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Li-Doping and Ag-Alloying Interplay Shows the Pathway for
Kesterite Solar Cells with Efficiency Over 14%

Yuancai Gong, Alex Jimenez-Arguijo, Axel Gon Medaille, Simon Moser, Arindam Basak,
Romain Scaffidi, Romain Carron, Denis Flandre, Bart Vermang, Sergio Giraldo, Hao Xin,

Alejandro Perez-Rodriguez, and Edgardo Saucedo*

Kesterite photovoltaic technologies are critical for the deployment of
light-harvesting devices in buildings and products, enabling energy
sustainable buildings, and households. The recent improvements in kesterite
power conversion efficiencies have focused on improving solution-based
precursors by improving the material phase purity, grain quality, and grain
boundaries with many extrinsic doping and alloying agents (Ag, Cd, Ge...).
The reported progress for solution-based precursors has been achieved due to
a grain growth in more electronically intrinsic conditions. However, the
kesterite device performance is dependent on the majority carrier density and
sub-optimal carrier concentrations of 10'“~10'> cm~3 have been consistently
reported. Increasing the majority carrier density by one order of magnitude
would increase the efficiency ceiling of kesterite solar cells, making the 20%
target much more realistic. In this work, LiClO, is introduced as a highly
soluble and highly thermally stable Li precursor salt which leads to optimal
(>10® cm~3) carrier concentration without a significant impact in other
relevant optoelectronic properties. The findings presented in this work
demonstrate that the interplay between Li-doping and Ag-alloying enables a
reproducible and statistically significant improvement in the device

1. Introduction

The integration of photovoltaic (PV) tech-
nology in buildings and products (BIPV,
PIPV) for self-sustainable architecture
and Internet of Things (IoT) applications
is pivotal to make the future society sus-
tainable. The perspectives on the potential
candidates for light-harvesting in in-situ en-
ergy consumption devices have drastically
changed due to the progress of emerg-
ing thin-film kesterite (Cu,ZnSn(S,Se),,
CZTSSe) technology.['?! Based on earth-
abundant and low-toxicity elements,
kesterite absorber materials have experi-
enced a drastic increase of certified effi-
ciencies from 12.6% to almost 15% in only
one year after one decade of performance
stagnation.”™ This progress has been
achieved with incremental progress after a
breakthrough in the synthesis method us-
ing molecular inks, combined with selective

performance leading to efficiencies up to 14.1%.

doping/alloying strategies and heterojunc-
tion defect mitigation.*8] A controlled
phase purity can be achieved by preparing
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amorphous kesterite phase precursors from designed molecu-
lar inks, enabling the precise control of phase evolution during
the selenization step, thus resulting in high-quality grain.[>¢8-10]
The detrimental effects of lattice disorder (electrostatic potential
fluctuations and lower defect formation energies) can be palli-
ated by the implementation of isovalent (co)-alloying (Ag, Cd,
and Ge).[”11"13] Furthermore, significant progress in the chemical
passivation of grain boundaries with non-isovalent (co-)doping
(Ga) has also been achieved.!**!

Besides the mentioned strategies, majority carrier concentra-
tions are crucial for the PV performance of the device. However,
even though the optimal hole concentration for kesterite solar
cell performance has been demonstrated to be 10'°® cm™3, consis-
tently reported values for high-efficiency devices have remained
within the range of only 10'“~10"> cm=3.[*#15] The lack of signif-
icant progress by precise control of the hole density in molec-
ular ink-based kesterite probably has its origin in an improved
grain quality of the material and therefore a less defective and
more electronically intrinsic and ordered kesterite phase.['® The
hole concentration in kesterite is governed by the presence of
abundant I; (Cuy,), II; (Zng,) and V, (V,) intrinsic defects.!'”]
The Cu,, presents a relatively high ionization energy, and V,
presents a relatively high formation energy even in the typical
and optimal composition of Cu-poor and Zn-rich conditions. The
partial substitution of Cu by Ag leads to a lower concentration of
Cuy,, due to the lower Cu chemical potential. The high formation
energy of Ag, leads to Ag atoms mostly incorporated in Cu posi-
tions, leading to a reduction of the hole density.”:*%] Also, the well-
known formation of secondary phases prevents the regulation of
the hole concentration through compositional optimization.[']
Therefore, Cu isovalent extrinsic doping and alloying agents (I
= Li, Na, K, Rb, Cs, and Ag) are the most suitable potential
candidates, which have demonstrated the potential to tune the
hole concentration.['22] In contrast with heavier elements, Li
has demonstrated higher solubility in kesterite as well as a shal-
low donor state Li,, with lesser ionization energy than Cu,, and
lower formation energies than V,.[}l Hence, the high potential
of Li doping in kesterite materials has been previously identified,
showing a remarkable increase in hole concentration and effi-
ciency for Ag-free and low baseline performance devices.[21:23-%]
Similarly, a beneficial interaction between Ag and Li soft post-
deposition treatments (PDT) has been previously reported.[282]

