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ARTICLE INFO ABSTRACT

Keywords: The photovoltaic sector currently experiences a growing demand for deeply-integrated technologies in agricul-
Photovoltaics ture, buildings, vehicles, among others. Kesterite compounds provide a versatile solution through their tunable
Kesterite

bandgap via isovalent alloying. However, this should be done while preserving material opto-electronic quality
and device performance, which is an unresolved challenge. Indeed, tuning the bandgap of kesterites must ensure
low crystalline disorder to counteract the associated open-circuit voltage (V,) losses when used in solar cells. To
achieve this goal, this work introduces a simple molecular ink recipe realized in ambient air to process single-
phase high-quality Ag,Gealloyed kesterite absorbers. By varying the Ge content from 0 to 100 %, the absorber
bandgap covers the range from 1.15 to 1.5 eV, in which the Urbach energy remains close to 20 meV and
promisingly low V. deficits are observed. In particular, the champion efficiency of 12.1 % obtained with 40 % Ge
breaks the record for Ge-alloyed kesterites with a 1.2 eV bandgap by remarkably reaching 62 % of the Shockley-
Queisser limit for V,.. This study demonstrates a promising strategy to solve the issue of large band tailing and
low opto-electronic quality in widebandgap kesterites while establishing a foundation for solution-processed
kesterite solar cells with tunable bandgap and promising performance.

Bandgap tuning
Ge alloying
Solution processing

1. Introduction kesterite material family historically based on Cu2ZnSn(S,Se)4 (CZTSSe)

has emerged as a promising solution for single-junction PV absorbers

Photovoltaics (PV) is now playing a major role in the transition to-
wards more sustainable electricity production, with more than 1 TW
cumulative capacity already installed and record exponential growth in
the past years for solar panels primarily made of Silicon. However, the
PV industry is now expanding to new markets and applications where
mechanical flexibility, low weight, tunable colour and opacity as well as
tolerance to different light conditions are required, e.g. building- and
vehicle-integrated photovoltaics (BIPV and VIPV), agrivoltaics (agriPV),
indoor PV (IPV), ...

Thin-film solar cells meet most of those requirements through their
versatile design and material-sober architectures. In particular, the

relying on non-toxic and abundant elements, the bandgap of which can
also be tuned in a range well-adapted to tandem PV structures [1-6].
Yet, those inorganic compounds are still facing major hurdles to become
a viable alternative to commercially established Cu(In,Ga)Se; and CdTe
technologies, summarized herein as three main challenges. First, the
control of crystalline phase and composition in a homogeneous and
reproducible fashion is a long-standing issue for kesterites [3,7,8],
especially when deposited via physi-cal processes [4]. Second, the
numerous point defects and high crystalline disorder existing in the
kesterite lattice are considered the main culprits for their still too high
open-circuit voltage (V,.) deficits [3,7,8,8-11]. Third, precisely
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controlling the kesterite absorber bandgap, e.g. via the S-Se ratio, is
usually complex and realized at the expense of opto-electronic quality
[8,12-15].

Fortunately, recent studies have investigated solutions addressing
those two first challenges, which permitted kesterite solar cell power
conversion efficiency (PCE) to reach beyond 14 % after more than a
decade of status quo [16-19]. Indeed, such performance improvements
were enabled by the transition towards more costeffective molecular ink
routes which arguably allow finer control of reaction mechanisms and
kinetics as well as phase formation [17-23]. In parallel, it facilitates the
alloying of alternative metallic cations, which has been key to overcome
the defective and disordered character of intrinsic kesterites [3,24,25],
e.g. replacing Cu by Li and Ag [17,18,20,26], Zn by Cd [19,27,28], and
Sn by Ge [4,19,22,29-38], among others. However, the third challenge
of varying the kesterite bandgap while preserving its quality as a PV
absorber remains largely unsolved. The solution may reside in the iso-
valent alloying of Ge to replace Sn, so as to widen the kesterite absorber
bandgap for tandem or indoor PV applications [1,3-5], or to realize
bandgap gradient designs known to typically boost the device efficiency
[8,14,29,30,39-43]. Still, most studies up to this day have focused on Ge
contents below 40 % [4], with many of them highlighting the difficulty
to reach higher Ge incorporation.

