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Thin Film Tin Selenide (SnSe) Thermoelectric Generators
Exhibiting Ultralow Thermal Conductivity

Matthew R. Burton, Tianjun Liu, James McGettrick, Shahin Mehraban, Jenny Baker,
Adam Pockett, Trystan Watson, Oliver Fenwick, and Matthew J. Carnie*

Tin selenide (SnSe) has attracted much attention in the field of thermoelec-
trics since the discovery of the record figure of merit (ZT) of 2.6 £ 0.3 along
the b-axis of the material. The record ZT is attributed to an ultralow thermal
conductivity that arises from anharmonicity in bonding. While it is known
that nanostructuring offers the prospect of enhanced thermoelectric per-
formance, there have been minimal studies in the literature to date of the
thermoelectric performance of thin films of SnSe. In this work, preferentially
orientated porous networks of thin film SnSe nanosheets are fabricated using
a simple thermal evaporation method, which exhibits an unprecedentedly
low thermal conductivity of 0.08 W m~! K~! between 375 and 450 K. In addi-
tion, the first known example of a working SnSe thermoelectric generator is

presented and characterized.

In 2014, an estimation of waste heat from industrial sources
found that in the UK alone, 48 TWh yr! of energy is lost as
waste heat, corresponding to around a sixth of overall industrial
energy usage.l!l Harvesting this wasted energy could contribute
to energy efficiency targets, helping to reduce the need for fossil
fuels, causing a reduction in greenhouse gas emissions and
helping to tackle climate change. If only 1% of the industrial
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waste heat could be harnessed, this would
equate to a reduction of 0.25 Tg yr ! of CO,
emissions.?l Thermoelectric generators are
solid state devices that require no mainte-
nance, are highly reliable, and offer a route
of energy recovery by exploiting tempera-
ture gradients generated by waste heat.
Bulk material thermoelectric generators
(TEGs) have applications to harvest waste
heat from industry or a vehicle’s exhaust.?!
Thin film TEGs have the potential to power
wireless sensors (in medicine, defense,
internet of things, fashion, sport) or be
used as thin film thermoelectric coolers.

In the field of thermoelectrics, the
ability of materials to harvest heat energy
is compared by the figure of merit (ZT),
see Equation (1). The higher a ZT value, the more efficient
a material is at harvesting heat energy and converting it into
usable electrical energy.

2
77=59T (1)
K

where S is the Seebeck coefficient (V K1), o the electrical con-
ductivity (S m™), and « the thermal conductivity (W m™ KY).
T is the temperature of the material (K).I’) The transport charac-
teristics depend on interrelated material properties,® thus opti-
mizing one variable conflicts with another. One such example is
Wiedemann-Franz law, which states the ratio of the electronic
component of thermal conductivity (x.) to o is proportional to
temperature. This means an increase in o yields an increase
in «, and limits the tuning of thermal conductivity to the lat-
tice component, & (k = k. + k). Due to these interrelated mate-
rial properties, ZT had been stuck at a value of around 1 since
the 1950s."] In 1993, however, Hicks and Dresselhaus theorized
that reduced dimensionality offers strategies to uncouple the
transport characteristics,®l for example, lowering the Lorenz
number (L), thus lowering thermal conductivity more than
electrical conductivity (k. = L-T-0). Nanostructures also allow
for improved thermoelectric performance due to more severe
thermal boundary resistances than electronic. This increases
the o/k ratio by lowering the lattice component of thermal con-
ductivity (xj). This can lead to increased ZT values for nano-
structured materials relative to bulk values, which has been a
significant focus of thermoelectrics research in recent years.!'11]

Lead telluride and bismuth telluride and their respective
alloys have been the most studied materials for mid-tempera-
ture and room temperature applications in thermoelectrics,
respectively, since the 1950s, when they were shown to produce

© 2018 The Authors. Published by WILEY-VCH Verlag GmbH & Co. KGaA, Weinheim
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figures of merit (ZT) in the region of 1.57] Tellurium is how-
ever a rare element with an abundance in the earth’s crust com-
parable of that to Pt (1 ug kg™).I"?l This leads there to be a need
to use other materials to manufacture commercially viable ther-
moelectric devices outside of existing niche markets.

