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Abstract

Sodium treatment of kesterite layers is a widely-used and efficient method to boost solar cell
efficiency. However, first experiments employing other alkali elements cause confusion as re-
ported results contradict each other. In this comprehensive investigation the effects of absorb-
er composition, alkali element and concentration on optoelectronic properties and device per-
formance are investigated. Experimental results show that in the row Li — Na— K — Rb — Cs
the nominal Sn content should be reduced by more than 20% (relative) to achieve the highest
conversion efficiency. The alkali concentration resulting in highest device efficiencies is low-
er by an order of magnitude for the heavy alkali elements (Rb, Cs) compared to the lighter
ones (Li, Na, K). Utilization of a wide range of characterization techniques helps to unveil the
complex interplay between absorber composition and alkali doping. A ranking of alkali for
best device performances, when employing alkali treatment, resulted in the order of Li > Na >

K > Rb > Cs based on the statistics of more than 700 individual cells. Finally, a champion de-
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vice with 11.5% efficiency (12.3% active area) is achieved using a high Li concentration with

an optimized Sn content.

1. Introduction

Kesterite (Cuy,ZnSn(S,Se)s (CZTSSe)) solar cells see an increased research interest after the
recent announcement of a new record efficiency of 13.7 % [ for this thin film technology
based on earth-abundant elements. The relatively low open circuit voltage, which is often de-
scribed quantitatively as Voc-deficit (Voc-deficit = E, - Voc), still remains the major problem
inhibiting further efficiency improvement despite the excellent potential of the kesterite mate-
rial with its optimal bandgap and absorption coefficient.!! Alkali treatment of kesterite solar
cells is one of the measures to reduce the high Voc-deficit and most of todays > 10% efficien-
cy kesterite devices utilize the beneficial effects of alkali elements on absorber layer mor-
phology and opto-electronic properties. So far the most research attention has been paid to so-
dium, resulting in many thorough investigations which revealed grain size enhancement,
passivation of grain boundaries and an increase in net hole concentration as the major benefi-
cial effects of sodium treatments.”*® Also lithium addition has shown to improve device per-
formance by boosting the electronic quality of the CZTSSe absorber material and grain
boundaries.!”! First studies on the effect of potassium addition confirmed advantageous effects
on kesterite absorber growth and opto-electronic properties similar to Na.!**! Several studies
comparing different alkali elements and their effect on solar cell properties and device per-
formance have recently been published."'®"* Table 1 compares the effects on device perfor-
mance by extracting a ranking of the various alkali elements in each publication in the order
of their capability to improve device performance. It is apparent from these rankings that no
consistent experimental results have been obtained, which triggers two questions: (i) Why do
the published results differ so much? (ii) Which alkali element possesses the highest potential

for efficiency improvements?
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This paper aims to unveil the discrepancy between the recently published results com-
paring the effects of alkali treatments on device performance. Our hypothesis is that each al-
kali element requires a different absorber composition to achieve the highest PV performance
and we therefore prepared a comprehensive set of samples with different alkali elements and
alkali concentrations as well as various metal ratios. All samples were thoroughly character-
ized by Scanning Electron Microscopy (SEM), X-Ray Diffraction (XRD), X-Ray Fluores-
cence (XRF), Inductively Coupled Plasma-Mass Spectrometry (ICP-MS) as well as Current-
Voltage (J-V), Capacitance-Voltage (C-V), Time-Resolved Photo-Luminescence (TRPL) and
External Quantum Efficiency (EQE) measurements.

The methodology used for absorber synthesis is based on the solution process de-
scribed elsewhere!'", allowing for accurate alkali incorporation by simply adding alkali chlo-
rides to the solution.!"” Figure 1 a) illustrates the matrix of sample compositions prepared
with five different alkali elements: lithium (Li), sodium (Na), potassium (K), rubidium (Rb)
and caesium (Cs). The nominal alkali concentration was varied in three steps of 0, 10 and 100
mmol/l in the precursor solution which corresponds to 0, 0.33 and 3.33 at% relative to all ab-
sorber elements. Variations in the metal ratios were put into effect by changing the Sn con-
centration in the precursor solution in up to 12 steps yielding overall more than 80 samples
and thus > 700 individual cells. From the Sn content in the absorber layer measured by XRF
and ICP-MS (SI Figure 1) we conclude that the Sn loss is proportional to the overall nominal
Sn content and that it is invariant under the addition of various alkali elements as well as their
concentrations. The Cu/(Zn+Sn) and Zn/Sn ratios, both nominal and XRF measurements on
the selenized absorber, are shown in SI Figure 8 a) —b).

