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ABSTRACT: In the last few decades, the attention of scientific community has
been driven toward the research on renewable energies. In particular, the
photovoltaic (PV) thin-film technology has been widely explored to provide
suitable candidates as top cells for tandem architectures, with the purpose of
enhancing current PV efficiencies. One of the most studied absorbers, made of
earth-abundant elements, is kesterite Cu,ZnSnS, (CZTS), showing a high
absorption coeflicient and a band gap around 1.4—1.5 eV. In particular, thanks
to the ease of band-gap tuning by partial/total substitution of one or more of its
elements, the high-band-gap kesterite derivatives have drawn a lot of attention
aiming to find the perfect partner as a top absorber to couple with silicon in
tandem solar cells (especially in a four-terminal architecture). In this work, we
report the effects of the substitution of tin with different amounts of germanium
in CZTS-based solar cells produced with an extremely simple sol—gel process,
demonstrating how it is possible to fine-tune the band gap of the absorber and change its chemical—physical properties in this way.
The precursor solution was directly drop-cast onto the substrate and spread with the aid of a film applicator, followed by a few
minutes of gelation and annealing in an inert atmosphere. The desired crystalline phase was obtained without the aid of external
sulfur sources as the precursor solution contained thiourea as well as metal acetates responsible for the in situ coordination and thus
the correct networking of the metal centers. The addition of KCI in dopant amounts to the precursor solution allowed the formation
of well-grown compact grains and enhanced the material quality. The materials obtained with the optimized procedure were
characterized in depth through different techniques, and they showed very good properties in terms of purity, compactness, and
grain size. Moreover, solar-cell prototypes were produced and measured, exhibiting poor charge extraction due to heavy back-contact
sulfurization as studied in depth and experimentally demonstrated through Kelvin probe force microscopy.
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B INTRODUCTION

Among the alternatives to silicon in the photovoltaic (PV)
market, copper zin tin sulfide (CZTS) and its derivatives have
drawn the attention of the scientific community, thanks to

Despite the extremely positive results of the last decade, in
the last few years, the research on the improvement of kesterite
solar cells in terms of efficiency has somehow slowed down.
This may be attributed to a plethora of unsolved issues
regarding low open-circuit-voltage (V,.) values, ease in the
formation of secondary phases, as well as problems at the
interfaces with the vicinal layers of the devices.””’ However,
theoretical studies have demonstrated that it would be
possible, in principle, to reach efficiencies of 20% or more by
solving these issues.”

Despite this, the scientific research on this topic is still

their structural similarity to the commercially available and
well-performing copper indium gallium selenide (CIGS) solar
cells." This material is naturally present on earth with the name
of crystalline kesterite and shows high absorption with an
interesting band gap around 1.5 eV, together with a more
affordable (in principle) production cost, thanks to cheaper

and more earth-abundant elements compared to CIGS."

In this context, record efficiencies of 12.6% for CZTS® and
12.6% for CZTSSe* have been achieved with “wet” deposition
techniques which anyhow involve the use of hazardous
chemicals, such as hydrazine. However, compared to conven-
tional physical deposition procedures, chemical deposition
methods have been proved to be the best candidate technology
for the growth of kesterite thin films.
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intense, especially thanks to the straightforward tuning of the
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band gap of this class of materials by substituting partially or
totally one or more components. This interest derives from the
increasing need to evolve PV technology toward the tandem
solar-cell architecture to overcome the Shockley limit and to
boost well-performing and cheap solar devices such as the
silicon ones.” In this context, the need to produce high-band-
gap materials to be used as top cells in tandem
architectures''" has addressed the research toward the
substitution of Zn with Fe, Mn, or Co in pure-sulfide CZTS
solar cells, given that selenium is known for lowering the
energy gap. However, no pronounced enhancement of the
band gap has been reported for this methodology, which does
not exceed values around 1.5—1.6 €V.">™'° On the other hand,
studies of Cu substitution with Ag or Li have been attempted
successfully with the remarkable growth of the band gap (until
1.8 eV) but with the disadvantage to complicate the whole
production procedure by using precursors that are more
expensive or in other cases more difficult to handle.'®"” Last
but not least, in the last few years, Sn substitution with Ge have
drawn the attention of the PV research community due to the
extremely high band gap reachable, especially with the
completely Ge-substituted pure-sulfide kesterite version.
Several works report different compositions of
Cu,ZnSn,Ge,_,(S,Se), (CZTGSSe) and relate them to the
optical and physical properties of the final absorber.'*™*" The
results were interesting, especially in pure sulfide CZTGS
where band-gap values ranging from 1.5 (for CZTS) to 2.1 eV
(pure CZGS) have been registered.””*> Many different
deposition techniques have been used, but no one allowed to
reach remarkable results in terms of solar device performances
for very high band gaps, exceeding 1.7 eV.

