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tric performance based on CsSnI3
thin films with improved stability†
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Tin-basedmetal halide perovskites have been considered as promising

candidates in the field of thermoelectricmaterials due to their ultralow

thermal conductivity and considerable electrical conductivity.

However, the mechanism of air exposure to self-dope the films for

enhanced thermoelectric properties raises questions about their

stability for thermoelectric applications. Here, we report increased air

stability of sequential thermally evaporated CsSnI3 thin films without

using any additives. This was achieved by adjustment of the order of

deposition of the precursor materials. The optimised films showmore

than an order of magnitude less degradation in electrical conductivity

in air over 60 minutes than control samples and have optical signa-

tures of degradation in air that take �5 times longer to emerge.

Conversely, we show that the rate of self-doping through oxidation of

Sn2+ to Sn4+ is substantially enhanced at elevated temperatures and

characterise its impact on thermal and electrical transport properties.

Furthermore, we obtain a figure of merit (zT) of 0.08 for CsSnI3 thin

films in this more stable configuration.
Introduction

To meet the energy demands of our society, carbon emissions
are increasing and global warming is a reality. As a result, many
countries have decided to aim for a carbon-neutral status by the
middle of the 21st century.1 Using low-carbon energy (wind
energy, solar energy, nuclear energy, and tidal energy) to
generate electricity has become increasingly popular, but the
dominant source of electricity still comes from fossil fuels (coal,
gas, and oil). The efficiency of these power plants is typically up
to 45%,2 with the remaining 55% emitted as low-grade waste
heat. Moreover, a lot of waste heat is emitted at the point of
customer use, including from car engines and electronic
devices, as well as from living organisms. How to use this waste
, Queen Mary University of London, Mile
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heat and convert it back into useful energy for human use is an
active area of research.

Thermoelectric generators (TEGs) are semiconductor devices
that can directly convert waste heat into electricity from
temperature gradients, exploiting a thermal voltage generated
through the Seebeck effect.3 The performance of thermoelectric
materials is oen judged by the thermoelectric gure of merit,
zT:

zT ¼ S2sT/k

where S, s, T and k are the Seebeck coefficient, electrical
conductivity, temperature, and thermal conductivity, respec-
tively. Current commercially available thermoelectric materials
can have maximum zT values greater than unity, but their
composition oen includes toxic or rare elements such as, Bi,
Te, Sb and Pb.4 In addition, because of costly and energy
intensive synthesis processes, a long payback time is required.
Alternatives, such as organic thermoelectric materials, are
abundant, exible and low-cost, but their current zT values are
substantially below unity.4

Metal halide perovskites have been considered as next
generation photovoltaic materials, achieving a power efficiency
over 20% (ref. 5–8) for solar cells with single-junction archi-
tectures. Because of their high absorption coefficients, high
charge carrier mobilities, solution processability, large carrier
diffusion lengths, high photoluminescence quantum yields
(PLQYs) and tuneable bandgap, halide perovskites have also
been developed for LEDs, photodetectors and lasers.9–15 In 2014,
ab initio calculations were used to show that metal halide
perovskites may be useful thermoelectric materials.16 It was also
found that, due to the large carrier mobilities originating from
the small effective masses of charges and a poor carrier–phonon
interaction, the zT of CH3NH3AI3 (A ¼ Pb and Sn) might be
optimised to between 1 and 2 by tuning the charge carrier
density to the order of 1018 cm�3. Recent studies have predicted
zT as high as 2.6 in low dimensional metal halide perovskite
derivatives.17 Many experimental studies have reported metal
This journal is © The Royal Society of Chemistry 2022
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halide perovskites with high Seebeck coefficient,18,19 and ultra-
low thermal conductivity,20–25 and have also reported doping
methods to tune their electrical conductivity.20,22,26 However,
doping of halide perovskite materials remains challenging,
which may be due to ionic compensation of charged point
defects27 and a defect tolerant electronic structure deriving from
bonding orbitals at the conduction band minimum (CBM) as
well as antibonding orbitals at the valence band maximum
(VBM).28 Substitutional doping of a Pb-perovskite with Bi3+, has
been shown to increase conductivity by 4 orders of magnitude,
but the conductivity and zT remained low.20 However, tin-based
halide perovskites show metallic conductivity caused by self-
doping related to Sn2+ to Sn4+ oxidation.29,30 Our previous
work achieved a zT of 0.14 for CsSnI3�xClx thin lms with
enhanced stability over non-chlorine containing lms.26