Alkali content was analysed in the absorber layer of the full devices by ICP-MS and
compared to the nominal input. Figure 1 b) shows the measured concentration of all five al-
kali elements in the two nominal concentrations. The concentrations represent the alkali ele-

ment that was intentionally added to the specific sample (Li in the Li sample and so on). The
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ICP-MS measurements show that intentionally added alkali elements are successfully incor-
porated into the absorber layer and a higher nominal alkali concentration corresponds to a
higher measured alkali content by ICP-MS. However, the majority of the alkali amount es-
capes during the processing, which could take place during the spin-coating process (subse-
quent layers can dissolve preferentially alkali-chloride crystals from the antecedent layer and
wash them off) or during the chemical bath deposition of the CdS buffer layer because of the
high solubility of alkali compounds in water. Furthermore, the results of ICP-MS measure-
ments reveal that heavier alkali elements remain at higher concentrations inside the absorber
layer than lighter elements, except for the case of Li. As the alkali elements are preferably lo-

[1617] ' the overall amount measured by ICP-MS, which does

cated along the grain boundaries
not discriminate between alkali elements inside grains or in the grain boundaries, is expected
to be higher for samples with a higher density of grain boundaries.

In the following we will always refer to the nominal values of Sn/(Cu+Zn+Sn) in at%
because the step size of variations are smaller than the error margins of the compositional

measurements by XRF. We will refer to the 10 mmol/I (0.33 at%) and 100 mmol/I (3.33 at%)

alkali containing samples as to “low” and “high” alkali content, respectively.

2. Results and Discussion

The main findings of this study are aggregated in Figure 2 which shows the device efficiency
as a function of the nominal Sn content (y-axes) and the alkali elements from Li to Cs with
the “high” alkali content (x-axes). The color code resembles the average efficiency of 9 cells
(designated illumination area measurement) and the stars indicate the Sn content yielding
highest efficiency for a given alkali element. The highest device efficiency for each alkali el-
ement increases from 6.5% for Cs to more than 10.5% for Li. The optimal Sn content that re-
sults in the best efficiency increases concurrently from 26.5% for Cs up to 33.3% for Li. The

range of Sn content that yields comparable high efficiency is dependent on the alkali element
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and narrows down from Li to Na to K. The average efficiencies in the case of Rb and Cs are
only weakly dependent on the Sn content and therefore exhibit a comparably homogenous ef-
ficiency distribution, however resulting in overall lower device efficiency values. The reduc-
tion of efficiency at high and low Sn contents that is most prominent for Li, Na and K can be
attributed to the formation of secondary phases which deteriorate FF, Voc and Jsc. Strikingly,
the dependency of the Sn content on the highest device performance of different alkali ele-
ments has neither been reported before nor taken into account in earlier publications that
compared the effects of alkali elements on kesterite solar cells 013!

The influence of Sn content on Vo, Jsc and FF is shown in Figure 3 a) — ¢) for the
“high” alkali content samples. As a result of the qualitatively distinct behavior of Li, Na and
K (light alkali elements) on the one hand and Rb, Cs (heavy alkali elements) on the other it is
helpful to separate them into two groups. The maximum V¢ for a given alkali element in-
creases from K to Na to Li while simultaneously the maximum Jgc decreases, which will be
addressed later. Rb exhibits intermediate values for both V¢ and Js¢ and Cs comparably low
values. The FF shows highest values of up to 65% for Li while the other alkali elements can
yield values up to 60%. The optimal Sn content for highest FF coincides with the highest effi-
ciency in Figure 2. The degradation of FF at high Sn contents is associated with the appear-
ance of Sn(S,Se), secondary phase that segregates on top of the samples (SI Figure 2) and ap-
pears at Cu/Sn ratio < 1.65 in the absorber as measured by XRF.'"® At low Sn concentrations
the devices show a degradation of Voc, Jsc and FF simultaneously, which is caused by shunt-
ing due to the formation of CuSe phases which occurs at Cu/Sn ratios > 2.0 measured by
XRF.["

