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Abstract

We have systematically investigated the Sn loss in Cu,ZnSnS, (CZTS) thin film formation
process using sputtering/sulfuration approach with highly Sn-enriched precursors. It was found
that the remaining Sn content in the CZTS absorber strongly dependent on the peak sulfuration
temperature, H,S concentration in the sulfuration atmosphere, temperature ramping rate, and Zn
content in the precursors. Since the Sn content could be controlled by the Sn loss during the
thermal treatment process, the final composition of the CZTS thin films could be manipulated
simply by tailoring the Cu/Zn ratio in the precursors. With such a route, highly efficient solar cells
could be achieved from Sn-rich precursors.

Keywords: Cu,ZnSnSy; Sn loss; Sn-rich precursor; post-sulfuration.
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1. Introduction

Kesterite Cu,ZnSn(S,Se), (CZTSSe) thin films have been a subject of growing scientific and
technological interest because they are composed of all earth-abundant and non-toxic elements,
yet are similar in crystal structure and predicted electrical properties to chalcopyrite Cu(In,Ga)Se,
(CIGS) films which has already demonstrated the best photovoltaic performance among various
thin film solar cells but uses rare metal elements. The past several years have witnessed dramatic
improvements in the performance of kesterite devices, with IBM reporting a champion efficiency
of 12.6%' achieved for CZTSSe by atmospheric-pressure reaction of particle-containing hydrazine
solutions. For devices made of pure Cu,ZnSnS, (CZTS) and Cu,ZnSnSe, (CZTSe), the highest
conversion efficiency are respectively 8.4%” and 9.15%’, with both grown by co-evaporation
processes. Despite these efforts, kesterites do not yet reach comparable efficiency achieved in
CIGS. One of the most important reasons for the inferior performance is that CZTSSe films have a
very complicated phase diagram4 that makes both defects and secondary phases difficult to be
removed.

Previous experiments have revealed that most of the best-performing devices exhibited ratios
of Cu/(Zn + Sn) ~ 0.8-0.9 and Zn/Sn ~ 1.1-1.3 in the CZTSSe thin film'™ >, and were termed
copper-poor and zinc-rich accordingly. People usually judge the condition of copper-poor by the
ratio of Copper to total amount of Zn and Sn, as Cu/(In+Ga) commonly used in CIGS. Actually,
the respective ratios of Cu/Sn and Cu/Zn are also important because the formation process of
CZTS is different from CIGS. For CZTS, quaternary compounds were formed by incorporation of
Zn into the frame of ternary compounds of Cu and Sn, such as Cu,SnS;, because no such ternary
compounds of Cu and Zn could be synthesized. The ratio of Cu/Sn should decide the properties of
the intermediate compounds and also influence those of final compounds. In the post-sulfuration
approach to fabricate the CZTS thin film absorbers, as Cu, S and ZnS are stable compounds
under normal annealing conditions, the amounts of Cu and Zn normally remain unchanged after
thermal treatment in comparison with those in the precursors. However, loss of Sn has often been

10-13

observed during CZTS film synthesis and is attributed to the evaporation of Sn related
compounds at elevated temperatures. Therefore, the control of Cu/Sn is more difficult than Cu/Zn
in fabricating CZTS thin film with desired compositions. Sn-poor CZTS samples with Cu/Sn >2
always possess Cu,,S secondary phase which strongly deteriorates the device performance. Thus,
the control of Sn loss is a prerequisite to form good Kesterite solar cells.

In this paper, we report various strategies to fabricate CZTS absorbers, starting with highly
Sn-enriched precursors by co-sputtering Cu, ZnS and SnS, targets. We have systematically studied
the dependence of Cu/Sn ratio in the prepared films on post-sulfuration parameters such as the
peak annealing temperature, H,S concentration in the annealing atmosphere, temperature ramping
rate, and Zn contents. We found that the remaining Sn contents in the thin films were strongly
affected by all the annealing parameters mentioned above. The ability for tailoring the elemental
composition through understanding the Sn loss process during annealing would be very helpful in
designing individualized annealing process for precursors with different initial compositions. With
such increased flexibility, it would certainly relax the requirement for the precursor preparation,

which is important to achieve commercialization success in the future.
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2. Experiments

The CZTS thin films in this study were fabricated by a two-stage process which consists of
precursor deposition followed by sulfuration treatment. The precursors were deposited on

Mo-coated 10x10 cm” size soda-lime glass by simultaneously sputtering SnS,, ZnS, and Cu targets.

