BixTey thermoelectric thin films sputtered at room temperature onto moving

polymer web: effect of gas pressure on materials properties.

Xudong Tao:, Kening Wanr, Bryan W. Stuart, Emiliano Bilotti', Hazel E. Assender:.
a: Department of Materials, University of Oxford, Parks Road, OX1 3PH

b: School of Engineering and Materials Science, Queen Mary University of London, Mile

End Road, E1 4NS.

Corresponding Author: Hazel E. Assender, hazel.assender @ materials.ox.ac.uk

Keywords: Roll-to-roll, Flexible/wearable electronics, Room-temperature sputtering,

Bismuth Telluride, Thermoelectrics.

Abstract

Bismuth telluride was deposited onto a dynamic (25 m min') polyethylene terephthalate
substrate at room temperature using direct current magnetron sputtering in preparation for
roll-to-roll manufacture of flexible, low dimensional thermoelectric generators. This study
explored the effect of sputtering pressure ranging from 0.03 to 0.6 Pa by adjusting argon flow
rate from 50 to 500 sccm. Decreasing argon pressure from 0.6 to 0.03 Pa led to a more
stoichiometric target-to-substrate atomic transfer. The coatings, deposited from a Te:Bi = 1.5
atomic ratio target, varied in composition ratio from 1.9 to 3.2, attributed to an obstructive
phenomenon of sputtered Bi atoms during transport through the plasma region, under a
higher working pressure. In addition, films grown under a lower pressure had wider and
flatter grains (the aspect ratio of island width/height decreased from 40 (+ 1) at 50 sccm to 10
(£ 1) at 500 sccm for a ~80-nm coating), as indicated by images in atomic force microscopy.
Electrical resistivity increased with pressure (0.9 + 0.01 to 8.1 £ 0.2 mQecm in a ~80-nm
coating) due to a stronger carrier scattering mechanism and variations in the film composition
and band gap. Seebeck coefficient increased with pressure (49.7 + 0.9 to 84.0 = 0.5 uV/K)
attributable to an increased band gap and a possible energy barrier mechanism at grain
boundaries leading to a carrier filtering effect. Power factor of the thermoelectric film was
enhanced by decreasing pressure until the argon flow rate was below 250 sccm. The
maximum power factor of the Bi-Te thin film achieved was 4.1 (£ 0.1) x 10* W/mK:* under
0.055 (£ 0.004) Pa of argon for a ~55 nm coating, which was achieved here by a real

industrial-scale manufacturing process.



1. Introduction

Roll-to-roll (R2R) manufacture of flexible and wearable thermoelectric generators (TEGs) is
an important area for study due to an increasing desire for locally generated power to
minimise charging and energy storage requirements in applications ranging from body

sensors and optical displays to communication devices [1].

In the last few decades, flexible TEGs have been widely studied and explored in a variety of
materials including inorganic, organic and inorganic-organic hybrid [2-6]. Bismuth telluride
(Bi,Te,) is one of the best inorganic thermoelectric (TE) materials for wearable electronics
due to its performance at room temperature (bandgap: E, = 0.2 eV [7]) and a high
dimensionless figure of merit, ZT (defined as ZT = PF*T/A = S'T/pA, where PF, S, T, p, and
A are the power factor, the Seebeck coefficient, the absolute temperature, the electrical
resistivity and the thermal conductivity, respectively). Wearable TEGs are often applied as
thin films. Unlike bulk TE materials, a thin-film configuration is lightweight, cheap and
mechanically flexible [8], and, most importantly, has potential to improve ZT because of the
influences of carrier scattering and quantum confinement [9]. In recent publications [10-14],
the sputtered bismuth telluride films (Bi-Te) have a PF ranging from 3 x 10+ to 9.5 x 10~
W/mK:.

