth and the back-contact region. In some reports, Ge incorporation promotes larger
grains and improves device parameters, indicating that Ge may modify both microstruc-
ture and electronic quality [37,52].

Nevertheless, Ge alloying must be controlled carefully. Excessive Ge can change the band
gap, alter band alignment, or introduce Ge-rich secondary phases. Because Ge and Sn have
different chemical behavior and volatility, the Ge incorporation pathway may also affect local
phase evolution during selenization. Therefore, Ge should be discussed as a defect- and crys-
tallization-modifying additive, not merely as a grain-growth promoter.

Critical summary: Ge can assist crystallization, defect control, and Sn-related chem-
istry, but its beneficial role is highly process-dependent. The weakness is that Ge redistri-
bution or excessive incorporation can complicate phase stability; atom-scale composition
mapping and recombination analysis are needed before assigning a universal mechanism.

6.1.3. Sb Treatment

Sb has been investigated as a dopant or surface-treatment element for promoting
grain growth and suppressing defects in CZTSSe. Sb-containing species may influence
crystallization, reduce defect density, and passivate bulk or interfacial recombination cen-
ters [53]. Some studies suggest that Sb incorporation can promote bottom grain growth,
reduce surface roughness, and improve heterojunction transport properties. This is par-
ticularly relevant to nanoparticle-derived films, where bottom fine grains and interface
recombination are major limitations.

However, Sb addition also requires caution. Sb may not be uniformly incorporated
into the kesterite lattice and may instead segregate at surfaces, grain boundaries, or inter-
faces. Excessive Sb can form secondary phases or modify local band alignment unfavora-
bly. Therefore, Sb treatment should be evaluated by combining Raman, XPS, SIMS,
TEM/EDS, PL, and device analysis to determine whether it truly passivates defects or
simply changes morphology.

Critical summary: Sb treatment is promising because it can passivate traps and influ-
ence grain growth, but it must be controlled carefully to avoid new secondary phases or
surface-segregated residues. Its success should be judged from defect-level spectroscopy,
PL/TRPL, chemical mapping, and reproducible device gains.

6.1.4. Li Doping and Alkali Treatments

Li doping and broader alkali treatments are also important for CZTSSe because alkali
elements can influence carrier concentration, defect passivation, grain growth, and inter-
face chemistry. Li may occupy specific lattice or interstitial sites and influence acceptor
formation, carrier density, and compensation.

The risks of alkali treatments should also be stated. Excessive alkali concentration can
cause secondary phases, nonuniform depth distribution, interface instability, or overcom-
pensation. In nanoparticle-derived films, alkali diffusion may be affected by residual car-
bon, porosity, MoSe: thickness, and precursor packing. Therefore, alkali treatments must
be optimized with respect to depth profile, grain-boundary distribution, and ab-
sorber/buffer interface chemistry. The benefits and risks of common alloying strategies are
summarized in Table 17.
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Table 17. Alloying and dopant strategies for CZTSSe absorbers.

Strategy

Possible Benefit Major Risk Required Characterization Refs.

Ag substitution

Reduces Cu/Zn disorder; ex- Excessive band-gap widening;
pands lattice; enhances grain ~ reduced Jsc; Ag-rich second-
growth; may improve Hall mo- ary phases; nonuniform Ag

XRD lattice shift, Raman,
SIMS/EDS Ag mapping,  [47,51]

Hall, PL, J-V/EQE
bility distribution all, PL, ]-V/EQ

Reduces Sn-related defect effects; ~Ge-rich phases; excessive

SIMS, TEM/EDS, PL, Ra-

Ge alloying promotes grain growth; may im- band-gap c'hange; n01'1ur11— man, band-gap analysis [52]
prove band alignment form Ge incorporation
Promotes crystallization; passiv- .
Sb tion; d XPS, SIMS, TEM/EDS,
Sb treatment  ates bulk/interface defects; may SEBTEEation, secondary . / . [53]
. . phases; interface instability =~ PL/TRPL, device analysis
improve bottom grain growth
Tunes carrier concentration; may Overcompensation: nonuni
. . assist shallow acceptor for- . .p o . SIMS Li profiling, Hall, C-V,
Li doping . . . form Li distribution; possible [47,54]
mation; interacts with Ag alloy- PL, J-V
. secondary phases
ing
in-bound ivation; im- E lkali tion; in-
Na/K/Rb/Cs al- Grain-boundary passivation; im- Excess alkali segregation; in SIMS, XPS, PL/TRPL, admit- [47,51-

kali treatment

proved carrier density; reduced  terface instability; nonuni-
recombination form depth profile

tance spectroscopy, J-V/EQE  54]

Moderate Ag substitution may reduce Cu/Zn disorder, expand the lattice, promote
grain growth, and improve carrier transport, but excessive or nonuniform Ag incorpora-
tion can widen the band gap, reduce Jsc, alter carrier concentration, or generate Ag-con-
taining secondary phases.

Ge, Sb, and Li modify CZTSSe through different mechanisms. Ge mainly affects Sn-
related defect chemistry and crystallization, Sb can promote grain growth and passivate
bulk/interface defects, while Li and other alkali elements can regulate carrier concentra-
tion and grain-boundary chemistry. Their effects depend strongly on concentration, in-
corporation site, and depth distribution.

Representative recent reports support that Ag substitution is used to suppress Cu/Zn
disorder and regulate defects, Ge incorporation can manipulate defects and morphology,
Sb doping can promote grain growth and passivate defects, and Li/alkali treatments can
tune carrier concentration and passivation behavior.

Critical summary: Alkali treatments are among the most powerful empirical routes
for improving chalcogenide solar cells, but they are also difficult to interpret because they
affect grain growth, interfaces, carrier density, and defect passivation simultaneously. The
critical requirement is to separate beneficial passivation from changes in morphology,
compensation, and junction quality.

6.2. Surface Cleaning

Surface cleaning is a critical step in CZTSSe device fabrication because the absorber
surface after selenization often contains secondary phases, off-stoichiometric surface lay-
ers, oxides, residual chalcogen species, or segregated Cu-, Zn-, and Sn-rich compounds.
These surface phases can strongly affect CdS buffer-layer nucleation, absorber/buffer
band alignment, interface recombination, shunt resistance, and fill factor [7-9,25-27,38].
Therefore, surface cleaning should not be treated as a cosmetic post-treatment; it is an
interface-engineering step that determines whether the bulk absorber quality can be trans-
lated into device performance. More importantly, surface cleaning should be judged by
device physics rather than by chemical removal alone. A cleaning treatment is beneficial
only if it improves the electronic quality of the absorber/buffer interface without damag-
ing absorber stoichiometry, roughening the surface excessively, exposing a defective sub-
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surface layer, or creating unfavorable band alignment. Removing conductive Cu2-Se is
useful because it can suppress shunting and improve fill factor, but over-etching may de-
plete Cu near the surface, enrich Zn- or Sn-related species, change CdS nucleation, in-
crease interface defect density, and worsen V. Therefore, the success of a surface-clean-
ing step should be verified by coupled chemical, structural, and electronic diagnostics,
including Raman/XPS/TEM/EDS for phase and composition, UPS or XPS/UPS for band
alignment, PL/TRPL or temperature-dependent J-V for interface recombination, and sta-
tistically meaningful ]-V/EQE analysis.

Common surface-cleaning approaches include KCN etching, bromine-methanol
etching, ammonium sulfide treatment, and emerging electrochemical or cyclic-voltamme-
try (CV)-based etching. Each method has different selectivity, safety, and scalability con-
cerns. KCN etching has been widely used to remove conductive Cuz«Se phases from Cu-
rich CIGS and CZTSe/CZTSSe surfaces [25]. The main surface-cleaning and secondary-
phase-removal approaches are summarized in Figure 21.

(A) As-Grown Absorber (B) Cleaned Absorber

Secondary phases limit device performance. Conductive Cu,_,Se Improved Vi and Fill Factor. A purified Cu,ZnSnSe, surface
creates shunts, while insulating ZnSe and Sn-Se clusters block ensures optimal band alignment and minimizes interface
carrier transport. recombination.

Insulating Barriers
(ZnSe, Sn-Se)

TCO / Front Contact TCO / Front Contact

Conductive Shunts
(Cu2—xse)

Absorber (CZTSSe)

Back Contact (Mo)

Buffer (CdS)

B s ‘,1
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Back Contact (Mo)

Figure 21. Surface-cleaning and secondary-phase-removal strategies for CZTSSe. KCN, bromine-
methanol, ammonium sulfide, and emerging cyanide-free treatments differ in selectivity, safety,
damage risk, and compatibility with subsequent buffer-layer deposition. Al-assisted schematic; sci-
entific basis supported by Refs. [25-28,38,39].

KCN etching has historically been one of the most common surface treatments in
chalcopyrite and kesterite thin-film solar cells. It is particularly effective for removing Cu-
rich conductive phases such as Cuz+Se, which can create shunting pathways and reduce
device fill factor [25]. However, KCN treatment should not be described as universally bene-
ficial. Its value depends on selective removal of conductive Cu-rich phases without excessive
attack of the kesterite surface. Over-etching can alter the near-surface Cu/(Zn+5n) ratio, in-
crease surface roughness, expose defective subsurface regions, modify CdS nucleation, and
change absorber/buffer band alignment. Therefore, KCN-treated absorbers should be evalu-
ated not only by disappearance of Cuz-Se signatures, but also by V¢, FF, shunt resistance,
EQE, PL/TRPL, surface composition, and interface band alignment.

