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Abstract:

Germanium-based wide band gap Kesterite semiconductor Cu2ZnGe(S,Se)s (CZGeSSe) is considered
a very promising absorber compound as top cell in tandem devices. Autonomy to tailor the band gap
from ~1.47 eV (Cu2ZnGeSes-CZGeSe) to ~2.2 eV (Cu2ZnGeSs-CZGeS), as well as non-toxic
constituents makes this compound a strong candidate for further scientific exploration. However, the
record efficiency of Cu.ZnGeSes solar cells is still significantly lower than those of its predecessors
Cu2ZnSn (SxSei1x)s (CZTSSe), Cu(In,Ga)Se, (CIGS) and CdTe thin-film solar cells.

The comprehensive understanding of the factors limiting the performance of Cu,ZnGeSes-based solar
cells is the purpose of this work, by combining a complete characterization of the morphological,
structural, compositional and optoelectronic properties of Cu.ZnGeSes absorbers and devices.
Besides, an in-depth investigation of the main limitations is carried out, specifically focusing on
studying the origin of the large Voc deficit, the main recombination mechanisms, electric transport
properties, band tails and possible Cu.ZnGeSes/CdS band offset effects. The champion CZGeSe solar
cell device reported in this work shows an efficiency of 6.42%, Voc of 606 mV, Jsc of 17.77mA/cm?
and FF of 59.65%. The results presented here demonstrate that the large voltage deficit of CZGeSe
solar cells could be mainly ascribed to a Fermi level pinning at the interface, and modifications of the
buffer layer to induce a “spike” at the pn junction could be beneficial. Additionally, low carrier
diffusion lengths and lifetimes, along with possible back contact recombination, are identified as the
main culprits for the limited carrier collection for low-energy photons. Finally, some strategies are

proposed to face and overcome most of these issues and to help improving the CZGeSe performance.

1. INTRODUCTION



Cu2ZnSn(SxSei1-x)a (CZTSSe) is a promising candidate for thin-film photovoltaic applications?,
thanks to their advantageous properties including its ideal direct bandgap that can be tuned between
1.0 eV and 1.5 eV, high absorption coefficient (~10* cm) and non toxicity make it suitable for solar
cell application (single and tandem solar cells)?6. However, the best reported efficiency, so far, for
CZTSSe is 12.6% with bandgap energy of Eq=1.13 eV’, which is about half of the efficiency of the
close-cousin CIGS-based solar cell and much lower than the theoretical Shockley-Quiesser limit for
CZTSSe, (32.8%).2 One of the focal challenges so far for CZTSSe based solar cells is the poor open
circuit voltage (Voc).>* The maximum Voc depends mostly on the absorber bandgap but can be
strongly affected in case of high recombination or defects pinning the Fermi level. Thus, to compare
absorbers with different bandgap, the so called Voc-deficit is introduced, defined as E¢/g-Voc (where
Eg is the absorber bandgap energy, Voc is the open circuit voltage and q is the electron charge) and
offering a figure of comparison between materials of different bandgaps, and it is around 0.6 eV for
the record CZTSSe based solar cell.” Some studies identify that the main culprits for the large Voc
deficit are the intrinsic defects and the band tail.*>1* Furthermore, several causes for the large Voc
deficit are suggested: (i) the disordering and lattice defects are acting as an effective recombination
centers, and are resulting from the CZTSSe nature, including anti-sites (e.g., Sncy, Snzn), vacancies
(e.9., Vzn, Vsn) and interstitial (e.g., Zn;) defects in te system.'>16 Particularly, the anti-site defects
(Cuzn and Zncy) are almost unavoidable in CZTSSe compound due to the similar ionic radius of Cu
and Zn as well as their chemical properties.t”2 (ii) the tail state formation which is ascribed to high
defect concentrations producing electrostatic potential fluctuations'®2! or spatial variations in the
crystalline system and/or composition, driving to a nanoscale bandgap fluctuations.??-?* (iii) the non-
ideal band alignment between the absorber and the CdS, possibly causing high recombination at the
absorber/CdS interface and hampering minority carrier transport.?>26 There is a particular research
axis targeting the reduction of defect density to boost device performance by optimizing processes of
surface and grain boundary passivation?-2°. Additionally, the issues of optical losses®, anti-reflection
coating and bulk CZTSSe quality®! are also regularly addressed by the community. Nevertheless, the
intrinsic point defects are still a critical issue in the bulk absorber.3? The alternative solution to
decrease cation disorder in CZTSSe compound is the cationic substitution: Zn with Cd,* Zn with
Ba3®*, Cu with Ag®=¢ and Sn with Ge.*":38 IREC group®-=° proved that partial substitution of Sn with
Ge led to a performance enhancement of these thin film solar cells compared to their previous baseline
cells. The crystalline quality and grain size were particularly improved, thus boosting the Voc. Table
1 shows a summary of some successful studies introducing Ge in the CZTSSe solar cells. A
significant improvement in the cell’s voltage is obtained from very small quantities <0.005% (doping)
up to around 40% (substitution of Sn with Ge).



