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The kesterite Cu2ZnSn(S,Se)4 (CZTSSe) solar cells have yielded a prospective conversion efficiency among all thin-
film photovoltaic technology. However, its further development is still hindered by the lower open-circuit voltage (Voc), and
the non-ideal bandgap of the absorber is an important factor affecting this issue. The substitution of Sn with Ge provides a
unique ability to engineer the bandgap of the absorber film. Herein, a simple precursor solution approach was successfully
developed to fabricate Cu2Zn(SnyGe1−y)(SxSe1−x)4 (CZTGSSe) solar cells. By precisely adjusting the Ge content in a
small range, the Voc and Jsc are enhanced simultaneously. Benefitting from the optimized bandgap and the maintained
spike structure and light absorption, the 10% Ge/(Ge+Sn) content device with a bandgap of approximately 1.1 eV yields
the highest efficiency of 9.36%. This further indicates that a precisely controlled Ge content could further improve the cell
performance for efficient CZTGSSe solar cells.

Keywords: Cu2ZnSn(S,Se)4, solar cells, Ge substitution, bandgap
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1. Introduction

As a promising material for the next-generation thin-
film solar cells, Cu(In,Ga)Se2 (CIGS) has received great at-
tention owing to its earth-abundant components, low toxic-
ity, high adsorption coefficient, good stability, etc.[1] How-
ever, owing to the scarcity of In and Ga, the large-scale
utilization of CIGS remains challenging. The substitution
of In and Ga with earth-abundant Zn and Sn to prepare
Cu2ZnSn(SxSe1−x)4 (CZTSSe) has emerged as an attractive
strategy toward the practical application of thin-film solar
cells. In the past few decades, a large number of methods have
been applied to fabricate CZTSSe solar cells, such as mag-
netron sputtering,[2,3] thermal evaporation,[4–7] precursor so-
lution approach,[8–12] nanocrystal solution process,[13–16] and
electrodeposition method.[17–19] To date, the precursor solu-
tion approach has been considered as a prospective route to
achieve high efficiency and the hydrazine precursor solution-
based CZTSSe cells have achieved the highest efficiency of
12.6%,[10] which is still far from the record efficiency of CIGS
cells (22.3%).

Many researches have demonstrated that the defective ef-
ficiency of CZTSSe solar cells is mainly ascribed to its lower
open-circuit voltage (Voc), and the narrow bandgap of the

CZTSSe layer is an important factor responsible for this is-
sue. Appropriately increasing the optical bandgap of the ab-
sorber is critical for improving the performance of thin-film
solar cells. In CIGSe solar cells, the substitution of 25%–30%
of In by Ga is typically employed to enhance the Voc.[1] For
the CZTSSe system, similar bandgap tuning of absorber layer
by adjusting the Ge/(Ge+Sn) ratio has also been expected as
a promising route to improve the device performance.[20–25]

In 2016, Hill house prepared CZTGSSe thin-film solar cells
by dissolving metal chlorides using DMF as the solvent, and
achieved the record efficiency of 11%.[25] The precursor solu-
tion processing approach has been proven to be more effective
to achieve high efficiency rather than nanoparticle-based de-
position approaches. However, most Ge tuning in previous lit-
erature were usually in the range 0–100%. Although this wide
range could increase the bandgap of the absorber dramatically,
the narrow light harvesting range will limit the short-circuit
current density (Jsc). Furthermore, the conduction band edge
of CZTGSSe film shifts to the higher energy level than that
of the CdS buffer layer and a cliff structure is formed, which
is also harmful to the performance enhancement, owing to the
increased electron–hole recombination. As a result, the high-
Voc Ge-substituted CZTGSSe devices often exhibit lower Jsc,
which cannot effectively improve cell performance, and pre-
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cise tuning of Ge is urgently needed.
Herein, a simple precursor solution process was devel-

oped to prepare CZTGSSe thin film by dissolving GeO2 into
CZTSSe precursor solution (Cu, Zn, Sn, S, and Se in ethylene-
diamine and dithioglycol). The advantage of this green ap-
proach is that there are no additional surfactants and impurity
atoms present. X-ray diffraction (XRD) and Raman character-
izations indicate that Sn is partly substituted by Ge. By pre-
cisely adjusting the Ge content in a small range (0–50 at.%),
the spike structure and light absorption were maintained well
and the Voc and Jsc were enhanced simultaneously. Finally,
the 10% Ge content device with a bandgap of approximately
1.1 eV yields the best conversion efficiency of 9.36%.

