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Sulfide kesterite Cu,ZnSnS, (CZTS)—anon-toxic and low-cost photovoltaic
material—has always faced severe charge recombination and poor carrier
transport, resulting inits cell efficiency record stagnating at around 11% for
years. Theimplementation of gradient bandgaps is a promising approach
torelieving these issues, but it has not been effectively realized in kesterite
solar cells due to challenges around controlling the elemental distribution.
Here, based on Cd-alloyed CZTS, we propose a pre-crystallization strategy
toreduce theintense vertical mass transport and Cd rapid diffusionin

the film growth process, thereby realizing a Cd-gradient CZTS absorber.
This absorber, exhibiting a downward-bent conduction band structure,
effectively enhances the bulk carrier transport and additionally improves
the interface properties of the CZTS/CdS heterojunction. These benefits
significantly enhance the photoelectric conversion performance of the cell
and help inachieving a certified total-area cell efficiency of about 13.2% with
obviously reduced voltage loss, realizing a substantial step forward for the

pure-sulfide kesterite solar cell.

Kesterite Cu,ZnSn(S,Se), (CZTSSe) thin-film solar cells have attracted
extensive attentioninrecent years due to their environmental friend-
liness, low cost and high stability' . In particular, Se-based kesterite
cells have achieved a power conversion efficiency (PCE) close to 15%°,
demonstrating promising application of these material systems.
Pure-sulfide Cu,ZnSnS, (CZTS) isanimportant branch of kesterite mate-
rials. The bandgap of CZTS can be easily adjusted within awide range
of 1.3-2.1 eV through the alloying of metal elements (Cd, Ge or Ag)”°.
This tunability makes CZTS highly suitable not only for single-junction
solar cellsbutalso the uppermost cells for tandem cell stacks®. However,
despite numerous research efforts over recent years>”"2, the photo-
electric performance of pure-sulfide kesterite cells still faces major
bottlenecks, with certified efficiencies remaining stagnate at around
11% for several years>"*. The main limitation lies in the low open-circuit

voltage (V)" , with the highest reported value only reaching -63% of

its theoretical Shockley-Queisser limit (Vo> until now’.
Theoretical studies have shown that deep defects in CZTS mate-
rials, such as SnZn and Vs-CuZn, have extremely large electron cap-
ture cross-sections (1072 cm?) due to the strong electron-phonon
coupling'®®, In addition, compared with CZTSe, CZTS has a higher
electron effective mass and thus a lower charge transport ability™°.
Moreover, the high-temperature sulfurization process for CZTS often
introduces significant Cu/Zn disorder, also inducing the formation
of high-concentration deep defects’” >, The presence of Cu/Zn dis-
order and deep defects leads to energy band and potential fluctua-
tions, which further increase charge transport scattering and diminish
charge transport performance**?. These intrinsic semiconductor
properties of CZTS materials pose challenges for charge transport
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and defect control, consequently limiting further enhancement of
device performance.

The construction of gradient conduction band structure within
the absorber is considered to be a promising approach to improve
the transport ability of minority carriers over alarge spatial scale, thus
minimizing non-radiative charge recombination loss* . The gradient
bandgap strategy has obtained wide success in Cu(In,Ga)Se, (CIGS)
solar cells?*?, but still encounters challenges in kesterite solar cells,
despite extensive efforts. For example, Wu et al.?’ attempted to fabri-
cate an Ag gradient-alloyed CZTSSe film. However, Ag diffusion and
gradient distribution is difficult to control at high temperatures and
Ag alloying is not effective in controlling the conduction band struc-
ture®®, Researchers have also explored introducing an S/Se gradient
into the kesterite absorber®*, although the different melting points
andreaction activities of Se and S pose challenge in achieving precise
control of the S/Se ratio and spatial distribution during the complex
selenization (sulfurization) process**"***, Cd gradients have also been
observed inkesterite cells. It was found that heterojunction annealing
can induce Zn/Cd interdiffusion, resulting in a slight Cd gradient on
the surface of the kesterite absorber?. Although Cd alloying can lower
the conduction band position of kesterite*”*°, the heterojunction
annealing-induced gradient distribution is insufficient to construct
an effective gradient bandgap at a sub-micrometre scale. Therefore,
the construction of a gradient conduction band in CZTS absorbers
remains a significant challenge in this field, butitis also a directionin
which we must continue to make efforts.

Inthis work, we proposed a pre-crystallization strategy involving
Cd alloyingto successfully achieve gradient bandgap engineering for
solution-processed CZTS. On the one hand, the pre-crystallization
strategy induces homogeneous nucleation within the CZTS film and
thusreduces the intense vertical mass transport during the film growth
process. On the other hand, it improves the initial crystal quality of
CZTS, thus increasing the diffusion barriers of Cd. These collective
effects enable a significant Cd gradient to be realized in the CZTS
absorber. Cd-gradient CZTS exhibits a conduction band-dominated
gradientbandgap with effective promotion of carrier transport. Addi-
tionally, the Cd-rich CZTS surface improves conduction band align-
ment of kesterite/CdS and reduces the interface defect. With these
benefits, we achieved a certified total-area cell efficiency of 13.16%
andsignificantly reduced V. loss compared with previously reported
results®”. These outcomes represent a substantial step forward for
pure-sulfide kesterite solar cells.

Pre-crystallization to form a Cd-gradient

CZTS absorber

Cd as analloying element in pure-sulfide CZTS materials shows great
potential for achieving a gradient bandgap. First, the bandgap of
Cd-alloyed CZTS changeslinearly with the Cd/(Cd + Zn) ratio, ranging
from0-0.4 (refs. 38-40). Second, Cd-alloyed CZTS can effectively sup-
press Cu/Zn disorder and improve crystal quality, resulting ingood pho-
toelectric performance over awide range of Cd substitutions®®'124142,
Third, the incorporation of Cd in CZTS can theoretically regulate the
conduction band position, thus enabling the realization of a conduc-
tionband gradient design and modifying the unfavourable conduction
band energy alignment of the CZTS/CdS heterojunction®”*°. Based
on these foundations, the primary focus of our work was to achieve a
gradient distribution of Cd in the CZTS.