Tin selenide (SnSe) sparked much interest in the field of ther-
moelectrics when Zhao et al. reported an unprecedented ZT of
2.6 £ 0.3 at 923 K along the b-axis of a monocrystalline ingot.!]
Bulk SnSe exhibits p-type behavior and a 2D layered structure
with covalent bonding along the b—c-plane and weak van der
Waals forces along the ag-axis. This layered structure causes
SnSe to exhibit strongly anisotropic transport properties, which
are reflected in the lower ZT value of 0.8 £ 0.2 that was meas-
ured along the g-axis.l'¥! This discovery was observed in single
crystals formed at high temperature (1223 K) over several hours.

Doping of SnSe with elements such as Na (ZT = 2) and Bi
(ZT = 2.2) has shown improved low temperature thermoelectric
figures of merit, and the possibility of high performance n-type
materials, respectively.'*1°l These too were shown on single
crystals however, with expensive, lengthy, and high temperature
fabrication techniques which are unfavorable for commercial
fabrication.

Since the discovery of the record ZT in single-crystal SnSe,
studies on the thermoelectric performance of polycrystalline
SnSe have been reported.'24 Sassi et al. synthesized polycrys-
talline SnSe in quartz tubes and then densified by spark plasma
sintering (SPS) and showed a peak ZT value of 0.5 at 823 K.['%
Li et al. achieved a ZT of 0.58 at 773 K in textured SnSe polycrys-
tals fabricated by the solvothermal synthesis (SS) followed by
SPS.211 Shj et al. used the same technique but self-doped (SD)
with Se to achieve a higher ZT of 1.36 + 0.12 at 823 K.'’l Wei
et al. achieved a ZT of 0.8 at 800 K in polycrystalline SnSe with
Na doping by using a combination of melting (M) and SPS.[!8l
Li et al. achieved a ZT of 0.54 at 790 K by melting annealing
(MA) and SPS.*! Fu et al. achieved a ZT of 0.92 at 873 K in
highly textured polycrystalline SnSe created by zone melting
(ZM),?% before using SPS to improve the ZT to =1.05 due to
increased phonon scattering at the grain boundary. Morales
Ferreiro et al. achieved a ZT of 0.11 at 772 K by cold pressing
(CP), then annealing SnSe powder.?2l Chen et al. showed a ZT
of up to 0.6 at 750 K in Ag-doped polycrystalline SnSe fabricated
in hot quartz ampoules followed by hot pressing.?3] Chere et al.
prepared Na-doped polycrystalline SnSe using evacuated quartz
tubes followed by ball milling and hot pressing,”” a peak ZT
of =0.8 at 773 K was achieved. All these fabrication techniques
presented in the literature require high temperature, lengthy
fabrication times, and in most cases high pressure, techniques
unfavorable for commercial fabrication.

Studies on nanostructured SnSe and SnSe-based materials
to reduce the thermal conductivity (k) are scarce in the litera-
ture. Suen et al. used pulsed laser glancing-angle deposition
to grow thin films of SnSe, however did not report a ZT value
due to measurements of electrical and thermal properties
being on perpendicular planes.? The lowest thermal conduc-
tivity measured is 0.120 W m™! K™, this is seen at 200 K.*/ Ju
et al. showed the fabrication of compressed pellets comprised
of porous SnSeS nanosheets with a ZT of 0.12 at room tem-
perature.?®l Another technique that can be used to reduce the
thermal conductivity of a material is the introduction of pores

[13]
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into the structure. This has been successfully demonstrated in
Si, Bi,Te;, and manganese silicide to achieve improvements in
7T [27-29]

