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A B S T R A C T   

This work aims to unveil the optimal annealing conditions and surface treatments of CZGeSe absorbers, syn-
thesized using vacuum-based deposition technique, with an eye to optimizing the main parameters allowing 
better control of secondary phases formation and improving crystalline quality of this absorber. Firstly, a 
comparative study is given of one and two-step annealing profiles, where, for each thermal treatment, the 
optimal temperature is probed. The second section of this study underlines the evaluation of the surface treat-
ment effect on the as-annealed absorber using different etching agents. Finally, the effect of different post- 
annealing treatment temperatures on the overall performance of the fabricated devices is evaluated. For the 
studied optimizations, a deep understanding of the cell behavior is provided through structural, morphological 
and electrical characterizations. Preliminary results have given an efficiency up to 5.6% with higher Voc = 572 
mV and FF = 65% compared to the reported record cell using similar absorber (Voc = 558 mV, FF = 59%). This 
performance is linked to the implementation of a two-step annealing process with lower temperatures (330 ◦C/ 
480 ◦C) as it showed the best crystallinity-efficiency trade-off along with the smallest amount of ZnSe secondary 
phase among all the thermal routines studied. In addition, after the evaluation of several etching agents, the 
implementation of a KCN etching has shown to be the most effective leading to a remarkable improvement of the 
PN junction through a surface passivation.   

1. Introduction 

Throughout the different photovoltaic generations, especially in thin 
film PV technologies, the annealing step has been required to initiate the 
chemical reaction of elemental precursors, where the process conditions 
have been adequately optimized for each family of absorber materials. 
In the same vein, the photovoltaic community has recurrently demon-
strated the paramount impact the thermal treatment has on different 
facets of the resulting absorber quality, including stoichiometry, grain 
size, surface morphology, defects in the absorber and its interfaces with 
Mo and CdS. Insufficient annealing temperature and/or time lead to 
unreacted elemental phases, thus showing altered stoichiometry and 
inappropriate material crystallinity. Chalcopyrite materials and 

especially in the case of CIS solar cells, it has been shown that poor 
morphological characteristics and porous surface using very short (~10 
min) or very long (~90 min) reactive annealing time induce a significant 
impact on the device performance since conduction paths between the 
absorber and TCO were created through the pores [1]. As for Cu(In,Ga) 
(S,Se)2 (CIGS/CIGSe) absorbers, a variation in the selenization stages 
appear to whether create detrimental effect on the adhesion to the 
substrate and peel-off issues (single annealing stage) or to strengthen the 
referential XRD diffraction peak indicating improved crystallinity of 
CIGS thin film (three sequential stages), whereas the annealing time 
above the optimal one may form detrimental secondary phases on the 
absorber surface. Furthermore, a shift in the diffraction peak position 
was witnessed at extended thermal treatments that could be resulting 
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from the composition variations and/or residual stress in the films 
[2–5]. 

Polycrystalline CdTe photovoltaic absorber has confirmed the 
importance of the annealing conditions that monitor the grain growth 
and the grain boundaries, as they limit the Voc and Jsc by forming 
recombination centers and trap states for charge carriers that reduce 
carrier mobility and lifetime [6]. On the other hand, it has been pointed 
out that small variations in annealing temperature could control the 
re-orientation structure of the thin film. More precisely, in the case of 
CdTe a structural transition from highly preferential (111) orientation to 
randomly oriented poly-crystals when heat-treated at 385 ± 5 ◦C was 
observed [7–9]. 

Although the absorber bulk composition is mainly controlled by 
optimized annealing conditions, a number of imperfections (Se va-
cancies, native oxides, secondary phases …) may still remain on its 
surface, being quite challenging to control their appearance. In this 
sense, surface pre-treatments of the absorber are revealed as a relevant 
step to improve the absorber morphology and ultimately boost the solar 
cells performance. Various selective etching agents were designed to 
fulfill the need of each technology. In CdTe for instance, many wet 
etching agents were used such as, HCl, Br2–CH3OH, K2Cr2O7–H2SO4, 
CH3NH3I … to produce a Te-rich surface, this layer effectively leads to a 
p + doped layer inducing a reduction in the Schottky barrier at the back 
contact and higher photovoltaic parameters compared to the non treated 
absorbers [10,11]. 

The use of KCN etching agent in the case of CIGS has limited the 
excess of conductive (Cu2-xSe) phase formed on the film surface, which 
represents a severe impediment against further enhancement in CIGS 
performance due to the shunt paths and the poor PN junction quality it 
creates [12,13]. Recently, NH3 etching solution with proper concen-
tration was used in the surface treatment of Cd free CIGS solar cells and 
succeeded to remove Se oxide, Na, In2Se3, Ga2Se3 from the CIGS film 
surface and to reduce the number of electronic defects in the junction, 
especially those affecting the barrier height at Zn(O,S)/CIGS interface. 
This has led to an improvement in all electrical parameters and an ef-
ficiency over 20% [14]. 

