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1. Introduction

Kesterite Cu2ZnSn(S,Se)4 (CZTSSe) has 
been considered as one of the most prom-
ising photovoltaic materials due to its high 
absorption coefficient, adjustable bandgap, 
stable structure, and earth-abundant, non-
toxic, and low-cost constituents.[1] Very 
recently, the power conversion efficiency 
(PCE) of CZTSSe thin-film solar cells 
has reached 13.0%,[2] but still far lower 
than Shockley–Queisser limit efficiency 
(>30%) and 23.35% efficiency of chalco-
pyrite Cu(In,Ga)Se2 solar cells.[3] Com-
prehensive investigation reveals that the 
main limitation to the performance of kes-
terite devices lies in its large open-circuit 
voltage deficit (VOC,def = (Eg/q) − VOC, q is 
the electron charge). This mainly comes 
from two aspects: one is suboptimal inter-
faces including the CdS/CZTSSe interface 
(front interface) and the CZTSSe/MoSe2 
interface (back interface), the other is a 

Aiming at a large open-circuit voltage (VOC) deficit in Cu2ZnSn(S,Se)4 
(CZTSSe) solar cells, a new and effective strategy to simultaneously regulate 
the back interface and restrain bulk defects of CZTSSe absorbers is developed 
by directly introducing a thin GeO2 layer on Mo substrates. Power conver-
sion efficiency (power-to-efficiency) as high as 13.14% with a VOC of 547 mV 
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large amount of defects in the bulk absorber.[4] Aiming at these 
issues, various methods have been developed for highly effi-
cient CZTSSe solar cells.

Interface engineering has been widely implemented to 
reduce the VOC deficit. The front interface often suffers from 
serious carrier losses caused by the unsatisfied band align-
ment or high-density interface defects related to secondary 
phases, crystal distortion, and so on.[5] For suitable band align-
ment, people attempted to directly replace CdS buffer layer by 
other materials (such as ZnCdS, In2S3),[6] insert a passivation 
layer (i.e., Al2O3) or electron-extraction layer (i.e., [6,6]-phenyl-
C61-butyric acid methyl ester) (PCBM)) between the absorber 
and the buffer,[7] or ameliorate the heterojunction property by 
etching,[8] post-heat-treatment.[1b,9] Similarly, for the back inter-
face, undesired energy band arrangement,[10] numerous voids 
and secondary phase formation between the Mo and CZTSSe, 
can easily bring about serious recombination as well as the 
lower VOC. Generally, it can be restrained to a certain extent 
by: 1) introducing a high-work-function intermediate layer (i.e., 
TiN, MoOx, and ZnO), or 2) increasing the work function of 
the contact layer with CZTSSe.[11] However, it is difficult to sig-
nificantly improve the cell performance of the whole device by 
interfacial modification alone, no matter whether for the front 
or back interfaces. At current research stage, more attention 
has been paid on how to enhance the crystal quality and reduce 
defects in the bulk CZTSSe.

To the CZTSSe layer, bandgap/potential fluctuation, sec-
ondary phases, deep-level defects, band tail states, etc., are 
mainly responsible for the lower VOC. Except for developing 
some new solvent systems for good crystalline qualities, incor-
porating foreign cations for substitution is an effective way to 
modify the properties of the kesterite itself, even film mor-
phology and interfaces.[12] For example, Cu–Zn disorder-related 
defects can be well restrained by using Li+ or Ag+ to replace 
Cu+.[13] Partial substitution of Zn2+ with Cd2+  was  reported to 
reduce Zn-related deep-level defects and band tail states, thus 
resulting in longer carrier lifetime.[14] Typically, Sn-related deep-
level defects including SnZn antisites and related [CuZn + SnZn]  
clusters, are the most deleterious to the VOC of CZTSSe devices. 
Also, Ge has been proved to be one of the most effective alter-
native elements to inhibit Sn-related deep-level defects and 
improve the carrier concentration.[15] Different Ge incorpora-
tion methods have been developed. More Ge-related works 
were based on Ge-element-involved precursor solutions (i.e., 
GeSe2, Ge granules, GeO2, GeX2 (X = Cl, Br, I)), which exhib-
ited a much better VOC.[16] Kim et al. demonstrated a Ge-alloyed 
CZTSe solar cell with 12.3% PCE based on a coevaporation 
method, in which the VOC,def was  improved by reducing the 
band tailing state and carrier recombination.[17] Neuschitzer 
et al. directly evaporated moderate Ge element on magnetron-
sputtered Cu/Sn/Cu/Zn metallic stack films and fabricated 
Ge–CZTSe solar cells with a large increase in VOC.[18] Recently, 
double cation incorporation, involving Ge (Ge/Cd, Ge/Na, or 
Ag/Ge), has also been reported, which enabled better carrier 
collection efficiency, larger depletion region width, and better 
optoelectronic properties of the CZTSSe layers.[19] Although 
obvious progress in the cell performance has been achieved, Ge 
incorporation may also bring about other interface or surface 
defect problems. It is always expected to simultaneously engi-

neer the bulk absorber and the interfaces, which could largely 
enhance VOC and reduce absorber defects to realize high effi-
ciency devices; however, no related work has been reported to 
date.