Bromine-methanol etching is another widely discussed chemical treatment. Com-
pared with KCN, Brz-methanol is more aggressive and can remove a broader range of
surface phases or surface oxides. This broader etching ability can be useful when the sur-
face contains mixed Cu-, Zn-, Sn-, or oxide-rich residues, but it also creates a higher risk
of nonselective surface dissolution, roughening, thickness loss, and stoichiometric imbal-
ance. Therefore, Bro—-methanol treatment should be justified only when the improvement
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in interface electronic quality outweighs the risk of surface damage. Its effect should be
verified by surface composition analysis, roughness/thickness measurements, CdS nucle-
ation behavior, band-alignment measurements, and device statistics.

Ammonium sulfide treatment offers a milder route for surface cleaning and pas-
sivation. Buffiére et al. investigated liquid and vapor-based ammonium sulfide treatments
for Cu2ZnSnSe: thin films and showed that the treatment modifies surface properties and
device behavior [27]. From a device-physics perspective, the intended benefit is not only
chemical cleaning but also reduction of interface states, improved CdS nucleation, and
more favorable absorber/buffer band alignment. However, ammonium sulfide may also
introduce sulfur-rich surface chemistry, unstable residues, or surface composition
changes if poorly controlled. Therefore, its effectiveness should be judged by interface
recombination, Vy¢, FF, band alignment, PL/TRPL, and surface chemical stability rather
than by surface cleaning alone.

Electrochemical or CV etching is a promising cyanide-free concept because it may
provide potential-controlled selectivity. In principle, conductive Cuz-xSe or other electro-
chemically active surface phases can be oxidized and dissolved within a selected potential
window while the bulk CZTSSe absorber remains relatively protected. Thiourea-based,
sulfide-based, thiosulfate-based, or other cyanide-free chemical treatments may also be
attractive for safer processing. However, replacing KCN is meaningful only if the alterna-
tive treatment preserves or improves device-relevant interface quality. Cyanide-free
cleaning must therefore be evaluated for phase selectivity, surface stoichiometry reten-
tion, roughness control, absorber/buffer band alignment, interface recombination, waste
compatibility, and large-area reproducibility. A safer etchant that damages the interface
or worsens Vycis not a successful replacement. The selectivity, benefits, and safety limits
of surface-cleaning strategies are compared in Table 18.

Table 18. Comparison of surface-cleaning strategies for CZTSSe absorbers.

Treatment Main Target Advantages Risks/Limitations Required Validation Refs.
Effective removal of Highly toxic; may
Cue-Se and Cu- conductive shunts; alter Cu surface Raman, XPS, J-V shunt anal
KCN etching  rich conductive " composition; lim- § ’ y [25,26]

phases

widely used in labor- sis, safety/process control

ited industrial at-

atory devices .
tractiveness

Bro—methanol

Multiple surface

Harsh chemistry;
Strong etching ability; possible over-etch- ~SEM/AFM, XPS, Raman,
can remove broader ing, roughening, thickness and composition [37,38]

etchin secondary phases . .
& yP surface contamination and nonselective control
removal
Composition
Milder than KCN; P

Ammonium sul-

Surface oxides, Sn-

change, excessive

possible passivation XPS, Raman, PL/TRPL, CdS

. related clusters, . surface modifica- . ) [27]
fide treatment .. effect; liquid or vapor . . interface analysis
surface passivation . tion, uncertain se-
treatment possible .
lectivity
Potential-controlled Requires validation
Electrochemi- Ele'ctrochemica.lly se.lectivity; rec.luced of sele.ct.i\fity, re- CV curves, Raman mappiflg, [25-
. active conductive reliance on toxic cya- producibility, elec- XPS, ICP, SEM/AFM, device
cal/CV etching . . o s 27,37,38]
surface phases  nide; promising for trolyte compatibil- statistics
Cuz«Se removal ity, and scale-up
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The choice of surface-cleaning method should depend on the dominant surface phase
and the intended interface design. If conductive Cuz>~Se is the main problem, KCN or
carefully designed electrochemical etching may be effective.

Electrochemical or CV etching is a promising cyanide-free approach for selectively
removing electrochemically active surface secondary phases such as CuzxSe. However, its
selectivity, reproducibility, surface-damage control, and scalability require systematic val-
idation before it can be considered a mature alternative to KCN.

Surface etching can remove specific secondary phases, but its effect on device perfor-
mance depends on selectivity, surface stoichiometry, roughness, residual defects, and
compatibility with subsequent buffer-layer deposition.

Critical summary: Surface cleaning can remove harmful secondary phases and im-
prove junction formation, but it can also damage the absorber, alter stoichiometry, or cre-
ate nonrepresentative surface chemistry. Cleaning protocols should therefore be evalu-
ated by before/after Raman, XPS/SIMS, PL/TRPL, band alignment, and full device metrics
rather than by etching selectivity alone.

6.3. Interface and Back-Contact Control

Interface and back-contact engineering are essential for translating the improved mi-
crostructure of CZTSSe absorbers into high photovoltaic performance. Even when the ab-
sorber is dense, large-grained, and apparently phase-pure, device efficiency can still be
limited by recombination at the CdS/CZTSSe heterojunction, unfavorable conduction-
band alignment, residual surface secondary phases, excessive MoSe2 growth, and poor
back-contact selectivity [7-9,25-28,38]. The front-interface and back-contact issues are
summarized in Figure 22.

The front heterojunction is commonly formed by chemical bath deposition of CdS on
CZTSSe. Although CdS is widely used because it forms conformal coverage and has suit-
able chemical compatibility with many chalcogenide absorbers, the CdS/CZTSSe interface
is also a major recombination site.

Conduction-band alignment is another critical issue. An ideal buffer/absorber inter-
face should provide a small positive conduction-band offset, often described as a mild
“spike,” which can suppress interface recombination without severely blocking electron
transport. A large positive spike can hinder carrier collection, whereas a negative “cliff”
can increase interface recombination and reduce VOC [9,39].

Residual surface secondary phases strongly influence interface quality. Conductive
Cuz-Se residues can form shunting pathways or locally short the junction, reducing shunt
resistance and fill factor.

Back-contact control is equally important. During selenization, Mo reacts with Se to
form MoSe: at the absorber/Mo interface.
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Figure 22. Front-interface and back-contact engineering in CZTSSe solar cells. Surface secondary
phases, CdS/buffer chemistry, conduction-band offset, MoSe2 growth, and interlayer design collec-
tively determine junction recombination, series resistance, shunting, and long-wavelength carrier
collection. Al-assisted schematic; scientific basis supported by Refs. [29-31,37-39].

Several back-contact barrier or intermediate layers have been explored to regulate
MoSe: formation and improve rear-interface quality. Thin MoOx layers, TiN, carbon-based
interlayers, graphene oxide/reduced graphene oxide, MoSz2/MoSez-type transition-metal
dichalcogenide layers, and other high-work-function or diffusion-control layers have
been proposed to reduce excessive MoSe2 growth, improve wettability, passivate defects,
or tune back-contact band alignment [29-31].

Alternative buffer layers are also important for reducing front-interface recombina-
tion and replacing Cd-containing layers. Zn(O,S), In2Ss, Zni~xSnxO,, TiOz, and hybrid
buffer structures have been investigated to tune conduction-band alignment, improve
transparency, and reduce toxicity [39]. The front-interface and back-contact issues are
summarized in Table 19.

Table 19. Interface and back-contact issues in CZTSSe solar cells.

Device C - Required Characteriza-
Region Main Issue evice -onse Engineering Strategy equire . AACENZA Refs.
quence tion
Interface defects, . Surface cleaning, con-
CdS/CZTSSe front . Increased recombi- .. XPS, UPS, PL/TRPL, tem-
) surface disorder, ) trolled CdS deposition, [39]
interface Y nation, lower Voc . perature-dependent J-V
Cd diffusion passivation
Interf i- Alternati ff - UPS/IPES, XPS val -
Buffer/absorber  Cliff-like or exces- n eI: ace recon}bl ernative b1'1' ers, sur- UPS/IPES, .S va er.lce
. ) . nation or carrier face composition con-  band analysis, device [39]
band alignment  sive spike offset _ _
blocking trol modeling
Condu.ctlve surface Shunting, low fill KCN, CV etching, selec- Raman, XPS, SEM, shunt
Surface CuzxSe  or grain-boundary [29]

. factor tive surface cleaning resistance
residue

https://doi.org/10.3390/ma19142989


https://doi.org/10.3390/ma19142989

Materials 2026, 19, 2989

50 of 72

Surface/interfacial Insulating blocking Poor carrier collec- Stoichiometry control, Raman, TEM/EDS, XPS,

29-31
ZnSe phase tion, reduced Jsc optimized etching EQE [ ]
Too thin: poor con- Series resistance, ~ Selenization control, .
. . o .. . Cross-sectional TEM, Ra-
MoSe: back contact tact; too' thick: high delamma’.clon,. rear barrier/intermediate man, SIMS, GDOES [30,31]
resistance recombination layers
Chemical instabil- . . .
Back-contact bar- . . Poor rear carrier MoOx, TiN, carbon, gra- Contact resistance, TEM,
. ity or high contact . . [30,31]
rier layer . extraction phene, TMD layers stability tests
resistance
. . . Improved Se penetra-
. . High grain-bound- Rear recombina- . .
Fine-grained bot- arv densitv near  ton. weak lone- tion, carbon control, Cross-sectional [29-
tom layer y ty g 5 back-contact engineer- SEM/TEM, EQE, SIMS  31,39]

Mo wavelength EQE

mng

Surface cleaning can improve CdS/CZTSSe junction formation by removing conduc-
tive or blocking secondary phases, but the final interface quality also depends on band
alignment, surface stoichiometry, CdS deposition chemistry, and interface defect density.