Kesterite Cu2ZnSn(S,Se)4 (CZTSSe) absorber material has emerged as 
a new alternative to CIGS and aims to overcome the shortcomings of this 
latter, especially, the indium scarcity and the toxicity of cadmium that 
limit the large scale production. This new compound presents the 
advantage of using low toxicity and earth-abundant elements. Addi-
tionally, this chalcogenide family is characterized by its high absorption 
coefficient and direct bandgap in the range of 1.0 eV–1.5 eV [15,16]. 

Kesterite solar cells seem to follow the same path as their counter-
parts, where thermal treatment and surface etching are indispensable 
steps in the synthesis. However, one of the difficulties facing this tech-
nology compared to its predecessor is the Sn loss at high temperature (i. 
e. T > 400 ◦C) that alters the stoichiometry of the quaternary phase [17]. 
Furthermore, The Sn related defects are recognized as the origin of 
persistent electron trapping/detrapping in kesterite photovoltaic de-
vices, due to the multivalency of the Sn which creates donor defects 
generating deep recombination centers [18,19]. These defects have a 
direct impact on the Voc deficit, which potentially degrades the device 
performance. In this sense, in order to reduce to some extent, the 
Sn-related drawbacks, researchers focused their studies and attention on 
the Ge incorporation into kesterite-based solar cells as a new promising 
way towards enhanced efficiencies. Finding the adequate synthesis 
conditions is a key factor to control the secondary phases formation 
(either at the interfaces or in the bulk), considered one major challenge 
facing the development of kesterite-based solar cells. 

The pure Ge kesterite Cu2ZnGeSe4 has achieved an open circuit 
voltage of 744 mV as the highest Voc up to date for this technology, 
which is close to the one of record CIGS solar cell (741 mV) [20]. This 
achievement encourages further investigations on this material. The 
substitution of Sn with Ge in the kesterite lattice leads to a proportional 
increase in the bandgap energy with the amount of Ge added. 

Theoretical calculations predict that this increase is due to the Ge 
capability to slightly upshift the conduction band minimum, whereas 
the valence band maximum remains at the similar initial level as 
Cu2ZnSnSe4 kesterite [21–23]. 

In this work, we provide a full comparative study of the effect of 
annealing profile, temperature and surface treatment and their interre-
lationship on the synthesis of pure Ge kesterite absorber quality. The 
synthesized CZGeSe kesterite is strongly influenced by slight changes in 
temperature and type of annealing profile. Thus, different annealing 
routines, including one-step and two-step, and different annealing 
temperatures will be evaluated. Additionally, as second optimization 
strategy, several chemical etchings/surface treatments, including 
commonly used KCN, (NH4)2S or KMnO4+ (NH4)2S in acidic environ-
ment, will be tested on as-annealed absorbers and optimized, trying to 
understand what is/are the best possible surface treatment for this ma-
terial. Finally, the impact of post-annealing treatments at different 
temperatures on full devices and their optoelectronic properties will be 
presented. 

2. Materials and methods 

2.1. Metallic stack deposition 

CZGeSe is synthesized by the sequential deposition of Cu/Zn/Ge 
metallic precursors by means of DC magnetron sputtering (Alliance 
AC450) on Mo-coated SLG (soda-lime glass) substrates. The Mo layer is 
deposited by DC magnetron sputtering (750 nm, Rsheet = 0.3 Ω/sq). The 
identification of the compositional ratios of the as-deposited precursors 
and the CZGeSe absorber films is carried out using X-Ray Fluorescence 
(XRF, Fischer scope XVD), which is calibrated with inductively coupled 
plasma optical-emission spectroscopy (ICP-OES). The ratios of Cu/(Zn 
+ Ge) and Zn/Ge are kept near 0.65 and 1.1, respectively. The total 
metallic stack thickness is around 540 nm. 

2.2. Reactive annealing 

The thermal treatment is performed in a conventional tubular 
furnace under Se environment. The selenization is carried out using a 
graphite box with elemental Se and GeSe2 (100 mg and 5 mg, respec-
tively). The annealing process adopts the same ramping rate 20 ◦C/min 
for both, one- and two-step annealing profiles. In the case of two-step 
thermal regime, the first step is performed at low pressure of 1.5 mbar 
whilst the second step is accomplished in 1 bar of inert gas atmosphere 
(Ar). The samples are cooled down naturally to room temperature. 

2.3. Etching treatments 

The surface treatment of these absorber layers is performed by 2 min 
dipping time using different etching agents: ammonium sulfide (NH4)2S, 
potassium cyanide KCN, and potassium permanganate followed by 
ammonium sulfide KMnO4+(NH4)2S).  