However, previous works demonstrate that the implementa-
tion of Ag-alloying during grain growth is critical to improving
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the solar cell performance due to improvements in the mor-
phology and cation (Cu—Zn) disorder, consequently, the hole
density is reduced.”? Similarly, the addition of Li precursor
in the Ag-free kesterite solution can also improve the solar cell
performance relating to improvements in the morphology and
crystalline quality and, in contrast with Ag, a slight increase
in the hole density is measured.?®l This work aims to demon-
strate the possibility of specifically tailoring the material optoelec-
tronic properties with Ag and Li multinary and isovalent doping
and alloying. The incorporation of Li in the Ag-alloyed CZTSSe
is achieved via the introduction of the LiClO, into the molec-
ular ink, which is highly soluble in organic solvents to make
the doping level more flexible. The beneficial effects of Ag al-
loying in morphology, crystalline quality, and disorder are pre-
served. Due to the high decomposition temperature of LiClO,,
it effectively delays the formation of Li,Se. Consequently, a post-
deposition treatment like (PDT-like) passivation and controlled
doping for kesterite in high-temperature selenization processes
can be achieved. The reduced occupancy of the Zn sites caused by
Ag alloying enables a higher density of shallow acceptor Li,, de-
fects leading to a remarkable increase in the hole concentration
of one order of magnitude. Through this synergy with Ag, the in-
troduction of 2% LiClO, in the precursor ink leads to an absorber
material with high crystalline quality, low disorder, and optimal
hole concentration for photovoltaic performance enabling a max-
imum efficiency of 14.1%.

2. Results and Discussion

The previous report demonstrated a significant exchange be-
tween Na and Li during the high-temperature selenization
process,3! complicating the understanding of the true role of
Li in kesterite. To mitigate uncertainties and comprehend the
specific impact of Li on kesterite, we introduced SiO, as a Na
diffusion barrier at the bottom of the Mo layer. The device ar-
chitecture is depicted in Figure 1a and comprises Soda-lime
glass (SLG)/SiO, /Kesterite/CdS/i-ZnO/ITO. With this, the out-
diffusion of alkali metals from the SLG can be avoided, however,
the exchange of Li and Na through the gaseous Na—Se and Li—Se
phases cannot be supressed. The introduction of different LiClO,
concentrations from 0.015 to 0.78 M, corresponding to ratios of
Li/(Cu+Ag) of 2-100% have been explored. In this work, the ef-
fects of the addition of LiClO, in the solution are investigated by
keeping the Cu and Ag concentration constant, implying that the
cation ratio [I]/[II]+[IV] is increased from 0.75 to 1.5, depending
on the Li concentration. The addition of LiClO, in the precursor
solution leads to significant changes in the solar cell device per-
formance, as showcased in Figure 1b—e f.

The samples with Li concentration in the range of 2% to 10%
show a remarkable increase in the open-circuit voltage (Vo) and
fill factor (FF), demonstrating a flexible optimal range of Li incor-
poration. Specifically, the sample with 2% Li/(Cu+Ag) content
shows an impressive increase of FF, improving the reference by
almost 10% in absolute value. The slight dispersion of the low Li
content devices is an indication of the homogeneity of the bene-
ficial effects induced by the introduction of Li, leading to a signif-
icant improvement in the average value of the power conversion
efficiency (PCE) from 9.8% to 11.4%. In contrast, the samples
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Figure 1. a) Schematic structure of the kesterite device based on a soda lime glass substrate with a SiO, Na barrier layer. b—e) Statistical distribution of
the photovoltaic parameters for devices with varying Li content. f) Representative illuminated and dark J-V curves of the devices for varying Li content.

g) EQE spectra of the device for varying Li content.

with a Li concentration higher than 20% show a steep decrease
in all the optoelectronic parameters.

