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As the knowledge on kesterite photovoltaic absorbers increases, the factors limiting the
efficiency of solar cells based on this family of materials become more and more evident.™
Comparing the best efficiencies obtained using Cu2ZnSn(S,Se)s (CZTSSe) as absorber with
more mature CdTe and Cu(In,Ga)Se. (CIGSe) technologies, it is clear that the voltage deficit
is the major challenge that kesterite based solar cells have to face in the near future.
Recently, the pure selenide Cu2ZnSnSes (CZTSe) compound has demonstrated efficiencies
exceeding 11%, with an open circuit voltage (Voc) of 423 mV.El Commonly, the highest
efficiencies were reported for kesterites with Se rich sulfo-selenide solid solutions, which
generally lead to a higher Voc. This highlights the importance to identify and reduce the
voltage losses for these materials.[>4l In this sense, and with the aim to solve the inherent
problems of kesterites, the substitution of cations has been explored in some extent.5®l In
particular, Sn exhibits an intrinsic multi-charge character and thus, the Sn-site substitution is

probably the most interesting.>®! This is because multi-charge atoms commonly introduce
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deep defects that increase the non-radiative charge carrier recombination. This has an
especially severe impact on the degradation of the Voc.[>!

For this reason, one of the most interesting approaches is to substitute Sn by other cations
such as Ge. By alloying CZTSe with Ge the band-gap can be tuned from 1.0 eV (pure Sn/Zn
kesterite) to 1.35 eV (pure Ge/Zn kesterite).[*%*] Additionally, several other beneficial effects
have been associated with the use of Ge, like the increase of carrier lifetime and the
suppression of Sn*? state formation.>®! Nevertheless till now, the use of Ge has demonstrated
rather limited devices improvements with respect to the pure Sn kesterite. Furthermore, all
reports published so far are based on the use of large Ge amounts, which may compromise the
viability of this technological approach, as Ge has been identified as a critical raw material
with an earth crust abundance about 1.6 ppm, but also because is a scattered material
disabling the extraction by mining.*? For example, Kim et al. reported an increase of the
devices efficiency from 4.6% to 6.0% using a graded band gap by alloying Cu2ZnSnSs with
Ge, observing a Ge/(Sn+Ge) ratio about 0.50 at the surface and an almost pure Ge phase at
the back.”! The efficiency improvement is mainly explained by an increase of the Jsc, and the
reported values are far from the state-of-the-art efficiencies reported for kesterite solar cells.
Bag et al. reported the Ge substitution in CZTSe solar cells, too, obtaining a rather small
efficiency improvement (from 9.07% for the pure Sn kesterite to 9.14% for the Sn-Ge alloyed
with 40% of Ge), but observing a remarkable increase of the Voc in more than 50 mV.[Fl
Finally, Hages et al. reported an improved performance of Ge-alloyed Cu2Zn(Sn,Ge)(S,Se)s
solar cells, increasing the efficiency from 8.4% (no Ge) to 9.4% (with 30% of Ge), mainly
explained by the increase of 50 mV in the Voc.l®! This shows that till now although very
promising, attempts of alloying kesterite with large amounts of Ge has demonstrated rather
small improvements in the solar cell performance.

In this work, we report a breakthrough in kesterite based technologies. We demonstrate that

high-voltage and high-efficiency devices can be easily achieved using small quantities of Ge,
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leading to efficiencies higher than 10%. The Ge-based approach presented here is based on
the evaporation of a 10nm thick Ge layer on top of the Cu/Sn/Cu/Zn metallic precursor stack
prior to the selenization step, using a sequential process to synthesize CZTSe absorbers.[*®! As
will be shown later, this leads to a substitution of less than 1.6% of Sn in the final kesterite
structure, ensuring the sustainability of the developed processes.

To analyze the impact of Ge on the optoelectronic properties of the devices, in the following
we first present the impact of the superficial Ge nano-layer on the devices parameters in a J-V
and external quantum efficiency (EQE) comparison. The morphology, elemental composition
and distribution of the resulting absorber layers will be evaluated by scanning electron
microscopy (SEM), time-of-flight secondary ion mass spectroscopy (TOF-SIMS) and by
combining transmission electron microscopy (TEM) with electron energy loss spectroscopy
(EELS). Finally in the supporting information (S.1.) we present a detailed characterization of
the back and front surface of the CZTSe absorbers with and without Ge-layer by Raman
spectroscopy, and of the surface with X-ray photoemission spectroscopy (XPS).

