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Vacancy-enhanced cation ordering via 
magnesium doping to enable kesterite solar 
cells with 14.9% certified efficiency
 

Jinlin Wang1,2,6, Fanqi Meng    3,6, Licheng Lou1,2,6, Kang Yin1,2,6, Xiao Xu1, 
Menghan Jiao1,2, Bowen Zhang1,2, Yiming Li1, Jiangjian Shi    1  , Huijue Wu1, 
Yanhong Luo    1,2,4, Dongmei Li    1,2,4   & Qingbo Meng    1,2,4,5 

Atomic disorder is a widespread issue in multi-element crystalline materials 
and poses a critical challenge to the performance of Cu2ZnSn(S, Se)4 
(CZTSSe) photovoltaic devices. In particular, Cu–Zn disorder is prevalent 
in CZTSSe due to its low formation energy, leading to the formation of 
high-concentration deep defects and severe charge loss. The regulation 
of this disorder remains challenging because of the trade-off between the 
thermodynamics of the disorder–order phase transition and the kinetics 
of atom interchange. Here we introduce additional vacancy defects at the 
CZTSSe surface via magnesium doping to reduce the energy barrier for 
atom interchange. This vacancy-assisted approach enhances the kinetics 
of Cu–Zn ordering, thereby reducing charge loss in the device. As a result, 
we achieve a power conversion efficiency of 14.9% certified by the Chinese 
National PV Industry Measurement and Testing Center in CZTSSe solar 
cells, marking an advancement in the development of emerging inorganic 
thin-film photovoltaics.

Entropy-driven atomic disordering is a crucial concern that impacts 
the precise fabrication and functional design of crystalline materials1–4. 
This issue is particularly prominent in the chalcogenide Cu2ZnSn(S, Se)4 
(CZTSSe)5–7, a promising photovoltaic material with a complex elemen-
tal composition8–10. CZTSSe comprises three metal cations (that is 
Cu, Zn and Sn) that are similar in size and share the same coordina-
tion structure within the lattice7,11. The disorder or reciprocal substi-
tution between these cations triggers phase competition, bandgap 
fluctuations and deep energy-level defects, all of which impair the 
photoelectric conversion performance of CZTSSe solar cells5,10,12,13. 
Among them, the Cu–Zn disorder is particularly prevalent due to its 
low thermodynamic formation energy5,14. This disorder reduces the 

material’s effective bandgap15,16 and increases the concentration and 
charge-capturing rate of deep defects17,18.

A variety of efforts have been undertaken to address the Cu–Zn dis-
order issue in CZTSSe. Specifically, researchers have developed a range 
of cation substitution methods to increase the thermodynamic forma-
tion energy of Cu–Zn disorder19–23. However, whether the occupation 
of an external cation can relieve the disorder of intrinsic atoms in the 
material remains a subject of debate6,24. Researchers also started from 
the order–disorder phase-transition thermodynamics of the binary 
system, exploring a long-duration, low-temperature post-annealing 
strategy16,25. While an increased degree of ordering atomic and 
band-edge electronic structure were observed, this approach has not 
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direct interchange of Cu–Zn atoms (schematically shown in Fig. 1a). 
This contradiction between thermodynamic favorability and kinetic 
limitations is probably a key factor restricting improvements in Cu–Zn 
ordering and, consequently, solar-cell performance.

Generally, the atom ordering kinetic rate is proportional to 
exp(−EB/KBT) (EB is the energy barrier of atom interchange, KB is the 
Boltzmann constant and T is the temperature)30–32. This suggests that 
reducing EB can promote the atomic ordering process kinetically with-
out sacrificing the final atomic ordering degree of the system. The 
introduction of vacancy defects is a promising way to reduce EB because 
vacancies provide larger space to accommodate the interchanged 
atoms, as shown in Fig. 1a,b. Instead, direct interchange of atoms is 
primarily realized through the interstitial path, which is usually accom-
panied by large lattice deformation. We conducted first-principles 
calculations to estimate EB for the Cu–Zn ordering processes via direct 
or vacancy-assisted interchange mechanisms. For the direct inter-
change EB reached 2.8 eV (Fig. 1c), while for the vacancy mechanism 
(Cu vacancy, VCu) EB was significantly reduced, to 1.3 eV, indicating that 
the kinetic rate of the ordering process can be enhanced by more than 
16 orders of magnitude.