In our experimental approach, precursor solutions of CZTS and
Cu,CdSnS, (CCTS) were prepared separately for sequential deposition
ofthe CZTS and CCTS precursor layers onto the Mo substrate, obtain-
ing a Mo/CZTS/CCTS precursor film. To address the issue related to
rapid interdiffusion of Zn/Cd in the high-temperature sulfurization
process, we proposed the introduction of a pre-crystallization pro-
cess (as depicted in Fig. 1a). This pre-crystallization was carried out
by pre-annealing the dual-layer precursor film at 420 °C for 10 min

under aH,S (10%)/Ar atmosphere. Afterwards, the pre-crystallized film
was sulfurized with the aid of S powder under high temperatures. To
elucidate the influence of H,S pre-crystallization on the film and the
following sulfurization process, we conducted microstructure and
elemental chemical state investigations of the pre-crystallized film. The
results revealed that this process could effectively eliminate the organic
components and metal-oxygen coordination from the film while
introducing more pronounced metal-S coordination (Supplementary
Figs.1and 2). The high reactivity of H,S at high temperature, together
with strong metal-S interaction, is the possible reaction mechanism
for this phenomenon (Supplementary Note 1). This change helped
the entire film to obtain homogeneous nucleation along the vertical
direction. In Fig. 1b, lattice structures, along with their fast Fourier
transform patterns, can be clearly seenin different vertical regions of
the pre-crystallized film. Particularly, these regions exhibited similar
fast Fourier transform patterns, indicating that they have identical
crystal phase and crystallization qualities. This was significantly differ-
entfromthefilm only pre-annealed under anatmosphere of N,, which
exhibited more pronounced organic residues, a more pronounced
amorphous phase and an obviously lower crystallization quality (Sup-
plementary Fig. 3).

In the subsequent sulfurization process, the sample without
pre-crystallization exhibited preferential crystallization in the top
region, whereas amorphous or disordered phases were still very sig-
nificantin the bottom region (Fig. 1c and Supplementary Fig. 4). With
sulfurization proceeding, upper grains rapidly mergedinto larger crys-
talsand engulfed fine crystalsbeneath them, leading to the formation
of numerous voids at the bottom of the final absorber (Supplementary
Fig. 5). This process was usually accompanied by intense elemental
interdiffusion, causing the initial Zn/Cd gradient to rapidly decline
and eventually disappear during the sulfurization process (Fig. 1d,e).
In contrast, the pre-crystallized sample exhibited uniform nucleation
and crystal growth throughout the film, in which ordered lattice fringes
could be seen clearly in different regions along the vertical direction
(Fig. 1c). The homogeneous nucleation and crystal growth improved
the film morphology and additionally diminished the driving force for
elemental interdiffusion, thus allowing the Zn/Cd element gradient
to be retained until the end of the sulfurization process (Fig. 1d,e and
Supplementary Figs. 6 and 7).

Raman measurements were employed to characterize the influ-
ence of elemental interdiffusion onthe CZTS phase formation process.
Dueto theinterdiffusion-induced elemental composition change, the
Raman spectra—especially the peak position of the kesterite phase—
exhibited obvious evolution during the sulfurization process (Sup-
plementary Fig. 8). Specifically, the Raman peaks of both samples blue
shifted continuously as sulfurization proceeded (Fig. 1f), indicating
gradual upward diffusion of Zn towards the CCTS layer. The Raman
peak of the sample without pre-crystallization showed arapid shiftin
theinitial stage and remained almost constant after 9 min of sulfuriza-
tion, indicating completion of Zn/Cd interdiffusion. Comparatively,
the Raman peaks of the pre-crystallized sample exhibited a slower shift
and did notreach equilibrium, even when sulfurization ended. For the
final state, the pre-crystallized sample possessed alower-wavenumber
Raman peak than the control sample, indicating higher Cd content.
These results demonstrate that pre-crystallization effectively impeded
the interdiffusion of Zn/Cd elements, thus enabling the realization of
anelementgradient.

In addition to diminishing the driving force of element diffu-
sion through homogeneous nucleation growth, the improvement
of film crystal quality induced by H,S pre-crystallization is also an
important reason for reduced Zn/Cd interdiffusion. In the absence of
pre-crystallization, the film usually undergoes surface nucleation and
top-down crystal growth***, This growth mode is accompanied by a
rapid upward diffusion of elements at the onset of reaction, resulting
inlocallattice distortion and atomic vacancies (Supplementary Fig. 9).
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Fig.1|Influence of pre-crystallization on the sulfurization process.

a, Schematic of the process used to prepare the Cd-gradient CZTS absorber
through pre-crystallization and subsequent sulfurization. b, Cross-sectional
transmission electron microscopy images of the pre-crystallized sample

and fast Fourier transform patterns transformed from the atomicimages
captured in different regions. ¢, Cross-sectional scanning electron microscopy
and transmission electron microscopy images of the Cd-CZTS films after
sulfurization for 6 min with and without pre-crystallization. The white arrows
depict the direction from the surface to the substrate. d,e, Normalized scanning
electron microscopy with energy-dispersive X-ray analysis elemental profiles

of the films sulfurized for 6 (d) and 20 min (e). The vertical dashed lines are
guidance for the eyes, depicting the surface and substrate of the film. f, Raman
peak evolution of the CZTS phases of the two samples (with and without
pre-crystallization) at different sulfurization stages (532 nm excitation).

