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A B S T R A C T

Ge-alloying of Cu2ZnSnS4 is a promising strategy for producing wide-bandgap absorber materials suitable for use 
in tandem structures or indoor solar cell applications. Incorporating Ge can suppress Sn-related defects while 
maintaining the kesterite structure and p-type conductivity throughout the entire range of composition. In this 
study, Cu2Zn(Sn1− xGex)S4 monograins were synthesized in molten salt by the synthesis-growth method, where 
value x was varied from 0 to 1, with a step of 0.2. The inclusion of Ge into the crystals was confirmed by energy- 
dispersive X-ray spectroscopy, Raman spectroscopy, and X-ray diffraction analysis. The bandgaps of Cu2Zn 
(Sn1− xGex)S4 solid solutions were determined as Eg = 1.50–2.25 eV by external quantum efficiency measurement. 
A detailed study of temperature and laser power-dependent photoluminescence (PL) for powder crystals with x 
= 0, x = 0.2 and x = 0.4 revealed that the dominant recombination mechanisms originate from defect clusters 
involving a shallow acceptor and deep donor defect. Ge-alloying helped to suppress the harmful SnZn donor 
defects, but at the same time shifted the defects’ energy levels deeper into the bandgap. The obtained activation 
energies indicate that the acceptor defect becomes shallower with the inclusion of Ge. At the mid-temperature 
range (T = 60–200 K), the presence of two different recombinations was revealed in the system, originating 
from very closely located PL emission bands.

1. Introduction

Cu2ZnSn(S,Se)4 (CZTSSe) kesterite materials have recently received 
considerable interest as a promising solar cell absorber due to the 
attractive optical and electrical properties – high absorption coefficient 
(~10− 4 cm− 1), natural p-type conductivity and optimum band gap for 
single-junction photovoltaics (PV), which is tunable depending on the S/ 
(S + Se) ratio (1–1.5 eV) [1,2]. The constituent elements of kesterite are 
earth-abundant, non-toxic and it holds a record power conversion effi-
ciency (PCE) of (14.9 %) [3] being the most advanced absorber material 
among the emerging inorganic thin film PV materials [4]. The primary 
limitation of kesterite solar cells is their open-circuit voltage (VOC) 
deficit, which is defined by the VOC voltage difference with respect to the 
Shockley–Queisser limit [5,6]. The main reasons behind the high VOC 
deficit in kesterite solar cells are attributed to several factors, including 
low carrier concentration and lifetime, high recombination of charge 
carriers at the interface, high degree of cationic disorder and complex 

defects. Its complicated defect structure, which brings along composi-
tional inhomogeneities, leads to band gap fluctuations and local elec-
trostatic potential fluctuations that cause band tailing and eventually 
limit the VOC [7,8]. Also, the cationic disorder that results from the facile 
exchange of Cu and Zn atoms is proposed to cause voltage-limiting band 
gap fluctuations. Despite the numerous efforts made to reach high 
ordering, a considerable concentration of CuZn + ZnCu defect pairs is 
always present in the lattice leading to a spatially varying defect dis-
tribution and spatially varying bandgap. These localized regions of or-
dered or disordered kesterite phases will strongly contribute to bandgap 
fluctuations which limit VOC [9].

One method for tuning the optoelectronic properties of the kesterite 
absorber is the cationic substitution of Sn by isoelectronic Ge. For sulfur- 
containing kesterite Cu2ZnSnS4 (CZTS), the absorber band gap can be 
tuned between 1.5 and 2.1 eV by controlling [Ge]/([Ge]+[Sn]) ratio 
from 0 to 1, also making them attractive candidates for top cells in multi- 
junction PV and indoor PV [10]. Moreover, Ge-alloying is expected to 
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Contents lists available at ScienceDirect

Solar Energy Materials and Solar Cells

journal homepage: www.elsevier.com/locate/solmat

https://doi.org/10.1016/j.solmat.2024.113124
Received 2 July 2024; Received in revised form 21 August 2024; Accepted 23 August 2024  

Solar Energy Materials & Solar Cells 277 (2024) 113124 

0927-0248/© 2024 Elsevier B.V. All rights are reserved, including those for text and data mining, AI training, and similar technologies. 

mailto:idil.mengu@taltech.ee
www.sciencedirect.com/science/journal/09270248
https://www.elsevier.com/locate/solmat
https://doi.org/10.1016/j.solmat.2024.113124
https://doi.org/10.1016/j.solmat.2024.113124


suppress Sn-related deep defects because Ge tends to form more stable 
oxidation states in the kesterite structure compared to Sn. The multi-
valent characteristic of Sn is predicted to contribute to poor open-circuit 
voltage as Sn2+ creates deep recombination centers by trapping a pair of 
electrons that will reside in the localized deep gap level instead of 
occupying the conduction band [11–13].

Ge-alloying has demonstrated a significant positive influence on 
kesterite absorbers, notably improving the efficiencies of CZTSe and 
CZTSSe-based single-junction thin film solar cells from 6.1 to 12.3 % 
[14–18]. However, there are only a limited number of studies reporting 
on the device properties of Ge-alloyed CZTS because the bandgap de-
viates from the optimum bandgap for PV with Ge-inclusion [19–21]. 
Ge-alloying widens the bandgap over a large range while preserving the 
kesterite crystal structure and inherent p-type conductivity [22–26]. 
Wide bandgap kesterite material (Eg = 1.6–1.9 eV) is a promising 
candidate for use as a top cell absorber in a tandem approach, where the 
bottom cells are typically silicon-based solar cells [27,28]. However, for 
viable applications, top cells should meet certain criteria in terms of 
transparency, efficiency and stability. Yet, kesterite solar cells with 
absorber bandgap exceeding 1.6 eV have not been able to achieve the 
required PCE [29]. The main reason is typically the reduction in short 
circuit current (JSC) due to the narrowed spectral response range, but 
also the change in defect properties and the mismatch in band alignment 
due to unoptimized buffer layer [30]. Alternatively, indoor PV is also a 
possible use for wide bandgap absorbers. Eg = 1.8–2.0 eV is considered 
to be optimal due to the spectral difference of artificial light sources such 
as compact fluorescent light and light-emitting diodes compared to the 
sunlight [31].