Table 1Summary of the beneficial effects of Ge on thin films kesterite solar cells.

Technique Ge/Ge+Sn Eff. (%) FF(%0) Jsc (MA/cm?) Voc (V) Eg (eV)  Voc-deficit 2 (V) Ref
Molecular precursor 0.25 11.0 33.6 33.6 583 1.15 0.31 40
solutions
Nanocrystal inks 0.30 9.4 63.8 31.9 460 1.19 0.48 4
printing
DC Sputtering <0.005 11.8 66.3 38.3 463 1.04 0.31 37
DC Sputtering <0.005 10.6 66.7 33.6 473 1.05 0.30 42
DC Sputtering <0.005 10.1 66.8 33.6 453 1.04 0.31 39
DC Sputtering 0.20 9.2 65.1 29.9 471 1.12 0.40 43
Co-evaporation 0.22 12.32 72.7 322 527 111 0.35 44
Co-evaporation 0.22 10.03 62.7 29.5 543 1.19 0.39 4
Technique Cu/Zn+Ge Eff. (%) FF (%) Jsc (MA/cm?) Voc (V) Eg (eV)  Voc-deficit 2 (V) Ref
Evaporation 1.0 55 46 16 744 1.4 0.58 46
Evaporation 0.9 7.6 58 22.8 558 1.36 0.58 a7
DC Sputtering 1.0 6.5 60 19.6 556 1.45 0.58 48
Evaporation 0.9 8.5 55.7 24.4 625 1.39 0.55 49
DC Sputtering 0.67 6.42 59.65 17.77 606 1.47 0.51 This
work

@ respected to Shockley—Queisser limit (SQ), and calculated by the authors with the available data in the different references.

The best efficiency reported so far for pure Ge-kesterite (CZGeSe) thin film solar cell is 8.5%, using
metallic stack precursors annealed under H,Se gas.*® The highest open circuit voltage Voc reported
so far for pure Ge-kesterite (CZGeSe) is 744 mV with an efficiency of 5.5%.6 Research studies on
pure Ge-kesterite devices could be benefits to broaden the spectrum of kesterite application, and
specifically for efficient photovoltaic tandem solar cells in combination with Si or a narrow bandgap
chalcogenide compound. There are still several limitations to overcome due to the scarcity of studies
of Ge-compounds, comparatively rare when considering their Sn counterpart, besides the first studies
recently published about physical and fundamental properties of Ge-compounds.>®5? In this context,
it is of prime importance to acquire deeper understanding of the defects existing in CZGeSe-based
materials and comprehend the key factors limiting CZGeSe-based thin film solar cell performance to
push up the CZGeSe solar cells efficiency to a more competitive level.

To the best of our knowledge, no previous studies investigating and identifying the defects and
limitations for CZGeSe-based thin film solar cell are available. For that purpose, our work intent is
to assess and unveil limitations on complete CZGeSe solar cells. In the present study, a complete
analysis of morphological, structural and compositional characterization of the prepared CZGeSe thin
film based solar cell is presented. The highest performance achieved in this study is 6.42%, with Voc
of 606 mV, Jsc of 17.77 mA/cm? and FF of 59.65%. Furthermore, a broad range of material
characterizations provides valuable insights on the factor limiting state-of-the-art devices, and

specifically on the defects and recombination mechanisms.

