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Abstract

The addition of alkali elements has become mandatory for boosting solar cell performance in
chalcogenide thin films based on kesterites (Cu,ZnSnS4, CZTS). A novel doping process is
presented here, that consists in the incorporation of sodium or lithium during the deposition of
the CdS buffer layer, followed by a post-deposition annealing (PDA). As the doping route leads to
more efficient devices in comparison with the undoped reference sample, the influence of PDA
temperature was also investigated. Compositional profiling techniques, time-of-flight secondary
ion mass spectrometry (TOF-SIMS) and glow discharge optical mission spectroscopy (GDOES),
revealed a dependence of the alkaline distribution in kesterites with the PDA temperature.
Although the doping process is effective in that it increases the alkaline concentration compared to
the undoped sample, the compositional profiles indicate that a significant proportion of Li and Na
remains ‘trapped’ within the CdS layer. In the 200 °C-300 °C range the alkali profiles registered the
higher concentration inside the kesterite. Despite this, an additional alkali accumulation close to
the molybdenum/fluorine doped tin oxide substrate was found for all the samples, which is
frequently related to alkali segregation at interfaces. The addition of both, lithium and sodium,
improves the photovoltaic response compared to the undoped reference device. This is mainly
explained by a substantial improvement in the open-circuit potential (V) of the cells, with best
devices achieving efficiencies of 4.5% and 3% for lithium and sodium, respectively.
Scanning-electron microscopy images depicted a ‘bilayer structure’ with larger grains at the top
and small grains at the bottom in all samples. Moreover, the calculated bandgap energies of the
CZTS films account for changes in the crystallographic order-disorder of the kesterites, more
related to the PDA treatment rather than alkali incorporation. Even if further optimization of the
absorber synthesis and doping process will be required, this investigation allowed the evaluation of
a novel strategy for alkali incorporation in kesterite based solar cells.

1. Introduction

In search of new affordable and ecofriendly technologies, the photovoltaic (PV) research community has
been strongly committed into developing research lines for non-toxic, non-critical, earth-abundant
materials. Kesterite based materials composed of Cu,ZnSnS, (CZTS), Cu,ZnSnSe, (CZTSe) or their
corresponding solid solution Cu,ZnSn(S,Se)s (CZTSSe) fulfill all these pre-requisites [1, 2]. In addition,
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kesterites are very suitable for PV as they show an absorption coefficient >10* cm ™!, an intrinsic p-type
conductivity, and a direct band gap (BG) ranging from 1.0-1.5 eV depending on the S/(S + Se) content [3, 4].

Kesterite solar cell performance is still hindered by the high V,-deficit which leads to a low record
efficiency (12.6%) compared with Cu(In,Ga)(S,Se), (CIGS) solar cells (23.35%) [5]. In order to overcome
these limitations alkali doping of kesterite films has been employed [6] proving its beneficial effects by
reducing voltage deficit [7], increasing net hole carrier concentrations [8], passivating grain boundaries [9]
and increasing grain size [10]. A recent review describes the main methods and achievements obtained by
alkali doping [6]. Na can be introduced by using a layer of molybdenum doped with sodium (Mo:Na), by
using evaporated NaF layers [11], or by addition of concentrated NaCl in solution processed kesterites [12,
13]. For lithium, the routes can be quite different because Li has also the ability to alloy with kesterite and is
usually included during the precursor synthesis [6].

The use of post-deposition annealing (PDA) treatments has been extended to various thin-film
photovoltaic technologies. In CIGS technology, the benefits of treatments in air at low temperatures
(100 °C-200 °C) have been widely reported [14, 15]. In the case of kesterite, the PDA treatments have been
carried out to modify the cation ordering state of the absorber [16, 17], to promote the incorporation of
dopants or alloying elements [6, 18], or to thermally activate the diffusion of some specific element already
present in the device, such as the Cd migration across the junction [19, 20] or alkali diffusion from the
substrate to the kesterite [9, 21].