In this work, a wide-bandgap GeO2 layer has been intro-
duced on the Mo substrate by the spin-coating method for the 
first time. Ge bidirectional diffusion is found to occur simulta-
neously toward the CZTSSe absorbers and MoSe2 at back inter-
face in the selenization process. On the one hand, the CZTSSe 
grain growth is regulated, thus resulting in: i) reduced defect 
density, ii) suppressed band tailing, and iii) enhanced p-type 
doping density. On the other, a small amount of Ge is incorpo-
rated in MoSe2 to slightly enhance the work function of MoSe2, 
thereby improving carrier separation at the back interface. This 
synergistic effect on the bulk and the interface brings about 
the overall improvement in VOC, JSC, and fill factor (FF), espe-
cially the VOC with about 50 mV increased, contributing to the 
VOC/VOC

SQ of 63.1%. Up to 13.14% PCE has been achieved with 
the VOC of 547 mV for the champion device, which presents a 
certified efficiency of 12.8% (aperture area: 0.25667 cm2). Our 
work provides a new easy-handling synergistic modification 
method toward the bulk absorber and the back interface by the 
aid of bidirectional Ge diffusion for highly efficiency CZTSSe 
solar cells.

2. Results and Discussion

GeO2 is an air and moisture stable semiconductor material 
with bandgap of ≈5.7 eV, however, it is almost insoluble in most 
solvents.[20] In this work, GeO2  was  dissolved in ethanediol/
ammonia mixed solvent to afford a GeO2 precursor solution, 
which  was  spin-coated on Mo substrates in the air, followed 
by annealing at 300 °C to give a uniform layer. Typical Fourier 
transform infrared (FT-IR) absorption peaks centered at 858 
and 572 cm−1, are attributed to the stretching vibration νGeO 
and bending vibration γGeOGe, respectively, confirming the 
existence of the GeO2 (Figure S1a, Supporting Information).[21] 
In addition, X-ray photoelectron spectroscopy (XPS) also dem-
onstrates the Ge valence state of +4 in the GeO2 film with two 
peaks at 1220 and 1255  eV assigned to the Ge2p core levels 
and a peak at 532 eV to the O1s core level, respectively (Figure 
S1b, Supporting Information).[22] Remarkably, this GeO2 film is 
easily dissolved in water and hydrochloric acid, and no X-ray 
diffraction (XRD) patterns of the GeO2 are found as well, thus 
suggesting that the GeO2 film is in an amorphous state.[23] The 
GeO2 film thickness is determined by its concentration, which 
is labeled as n-GeO2 (n represents the GeO2 concentration  
(g mL−1), n = 0, 0.04, 0.07, 0.10, and 0.13). A Sn4+–dimethyl sul-
foxide (DMSO) solution system was directly spin-coated on the 
top of GeO2 layer to afford CZTS precursor films, followed by 
selenization to give CZTSSe absorbers, which were defined as 
CZTSSe–n-GeO2.[1c] The selenization process was performed in 
the rapid heating furnace, where the furnace  was  first heated 
to 350 °C in 1 min and held for 5 min, then raised to 545 °C 
in 5 min and kept for 20 min, finally cooled down naturally to 
room temperature.

These selenized films with different amounts of GeO2 were 
fabricated into solar cells with a configuration of soda–lime 
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glass (SLG)/Mo/GeO2/CZTSSe/CdS/ZnO/ITO (In2O3:Sn)/
nickel (Ni)/aluminum (Al) (Figure  1a). In this work, the PCE 
represents the total area (0.28 cm2 in our lab) efficiency and all 
devices were coated by a MgF2 antireflection layer. According 
to statistical results of photovoltaic parameters, with the 
GeO2 concentration increasing, similar variation tendency of 
the four parameters (JSC, VOC, FF, and PCE) is found to be 
first increasing from 0-GeO2 to the highest (0.07-GeO2), then 
decreasing (Figure S2 and Table S1, Supporting Information). 
Especially for the VOC, the device based on the CZTSSe–
0.07-GeO2 gives the maximum VOC of 547.2  mV with the 
average VOC of 537.1 mV, much higher than those of the GeO2-
free one, well consistent with previous reports.[15b,17] Besides, 
the highest FF of 0.704 is obtained for the CZTSSe–0.07-GeO2-
based device, whereas the FF of CZTSSe–0.13-GeO2-based 
device drops to ≈0.50. Therefore, the CZTSSe–0.07-GeO2-based 
device presents the highest average PCE of 12.7%. J–V curves 
of the best CZTSSe–0-GeO2 and CZTSSe–0.07-GeO2-based 
devices are presented in Figure 1b. For the best control group, 
11.33% PCE is obtained with the JSC of 33.6 mA cm−2, the VOC 
of 496.1 mV, and the FF of 0.68. The PCE of the CZTSSe–0.07-
GeO2-based device is enhanced to 13.14% with the JSC, VOC, and 
FF of 34.3 mA cm−2, 547.2 mV, and 0.70, respectively. Obviously, 
Ge incorporation is mainly beneficial for the VOC enhancement 
as well as the JSC slightly improved. Relatively higher VOC and 
better FF of the CZTSSe–0.07-GeO2-based device are also in 
good agreement with its relatively larger shunt resistance (Rsh) 
and much lower reverse saturation current (J0) (Table S2, Sup-
porting Information). As we know, for a heterojunction solar 
cell, the ideality factor reflects the quality of the junction and 
carrier recombination property.[24] Here, the ideality factor (A) 

of the CZTSSe–0.07-GeO2-based device (A  = 1.60) is smaller 
than that of CZTSSe–0.07-GeO2-based device (A  = 1.81), sug-
gesting that the trap-assisted recombination can be significantly 
suppressed as well. On this basis, the certified PCE of 12.8% 
(certified mask area: 0.25667 cm2) is obtained with the JSC, VOC, 
FF of 35.3  mA cm−2, 526  mV, and 0.69, respectively, which is 
one of the highest results among Ge-involved devices as well as 
CZTSSe devices (Figure S3, Supporting Information).

