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In this study, we investigate how variations in precursor composition and partial vapor-assisted substitution
of Sn by Ge affect the material quality and device performance of CZTGSe solar cells. Precursor films with
different Cu-Sn alloy ratios were selenized under controlled SnSe,_, and GeSe,_, vapor conditions,
enabling the synthesis of Cu,ZnSn;_,Ge,Se4 absorber layers with Ge/(Ge + Sn) ratios ranging from 0 to
36%. Despite the initial variations, the final absorber compositions converged due to in-process shifts
driven by Sn and/or Ge incorporation and loss during the reaction. Beyond the established role of the
absorber composition, we show that the reaction pathway, determined by the precursor composition,
strongly influences the defect concentration, material quality, and device performance. A Cu-rich and
Sn-poor (Cu/Sn > 2) starting composition that evolves into a Cu-poor Sn-rich kesterite absorber is found
to be particularly beneficial. Furthermore, prolonged post deposition treatment revealed distinct stability
trends: Ge-free devices degraded steadily, whereas Ge-containing devices continued to improve over
~430 hours. We attribute this to stabilization of [V, + Znc, ] defect clusters and re-distribution of Ge
atoms. The best-performing device, with Ge/(Ge + Sn) = 9% achieved 12.5% efficiency with enhanced
long-term stability, underscoring the potential of vapor-phase Ge integration for advancing physically

rsc.li/materials-a synthesized kesterite solar cells.

Introduction

The emergence of copper zinc tin sulfide/selenide (CZTSSe)
thin-film solar cells represents a significant advancement in the
pursuit of sustainable, resource-saving and scalable photovol-
taic technologies. While various thin-film solar cells share
advantages such as lightweight, short energy payback time, and
cost-effective fabrication, CZTSSe stands out due to its compo-
sition of earth-abundant, non-toxic elements, its high absorp-
tion coefficient exceeding 10* cm™",*? and its tunable band gap
ranging from 1.0 to 1.85 eV through elemental substitution (e.g.,
Sn-Ge and S-Se).* Despite reaching a power conversion effi-
ciency of 12.6% early in 2013,* kesterite solar cell efficiencies
stagnated for nearly a decade. However, recent advances have
pushed the certified record efficiency of CZTSSe to 15.1%,* and
to 14.9% with Li and Ag co-doping,® thereby renewing interest in
this material system. Theoretically, CZTSSe holds considerable
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potential,”® although the complex nature of quaternary kester-
ite compounds continues to challenge efforts to close the gap
between theoretically predicted and achieved performance.

In high-performance CZTSSe devices, the attained open-
circuit voltage (V,.) typically reaches less than 65% of its theo-
retical maximum, whereas the short-circuit current (I.) and fill
factor (FF) can achieve up to 85% of their respective theoretical
limits.”® The open-circuit voltage deficit (Voe qer.), defined as the
difference between the theoretically achievable voltage and the
measured Voe (Voc-der. = (Eg/q) — Vo), is widely recognized as the
primary bottleneck limiting kesterite solar cell performance.’***
Extensive research has attributed this deficit to several
contributing factors**>* including:

e Limited phase stability in CZTSSe, which promotes the
coexistence of detrimental secondary and ternary phases that
act as recombination centers and affect electrical
conductivity.'*"”

e Cu/Zn disorder, promoted by the comparable size of the Cu
and Zn cations, has a critical influence on fundamental mate-
rials properties (like lattice parameters and band gap) resulting
in many cases in strong microscopic fluctuations.****

e Off-stoichiometric compositions used to induce p-type
conductivity often result in the formation of native point defects
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(vacancies, antisites, and interstitials), reducing the carrier
lifetime."”

e The formation of a thick MoSe, layer at the back interface
can hinder hole collection at the Mo back contact.'®>°

e A high density of interface defects, particularly at the
absorber-buffer junction, and unfavorable band alignment
exacerbate recombination losses.****

A thorough understanding and effective control of these
factors are essential for suppressing recombination pathways
and improving kesterite performance. Several studies**” have
explored how the final absorber composition correlates with
defects, secondary phases and device performance. However,
this strategy is constrained by the narrow optimal composition
window for CZTSSe absorbers.”**

In our previous work,**** we pursued an alternative strategy:
rather than focusing solely on the final absorber composition,
we investigated the influence of the precursor starting compo-
sition and the composition shifts during the selenization
process and absorber formation on the properties of the final
absorber. Using this approach, we demonstrated that despite
starting from varied precursor compositions, it is possible to
obtain absorbers with comparable final compositions, which,
however, result in devices with different performances. The
growth routes rely on the supply of SnSe,_, vapor during the
reactive annealing step, and the incorporation and/or loss of Sn
at the solid-vapor interface, which depends on the balance of
the two Sn concentrations in the layer and in the vapor envi-
ronment. Our results in ref. 30 demonstrated that variations in
both the initial precursor composition and the formation
pathway influence defect clusters and device properties, even
when the final absorber compositions appear similar.

Beyond compositional tuning, elemental substitution has
been widely explored to mitigate performance-limiting mecha-
nisms. Partial replacement of Sn by Ge has been shown to
reduce the formation of recombination-inducing defects (e.g.,
Cugzy,, Vsp, and Sng,), mitigate the band-tailing, and thereby
improve material quality, film morphology and device
performance.***%?