In this work, we developed a novel strategy for alkali incorporation in CZTS thin film deposited on
fluorine doped tin oxide (FTO)/Mo substrates. This approach employs a soft chemistry route, where alkaline
elements (Li and Na) are incorporated into the chemical bath used for the deposition (CBD) of the CdS
buffer layer. Later, a low temperature PDA of the CZTS/CdS heterojunction completes the doping process
with the aim of improving the alkali distribution inside the CZTS absorber. Mo-covered FTO substrates were
used for these studies. FTO is known to act as a barrier against alkali diffusion and it is here used to avoid
uncontrolled diffusion of sodium from the glass, improving the control of the doping process whereas Mo is
the standard contact used par excellence in PV chalcogenide technology. However, being Mo an opaque
material, it has certain limitations and, since the initial work of Nakada et al [22], there has been a strong
investigation to adapt high transparency substrates to chalcopyrite and kesterite technology aiming to
expand its application to other types of devices such as: tandem solar cells [23], bi-facial solar cells [24-26]
or semi-transparent devices [27, 28]. In this perspective, very thin (20 nm) Mo films were deposited onto
FTO aiming to obtain, during the sulfurization process, a total conversion of Mo into a semitransparent
MoS; layer acting as a selective contact to the FTO. The electrical contact of such FTO/MoS, back contact
with CZTS is supposed to be similar to that obtained with standard (thicker) Mo films, since an interfacial
MoS; layer typically forms between Mo and CZTS.

2. Materials and methods

2.1. Precursor and absorber deposition

The experimental procedure is graphically descripted in figure 1. FTO glasses (800 nm, 10 /) were
employed as substrates in order to improve the control of the alkali doping of CZTS by blocking
uncontrolled Na diffusion from the glass. First, a Mo nanolayer (=20 nm) was deposited by direct current
(DC) sputtering on the substrate, to promote its total conversion in MoS, during the reactive sulfurization
step. The thickness of the Mo nanolayer was chosen on the basis of a previous publication of the group [24].

Then Cu—Zn—Sn-S quaternary precursors were obtained by combining direct current (DC) and radio
frequency (RF) co-sputtering of three circular targets (4 inches’ diameter) of Cu, SnS, and ZnS (Cu: DC,

28 W; SnS: RE, 80 W; ZnS: RE, 160 W) in an Oerlikon-UNIVEX 450B sputtering system. The working
pressure was 5 X 1072 mbar, with an Ar flux of 50 sccm, and no intentional heating of the substrates during
deposition. 2.5 x 2.5 cm? sputtered precursors were sulfurized in a S + Sn containing atmosphere (100 mg
of S and 5 mg of Sn (Alfa-Aesar powder, 100 mesh, 99.995%)), using a semi-closed graphite box (69 cm? in
volume) in a conventional tubular furnace. The sulfurization was performed in a two-step process, the first
one at 200 °C (heating ramp of 20 °C min~!) during 15 min at 1.5 mbar Ar pressure, followed by a second
step at 550 °C (heating ramp also of 20 °C min~!) during 30 min at a pressure of nearly 1 bar, with a natural
cooling down to room temperature.

After sulfurization and conversion of the sputtered precursor in CZTS, samples were etched in (NH,),S
in order to remove possible secondary Sn(S) phases and to promote surface passivation [29].

Two different sets of samples, doped with Li or Na, were obtained by means of a ‘CdS-doping step’. In our
standard CBD process for CdS deposition we use cadmium nitrate as a source of Cd*2. So, CBD conditions
were (CA(NO3),) = 0.12 mol 171, (SC(NH3),) = 0.3 mol 17!, pH = 9.5, and the T = 70 °C. In this
particular CBD process, concentrated (2 mol 17!) Li;CsH50; or Na;CsHsO5 salts were introduced inside the
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Figure 1. Experimental layout for obtaining CZTS PV-devices with alkaline doping during the CBD process.

(5) PV devices

Table 1. Nomenclature and experimental details of the samples under study.