To experimentally realize the vacancy-assisted atom ordering 
we aim to introduce sufficient Cu vacancies in the region of interest 
in the CZTSSe film. We employed a strategy of ion pre-doping fol-
lowed by solution etching to introduce vacancies in the film surface 
region. Group IA and IIA elements are potential candidates for doping in 
CZTSSe (Fig. 1d). In our experimental approach, the chlorides of these 
elements were first deposited onto the surface of CZTSSe precursor 
films. After selenization, the films were then etched using ammonia 
solutions to dissolve the doped ions and create surface vacancies. The 
films were subsequently annealed for about 1 h in a vacuum chamber 
(Ar, 0.2 Pa) to drive the Cu–Zn ordering process. Solar cells based on 
these films were finally fabricated after CdS, ZnO, ITO (Sn-doped In2O3) 
and Ni/Al depositions.

yet translated into considerable device performance gains6,26, prob-
ably because the long annealing also induced other negative effects 
such as surface atom volatilization loss and surface reconstruction. 
This has led to a stagnation in the regulation of Cu–Zn disorder, and 
even raised doubts about whether Cu–Zn disorder critically affects 
material quality and device performance18,27. Nevertheless, despite 
experimental challenges, recent theoretical studies have once again 
demonstrated a strong correlation between Cu–Zn disorder and the 
charge loss in CZTSSe28, thereby reaffirming the necessity and urgency 
of addressing the Cu–Zn disorder issue.

Herein, we focus on the surface of CZTSSe film since it is believed 
to have a more significant impact on the solar cell performance17,28. 
Starting from the perspective of atomic ordering kinetics, we have 
developed a vacancy-assisted method to reduce the atom migra-
tion barrier and facilitate the Cu–Zn atomic ordering process. We 
intentionally introduced vacancy defects on the CZTSSe film surface 
through magnesium ion pre-doping followed by solution etching. This 
approach enhanced surface Cu–Zn ordering, effectively mitigating 
interface defects and carrier non-radiative recombination, while also 
promoting charge transport. Ultimately, we achieved an efficiency 
of 14.9% certified by the Chinese National PV Industry Measurement 
and Testing Center in a 0.27-cm2 kesterite solar cell, as well as a certi-
fied efficiency of 13.3% in a 1.1-cm2-area cell. This result represents 
significant advancement for emerging inorganic thin-film solar cells 
and open new opportunities for precise disorder–order control in 
crystalline materials.

Introduction of surface vacancies via Mg ion 
pre-doping
It was predicted that, under thermodynamic equilibrium, lower 
temperature would favour a higher degree of ordering in the Cu–Zn 
binary system25,29. However, from the perspective of kinetics, the sys-
tem does not have sufficient energy at low temperature to drive the 
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Fig. 1 | Atomic Cu–Zn interchange process and ion pre-doping. a,b, Schematic 
diagram of Cu–Zn interchange processes via direct (a) or VCu-assisted (b) 
mechanisms. c, Corresponding energy profiles along the interchange paths. 
d, Ionic radii11 of several elements that can be used to form cation doping in the 
kesterite lattice. The number in parentheses indicates the coordination number. 
e–g, Grazing-incidence X-ray diffraction (XRD) of (112) peak of CZTSSe measured 
at an incidence angle of 0.8° (e), UPS valence and LEIPS conduction band-edge 

electronic structure (f), and steady-state PL spectra recorded at 60 K (g) of the 
pristine and target (Mg-doped) CZTSSe films. The black dashed line in e is a guide 
to the eye. The black dashed lines in f indicate the positions of the valence-band 
maximum (VBM) and conduction-band minimum (CBM) determined by the 
intersection between the background and the signal onset. The vertical dashed 
black lines in g indicate the PL peak positions.
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On the basis of the final solar cell performance (Supplementary 
 Figs. 1–6), Li, Na and Cd were found to improve the average photo-
electric conversion efficiency (PCE) by only ~0.1%, while K and Ca had 
a detrimental effect. The Mg element emerged as the most effective 
dopant, improving the average PCE from ~13.2% to ~14.8% without 
influencing the selenization process or the morphology of the CZTSSe 
absorber (Supplementary Figs. 7–9 and Supplementary Table 1). Ther-
mal evaporation deposition of MgF2 on the surface of the precursor 
film and spin-coating of a MgCl2 solution yielded similar outcomes 
(Supplementary Fig. 10).

These results can be explained with the larger ion size of Na, K and 
Ca, which prevent effective doping at Cu or Zn sites33–35. Li and Cd can be 
incorporated into the lattice but are difficult to dissolve from the film 
during etching (Supplementary Fig. 11). In addition, Cd mainly dopes 
at the Zn site36,37, where ordering via Zn vacancies has much higher EB 
(~1.9 eV) compared with Cu vacancies (Supplementary Fig. 12).

Previous research demonstrated that Mg could dope at both Cu 
(MgCu) and Zn (MgZn) sites, with MgCu even exhibiting negative forma-
tion energy in some cases35,38–40. From the perspective of Coulombic 
attraction and charge compensation, MgCu also tend to form near the 
CuZn site within the Cu–Zn disorder pair. These properties of the Mg 
ion and its induced VCu are conducive to the vacancy-assisted ordering 
process depicted in Fig. 1b.