In kesterite-type materials, both the bandgap and defect structure are 
often tuned by anion or cation substitution [1,32]. One of the most 
efficient methods to investigate defects and recombination processes in 
a semiconductor is photoluminescence (PL) spectroscopy. The typical 
low-temperature PL spectrum of CZTS exhibits one broad asymmetrical 
peak situated around 1.3 eV [33–37]. The asymmetric shape of the PL 
band is an indication of the presence of spatial potential fluctuations due 
to the high defect concentration nature of kesterite. If the average depth 
of potential fluctuations increases, the PL band broadens [38]. The low 
energy side of the PL band is usually defined by the density of states 
function of the valence band tail while the shape of the steeper high 
energy side is mostly defined by the carrier distribution [39]. In kes-
terites, the radiative recombinations mainly originate from three 
different channels: band-to-band (BB) involving a free electron and a 
free hole, band-to-tail (BT) involving a free electron and a hole that is 
localized in the valence band tail and band-to-impurity (BI) involving a 
free electron and a hole localized at deeper acceptor defects, which do 
not overlap with the valence band tail. However, when potential wells 
localize electrons in conduction band tails, then tail-to-impurity (TI) and 
tail-to-tail (TT) recombinations become also possible [40].

In order to gain comprehensive insights into the recombination 
mechanisms, it is essential to analyze temperature and excitation- 
dependent PL spectra. Unfortunately, there is currently no available 
data regarding the low-temperature PL spectra and the corresponding 
dependencies for the Cu2Zn(Sn1− xGex)S4 series. Tseberlidis et al. [25] 
identified the material with x = 0.7 as the most promising candidate to 
produce a solar cell prototype. At T = 77 K, this material had the PL band 
position closest to the bandgap and the highest PL peak intensity. Its 
distinctive temperature-dependent behavior was characterized by a 
broader incline at low energies and a sharper decay at high energies. 
Valakh. et al. [24] also confirmed that the Cu2Zn(Sn1− xGex)S4 sample 
with x = 0.71 holds the smallest concentration of defects and its 
measured PL band intensity was the lowest. According to the room 
temperature (RT) PL spectra given by Zhu et al. [41], the PL mechanism 
changes throughout the series from band-dominated to tail-dominated 
recombination in the direction from CZTS to CZGS. It is claimed that 
the change occurs at x = 0.75 where the optical bandgap and PL peak 
position are the closest. All the data suggest that the effect of Ge 

inclusion on the defect structure of CZTS needs further investigation.
In this study, we synthesized Cu2Zn(Sn1− xGex)S4 (CZTGS) mono-

grain powders over the entire composition range (x = 0; 0.2; 0.4; 0.6; 
0.8; 1). The synthesized powder crystals were characterized using 
various techniques, including X-ray diffraction (XRD), scanning electron 
microscopy (SEM) and Raman spectroscopy. Subsequently, a detailed 
study was conducted on the PL dependence on temperature and exci-
tation intensity. All CZTGS monograin powders were utilized as the 
absorber layer in monograin layer (MGL) solar cells. The performance of 
these devices was evaluated through current density – voltage (J− V) and 
external quantum efficiency (EQE) measurements.

2. Experimental

The MGL solar cell technology incorporates an absorber layer 
composed of monograin powders. Monograins are single-crystalline 
semiconductor materials with sizes varying between 36 and 140 μm 
for use in MGL configuration. Ge alloyed Cu2Zn(Sn1− xGex)S4 (CZTGS) 
monograin powders (x = 0; 0.2; 0.4; 0.6; 0.8; 1) were synthesized from 
self-synthesized (CuS) and commercially available precursors (ZnS, Sn, 
Ge and S) in evacuated quartz ampoules. The synthesis process was 
carried out at a temperature of 740 ◦C, utilizing potassium iodide (KI) as 
a flux material in its liquid phase [42,43]. High-purity precursors, each 
with a purity of 99.999 %, were carefully weighed in the desired molar 
ratios. Specifically, the molar ratio of Cu/(Zn + Sn + Ge) was set at 0.88, 
the ratio of Zn/Sn was maintained at 1.10, and the germanium content 
(Ge/(Ge + Sn)) was adjusted to the specified values of 0, 0.2, 0.4, 0.6, 
0.8, and 1. To facilitate the synthesis process, flux salt was introduced 
into the precursor mixture at a mass ratio of precursor to flux material 
(mprecursors/mflux) of 1:1.2. The mixture was then manually milled in an 
agate mortar. Subsequently, all prepared mixtures were degassed and 
sealed inside quartz ampoules. The furnace temperature was gradually 
increased from RT to 740 ◦C within 24 h and maintained at this elevated 
temperature for 168 h. After synthesis, the ampoules were removed from 
the furnace and allowed to cool down to RT in the ambient air. The 
water-soluble KI was removed by rinsing the samples with deionized 
water and dried in a hot-air oven at 50 ◦C. The resulting powders were 
then sieved to obtain different granulometric fractions.

The microstructure of CZTGS powder crystals was examined using a 
high-resolution scanning electron microscope HR-SEM Zeiss Ultra 55, 
which was equipped with a backscattered electron detector. For bulk 
composition analysis, an energy-dispersive X-ray spectroscopy (EDX) 
system, Bruker Esprit 1.82, equipped with an EDX-Xflash 3001 detector 
with an accelerating voltage of 20 kV was employed. Compositional 
analysis was conducted on polished crystals. The measurement error for 
elemental analysis is approximately 0.1 at.%.

