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Low temperature CVD of thermoelectric SnTe thin
films from the single source precursor, ["BuzSn
(Te"Bu)l+
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Duncan Hardie,® Andrew L. Hector, 2@ Ruomeng Huang {2 ® and Gillian Reid { *@

This work has demonstrated that the single source precursor ["BusSn(TeBu)], bearing n-butyl groups and
containing the necessary 1:1 Sn: Te ratio, facilitates growth of continuous, stoichiometric SnTe thin films.
This single source CVD precursor allows film growth at significantly lower temperatures (355-434 °C at
0.01-0.05 Torr) than required for CVD from SnTe powder. This could be advantageous for controlling the
surface states in topological insulators. The temperature-dependent thermoelectric performance of these
films has been determined, revealing them to be p-type semiconductors with peak Seebeck coefficient
and power factor values of 78 uV K™ and 8.3 pW K2 cm™, respectively, at 615 K; comparing favourably
with data from bulk SnTe. Further, we have demonstrated that the precursor facilitates area selective
growth of SnTe onto the TiN regions of SiO,/TiN patterned substrates, which is expected to be beneficial
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Introduction

With escalating concerns regarding climate change and a
rapidly increasing demand for wireless power generation for
sensors and other applications, thermoelectric materials are
emerging as a key to advancement in both environmental and
technological fields."”” Thermoelectric materials enable the
conversion between heat and electricity and thus allow for
both active cooling systems and the recycling of otherwise
wasted heat energy.®* These processes rely on the Peltier and
Seebeck effects, which are the conversion from electricity to
cooling and the conversion of a heat gradient to the flow of
charge, respectively.” The materials that perform best for ther-
moelectric applications have a combination of high electrical
conductivity, a large Seebeck coefficient and a low thermal
conductivity. A useful, but not to be used alone, comparative

value is the unitless figure of merit, ZT, which is described by
. S%6T
the equation ZT =

, where the Seebeck coefficient, S, the
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for the fabrication of micro-thermoelectric generators.

electrical conductivity, ¢, the average temperature across the
material, 7'and the thermal conductivity of the material, «, are
all brought together.®

One particular group of semiconducting materials, the
metal chalcogenides, including the tellurides, shows great poten-
tial for thermoelectric applications. In particular, Bi,Te; and
Sb,Te; are among the most promising thermoelectric materials
for near room temperature applications, while PbTe has been
used for mid-temperature applications, including for power gene-
ration in space, since the 1960s.>” However, due to the high tox-
icity of lead, alternative materials are desirable. A potential re-
placement for PbTe is SnTe, as it possesses many similarities to
PbTe in both its crystal and electronic structures.> SnTe exhibits
an intrinsically high charge carrier concentration, which results
in a relatively low Seebeck coefficient,'® but optimisation of the
material through doping and alloying mean that SnTe offers
great promise for thermoelectric applications.

SnTe has also gained significant interest due to the exciting
properties relevant to other applications that it displays. Key
examples are as a topological crystalline insulator,"™'* IR detec-
tion and radiation receivers'>'* and in near IR photovoltaics."”

Most previous work on the thermoelectric properties of
SnTe relates to the bulk form, but given the low natural abun-
dance of tellurium, the sustainability of bulk tellurium-based
thermoelectrics is questionable. On the other hand, the quan-
tity of material required for thin film based thermoelectric
microgenerators is very considerably reduced (by >95%),
leading to the prospect of using this in internet of things (IoT)
based applications. While physical vapour deposition (PVD)"
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and molecular beam epitaxy via co-evaporation of elemental
tin and tellurium® have been used to grow thin films of SnTe,
chemical vapour deposition (CVD) is an attractive processing
technique for the production of thin film coatings and is
widely used in industry due to its scalability over large and
complex surfaces, high deposition rates, low cost and adapta-
bility to different material targets and precursor types.'”