The bandgap trends of the kesterite layer are presented in Figure 3 d) as derived from
the inflection point in the long wavelength region of the EQE.*”! An increase in nominal Sn
content correlates with a concurrent increase in bandgap. The increase in bandgap can be at-

tributed to the change of metal ratios resulting in an increase in ordering of the Cu/Zn sublat-
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tice.”! Because of the abundance of Zn in the absorber layer composition an increase in Sn
concentration results in the formation of kesterite phase material with a lower Cu content. The
change of the kesterite phase composition can explain the bandgap change for Na and K addi-
tion but Li, Rb and Cs exhibit a different behavior. Li-containing samples exhibit a sudden in-
crease of the bandgap for Sn nominal concentrations above 31.5 % meaning that the bandgap
change is taking place once the kesterite composition is considerably Cu poor and is associat-
ed with an incorporation of Li onto Cu sites inside the kesterite lattice./**! Incorporation of Li
into the CZTSe lattice was reported to increase the bandgap and we assume that in the case of
thin film synthesis a notable amount of Li can only be incorporated into the lattice if the
chemical potential of Cu is lower than a certain threshold. The substitution energy for Lic, in
CZTSe reported to be 0.27 eV in contrast to Na and K with 0.55 eV and 1.55 eV, respective-
ly.[23] Therefore incorporation for Li into the kesterite lattice is more likely than for Na, K or
heavier alkali elements, which is in line with our findings. Furthermore a decrease of the te-
tragonal distortion of the kesterite lattice is observed for the “high” Li samples (SI Figure 6),
which is also reported to be caused by Li incorporation into the kesterite lattice.”) The com-
parably small change in bandgap for Rb and Cs with the variation of Sn suggests that the
composition of the kesterite phase is unchanged. Further investigations are needed to under-
stand the stabilizing effect of Rb and Cs on the kesterite composition.

Figure 4 a) shows the efficiency for the “low” alkali content as well as without inten-
tional alkali addition. The overall efficiencies for the samples containing light alkali elements
is lower compared to the “high” alkali content case while for the heavy alkali elements even
better efficiencies are observed. Furthermore, no obvious trend in the optimal Sn content for
the different alkali elements is visible in contrast to the high alkali concentration results in
Figure 1. Figure 4 b) illustrates the device efficiency for each alkali element for specific Sn
concentrations yielding highest efficiency. It can be seen that the lighter alkali elements re-

quire higher concentrations in order to yield best device performance. For heavier alkali ele-
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ments a considerable improvement in the efficiency is already present at the low alkali con-
tent. At “high” alkali content Li, Na and K exhibit further increase in device performance in
contrast to Rb and Cs which decrease in efficiency.

The effect of alkali content and alkali element size on the absorber layer morphology
can be observed from the SEM cross sections in Figure S which show full devices including
the CdS/i-ZnO/Al:ZnO/MgF, window layer. Figure 5 a) depicts the cross section of a repre-
sentative sample without intentionally added alkali elements, which has a distinct bi-layer
structure with large grains on top and small grains in the lower part of the layer. Comparison
of devices with different Sn contents (SI Figure 3) confirms that no morphological changes
are expected by variations in Sn concentration. Picture b) - e) display the evolution for in-
creasing Li and Rb concentration. While for Li a “high” alkali content is needed for obtaining
large grains and favorable morphology already low alkali content is sufficient in the case Rb.
Upon adding high Rb concentration the morphology changes to a dense, small grained layer
that contains a high density of grain boundaries. Conclusively, the improvement in the mor-
phology is largely correlated with the device performance.

The observation of morphology for each alkali element and concentration (SI Figure
4) leads to a conclusion that the light alkali elements require higher concentration to reach a
similar improvement in morphology as compared to the heavier alkali elements. This could be
due to lower melting points of alkali-polyselenide phases of heavier alkali species as com-
pared to lighter ones."*"! Therefore heavier alkali elements act more efficiently as a fluxing
agent and, hence, lower concentrations are needed to achieve similar grain size improvements.
A too high concentration leads to the fragmentation of the absorber layer and a dense but
small-grained morphology with a high density of grain boundaries as shown for the Rb case.
Therefore each alkali element has its own optimal concentration at which it results in favora-
ble morphology improvements and thus highest device performance. The trend of alkali con-

tent measured by ICP-MS in Figure 1 b) correlates with the increasing density of grain
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boundaries in the order of Na < K <Rb < Cs that are present in the samples with high alkali
concentrations, with an exception of Li, where the high content of 0.76 at% is located inside
the grains because Li can alloy with the kesterite phase.***”!