Encouraging results came from the mixed chalcogenide solar
cells Cu,ZnSn,Ge,_,(S,Se), (CZTGSSe) that reached effi-
ciencies around 11—12% with a germanium content < 40%
(Sn > 60%), thus also reporting low band gaps not suitable for
tandem applications as top cells.”* As for the pure sulfide
version of the CZTGS material, very low efficiencies have been
reported for a high germanium content,”® and the current
record for fully germanium-substituted kesterite CZGS is
around 0.7%.”” However, except for the PV field, other
interesting applications of these materials can also be
investigated, such as CO, reduction, which had already been
reported with extremely good results by Ikeda and cow-
orkers.””

In this work, we wanted to deeply investigate the nature of
the pure sulfide alloy, leading to high energy gaps, to provide
new outcomes for the tandem PV application field. To do so,
we adapted our simple methodology, recently described
elsewhere,”>* to produce a small library of CZTGS samples
with different tin—germanium contents to fine-tune the band
gap of the material for the future tandem device applications.
This procedure allowed us to avoid industrially nonappealing
deposition machines and prevent the wastage of raw materials
compared to other techniques. Moreover, a feasible method-
ology to compensate for the germanium loss during annealing
was optimized, and the beneficial effect of introducing dopant
amounts of KCI in the precursor solution was confirmed in
terms of grain growth and passivation. The good quality of the
material was proved by several complementary analytical
techniques, and a corresponding PV device was produced and
characterized.

B MATERIALS AND METHODS

Substrate Preparation. Commercially available soda-lime
glass (SLG) was cleaned in an ultrasonic bath in the following
sequence: mucasol solution (15’), deionized water (3 X 15'),
acetone (15’), and ethanol (15’) and then one by one dried in
vacuum. The so-cleaned substrates were coated with a Mo thin
film deposited by magnetron DC sputtering in two steps, with
a final thickness of 1.1 um.

Preparation of Solutions with Different Ge Concen-
trations. To prepare the CZTGS precursor solutions,
copper(II) acetate hydrate Cu(CH;COO),-H,0 [0.27 M];
tin(II) chloride dihydrate SnCl,-2H,0 and/or GeCl,-dioxane
(total concentration, 0.16 M, see Table 1 for details]; zinc(II)

Table 1. Stoichiometric Composition of Precursor Solutions
for All Ge—Sn Compositions

SnCL-H,0 [M]  GeCl,-dioxane [M] total [M]
Cu,ZnSnS, 0.160 0.160
Cu,ZnSnysGegS, 0.128 0.032 0.160
Cu,yZnSng ¢Geg4Ss 0.096 0.064 0.160
Cu,ZnSny<Geo S, 0.080 0.080 0.160
Cu,ZnSny3Geg S, 0.048 0.112 0.160
Cu,ZnGeS, 0.160 0.160

acetate dihydrate Zn(CH,COO),-2H,0 [0.19 M]; and
thiourea SC(NH,), [3.0 M] were dissolved in dimethylsulf-
oxide (DMSO). The final sol—gel inks were obtained after 48
h under stirring at room temperature with a pale-yellow and
crystal-clear appearance.

Deposition and Thin-Film Growth. The precursor
solution was drop-cast directly onto a 3 cm” ozone-cleaned
Mo-SLG substrate with the help of a micropipette. The droplet
spreading was made with the aid of a film applicator Zehntner
ZAA 2300. Each layer deposition was followed by 30" of
gelation and then annealing in a tubular oven under an inert
atmosphere (Ar) starting from RT and rising to 570 °C with a
rate of 18.2 °C/min, followed by a plateau at 570 °C for 15
min; after that the samples were left to cool down naturally
under Ar. This procedure was repeated four times to reach the
desired thickness (about 1.5 ym). Details of the volume and
blade thickness for each deposited layer are available in Table
2.

