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ABSTRACT: A  key  reason  for  Cu2ZnSn(S,Se)4  (CZTSSe,
15.8%)  solar  cells  lagging  far  behind  Cu(In,Ga)Se2  (CIGS,
23.6%) in efficiency is its inability to autonomously form a dual-
gradient bandgap via Ga gradient, critical for the simultaneous
efficient light absorption and directed carrier transport. Herein,
this  study  proposes  a  novel  strategy  for  the  spontaneous
construction  of  dual  gradients  CZTSSe  with  a  S-rich  front
interface and a Ge-rich back interface based on SnS-GeSe co-
sulfoselenization.  SnS  releases  S  vapor  and  Sn2Se3

intermediate  phase  during  selenization,  synchronously
compensating  for  Sn  volatilization  loss  and  forming  a  S-rich
surface layer, leading to a synergistic composition stability and
interface defect passivation. Meanwhile, GeSe, by virtue of its
eutectic  property,  promotes  the  migration  and  enrichment  of
Ge toward the back interface for an efficient back surface field
and  suppresses  defects.  The  S-rich  front  widens  the  surface
bandgap to improve open-circuit voltage (VOC), and the Ge-rich
back  elevates  the  back  conduction  band  minimum  (CBM)  and  suppresses  the  Sn-related  defect  to  facilitate  carrier
transport. As a positive result, the optimized devices achieve a 26% enhancement in photovoltaic efficiency, offering a new
insight for the development of high-efficiency kesterite-based solar cells.
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 1    Introduction
Cu2ZnSn(S,Se)4 (CZTSSe)  thin-film  solar  cells  have  emerged  as  a
promising alternative to traditional Cu(In,Ga)Se2 (CIGS) because of
their  direct  and  tunable  bandgap  (1.0–1.5  eV),  high  absorption
coefficient  (104 cm−1),  and  environmental  friendliness  [1, 2].
However, their highest certified power conversion efficiency (PCE)
remains only 15.8% [3], still significantly lagging CIGS cells (23.6%)

[4]. This bottleneck primarily stems from a substantial open-circuit
voltage  (VOC)  deficit,  which  originates  from  two  key  factors:
(1)  severe  non-radiative  recombination  caused  by  abundant
interface  defects  and  bulk  deep-level  defects/clusters,  and  (2)
interfacial  recombination  induced  by  band  mismatch  at  the
heterojunction [5−8].

Notably, in high-efficiency CIGS cells, the dual-gradient bandgap
structure  achieved  through  gradient  distribution  of  Ga  has  been
established as a mature pathway to overcome efficiency limitations
[9]. This configuration enables efficient broadband light absorption
and  facilitates  directional  carrier  transport,  thereby  simultaneously
enhancing VOC and  short-circuit  current  density  (JSC).  However,
directly migrating this strategy to the CZTSSe system is challenging
due to two fundamental factors. On one hand, the similar diffusion
rates of elements in CZTSSe hinder the spontaneous formation of a
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stable  compositional  gradient  via  conventional  processes  [10].  On
the  other  hand,  the  high  volatility  of  Sn  at  elevated  temperatures
leads  to  compositional  deviation  [11−13],  which  severely  disrupts
the continuity of the band structure.

To  address  these  challenges,  current  research  focuses  primarily
on  two  strategies.  Firstly,  elemental  gradient  doping  (e.g.,  K2S
interface  engineering,  Cd  gradient  alloying,  and  Ag/Ge  doping)
aims  to  construct  bandgap  gradients  through  localized
compositional  modulation  [14−17].  Secondly,  precursor  process
optimization (e.g., multi-layer spin-coating or multi-step annealing)
attempts  to  control  element  distribution  via  precise  precursor
manipulation [18, 19]. Nevertheless, these approaches not only face
challenges  related  to  process  complexity  but  also  predominantly
focus  on  unilateral  optimization,  struggling  to  synergistically
address  bulk/interface  defect  suppression  and  graded  bandgap
construction  within  a  single,  simplified  process,  being  highly
motivated in this work.