In order to understand the device performance reduction for the samples at high Sn
contents XRD measurements on all devices were performed. The set of XRD patterns in Fig-
ure 6 a) displays the example of the “high” Na content for different nominal Sn concentra-
tions. Reflexes originating from the kesterite phase are marked with red circles and additional
reflexes at 31.6° and 56.5° indicate Mo(S,Se),.*®! The Sn(S,Se), secondary phase can be iden-
tified from the XRD patterns of samples with 33.3% nominal Sn content and more. Other sec-
ondary phases cannot be distinguished, however Zn(S,Se) and Cu,Sn(S,Se); cannot be ex-
cluded since their reflexes coincide with those of CZTSSe.[*”? The XRD patterns of the other
alkali elements and different concentrations look qualitatively similar with the exception of
the appearance of Sn(S,Se), secondary phase. Therefore the range from 12.5° to 17.5° was
magnified in Figure 6 b) to present the appearance of Sn(S,Se), by the intensity of its (001)
reflex, which is located at 14.42° for the pure selenide compound.'” The heavier the incorpo-
rated alkali element is the lower is the nominal Sn concentrations at which the (001) reflex
first appears and thus the formation of Sn(S,Se),. Additionally, the XRD pattern of the layer
with K exhibits a double reflex that may stem from Sn(S,Se), phases with different S/Se rati-
os. In the case of Cs a small but invariant reflex appears for all Sn concentrations, but here the
reflex overlaps with a possible secondary phase of Cs,Ses that is also identified by its (112)
reflex, which appears in the full XRD pattern (SI Figure 5). Therefore the Sn(S,Se), second-
ary phase for the high Cs content sample cannot be unambiguously identified. Cu,Se second-
ary phase could not be identified from the XRD patterns of any sample, although the device
PV parameters for low Sn content and a Cu/Sn ratio of more than 2.0 exhibit a severe shunt-
ing behavior and formation of large, roundish grains typically associated with a Cu-rich mate-

rial and formation of Cu,Se.*” The following explanation for the appearance of secondary
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phases at different nominal Sn concentrations is suggested. The XRD results indicate that the
alkali elements influence the composition of the kesterite phase. The kesterite composition
correlates with the measured bandgap and Cu-poor kesterite exhibits a higher bandgap than

30311 Utilizing the bandgap measurements from Figure 3d) we deduce that

Cu rich kesterite.
the kesterite composition is less Cu-poor for Na compared to K for the same nominal Sn con-
tent. Conclusively, the remnant Sn not incorporated into the kesterite phase leads to the ap-
pearance of Sn(S,Se), secondary phase. For Rb and Cs the bandgap barely changes suggesting
a constant kesterite composition.

Figure 7 shows the EQE measurements of cells with none and “high” alkali content in
the absorber layer. The EQE spectra of cells with none and the light alkali elements show
qualitatively similar features from low to high nominal Sn content, which are a strong initial
increase of the EQE followed by an increase in squareness and finally an overall decrease.
The low EQE values at low Sn concentrations are due to shunting of the devices. The increase
in squareness at intermediate Sn concentrations could be either an improvement in diffusion
length of minority carriers or an increase in the space charge region width. Additionally, the
bandgap, which is depicted in Figure 3 d), is increasing steadily with increasing Sn concentra-
tion. In comparison the EQE spectra of Rb and Cs show only a slight Sn dependency.

In order to further scrutinize the dependency of the optoelectronic properties on the
Sn concentration, the apparent carrier concentration of all devices was determined by room
temperature CV measurements. In Figure 8 a) — f) the apparent carrier concentration and
space charge region width for representative sample sets with none and “high” alkali content
are depicted. The sample sets for the lighter alkali elements exhibit a distinct correlation of
the apparent carrier concentration with the Sn content. From approximately 25% Sn to 36%
the apparent carrier concentration decreases by three orders of magnitudes from the range of
1E18 cm™ down to the range of 1E15 cm™. This change is directly correlated with the simul-

taneous increase in space charge region width from 20-40 nm to up to 500 nm. By assuming
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that the apparent carrier concentration is proportional to the doping concentration the evolu-
tion of EQE in Figure 7 can be correlated to the CV results explaining the increase in square-
ness of the EQE by the widening of the space charge region (SCR).*? At the same time, the
low carrier concentrations result in a weaker electric field in the SCR that eventually results in
the reduction of the overall EQE for the whole wavelength region, which could be either
caused by a barrier or a relatively low carrier lifetime in the SCR.”*! The lower doping con-
centration results in a decrease of Vg, but is obscured by the increase in bandgap that is ob-
vious from the long wavelength EQE behavior in Figure 7.