Therefore, in this work, we aim at building on and extending those
recent investigations about Ge alloying to simultaneously solve those 3
critical challenges faced by kesterite solar cells. More precisely, we
develop a molecular ink solution process in ambient air that in-
corporates beyond 40 % of Ge to control the bandgap of high-quality Ag-
alloyed (Ag,Cu)2Zn(Sn,Ge)(S,Se)s (ACZTGSSe) kesterite thin films in a
wide range. By a simple substitution to Sn directly in the precursor so-
lution, Ge is properly integrated into single-phase polycrystalline kes-
terite absorbers with flexible bandgap tuning from 1.15 to 1.5 eV for
0-100 % Ge. The incorporation of Ge and associated bandgap widening
do not compromise opto-electronic quality since benign Urbach tail
coupled to low V. deficit is observed regardless of the bandgap. In
particular, the champion device containing 40 % Ge reaches a remark-
able 12.1 % efficiency without anti-reflective coating (ARC) and 62 % of
the detailed balance limit for V,, which sets a new record for Ge-alloyed
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kesterites with a bandgap of 1.2 eV. The outstanding resilience of
Urbach energy to larger bandgaps demonstrated in this study is an
important milestone in the development of high-quality kesterite ab-
sorbers processed via cheap solution-based routes and adapted to tan-
dem and indoor PV applications, among others. This shall require the
optimization of heterojunction (HJ) band alignment and detrimental
electronic defects for the highest Ge contents.

2. Materials and methods

The device fabrication process is schematically illustrated in Fig. 1
and inspired from a previous work [17]. The precursor solutions are
prepared following the same molecular ink chemical route in ambient
air. First, the CuCl, AgCl, SnCl4, GeCl4 and Zn(CH3CO32)2 precursors are
mixed with Thiourea (TU) in Dimethyl Formamide (DMF) solvent with a
molarity of TU/(Ag + Cu + Zn + Sn + Ge) = 1.8 M. The ratios of SnCly
and GeCly are adapted to cover the following target compositions:
Ge/(Ge + Sn) = 0, 40, 60, 80 and 100 % with the corresponding device
batches designated 0Ge, 40Ge, 60Ge, 80Ge and 100Ge in the text. The
other compositional ratios are kept fixed at Ag/(Ag + Cu) = 0.15, (Ag +
Cu)/(Zn + Sn + Ge) = 0.80 and Zn/(Sn + Ge) = 1.10. Before proceeding
to the next steps, between 50 pL and 100 pL of 37 % concentrated HCl
was added to the precursor solutions of 60Ge, 80Ge and 100Ge to ach-
ieve full dissolution. The final filtered precursor solution, clear and
stable for weeks, is subsequently spin-coated on cleaned SLG/Mo sub-
strates for 60 s at 3000 rpm, then placed on a hotplate for 3 min at a
temperature of 340 °C also in ambient environment. This sequence is
repeated 8 times with the objective to obtain 1 pm-thick precursor films.
The precursor films are placed inside semi-closed graphite boxes with
400 mg Se pellets in a tube furnace filled with Ar at a pressure around
500 mbar. The selenization then starts by ramping up at 20 °C/min to
reach 560 °C, remains at high temperature for 15 min before naturally
cooling down. The 50 nm CdS buffer layer is deposited by chemical bath,
followed by RF sputtering of 40 nm i-ZnO and 150 nm ITO window
layers and finally thermal evaporation of 500 nm-thick Ag grid to
complete the 0.23 cm? solar cells. No ARC is deposited on the studied
samples. The details for experimental characterization are provided in

560°C
£
Cu-Tu (DMF) Zn-Sn,Ge (DMF) \E
$)
~
Kesterite
precursor
solution 15mins >
0
0
Spin coat Drying
3000 rpm 3 mins -
60s 340°C

a-ACZTGS

c-ACZTGSSe
SLG/Mo

c-ACZTGSSe

il s1c/Mo

Fig. 1. Fabrication process of the ACZTGSSe thin-film solar cells. (a) Preparation of the molecular ink precursor solution and spin-coating of the amorphous a-
ACZTGS precursor film with around 1-1.5 pm thickness. (b) Selenization of the precursor film to grow polycrystalline c-ACZTGSSe thin-film absorbers. (¢) Deposition
of the CdS buffer, i-ZnO/ITO window layers and Ag grid over the finished absorber, followed by a soft annealing of the finished device.
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Supplementary data.
3. Results

First of all, the growth of kesterite polycrystalline thin films can be
confirmed via XRD and Raman experiments on the completed absorbers,
presented in Fig. 2 for the different targeted Ge contents. The presence of
the characteristic Se-rich kesterite response is observed for both type of
measurements, i.e. the two A Raman modes around 200 and 180 em lin
Fig. 2a and the (112) XRD reflection around 27° in Fig. 2b). The exact
XRD peak positions are given in Table 1 along with the lattice param-
eters a and c. The Se-rich kesterite response is by far dominant in both
the Raman spectra and the XRD diffractograms, indicating well-grown
ACZTGSSe thin film absorbers are obtained following the selenization
of the amorphous precursor films. It is also highlighted in Fig. S1 by the
transition from the main peak at 340 cm™! and 28.5° for S-pure pre-
cursor film towards the much narrower peak of Se-rich absorbers at
lower Raman shift and diffraction angle. The intensity of the (112) peak
is roughly 5 times and 20 times higher compared to the (220) and (312)
respectively at 46° and 54° in Fig. S2a). The intensity ratios of the same
XRD reflections for the CuZnSnSe4 (CZTSe#26-0575) and CuZnGeSe4
(CZGSe#29-0914) powder diffraction reference cards are much lower, i.
e. respectively 2.5 and 5. This highlights the preferential growth of the
kesterite layers studied here along the (112) direction on glass/Mo
substrates.