The dashed lineis guidance for the eyes. g, Calculated relative energies of the
Zn/Cd interchange as a function of the migration path through direct versus
vacancy-assisted mechanisms. h, Schematic of the grain growth process of
the film without (left) versus with the pre-crystallization process (right). pre.,
pre-annealing; w/o, without.

In contrast, owingto the previous removal of organic residues and the
initiation of homogeneous nucleationinadvance, pre-crystallized sam-
ples exhibit muchimproved lattice ordering. In this case, the exchange
of Zn/Cd mainly transpires at the CCTS/CZTS interface with a gentler
process. To provide further clarity, we employed density functional
theory (DFT) calculations to compare the energy barriers for Zn/Cd
interchangein the kesterite lattice through direct or vacancy-assisted
mechanisms (Supplementary Fig. 10). The results (Fig. 1g) indicated
that in order to sustain the high diffusion barrier, the vacancy path in
thelattice needs be eliminated, which thus highlighted the significance
of enhancing the quality of theinitial crystalsin the film, as realized by
the pre-crystallization process. For clarity, schematics of these two
different grain growth processes are shown in Fig. 1h.

Notably, besides the gradient composition, other positive effects
caused by the Cd alloying itself, such as promoting crystallization,
inhibiting formation of the ZnS secondary phase, minimizing Sn loss
duringsulfurizationand reducing Cu/Zn disorder, were also observed
inourexperiment (Supplementary Figs.11-13). These effects could be
importantreasons for the cell performanceimprovement through Cd

alloying®". Comparatively, the effects of H,S pre-crystallizationitself
ondefect concentration, charge trappingactivity and film morphology
were far less significant than those of Cd elemental involvement, either
viahomogeneous or gradient alloying. These results suggest that the
primary role of H,S pre-crystallization lies in realizing gradient Cd in
the absorber film.

Elemental composition and energy band
characteristics

We used scanning transmission electron microscopy (STEM) and
high-angle annular dark field (HAADF) imaging to further quantitatively
investigate the distribution of Zn/Cd in the Cd-gradient CZTS
(GCd-CZTS) absorber. As in Fig. 2a and Supplementary Fig. 4, the
cross-sectional STEM image exhibited uniform HAADF contrast across
the entire film, with large grains. The film also showed clear
selected-areaelectrondiffraction patterns corresponding to the [221]
observation direction of the kesterite lattice (Supplementary Fig. 14a).
Theseresults demonstrated a high crystallization quality of the fabri-
cated GCd-CZTS absorber. HAADF atomic images of the film were

Nature Energy


http://www.nature.com/natureenergy

Article

https://doi.org/10.1038/s41560-024-01681-w

a d
2 A 2 2 2P 1.0 4 . d(110) = 0.371 nm Sn
= Cd/Zn
R 8 "8 " Gu-SSESw 3
# % % #Cuss-€d/gns » ¥ % 0.5
SRR A AR €
a » » - » » » » - § ’ n
‘E R EEF FEE R R Z 40 i d(110)=0.368 nm ;
5 < os
o
(&)
o o
0 05 1.0 15
Position (um)
e .
%\ 1.2 Shol
n ptane Sn plane
£ 10 Zn/Cd 5
g 0.8 plane Zn/Cd
S plane
< 0.6 -
g 0.4 4
]
» . . ¢ [ -
1] £ o2
200 nm Mo et > P > P 0
1 2
h
f 30 9 30 ) 7 &
With pre-crystallization L o3 W/o pre-crystallization L o \% e CZTS P
L oo - o c - o 2% @ GCd-CZTS O nm 4 g@o
25 S~e_p . Cd/(Cd +Zn) —> o 25 - o ° GANCd+Zn) ~ a ° GCd-CZTS 90 nm
00qy g, o2 B 20 0 p® F02 B @ GCd-CZTS 600 nm %
aa-%_‘aﬁ,’_%}w Q ‘ab - -aa_% ""‘L‘;!'J Q )
. + s P 4 +
& 201 o1 § & 207 ro1 5 3
% EE X g I QTP 2T £ '% 'o%&%me%ﬁo%awafao%%% 2
S 18 < Culs ko 5 15 <Cu/ls Lo Zz
© Q @
g v%;g»yowm “,ud@ 0 g 0%""0“%0’%“\,:”*”3) o,%d'% g
< 104 <.Sn < 10+, ° =
10 g e, < °°;°°%o“‘" PSSO
<~ Zn
54 _ - 5 uPs IPES
«~ Cd <~ cd
SRS pp P PansPadun W%wyv’ag% %e S 2 -5.62 ~4.06
Y] T T T T o T T T T
o] 0.2 0.4 0.6 0.8 1.0 o] 0.2 O 4 046 0.8 -7 -6 -5 -4 -3
Depth (um) Depth (um) Energy (eV)

Fig. 2| Elemental and energy band gradients. a, Cross-sectional HAADF STEM
image of the GCd-CZTS sample. b,c, Filtered HAADF atomic images taken from
regions1(b) and 2 (c) inthe film. d,e, Averaged intensity profiles of the (110)
plane (d) and normalized total intensities of the Sn and Zn/Cd planes (e) from the
atomic images of regions1and 2.f,g, STEM with energy-dispersive X-ray analysis
ofthe elemental distribution in the films with (f) or without pre-crystallization (g).

This was performed along the white line, as marked in the STEM image.