The co-sputtering process can presumably mix the three target materials thoroughly at nanoscale.
Our precursors were different from those reported by Katagiri’s group who deposited multiple
stacking layers of Cu/SnS,/ZnS which required annealing at 400°C in vacuum to promote
inter-diffusion'*. To form CZTS polycrystalline films, precursors were sulfurized in an atmosphere
of N,+H,S with a total pressure of 300 Torr. Sulfuration conditions are varied to examine their
effects in the CZTS formation.

The crystallinity of the absorbers were analyzed by X-ray diffraction (XRD) using an X Pert
PRO (PANalytical B.V., Holland) diffractometer with high-intensity Cu Kol irradiation (A=1.5406
A). The surface and cross-section morphologies of the films were characterized using scanning
electron microscopy (SEM, A Nova NanoSEM 450) operated at 5 kV. The chemical compositions
of the films were measured by X-ray fluorescence (XRF, UX-220 of Huawei).

To complete the solar cell devices, a CdS buffer layer of 60 nm thickness was firstly
deposited on the CZTS thin film by chemical bath deposition (CBD). A 300 nm thick
i-Zn0/ZnO:Al layer was then prepared as transparent conducting layer by rf-sputtering. Finally,
Ni/Al metal grids were deposited by e-beam evaporation through an aperture mask to form current
collector. The solar cell device was scribed into cells with area of ~0.5 cm” each and the J-V
performance was measured under a simulated AM 1.5 Global spectrum. The illumination intensity
of 100 mW/cm” was calibrated using a certified silicon solar cell.

3. Results and Discussions
3.1 Sulfuration temperature effect

To study the sulfuration temperature effect on the Sn loss for the co-sputtered precursors,
the annealing processes were carried out at different peak temperature of 440°C, 470°C, 500°C
and 520°C, respectively, in the No+H,S atmosphere with a H,S concentration of 5%. The sample
temperatures were ramped from room temperature to the set values at a rate of 5°C/min and
maintained at the peak temperatures for 15 minutes before they were cooled down naturally. The
compositions in all the precursors were designed to be about Cu/Sn=1.31 and Cu/Zn=1.54.

Figure 1(a) showed the XRD spectra of CZTS films prepared at different sulfuration
temperatures, revealing a polycrystalline kesterite CZTS crystal structure with major reflections
along the (112), (200), (220) and (312) planes (JCPDS 3 00-026-0575). To exclude the possible
existence of the Cu,SnS; phase with similar XRD peaks, Raman measurement was performed.
Raman spectra only gave characteristic CZTS peaks'” at 287 cm™, 338 cm™ and 368 cm™. With
increasing sulfuration temperature, the (112) XRD peak became more intense and sharper, which
indicated that the crystalline quality of the CZTS thin films was improved. In addition to the four
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XRD peaks originated from CZTS, one additional peak around 31.9° was always found for
samples sulfurized at low temperatures, e.g., 440°C and 470°C. This peak matched the
characteristic peak of SnS (JCPDS No. 14-0620) very well. Its intensity dropped quickly when the
sulfuration temperature was increased above 440°C and could not be observed at temperatures
higher than 500°C. In our experiment, we used SnS, as the source for Sn and the observed SnS in
the samples must come from the decomposition of SnS, in the precursor during thermal treatment.
It is well noticed that SnS has a high vapor pressure and can be vaporized at high temperature. The
absence of SnS and Cu,SnS; related secondary phases in the thin films prepared at temperatures
above 500°C suggested that the peak sulfuration temperature was very important in eliminating
Sn-related secondary phases. Manipulating Sn-loss process by peak temperature could produce a
pure CZTS film.