Figure 1 (left) presents the J-V illuminated curves of the reference cell (Sn-pure CZTSe) and
those produced introducing a 10 nm thick Ge layer on top of the precursor (Gel0) as is
described in the Experimental Section. This corresponds to a Ge/(Ge+Sn) ratio of 0.044, i.e. a
4.4% of nominal Sn substitution by Ge. In the right side of Figure 1, the corresponding
external quantum efficiency is plotted, including the reflectivity of the complete devices.
Notably, the efficiency increases from 7% (reference CZTSe) to 10.1% (Gel0) representing
the highest efficiency reported till now for a Ge containing cell, with a remarkable
improvement of all the optoelectronic parameters (see Table 1 in Figure 1). In fact, the
maximum efficiency was achieved with a 10 nm thick Ge nano-layer on top, but the whole
range between 0 nm to 25 nm has been explored in a first optimization as is presented in the
S.I. It is important to remark the large improvement in the Voc, from 409 mV for the

reference cell to 453 mV for the record one, although some cells produced in other rounds
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have achieved a Voc as high as 469 mV (with efficiencies easily exceeding 9.5%, see Table
S1, Table S2 and Figure S1 of the S.I., which includes the best, average and standard
deviation of the most relevant optoelectronic parameters). Additionally, the Jsc exhibits a
slight increase while the fill factor (F.F.) and the shunt resistance (Rsh) are remarkably
increased. This implies that the Ge incorporation in rather small quantities into the CZTSe
matrix has an unexpected complex behavior, impacting on several properties of the material.
To better support the electrical characterization of the devices, the dark J-V curves were also
analyzed and the diode quality factor (A) and reverse saturation current (Jo) were extracted,
together with the band-gap Ec and the (Ec/q — Voc) parameters. As is clear, the addition of
the Ge superficial nanolayer improves both diode parameters, indicating that the quality of the
p-n junction was improved and the carrier recombination in the Gel0 device reduced.

The improvements in the photogenerated current collection are also reflected in the EQE
spectra as is shown in Figure 1. The EQE is almost unaffected in the 300-620 nm wavelength
region being markedly higher for longer wavelengths, indicating an enhanced collection of
charge carrier generated deep within the absorber.[**l Additionally, the Eg of the absorbers
was estimated with the EQE by the derivative method (see Figure 1 and Table S1 of S.1.).
Clearly, the band-gap is unaffected by Ge, but we must to consider that with these
measurements only the effective minimum Eg is obtained. Complementary PL measurements
were performed as is shown in Figure S2 of the S.I., showing no changes in the PL spectra in
agreement with the almost constant band-gap estimated by EQE. Finally, the Ec/q — Voc
(voltage deficit) is also presented, where it is clear that the voltage deficit is reduced for the
Gel0 device. In fact, we estimate a value of the voltage deficit of 587 mV, comparable or
even better than the best results reported in the literature for the record devices.[®13%]
Although the origin can be complex, we expect this to be related to an increased diffusion
length due to an improved crystalline quality. The questions now are: i. where is the Ge

located? and ii. why can such low amount of Ge lead to this large efficiency improvement?
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To evaluate the presence of Ge in the absorber we performed TEM and scanning electron
microscopy (SEM) studies. Left side of Figure 2 presents the High-Angle Annular Dark-Field
HAADF (Z-contrast) overview of a lamella produced from the Ge10 sample, together with an
enlargement of nano-scale features observed in the bulk. After a careful compositional
analysis of several representative areas of the lamella (including back and surface interfaces
and grain boundaries) with EELS, neither at the surface nor at the back of the CZTSe absorber
was Ge detected. Based on the experimental parameters, scattering cross section shape, and
equipment used for this experiment, we estimate that the minimum atomic fraction of Ge
necessary for detection would be 0.2%, corresponding to a Ge/(Ge+Sn) ratio of 1.6%.[1617]
This is significantly smaller than the 4.4% ratio in the initial precursors. Thus, the Voc
increase (up to 469 mV as is shown in the S.1.) is even more impressive taking into account
that the absorber can be considered almost Ge-free Cu.ZnSnSes. This leads to the conclusion
that the Voc increase is not related to a band-gap increase at the surface as was originally
assumed.