In this study, we extend our previous investigations on the
effects of formation pathways in pure Sn-based kesterite
absorbers (CZTSe) by examining the absorber formation
process using a variety of precursor compositions under
SnSe, , and GeSe,_, atmospheres. The aim is to gain deeper
insight into Ge incorporation via a vapor-assisted process and to
assess how variations in in-process composition shifts affect the
final absorber composition, material properties, and ultimately
the optoelectronic performance of the resulting solar cell
devices. Furthermore, this work evaluates the impact of pro-
longed low-temperature post deposition treatment (PDT) on
both Ge-free and Ge-containing devices, offering insight into
ageing stability and further potential pathways for material and
device improvement. We hypothesize that, despite comparable
final absorber composition, the reaction pathway through
which this composition is achieved plays a crucial role in
determining defect formation, material quality, and ultimately
device performance.
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Results and discussion

The study started with the preparation of a set of precursor
samples. As illustrated in Fig. 1, we prepared a series of
precursors with a stacking order consisting of a first layer of Zn,
followed by a Cu-Sn-alloy layer, an additional layer of elemental
Sn, and finally, a second Zn layer. The composition variation in
the prepared precursors was achieved by adjusting the sput-
tering duration of the elemental Sn layer. The employed dura-
tions were 0, 40, 81, 120, 162, 243, and 324 seconds, resulting in
estimated Cu/Sn ratios of 2.35, 2.20, 2.05, 1.90, 1.77, 1.55, 1.40
respectively. These composition ratios determine the alloy
structure of the as-deposited Cu-Sn layer, which will be di-
scussed in detail later. Consequently, the selenization process
was conducted to form the absorbers. Within the graphite box,
a specific amount of Se and Sn was evenly distributed around
the sample. Meanwhile, the amount of added Ge pieces was
systematically varied to ensure that each precursor composition
(defined by a specific as-deposited Cu/Sn ratio) was annealed
under three distinct conditions: without Ge, with a low Ge
concentration, and with a relatively high Ge concentration. As
a result, a complete library of samples was obtained, including
samples with different Sn and Ge concentrations. In the second
part of this study, we conducted a controlled post deposition
soft annealing to explore the effect of this treatment on the
device performance with and without Ge.

As demonstrated in previous studies by our group,** altering
the Sn sputtering durations in the precursor Zn/CuSn/(Sn)/Zn
determines the Cu/Sn ratio and influences the Cu-Sn alloy
structure within the precursor. Consequently, the precursor
layer contains a Cu-rich alloy (Cu;Sn) if no additional elemental
Sn is sputtered. Sputtering elemental Sn on the already sput-
tered CuzSn layer results in gradual conversion of the Cus;Sn
alloy into a less Cu-rich, almost stoichiometric CugSn; alloy.
However, this trend reaches a saturation point at CueSns/
(CugSns + CuzSn) = 0.6 for additional Sn sputtering durations
of approximately 120 to 162 s. Further sputtering of elemental
Sn after this saturation region results in the presence of non-
alloyed elemental Sn in the layer.** Despite the variation in the
Cu/Sn ratio among the precursors and differences in the reac-
tive annealing conditions, including the variation in the
amount of germanium, the resulting absorbers show a conver-
gence to similar composition regions in the ternary composi-
tion diagram (see Fig. 2).

The presence of elemental Sn wire inside the graphite box
has been shown to effectively compensate for the Sn loss from
the film while serving as a source of SnSe,_, vapor during the
selenization process. As a result, this additional Sn supply
induces a composition shift in the kesterite film during reactive
annealing, transitioning from an initial Cu-rich/Sn-poor state
(Cu/Sn = 2.35) to a final Cu-poor/Sn-rich absorber composition
(Cu/Sn = 1.6).** In this study we introduce both Sn wire and Ge
pieces into the graphite box. Since Sn and Ge atoms occupy the
same sites in the kesterite crystal lattice,® the observed
composition shift occurs not only due to the supply of SnSe,_,
but also because of the competing GeSe, , incorporation.

This journal is © The Royal Society of Chemistry 2026
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Fig. 1 Schematic illustration of the preparation of precursors with different compositions and absorbers with varying Ge/(Ge + Sn) ratios. The

final part illustrates the extended post-deposition PDT.
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Fig. 2 Precursor composition estimated from sputtering parameters
and EDX measured compositions on the absorbers (color coded
according to the Ge content).

Additionally, the initial precursor composition plays a crucial
role in influencing this shift. Fig. 3 illustrates the overall
composition shift in CZTSe and CZTGSe for various starting
precursor compositions (Cu/Sn = 2.35, 2.00, and 1.40) under
different reactive annealing conditions with varying Ge
concentrations.

The data points shown in Fig. 3 can be classified into two
cases. Case 1: CZTSe samples, in which no Ge was supplied
inside the graphite box, resulting in Ge/(Ge + Sn) = 0. These
samples correspond to the left-most data point in each panel.
The composition shift occurs due to Sn incorporation or loss.
The length and the direction of the red arrows indicate the
amount of Sn incorporated or lost (downward Sn-incorporation,
and upward Sn loss). Since the final absorber composition is
comparable for all samples (grey region, Cu/Sn = 1.6 + 0.1), the

This journal is © The Royal Society of Chemistry 2026

amount of Sn incorporated is greater for samples with initial
Cu/Sn = 2.35 (Fig. 3a) than for those with Cu/Sn = 2.05 (Fig. 3b).
For precursors with Cu/Sn = 1.4 (Fig. 3c), the composition shift
is reversed, with Sn loss observed in the layer. This demon-
strates that the amount and direction of the composition shift
for the volatile species SnSe,_, is determined by the precursor
starting composition and the balance of the amounts of SnSe,
evaporating from both the sample and the additional supply
inside the reaction volume (from selenized Sn wire). The Sn
amount in the solid layer is determined by the balance between
condensation and evaporation of SnSe,_, at the surface of the
formed absorber film.