2. EXPERIMENTAL SECTION



Precursordeposition
Cu2ZnGeSes thin-films are prepared by sequential deposition of Cu, Zn and Ge stack precursors by
DC-magnetron sputtering (Alliance AC450), with the elemental layer stack order Cu/Zn/Ge onto Mo-
coated soda-lime glass substrates, 750nm Mo is deposited by DC-magnetron sputtering. The absorber
composition is selected to obtain Cu-poor and Zn-rich precursors (Cu/(Zn+Ge) = 0.67 and Zn/Ge =

1.07) as confirmed by XRF measurement.

Reactiveannealing
The optimized thermal annealing process to growth Cu.ZnGeSes absorbers is carried out in a
dedicated tubular furnace using graphite box with 100 mg elemental Se and 5 mg of GeSe,. The
thermal treatment used consists of a two-step annealing process, first step at 330°C for 30 min, with
20 °C/min ramping, in Ar dynamic pressure (1.5 mbar), followed by a second step at 480°C for 15

min, 20 °C/min ramping, in Ar (1bar) static pressure.

Solar cells elaboration:
The solar cells are completed after etching the synthesized absorbers with KCN solution (2% wi/v,
2min) to clean and remove the secondary phases. Immediately after the chemical etching, ~50 nm of
CdS is deposited by chemical bath deposition (CBD) from nitrate salts.®> Then the transparent front
electrode i-ZnO (50 nm) and In203:Sn0O> (ITO, 200 nm, 60€2/sq) is deposited by DC-pulsed sputtering
(Alliance Concept CT100). Finally, the solar cells are mechanically scribed (3x3 mm?) with a
microdiamond scriber (OEG MR200). Neither antireflective coating nor metallic grids are used for

the optoelectronic characterization of the fabricated devices.

Films and devices characterization:
The composition and precursor thicknesses is characterized by using X-ray fluorescence (XRF)
system (Fischercope XDV) previously calibrated by inductively coupled plasma mass spectrometry
(ICP). The scanning electron microscope (SEM) micrographs are acquired with a ZEISS Series
Auriga microscope using an acceleration voltage of 5 kV. Raman scattering spectra are performed by
FHR 640 and iHR 320 monochromators from Horiba Jobin Yvon both coupled with CCD detectors.
The first system is previously optimized for UV-visible spectral range and used with 442 nm and 532
nm excitation wavelengths. The second system is optimized for NIR range and used with 785 nm
excitation wavelength. The lasers power densities are in the range 100-150 Wcm™2. The
characterizations are performed in a backscattering configuration though probe designed at IREC.
Moreover, the in-depth chemical composition profiles of -Ge-kesterite absorber layer is investigated

by Glow Discharge Optical Emission Spectroscopy (GDOES) using Horiba Jobin Yvon GD Profiler



2 spectrometer with 4 mm anode diameter. J-V measurements are performed on the completed
devices using a calibrated Sun 3000 class AAA solar simulator (Abet Technologies, 25°C, AM1.5G
illumination). The EQE spectra of the elaborated solar cells are measured by Bentham PVE300
system calibrated with Si and Ge photodiodes. The capacitance-voltage measurements are done in
the dark, at room temperature with a modulation voltage of 50 mV with a Novocontrol Technologies
impedance analyzer. J-V-T measurements are performed by a cryostat (Cold-Head model RDK-
101D Sumitomo Heavy Industries Ltd.) cooled by helium closed cycle compressor (Zephyr HC-4A

from Sumitomo cryogenics).