In this work, we thermally evaporated CsSnI3 thin lms by
two different recipes. Both methods involve sequential deposi-
tion of the precursors (CsI and SnI2), but differ in the order of
deposition. Importantly, we do not use additives such as
substitutions on the A, B or X-site in the ABX3 structure that are
typically used to improve stability. All of our lms show
a pinhole-free morphology with micrometre-sized grains. We
nd that SCS lms (SnI2 deposited before CsI) retain 73% of
their absorption at 420 nm aer 10 hours air exposure, whereas
for CSS lms (CsI deposited before SnI2) only 24% of the
absorption is retained aer 10 hours.26,31 Furthermore, the SCS
lms show 13 times less degradation in electrical conductivity
in air over 60 minutes than the CSS lms. Additionally, we
measured the thermoelectric properties of our lms oxidised at
room temperature and 80 �C. We found our lms oxidised at
room temperature are quite stable and their thermoelectric
properties show only modest changes with increasing oxidation
time. However, lms oxidised at 80 �C displayed a rapid growth
of electrical conductivity and thermal conductivity, and
a moderate decrease of Seebeck coefficient over periods of 15
minutes. X-ray photoelectron spectroscopy was used to conrm
elemental composition and Sn oxidation states. It revealed that
the Sn2+ to Sn4+ self-doping process happens from surface to
bulk, and this process is accelerated by oxidation temperature.
We achieved a zT of 0.08 for SCS lms at both 333 K and 343 K
aer 3 minutes air exposure at 80 �C.
Experimental methods
Materials

Stannous(II) iodide (SnI2, anhydrous, 99.99% trace metals basis)
and caesium iodide (CsI, anhydrous, 99.9% trace metals basis)
were purchased from Sigma Aldrich. All salts were opened in
a nitrogen glovebox (H2O < 0.1 ppm and O2 < 0.1 ppm) without
any air exposure and used as received without any further
purication.
Deposition of CsSnI3 thin lms

A sequential thermal evaporation method was used to deposit
CsSnI3 thin lms. For the CsI/SnI2 sequential deposition
method (CSS), CsI was rst thermally evaporated at 170 �C,
This journal is © The Royal Society of Chemistry 2022
followed by SnI2 at 420 �C. For SnI2/CsI sequential deposition
method (SCS), SnI2 was rst thermally evaporated at 420 �C,
followed by CsI at 170 �C. For both methods, the deposition
rates of CsI and SnI2 were approximately 6 �A s�1 and 2 �A s�1,
respectively. The deposited thicknesses of CsI and SnI2 were 100
� 10 nm each. The whole deposition process proceeded at 10�7

mbar in the dark, without any break in the vacuum. Aer
thermal evaporation, the sepia coloured thin lms were
removed from the vacuum chamber and annealed at 170 �C on
a hotplate in a nitrogen lled glove box. Aer annealing, the
lms became mirror-black (Fig. S1†), which gives an initial
indication of the successful synthesis of CsSnI3 thin lms in the
orthorhombic B-g phase.

X-ray photoelectron spectroscopy (XPS)

XPS measurements were performed on thermally evaporated
thin lms (200–250 nm thick) with a Thermo Scientic™
Nexsa™ Surface Analysis System, using a 200 � 200 mm size X-
ray spot from an Al Ka source. Samples were exposed to air for 5
minutes either at room temperature or at 80 �C and then loaded
into the XPS vacuum chamber which was under high vacuum
(<10�8 mbar). Depth proles were achieved by etching with Ar+

ions for 3 seconds per level using a 2 keV accelerating voltage.
The depth prole was calibrated from the etching time corre-
sponding to the etching thickness (from the lm surface to the
silicon substrate). All XPS spectra were recorded and processed
using the Thermo Avantage soware.