RT Raman spectra were measured using the Micro-Raman spec-
trometer HORIBA LabRAM 800HR. The excitation source utilized was a 
Nd:YAG laser beam with a wavelength of 532 nm and it was focused on 
the sample with an x50 objective lens. The scattered laser light was 
analyzed by using an 1800 lines/mm grating monochromator and a Si 
CCD detector. The crystal structure was studied by XRD with a Rigaku 
Ultima IV diffractometer equipped with rotating 9 kW Copper anode X- 
ray tube (λ = 0.154 nm, at 40 kV and 40 mA) in Bragg Brentano ge-
ometry (10◦–70◦ 2θ angle range with 0.02◦ step) operating with the 
silicon strip detector D/teX Ultra. The phase analysis and lattice pa-
rameters calculations were made by using software on Rigaku’s system 
PDXL2.

For PL measurements, the samples were affixed to the cold finger of 
the closed-cycle helium cryostat (Janis SHI-4) and cooled down to 3 K. 
The temperature was adjusted up to RT via a temperature controller 
(Lake Shore Cryotronics). The PL excitation source was a diode-pumped 
Nd:YAG solid-state pulsed laser with a wavelength of 266 nm, pulse 
width of 0.6 ns and pulse repetitions rate of 19 kHz. To control the 
incident laser beam peak power density, gradient UV (fused silica) filters 
were employed, offering a range between 12 and 669 kW/cm− 2. The 
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emitted light was focused on the computer-controlled single grating 
monochromator (Andor SR-500i) using a 0.5 m focal length. Lumines-
cence was dispersed by the monochromator and detected by the liquid 
nitrogen-cooled InGaAs detector (IGA2.2-010-LN of Electro-Optical 
Systems Inc).

In MGL technology, powder grains of similar size are essential. 
Therefore, monograins with a size fraction of 100–112 μm from each 
series were selected to be utilized as the absorber layer in MGL solar 
cells. To eliminate any potential secondary phases and precipitates that 
might be formed on the crystals’ surfaces during the cooling process of 
the ampoules to RT [44], a two-step chemical etching process was 
employed [45]. After the chemical etching process, the treated powders 
were subjected to annealing at 840 ◦C within degassed and sealed am-
poules. The post-annealing process plays a crucial role in both repairing 
the surface and fine-tuning the bulk composition of the crystals [44,46]. 
Prior to employing the powder crystals as the absorber layer in the MGL 
solar cell, a CdS buffer layer was deposited onto the post-annealed 
monograin powders using the chemical bath deposition method. After 
the deposition of the buffer layer, the powders were embedded within a 
thin epoxy layer to form a monolayer structure. The resulting membrane 
was then covered with transparent conductive oxide layer (i-ZnO and 
ZnO:Al) by radio frequency magnetron sputtering. To complete the 
process, front and back contacts were applied. A more detailed 
description of MGL technology can be found elsewhere [47].

The J− V characteristics of MGL solar cells were measured under 
standard test conditions (AM 1.5, 100 mW cm− 2) using a Newport Oriel 
Class A 91195A solar simulator. The external quantum efficiency (EQE) 
spectra were performed on a commercial EQE measurement system 
(Canada, Sciencetech Inc., PTS-2-IQE). The light intensity at each 
wavelength was calibrated by a pyroelectric detector. The measure-
ments were done at bias light condition and 0V bias voltage.

3. Results and discussion

3.1. Compositional and morphological analysis

Table 1 shows the EDX elemental compositions of Cu, Zn, Sn, Ge and 
S in the as-grown samples together with Cu/(Zn + Sn + Ge) and Ge/(Ge 
+ Sn) composition ratios. The atomic percentages represent the mean 
values obtained from measuring 6 different polished individual grains 
for each sample, as seen in Fig. 1. Compared to the intended elemental 
ratios, Ge/(Ge + Sn) nicely follows the 0.2 step with very small varia-
tions. All samples except for x = 1 are in the Cu-poor and Zn-rich region, 
however, with the increase of Ge content, the composition approaches 
stoichiometry. ZnS was found to be the only secondary phase present in 
all samples, except x = 1 (Fig. 1 (d) and (e)), existing usually as separate 
crystals. ZnS, with its wide band gap (~3.6 eV) and high resistance [48], 
acts as a filler material in a monograin membrane and can only reduce 
the active area of the solar cell. All crystals have flat facets and sharp 
edges, which is a suitable shape for MGL technology. Ge-alloying didn’t 
have a significant effect on the morphology. Since the samples were 
isothermally annealed at elevated temperatures, no elemental loss or 
compositional change after the annealing was expected.

3.2. Structural analysis

The crystal structure of as-grown Cu2Zn(Sn1− xGex)S4 monograin 
powders with different Ge/(Ge + Sn) ratios was analyzed by XRD, see 
Fig. 2(a). XRD patterns for the entire CZTGS series showed a dominant 
peak corresponding to the (112) orientation at 28.50 deg for CZTS and at 
29.03 deg for CZGS, along with smaller peaks for the (002), (101), (110), 
(004), (220), (312) and (224) planes. The diffraction peaks were 
assigned to the tetragonal phase of Cu2ZnSnS4 ICDD (PDF-2 Release 
2019 RDB, 01-080-4442) and Cu2ZnGeS4 ICDD (PDF-2 Release 2019 
RDB, 01-074-8334). The diffraction peaks of CZTGS monograins shifted 
to higher angles with increasing Ge content, which is ascribed to the 
decrease in the unit cell volume due to the smaller atomic size of Ge 
compared to Sn [21]. The magnified view of the (112) peak is presented 
in Fig. 2(b), clearly showing the shift caused by Ge substitution. All 
peaks are accompanied by their respective doublets, exhibiting heavy 
overlapping at lower angles and greater separation at higher angles. The 
doublets are caused by the Cu-Kα2 radiation present in the diffractom-
eter. No secondary phases could be identified because the peaks of 
CZTGS coincide with the characteristic XRD peaks of possible binary and 
ternary phases like ZnS, CuS, Cu2SnS3 and Cu2GeS3 [49]. However, the 
peak shift induced by the inclusion of Ge should enable the aforemen-
tioned secondary phases to become distinguishable. Still, even for the 
fully Ge-substituted sample, no secondary phases were observed.