N° 1st step 2nd step 3th step PDA

References (PDA_300) Sulfurization CdS (undoped) PDA 300 °C_10 min
Na/Li_200 Sulfurization Na/Li:CdS-doping PDA 200 °C_10 min
Na/Li_250 Sulfurization Na/Li:CdS-doping PDA 250 °C_10 min
Na/Li_300 Sulfurization Na/Li:CdS-doping PDA 300 °C_10 min
Na/Li_350 Sulfurization Na/Li:CdS-doping PDA 350 °C_10 min
Na/Li_400 Sulfurization Na/Li:CdS-doping PDA 400 °C_10 min

chemical bath used for CdS deposition, for Li and Na doping respectively. In all cases the CdS deposition
time was kept at 40 min. More details about the CBD process can be found in [30]. To complete the doping
process, the processed CZTS/CdS junctions were exposed to a PDA treatment in a hot plate inside a fume
hood with controlled humidity (<20%) and temperature (25 °C) values. The PDA treatment was used in the
range from 200 °C to 400 °C to evaluate how the temperature affects the alkali distribution and
optoelectronic parameters of PV devices. Table 1 summarize the nomenclature and experimental features of
each sample. A reference sample was included where no alkalis were intentionally introduced during the CdS
deposition. With the intention to isolate the effect of alkali doping during the CBD deposition, and for the
sake of comparison, the PDA treatment was also performed in the reference sample at 300 °C. For more
clarity, this sample is labeled ‘Ref (PDA_300)’.

2.2. Material characterization

Cross-section images were obtained in selected samples using scanning-electron microscopy (SEM, Zeiss
LEO 35). A depth-profiling analysis of the Na doped samples was performed by GDOES measurements using
a HORIBA Jobin Yvon GD Profiler spectrometer, equipped with an anode diameter of 4 mm and 19 element
channels. Depth profile measurements of Li doped samples were performed with a TOF-SIMS system from
ION-TOF using O"2 primary ions with 2 keV of ion energy, a current of about 300 nA, and a raster size of
300 x 300 ym?. An area of 100 x 100 zm? in the case of depth profiles was analyzed using Bi* ions with

25 keV of ion energy.

2.3. Device preparation

After PDA treatments, solar cells devices were completed by DC-pulsed sputtering deposition (Alliance
CT100) of i-ZnO (50 nm) and ITO (200 nm) as a transparent conductive window layer. For optoelectronic
characterization, 3 x 3 mm? cells were mechanically scribed using a manual microdiamond scriber (MR200
OEG). Neither antireflective coating nor metallic grids were deposited on the solar cells.
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2.4. Device characterization

Solar cells devices were characterized by current density-voltage (J-V) measurements under simulated
illumination conditions using a calibrated Sun 3000 Class AAA solar simulator (1-Sun AM1.5, Abet
Technologies). Full external quantum efficiency (EQE) and internal quantum efficiency (IQE)
characterization were obtained using a Bentham PVE300. Statistical results arise from measurements made
in number of cells that varies between 8 and 12 depending on each sample.

3. Results

For a better analysis of the effect of each alkaline, we will present separately the results of the samples doped
with lithium and then with sodium.

3.1. Li doped samples

The distribution of lithium within the samples has been studied through TOF-SIMS measurements.

Figure 2(a) shows Li depth profiles for Li-doped samples (CdS/CZTS junctions) with PDA at different
temperatures. Log-scale was chosen to get a clearer comparison among all the Li profiles. Leaving aside the
reference sample where there is no lithium signal (as expected), a diffusion profile of lithium can be observed
in all the doped films. In more detail lithium profiles show a high concentration at the top surface, that could
be related to incorporation of Li in the CdS layer (CdS doping) [31, 32], or to Li (or Li-compounds)
segregation at the top interfaces (sample surface and CdS/CZTS interface). Besides, Li is unevenly distributed
inside the kesterite, with lower concentration in the upper region of the CZTS (sputtering time 20-300 s) and
higher accumulation in the rear region (sputtering time 300-500 s) and at the back contact interface (peak
around 600 s).