The sample sets for Rb and Cs exhibit a comparably constant carrier concentration
with approximately 1E16 cm™ and 2E17 cm™, respectively. The steady carrier concentrations
consequently lead to the similar EQE spectra for Rb and Cs. The constant doping concentra-
tions of Rb and Cs are in agreement with the constant bandgap and PV parameters that are in-
dependent of the nominal Sn content.

Further device analysis by TRPL did not reveal any correlation of device parameters,
alkali elements and alkali concentration with the PL decay times (SI Figure 7). The issue of
deducing the minority carrier lifetime from TRPL measurement in kesterite solar cells has
been recently described.”*! Minority carrier trapping, surface effects and energetic relaxation
of carriers have been identified to severely affect the PL transient times, thus the measured PL
decay times do not represent the real minority carrier lifetime in kesterite absorber layers.
Finally in Figure 9 the PV parameters, J-V and EQE of the champion solar cell with “high”
Li content and 33.3 % nominal Sn concentration are presented. The efficiency of 11.5 % was
determined by designated illumination area measurement including the front contact metal
grid on a cell area of 0.29 cm? (active area efficiency without metal grid: 12.3 %)).

3. Conclusion
Our study reveals a complex dependency of metal ratios, alkali elements and alkali concentra-

tion on the device performance in high-efficiency kesterite solar cells. Strikingly, from Li to
10
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Cs the nominal Sn concentration (Sn/Cu+Zn+Sn) required for best device properties is re-
duced from 33.3 % to 26.5 %, i.e. more than 20% (relative). Additionally, the alkali concen-
tration resulting in highest device efficiencies is lower by an order of magnitude for the heavy
alkali elements (Rb, Cs) compared to the lighter ones (Li, Na, K). The PV parameters corre-
late with the changes in morphology with best devices exhibiting large grains throughout the
whole absorber layer with low density of grain boundaries. The formation of tin diselenide
secondary phases is significantly influenced by the type and concentration of alkali elements.
As revealed by EQE and CV measurements the doping concentration varies by three orders of
magnitude depending on the Sn content, exceptionally for high Rb and Cs content where a
constant kesterite composition and therefore constant doping concentration is observed. A
ranking of best device performances employing alkali treatment resulted in the order of Li >
Na > K > Rb > Cs based on the statistics of more than 700 individual cells. Finally, a champi-
on device with 11.5% efficiency (12.3% active area) is presented using a “high” Li concentra-
tion with an optimized Sn content.

Experimental Section

The CZTSSe precursor solution consisted of thiourea (99%+, Sigma-Aldrich), SnCl,2H,0
(98%, Sigma-Aldrich), ZnCl, (99.99%, Alfa Aesar) and CuCl,"2H,0 (>99.99%, Sigma-
Aldrich), dissolved in DMSO (99.9%, Alfa Aesar). The precursor solution contained 0, 10 or
100 mmol/l of one of the following alkali chlorides: LiCl anhydrous (99.0%+, Fluka) , NaCl
(99.99%, Alfa Aesar), KCI1(99.995%, Alfa Aesar), RbClI (99%, Alfa Aesar) and CsCl (99%,
Alfa Aesar). A 20-30 nm thick SiOy alkali diffusion barrier layer was sputtered onto a 1 mm
thick soda-lime glass with a subsequent deposition of 1 pum of molybdenum. The precursor
solution was spin-coated onto the Mo layer and dried on a hotplate at 320°C in air. The spin-
coating and drying steps were repeated 12 times in order to obtain the desired precursor film
thickness of 1.5 um. All samples were annealed in an RTP furnace (Annealsys AS ONE 150)

inside a closed graphite box with selenium pellets (800 mg). The temperature gradient em-
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ployed for annealing was the 3-stage process with holding at 300°C, 500°C and 550°C. After

selenization the absorbers were immersed for 30 s in a 10 wt% KCN solution in order to re-
move copper-rich phases and clean the surface from contaminations and oxides. A 50-70 nm
thick CdS buffer layer was deposited by chemical bath deposition, and 70 nm/250 nm i-
ZnO/Al:ZnO bilayer was sputtered. A Ni/Al top grid and an anti-reflectioin coating of MgF,
were deposited by e-beam evaporation. Individual solar cells were mechanically scribed to an
area of 0.30 = 0.02 cm”.