The diode parameters were obtained by fitting the dark and
illuminated current—voltage (J-V) curves from the second batch
of devices in Figure S1 and Table S1 (Supporting Information)
using the single diode method.*?! The results are summarized
in Table 1. The most relevant change induced by LiClO, intro-
duction is the significant increase in the shunt resistance (Ry,)
and reduction in recombination current (J,) and series resistance
(R,). These changes correlate with the enhancement in fill factor
(FF) and open-circuit voltage (V) of the devices. The reduction
in the R, value of the 2% Li device probably results from increased
absorber conductivity. A reduced transport barrier for the carriers
consequence of modified band alignment could also reduce the
R,. These changes could stem from the increased hole concen-
tration by Li incorporation, as shown throughout the paper. For

Table 1. Summary of the single diode parameters extracted from illumi-
nated and dark I-V curves, along with the carrier density and space charge
region (SCR) width extracted from capacitance-voltage analysis for the de-
vices with the optimal range of Li content.

OLi 2Li 5Li 10Li
R,-light (Ohm cm?) 0.86 0.57 1.21 0.92
R,-dark (Ohm cm?) 0.85 0.65 1.34 1.07
Rgp-dark (Ohm cm?) 3345 56642 29837 13463
N 1.5 1.6 1.5 1.5
JO (A cm=2) 6.3E-08 1.8E-08 1.0E-08 1.1E-08
Ney (€m™) 3.4E15 1.2E16 1.0E16 1.2E16
SCR Width (nm) 210 178 191 186

Adv. Funct. Mater. 2024, 34, 2404669 2404669 (3 0f11)

devices with high Li content (>2%), the observed increase in R,
can be attributed to the presence of secondary phases resulting
from excessive Li incorporation. The small changes in the ideal-
ity factor suggest that the dominant recombination mechanism
and the region in the device, the SCR are unchanged by the Li
incorporation, suggesting that Li has little influence on the re-
combination rates.

The changes in the current collection are characterized by
the external quantum efficiency (EQE) and are presented in
Figure 1g, showing an improvement of the transport proper-
ties for the samples with Li/(Cu+Ag) from 2% to 5% and a
slight decrease for 10% content and thereof, consistently with
the J-V data. The band-gap energy (E,) can be extracted from
the EQE data and the corresponding Tauc plots are presented in
Figure S2 (Supporting Information). With increasing Li content
(2% to 20%), E, gradually rises until reaching 50%, suggesting
the formation of Li alloyed (Li,Ag,Cu),ZnSn(S,Se),, causing the
observed slight increase in E,.I**) In this work, the slight change
in E, implies that Li is not extensively incorporated into the
kesterite lattice. However, it is evident that the minor change
in E, is not the direct cause of the observed current drop in
the J-V curve. This will be further discussed throughout the
manuscript. Also, it has been previously shown that the im-
plementation of isovalent alloying elements leads to a reduc-
tion of the Urbach energy (E;) and is usually related to im-
provements in the device performance due to reduced recom-
bination losses.[”3*%] In this case, the E is unchanged sug-
gesting that the grain quality is similar for all the samples, re-
gardless of the Li content, which indicates that the effects in-
duced by Ag on the Cu—Zn disorder dominates over the ef-
fects of Li. Therefore, it seems that Li doping is not signifi-
cantly impacting the grain quality and consequently the changes
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Figure 2. a) Carrier density profiles extracted by C-V analysis. b) Plots of V¢ versus temperature (Voc—T) and linear fits of the recombination E, of the

devices. c) TRPL decay for the Ref and low Li content devices.

in the device performance are related to changes in other opto-
electronic properties.

The capacitance-voltage profiling analysis shown in Figure 2a
reveals a clear increase in the apparent carrier concentration
(N¢y), leading to one order of magnitude increase from 10 to
10 cm~3 for the devices with Li content from 2% to 10%, as can
be seen in Table 1. The small difference in the C-V profiling val-
ues close to the junction suggests that the main effect induced by
Liincorporation is a bulk-related effect while the interface quality
is similar.

To further confirm that, the activation energy (extracted from
the extrapolation of the Vo vs T data) as shown in Figure 2D, is
practically unchanged with values very close to the E, showing
that, if any, the changes at the interface induced by the Li dop-
ing do not have a remarkable impact in the device performance.
Nevertheless, the increase in the bulk density of the majority car-
rier can explain the improvements in the device performance,
since, for sufficiently high lifetimes, the measured increase in
carrier concentration can lead to a remarkable performance im-
provement, as demonstrated in the literature.['>3¢] Moreover, the
impact of alkaline treatments on the intra-grain lifetime and
grain boundary recombination rates could be masked by a low
carrier concentration.’”] Therefore, the implementation of a Li
precursor salt in the solution precursor, leading to ACZTSSe
with carrier concentrations near 10 ¢cm=, is critical to sig-
nificantly improve the device performance. On the other hand,
other bulk properties might be affected by the increase in hole
density therefore the impact of Li doping on the minority car-
rier lifetime should be assessed. Besides the enhanced radia-
tive recombination rates due to an increased hole density, an
interplay between lifetime and hole density due to the prolif-
eration of intrinsic donor recombination centres (Sn,,) if the
material is formed under p-type condition has been previously
identified.[***9 Figure 2c shows the TRPL decay of samples with
0, 2, and 5% Li content and a slight decrease of lifetime for the
concentration of 5% can be observed. Hence, our investigation re-
veals that the threshold of Li content required to influence minor-
ity carrier lifetime is higher compared to the threshold affecting
hole density. Interestingly, the interplay between hole density and
lifetime has not been observed for several post-deposition heat
treatment (PDT) strategies, which have demonstrated modifica-
tions of the hole concentration without detrimental effects on the