3. RESULTS AND DISQJSSION

The SEM micrographs of Cu2ZnGeSes-based solar cells with the following configuration SLG/Mo/
Cu2ZnGeSes/CdS/i-ZnO/ITO are investigated. The cross section of the entire Cu2ZnGeSes solar cell,
as well as the top view of the absorber surface are presented in Figure 1. The top surface image of the
absorber reveals large and closely packed grains well connected with each other’s. The cross sectional
image of the full device (after chemical etchings and CdS/TCO deposition) indicates large grains in
the bulk extending throughout the whole thickness. Unlike CZTSe, CZGeSe seems to not (or just
slightly) form the typical bilayer structure, with very few small crystals segregating at the back. In
this sense, the cross sectional morphology of CZGeSe appears much better than CZTSe. The average
absorber thickness is around 1.45 pum. However, it is very difficult to define the exact thickness of

MoSe> phase, most probably due to their very thin nature related to the lower temperatures required
for the synthesis of CZGeSe when compared with CZTSe (480 °V vs 550 °C respectively).

Fig. 1. SEM micrographs afhe Cu,ZnGeSg (a) top surface of the absorband (§ Crosssection of the
SLG/Mo/CwZnGeSgCdS/iZnO/ITO



The Raman scattering spectra are measured under different excitation conditions to check the
presence of any secondary phases. Analysis of the obtained spectra (Figure 2) showed presence of
Cu2ZnGeSes related peaks only.>® A narrow width of the Raman peaks corresponds to the high
crystalline quality of the absorber surface, an observation consistent with the aforementioned SEM
images (Figure 1). Once again, this suggests that secondary phases are less prone to be formed in this
system than in CZTSe, suggesting a clear advantage of the Ge-compound. However, additional
characterization using X-Ray Diffraction spectroscopy would be needed to assess with certainty the
phase purity of the film. In that context, the comparatively lower efficiency of Cu,ZnGeSes solar cells
may not be ascribed to morphological or phase-composition issues, as both appear fully compatible

with high efficiency devices.
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Fig. 2. Raman scatteringpectra olCu.ZnGeSgbased device measured under different excitation conditions.

Numbers indicate the peaks position.

One can notice that from the glow discharge optical emission spectroscopy (GDOES) profiles of Cu,
Zn, Ge, Se and Mo (Figure 3), the cation distribution is relatively uniform at the top half of the
absorber, whereas Cu tends to decrease and Ge to slightly increase (as compared to the other
elements) towards the back region of the absorber. This can suggest that Ge-rich phases are
accumulated towards the back region, as it is proven in this system where Ge tends to naturally be
present with higher concentration at the back area.>* In such case, some secondary phases can be
expected at the back and affect the device performance (mainly the Jsc and the FF). Additionally, the
combined decrease in Cu and Se composition toward the back interface could be ascribed to the

presence of Cu-based secondary phases, though further material analysis (see Raman) do not allow



to conclude in that regard. A future XRD analysis would shed light on that question, though the

CuGeSes secondary phase appears to be the likeliest in that context.
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Fig. 3. Depth composition profiles ofueZnGeSe deviceperformedby a glow discharge optical emission
spectrometry analysi&DOES)

To further analyze the best device, the current density-voltage (J-V) characteristics and EQE
measurement are performed. The device reveals a 6.42 % efficiency with a Voc of 606 mV (Figure
4(a)), itis very important to highlight that neither anti-reflection coating nor metallic grid are used in
this work. The optoelectronic parameters of the device are summarized in Table 2. J-V curves exhibit
a distinct cross-over between dark and light characteristics (Figure 4(a)), which is often related to
defect states at the CZGeSe/CdS interface or in the bulk of CdS layer, and leads to acceptor-like
buffer traps states.>? In order to get a deeper insight how to reduce defects and boost device
performance, EQE measurement are presented Figure 4(b). In the region 300-500 nm, the collection
losses are affected by parasitic absorption from the CdS/TCO. The EQE spectrum reaches a maximum
close to 80% at 500 nm, showing that photocarriers generated close to the pn junction are efficiently
collected and the p-n interface does not appear to be limiting the current; in the red and the infrared
region however, the collection efficiency collapses, indicating either bulk recombination (low carrier
diffusion length), incomplete absorption or back contact recombination. Incomplete absorption can
be discarded in the largest part of the considered spectral range; indeed, the film’s thickness is close
to 1.5 mm, which is more than enough for complete absorption considering an absorption coefficient
in the range of 10*°. Hence, a low minority carrier diffusion length or back interface recombination