Analyzing the lamella in detail, we found that the CZTSe absorber layer exhibits an
unexpected substructure. This substructure consists of a large number of nanoscale inclusions
of a very different chemical composition. These show up as regions of different intensity level
in the HAADF (Z-contrast) overview micrograph presented in Figure 2. These inclusions
appear to be on the order of 1 — 10 nm in diameter and are concentrated around the CZTSe
grain boundaries, but it is important to note that some of them were found embedded within
large grains as well (it is important to remark that these inclusions are also observed in
samples with higher Ge quantities). A more detailed EELS analysis of these nano-structures is
presented in the right hand part of Figure 2. Clearly, these inclusions are formed by two types
of materials. First, GeOx inclusions with a diameter ranging from some 2 — 5 nm are identified,
being the only EELS evidence of the presence of Ge in the layer (see Figure S3 of the S.I. for

a detailed description of the evaluation of the nano-structures). Intriguingly, these GeOx
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inclusions appear to be Sn-neutral with respect to the bulk, while they are also clearly Cu, Zn,
and Se-poor. On the other hand, SnO- inclusions are also observed in the neighbouring areas.
Knowing that the Ge appears to form Ge-oxide nano-inclusions, we propose that this may
increase the CZTSe grain size through the formation of a liquid phase.

Figure 3 shows comparative cross sectional SEM images of the Ref. and Gel0 solar cells,
where large grains and reduced density of grain boundaries are observed in the later. It is
important to highlight that these samples are representative for both processes, and were
selected among several cross sectional studies (see also Figure S4), supporting the observed
improvement of the crystalline quality for the Ge containing samples. To understand this
behavior we consider the complex Ge-Se phase diagram. Under the conditions used in our
reactive thermal annealing (P=1 bar, T=550 °C), we expect the Ge precursor layer to form a
GesSey phase which melts incongruently at 385 °C and is decomposed into a volatile GeSe;
and a liquid phase with high selenium content (~85 at.% of Se).l'®! The liquid phases can
assist the crystal growth which offers an explanation for the enlarged grains observed by SEM.
The lower density of grain boundaries and associated defects in turn might contribute to a
general reduction of recombination paths and an improvement of the solar cells performance.
The formation of a volatile GeSe, phase would lead to a Ge loss as is observed, similar to the
well documented Sn loss in kesterite.[**]

The following reaction is then proposed to explain both the crystallization assisted for a Ge

liquid phase, and the already observed Ge loss:

&
3Ge(, + 7[5 Sey ) © GesSeqy — GeSey, +Ge, Se ) (~85 at.% Se)

Equation 1. Proposed reaction for the formation of a Ge-Se volatile specie (GeSey) plus a Se-
rich liquid phase that assists the absorber crystallization. * This last equation is not

equilibrated.
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Figure 3 also presents TOF-SIMS in-depth profiles of Ref. and Ge10 samples, confirming the

very low Ge concentration throughout the absorber thickness. In particular, the comparison of
both samples shows that Cu, Zn and Sn profiles are practically unaffected by the presence of
Ge. Apparently, the rather small nominal concentrations used in this work are insufficient to
modify the distribution of the cations. According to the TOF-SIMS results, the low Ge signal
is mainly concentrated in the top-half part of the sample in agreement with the TEM analysis,
which shows that most of the GeOx nano-inclusions are also in the upper part. In the bottom-
half part of the sample, the Ge signal is reduced to the noise level. The Ge amount in the
reference sample is below the detection limit.

In addition, a structural analysis of the front and back region was carried out with Raman
spectroscopy, which is sensitive to detect little amounts of Ge in the structure (Figure S6 of
the S.1.).2%21 As is observed, the main A mode at the surface region of the Gel0 sample is
only slightly blue shifted with respect to the reference sample by only 0.26 cm™. This shift
can be originated by either rather small Ge quantity incorporation in the lattice or the
improvement of the crystalline quality.[?*??1 By supposing that the shift is completely related
to the Sn substitution by Ge, the Ge/(Ge+Sn) ratio in the surface region can be estimated to be
lower than 2%. Despite the low Ge incorporation, the decreased FWHM of the Al modes
recorded at the surface clearly evidences the increased crystalline quality of Gel0. In fact, the
observed blue shift of the A' mode for the Ge10 sample could also be interpreted as a result of
a reduction of the crystal lattice disorder.[??