2. Experimental section
2.1. Materials

Cu (99.9%), Zn (99.9%), GeO2 (99.99%), and S
(99.9%) powders were purchased from Aladdin. Sn
(99.8%), Se (99%), 1,2-ethanedithiol (C2H6S2, AR), 1,2-
ethylenediamine (C2H6N2, AR), thioglycolic acid (C2H4O2S,
AR), ethanolamine (C2H7NO, AR), 2-methoxyethanol
(C3H8O2, AR), ammonium hydroxide (NH4OH, 25%), cad-
mium sulfate (AR) and thiourea (AR) were furnished by Alfa
Aesar. All chemicals and reagents were commercially avail-
able and used as received without further purification.

2.2. Preparation of CZTGSSe precursor solution

Cu–Zn–Sn–S–Se solution was prepared by dissolving Cu,
Zn, Sn, S, and Se in the mixture of ethanediamine and dithio-
glycol. Typically, 1.24 mmol Cu, 0.76 mmol Zn, x mmol Sn
(x = 0.71, 0.674, 0.639, 0.568, 0.497, and 0.355), 2.7 mmol
S and 0.3 mmol Se were placed into 25 mL round flasks, fol-
lowed by 5 ml ethanediamine and 0.5 ml dithioglycol added
in. The mixtures were kept at 70 ◦C under vigorous stirring
until the solution became transparent (approximately 1.5 h).

Ge solution was prepared by dissolving y mmol GeO2

(y = 0, 0.108, 0.213, 0.426, 0.639, and 1.065) in a mixture of
0.75 mL thioglycolic acid, 0.75 mL ethanolamine and 1.5 mL
2-methoxyethanol. The mixtures were also kept at 70 ◦C un-
der vigorous stirring until GeO2 was completely dissolved (ap-
proximately 1.5 h).

To prepare CZTGSSe precursor solution, 1 mL Ge solu-
tion was added into Cu–Zn–Sn–S–Se solution and then stirred
at 70 ◦C for 30 min. Different ratios of Ge/(Sn+Ge) (0%, 5%,
10%, 20%, 30%, and 50%) precursor solution were obtained.

2.3. Fabrication of CZTGSSe thin-film solar cells

CZTGSSe precursor films were prepared by spin coat-
ing of metal precursor solutions on molybdenum sputtered
soda lime glass (SLG) and then heating on a hot plate at

310 ◦C in nitrogen atmosphere for 1 min. A thickness of about
1.7 mm thin film was obtained by repeating the procedure sev-
eral times. Finally, the thin film was annealed at 550 ◦C in
a graphite box containing 200 mg of Se powder for 15 min.
CZTGSSe films were further deposited with 60 nm cadmium
sulfide (CdS) via chemical bath deposition (CBD), 70 nm sput-
tering intrinsic zinc oxide (ZnO), 200 nm indium-doped tin ox-
ide (ITO) successively. On the top of the device, Ag collection
grid electrodes were deposited by thermal evaporation.

2.4. Characterizations

Powder XRD measurements were performed on a Bruker
D8 Advance x-ray diffractometer. Raman spectra were mea-
sured using a Raman microscope with an excitation laser at
532 nm. Scanning electron microscopy (SEM) images were
recorded using a Nova NanoSEM 450 field emission scanning
electron microscope (FESEM). Photocurrent density–voltage
curves were collected with a Keithley 2400 source meter under
AM 1.5G illumination (100 mW·cm−2). External quantum ef-
ficiency (EQE) spectra were measured using a Zolix SCS100
QE system equipped with a 150-W xenon light source and a
lock-in amplifier.