Table 2. Detailed Volume and Blade Thickness for Each
Deposited Layer with a Film Applicator”

volume (uL/cm?) blade thickness (mils)

1st layer 5.3 4
2nd layer S.3 4
3rd layer 6.0 S
4th layer 6.7 6

“Where 1 mils = 254 ym.

Characterization. Crystallographic data of the samples
were obtained by X-ray diffraction (XRD) of thin films,
performed using a Rigaku Miniflex 600 apparatus (F.F tube 40
kv, 15 mA, DS/SS = 1.25° RS = 0.3 mm, HyPix-400 MF
2D—HPAD). Raman spectra were obtained using a Jasco
Ventuno p-Raman instrument with a Peltier-cooled charge-
coupled device (CCD) camera (operating temperature: —50
°C) and a He—Ne laser (wavelength, 632.8 nm; power density,
6 kW/cm?). Calibration of Raman was done using a single-
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Figure 1. (a) Cu,ZnSn,3Gey,S, XRD pattern showing only the peaks of the material with no secondary phases detectable; (b) Cu,ZnGeS, XRD
pattern showing the peaks of the material in presence with CuS residual secondary phase; (c) lattice parameters variation vs Ge content; and (d)

cell distortion and cell volume vs Ge content.

crystal Si reference sample before each measurement by
shifting the position of the Si main peak at 520.65 cm™. The
morphology of the samples and the compositional profile were
studied both in planar and cross-sectional view by Tescan
VEGA TSS5136XM scanning electron microscopy (SEM)
equipped with energy-dispersive spectroscopy (EDS) or by a
Gemini 500 Zeiss equipped with a QUANTAX EDS 4000,
EBSD, STEM. All optical transmission measurements of the
materials were carried out in the 350—2500 nm spectral region
using a Jasco V-770 UV—vis—NIR spectrophotometer. Photo-
luminescence (PL) spectra were recorded in the 550—1000 nm
spectral range from 77 to 300 K. All PL measurements were
performed through a Horiba T6400 spectrometer equipped
with a 1800 lines/mm grating and a Si-CCD detector. A
duplicate solid-state Nd:YAG laser with 4., = 532 nm was
used as the excitation source. Data analysis was performed by
OriginPro 2020b. Kelvin probe force microscopy (KPFM)
measurements were performed under ambient conditions using
a scanning probe microscopy system from AIST-NT (TRIOS
platform) in the two-pass scanning mode where the second
pass was performed at a constant distance of 30 nm from the
sample surface. To measure the surface potentia, ARROW
EFM conductive tips with a Ptlr coating at a resonance
frequency of 75 kHz were used.

Device Preparation and Measurements. The PV cells
were scribed manually into small, isolated areas of 0.15 cm?

23447

and were produced with a standard architecture. The CdS
buffer layer with ~80 nm thickness was deposited by chemical
bath deposition, a thin i-ZnO layer (70 nm) was deposited by
RF sputtering, and Al-doped ZnO (AZO) was chosen as top
contact and deposited by DC pulsed (2 kHz) sputtering with a
thickness of 350 nm. Finally, the devices were completed by
evaporation of an Al grid (thickness ~ 500 nm). CZTGS-based
solar cells were characterized using a 500 W xenon light source
(ABET Technologies Sun 2000 class ABA Solar Simulator),
calibrated to AM 1.5 (100 mW/cm?) by a reference Si cell
photodiode and an IR cut-off filter (KG-S, Schott) to reduce
the mismatch between the simulated light and the AM 1.5
spectrum in the 350—750 nm range. The IV curves were
measured by applying an external bias to the device and
recording the generated photocurrent with a Keithley model
2400 digital source meter. External quantum efficiency (EQE)
measurements were recorded using a SpeQuest quantum
efficiency system, as a function of excitation wavelength by
using a monochromator (Omni 300 LOT ORIEL) with a
single grating in Czerny—Turner optical design, in AC mode
with a chopping frequency of 88 Hz.

B RESULTS AND DISCUSSION

The properties of the so-produced samples were extensively
investigated to control the quality quaternary phase of CZTGS.
The characterization of the material was done immediately

https://doi.org/10.1021/acsomega.2c01786
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after the deposition and the corresponding annealing of the last
step.