• KMnO4 as oxidizer (0.01 M) in acidic environment (H2SO4) for 40 s 
followed by (NH4)2S (22% v/v) for 2 min  

• KCN (2% v/v)  
• (NH4)2S (22% v/v) 

2.4. Device fabrication 

CdS buffer layer is deposited onto the absorber layer by chemical 
bath deposition (CBD), followed by the deposition of the transparent 
conductive window layer (TCO) via DC-pulsed sputtering (Alliance 
AC100), which consists of sequential deposition of i-ZnO (50 nm) and 
ITO (200 nm). Thereafter, lateral isolation is done by means of micro- 
diamond scriber MR200 OEG to have 3 × 3 mm2 cells. Neither anti- 
reflective coating nor metallic grids are used in the devices presented 
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in this work. 

2.5. Characterization 

J-V curves are measured by a calibrated 1-sun 3000 class AAA solar 
simulator (Abet Technologies, AM 1.5G illumination). The measure-
ments are carried out at room temperature after calibration of the solar 
simulator with a c-Si reference cell. 

Spectral response external quantum efficiency (EQE) measurements 
are made using a Bentham PVE300 system (Bentham Instruments Ltd, 
Berkshire, U.K.) calibrated with c-Si and Ge photodiodes. 

Raman spectroscopy is performed using Horiba Jobin Yvon LabRam 
HR800-UV coupled with an Olympus metallographic used to distinguish 
the phases present in the resulting absorber. 

SEM images are obtained with a ZEISS Series Auriga microscope 
using a 5 kV accelerating voltage. 

3. Results and discussion 

3.1. Effect of annealing profile and temperature 

Undoubtedly, the annealing is a decisive step in the kesterite growth 
since it monitors the evolution of the absorber’s morphology, crystal-
linity, and the intermediate phases formed during the thermal treat-
ment. The impact on the growth mechanism and the resulting defects 
varies among literature with the annealing conditions (pressure, ramp-
ing rate, temperature, time, and so forth). 

In the case of Sn-based kesterite, A. Fairbrother et al. [24] set the 
annealing temperature between 425 ◦C and 550 ◦C for 45 min under 1–2 
mbar Ar flow, observing a significant increase of grain size with 
increasing the annealing temperature. However, this increment led to a 
morphology deterioration as well as the formation of voids at the 
Mo/CZTSe interface and deduced that a relatively low temperature of 
450 ◦C is considered as an optimal working temperature. In another 
study, A. C. Lokhande and co-workers [25] investigated the effect of the 
annealing temperature among other annealing conditions, on Ge-doped 
CZTSSe. They observed that 550 ◦C is the optimal temperature 
compared to temperatures higher than 575 ◦C or lower than 525 ◦C. 
Using this optimal temperature (550 ◦C), they found that the efficiencies 
are improved thanks to suitable carrier concentration and mobility 
enhancement as well as an enlargement of grain size, which led to lower 
series resistance, higher fill factor and improved Voc. As for pure Ge 
based kesterite CZGeSe, M. Buffière et al. [26] varied the annealing 
temperature from 460 ◦C to 500 ◦C using a one-step thermal profile for 

15 min under H2Se gas at atmospheric pressure. They selected, after an 
in-depth study, 460 ◦C as the most suitable temperature to obtain 
continuous and dense CZGeSe kesterite absorber layers, mentioning that 
large holes at the grain boundaries and voids at the Mo/CZGeSe inter-
face appear when increasing temperature. 

Regarding the present work, two approaches are presented to eval-
uate the best annealing conditions for pure Ge kesterite that ensure an 
optimal compromise crystallinity-efficiency. A comparison study is 
carried out between one- and two-step annealing profiles. The effect of 
temperature variation in each profile is also investigated. For the one- 
step process, the as-deposited precursors are annealed at three 
different temperatures (480 ◦C, 500 ◦C, and 525 ◦C) that are performed 
in selenium atmosphere at 1 bar working pressure for 10 min. 

The effect of the temperature variation on the kesterite morphology 
is illustrated in Fig. 1. For the one-step annealing processes (top), it is 
discernible that the grain size increases slightly with increasing tem-
perature, where the average grain size was about 665 nm for 480 ◦C 
annealing temperature and get moderately enlarged to 844 nm for 525 
◦C. In terms of crystalline quality, the FWHM of the main CZGeSe peak 
extracted from Raman spectra (Fig. 2) remains approximately intact 
(~10 cm− 1) for the three temperatures along with keeping the same 
peak position at 205 cm− 1. 

As for the two-step annealing profile, the first annealing stage is set at 
330 ◦C, whereas the second plateau is subjected to a temperature vari-
ation from 480 ◦C to 525 ◦C. Unlike what is found previously with the 
one-step temperature optimization, SEM images of the two-step seleni-
zation profile prove that small changes in temperature impact consid-
erably the shape and size of the grains that became sharp with angular 
edges with elevated temperatures. Raman spectra (λexcitation =

442 nm)confirm this effect, through which the FWHM of the main 
CZGeSe peak (~205 cm-1) knows a distinctly remarkable change and 
undergoes a systematic broadening from 9.1 cm− 1 for 330 ◦C/480 ◦C to 
around 16 cm− 1 for 330 ◦C/525 ◦C, alongside a small shift towards 
lower frequency of the order of 0.1 cm− 1 (Fig. 2b inset) which prove that 
temperatures higher than 480 ◦C induce a degeneration of the kesterite 
crystalline quality that may be attributed to the formation of different 
defects at elevated temperatures and/or an increment in defect con-
centration detected on the absorber surface that according to Ray et al. 
[27] could be associated to an order-disorder transition of Cu–Zn atoms. 
Otherwise, X. Fontané et al. related this redshift to a slight lattice strain 
[28]. 