The dashed lines are guidance for the eyes. h, UPS and inverse photoelectron
spectroscopy (IPES) spectra of CZTS and GCd-CZTS absorbers (with etching
depthsof 0,90 or 600 nm). The positions of the valence band maximumand
conduction band minimum of these samples were determined as the intersection
between the background and the signal onset (solid black lines).

further captured (Fig. 2b,c), in which the top and bottom regions
showed the same atomic arrangements. Along the [110] direction,
alternate arrangements of light and dark contrast corresponding to
Cu-Snand Cu-Zn/Cd planes could be clearly observed (Supplementary
Fig.14b). InFig. 2d,e, quantification of the averaged HAADF contract
profiles revealed that the (110) interplanar spacing of region 1in the
top of the film was 0.371 nm, which was slightly larger than that of region
2. Moreover, when using the HAADF intensity of the Cu-Sn plane as a
reference, the Cu-Zn/Cd plane of region 1showed an obviously higher
intensity thanthat of region 2, indicating amuch larger averaged atomic
number (thatis, more Cd in the kesterite lattice of the top region).
The Zn/Cd distribution in the GCd-CZTS film was further deter-
mined by STEM with energy-dispersive X-ray analysis measurement. As
inFig. 2f, the Cd/(Cd + Zn) ratio exhibited a gradient distribution across
the absorber film, exceeding 0.26 in the surface region and gradually
decreasing to -0.16 at the back interface. In contrast, in the sample
without pre-crystallization, all elements exhibited uniform distribu-
tion, and no gradient in the Cd/(Cd + Zn) ratio was observed (Fig. 2g
and Supplementary Fig.15). These results agree well with the scanning

electron microscopy with energy-dispersive X-ray analysis and second-
aryionmass spectrometry measurements (Fig. le and Supplementary
Figs.5and 6). We further measured the Cd/(Cd + Zn) ratio-dependent
energy band properties of Cd-alloyed CZTS materials using ultraviolet
photoelectron spectroscopy (UPS), Kelvin probe force microscopy
(KPFM) and external quantum efficiency (EQE) spectra. According to
the measured Zn/Cd distributionin the GCd-CZTS absorber, agradient
bandgap structure was observed (Supplementary Fig. 16). In addition,
itwasalso found that aspike energy band alignment was formed at the
heterojunction interface, which would help to reduce the interfacial
charge recombination.

We also used UPS and inverse photoelectron spectroscopy to
more directly determine the energy band structures of the GCd-CZTS
absorber (Fig. 2h). For the film surface, the positions of the valence
band maximum and conduction band minimum (CBM) were deter-
mined at -5.72 and -4.34 eV, respectively, corresponding to a band-
gap of 1.38 eV. Compared with the pure CZTS, the downward shift of
the CBM reached 280 meV. Through mechanical etching, the energy
band properties of the GCd-CZTS absorber at 90 and 600 nm depths
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were also measured. Figure 2h shows that moving deeper into the
film the CBM of the absorber exhibited an obvious upward shift and
approached -4.22 eVat 600 nm. Thisresult revealed that the gradient
ofthe CBM between the surface and the lower region of the GCd-CZTS
absorber reached 120 meV, thus confirming the formation of effective
gradient band structures, which should be able to facilitate electron
transport.

Photoelectric characterization of the film

and device

We further characterized the influence of gradient band structure
onthe carrier transfer characteristics of the absorber using emission
wavelength-dependent time-resolved photoluminescence spectros-
copy (Fig. 3a-c)*®. For clarity, the times of the photoluminescence
maxima at different wavelengths are marked out by black lines in
Fig. 3a,b and the transient photoluminescences probed at short
and long wavelength are shown in Fig. 3¢ (880 and 975 nm for CZTS
and 920 and 1,025 nm for GCd-CZTS). The emission of GCd-CZTS at
920 nm exhibited a sharp drop behaviour in the early stage, whereas
the emission at 1,025 nm rose slowly. A time delay of about 4 ns
was observed between these two emission bands. Matching of the
dynamics between the 920-nm-emission decay and the concomi-
tant rise of the 1,025 nm emission implied ultrafast carrier transfer
between these two emission states. This phenomenon strongly sup-
ports gradient-band-structure-driven fast carrier transfer within the
absorber, which will help to reduce the recombination loss of pho-
togenerated carriersin the bulk absorber during the transport process.
Comparatively, no such behaviour was observed in the gradient-free
CZTS sample.

Inaddition to confirming fast carrier transfer, we also investigated
the surfaceelectricand defect properties of these films using KPFM. As
inFig.3d, the contact potential difference distribution ofthe GCd-CZTS
sample was barely influenced by the measurement conditions (dark
versus illumination), indicating negligible surface defect and charge
trapping behaviours. Comparatively, the averaged contact potential
difference of the pure CZTS sample shifted by about 26 mV under light
illuminationdueto defect-charge-trapping-induced energy band bend-
ing*. These results were further supported by adirect measurement of
chargedistribution within the absorbers using drive-level capacitance
profilingand capacitance-voltage (C-V) methods** (Fig. 3e). By calcu-
lating the charge density difference between these two methods, the
interfacial defect density of the GCd-CZTS sample (8.1 x 10" cm™) was
found to be nearly one order of magnitude lower than that ofthe CZTS
sample (6.9 x 10" cm). Additionally, the GCd-CZTS sample showed
amuch lower bulk charge density, indicating a decrease in the defect
concentration through Cd alloying. This consequently increased the
depletion width of the absorber, which would facilitate carrier trans-
portin alarger spatial region. In the capacitance-frequency spectra
(Supplementary Fig.13), such a difference in the defect response could
alsobeobserved. For the samplesincorporating Cd (whether through
gradient orhomogeneous alloying), the low-frequency defect capaci-
tance was much smaller than that of the control CZTS sample. This
defect has arelatively wide frequency response distributionand does
notseem to be a Gaussian-type defect. Therefore, we speculate that it
may be the charge trapping/detrapping response due to the band or
potential fluctuations caused by deep defects. That is, the Cd alloying
effectively reduces the band or potential fluctuations of the kesterite
absorber, in line with the results observed before'>*. Due to these ben-
efits, for the temperature-dependent V, measurement, the difference
betweenthe charge recombination energy barrier (£,) and bandgap (£,)
ofthefabricated GCd-CZTS cell (£, - E,) was much smaller than that of
the CZTS solar cell*® (Fig. 3f) (thatis, there was much less voltage loss).