SnTe nanowires, nanocrystals and other low dimensional
nanostructures have been obtained via vapour-solid (VS) or
vapour-liquid-solid (VLS) growth from SnTe powder at elev-
ated temperatures (typically 500-600 °C).'*7° Jarabek and co-
workers produced SnTe powder by pyrolysing the trimeric pre-
cursor (BnySnTe); (Bn = CH,CeH;) at 400 °C,>' while Wang
and co-workers reported that spin-coating and annealing the
product from reaction of Sn with Ph,Te, in 1,2-diaminoethane
deposited SnTe films,>* and Johnson and co-workers have
used the compounds [(PhTe),Sn{N(SiMe;),},] and
[{(Me;Si),N},Sn(u*Te)], as precursors for SnTe nano-
particles.”® There have also been a small number of reports
describing the CVD growth of SnTe thin films. Ahmet et al
have reported the tin guanidinate complex, [{CyNC(NMe,)NCy}
Sn(Te)], as a single source precursor for the aerosol-assisted
CVD of SnTe onto Si from a toluene solution, albeit giving very
thin films and with some SnO contamination,?® while
Chuprakov et al. have used [Sn{(SiMe;),CH},(p-Te)], in a
metal-organic CVD set-up to produce SnTe films.>® In the
latter, the high carrier gas (1: 1 He/H,) flow rate helps to trans-
port the single source precursor to the substrate and encou-
rage the deposition, and this system shows higher deposition
rates onto metallic surfaces over insulating surfaces. Our own
work has shown that single source precursors based on com-
plexes of p-block halides with neutral chalcogenoether
ligands, such as [SnCl{BuE(CH,);EBu}] (E = S, Se) and
[BiCl;(E'Bu,);] (E' = Se, Te) are effective for the growth of SnE,
or SnE*® thin films (depending upon the deposition con-
ditions) and Bi,E's*’ thin films, respectively. Moreover, these
precursors also allow discrimination between the different sur-
faces of lithographically patterned substrates, leading to pre-
ferential growth onto the TiN surface on a patterned TiN/SiO,
substrate. In contrast to the success achieved using the precur-
sors based on thio- and seleno-ether complexes of SnCl,, low
pressure CVD using the corresponding telluroether complex,
[SnCl,{BuTe(CH,);TeBu}], is not suitable for the CVD growth
of the corresponding SnTe films, instead leading to the depo-
sition of elemental tellurium only.>®

In pursuit of an effective single source precursor suitable
for SnTe thin film deposition, we report here the high yield
preparation of the molecular reagent, ["BusSn(Te"Bu)], and
demonstrate its application for the deposition of continuous
thin films of cubic SnTe via low pressure CVD. ["Bu;Sn(Te"Bu)]
has been mentioned in the patent literature as a CVD precur-
sor for SnTe, however, with minimal information regarding
the precursor synthesis and characterisation, or the nature and
characteristics of the resulting deposit.*® The composition,
morphology and structure of the resulting thin films have
been determined by XRD, SEM, EDX analysis and Raman spec-
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troscopy. We also present their thermoelectric properties,
including variable temperature Seebeck coefficient, electrical
conductivity and power factor measurements, along with vari-
able temperature Hall effect coefficients, charge carrier con-
centrations, mobility measurements as well as the selective
deposition of SnTe onto patterned substrates.

Experimental

All reactions were performed under an inert atmosphere using
Schlenk, vacuum line and dry nitrogen glove box techniques.
The solvents used (THF, toluene and hexane) were dried by dis-
tillation from sodium wire prior to use and NMR solvents were
stored in a glovebox over molecular sieves. "Bu;SnCl (Aldrich)
was stored in a glovebox and used as received. All 'H, "*C{'H},
195n{'H} (referenced against neat SnMe,), '**Te{'H} (refer-
enced against neat TeMe,) and 2D HSQC NMR spectra were
collected on a Bruker AV400 spectrometer in CDCl;.
Microanalyses were obtained via the London Metropolitan
University elemental analysis service.

The volatility was determined using a temperature ramp
experiment via TGA. This experiment was conducted by
measuring approximately 5 mg of ["BuzSn(Te”Bu)] into an
alumina crucible inside a dry, nitrogen-filled glove box. The
crucible was then quickly transferred to the TGA where it was
immediately put under a flow of argon gas. The precursor was
then heated at a ramp rate of 5 °C min~* under a constant flow
of argon gas from 30-600 °C.