X-ray diffraction (XRD)

XRD measurements were performed on a D5000 X-ray Diffrac-
tometer (Siemens) over a 2q range between 5� and 70� using
a Cu Ka source.

Scanning electron microscopy (SEM)

The morphological properties of the lms were observed on
a eld-emission scanning electron microscope (FEI Inspect-F).
The parameters for the collection of SEM pictures were accel-
erating voltage 20.00 kV, magnication 25 000� and working
distance 9.7 mm for SCS lms and accelerating voltage 20.00
kV, magnication 16 000� and working distance 10.8 mm for
CSS lms.

Optical absorption

UV-Vis absorption spectra were measured for CsSnI3 thin lms
(200–250 nm thick) on glass substrates with a Shimadzu UV-
2600 spectrophotometer. The time-dependent air stability
measurement used 10 minute intervals (60 cycles) over a 10
hour period.

Nitrogen and ambient electrical conductivity measurement

The in-plane electrical conductivity measurements were per-
formed on a four-point probe station (Ossila) with a Keithley
2400 Series SMU (note: for these measurements the perovskite
lms were directly deposited on glass substrates). In both cases
the rst measurement was taken in the nitrogen lled glove box
J. Mater. Chem. A, 2022, 10, 7020–7028 | 7021
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with subsequent measurements either taken in the glovebox (O2

and H2O < 1 ppm) or in air.
Thermoelectric property measurement

The in-plane thermoelectric property measurements were per-
formed on a Linseis Thin Film Analyser (TFA). The pre-
patterned measurement chips with CsSnI3 thin lms depos-
ited on top (200 nm thick) are shown in Fig. S8.† A description
of the measurement (electrical conductivity by the van der Pauw
method, Seebeck coefficient and thermal conductivity by the 3-
u method) is provided elsewhere26,32,33 For the oxidation time-
dependent measurements, the sample was initially measured
aer transferring to the TFA and evacuating to 10�5 mbar. Aer
the rst measurement, it was oxidised in situ in the TFA
chamber for 3 minutes by relling the chamber with air and
then was measured again aer evacuating back to 10�5 mbar.
Results

We present two sequential methods to deposition CsSnI3 thin
lms, which differ by the order of the precursors deposited. For
the CSS method (Fig. 1a), a CsI layer is thermally evaporated
rst, followed by a SnI2 layer. For the SCS method (Fig. 1b), the
rst thermal evaporation is SnI2, followed by CsI. SCS and CSS
bilayer lms were both baked at 170 �C to form CsSnI3 perov-
skite thin lms (Fig. 1c). For both CSS and SCS thin lms, the
initial colour was sepia and then became mirror-black aer
Fig. 1 The deposition methods, morphology and crystal structure of CsS
of CsSnI3 thin films deposition of CsI/SnI2 sequential (CSS) and SnI2/CsI se
(d and e) SEM images of CSS and SCS CsSnI3 thin films after annealing. (f) X
indices.

7022 | J. Mater. Chem. A, 2022, 10, 7020–7028
annealing at 170 �C (Fig. S1†), which is an initial indication of
formation of the orthorhombic B-g phase. SEM analysis (Fig. 1d
and e) shows that both CSS and SCS CsSnI3 thin lms are
pinhole free and have tightly packed grains, typical of halide
perovskite lms. The CSS lms have an average grain size of
0.71 mm2, whereas the SCS thin lms have a slightly larger
average grain size of 1.1 mm2 (Fig. S2†). Our lms have the
typical halide perovskite morphology and our grain sizes are
quite large, compared to many other Sn-based perovskite
deposition methods.31,34–36 XRD spectra (Fig. 1f) show that both
lms are in the black-g phase, corresponding to the ortho-
rhombic structure of CsSnI3. Both CsSnI3 lms show peaks at
14.50�, 20.65�, 23.05�, 24.15�, 25.25� and 29.15� (2q) corre-
sponding to the (020), (200), (201), (031), (220) and (202) planes,
respectively, which indicates that crystallites in the lms have
mixed orientation,30 but both lms have the same dominant
(202) peak indicating a shared preferential orientation. None-
theless, there are small differences such as the CSS lm dis-
playing the (040) peak at 27.67� (2q) which is not evident XRD
spectra of SCS lm. Tauc plots of the absorbance of our CSS and
SCS lms indicate a bandgap of 1.36 eV in both cases
(Fig. S14†), which is in agreement with computed values.30