Case 2: CZTGSe samples, in which varying amounts of Ge are
introduced into the graphite box, resulting in a Ge/(Ge + Sn)
ratio ranging from 4% to 34%. Like the Cu/Sn ratio in CZTSe
absorbers, the Cu/(Sn + Ge) ratio in CZTGSe-absorbers remains
comparable and converges at 1.6 & 0.1. The composition shift is
influenced not only by the initial precursor composition but
also by the amount of Ge supplied to the reaction volume, as
well as by the competition between Ge and Sn atoms for the
same lattice sites, due to the simultaneous presence of SnSe,_,
and GeSe,_,. In Fig. 3a, where the precursors start as highly Sn-
poor/Cu-rich (Cu/Sn = 2.35), a moderate Ge content (Ge/(Ge +
Sn) = 18%) results in a composition shift achieved partially
through both Ge incorporation (downward black arrow) and Sn
incorporation (indicated by a downward red arrow). At a higher
Ge content (Ge/(Ge + Sn) = 30%), the composition shift is
dominated by Ge incorporation, as indicated by the relatively
longer downward black arrow. Here no red arrow is plotted,
signifying that neither Sn incorporation nor Sn loss occurs, and
the Cu/Sn ratio remains unchanged between the starting
precursor and the final absorber.

A similar trend is observed in Fig. 3b where the precursors
start as less Sn-poor/Cu-rich, close to stoichiometry (Cu/Sn =
2). However, in this case, the composition shift required to
reach the final composition is smaller. For samples with Ge/(Ge
+ Sn) = 18%, Ge incorporation alone is responsible for the
entire composition shift, and no Sn incorporation is observed.

J. Mater. Chem. A
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Fig. 3 Cu/Sn ratios for precursors (green) and absorbers (red), as well as Cu/(Sn + Ge) ratios for absorbers (black), plotted for each sample at
a specific Ge/(Ge + Sn) ratio. The red and black arrows illustrate the shift in composition from precursors to absorbers, for Sn (red) and for Ge
(black), respectively. (a) Precursors without an additional Sn layer, (b) precursors with an additional Sn layer deposited for 81 seconds, and (c)
precursors with an additional Sn layer deposited for 324 seconds. A broader dataset covering all precursor compositions used in this study is

provided in Fig. S1.

In the high-Ge case (Ge/(Ge + Sn) = 30%), Sn loss, indicated by
the upward red arrow, facilitates increased Ge incorporation
into the layer. This trend is confirmed by the data shown in
Fig. 3¢, where the precursor starts as highly Sn-rich and Cu-poor
(Cu/Sn = 1.4). The observed Sn loss is further enhanced by the
presence of Ge.

Our previous publications®**® suggest that Ge and Sn incor-
porate via similar mechanisms during selenization (governed
by kinetic processes such as gas-phase transport and surface
reactions). However, the observations above indicate a clear
preference for Ge incorporation over Sn at the solid-vapor
interface (i.e., at the surface of the forming absorber film). This
preference is likely due to the larger enthalpy decrease associ-
ated with GeSe,_, incorporation compared with SnSe, ,.*”*®
Consequently, the previously described balance between Sn
condensation and evaporation mediated by SnSe,_, is modified
in the presence of GeSe,_,.

The pathway by which the final absorber composition (Cu/
(Sn + (Ge)) = 1.6) is achieved can influence the resulting
absorber properties, including the kesterite phase quality, the
presence of secondary phases, and the defect concentration in
the final material. Raman spectra of the bare CZTSe and
CZTGSe absorbers, measured under two different excitation
wavelengths (457 and 532 nm), were used to further investigate
the impact of precursor composition and Ge incorporation on
the resulting material characteristics.

Fig. 4a shows Raman spectra of absorbers with varying Ge
content, fabricated from different precursor configurations. A

J. Mater. Chem. A

SnSe, phase, identified by its Raman peak at 185 cm ™" (ref. 40
and 41) in Fig. 4a, is consistently observed on the surface of
CZTSe absorbers grown from highly Sn-rich/Cu-poor precursors
(i.e., Cu/Sn 1.40). This behavior can be attributed to the highly
Sn-rich growth conditions (Sn-rich precursor combined with
selenization in the presence of excess SnSe, , vapor), which
promote the incorporation of excess Sn into the absorber layer
and consequently lead to the formation of SnSe, as a secondary
phase at both the surface and within the bulk. Our previous
study of Ge incorporation via the vapor phase also revealed Sn
segregation and SnSe, formation in samples with very high Ge/
(Ge + Sn) ratios (<60%), resulting from the excessive substitu-
tion of Sn by Ge, which in turn increases the amount of Sn
available to form SnSe,.*® This effect is not observed in the
current study, because the applied Ge contents were signifi-
cantly below this threshold. In summary, the formation of SnSe,
may occur in our process under two conditions: either due to an
extremely Sn-rich precursor composition (Cu/Sn = 1.40) and/or
in the presence of an excessive amount of available Ge.**?¢
The main kesterite Raman peak (A-symmetry, commonly
denoted A,), typically located at 196 cm™* for Ge-free CZTSe, shifts
to a higher wavenumber upon Ge incorporation. This blueshift,
arising from the substitution of Sn by Ge, has been widely re-
ported®**>* and is commonly attributed to the smaller atomic
radius of Ge relative to Sn, which modifies bond lengths and thus
the phonon energy. Using the empirical relation described in ref.
39, the Ge/(Ge + Sn) ratio can be estimated from the A; peak
position. Fig. 4b compares the Ge/(Ge + Sn) ratio derived from the

This journal is © The Royal Society of Chemistry 2026
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estimated Ge/(Ge + Sn) ratio, calculated from the position of the main
experimentally measured Ge/(Ge + Sn) ratio from EDX.