The vapour pressure approximations were obtained using
an isothermal step experiment using TGA to obtain the rate of
mass lost at 50, 75, 100 and 125 °C under the flow of argon gas
at a flow rate of 60 mL min . All temperatures were stabilised
for 1 hour and the ramp rate to each temperature was 5 °C
min~'. This was initially performed for the reference com-
pound used, tetrakis-t-butyltin as values for its vapour pressure
are available within the literature.>® The measured values were
then used to calculate the instrument constants related to the
equipment, at which point the vapour pressures of the single
source precursors could be obtained using the calculations
below, as demonstrated by Wang et al.*°

LM [ (1)
aar P\ amrr
k:\/ZTCR (2)
a
1 dm |T
V:axa\/% )
p=hk (4)

where £, the instrument factor, «a is the vapour coefficient, R is
the ideal gas constant, v is the sample dependent factor, a is

. dm .
the area of the sample containing vessel, FrRs the rate of

mass loss, T is the temperature and M is the relative molecular
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mass. Using these the final equation gives the vapour pressure,
p. At each of the temperatures measured the value of k was
first calculated using the experimentally determined value for
v and the known value for p.*° Using the value for k gained in
this method, the vapour pressure of the single source precur-
sor could be calculated.

Synthesis of ["Bu;Sn(Te"Bu)]

Tellurium granules (2.846 g, 2.23 x 10”2 mol) were ground into
a fine powder under an inert atmosphere in the glovebox
before being suspended in THF (30 mL). The suspension was
then frozen in liquid nitrogen (77 K) before the dropwise
addition of "BulLi solution in hexanes (13 mL, 2.18 x 10> mol).
After the mixture had slowly thawed, the solution initially
turned yellow and then red. Further "BuLi solution (0.3 mlL,
5.03 x 10~* mol) was then added dropwise until a pale yellow
colour persisted. A solution of "Bu;SnCl (6.856 g, 2.11 x 107>
mol) in THF (30 mL) was then added dropwise, while it was
cooled using an ice bath. The reaction mixture was stirred vig-
orously for 24 h, leaving an orange solution. The volatiles were
then removed in vacuo and the orange oily residue was then
washed twice with hexane (30 mL), leading to the precipitation
of LiCl. This was removed by cannula filtration before the fil-
trate was taken to dryness in vacuo, leaving an orange oil. The
compound is somewhat moisture sensitive and was therefore
handled and stored under an inert atmosphere to avoid degra-
dation, although it can be handled briefly in air without degra-
dation. Yield 8.608 g, 86%. Elemental analysis: calc. for
Cy6HseSnTe (474.77): C 40.48, H 7.64%. Found: C 40.60, H
8.65%. "H NMR (CDCl3): §/ppm = 0.90 (two overlapping t, J =
8.00 Hz, [12H]), 1.19 (t with '*°Sn satellites, [6H]), 1.34 (over-
lapping m, [8H]), 1.55 and 1.65 (overlapping m, [8H]), 2.52 (t
with overlapping '*°Te satellites, [2H]). "*C{"H} NMR (CDCl,):
o/ppm = —7.05 (1.]125Te13C =133 Hz, 2]1195:112@ = 13 Hz, CH,),
12.54 (Yi1osn1zc = 299 Hz, Ji17smsc = 286 Hz, CH,), 13.27
(CH,), 13.61 (CH3), 25.01 (CH,), 26.96 (*110sn13¢ = 63 Hz, CH,),
29.69 (*J110sn13c = 21 Hz, CH,), 37.34 (*J1a51e13c = 8 Hz CH,).
196n{"H} NMR (CD,Cl,/CH,Cl,): /ppm = —15.62 (J1108n1251e =
2765 Hz). "*Te{'H} NMR (CD,Cl,/CH,Cl,): §/ppm = —536.51
(1.]119Sn125Te =2704 Hz).