In the same manner, the peaks intensity of ZnSe secondary phase 
(~250 cm− 1) continued to increase with temperature until surpassing 
the principle peak of kesterite, indicating the decomposition of kesterite 

Fig. 1. SEM images of the effect of temperature variation on CZGeSe absorbers annealed with one-step annealing (top) and two-step annealing profiles with their 
respective cross-sections (bottom). 
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into secondary phases. 
It is worthy to note that the use of high temperatures in the second 

annealing step (330 ◦C/500–525 ◦C) creates severe inhomogeneities on 
the surface related to the presence of a massive amount of ZnSe sec-
ondary phase as shown in Fig. S1 which is in great accordance with the 
resulted Raman peak and is another indication of the detrimental effect 
of high temperatures on kesterite phase and the subsequent secondary 
phases formation. 

Even though the absorber crystallinity remains unchanged during 
the temperature variation of the one-step annealing profile, the effi-
ciency as all the electrical parameters witness a distinct change. As 
shown in Fig. 3, the electrical parameters are gradually improved as the 
annealing temperature is increased. Thus, the efficiency raises from 
0.8% in the case of 480 ◦C to around 4% for 525 ◦C. With regards to the 
two-step profile as already mentioned, small variations in temperature 
higher than 330 ◦C/480 ◦C lead to the formation of large amounts of 
ZnSe secondary phase on the surface that hinders the conversion of these 

absorbers to solar cells (no photovoltaic effect). The best thermal 
treatment obtained from this optimization is the two-step annealing 
profile with low temperatures that gave higher performance devices 
compared to the best efficiency for the one-step annealing profile. The 
results of this study are summarized in Table 1, which shows the 
photovoltaic parameters of the best device for each annealing routine. 

3.2. Effect of surface treatment agent 

Even using optimal precursor composition and synthesis conditions, 
the thermodynamically stable kesterite single-phase remains a 
restrained region in the phase diagram [29]. Various secondary phases 
are prone to form during the absorber layer processing in the case of 
kesterite CZTSSe such as Zn(S,Se), Cux(S,Se), Sn(S,Se)x or Cu2Sn(S,Se)3 
[30]. The existence of these phases influences the resulting absorber 
quality tremendously due to their deleterious effect on band alignment, 
band gap fluctuations, carrier transport, increasing recombination rate, 

Fig. 2. Raman spectra of the effect of temperature variation on CZGeSe absorbers annealed with: (a) one-step annealing and (b) two-step annealing profiles.  

Fig. 3. Box chart representation of the temperature variation effect of one-step annealing process on the photovoltaic parameters.  
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or on the mismatch in the crystal structure, among others [31]. There-
fore, their removal constitutes a critical challenge for any further 
improvement in the kesterite-based solar cells performance. Choosing 
selective chemical etching agents that act on specific secondary phases 
has been a matter of concern for many research groups [32]. Several 
studies have shown that Zn related secondary phases mainly in the form 
of Zn(S,Se) stemmed from Zn-rich composition and tend to appear on 
the surface and/or at the back region of Se-rich CZTSSe absorbers [33]. 
Since avoiding this undesirable phase when present in the bulk and/or in 
the Mo/Absorber interface is unattainable, treating the absorber surface 
is the only remaining solution. For instance, KMnO4 in acidic environ-
ments such as H2SO4 has indicated a great effectiveness in ZnSe removal 
by oxidizing Se2− localized on the ZnSe phase surface [34]. On the other 
hand, and similarly to what was demonstrated for CIGS solar cells, KCN 
showed the same effect for kesterite-based solar cells by acting as a wet 
chemical remover of Cu–Se phases that are known to short circuit the 
diode [35]. Moreover, considering that Sn(S,Se) secondary phases 
appear in a less important content compared to Zn(S,Se) in kesterite 
absorbers, little attention has been given to its effect on the device 
performance. Nevertheless, H. Xie and co-workers [36] have reported on 
a new method for selectively removing the excess of Sn related unde-
sirable phases. They concluded that (NH4)2S yellow solution has 
demonstrated its success not only in Sn(S,Se) withdrawal but also by its 
ability to passivate the surface through the formation of S bonds from 
(NH4)2S solution while removing oxygen bonds from the absorber sur-
face. Aside from that, with this approach, the devices efficiency was 
increased from 4.6% to around 6% after etching. 