We further used amodulated transient photocurrent to investigate
the overall charge transport and charge loss characteristics of the fab-
ricated cells (Fig. 3g-i). With the improved energy band structure and

facilitated carrier transport, the GCd-CZTS device exhibited a much
smaller photocurrent decay time. In addition, the photocurrent peak
intensity of this device exhibited a smaller decline compared w that of
the control CZTS device as the bias voltage increased, implying more
efficient and more stable carrier extraction from the absorber to the
buffer/window layers. Together with the photovoltage decay proper-
ties (Supplementary Fig.17), the charge extraction (r.) and collection
(n.) efficiencies—reflecting the charge loss in the bulk and interface
regions of the cells, respectively—were quantified**. It is apparent
thatthe GCd-CZTS cell possessed much higher .in the entire voltage
range (thatis, amuch lower bulk charge loss primarily resulting from
gradient-bandgap-enhanced bulk carrier transport). The GCd-CZTS
cell also showed higher 5. at high voltages of >0.5V (that is, lower
chargeloss caused by interface charge recombination).

Device performance

For solar cell fabrication, we further optimized the sulfur source in
theentire reaction processes and the precursor CCTS/CZTS ratio. We
confirmed that the best device performance could be obtained by
using H,Sand S powders as the sulfur sourcesin the pre-crystallization
and subsequent sulfurization processes, respectively (Supplementary
Figs.18 and 19). For precursor composition optimization (Supplemen-
tary Fig. 20), we found that a PCE higher than 13% could be obtained
at awide range of CCTS/CZTS ratios, from 0.17-0.38, although these
cells exhibited different performance parameters (Fig. 4a). Specifi-
cally, aratio of 0.17 resulted in cells with the highest V., whereas a
ratio of 0.38 resulted in cells exhibiting higher short-circuit current
density (Jsc) and fill factor (FF). This wide composition window makes
our strategy very feasible in experiments. One of our cells fabricated
witha CCTS/CZTSratio at 0.38 was sent out to anindependent labora-
tory (the National PV Industry Measurement and Testing Center) for
certification. Asin Fig.4b, the certified total-area PCE of the cell reached
13.16% (Supplementary Fig. 21). When operating continuously at the
maximum power point of 581.8 mV, the cell gave a constant current
output of 22.67 mA cm?, confirming a certified steady-state PCE of
slightly more than13.19% (Fig. 4c). Compared with previously reported
results”™*°, our cell has achieved significant efficiency enhancement
and V loss reduction, thus representing a substantial step forward
for the pure-sulfide kesterite solar cell.

To demonstrate the beneficial effect of gradient energy band
structure, we further make a comparison with cells based on homo-
geneous Cd alloying (Fig. 4d and Supplementary Figs. 22 and 23).
For cells based on homogeneous Cd alloying without adoption of the
pre-crystallization strategy, the highest averaged total-area PCE was
only11.3%ataCd/(Cd + Zn) ratio of 40%, which is comparable to that of
gradient-Cd cells also without adoption of the pre-crystallization pro-
cess. After adopting the pre-crystallization strategy, the averaged PCE
of the cells based on homogeneous Cd alloying was alittle improved
(12%). A similar small degree of PCE improvement (by ~0.5%) arising
from the pre-crystallization itself was also observed in the Cd-free
CZTScells, probably due to the slightly reduced ZnS secondary phase
onthefilmsurface (SupplementaryFig.24). Overall, these comparative
results indicate that only by synergistically utilizing gradient-Cd and
pre-crystallization strategies to construct gradient bandgap structure
canthecell performance be effectively improved to exceed 13%. Nota-
bly, the better back contact observed in the GCd-CZTS sample (Sup-
plementary Fig.12) may have also contributed to the cell performance
improvement through facilitating hole transport at the GCd-CZTS/Mo
interface. Nonetheless, we also need to note that the extent to which
theimprovementin contact morphology affects final cell performance
remains uncertain because it also provides a pathway for electron
backward transfer, causing charge loss.

We furtherinvestigated the voltage deficits of these cellsby com-
paring the cell V¢ values with their theoretical limits'. The representa-
tive current-voltage curves of the highly efficient GCd-CZTS solar cells
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Fig. 3| Photoelectric characterization of the film and device. a,b, Two-
dimensional pseudocolour plots of transient photoluminescence (PL) as
functions of emission wavelength and time delay for the CZTS and GCd-

CZTS films (40 K; excitation at 640 nm). The black lines mark the times of

the photoluminescence maxima at different wavelengths. ¢, Time-resolved
photoluminescence decay at different emission wavelengths (880 (black) and
975 nm (red) for CZTS and 920 (black) and 1,025 nm (blue) for GCd-CZTS). The
arrows show the time delays of the different emissions of the GCd-CZTS sample.
d, Contact potential difference (CPD) distribution of the CZTS and GCd-CZTS
samples in the dark and under illumination. e, Charge profiles of the CZTS

and GCd-CZTS cells obtained by drive-level capacitance profiling (V,,) and
capacitance-voltage (N.,) methods (measured at 3 kHz). The vertical dashed

lines are guidance for the eyes and the vertical arrows depict the differences
between N, and N, (Njp). f, Temperature-dependent V. values of the CZTS (red)
and GCd-CZTS devices (blue). The solid lines are the linear fits of the data points
in the high-temperature region. The charge recombination energy barriers (E,)
were1.20 and 1.31 eV, respectively, and the bandgaps (E,; arrows) were 1.54 and
1.45 eV, respectively. g,h, Photocurrent decay behaviours of the CZTS (g) and
GCd-CZTScells (h) under various bias voltages. The exponential decay times
were 0.88,1.34,2.14 and 2.04 ps (g) and 0.48, 0.81,1.41and 1.23 ps (h) for -1.0, 0,
0.5and 0.7 V, respectively). i, Charge collection (r.; diamonds) and extraction
efficiencies (r,; circles) of the CZTS (red) and GCd-CZTS cells (blue), derived
from modulated electrical transient measurements.