Thin film growth by low pressure CVD onto fused silica
substrates

The fused silica substrates (8 mm x 20 mm) were washed with
deionised water, followed by ethanol, before being dried
thoroughly in an oven before use. In a LPCVD experiment the
precursor is loaded (5-40 mg) into a closed end silica tube
(1 cm diameter, 45 cm long). With the tube held horizontally,

"Bu
"Bu \Te"Bu
n \\
I) THF (77 K) BU3SI‘IC| (273 K) \S'n_\\\
Te —— > MBuTeli THE |
ii)"Buli (Anhydrous) "Bu

Scheme 1 Synthesis route to ["BusSn(Te"Bu)l.

1000 | Dalton Trans., 2021, 50, 998-1006

View Article Online

Dalton Transactions

T T T T
1004 @ —
\. |
80 )
Q
X 60 7
N
"]
8
S 404 i
20
0 4
T T T T T T T
0 100 200 300 400 500 600
Temperature (°C)
140 T T T T T T 1
120 1 ro
) k-1
g 100 —
o [o)]
£ | -2 E
1 N
® 80 | »
= [ 7]
g o8
E 6o
(7] | - -4
F —
|
40+ | L5
20 T T T T T T _6
0 50 100 150 200 250 300
Time (min)
Fig. 1 (a) Thermogravimetric analysis of ["BusSn(Te"Bu)] showing the

percentage mass loss with temperature at a ramp rate of 5 °C min~* and

a constant flow of argon gas. (b) Isothermal step TGA experiment of
["BusSn(Te"Bu)] used for vapour pressure determination.

Table 1 Vapour pressures of ["BusSn(Te"Bu)] determined as a function
of temperature. Boiling point, T, from Sigma Aldrich SDS and esti-
mated from TGA data,® enthalpy of vaporisation calculated using the
Clausius—Clapeyron equation® and reference values given for "Bu,Sn, as
well as the entropy of vaporisation calculated using AH,,p/T,ap along
with reference values for "BusSn

Temperature "Bu,Sn vapour ["BusSn(Te"Bu)]

(K) pressure (Pa)** vapour pressure (Pa)
323.15 17 3x1

348.15 70 23+4

373.15 240 80 +13

398.15 703 233 £37

Tyap 518.15 K 473.15 K¢

AH,,, 53 kJ mol~* (67.8 k] mol ™) 67 k] mol™' + 15
ASyap 100 J K~* mol™* 140 J K ' mol™* + 32

(130 J K mol™)

this was followed by the substrates placed next to one another
(lengthways along the tube starting closest to the precursor
bulb). The assembly of the CVD tube is performed under an
inert atmosphere inside a glovebox before being moved into

This journal is © The Royal Society of Chemistry 2021
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position in a tube furnace, insulated using silica wool at both
ends, and being placed under a constant reduced pressure
(0.01-0.05 mmHg). The Lenton (LTF 12/50/300) tube furnace
was then brought to temperature (furnace set temperature =
475 °C; substrate temperature where deposition observed = 355
to 434 °C). Once the desired temperature had been reached
the tube was repositioned to bring the precursor bulb closer to
the hot zone so that volatilisation could commence (the temp-
erature at the precursor bulb was between 274 to 355 °C, with

View Article Online
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a rate of mass transfer of between 1.72 and 3.09 mg min ).
The time taken for the deposition to occur once the tube
furnace was at temperature was typically 5-18 min (the rates of
growth were between 64 and 125 nm min~"). After cooling and
letting down to a dinitrogen atmosphere, the CVD tube was
transferred back into the glovebox where the substrates onto
which the films had deposited were removed and stored. The
low pressure CVD experiments produced light grey films of
SnTe with typical coverage of 1-4 cm x 0.8 cm.
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Fig. 2 (a) Grazing incidence XRD pattern for SnTe thin film (thickness ~2 um) with XRD pattern for bulk cubic SnTe (Fm3m) (red).® The broad
feature observed around 21° is due to the fused silica substrate beneath the SnTe film. Top down SEM (b) and cross-sectional SEM (c) of a SnTe film.
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Thin film growth by low pressure CVD onto patterned SiO,/
TiN substrates

TiN/SiO, patterned substrates (§ mm x 20 mm) were prepared
as described previously.”® These were loaded lengthways into a
closed end silica tube containing <3 mg of the ["Bu;Sn(Te"Bu)]
precursor. The deposition process parallels that onto the
unpatterned substrates, with the subtle differences of the
lower precursor loading and the position of the tube causing
the slower volatilisation of the precursor (and hence better dis-
crimination of the TiN vs. SiO, surfaces), thus the duration of
the depositions is longer (30-45 min).