To understand the stability of our lms, we performed time-
dependent UV-vis absorption at ten minute intervals for 10
hours. It is evident from the reduced rate of quenching of the
main absorbance peaks of the pristine lms (Fig. 2a and b) that
the SCS lm is much more stable in air than the CSS lm. To
nI3 thin films with two different deposition methods. (a–c) Schematics
quential (SCS) methods, respectively (before and after annealing steps).
RD patterns of two types and ref. 30 CsSnI3 thin films with lattice plane

This journal is © The Royal Society of Chemistry 2022
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Fig. 2 UV-vis absorption spectra and electrical conductivity of two types CsSnI3 thin films. (a and b) Time dependent (10 hours) UV-vis
absorption spectra of SCS and CSS CsSnI3 thin films. (c) Normalized time dependent absorbance at 420 nm for CsSnI3 films formed via SCS and
CSS methods. (d and e) Time dependent electrical conductivity of SCS and CSS CsSnI3 thin films in nitrogen atmosphere and in air (20 �C, 20%
RH).
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compare their air stability more quantitatively, we compared
the absorbance of both lms at 420 nm (Fig. 2c). The normal-
ized absorbance of SCS and CSS lms decreased to 86% and
37% of their initial values in the rst 5 hours, respectively. Aer
10 hours these values were 73% for the SCS lms and 24% for
CSS lm. This indicates a substantial improvement in stability
for SCS lms compared to CSS lms despite only modest
differences observed in the morphology. Previous work has
demonstrated that certain additives, such as SnX2 (X ¼ F�, Cl�

and Br�) can suppress Sn2+ oxidation and increase the air
stability of Sn-based halide perovskites through their Sn2+-rich
conditions, the sequestration of Sn4+ by halides and the sacri-
cial role of SnX2.31,37–41 SnX2 has previously been introduced
into the synthesis of CsSnI3 lms with the result that F� and Cl�

doped CsSnI3 thin lms kept 50% and 70% of their absorbance
at 420 nm respectively aer 120 minutes air exposure,31 much
more than the 30% retained by undoped lms aer the same
duration of air exposure. The ambient humidity has also been
reported to play a signicant role in the degradation of Sn-based
halide perovskites.42 Haque et al. reported that (PEA)0.2(FA)0.8-
SnI3 lms presented more pronounced optical degradation
when oxidised in air with increased humidity.43 In addition, the
absorbance of thermally evaporated CsSnI3�xClx thin lms
deposited by Liu et al.26 remained at 70% of the initial value
This journal is © The Royal Society of Chemistry 2022
aer 500 minutes air exposure. However, the absorbance of our
lms, retaining 73% of absorbance at 420 nm aer 600 minutes
air exposure, occurs just by adjustment of the deposition
procedure without using a mixed anion composition.

To further understand the stability of our lms, we per-
formed time-dependent electrical conductivity measurements
both in inert atmosphere (N2 glovebox, H2O < 0.1 ppm and O2 <
0.1 ppm) and in air (Fig. 2d and e). When tested in inert
conditions, the initial electrical conductivity of SCS and CSS
lms increases with time over a 60 minute period from initial
values of 1.2 S cm�1 and 1.6 S cm�1, respectively. The rate of
increase is substantially higher for CSS lms. In the rst minute
of air exposure, the electrical conductivity of both lms jumps
by a factor of �10 due to the oxidation of Sn2+ to Sn4+. Aer 60
minutes air exposure, the conductivity of CSS lms had
decreased signicantly to <7% of the peak value. In the case of
SCS lms, the conductivity was at �88% of the peak value aer
60 minutes in air. The SCS lms therefore show a higher elec-
trical stability in both N2 and air atmosphere, which may be
attributed to the slightly larger grain size or a more suitable lm
morphology. A further possibility is a compositional gradient in
the lms, which will be explored later in this manuscript.