A; Raman peak position (Ge/(Ge + Sn)raman) With the corre-
sponding values obtained by EDX. The close agreement between
both datasets indicates that the A; peak position is a reliable proxy
for the Ge content in CZTGSe. Moreover, considering the different
probing depths of Raman and EDX (Raman being more surface
sensitive than EDX),* this agreement suggests a largely homo-
geneous Ge distribution throughout the absorber thickness. The
slight deviation observed at higher Ge loading may reflect modest
Ge enrichment near the surface. These results are consistent with
our previous report on vapor-phase incorporation of Ge in CZTSe
(ref. 36). The possible Ge enrichment near the surface at relatively
high Ge loading can arise from the Ge supply route: Ge is intro-
duced via GeSe, vapor, which initially enriches the surface before
diffusing into the bulk. At elevated Ge supply, this diffusion may
remain incomplete at process termination, leading to near-
surface elemental enrichment, which is commonly observed in
related absorber synthesis processes.*®**

A systematic broadening of the kesterite related Raman A1l
peak is observed with increasing Ge content, as indicated by an
increase in the full width at half maximum (FWHM) (Fig. S2).
This broadening can be attributed to the expected reduction in
crystalline quality caused by the incorporation of an additional
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(a) Raman spectra of CZT(Ge)Se absorbers measured under 532 nm excitation, normalized to the A; peak intensity. (b) Comparison of the

Raman kesterite peak (A;) using the relation reported in ref. 39, with the

element (Ge) into CZTSe, which introduces general crystal
disorder and reduces the mean free path of charge carriers.
However, the average change in FWHM across the solid solu-
tions is relatively small, indicating that all thin films maintain
a high degree of crystalline quality.

Raman spectra acquired using a blue excitation wavelength
(457 nm) are shown in Fig. S3. These spectra reveal the presence
of a ZnSe secondary phase in some samples, identified by
amain peak at 250 cm ™~ ".* The ZnSe phase is typically observed
in Zn-rich compositions (Zn/(Ge + Sn) = 1.25) of kesterite-based
absorbers, also reported in ref. 47. Introducing additional Ge
via the vapor phase during film growth appears to reduce the
formation of ZnSe, likely due to enhanced kesterite phase
formation in the presence of Ge, consistent with a previous
study on Ge incorporation.*®* However, due to the surface-
sensitive nature of Raman spectroscopy, the observed effect of
ZnSe secondary phase reduction is limited to the near surface
region of the absorber film.

Another parameter commonly derived from the Raman
spectra of kesterite-type compounds, which is related to the [V¢,
+ Znc,] defect cluster concentration, is the relative integrated
intensity of the A, peak, I, /(I,, + I4,).>** Fig. 5 shows this ratio
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Fig.5 Relative integrated intensity of Raman peaks of kesterite type compounds as a function of Cu/Sn ratio, based on the calculated precursor
composition, for three groups of samples: (a) Ge free, (b) low-to-moderate Ge content, and (c) high Ge content. The measurements were
performed at three randomly chosen points in each sample, and the average of these three measurements is shown with the standard deviation
represented by error bars.
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as a function of the Cu/Sn ratio in the precursor for absorbers
with various Ge contents. In Ge-free samples (Fig. 5a), precur-
sors with Cu/Sn > 1.8, which corresponds to no or only a small
amount of additional Sn (Sn sputtering time <162 s), exhibit
a lower [V, + Zng,| defect cluster concentration, in agreement
with the published result in ref. 26. For precursors with Cu/Sn <
1.7, a clear increase in defect cluster concentration is observed.
These findings are consistent with our previous results.*®

Samples with low to moderate Ge content (Fig. 5b) exhibit
a trend similar to that of Ge-free samples, wherein I /(I5, + I»)
decreases with increasing Sn content in the precursors. This
suggests comparable changes in the [V, + Zng,] cluster
concentration with variation of the Sn amount. At the same
time, the presence of Ge results in an overall reduction of the
observed relative integrated intensity. This difference in the
absolute value of the I, /(I + I,) ratio may still be partially
attributed to the increase in [Vg, + Znc,] in these samples
compared to the Ge-free absorber. However, the introduction of
Ge atoms alters the bond lengths in the crystal lattice, slightly
changing the vibration characteristics and thereby additionally
affecting the Raman spectra and the intensity ratios between
peaks.

For high Ge content (20% < Ge/(Ge + Sn) = 36%, Fig. 5c), the
relative integrated intensities are further reduced, and no clear
trend with the Cu/Sn ratio is observable within the error bars.
This suggests that a saturation level of the [Vg, + Zng,] defect
concentration may have been reached in this sample group due
to the relatively high amount of incorporated Ge.

The impact of increasing Ge content on the I /(I + I ) ratio
across the full set of samples is shown in Fig. S4. A systematic
decrease in this ratio with higher Ge content is observed, indi-
cating an increase in the [V¢, + Zng,] defect cluster concentra-
tion upon Ge incorporation, independent of the Cu/Sn ratio of
the precursor, corroborating the preceding analysis and
conclusions. Notably, the higher Ge content appears to stabilize
the defect density, rendering it largely insensitive to variations
in the Cu/Sn precursor composition. This is a favorable
outcome for improving process reproducibility, as it minimizes
the impact of small fluctuations during the precursor stage of
fabrication. Later in the manuscript, we discuss how the overall
increase in defect density observed in Ge-containing samples
can be mitigated through post deposition treatment.

While variations in precursor composition have little effect
on the absorber morphology, Ge incorporation significantly
influences both grain shape and size. SEM images in Fig. 6a
reveal clear morphological changes upon Ge incorporation. The
polygonal and sharp-edged grains observed in pure CZTSe
samples become more rounded with smoother edges, and the
average grain size increases noticeably.