3. Results and discussion

Figure 1 shows XRD patterns of CZTGSSe with different
ratios of Ge/(Sn+Ge). The peaks located at 27.5◦, 45.5◦, and
54.1◦ could be assigned, respectively, to the (112), (204), and
(312) lattice planes of kesterite CZTGSSe, whereas the peak
at 40.4◦ is attributed to the back electrode of Mo. Comparing
with that of CZTSSe (JCPDS, No. 52-0868), the (112) diffrac-
tion peaks of CZTGSSe increase gradually with increasing Ge
content, as seen in Fig. 1(b). The replacement of larger Sn
atom by smaller Ge atom decreases the lattice constant and
thus shifts the XRD diffraction peaks to a larger degree. Based
on the XRD analysis, it could be concluded the Ge atoms en-
tered the lattice and CZTGSSe film was successfully prepared.

However, the XRD results alone could not exclude the im-
purities, such as the secondary phases of ZnSe and Cu2SnSe3,
and thus Raman spectra were obtained. Figure 2 illustrates
the Raman spectra of CZTGeSSe films with different Ge con-
tent. Four peaks were observed, where the 172, 196, and
234 cm−1 peaks are assigned to the A1 mode of bulk CZTSe
and the 328 cm−1 peak corresponds to the bulk CZTS. No
other observable peaks suggest pure-phase CZTGSSe films are
formed. Figure 2(b) presents the Raman spectra between 150
and 250 cm−1, and typical peaks move to a higher wavenum-
ber with increasing Ge content, which is in accordance with
the previous report.[27]
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Fig. 1. (color online) (a) XRD patterns and (b) enlarged (112) crystal
face of CZTGSSe films with different Ge content.
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Fig. 2. (color online) (a) Raman spectra and (b) enlarged Se atom peaks
of CZTGSSe films with different Ge content.
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Fig. 3. Top view (a)–(f) and cross-section (g)–(l) SEM images of CZTGSSe with different Ge content of 0%, 5%, 10%, 20%, 30%,
and 50%. Scale bar: 3 µm.
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Figure 3 shows SEM images of CZTGSSe with different
amounts of Ge. From the top-view images, it can be found that
no difference in the surface morphology is observed when the
amount of Ge is lower than 20%, and all the samples are gener-
ally composed with compact large grains. When the amount of
Ge reaches 30%, some voids appear and this morphology will
cause electric leakage and decrease the cell performance.[28]

However, the cross-section morphology implies that the crys-
tallization and grain size are both enhanced with increasing
Ge content (0–30%). Table 1 lists the actual elemental con-

tents in CZTGSSe detected by EDX. The Cu/(Zn+Sn+Ge)

and Zn/(Sn+Ge) ratios are remarkably increased with increas-

ing Ge content, which is mainly attributed to the loss of Ge in

the selenization process at high temperature via formation of

GeSe2 gas. It could also be observed that the Ge loss amount

increases with increasing Ge content. For instance, when the

addition amount is 50%, the Ge loss amount is nearly to 50%.

This large Ge loss amount will be responsible for the worse

crystallinity of CZTGSSe films at high substitution content.

Table 1. EDX data of the selenized CZTGSSe films with different Ge content.

Sample/% Cu/% Zn/% Ge/% Sn/% S/% Se/% Cu/(Zn+Ge+Sn) Zn/(Ge+Sn) Ge/(Zn+Ge)

0 18.82 11.67 0 9.35 10.76 49.60 0.895 1.248 0

5 18.83 11.70 0.32 8.87 11.25 49.03 0.901 1.273 0.035

10 18.83 11.75 0.72 8.42 11.20 49.08 0.902 1.286 0.079

20 18.86 11.80 1.52 7.57 11.09 49.14 0.902 1.297 0.167

30 19.29 12.05 1.61 6.82 11.06 49.18 0.942 1.429 0.191

50 19.75 12.85 1.92 5.24 11.04 49.20 0.987 1.794 0.268
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Fig. 4. (color online) J–V curves of CZTGSSe solar cells with different
Ge content.