The lattice parameters were calculated using the XRD patterns as a =
5.428 Å and c = 10.836 Å for CZTS and as a = 5.339 Å and c = 10.490 Å 
for CZGS. As seen in Fig. 3(a), the lattice parameters exhibit a linear 
decrease with an increase in the Ge/(Sn + Ge) ratio. This phenomenon 
arises from the difference in atomic size between Sn and Ge. The 
observed linear trend provides evidence that the CZTGS alloy series 
conforms to Vegard’s law [50]. According to computational simulations 
reported by Zheng et al. [51], the tetragonal distortion parameter (c/2a) 
is used as an indicator of whether the crystals belong to the kesterite 
(c/2a) < 1 or stannite (c/2a) > 1 structure. This implication lies in 
different arrangements of Cu and Zn atoms in these structures resulting 
in different bond lengths of Cu-S, Zn-S or Sn(Ge)-S. In our case, (c/2a) 
exhibited values lower than unity throughout the compositional range, 
see Fig. 3(b), which corresponds to kesterite structure. However, the 
reason for the linear decrease of (c/2a) with increasing Ge content is not 
clear. A similar trend has been observed before in Cu2Zn(Sn1− xGex)Se4 
solid solutions [52–54].

3.3. Phase analysis

Raman spectroscopy was used to analyze the phase composition of 
as-grown CZTGS monograins. The Raman spectra for the entire 
compositional range are presented in Fig. 4, showing good agreement 
with previously reported findings [10,13,49,55]. All spectra showed two 
main vibrational A modes, identified at 288 and 338 cm− 1 for CZTS and 
at 297 and 361 cm− 1 for CZGS. A blueshift was observed with increasing 
the Ge content for both A1 and A2 symmetry modes along with other 
characteristic peaks. Since the dominant peaks originate from the vi-
bration modes of S atoms, it is also affected by the variations in Sn-S and 
Ge-S bonding [13]. The substitution of Sn by the smaller atomic size Ge 
leads to a change in the bond-stretching force constant between S and 

Table 1 
EDX elemental composition of Cu2Zn(Sn1− xGex)S4 monograins given with the standard deviation from the average.

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

x = 0 24.00 ± 0.09 13.30 ± 0.04 12.67 ± 0.06 0 50.04 ± 0.06 0.92 1.05 0.00
x = 0.2 24.13 ± 0.11 13.08 ± 0.04 10.34 ± 0.15 2.40 ± 0.14 50.06 ± 0.10 0.93 1.03 0.19
x = 0.4 24.35 ± 0.08 13.00 ± 0.11 7.79 ± 0.20 4.84 ± 0.17 50.02 ± 0.03 0.95 1.03 0.38
x = 0.6 24.65 ± 0.14 12.84 ± 0.09 5.23 ± 0.08 7.25 ± 0.27 50.03 ± 0.12 0.97 1.03 0.58
x = 0.8 24.78 ± 0.15 12.88 ± 0.09 2.78 ± 0.25 9.53 ± 0.11 50.04 ± 0.06 0.98 1.05 0.77
x = 1 25.23 ± 0.31 12.92 ± 0.14 0 12.06 ± 0.28 49.79 ± 0.43 1.01 1.07 1.00
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Sn, as well as the effective mass of S anion [56]. Accordingly, the fre-
quency of the A1 mode is expected to increase from x = 0 toward x = 1. 
For the samples with x = 0.2, 0.4, 0.6 and 0.8, the A1 modes split into 

two peaks due to the coexistence of Ge-S and Sn-S bonds [53]. In two 
samples with the highest Ge content, the peak around 400 cm− 1 indi-
cated the signal enhancement attributed to the resonant effect [10]. No 

Fig. 1. SEM images of as-grown Cu2Zn(Sn1− xGex)S4 monograins with varying Ge content (a, d) x = 0, (b, e) x = 0.4 and (c, f) x = 1 (a)–(c) show the morphology of 
crystals while (d)–(f) indicate the cross-section images of polished samples. Dark grey areas confined with red circles in (d) and (e) correspond to the ZnS sec-
ondary phase.

Fig. 2. XRD patterns of as-grown (a) Cu2Zn(Sn1− xGex)S4 monograins and (b) a magnified view of the (112) peak.

Fig. 3. (a), (b) Lattice constants and (c) the tetragonal distortion parameter of Cu2Zn(Sn1− xGex)S4 monograins.
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secondary phases were observed in the examined crystals.

3.4. Device characteristics

Following the analysis of the powders, they were utilized as the 
absorber layer in a MGL solar cell. Table 2 shows the MGL solar cell 
parameters of the Cu2Zn(Sn1− xGex)S4 series together with the RT 
bandgap values determined from the EQE spectra, as shown in Fig. 5. 
EQE is a valuable tool to determine optical and electrical losses 
responsible for reducing the photocurrent collection [57]. Extrapolating 
the linear part in the plot (E*EQE)2 versus E gives an estimation of the 
bandgap. With Ge-alloying, the bandgap was tuned between 1.50 and 
2.25 eV, which correlates with previously obtained values [25,53]. As 
the bandgap increased, a slight increase in VOC values from 679 to 776 
mV was observed. On the other hand, JSC and ηactive decreases with 
increasing Ge amount due to a narrower spectral response range for the 
incoming photons, particularly in the visible spectrum. The efficiency 
notably drops from 6.27 % at x = 0–0.87 % at x = 1. The decline in ηactive 
is mainly driven by the reduction in JSC which decreases substantially 
from 17.8 mA/cm2 to 2.9 mA/cm2. However, the FF doesn’t show a 
regular trend and fluctuates with an overall decline, reaching a mini-
mum of 34.1 % at x = 0.8 before slightly increasing again until x = 1. 
The FF variations can be attributed to changes in recombination losses or 

series resistance due to the change in composition. This trade-off be-
tween VOC and JSC highlights the challenge of optimizing the materials’ 
composition and the band alignment between the buffer layer for effi-
cient charge carrier management. Since the increase in bandgap pri-
marily occurs from the conduction band side upon Ge-alloying, there 
was no improvement in terms of band alignment with CdS and an 
alternative buffer layer is needed. Instead of the preferred 
small-spike-like band alignment, cliff-like conduction band offset is ex-
pected throughout the series where the gap increases with the widening 
of the bandgap [30]. The overall change in device characteristics de-
pends on many aspects and further studies are required to explain them 
in detail.