lifetime and V,[**?] In light of these findings, it becomes appar-

ent that the incorporation kinetics of Li in the solution-processed
kesterite material is dependent on the Li content. Consequently,
further insight into the incorporation mechanism is essential for
a comprehensive understanding.

Currently, there is no absolute consensus on the mechanism
by which the hole density increases nor is there a universal cor-
relation between carrier density and lifetime due to the complex
behavior of kesterite solar cells. However, different mechanisms
have been proposed to explain the increase in hole density with
alkali doping in Cu-based chalcogenides: i) an increase in the Cu
vacancies due to a decreasing Li solubility and the segregation to
the grain boundaries during the cooldown or ii) the formation
of easily ionized acceptor Liy, antisites.[!>?340] In this work, we
note that these mechanisms might be valid depending on the ini-
tial conditions of the kesterite material and that, furthermore, the
effect on the lifetime should be different for both cases. In case
(i) it is assumed that the defects are defined during the absorber
formation from a chemical reaction at high temperatures. Inter-
estingly, case (i) would affect the lifetime of kesterite since the Li
atoms are incorporated in the chalcogenide phase prior to the for-
mation of the material. In case (ii) the kesterite phase is already
formed and well-crystalized. Then, only the Cu and Zn defects
with much higher mobility can be affected by Li incorporation
and change concentrations, leading to a practically unchanged
lifetime dominated by the Sn-related defects. This differentia-
tion stems from the substantial disparity in activation energies
required for Sn diffusion in the kesterite material as compared to
that of Cu and Zn. The different transition temperatures for the
Cu—Zn disordered kesterite phase (at 200-250 °C) and the Cu-—
Zn-Sn disordered cubic phase (1000 °C) provide clear evidence of
this characteristic.[*3! Therefore, we refer to the terms formation-
like for case (i) and PDT-like for case (ii). In this work, the life-
times of the samples with 2% Li remained unchanged compared
to the reference samples, however, the hole density of the 2% and
5% samples are similar, suggesting that the recombination centre
density of the 2% Li sample is similar to the reference case while
the shallow acceptor defect density is increased. This hints at a
PDT-like Li effect for low Li/(Cu+Ag) ratios which becomes in-
creasingly more formation-like with increasing Li content, which
clearly implies that the kinetics of Li incorporation is affected by
the Li concentration. To understand the underlying mechanism
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Figure 3. Top-view scanning electron microscopy images of the absorbers with varying amounts of added LiClO, in the precursor solution.

driving the N, increase with different effects in the minority car-
rier lifetime further characterization is necessary to shed light on
the role of Li during the high-temperature step.

It has been previously reported that the addition of alkali in
the kesterite system leads to a performance improvement cor-
related to morphology improvements for formation-like alkali
incorporation.!?”3¢] However, a decoupling of the efficiency en-
hancements due to changes in optoelectronic properties and the
morphology effect with evaporated NaF doping, revealing that
the former had a more significant contribution via an increase
in the hole density from 10" to 10'® cm~3.[*] It is thus also nec-
essary here to assess the influence of morphology first to properly
understand the observed PCE improvements. It has been previ-
ously demonstrated that the introduction of Ag has a significant
impact on grain size and morphology.”*! The effects of Li in-
corporation on the absorber morphology for different concentra-
tions are shown in Figure 3, with almost no impact observed for
concentrations below 20% indicating that, if present during the
grain crystallization, the Li-(S,Se) phases do not have a direct im-
pact on the grain growth mechanism, confirming that the domi-
nant grain growth mechanism is not affected by the presence of
chalcogen-rich and low melting point phases or the incorporation
of Li in the lattice. This hints at a PDT-like behavior, where the Li
content only affects the shallow defect structure of the material.
In contrast, the samples with Li/(Cu+Ag) above 50%, show big-
ger grains as well as a morphology degradation. These results are
typically observed with the introduction of high concentrations of
alkali chalcogenide species.[?!! It has been previously shown that
the formation of the top grains occurs during the first stages of
the high temperature step.®]