Fabrication of Bi,Te, thin films by physical vapor deposition and chemical vapor deposition
has been extensively reported [15-21]. Because the TE behaviour of Bi.Te. thin film strongly
depends on the crystal structure and stoichiometry [7], hot deposition or post-deposition heat
treatments have been used to obtain high-quality films [22]. However, to deposit onto flexible
polymers, processing temperatures are limited (e.g. to ~67 °C for polyethylene terephthalate
(PET), and heating the substrate in high throughput R2R processing in vacuum is a
significant engineering challenge. In addition, the desire for high throughput speeds in a R2R
process means that thin layers of semiconductor are desirable. Direct current (DC) magnetron
sputtering is an attractive technique for R2R processing due to its current dominance in
industrial manufacturing [23-25]. Nevertheless, obtaining stoichiometric Bi.Te, thin films by
sputtering remains a challenge due to differences between Bi and Te in interatomic
dissociation energies and momentum exchange interactions during collisions with the
working gas [26]. Given the constraints of film thickness and substrate temperature, an in-
depth investigation has been undertaken here to analyse the effect of a critical deposition

parameter, the sputtering pressure, on TE properties of Bi-Te film sputtered at room



temperature on a dynamic substrate (at an in-line speed of 25 m min") to be compatible with a

high-speed R2R manufacturing onto deformable polymer substrates.

Sputtering working pressure can have a remarkable influence on film properties such as
crystal structure and grain distribution/size/orientation [27]. Publications investigating
pressure on BiTe, film properties via sputtering and applied at room-temperature remain
scarce (e.g. [14], for a laboratory-scale radio frequency, RF, sputtering), yet its effect is
fundamentally important for modern manufacturing, where low thermal durability substrate
materials (such as PET) are required to produce the next generation of low cost flexible TEGs
for incorporation into smart wearable technologies. Hence, the objective of this paper is to
prepare nm-scale thickness Bi-Te thin films by DC magnetron sputtering in an industrial-
scale coater at room temperature and to analyse the intrinsic relationships of working gas
pressure with surface features, chemical composition, structural and TE properties of Bi-Te
films to progress the understanding of vapour deposition conditions for commercial high-

speed R2R manufacturing.

2. Experimental details

2.1 Materials fabrication

BiTe, thin films were deposited in an Aerre Machine Vacuum R2R webcoater onto flexible
PET substrates (~125 ym) at room temperature using a three-inch Bi,Te, target (0.25-inch
thickness, indium bonded to 0.125-inch thick Cu backing plate, 99.999% purity, Mi-Net
Technology Ltd.) with a target-substrate distance of ~6 cm. A vacuum base pressure of 0.02
Pa was achieved and argon flow rates were varied (50, 100, 250, 350, 450, 500 sccm),
equivalent to a working pressure of 2.7 (x0.01), 3.5 (+0.02), 5.5 (x0.4), 9.0 (£0.5), 35.0 (£5),
and 60.0 (£10) x 10~ Pa, respectively. In each pressure condition, films with various thickness
were obtained by varying the deposition time (1 — 10 mins), and hence the number of passes
of the deposition source, and then the films with approximately the same thickness were
selected for analysis. Applied target power was maintained as 0.25 kW. PET substrates were
attached to the coating drum (circumference 1.8 m) rotated at 25 m min during sputtering,
requiring multiple rotations for increased thickness. The sputtering source is to one side
(horizontally ‘directed’) of the rotating drum that supports the polymer substrate. A pre-
sputtering process without the sample passing under the target was conducted for three mins

to clean the target surface.



2.2 Materials Characterisation
Mechanical grade (1196) Si wafers were masked during coating to create a step between
coated and uncoated regions, to measure the film thickness using a Veeco DekTak 6M stylus

profilometer (n =5 locations).

The electrical resistivity was calculated using equation (1) by the film thickness and the sheet
resistance obtained from an in-house custom four point probe system (at n = 5 locations).
Under applied current of 10°- 10¢ A in outer two probes, the voltage was measured in two

inner probes via an Agilent 34420 A Nano Volt/Micro Ohm meter.
m V
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where p is electrical resistivity, Rs is sheet resistance, ¢ is film thickness, V is voltage and [ is

current.

Roughness and grain size analysis was characterised by atomic force microscopy, AFM
(JEOL JSTM-4200D) using tips (NCHV-A, Bruker Ltd.) in tapping mode (at a scan rate of
0.50 lines/s and 512 points/line) over n = 5 independent locations of 0.5 ym x 0.5 ym.

Images were processed (flattened and smoothed) using WSxM 5.0 Develop 9.0 software.