To date, no clear evidence of useful surface etching treatments has 
been reported or implemented regarding CZGeSe absorber. Henceforth, 
an investigation in this sense has become a necessity. From this 
perspective, we report in the present work on a chemical wet etching 
study that intends to evaluate the effect of different etching agents on as 
annealed CZGeSe absorbers by immersing the samples in distinct solu-
tions such as KCN, (NH4)2S and KMnO4+ (NH4)2S 

The completed devices, using different absorbers treated with each 
etching agent, are characterized with AM1.5G solar simulator to extract 

their photovoltaic parameters (J-V curves are depicted in Fig. 4a). One 
can notice that Voc made a huge leap from 368 mV for the unetched 
absorber, to 550 mV when the absorbers are treated in acidic environ-
ment with KMnO4+ (NH4)2S, and increased further in the case of KCN 
etching to achieve values up to 580 mV. This is the highest Voc obtained 
from this optimization. Whereas (NH4)2S alone does not seem to 
improve the electrical parameters, contrariwise, it slightly lowers the 
Voc compared to the unetched sample. This increment in Voc drastically 
affects the corresponding efficiency that boosted from 3.7% without any 
etching to 5.7% in the case of KCN agent. Further details about the 
electrical parameters depending on the used etching agents are pre-
sented in Table 2. 

The compositional ratios revealed by XRF remained unchanged after 
treating the surface of the absorber with the different etching agents. 
The ratios are balanced between 0.65 and 0.68 for Cu/(Ge + Zn) and in 
the range of 1–1.2 for Zn/Ge indicating a Zn rich composition, however, 
with Cu poorer conditions in comparison with the optimal ones 
commonly found in Sn-based kesterite [37]. This constancy in compo-
sition points out the limited effectiveness of the etching treatment on the 
secondary phase removal, which is confirmed by Raman spectra (not 
represented here), that demonstrated that no significant changes with 
the surface treatment regarding the ZnSe corresponding peak, since it is 
the likely expected secondary phase to appear in the case of CZGeSe as 
has been demonstrated elsewhere [38]. Hence, the hypothesis of 
improving the performance through the elimination of secondary phases 
using the studied agents is discarded. One possible route to explain the 
improved Voc and FF is the passivation effect that occurs for the absorber 
surface associated with a reduction of non-radiative recombination 
states density and subsequent improvement of the p-n junction after the 
chemical treatment of the CZGeSe surface [34]. 

The EQE spectra depicted in Fig. 4b of the device etched with KCN 
show slightly higher EQE spectra response in the wavelength range of 
600–800 nm, demonstrating an enhanced charge carrier collection and/ 
or changes in the optical reflection of the surface, when compared to the 
unetched sample and the one etched with (NH4)2S. This indicates that 
the use of KCN slightly improves the interface quality by limiting the 
interface defects concentration within the diffusion length of the junc-
tion and reducing the trap assisted recombination, and/or affecting the 
optical properties of the CZGeSe/CdS interface. This behavior is in 
general in agreement with the improved device performance especially 
a boost in Voc generally attributed to a surface passivation. The bandgap 
extracted from EQE does not seem to be affected by the etching agent, 
and is roughly estimated at 1.47 eV. 

The Voc deficit is another inescapable issue facing kesterite tech-
nology and may result either from the bulk material properties or from 
the superposed interfaces, and it is given by: 

Voc deficit =Eg
/

q − Voc(exp) (1) 

Table 1 
Photovoltaic parameters of the best devices fabricated using one- and two-step 
annealing profiles with different temperatures.   

One step annealing 
profile 

Two-step annealing profile 

Temperature (◦C) 480 500 525 330/480 330/500 330/525 

Efficiency (%) 0.3 0.6 3.8 5.7 0 0 
Jsc (mA/cm2) 5.2 4.3 17.0 17.5 n/a n/a 
Voc (mV) 212 484 503 572 n/a n/a 
FF (%) 26.0 31.0 44.5 65.0 n/a n/a 

n/a: not applicable (no PV effect is witnessed). 

Fig. 4. J-V curves of CZGeSe subjected to different etching agents (a), and their corresponding normalized EQE spectra (b).  
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SQ, Vocdeficit =Voc(SQ limit) − Voc(exp) (2)  

Where Eg is the absorber bandgap and q the elemental charge, Voc (SQ 
limit) is the Voc corresponding to the Shockley–Queisser limit and 
Voc(exp) is experimentally measured under AM1.5G conditions. 

The Voc deficit witnesses a drop from 0.83 V for the unetched sample 
to 0.61 V for the sample etched with KCN with unchanged bandgap 
(~1.45 eV) as mentioned in Table 2. However, these values are still high 
compared to efficient CZTSSe and CZTGSe ones, found to be around 
0.37 V and 0.35 V for a bandgap of 1.13 eV and 1.11 eV, respectively 
[39,40], which is expected to happen by widening the band gap [41]. 