Therefore, as shown in Figure 3 and Figure S3 (Supporting
Information), the unchanged morphology of low Li content sam-
ples suggests that the formation of Li-Se phases is posterior to
the top grain growth. When the Li content is sufficient, the for-
mation of Li-Se phases seems to be accelerated, being able to
impact the morphology of the absorber film. It has been reported
that high concentrations of Li introduction can lead to the forma-
tion of Li-alloyed kesterite by substituting the Cu position.[** In

Adv. Funct. Mater. 2024, 34, 2404669 2404669 (5 of 11)

this investigation, introducing Li without reducing the concen-
trations of Cu and Ag may lead to an overabundance of [I] ele-
ments in the film. This elucidates why the 100% Li films display
a large and compact grain morphology, as depicted in Figure 3,
yet exhibit a lack of PV performance in the device.

The Li loss during the different stages of the processing of
kesterite materials has been reported previously.?!! It is well-
known that due to the inability of Li to complex with thiourea
major loss of Li is observed during the spin-coating of the precur-
sor film due to the volatilization of uncoordinated metal-chloride
compounds. Also, Li re-dissolution during the deposition of the
following layers has been observed.?!! In this work, we character-
ize the different Li content by ICP-MS for the different Li com-
position targets, the results of which are presented in Table S2
(Supporting Information). Aside from the outlier behavior ob-
served in samples with lower Li content, the use of LiClO, as
the Li precursor, instead of LiCl, led to approximately an order of
magnitude higher Li detection in the absorber at similar molecu-
lar inks concentrations (e.g., 20%), compared to the literature.[?!]
This phenomenon can be attributed to the very low hygroscop-
icity of LiClO,, preventing substantial loss of Li during re-spin
coating. In previous studies, LiCl doping solutions were spin-
coated in ambient air. We speculate that the loss of Li is facilitated
by LiCl’s ability to readily absorb moisture from the air, forming
LiCl-H,O microdroplets that easily mix with DMSO, leading to
significant Li loss during the re-spin-coating process. Also, the Li
presentin the precursor film is expected to be in the LiClO, phase
which has high thermal stability, with thermal decomposition
starting at temperature of 420°C and peaking at 500°C, well be-
yond those used during spin-coating and similar to the seleniza-
tion highest setpoint.l*! Finally, a minor Li loss during the CdS
deposition has been reported and is also observed in this work,
as shown in Table S3 (Supporting Information), showing that ex-
cess Li can be dissolved during the CBD, suggesting that excess
Li is removed during this process. To assess the distribution of Li
during the grain growth stage the Li content of the absorber films
prior to the CdS deposition and after the CdS+JHT has been char-
acterized by ToF-SIMS and presented in Figure S4a (Supporting

© 2024 The Author(s). Advanced Functional Materials published by Wiley-VCH GmbH
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Information), the distribution of Li over any of the other met-
als (Cu, Ag, Zn, and Sn) changes with Li concentration. The Li
content of the samples is homogeneously distributed across the
absorber. In the case of the 2% samples, the distribution remains
unchanged after the CdS+JHT, indicating that the Li is effectively
incorporated in the kesterite lattice. When the Li content is in-
creased to 5%, the ToF-SIMS shows a reduction in signal after
the CdS+JHT, suggesting that excess Li segregates in the film as a
secondary phase, which is (at least partially) dissolved during the
CBD. The high thermal stability of LiClO, can prevent its decom-
position during the first stages of the thermal process, which are
also more chalcogen-poor (and therefore the formation of Li-Se
phases is not displaced toward the product).[*?! Also, it has been
previously shown that the formation of ACZTSSe topmost layer
occurs within the first minutes of the high-temperature step.!%!
The observed Li loss from the CBD process but the unchanged
ToF-SIMS profile for the 2% Li content suggests that (naturally)
Li-Se phases are formed at the surface and incorporate to
ACZTSSe diffusing from the top, consistently with the uniden-
tified phase observed in the SEM top-view of Figure 3. Also, the
reduced ], with increasing Li content could be explained by the
parasitic absorption of secondary phases. Therefore, the Li incor-
poration, typically expected from Li-Se liquid phases, seems to
Dbe posterior to the top grain growth and kinetically limited by the
down-diffusion and reaction of Li-Se phases with the kesterite
absorber at the surface and grain boundaries, leading to remain-
ing unreacted Li-Se phases within the absorber film. The PL
emission peaks measured in the ACZTSSe-Li/CdS (w/JHT) con-
figuration are shown in Figure S4b (Supporting Information) and
show a slight blueshift at 5% content, which is related to an in-
crease in the E, due to Li incorporation.