MoSe2 formation is thickness- and morphology-dependent. A thin MoSe: layer may
improve contact formation and adhesion, whereas excessive MoSe:z growth can increase
series resistance, weaken adhesion, and enhance rear-interface recombination.

Alternative buffer layers such as Zn(O,S), In2Ss, Zni~xSnxO,, and TiO2 may improve
band alignment or reduce Cd use, but their effectiveness depends on coverage, interface
chemistry, conduction-band offset, defect density, and processing compatibility.

Critical summary: Interface and back-contact engineering are decisive because even
a high-quality bulk absorber can fail through CdS/CZTSSe recombination or excessive
MoSe2/back-contact resistance. The strength of interface modification is direct impact on
VOC and FF, but the weakness is that local chemistry is difficult to decouple from bulk
changes; temperature-dependent J-V, Suns-VOC, EQE, PL/TRPL, and cross-sectional
analysis are required.

7. Carrier Transport and Device Performance

The ultimate purpose of microstructural, compositional, and interface control in col-
loidal CIGS and CZTSSe absorbers is to improve carrier transport and photovoltaic-device
performance. However, transport in polycrystalline chalcogenide thin films is governed
by several coupled factors, including grain size, grain-boundary chemistry, residual po-
rosity, carbon contamination, secondary phases, point defects, band tailing, carrier con-
centration, and interface recombination [7-9,15,24,38].

7.1. Transport Mechanisms

Carrier transport in colloidal CIGS and CZTSSe absorbers is commonly evaluated
using Hall-effect measurements, resistivity, carrier concentration, mobility, current—volt-
age behavior, and external quantum efficiency. Among these, Hall mobility is often used
as an indicator of the absorber’s electrical quality because it reflects how easily majority
carriers move through the polycrystalline film.

However, Hall mobility must be interpreted carefully. An increase in mobility does
not automatically prove that the transport mechanism has changed to true band-like
transport. The relationship between transport parameters and device interpretation is
summarized in Figure 23.
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Figure 23. Transport interpretation in colloidal CIGS/CZTSSe absorbers. Hall mobility, resistivity,
carrier concentration, J-V behavior, EQE, PL/TRPL, and temperature-dependent measurements
must be correlated with grain-boundary chemistry, secondary phases, and interface losses. Al-as-
sisted schematic; scientific basis supported by Refs. [21,36,45-48].

Resistivity is another important parameter, but it must be analyzed together with
carrier concentration and mobility. A lower resistivity may result from improved mobil-
ity, increased carrier concentration, conductive secondary phases, or shunting pathways.

Grain-boundary scattering is particularly important in nanoparticle-derived CZTSSe
because the precursor film initially consists of many small particles separated by ligands
and pores. If chalcogenization does not fully coalesce the particles into large grains, the
final absorber retains a high density of grain boundaries.

Carrier collection depends not only on bulk transport but also on the spatial distri-
bution of recombination and blocking regions through the film thickness. In CZTSSe ab-
sorbers with a bilayer microstructure, the large-grained upper layer may transport carri-
ers more effectively, whereas the fine-grained bottom layer near the Mo contact may limit
long-wavelength carrier collection.

The absorber/buffer and absorber/back-contact interfaces also strongly affect
transport measurements. At the front interface, unfavorable conduction-band alignment,
surface defects, ZnSe residues, or CuzxSe shunts can dominate Vo, fill factor, and leakage
behavior [7-9,38,39]. Therefore, transport claims should be tested against device-physics
signatures rather than morphology alone. A processing change that truly reduces recom-
bination should lower the band-gap-normalized voltage loss, Eg/q-Voc, increase the implied
Voc or quasi-Fermi-level splitting measured by Suns-VOC or absolute photoluminescence,
reduce the diode ideality factor toward values consistent with reduced trap-assisted recom-
bination, and improve the temperature-dependent J-V activation energy toward the optical
band gap. The interpretation of transport parameters is summarized in Table 20.
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Table 20. Transport parameters and their interpretation in colloidal CIGS/CZTSSe absorbers.

Parameter = Useful Information Possible Interpretation Caution Refs.
Majority-carrier =~ Higher mobility may indicate larger = Does not prove band-like
Hall mobility transport through ab- grains, cleaner grain boundaries, im- transport without temperature- [21,34,36]
sorber proved percolation dependent mobility

. . Excessive carrier density ma
Carrier concen- Dopinglevel and  Reflects VCu acceptors, donor com- . . ty may
arise from conductive second- [7-9,36]

tration compensation state pensation, alkali/dopant effects
ary phases

Combined effect of
Lower resistivity may indicate im-  Could also indicate Cuz2~Se

Resistivity carrier density and . [21,25,34]
e proved transport shunting
mobility
Microstructural coars- Grain-boundary chemistry ma
Grain size ening and reduced Larger grains may reduce scattering . naary oy may [21,34,48]
. still dominate recombination
boundary density
EQE response Waveler}gth-depe.nd- Long-.wavelength loss suggests rear- Must be Correl'ated with tl:liCk- [21,29,36]
ent carrier collection  region or back-contact problems ness and optical absorption
J-V behavior Device-level transport  FF, series resistance, shunt re- Does not identify microscopic  [36,45-
and recombination sistance, Voc loss origin alone 48,55,56]
T ture-
cmperatre . Can distinguish activated, hopping, Required before claiming band-
dependent mo- Transport mechanism . . [21,36]
bility or band-like trends like transport

A rigorous discussion of carrier transport should therefore distinguish between mi-
crostructural transport improvement and fundamental transport-mechanism change. Pro-
cessing improvements such as ligand exchange, pressure-assisted selenization, Ag alloy-
ing, and surface cleaning can increase Hall mobility, reduce resistivity, and improve car-
rier collection.

For colloidal CZTSSe absorbers, the most important transport challenge is to connect
microstructure with device performance. Hall mobility and resistivity provide useful ab-
sorber-level information, but they must be correlated with grain-boundary chemistry, sec-
ondary-phase distribution, defect density, and interface quality.

Pressure-assisted selenization and Ag substitution can improve Hall mobility and
reduce resistivity by enhancing grain growth, reducing grain-boundary scattering, and
improving carrier percolation. However, band-like transport should only be claimed if
temperature-dependent mobility measurements support delocalized carrier transport.

The increase in Hall mobility suggests reduced grain-boundary scattering or im-
proved carrier percolation, but it does not prove that grain-boundary barriers are elimi-
nated. Grain-boundary chemistry, residual secondary phases, and temperature-depend-
ent transport should be analyzed to clarify the mechanism.

Lower resistivity may indicate improved transport, but it may also arise from con-
ductive secondary phases such as Cuz+Se. Therefore, resistivity should be interpreted to-
gether with Raman, XPS, TEM/EDS, Hall, and device data.

Critical summary: Transport analysis provides a bridge between processing defects
and device losses, but single parameters such as mobility, resistivity, or grain size are not
diagnostic by themselves. Reliable interpretation requires temperature-dependent meas-
urements, secondary-phase checks, carrier-density analysis, and correlation with recom-
bination-sensitive optical/electrical probes.

7.2. Device Metrics

Device metrics provide the most direct test of whether colloidal processing, green-
body engineering, reactive chalcogenization, defect control, and interface optimization
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have successfully produced a functional photovoltaic absorber. However, in a review
manuscript, device-performance comparison must be handled carefully.

For colloidal and solution-processed CIGS/CIGSSe devices, published results show
that non-vacuum processing can reach efficiencies above 12-16%, depending on precursor
chemistry, alkali incorporation, selenization, and post-treatment. For example, sulfide
nanocrystal inks with low-temperature Na incorporation produced approximately 12%
efficient Cu(In,Ga)(5,Se)2 devices, demonstrating the importance of alkali-assisted micro-
structural and electronic optimization [45]. Later nanoparticle-ink CIGSSe devices
reached 15% total-area efficiency, among the highest reported for solution-processed
CIGSSe absorbers [46].

For CZTSSe, the performance comparison should distinguish between nanoparticle
ink routes, molecular precursor routes, and more recent defect- or selenization-controlled
kesterite devices. Nanoparticle-derived CZTSSe devices fabricated from selenized CZTS
nanocrystal inks have reached approximately 7.2-9.0% efficiency, whereas hydrazine-
based molecular precursor processing produced the 12.6% CZTSSe benchmark and later
alloying or selenization-control studies have pushed kesterite efficiencies beyond 13-14%
[6,36,37,47,48,53]. These comparisons show that the central problem is not simply whether
the absorber can be densified. Rather, the key question is whether the processing route
simultaneously controls residual carbon, grain-size distribution, secondary phases, 5/Se
and Sn depth profiles, MoSe: thickness, band tailing, and front/back-interface recombina-
tion. Representative performance benchmarks are summarized in Figure 24, Tables 21 and
22, while the diagnostic evidence that should accompany such comparisons is summa-
rized in Table 23. Table 23 converts the green-body framework into an evidence-based
comparison matrix. Rather than treating schematic processing steps as sufficient explana-
tion, the table identifies the experimental quantities required to verify whether a reported
improvement arises from better precursor packing, cleaner burnout, more uniform chal-
cogen transport, suppressed secondary phases, improved back-contact reaction, or re-
duced electronic recombination. This approach also highlights an important limitation of
the present literature: many high-efficiency reports provide final ]-V parameters and SEM
morphology, but do not report the complete diagnostic set needed to separate green-body,
chalcogenization, interface, and intrinsic-defect contributions.

CIGS Efficiency: 17.3%

Solution-processed CIGS leads.

CZTSSe Efficiency: 12.6%

CZTSSe records remain limited.