Second, the effective integration of Ge within the kesterite lattice is
demonstrated by the displacement of the A Raman mode from 201.5 to
206.9 cm™! and of the (112) XRD peak from 27.28° to 27.74° from 0Ge
to 100Ge, as reported in numerous other studies [44-48]. A similar shift
is observed on the second A Raman mode at 180 cm ™! in F ig. 2a), as well
as on the secondary kesterite XRD peaks in Fig. S2a) and b), further
emphasizing the proper incorporation of Ge inside the kesterite crys-
talline system. The observed shift of the XRD reflections towards higher
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Table 1
Position of the (112) peak and lattice parameters extracted from the XRD dif-
fractograms for each Ge concentration.

0Ge 40Ge 60Ge 80Ge 100Ge
(112) peak position (°) ~ 27.277  27.387  27.458  27.548 27.739
a(A) 5.655 5.628 5.612 5.585 5.543
A) 11.359 11.334 11.310 11.314 11.252
= a% (A% 362.215 358.932  356.239  352.840  345.768

angle proportionally to the Ge concentration is explained by the reduced
atomic radius of Ge as compared to Sn and the associated diminution of
the unit cell volume [44,46], shown in Table 1. For Raman measure-
ments, the change in bonding strength between the chalcogen species
(SSe) and the group IV elements (Sn-Ge) when alloying lighter and
smaller Ge atoms is responsible for the displacement of the main
vibrational modes [45]. Besides that, the transition of the E-type mode at
240 cm ™! for 0Ge towards the B-type mode at 270 cm™! for 100Ge in
Fig. S2¢) is also reported in the literature [45,46]. The shoulder of the
main A peak appearing at 225 cm ™! is observed more clearly than in
those other studies and is likely related to one of the characteristic
modes of either CZGSe or CusGeSes (CGSe) [45,49]. Another observa-
tion is the lower intensity of the second A Raman mode at 180 cm ™" for
the 0Ge reference as compared to other samples including Ge. According
to another study [50], this could be interpreted as the consequence of
higher Cu-Zn disorder related to Cu-Zn and Cu-Sn,Ge vibrations for 0Ge.
This would indicate a higher opto-electronic quality of the
Ge-containing absorbers as compared to the pure-Sn reference, also
discussed below based on optical measurements.

Evaluating the shift of Raman modes and XRD peaks for 40Ge, 60Ge
and 80Ge in between the pureSn and pure-Ge samples should provide
estimates for Ge/(Ge + Sn). These can be compared with the XRF data in
Table 2, already showing close agreement with the targeted Ge content.
Yet, the positions of XRD peaks and Raman bands are also affected by the
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Fig. 2. Evolution of the crystalline structure of the ACZTGSSe thin-film solar cells with various Ge concentrations. (a) Normalized Raman spectra highlighting the
main kesterite A modes around 180 and 200 cm ™, both shifting towards higher wavenumber following the addition of Ge as shown by black arrows. The emergence
of a CZGSe/Cu,GeSes contribution at 225 cm ™! in parallel with the E mode disappearance at 240 cm ™" is also emphasized. (b) XRD diffractograms showing the main
kesterite (112) peak displaced towards higher angle when the Ge content is increased. The XRD Powder Diffraction reference cards of pure phase kesterites are

represented to gauge the composition ranges.
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Table 2
Composition ratios of ACZTGSSe kesterite absorbers estimated from XRF,
Raman and XRD.

Technique  Composition ratio 0Ge 40Ge  60Ge  80Ge  100Ge
XRF Ge/(Sn + Ge) 0 0.4 0.6 0.79 1
Ag/(Ag + Cu) 0.15  0.13 0.15 0.14 0.15
(Ag + Cu)/(Zn + Sn + 0.79  0.79 0.86 0.88 0.89
Ge)
Zn/(Sn + Ge) 0.99 1.06 1.04 0.99 0.98
Raman S/(S + Se) 0.04  0.02 0.01 0.01 0.01
XRD Ge/(Sn + Ge) 0 0.27 0.40 0.60 1