Besides the determination of how much Li is incorporated in
the absorber material, it is also important to understand the lat-
tice position occupation of the Li atoms and its effects on the dis-
tribution of other cations such as Ag, Cu, and Zn. Even though
Li has the highest solubility in CZTSSe among all the alkali
it is still relatively low. Then, excess Li can form Li-Se phases
and partially displace Cu or Zn to other kesterite lattice posi-
tions. Completely understanding these effects is complex since
we explore for the first time the effects of triple cation compe-
tition in kesterite materials by changing the Li/(Li+Cu+Ag) ra-
tio from Li-poor (0.017) to Li-rich (0.43). The competition of the
Cu, Zn, Ag, and Li atoms for the occupation of Cu and Zn po-
sitions will result in a complex interplay with the increasing Li
content. In this sense, due to the large Ag atomic size, the for-
mation energy of Ag,, is much higher compared to the forma-
tion of Cu,,, and Li,, antisites. Therefore it can be assumed that
only Ag., defects are formed and that their concentration is not
affected by the Li content.['#23] Li will naturally tend to occupy
Cu positions by forming Li., neutral defects, which have been
found to show negative formation energy in ab initio studies, in-
dicating the spontaneous formation of this defect for the dilute
limit.[?) The charge neutrality of the Li, defect implies a forma-
tion energy independent from the Fermi energy and therefore
only the composition will determine the concentration of this de-
fect. The effects of the chemical potential of Cu on the alkali in-
corporation have been studied by Haass et al,[?’! showing that
a Li-induced increase in E, could only be achieved in Cu-poor

g
compositions. Also, the presence of Li, defects is expected in
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our samples, consistently with its low formation energy, which
is further reduced in intrinsic low p-type growth conditions. Be-
sides, the different antisites that can be formed in the kesterite
lattice may have a completely different impact on the optoelec-
tronic parameters of the material as well as a different response
in the Raman spectra. The Raman spectra obtained for all the de-
vices are shown in Figure S5a (Supporting Information). First, in
Figure 4a we show the position of the main peak of (A)CZT(S)Se
with the different

Li/(Cu+Ag) ratios. The peak typically centered ~#196 cm™! cor-
responds to Se-Se vibrations and similar peaks can be detected
for many Se-based compounds. The incorporation of Li tends
to shift the peaks toward higher wavenumbers, indicating the
incorporation of a lighter element in the lattice. Surprisingly,
for concentrations above 50%, the position of the peak starts to
shift toward lower wavenumbers indicating the segregation of
two phases. The area of the 176 cm™! peak shown in Figure 4b
presents a similar behavior and is correlated to a decreasing den-
sity of the [V, +Zn,] defect cluster.*’] It can be easily observed
that the density of this cluster increases up to 50%, then drasti-
cally decreasing up to 100% Li content. Therefore, a decreased
density of [V, +Znc,] in the system induced by the Li incorpo-
ration can be concluded. The formation of Li, by a reduction of
the concentration of V., is consistent with the slight increase in
E, and is therefore likely confirmed by this analysis. However,
an increased density of the Zn, defects due to the Li,, forma-
tion and displacement of Zn and/or Cu from Zn positions could
also be influencing the area of the 176 cm™ peak. To verify this,
the area of the 250 cm™! peak is analyzed and correlated to an
increasing density of the [Zng,+2Zn,] (ZnSe-like) defect clus-
ter higher Li content as shown in Figure 4c.*/l The area of this
peak directly increases up to 80% Li content and then drops to
very low values at 100% Li content. The latter indicates an in-
creased content of Zn out of its lattice position, suggesting the
increased presence of Li in Zn positions. Therefore, a reduced
density of V, and an increased density of Zn, defects can be
extracted from the Raman peak area analysis. It has been pre-
viously shown that an increase in the concentration of acceptor
Li,, defects can have first order impact in the hole density due
to very low formation and ionization energies. Furthermore, the
formation of Li,, could also reduce the density of less ionizable
Cuy, defects since the measured reduction of the V, could be
related to the formation of both Li., and Cu,. The stabilization
of Zn, with increasing Li content is expected due to free charge
self-compensation effects, which would justify the saturation of
hole concentration for higher Li contents. Therefore, according
to the Raman analysis, the shallow defect driving the increase of
hole density in Li-doped ACZTSSe are not V., which seems to
be reduced in density and neither Zng, which is increasing in
concentration. Therefore, the most likely option is an increase
in the Li,, defect density. Cu,, defects could be also present in
higher concentrations, however, considering their high ioniza-
tion energy and the tendency to form [Cu,,+Zn., ] clusters it is
becomes a less plausible option. Certainly, the formation of Li,,
is likely the main reason for the increase in carrier concentration
observed in the CV profile. Li,, also has the potential to mitigate
the Fermi level pinning issues at the Kesterite/CdS interface, but
further investigations are needed. These results indicate that the
incorporation mechanism of Li introduces an additional shallow
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Figure 4. a) Plot of the ACZTSSe main peak position in Raman spectra as a function of Li content. b) Plot of the area ratio of the 176 cm™' peak to the

main peak. c) Plot of the area ratio of the 250 cm™ peak to the main peak.