This behavior could be explained looking at the cross-sectional SEM pictures depicted in figure 3.
Indeed, it is known from the literature that, compared to heavier alkali elements which tend to segregate at
grain boundaries, lithium can be incorporated at much higher quantities by alloying with kesterite phase
forming a solid solution [6, 33-35]. However, for concentration higher than its maximum solubility,
segregations of not-alloyed Li or Li compounds can be expected at grain boundaries or interfaces. This
hypothesis can explain the inhomogeneous Li distribution observed in our sample, since the rear region of
CZTS is characterized by small grains, corresponding to a higher grain boundaries density (and therefore
higher Li content) compared to the top region, where larger grains grew after sulfurization. Then the second
‘hump’ (peak at sputtering time around 600 s) suggest Li segregation also at the back interface. This
segregation at the CZTS/MoS; interface is more noticeable at low PDA temperatures (200 °C-250 °C).
Oddly, at higher temperatures the profiles become flatter (300 °C-350 °C), or the lithium concentration
drops abruptly (400 °C). For this latter case, the profile is striking, because at the surface the concentration is
high but inside the kesterite is noticeably lower. Further studies are needed to elucidate this behavior. We do
not discard an enhanced possible diffusion of Li inside Mo/FTO layer at higher temperature. Figure 2(b)
shows SIMS depth profiles of relevant elements in the Li:CdS/CZTS heterojunction annealed at 250 °C. The
complete set of SIMS profiles for all the samples is presented in figure S1 in the supplementary information
file (SI). For the sake of clarity, signal intensities were arbitrarily rescaled according to the C,ZnSnS, formula
ratio. Flat profiles of CZTS elements (Cu, Zn, Sn and S) can be observed. A slightly increment in the Zn
profile near the Mo interface is seen that can be related to a frequently reported zinc segregation normally
detected as ZnS [36]. The Cd signal is more likely to be a matrix effect with the Mo signals rather than a
diffusion behavior of this element [24].

Cross-section SEM pictures are presented in figure 3. To highlight the different materials and
morphologies, the pictures were intentionally colored. All the samples present a similar morphology, because,
leaving aside the PDA temperature, they were processed in an analogous way regarding precursor sputtering,
sulfurization and doping stages. In fact, characterization by x-ray diffraction (XRD) and Raman spectroscopy
also revealed a high degree of similarity in terms of composition and crystalline phases present in the samples
(see figures S4-S6, SI file). CZTS films present a ‘double layer morphology” with larger grains on top and
smaller at the bottom close to the FTO/Mo substrate. This type of bi-layer structure has been previously
reported, in kesterite grown on transparent or semi-transparent substrates [24, 37]; and even in standard Mo
glass substrates [38—41]. The reasons that explain the formation of this double morphology remain unclear
and have been associated with different experimental results. In a recent work, Martinho et al have reviewed
the existing research on double-layered kesterites trying to shed some light about this phenomenon [42]. As
common factors, for physical and solution deposition methods, the presence of metallic Cu and/or a
chalcogen deficiency in the precursor matrix have been proposed by the authors as main reasons determining
the double-layer occurrence. Although the samples have higher lithium content compared to the reference,
which indicates that the doping process is effective, high-efficiency devices usually show flat alkaline profiles
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Figure 2. (a) Lithium SIMS profiles of CdS/CZTS samples at different temperatures. Mo and Sn signals were overlaid for depth
reference. (b) SIMS depth profiles for kesterite elements for the Li_250 sample.
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Figure 3. SEM cross-sections pictures of reference and Li-doped samples with different PDA temperatures. The layers were
colored to help distinguish the different interfaces in the samples.
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within the kesterite absorber [33]. Figure 4 shows statistic optoelectronic parameters for Li doped and
reference samples. The doping process improves the V. of all the cells compared to the reference device with
no doping. In contrast, the fill factor (FF) of the devices only improves over the reference at intermediate
PDA temperatures (250 °C-300 °C). The FF variations can partly explain the low value of the short circuit
current (Jsc) of the Li_200 sample and the high Jsc value of the Li_300 sample. The product of these three
parameters finally determines the conversion efficiency of the devices: the highest values are obtained with
PDA temperatures of 300 °C, where the best device achieves an efficiency of 4.5%.