According to external quantum efficiency (EQE) spectra in 
Figure  1c, in comparison with the control group, the EQE of 
the CZTSSe–0.07-GeO2 device is almost unaffected in the wave-
length region 300–600 nm, but remarkedly higher in the longer 
wavelength range. This discrepancy in the EQE demonstrates 
that, carrier collection ability has been enhanced within the 
absorber after Ge doping.[25] Urbach energy (EU) is estimated 
from EQE spectra to be 24.2 and 22.7 meV for the control and 
CZTSSe–0.07-GeO2 samples, respectively (Figure  1d). Lower 
EU is crucial to realize a low VOC,def and high photovoltaic 
performance, just in line with our cell performance.[26] In 
fact, the bandgaps (Eg) of the CZTSSe–0-GeO2 (1.108  eV) and 
CZTSSe–0.07-GeO2 samples (1.110  eV) are almost unchanged, 
which is estimated from EQE spectra (Figure  1b). Therefore, 
unlike other Ge doping/alloying work, the increase in VOC is 
basically not related to the bandgap, but entirely derived from 
the reduction in VOC, def. According to the equation VOC

SQ  = 
(0.932×Eg) − 0.167, the VOC/VOC

SQ is estimated to be 63.1% for 
the CZTSSe–0.07-GeO2 device, higher than that of other Ge-
involved devices.[27]

In order to understand the influence of GeO2 incorpora-
tion on the VOC,def, Ge distribution in the bulk CZTSSe or 
MoSe2 layer is first investigated. According to XRD patterns, 
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Figure 1. a) Schematic structure of the Cu2ZnSn(S,Se)4 device with GeO2 layer derived from spin-coating GeO2 precursor solutions. b) J–V curves and 
c) EQE spectra and their derivatives of CZTSSe–0-GeO2 and CZTSSe–0.07-GeO2 samples. d) Urbach energy of CZTSSe–0-GeO2 and CZTSSe–0.07-GeO2 
absorbers from EQE spectra.
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no impurity is found in CZTSSe films, no matter if the GeO2 
is involved or not (Figure  2a). With the GeO2 concentration 
gradually increasing (0, 0.07 to 0.13), the characteristic (112) 
diffraction peak assigned to the CZTSSe is slightly shifted to 
higher angles, indicating that the Ge4+ with a smaller radius 
(0.39 Å) enters the absorber layer to substitute Sn4+ (0.55 Å).[28] 
Raman spectra also indicate all the GeO2-incorporated sam-
ples have kesterite structure without secondary phases detect-
able (Figure  2b).[29] It is just because a little Ge4+ is doped 
into CZTSSe absorber (from the XRD result), the bandgap is 
slightly increased, thus leading to the JSC drop appropriately, 
especially for CZTSSe–0.13-GeO2 sample. Besides, to selenized 

Mo–n-GeO2 samples (representing GeO2 layer on Mo sub-
strates), XRD peak of the MoSe2 at ≈31.7° is found to be slightly 
shifted to larger angles for the MoSe2–0.13-GeO2 in comparison 
with the MoSe2–0-GeO2 sample, suggesting that appropriate 
Ge4+ can diffuse down to the MoSe2 while being selenized 
(Figure  2c). Scanning electron microscopy with energy-disper-
sive X-ray spectroscopy (SEM EDS) mapping also indicates the 
existence of Ge element in both MoSe2 and CZTSSe absorber 
(Figure S4, Supporting Information). Also, the Ge distribution 
has been further investigated by XPS. When the two samples, 
MoSe2–0.07-GeO2 and CZTSSe–0.07-GeO2 films, were argon 
etched about 100 nm depth, XPS peaks assigned to Ge2p core 
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Figure 2. a) XRD patterns of CZTSSe–n-GeO2 films, and expanded (112) peak. b) Raman spectra of CZTSSe-n films. c) XRD patterns of MoSe2–n-GeO2 
samples, and their peaks at ≈31.7°. d) XPS core level spectra for MoSe2–0.07-GeO2 sample before and after argon etching, and CZTSSe–0.07-GeO2 film 
after argon etching with Ge2p elements. e) Top-view SEM images and cross-sectional SEM images of CZTSSe–n-GeO2 films.
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level can still be found with no obvious peak position shifted 
(Figure 2d). It is thus concluded that the Ge element is indeed 
bidirectionally diffused down into MoSe2 and up into CZTSSe 
absorber. The Ge/(Ge+Sn) ratios are estimated by X-ray fluores-
cence (XRF) spectra to estimate the Ge amounts in CZTSSe–
n-GeO2 (n  = 0, 0.04, 0.07, 0.10, 0.13) films, which is basically 
in good accordance with the original feeding ratios (Table S3, 
Supporting Information).