group 1 elements ratio Ag/(Ag + Cu) and chalcogen proportion S/(S +
Se), which must then be determined first. Using the same molarity in
AgCl and CuCl for all precursor solutions logically leads to similar Ag
content around the desired 15 % in all samples. Besides that, the other
composition ratios (Ag + Cu)/(Zn + Sn + Ge) and Zn/(Sn + Ge) are also
confirming the intended Cu-poor and slightly Zn-rich stoichiometry.
Since the Raman A mode is not shifted when alloying Ag [20], it can be
used to estimate the S-Se ratio by comparison with the pure phases
CZTSe and CZTS respectively located at 196 and 338 cm ! [46]. The A
mode position around 200 cm ™! indicates very low S content below 5 %
as shown in Table 2. This S-poor stoichiometry could be expected from
absorbers processed at high temperature in a highly saturated Se at-
mosphere. The Se-rich composition is further supported by the much
higher intensity of the main A-Se peak at 200 cm™* with regards to the
secondary A-S peak around 340 em™! in Fig. S2c) [15]. Having
demonstrated Se-rich stoichiometry and a nearly equal Ag content in all
samples, the XRD peak shift can provide a second estimation of the Ge
concentration in Table 2. The XRD shift confirms a progressive increase
of the Ge content with some deviation compared to the XRF ratios, likely
caused by the mismatch between multi-alloyed kesterites thin-films and
pure powder diffraction references. Obtaining numerical estimations
from the Raman spectra is here not relevant given the very small
wavenumber difference of 10 cm~! between CZTSe and CZGSe [46]
compared to the measurement resolution of 1.3 cm™L.

Combining Raman and XRD data usually also helps gauging the
presence of mixed compounds or binary phases within the kesterite
absorbers, using the full range Raman spectra and XRD diffractograms
provided in Fig. S2. Firstly, the main kesterite peaks have a much higher
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relative intensity than other maxima within both measurements. Sec-
ondly, the developed kesterite molecular ink processing route relies on
sn**, whichis believed to ensure a growth mechanism avoiding the
formation of killer binary phases [18,20]. Thirdly, expect for the po-
tential CGSe phase, no peak is emerging or disappearing when going
from pure-Sn to pureGe stoichiometry. Therefore, it is unlikely for
detrimental secondary phases such as (Sn,Ge)-S,Se, Zn-S,Se or Cu,-S,Se
to be largely present in the studied absorbers. Besides that, Mo(Sy,Sea_x)
is quite distinctively detected by XRD in all samples at fixed diffraction
angles around 32 and 56° in Fig. S2b), following its usual natural for-
mation during the high-temperature annealing in Se excess.

Such a Mo(S,,Ses_,) interlayer can be recognized in between the
ACZT(G)SSe absorber and the Mo back contact on the SEM cross section
images in Fig. 3 for all Ge contents, with 1-2 times lower thickness than
the absorber layer as illustrated in Fig. S3. According to Fig. 3,
conformal and continuous thin-film absorbers are effectively grown with
micron-size welldefined crystalline grains. There is no evidence for
significant secondary phases, which aligns with the large dominance of
the kesterite characteristic peaks in both Raman and XRD data for all
samples. From 0Ge to 60Ge, the kesterite crystals cover most of the
absorber thickness which correlates well with the nearly flat profiles of
all metallic elements along the ToF-SIMS profiles in Fig. 4. However,
80Ge exhibits a much denser and thicker fine-grain sub-layer along the
bottom half of the absorber thickness whereas 100Ge presents an overall
smeared-out morphology, as also reported in other studies also relying
on the molecular ink route [13,44,51]. These observations are in
agreement with the greater variations in ToF-SIMS composition levels of
80Ge and 100Ge along their thickness than for samples with lower Ge, as
emphasized by the black arrows in Fig. 4. Especially, 100Ge displays a
relatively important change in the Ag and Cu profiles along its bottom
half, which might be at the origin of its less defined crystalline structure.
The degradation of absorber morphology for 80Ge and 100Ge could also
relate to the 10 times lower solubility of GeCly in DMF compared to
SnCly [23] and the subsequent addition of HCI to circumvent this very
issue, which would require further experiments to be verified. Another
hypothesis for this poorer structural quality would be an excess of the
liquid phase associated to Ge-rich kesterite phases with lower melting
point than those including Sn [41,52]. Contrarily to kesterite layers
deposited via different routes either in vacuum [30,39,41-43] or in
solution [29,40], there are here no evidence for a gradientof the Sn-Ge