Fig. 6b shows the relationship between the average grain size
(um) and the Ge content, expressed as the Ge/(Ge + Sn) ratio.
Grain sizes were extracted using a custom image analysis
routine based on watershed clustering of SEM images. The SEM
image area used for grain size estimation is shown in Fig. S5.
Ge-free absorbers exhibit grain size of approximately 0.7 um,
whereas absorbers with Ge/(Ge + Sn) = 40% show a signifi-
cantly increased average grain size of about 1.4 pm. When
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considering the largest 5% of the grains, the average grain size
increases from approximately 1.7 pm in Ge-free absorbers to
about 3.2 um for samples with Ge/(Ge + Sn) = 40%. Grain size
enlargement upon Ge incorporation has been widely reported
in the literature*®**' and is commonly attributed to the forma-
tion of a Se-rich germanium selenide (Ge,Se,) liquid phase
during selenisation.”®*?® The presence of this liquid phase
enhances elemental diffusion and promotes absorber crystalli-
zation, thereby facilitating grain growth.

Larger grains, and consequently a reduced density of grain
boundaries, can in principle enhance electronic transport
within the absorber layer. A beneficial correlation between
increased grain size and improved device performance has been
reported in several studies (e.g:, ref. 51).

Functional solar cell devices were fabricated from absorbers
prepared with different Cu/Sn precursor ratios and varying Ge
content, as described in the Experimental section. As shown in
Fig. S6 nearly all devices exhibit a maximum external quantum
efficiency exceeding 90%. When comparing devices fabricated
from different precursor compositions (Fig. S6), no systematic
trend in the EQE spectra is observed, except for samples derived
from Sn-rich/Cu-poor precursors (i.e., Cu/Sn < 1.55, corre-
sponding to Sn deposition times of 243 s and 324 s), showing
a noticeable reduction in the maximum achievable EQE. This
degradation can be attributed to the formation of secondary
phases (e.g., SnSe,) and an increased defect density, as inferred
from the Raman analysis discussed above. A similar correlation
has been reported in our previous study.*

Fig. 7a presents the normalized external quantum efficiency
(EQE) spectra of solar cells fabricated with varying Ge content
and different precursor compositions. As expected, Ge-con-
taining samples show an increased band gap energy compared
to Ge-free samples.>*> While the band gap of CZTSe samples
remains close to 1.05 eV, it increases significantly to values
above 1.25 eV for CZTGSe samples with relatively high Ge
content (Ge/(Ge + Sn) = 36%). Details of the band gap esti-
mation are provided in the Supplementary Information. As
shown in the upper panel of Fig. 7b, the band gap exhibits
a linear dependency on the Ge/(Ge + Sn) ratio. Notably, this
trend is already evident at low Ge contents (Ge/(Ge + Sn) < 12%),
confirming effective substitution of Sn by Ge in the kesterite
lattice.

Furthermore, by normalizing the EQE spectra and exam-
ining the shape and slope of the low-energy region in Fig. 7a,
a subtle trend can be observed, suggesting a modest impact on
the carrier collection length within the absorber. CZTSe-based
devices show a more rectangular EQE profile compared with
their CZTGSe counterparts. This difference in EQE shape
suggests that Ge incorporation slightly reduces charge carrier
collection, particularly for carriers generated farther from the
junction. This effect is likely associated with the previously di-
scussed increase in defect concentration and the minor reduc-
tion in crystalline quality, which can negatively affect the carrier
diffusion length.

Urbach energy, extracted from EQE spectra using the
procedure described in the SI, provides insights into the
concentration of shallow defects.*** As shown in the middle

This journal is © The Royal Society of Chemistry 2026
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panel of Fig. 7b, Urbach energies in the Ge-free group are
consistently below 21 meV for nearly all samples. The intro-
duction of Ge generally leads to an increase in Urbach energy,
likely reflecting the formation of additional shallow defects and
an increase in overall disorder. However, for low to moderate Ge
contents (Ge/(Ge + Sn) =< 20%), it is possible to obtain samples
with Urbach energies comparable to those of the Ge-free group,
provided the starting precursor composition is in the Sn-poor
regime. In contrast, devices fabricated from Sn-rich/Cu-poor
precursors (i.e., Cu/Sn < 1.55) typically exhibit larger Urbach
energies.

The open-circuit voltage deficit relative to the Shockley-
Queisser limit (Voc-aer.sq) Was calculated using the empirical
equation: Voc.ger.sq = (0.928 X Eg/q - 0.176) — V,. Here, the term
(0.928 x Eg/q — 0.176) represents the theoretically obtainable
open-circuit voltage for a given band gap, based on Shockley-
Queisser assumptions.® For both Ge-free and Ge-containing
devices with Ge/(Ge + Sn) < 12%, Vyc.qet.sq Values below 360 mv
were observed (see the lower panel of Fig. 7b). In contrast,

This journal is © The Royal Society of Chemistry 2026

higher Ge content in the absorber results in an increased open-
circuit voltage deficit for all samples, including those grown
from Sn-poor precursors.

Fig. 8 illustrates the impact of Ge incorporation and varia-
tion in precursor composition on key device performance
parameters, including open-circuit voltage (V,.), short-circuit
current density (J5.), fill factor (FF), and efficiency. Increasing Ge
content results in a systematic increase in V,. and a concomi-
tant decrease in J., primarily due to the widening of the band
gap (E,). While Ge-free samples maintain an FF of approxi-
mately 63%, Ge-containing samples exhibit a clear and
systematic decline in FF with increasing Ge content, indicating
a negative effect on interface quality. The V,. improvement
achieved through Ge incorporation does not translate into
higher device efficiency, as the faster reduction in Ji. and FF
dominates, leading to a significant efficiency drop in high-Ge
devices.