aregiveninFig.4e.For the cell witha CCTS/CZTSratio of 0.17, the V¢
reached 805 mV, which exceeds values reported for sulfide kesterite
solar cells with abandgap of <1.6 eV (refs. 9,49). From the EQE spectra,
the effective bandgaps ofthe GCd-CZTS absorbersinthese three cells
with CCTS/CZTSratioof 0.17,0.25and 0.38 were determined tobe 1.45,
1.42 and 1.37 eV, respectively (Fig. 4f and Supplementary Fig. 25). As
calculated and shown in Fig. 4g, the V,¢/V, 2 values of these cells all
exceeded 65% and the best-performing cell reached 67.9%, surpassing
thereported result of 63.2% obtained in a Ge-alloyed and gradient-free
CZTS solar cell’. We also performed additional third-party certifica-
tion on the high-bandgap solar cells to confirm thisimpressively high
Voo/ VoS, which finally obtained a verified high value of 67.0%. This
resultis even higher thanthat obtained in CZTSSe solar cellswith a PCE

of >14.5%"*>*°, thus demonstrating the significant effect of the gradient
bandgap in reducing the voltage loss of kesterite solar cells.
Moreover, our strategy exploits the energy band and crystal-
lization regulation effect of Cd, thus providing a promising path for
achieving high-performance kesterite devices through low-content
Cd alloying (for example, <20%). In addition to the sulfide kesterite
cell, the pre-crystallization strategy that works primarily through
homogeneous nucleation crystallization and enhancement of the ini-
tial crystal quality is also insightful for the construction of an effective
gradient bandgap in significantly thinned CIGS and CdSe/CdTe solar
cells. The high reaction activity of H,S also provides more routes by
which to remove organic residues in the kesterite precursor film that
were introduced from organic solvents and ligands. This will help to
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Fig. 4 | Performance of photovoltaic devices. a, Performance parameters (PCE,
VoerJsc and FF) of GCd-CZTS devices with different CCTS/CZTS ratios fabricated
inonebatch (n =12 per group). The dashed line is guidance for the eyes.

b,c, Certified current-voltage curve (b) and steady-state output performance (c)
ofaGCd-CZTS device fabricated witha CCTS/CCTS ratio of 0.38. The current-
voltage curve showed the cell has PCE 0f 13.16% with Jsc of 24.74 mA cm™, V. of
722.6 mV and FF of 0.736. The steady-state output demonstrated PCE 0f13.19%
for the cell working in the maximum power point at 581.8 mV (V,,p) with current
density output 0f 22.68 mA cm™ (Jyp). d, PCEs of cells using different Cd alloying
strategies, including non-alloying, homogeneous alloying (Homo-Cd) and
gradient-Cd alloying, with (blue) or without pre-crystallization (red) (n =15 per
group). e f, Current-voltage curves (e) and EQE spectra (f) of cells fabricated

with different CCTS/CCTS ratios (0.17,0.25 and 0.38).In e, these respective cells
had Js. values of 23.6,24.1and 24.7 mA cm2, V,c values of 805, 762 and 723 mV, FF
values of 0.71,0.72 and 0.74 and PCE values 0f 13.5,13.2 and 13.2%. In f, bandgaps
(E,=1.45,1.42and 1.37 eV, respectively) were derived from the maximum position
of the derivative of the EQE. The corresponding /s values were 25.1,26.0 and
27.1mA cm™, respectively. g, Asummary of V,/V,5?values of representative
kesterite solar cells that have been reported previously'? 57%1%20323745505456
Detailed data are provided in Supplementary Table 1. The dashed line is guidance
for the eyes.Inaandd, the central lines represent median values, the box limits
represent the upper and lower quartiles, the whiskers represent the maximum
and minimum and the raw data points are also displayed. Credit: b,c, NPVM.

reduce the limitation of organic frameworks on the growth of kesterite
crystals and could promote crystallization of the bottom region of
the film, avoiding the appearance of fine grains. The application of
this strategy in the selenide kesterite film is expected to realize more
significant cell efficiency breakthroughs.

As has been accomplished for CIGS?*?, the gradient elemental
composition and band structure in kesterite solar cells need to be
further explored and optimized; for example, by discovering more
appropriate alloying elements that have energy band regulation abil-
ity and relatively low migration ability, enhancing the composition
gradientinthe middle and bottomregions of the absorber toincrease

the conduction band bending, constructing a front gradient to fur-
ther reduce interfacial recombination. In this process, the regula-
tion of crystal growth and element diffusion kinetics through the
pre-crystallization strategy will continue to play animportantrole. To
more precisely achieve this promising crystallization regulation, the
mechanisms of complex chemical reactions occurring during precur-
sor film preparation, pre-crystallization and sulfurization/seleniza-
tion processes need to be further revealed. These primarily include
transformation from metal-organic coordination complexes and
excessive organic additives or solvents to metal sulfides or oxides and
other organiccomponents under annealing, as well as the molecular or
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atomic structure evolution of these compounds at high temperature
under areactive atmosphere, such as H,S, S or Se.