To elucidate further the beneficial effect of KCN, we have estimated 
the Urbach energy (EU) from EQE measurements in the region of the 
spectrum where the Urbach rule is satisfied (below Eg). Given that the 
band tails represent the disorder related to the width of the localized 
states available in the optical band gap and the defect states linked to 
impurities that cause voltage losses [42,43]. The plot presented in 
Fig. S2 shows a moderate mitigation of EU from around 24 meV in the 
case of the unetched absorber to almost 22 meV for the sample etched 
with KCN. This could be tied to a passivation effect caused by a reduc-
tion of the density of recombination tail states below the bandgap, in 
addition to an improvement of the quality of the p-n junction leading to 
an increase in Voc and FF, which is in good agreement with the prior 
optoelectrical observations. It is worthwhile to mention that the calcu-
lated EU in this study is smaller than the one found for the same absorber 
synthesized by co-evaporation with a value of ~28 meV corresponding 
to Eg~1.4 eV [44]. EU of about 33 meV was encountered within the best 
efficiency reported for CZTGSe material with Eg~1.31 eV [41]. These 
values stay far below the Sn kesterite case, estimated to be around 60 
meV in the case of CZTSSe, and 70 meV for CZTS [45]. What has led to 
conclude that Ge atoms embedded in the kesterite lattice have a direct 
impact on Urbach energy reduction [46]. 

Lastly, combining the results of the optimal etching agent and the 
most favorable annealing profile and temperature acquired from this 
study, i.e. a two-step annealing at 330/480 ◦C followed by a wet 
chemical etching using KCN, we succeeded to obtain a solar cell device 
exhibiting an efficiency of 5.6% with a of Voc = 572 mV, Jsc = 17.5 mA/ 
cm2 and FF = 65%. The AM1.5 illuminated J-V curve along with the EQE 
spectrum of the best CZGeSe solar cell are displayed in Fig. 5. The cor-
responding band gap is extracted from EQE and found to be around 1.5 

eV. 

3.3. Effect of post-annealing treatment on solar cells performance 

As aforementioned, the Voc limitation is the widespread and critical 
issue hampering performance improvements in kesterite-based solar 
cells. Research has tended to focus on recovering from this problem 
linked to the existence of recombination centers within the absorber, in 
the grain boundaries and/or at the interfaces, by performing a post low- 
temperature treatment (PLTT) [47,48]. Many studies have shed light on 
the positive impact of heat treatment (HT) on boosting the final yield of 
solar cells. Even if its effects are still not fully understood so far, its 
beneficial effect has been proven at different stages of the solar cell 
fabrication; by applying the temperature treatment on the as-annealed 
absorber, on the absorber/CdS junction, or on the complete solar cell 
(absorber/CdS/TCO) [49]. The heat treatment of CZTS/CdS interface 
has been conducted by many research groups, e.g., C. Yan et al. have 
found that the heterojunction annealing reduces the non-radiative 
recombination and favors the Na accumulation and out-diffusion from 
soda-lime glass (SLG) to the heterojunction that consequently induces a 
more favorable band alignment at the p-n interface. This has led to an 
improvement in the efficiency from 8% (without HT) to over 10% (at 
270 ◦C for 10 min) [50]. In another study, H. Xie et al. showed the 
positive influence of the post-annealing on bare absorbers with a sig-
nificant performance improvement, where they highlighted the impor-
tance of the Na distribution through the CZTSSe/CdS interface and its 
role in passivating defects in grain boundaries and at the interfaces [47]. 
By varying the temperature of HT from 150 ◦C to 400 ◦C, they noticed a 
performance deterioration at low temperatures but recovered again and 
overpassing remarkably the reference cell at 350–400 ◦C. They related 
this behavior to the considerable suppression of the high degree of tail 
states at high PLTT, which is directly linked to the distribution of Na in 
the solar cell and Cu–Na substitution. Otherwise, M. Neuschitzer et al. 
[51] proposed a comparison between the PLTT performed at different 
stages of CZTS solar cell fabrication and enlightened its strong impact on 
device performance, showing an efficiency increase from below 3% to 
up to 8.3% when applying a post-deposition annealing treatment on the 
complete cell at 200 ◦C for 35 min. Thus, they considered this latter as 
the optimal among all the HT performed on the other interfaces. 
Furthermore, they noticed changes in the surface composition, 

Table 2 
Photovoltaic parameters and absorber composition for the unetched sample and the different surface-treated samples.  

Etching Agent Cu/(Ge + Zn) Zn/Ge Jsc (mA/cm2) Voc (mV) FF (%) ɳ(%) Voc deficit (mV) SQ, Voc deficit (mV) 

unetched 0.68 1.15 19 368 50 3.7 1032 829 
(NH4)2S 0.68 1.15 19 360 51 3.5 1040 837 
KMnO4+ (NH4)2S 0.66 1.12 16 548 59 5.2 852 649 
KCN 0.67 1.06 17 582 58 5.7 818 615  

Fig. 5. J-V characteristics and EQE spectrum of the champion CZGeSe cell after etching and annealing optimizations.  
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becoming Cu poorer and Zn richer, which is the widely agreed consensus 
for achieving highly efficient devices. M.G. Sousa et al. [52] appear to 
support these findings and have shown that the most relevant boost in 
efficiency (from under 1% to over 6.6%) occurred when it is performed 
on finished solar cells and attributed this to some chemical modifica-
tions happening in the solar cell. They have assigned this effect to a Cu 
and Zn migration from the absorber to the CdS buffer layer and a Cd 
displacement in the opposite direction upon annealing. 