The Ge-substituted CZTGSSe films were directly em-
ployed as absorber layers for solar cells with the structure of
Ag/ITO/i-ZnO/CdS/ CZTGSSe/Mo/glass. Figure 4 shows J–
V curves of CZTGSSe solar cells with different Ge content
under AM 1.5 G illumination. The detailed parameters for the
CZTGSSe thin-film solar cells are also listed in Table 2. It
can be found that the efficiency for CZTGSSe solar cells in-
creases firstly and then decreases with increasing Ge content.
The 10% Ge content device achieves the champion efficiency
of 9.36%, with the Voc of 0.457 V, Jsc of 32.6 mA·cm2, and
FF of 63.0%, respectively. A precisely adjusted Ge amount
in the range of 0–20% can enhance Voc and Jsc simultane-
ously, mainly due to the enlarged bandgap and the maintained
light absorption. When the Ge content increases to 30%, a
more negative shift in the conduction band edge for CZTGSSe
films will transfer the spike structure into cliff structure at

ZnO/CdS/CZTGSSe heterojunction, accompanied with larger
recombination. Additionally, the light absorption and crys-
tallinity will become worse at high Ge content. Both the above
issues decrease Voc and Jsc dramatically and only the 10% de-
vice could improve cell performance, and this value is far from
the previous reported (40%).

Table 2. Detailed performance parameters of CZTGSSe solar cells with
different Ge content.

Device Eff/% Voc/V Jsc/mA·cm−2 FF/% Rs/Ω·cm−2 Rsh/Ω·cm−2

0 % 8.31 0.425 31.19 62.74 10.90 1499.97
5% 8.45 0.438 30.08 64.12 9.88 1212.15
10% 9.36 0.457 32.55 62.97 10.20 934.84
20% 8.63 0.457 29.29 64.41 10.95 1472.15
30% 5.68 0.400 24.53 57.84 14.73 927.94
50% 2.90 0.267 22.14 49.00 16.55 517.86

Figure 5 depicts the EQE curves of CZTGSSe solar cells
with Ge/(Sn+Ge) ratios of 0.0, 0.05, 0.1, 0.2, and 0.3. The
bandgap is typically estimated from linear extrapolation of the
EQE data with respect to photon energy. The EQE measure-
ments are carried out in DC mode and the data of the 50% Ge
content device cannot be detected, which might be ascribed
to the electric leakage and partial short circuit. As shown in
Fig. 5, the EQE gradually decreases with increasing Ge con-
tent in the range of 10%–30%, as well as the tendency of Jsc.
The bandgap of CZTGSSe films increases from 1.04 eV to
1.20 eV with increasing Ge content and the 10% content de-
vice achieves the optimal value of 1.1 eV for efficient pho-
tovoltaic solar cells. This result also indicates that precisely
tuning the Ge content in a small range is more favorable for
CZTGSSe devices.
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Fig. 5. (color online) (a) EQE curves and (b) the estimated bandgap of
CZTGSSe solar cells with different Ge/(Sn+Ge) ratios.

4. Conclusion and perspectives
In summary, a simple precursor solution approach was

successfully performed to fabricate CZTGSSe solar cells. By
precisely adjusting the Ge content in a small range, the Voc

and Jsc are enhanced simultaneously, owing to the enlarged
bandgap and the maintained spike structure and light absorp-
tion. However, when the Ge substitution content increases to
30%, the electric leakage and partial short-circuit would re-
duce cell performance dramatically. Finally, the 10% Ge con-
tent device achieves the highest efficiency of 9.36%. Different
from previous report, this precisely controlled Ge content of-
fers a new aspect: that the band alignment and light absorption
should also be considered for future Voc enhancement research
of CZTSSe solar cells.
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