3.5. Results of PL measurements

The PL spectra of samples measured at T = 3 K are presented in 
Fig. 6. Due to the high noise content and low intensity of the spectrum, x 
= 0.8 was excluded from the figure. As presented in Fig. 4, the Raman 
spectrum of x = 0.8 shows an irregular behavior in the peak splitting of 
the A1 mode. Compared with x = 0.6, the relative intensity of the peak 
representing Ge-S bonds decreases while the peak representing Sn-S 
bonds increases. This might be an indication of some secondary phase 
formation or change in defect structure that also leads to a weak PL 
signal. PL measurements were done with post-treated samples where the 
effects of potential secondary phases were not expected. Even though 
the chemical etching would not remove the ZnS secondary phase, the 
effect of ZnS on PL data is negligible since there are few numbers of these 
separate ZnS monograins and since ZnS has a much higher bandgap 
compared with CZTS which exceeds our PL detection limit. Such a low 
PL intensity could be caused by the prevail of non-radiative transitions 
over radiative ones for the dominant recombination channel [58]. 
Detailed PL analysis proceeded with x = 0, x = 0.2 and x = 0.4, since the 
intensity of the spectra for x = 0.6 and x = 1 decreased significantly with 
increasing temperature. PL spectrum for x = 0.6 exhibits two peaks 
located at 1.05 eV and 1.52 eV, while x = 1 shows one very broad peak 
located at 1.33 eV. The samples with x ≥ 0.6 exhibit a distinct PL 
behavior characterized by broadened peaks and the appearance of 
additional peaks. Similarly, the sample with x = 0 is expected to contain 
more than one peak, as the observed peak is unusually broad for a 
kesterite-type material. Given that the compositional and structural 
analyses did not reveal any signs of non-kesterite phases or secondary 
phases, we can infer that this different behavior arises from a change in 
the recombination mechanism. Factors such as alterations in defect 
levels, lattice distortion and the segregation of ordered and disordered 
phases may contribute to this behavior and further studies must be done 
for the clarification. For the samples under analysis (x = 0, x = 0.2 and x 
= 0.4), the spectra consist of one asymmetrical band located at 1.23 eV, 
1.32 eV and 1.39 eV, respectively. When the Ge content is increased, the 
PL peak position shifts to the higher energy side, thus following the 
increase in bandgap. However, the energetic difference of the PL peak 
position to the RT bandgap increases slightly in each step, reaching 0.27 
eV, 0.29 eV and 0.33 eV for x = 0, x = 0.2 and x = 0.4. As seen in Fig. 6, 
the PL intensity decreases with each step of increased Ge content until x 
= 0.6. The sharp peak at around 1.16 eV for all spectra belongs to the 
laser (266 nm) harmonics, which becomes more dominant when the 
overall PL emission intensity decreases.

Fig. 7 shows the temperature and excitation power-dependent PL 
spectra of x = 0.2 and x = 0.4. Both dependencies show similar spectral 
shapes with changes in temperature and excitation power. PL intensity 
quenches gradually with increasing temperature between 3 K and 140 K 
and at T > 140 K the quenching continues with a much smaller rate until 
RT. At excitation power dependence, the same quenching trend is 
observed throughout the spectra.

The laser power dependence of the integrated PL band intensity Φ is 
shown in Fig. 8. The dependence follows the power law Φ ~ Pk, where P 
is the excitation power and k is the exponent [59]. The k-value is 

Fig. 4. Raman spectra of as-grown Cu2Zn(Sn1− xGex)S4 monograins.

Table 2 
The device performance parameters of Cu2Zn(Sn1− xGex)S4 MGL solar cells and 
the bandgap value (Eg) of absorber material were estimated from the EQE 
spectra. Since the polymer between monograins acts as a nonactive area, effi-
ciency (ηactive) and short circuit current density (JSC active) were calculated 
considering a 75 % packing density of the crystals in the membrane [47].

Sample ηactive (%) FF (%) VOC (mV) JSC active (mA/cm− 2) RT Eg (eV)

x = 0 6.27 51.8 679 17.8 1.50
x = 0.2 5.68 50.6 738 15.2 1.61
x = 0.4 4.24 53.8 765 10.3 1.72
x = 0.6 2.85 42.9 772 8.6 1.88
x = 0.8 1.33 34.1 772 5.1 2.06
x = 1 0.87 38.4 776 2.9 2.25

İ. Mengü et al.                                                                                                                                                                                                                                   Solar Energy Materials and Solar Cells 277 (2024) 113124 

5 



calculated from the gradient of linear fit as 0.45 and 0.54 for x = 0.2 and 
x = 0.4, respectively. All values below unity indicate that the dominant 
recombination in all samples is related to defect levels within the band 
gap. In addition, the PL bands in all samples exhibited a significant 
blueshift with increasing laser power. The rate of the shift increases from 
10 meV to 13 meV per decade when the Ge content is increased. 
Although the sample x = 0 is missing from Fig. 8, it is known that 
excitation power dependence of CZTS monograins exhibited previously 
10–15 meV blueshift/decade [60,61].

Temperature quenching of the integral intensities of the PL bands 
was fitted according to the exponential law [62]: 

Φ(T)=Φ0
/ [

1+A1T3/2 +A2T3/2 exp(− EA / kT)
]

(1) 

where Φ is the integrated intensity of the PL band, A1 and A2 are the 
process rate parameters and EA is the thermal activation energy. As seen 
in Fig. 9, Arrhenius plots of resulting intensities for all samples follow 
the theoretical dependence for discrete energy levels, including the 
linear parts, which indicates the thermalization of acceptor defects. The 
calculated activation energies are 71 ± 4, 31 ± 1 and 19 ± 1 meV for x 
= 0, x = 0.2 and x = 0.4, respectively.