A CIGS
Top Contact | ’
(TCO) /

(cds)

Absorber
(Cu(In,Ga)Se,)

Back Contact
(Mo/MoSe,)

Substrate —|
(SLG)

Figure 24. Representative device-performance benchmarking for colloidal

B CZTSSe

%/

Absorber
(Cu,ZnSn(S,Se),)

Voc Deficit:

Primary Bottleneck
CIGS: Low loss (0.44V)
CZTSSe: Large deficit (~0.5V)

Morphology and
Grain Structure

Both typical 1.0 pm thickness.

CZTSSe: Problematic
fine-grained bottom layers.

Processing Routes A‘

Highest Performance:
Hydrazine-based molecular
solutions

Compared to nanoparticle-ink
precursors.

and solution-processed

CIGS/CZTSSe solar cells. Efficiency, VOC deficit, JSC, FF, absorber thickness, grain size, processing route,
phase diagnostics, and depth-profile information should be compared together rather than as isolated
device metrics. Al-assisted schematic; scientific basis supported by Refs. [1,2,5,6,36,42,45-48,56].
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Table 21. Representative published performance benchmarks for colloidal/solution-processed CIGS

and CZTSSe devices.
Representative . . .
Absorber/Process . . Voc Issue Processing Feature Main Caution Ref.
Efficiency
Certified
(Ag, CE; (;n,eGa) Ses 23.64% Voc loss relativel.y Ag alloying and.steep Vacuum/high—contr(?l bench- [5]
lower than kesterite =~ Ga back grading mark, not colloidal
record
Hydrazine solu- . . 1
; o Good voltage for so- Molecular solution Hydrazine toxicity limits
tion-processed 15.2% ) . - [42]
lution route chemistry manufacturability
CIGS
Nanoparticle-ink o Still below vacuum  Sulfide nanoparticle Requires rigorous ink/seleni-
CIGSSe 15.0% total area CIGS ink and selenization zation control [46]
Sulfide-nanocrystal Na improves defects Low-temperature Na Scalability and reproducibility
. 12% . . . [45]
CIGSSe with Na and grain growth incorporation must be shown
CZTSSe record- - . . .
. o Large Voc deficit re- Cu-poor/Zn-rich kes-  High grains alone do not
class hydrazine 12.6% . . . [36]
mains terite processing solve defect losses
route
CZTSSe r.lanoparti- 9.0% total area Strorllg .Voc. and FF  Selenized nanoparti- Secondary .phases,. carbf)@ (48]
cle inks limitations cle precursor and bottom fine grains critical
Table 22. Representative published device metrics for colloidal and solution-processed
CIGS/CZTSSe solar cells.
Absorber Route Treatment Voc Jsc FF  Efficiency = Main Limitation
. Need controlled Na in-
Sulfide nano- Ligand exchange, corporation, grain
Cu(In,Ga)(S,Se)2 ) Na incorporation, - - 12.0% P '8 )
crystal ink o growth, and recombi-
selenization . .
nation reduction [45]
Obtimized nanopar Still below vacuum
Nanoparticle P p 15.0% to- CIGS; requires precise
Cu(In,Ga)(S,Se)2 . ticle ink processing - . .
ink . tal-area  alkali and interface
and selenization
control [46]
. . . Alkali amount and ab-
Solution/atmos- K incorporation, op- 33.61 mA sorber uniformity must
Cu(In,Ga)(S5,Se)2  pheric pro- timized absorber 656 mV = 72.65%  16.02% Y
. . be carefully controlled
cessing processing
[53]
All-non-vac-  Non-vacuum ab- 34.89 mA Nc:;(;/z(;if;;?’f;face
Cu(In,Ga)Se2  uum CIGS pro- sorber and device 058V ~ " =" 69.60%  14.05% . L
. o m- formity remain critical
cessing fabrication
[56]
Not fully
accessi-
o ble in 9.0% total- Fme—gra¥ned. regions,
CZTS nanopar-  Selenization of sum- recombination, Voc
Cu2ZnSn(S,Se)s L . - - area; 9.8% .
ticle ink nanocrystal ink mary; . deficit, and secondary
.. active-area
see origi- phases [48]
nal pa-
per
. Pure solution pro- - .
Hydrazine- cessine. optimized ~35.9 mA Voc deficit remains
Cu2ZnSn(S,Se)s  based molecu- & OPHr =051V =69.8%  12.6% large despite improved
absorber/device ar- m2

lar solution .
chitecture

bulk quality [36]
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Table 23. Evidence-based synthesis matrix for representative device studies and required diagnostic

quantities. NR or non-comparable entries should not be filled by inference; they identify reporting

gaps that must be closed by future studies.

Evidence Reference Qu.antltaflve/Devme Data Used in Proc.essmg. or Diag- Critical Interpretation
Item This Review nostic Variable
Representative non-vacuum CIGSSe
devices show efficiencies of 12'.0— Ny . CIGSSe benefits from higher
16.02%. For the K-doped solution  Alkali incorporation,
L . defect tolerance than CZTSSe,
CIGSSe nano CIGSSe example, reported values  selenization condi- but hieh non-vacuum perfor
article and are Voc =656 mV, JSC =33.61 mA  tions, absorber uni- mancegstill requires uzntita—
pathce [45,46,55,56] cm2, FF = 72.65%, and efficiency =  formity, Ga/In distri- .. quires quan’
solution . tive control of alkali distribu-
16.02% [55]. For the all-non-vacuum bution, and . .
benchmarks . tion, absorber-depth uni-
CIGS example, reported values are front/back-interface formity. interface reaction. and
Voc =058 V, Jsc = 34.82 mA cm=2, FF control. - C(ym et coalit '
- 69.60%, and efficiency = 14.05% quatty:
[56].
High current density and fill
Cu-poor/Zn-rich pro- factor are possible in molecu-
Hydrazine-based molecular precur- cessing, molecular- larly processed CZTSSe, but
CZTSSe mo- sor processing produced a 12.6%  scale compositional the remaining VOC deficit
lecular bench-[6,36] CZTSSe device with approximately mixing, selenization shows that dense absorber for-
mark Voc=0.51V, Jsc=35.2 mA cm?, and control, and opti- mation and good crystallinity
FF = 69.8% [36]. mized device archi- do not eliminate intrinsic kes-
tecture. terite disorder, band tailing,
and recombination losses.
This is the most direct evidence
base for the particulate green-
Nanocrystal synthe- body framework. The lower
Selenized nanoparticle inks have sis, ligand remov.al, performance relative to molec-
CZTSSe nano- . o green-body packing, ular and more recent defect-
. produced approximately 9.0% total- o 1
particle [15,48] . . chalcogenization, controlled routes indicates that
area and 9.8% active-area efficiency . . .
benchmark grain coarsening, and carbon removal, particle-con-

48].
48] secondary-phase con-

tact coalescence, secondary-

trol. phase suppression, and inter-
face control remain coupled
limitations.
Improved morphology is not
TGA/DSC, FTIR, Ra- sufficient evidence for. clean
burnout. Carbon metrics
man D/G bands, XPS ]
. Comparable carbon wt%, at%, or should be correlated with FF,
Residual car- . C 1s, SIMS carbon . . .
depth-integrated carbon values are . series resistance, EQE, carrier
bon and burn-[15,34,38,48] . depth profiles, and . . .
not consistently tabulated across ) lifetime, and recombination di-
out . ) TEM/EELS at grain ) .. .
benchmark device studies. . X agnostics. NR entries identify a
boundaries or inter- . . .
faces major reporting gap in nano-

particle-derived absorber stud-
ies.

Graln.sme [15,32,37,48,
and bilayer 53]
morphology

Cross-sectional
SEM/TEM, grain-size
distribution, absorber
thickness, fine-
grained bottom-layer
thickness, and inter-

Representative reports frequently
show large-grained upper layers
and fine-grained bottom regions,
but grain-size statistics and bottom-
layer thickness are not always re-
ported in comparable form.

Large grains are beneficial only
when accompanied by reduced
secondary phases, cleaner in-
terfaces, and improved carrier
collection. A large-grained up-
per layer can coexist with a de-
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rupted or quenched fective bottom layer that limits
chalcogenization anal-long-wavelength EQE, FF, and
ysis. VOC.

Raman phase

XRD-only phase-purity claims
Multi-wavelength Ra- are weak for CZTSSe because
man spectroscopy,  secondary phases may be Ra-
surface and cross-sec- man-active, spatially localized,

The relevant comparison is not a
single kesterite peak position, but
phase-resolved identification of

signatures [25,38,48] CZTSSe, ZnSe, Cuz»Se, Sn_Se tlf)nal Rame‘m map- or buried. Raman mappmg
ping, selective etch- should be linked to device sta-
phases, Cuz5nSes, MoSez, and carbon, . . )
DJ/G bands where applicable ing, and correlation tistics and local microstructure
) with SEM/TEM/EDS. rather than used only for quali-
tative phase confirmation.
Depth profiles are essential for
distinguishing beneficial alloy-
C, Na/K/Li/Ag/Ge/Sb, ing or passivation from segre-
SIMS and Comparable SIMS profiles are not ~ S/Se, Sn, and impurity gation, buried carbon, Sn im-
. [37,47,48,52, ; . . . .
depth-profile consistently available for all bench- depth profiles across balance, S/Se gradients, and in-
: 54] . . .
evidence mark devices. the absorber thicknessterface-localized secondary
and Mo interface. phases. The lack of standard-
ized SIMS reporting limits
cross-study comparison.
A thin and continuous MoSe:
o . Cross-sectional Ra-  layer can improve back contact,
The most relevant quantitative vari- man. TEM. SEM hereas thick. discontinuous
MoSe:2 and able is MoSe: thickness and continu- ’ ! ’ W  CISCOTTIIONS,

back-contact
evidence

[29,30,39]

GDOES/SIMS, con-  or nonuniform MoSe: can in-

tact-resistance analy- crease resistance, promote de-

sis, adhesion tests, lamination, interrupt bottom-

and EQE. layer coarsening, and degrade
carrier collection.

ity, together with its correlation with
FF, series resistance, adhesion, and
long-wavelength EQE.