In  the  fabrication  process  of  CZTSSe  films,  existing  process
exploration  indicates  that  SnSx or  SnSex are  commonly  used  as  a
selenization additive to compensate for the Sn loss and assist grain
growth  [20, 21].  However,  this  predominantly  focuses  on  the
compensatory  role  of  cations  (Sn)  while  overlooking  the  potential
of  anions  (S/Se)  gradient  regulation.  In  fact,  the  differences  in  the
conduction  and  valence  band  energies  between  S  and  Se
theoretically  allow  for  the  formation  of  a  favorable  bandgap
gradient, optimizing interfacial alignment with the CdS buffer layer
[22]. Additionally, research has shown that GeSex not only acts as a
selenization  aid  promoting  CZTSSe  grain  growth  but  also,  via  Ge
doping  or  diffusion,  suppresses  defects/clusters,  such  as  CuSn and
[2CuZn +  SnZn],  thereby  reducing  interfacial  non-radiative
recombination [23]. Furthermore, our preliminary studies utilizing
a  GeSe-Se  co-selenization  process  demonstrated  the  spontaneous
formation of a back-surface Ge gradient, highlighting the feasibility
of  such  gradient  regulation  and  defect  passivation  synergistic
modulation [24, 25].

On  this  basis,  we  innovatively  propose  a  SnS-GeSe  co-
sulfoselenization  process,  which  exploits  the  distinct
thermodynamic behaviors of SnS and GeSe (melting/boiling points,

vapor  pressures,  and  the  low-eutectic  characteristics  of  the  Ge–Se
system) to spontaneously construct a dual-graded CZTSSe with an
S-rich  front  interface  and  a  Ge-rich  back  interface.  The  key
advantages of this process are reflected in three aspects: (1) A stable
gradient  can  be  formed  spontaneously  by  virtue  of  the  intrinsic
properties  of  the  materials,  without  the  need  for  sophisticated
temperature-control  techniques;  (2)  efficient  synergistic  utilization
of  cations  and  anions  is  realized,  where  SnS  decomposition
compensates  for  Sn  loss  while  the  released  S  accumulates  at  the
front surface of the absorber, to passivating surface/interface defects
[20]; and (3) benefiting from the low-eutectic nature of Ge–Se [26],
Ge is driven to diffuse toward the back interface to construct a Ge-
rich  back  gradient,  while  Ge  incorporation  further  suppresses  Sn-
related  defects/clusters,  thereby  achieving  both  gradient  formation
and defect suppression. As a result, the PCE of CZTSSe solar cells is
enhanced from 7.43% to 9.36%. This improvement is attributed to
the  synergistic  effects  of  front-interface  defect  passivation,  band-
structure  optimization,  and  reinforced  carrier  transport  kinetics,
providing  a  new  pathway  for  the  development  of  low-cost,  high-
efficiency, and stable kesterite solar cells.

 2    Results and discussion

 2.1    Construction and validation of the dual gradient
Figure  1(a) illustrates  the  fabrication  process  of  the  S/Ge  dual-
gradient  CZTSSe  absorber  layer.  (1)  Using  a  direct  current  (DC)
magnetron  sputtering  system,  Zn,  Sn,  and  Cu  metal  layers  are
sequentially  deposited  onto  a  molybdenum-coated  soda-lime  glass
(Mo-SLG)  substrate  to  form  a  stacked  precursor  layer.  (2)  The
precursor layer and powders of  S,  Se,  SnS,  and GeSe are placed in
separate zones within a rapid thermal processing (RTP) furnace for
a  one-step  co-sulfoselenization  reaction.  This  ultimately  forms  a
dual-gradient CZTSSe absorber layer with an S-rich front interface
and a Ge-rich back interface. Detailed experimental procedures are
provided  in  the  supporting  information.  To  optimize  the
sulfoselenization  process,  we  investigated  the  effects  of  SnS  and
GeSe powder loading on film quality and device performance (Figs.

 

Figure 1    (a)  Preparation process of  the dual-gradient CZTSSe absorber.  ((b) and (c))  Top-view and cross-section SEM images of  Ref  and DG. (d) Normalized SIMS
elemental spectra of S and Ge in DG. (e) Raman spectra of the DG sample.
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S1 and S2  and Table  S1  in  the  Electronic  Supplementary  Material
(ESM)). Optimal process conditions were determined as Sn-20 and
Ge-20, with detailed performance parameters shown in Fig. S3 and
Tables  S2  and  S3  in  the  ESM.  Subsequent  dual-gradient  studies
were  conducted  under  these  optimal  conditions,  without  any
additions  labeled  as  Reference  (Ref)  and  dual-gradient  samples  as
Dual Gradient (DG).