First, XRD measurements were carried out, from which
good crystalline quality of the thin film can be inferred. As
indicated in Figure 1, a typical XRD pattern of the CZTGS
complete layer shows sharp and well-defined peaks related to
the pure phase of the correspondin% desired composition as
reported elsewhere in the literature.”

No secondary phases can be detected for low germanium
contents. The intense peak present at 26 = 40.0° is attributed
to the Mo thin film used as a back contact for the CZTGS
deposition. For high germanium contents, it is possible to
notice the presence of broad shoulders at 28.6° and 47.5°
which can be attributed to the CuS residual secondary phase.
This can be inferred to a loss of germanium during the
annealing at high temperatures (due to its volatility), occurring
only at high-Ge contents (with Ge > 70% and Sn < 30%),
which was proved subsequently by EDS measurements (as
described in the following paragraphs).

Moreover, by analyzing the trend of lattice parameters of the
cell unit, it is possible to appreciate a progressive cell distortion
when Ge content exceeds 50%, as well as a progressive cell
volume decrease under the same conditions, with minimum
volume reached for the completely Ge-substituted compound.
These data agree with the smaller atomic radius of Ge
compared to that of Sn, driving the cell unit toward smaller
values but still retaining kesterite form.

In addition, in Figure 2, it is possible to appreciate the
progressive shift of the kesterite main peak, corresponding to

— CZTS
28.6 — Ge20
1500 — Ge40
— Geb0
28.65 Ge70
. CZGS
)
o3
S 4000 L 28.8
2
2 28.96
L
£
500 - N
\
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Figure 2. XRD pattern main peak (1,1,2) shifting depending on Ge—
Sn content.

the orientation plane (1,1,2), ranging from 28.6° for pure
CZTS to 29.24° for pure CZGS as expected from the
literature.”’

Unfortunately, the crystal structure of CZTGS is comparable
to many possible secondary phases obtainable as byproducts
during the formation of the quaternary kesterite phase. For this
reason, a stand-alone XRD analysis is not enough to determine
univocally the crystalline quality of the material, pointing out
the necessity to use other complementary techniques such as
Raman spectroscopy.

In the Raman spectrum (Figure 3a), the presence of a pure
phase of germanium-derived kesterite is confirmed by its

typical peaks for all the different germanium—tin concen-
trations examined.”’ ™ In particular, as described by Garcia-
Llamas and coworkers in their accurate Raman study of
germanium-substituted CZTS with different compositions, it is
possible to appreciate the main peak split (Figure 3b),
generated by the coexistence of Sn and Ge atoms into the
crystal structure, when the Ge/Sn ratio reaches 70:30.””°%!
After that ratio, the doublet reunifies in a sole signal shifted to
higher wavenumbers, as demonstrated also by the convolution
of the main peak shown in Figure 3c. Finally, the characteristic
peaks of other known detrimental phases are not detectable in
the spectra.

Thanks to these data, we can conclude that in our conditions
of growth (Table 1), the kesterite CZTGS phase is formed,
thanks to the desired coordination of the precursors in solution
and the right timing in terms of the gelation process and
thermal annealing.

The morphology and composition of all the samples have
been investigated by SEM and EDS measurements. By these
two techniques emerged a double issue: first of all, the
morphology indicated a very small grain dimension (100 to
200 nm) as well as the presence of voids and/or cavities
(Figure 4). Moreover, from EDS analyses emerged a non-
negligible Ge loss (around 25% of the desired Ge content was
missing) for the Ge-rich samples when starting Sn/Ge mixtures
exceed 30:70, probably due to the high volatility of Ge at the
annealing temperatures. Specifically, for the Cu,ZnSn;Ge,-S,
sample, the metal ratio resulted in Cu/(Zn + Sn + Ge) = 0.81
+ 0.02, Zn/(Sn + Ge) = 1.51 + 0.08, and Ge/(Ge + Sn) =
0.55 + 0.05. While for CZGS, the metal ratio resulted in Cu/
(Zn + Ge) = 0.87 + 0.03 and Zn/Ge = 1.41 + 0.07.