The comparison highlights several important points. First, solution-processed and
nanoparticle-derived CIGSSe have reached higher efficiencies than nanoparticle-derived
CZTSSe, reflecting the greater defect tolerance of the chalcopyrite lattice and the more
mature control of alkali incorporation, crystallization, and interfaces [45,46,55,56]. Second,
the 12.6% hydrazine-processed CZTSSe benchmark shows that high current density and
reasonable fill factor are possible in kesterite devices, but the remaining VOC deficit
demonstrates that dense morphology does not remove Cu/Zn disorder, band tailing, Sn-
related defects, or interface recombination [6,36]. Third, nanoparticle-derived CZTSSe re-
mains especially sensitive to precursor-state variables because residual carbon, incom-
plete coalescence, fine-grained bottom layers, and buried secondary phases can survive
chalcogenization and degrade FF, JSC, EQE, and device reproducibility [15,38,48].

Therefore, device metrics should be interpreted together with diagnostic evidence. A
high JSC may indicate good absorption and carrier collection, but it does not guarantee
low recombination. A higher FF may indicate improved transport, but it can also be lim-
ited by shunts, series resistance, or a thick MoSe: layer. Likewise, large grains should be
considered beneficial only when Raman mapping, XPS or SIMS depth profiles,
TEM/EELS, PL yield, TRPL lifetime, EQE, admittance spectroscopy, DLTS or TAS, Suns-
VOC, and temperature-dependent J-V measurements show that secondary phases, resid-
ual carbon, band tailing, interface recombination, and carrier-collection losses have also
been reduced.

Benchmarking should be restricted to published, verifiable device metrics and
should clearly identify missing or non-comparable quantities. In the literature, photovol-
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taic parameters are usually reported more consistently than carbon concentration, SIMS
depth profiles, grain-size distributions, or MoSe: thickness. This reporting imbalance is
itself an important conclusion: future colloidal CIGS/CZTSSe studies should report pro-
cess windows, precursor solid loading, ligand-removal chemistry, residual carbon levels,
grain-size statistics, Raman phase maps, SIMS/GDOES depth profiles, MoSe: thickness,
and full J-V/EQE statistics in the same study.

An improved microstructure can enhance carrier transport and collection, but high
device efficiency also requires reduced VOC deficit, suppressed secondary phases, con-
trolled band alignment, low interface recombination, and optimized series/shunt re-
sistance. The purpose of the green-body framework is therefore not to replace device
physics with processing schematics, but to define which precursor and microstructural
variables should be measured quantitatively and correlated with final photovoltaic losses.

Critical summary: Device metrics are necessary because they quantify whether pro-
cessing changes improve VOC, JSC, FF, and efficiency, but they are insufficient without
mechanistic diagnostics. Higher efficiency can arise from many competing changes, so
benchmark tables must be interpreted together with EQE, Suns-VOC, temperature-de-
pendent J-V, PL/TRPL, and chemical/microstructural evidence.

7.3. Remaining Bottlenecks

Despite substantial progress in precursor chemistry, chalcogenization control, alloy-
ing, surface cleaning, and interface engineering, CZTSSe solar cells still suffer from several
persistent bottlenecks that limit their performance relative to CIGS. The most important
limitations are the large open-circuit-voltage deficit, interface recombination, band tailing,
secondary-phase formation, fine-grained bottom-layer formation, and poor process repro-
ducibility [7-9,24,36,38,48].

The most widely recognized bottleneck in CZTSSe is the Voc deficit. Although
CZTSSe has a suitable band gap and strong optical absorption, the measured Voc remains
much lower than expected from its band gap. This loss should be discussed quantitatively
as Eg/q-Voc, or more rigorously by comparing the measured Voc with the quasi-Fermi-
level splitting inferred from calibrated PL or Suns-Voc. If the activation energy extracted
from temperature-dependent J-V is substantially below the optical band gap, interface or
dominant junction recombination is implicated; if the PL spectrum shows a large Stokes
shift, broad low-energy emission, low absolute PL yield, or shortened TRPL lifetime, band
tailing and nonradiative bulk recombination are likely contributors. The remaining
CZTSSe bottlenecks are summarized in Figure 25.

Interface recombination is another major limitation. The front CdS/CZTSSe interface
is sensitive to absorber surface composition, surface secondary phases, band alignment,
Cd diffusion, and chemical-bath deposition conditions.

Band tailing remains one of the most difficult intrinsic problems in CZTSSe. Because
Cu* and Zn?* have similar ionic radii and can exchange crystallographic sites, Cu/Zn dis-
order is energetically favorable.

Secondary phases also continue to limit performance and reproducibility. CuzxSe can
create conductive shunts, ZnSe can form blocking layers at grain boundaries or interfaces,
SnSe2 and Cu25nSes can act as recombination-active phases, and excessive MoSe: can in-
crease back-contact resistance [25,38].
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Remaining bottlenecks in CZTSSe solar cells
The open-circuit-voltage deficit arises from coupled defect, phase, and interface limitations.
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Figure 25. Remaining bottlenecks in CZTSSe solar cells. The open-circuit-voltage deficit is linked to
cation disorder, band tailing, Sn-related deep defects, secondary phases, interface recombination,
and fine-grained bottom-layer formation. Al-assisted schematic; scientific basis supported by Refs.
[7-9,25,28,36-39].

The fine-grained bottom layer is a particularly important bottleneck for nanoparticle-
derived CZTSSe absorbers. This layer near the Mo back contact typically contains small
grains, high grain-boundary density, residual porosity, possible carbon residues, second-
ary phases, and MoSe>-related interface reactions.

Finally, reproducibility remains a serious challenge for CZTSSe. Because the kesterite
phase has a narrow stability window, small variations in precursor composition, ligand resi-
due, film thickness, Se amount, heating rate, furnace geometry, gas flow, pressure, and sub-
strate condition can strongly affect phase evolution and device performance [7-9,24]. To avoid
a purely qualitative discussion, the processing origin of each loss mechanism should be tied
to measurable electrical, optical, chemical, and microstructural signatures. The remaining bot-
tlenecks and required diagnostic approaches are summarized in Table 24. The core relation-
ships in this matrix are also converted into the visual pathway map in Figure 26 to improve
rapid interpretation of the processing-defect-diagnostic-device-loss chain.
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Table 24. Processing-defect-to-device-loss diagnostic matrix for CZTSSe solar cells.

Processing Defect or Expected Measurable . . . Interpretation for CZTSSe
. . Primary Diagnostics . Refs.
Loss Mechanism Signature Devices
L Eg/q-Voc; broad Identifies whether the volt-
loif/gzne%/q Pic',la:(): Band-gap/Eg analysis, calibrateda an;sse zsi:i\;ez frf)in ilelt‘;ion
Cu/Zn disorder, Sn-re- 55' ;1T PL, TRPL, EQE tail/Urbach anal- g . . .
Stokes shift; low PL . . sic kesterite disorder, tail
lated deep defects, and . ysis, admittance spectroscopy, . [7-9,36]
L yield; shortened TRPL . states, or deep recombina-
band tailing . DLTS or TAS, Raman order-dis- .
lifetime; broad sub-gap . tion centers rather than
order analysis
response from morphology alone.
Voc activation energy
low Eg; high ideality T - -
Front CdS/CZTSSe in- below Eg; hig '1dee1 1ty emperature de.pende.nt] Ve Separates interface recom-
... 1., _factor; strong light-in- Suns-Voc, light-intensity J-V, L .
terface defects, cliff-like. . bination and band-align-
tensity dependence of PL/TRPL after surface treat- . [37-39]
band offset, surface . . ment losses from bulk-life-
Voc; low Suns-Voc im- ment, XPS/UPS band alignment, . L.
ZnSe or Cuz-Se . . time limitations.
plied voltage; weak ~ Raman/XPS surface analysis
blue/near-surface EQE
Reduced long-wave-
Back-contact reaction length EQE; increased Bias-dependent EQE, cross-sec- Tests whether rear-inter-
excessive or nonuni " series resistance; lower tional SEM/TEM, TEM/EELS,  face chemistry and bot-
. FF; carrier-collection ~ SIMS depth profiles, Raman tom-layer microstructure ~ [29-31]
form MoSe2, fine- . . ) . .. .
. loss under weak bias; mapping, J-V series-resistance limit collection from the
grained bottom layer . . . .
possible rear-interface analysis back side of the absorber.
recombination
Low mobility or high Raman D/G bands, XPS C 1s, Connects green-body or-
Residual carbon from resistivity; reduced PL. SIMS carbon depth profiles, ganic removal directly to
incomplete ligand ex- yield; short TRPL life- TEM/EELS at grain boundaries, recombination-active [21,22,34]
change or burnout time; poor FF; nonuni- Hall measurements, J-V statis- boundaries and transport
form device statistics  tics barriers.
Conductive CusSe, Low shunt resistance; Baman mapping, selec':tive etch- Distingqis.hes improved
. abnormal dark J-V ing response, conductive-AFM conductivity from harmful
Cu-Sn-Se residues, or . .
shuntine secondar leakage; low FF; spa- when available, XPS, conductive secondary [25,26,28]
& Y tially nonuniform pho- TEM/EDS/EELS, illumi- phases that create leakage
phases
tocurrent nated/dark J-V paths.
Suppressed EQE in af-
Insulating ZnSe, Sn-Se fected spectral ranges; Raman mappmg, XPS/SIMS Identifies bI(.)c.kmg barriers
. S-shaped J-V; poor car- depth profiles, TEM/EDS/EELS, and compositionally local-
phases, or buried . . . . [28,37,38]
blockine lavers rier collection; compo- bias-dependent EQE, tempera- ized phases that may be
&2y sition-dependent volt- ture-dependent J-V invisible in XRD.
age/current trade-off
Band-gap gradients in- Links furnace and vapor
Nonuniform chalco-  consistent with in- SIMS or GDOES depth profiles, nevap
. . . transport conditions to
genization, Sn loss, tended design; spa-  XPS depth profiling, cross-sec-
A . . . depth-dependent defect ~ [24,32,35]
S/Se or dopant gradi- tially variable PL/EQE; tional Raman/PL mapping, sta- formation and reproduci
ents enhanced VOC scatter tistical J-V/EQE produ