Figures  1(b) and 1(c) show  the  scanning  electron  microscopy
(SEM)  images  of  the  Ref  and  DG  samples.  In  contrast  to  the  Ref
sample, the DG sample exhibits more uniform and densely packed
grains,  improved  crystallinity,  a  significantly  thinner  fine-grain
layer, reduced void density, and stronger interfacial adhesion to the
Mo-SLG  substrate,  factors  that  collectively  contribute  to  a  notable
enhancement in the overall quality of the absorber film. Figure 1(d)
and  Fig.  S4  in  the  ESM  illustrate  the  time-of-flight  secondary-ion
mass spectrometry (SIMS) depth profiling of the DG absorber layer,
revealing  that  the  S  signal  intensity  decreases  progressively  with
increasing  sputtering  time  (corresponding  to  greater  depth  within
the  film),  reflecting  a  clear  S  enrichment  at  the  front  surface.
Conversely, the Ge signal exhibits a continuous increase with depth,
confirming  the  formation  of  a  Ge-rich  region  near  the  back
interface (substrate side).  This distinct dual-gradient distribution is
structurally analogous to the bidirectional Ga gradient employed in
high-efficiency CIGS solar cells [27], which facilitates simultaneous
improvements in VOC and JSC, suppresses carrier recombination and
broadens the spectral response range.

Further validation was performed via Raman spectroscopy with
depth-resolved analysis (using a 532 nm laser with an approximate
penetration depth of 50 nm, corresponding to the surface region; a
785  nm  laser  with  an  approximate  penetration  depth  of  150  nm,
corresponding  to  the  subsurface  region;  and  bottom-layer  spectra
obtained  after  etching  with  aqua  regia  (a  mixture  of  nitric  acid
(HNO3) and hydrochloric acid (HCl))) [28]. As shown in Fig. 1(e),
the intensity of the 327 cm−1 Raman peak, corresponding to the A1

vibrational  mode  of  Cu2ZnSnS4 (CZTS)  [29],  progressively
decreases  from  the  surface  toward  the  bottom  in  the  DG  sample,
which  is  consistent  with  the  secondary  ion  mass  spectrometry
(SIMS) results. In contrast, the Ref sample exhibits a slight increase
in  A1 peak  intensity  from  top  to  bottom  (Fig.  S5(a)  in  the  ESM).
This trend correlates with the reverse S gradient observed in the Ref
sample  (Fig.  S5(b)  in  the  ESM),  demonstrating  that  the
introduction  of  SnS  effectively  promotes  sulfur  enrichment  at  the
front surface.

Further evidence for the dual-gradient distribution was obtained
through  ultraviolet–visible–near  infrared  ray  (UV–vis–NIR)
spectroscopy  and  ultraviolet  photoelectron  spectroscopy  (UPS).
Figure  2 systematically  compares  the  optical  properties  and  band
structures  at  the  surface  and  bottom  regions  of  the  Ref  and  DG
samples. Tauc plots constructed from the absorption spectra reveal
that  the  DG  sample  exhibits  enlarged  bandgaps  (Eg)  at  both  the
surface  (1.02  eV)  and  the  bottom  (1.05  eV),  compared  to  the  Ref
sample  (0.97  eV  at  the  surface,  0.99  eV  at  the  bottom).  This
bandgap  widening  is  directly  attributable  to  the  established  S/Ge
compositional  gradient.  UPS  measurements  further  elucidate  the
detailed  electronic  structure,  with  corresponding  band  alignment
calculations  provided  in  Note  S1  in  the  ESM.  At  the  surface,  the
Fermi level (EF) of DG exhibits a slightly larger band gap difference
with  the  valence  band  maximum  (VBM)  (0.39  eV)  than  Ref
(0.37 eV), and a slightly larger difference with the conduction band
minimum (CBM) (0.63 eV) than Ref (0.60 eV). This indicates slight
downward  and  upward  shifts  of  the  surface  VBM  and  CBM,
respectively,  in  the  DG  sample.  At  the  bottom,  the  band  gap
between  the EF and  CBM  (0.65  eV)  in  DG  is  significantly  larger
than that  in Ref  (0.56 eV),  indicating a  more pronounced upward
shift  of  the  CBM.  The  band  diagram  in Fig.  2(f) schematically
depicts  the  graded  band  alignment  in  the  DG  sample.  This  band
structure modulation stems from the composition characteristics of
the  band  structure  of  CZTSSe.  The  VBM  of  CZTSSe  is  primarily

 