To solve the composition problem for mixtures with Ge >
70% and Sn < 30%, a new solution was prepared for the high-
Ge-content samples (Cu,ZnSn,;Ge,;S, and Cu,ZnGeS,) with
the same methodology described above, but using an excess of
50% of GeCl,-dioxane moles compared to the stoichiometric,
as described in Table 3 (specifically 0.168 M instead of 0.112
M for Cu,ZnSny;Ge,,S, and 0,24 M instead of 0,16 M in the
case of Cu,ZnGeS,).

Moreover, 0.04 M KCl was added to help with the grain
growth and passivation, as well as to minimize the voids and
lead to a more compact morphology of the material, having
already proved and described recently the beneficial effect of
this procedure on CZTS samples prepared with the same
methodology.25 In fact, during the annealing, KCI converts
into K,S, helping the coalescence of vicinal grains and thus
leading to a more compact material.”>

In Figure Sa, it is possible to appreciate the morphology
improvement, thanks to the KCI addition, where the material
results more compact and with respectable grain dimensions
ranging between 400 nm and 1 gm. Moreover, from the cross-
sectional image (Figure Sb), it is possible to notice the absence
of voids at the interface with the back contact or between
vicinal grains, as well as a final absorber thickness around 1.7
pum, as desired. However, it is also possible to notice a
considerable thickness (about 200 nm) of the detrimental
MoS, layer, resulting as a byproduct of Mo back contact
sulfurization under the extremely harsh annealing conditions
necessary to obtain the correct CZTGS phase formation. On
the other hand, from EDS measurements, it was possible to
confirm the Ge loss compensation, thanks to the new solution
previously described in Table 3. In fact, the new metal ratio for
Cu,ZnSny;Ge,;S, resulted in Cu/(Zn + Sn + Ge) = 0.77 +

https://doi.org/10.1021/acsomega.2c01786
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Figure 4. SEM planar view of the Cu,ZnSn,;Ge,,S, sample with a
predominance of voids and cavities.

Table 3. Corrected Composition of Precursor Solution for
High-Ge-Content Samples: Cu,ZnSn,;Ge,,S, and
Cu,ZnGeS,

SnCl, H,O [M] GeCl,-dioxane [M] Total [M]
Cu,ZnSn;3Gey S, 0.048 0.168 0.216
Cu,ZnGeS, 0.24 0.24
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Figure S. (a) SEM planar view of the Cu,ZnSn,;Ge, S, sample after
Ge-loss compensation and KCl addition with well-grown and compact
morphology. (b) SEM cross-section of the Cu,ZnSn;Ge,,S, sample
after Ge-loss compensation and KCl addition with well-grown and
compact morphology; heavy formation of the MoS, layer is well-
visible and with an approx. thickness of 200 nm.

0.08, Zn/(Sn + Ge) = 1.0S + 0.09, and Ge/(Ge + Sn) = 0.71
+ 0.05, as desired. While for CZGS, the metal ratio resulted in
Cu/(Zn + Ge) = 0.78 + 0.06 and Zn/Ge = 1.08 + 0.09.

Therefore, the addition of exceeding amounts of germanium
compared to the stoichiometric together with dopant amounts
of KCl has been proved to be beneficial to reaching the target
composition, grain size, and thin-film density.

All the samples already described were also directly grown
on a SLG substrate to investigate the optical properties of the
thin films by UV-—vis spectroscopy. Transmittance and
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reflectance measurements were acquired to calculate the
absorption coefficient () to which to apply the Tauc relation
to calculate the optical band gap.”> To do so, the optimized
materials have been used, in particular: Ge20%, Ge40%, and
GeS50% have been produced with the main recipe (Table 1)
while Ge70% and CZGS with the recipe corrected to avoid Ge
losses (Table 3).

Tauc’s plot of all the compositions has been reported in
Figure 6 and reveals the desired and expected band-gap tuning,
matching with other examples described in the literature.””*’

1.0x10" -
Ge50%, E, = 1.68 eV
Ge40%, E, = 1.55 eV ,
8.0x10° 4 Ge20%, E, = 1.49 eV
N
S
o
S 6.0x10°
oL
N
=
2 4.0x10°
S
2.0x10° -
00 T T T T T T T T T

L .
100 125 150 175 200 225 250
Energy (eV)

Figure 6. Tauc’s plot of all the samples at different Ge/Sn
compositions shows the expected trend for the band gap. The
transmittance and reflectance have been measured on the optimized
materials deposited on SLG, in particular: Ge20%, Ge40%, and
GeS0% have been produced with the main recipe (Table 1) while
Ge70% and CZGS with the recipe corrected to avoid Ge losses
(Table 3).