To more clearly demonstrate the sulfuration temperature effect on the Sn loss, we plotted the
ratio of Cu/Sn in the samples against sulfuration temperature, as shown in Figure 1(b). Since
copper sulfides would not evaporate under these conditions, the change of Cu/Sn actually reflected
the loss of Sn content. It could be seen that Cu/Sn at 440°C was almost the same as that in the
precursor. This ratio increased to 1.43 at 470°C by losing 10% of Sn in the precursors, indicating
the start of SnS evaporation, which was in good agreement with the decrease of SnS peak
observed in the XRD spectra. When the sulfuration temperature was at 500°C, all the excess Sn in
the form of SnS secondary phase was gone and the ratio of Cu/Sn approached to 1.7-1.8. This
value was close to the favored ratio in high efficiency devices with Cu/(Zn+Sn) ~ 0.8 and Zn/Sn
~1.1-1.2. When the temperature was further increased to 520°C, the evaporation of Sn continued
and Cu/Sn moved to 1.9 - 2.0. The loss of Sn in our samples at sulfuration temperature around 520°C
was believed to originate from the decomposition of CZTS as similarly reported before'”. The
instability of CZTS compound during annealing at temperatures higher than 520°C was relevant
to the instability of Sn*" against reduction'' in the absence of sufficient and large sulfur pressure.
If the sulfuration temperature was even higher than 520°C, Cu/Sn would be larger than 2, seeing a
Cu-poor to Cu-rich transition in the CZTS thin film.

The upper and lower panels of Figure 2 displayed the plane and cross-section SEM images
of CZTS films sulfurated at various substrate temperatures. As shown in 2(a) and 2(e), the
crystallization of CZTS could already be clearly observed in the thin film after being treated at
440°C, though the grain size was still small. For a ~1.0 um thick film, it usually consisted of 3 to 4
layers of grains across the depth direction. At higher treatment temperatures such as 500°C, as
shown in Figure 2(c) and 2(g), the grains became much larger with a size over 500 nm. The
morphology of the thin film treated at 520°C was similar to that at 500°C. For samples sulfurized
at higher temperatures, it was found that more voids near the interface between the CZTS thin film
and Mo substrate would be present, as shown in Figure 2(d) and 2(h), possibly originating from
the strong vaporization of SnS at high temperatures. As the sulfuration temperature increased, the
surface roughness of the thin film showed an obvious increase as the crystal size became larger,
which might present challenges for the thin CdS buffer layer preparation to achieve perfect
coverage of the surface in the latter stage of device fabrication.

The performance parameters of the devices with CZTS thin films sulfurized at different
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temperatures were listed in Table I. For device made of thin film sulfurized at 440°C, small
short-circuit current density (Jsc) and poor fill factor (FF) were observed to be the reason for the
poor conversion efficiency, which may partly originated from the existence of SnS secondary
phase. At higher sulfuration temperature of 520°C, degradation of device performance was also
found, which was attributed to the deviation of the absorber composition away from the favored
copper-poor and Sn-rich phase due to the further loss of Sn content by decomposition of CZTS. In
this experiment, we identified that a sulfuration temperature in the range of 500-520°C was
suitable to fabricate CZTS thin films free of secondary phase like SnS without showing
remarkable decomposition. Here, we had to clarify that the above mentioned optimized
temperature was actually dependent on the composition of the precursors and the sulfuration
atmosphere such as H,S content, which would be discussed in the latter parts of this paper.

3.2 H,S concentration effect

To investigate the effect of H,S concentration in the sulfuration atmosphere of N,+H,S on
the Sn composition and other properties of the CZTS thin films, we employed various H,S
concentration of 2.5%, 5% and 7.5% during the thermal processing. We took the optimized
sulfuration conditions from Section 3.1, namely, first ramping the substrate temperature at a rate of
5°C/min from room temperature to the optimal peak temperature of 500°C and then maintaining
the substrate at the peak temperature for 15 minutes. Again, the precursor was made to be Sn-rich
with composition of Cu/Sn= 1.05 and Cu/Zn=1.54.

Figure 3 showed the Cu/Sn in the CZTS thin films prepared with different H,S
concentrations. For samples sulfurized with a H,S concentration higher than 5%, the ratio of
Cu/Sn changed from 1.05 in the precursor to around 1.5 in the film, which indicated that 30% of
the Sn atoms were lost. For the sample sulfurized with a H,S concentration of 2.5%, Cu/Sn was
about 1.3, suggesting that only 16% of the Sn atoms were lost. Since decomposition of CZTS at
500°C was not obvious, the loss of Sn in the experiment was believed to come from the
evaporation of SnS. The observed smaller Sn loss rate at lower H,S concentration was believed to
come from two reasons. The first reason was that there was a phase separation due to the diffusion
limited sulfur incorporation in the crystallization process. When H,S was insufficient, the prepared
sample was always seen to have big and compact crystallites near the surface but tiny ones at the
bottom of the layer (as shown in Figure S1). Microscopic energy dispersive spectroscopy (EDS)
revealed that the bottom layer is with much higher Sn composition (as shown in Figure S1(d)).
Raman spectrum measured at the bottom surface (after peeling off the film from the Mo substrate)
also displayed SnS related weak peaks at 163 cm”, 191 and 218 cm™. The excess SnS in the
Sn-rich precursors was mostly left underneath the CZTS crystals after thermal treatment in the
atmosphere with low H,S concentration, which made the SnS evaporation process to be much
slower because of the compact CZTS film on the top. This phase separated growth under
sulfur-poor condition could be well explained by the crystallization process limited by the sulfur
diffusion since S had to diffuse across the surface layer before it can react with the precursors
underneath. The second reason might come from the reaction between SnS and H,S which
resulted in a faster Sn loss at higher H,S concentration. Though the evaporation of solid SnS was