The situation is markedly different at the back region of both samples, where very similar
Raman shift and FWHMSs are obtained suggesting that the Ge surface approach has a limited
impact on this region. In fact, combining SEM and TEM analysis we estimate that the MoSe>
thickness is about 80-100 nm independently of the Ge quantity used as capping nanolayer. We
therefore conclude that the most important changes introduced by the Ge addition are located

at the surface and in the bulk.
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Finally, in the S.1. a preliminary XPS characterization of Ref. and Gel0 absorbers is presented
(see Figure S7 of S.1.), in order to evaluate the impact of Ge nanolayer in the Sn*2 and Sn**
valence states formation. Our first results show a clear shift of the Sn3d5 peak towards higher
binding energies when Ge is introduced, suggesting that Sn** oxidation state prevails over
Sn*2. This strongly support that the presence of Ge, prevent in some extent the formation of
reduced Sn species like Sn*2, that could be detrimental for the solar cells performance. !

In summary, we report here a breakthrough in the kesterite solar cell technology based on the
introduction of a nanometric Ge layer, which dramatically improves the solar cells efficiency,
from 7% for the reference sample (Ge-free) to 10.1% with an optimized Ge quantity. With a
detailed compositional and structural characterization we demonstrate that surprisingly the Ge
is barely incorporated into the CZTSe layer, and propose a mechanism how Ge might assist
the crystallization via the formation of a liquid phase. A large amount of Ge is expected to be
re-evaporated during the decomposition of the GesSe; phase. Despite the Ge loss, the
remarkable improvement of the device performance can be explained by one or several of the

following reasons:

1. The formation of GesSe7 phase that incongruently decomposes into volatile GeSe; and a
Se-rich liquid phase which assists the crystallization of CZTSe, improving the crystalline
quality and helping to obtain large grains.

2. The presence of Ge reduces the probability of formation of Sn-reduced species like Sn*2
that are commonly associated to deep defects that deteriorate the cell voltage, as is suggested
by preliminary XPS analysis.

3. The only evidence we found for an incorporation of Ge into the CZTSe absorber is the
presence of GeOx nano-inclusions inserted in the grains bulk, apparently associated to the

formation of SnO: inclusions as well. Although we are analyzing the impact of these nano-
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inclusions, one hypothesis under study is that these structures might act as electron back
reflectors, which might largely enhance the voltage of the solar cells.

Further investigations on the origin of these effects are currently under way applying
advanced characterization methodologies. This communication demonstrates that the
application of rather small quantities of Ge onto the CZTSe precursors dramatically increases
the voltage and the efficiency of the resulting devices. This opens new paths to strongly
reduce the voltage deficit problem of kesterite solar cells, since this methodology can be
applied to many different process technologies, leading the way towards high efficiency

devices.

Experimental Section

CZTSe absorber synthesis: CZTSe films were prepared by a sequential process onto Mo
coated soda lime glass substrates, consisting in a metallic stack deposition followed by a
reactive annealing process. Cu/Sn/Cu/Zn metallic stacks were tuned in order to obtain Zn-rich
and Cu-poor conditions (Cu/(Zn+Sn) = 0.75 and Zn/Sn = 1.20 determined with a calibrated
X-ray fluorescence (XRF, Fischerscope XVD)) and deposited using DC magnetron sputtering
(Alliance Ac450), as has been reported elsewhere.[*®l Additionally, Ge nano-layers with
different thicknesses were thermally evaporated on top of the precursors (1, 2, 5, 10, 15 and
25 nm, Oerlikon Univex 250). The whole precursor stack (5x5 cm? in area) was subsequently
annealed in a Se+Sn containing atmosphere (100 mg of Se —Alfa-Aesar powder, 200 mesh,
99.999%- and 5 mg of Sn —Alfa-Aesar powder, 100 mesh, 99.995%), using graphite boxes
(69 cm? in volume) in a conventional tubular furnace. The selenization was performed in a 2-
step process, the first one at 400 °C (heating ramp 20 °C/min) during 30 min and 1.5 mbar Ar
pressure, followed by the second step at 550 °C (heating ramp 20 °C/min) during 15 min and 1

bar Ar pressure, with a natural cooling down to room temperature.
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Solar cell fabrication: To complete the devices, a CdS buffer layer (50 nm) was deposited by
chemical bath deposition (CBD), preceded by several chemical etchings in order to remove
secondary phases on the surface of the absorber and to passivate it.[*3%3 Firstly, an oxidizing
etching was performed by using KMnQO4 + H2SO4 solution, followed by a chemical etching in
(NH4)2S solution, and finally a diluted KCN solution was used to etch the absorber.[?324]
Immediately after CdS growth, the solar cells were completed by DC-pulsed sputtering
deposition of i-ZnO (50 nm) and In203-SnO2 (ITO, 350 nm) as transparent conductive
window layer (Alliance CT100). Afterwards, for the optoelectronic characterization, 3 x 3
mm? cells were mechanically scribed using a manual microdiamond scriber MR200 OEG.
Neither anti-reflecting coating, nor metallic grids were used for the optoelectronic

characterization of the devices.