To conrm the impact of oxidation on the thermoelectric
properties of CsSnI3, we performed thermoelectric property
J. Mater. Chem. A, 2022, 10, 7020–7028 | 7023
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Fig. 3 Thermoelectric properties of two types CsSnI3 thin films oxidised at 80 �C. Temperature dependent electrical conductivity, s (a), Seebeck
coefficient, S (b), thermal conductivity, ktotal (c), power factor, PF (g) and figure-of-merit, zT (i), of SCS CsSnI3 thin films with air exposure at 80 �C.
Temperature dependent electrical conductivity, s (d), Seebeck coefficient, S (e), thermal conductivity, ktotal (f), power factor, PF (h) and figure-of-
merit, zT (j) of CSS CsSnI3 thin films with air exposure at 80 �C.

7024 | J. Mater. Chem. A, 2022, 10, 7020–7028 This journal is © The Royal Society of Chemistry 2022
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measurements (293–353 K) for both lms with time dependent
air exposure at 20 �C (Fig. S4†) and 80 �C (Fig. 3), respectively.
For SCS lms, the initial electrical conductivity, s0, was 15.4 �
1 S cm�1 at 20 �C (noting that there is air exposure for �1
minute during transfer from the nitrogen glove box to the
analysis instrument where it is pumped down to vacuum).
When exposing them to air at 20 �C (3 minutes at a time), the
conductivity increased steadily to 37.2 S cm�1 aer 15 minutes
(s15min/20�C) (Fig. S4a†). However, when exposing them to air at
80 �C, the electrical conductivity value grew more rapidly to 88.2
� 8.3 S cm�1 (s9min/80�C) aer 9 minutes exposure, before
decreasing to 74.4 � 4.4 S cm�1 aer 15 minutes (s15min/80�C)
(Fig. 3a). For CSS lms, the initial electrical conductivity s0 was
13.2 � 2 S cm�1 (s0) and this increased to 38.3 S cm�1 (s15min/

20�C) aer 15 minutes of air exposure at 20 �C (Fig. S4d†), which
is a similar trend compare to SCS lm. Nonetheless, the CSS
lm shows a higher electrical conductivity than that of SCS lm
when they are oxidised at 80 �C. Its value increases dramatically
to 98.4 � 16 S cm�1 (s12min/80�C) aer 12 minutes, before
decreasing to 94 � 17 S cm�1 aer 15 minutes (s15min/80�C)
(Fig. 3d). This trend in electrical conductivity for CsSnI3 in air
which initially increases sharply before decaying, has been re-
ported previously26 and is due to the competition between
charge carrier concentration increasing and carrier mobility
decreasing during oxidation. However, here we found that
temperature plays a signicant role in the oxidation rate of Sn2+

to Sn4+ and that higher electrical conductivities are achieved
when the oxidation is done at a higher temperature. The See-
beck coefficient, S, of both lms (Fig. 3b, e, S4b and e†) shows
a positive trend with temperature in the range 293–353 K, but
steadily decreases with air exposure. The positive sign of the
Seebeck coefficient conrms that holes are the dominant
charge carriers in both lms. For SCS lms, the initial Seebeck
coefficient (S0 at 20 �C) is 124 � 7.2 mV K�1 and reduces by just
13% to 107.9 mV K�1 (S15min/20�C) aer 15 minutes air exposure
at 20 �C (Fig. S4b†). However, its Seebeck coefficient reduces by
�40% to 74 � 4.4 mV K�1 (S15min/80�C) aer air exposure at 80 �C
for the same amount of time (Fig. 3b). Because the Seebeck
coefficient is inversely related to the charge carrier density, this
is evidence of self-doping by Sn2+ to Sn4+ oxidation during air
exposure, which occurs at a higher rate at elevated tempera-
tures. For the CSS lm. Its initial Seebeck coefficient (S0) is 127.4
� 11 mV K�1 at 20 �C, which reduces 19% to 103 mV K�1 (S15min/