Fig. 3. Evolution of the SEM cross section of the ACZTGSSe thin-film solar cells with various Ge concentrations. The growth of polycrystalline absorbers with mostly
conformal morphology is demonstrated, with a more pronounced bi-layer structure for 80Ge and 100Ge. The kesterite absorber, Mo(S,,Se,_,) interlayer and Mo back

contact are shown for the Ge-free reference sample.
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Fig. 4. Evolution of the ToF-SIMS profiles for the metallic elements of the ACZTGSSe thin-film solar cells with various Ge concentrations. The front interface with the
CdS buffer and the back interface with the Mo rear electrode are shown by vertical black dotted lines, while the Mo signal is shown with a black dashed line. The
black arrows highlight the variations in signal intensity and composition gradients for 80Ge and 100Ge, possibly related to their more layered morphology in Fig. 3. A
specific focus on the relative thicknesses of the ACZTGSSe absorbers and the Mo(S,,Se,_,) layers along with a qualitative evolution of the Sn-Ge gradient are provided

in Fig. S3.

ratio along the absorber thickness in Fig. 4. Indeed, the Sn and Ge
profiles appear to always evolve in the same direction, and their ratio is
mostly constant from the back to the front of the Sn-Ge mixed ACZTGSSe
films (40Ge, 60Ge and 80Ge), as highlighted in Fig. S3. This can be
probably explained by the solution-based processing route used here.
Indeed, the formation of an amorphous kesterite precursor film with the
constitutive elements already bonded to each other occurs more ho-
mogeneously than in the case of stacked precursor layers. Given the
absence of Sn-Ge gradient and the negligible influence of the extremely
low amount of sulfur in the absorbers, the bandgap of the studied ab-
sorbers can arguably be considered constant along their thickness.

Photoluminescence spectra of the finished devices in Fig. 5a) reveal a
main peak in the expected wavelength range of the kesterites absorbers,
progressively shifted to the blue for higher Ge content. The central
wavelength of those peaks are considered as first estimates of the
absorber bandgap, i.e. Egp; shown in Table 3. The PL peak width is
reduced when adding Ge, highlighting the compatibility of combined
Ag- and Ge-alloying to obtain kesterite compounds with high opto-
electronic quality. The clear blueshift of the EQE spectra in Fig. 5b)
leads to second bandgap estimates.

Egror in excellent agreement with Egp; in Table 3. The negligible
discrepancy between those two values suggests that band tailing caused
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Fig. 5. (a) Normalized photoluminescence and (b) EQE spectra of the ACZTGSSe thin-film solar cells with various Ge concentrations. The PL peak position and the
EQE absorber’s edge are shifted towards higher energy following the bandgap increase due to higher Ge content. Despite the decrease in quantum efficiency of the
low- and high-wavelength detectors in (a), shown by the gray area from 900 to 930 nm, the absorber bandgaps of the 60 and 80Ge devices can be extracted accurately
from the PL peak position. (c) Extraction of the Urbach energy (Ey) for energies below the absorber bandgap. The black arrows highlight the poorer collection
efficiency and the emergence of sub-bandgap contributions for 80 and 100Ge. The inset magnifies the linear extrapolation to obtain Ey and the correspond-

ing estimates.
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Table 3
Device parameters extracted from PL, EQE and 1 sun IV data for the champion
device of each Ge concentration batch.

0Ge 40Ge 60Ge 80Ge 100Ge
Eg,p1 (€V) 1.15 1.21 1.26 1.43 1.48
Eg,EQE (eV) 1.14 1.19 1.24 1.40 1.49
Ey (meV) 22.8 22.3 23.6 20.3 22.7
Js (mA/cm?) 32.89 31.59 27.48 22,12 20.35
Vo (mV) 527 592 618 650 647
FF (%) 65.93 64.89 55.78 45.06 41.21
n (%) 11.42 12.13 9.47 6.48 5.43

by crystalline disorder as well as bandgap and potential fluctuations are
not significant inside the kesterite absorbers processed herein [9,53].
This aligns with the rather low Urbach energy (Ey) values between 20
and 23 meV obtained in Fig. 5c) and Table 3, which is rather expected
for kesterites including Ag or low to moderate amounts of Ge [17,20,22,
30,33,54]. This is turn could relate to a reduced density of the [2I;; +
IVl defect complex, due to an increased formation energy when
alloying Ag and the monovalency of Ge in the 4+ oxidation state [55].
However, for the Ge-rich kesterite samples studied here with bandgaps
larger than 1.2 eV, i.e. 60Ge, 80Ge and 100Ge, Ey is not increased at all.
This demonstrates the ability of the proposed recipe to preserve the
opto-electronic quality of Gealloyed kesterite absorbers with wider
bandgaps, contrarily to previous works [36,37,54,56]. Exploring further
the sub-bandgap region of the EQE spectra in Fig. 5c¢), emerging con-
tributions are observed for 80Ge and 100Ge as highlighted by the black
arrows. Seeing such responses for photon energies below the absorber
bandgap relates to intermediate defect states, as reported in other
studies for different types of PV materials [2,57]. The appearance of
those peaks for the high-Ge samples correlates relatively well with
literature studies also reporting changes in sub-bandgap optical transi-
tions and dominant defects with the Ge content [35,58,59]. Eventually,
the enhancement of nonradiative recombination via those bandgap
states might explain the degraded EQE of the 80Ge and 100Ge devices in
the absorber wavelength range, i.e. following the black arrow in
Fig. 5b).