According to SEM images in Figure 2e, all the CZTSSe–n-GeO2  
films have bilayer structure composed of top and bottom large 
grains, and top grains are obviously larger than the bottom 
ones.[30] In addition, CZTSSe grains with a few micrometers in 
size are densely packed to give smooth CZTSSe–n-GeO2 films 
except for the CZTSSe–0.13-GeO2 film with a few voids, which 
may be leakage paths unfavorable for the cell performance. For 
the CZTSSe–0-GeO2 film, some cracks are clearly observed 
between the CZTSSe layer and MoSe2 layer, however, this situ-
ation can be significantly improved when the GeO2 is involved, 
suggesting that the introduction of GeO2 can improve the back 
contact, in good accordance with the better FF of the devices. It 
is noteworthy that, however, for the CZTSSe–0.13-GeO2 film, a 
very thin layer appears between the CZTSSe grains and MoSe2 
layer (Figure S5, Supporting Information) accompanied with 
an abnormal Raman peak at 1300–1700 cm−1, which is assigned 
to carbon, based on our previous work (Figure S6, Supporting 
Information).[31] It is thus supposed that with higher GeO2 con-
centration, the interaction between the ethanediol and Ge4+ 
may prevent the solvent completely removed under the same 
selenization condition, thus leaving a thin carbon layer. This 

carbon layer may cause larger series resistance, thereby deterio-
rating device performance.

In order to figure out the impact of Ge doping on carrier 
recombination and transportation properties of absorber layers, 
temperature-dependent steady-state photoluminescence (TPL) 
spectra are obtained in the temperature range from 20 to 140 K  
(Figure S7, Supporting Information). We can see that, the PL 
emission peak is redshifted with the temperature increasing. 
Based on carrier recombination mechanism, the relation-
ship between the PL intensity and the temperature is given as 
below[32]
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where I0 is the PL intensity at the lowest temperature, A1 and 
A2 are fitting parameters, Ea1 and Ea2 represent the activation 
energy of PL quenching due to thermally activated nonradia-
tive transitions, and K is the Boltzmann constant. By fitting 
the PL intensity with biexponential mode, the Ea1 and Ea2 of 
the CZTSSe–0.07-GeO2 absorber are estimated to be 29 and 
100 meV, respectively, much higher than those of the control 
group (15 and 69 meV) (Figure 3a). Relatively higher Ea implies 
that nonradiative recombination can be well suppressed by Ge 
doping in the absorber, thus leading to less carrier loss.

Furthermore, charge-transport dynamics of CZTSSe–0-GeO2 
and CZTSSe–0.07-GeO2 solar cells has been investigated by 
electrical transient technique (Figure  3b,c and Figure S8a,b 
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Figure 3. Defect and recombination property characterization of CZTSSe–0-GeO2 and CZTSSe–0.07-GeO2-based devices: a) Ea estimated from TPL 
spectra; b,c) voltage-dependent TPC spectra of CZTSSe–0-GeO2-based (b) and CZTSSe–0.07-GeO2-based (c) samples; d) ηc and ηext obtained from 
TPC and TPV; e) defect densities derived from admittance spectra; f) DLCP results.
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(Supporting Information)).[33] In terms of voltage-dependent 
transient photocurrent (TPC)/transient photovoltage (TPV) 
spectra, TPC decay time (τTPC) and TPV recombination life-
time (τTPV) are obtained by fitting these decay curves based on 
a single exponential mode (Figure S8c,d, Supporting Informa-
tion). When the bias voltage is less than 400 mV, photocurrent 
variation tendency of the two cells is quite similar with a slight 
discrepancy. However, to the CZTSSe–0-GeO2-based device, 
when the applied bias is equal to or higher than 400  mV, a 
negative TPC signal appears and this signal intensity gradually 
increases with the bias voltage increasing. This negative signal 
is supposed to be mainly related to the electron reverse trans-
mission from the CZTSSe absorber to the bottom layer, which 
usually occurs in the perovskite solar cell without hole trans-
portation layer.[34] Instead, this phenomenon is not observed in 
the CZTSSe–0.07-GeO2-based device even under higher bias 
voltages, demonstrating that photoinduced electrons can be 
efficiently extracted into the front interface due to the improve-
ment of the energy band bending at the back. In addition, the 
charge collection efficiency (ηc) calculated from the equation: 
ηc(V) = 1 − (τTPC(V)/τTPV(V)), is slightly improved at a higher 
bias voltage, compared to control group, reflecting the perfor-
mance of the electrode, the absorber (metal–semiconductor 
contact) and interfacial recombination (Figure 3d).[33] This sug-
gests that the interfacial contact is improved when the Ge4+ is 
involved. Internal quantum efficiency (IQE) is also obtained 
by using the equation: IQE(V) = Q(V)/Q(−1 V), where Q(V) is 
the integral charge (Figure S8c, Supporting Information). In 
comparison to CZTSSe–0-GeO2-based device, CZTSSe–0.07-
GeO2-based device exhibits significantly higher IQE, suggesting 
faster and more efficient carrier transportation. Addition-
ally, the charge-extraction efficiency (ηext) derived from ηext  = 
IQE(V)/ηc(V) has also been significantly improved (Figure 3d). 
This further confirms that defects in the bulk Ge-doped 
CZTSSe can be reduced and the recombination is suppressed 
as well. The bulk defect state densities (Nt) are derived from fit-
ting the ηext by Equation (2)[33]