defect state without impacting the morphology, that is, PDT-like
mechanism, consistently with all the previous results.

Hence, the incorporation of Li in Cu and Zn positions seems
evident, however, an outlier behavior for the Li5% and Li10%
samples is observed and could be explained by a weak contribu-
tion to the Ay, from the overlapping of a Sn—Se phase-related
peak, which also correlates to the emergence of two peaks cen-
tered at ~95 and 125 cm™! for Li concentrations of 10% and
above. Furthermore, the intensity of the peak at 95 cm™' shown
in Figure S5b (Supporting Information) increases proportionally
with the Li content, hence, an expected presence of a Sn-related
secondary phase is expected. The only reasonable explanation for
this behavior is an enhanced decomposition of the absorber in-
duced by excess Li, as indicated by an enhanced Sn-loss detected
by ICP-MS shown in Table S2 (Supporting Information), which
is known to be related to the formation volatile of Sn—Se species,
consistently with the observed morphological changes. The for-
mation of SnSe, species for high alkali contents has been previ-
ously reported in the kesterite system.[??]

Therefore, with the presented characterization and the effects
observed in previous studies, understanding the Li dynamics
from the solution to the final device is possible. In the solution, Li
cannot form complexes with thiourea, so Li is present as solvated
LiClO, in the precursor solution. Due to the high decomposition
temperature (420 °C) of LiClO,, the incorporated Li is primarily
present as LiClO, in the precursor film.[*] As described in step 1
of Figure 5, the LiClO, present in the precursor film decomposes
and reacts with Se during the thermal treatment ramp starting
above 420°C, following the reactions outlined below:

LiClO4(S) - LiCl(S) + ZOz(g) (1)
ZLiCI(S) + Se(g) — LiZSe(S) + Clz(g) (2)

According to the Li-Se phase diagram, the Li,Se phase can
form a liquid phase at the used annealing temperatures for Se-
rich conditions. The high thermal stability of LiClO, and the Se
poor conditions during the ramp lead to the formation of liquid
Li-Se phases during the first stages of the high-temperature step,
which could be consumed by already crystallized ACZTSSe fol-
lowing Equations (3) and (4), as shown in step 2 of Figure 5. The
formation of liquid Li-Se phases and the subsequent reaction
with the kesterite material at high temperatures explains the de-
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layed incorporation of significant quantities of Li in the kesterite
phase after the crystallization is completed, as denoted in step 3
of Figure 5, consistently with the increased hole density without
impacting the lifetime and the unchanged morphology, explain-
ing the PDT-like behavior of the system for low Li contents. Also,
it seems that with increasing Li content the incorporation of Li
is accelerated, hinting that low Li concentration is necessary to
control the kinetics of Li incorporation prior to the grain forma-
tion. Naturally, during the cool-down stage, the Li solubility is
decreased by temperature and the excess Li will be segregated to
the grain boundaries and surface, however, this effect does not
seem to dominate the hole concentration in this system.

Li,Se + Sex(g) — Li, Se(, (3)

2Li,Se + (Ag, Cu),ZnSn(S, Se),,

— (Li,, Ag, Cu),ZnSn(S, Se), + 2Se(y) (4)

Hence, according to the proposed model, based on the ex-
perimental observations, the Ag-alloying determines the re-
crystallization mechanism, crystalline quality, and disorder level
of the kesterite material, while Li doping does only contribute
to an increase in the hole density. It has been previously demon-
strated that Ag alloying contributes to a reduction of Cu,,, defects
while the density of V., and Zn, defects remains constant.[*¢]
Besides the well-known formation of Li., defects, the Ag-induced
reduction of Cuy,, defects enables the efficient incorporation of Li
in unoccupied Zn positions, increasing the hole density. Hence,
the synergistic interaction between Li and Ag enhances the for-
mation of beneficial Li,, shallow acceptor defects, enabling opti-
mal hole densities for solar cell performance.