In this paper, we investigate the use of thermal evaporation
to manufacture thin films of SnSe. Thermal evaporation is a
relatively cheap and facile fabrication technique for thin film
devices, in contrast to most SnSe fabrication techniques for
thermoelectric applications already presented in the literature.
While the thermal evaporation of SnSe has been conducted
before in the literature,3% this was with a view to photovoltaic
applications. Reactive evaporation was shown to produce a high
Seebeck coefficient at low temperature,®! though the thermo-
electric properties were poor at room temperature. In this study,
we characterize the thermoelectric and material properties of
SnSe thin films over a wide range of temperatures. Moreover,
we demonstrate for the first time in the research literature, a
thermally evaporated, thin film, SnSe thermoelectric generator.
Perhaps even more interesting, we show that thermally evapo-
rated SnSe thin films, due to their inherent nanostructuring,
exhibit extremely low thermal conductivity, substantially below
that of the a-axis of the single crystal.l'3l Such a low thermal
conductivity is of use for the development of thermoelectric
generators, but is also of interest to the development of other
SnSe devices such as solar cells where heat dissipation is a
concern.3?]

To confirm the SnSe film, an X-ray diffraction (XRD) pattern
for the SnSe powder (fully assigned in Figure S2a in the Sup-
porting Information) and for a typical thermally evaporated
SnSe thin film are shown in Figure 1. The peaks in these pat-
terns can be assigned to the low temperature orthorhombic
phase of SnSe which belongs to the pnma space group (crystal-
lography open database file number 1537675). While the SnSe
powder diffraction pattern observed is similar to cold pressed
SnSe powder,[?! the thermally evaporated thin film has much
larger (111) and (011) peak intensities compared to the other
peak intensities. The Lotgering factors (see Equations (S1)
and (S2) in the Supporting Information) for these peaks are
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Figure 1. 26/60 XRD scans of SnSe powder (red line) and a thermally
evaporated thin film (blue line). Peaks are assigned from the crystallo-
graphic open database (COD) file 1537675 (black line).
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0.51 and 0.25, respectively,3? indicating preferred orienta-
tion along these planes on the substrate (in particular the
(111) plane) which is the plane of measurement for Seebeck,
electrical, and thermal conductivity.?l XRD of thinner films
(Figure S2b, Supporting Information) also shows a preferred
(111) orientation, indicating that this preferred orientation post
thermal evaporation may be a result of energetic interactions
with the glass substrate. These preferred orientation planes
and the thinness of the thermally evaporated films explain the
absence of peaks in the film which are shown in the powder.1*?!

Scanning electron microscopy (SEM) of the SnSe powder and
the thermally evaporated SnSe thin films (Figure 2) show con-
trasting morphologies. While the grains of SnSe powder show
a flat uniform surface morphology typical of a layered crystal
(Figure 2a,b), the thermally evaporated films (Figure 2c) reveal
a network of porous nanosheets. These nanosheets are formed
throughout the film (Figure S3a—c, Supporting Information), fur-
ther indicating that the nonporous structure may form because
of an initial energetic preference interaction with the glass sub-
strate which is maintained throughout the growth of the film.
The nanosheets in these =1 um thick films have a preferred
orientation perpendicular to the substrate surface, in agreement
with our orientated XRD observations. Nitrogen adsorption
experiments on these films (Figure S4, Supporting Information)
reveal a surface area of 22.2 + 0.1 m? g calculated by Brunauer—
Emmett-Teller (BET) analysis,* and a pore size of 12.3 nm and
a pore volume of 0.0683 cm?® g™! calculated by Barrett-Joyner—
Halenda (BJH) analysis.’® This corresponds to a porosity of
42.3%. The energy-dispersive X-ray spectroscopy (EDX) pattern
for the powder (Figure 2e) and for a film (Figure 2f) both show a
high level of oxygen to be present; however, high levels of carbon
are also observed, indicating contamination from the environ-
ment. This is not an unexpected result due to the small particle
size of the powder and the porosity of the thin films, leaving
ample compartments to trap environmental contamination.
During thermal evaporation, a minimal pressure of 5 mPa per-
sists inside the evaporation chamber. This pressure is of atmos-
pheric air which would inevitably lead to minimal levels of SnO,
and possibly Sn(SeO3), to be formed during evaporation,3¢37]
which could also account toward the slightly higher levels of O
present in the films compared to the powder. The most signifi-
cant cause for the observed increase in the oxygen concentration
in the EDX spectrum of film compared to the powder however,
is the observation of the underlying glass substrate as evident
from the observation of 2.2 at% Si. This accounts for a min-
imum of a 4.4 at% increase in observed oxygen levels, with any
further EDX disparities in oxygen levels between powder and the
film being within the region of error for EDX.