across devices

bility.
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Figure 26. Processing-defect-to-device-loss flowchart for colloidal CIGS/CZTSSe absorbers. The fig-
ure visually summarizes the core relationships distilled from Table 24. Representative processing
or absorber defects are linked to their most relevant diagnostic signatures and final device conse-
quences. Examples include: (1) Residual carbon — Raman D/G bands, XPS C 1s, SIMS carbon depth
profile, TEM/EELS — suppressed particle coalescence, increased series resistance, lower FF, and
enhanced recombination. (2) Nonuniform Se/S reaction-front propagation — SIMS S/Se depth pro-
files, Raman mapping, cross-sectional SEM/TEM — fine-grained bottom layer, incomplete conver-
sion, lower long-wavelength EQE, reduced Jsc and FF. (3) Secondary phases (e.g., Cu2~Se, ZnSe, Sn-
related phases) — Raman, XPS, TEM/EDS, selective etching, depth profiling — shunting, carrier
blocking, recombination, reduced Voc/FF/Jsc. (@) Excessive or nonuniform MoSez/back-contact re-
action — cross-sectional Raman, SEM/TEM, contact-resistance analysis, EQE — increased back-con-
tact resistance, adhesion loss, poor rear collection, reduced FF and Jsc. @ Intrinsic or disorder-re-
lated losses remaining after microstructural optimization — PL/TRPL, Urbach energy, admittance
spectroscopy, temperature-dependent J-V — Voc deficit, band tailing, and nonradiative recombi-
nation. Al-assisted schematic; scientific basis supported by Refs. [20,21,25-32,34-39,49,50].

The fine-grained bottom layer is an important limitation in nanoparticle-derived
CZTSSe absorbers, but it is part of a broader set of coupled bottlenecks, including VOC
deficit, Cu/Zn disorder, band tailing, secondary phases, interface recombination, MoSe:
control, and reproducibility. Its device relevance should be judged from long-wavelength
EQE, bias-dependent EQE, series-resistance analysis, and cross-sectional chemical map-
ping rather than from SEM contrast alone.

Improved grain growth can enhance carrier transport, but it does not by itself elimi-
nate Cu/Zn disorder, Sn-related deep defects, band tailing, secondary phases, or interface
recombination. Device improvement requires simultaneous control of microstructure, de-
fect chemistry, and interfaces, verified by a consistent set of electrical and spectroscopic
signatures: reduced Eg/q-VOC, lower ideality factor, higher Suns-VOC or quasi-Fermi-
level splitting, higher PL yield, longer TRPL lifetime, weaker sub-band-gap EQE tailing,
and fewer phase or composition gradients in Raman, XPS/SIMS, and TEM/EELS analysis.
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Process reproducibility should be demonstrated statistically through multiple de-
vices and batches, with full reporting of precursor composition, ink formulation, film
thickness, selenization conditions, and device-area definition.

Critical summary: The remaining bottlenecks in CZTSSe are coupled rather than iso-
lated: VOC deficit, band tailing, secondary phases, fine-grained bottom layers, interface
recombination, and reproducibility often reinforce one another. The most promising path
is therefore not a single additive or annealing change, but an evidence chain linking pre-
cursor state, reaction pathway, defect spectrum, and complete device response.

8. Outlook and Future Directions

Future progress in colloidal CIGS and CZTSSe photovoltaics requires moving be-
yond empirical optimization toward mechanism-guided processing. For CZTSSe in par-
ticular, the remaining barriers—Voc deficit, Cu/Zn disorder, band tailing, secondary
phases, fine-grained bottom layers, and poor reproducibility —are too strongly coupled to
be solved by a single processing change. Therefore, the next stage of development should
focus on four high-impact directions: operando characterization, interface passivation, al-
loying and defect control, and scalable manufacturing.

8.1. Operando Characterization of Reactive Chalcogenization

A major limitation in current colloidal CZTSSe processing is that the most critical
reactions occur transiently during selenization and are therefore difficult to reconstruct
from post-mortem characterization alone. During heating, the nanoparticle-derived pre-
cursor is not converted into the final absorber through a single equilibrium reaction. In-
stead, it undergoes a coupled sequence of S/Se exchange, Sn-containing vapor formation
and loss, transient liquid or liquid-like phase formation, secondary-phase formation and
consumption, cation redistribution, kesterite ordering, grain coarsening, and MoSe:
growth at the back contact (Figure 27). Many of these intermediate states may disappear
during cooling or be redistributed during the final stage of annealing; therefore, ex situ
XRD, Raman spectroscopy, SEM, or TEM performed only after selenization can identify
the final microstructure but cannot reliably reveal the reaction pathway.

This limitation is particularly important for CZTSSe because device performance is
governed not only by the final grain size and apparent phase purity, but also by the ther-
mal history of defect formation, volatile-species loss, secondary-phase evolution, and in-
terface reactions. For example, temporary Cu-Se or Cu-Sn-Se liquid phases may promote
grain growth, but residual Cuz2~Se or Cuz25nSes can introduce shunting paths or nonselec-
tive recombination. Similarly, Sn loss during high-temperature selenization can shift the
absorber away from the narrow kesterite phase-stability window and promote deep de-
fects, band tailing, and Vo loss. Excessive MoSe2 growth may improve local contact for-
mation at early stages but later increase series resistance or weaken back-contact adhesion.
Therefore, operando or time-resolved characterization is essential for distinguishing ben-
eficial transient reaction pathways from detrimental residual phases.

Future studies should combine in situ or operando XRD, Raman spectroscopy, opti-
cal/thermal monitoring, synchrotron-based scattering, and vapor-phase analysis with in-
terrupted-quench experiments and depth-resolved post-mortem characterization. Such
integrated analysis would clarify when S/Se exchange begins, when Sn-containing species
volatilize, when transient liquids appear and disappear, how secondary phases are con-
sumed, how kesterite ordering develops, and when MoSe2 becomes excessive. This infor-
mation is needed to design selenization profiles that control chalcogen chemical potential,
suppress Sn loss, manage transient-liquid-assisted coarsening, and minimize interface
degradation.
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Figure 27. Operando characterization of reactive chalcogenization in nanoparticle-derived CZTSSe
absorbers. During selenization, the precursor undergoes coupled transient processes including S/Se
exchange, Sn-containing vapor loss, transient liquid formation, secondary-phase evolution, kester-
ite ordering, grain coarsening, and MoSe: growth. Because many intermediates disappear or redis-
tribute during cooling, operando probes such as in situ XRD, Raman spectroscopy, synchrotron
scattering, vapor-phase analysis, and interrupted-quench experiments are needed to link reaction
pathways with final absorber quality and device losses. Al-assisted schematic; scientific basis sup-
ported by Refs. [23,24,32,35,49,50].

Critical summary: Operando characterization is powerful because it can reveal tran-
sient phases, vapor loss, and reaction sequences that disappear after cooling. Its weakness
is experimental complexity and limited spatial statistics; the best studies will combine in
situ probes with interrupted-quench, depth profiling, and final device correlation.

8.2. Interface Passivation and Contact Selectivity

The second priority is the development of interface-passivation and contact-selective
strategies. Even if colloidal CZTSSe processing successfully improves grain growth, film
density, and phase uniformity, device efficiency will remain limited if recombination at
the front CdS/CZTSSe junction and the rear CZTSSe/Mo contact is not suppressed. There-
fore, future interface engineering should be evaluated not only by chemical compatibility
or improved morphology, but also by its ability to reduce Eg/q-Voc, lower the ideality
factor, raise Suns-Voc and calibrated PL yield, improve EQE response, suppress interface
recombination in temperature-dependent J-V, and maintain stable carrier extraction.

At the front interface, CdS remains the most widely used buffer layer, but its band align-
ment with CZTSSe is not always ideal. Depending on the absorber composition, surface ter-
mination, S/(S + Se) ratio, and near-surface defect chemistry, the CdS/CZTSSe junction may
form unfavorable band offsets that enhance interface recombination or impede carrier collec-
tion. Alternative buffer layers, such as Zn(O,S), ZnSnO, In2Ss, TiOz, or other cadmium-free
materials, should therefore be explored more systematically. However, these layers should
not be judged only by environmental benefit or simple replacement of CdS. Their conduction-
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band alignment, interface defect density, chemical stability, processing temperature, and com-
patibility with CZTSSe surface chemistry must be carefully optimized.