The observed performance degradation at high Ge concen-
trations can be attributed to reduced material quality and
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increased defect densities, whereas devices with low Ge content
exhibit performance comparable to Ge-free devices. This is
consistent with the previously discussed Urbach energy and
open-circuit voltage deficit for samples with Ge/(Ge + Sn) < 12%.

Another noteworthy observation in Fig. 8 is the slightly
superior performance of devices fabricated from precursors
with a Cu/Sn ratio of 2.05. These precursors contain both CuzSn
and CueSns alloys, with a CugSns/(CuzSn + CueSns) ratio of
approximately 30%.*" Conversely, devices prepared from Sn-
rich/Cu-poor precursors (i.e., Cu/Sn = 1.55) exhibit pronounced
performance degradation, which can be attributed to an
increased concentration of point defects and secondary phases.

Post-deposition heat treatment (PDT)

In our earlier publication (ref. 36) we demonstrated that post-
deposition heat treatment applied to solar cell devices with and
without Ge leads to improved long-term performance for Ge
containing samples, while the extended heat exposure causes
a performance decrease in Ge free devices. In that study, the
tested samples had a Ge/(Ge + Sn) ratio of 25%. As previously
discussed, this level of Ge incorporation generally results in
lower as-grown performance compared to Ge-free devices. In
the present study, we extended this investigation to explore the
impact of controlled PDT on devices with varying Ge content,
including samples with very low Ge/(Ge + Sn) ratios, particularly
below 12%, which yields as-grown performance values compa-
rable to their Ge-free counterparts. Furthermore, several
previous studies have shown and discussed the positive effect of
mild post-deposition annealing (PDT) on the device perfor-
mance (ref. 24 and 56).

Following our previous work,*® and to isolate the tempera-
ture effects of the PDT process, the experiment was conducted
at 85 °C and a relative humidity of 20%. These conditions were
chosen to minimize humidity-induced degradation of the non-
encapsulated devices and to ensure that the observed changes
could be attributed primarily to temperature-related effects on
device and material properties. The measurements were
extended over a 1000 h period, which additionally allows
comparison with stability tests reported in our previous publi-
cation (ref. 36). Current-voltage (IV) measurements were carried

This journal is © The Royal Society of Chemistry 2026

out at multiple time intervals, ¢ = 0, 2, 5, 20, 50, 150, 200, 430,
670, and 1000 hours, on the three best-performing cells from
each device. For the remaining cells in each sample, IV
measurements were conducted only at the beginning (¢ = 0 h)
and end (¢ = 1000 h) of the experiment to minimize the risk of
mechanical damage from repeated probing. To evaluate the
impact of the PDT on the band gab and Urbach energy, EQE
measurements were carried out at both the beginning and the
end of the experiment.

Fig. 9a illustrates the evolution of device efficiency following
the applied PDT. While Ge-free devices exhibited a reduction in
efficiency, the Ge-containing devices displayed a clear
improvement. To identify the parameters responsible for these
efficiency changes, the relative variations in V., Js., and FF are
shown in Fig. 9b. For the Ge-free samples, V,. and Js. remained
essentially unchanged after PDT, whereas a reduction in FF was
the primary factor contributing to the observed efficiency loss.
In contrast, the Ge-containing devices exhibited a pronounced
enhancement in V,., while J,. remained largely unchanged or
showed a slight improvement, without a consistent trend. An
exception was observed for the sample with a Ge/(Ge + Sn) ratio
of 31%, where a significant decrease in Js. occurred. The FF of
the Ge-containing devices showed a non-systematic response,
with some devices exhibiting improvements and other di-
splaying degradation.

Moreover, an opposite trend in the absorber band gap (E,)
was observed between the Ge-free and Ge-containing samples
(Fig. 10, right y-axis, blue symbols). In Ge-free devices, E,
increased after PDT, which can be attributed to a reduction in
Cu-Zn disorder and the associated improvement in structural
ordering within the kesterite phase.*”*® In contrast, the incor-
poration of Ge, particularly at higher Ge contents, led to
a decrease in E,. This behavior suggests that, while enhanced
cation ordering tends to widen the band gap, the diffusion of Ge
in Ge-containing absorbers contracts this effect, resulting in
overall gap narrowing.

Despite the systematic decrease in the band gap after PDT
with increasing Ge content, a substantial improvement in the
measured open-circuit voltage was observed, indicating
a reduction in open-circuit voltage deficit. This trend is
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corroborated in Fig. 10 (left y-axis, black symbols), which shows
a clear decrease in voltage deficit with increasing Ge content.
Conversely, the Ge-free samples exhibit a modest increase in
voltage deficit following PDT, thereby inhibiting any gain in V.
despite the widened band gap. For the Ge-containing devices,
the reduction in voltage deficit following PDT enables higher V.
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values while simultaneously allowing potential advantages of
a narrower band gaps, such as enhanced J..

It is worth noting that the absorber and device fabrication
processes were originally optimized for CZTSe-based (Ge-free)
devices, which may account for the limited impact of the PDT
on their performance. The observed decrease in FF in these
devices is likely related to minor degradation of the window
layers. In contrast, the Ge-containing devices exhibited
a pronounced performance enhancement, including increases
in V,. and Js. as well as a reduction in open-circuit voltage
deficit, indicating a substantial improvement in absorber
quality. To elucidate the mechanisms underlying this
improvement, Urbach energies and defect-related parameters
were evaluated before and after PDT, as presented in Fig. 11a
and b. Consistent with the previously discussed trends, Urbach
energy increased in the Ge-free devices but decreased in the Ge-
containing counterparts. Since Urbach energy is sensitive to
shallow defect states,”*** the reduction in E, observed for Ge-
containing absorbers indicates a lower defect density following
PDT.