( ) 1
4

expext
th t

2

B

1

V
N

D

L eV

Ak T
η σν

π
= + 





















−

 (2)

where e is the elementary charge, kB is the Boltzmann con-
stant, T is the temperature (300 K), L is the thickness of the 
CZTSSe absorber (800 nm determined by Profile-system), vth is 
the thermal velocity calculated from the carrier effective mass 
(m*  = 0.1m0, m0 is the electron inertia mass),[35] D is carrier 
diffusion coefficient (1.43 cm2 s−1),[36] σ is the charge capture 
cross-section (1.56 × 10−17 cm2),[37] Nt is the defect density, and 
A is a fitting factor. The Nt is estimated to 8.16 × 1015 and 5.73 ×  
1014 cm−3 for CZTSSe–0-GeO2-based and CZTSSe–0.07-GeO2-
based devices.[38] Obviously, Ge incorporation can bring the 
bulk defects (possible Sn-related deep-level defects) greatly 
reduced, an order of magnitude less than the former, which 
will remarkably reduce nonradiative recombination.

To find defect energy levels in the absorber layer, thermal 
admittance spectroscopy (TAS) analysis has been conducted 
to extract the native defect state information by identi-
fying junction capacitance. Here, a series of TAS spectra for 

CZTSSe–0-GeO2- and CZTSSe–0.07-GeO2-based devices were 
obtained from 100 to 260 K with a step of 20 K (Figure S9, 
Supporting Information). The characteristic transition angular 
frequency (ω0) is extracted from the derivative of the capaci-
tance–frequency spectrum, and defect activation energy (Et) is 
deduced according to Arrhenius plots of ln(ω0/T2) versus 1/T. 
We can see that, when Ge is introduced, Et of the absorber 
is reduced from 156.9 to 112.3 meV (Figure S10, Supporting 
Information). Based on previous work, defects with the acti-
vation energy in the range of 0.13–0.2  eV can be assigned to 
CuZn defects.[37,39] The shallow CuZn defect state in the absorber 
is found in these two devices, but much shallower in the 
CZTSSe–0.07-GeO2. That is, to the Ge-involved device, its inte-
grated defect state density is reduced from 3.73 × 1015 (control 
group) to 2.19 × 1015 cm−3 (Figure 3e). This reduction of defect 
state densities is supposed to be attributed to stable growth con-
dition owing to cation incorporation.[17,38] As we know, CuZn-
related defect cluster [2CuZn+SnZn] is the culprit of the band 
tailing. It is thus supposed that Ge incorporation can effectively 
suppress the formation of the band tailing, consistent with its 
relatively smaller EU.[40]

Defect and recombination properties of the two absorbers 
have also been explored by drive-level capacitance profiling 
(DLCP) of related CZTSSe devices. As can be seen in Figure 3f, 
when the Ge is involved, free carrier concentration (NDL) within 
the absorber increases from 4.42 × 1015 to 6.27 × 1015 cm−3 
under high frequency (300 kHz) and zero bias, which is mainly 
due to the strong interaction between Ge4+ and Na+ during 
the absorber crystal growth.[25] Further explanation about the 
Ge4+/Na+ interaction will be given later. As is widely known, 
the difference of carrier concentrations between low and high 
frequencies reflects bulk defect concentration.[41] Accordingly, 
bulk defect densities are calculated to be 1.44 × 1015 and 6.74 ×  
1014 cm−3 for CZTSSe–0-GeO2- and CTZSSe–0.07-GeO2-based 
absorbers, respectively, in good agreement with TPC/TPV 
results. Furthermore, according to Kelvin probe force micro-
scope (KPFM) images, the CZTSSe–0.07-GeO2-based absorber 
exhibits lower surface Fermi level, indicating its higher free 
carrier concentration, in good accordance with the above DLCP 
results (Figure S11, Supporting Information). As we know, to 
p-type materials, relatively lower Fermi level could make the 
quasi-Fermi level offset more significant while forming a p–n 
junction, thus resulting in a larger band bending, higher VOC 
and better cell performance as well.

Based on the above researches, Ge incorporation indeed 
can reduce defects and the band tailing of the bulk CZTSSe 
absorber, all of which is related to GeO2-involved crystalliza-
tion process. First, the Ge distribution in the absorber has 
been evaluated as well as the variation tendency during sele-
nization, the CZTSSe–0-GeO2 and CZTSSe–0.07-GeO2 films 
are selected for subsequent scanning transmission electron 
microscopy (STEM)–EDS mapping investigation. Composi-
tional variations of CZTSSe films and elemental distribution 
are shown in Figure 4a–d, especially for Ge and O (other ele-
mental distribution is given in Figure S12 in the Supporting 
Information). Here, two selenization temperatures (350 and 
545  °C) are adopted, and CZTSSe–0.07-GeO2 absorbers sele-
nized over different times labeled as 350  °C-5, 545  °C-10, and 
545 °C-20 (i.e., 545 °C-20 representing as selenization at 545 °C 
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for 20 min), respectively, represents the evolutionary change of 
Ge and O distribution in the whole selenization process. For 
comparison, the CZTSSe–0-GeO2 absorber at its final seleni-
zation state (545  °C-20) is also given. There is no obvious Ge 
and O signals in the CZTSSe–0-GeO2 sample (Figure 4a), how-
ever, to the CZTSSe–0.07-GeO2 sample, the contrast between 
light and shade can be clearly seen under different selenization 
conditions (Figure  4b–d). For the 350  °C-5 sample, Ge and O 
are mainly concentrated at the bottom of the precursor film, 
suggesting that Ge element has not diffused at this moment. 
When selenized at 545 °C for 10 min (545 °C-10 sample), Ge has 
already distributed evenly in the whole absorber, whereas the 
O is mainly concentrated in the unconsumed precursor film. 
Further extending selenization time to 20 min (545 °C-20), no 
obvious change in Ge distribution is found and the O element 
distribution is mainly in the bottom part (between the bottom 
of large grain layer and the top of MoSe2 layer) of the CZTSSe 
absorber, which is confirmed by the secondary-ion mass spec-
trum (SIMS) in Figure S13 (Supporting Information). Compo-
sitional ratios are estimated by single-point measurement in 
Table S4 (Supporting Information). Four representative posi-