Fig. 10 presents the temperature dependence of the PL peak position 
(Emax) and full width at half maximum (FWHM) analyzed for each 
sample. The behavior of Emax is similar for all samples. At very low 
temperatures (3 K–40 K), it exhibits a small redshift, followed by a 
significant blueshift (40 K–200 K) up to a critical temperature around 
200 K. Beyond this critical temperature, it shows a redshift again until 

RT. With Ge-substitution, the maximum shift of Emax increases from 49 
meV to 59 meV and then to 77 meV. Again, from x = 0 to x = 0.4, the 
critical temperatures where Emax reaches its minima and maxima move 
slightly to lower values. Another difference observed is that the initial 
redshift at the very low-temperature range slowly disappears. The 
FWHM, on the other hand, shows a rather unusual behavior with tem-
perature, particularly after 100 K. Initially, it increases until ~100 K, 
coinciding with the onset of the Emax blue-shift and then starts to 
decrease, continuing this decrease until the RT.

3.6. Shape of the PL band

At the temperature of T = 3 K, the characteristic shape of the PL 
bands exhibits a wide, tail-like increase on the low energy side and a 
steep decay on the higher energy side. Both sides can be well approxi-
mated by a Gaussian function, separately. Choosing the most appro-
priate fitting function is of great importance because PL Imax (maximum 
PL intensity), Emax and FWHM are calculated using the fitting parame-
ters of the chosen function. This characteristic dataset is essential for the 
PL analysis. In this work, all measured PL spectra were fitted by the 
Pekarian function which gave the best empirical fitting for all samples at 
all temperatures [63]: 

I(E)= I0

∑10

m=0

Sm

m!
exp

(

− 4 ln 2
(

E − E0 + mħω
δ

)2
)

(2) 

where I(E) is PL intensity at a photon energy, I0 is a frequency- 
independent constant, S is the Huang-Rhys factor, E is photon energy, 
ħω is the phonon energy, E0 is the position of zero phonon line and δ a 
Gaussian broadening of transitions. The theory of multiphonon optical 
absorption was first formulated by Pekar [64] and by Huang and Rhys 
[65]. The model was used many times to describe the shape of the 
emission bands of semiconductors [63,66]. The fitting for the samples x 
= 0, x = 0.2 and x = 0.4 at T = 3 K, 80 K and 160 K are shown in Fig. 11
proving that the selected fitting function perfectly approximates the 
original PL data in different temperatures. The obtained fitting param-
eters of the Pekarian function were then reformulated into PL parame-
ters, presented in Table 3.

In chalcopyrites and kesterites, the high defect density results in such 
a small distance between defects that the electrons tend to recombine 
not in a discrete energy level, but rather in varied energy levels. In the 
case of a p-type semiconductor, the most typical radiative transition 
involves localized holes within potential wells in the valence band tail 
[67]. These tail states are known to be one of the root causes limiting the 
transport of photo-generated carriers and formed due to the high con-
centration of defects, non-stoichiometry and compositional in-
homogeneities. These factors eventually lead to potential and bandgap 
fluctuations [39,68,69].

In the PL spectra, the average amplitude of fluctuations can be 
estimated from the low-energy side of the PL band, since this part re-
flects the density of states affected by the depth of fluctuations [40]. 

Fig. 5. (a) EQE curves for Cu2Zn(Sn1− xGex)S4 solar cells, (b) estimation of bandgap energy by plotting (E*EQE)2 versus E and (c) J–V curves of solar cells.

Fig. 6. Low temperature (T = 3K) PL spectra of Cu2Zn(Sn1− xGex)S4. The sharp 
peaks appearing at around 1.16 eV are belonging to the laser (266 
nm) harmonics.
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Fig. 7. (a) Temperature and (b) excitation power-dependent PL spectra of x = 0.2 and x = 0.4.

Fig. 8. Laser power dependence of the PL band: (a) Emax and (b) integrated intensity for x = 0.2 and x = 0.4. Experimental data was fitted by a linear equation.

Fig. 9. Arrhenius plot derived from the temperature dependencies of the PL spectra for x = 0, x = 0.2 and x = 0.4. Activation energies (EA) were calculated using the 
theoretical expression (1). Dots present the experimental data, while solid lines show the fitting result.
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Depending on the shape of the emissions tail, Siebentritt et al. [70] have 
proposed different models. If the PL emission is defect-related, then the 
density of states function assumes a Gaussian shape. If the tails are 
treated like Urbach tails, then the density of states function assumes an 
exponential shape. Both types of shapes were previously detected in 
chalcopyrites and kesterites [61,71–73]. The average amplitude of 
fluctuations (γ) was calculated using the low-energy tail of emissions 
according to the Gaussian spectral dependence: 

I(E) ∼ exp

(

−
(E − E0)

2

2γ2

)

(3) 

where I(E) is the intensity of emission, E is photon energy and E0 is the 
energy of the transition in unperturbed bands. The value of γ was 

determined to be around 90 meV, see Table 3.
There are two fundamental types of fluctuations within a semi-

conductor: electrostatic fluctuations (γel) and band gap fluctuations (γbg) 
[39]. The average amplitude of total fluctuations is given as: 

γ =
̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅
γ2

el + γ2
bg

√
(4) 

Electrostatic fluctuations are formed by the charged defects inside 
the grains, at grain boundaries or interfaces. These charge states are 
caused by intrinsic structural defects and doping atoms [74]. On the 
other hand, the reasons for band gap fluctuations are attributed to 
spatial variations in composition, non-stoichiometry, tetragonal distor-
tion in the lattice and ordering-disordering.

As given in Table 1, the standard deviation of elemental composition 
values for each sample increases slightly from x = 0 to x = 0.2 and then 
to x = 0.4. Again, the tetragonal distortion parameter declines linearly 
with an increase in Ge content with a slope of 1.567 × 10− 2, where the 
lattice diverges from the perfect tetragonal structure, c/2a decreasing 
from 0.998 to 0.982 between CZTS and CZGS. These facts align with the 
slight increase of γ from samples with x = 0 to x = 0.4. The EDX analysis 
also shows that the ratio of Cu/(Zn + Sn + Ge) approaches stoichiometry 
with Ge incorporation. However, the ratios of Zn/(Sn + Ge) and metal/ 
chalcogen do not exhibit a specific trend throughout the series, making it 
challenging to evaluate the effect of stoichiometry.