Additional evidence is provided by the change in the relative
integrated Raman peak intensity, I /(Is, + I»,) (Fig. 11b), which
suggests a reduction in defect cluster concentrations associated
with [Vg, — Zng,] defects in Ge-containing samples after PDT.
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430 h of PDT. (d) Champion efficiency and the corresponding V. deficit relative to the SQ limit as a function of absorber band gap, compared
with literature-reported values for Ge-alloyed CZTSSe absorbers (ref. 36, 51 and 59-76). ARC stands for antireflective coating.
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Notably, the defect levels approach those of the Ge-free samples
prior to PDT (see Fig. 5a for comparison). Taken together, the
performance improvements observed in the Ge-containing
devices—including reduced non-radiative recombination,
diminished band tailing, and enhanced carrier collection—
suggest an elemental redistribution, particularly of Ge, that
promotes defect healing and mitigates localized states near the
band edges.

Fig. S9 illustrates the temporal evolution of the standard
solar cell parameters (efficiency, FF, Js., and V,.) during pro-
longed PDT. For Ge-free samples, Js. and V,. show only minor
variations throughout the experiment. In contrast, the Ge-con-
taining samples exhibit an initial increase in J,. followed by
a pronounced decrease, while V,. continuously increases, an
effect that is more pronounced at higher Ge contents. The FF of
the Ge-free samples remains close to its initial value for
approximately 5 h, after which it decreases and then partially
recovers. By comparison, Ge-containing devices exhibit a clear
FF improvement after 2 h, which is maintained up to ~50 h.
Beyond this point, FF decreases; however, by the end of the
experiment it remains slightly higher than the initial value. The
Ge-free samples, with an initial mean efficiency of 10.5%,
maintain stable performance during the first 5 h, followed by
a gradual decline to an average efficiency of approximately 9%
after 200 h. A partial recovery is observed thereafter, although
the final efficiency remains slightly below the initial value. In
contrast, the Ge-containing devices exhibit a noticeable
performance improvement after just 2 hours of treatment. This
enhancement persists up to 50 h, after which some fluctuations
occur. Despite a slight decline at longer treatment times, likely
due to aging effects, the final efficiency of the Ge-containing
devices remains higher than their initial values.

To further examine the beneficial effect observed during the
early stage of post-deposition treatment in Ge-containing
devices, an additional experiment was conducted. Two devices
with Ge/(Ge + Sn) = 20% were subjected to separate post-
deposition annealing treatments. In both cases, the annealing
duration was 2 h, while the temperature was varied (85 °C for
one device and 100 °C for the other). Annealing was performed
in a tube furnace under a nitrogen atmosphere at atmospheric
pressure. As shown in Fig. S10, both treatments led to improved
performance: the mean efficiency increased from ~8.8% to
~10.5% at 85 °C and from ~9.7 to 10.8 at 100 °C. These results
confirm that the initial hours of prolonged heat treatment
effectively act as a mild annealing step, yielding a measurable
enhancement in device performance.

In this work, the highest conversion efficiency was measured
in a device with a Ge/(Ge + Sn) ratio of 9%. The initial efficiency
before PDT was 10.8% and reached its highest value of 12.5%
after 430 hours of PDT (slightly decreasing again for longer
durations). This device was fabricated from a previously
described precursor stack with an elemental Sn layer deposited
for 81 s. Fig. 11c illustrates the evolution of standard solar cell
parameters, including power conversion efficiency (PCE), Js,
Voo, and FF, along with the corresponding J-V curves. Fig. 11d
summarizes the champion device efficiencies and the corre-
sponding open-circuit voltage deficit relative to the SQ limit for

This journal is © The Royal Society of Chemistry 2026
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Ge-incorporated CZT(S)Se absorbers. The highest efficiency
obtained in this study represents the current record for CZTGSe
fabricated by physical vapor deposition. Notably, the devices
analyzed in this work do not include any antireflective coating
(ARC). The application of an ARC could further enhance device
performance to values comparable to the top efficiencies
attained by chemical processes.

Conclusion

In this study, we investigated the growth mechanism of CZT(G)
Se absorbers through various formation pathways, which were
influenced by precursor composition and the availability of
GeSe,_, during the high temperature annealing step. These
pathways govern the competing incorporation dynamics of Sn
and Ge, including potential Sn volatilization. Our findings
indicate that when Ge is present, kesterite phase formation is
predominantly facilitated by Ge rather than Sn, with externally
supplied Ge atoms replacing pre-existing Sn atoms during
crystallization. Although all pathways can result in absorbers
with similar final Cu-poor compositions with a Cu/(Sn + Ge)
ratio of approximately 1.6, the specific formation route signifi-
cantly impacts material quality and device performance.
Notably, growth from precursors near stoichiometric Cu/Sn =
2.0 or slightly Cu-rich (Cu/Sn = 2.2) exhibited superior photo-
voltaic characteristics in the final devices.

Ge incorporation via vapor phase transport proved to be
a reliable method for achieving homogeneous Ge distribution.
While as-fabricated CZTSe devices initially mostly out-
performed their Ge-containing counterparts, post deposition
PDT led to a substantial efficiency improvement in CZTGSe
devices. The enhanced performance, surpassing that of Ge-free
devices, is primarily attributed to improved material quality,
and reduced defect concentration, resulting in a lower Urbach
energy and open-circuit voltage deficit. The highest efficiency
achieved in this study during the PDT experiment was 12.5% for
a CZTGSe device with Ge/(Ge + Sn) = 9%, accompanied by a V.
of 505 mV, J. of 39.7 mA cm ™2, and a FF of 62.1%.