We further characterized the Mg doping and its induced VCu in the 
film surface. For clarity, in the following, the undoped or the Mg-doped 
sample will be denoted as the control or target sample, respectively; 
the samples after being solution etched will be denoted as control (or 
target)-E; the etched and annealed samples will be denoted as control 
(or target)-E-A. Grazing-incidence X-ray diffraction found that the Mg 
incorporation made the (112) peak of CZTSSe slightly shift to a higher 
angle (Fig. 1e). Surface band-edge electronic-structure measurement 
using ultraviolet photoelectron spectroscopy (UPS) and low-energy 
inverse photoelectron spectroscopy (LEIPS) demonstrated that the 
Mg incorporation slightly reduced the bandgap of CZTSSe (Fig. 1f). 
Correspondingly, the steady-state photoluminescence (PL) of the 
doped film also showed a small redshift (Fig. 1g).

We also characterized these samples using scanning transmission 
electron microscopy and electron energy loss spectroscopy (EELS). 
As in Supplementary Fig. 13, the existence of the Mg element in the 
top region of the CZTSSe crystal can be seen in the target sample. By 
further analysing three selected regions from the surface to the bulk, 
a negative correlation between Mg and Cu EELS intensity was also 
observed. Energy dispersive X-ray spectroscopy (EDX) was also used 
to demonstrate the existence of the Mg element in kesterite crystals. 
As shown in Supplementary Figs. 14 and 15, the Mg Ka EDX signal can 
be observed in the target sample. This result was further confirmed by 
using pure sulfide Cu2ZnSnS4 as the studied sample, in which the Mg 
Ka EDX signal can be clearly distinguished without any interference. 
All these results support the view that Mg has doped into the CZTSSe 
lattice, especially at the Cu site.

Using EDX characterization, the solution etching of Mg from the 
kesterite crystals was also demonstrated in the target-E sample, reflected 
by the disappearance of Mg EDX signal from the Cu2ZnSnS4 sample and 
reduced spectral intensity in the Mg EDX signal region in the CZTSSe sam-
ple. EELS of target-E samples also exhibited significant reductions or dis-
appearance of the Mg signals (Supplementary Fig. 16). Inductively coupled 
plasma optical emission spectroscopy-based quantitative characteriza-
tion further confirmed a pronounced reduction in the overall Mg content 
in the films after etching (Supplementary Table 2). These results were 
also supported by X-ray photoelectron spectroscopy and secondary-ion 
mass spectroscopy results (Fig. 2d and Supplementary Figs. 17 and 18), 
collectively demonstrating that the Mg element doped in CZTSSe has 
been sufficiently dissolved away.

We further measured atomic-resolution HAADF–scanning trans-
mission electron microscopy images to investigate the influence of 

solution etching on the VCu properties of the control-E and target-E 
samples (Fig. 2a–c and Supplementary Fig. 19). In these two samples, 
the atomic images of CZTSSe lattice observed along the [0 -1 0] or [0 1 
0] direction were captured from the top region of the films, in which the 
(002) planes comprising Sn and Cu cations and Sn cations with higher 
HAADF intensity can be clearly distinguished, as shown in Fig. 2a. For 
clarity, the corresponding atom structure of CZTSSe is schematically 
given. By profiling the Cu–Sn chain of the target-E sample, lower HAADF 
intensity can be observed at some Cu sites (Fig. 2b), which can be attrib-
uted to the existence of VCu. For comparing to the control-E sample, 
we have conducted a statistical analysis of the HAADF intensity of Cu 
and Sn sites along Cu–Sn cations in these two samples. Cu/Sn intensity 
ratio was used to reflect the average concentration of VCu in CZTSSe. As 
shown in Fig. 2c, the target-E sample exhibited an obviously lower Cu/
Sn intensity ratio, indicating higher VCu concentration.

We also performed Raman spectra measurement to confirm the 
VCu results in these two sample groups. The Raman spectra were fit-
ted on the basis of the lattice vibration modes of CZTSSe41,42, with the 
detailed fitting results presented in Fig. 2e,f, Supplementary Fig. 20 and 
Supplementary Table 3. The intensity ratio between different Raman 
peaks (R = A172/(A172 + A194) is used to reflect VCu in CZTSSe, in which lower 
value of R stands for higher VCu concentration41. As shown in Fig. 2e, the 
R value of the control sample was only a little reduced after the solution 
etching, indicating that the VCu concentration was slightly increased. 
Comparatively, a significant decrease in the R value was observed in 
the target sample (Fig. 2f), suggesting an obvious increase in the VCu 
concentration. In addition, the R value of the target-E sample was also 
obviously smaller than that of the control-E sample. These results sup-
ported that the Mg pre-doping and solution etching had effectively 
introduced VCu in the film surface. In addition, we observed that Mg 
doping and surface etching also caused Raman peak shifts in these 
samples. However, interpreting the underlying physical mechanisms 
responsible for these shifts remains a challenge which requires more 
fundamental research on the vibrational properties of kesterite lattice 
containing complex structural defects.