Among all the samples, the one with 70% of Ge content
(Cu,ZnSny3Gey;S,), thanks to its band gap of 1.77 eV, has
been chosen as the best candidate absorber for a top cell in a
four-terminal tandem device architecture, involving c-Si as the
bottom cell. In fact, it is reported that for this kind of specific
tandem architecture (actually the easiest to produce on the
laboratory scale), a band gap between 1.7 and 1.8 €V for the
top cell is desired.”* >’

PL spectroscopy allows us to investigate the defect states
within the band gap. PL emissions at room temperature of
samples with Ge40%, Ge50%, and Ge70% substitution have
been compared in Figure 7a. The mismatch in energy between
the optical band gap and the PL peak position is typical for
sulfur-based kesterite, and it has been ascribed to optoelec-
tronically active defects in the band gap close to band
edges.”®*” Cu,ZnSny;GeysS, and Cu,ZnSn,;Ge,,S, have a
reduced mismatch of about 0.06 eV, and meanwhile, the 40%
Ge substituted shows an increase of the band gap of 0.1 eV,
indicating a high density of thermalized defects.” It has to be
highlighted that the PL intensity of the Ge5S0% and Ge40% is
less than the 25% of the intensity of the Ge70%, suggesting an
increase of nonradiative transitions due to a high defect
density."' A PL study varying excitation power and temper-
ature can identify the radiative recombination mechanisms
operating in semiconductors.”” The PL spectra varying
temperatures are shown in Figure 7b—d. As the temperature
decreases, the 40- and 50%-substituted thin films have a

dramatic quenching of the main emission peak; meanwhile,
one at about 1.4 eV arises. The 70% Ge-substituted thin film
has the emission peak located at about 1.7 eV and as expected,
the bands’ shape is asymmetrical, showing a broader decay at
low energies and a sharper one at high.43 Therefore, PL
analysis suggested that the compound with the lower number
of defects acting as charge traps is Cu,ZnSn;Ge,-S,.

Cu,ZnSn,;Ge(,S, was chosen as the most promising
candidate to produce a solar-cell prototype, so we analyzed
the PL trend in temperature (Figure 8a) and investigated the
PL emission at 77 K (Figure 8b) varying the excitation power.
The reported shift to lower energies with increasing temper-
ature has not been revealed in Cu,ZnSn;;Ge,-S,. A slight shift
over higher energy has instead been measured (Figure 8a),
which, according to the literature, could be ascribed to an
increasing concentration of free holes and electrons.*” On the
other hand, the emission at 1.4 eV is recorded also for the 70%
Ge-substituted sample. This contribution has been previously
detected in CZTS thin films and single crystals and has been
ascribed to deep donor-deep acceptor pair defects (interstitial
Zn atom as deep donor defect and Cugy, as the acceptor
one).”> Moreover, it has to be noted that the main PL peak
blue-shifts by increasing excitation power: this behavior can be
ascribed to a band-to-impurity (BI; free electrons recombine in
acceptor states) or a band-to-tail (BT; recombination of holes
with free electrons from the conduction band in localized
states of the valence band tail) transitions.”” To confirm our
findings, we performed the deconvolution of the PL spectra,
depicted in Figure 8c. We plotted the PL intensity as a
function of the excitation power to determine the power
coefficient k: when it is lower than one, the associated
recombination is related to defect states localized within the
energy gap.”” At 77 K, Cu,ZnSn,;Ge,;S, displays a k of 0.40 +
0.20 (Figure 8d), confirming that detrimental energy levels are
localized within the band gap. As reported in the literature for
kesterite,” in compounds with tin partially substituted by
germanium, the main peak position has a blue shift increasing
the excitation power, which is correlated with radiative
transitions from the conduction band to impurities or band-
tail energy states. The parameter f, that is, the decay rate in
Figure 8e, for Cu,ZnSny;Ge, S, is 41.0 + 19.1 meV/decade.
Oueslati reported a f increase by replacing Ge with Sn. In our
case, a smaller value of k and a bigger value of , compared to
the ones reported in the literature, can be ascribed to the
highly disordered structure, induced by the fast cooling after
the annealing.42