Conclusion

Inthis study, we have developed agradient energy band structure within
aCd-alloyed CZTS absorber to facilitate bulk carrier transport for the
purpose of reducing the charge and V. loss of the sulfide kesterite
solar cell. In particular, we explored a pre-crystallization strategy that
overcomes a persistent challenge in the construction of a gradient
bandgap in CZTS films: namely, the rapid diffusion of elements. Spe-
cifically, this strategy achieved uniform synchronous nucleation and
crystallization at different spatial locations of the absorber film and
improved the crystal quality, thereby significantly slowing down Zn/Cd
element interdiffusion during the high-temperature sulfurization
reaction process and realizing a gradient element distribution in the
absorber. The Zn/Cd distribution introduced an obvious gradient in
the conductionband of the absorber, which on one hand significantly
facilitated the bulk carrier transfer and on the other hand improved
the energy band alignmentand reduced defects at the heterojunction
interface. As aresult, the Cd-gradient CZTS solar cell demonstrates a
high certified total-area efficiency of 13.16%, with significant voltage
loss reduction compared with previous results, thus representing a
substantial step forward for the pure-sulfide kesterite solar cell.

Methods

Materials

CuCl(99.999%; Alfa Aesar), Zn(CH,C00), (99.99%; Aladdin Scientific),
Cd(CH,;C00),(99.995%; Macklin), SnCl, (99.998%; Macklin), thiourea
(99.99%; Aladdin Scientific (recrystallized twice)), 2-methoxyethanol
(99.8%; Aladdin Scientific), sulfur powder (99.99%; ZhongNuo
Advanced Material), CdSO,-8/3H,0 (99.99%; Aladdin Scientific),ammo-
nium chloride (299.5%; Sinopharm Chemical Reagent) and ammonium
hydroxide (-25.0-28.0%; Sinopharm Chemical Reagent) were used to
prepare the precursor solution and CdS. These chemicals were used
directly without further purification.

Film fabrication

The CZTS and CCTS precursor solution was prepared as follows: CuCl,
Zn(CH,CO0), or Cd(CH;CO0), plus SnCl, and thiourea were dissolved
in2-methoxyethanol and stirred at 60 °C for 1 hto obtain a colourless
solution. The molar ratios of Cu/(Zn(Cd) + Sn), Zn(Cd)/Sn and thiourea/
metal were 0.85,1.20 and 1.95, respectively, and the concentrations of
metal elements and thioureawere1.63and 3.18 mol I The CZTS/CCTS
precursor films were prepared by subsequently spin-coating the CZTS/
CCTS precursor solution on cleared Mo substrates at a spin speed of
3,000 r.p.m.s™ for 25, followed by annealing on a 280 °C hot plate
inthe air. The coating and annealing processes were repeated several
times for the desired 1.2- to 1.5-pm-thickness precursor films. Then,
as-prepared precursor films were first annealed with H,S (10%)/Ar, flow
at420 °C for10 min using arapid thermal processor (AS-One 100) and
then annealed with N, flow in a sulfur-contained graphite box, which
was putinside a heating tube furnace. The temperature was raised to
580 °C within 40 min, held for 20 min and finally naturally cooled.
For the absorber with cells based on homogeneous Cd alloying,
the Cd source was directedly added to the CZTS precursor solution
and the film deposition adopted the same procedures as those
described above.

Device fabrication

Adevice structure with Mo, kesterite, CdS, ZnO, indium tin oxide, Ni/Al
and MgF, was fabricated successively by adding together a kester-
ite absorber layer, a chemical-bath-deposited CdS buffer layer
(40-50 nm; after which followed a heterojunction heat treatment at
280 °C for 7 min under a nitrogen atmosphere), a radio frequency
magnetron-sputtered intrinsic ZnO (20-30 nm) layer combined with

indium tin oxide window layers (180-200 nm), athermally evaporated
Ni/Al collection grid (2 pm) and an MgF, anti-reflection layer (100 nm).
Thecells were separated from each other by mechanical scribing. The
measuring active area was around 0.2212 cm? (without the grid line).
The certified mask area was determined by the National PV Industry
Measurement and Testing Center to be 0.2311 cm?.

Film characterization

Raman spectrawere collected using aRaman spectrometer (LabRAM
HR Evolution; HORIBA) with a 532 or 325 nm excitation laser. Scan-
ning electron microscopy images were taken with a scanning electron
microscope (Sigma 300) under 10 kV at various magnifications. Ele-
ment maps were obtained using an energy-dispersive spectrometer
(AZtec X-Max 50). The total film compositions were determined using
an energy-dispersive X-ray fluorescence spectrometer (EDX-7000;
Shimadzu). The transmission electron microscopy specimens were
made using a focused ion beam with a micro-sampling system (FEI XT
Nova200 NanoLab). STEM images were obtained with a transmission
electronmicroscope (ARM200F;JEOL) equipped with a Gatan Quantum
ER965 imaging filter operating at 200 kV. The noisy contrast of the
acquired images was removed using a Wiener filter. Inverse photo-
electron spectroscopy and UPS were performed on a multifunctional
photoelectronspectrometer (Axis Ultra DLD). Transient photolumines-
cence was measured on a photoluminescence spectrometer (FLS 900)
following excitation with a picosecond-pulsed diode laser (EPL-640)
of 638.2 nm wavelength and cooling down with liquid helium. KPFM
images were obtained on a Bruker MultiMode 9 system.