Vacancy-enhanced Cu–Zn atomic ordering
We further investigated the annealing induced Cu–Zn ordering in the 
CZTSSe lattice. Using Kelvin-probe force microscopy, the surface con-
tacting potential difference (CPD) of these films were first measured 
(Fig. 3a,b and Supplementary Fig. 21). As shown in Fig. 3a, the solu-
tion etching process caused the CPD of the control and target films to 
decrease by ~90 mV and ~190 mV, respectively. The larger CPD reduc-
tion in the target sample suggests the more effective formation of VCu 
acceptors (Supplementary Note 1). After the annealing, the CPD of both 
films moved to higher values (Fig. 3b), and the target film exhibited a 
much larger increase (283 mV) compared to the control film (160 mV). 
This indicates that the density of acceptors was more significantly 
reduced in the target-E-A film. Cu–Zn ordering process could be an 
important cause to reduce CuZn acceptors18.

We used Raman spectroscopy to gain further evidence for the 
enhancement in the Cu–Zn ordering in the target-E-A film43,44. As shown 
in Fig. 3c and Supplementary Fig. 22, compared to the as-selenized tar-
get film, the solution etching and annealing processed sample present 
a shift of the Raman peak of kesterite phase to a higher wavenumber 
position, also accompanied by a narrowing of the Raman peak. In par-
ticular, a double peak structure appeared in the wavenumber region 
between 160 and 180 cm−1 in the final target-E-A sample. Comparatively, 
no such phenomena were observed in the control sample; especially 
the control-E-A sample still exhibited a single-peak structure in the 
(160, 180 cm−1) wavenumber region. These characteristics in Raman 
spectra well support the enhancement of Cu–Zn ordering in the target 
CZTSSe43,44. Optical bandgap of CZTSSe is another signature related 
to the Cu–Zn ordering degree15,16, which we evaluated by reflectance 
spectroscopy (Fig. 3d and Supplementary Fig. 23). The result shows 
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that, after the etching and annealing process, the bandgap of the target 
sample increased more than that of the control sample, up to ~95 meV 
(Fig. 3d). This increase in the bandgap was further demonstrated by UPS 
and LEIPS. As seen in Fig. 3e, the bandgap of target film surface increased 
by ~130 meV, realized by the shift of both the valence and the conduction 
band edge. This was also reflected in the steady-state PL spectra. The PL 
peak of the target-E-A sample shifted to 0.951 eV (Fig. 3f), a larger shift 
than that of the control-E-A and pristine target samples (Fig. 1f). Overall, 
these characterization results demonstrated that our proposed strat-
egy (Mg pre-doping, solution etching and annealing) had effectively 
improved the Cu–Zn ordering of CZTSSe films.

Defect and charge-loss characterization
We further investigated the influence of improved Cu–Zn ordering 
on the defect and charge-loss properties of the fabricated kesterite 
solar cells. The energetic distribution and charge-capturing properties 
of defects in the cells were characterized using thermal admittance 
spectroscopy (TAS) method (Fig. 4a,b and Supplementary Fig. 24). 
As the Arrhenius plots shown in Fig. 4a, the ionization energy (Et) 
of defects in the two samples did not exhibit essential difference, 
both in the range between 100 and 200 meV corresponding to CuZn 
defect14,45,46. Differently, the defect attempt-to-escape frequency (ν0) 
of the target sample (2.1 × 109 s−1, corresponding charge-capturing 
cross-section (σ) of 7.28 × 10−17 cm−2) was found to be ~15 times smaller 
than that of the control sample (3.4 × 1010 s−1, corresponding σ of  
1.17 × 10−15 cm−2), indicating that the defect charge-capturing velocity 
was largely reduced. The result suggests an increased atomic order-
ing, which reduces the electron–lattice vibration interaction in the 
 solid material34.

We further quantified the defect density using different capaci-
tance analysis methods. First, TAS results exhibited that the density 

of CuZn defect in the target sample was 9.8 × 1015 cm−3 (Supplementary  
Note 2), which was only half of that in the control sample, demon-
strating the reduced Cu–Zn disordering (Fig. 4b). We measured 
more specific spatial distribution of the defect charge by capaci-
tance–voltage (C–V) and drive-level capacitance profiling (DLCP) 
methods. As shown in Fig. 4c, the target sample exhibited much lower 
charge concentration in the measured region due to the reduced 
CuZn acceptors. Particularly, the interface defect density of the tar-
get sample (Nit, estimated from the difference in the charge den-
sity measured by C–V and DLCP) was only one fourth of that in the  
control sample.