tions (P1, P2, P3, and P4) are selected from CZTSSe–0-GeO2 
and CZTSSe–0.07-GeO2 samples, respectively. P1/P3 and P2/P4 
are located in MoSe2 layer and at the intersection between the 
up and bottom large grains, respectively. We can see that, to 
the CZTSSe–0.07-GeO2 sample, Ge element can be detectable 
in MoSe2 layer although the amount is very small, whereas no 
Ge element is detectable in the CZTSS–0-GeO2 sample. As the 
GeO2 is employed as the Ge source, it is necessary to consider 
the possible role of the O element. Referring previous work, a 
possible explanation is given as: 1) deep S2 gap states may be 
eliminated by breaking Se3Se4 wrong bond to give the OSe, 
thereby improving device performance;[42] 2) the O may com-
bine with Ge or Sn to form very small amounts of GeOx and 
SnOx nanoinclusions, which act as electron back reflectors to 
enhance the VOC of the devices.[43]

To further investigate the influence of GeO2 on crystallization 
process, the 545  °C selenization process of CZTSSe–0-GeO2 
and CZTSSe–0.07-GeO2 samples has been interrupted at dif-
ferent stages to monitor the crystallization progress (Figure 4e). 
Cross-sectional SEM images tell us that, at the beginning of the 
selenization, the two samples present a three-layer structure  
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Figure 4. STEM–EDS mapping of Ge and O elements from CZTSSe–0-GeO2 and CZTSSe–0.07-GeO2 films: a) CZTSSe–0-GeO2 film at 545 °C-2000;  
b) CZTSSe–0.07-GeO2 film at 350 °C-5; c) CZTSSe–0.07-GeO2 film at 545 °C-10; d) CZTSSe–0.07-GeO2 film at 545 °C-20. e) Cross-sectional SEM images 
of CZTSSe–0-GeO2 and CZTSSe–0.07-GeO2 samples selenized at 545 °C for 2, 5, 15, and 20 min.



© 2022 Wiley-VCH GmbH2202858 (8 of 11)

www.advmat.dewww.advancedsciencenews.com

consisting of the upper large CZTSSe grain layer, the interme-
diate small grain layer, and the bottom large grain layer. After 
2 min selenization, the upper layer thickness is about several 
hundred nanometers for the two samples, and similar thickness 
is also observed for the bottom and the middle layers. In the 
meantime, the MoSe2 is formed beneath the bottom layer. Fur-
ther extending the selenization time to 5 min, the upper grains 
of the two samples get larger, while the MoSe2 layers become 
thicker as well, however, the intermediate layer thickness of the 
CZTSSe–0.07-GeO2 is about half of that of the CZTSSe–0-GeO2. 
When being selenized over 15 min, the MoSe2 layer thickness 
does not change anymore, in the meantime, the intermediate 
layer of CZTSSe–0.07-GeO2 sample has already been consumed 
completely to reach the final state, however, its small grain layer 
is still left for the CZTSSe–0-GeO2 sample, while the bottom 
layer is getting thicker. Obviously, Ge incorporation into the 
absorber can promote the crystallization rate mainly due to 
the formation of Ge–Se liquid flux in selenization process.[12] 
For the CZTSSe–0-GeO2 sample, continuous extending seleni-
zation time to 20  min can also bring about the final double-
layer large grains CZTSSe film without small grains layer any-
more, however, for the CZTSSe–0.07-GeO2 sample, no more 
change can be found. In addition, under the same seleniza-
tion time, crystalline grains of the CZTSSe–0.07-GeO2 sample 
look smoother and rounder than those of the CZTSSe–0-GeO2 

sample, which is beneficial for the cell performance.[44] Finally, 
the evolution of these crystal growth processes is also demon-
strated by XRD and Raman spectra. The characteristic (112) 
kesterite peak of the two samples is gradually left-shifted with 
the Se gradually replacing the S over the selenization time, and 
full width at half maxima is reduced as well. Similar variation 
tendency of Raman spectra is also exhibited (Figure S14, Sup-
porting Information). Of course, the (112) peak position of the 
CZTSSe–0-GeO2 and CZTSSe–0.07-GeO2 films is also slightly 
different (Figure S14, Supporting Information).