These results position CZTGSe as a promising candidate for
high-efficiency, earth abundant, band gap tunable thin film
photovoltaic technology, and with higher aging stability than
Ge-free CZTSe. Moreover, the demonstrated effectiveness of an
industry-compatible physical vapor deposition (PVD) process
underscores its potential for scalable manufacturing. Future
efforts may focus on further exploring post deposition PDT for
CZTGSe materials to deepen the understanding of its role in
enhancing device performance.

Experimental details

Device fabrication

The SLG/Mo0/CZTGSe/CdS/iZnO/Al: ZnO samples were produced
on 3 mm thick Mo-coated soda lime glass substrates provided
by an external partner (Zentrum fiir Sonnenenergie und Was-
serstoffforschung Baden-Wiirttemberg, Germany (ZSW)). Prior
to absorber fabrication, an Ar'-plasma etching cleaning step
was performed (Von Ardenne cluster tool with Ar' ions). The
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precursors were prepared by sputtering stacked elemental and
alloyed layers (Zn/CuSn/(Sn)/Zn) resulting in various composi-
tions (i.e., Cu/Sn ratios). Sputtering machine: Von Ardenne
cluster tool CS 400 ES, with DC magnetron sputtering. The
sputtering rates were 23.7 ug s~ for the Zn target, 28.8 pg s "
for the Sn target and 11.2 pg s~ * for the Cu-Sn target. The CuSn-
alloy target was composed of 64 at% copper and 36 at% tin.

Subsequently, the absorber (CZTSe or CZTGSe) was formed
by a reactive annealing process conducted in a semi-closed
graphite box placed within a quartz-glass conventional tube
furnace (Carbolite Eurotherm 2416CG, 2416P8). The annealing
parameters were kept identical for all preparation runs (base
pressure: 10 mbar (N,), heating ramp: 10 °C min~", maximum
temperature: 530 °C, dwelling duration at maximum tempera-
ture: 20 min, and uncontrolled cooling by opening the furnace
lid while maintaining the vacuum). In addition to the two as-
sputtered precursors placed inside the graphite box, 210 + 3 mg
of selenium pellets (Mateck, 99.999 purity), 10 cm of tin wire
(Alfa Aesar Puratronic, wire 0.25 mm diameter, 99.998 purity)
with an approximate weight of 37 mg, and a varying amount (0-
15 mg) of germanium pieces (Alfa Aesar, 99.999 purity) were
evenly distributed around the two precursors. Due to the porous
structure of the graphite box material, absorption and subse-
quent re-release of Se, Sn and Ge by the box walls are possible,
potentially impacting the following process runs. Accordingly,
to obtain desired Ge/(Ge + Sn) ratios in the synthesized
absorber, one or more pre-conditioning runs are necessary. For
synthesizing Ge-free absorbers, a second identical graphite box
not contaminated with Ge was used. In each annealing run two
identical absorbers were fabricated simultaneously; one of
them was further fabricated as a solar cell device (buffer and
window layer applied), while the second (bare absorber) was
used for further characterization.

The solar cell finishing steps after obtaining the absorbers
include a chemical bath deposition for depositing of a CdS layer
of approximately 50 nm. The deposition of CdS was performed
in a magnetically stirred chemical bath using 125.0 g of DI-
water, 20 ml of 25% ammonia (NH3), 121.2 ml of thiourea TU
(concentration: 0.32 mol 1™") and 5 ml cadmium-acetate CdAc
(concentration: 0.0776 mol 1"). The temperature of the chem-
ical bath was set to 70 °C and the deposition duration was set to
10 minutes. The window layers used included intrinsic zinc
oxide (i-ZnO) and aluminum dopped zinc oxide (Al:ZnO) layers
deposited by radio frequency (RF) sputtering (the layer thick-
nesses were approximately 75 nm for i-ZnO and 500 nm for
Al:ZnO). The sputtering parameters used were as follows: an Ar-
flow of 80 sccm, a sample holder temperature of 110 C, a power
of 185 W, a voltage of 200 V, and a pressure 1.6 x 1072 mbar.

Each sample was then separated into nine cells by
mechanical scribing, each with an approximate area of 25 mm?®.
No antireflection coating was applied on any of the samples in
this study.

Characterization methods

The composition of the as-sputtered precursors was calculated
based on the sputtering rate, deposition duration, the atomic
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weight of each element, and Avogadro’s constant. The compo-
sitions of the final absorbers were determined by energy-
dispersive X-ray spectroscopy (EDX) (FEI Helios 600i). EDX
spectra were recorded with an acceleration voltage of 20.0 kv
and a current of 1.4 x nA at 5000x magnification; for each
sample an average of three independent measurements per-
formed in different regions was calculated. Morphology and
average grain sizes were determined by scanning electron
microscopy SEM (FEI Helios 600i). Raman spectroscopy
measurements were performed with two excitation wave-
lengths, 457 nm and 532 nm acquired with a commercial
Raman spectrometer (LabRam Aramis, Horiba
scientific).

The external quantum efficiency (EQE) of the resulting
devices was measured at room temperature in a spectral range
of 300 nm to 1400 nm using a Bentham TMc300 mono-
chromator, Quartz-Halogen and xenon lamps and a Stanford
research systems SR830 DSP lock-in-amplifier. The material’s
band gap was extracted from the EQE> (E) plot (see Fig. S7).
Urbach energies were obtained by a linear interpolation of the
linear part below the band gap of In (EQE (E)) plots, as explained
in ref. 77 (see Fig. S8). Current-voltage characterization was
performed under standard test conditions with an AAA-class
sun simulator (Photo Emission Tech Inc., USA). Post-deposition
soft annealing experiments were carried out in a climate
chamber (Weiss Umwelttechnik GmbH, type SC 600/70).
Unencapsulated devices were placed inside the chamber for
a total of 1000 hours at 85 °C, with the relative humidity
maintained at 20%.
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