appear to significantly hamper the collection of carriers generated deeper in the absorber. As the



morphology or the phase purity of CZGeSe appear excellent in both the SEM and Raman analysis,
bulk recombination and native defects existing in the material could be important factor limiting the
performance of the device. From the EQE results, the optical band gap of CZGeSe is estimated from

a Tauc plot (inset Figure 4(b)), and it is found to be 1.47 eV.
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Fig. 4. J-V characteristics(a) and EQE spectrunwith the nset graph shows the band gap extraction by
plotting ( UN(1-EQE)Y vs energy ofCwZnGeSg(b).

To understand further the Cu,ZnGeSe4 absorber nature, the device is measured by C-V characterization
under 5.6 KHz. The carrier concentration and the depletion region width are calculated from
capacitance—voltage (C-V) profile measured at room temperature (RT) on CuZnGeSes device. Figure
5 displays the charge carrier versus the distance to the front interface (Ncv (x)). This later is calculated
from C-V measurement of the solar cell and can include contributions of superficial and deep defects.
The profile demonstrated in Figure 5 reveals a distinct U-shape, this profile was previously attributed
to deep defects, interface defects and/or back contact barriers effects®>->’. Moreover, the lowest value
of U-shape can be taken as an approximation of the charge density. The carrier concentration reflects
the properties of Cu,ZnGeSe. near depletion region is of 1.7. 10 cm2and a charge space region width
(SCR) of 311 nm. This carrier concentration is at least one order of magnitude lower than the one
reported typically in high efficiency CZTSe devices, indicating that Cu,ZnGeSes doping is not as easy.

In fact, this lower carrier concentration can explain at least in part the reduction of the Voc.
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Table 2.Summary of the optoelectronic parametaitainedfor thebestdevicepresented in this work

Parameters Value Units
Eff. 6.5 %
Voc 606 mV
Jsc 17.8 mA/cm?
FF 59.6 %
SQ, V. deficit 0.51 V
V. deficit 0.81 V
Rs 0.14 Q. cm?
Rsh 8700 Q. cm?
Jo 1.6.10* mA. cm?
A 1.7 --
Carrier concentration 1.7.10% cm®
SCR 310 nm
E, 1.47 eV
Eu 22 eV
Ext. Ve (0 K) 0.94 eV

Table 2 shows a summary of

the determined optoelectronic parameters from the

J-V characteristics, EQE, temperature-dependent Voc and C-V measurements. The following

information on the figures of merit (Figures 4-7) of the fabricated solar cell could be obtained from:



Open-circuit voltage (Voc): The estimated built-in potential between the CdS and the absorber is
800mV, as shown on the simulated band diagram (Figure [...] supplementary materials). The results
reveal a Voc of 606 mV and is very close to that of the record cell* (Table 1). The calculated Voc
deficit remains however high and can be considered as the main factor limiting the device efficiency.
This high value might be attributed either to Fermi level pinning, and/or to intrinsic point defects.
According to reference®, the CdS and the CuzZnGeSe; have no conduction band offset; while this is
theoretically the most favorable case, the presence of interface defects can often lead to reduced
performances a small spike-like interface as in the CIGSe/CdS is preferable. Hence, it is possible that
interface defects are a limiting factor in our case, specifically through the pinning of the quasi-Fermi
level reducing the cell’s voltage; the effect of a Fermi level pinning at the pn interface is illustrated
in Figure [...] in the supplementary information, with a clear decrease of the voltage above an
interface defect density threshold while the current remains unaffected. The Voc-deficit compared to
the Schockley Queisser limit (SQ) is estimated at ~0.51 V for the CZGeSe solar cell.

Short-circuit current density (Jsc ): the device has a Jsc of 17.77 mA/ cm?, which is still lower than
CZTSe recorded device.>*® This lower value of Jsc was discussed when commenting the EQE, and
is attributed to a poor collection of photocarriers generated by low energy photons (deeper in the
absorber) due to a limited carrier diffusion length or back contact recombination.