The film surface morphology was analysed using a field emission scanning electron
microscope (FE-SEM Zeiss Merlin), at 50.0 kX magnification, 5.0 mm working distance, 3.0
kV and 100 pA current probe. The elemental composition was characterised by Energy
Dispersive X-Ray Spectroscopy (EDX) in point ID mode over 16 independent points in 4
locations at a working distance and beam voltage of 10.5 mm and 5 kV, respectively, using a

(Zeiss Evo) SEM.

X-ray diffraction (XRD), the results of which are given in the appendix, was carried out in a
Rigaku Miniflex diffractometer using Cu ka radiation (4 = 0.154 nm) at 30 kV and 10 mA
over a range of 20 between 10° and 80° with a step size of 0.007°. The grain size and lattice
strain were calculated from the broadening of XRD peaks using Williamson-Hall method
[28] in X'pert Highscore Plus software, with a removal of instrumental broadening by
assuming a Gaussian profile and using a polycrystalline Si bulk as a standard reference. XRD
was carried out on thicker (1 wm) films to obtain reasonable signal strength from crystalline
material. The crystallinity in these room temperature deposited films is low and not

significantly textured, and, as we have reported previously [29], is even lower in thinner



films. We have therefore used XRD only as an indication of crystal phases, not trends in
crystallinity, phase or orientation with deposition conditions and time.
E, of films was obtained from a Tauc plot of the absorbance spectra (200 — 3300 nm

wavelength) measured using a Cary Varian 5000 UV-visible-NIR spectrometer.

A home-built Hall measurement system (magnet: 0.165 T) with van der Pauw configuration
using Keysight Technologies B2901A at room temperature was used to measure the carrier
mobility and concentration of three identical square-size specimens (1 cm x 1 cm) with an

evaporated silver layer (110 + 5 nm) at the four corners (0.1 cm x 0.1 cm).

The Seebeck coefficient was measured under a temperature difference of 0.1 —0.45 K using a
Seebeck effect system (MMR Technologies Inc.) at 300 K under nitrogen atmosphere,
determined by the ratio of an output voltage generated across the film surface to the
temperature difference. An average result was obtained from at least eight measurements.

Then, the TE performance of films, PF, was calculated combing effects of p and S (PF =
S/ p).

The sample-to-sample variation was considered in this characterisation. The batch-to-batch
variation was assessed in four independent batches deposited under 250 sccm Ar flow,
showing variation of 4.4% in film thickness, 3.0% in electrical resistivity and 1.5% in

Seebeck coefficient. Batch-to-batch variation has not been included in the error bars in

subsequent figures.

3. Results and Discussion

3.1 Coating Thickness

Figure 1 shows an increase in film thickness with sputtering pressure, i.e. an increasing trend
of the deposition rate with increasing pressure, as expected. Working gas pressure
significantly affects the rate of deposition such that at the lower extremities (5 sccm Ar flow
rate at a base pressure of 0.02 Pa in our webcoater, not shown here), there is insufficient
ionisation density to sustain a plasma. If the pressure were increased too far, deposition rates
would diminish as the density of Bi and Te collisions with Ar gas increases as they travel
from the target to the substrate, due to the reduction in the mean free path [30]. However, as
in the case here, an intermediate regime exists where the effects of increasing ionisation
density and atomic bombardment dominates the reduction in mean free path leading to an

increase in deposition rate with pressure [31].
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Figure 1. Film thickness as a function of Ar flow rate after different deposition times of drum
rotation. (The error bars are standard deviation from at least five independent area of a
single sample). From these data, films of different deposition condition, but similar thickness,

could be selectrd for further analysis.

The materials properties of the polymer (composition and morphology) will depend on the Ar
flow rate and the thickness. Thus a broad survey was made of these thin films of thickness
about 50 nm to 200 nm thickness. These indicate the overall trends in properties, which

inform the conclusions on TEG properties made on films of specific thickness in section 3 4.

3.2 Elemental Composition

The variation of elemental composition with the film thickness and sputtering pressure as
measured using EDX is shown in Figure 2. The as-deposited film is Te-rich. We observe an
upward trend of Te content with increasing sputtering pressure which could be explained by
the effect of: (1) resputtering of the coating; (2) transport of sputtered species in between the

target and substrate.