At the rear interface, the CZTSSe/Mo contact also requires more deliberate control. A
thin MoSe: layer may improve adhesion and provide a useful transition layer, but exces-
sive or nonuniform MoSe:2 growth can increase series resistance, weaken adhesion, and
promote back-interface recombination. Rear-interface passivation layers or contact modi-
fiers should therefore be designed to suppress excessive MoSe: formation, reduce recom-
bination at the back contact, and preserve hole selectivity. Possible strategies include ul-
trathin diffusion-control layers, alkali-containing interlayers, carbon-based interlayers,
MoOx/MoSe: control layers, or alternative back-contact architectures.

Overall, interface engineering in CZTSSe should move from empirical buffer replace-
ment toward device-physics-guided contact design. The most effective passivation strat-
egy will be one that simultaneously controls band alignment, suppresses interface defects
and secondary phases, improves carrier selectivity, and maintains low-resistance charge
extraction at both the front and rear contacts.

Critical summary: Interface passivation and selective contacts offer a direct route to
reducing recombination and improving VOC, but they can introduce barriers, parasitic ab-
sorption, or chemical incompatibility. Their value must be judged by activation energy, ide-
ality factor, Suns-VOC, EQE, PL/TRPL, and durability, not only by initial efficiency gain.

8.3. Alloying and Defect Control Linked to Voc Deficit

Alloying strategies must be evaluated by how effectively they reduce Voc deficit,
band tailing, and recombination, rather than only by whether they increase grain size.
Future studies should therefore avoid using grain size or film density as indirect evidence
for reduced Eg/q-Voc. In CZTSSe, improved ceramic processing can remove extrinsic bar-
riers to carrier collection, but the dominant voltage loss is also governed by intrinsic kes-
terite defect thermodynamics. Effective alloying or post-treatment strategies must be eval-
uated by direct evidence of reduced Cu/Zn disorder, weaker band tailing, suppressed Sn-
related deep defects, improved quasi-Fermi-level splitting, and reduced nonradiative re-
combination. This requires correlating ceramic-processing variables with PL yield, TRPL
lifetime, Suns-Voc, temperature-dependent J-V, ideality-factor analysis, admittance spec-
troscopy, DLTS or TAS, Raman order-disorder analysis, SIMS depth profiling, and inter-
face-resolved recombination measurements. Ag, Ge, Sb, Li, and alkali elements such as
Na, K, Rb, and Cs can modify crystallization, defect chemistry, carrier concentration,
grain-boundary passivation, and interface behavior [37,47,51-54]. However, these addi-
tives should be treated as defect-control tools with trade-offs.

Ag substitution may reduce Cu/Zn disorder, expand the lattice, improve grain
growth, and enhance Hall mobility, but excessive Ag can widen the band gap, lower Jsc,
alter carrier concentration, or form Ag-rich secondary phases [47,51]. Ge can modify Sn-
related defect chemistry and promote crystallization, but it may also alter the band gap or
segregate if poorly controlled [37,52].

Future alloying studies should therefore include defect-sensitive diagnostics: tem-
perature-dependent PL, absolute PL or calibrated PL yield, TRPL, Suns-Voc, Urbach-en-
ergy analysis from EQE or absorption, admittance spectroscopy, DLTS or TAS, tempera-
ture-dependent J-V, SIMS dopant profiling, and atomically resolved STEM/EDS,
TEM/EELS, or APT where possible. This is essential because a dopant that improves mor-
phology may still worsen electronic quality if it produces compensation, secondary
phases, or unfavorable band alignment.

Critical summary: Alloying strategies are most meaningful when they are explicitly
linked to the VOC deficit rather than treated as empirical recipes. The key weakness is mech-
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anistic ambiguity; Ag, Ge, Sb, Li, and alkali elements can alter structure, chemistry, and inter-
faces at the same time, so each claim requires defect-sensitive and depth-resolved evidence.

8.4. Scalable Manufacturing and Environmentally Safer Processing

The final challenge is scalable manufacturing. Many high-efficiency colloidal devices
are still fabricated by spin coating, small-area doctor blading, or laboratory-scale seleni-
zation.

However, scalable manufacturing introduces new ceramic-processing challenges.
Drying stress, coffee-ring effects, nonuniform solvent evaporation, thickness gradients,
and coating defects become more difficult to control over large areas. Roll-to-roll drying
also requires careful management of solvent evaporation rate, substrate temperature, web
speed, and intermediate consolidation. Pressure-assisted selenization may be useful at the
laboratory scale, but its scalability must be assessed in terms of reactor design, Se utiliza-
tion, pressure uniformity, throughput, safety, and compatibility with large-area sub-
strates. The integrated processing map is summarized in Figure 28.
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Figure 28. Integrated processing map for colloidal CIGS/CZTSSe solar cells. Device improvement
requires simultaneous optimization of precursor chemistry, green-body formation, binder burnout,
reactive chalcogenization, secondary-phase control, defect chemistry, and interface engineering. Al-
assisted schematic; scientific basis supported by Refs. [15,18,20,21,23,24,28,34,36-48].
Environmental and safety issues must also be addressed. Hydrazine-based molecu-
lar routes have demonstrated high performance, but hydrazine toxicity limits industrial
attractiveness [6,42]. Future research priorities are summarized in Table 25.
Table 25. High-impact future directions for colloidal CIGS and CZTSSe processing.
Direction  Key scientific Question Recommended Tools Expected Impact Refs.
Operando What transient phases and . . .
p ) . P In situ XRD, Raman, MS, syn- Clarifies Se/Sn transport, liquid
characteri- vapor species control ab- - . . [24,32]
. . chrotron profiling, real-time TEM phases, and reaction pathways
zation sorber formation?
How can recombination at .. .
Interface XPS/UPS, PL/TRPL, temperature- Reduces Voc deficit and im-
assivation Cd5/CZTS3e and dependent J-V, TEM, SIMS roves carrier collection [29-31,39]
P CZTSSe/Mo be reduced? P ’ ’ P
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Alloying Which additives reduce dis-

PL, admittance, SIMS, Links Ag/Ge/Sb/Li/alkali effects

and defect order without creating new APT/STEM, Hall, EQE to Voe and recombination [47,51-54]
control losses?
Scalable Car'1 ink formulation and  Rheology, s?ot—dle CQatmg, roll- Fnables manufacturable non-
. drying be controlled over  to-roll drying, coating-defect .. [18,21,22]
coating . vacuum absorber fabrication
large areas? mapping
Safer pro- Can toxic solvents and etch- Cyanide-free etching, hydrazine- Improves environmental and [15,43,44]

cessing

ants be replaced? free inks, waste analysis industrial viability

Future work should focus on mechanism-guided control of the entire processing
pathway, including transient phase evolution, Se/Sn transport, defect chemistry, interface
passivation, and scalable coating.

Ag, Ge, Sb, Li, and alkali treatments should be evaluated by their ability to reduce
Voc deficit, band tailing, recombination, and secondary-phase formation, rather than only
by their effect on grain size.

CV etching is a promising cyanide-free surface-cleaning approach, but its selectivity,
reproducibility, electrolyte compatibility, waste management, and large-area scalability
require systematic validation. In addition, cyanide-free cleaning should be judged by de-
vice physics: it must reduce shunting and interface recombination, preserve near-surface
stoichiometry, maintain favorable absorber/buffer band alignment, and improve Vy, FF,
and EQE reproducibly.

Selenization and sulfurization also impose manufacturing constraints. Se vapor,
H:S/H:Se-containing atmospheres, volatile Sn species, and CdS buffer layers require en-
gineering controls, gas scrubbing, and waste-management protocols. Large-area coating
methods such as slot-die coating, doctor blading, spray coating, screen printing, and inkjet
printing must therefore be coupled with in-line thickness mapping, drying control, defect
inspection, and statistically meaningful device testing. These considerations are essential
if ceramic-style green-body engineering is to translate from small-area champion cells to
reproducible modules.

For practical manufacturing, colloidal chalcogenide absorbers must be evaluated not
only by champion efficiency but also by solvent safety, waste handling, large-area coating uni-
formity, and process reproducibility. Hydrazine-based molecular inks have demonstrated the
power of solution chemistry, but hydrazine toxicity and handling requirements are severe
barriers. The manufacturability and safety issues are summarized in Figure 29.

Critical summary: Scalable and safer processing is essential for the practical relevance
of colloidal CIGS/CZTSSe absorbers. The strength of non-vacuum inks is manufacturabil-
ity, but the weakness is process sensitivity across large areas; industrially useful routes
must demonstrate coating uniformity, low-toxicity chemistry, reproducible chalcogeniza-
tion, waste control, and statistically stable module-scale performance.

8.5. Cost Structure and Energy Payback Time

Although this review focuses mainly on precursor processing, green-body evolution,
reactive chalcogenization, and defect-limited photovoltaic performance, cost and energy
payback time (EPBT) are essential criteria for evaluating the practical relevance of CIGS
and CZTSSe technologies. The cost advantage of a photovoltaic absorber cannot be judged
only from elemental abundance. In a complete module, the absorber layer usually repre-
sents only one part of the total cost. Substrate or glass, encapsulation, transparent conduc-
tive oxide, Mo back contact, buffer/window layers, metallization, scribing and intercon-
nection, module integration, yield loss, capital depreciation, process energy, and opera-
tional lifetime can all make major contributions to the final cost per watt. Therefore, the
earth-abundant Cu-Zn-Sn-S/Se chemistry of CZTSSe reduces exposure to In and Ga sup-
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ply constraints, but it does not automatically guarantee lower module cost unless compa-
rable efficiency, manufacturing yield, throughput, and stability are achieved [57-59].
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Figure 29. Scalability and manufacturability considerations for colloidal chalcogenide absorbers. Ink
toxicity, solvent recovery, coating uniformity, chalcogen-vapor management, Cd-containing buffer
layers, process reproducibility, and waste treatment determine the practical viability of non-vacuum

processing. Al-assisted schematic; scientific basis supported by Refs. [15,21,22,42-48,57-62].