Fill factor (FF): our best device achieved a FF of 59.65%, and is to our knowledge the highest value
reported for this class of material (Table 1).#° This high value indicates the formation of a relatively
good CdS/CZGeSe interface in terms of carrier collection, which is consistent with our conclusion
from the EQE curve.

As for the other parameters extracted from the fitting of the dark J-V characteristics using a single
diode model, the reverse saturation current density (Jo) can be considered more or less in the range
compared to CZTSSe (7. 10-° mA/cm-?)” and higher than CIGSe (8.3.10"° mA/cm2)8, which indicates
a higher recombination rate.®? Concerning the diode ideality factor (n), it remains below 2 (~1.703)
suggesting that the device’s current is limited by only one type of non-radiative recombination, which
we believe takes place in the bulk as previously discussed.

To further investigate the origin of the losses in the device, bias dependent Internal Quantum
Efficiency (IQE) was carried out to investigate the collection mechanisms in the device; the results
are presented Figure 6(a) and compared with the previously described EQE curve. As shown Figure
6(a), the non-polarized EQE and IQE yield an integrated Jsc of 16.76 mA/cm? and 18.83 mA/cm?
respectively. This integrated Jsc difference of 2.07 mA/cm 2 would translate to an efficiency of 6.81%
if a perfect antireflective coating was used. We previously mentioned that carriers generated in the
600-950 nm spectral range are outside of the depletion width (W4) and thus rely on diffusion for



(a)100

collection without the assistance of a drift electric field. It is admitted that a large Wy can facilitate
the collection of minority charges carriers inside the bulk of the absorber.%® To further enlarge the
depletion width of the device, a reverse bias voltage of (-1.0V) is applied to the device during the
EQE measurements. From the results presented in Figure 6(a), comparing reverse bias voltage 1QE
measurement with the unbiased IQE, one can notice that the device shows an improvement in the
photo-generated charge carrier for long wavelengths specifically (for reverse bias of -1.0V), leading
to an enhancement in the IQE signal.

The ratio of the -1.0 V reverse bias voltage IQE and the unbiased-1QE response (0V) reveals the
influence of the SCR width on the charges collection. As presented Figure 6(b), the ratio increases
for longer wavelength, which confirms our hypothesis that carriers generated outside of the space
charge region are not collected efficiently. It is therefore possible that the minority carrier diffusion
length is insufficient in our Cu2ZnGeSes film, thus limiting the performance of the device. An
alternative explanation relates to back contact recombination, as no specific passivation of the back
interface is used in those devices. This would also align well with the hypothesized presence of
secondary phases segregating at the back side of the film. In future experiments, increasing the
absorber thickness will allow to discriminate between both suppositions, as back recombination
would become irrelevant above a sufficient absorber thickness. Additionally, conduction band
engineering strategies may allow to improve carrier collection outside of the space charge region by

assisting the diffusion current with a drift component.
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To further analyze the band tailing of the device, the Urbach energy (Eu) is estimated from the IQE

as presented in equations®* (3):

vl Agp EBR % —
LB — (3)
P B % AlEB % —

Vg

According to equation (3), an inverse slope between In (1-1QE) in the long wavelength edge and hv
gives the Eu. From the linearization of equation (3), equivalent to the y-axis on Figure 7, the Ey value
extracted as the inverse of the slope of the linear fit on the region E-Eg < 0; Urbach energy (Eu) in
semiconductors is defined as the width of the Urbach tail. Urbach tail model and EQE fitting give
band tailing Urbach energy parameter Ey of ~22 meV. According to reference [REF], an Urbach
energy above 20meV is the threshold for a high voltage deficit while it does not have a direct relation
to the current. This observation is consistent with the previously developed hypothesis that interface
defects, in our case, are primarily a detriment to the voltage rather than the current, which also aligns
well with the model’s result shown in the supplementary information. It is important to highlight that
the estimated Ey value in this work is smaller compared with the previously reported one for a similar
absorber CZGeSe with a value of ~28 meV.% An Ey of about 33 meV is moreover reported for the
record CZTGSe device.** However, the Eu value for Sn-kesterite is estimated to be ~60 meV for
CZTSSe’, and 70 meV for CZTS.5” Values in the range of 30meV are reported for the best CZTSe
devices [REF]. Hence, this comparison tends to indicate that the substitution of Sn by Ge in kesterite
solar cells can possibly benefit in reducing the crystalline disorder resulting in an Urbach tails drop,
which is consistent with the previously discussed high crystalline quality.
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Fig. 7. Urbachenergy extracted from IQE of ti&2,ZnGeSegdevice.