The influence of Ge incorporation on the crystallization and 
growth processes of the absorber is thus suggested. As shown 
in Figure 5a, for the CZTSSe–0-GeO2 sample, the reaction path 
is basically the same as reported in the literature.[1c,30a] That 
is, the amorphous CZTS precursor film directly converts to 
CZTSSe (so-called small grain layer) by Se substitution reac-
tion at very early selenization stage. With the selenization time 
extending, the grains become larger both on the top and at the 
bottom, while the small grain layer is continuously consumed. 
To CZTSSe–0.07-GeO2 sample, in its early selenization stage 
(<2 min), Ge only diffuses upward but does not participate the 
selenization reaction, thus leading to no obvious difference 
from the non-GeO2 sample. When the selenization continues 
over times, upwardly diffusing Ge starts to merge with the 
downwardly diffusing Se to form the Ge–Se liquid flux, which 
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Figure 5. a) Schematic diagrams of CZTSSe crystallization and growth processes without (up) and with GeO2 (down). b,c) Surface potentials of MoSe2–
0-GeO2-based (b) and MoSe2–0.07-GeO2-based (c) samples and d) average contact potential difference.
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will facilitate mass transport in the absorber. Therefore, in the 
middle and final selenization stages, the crystallization process 
is significantly accelerated, in the meantime, surface agglom-
eration and some cracks or holes can also be avoided. Eventu-
ally, the Ge distributes evenly in the whole absorber layer and 
the MoSe2, whereas the O tends to be enriched at the bottom. 
Besides, it is supposed that this Ge–Se liquid flux could also 
dissolve Na-related liquid compounds (i.e., Na2Sex), thus facil-
itating more Na diffusion from the SLG in the absorber and 
effectively increasing free carrier concentration (NDL) as DLCP 
result presented.

Ge4+ also diffuses into the MoSe2 based on STEM and SIMS 
results. KPFM images of the two selenized Mo–n-GeO2 sam-
ples have been employed to further explore the effect of Ge4+ 
on the work function (WF) of the MoSe2 layer. As shown in 
Figure  5b,c, the contact potential difference (CPD) distribu-
tion of the MoSe2–0-GeO2-based sample ranges from −135 to 
−60  mV, whereas the MoSe2–0.07-GeO2-based sample ranges 
from −400 to −200 mV, their average CPD is −104 and −304 mV, 
respectively, as shown in Figure  5d. The higher CPD means 
higher Fermi level and lower WF. Obviously, the introduction 
of GeO2 can significantly increase the WF of MoSe2 by about 
200 meV, which mainly comes from Ge4+ instead of O. How-
ever, the WF of MoSe2 in the CZTSSe-0.07 selenization film 
is not as high as that of MoSe2 obtained by direct selenization 
toward spin-coating GeO2 on Mo glass, because Ge bidirec-
tional diffusion of the CZTSSe–0.07-GeO2 film will bring about 
relatively lower amount of Ge distributed in the MoSe2 side. 
This improvement in the WF of MoSe2 is conducive to a larger 
energy band upward bending in the CZTSSe absorber, just like 
an electron barrier, which can help to separate carriers and 
reduce back recombination, therefore contributing to a higher 
VOC and JSC.

3. Conclusion

A convenient and effective approach has been developed to 
simultaneously engineer back interface and bulk defects in 
the CZTSSe absorber by introducing a GeO2 layer on Mo sub-
strates for the first time. Up to 13.14% PCE with the VOC of 
547  mV has been achieved for the champion CZTSSe device 
based on an optimal GeO2 concentration, which can exhibit a 
certified efficiency of 12.8% (aperture area: 0.25667 cm2). Fur-
ther investigation reveals that, bidirectional diffusion simulta-
neously occurs upward to the CZTSSe absorber and downward 
to MoSe2 layer while being selenized. That is, in high tempera-
ture selenization process, a part of Ge element diffuses to the 
absorber to combine with Se to form Ge–Se liquid fluxing to 
promote the nucleation and grain growth, resulting in much 
flatter CZTSSe films with fewer voids. In addition, bulk defects 
as well as band tailing are remarkably restrained while the hole 
concentration is increased, thus achieving less recombination 
and better Fermi level splitting. In the meantime, another part 
of Ge diffuses into MoSe2 layer to increase the work function 
of MoSe2, which could be an electron barrier at the back inter-
face to suppress the recombination of photogenerated carriers. 
As a consequence, the VOC/VOC

SQ of the device is 63.1%, which 
is the lowest VOC,def among all Ge-doped kesterite solar cells 

reported so far. This work provides a new idea and an easy-han-
dling method of bidirectional doping to simultaneously modify 
bulk defects and back interface for high efficiency kesterite 
solar cells.

4. Experimental Section
Reagents and Materials: GeO2 powders (99.99%, Aladdin), ethylene 

glycol (99%, Innochem), ammonia solution (25–28%, Sinopharm 
Chemical Reagent Co., Ltd.), thiourea (99%, Alfa), DMSO (98%, 
Alfa), AgCl (99.5%, Innochem), CuCl (99.99%, Alfa), SnCl4 (99.998%, 
Macklin), Zn(Ac)2 (99.99%, Aladdin). All the chemicals were used 
directly without further purification. SLG  was  bought from Luoyang 
Shangzhuo Technology Co., Ltd.

GeO2 Film Preparation: GeO2 powders with different masses (0.6, 
1.05, 1.5, 1.95 g) were dissolved in a mixed solvent of 10 mL of ethylene 
glycol and 5  mL of ammonia solution, and stirred vigorously for 1 h 
to obtain clear GeO2 solution with concentrations of 0.04, 0.07, 0.10, 
and 0.13  g mL−1, respectively. The GeO2 solution  was  spin-coated on 
precleaned Mo substrates at 4200 rpm for 40 s, then annealing on a hot 
plate at 300 °C for 10 s. A thin GeO2 layer was finally obtained.