Figure 2    (a) The surface and bottom absorption spectra of the Ref and DG-CZTSSe absorbents were measured by UV–vis–NIR spectroscopy, and the Tauc plot was
fitted. ((b)–(e)) UPS measurements of sample surfaces and bottoms. (f) Schematic of band bending at the front and back interfaces of DG.
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constituted  by  the  anti-bonding  interaction  between  Cu  3d  and
S/Se  3p  orbitals,  whereas  the  CBM  originates  from  the
hybridization of Sn 5s with S/Se 3s and 3p orbitals [30]. At the front
surface,  the  enriched  S  atoms,  characterized  by  higher
electronegativity,  strengthen  the  anti-bonding  interaction  with  Cu
3d  orbitals.  Their  smaller  atomic  radius  shortens  chemical  bonds
and  enhances  orbital  hybridization,  collectively  resulting  in  a
downward  shift  of  the  VBM  and  an  upward  shift  of  the  CBM,
thereby  widening  the  surface  bandgap.  At  the  back  interface,  Ge4+

enrichment driven by the smaller ionic radius of Ge4+ compared to
Sn4+ reduces  the  Sn  5s  contribution  to  the  CBM  and  introduces
higher-energy  Ge  4s  orbitals  into  the  hybridization  process  [31],
thereby inducing a further upward shift of the CBM. In summary,
surface  S  enrichment  enhances VOC through  bandgap  widening,
while  back-surface  Ge  enrichment  facilitates  carrier  transport  by
elevating the CBM, collectively enabling optimized band alignment
and gradient formation.

 2.2    Formation mechanism of dual gradient
The formation of the dual-gradient structure, comprising an S-rich
front  surface  and  a  Ge-rich  back  interface,  originates  from  the
synergistic  effects  of  saturated  vapor  pressure  differences,
competitive reaction kinetics, and phase evolution. To elucidate the
behavior  of  individual  substances  during  the  process,  we  first
evaluated  the  temperature-dependent  saturated  vapor  pressures  of
Se,  S,  SnS,  and  GeSe,  as  summarized  in Fig.  3(a) (Note  S2  in  the
ESM  for  calculation  details).  The  results  indicate  that  S  exhibits  a
higher saturated vapor pressure than Se, rendering it more volatile
during  reaction,  whereas  SnS  shows  the  lowest  vapor  pressure,
suggesting that significant evaporation occurs predominantly in the
later  reaction  stages.  To  further  clarify  the  underlying  reaction
mechanism,  we  subjected  SnS,  GeSe,  and  SnS-GeSe  powder
mixtures to sulfoselenization and analyzed the residues using X-ray
diffraction (XRD) and Raman spectroscopy (Figs. 3(b) and 3(c) and
Fig. S6 in the ESM). Residues are represented by RGeSe and RSnS,
respectively.  The  analysis  shows  that  the  characteristic  diffraction

peaks of SnS and GeSe disappear after sulfoselenization, with their
positions replaced by those of SnSe2 and GeSe2 [32], confirming that
SnS and GeSe participate in the following chemical reactions during
sulfoselenization

2SnS+4Se → 2SnSe2 +S2 (1)

2SnS+ 3Se → Sn2Se3 +S2 (2)

SnSe2 → SnSe+Se (3)

GeSe+Se → GeSe2 (4)

During  the  initial  reaction  stage,  sulfur  atoms  possess  a  small
atomic  radius,  high  reactivity,  and  large  saturated  vapor  pressure.
These  properties  enable  S2 vapor  to  readily  diffuse  toward  the
surface of the metallic precursor layer and facilitate rapid formation
of  metal  sulfides  [33].  In  contrast,  selenium  exhibits  lower  vapor
pressure,  a  larger  atomic  radius,  and  relatively  weaker  reactivity,
resulting  in  delayed  selenization  and  an  initial  accumulation  of
sulfur  near  the  substrate  back  interface.  As  the  reaction  proceeds,
sufficient Se fully selenizes the precursor layer and partially converts
it  into  the  Cu2ZnSnSe4 (CZTSe)  phase.  At  this  stage,  the  lower
saturated vapor pressure of SnS causes its delayed volatilization. The
subsequently released SnS vapor reacts with Se vapor, continuously
generating  S2 that  replenishes  the  front  surface  sulfur  source
(Eqs.  (1) and (2)),  thereby  enhancing  S  accumulation  at  the  front
interface.  Thermodynamic  data  (Tables  S4  and  S5  in  the  ESM)
further  indicate  that  the  formation  enthalpy  (ΔH)  of  sulfides  is
more  negative  than  that  of  selenides,  which  thermodynamically
promotes  the  conversion  of  surface  selenides  into  sulfides  and
further  enhances  front  surface  S  enrichment.  In  addition,  Sn
compensates  for  high  temperature  volatilization  losses  through
gaseous  species,  such  as  Sn2Se3 or  SnSe  (Eqs.  (2) and (3)),
thereby contributing to stabilizing the stoichiometry of the absorber
layer [34].