Metal ratios were measured by X-ray fluorescence (XRF) calibrated by inductively coupled
plasma mass spectrometry (ICP-MS). For ICP-MS analysis, approximately 1 cm? of the kes-
terite solar cells were etched for 60 s in 5 wt% acetic acid solution in order to remove the
window layer. Then kesterite absorber material was detached from the thin-film solar cell at
the Mo/CZTSSe interface, directly transferred into 50 ml trace metal-free polyethylene tubes
and fully dissolved in a mixture of 2.5 mL H,0, 30% MERCK suprapure, 4 ml HNO3 67%
MERCK ultrapure and 2.5 ml HCI 32% MERCK ultrapure. After filling to 25 ml with 18
MQcm deionized water, the sample was diluted 1:10 with 18 MQcm deionized water for
analysis. Metal determinations were performed on an Agilent 8800 triple quadrupole ICP-MS
with different reaction modes such as He and O, and external calibration using certified metal
standards (1,000 ug.ml'l, Alfa Aesar Specpure). For quality assurance, analysis of reference
materials and spiking experiments were performed, with recoveries between 90 and 110%.
SEM measurements were done on a Hitachi S-4800 electron microscope, XRD patterns were
recorded in 26 \ 6 scan mode using a Bruker D8 diffractometer with CuKa radiation (A =
1.5418 A, beam voltage: 40kV, beam current: 40 mA, calibrated using Si100 and Sil11 single
crystals), a step size of 0.04° and a scan rate of 0.5 s/step for the full pattern and a step size of
0.004° and a scan rate of 2s/step for the detailed pattern. The J-V characterization was per-
formed under standard test conditions (100 mWem™, 25 °C, AM1.5G) using a solar simulator

calibrated with a certified Si diode. The EQE spectra were recorded using a chopped white
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light source (900W halogen lamp) with a LOT MSH-300 monochromator, which was cali-
brated with certified Si and Ge diodes. The illuminated area on the sample was 0.1 cm? in-
cluding grid lines. Room temperature CV measurements were carried out with a LCR-meter
from Agilent (E4990A) with an AC-voltage of 30 mV at 25°C. Room temperature TRPL de-
cay curves were recorded on a FT300 fluorescence lifetime spectrometer from PicoQuant
with a 639 nm pulsed diode laser as excitation source (pulse width 90 ps, repetition rate 10
MHz) and a thermoelectric cooled Hamamatsu NIR-PMT module H10330A-45 (rise time 0.9

ns, transit time spread 0.4 ns).
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Table 1. List of recent publications comparing the effects of alkali elements on the device

performance of kesterite solar cells.

Reference Order of performance improvement
“Effect of different alkali (Li, Na, K, Rb, Cs) metals Na>Cs>K>Rb>Li
on Cu2ZnSnSe4 solar cells”!”!
“Efficiency enhancement of Cu2ZnSn(S,Se)4 solar K>Rb>Na>Li>Cs
cells via alkali metals doping” ['"!
“Influence of alkali metals (Na, Li, Rb) on the perfor- Li>Na>Rb
mance of electrostatic spray-assisted vapor deposited
Cu2ZnSn(S, Se)4 solar cells”'
“Alkali doping strategies for flexible and light-weight K> Na
Cu2ZnSnSe4 solar cells™!
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Figure 1. a) All samples fabricated for this study are depicted in dependence of the alkali el-

ement, alkali concentration and Sn content. b) Comparison of the nominal alkali concentration

with the alkali content determined by ICP-MS measurements.
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alkali elements require higher concentrations for efficiency improvements and heavier deteri-

orate at high alkali content again.