(1) As the pressure increases, the plasma region extends, increasing the plasma density at the
film surface. Plasma etching of the film preferentially removes Te because of its higher
sputtering yield [32,33]. This factor would cause less Te in the film at a higher pressure,
which is inconsistent with our observations. Therefore, the mostly likely explanation is the

collisions of sputtered species with the Ar ions and atoms in the plasma.

(2) Because of the larger atomic mass of Bi (209 u) compared to Te (128 u), Te is more
diverted from the path to the substrate by any collisions with Ar. With a greater pressure,

there is a greater density of Ar species, and both species can be diverted hence increasing the



proportion of Te. This analysis is described by Rossnagel et al. [34] as the transition to the

diffusive regime, and the same trend has been observed for Bi-Te deposition [14].

The Te-rich Bi-Te film, sputtered at room temperature, is consistent with the observation of
sputtering Bi,Te, in [35]. The excess of Te means that probably some Te phase [36] is formed,
which has the potential to influence the TE behaviour of as-sputtered film. XRD could have
confirmed such phase, however the XRD signal on our very thin films was not detectable.
Thicker films were sputtered and measured by XRD, and, as shown in the appendix, only a

hint of possible Te phase from the partial broadening of specific peaks.
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Figure 2. Elemental ratio of Te and Bi as a function of film thickness at different pressure
conditions. (Lines are to guide the eye. The error bars are standard deviation from at least

sixteen independent point measurements in four different locations on a large-area sample)

3.3 Surface Topography

The film surface topography indicates a granular texture, resulting from the expected island
growth mechanism for room temperature sputtering onto polymer. The root mean square
roughness (RMSR), and aspect ratio of island width and height are shown in Figure 3 and
Figure 4 for a range of thicknesses and pressures. A larger RMSR is observed at a high-
pressure condition. Sputtered atoms lose momentum and kinetic energy during the target-to-
substrate transport due to collisions with the plasma gas species thus limiting surface atomic
diffusion on the substrate [31,37]: such an effect will be greater at high pressure, leading to
rougher surfaces. Meanwhile, there is a competitive process that smoothens the film surface
caused by the etching effect at high pressure [27]. In our case, the roughness may be
dominated by the lower mobility of sputtered atoms on the substrate rather than the etching

effect.
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Figure 3. SEM and AFM images of films grown under (a) 250 sccm and (b) 450 sccm sputter
pressure. AFM images: 1-min coating at 250 sccm (23 + 5 nm) and 450 sccm (50 + 5 nm);
SEM images: 3-min coating at 250 sccm (80 =5 nm) and 450 sccm (160 = 10 nm).

The sputtering pressure affects grain size, such that the film sputtered under lower pressure
exhibits a broader and lower island structure, which can be clearly observed from both AFM
and SEM images in Figure 3. To quantify this, an aspect ratio of island width and height (n =
15 islands) from top view of AFM images is analysed (Figure 4b). Although the data from
the top view is not an absolute measure of the real size of island, in particular the ‘height’ is
just a measure of the apparent protrusion of the islands, both a decrease in island width and
an increase in height are observed as the pressure increases (and the real size of island is
expected to follow this trend). For instance, for ~80-nm films, the island width decreases
from 104 (+6) nm at 50 sccm to (75 £3) nm at 450 sccm while the island height increases
from 3.1 (£0.2) nm to 8.5 (£0.3) nm. Two reasons are considered to explain the observation

of broader/lower island structures under a lower pressure condition:

(1) Different surface diffusion of sputtered atoms on substrates. In the case of a higher
pressure, lower adatom mobility (losing kinetic energy travelling through a denser
plasma region) kinetically limits the coalescence process, leading to smaller islands
formed by nucleation at the initial stage, resulting in smaller overall grains [38].

(2) The morphology tends to coarsen more (to reduce inter-granular interface) at a lower

pressure because of more vaporisation/re-deposition/diffusion processes.
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Figure 4. (a) RMSR of Bi-Te films at different sputtering pressures; (b) Aspect ratio of island
width/protrusion form top view of AFM images at various pressure conditions; (¢ & d) Plots
of island width and protrusion vs Ar flow rate for ~80-nm and ~160-nm coatings (inset: the
real thickness of samples). The error bars represent standard errors, which are obtained
from three AFM images (for RMSR), and at least fifteen independent islands from a large-

area sample (for aspect ratio).