 

Figure 3    (a) Relationship between saturated vapor pressure and temperature for Se, S, SnS, and GeSe materials. ((b) and (c)) XRD and Raman characterization of SnS
and GeSe powders before and after sulfur-selenium treatment. (d) Schematic illustration of the formation mechanism of the absorption layer under DG conditions.
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Regarding  the  Ge  enrichment  at  the  back  interface,  although
GeSe  exhibits  a  higher  saturated  vapor  pressure  than  SnS,  the
resulting  GeSe2 from  its  reaction  with  Se  readily  forms  a  Ge-Se
liquid  eutectic  phase.  This  liquid  medium enhances  the  migration
of  Ge  atoms  toward  the  bottom of  the  absorber  layer,  where  they
solidify and accumulate (as detailed in our previous paper [24, 25]).
The  corresponding  mechanism  is  schematically  illustrated  in
Fig. 3(d). It is noteworthy that this approach realizes dual-gradient
formation via a single heat-treatment step, thereby streamlining the
fabrication  process  and  overcoming  the  challenge  of  spontaneous
dual-gradient construction in CZTSSe absorbers.

 2.3    Fundamental characterization
Through  multiple  techniques,  including  XRD,  Raman
spectroscopy,  and  X-ray  photoelectron  spectroscopy  (XPS),  the
differences  between  Ref  and  DG-CZTSSe  samples  in  crystal
structure,  defect  properties,  and  elemental  valence  states  were
systematically compared.  The XRD patterns in Fig.  4(a) show that
both Ref and DG samples exhibit characteristic diffraction peaks of
kesterite  CZTSSe  (e.g.,  (011),  (112),  (220),  and  (312)),  indicating
that  the  dual  gradient  structure  does  not  change  the  fundamental
crystal  phase.  However,  the  DG  sample  shows  enhanced  peak
intensity  and  narrowed  full  width  at  half  maximum  (FWHM),
reflecting  improved  crystallinity  [35],  which  aligns  with  the  SEM
results.  Additionally,  the  (112)  peak  of  the  DG  sample  exhibits  a
slightly higher diffraction angle than the Ref sample. In accordance
with Bragg’s law, this shift signifies a reduced lattice constant for the
DG sample,  which  is  attributed  to  lattice  contraction  arising  from
the substitution of larger Sn4+ and Se2− ions by smaller Ge4+ and S2−

ions,  thereby  validating  the  effective  incorporation  of  Ge/S  in  the
absorption layer.

Figure 4(b) shows the normalized Raman spectra under 532 nm
laser excitation. The DG sample exhibits the weakest characteristic

B-mode  peak  intensity  at  approximately  173  cm−1,  suggesting  the
higher  concentration  of  beneficial  [VCu +  ZnCu]  defect  clusters
according  to  prior  reports  [36−38].  Simultaneously,  the
characteristic peak intensity of the E mode at ~ 235 cm−1 is reduced,
indicating a decrease in the density of [2CuZn + SnZn] harmful defect
clusters,  which  effectively  suppresses  tail  states  and  non-radiative
recombination.  Furthermore,  the  Ref  sample  exhibits  a  broadened
selenium-like  peak  at  ~  196  cm−1 due  to  phonon  confinement
effects  arising from its  poor crystal  quality and high defect  density
[39]. The rightward shift of the main peak at ~ 196 cm−1 in the inset,
consistent  with  XRD  results,  further  confirms  the  successful
introduction of Ge4+ and its induced lattice contraction.