The PV parameters, i.e. V,, short-circuit current density (Js), fill
factor (FF) and efficiency (n) of the champion device per Ge concen-
tration are reported in Table 3 and obtained from the 1 sun IV curves in
Fig. 6a). Given the varying absorber bandgap, computing the deficits in
Jse, Voo and FF with respect to the Shockley-Queisser (SQ) limit ensures
more straightforward comparisons. More precisely, Xsqaef = Xsq — X
where X = Jg, Vo or FF and Xg are extracted from a literature report
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[60]. Those SQ deficits are provided in Table S1 for the champion cells
and depicted along with other representative devices in Fig. 6b) for V,,
and in Fig. S4 for Js and FF. The gradual increase of V,. from 527 to 647
mV and decrease of Jy, from 32.89 to 20.35 mA/cm? following the ar-
rows in Fig. 6a) logically relate to the wider absorber bandgap as more
Ge is incorporated. The optimal composition appears to be 40Ge with a
champion efficiency of 12.1 %. The devices with Ge-richer stoichiome-
tries exhibit lower PCEs. Indeed, 60Ge approaches the 10 % efficiency
barrier while 80Ge and 100Ge suffer from rather large performance
diminution down to 6.5 and 5.5 % respectively. The rather low J, deficit
around 10 mA/cm? observed for all samples demonstrates that the
proposed recipe enables to deposit well-grown kesterite absorbers with
excellent absorption for any bandgap between 1.15 and 1.5 eV. This
tends to exclude J as possible culprit for poorer performance and rather
points out towards V,. and FF as the main performance limiting factors,
as typically observed for kesterite solar cells. Indeed, Fig. 6b) shows
promisingly low values of V, deficit around 350 mV from 0Ge to 60Ge,
whereas it then skyrockets up to 500 mV and above 600 mV for 80Ge
and 100Ge, respectively. These are possibly related to changes regarding
the main electronic defects as hypothesized above from the sub-bandgap
EQE spectra but also potentially from the conduction band mismatch
with the CdS buffer layer for absorber bandgaps above 1.4 €V, as dis-
cussed below. A progressive increase of the FF deficit from pure-Sn to
pure-Ge stoichiometry can be observed in Fig. S4, especially important
again for 80Ge and 100Ge. This is likely connected to the poorer EQE
response of those two devices.

To better understand the evolution of the PV figures-of-merit in
function of the Ge content, the dark IV characteristics of representative
devices in Fig. 7a) is examined. Indeed, analyzing such data provides an
image of the junction properties and the importance of carrier recom-
bination via the dark ideality factor n and saturation current density Jo,
along with the prominence of parasitic current paths through the shunt
resistance Rgp. These three figures-of-merit are presented in Fig. 7b) and
attain more than decent values, i.e. n < 2, Jg < 1077 A/cm? and R4>10
kQ cmz, for the 0Ge, 40Ge and 60Ge devices in line with their PCE close
to or beyond 10 %. Their favourable n and Jj correlate well with their
low V, deficit while their high Ry, validate their conformal large-grain
absorber morphology conjectured from Fig. 3. The optimal combination
of parameters is showcased by the champion 40Ge device, i.e. good
junction quality with n = 1.85 and Jy = 7.6*10~° A/cm? as well as
mostly leakage-free structure with Rg = 4.76*10* Q cm? Despite
retaining promising values of Jo ~ 10”7 A cm? and Ry, ~ 10% Q cm? that
suggest preserved absorber structural quality, the performance of 80Ge
is dropping significantly. This is likely the consequence of n surpassing 2
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Fig. 6. (a) IV curves obtained under 1 sun illumination for the champion devices per Ge concentration. The black arrows highlight the increase and decrease of V,.
and J, following the bandgap increments due to higher Ge content. (b) Statistical dispersion of the V,. deficit with respect to the Shockley-Queisser limit for
representative devices of each Ge content, exhibiting a minimum around 340 mV for 40Ge.
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Fig. 7. (a) Dark IV curves for the ACZTGSSe devices with various Ge concentrations. (b) Corresponding parameters: ideality factor n, saturation current density Jo
and shunt resistance Rgp,. All three figures-of-merit preserve encouraging values for 40Ge and 60Ge, Ry, and J, remain favourable whereas n is slightly degraded for
80Ge while a global degradation is observed for 100Ge.

which indicates an increase in carrier recombination and consequently emergence of sub-bandgap states, which would explain the lower FF.