For the Li-rich conditions (above 20%), the presence of Li,Se
phase is also expected as an intermediate. The small density of
the Li,Se phase (1.66 g cm™?), compared to LiClO, and LiCl
(2.42 and 2.07 g cm™3, respectively), combined with the much
higher content of LiClO, in the precursor film, can result in the
formation of micro- or nano-sized Li,Se grains. These grains
may react with the chalcogen gas and the kesterite material
before ACZTS recrystallization, capturing Sn and forming Li-
intercalated Sn(S,Se) species. These species are susceptible to
volatilization, explaining the enhanced Sn and Li loss, as well as
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Figure 5. Schematic of the Li incorporation dynamics during the selenization step in a atomic scale (top) and macroscopic scale (bottom). In (1), the
conditions during the heating ramp are schematized, the Se is evaporated forming a saturated Se atmosphere and the amorphous ACZTS layer and the
LiClO, inclusions remain unreacted. In (2), during the first minutes of the dwelling step, the re-crystallization of the top and bottom layers is started.
Simultaneously, the LiClIO, in the film decomposes and reacts with Se forming Li—Se phases. The Li—Se phases are consumed during the posterior stages
of the dwelling, where Li incorporates in the kesterite lattice forming Lic, and Liz,, defects of (3).

the presence of voids and pinholes and the larger, less faceted
grains.

After the detailed study of the influence of LiClO, as Li precur-
sor salt in high-efficiency ACZTSSe in DM SO, the method has
been transferred to similar solvents such as 2-methoxyethanol
(MOE) and N,N-dimethylformamide (DMF), which are known
to result in practically identical amorphous precursor film.[>¢48]
The utilization of DMF and MOE solvents facilitates the spin-
coating process in an ambient atmosphere. It is noteworthy that
all characterizations conducted in this study were performed on

samples prepared using DMSO as a solvent. When combined
with optimized window layer deposition, this approach results
in a maximum device performance of 14.1% with MOE as the
solvent. The J—V, EQE, and CV data of the device is shown in
Figure 6. The reproducibility of the process and its statistical sig-
nificance have been assessed by repeating the same process sev-
eral times and monitoring the optoelectronic parameters of ev-
ery batch. The improvement in all the optoelectronic parame-
ters upon the implementation of Li doping can be observed in
Figure 7. The small dispersion in the measured optoelectronic
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Figure 6. a) Light and dark J—V curves, b) EQE and c) C-V profile of the champion ACZTSSe-Li device.
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Figure 7. PV parameters of different batches of device before and after the implementation of optimal Li doping conditions: a) Jsc, b) Vo, ¢) FF, and

d) PCE. Dashed lines are included as visual aid.

parameters reveals the resilience of the method to batch-to-batch
variations. The implementation of Li-doping leads to a remark-
able average efficiency of 12% for almost 300 cells.

In recent years, as shown in Figure 8a, the implementation
of Ag alloying together with other extrinsic doping and alloy-
ing agents has been key to achieve high-efficiency kesterite so-
lar cells. In this work, we demonstrate that the introduction
of Li as a co-dopant leads to record efficiencies with the high-
est Vo for Se-rich kesterite materials (573 mV). The voltage
deficit (Vo = Vo 52 = Vo Measured where V.52 = 0.932-E,/q-
0.1667 V) of the champlon device of this work is one of the
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lowest among the literature, and the lowest for its bandgap
(E; = 1.15 eV) as shown in Figure 8D, indicating the high quality
of the material and the optimized device performance. Further
improvement could be achieved by the implementation of anti-
reflective coating (ARC) increasing the J¢. by atleast 1 mA cm=2,

leading to a projected efficiency of 14.5%.

3. Conclusion

In conclusion, this work demonstrates that the incorporation
of high solubility group I element Li via easily dissolved and
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Figure 8. a) Record efficiencies of kesterite solar cells as a function of Eg. b) V¢ deficit of the corresponding devices as a function of E,.
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thermally stable LiClO, can be adopted to enhance the hole den-
sity of Ag-alloyed kesterite material without severely impacting
the lifetime. Consequently, this brings large performance im-
provements and raises the efficiency limit for strategies aim-
ing to increase the effective minority carrier lifetime. The per-
formed characterization reveals that the beneficial changes in
crystal quality, morphology, and cation disorder induced by Ag-
alloying remain unchanged with the Li incorporation. The inter-
play between Ag-alloying, reducing the density of Cu,,, defects,
and Li-doping, seemingly promoting the formation of beneficial
Li,, defects, enables devices with PCEs above 14%. These find-
ings demonstrate that both multinary and isovalent doping and
alloying are critical to tune and improve the properties of kesterite
absorbers for photovoltaic applications.
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