The  XPS  data  in Figs.  4(c)−4(f) and  Fig.  S7  in  the  ESM
systematically reveal the optimizing effect of the S/Ge dual gradient
on  the  valence  states  of  elements  in  the  CZTSSe  absorption  layer.
The Sn 3d spectra show that  the 8.4 eV splitting between the 3d5/2

(486.5  eV)  and  3d3/2 (494.9  eV)  peaks  corresponds  to  the  Sn4+

valence state, while the shoulder peak at 497–498 eV, attributed to
Zn  Auger  peaks  or  Zn-based  secondary  phases/defects  [40],  is
significantly weakened in the DG sample.  Further fitting of the Sn
3d5/2 peak  reveals  that  a  reduction  in  the  Sn2+ content  from  56%
(Ref)  to  9%  (DG),  indicating  effective  suppression  of  Sn-related
defects  and  secondary  phases  [41].  Concurrently,  the  Ge  3d5/2

(25.70  eV)  and 3d3/2 (26.70  eV)  peaks  in Fig.  4(f),  characteristic  of
Ge4+ [42],  confirm  the  successful  incorporation  of  Ge  into  the
lattice.  Figure  S7  in  the  ESM  confirms  that  Cu  exists  primarily  as
Cu+,  Zn as Zn2+,  and both Se and S as −2 in Ref and DG samples.
However,  the  DG  sample  exhibits  greater  purity,  demonstrating
effective optimization of  elemental  distribution and suppression of
defects through the dual-gradient strategy.

Figure 5 summarizes the surface morphology and local electronic
structure  of  the  Ref  and  DG  absorber  layers  using  atomic  force
microscopy  (AFM)  and  Kelvin  probe  force  microscopy  (KPFM).
The  DG  sample  exhibits  a  reduced  surface  roughness  (102  nm)

 

Figure 4    (a) XRD patterns of Ref and DG, with the inset showing an enlarged view of the main (112) peak. (b) Normalized Raman spectra of the CZTSSe absorber layer,
with the inset showing a magnified view of the main peak at 198 cm−1. (c) Sn 3d peaks of Ref and DG. ((d) and (e)) XPS spectra of the Sn 3d region for Ref and DG. (f)
XPS spectrum of the Ge 3d region.
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compared  with  the  Ref  sample  (121  nm),  providing  a  favorable
template  for  uniform  CdS  buffer  layer  deposition.  KPFM
measurements  (Figs.  5(b) and 5(e))  indicate  that  both  samples
display  negative  surface  potentials  (SP),  associated  with  abundant
negatively  charged  surface  defects  in  CZTSSe.  Notably,  the  DG
sample  presents  a  more  negative  SP,  implying  a  lower  electron
affinity  and  higher  work  function  [43],  which  aligns  with  UPS
results.  This  shift  originates  primarily  from  the  Ge  substitution-
induced bandgap widening. As shown in Fig. 5(g), the DG sample
exhibits a more negative average contact potential difference (CPD)
and  a  larger  surface  work  function,  which  contribute  to  grain
boundary  (GB)  passivation  and  improved  charge  transport  and
collection [44, 45]. Further analysis (Figs. 5(h) and 5(i)) reveals that
GBs  in  both  samples  exhibit  higher  SP  values  than  grain  interiors
(GIs),  indicating  downward  band  bending  at  GBs.  This  bending
arises  from  S-rich  CZTSSe  promoting  donor-type  defects  at  GBs,
attracting electrons and confining holes to suppress recombination.
The  enhanced  GB-to-GI  SP  difference  in  DG  strengthens  band
bending and hole barriers, facilitating carrier separation.

 2.4    Device  performance  and  efficiency  enhancement
mechanisms
To elucidate the optimization mechanism of the S/Ge dual gradient

structure  on  the  performance  of  CZTSSe  solar  cells,  systematic
analyses  of  photovoltaic  characteristics  and  carrier  dynamics  were
conducted. Figure  6(a) shows  the  device  structure  schematic.
Statistical  photovoltaic  parameters  are  provided  in  Fig.  S8  in  the
ESM and the optimal performance curves in Fig. 6(b). Notably, the
DG  device  demonstrates  satisfactory  photovoltaic  performance,
offering a PCE of 9.36%, a VOC of 0.46 V, a JSC of 32.39 mA/cm2, and
a fill  factor  (FF)  of  63.21%.  In contrast,  the  reference device  yields
an  unsatisfactory  PCE  of  7.43%,  a VOC of  0.39  V,  a JSC of
31.82 mA/cm2, and an FF of 59.93%. This improvement in PCE for
DG  device  primarily  stems  from  the  broadening  of  spectral
response  and  optimization  of  carrier  transport  pathways  achieved
by  the  dual  gradient  structure.  Specific  parameters  are  detailed  in
Table 1.