20�C) and 53% to 60 � 6.3 mV K�1 (S15min/80�C) aer 15 minutes
air exposure at 20 �C and 80 �C (Fig. S4e† and 3e), respectively.
This indicates a slightly faster rate of self-doping by Sn2+ to Sn4+

oxidation in the CSS lms, in line with the more rapid degra-
dation in optical and electronic properties seen in Fig. 2.

Fig. 3c, f, S4(c) and (f)† show the temperature dependent
thermal conductivity of SCS and CSS lms oxidised at 80 �C and
20 �C. The initial thermal conductivities of SCS and CSS lms
are 0.29 � 0.01 Wm�1 K�1 and 0.33 � 0.01 Wm�1 K�1 at 20 �C,
respectively. In the case of air exposure at 20 �C, the thermal
conductivity of both lms changes very little, remaining in the
range 0.29 W m�1 K�1 to 0.30 W m�1 K�1 for SCS lms and
0.32 W m�1 K�1 to 0.34 W m�1 K�1 for CSS lms, respectively.
However, in the case of air exposure at 80 �C, both lms show
This journal is © The Royal Society of Chemistry 2022
a large growth of thermal conductivity to maxima of 0.34 �
0.01 W m�1 K�1 and 0.43 � 0.01 W m�1 K�1 for SCS and CSS
lms, respectively. To understand the reason for the signicant
growth of thermal conductivity for both lms aer air exposure
at 80 �C, we plotted the total thermal conductivity (ktotal ¼
kelectronic + klattice) as a function of electrical conductivity (s) for
both lms (Fig. S5 and S6†). We then tted the experimental
data to theWiedemann–Franz law (kelectronic¼ sLT), keeping the
Lorenz number as a free parameter (Fig. S5d and S6d†). This
analysis assumes that the lattice thermal conductivity of both
lms is constant when electrical conductivity increases. We
found the lattice thermal conductivity of SCS and CSS lms to
be 0.28 � 0.01 W m�1 K�1 and 0.32 � 0.01 W m�1 K�1 at room
temperature, respectively, which is marginally lower than the
literature.24,26 We then calculated the average Lorenz number of
SCS (2.55 � 0.6 � 10�8 W U K�2) and CSS lms (3.51 � 1.3 �
10�8 W U K�2) over the whole temperature range. The average
Lorenz numbers of SCS lms agree with the Sommerfeld value
(2.40 � 10�8 W U K�2), within their error bars, which suggests
that the total thermal conductivity growth of SCS lms aer air
exposure at 80 �C is due to the increase of kelectronic caused by
self-doping.

The power factor, PF of both lms (Fig. S4(g) and (h)†) shows
a continuous growth with air exposure at 20 �C, obtaining the
maximum value of 0.45 mW cm�1 K�2 at 313 K for SCS lms and
0.41 mW cm�1 K�2 at 303 K for CSS lms. However, in case of air
exposure at 80 �C, the PF of SCS lms (Fig. 3g and h increases
signicantly to the highest number of 0.69 mW cm�1 K�2 at 333
K (PF3min/80�C) aer the rst 3 minute air exposure and then
constantly reduces. For CSS lms, its highest PF number of 0.62
mW cm�1 K�2 is achieved at 333 K (PF6min/80�C) aer the second
3 minute air exposure. Finally, we calculated the temperature
dependent gure of merit, zT, for both lms, shown in Fig. 3i, j,
S4(i) and (j).† When the air exposure temperature is 20 �C, the
maximum zT at 323 K is 0.052 (zT15min/20�C) and 0.041 (zT6min/

20�C) for SCS and CSS lms, respectively (Fig. S4(i) and (j)†). We
note that due to the relative stability of the SCS lms at 20 �C, zT
has not reached a clear maximum on this timescale. However,
when exposing them to air at 80 �C, the highest zT is 0.08� 0.01
for SCS and 0.06 � 0.01 for CSS lms, which is reached aer 3
minutes for both lms.