Therefore, the defects can be ascribed to the Ge
introduction in the CZTS structure that, as reported for
CZTGSSe," increases the disorder degree, leading to the
formation of localized acceptor levels such as Zng, with Zng,
or Zng,, that act as traps for free electrons. Since in our 70%
Ge-substituted samples the shift is just over half of the quoted
value, we can deduce that the BT or BI recombinations are
present but lower than those reported so far in the literature.*”

The so-produced Cu,ZnSn,;Ge,,S, samples have been
finalized as devices with the procedure already described in the
Materials and Methods. The resulting solar cells have been
measured under the dark and illuminated conditions, with the
aid of a solar simulator and their EQE was also registered. In
Figure 9a, it is possible to observe the dark and illuminated JV
curves of our typical CZTGS solar cell, where the very bad
charge generation and/or extraction emerges from the cell
parameters (V. = 22.3 mV, J,. = 2.7 mA/cm?, FF = 16.4%, and
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Figure 7. (a) PL measurements of Cu,ZnSn,Ge,,S;, Cu,ZnSn,GeysS,, and Cu,ZnSn,;Ge,;S, at room temperature (excitation power of 1.2 X
10° W/cm?); (b) PL measurements of the Cu,ZnSn,¢Ge,,S; sample at different temperatures; (c) PL measurements of the Cu,ZnSn,GeysS,
sample at different temperatures; and (d) PL measurements of the Cu,ZnSn,;Ge,,S, sample at different temperatures.

7 = 0.01%). In fact, by measuring the sulfurized back contact
with the four-wire technique, the resistivity ranged around 90—
120 k€, probably due to the extremely high Mo sulfurization
occurring during the annealing at very high temperatures (570
°C) as also depicted in the SEM section-image shown
previously in Figure Sb.

The EQE is depicted in Figure 9b: the curve in the 300—550
nm region shows loss due to the parasitic absorption from the
buffer layer (CdS absorption is around 530 nm) and from the
window layers (i-ZnO/AZO layers cut the wavelengths minor
than 380 nm).*” The low response in the 400—600 nm range is
attributed to the charge recombination related to trap states
located at the interfaces and to the nonideal band alignment of
a wide-band-gap absorber with the CdS buffer layer.** The
integrated J,. is about 3 mA/cm? and it nicely matches the
current density calculated from the JV curve measured at
AM1.5. The band gap was assessed by plotting [(hv-In(1 —
EQE)]* versus hv, where hv is incident photon energy."’ By
using linear extrapolation, the band gap was determined to be
1.77 €V (inset, Figure 9b), which is coherent with the value
obtained from the absorption spectroscopy analysis. In general,
the EQE measurements (Figure 9b) demonstrate how the
shape of the curve matches the nature of this high-band-gap
absorber. Moreover, it points out a good bulk nature with few
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recombinations at this level, suggesting that low efficiency is
mainly related to recombination that takes place probably at
the interfaces. In particular, this issue is related to the back
contact due to the bulky MoS, presence already described in
other works of our research group'"** and to the well-known
bulk features typical of the kesterite phase and also revealed by
PL analysis.*

To investigate the CZTGS devices, KPFM measurements
have been performed on the cross-section of the device. KPFM
measurements were performed under ambient conditions using
a scannin§ probe microscopy system from AIST-NT (TRIOS
platform)*” in two-pass scanning mode where the second pass
was performed at a constant distance of 30 nm from the
sample surface. To measure the surface potential, ARROW
EFM conductive tips with a Ptlr coating at a resonance
frequency of 75 kHz were used.

A smooth topography is an almost necessary feature for
reasonable KPFM measurements. However, the first-stage
analysis revealed that the cross-section was not homogeneous
and presented high roughness, due to the nonoptimized cross-
sectional preparation procedure and the deposition process,
respectively.

Therefore, the analysis was executed in frequency modu-
lation KPFM (FM-KPEM)*® with a low scanning rate of 0.1
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Figure 8. (a) PL cumulative fit peak of the Cu,ZnSny;Ge,;S, sample at different temperatures; (b) PL measurements of the Cu,ZnSny;Ge-S,
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Figure 10. FM-KPFM measurement of the surface cross-section of the CZTGS device. The topography (a) and the simultaneous VCPD image
(b). The profiles in (c,d) show an average value of the data along with the topography and VCPD image, respectively. The profiles correspond to

the two regions identified by the dotted white segment.