DG device shows a more pronounced S-shaped bend at 0.2 V in
the dark current density–voltage (J–V) curves (Fig. 6(c)), reflecting
effective  passivation  of  interfacial  defects.  Device  characteristics
were  further  quantified  via J–V curves  fitting  (Fig.  S9  in  the  ESM
and Table  1),  with  calculation equation detailed  in  Note  S3  in  the
ESM. The DG device shows a notable reduction in reverse saturation
current  density  (J0)  from  5.13  ×  10−3 to  7.18  ×  10−4 mA/cm2,  a
decrease in parallel conductance (GR) from 4.15 to 2.33 mS/cm2, the
ideality  factor  (AR)  decreases  from 1.89  to  1.76,  and a  lower  series

 

Figure 5    ((a) and (d)) Surface morphology. ((b) and (e)) KPFM data depicting potential maps for the Ref and DG absorber layers. ((c) and (f)) Grain boundaries are
marked in the surface potential maps and corresponding potential curves. (g) Average contact potential difference. ((h) and (i)) Surface potential difference distributions at
specified GB locations for the Ref and DG samples.

 

Table 1    Photovoltaic-related parameters of the optimal Ref and DG devices

Devices VOC (V) JSC (mA/cm2) FF (%) PCE (%) Eg (eV) Eu (meV) AR J0 (mA/cm2) RS (Ω·cm2) GR (mS/cm2)

Ref 0.39 31.82 59.93 7.43 1.00 27.79 1.89 5.13 × 10−3 0.78 4.15
DG 0.46 32.39 63.21 9.36 1.06 23.90 1.76 7.18 × 10−4 0.46 2.33
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resistance  (RS)  from  0.78  to  0.46  Ω·cm2.  These  parameter
improvements  collectively  indicate  that  the  DG  device  exhibits
enhanced  diode  rectification  behavior  and  improved  carrier
transport properties [46].

The external quantum efficiency (EQE) spectra (Fig. 6(d)) reveal
a broad enhancement across the 500–1000 nm wavelength range in
the  DG  device,  attributed  to  improved  absorber  layer  quality  and
CdS/CZTSSe interface quality. Conversely, the spectral response in
the 1100–1300 nm range decreases, which results from the widened
bandgap  and  correspondingly  narrowed  absorption  edge  induced
by S/Ge incorporation [47]. Despite this bandgap increase, the DG
device achieves a higher total integrated current, attributable to the
effective  suppression  of  Sn-related  defects  and  band  tail  states.
Figure  6(e) shows  the  bandgap  values  derived  from  EQE  fitting.
The band gap increases slightly from 1.00 eV (Ref) to 1.06 eV (DG),
consistent with the bandgaps obtained by UPS. The Urbach energy
(Eu)  serves  as  a  crucial  indicator  for  the  tail  effect  response  and  is
one of the key factors influencing device performance [48]. Its value
is  primarily  extracted  from  the  inverse  of  the  slope  of  the  linear
portion in the relationship plot between ln(−ln(1 − EQE)) and (E −
Eg),  where E represents  the  photon  energy,  as  shown  in Fig.  6(f).
The Eu value of DG decreased to 23.90 meV relative to 27.79 meV
(Ref),  further  confirming  the  significant  reduction  in  band-tailed
state  density  and  the  effective  suppression  of  defect-induced  non-
radiative recombination [49, 50].

To  investigate  carrier  transport  behavior  and  defect  state
distribution  in  detail,  we  systematically  characterized  the  devices
using  capacitance–voltage  (C–V)  profiling  and  drive-level

capacitance profiling (DLCP) [51]. The C–V and extended 1/C2–V
plots (Fig. S10 in the ESM and Figs. 6(g)−6(i)) allowed extraction of
the  depletion  width  (Wd),  free  carrier  concentration  (NC–V),  and
built-in potential  (Vbi) using the relationships summarized in Note
S4 in the ESM, with numerical results listed in Table 2. As shown in
Fig.  6(g),  the Vbi values  are  determined  from  the  extrapolated
intercept  of  the  linear  region  in  the 1/C2–V plot  with  the  voltage
axis;  the Vbi values  for  DG  and  Ref  are  481  and  434  meV,
respectively.  The  enhanced Vbi in  DG  directly  strengthens  the
internal  electric  field  at  the  CdS/CZTSSe  heterojunction.  This
enhancement  is  closely  related  to  the  sulfur-rich  gradient  at  the
front  interface,  which  provides  a  stronger  driving  force  for  carrier
extraction and contributes  to an improved VOC. Figure 6(h) shows
that Wd increases  from  181  nm  in  Ref  to  227  nm  in  DG,  which
helps  suppress  carrier  recombination  and  associated VOC loss.
Meanwhile,  the NC–V of  Ref  is  2.07  ×  1015 cm−3,  while  that  of  DG
decreases  to  1.96  ×  1015 cm−3,  a  reduction  attributed  to  the
diminished  density  of  [VCu +  ZnCu]  defect  clusters  and  the
suppression of Sn-related defects and secondary phases under dual-
gradient  modulation.  Furthermore,  the  interfacial  defect
concentration (NIT) was calculated using the equation NIT = NC–V −
NDL, where NDL is defined as the carrier concentration measured by