CZTSSe Precursor Film Preparation: First, 7.311 g  thiourea was added 
into Vial 1 containing 15  mL DMSO, and stirred until dissolved. Then, 
0.345 g AgCl, 2.16 g CuCl were successively added into Vial 1, stirred till 
completely dissolved. Second, 15 mL DMSO was injected into the Vial 2 
containing 3.963 g SnCl4 under stirring. Then, 3.126 g Zn(Ac)2 was added 
into the SnCl4–DMSO suspension till dissolved completely. Finally, 
the solution in Vial 2 was poured into Vial 1 to obtain nearly colorless 
precursor solution. All the above steps were carried out in a N2-filled 
glove box.

The filtered precursor solution  was  spin-coated onto a precleaned 
Mo substrate or GeO2-coated Mo substrate by a two-step spin-coating 
method at 500 rpm for 3 s and another 2000 rpm for 42 s, followed by 
annealing on a hot plate at 300  °C for 1  min. This coating–annealing 
process  was  repeated 7 times to give a precursor film with ≈1.6  µm 
thickness. Then, precursor films were placed in a graphite box containing 
Se particles and selenized in a rapid heating tube furnace. The detailed 
selenization condition was as followed: the temperature was first raised 
to 350  °C within 1  min and maintained for 5  min, then continuously 
raised to a higher temperature of 545 °C in 5 min and held for 20 min. 
The whole selenization process  was  performed under one atmosphere 
with N2 flow of 80 sccm.

CZTSSe Device Fabrication: A 40–50  nm thickness CdS buffer 
layer  was  deposited on the top of selenization films by the chemical 
bath deposition method, followed by radio frequency sputtering to 
deposit i-ZnO and ITO as a window layer. Ni and Al were deposited 
by thermal evaporation to complete the whole device. Finally, a MgF2 
layer  was  thermally evaporated as the antireflection coating, unless 
specified.

Film Characterization: Fourier transform infrared (FT-IR) absorption 
spectra were obtained on an FT-IR spectrometer (Bruker, TENSOR 
27). XPS measurement was carried out on an ESCALAB 250Xi (Themo 
Fisher) instrument, and ≈100  nm depth XPS  was  also obtained by 
argon etching for 1000 s. XRD patterns were collected by using an X-ray 
diffractometer with Cu Ka as the radiation source (Empyrean, PANaltcal). 
Raman spectra were carried out on Raman spectrometer (Lab-RAM 
HR Evolution, HORIBA) by using 532 nm laser diode as the excitation 
source. SEM images were measured on a Hitachi S4800 SEM using 10 kV 
power. The microstructure and elemental distribution of the selenization 
films were measured by a JEOL-F200CF STEM equipped with an EDS 
system. Elemental depth compositional profiles of the absorber were 
determined by secondary-ion mass spectroscopy (TOF-SIMS 5, Germany 
ION-TOF GmbH). For comparison, an Ar+ beam with an impact energy 
of 20  keV and a beam current of 5 nA  was  used as the excitation 
source. Elemental atom ratios were determined by an energy-dispersive 
XRF spectrometer (EDX-7000, Shimadzu). Temperature-dependent  
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steady-state PL spectra were obtained on PL spectrometer, FLS 900, 
Edinburgh Instruments, excited with a picosecond-pulsed diode laser 
(EPL-445) with the wavelength of 638.2  nm and measured at 730  nm 
after excitation while cooling down with liquid nitrogen. KPFM images 
were obtained on an atomic force microscope (Multimode 9, Bruker).

Device Characterization: The current density–voltage (J–V) curves 
were recorded on Keithley 2400 Source Meter under simulated AM 1.5 
sunlight at 100 mW cm−2 calibrated with a Si reference cell (calibrated by 
the National Institute of Metrology (NIM)). The 12.8%-efficiency device 
with aperture area of 0.25667 cm−2 was independently certified by NIM, 
China. EQE was measured by Enlitech QE-R test system using calibrated 
Si and Ge diodes as references. Admittance spectra were recorded on 
an electrochemical workstation (Versa STAT3, Princeton) at temperature 
from 100 to 275 K in the dark with the scanning frequency from 1 and 
106  Hz. The DLCP  was  measured on an electrochemical workstation 
(Versa STAT3, Princeton) by using 11 and 300  kHz AC excitation with 
amplitude from 10 to 100  mV and with DC bias from 0 to −0.4  V. 
Modulated transient photocurrent and photovoltage measurements 
were obtained by our lab-made setup, in which the cell was excited by 
a tunable nanosecond laser pumped at 532 nm and recorded by a sub-
nanosecond resolved digital oscilloscope (Tektronix, DPO 7104) with a 
sampling resistance of 50 Ω or 1 MΩ.

Statistical Analysis: Statistical analysis  was  based on the parameters 
(PCE, VOC, JSC, FF) of 15 devices under the same testing condition 
(i.e., in the air, room temperature). All data were presented as mean ±  
standard error of the mean. The sample size (n) for each statistical 
analysis  was  the same with the total area (0.28 cm2) for the device 
efficiency measurement. Data were analyzed and processed by Origin 
software.
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