commonly thought to mainly occur by forming SnS vapor, the research by Shimada et al.'®
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showed that Sn element could actually volatilize as gasous SnS; through the following way:
SnS(s)+2S — SnS,(g)

This reaction implied that higher partial pressure of S would facilitate the formation of SnS; and
accelerate the loss of Sn, partly explaining the faster loss of SnS with higher H,S concentrations as
observed in our experiment. To eliminate the possible SnS secondary phase, in our experiment, we
found that the concentration of H,S in the sulfuration atmosphere should be high enough.
However, too much H,S should also be avoided since it would lead CZTS to peel off from the Mo
electrodes due to the heavy sulfuration of Mo.

Table II presented the performance parameters for devices fabricated with CZTS annealed
using different H,S concentrations. For the 2.5% case, device had poor efficiency since large
amount of SnS phase were found to be left in the material. For H,S concentration higher than 5%,
devices showed much higher efficiency due to the increased open circuit voltage (V) and short
circuit current density (J) .

3.3 Temperature ramping rate effect

The temperature ramping rate effect on the properties of CZTS thin films had been studied by

1719 Large crystals could be prepared both at a slow ramping rate of 2°C/min and

several groups
a fast rate of 100°C/min. The difference between the fast and slow ramping rate was helpful in
identifying the reaction pathways to form the quaternary phase. Different from our case here, the
previous studies were mainly for precursors made of elemental metals. Moreover, variations of the
precursor composition might also have important influence on the formation reactions dynamics.
Here, we studied the ramping rate effect on the Sn-loss using co-sputtered ZnS/SnS,/Cu
precursors. The composition in the precursor was about Cu/Sn= 1.05 and Cu/Zn=1.54. The

sulfuration temperature was set at 500°C for 15 minutes and the H,S concentration was 5%.

Remarkable morphological differences were observed among samples treated with different
temperature ramping rate. Cross-sectional SEM pictures (as shown in Figure S2) showed that
CZTS thin films were compact with large grains for ramping rate at 3, 5 and 12°C/min, while
samples annealed with ramping rate at 12°C/min or above evidenced the presence of exploded
bubbles which resulted in plenty of crystallites lost their contacts with the Mo substrate.

Figure 4 showed the ratio of Cu/Sn in the CZTS thin films prepared with different ramping
rate. Generally, it showed an increasing Sn loss with increasing ramping rate. A rapid ramping
process at 12°C/min showed a very high Cu/Sn ratio of 5.5 and suggested that 80% of Sn had
evaporated during the thermal process, leading the thin film to be Cu-rich. We believed that the
loss of Sn was due to the vaporization of SnS at high ramping rate under which SnS in the
precursor was not effectively absorbed by other binaries to form stable ternary or quaternary
crystallites before it experienced high speed evaporation at high temperatures.

Table III presented the performance parameters of devices prepared with different ramping
rate. Samples treated with 3°C/min and 5°C /min ramping rate had conversion efficiencies above
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4%, while the sample treated with 12°C /min ramping rate showed very poor properties.

It was concluded that, in our case for the co-sputtered sulfur containing binary precursors, a
slow ramping (5°C/min or smaller) was superior to a rapid one. A smaller ramping rate helped the
incorporation of Sn atoms into the alloy by avoiding the vaporization of SnS before it reacted with
Cu,S and ZnS. The morphological differences also revealed the advantages of the slow ramping
rate to obtain CZTS absorbers with compact crystallites and large grains.