Thin film characterisation

Grazing incidence X-ray diffraction (XRD) patterns were col-
lected using a Rigaku SmartLab system (Cu-Ka, A = 1.5418 A)
with parallel X-ray beam and a Hypix detector in 1D mode. A
26 scan range of 10-80° and an incident angle (w-offset) of 1°
were used. The crystalline phase of the film was determined by
comparison with a literature XRD pattern, accessed via the
Inorganic Crystal Structure Database (ICSD),*" and lattice para-
meters were obtained by further optimisation of the fit using
PDXL.*

The scanning electron microscope used was a FEI XL30
ESEM with a tungsten filament electron source and
ThermoFisher UltraDry EDX, 10 mm® detector. The SEM
images were all captured at magnifications of 2000, 5000 and
10000 times at accelerating voltages of either 10 or 15 keV.
The Raman spectra were obtained using a Renishaw inVia con-
focal Raman microscope with a 785 nm laser. The incident
laser power was adjusted to 2.5 mW for all samples.

Thermoelectric and electrical property measurements

Variable temperature resistivity, carrier concentration, and
carrier mobility were determined by Hall measurements
(Nanometrics HL5500PC) from 125 to 450 K in steps of 25 K
under a magnetic field of 0.5 T. Care was taken to ensure
linear contact between the probes and sample before each
measurement and the current was optimised to ensure normal
Ohmic conduction with maximum voltage signal. Variable
temperature Seebeck coefficient and electrical resistivity were
measured using the Joule Yacht MRS-3L from 300 to 600 K in
steps of 25 K. The Seebeck coefficient was measured using the
differential method with a maximum temperature difference
of 10 K. The resistivity was measured using a 4-point probe
method and corrected for geometric error using the results
from the Hall measurement system.

Results and discussion

Synthesis and characterisation of the ["Bu;Sn(Te"Bu)]
precursor

The organometallic tin(iv) compound, ["BusSn(Te"Bu)], was
selected as a potentially viable single source precursor for the
deposition of SnTe thin films since the n-butyl substituents on
both the tin and tellurium provide a clean and low energy

1002 | Dalton Trans., 2021, 50, 998-1006
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decomposition pathway via p-hydride elimination, the 1:1
Sn: Te ratio in the precursor should aid deposition of the tar-
geted binary phase and avoid incorporation of excess Te, while
the volatility of the precursor (oil) was anticipated to be well-
suited to a low pressure CVD procedure.*® Previous work has

Table 2 EDX data for four SnTe thin film samples (atomic percentages)

Tile 0% Si% Sn% Te%
Deposition 1 Tile 1 16.4 2.1 41.4 40.1
Deposition 2 Tile 1 16.9 2.3 411 39.8
Deposition 2 Tile 2 15.8 10.7 41.9 41.6
Deposition 3 Tile 1 23.5 2.3 37.5 37.7

“Note that the %O arises from the substrate and is exaggerated due to
overlap with peaks characteristic of Sn and Te.

a Sn Lal
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Te MC1
% 7 snM¢1 -
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)
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Raman Shift (cm™)
Fig. 3 (a) EDX spectrum highlighting the elements present within the

SnTe film, the silicon present is attributed to the substrate. (b) Raman
spectrum with the data highlighting the A; and E modes at 124 and
143 cm™?, respectively.