3.2. Na doped samples
Figure 5 presents a GDOES analysis performed to study the Na distribution inside the processed samples.
Figure 5(a) shows Na distribution for doped CdS/CZTS samples with PDA at different temperatures. First, a
significant difference is observed in terms of the sodium content of the doped samples compared to the
reference sample (no doping). This proves that the sodium from the CdS buffer deposition has indeed
diffused into the kesterite layer. As with lithium, the Na profiles seem to indicate that a large proportion of
the alkali is trapped within the CdS buffer, being this more noticeable at higher PDA temperatures.
Nevertheless, a sodium diffusion inside the kesterite film is clearly detected. Similar to Li, the results show an
inhomogeneous Na distribution inside the absorber, with lower Na amount in the upper CZTS region
(sputtering time ~ 1-20 s), higher concentration in the rear region (sputtering time ~ 20-35 s) and a final
accumulation at the back interface (peak around 3840 s). As discussed before, this profile is in accordance
with the tendency of Na to segregate at interfaces and grain boundaries [34, 43—45], since a ‘double layer’
morphology is also observed in the Na-doped samples as it can been seen in SEM cross-sectional pictures
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Figure 5. (a) Sodium depth profile of CdS/CZTS samples with PDA at different temperatures. Cd, Mo and Sn signals were
overlaid for depth reference. (b) Complete GDOES elemental depth profiles for the Li_300 sample.

(figure 6). Unexpectedly, a small amount of accumulated sodium is detected at the back interface also in the
reference sample. Based on previous results of our group, we expected the FTO acting as an efficient barrier
for Na diffusion from the glass substrate. This might indicate that the FTO is not a perfect barrier, or it could
be due to some type of contamination during processing [46]. Figure 5(b) shows a complete elemental depth
profile of the Na-doped sample annealed at 300 °C. The kesterite element signals are arbitrarily scaled in
order to reproduce the formula ratio. They show an, almost flat profile of Cu and Sn along the film thickness,
whereas the zinc profile shows a peak close to the CZTS/Mo interface, likely revealing a ZnS segregation at
the back side. A small Zn excess is also visible inside the CZTS film (sputtering time ~ 10 s), where Cu signal
decreases while the S increases, matching the increase in Zn concentration. This result is difficult to explain
and could suggest the presence of a Cu-poor region with segregation of secondary phases. Complete GDOES
profiles for Na-doped samples are presented in the SI file (figure S2). PDA treatments have also been
investigated to promote Cd diffusion through CdS/kesterite junction [6, 47]. At some extent, in this study we
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Figure 6. SEM cross-section pictures of reference and Na-doped samples with different PDA temperatures. The layers were
colored to help distinguish the different interfaces in the samples.

initially aimed to promote alkali, and also, Cd diffusion. In the case of Na-doped samples, the GDOES
measurements (figure S3, SI file) reveal a Cd signal only in the surface region of the samples, with only a
slight broadening of the Cd profile as the PDA temperature increases. This result suggest that the effect of a
possible cadmium diffusion is limited to the CdS/CZTS interface region, since Cd signal does not
significantly extend into the bulk. Therefore, the differences in devices performance are not attributable to
different Cd diffusions, but reasonably depend on the alkali doping. Figure 7 presents statistical
optoelectronic parameters for the reference and Na doped samples with the effect of the PDA temperature.
Interestingly, and in contrast with lithium doping, for sodium all PDA temperatures increase the efficiency of
the devices comparing with the undoped reference, demonstrating the benefits of sodium incorporation into
kesterite solar cells. As in the case of lithium, the addition of sodium markedly improves the open circuit of
the cells and the FF of the devices improves over the reference only at intermediate PDA temperatures