The very thin Bi-Te film sputtered at room temperature is not expected to be highly
crystalline as our previous work has shown [29] that the strong peak at (1 O 10) almost
disappears for a 100 (£5) nm coating. The grain size has been shown to affect the electrical
conductivity of films due to charge scattering at the grain boundary [27]. However, the effect
on Seebeck coefficient has not been previously established for the room-temperature

sputtered Bi-Te thin film (see section 3.4).

3.4 Thermoelectric Properties

The changes in g, S, PF under various sputtering pressures (0.03 - 0.6 Pa) are displayed in
Figure 5.
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Figure 5. Plots of (a) p, (b) S, (c) PF for 80-nm and 160-nm films grown under various
pressures. The error bars are the standard deviation of at least five and eight measurements

at different locations for p and S, respectively.

3.4.1 Electrical resistivity

The coatings grown under a lower pressure possess a lower p. Hall effect measurements
(Figure 6a & b) reveal that the carrier concentration falls with pressure, and after an initial
rise between 50 and 100 sccm (possibly due to a more stoichiometric film grown at 50 sccm),
the carrier mobility also falls with increasing pressure. Both factors contribute to the observed
increase in resistivity. The observed decrease in grain size at higher pressure will decrease the
mobility (i.e. the density of grain boundaries on the film affects the carrier scattering effect,
see Figure 3). The increased Te content with pressure (see Figure 2) should lead to an
increasing trend of carrier concentration if the excess Te occupies the Bi lattice sites and acts
as a dopant in Bi,Te,, becoming a source of electron donors [39]. However, the observed
carrier concentration (from intrinsic carrier generation) appears to decrease with the pressure.

The increased E,, measured from Tauc plot analysis of UV-vis data (see Figure 6¢ & d), could



be a source of the observed decrease in carrier concentration. The observed increase in E,
could be attributed to the variation of grain size [40] (see Figure 3), stoichiometry [41] (see

Figure 2) and crystallinity [42].

= 80-nm coating
[] o 160-nm coating|

w5

b}
N
IS

Y
b
[N ®

o

Carrier concentration (x10% cm™)
>
Carrier mobility (cm*/Vs)

o

100 200 300 400 100 200 300 400
(a) Ar flow rate (sccm) (b) Ar flow rate (sccm)

= 80-nm coating
® 160-nm coating]|

[——"50scem | [80-nm coating
20000 9f—— 100 scem|

—— 250 sccm

15000 {|——450 scem|

Band gap (eV)
.

10000

(cho)®S (mlev)’s

e
2
S

[

5000

0 0 100 200 300 400 500
(c) o (eV) (d) Ar flow rate (scem)

Figure 6. (a) Variation of carrier concentration and (b) Variation carrier mobility of Bi-Te
films as a function of the Ar flow rate i.e. the sputtering pressure (the error bars represent a
standard error, obtained from Hall measurements of three identical specimens); (c) Tauc plot

of ~80-nm films under different Ar flow rate; (d) Variation of E, as a function of Ar flow rate.

3.4.2 Seebeck coefficient

An increasing trend of § is observed as the argon flow rate (i.e. deposition pressure)
increases, which could be associated with the decrease in carrier concentration with pressure
in Figure 6a (the inverse relationship between S and carrier concentration has been reported
by many studies [43-45]). The grain boundary also has effect on S. Under various working
pressures, the material forms different grain morphologies (see Figure 3 & Error! Reference
source not found.) and grain boundaries (e.g. different apparent grain boundary depth as
shown by AFM results in Figure 4), which can cause a carrier filtering effect on carrier
transport between grains. According to the nature of the grain boundary, energy barriers
could be formed either from trapping states [46,47] or other phases [48] present at the grain

boundaries.