Both Sn and Se doublets were examined by X-ray photo-
electron spectroscopy (XPS). Quantifying the peaks suggests
an excess of Sn in the film with a Sn:Se ratio of 1.7:1 com-
pared to the expected SnSe composition of 1:1. The Sn 3ds,
peak present at 485.6 eV (see Figure 2g) is consistent with
SnSe, although the Se 3ds,, peak is observed at an unusually
low 53.3 eV (see Figure 2h). This compares to observed peak
positions of 485.6-485.9 eV for Sn 3ds,; and 53.6-53.7 eV for
Se 3ds, peaks observed elsewhere for stoichiometric SnSe sys-
tems.[21:26:36] This slight discrepancy in peak position for Se is
attributed to the unusual stoichiometry of the present system,

Adv. Mater. 2018, 30, 1801357 1801357 (3 of 8)

www.advmat.de

with the Se remaining relatively electron dense compared to
the Se(0) value of 55.2 eV.1¥l In both the cases, the sharp peaks
with full width half maximum (FWHM) < 1 eV indicate a single
bonding environment with no evidence of a SnO, peak at
486.7 eV or a Se*' peak in the region of 58-59 eV.%3* Survey
scans suggest that only a minimal 11% oxygen is present on
the surface with 2 oxygen environments (Figure S5, Supporting
Information) present. A small peak at 531.8 eV is attributed to
organic oxides (4.5%) and another small peak at 530.1 eV being
attributed to metal oxides (7.5%). The metal oxide only appears
at a ratio of 1:7.4 Sn, therefore the observed Sn,Se surface is
not significantly oxidized. The level of observed oxygen in XPS
is therefore consistent with EDX values within reasonable error.

In-plane thermoelectric characterization (Figure 3) shows
that the thermally evaporated Sn rich SnSe films are p-type
in nature, a result which is consistent with density functional
theory calculations.*) The films exhibit Seebeck coefficients
of a similar magnitude to those seen by Zhao et al. at room
temperature.’3l While in single-crystal SnSe, the Seebeck
coefficient is seen to drop from =550 to =350 uV K between
600 and 800 K,3 for thermally evaporated thin films, the
Seebeck coefficient is >600 uV K1 at room temperature, but
drops to =140 pV K~! by 600 K with the drop starting at 460 K.
This drop is more pronounced and at lower temperatures com-
pared to single-crystal SnSe. Electrical conductivity (Figure 3a)
is seen to be lower than other polycrystalline SnSe examples
in the literature at room temperature (Figure S6, Supporting
Information),'24 but shows a sharp increase above 450 K
to reach similar levels. This leads to a lower power factor
(Figure 3c) compared to other examples of polycrystalline
SnSe.l'-24 [nterestingly, an unprecedentedly low in-plane ther-
mally conductivity for SnSe is observed throughout the temper-
ature profile (Figure 3b,d), which is at its lowermost between
375 and 450 K at 0.08 W m~! K1 This is over a factor of 4 lower
than the low-thermal conductivity a-axis of the single crystal
at comparable temperatures, and a factor of 2.75 lower when
comparing the lowest thermal conductivity values measured.!!’]
This thermal conductivity is also a factor of 2.80 and 1.50 lower
than any bulk polycrystalline and thin film SnSe examples,
respectively, when comparing with their lowest thermal con-
ductivity values measured.'™?’] The thermal conductivity of
a material is intrinsically comprised of the sum of two com-
ponents, the electronic element from the charge carriers (k)
and the lattice element from the phonons (kj). Figure 3b shows
that while a negligible amount of the deceased thermal conduc-
tivity can be attributed to a reduction in the electronic compo-
nent (x.) due to the lower electrical conductivity (k. = L-T- 0,
assuming L = 1.5 x 1078 V2 K2),[13] the majority of the reduc-
tion in thermal conductivity is a result of a significant decrease
in the lattice component (kj). For comparison, the axis of single-
crystal SnSe with the lowest thermally conductivity (a-axis)
is included in Figure 3b. This reduction in thermal conduc-
tivity can be rationalized when observing the morphology of
the films which comprises a network of nanosheets preferen-
tially orientated perpendicular to the surface. Lotgering anal-
ysis shows that although there is some preferred orientation
to the SnSe, thermal transport in plane is not dominated by
any one of the a-, b-, or c-axes, and therefore cannot be said to
be due to transport along the low thermal conductivity a-axis.