This journal is © The Royal Society of Chemistry 2021
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shown that film thin deposition from CVD precursors contain-
ing n-butyl and other alkyl substituents containing p-hydrogen
atoms can often involve f-hydride elimination®* of alkene and
reductive elimination of hydrogen gas or alkane. Moreover, we
have shown that "Bu groups can also enhance the prospects of
highly area selective deposition of metal chalcogenides onto
patterned substrates.*®*”

The precursor synthesis (Scheme 1) required the initial for-
mation of LiTe"Bu at low temperature (to prevent the for-
mation of "Bu,Te,*®), followed by a salt metathesis step to
form the final product and lithium chloride, which were separ-
ated by filtration. This procedure produced an orange oil in
excellent (86%) yield, which was shown to be pure ["BusSn
(Te"Bu)], without the need for any further purification, by
means of microanalysis, "H, "*C{'H}, "*°Sn{'H} and '**Te{'H}
NMR spectroscopy (Experimental).

Thermogravimetric analysis (TGA) (Fig. 1a) shows that com-
plete (100%) mass loss occurs by T ~265 °C. The onset of evap-
oration occurs at ~110 °C, and while the TGA profile may hint
towards mass loss possibly occurring in multiple stages, no
steps are evident in the DTA profile. The data therefore indi-
cate that at 1 atm pressure under an inert gas, complete evap-
oration of the precursor occurs.
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The vapour pressure as a function of temperature was also
determined isothermally (Fig. 1b and Table 1).

SnTe thin film growth

Low pressure CVD experiments were undertaken using a
typical loading of around ~30 mg of precursor. The deposition
occurred on the substrate tiles placed nearest the precursor
bulb where the vaporised precursor had the shortest distance
to travel. The deposits formed were white or light grey in
appearance. Grazing incidence XRD analysis, as shown in
Fig. 2, confirmed that the films produced were formed of
cubic SnTe (space group Fm3m), in good agreement with the
literature data for bulk SnTe.® The refined lattice parameter a =
6.3033(4) A, with Ry, of 12.59 (literature: a = 6.318(3) A).®

Crystallite sizes of between 100(10) to 210(110) nm were
measured using the Halder-Wagner method, using a LaBs
standard to account for instrumental peak broadening effects.
The sizes measured using this method are smaller than those
seen in the SEM images, which indicates that those observed
in the SEM images are most likely particles of crystalline aggre-
gates rather than individual crystallites.

The scanning electron microscopy (SEM) analysis (Fig. 2)
showed uniformly distributed arrays of continuous polycrystal-

26 : . : ; : : —i
£

S b

ey ? s $a, 15
x — e e P e B e a la .
P i Tl & el Sl 62
- ¢ Q 5§
S3F <o 45 =~
AR SO 2
g2l §§§'5~\ 14 8
8 X g
999 P
E 1 1L 1 1L 1L 1 1L
C%0 150 200 250 300 350 400 450

Temperature (K)

d

-
o

[--]

[=2]
T

£
T

N
T

Power Factor (uW/K?cm)
o

L L L L 'l 'l L
300 350 400 450 500 550 600
Temperature (K)

Fig. 4 Temperature dependence of (a) the electrical conductivity, (b) carrier concentration and mobility, (c) Seebeck coefficient and (d) power

factor for the as-deposited SnTe thin film. All lines to guide the eyes.
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line films comprised of block-like particles. The cross-
sectional SEM analysis determined the film thickness to be
around ~1-2 pm and the grain size is around 1 pm.’

Energy dispersive X-ray analysis showed that all the films
had compositions within experimental error of stoichiometric
SnTe (Table 2). Peaks corresponding to Si and O from the
underlying substrates were present in a few samples (indicat-
ing thinner films), but no impurities were evident. This was
also supported by Raman scattering, which showed only

#

WA

Fig. 5
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features expected for SnTe, with the A; and E modes at 124
and 143 ecm ™, respectively (Fig. 3), and with no contamination
evident.'"?’

Thermoelectric measurements

In order to evaluate the thermoelectric performance of the
SnTe thin films deposited via our CVD process, the tempera-
ture-dependent Hall and Seebeck measurements were con-
ducted. The as-deposited SnTe film exhibits a metallic trans-

= 0nh Si0>

Relative intensity (a.u.)