To understand the oxidation process of both lms at room
and higher temperature, we performed depth prole XPS
measurement for lms oxidised at room temperature and 80 �C.
Our depth proling showed that there was a concentration
gradient in Sn and Cs through the thickness of the lm. There
was more Sn (30%) on the top surface for CSS lms, and its
concentration decreases gradually to the base of the lm (10%).
This indicates that the baking step had resulted in an incom-
plete reaction between the two precursor layers and that
a concentration gradient related to the order of CsI and SnI2
deposition persists in the nal lms (Fig. S9†). The Sn2+ rich
surface of CSS lms should lead to more rapid Sn2+ oxidation to
Sn4+ on the CSS lm surface compared to the SCS case. This
Sn2+ concentration gradient is the most likely explanation of the
stability differences between SCS and CSS lms. There is no
signicant change in the Cs 3d (Fig. S10†) and I 3d (Fig. S12†)
J. Mater. Chem. A, 2022, 10, 7020–7028 | 7025
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peaks in the top 12 nm of the lms aer 5 minutes air exposure
at 20 �C or 80 �C for both lms. On the other hand (Fig. S13†),
we found oxygen in the top 3 nm of CSS and SCS lms exposed
to air at 20 �C and in a thicker layer for CSS and SCS lms that
oxidised at 80 �C (where the oxygen had reduced to half the
surface value at 6 nm and was still detectable at 12 nm depth).
This is further evidence that temperature accelerates the
oxidative self-doping of CsSnI3 lms and conrms that this
occurs from the surface to the bulk. In addition, there is a 0.8 eV
shi of the Sn3d5/2 peak for both lms upon oxidising at 80 �C
(Fig. S11c and d†). To further understand the oxidation state of
Sn, we performed Auger electron spectroscopy (AES). Fig. 4a and
b displays the AES Sn MNN curves with tted peaks (labelled
a to d) as function of etching depth for SCS and CSS lms that
were each oxidised at 20 �C and 80 �C (tting details shown in
Table S1†). The peak positions in our spectra are in good
agreement with the reported Auger spectrum of CsSnI3�xClx.26

According to the reported M4,5N4,5N4,5 Auger spectrum of tin
and oxidised tin,44 the tted peak a (1S0) is present in Sn metal
Fig. 4 Auger electron spectra (AES) of Sn MNN of two types CsSnI3 thin
oxidised at 20 �C and 80 �C, respectively. (e and f) Photoelectron count
parameter for Sn compounds (Sn, Sn2+ and Sn4+) and our measurement

7026 | J. Mater. Chem. A, 2022, 10, 7020–7028
and shows a large broadening aer oxidation. In our CsSnI3
lms, the 1S0 peak (tted curve a) is broad in all cases, con-
rming the absence of Sn0 states. Peak c (1G4

1D2) is related to
Sn4+ states45–47 and disappears at the etching depth of 6 nm for
SCS and CSS lms oxidised at 20 �C, and at 9 nm when oxidised
at 80 �C (Fig. 4e and f). This conrms that the oxidised layer is
thicker when the oxidation occurs at a higher temperature, in
agreement with our observations of the O 1s peak. To clearly
compare the Sn states for each depth of our lms, we calculated
the modied Auger parameters (a0) and depicted the data as
Wagner plots (Fig. 4g). For a given chemical state, a0 is dened
as the sum of the binding energy of the core electrons (Eb) and
the kinetic energy of the corresponding Auger electrons (Ek),
a0 ¼ Eb + Ek,48 and is insensitive to sample charging effects. The
Wagner plot (Fig. 4g) shows the photoelectron binding energies,
Auger-electron kinetic energies and modied Auger parameters
of Sn in our lms (full details in Table S2†) as a function of
etching depth and compares these to reference values.46,47 The
majority Sn4+ states at the surface give way gradually to Sn2+
films. (a–d) AES (etching from 0 nm to 12 nm) of SCS and CSS which
s of fitted curves in (a–d). (g) Chemical state plot with modified Auger
s (the point of SCS and CSS that oxidised at 80 �C coincides at 0 nm).