The Voc deficit issues could thus be attributed to a combination of bulk defects and Fermi level
pinning at the pn interface at room temperature (RT). Discriminating between both hypotheses would
require a more advanced electrical characterization, and specifically a temperature dependent
admittance spectroscopy analysis [REF Kobayashi]. While of major interest, such study is beyond
the current scope of this work and may be tackled in future investigations. A basic numerical
modeling of an equivalent solar cell structure (showed Figure [...] in the supplementary materials)
reveals that above a certain defect density threshold, interface defects will indeed pin the Fermi level
and severely hamper the voltage of the solar cell. To gain additional insights on this limitation,
temperature dependent J—V is carried out for the CZGeSe device (Figure 8). The Voc is associated to
the temperature T as follows®®:
— ] L
TEe L; _;ﬁt ) WF )

Where Ea is the activation energy of the dominant defect, A is the diode ideality factor, k is the
Boltzmann constant, Joo is the reverse saturation current pre-factor and Jsc is the short circuit current
density. Following relation (4), the Voc is linearly related to the temperature, and the Voc
extrapolation at OK vyields the Ea. An activation energy of 940mV is calculated, significantly lower
than the bandgap value of the film. Following an interpretation similar to reference [72], such value
can be ascribed to a voltage limitation at the buffer/absorber interface; as we previously established
that no significant conduction band offset exists in our devices, this limitation is thus consistent with
a defect-related pinning of the Fermi level at the pn interface. A more detailed admittance
spectroscopy analysis would be needed for unequivocally conclude on that matter.
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Conclusion

The present work demonstrates the feasibility of synthesizing PV-quality Cu,ZnGeSes absorbers
using a deposition of Cu/Zn/Ge metallic stack precursors by DC-magnetron sputtering technique, and
then selenized through a reactive annealing. The champion solar cell device presented in this work
shows a PCE of 6.42%, FF of 59.65%, Voc of 606 mV, and Jsc of 17.77 mA/cm?.

This work paves the way towards a better identification and understanding of the factors limiting
Cu2ZnGeSes solar cells performance.

The following conclusions are drawn from our study:



1 The large Voc deficit can likely be ascribed to a Fermi level pinning at the interface, though
the influence of bulk defects shouldn’t be yet discarded. A spike-like absorber/buffer junction
could alleviate this issue.

1 The EQE analysis and the ratio between IQE(0V) and IQE(-1V) demonstrate that carriers
generated outside of the depletion region are not efficiently collected, which we believe is
related to a limited minority carrier diffusion length in the CZGeSe film or back contact
recombination. While we believe that a defect state is pinning the Fermi level at the pn
interface, it is unlikely that this defect participates to the current limitation as the EQE exceeds
80% in the low wavelength / high-energy range.

1 A high crystalline quality is obtained, confirmed by SEM observation, Raman analysis, and
the comparatively low Urbach energy (Eu = 22 meV).

To further improve the devices presented in this work, several strategies could be followed. The Cu
content of the films presented in this study is comparatively low in regard to the literature of the field.
While this value yielded the highest performance in our process, it is likely that optimizing absorbers
with higher Cu content may be a pathway for efficiency increases. The use of alkali post-deposition
treatments has demonstrated a spectacular improvement in the carrier lifetime in CIGSe solar cells,
especially when using heavier elements such as Rb or Cs. A similar approach could be followed in
Cu2ZnGeSey solar cells with a higher Cu content. Additionally, the buffer layer composition may also
be positively altered by substituting a limited amount of Cd by Zn and obtain a spike-like pn interface,

which could help alleviating the interface voltage limitation.
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