losses in V. This poorer charge extraction and collection also correlates Alloying even more Ge induces a critical decrease of Rg, down to the
with the degraded EQE response of 80Ge and the hypothesized order of 100 Q cm? for 100Ge, thus clearly dominating its IV
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Fig. 8. (a) Apparent doping profiles for the ACZTGSSe devices with various Ge concentrations, for voltages between —0.75 V and 0.25 V and at a frequency of 10
kHz. The black arrow points towards the HJ while the vertical dashed lines indicate the data point corresponding to OV applied bias (superimposed for 40Ge and
60Ge). (b) Evolution of the corresponding free carrier concentration Ngo, and depletion width Wp. As highlighted by the black arrows, Ng,, increases from 0Ge to
80Ge followed by a collapse until 100Ge. Wy, follows the inverse trend compared to Ny, since they are inversely proportional to each other.
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characteristic as compared to other devices. This leads to less ideal diode
parameters n and Jo which can largely justify the lower performance
associated to greater V,. and FF deficits.

To further investigate the physical origin of those efficiency barriers
for 80Ge and 100Ge, capacitancevoltage-frequency (CVf) experiments
are realized in the dark to provide complementary information about the
device internal behaviour and limitations. Those measurements are
performed with similar resolution in both frequency and voltage so as to
obtain admittance spectroscopy “loss maps” shown in Fig. S5 and
described in previous studies [66,67]. This representation of capaci-
tance variations with both frequency and voltage is useful to possibly
detect, identify and locate loss mechanisms affecting solar cell devices,
appearing as red areas over the blue map background. On the loss maps
in Fig. S5, the voltage range from —0.75 V to 0.25 V at the fixed fre-
quency of 10 kHz offers no overlap with the possible loss mechanism
signatures coloured in red, hence it was used for the apparent doping
profiles displayed in Fig. 8a). This ensures that the apparent doping can
be analyzed independently from other chargerelated phenomena and its
value is closer to the actual free carrier concentration. This is especially
important for the low-efficiency devices 80Ge and 100Ge which exhibit
such signatures over large voltage-frequency domains respectively in the
top right and bottom right corner of their respective loss maps.
Considering this, the free carrier density Ng,p is extracted as the mini-
mum point of the charge profile, represented in Fig. 8b). Starting from a
value of approximately 2%10'° cm™2 for 0Ge, Nyop is nearly doubled for
40Ge and 60Ge and then increases by one order of magnitude up to
2+10'% em ™2 for 80Ge. This increase of apparent doping from 0Ge to
80Ge content could be caused by the addition of Ge-related shallow
states Cug, and Ve, as reported elsewhere [29]. However, the enhanced
Naop of 80Ge does not lead to an improved device performance, for two
reasons. First, its depletion width Wp is greatly reduced due to the
higher doping visible in Fig. 8b), which deteriorates carrier extraction
and likely explains the largely degraded EQE. Second, all the additional
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bandgap states induced by substituting Ge to Sn are not necessarily
shallow doping levels. On the contrary, certain of those intrinsic defects
may possess deep energy levels within the absorber bandgap and act as
recombination centers which induce the increase of n compared to
lower-Ge samples. Such traps could possibly be responsible for the large
signature on the 80Ge loss map in Fig. S5 [66]. This defect-like signature
appears located near the kesterite/CdS HJ interface following the white
arrow direction. It matches also quite well with the steep increase of the
apparent doping of 80Ge towards low depths in Fig. 8a) and correlates
with the appearance of surface defects for Ge-rich kesterites studied in
other works [35,58]. Eventually, for 100Ge, Nqq, falls back to a similar
level as 0Ge, which translates into a recovered Wp and probably ac-
counts for the improved EQE as compared to 80Ge. In parallel with this
evolution of the defect landscape following the Ge concentration, the
band structure is changing as well since not only the absorber bandgap is
becoming wider but the electronic affinity is also lowered [58,59,68]. In
particular, the heterojunction conduction band alignment, which is key
to determine the final device performance, transitions from a favourable
spike-like barrier to an undesired cliff-like alignment at the ACZTGS-
Se/CdS interface when reaching Ge-rich composi-tions. This in turn
would be the main cause for the high DC current signature on the 100Ge
loss map in Fig. S5, and also for the V,, saturation under light for that
sample [35,59].