(250 °C-300 °C). On the other hand, the short-circuit current can be indicated as the parameter that still
needs to be optimized. The low performance of this parameter can be related to the detrimental double-layer
morphology and incomplete grain growth of the kesterite. Although in general the efficiency values are
modest, they are above the average value of efficiencies reported for kesterite solar cells on transparent or
semi-transparent substrates [26, 48—50]. It can be seen that Na-doping with an intermediate PDA
temperature of 300 °C gathers the best PV parameters, reaching an efficiency of 3%. Both sodium and
lithium provide an enhancement of the PV response. In particular, both alkalines substantially improve the
Voc of the devices with respect to the undoped sample. A more significant improvement in the short-circuit
current (Jsc) was expected, knowing that the incorporation of these elements results in an improvement in
the film morphology.

Table 2 summarizes the best PV parameters of the undoped and alkaline doped cells. Although the
efficiencies are somewhat far from the record values, a noticeable effect of the incorporation of alkali can be
observed. On average, the device doped with Na with PDA at 300 °C shows 1 = 3%, compared to the
reference (without Na) and treated at 300 °C as well, which yields an average efficiency of 2%. This implies
an increase of 50% for the samples with sodium and more than 100% for the best device doped with lithium
(n = 4.5%). Despite this, the extent of the improvement is not always meaningful since it also depends on the
quality of the starting reference device which need optimization. Another advantage of the proposed method
compared to other PDT treatments is that it is not necessary to introduce a new process step to deposit the
alkali source (like NaF or KF evaporation steps). The doping from the CBD solution could give also a better
homogeneity if compared to other solution-based procedures, such as for instance the drop-casting
approach, recently reported for CZTSSe devices [51].

Figure 8 presents the IQE of the devices under study. The IQE of the samples were calculated subtracting
from the EQE of each device the transmittance and reflectance measured on the whole device according to
the expression IQE(A) = EQE(A)/(1 — (T(A) + R(A))). Interestingly, in the short wavelength region
(350-500 nm), the IQE of alkali doped samples are significantly lower than the undoped reference device.
This indicates a higher absorption of the doped-CdS buffer layer. Considering that the deposition time is the
same, the growth kinetics of the CdS can be altered in the presence of a high concentration of alkali in the
bath. However, a change in the optical properties due to the alkali doping of CdS is also not ruled out. In fact,
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Figure 7. Statistical solar cells parameters (Voc; Jsc; FF and n) for reference Na-doped samples with the variation of the PDA

temperature.
Table 2. Solar cells parameters of undoped and alkali doped CZTS devices.
Sample Jsc (mA cm™2) Voc (mV) FF (%) 1 (%)
References (PDA_300) 114 417.1 39.7 1.9
Li-doped devices
Li_200 6.5 547.7 33.9 1.2
Li_250 11.4 534.8 43.1 2.5
Li_300 22.7 533.7 49.1 4.5
Li_350 10.2 458.8 33.7 1.6
Li_400 13.1 416.8 38.4 2.1
Na-doped devices
Na_200 10.2 550.8 39.4 2.1
Na_250 10.8 531.4 43.3 2.5
Na_300 13.4 522.6 45.4 3.1
Na_350 13.7 469.3 37.2 2.3
Na_400 12.7 448.0 36.8 2.0

Note: Bold values are intended to highlight improvement through the doping process.

according to the SIMS and GDOES depth profiles for Li and Na, respectively, we observed a significant
amount of alkali inside the CdS layer. For the reference device, in the 500-800 nm range (related to the
CZTS/CdS interface and CZTS absorbers properties) the IQE response falls sharply. On the contrary, alkali
doped devices show an improved flatter response in that region, with the exception of the high temperature
annealed device (400 °C) where the response falls quickly similar to the reference. Indeed, in the long
wavelength range (800—1000 nm) the shape of the IQE response among the devices is not uniform and can
be indicating a change in charge collection efficiency at long wavelengths [39]. The best spectral responses
are obtained for the devices doped with lithium and sodium with PDA at intermediate temperatures
(250 °C-300 °C for Li and 300 °C for Na) which in turn also deliver the best PV efficiencies and short circuit
current densities.