We also used an extended physics model to investigate the  
charge-capturing properties of interface defects47 (Supplementary Fig. 25). 
Through fitting the frequency-dependent admittance curve, the 
density of interface defects that participated in the charge capturing 
in the target sample was estimated to be 3.26 × 1014 cm−2 eV−1, which 
was only 1/10 of that in the control sample (Fig. 4d). The fitting result 
also indicated that the target sample had much higher resistance 
of interface charge capturing (Rit), that is, more difficult interface 
charge capturing. Temperature-dependent PL was also measured 
to investigate the influence of reduced Cu–Zn disordering on the 
activity of SnZn deep defect10. The results (Supplementary Fig. 26) 
showed that the target sample had an obviously larger PL quenching 
activation energy (66 meV) than that of the control one (37 meV), 
indicating lower activity of charge non-radiative transitions. The 
PL quenching activation energy of the target sample is also very 
close to the predicted carrier-capture energy barrier of SnZn defect 
in ordered kesterite lattice, which further supported improved  
Cu–Zn ordering48.

The aforementioned defect characterization demonstrated 
that the density and charge capturing velocity of defects, especially 
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the interface defect, have been significantly suppressed through 
the Cu–Zn ordering process. As a result, the target cell obtained 
more superior open-circuit voltage (VOC) at temperatures ranging 
from 300 to 100 K and moreover higher recombination activation 
energy, EA, than that of the control cell (Fig. 4e). The very small dis-
crepancy between EA and optical bandgap (Supplementary Fig. 27) 
indicated that the fast subgap relaxation of photogenerated carriers 
had become negligible in the target CZTSSe sample, further confirm-
ing that localized electronic states caused by the Cu–Zn disordering 
had been suppressed6,12,13.

We also characterized the charge dynamics of the cells using 
modulated electrical transient methods49,50. As in Fig. 4f, the target 
cell exhibited much longer photovoltage decay lifetime and moreover 
obviously reduced fast decay in the early stage. This phenomenon 
implies that the interface charge recombination in the cell has been 
suppressed, agreeing well with the defect characterization results. 
For the transient photocurrent, the target cell exhibited obviously 
smaller decay time than the control cell (Fig. 4g,h). In addition, the 
photocurrent peak position of the target cell almost kept constant at 
different bias voltages, significantly distinct to the control cell whose 
photocurrent peak moved continuously with the voltage increase. 
These phenomena indicated that the target cell had better charge 
transport ability. The elimination of localized subgap electronic states 
and their induced charge trapping and detrapping processes is an 
important beneficial reason for this result. The improved charge trans-
port ability should be able to help more photoinduced carriers in the 
CZTSSe absorber be extracted into the buffer/window layer, especially 
when the built-in electric field was reduced at high voltages. This was 
confirmed by the higher charge extraction efficiency (ηext) quantified 
from the modulated electrical transient results51 (Fig. 4i). In addition, 

due to the reduced interface charge recombination, the extracted 
charge in the window layer can also be collected by the electrodes more 
efficiently, resulting in higher charge collection efficiency (ηC). The 
reduction in bulk and interfacial charge loss is expected to improve PCE  
of the cell.

Device performance characterization
To obtain the optimal Cu–Zn ordering result, we have systematically 
optimized the Mg pre-doping concentration and the subsequent 
annealing temperature. The performance parameters of the cells 
obtained from different nominal annealing temperatures are shown 
in Fig. 5a. As can be seen, average PCE of the target cell was enhanced 
from ~13.7% to ~14.6% when the temperature increased from 180 to 
220 °C. This enhancement was reflected in all three performance 
parameters, VOC, short circuit current (JSC) and fill factor (FF). Par-
ticularly, the average FF was improved from ~0.69 to ~0.72, and the 
average VOC reached 550 mV in the optimal group, confirming the 
reduced charge recombination in the cell. Comparatively, the PCE 
of the control cell was only enhanced by ~0.1% (from 13.1% to 13.2%). 
This result agrees well with the fact that the atomic ordering was 
limited in the control cell.