To the best of our knowledge, no previous research has investigated 
before the post-annealing treatment in the case of CZGeSe based solar 
cells. For that purpose, our experiments intend to assess and unveil its 
effect on complete CZGeSe solar cells (stored for two months under 
vacuum conditions). As shown in Fig. 6a and detailed in Table S1, the 
performance of the stored cell has recovered from 4.4% to 5.4% 
accompanied by an increment in all electrical parameters after under-
going an annealing at 100 ◦C for 10 min in atmospheric pressure. The 
efficiencies stabilize again at around 4% for temperatures ranging from 
150 ◦C to 300 ◦C, to drop completely at temperatures above 350 ◦C. Jsc 
and FF seem to follow a very similar trend, except the Voc that remained 
stable and resisted until higher post-annealing temperatures. 

These findings are in good agreement with the EQE spectra depicted 
in Fig. 6b that witnessed a continual decrease in the quantum efficiency 
from 75% in the reference sample (as-prepared solar cell) to barely 
efficiently working solar cells at higher post-annealing temperatures 
(350 ◦C–400 ◦C). The small quantum efficiency (QE) variation between 
400 and 500 nm is generally attributed to loss mechanisms due to the 
light absorption in TCO and CdS layers that induce front recombination 
[53]. However, the major damage of the post-annealing is noticed above 
550 nm, when the QE drops proportionally with increasing the tem-
perature. The Urbach energy estimated from EQE increases gradually as 
function of hot plate soft annealing temperature, from 22 meV for the 
reference sample up to 34 meV for the sample post-annealed at 150 ◦C, 
and up to 38 meV for a post-annealing at 300 ◦C. This indicates a 
broadening of the band-tail region that can be originated from cation 
anti-site disordering and the subsequent electrostatic-potential fluctua-
tion, due to the large amount of charged-defects in the absorber mate-
rial. This proves that the state of ordering and disordering at the 
interface is strongly dependent on the post-annealing conditions, which 
in the case of CZGeSe increases linearly with temperature [22,54]. 

To get a deeper insight into the origin of these losses, taking into 
account that QE analysis affords an understanding of the photo-
generated carrier collection in the device in addition to a spatial dis-
tribution of the dominant recombination path along the solar cell. 
Analytical descriptions have been designed to model bias-dependent 
quantum efficiency to study the behavior of CZTSe and CZTSe:Ge 

absorbers with different voltage and light bias conditions [55,56]. The 
QE response differs depending on the applied voltage bias (Vbias), where 
reverse bias seems not affecting the spectral response (optimized 
depletion width with improved carrier collection are conserved), 
whereas the forward bias (Vbias = 0.2 V) induces a strong decay in QE 
response at long-wavelengths more specifically. This behavior can be 
explained by the presence of deep ionized acceptor-type defects around 
the mid-gap, influencing the electric field and lead to an electronic 
doping by trapping holes from the valence band, which eventually lower 
the band bending of the CdS/CZTSSe interface layer and reduce the 
depletion width. Hence, inducing a strong decrease in the absorption in 
CZTSe. In other terms, the higher Vbias, the higher are the interface 
defects concentration, and the lower is the carrier collection efficiency 
which could be explained also by the presence of tail state recombina-
tion as previously indicated [57,58]. 

The “blue” light bias confirmed the presence of the interface defects 
near the heterojunction due to the compensation of the ionized defects 
impeding the carrier collection of the device. This light bias effect hel-
ped to extend the depletion layer and to increase the carrier collection of 
the absorber that consequently recover the QE response at long wave-
lengths (>550 nm). 

As for the complete collapse of the EQE response above 300 ◦C, it 
could be attributed to the deterioration of CdS that not endures the post- 
annealing at high temperature and could form photoactive defects 
causing crossover and red-kink, therefore, degrading all the electrical 
metrics [59]. On the other hand, researches have proven that high 
post-annealing temperature induces an irreversible degradation in the 
CZTSe absorber through its decomposition in view of the migration of 
species such as the binary phase of CuxS, besides to CuZn anti-site reor-
dering transition occurring at elevated temperatures that engender the 
highest disorder level of Cu–Zn anti-site defects and give rise to inferior 
photovoltaic performance along with a notable increase in series resis-
tance of CZTS solar cells [60,61]. Seemingly, the same phenomenon may 
occur with CZGeSe but for much lower temperatures. 