There are many studies [49-53] reporting other phases (bismuth-telluride-based alloys or
bismuth-telluride-oxide-based alloy) involved into the as-prepared Bi-Te based films due to a
phase transition from Bi.Te, to bismuth-telluride-based alloys or the chemisorption of oxygen
during fabrication. Yuma et al. [53] investigated the effect of oxygen content on Bi-Te based

films prepared by a hot-pressing method. In their observation, the oxygen mainly distributed



at the grain boundary and the oxygen had an effect on TE behaviours of Bi-Te films. In
addition to the sample-fabricating process out of a vacuum, there is a possibility of oxygen
existing in Bi-Te films prepared under a vacuum process (e.g. oxygen was observed for a
sample prepared by evaporation with a post anneal under vacuum condition [51]). In our
case, the sample is very thin/poor crystalline films grown on polymer substrates, hence
identifying oxygen phases in the film is not easy. From the results of Te rich (EDX) and poor
crystallinity (XRD), we can only deduce that Te-rich (amorphous) phases, at least, are very
likely contained in the film (mostly likely at the grain boundary) introducing a carrier
filtering effect, which affects TE properties. We observe an increase in § with pressure
(Figure 5b): at greater pressure there is greater density of grain boundaries (smaller grains)
and increase of apparent grain boundary depth, which, if there is an energy barrier associated

with the boundaries may lead to a greater carrier filtering effect.

3.4.3 Power factor

PF (PF = §/p), which is independent of A, is used here to quantify the TE performance for
Bi-Te films. We observe that PF is maximum at moderate pressure, in our case with an Ar
flow rate around 250 sccm. As pressure increases above this, the increasing o decreases the
PF. As the flow decreases below 250 sccm, PF decreases again due to a weak S (high carrier
density due to a low E,, and/or lower effect of any energy barrier carrier filtering effect). In
this study, the highest PF for Bi-Te films is 4.1 (£0.1) x 10+ W/mK: for a 2-min coating (28
passes of the target source at 25 m min') under 250 sccm, retaining ~43% of the TE
performance but with a much thinner coating (55 +2 nm) and a faster deposition process,
compared with a recently published Bi-Te film of 1.3 um thickness fabricated in a
laboratory-scale RF magnetron sputtering technique (PF = 9.5 x 10+ W/mK:, Nuthongkum, et
al. [14]). They had three variables of pressures and observed that PF increases with pressure.
However, due to the wider range of working pressure in this study, we observed that PF
increases with pressure before 250 sccm but starts to decrease afterwards due to the greater

resistivity, indicating that there is an optimum pressure in sputtering Bi-Te films.

In addition, the majority of laboratory studies focus on RF power because of the inherent
poor electrical conductivity of Bi-Te semiconductors causing charging issue on the target
during sputtering, while we show that that DC power (at a suitable range) can also be used to
sputter Bi,Te, target which makes a step closer to the real R2R process because DC

magnetron sputtering (in our case, 20-56 nm/min in a dynamic sputtering = 100 — 270



nm/min in a static sputtering) is much faster than RF magnetron sputtering (40 nm/min in

static sputtering, [23]) and is often preferred in industrial processes.

4. Conclusion

Variation in Ar-flow rate was experimentally carried out to investigate the effect of
processing pressure on the performance of Bi-Te thin films grown on polymer substrates at
room temperature using an industrial-scale DC magnetron sputtering technique. At this power
(0.25 kW DC), the sputtering rate increased with increasing pressure from around 0.03 to 0.6
Pa. EDX analysis revealed an increasing trend of Te content with pressure thought to be due
to a greater obstruction of sputtered Bi atoms as the sputtered species pass through plasma
regions as the working pressure increases. The microscopy analysis revealed that grain size
was strongly dependent on the sputtering pressure, and bigger/flatter grains tended to form at
a lower working pressure. Resistivity of films increased with greater sputtering pressure due
to the smaller grain size contributing to more carrier scattering hence lower mobility, and a
lower carrier density arising from the increased band gap of the semiconductor. An increasing
relationship between the working pressure and Seebeck coefficient was observed, which was
attributed to a variation of band gap and a possible energy barrier mechanism at grain
boundaries. In our case, in terms of thermoelectric performance, power factor was maximum
at an argon flow rate of 250 sccm for BiTe, films at a 2-min sputtering (~55-nm coating).
Herein, we extend a previous study of sputtering pressure of Bi-Te films [14], by applying a
wider range of pressure, and found that increasing sputtering pressure cannot unlimitedly
improve the film’s performance. Most importantly, this study optimises the sputtering
parameters (deposition pressure and time) using the higher rate DC sputtering for fabricating
very thin Bi-Te films grown onto polymer films at room temperature using an industrial-scale
roll-to-roll webcoater system at Oxford, significantly making a step closer to the future high-

throughput manufacture of thermoelectric generators in flexible and wearable techniques.