The current density–voltage (J–V) characteristics of the champion 
cells are given in Fig. 5b. The target cell achieved a high total-area PCE 
of 15.4% with JSC of 37.4 mA cm−2, VOC of 557.6 mV and FF of 0.737. All 
these performance parameters are much superior to that of the con-
trol cell which exhibited a PCE of 13.7%. One of the cells in the target 
group was sent to an accredited independent laboratory (National 
PV Industry Measurement and Testing Center, NPVM) for certifica-
tion. The certified PCE (J–V measurement; Fig. 5c) reached 14.9% 
(Supplementary Fig. 28), representing a substantial advancement for 

160 170 180 190 200 210

Target
Target-E-A

In
te

ns
ity

 (a
.u

.)

Raman shift (cm–1)

Control
Control-E-A

0.80 0.85 0.90 0.95 1.00 1.05

0.936 60 K

In
te

ns
ity

 (a
.u

.)

Photon energy (eV)

0.951

–200 –100 0 100 200
0

0.2

0.4

0.6

0.8
Control
Control-E
Target
Target-E

Fr
ac

tio
n 

(a
.u

.)

CPD (mV)

–76 mV

–11 mV 72 mV

–116 mV

–100 0 100 200
0

0.2

0.4

0.6

0.8
Control-E-A
Target-E-A

Fr
ac

tio
n 

(a
.u

.)

CPD (mV)

84 mV

167 mV

–116 mV

–76 mV

0.9 1.0 1.1 1.2 1.3

1.023 eV

Control
Control-E-A
Target
Target-E-A

Ab
so

rb
an

ce
 (a

.u
.)

Energy (eV)

1.007 eV

1.081 eV

1.101 eV

a b c

d e f

–7 –6 –5 –4 –3 –2

UPS

1.027 eV

Energy (eV)

In
te

ns
ity

 (a
.u

.) Bandgap

1.081 eV

0.984 eV

1.116 eV

LEIPS

Control-E-A
Target-E-A

Control
Control-E-A

Target
Target-E-A

Fig. 3 | Vacancy enhanced atomic ordering. a, CPD of the control and target 
films before and after solution etching. b, CPD of the control and target films 
after being annealed. The black dashed lines in a and b show the CPD maximum, 
and the arrows indicate the movement of CPD. c, Raman spectra acquired under 
532 nm laser excitation (detailed spectral fitting provided in Supplementary 
Fig. 22). d, UV–visible absorption spectra transformed from reflectance spectra. 
e, UPS and LEIPS spectra of the films before and after experiencing the atomic 
ordering process. The vertical dashed black lines in c indicate the Raman peak 
position. The solid lines in d represent the linear extrapolation of the UV–visible 
absorption onset used to estimate the bandgap. The estimated bandgaps are 

1.023 and 1.081 eV for the control and control-E-A films, and 1.007 and 1.101 eV for 
the target and target-E-A films, respectively. In e, the position of the valence-band 
maximum and conduction-band minimum (depicted by vertical dashed lines) 
of these samples are determined by the intersection between the background 
and the signal onset (dashed black lines). Arrows show the bandgaps of these 
samples. The bandgaps are 1.027 and 1.081 eV for the control and control-E-A 
films, and 0.984 and 1.116 eV for the target and target-E-A films, respectively. 
f, Steady-state PL spectra of the control-E-A and target-E-A films. The vertical 
dashed black lines indicate the PL peak position.

http://www.nature.com/natureenergy


Nature Energy | Volume 11 | January 2026 | 66–75 71

Article https://doi.org/10.1038/s41560-025-01902-w

emerging inorganic thin-film solar cells. The cell also exhibited excellent 
operational stability in the process, also demonstrating a steady-state  
PCE of 14.9% under maximum power point tracking (MPPT) over  
300 s (Fig. 5d).

We also fabricated 1.1 cm2-area solar cells and achieved 13.3% 
certified PCE (J–V, certification report and MPPT; Fig. 5e and 
Supplementary Figs. 29–31), outperforming the existing published 
results in this field to the best of our knowledge. The realization of 
this performance primarily benefited from high uniformity of photo-
electric properties of the cell at the centimetre scale. As the electrolu-
minescence (EL) characterization52,53 shown in Fig. 5f, the target cell 
exhibited uniform EL in the whole active region, while only part region 
of the control cell can be lit up under charge injection. Therefore, our 
vacancy strategy not only enables more efficient atomic ordering, but 
also enables this process to occur more synchronously at different 

spatial locations. These benefits make this strategy suitable to prepar-
ing larger-sized CZTSSe solar modules.

Conclusions
To address the thermodynamic and kinetic limitations associated 
with cation ordering in CZTSSe crystal materials, we have designed 
a vacancy-assisted strategy to reduce the cation exchange barrier 
for enhancing atomic exchange dynamics. By introducing atomic 
vacancies through magnesium pre-doping and solution etching 
followed by low-temperature thermal treatment, we improved the 
Cu–Zn ordering within the surface region of CZTSSe films. This 
approach suppressed surface defects and charge losses in CZTSSe 
and thus enabled us to achieve an efficiency of 14.9%. This repre-
sents a step forward in the performance of CZTSSe solar cells and 
open new opportunities for the development of inorganic thin-film 
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photovoltaics. Moreover, the atomic ordering strategy might be 
extended to other multi-elemental crystalline materials to regulate their  
atomic structure.