On the other hand, defect clusters in kesterite can cause local 
bandgap shifts up to 500 meV, which contributes γbg more significantly 

Fig. 10. Temperature dependence of the PL band (a) Emax and (b) FWHM for x = 0, x = 0.2 and x = 0.4.

Fig. 11. The temperature evolution of the spectra for (a) x = 0, (b) x = 0.2 and (c) x = 0.4 fitted with the Pekarian function at 3 K, 80 K and 160 K. The data points 
which belong to the laser (266 nm) harmonics at around 1.16 eV were removed from the spectrum. Hollow circles show the measured PL data while continuous lines 
show the fitting spectra.

Table 3 
PL parameters were obtained from the detailed analysis of the temperature 
dependence of the spectra. PL Emax, FWHM and γ (the average amplitude of 
fluctuations) values were obtained from the T = 3 K spectra. The max shift of 
Emax represents the difference between minimum and maximum values of Emax.

Sample PL Emax 

(eV)
PL FWHM 

(meV)
EA 

(meV)
γ 

(meV)
Max shift of Emax 

(meV)

x ¼ 0 1.23 154 71 90 49
x ¼ 0.2 1.32 165 31 95 59
x ¼ 0.4 1.39 177 19 95 77
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than changes in stoichiometry [32]. Amongst them, CuZn + ZnCu defect 
cluster has the lowest formation energy, where the random distribution 
of Cu and Zn cations (Cu-Zn disorder) can induce a change in the 
bandgap energy up to 200 meV throughout the material [75]. In the 
CZTS lattice, the most energetically favorable condition is either fully 
disordered or ordered lattice. Assuming that the structure will always be 
partly disordered in all samples, we would expect the formation of 
separated disordered and ordered phases. These segregated phases with 
different bandgaps will significantly contribute to bandgap fluctuations 
[76].

3.7. Analysis and discussion of the radiative recombination mechanisms

The intensity of the PL spectra decreased with the increase of the Ge 
amount in the samples. PL Imax of x = 0.2 and x = 0.4 were determined to 
be 4 times and 8 times smaller compared to x = 0, respectively. This is an 
indication that defect-related non-radiative recombination starts pre-
vailing in the system with Ge inclusion.

A high rate (more than several meV per decade) of blueshift with 
increased excitation power is typical for heavily doped semiconductors 
and is an indication of the presence of potential fluctuations in the 
material [37,40,77].

The temperature dependence can be analyzed in three regions. For 
the sample x = 0, at T = 3–40 K, Emax undergoes a small redshift of 5 
meV, consistent with the bandgap shift in this temperature region [78]. 
At T = 50–200 K, Emax suffers a rather large blueshift of 49 meV and then 
shows a redshift again until RT. The rate of the redshift at T = 200–300 K 
cannot be accurately defined due to the increased noise in the spectra at 
high temperatures. Overall, the behavior of Emax after T = 50 K occurs 
due to the ionization of donor defects from wells below the conduction 
band. Since the activation energy of acceptors in all samples is a fraction 
of γ, it can be assumed that these are acceptor-like states in the valence 
band tails. The spatially varying bandgap will be a determinant for the 
depth of acceptor states in this case. Declining activation energies can 
also explain the increasing conductivity reported for the Cu2Zn 
(Sn1− xGex)S4 series [79]. All spectra exhibit a characteristic S-shaped 
behavior of Emax, which has been observed previously when localized 
electron states were detected [68,80,81]. The dual redshift and blueshift 
behavior of Emax at low temperatures was earlier associated with donor 
defects distributed in deeper and shallower wells. The energy separation 
between these donor defects was indicated by the redshift of Emax in the 
very low-temperature region [81].

The significant difference between the bandgap and the PL peak 
position (>300 meV), as well as the small thermal activation energies 
(<80 meV), indicate that the most frequently observed BI, BT and BB 
recombination models of kesterite do not fit our measured spectra. 
Indeed, the temperature-dependent behavior of Emax is very similar to TI 
recombination. TI recombination can be seen in compensated semi-
conductors, where potential wells in the conduction band tail states can 
localize electrons. Due to localized electron states, the peak position 
typically shifts first to lower energies and then to higher energies as a 
result of the redistribution of carriers between shallower and deeper 
donor levels [33,68,82]. However, the critical temperature, where Emax 
transforms from redshift to blueshift is usually higher for TI, because 
more energy is needed for the liberation of carriers from tail states with 
different depths of energies. However, in our case, the initial redshift in 
low temperatures is much smaller, so it cannot be associated with this 
redistribution. Also, the donor defect levels in our case must be in a 
much deeper position that cannot overlap with the tail states.

To explain the low-temperature PL behavior of samples, two options 
are proposed: a deep donor-deep acceptor (DD-DA) recombination 
model or a defect cluster model. In a donor-acceptor pair (DAP) 
recombination, the binding energy between the donor and acceptor is 
modified by the Coulomb interaction so that the energy is distance- 
dependent [37,82]. The distance between the donor-acceptor pair is 
usually bigger than the lattice constant. When this distance becomes 

smaller, the recombination is referred to as DD-DA recombination [83,
84]. Regarding the PL fitting results, our samples likely contain very 
closely located donor-acceptor defect pairs that have a deep position 
inside the bandgap. The typical behavior of DAP recombination in an 
ideal semiconductor with increasing laser power is a maximum blueshift 
of 2–3 meV per decade. This shift is due to the recombination probability 
for closer and distant pairs. On the other hand, the DD-DA pair model 
assumes more closely located defect pairs, which usually results in 
smaller blueshift or no blueshift at all. In our samples, the high rate of 
blueshift with increasing laser power suggests that the DD-DA model 
does not fit well. In fact, in the defect cluster model, a high blueshift with 
laser power is expected. Since the compensated defect clusters induce a 
significant bandgap decrease, also a discrepancy between PL Emax and Eg 
is expected [34]. These facts suggest that the defect cluster model is 
more suitable to describe our recombination model.