The main outcome of this work is that adding moderate amounts of
Ge to the ACTZSSe baseline recipe maintains highly promising PCEs of
12.1 % and 9.7 % for 40Ge and 60Ge respectively, with still much room
for improvement regarding FF and J. Those constitute record effi-
ciencies for Ge-alloyed kesterite solar cells with bandgaps of 1.2 and
1.25 eV as illustrated in Fig. 9a). In particular, the optimal performance
is obtained by the 40Ge champion cell showcasing a remarkably low V.
deficit around 340 mV, corresponding to around 62 % of the detailed
balance limit for its bandgap, which is above most other Ge-alloyed
kesterite studies. For this device, the quasi absence of low-temperature
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Fig. 9. (a) Representation of the obtained champion efficiencies and corresponding V,. SQ deficits with respect to the absorber bandgap (coloured diamonds),
compared to other values reported in literature for Ge-alloyed kesterites (black squares) [22,23,29,30,32,33,36,37,54,61-63]. The black arrows emphasize the higher
efficiency and lower V,,. deficit for devices with bandgaps between 1.2 and 1.25 eV. (b) Urbach energy Ey of the champion devices presented in this study (coloured
diamonds), in comparison with other studies about all types of kesterites (black squares) [12,22,27,29,30,32,33,36,37,54,64,65]. The black arrows highlight the
maintained low Ey values around 20 meV for all bandgaps between 1.15 and 1.5 eV. The gray dashed lines are guides to the eye.
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rollover for V, in Fig. S6 indicates negligible second order effects and
thus reliable linear extrapolation until OK [68]. The resulting V,. at 0 K
only has a 50 mV discrepancy with the 1.2 eV bandgap which constitutes
evidence for a high-performance potential. These record V, deficits can
surely be attributed to some extent to the low Ey values around 20 meV
obtained for all samples [69]. As illustrated in Fig. 9b), this study is one
the very few showing such a preservation of the small Urbach tail while
increasing the bandgap of a kesterite absorber of any type. This sets an
excellent baseline in terms of material opto-electronic quality before
proceeding to further device performance optimization for the high-Ge
samples. Indeed, the record V,, deficits observed for the 80Ge and
100Ge devices do not translate into record efficiencies. This could
originate from the various mechanisms mentioned above, namely vari-
ations of the defect states coupled to conduction band misalignment and
less efficient carrier extraction, all inducing V,. and FF losses. Potential
solutions could for instance include a more adapted buffer material for
absorber bandgaps above 1.4 eV [63], an alternative to HCl for reaching
complete dissolution of the Ge precursors or heterojunction interface
passivation [36]. Those should be combined with a deeper under-
standing of the interaction between defect landscape and band structure,
and its evolution for higher Ge concentration, which are some of the
numerous possible follow-up studies to this work.

4. Conclusions

To conclude, this work implements a molecular ink chemical route
for processing high-quality Ag,Gealloyed kesterite absorbers with great
device performance potential in a wide range of bandgaps. During the
simple preparation of the precursor solution and film in ambient air, the
ratio of Sn and Ge salts is varied to cover the whole Ge composition
spectrum from 0 to 100 %. Ge contents beyond 40 % are especially
investigated, demonstrating the potential of the presented recipe to
complement the existing literature mostly limited to lower Ge concen-
trations. The ACZTGSSe thin films obtained after selenization exhibit
excellent polycrystalline morphology, no secondary phases nor struc-
tural flaws. These absorbers properly integrate Ge into their lattice,
which allows flexible tuning of their bandgap from 1.15 to 1.5 eV when
ranging from pureSn to pure-Ge stoichiometry. The champion efficiency
of 12.1 % obtained for 40 % Ge without ARC sets a new record for Ge-
alloyed kesterites solar cells with a bandgap of 1.2 eV. This is mainly
the consequence of an outstanding 62 % of the V,, Shockley-Queisser
limit reached for this device, with still room for improvement
regarding J,. and FF. The developed process interestingly maintains such
encouraging PCE and V,, deficit when reaching a bandgap of 1.25 eV
and 60 % Ge. The reason for this promising performance 40Ge and 60Ge
is two-fold. On the one hand, excellent heterojunction properties are
characterized by low recombination and efficient carrier collection. On
the other hand, high opto-electronic quality of the kesterite material
confirmed by the low Urbach energy slightly above 20 meV. This is the
very sign of mitigated crystalline disorder and benign band tailing,
known to be one of the main challenges faced by kesterites. The small
Urbach front is remarkably extended up to the highest bandgap of 1.5 eV
for the pure-Ge sample, probably enabled by the combined alloying of
Ag and Ge in solution. Therefore, the proposed deposition strategy
provides an interesting solution to overcome the intrinsic limitations of
kesterites in a wide range of bandgaps while proving the interest to
transition from physical processes to chemical routes. This study es-
tablishes a basis for highquality kesterite materials with tunable
bandgap, still.

requiring optimization regarding the evolution of defect landscape
and band structure for Ge contents higher than 60 %. Tackling this latter
issue may bring kesterite solar cells to a stronger position in the thin-film
PV field, especially regarding tandem and indoor applications.
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