Hz to mitigate the effect of the surface roughness and
inhomogeneities.

The topography and the associated contact potential
difference (VCPD) image are reported in Figure 10a. The
topography shows the solar cell structure up to the CZTGS
active layer. The other layers which comprise the device are
not well-evidenced due to the nonoptimized cross-sectional
process. The simultaneously measured VCPD image reveals a
region in which the VCPD drops, as highlighted by the red
circle in the extracted profile in Figure 10d. This region
corresponds to the interface between Mo and the CZTGS
absorber and can be related to the massive formation of MoS,
during the annealing process. Note that FM-KPFM allowed to
avoid a topographical imprint on the VCPD image, as shown
in the profile in Figure 10.

Similarly, the evolution of the work function (WF) follows
the one of the VCPD* since

O} D

VCPD _ tip sample
—e
so that a drop in VCPD corresponds to an increase in the WF.
This feature, already detected also in the SEM cross-
sectional image (Figure Sb), is the proof of the charge
extraction problems already supposed previously in this work
and also encountered and detected by fitting and simulations
in previous works of the research group on samples grown
under similar conditions.'"*> Therefore, despite the pure-
phase absorber production with the desired optical and
morphological properties, the resulting insulating MoS, layer
generated by the heavy back contact sulfurization hinders the
proper charge extraction from the device.
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B CONCLUSIONS

In conclusion, in this work, we demonstrate that our simple
and cheap sol—gel process can successfully lead to good-quality
CZTGS thin films with different Ge—Sn compositions to fine-
tune the band gap of kesterite, aiming to make it suitable as a
top cell for a four-terminal tandem application coupled with c-
Si cells. We demonstrate that with our methodology, it is
possible to easily compensate for Ge losses (experimentally
registered only with high Ge contents, Ge > 70%) just by
adjusting the precursor solution composition. In addition, our
procedure allows us to avoid industrially nonappealing
deposition machines (such as sputtering) and to prevent the
wastage of raw materials compared to other wet deposition
techniques (such as spin coating and spray pyrolysis). The
crucial role of precursor metal acetate salts, thiourea, and
potassium chloride, already successfully used and described for
our CZTS thin films, matches perfectly even with the
germanium-substituted forms of kesterite, even in different
Sn/Ge ratios, leading to a good-quality material that is
compact with respectable grain size and no detectable
secondary phases or cavities.

The corresponding solar devices unfortunately did not show
the expected results due to a very bad charge extraction.
However, it has been experimentally demonstrated by accurate
KPEM studies that the reason for this bad device behavior is
the highly sulfurized Mo back contact where a drop in
potential takes place, practically arresting the charge extraction.
However, the good shape of the EQE curves indicates the
absence of significant recombination losses in the bulk and
matches the nature of such a high-band-gap absorber, where
only a small portion (at low wavelengths) of solar radiation can
be harvested. It has to be said that, in this context, for the pure
sulfide version of the material CZTGS, very low efficiencies
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have been reported for high germanium contents (E, > 1.7
eV),” and the current record for fully germanium-substituted
kesterite CZGS is around 0.7%, with a harsh and wasteful
procedure carried out by spray pyrolysis and annealing at 600
°C.** With our outcomes, we aim to highlight the importance
of the research on the top absorbers for four-terminal tandem
solar architectures based on absorbers made of earth-abundant
elements. In particular, Cu,ZnSny3Ge,;S,, with E; = 1.77 eV,
could be the best candidate for a four-terminal tandem
application coupled with c-Si cells, thanks to our easy,
straightforward, and cheap fabrication process. Considering
this as a proof-of-concept study, there is margin for the process
improvement, especially thanks to back contact engineering.
For example, by adding few nanometers of the TiN window
layer by atomic laser deposition on the back contact, as well as
by adopting faster annealing procedures with the aid of rapid
thermal processing, it would be possible to avoid the
detrimental heavy molybdenum sulfurization, responsible for
the bad charge extraction. Finally, the deposition step could be
improved further by complete automation, by upgrading the
system to ink-jet printing of the precursor solution, in order to
make the whole process human-variable-free and not waste raw
materials.
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