Appendix

To investigate the possible on-Bi,Te, crystal phases in the films, thick samples were generated
for XRD study. A 1-um (£ 5 nm) Bi-Te coating (Te : Bi = 1.85 at.%), grown under ~8x10~
Pa, 20 sccm Ar flow rate, 0.1 kW power and an dynamic substrate (attached to a rotating

drum at an in-line speed of 11.3 m min") in an Edwards Vacuum Coater Auto 306 system, is



scanned to check the phase of Bi-Te film grown at room temperature. In Figure A1, XRD
diffraction peaks at 20 of 27.7°, 38.2°,40.8°, 57.1° and 62.7° confirm the planes of (0 1 5), (1
0 10), (110), (2 0 10) and (1 1 15), respectively, as expected in a standard Bi,Te, phase
(ICSD #193330). However, the (1 0 10) and (1 1 15) peaks are clearly broadened, which
suggest a possibility of overlapping peaks [54] of different phases with a similar
crystallographic structure to Bi,Te, (e.g. Te phases in Figure Al). Te phase is considered due
to a high Te content from EDX results, as well as a small peak observed at 43.8° which might
correspond to (1 1 1) plane of Te. The coexistence of Bi.Te, with Te phases could be due to a
local variation in elemental composition [55], resulting from poor adatom diffusion on a cold
polymer substrate. Controlling the stoichiometry of the bismuth telluride film is important to
achieve the best TE performance [14] because non-stoichiometric precipitates in Bi.,Te, films
are an important factor for TE behaviour [56,57]. However, Goncalves et al. [37] found that
the best TE performance was not necessarily associated with a stoichiometric Bi,Te, film. The
average crystallite size and lattice strain are 84 (+4) nm and 1.403 (+0.004) %, obtained from

Williamson-Hall method from the XRD trace in Figure Al.
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List of figure captions

Figure 1. Film thickness as a function of Ar flow rate after different deposition times of drum
rotation. (The error bars are standard deviation from at least five independent area of a single
sample). From these data, films of different deposition condition, but similar thickness, could

be selectrd for further analysis.

Figure 2. Elemental ratio of Te and Bi as a function of film thickness at different pressure
conditions. (Lines are to guide the eye. The error bars are standard deviation from at least

sixteen independent point measurements in four different locations on a large-area sample)

Figure 3. SEM and AFM images of films grown under (a) 250 sccm and (b) 450 sccm sputter
pressure. AFM images: 1-min coating at 250 sccm (23 + 5 nm) and 450 sccm (50 = 5 nm);

SEM images: 3-min coating at 250 sccm (80 = 5 nm) and 450 sccm (160 + 10 nm).

Figure 4. (a) RMSR of Bi-Te films at different sputtering pressures; (b) Aspect ratio of island
width/protrusion form top view of AFM images at various pressure conditions; (¢ & d) Plots
of island width and protrusion vs Ar flow rate for ~80-nm and ~160-nm coatings (inset: the
real thickness of samples). The error bars represent standard errors, which are obtained from
three AFM images (for RMSR), and at least fifteen independent islands from a large-area

sample (for aspect ratio).

Figure 5. Plots of (a) o, (b) S, (¢) PF for 80-nm and 160-nm films grown under various
pressures. The error bars are the standard deviation of at least five and eight measurements at

different locations for g and S, respectively.



Figure 6. (a) Variation of carrier concentration and (b) Variation carrier mobility of Bi-Te
films as a function of the Ar flow rate i.e. the sputtering pressure (the error bars represent a
standard error, obtained from Hall measurements of three identical specimens); (c) Tauc plot

of ~80-nm films under different Ar flow rate; (d) Variation of E, as a function of Ar flow rate.

Figure Al. XRD pattern of 1-um Bi-Te film, with the references of Te (ICSD #40042) and
Bi2Te3 (ICSD #193330) powders.