Methods
Materials
CuCl (99.999%, Alfa), ZnAc2 (99.99%, Aladdin), SnCl4 (99.998%, Macklin), 
AgCl (99.5%, Innochem), CdCl2 (99.99%, Aladdin), 2-methoxyethanol 
(99.8%, Aladdin), thiourea (99.99%, Aladdin, recrystallized before 
using), MgCl2 (99.9%, Aladdin), MgF2 (99.9%, Alfa), LiCl (99.9%, Alfa), 
NaCl (99.998%, Alfa), KCl (99.997%, Alfa), CaCl2 (99.99%, Innochem), 
methanol (99.9%, Innochem), Se pellets (99.999%, Zhong Nuo Advanced 
Material), CdSO4·8/3H2O (99.99%, Aladdin), ammonium chloride 
(≥99.5%, Sinopharm Chemical Reagent) and ammonia (25.0 ~ 28.0%; 
Sinopharm Chemical Reagent) were used in this work. These chemicals 
except thiourea were used directly without further purification.

Precursor-solution and film preparation
The precursor solution was prepared as follows: first, thiourea was 
dissolved in 2-methoxyethanol (MOE), followed by the addition of 
CuCl, which was then dissolved with stirring at 50 °C to yield a colour-
less solution. Subsequently, AgCl was introduced into this solution 
and stirred for 1 hour to obtain Solution 1. Secondly, the MOE was 
added to a bottle containing SnCl4 to produce a colourless solution. 

Zn(Ac)2 and CdCl2 was then dissolved in the Sn-containing solution 
to form solution 2. Thirdly, solutions 1 and 2 were mixed to give the 
final precursor solution. In the precursor solution, the concentra-
tions of metal elements and thiourea are 1.88 M and 3.20 M, respec-
tively. The molar ratio of (Ag+Cu)/(Zn+Cd+Sn), (Zn+Cd)/Sn, Ag/
(Ag+Cu), Cd/(Cd+Zn) and thiourea/metal are 0.75, 1.12, 0.10, 0.06 and  
1.7, respectively.

The kesterite precursor films were prepared by spin-coating the 
precursor solution on cleaned Mo substrates, followed by annealing on 
a 280 °C hot plate in the air. The coating and annealing procedures were 
iteratively performed to achieve a target thickness of approximately  
2 μm for the precursor films.

Surface treatment with metal chlorides or MgF2

MgCl2, LiCl, NaCl, KCl, CaCl2 and CdCl2 were dissolved in methanol 
to prepare the solution with the concentration of 2.5 to 10 mg·ml−1. 
Here, all the chloride solutions were prepared in a N2-filled glovebox. 
The solutions were magnetically stirred at room temperature until 
fully dissolved. The chloride solution at different concentrations was 
coated onto the surface of the precursor film, followed by annealing 
on a 200 °C hot plate for 1 min. Mg-containing precursor was also 
prepared by thermal evaporation of MgF2 with different thicknesses 
(3, 7, 11 and 15 nm). These films were then selenized at about 535 °C for 
about 20 min in a graphite box under N2 atmosphere using RTP furnace.
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Film surface etching and annealing
The selenized film was immersed into an ammonia aqueous solution 
bath at 70 °C (10 ml ammonia in 200 ml deionized water) for about 
12 min, aiming to remove the doped Mg in the film surface region to 
artificially introduced cation vacancies. After washing and air dry-
ing, the film was annealed at about 180 ~ 280 °C for about 60 min in a 
vacuum chamber (Ar, 0.2 Pa).

Device fabrication
CdS buffer (~50 nm), ZnO (~40 nm, sputtering power: 55 W, gas source: 
Ar, pressure: ~2 Pa) and ITO (~200 nm, sputtering power: 60 W, gas 
source: Ar, pressure: ~0.2 Pa) window layer were subsequently depos-
ited onto the CZTSSe film via CBD and magnetron sputtering, respec-
tively. The Ni (~50 nm)/Al (~2 μm) grid electrode and MgF2 antireflective 
coating (~100 nm) were then deposited through thermal evapora-
tion. The cells were separated from each other by mechanical scrib-
ing and the designed area of an individual cell is 0.28 cm2 (4 × 7 mm2; 
Supplementary Fig. 27).