To get a better understanding of the influence of the alkali doping on the PV response of these devices,
figures 8(c) and (d) present the BG energies of the CZTS absorbers as a function of the PDA temperature.

8



10P Publishing

J. Phys. Energy 4 (2022) 044008 M Valdés et al

70

] ( ) —o— Ref(PDA_300) 804 —o— Ref(PDA_300)
i a o—Li_200 o Na_200
7 —~— Li_250 70 —— Na_250
1 Li_300 —=— Na_300
504 —o— Li_350 60 — —Na_350
) —<—Na_400
§ 40 ;\; 50
w 1 w40+
g 304 g
304
20 -
10 10 4
0 -2 T — Z ez 0- T T T o
400 600 800 1000 400 600 800 1000
Wavelenght (nm) Wavelenght (nm)
1.60 1.60
Li_doped: = Na_doped:
PSS i
- b ;(al(L;I)cE)/dE - e afa
% o & --@ - d(IQE)/dE
1854w -~ Ref(PDA_300): 1.554 Ref(PDA_300):
i O— Tauc --0-- Taue
T —O— d(IQE)dE O - d(IQE)dE
1.50 ul 1.50 | g
s L e} S ©
) o = H
Q 1.45- ] Q 1454 e
[11] } m B
T
o . T m
1.40 4 1.40 4 ‘®
i il
(c) . (d)
135 T T T T T 135 T T T T T
200 250 300 350 400 200 250 300 350 400
Temperature (°C) Temperature (°C)

Figure 8. IQE of (a) reference and Li doped samples and (b) reference and Na doped samples ((c)and (d)) band gap energies of Li
and Na doped CZTS films over different PDA temperatures calculated from Tauc equation and extracted from the inflection point
of the derivative of the IQE. Dotted lines are guides to the eye.

A comparison of BG energies calculated using the Tauc plot for direct semiconductors [52], and the
inflection point of the derivative of the IQE is also provided in the figures. (Complete set of figures can be
seen in figure S7, SI file). The differences among values are within the expected deviation ranges using these
methods as recently reported in [53, 54]. A clear influence of the PDA temperature on the BG value can be
observed, independent of the Li/Na doping applied (see e.g. the reference devices). As the PDA temperature
increases, the BG energy decreases, varying between 1.6-1.35 eV as the PDA temperature goes from 200 °C
to 400 °C, as a consequence of the increase of the cation disordering level [16, 55, 56]. As expected, the PDA
temperature increase causes a BG reduction of the kesterite and, as a consequence, a V¢ reduction of the
corresponding PV devices, as observed in figures 4 and 7 for Li and Na doped samples respectively.

4, Conclusions

A novel and promising approach for alkali (Li and Na) doping of CZTS thin films has been implemented
based on the introduction of alkali into the CBD process for CdS deposition, followed by a PDA treatment.
The incorporation of both elements by this approach is effective as it is demonstrated using depth-profiling
techniques (TOF-SIMS and GDOES). In particular, a significant amount of alkali stays inside the CdS layer,
while parts of it diffuse into the kesterite. Another significant portion accumulates at the interface to the back
contact (Mo/FTO), suggesting Li and Na segregations at grain boundaries. All devices doped with both
lithium and sodium outperformed the PV response of the undoped reference sample. The PDA temperatures
in the intermediate range (250-300) provided best alkali incorporation, allowing to improve the PV response
of the devices by mainly increasing Vo and FF of the cells. Best devices were obtained with a PDA at 300 °C
leading to efficiencies of 4.5% and 3% for lithium and sodium, respectively. The limited PV response can be
linked to the ‘double-layered’ kesterite morphology, which mainly reduces the Jsc and FF of the devices.
Variations of the BG energy values are a consequence of the PDA treatment rather than alkali incorporation,
and are attributed to a change in the order-disorder degree of cations in the kesterite sub-lattice, causing a
Voc reduction with the increase of the PDA temperature. Nonetheless, all the doped devices show higher
Voc compared to the reference cells, confirming the beneficial role of the alkali incorporation.
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