Film and device characterization: Dark and illuminated J-V curves were measured using a
calibrated Sun 3000 class AAA solar simulator (Abet Technologies, 25 °C, AM1.5G
illumination). The spectral response was measured using a Bentham PVE300 system
calibrated with Si and Ge photodiodes, in order to obtain the external quantum efficiency
(EQE) of the solar cells. Transmission electron microscopy (TEM) analysis were carried out
using a Tecnai F30 from FEI company operated at 300 kV and equipped with a Tridiem
image filter from Gatan, Inc for Electron Energy-Loss Spectrometry (EELS) measurements.
The lamellae were prepared for TEM investigation using the Focused lon Beam (FIB) in-situ
lift-out method and thinned to a final thickness of less than 100 nm using a 5 kV Ga+ beam.
The sample preparation method that we employed is particularly well-suited to correlating
macroscale behavior to nanoscale effects (we had more than 10 um of the full stack in cross-
section available). SEM images were obtained with a ZEISS Series Auriga microscope using

5 kV accelerating voltage. Raman spectra were obtained using a Horiba Jobin Yvon LabRam
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HR800-UV coupled with an Olympus metallographic microscope. Backscattering
measurements were performed using a 532nm excitation wavelength (penetration depth below
100 nm). All Raman measurements were carried-out in an area of 30x30 um? in a dual-scan
mode. The laser spot diameter was about 1 pum. For avoiding possible thermal effects in the
Raman experiments the power density was kept below 16 kW/cm?. The Raman spectra have
been calibrated using a Si monocrystal reference and imposing the Raman shift for the main
Si band at 520 cm™. In order to evaluate the Raman shift and FWHM errors several Raman
experiments on the same position of the samples were performed. The same set-up was used
to record the PL spectra of the samples. TOF-SIMS measurements were performed in an ION-
TOF IV equipment, equipped with 25kV Bi cluster primary ion gun for analysis, and O, and
Cs ion guns for sputtering in depth profiling modes. The analyzed area was 50 um x 50 um
with a cycle time of 100 us and a time to digital converter (TDC) resolution of 200 ps. XPS
measurements were performed in a PHI 5500 Multitechnique System (from Physical
Electronics) with a monochromatic X-ray source (Aluminium Ka line of 1486.6 eV energy
and 350 W), placed perpendicular to the analyzer axis and calibrated using the 3d5/2 line of
Ag with a full width at half maximum (FWHM) of 0.8 eV.

Supporting Information
Supporting Information is available from the Wiley Online Library or from the author.
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Figure 1. J-V curves and the corresponding optoelectronic parameters of reference and Gel0
solar cells (left hand); and EQE plot of both samples (right hand). In the EQE plot, the upper
orange area represents the reflectance of both solar cells.
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Figure 2. TEM/EELS analysis of Ge10 sample. High-Angle Annular Dark-Field HAADF (Z-
contrast) overview of the lamella (left hand). EELS analysis of the nano-structures observed
in the TEM image, including the signal of Cu, Zn, Sn, Se, O and Ge (right hand).
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Figure 3. Comparative cross sectional SEM views of Ref. (a) and Gel0 (b) samples. TOF-
SIMS profile of Ref (c) and Ge10 (d) samples, showing the metallic in-depth distribution.
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A large improvement of Cu2ZnSnSes solar cells efficiency is presented based on the
introduction of a Ge superficial nano-layer. This improvement is explained by three
complementary effects: the formation of a liquid Ge-related phase, the possible reduction of
Sn multi charge states and the formation of GeO. nano-inclusions, which lead to an
impressive solar cell Voc increase. (Figures in the graphical abstract are artwork created from
real SEM figures)
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Large efficiency improvement in Cu2ZnSnSes solar cells by introducing a superficial Ge
nano-layer
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