Device characterization

The C-V profiles, drive-level capacitance profiling and temperature-
dependent/-Vprofiles were measured on an electrochemical worksta-
tion (VersaSTAT; Princeton Applied Research). Modulated electrical
transient spectra were obtained by our laboratory-made setup, in
which the cell was excited by a 640 nm nanosecond pulse laser and
the photovoltage decay process was recorded by a digital oscilloscope
(DPO7104; Tektronix). The current-voltage characteristics of the cells
were recorded using a Keithley 2601 Source Meter under simulated
AM 1.5 G sunlight (100 mW cm™) calibrated with an Si reference cell
(calibrated by the National Institute of Metrology of China). The volt-
age was scanned from -50 to 850 or 800 mV and the scanning rate
was about 90 mV s™. All of the measurements were performed under
ambient conditions (air, 25 °C and uncontrolled humidity) and no
preconditioning was applied before the measurements. EQE spectra
were measured with an Enlitech QE-R system with calibrated Si and
Ge diodes as references. Thermal admittance spectra were recorded
using an electrochemical workstation (VersaSTAT3, Princeton Applied
Research) in the dark and the cell temperature was controlled using a
low-temperature probe station (TTPX; Lakeshore).

DFT calculation

All of the calculations were carried out under the scheme of
spin-polarized DFT using CASTEP®". Specifically, the Perdew-Burke-
Ernzerhof exchange correlation functional within the generalized
gradient approximation was employed to describe the exchange cor-
relation energy®’. Geometric convergence tolerances were set for
maximum force of 0.03 eV A, with a maximum energy change of
107 eV per atom, amaximum displacement of 0.001 A and maximum
stress of 0.05 GPa. The plane wave energy cut-off was set at 600 eV
and the sampling in the Brillouin zone was set to 3 x 3 x 1 using the
Monkhorst-Pack method. The diffusion of Zn/Cd was investigated by
searching the possible diffusion route and identifying the migration
transition state with the lowest diffusion energy barrier. The diffu-
sion energy barrier was calculated as the energy difference between
the total energies of the transition state and the initial structure. The
transition state was searched using the generalized synchronous transit
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(linear synchronous transit (LST)/quadratic synchronous transit (QST))
method implemented using CASTEP code”. The algorithm starts from
an LST optimization and continues with a QST maximization process.
Thereafter, conjugate gradient minimization is conducted from the
obtained LST/QST structure to refine the geometry of the transition
state. The LST, QST and conjugate gradient calculations are repeated
until astable transition state is obtained.

Reporting summary
Further information on research design is available in the Nature
Portfolio Reporting Summary linked to this article.

Data availability

The maindatasupporting the findings of this study are available within
the main text, Supplementary Information and Supplementary Datal.
Source data are provided with this paper.
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» Experimental design

Please check the following details are reported in the manuscript, and provide a brief description or explanation where applicable.

1. Dimensions
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D No Explain why this information is not reported/not relevant.

. . The device area is determined by mask
Method used to determine the device area E Yes Y

DNO

Explain why this information is not reported/not relevant.

2. Current-voltage characterization
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Current density-voltage (J-V) plots in both forward D - shows no hysteresis.
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» The voltage was scanned from -50 mV to 850 or 800 mV with a scanning rate of 90
Voltage scan conditions X Yes  mV:s-1and itis given in experimental section.
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es infig4.
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3. Hysteresis or any other unusual behaviour

Provide a description of hysteresis or any other unusual behaviour observed during the

Description of the unusual behaviour observed during D Yes o I
characterization.

the characterization
E No Kesterite solar cells do not have hysteresis or other unusual behaviour.

D Yes | Provide a description of the related experimental data.
Related experimental data ) ) )
E No  Kesterite solar cells do not have hysteresis or other unusual behaviour.

4. Efficiency

External quantum efficiency (EQE) or incident E Yes EQEisgiveninFigure 4.
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For tandem solar cells, the bias illumination and bias
voltage used for each subcell

Calibration

Light source and reference cell or sensor used for the

characterization

Confirmation that the reference cell was calibrated
and certified

Calculation of spectral mismatch between the
reference cell and the devices under test

Mask/aperture

Size of the mask/aperture used during testing

Variation of the measured short-circuit current
density with the mask/aperture area

Performance certification

Identity of the independent certification laboratory
that confirmed the photovoltaic performance

A copy of any certificate(s)

Statistics

Number of solar cells tested

Statistical analysis of the device performance

Long-term stability analysis

Type of analysis, bias conditions and environmental
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Provide a description of the measurement conditions.

No tandem solar cell was studied.

The current—voltage characteristics of the cells were recorded by a Keithley 2601
Source Meter under simulated AM 1.5G sunlight (100 mW cm-2) calibrated with a Si
reference cell (calibrated by the National Institute of Metrology of China). This is
given in experimental section.

Explain why this information is not reported/not relevant.

The reference cell was calibrated by National Institute of Metrology, China. This is
given in experimental section.

Explain why this information is not reported/not relevant.

The mismatch factor is 1.016 and this is given in certification report.

Explain why this information is not reported/not relevant.

The mask area is 0.2311 cm?2 and this is given in certification report.

Explain why this information is not reported/not relevant.

Report the difference in the short-circuit current density values measured with the
mask and aperture area.

No such phenomenon in kesterite solar cells and our test area is large enough to
avoid this effect.

The photovoltaic performance is certified in NPVM, as given in the supplementary
information.

Explain why this information is not reported/not relevant.

The certification report is given in supplementary information

Explain why this information is not reported/not relevant.

The exact number of cells is given in the figure caption of each statistical analysis.

Explain why this information is not reported/not relevant.

Statistical analysis of the device performance is given in figure 4 and supplementary
information.

Explain why this information is not reported/not relevant.

Provide a description of the type of analysis, bias conditions and environmental
conditions (e.g. illumination type, temperature, atmosphere humidity, encapsulation
method, preconditioning temperature, bias) for each long-term stability analysis
carried out; see ref. 7 and 8 for details.

No stability problem has been reported in kesterite solar cells
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