© 2018 The Authors. Published by WILEY-VCH Verlag GmbH & Co. KGaA, Weinheim
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Figure 2. Morphology and compositional characterization of SnSe powder and thermally evaporated SnSe thin films. a,b) SEM of SnSe powder. c) SEM
of surface morphology of a thermally evaporated SnSe film. d) Cross-section SEM of a thermally evaporated SnSe film. e) EDX of SnSe powder. f) EDX
of a thermally evaporated SnSe film. g,h) XPS on a thermally evaporated film of Sn,Se (showing Sn34 and Sesq peaks, respectively).

The low thermal conductivity is therefore driven by a combi-
nation of porosity and thermal resistance at sheet boundaries.
From the SEM images (Figure 2c), we can estimate the thick-
ness of the nanosheets in the network as 75 £ 10 nm. The
phonon mean free path (MFP) in SnSe at 300 K is reported to
be 5.6 nm along the a-axis, 4.9 nm along the b-axis, and 4.1 nm
along the c-axis.*!) Consequently, the MFP in all directions is
smaller than dimensions of the nanosheets, and the phonons
can exhibit diffusive transport inside the nanosheets with an

Adv. Mater. 2018, 30, 1801357 1801357 (4 of 8)

intrasheet thermal conductivity comparable to bulk values.
However, when we introduce porosity in the nanosheet net-
work, the phonons must choose a propagation pathway that
does not cross the pores (Figure S7, Supporting Information)
with a corresponding drop in thermal conductivity.*? Further-
more, thermal transport on these pathways may be limited by
thermal boundary resistances (Kapitza resistances) caused by
strong phonon scattering at the nodes of the nanosheet net-
work. Interestingly, a transition is seen from =460 K where

© 2018 The Authors. Published by WILEY-VCH Verlag GmbH & Co. KGaA, Weinheim
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Figure 3. Thermoelectric characterization of thermally evaporated SnSe: a) electrical conductivity and Seebeck coefficient, b) k of thermally evaporated
SnSe compared to the g-axis of single-crystal SnSe, c) power factor and ZT, d) k compared to other values for SnSe reported in the literature, where

multiple values were reported, the smallest value was used.

the Seebeck coefficient decreases, while simultaneously the
electrical and thermal conductivity increase. Differential scan-
ning calorimetry (DSC) data (Figure S8, Supporting Informa-
tion) rules out a phase change in this region but does show
an acceleration of increase in energy at around this tempera-
ture, this may imply a thermal expansion that improves the
contact at the grain boundaries. SEM of a film post measure-
ment (Figure S3d, Supporting Information) reveals irreversible
aggregation forming an interconnected nanostructure which by
nature has fewer boundaries, which would explain the observed
transition. It is also possible that the thermal and electrical
contact at the boundaries between nanosheets is irreversibly
modified during the measurements. This is consistent with the
increase in electrical and thermal conductivities, while it is also
known that electronic barriers can modulate the Seebeck coeffi-
cient.3] This is of interest to the thermoelectric community as
it reveals that the thermal conductivity of SnSe can be reduced
further than is observed in single-crystal SnSe.l'¥] Due to the
subdued power factor, the resultant peak ZT (0.055) seen in
Figure 3c is lower than has been observed for bulk polycrystal-
line SnSe in the literature, 24 however is the highest reported
ZT for a thin film of SnSe above 70 K.2>31 We also note the
simplicity of fabrication and shift in peak ZT to a lower tem-
perature compared to bulk examples. The high surface area of
these films also opens the possibility for molecular adsorption
as a gas sensor,* which could be self-powered.l*”! Furthermore,
the network morphology opens up possibilities to tune ZT by
fine modulation of transport barriers at the grain boundaries.
One route to morphological control is thermal annealing, as
evident by the observation of nanostructure aggregation forming