The width of the PL band is mainly affected by the interaction with 
optical phonons, electrons and fluctuations in the system. Typically, the 
PL band widens with increasing temperature [73]. The unusual decrease 
in FWHM after T = ~100 K suggests that in this region, there should be a 
contribution from at least two different recombinations in the system 
originating from very closely located PL emission bands. In order to 
understand the origin of these PL bands, the x = 0 spectra were fitted 
with two peaks, as shown in Fig. 12. Fitting was initiated using the PL 
Emax values at minima and maxima obtained from one-band fitting at T 
= 60–200 K. It is suggested that at T = 60–200 K, at least two PL bands 
coexist, where PL1 eventually quenches and PL2 prevails. At T =
200–300 K, the decrease in both Emax and FWHM (Fig. 10) could indicate 
that the coexisting recombinations in this temperature region have 
different origins or the related defects are ionizing at different temper-
atures. Also, the redshift in Emax at T = 200–300 K corresponds to the 

Fig. 12. Two-band recombination model showing the transformation of peaks 
at T = 60, 100, 120, 160 and 200 K. The peaks were fitted with the Pekarian 
function based on the x = 0 sample.
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bandgap shift of CZTS in that temperature region. However, the 
mismatch between the PL Emax and Eg - EA suggests that it cannot be 
easily attributed to a band-related recombination mechanism. After all, 
the reason behind the continuous decrease of FWHM after T = 200 K 
remains unclear.

Considering the defect cluster model [34], the focus should be on 
defect complexes rather than isolated defects. The most possible 
candidate for the donor defect is SnZn, however, its ionization energy in 
the bandgap is deeper than what corresponds to our PL findings. Only 
when SnZn forms a cluster with VCu, VZn, ZnSn or CuZn, then the bandgap 
shift caused by these defect clusters correspond to our estimated 
acceptor (~50 meV from the valence band edge) and donor (~300 meV 
from the conduction band edge) ionization energies. Also, for the case of 
ZnSn + SnZn and 2CuZn + SnZn, the formation energy of defect clusters 
decreases compared with the isolated SnZn defect [32].

When Ge is incorporated into the system, some of the SnZn is replaced 
by GeZn, which has a deeper position in the bandgap, as predicted from 
PL Emax behavior. Additionally, according to theoretical calculations for 
CZTS and CZGS systems by Ratz et al., the formation energy of GeZn is 
~150 meV higher than SnZn [26]. The reason behind this is that Ge has a 
more stable state at 4+ while Sn can easily switch between 4+ and 2+
oxidation states. This explains why the critical temperature in PL Emax 
behavior shifted to lower energies, as the carriers in donor wells started 
liberating at lower temperatures.

In summary, for all samples, a deep PL peak was observed, pointing 
to the defect cluster model. The dominating recombination should 
originate from defect clusters such as 2VCu + SnZn, VZn + SnZn ZnSn +

SnZn or 2CuZn + SnZn. In the mid-temperature region, the coexistence of 
two recombination mechanisms was observed. The behavior of Emax and 
FWHM with increasing temperature suggests that even in very high 
temperatures, deep donor defects remain and there is no transformation 
into band-related recombination. Ge incorporation didn’t alter the 
dominating recombination mechanisms, instead, it changed their na-
ture. Donor energy levels inside the bandgap shifted to deeper positions, 
while the carriers started ionizing earlier from donor wells. Further 
studies are needed to investigate the effects of these defect complexes in 
the Cu2Zn(Sn1− xGex)S4 system and find methods to suppress deep donor 
defects.

4. Conclusions

This study presented the compositional, structural and vibrational 
properties of wide-bandgap Cu2Zn(Sn1− xGex)S4 monograins, along with 
the device characteristics of MGL solar cells. Additionally, recombina-
tion mechanisms and related defects were investigated. Ge inclusion 
shifted the diffraction peaks to higher angles and decreased the unit cell 
volume. The tetragonal distortion parameters showed that all samples 
belong to the kesterite structure. In Raman spectra, a shift to higher 
wavenumbers of characteristic peaks was observed with the splitting of 
A1 mode due to the coexistence of Ge-S and Sn-S bond between x = 0.2 
and x = 0.8. As the bandgap increased, the VOC slightly increased from 
679 to 776 mV. The PL spectra of samples x = 0, x = 0.2 and x = 0.4 
exhibited a wide, asymmetric-shaped peak at T = 3 K, shifting to higher 
energies with increased bandgap. As a result of temperature and laser 
power-dependent PL analysis, the dominant recombination was attrib-
uted to defect clusters involving a shallow acceptor and a deep donor 
defect. Findings from the temperature quenching of the PL revealed the 
presence of two-band spectra at T = 60–200 K. The candidates for 
dominating defect clusters have the deep donor defect SnZn in common, 
which was partially suppressed by Ge substitution, as demonstrated by 
the shift of the critical temperature of PL Emax. As Ge content was 
increased, the acceptor ionization energy level decreased, while the 
donor defect level shifted into a deeper position. Overall, Ge alloying 
tuned the defect structure but did not affect the dominating recombi-
nation mechanism and the average amplitude of fluctuations. These 
results provide insight for further optimizing the composition and defect 

structure of Ge-alloyed CZTS toward achieving high-efficiency wide- 
bandgap solar cells.
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Rodríguez, M. León, I.v. Bodnar, V. Izquierdo-Roca, R. Caballero, Wide band-gap 
tuning Cu2ZnSn1− xGexS4 single crystals: optical and vibrational properties, Sol. 
Energy Mater. Sol. Cell. 158 (2016) 147–153, https://doi.org/10.1016/j. 
solmat.2015.12.021.

[56] J. He, L. Sun, S. Chen, Y. Chen, P. Yang, J. Chu, Composition dependence of 
structure and optical properties of Cu2ZnSn(S,Se)4 solid solutions: an experimental 
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