 

Figure 6    (a) Schematic diagram of the device structure. ((b) and (c)) J–V curves of the Ref and DG devices under illumination and in the dark. (d) EQE and JSC curves
for Ref and DG samples. (e) Band gaps fitted from EQE. (f) Fitted Eu. (g) 1/C2–V curves. (h) Calculated Wd and NC–V. (i) C–V and DLCP curves.

 

Table 2    Relevant  parameters  from  C–V  and  DLCP  tests  for  Ref  and  DG
devices

Devices NC–V (cm−3) Wd (nm) Vbi (mV) NIT (cm−3)

Ref 2.07 × 1015 181 434 3.2 × 1015

DG 1.96 × 1015 227 481 1.4 × 1015
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DLCP (based  on  the  relative  content  of NC–V and NDL at  0  V  bias,
Fig.  6(i))  [52].  The  calculated NIT decreases  from  3.20  ×  1015 and
1.40  ×  1015 cm−3,  consistent  with  the  observed  reduction  in Eu and
the  decreased  defect  state  concentration  measured  in  the  space-
limited current  test  (detailed calculations are  presented in Fig.  S11
and Note S5 in the ESM). These results demonstrate that the dual-
gradient structure effectively suppresses defect states, optimizes the
space-charge region, and reduces recombination losses.

Electrochemical  impedance  spectroscopy  (EIS,  Fig.  S12  and
Table  S6  in  the  ESM)  analysis  further  revealed  that  the  junction
resistance (Rj) of DG increased from 159 to 204 Ω, and the carrier
lifetime extended from 1.75 to 2.20 μs (Note S6 in the ESM). This
confirms  that  the  dual  gradient  enhances  charge  collection
efficiency  by  reconstructing  carrier  transport  pathways  and
prolonging minority carrier diffusion lengths [53], providing kinetic
support  for  the  improvement  in VOC and  FF.  The  S/Ge  dual-
gradient comprehensively enhances CZTSSe solar cell performance
through  synergistic  effects  of  bandgap  broadening,  defect
passivation, interface optimization, and carrier dynamics regulation,
ultimately achieving a breakthrough in PCE from 7.43% to 9.36%.

 3    Conclusions
In  conclusion,  this  study  addresses  the  technical  bottleneck  of
precisely  constructing  CZTSSe  dual-gradient  structures  by
innovatively  proposing  a  SnS-GeSe  co-sulfoselenization  strategy
based  on  sequential  reactions.  Using  a  single  heat  treatment
process,  it  successfully  achieves  spatial  band  engineering  of  the
absorption  layer,  overcoming  the  complexity  limitations  of
traditional stepwise doping techniques. During selenization, the Ge-
Se  liquid  phase  formed  between  GeSe  and  Se  promotes  Ge
migration  and  enrichment  toward  the  back  interface,  while  S
released from SnS accumulates  at  the  front  surface,  forming an S-
rich  region,  ultimately  establishing  a  S/Ge  dual  gradient  bandgap
structure.  In  this  process,  the  Sn2Se3 transition  phase  and  Ge-Se
liquid phase not only promote grain growth to enhance the quality
of  the  absorber  layer  but  also  passivate  defects,  improve  minority
carrier  lifetime,  and  reduce  non-radiative  recombination.  These
synergistic effects enable the device to achieve a PCE of 9.36% (with
a 70 mV increase in VOC), providing a novel pathway for the green
and low-cost fabrication of kesterite solar cells.

 Electronic  Supplementary  Material: Supplementary  material
(experimental  procedures  and  characterization  related  to  CZTSSe
solar  cells,  SEM  images,  statistical  results, J–V curves,  device
parameters list (Tables S2 and S3), device parameters by fitting dark
state J–V,  EIS  and  its  parameters  (Table  S6))  is  available  in  the
online  version  of  this  article  at https://doi.org/10.26599/NR.2026.
94908520.
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