Adv. Mater. 2018, 30, 1801357 1801357 (5 of 8)

an interconnected nanostructure seen post measurement in
Figure S3d (Supporting Information). Seebeck and electrical
analysis (Figure S9a, Supporting Information) shows that
annealing of samples at 421 K has minimal effect on these
properties. Annealing at 611 K (Figure S9b, Supporting Infor-
mation) however is seen to have an irreversible effect resulting
in Seebeck values which are an order of magnitude lower, the
electrical conductivity is measured to be higher at <550 K, but
lower afterward compared to nonannealed samples. Thermal
annealing cycles (Figure S9¢, Supporting Information) show
incremental increases in thermal conductivity when heating to
=470 K. Another route to control the morphology of the films
is to dope the SnSe powder prior to evaporation. Figure S3e
(Supporting Information) reveals successful morphology modi-
fication with 1.8% addition of Na,Se by weight. There is seen to
be a slight lowering of the Seebeck coefficient (Figure S9d, Sup-
porting Information) and a more significant lowering of the elec-
trical conductivity, while the thermal conductivity is seen to be
increased by a factor of 2.5 (Figure S9e, Supporting Information).

We fabricated the first reported example of a SnSe thermo-
electric generator by thermal evaporation through self-aligned
shadow masks, in an approach that has been reported for bis-
muth telluride.*®! The device can be seen in Figure 4a. The
open-circuit voltage (V) and the short-circuit current (I;) can
be seen in Figure 4c and the resulting power output of the
device (assuming maximum power = V,Iy/4*")) can be seen in
Figure 4d. The devices were able to output 0.09 uW of power
when the heater reached a temperature of 618 K. The perfor-
mance dropped off when the hot-side temperature (Ty) was
held in this region and inspection of the device at this time

© 2018 The Authors. Published by WILEY-VCH Verlag GmbH & Co. KGaA, Weinheim
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Figure 4. Thin film thermoelectric generator: a) image of device with ruler in cm for scale, b) schematic of device testing setup, c) the open-circuit
voltage (Vo) and the short-circuit current (Iy) linearly connected, d) peak power outputs of the device (assuming maximum power = Vylo/4).147]

revealed a discoloration of the SnSe legs. The cold-side temper-
ature was not controlled. Therefore, the performance drop-off
is explained by oxidation and loss of thermal gradient across
the device during the measurement.

In conclusion, =1 um thick films of SnSe were fabricated
via a simple thermal evaporation method onto glass substrates.
Seebeck coefficients comparable to that seen in bulk SnSe
were measured and we demonstrate that these films exhibit
unprecedented ultralow thermal conductivity of 0.08 W m™! K1
between 375 and 450 K. The electrical conductivity of the sam-
ples was also lowered compared to bulk SnSe, but the reduc-
tion in thermal conductivity was found to be primarily due to
the reduction of the lattice component. We have demonstrated
for the first time that thin film SnSe nanosheet morphology
presents numerous phonon scattering sites due to the finite
thickness of the sheets and at the junctions between the sheets.
Knowledge of this ultralow thermal conductivity morphology
is important for photovoltaic applications, as this morphology
reduces heat dissipation and promotes degradation. A ZT of
0.055 was recorded at 501 K in the thin film material and we
have fabricated the first reported SnSe-based thermoelectric
device with a measurable output of up to 0.09 uW at 618 K on
the hot side. This work represents an important first step on
the route to thin film and/or printed SnSe-based thermoelectric
devices, which with high porosity open the possibility of self-
powered sensors. The focus must now be on improving elec-
trical conductivity while maintaining the ultralow thermal con-
ductivity of the SnSe thin films to increase ZT values.