This journal is © The Royal Society of Chemistry 2022
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states over a depth range of 6 to 9 nm for oxidation at 20 �C and
80 �C alike, which further demonstrated high temperature
driven oxidation processes of CsSnI3. The lms oxidised at 80 �C
have more Sn4+ character in these surface layers, and the CSS
surface layers have more Sn4+ character than the SCS lms, in
line with our other XPS, optical, electronic and thermoelectric
characterisation.
Conclusions

In summary, we propose a new perspective to thermal evapo-
ration of CsSnI3 thin lms by tuning the sequence of precursor
deposition. We demonstrate the impact of thermal vapour
deposition sequence on their surface morphology, conductivity
and air stability. The SCS lms show a slightly larger grain size
and their optical and electrical properties show signicantly
higher air stability compared to the CSS lms. We further
studied the thermoelectric properties of both sequential lms
as a function of air exposure time and oxidation temperature.
Both lms show relatively stable thermoelectric properties
when exposing them to air at 20 �C. The electrical conductivity,
Seebeck coefficient and thermal conductivity change slowly
with further air exposure. The thermoelectric properties of the
lms oxidised at 80 �C show larger changes in their thermo-
electric properties as a function of oxidation time. Their elec-
trical conductivity and thermal conductivity increase
signicantly at the onset of oxidation, with a concomitant
decrease of Seebeck coefficient. A maximum zT for partially
oxidised lms of 0.08 is reached. Our work indicates that the
mechanism of self-doping CsSnI3 thin lms is from surface to
bulk and is signicantly accelerated by modest increases in
temperature. Oxygen appears only at the surface and is not
present in measurable quantities beyond 6 nm depth for lms
oxidised room temperature and 9 nm for lms oxidised at
higher temperature for the oxidation times studied. Moreover,
our AES data shows a gradual shi from Sn4+ states at the
surface to Sn2+ states in the bulk, with the tted peak c that is
related to the presence of Sn4+ states disappearing at a depth of
6 nm for lms oxidised at 20 �C and a depth of 9 nm deep for
lms oxidised at 80 �C. The average Lorenz number of SCS lms
over the full temperature range shows a value similar to the
Sommerfeld value.26 This work has described a strategy for
CsSnI3 thin lm thermal deposition with enhanced air stability
which may be applicable for many devices built around Pb-free
halide perovskites. The thermoelectric performance of these
more stable lms is comparable with the state-of-the-art for
halide perovskites and reveals an impact of oxidation temper-
ature on CsSnI3 thermoelectric performance.
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J. Phys. Chem. C, 2015, 119, 11506–11510.

23 R. Heiderhoff, T. Haeger, N. Pourdavoud, T. Hu, M. Al-
Khafaji, A. Mayer, Y. Chen, H.-C. Scheer and T. Riedl, J.
Phys. Chem. C, 2017, 121, 28306–28311.

24 W. Lee, H. Li, A. B. Wong, D. Zhang, M. Lai, Y. Yu, Q. Kong,
E. Lin, J. J. Urban, J. C. Grossman and P. Yang, Proc. Natl.
Acad. Sci., 2017, 114, 8693.

25 C. Ge, M. Hu, P. Wu, Q. Tan, Z. Chen, Y. Wang, J. Shi and
J. Feng, J. Phys. Chem. C, 2018, 122, 15973–15978.

26 T. Liu, X. Zhao, J. Li, Z. Liu, F. Liscio, S. Milita,
B. C. Schroeder and O. Fenwick, Nat. Commun., 2019, 10,
5750.

27 A. Walsh, D. O. Scanlon, S. Chen, X. G. Gong and S.-H. Wei,
Angew. Chem., Int. Ed., 2015, 54, 1791–1794.
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