(a) Top-view SEM image of a TiN/SiO, patterned substrate with SnTe selectively deposited on the TiN surface (right). (b) EDX spectra taken

from the rectangular areas indicated in (a). EDX element mapping of (c) Sn, (d) Te, (e) Ti and (f) O.
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portation behaviour with room temperature electrical conduc-
tivity of 2434 S em™" (Fig. 4a). This high electrical conductivity
can be ascribed to the intrinsic Sn vacancy induced p-type
carrier concentration.'® This is confirmed by the Hall measure-
ment results where high p-type carrier concentrations in the
range between (4-5) x 10*' cm™ were observed, as shown in
Fig. 4b. While this carrier concentration remains relatively con-
stant, the mobility decreases from ca. 5 cm® V™' 57" to 3 cm?
v~! 57! as the temperature increases from 100 K to 450 K. This
is likely to be caused by the stronger lattice scattering at elev-
ated temperatures, resulting in the reduction of electrical
conductivity.

Fig. 4c presents the temperature dependent Seebeck coeffi-
cient of the as-deposited SnTe thin film. The p-type conduc-
tivity is further confirmed by the positive Seebeck coefficient
values obtained. The Seebeck coefficient for the as-deposited
SnTe film is ca. 12 pv K ' at room temperature and is
increased to ca. 78 uvV K™* at higher temperature (615 K). The
power factor of the SnTe film is shown in Fig. 4d, with a peak
value of 8.3 yW K2 cm™" at 615 K. These results are compar-
able to the other reported values for undoped SnTe
samples,'®***° also confirming the high quality of the SnTe
films produced from the single source precursor used in this
work. It is worth mentioning that high hole carrier concen-
tration and large energy separation (ca. 0.3-0.4 eV) between
light hole and heavy hole valence bands have limited the ther-
moelectric properties of un-doped SnTe."! Significant improve-
ments in the Seebeck coefficient of bulk SnTe have been
achieved by pioneering works using doping/alloying to induce
valence band convergence.”®**> We have also demonstrated
recently the capability of alloying Bi,Te; thin films with both
Bi,Se; and Sb,Te; using single source precursors.”® Future
work will explore using a similar strategy to further improve
the thin film SnTe thermoelectric performance.

Selective deposition of SnTe onto patterned substrates

We have previously demonstrated selective deposition for a
range of metal chalcogenide materials onto specific regions of
lithographically patterned substrates using tailored single
source precursors.>®>’” A correlation between the electrical con-
ductivity of the film and the selective deposition performance
has been established, with higher conductivity leading to
enhanced selectivity."' We have also shown that deposition of
the highly conductive SnTe onto TiN/SiO, patterned substrates
in this work results in selective growth on the TiN surface in
preference to the SiO, surface, as shown Fig. 5a. EDX spectra
(Fig. 5b) on the TiN surface (yellow rectangular area in Fig. 5a)
clearly shows the existence of Sn and Te, while only Si and O
peaks can be observed from the EDX data taken on the SiO,
surface (red rectangular area in Fig. 5a). This selective depo-
sition behaviour is further demonstrated by EDX element
mapping (Fig. 5¢-f) where the Sn and Te are almost entirely
confined to the TiN areas of the pattern. It is worth mention-
ing that the selective deposition behaviour allows great pos-
itional control over the material growth and is beneficial for
the fabrication of micro-thermoelectric generators.**

This journal is © The Royal Society of Chemistry 2021
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Conclusions and outlook

This work has demonstrated that the single source precursor
["BuzSn(Te"Bu)], bearing n-butyl groups and containing the
required 1:1 Sn: Te ratio, facilitates low pressure CVD growth
of continuous, stoichiometric SnTe thin films very effectively.
The temperature-dependent thermoelectric performance of
these films confirms them to be p-type semiconductors with
peak Seebeck coefficient and power factor values of 78 pv K™
and 8.3 uW K2 cm ™", respectively, at 615 K, comparing favour-
ably with data from bulk SnTe. We have also demonstrated
that this precursor facilitates selective growth of SnTe onto the
TiN regions of SiO,/TiN patterned substrates, which is
expected to be beneficial for the fabrication of micro-thermo-
electric generators.

This single source precursor also allows for SnTe film
growth at a significantly lower temperature than that required
for CVD from SnTe powder, which is expected to be advan-
tageous for controlling the surface states in topological
insulators.
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