A useful comparison is to separate material availability from area-related manufac-
turing cost, as summarized in Table 26. A useful comparison is to separate material avail-
ability from area-related manufacturing cost. CIGS benefits from relatively high thin-film
efficiency, established monolithic integration, and more mature module processing, alt-
hough the use of In and Ga introduces absorber-material supply and price considerations.
CZTSSe replaces In and Ga with more abundant Zn and Sn, which is attractive for large-
scale deployment. However, the present efficiency gap, large VOC deficit, secondary-
phase sensitivity, Sn volatility, MoSez/contact control, and interface recombination in-
crease the required module area per watt and may offset the lower absorber-material cost.
Thus, cost should be considered as a coupled materials—processing—performance metric
rather than as an absorber-composition metric alone [57-59].

Table 26. Indicative module cost drivers and EPBT trends for representative photovoltaic technolo-
gies. The cost shares are approximate literature-based ranges and should be interpreted as technol-

ogy- and manufacturing-dependent trends rather than universal values.

PV Technology

Indicative Cost Drivers or Component

Implication for CIGS/CZTSSe

. Refs.
Comparison

Share EPBT Trend

Wafer/cell stack and metallization can

account for approximately 35-55% of
Crystalline Si module-related cost; glass, encapsulant,
frame, junction box, and backsheet can
account for approximately 25-40%,; pro-

High efficiency, high yield, and

long operational lifetime reduce
area-related cost and EPBT, even [59-62]
though wafer production is en-

Typically about 1-3
years, depending on
irradiation, module

efficiency, lifetime, . .
ergy-intensive.
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cess, capital, yield, and balance-of-sys-
tem terms form the remainder.

and manufacturing
electricity mix.

Glass, encapsulation, TCO, contacts,
and module materials can account for
approximately 45-65%; the thin semi-

Often among the Demonstrates that thin-film PV

can be energetically attractive
when high-throughput pro-

shortest commercial
PV EPBT values, ap-

CdTe conductor absorber stack is commonly proximately sub- ) 2. [59-62]
) . cessing, stable efficiency, and
a minor fraction, often below 10-15%;  year to about 1.5 . . .
e . . high manufacturing yield are
deposition, capital, and yield form the years under favora- .
. . achieved.
remainder. ble assumptions.
G 11 -
Substrate or glass and encapsulation enera’y comp a.ra .. .
mav account for approximately 30— ble to other thin-film The economic issue is not only
y pp . y PV, often about 1-2 In/Ga cost, but whether composi-
45%; TCO, Mo, buffer/window layers, . . .
) years depending on tion control, alkali management,
CIGS and metal contacts approximately 15— ) . . . [57-62]
o module design, lo- interface quality, and yield can
30%; absorber precursors, scribing, pro- . N
. . . cation, and manu- maintain high watt-per-area out-
cess energy, yield, and capital approxi- facturing assump.- ut
mately 25-45%. 8 P bt
tions.
No mature commer-
cial-module consen-
ists. If effi-
The Cu/Zn/Sn/S/Se absorber precursor St exists. e .
. ciency and stability The cost argument is strongest
cost is expected to be small, often below . .
) o approach CIGS,  only if VOC deficit, secondary
approximately 5-10% of module cost;
) EPBT should be phases, MoSez/contact control,
CZTSSe substrate or glass, encapsulation, 1 . . . [67-59]
thin-film-like; at  carrier collection, yield, and sta-
TCO/Mo/contact stack, process control, . . .
. ) e . present, lower effi- bility are improved at scalable
yield, capital cost, and lifetime domi- . .
ciency increases module level.
nate. .
area-normalized
embodied energy
per watt.
Projected to be
Active-layer material share is projected shorF, .but strongly Provides a competing low-tem-
to be small, commonly below 5-10%; sensitive to opera- erature route. but low Drocess
Perovskite and encapsulation, electrodes/TCO, sub- tional lifetime, deg- P . e P . [59,61,6
. . . . energy is meaningful only if
tandem PV strate, tandem interconnection, yield, radation rate, encap- 2]

lifetime, and replacement dominate
practical cost.

long-term operational stability is

sulation, and re-
demonstrated.

placement assump-
tions.

Energy payback time provides a complementary metric because it combines materi-
als selection, process temperature, module efficiency, lifetime, manufacturing energy, and
local solar irradiation into a single energy-balance parameter. EPBT is commonly defined
as the cumulative primary energy demand required to manufacture, deploy, and, where
relevant, replace the PV system divided by the annual primary-energy-equivalent elec-
tricity generated by that system [59-61]. Lower-temperature solution processing, thin ab-
sorbers, and high-throughput coating can reduce the cumulative energy demand. How-
ever, low device efficiency, poor manufacturing yield, short lifetime, or frequent replace-
ment increases EPBT because more module area and more embodied energy are required
per delivered watt.

The ceramic-processing framework discussed in this review is therefore directly rel-
evant to cost and EPBT, even though it is not itself a cost model. Improved green-body
packing, cleaner ligand removal, controlled drying, uniform chalcogenization, optimized
transient-liquid-assisted coarsening, suppressed secondary phases, controlled MoSe:
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thickness, and stable front/back interfaces can increase the usable watt output per unit
area and reduce yield loss. Conversely, residual carbon, cracking, fine-grained bottom lay-
ers, nonuniform S/Se reaction fronts, conductive Cu2-Se, blocking ZnSe or Sn-related
phases, excessive MoSez, and unstable interfaces reduce VOC, FF, JSC, device reproduci-
bility, and lifetime. These losses increase the module area and process input required per
watt, thereby weakening both cost competitiveness and EPBT.

From this perspective, CZTSSe remains economically and energetically promising
because it avoids the In/Ga resource constraint and is compatible in principle with solu-
tion or nanoparticle-based processing. However, its present advantage is potential rather
than fully demonstrated at commercial scale. CZTSSe should therefore not be presented
simply as a cheaper version of CIGS. It should be evaluated as a distinct earth-abundant
thin-film platform whose cost and EPBT competitiveness require simultaneous progress
in absorber crystallization, defect thermodynamics, interface passivation, manufacturing
yield, module efficiency, and long-term operational stability [57-59].

Critical summary: Cost and EPBT analyses are useful because they force CIGS and
CZTSSe processing to be evaluated at the module and energy-balance levels rather than
only by absorber chemistry. The strength of CZTSSe is its earth-abundant elemental basis
and potential compatibility with scalable solutions or nanoparticle processing, but its
weakness is that lower efficiency, Voc deficit, yield loss, uncertain lifetime, and interface
instability can erase the apparent raw-material advantage. Therefore, future cost claims
should be tied to demonstrated module efficiency, process yield, stability, embodied en-
ergy, and EPBT rather than to precursor cost alone.

9. Conclusions

Colloidal CIGS and CZTSSe absorbers are best interpreted as constrained ceramic-like
precursor films only within a defined analogy. Ceramic concepts such as green-body for-
mation, constrained shrinkage, burnout, and consolidation help identify measurable precur-
sor-state variables, whereas absorber formation itself is governed by chalcogenide-specific re-
active chalcogenization: Se/S transport, 5/Se exchange, volatile Sn chemistry, transient liquid
or vapor intermediates, secondary-phase redistribution, and Mo-interface reaction. This sep-
aration clarifies why particle packing, residual organics, capillary stress, pore structure, sub-
strate constraint, and chalcogen chemical potential all strongly affect final device quality.

CIGS and CZTSSe should not be treated as interchangeable absorber systems. CIGS ben-
efits from greater defect tolerance but still requires controlled Ga grading, alkali incorporation,
MoSe: thickness, and absorber/buffer alignment. CZTSSe is more severely constrained by
Cu/Zn disorder, Sn volatility, secondary phases, band tailing, and interface recombination.

For nanoparticle-derived absorbers, microstructural improvement alone is not suffi-
cient. Large grains and apparent densification must be correlated quantitatively with de-
vice metrics and diagnostics, including Eg/q-Voc, ideality factor, temperature-dependent
J-V activation energy, Suns-Voc or quasi-Fermi-level splitting, FF, Jsc, EQE and EQE tail-
ing, Raman phase maps, XPS/SIMS/TEM/EELS evidence for secondary phases and resid-
ual carbon, MoSe: thickness/continuity, PL yield, TRPL lifetime, admittance/DLTS/TAS
evidence for recombination-active defects, Hall evidence for transport, and statistically
meaningful device metrics.

The key processing challenge is to control the coupled pathway from precursor
chemistry to device interfaces via clean ligand removal, stable ink rheology, crack-free
drying, uniform Se/S transport, suppression of Cux~Se/ZnSe/Sn-Se phases, passivated
grain boundaries, and controlled front/back contacts.

Future relevant research should combine ceramic-processing analysis with photovol-
taic diagnostics. Operando reaction studies, quantitative green-body metrics, safer hydra-
zine-free and cyanide-free chemistries, scalable coating trials, and mechanism-guided al-
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loying/passivation will be essential for turning colloidal CIGS/CZTSSe processing into re-
producible, high-performance manufacturing. Surface-cleaning strategies should be ac-
cepted as beneficial only when they improve interface electronic quality, as evidenced by
lower Eg/q-Voc, lower ideality factor, better band alignment, higher Suns-Voc or PL yield,
improved FF, and stable EQE, without damaging absorber stoichiometry or introducing
new surface defects.
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