3.4 Zn content effect

In addition to the above mentioned parameters, we found that the Sn loss in CZTS thin films
was also strongly dependent on the Zn content in the precursor, which has been overlooked in
previous studies. To study the Zn content effect, we prepared precursors with Cu/Zn varied from
1.1 to 1.6 while keeping Cu/Sn to be 1.25. The samples were sulfurized at 510°C and 530°C
respectively for 15 minutes, with a ramping rate of 5°C/min and a H,S concentration of 5%.

Figure 5 showed the ratio of Cu/Sn in the CZTS thin films after thermal treatment. With peak
temperature at 530°C, the samples with different Zn contents were always found to have Cu/Sn in
the range of 2-2.1, indicating that the thin films were in a Sn-poor phase. The Sn loss was believed
to originate from the decomposition of CZTS at this temperature, as discussed in Section 3.1.
There had several publications which employed sulfuration temperatures higher than 530°C " 25,20
without showing serious CZTS decomposition with high S pressure, possibly due to the increased
stability of Sn** against reduction with sufficient sulfur vapor. For the samples sulfurized at 510°C,
Cu/Sn showed an decreasing trend with the increase of Zn content in the precursors. Since CZTS
at temperatures of 510°C or lower did not suffer noticeable decomposition under our experiment
conditions, the loss of Sn mainly came from the vaporization of volatile SnS phase which was
decomposed from SnS, in the precursors during the temperature ramping stage. We believed that
the increased ZnS density in a Sn-rich precursor would certainly accelerate the following reaction,

Cu,S + ZnS + SnS, — Cu,ZnSnsS, .

A high ZnS reactant would accelerate the crystallization process by effectively turning the
unstable SnS, into CZTS by the free energy consideration, which could well explain the reduced
Sn loss in samples with higher Zn content in the precursors.

Table IV showed the performance parameters of devices with different Zn contents in the
precursors. It was generally found that higher Zn content in the precursor would be very helpful in
achieving higher Voc in the devices. The device with the highest Voc was sample D which showed
conversion efficiency around 6.39%. Even without anti-reflection layer in our device, this
conversion efficiency was already comparable to that of the record efficiency of 6.7% made by
Katagiri’s group using sputtered precursors.

Based on the above understanding of the sulfuration conditions, we recently designed a novel
two-step sulfuration/annealing process using the conditions of sample D as the baseline. The
two-stage process, which will be described in details elsewhere, is to firstly treat the precursor at
low temperature for a longer time and then anneal the thin film at high temperature for a shorter
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time to improve the crystalline quality. The CZTS phase was to form at the low temperature stage
without any worry for the loss of Sn, while pure phase large grains were obtained at high
temperature stage by merging small crystals and evaporating excess SnS phase. The key here is
the employment of SnS, as the precursor, so that homogeneous CZTS thin film can readily
form at the low-temperature stage. When SnS or Sn was used as precursor, CZTS thin films
were easily found to be with layered and phase separated structure due to the insufficient
sulfur incorporation in the precursor. The temperature for the first stage was usually set to be
slightly lower than 280°C where SnS, was not seriously decomposed into volatile SnS. The
overall composition of the CZTS thin film fabricated using a two-stage process was found to
be similar to that of sample D (6.39%), while the vertical distribution of all the elements in
the former were much more homogeneous, especially for Zn. The best device fabricated using
the two-stage process was listed here as device F* which had a conversion efficiency of 8.5%. To
our knowledge, the highest ever reported conversion efficiency of CZTS devices was 8.4% using a
co-evaporation-sulfuration approach. Our result showed that sputtering-sulfuration approach could
also produce devices with performance comparable or even better than that of co-evaporation. A
note to add is that device F* was capped by an anti-reflection (AR) coating of MgF, layer, while
all other devices were not coated with AR layers.

From the above experimental results, we could find that the remaining Sn contents in the
CZTS thin films would undoubtedly be affected by the Zn composition in the precursors. Samples
with excess ZnS in the precursors showed less Sn loss, which made the absorbers more Cu-poor in
the sense of the ratio of Cu/(Zn+Sn). One clear observation was that the increased Zn composition
in the precursor significantly improved the Voc in the devices. Using admittance spectroscopy, we
identified that the density of hole traps with activation energy around 100 meV was effectively
suppressed due to the Zn-rich condition, when Cu/Zn decreased from 1.57 to 1.15. We attributed
this to the reduced density of ionized Cug, defects” under Zn-rich growth condition. The ionized
Cuyg, defects were shown to cause potential fluctuations® of the valence band due to the Coulomb
attraction, which would induce the trapping of the photo-generated holes in the local potential