Figure 5. SEM cross sections of full devices including the window layer. a) Ssample with no

alkali treatment, b) — ¢) samples with low and high Li treatment and d) — e) samples with low

and high Rb treatment.
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Figure 6. a) Set of XRD pattern for high Na content and different nominal Sn concentrations.
Red dots indicate reflexes for kesterite (PDF01-070-8930) and green dots for Sn(S,Se), sec-
ondary phase (PDF01-089-2939). b) Range between 12.5° - 17.5° from the respective XRD

pattern of none alkali treated and high alkali content samples.
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Figure 7. Set of EQE spectra for none alkali and high alkali treated samples. a) — d) exhibit
similar qualitative features indicated by the arrows in a). e) — f) show only a minor influence

of the variation in nominal Sn content on the EQE pattern.
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Complex Interplay between Absorber Composition and Alkali Doping in High Efficient
Kesterite Solar Cells
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Figure S1. a) Comparison of the nominal Sn content with the Sn content inside the absorber
layer after selenization measured by XRF. The results show a significant Sn loss compared to
the nominal Sn concentration that typically occurs during the high temperature annealing.!"!
Additionally, XRF results seem to indicate a reduced Sn loss for samples including heavier
alkali elements. This however is a measurement artifact and disproved by the ICP-MS meas-
urements in b). In b) the Sn content for 8 samples with various alkali elements and concentra-

tions show that the alkali treatment has no impact on the final absorber composition.
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Figure S2. Example for the segregation of Sn(S,Se), secondary phase on top of the absorber

layer for a sample with Sn/(Cu+Zn+Sn) = 35.9% nominally.

Figure S3. SEM cross sections of devices with no alkali treatment but decreasing amount of
nominal Sn content from Sn/(Cu+Zn+Sn) =27.5% in a) to 33.3% in d). The layer morphology

and grain size is not changing due to variations in Sn content.

25



- 5 Alkali concentration
]
3| ® 10 mmol/l 100 mmol/l
™
s L
o
| ™
Z s
)}
¥| N
o
l.\.__
L o
¥ a

WILEY-VCH

Figure S4. SEM cross sections of for all low and high alkali content samples that are used in

Figure 4 b).
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Figure SS. Set of XRD pattern of the high Cs content samples. Indicated are the two reflexes

identifying the Cs,Ses phase, with the one lower one potentially overlapping with the

Sn(S,Se), phase.
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Figure S6. XRD pattern zoomed in on the (400)/(008) double reflex for the high Li content

sample set. With increasing Sn content the distance between the two reflexes increases. In

figure b) the tetragonal distortion of high Li and no alkali containing sample set is compared.
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Figure S7. Distribution of 1,, which was derived from a bi-exponential fit of the PL signal

decay, of all samples is compared to the efficiency. As reported in by Hages et al.'”! we also

do not see a correlation of these two parameters.
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Alkali  Alkali content nominal measured by XRF

mM/| Sn/(Cu+Zn+Sn)  Cu/Zn+Sn Zn/Sn Cu/Zn+Sn Zn/Sn
none -
none - 1.39
none - 1.41
none - 1.24
none - 1.23
none -
none -
Li 10
Li 10
Li 10
Li 10
Li 10
Li 10
Li 10
Li 100
Li 100
Li 100 0.286 0.667 1.100 0.81 1.38
Li 100 0.296 0.651 1.048 0.8 1.34
Li 100 0.306 0.636 1.000 0.78 1.27
Li 100 0.315 0.622 0.957 0.76 1.24
Li 100
Li 100
Li 100
Li 100
Li 100
Na 10
Na 10
Na 10
Na 10
Na 10
Na 10
Na 10
Na 100
Na 100
Na 100
Na 100
Na 100
Na 100
Na 100
Na 100
Na 100
Na 100

Figure S8 a. Nominal metal ratios and metal ratios of the absorber layer determined by XRF.

See the Figure S1 caption for possible artifacts in the XRF measurement.
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Alkali  Alkali content | nominal measured by XRF

mM/I Sn/(Cu+Zn+Sn Cu/Zn+Sn Zn/Sn Cu/Zn+Sn Zn/Sn
K 10
K 10 1.37
K 10 L 1.27
K 10 1.23
K 10
K 10
K 100
K 100
K 100
K 100
K 100
K 100
K 100
Rb 10
Rb 10
Rb 10
Rb 10
Rb 10
Rb 10
Rb 10
Rb 100
Rb 100
Rb 100
Rb 100
Rb 100
Rb 100
Rb 100
Rb 100
Cs 10
Cs 10
Cs 10
Cs 10
Cs 10
Cs 10
Cs 100
Cs 100
Cs 100
Cs 100
Cs 100
Cs 100
Cs 100
Cs 100

Figure S8 b. Nominal metal ratios and metal ratios of the absorber layer determined by XRF.

See the Figure S1 caption for possible artifacts in the XRF measurement.
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