Film characterization
The crystallographic structure of the films was analysed using X-ray 
diffraction obtained from a PANalytical X-ray diffractometer, employ-
ing Cu Kα radiation as the source. Raman spectroscopy was conducted 
using a LabRAM HR Evolution (HORIBA) spectrometer, with 532 nm and 
325 nm lasers as the excitation sources. LEIPS and UPS were performed 
on a multifunctional photoelectron spectrometer (AXIS ULTRA DLD). 
Elemental depth compositional profiles of films were determined by 
secondary-ion mass spectroscopy (ToF-SIMS 5, Germany ION-ToF 
GmbH). The quantitative characterization of elements is carried out 
using inductively coupled plasma optical emission spectroscopy (Agi-
lent ICP-OES 725 ES). The morphology of film was examined using SEM 
with a Hitachi S4800 instrument. The microstructure and elemental 
distribution were also measured using a JEOL-F200CF scanning trans-
mission electron microscope with an EDX system. EELS was obtained 
using a beam of an electron microscope. X-ray photoelectron spectros-
copy was executed on an ESCALAB 250Xi (Thermo Fisher Scientific) sys-
tem, where argon ion etching was applied to facilitate depth profiling. 
Both steady-state and transient PL spectra were acquired using an FLS 
900 PL spectrometer from Edinburgh Instruments, which was excited 
by a picosecond-pulsed laser operating at approximately 640 nm and 
coupled with a liquid helium cooling system. KPFM images were cap-
tured using a Multimode 9 atomic force microscope from Bruker. The 
UV–visible diffuse reflectance spectra were recorded on a Shimadzu 
UV-3600 spectrophotometer.

Device characterization
The J–V characteristics of the photovoltaic cells were measured using 
a Keithley 2601 Source Meter under simulated AM 1.5 G solar illumina-
tion at an intensity of 100 mW cm−2. Calibration was performed using 
a silicon reference cell, which was calibrated by the National Institute 
of Metrology of China. The voltage sweep ranged from −50 mV to 
600 mV at a scan rate of approximately 90 mV s−1. Cell certification 
was performed at the NPVM, confirming a certified aperture area 
of 0.2694 cm2 for the cell. All measurements were conducted under 
ambient conditions (air, 25 °C, uncontrolled humidity), with no pre-
conditioning steps before the measurements. The external quantum 
efficiency (EQE) was determined using an Enlitech QE-R system, which 
employed calibrated silicon (Si) and germanium (Ge) diodes for refer-
ence. Frequency-dependent admittance/capacitance spectra were 
acquired using a Princeton Versa STAT3 electrochemical workstation 
in the absence of illumination, with the scanning frequency ranging 
from 0.1 Hz to 106 Hz. The temperature of the cell was meticulously 
regulated by a Lakeshore TTPX low-temperature probe station. C–V 
profiles, DLCP and temperature-dependent J–V characteristics were 
all measured utilizing the Princeton Versa STAT3 electrochemical 

workstation. Modulated transient photocurrent and photovoltage 
(M-TPC/TPV) measurements were obtained by a tunable nanosecond 
laser pumped at 640 nm and recorded by a subnanosecond resolved 
digital oscilloscope (Tektronix, DPO 7104) with a sampling resistance 
of 50 Ω or 1 MΩ (refs. 49–51). EL characterization was performed using 
a vis–NIR CMOS camera (Spark-Opt, CIS-CM990) covering a spectral 
range of 400-1700 nm.

DFT calculation
All calculations were carried out under the scheme of spin-polarized 
density functional theory (DFT) using CASTEP54. Specifically, the 
exchange–correlation energy was described by the Perdew–Burke–
Ernzerhof (PBE) function55 within the framework of the generalized 
gradient approximation (GGA). The criteria for geometric conver-
gence were stringently defined, with a maximum force threshold 
of 0.03 eV/Å, an energy change ceiling of 10−5 eV/atom, a maximum 
displacement of 0.001 Å and a maximum stress of 0.5 GPa. The sam-
pling in the Brillouin zone was set with 3 × 3 × 1 by the Monkhorst– 
Pack method.

The diffusion of Cu/Zn was investigated by searching the possible 
diffusion route and identifying the migration transition state with the 
lowest diffusion energy barrier. The diffusion energy barrier is the 
energy difference between the total energies of transition state and 
the initial structure. The transition state is searched by the general-
ized synchronous transit (LST/QST) method56 implemented in the 
CASTEP code. The algorithm starts from a linear synchronous transit 
(LST) optimization and continues with a quadratic synchronous transit 
(QST) maximization process. Thereafter, the conjugate gradient (CG) 
minimization is conducted from the obtained LST/QST structure to 
refine the geometry of transition state. The LST/QST/CG calculations 
are repeated till a stable 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 main data supporting the findings of this study are available within 
the main text, Supplementary Information and source data files. Source 
data are provided with this paper.
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