minimums and therefore lower the Voc in devices.
4. Conclusions

We have systematically examined various sulfuration conditions in order to optimize the
performance of CZTS absorbers. Starting from highly Sn-enriched precursors prepared by
co-sputtering Cu, ZnS and SnS, targets, the Cu/Sn ratio in the prepared thin films have been
studied by varying post-sulfuration parameters such as the peak annealing temperature, H,S
concentration in the atmosphere, temperature ramping rate, and Zn contents in the precursors.
Peak annealing temperature above 500°C was found helpful in eliminating SnS related secondary
phase, but temperatures higher than 530°C would produce Sn-poor CZTS with Cu/Sn > 2 due to
the Sn loss originated from the decomposition of CZTS. A slow temperature ramping rate and
sufficient H,S concentration were found necessary for complete reaction of the precursors. Excess
ZnS in the precursor were also found to reduce the Sn loss and evidently improve Voc in the
devices. To make the CZTS composition fall in the desired region, the sulfuration/annealing
parameters discussed above must be carefully designed and controlled to match the initial
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compositions of the precursors.
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Figure captions

Figure 1. (a) XRD spectra, (b) Cu/Sn and remaining Sn content in CZTS films annealed at different temperatures

Figure 2. Plane (upper pannel) and Cross-section (lower pannel) SEM pictures of CZTS films annealed at different

temperatures. (a) and (e) are at 440°C. (b) and (f) are at 470°C. (c) and (g) are at 500°C. (d) and (h) are at 520°C.

Figure 3. Cu/Sn and remaining Sn in the thin films annealed at different H,S concentrations of 2.5%, 5% and 7.5%,

respectively.

Figure 4. Cu/Sn and remaining Sn content in thin films with different heating rates of 3°C/min, 5°C/min and 12°C

/min, respectively.

Figure 5. Cu/Sn in the devices with different Zn content.
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Figure 1. (a) XRD spectra, (b) Cu/Sn and remaining Sn content in CZTS films annealed at different temperatures
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Figure 2. Plane (upper pannel) and Cross-section (lower pannel) SEM pictures of CZTS films annealed at different
temperatures. (a) and (e) are at 440°C. (b) and (f) are at 470°C. (c) and (g) are at 500°C. (d) and (h) are at 520°C.
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Figure 3. Cu/Sn and remaining Sn in the thin films annealed at different H,S concentrations of 2.5%, 5% and 7.5%,

respectively.
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Figure 4. Cu/Sn and remaining Sn content in thin films with different heating rates of 3°C/min, 5°C/min and 12°C

/min, respectively.
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Figure 5. Cu/Sn in the devices with different Zn contents.
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Tables

Table 1. Performance parameters of devices annealed at different annealing peak temperatures

Temp(‘C) Voc(mV)  Jsc(mA/cm?) FF Efficiency

440°C 533 10.2 0.38 2.03%
470°C 526 14.4 0.52 3.93%
500C 535 14.4 0.55 4.18%
520C 559 12.6 0.53 3.71%

Table II. Performance parameters of devices annealed at different H,S concentrations

Rate  Voc(mV) Jsc(mA/cm?) FF Efficiency

2.5% 298 8.09 0.46 1.11%
5.0% 574 14.04 0.51 4.11%
7.5% 597 14.68 0.46 4.03%

Table III. Performance parameters of devices annealed with different temperature ramping rates

Rate Voc(mV)  Jsc(mA/cm®)  FF Efficiency

3C/m 569 15.7 0.55 4.91%
5C/m 597 14.7 0.46 4.04%
12C/m 301 2.13 0.51 0.33%

Table IV. Performance of devices with different Cu/Zn in the precursors

Sample Cu/Zn Voc(mV)  Jsc(mA/cm?) FF Efficiency
A 1.57 537 14.2 0.58 4.47%
B 1.46 553 13.6 0.56 4.22%
C 1.37 561 152 0.58 4.88%
D 1.15 640 17.4 0.58 6.39%
E 1.08 580 144 0.59 4.92%
F* 1.24 625 21.8 0.63 8.57% (AR)

18

Page 18 of 19



Page 19 of 19 Journal of Materials Chemistry C

Table of contents entry

The elements contents and the annealing parameters, such as the peak annealing temperature,
H2S concentration and ramping rate would strongly affect the remaining Sn contents in the
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