Experimental Section

Thin Film Fabrication: Glass substrates were cut into 22 mm X
11 mm pieces and initially cleaned using a mixture of liquid detergent,
Helmanex, and deionized water, before being further washed in
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deionized water, acetone, and isopropyl alcohol. Finally, they were
plasma cleaned for 15 min. The cleaned glass substrates were loaded
into a custom holder for thermal evaporation. Thermal evaporation was
performed using an Edwards 306 thermal evaporator, with a tungsten
wire holder held in an alumina crucible (Kurt ). Lesker). 0.1 g SnSe
powder (0.506 mmol, Sigma-Aldrich, 99.995%) was weighed into an
empty alumina crucible prior to evaporation. The 19.6 L evaporation
chamber was evacuated to a pressure of 4 x 107 Torr, resulting in
1.05 x 1078 mmol of oxygen being present in the chamber. Glass
substrates were held 17 cm away from the crucible.

Characterization: Silver conductive paint (Electrolube) was used
to allow top and bottom contacts to be made (see Figure S1 in the
Supporting Information). The Seebeck and electrical measurements
were conducted on a ULVAC ZEM-3 in a helium atmosphere. Thermal
conductivity was performed using the 3-omega Volklein method with
a Linseis Thin Film Analyzer.[*=% Samples were prepared by thermal
evaporation of SnSe onto prepatterned test chips (Linseis Messgeraete
GmbH).1* The silicon test chips have a surface termination of silicon
nitride, then aluminum oxide. Thermal conductivity measurements
were made in an area where the silicon substrate was etched away to
leave a SiN/Al,O; membrane =130 nm thick, and the measurement
was in-plane. Where electronic thermal conductivity, k., values were
presented, these were determined by the Wiedemann-Franz law
(ke = L-0-T, with L=1.5x 1078 V2 K?) and the lattice thermal conductivity
Kj was determined by & = Kk —k,.['*°1]

XRD was performed on a Bruker D8 diffractometer with Cu Ko
radiation. SEM and EDX were performed on a Joel 7800F FEG SEM with
an oxford laboratory EDX attachment.

XPS was carried out using a Kratos Axis Supra (Kratos Analytical)
using a monochromated Al Ko source. Samples were mounted with
electrical connection to metallic silver. Due to the differential charging
of adventitious carbon, the silver 3ds, peak at 368.2 eV was chosen as a
charge reference. High resolution scans with a pass energy of 20 eV and
0.1 eV step size were recorded based on survey scans with a resolution
of 160 eV. All data were analyzed on CasaXPS (2.3.17dev6.4k) using the
Kratos sensitivity factor library.

Isothermal nitrogen adsorption measurements were performed on
a Micromeritics TriStar Il at 77 K, prior to measurement samples were
degassed with N; at 300 °C for 20 h.
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A Netzsch 404 F1 Pegasus — high-temperature simultaneous thermal
analysis (STA) was used to determine the DSC and thermogravimetric
analysis (TGA) signals from the sample. The experiment was performed
under Argon cover gas using alumina crucibles and using a platinum
sample carrier. The samples were heated from 308 to 373 K and then
held for 10 min in an isothermal step. The samples were then heated to
600 K at a constant rate of 5 K min~'. The difference in heat flux of each
sample was measured against a reference (empty alumina crucible)
while being heated at a constant rate (5 K min™') and the mass of the
sample was measured simultaneously.

Device Fabrication: Unless otherwise stated, all conditions used were
the same as thin film fabrication. Onto glass substrates measuring
7.5 cm x 2.5 cm, 8 parallel SnSe legs measuring 2.0 cm x 0.2 cm
separated by 0.6 cm were evaporated through the first shadow mask.
Following this, a second shadow mask was used to evaporate 8 identical
Ag legs shifted 0.4 cm across. This mask also created 0.2 cm x 0.6 cm
wide Ag contacts to complete the device.

Supporting Information

Supporting Information is available from the Wiley Online Library or
from the author.
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