The triangular shape of EQE stems from the strong carrier collection 
loss at the heterojunction interface, as explained earlier, and has been 
found even for the 12.6% champion device. The improvement of the 
diffusion length of minority carriers by improving the interface band 
offset, acting on less defective buffer represents the potential pathway to 
increase efficiency beyond the reported record [39,62]. 

In brief, this investigation has led us to conclude that the post- 
annealing treatment of complete CZGeSe solar cells does not lead to 
the same effects as in the case of Sn-based kesterite, but at the opposite, 
even the beneficial effect of alkalis diffusion (especially Na from SLG) 
widely encountered in CIGS and CZTS thin-films solar cells was not 

Fig. 6. Correlation of optoelectrical parameters as a function of HT temperature (a) and the corresponding EQE spectra(b).  
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noticed in our experiments on pure Ge kesterite [46]. However, the 
post-annealing treatment may help to recover to some extent the effi-
ciency of these solar cells after long term storage, especially at lower 
temperatures (100 ◦C). Additional experiments are ongoing to shed 
more light on the effect of this post-annealing treatment. 

4. Conclusions 

This study has paved the way towards a better understanding of the 
annealing regime conditions and suitable surface treatments for 
Cu2ZnGeSe4 absorbers, since they are key parameters for the optimal 
synthesis of the semiconductor material, avoiding the presence of 
harmful secondary phases, and leading to high efficiency solar cells. 

The experimental results demonstrate that the annealing conditions 
(i.e., thermal profile and temperature) have a direct impact on the 
absorber structural, morphological, and optoelectronic properties and 
small changes in temperature may induce a considerable effect on the 
absorber crystallinity, thus affecting the performance of the resulting 
solar cells. 

In other respects, certain surface treatment agents used in this study, 
KCN in particular, have contributed to a drastic enhancement in CZGeSe 
solar cell performance. Interestingly, the overall compositional ratios 
remain almost intact in all etching cases tested. This leads to conclude 
that a possible surface passivation is responsible for this efficiency 
enhancement. Furthermore, KCN appears to act on the improvement of 
the p-n junction through a reduction of non-radiative recombination 
rather than removing secondary phases. 

From these findings, the following conclusions are drawn:  

1. The optimal crystallinity and material properties of Cu2ZnGeSe4 is 
achievable at low annealing temperatures leading to the same grain 
size encountered in Sn-based kesterite at higher temperatures. The 
lower synthesis temperatures result in a clear advantage compared to 
other kesterite systems, especially interesting for monolithic inte-
gration in tandem solar cell concepts.  

2. The two-step annealing profile using lower temperatures compared 
to one-step processes is considered as the most suited regime that 
produced a significant performance improvement (from 3.8% to 
5.7%).  

3. Using the higher annealing temperatures when adopting the two- 
step annealing regime creates inhomogeneities on the absorber sur-
face caused by huge amounts of ZnSe on the surface, which impeded 
the fabrication of working solar cells. High temperatures led to 
degraded grains morphology.  

4. By treating the absorber surface with KCN, the Voc is boosted from 
370 mV to 580 mV maintaining the same bandgap (~1.4 eV), leading 
to a Voc deficit reduction from 1.1 V to 0.8 V. Similar results were 
obtained with a combination of KMnO4+ (NH4)2S, being an inter-
esting route to further optimize in the future to avoid the use of 
highly toxic chemicals like KCN.  

5. CZGeSe synthesized in this study with the optimal conditions 
demonstrated a very low Urbach energy of about 22 meV for the best 
performing devices, which shows remarkably improved values 
compared to Sn-based kesterite.  

6. Unlike what has been found in the case of CZT(S,Se), the post- 
annealing treatment of completed solar cells (Mo/CZGeSe/CdS/i- 
ZnO/ITO) has been proven ineffective for enhancing the overall 
performance, but it has rather shown a detrimental effect on the 
overall photovoltaic parameters with increasing post-annealing 
treatment temperatures, especially over 300 ◦C. 
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S. Siebentritt, On the origin of band-tails in kesterite, Sol. Energy Mater. Sol. Cells 
(October) (2017) 1–10, https://doi.org/10.1016/j.solmat.2017.11.005. 

[44] E. Ojeda-durán, K. Mon, J. Andrade-arvizu, I. Becerril-romero, Y. Sánchez, CZTS 
solar cells and the possibility of increasing VOC using evaporated Al2O3 at the 
CZTS/CdS interface, Solar Energy 198 (January) (2020) 696–703, https://doi.org/ 
10.1016/j.solener.2020.02.009. 

[45] K. Nagaya, S. Fujimoto, H. Tampo, S. Kim, M. Nishiwaki, Y. Nishigaki, Very small 
tail state formation in Cu2ZnGeSe4, Appl. Phys. Lett. 113 (2018), 093901, https:// 
doi.org/10.1063/1.5031799. 

[46] H. Xie, S. Lopez-Marino, T. Olar, Y. Sánchez González, M. Neuschitzer, F. Oliva, 
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