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It is a challenge to obtain high thermoelectric efficiency owing to
the conflicting parameters of the materials that are required. In
this work, the composition-adjustable 2D bismuth antimonide
(Bizoo_xSbx) is synthesized using an e-beam evaporation system
with homemade targets. Engineering multiscale defects is done to
optimize the thermoelectric performance in the compound. Sb
alloying introduces atomic defects, lattice distortion and increased
grain boundary. They drastically decrease the thermal conductivity,
with an ultralow value of ~0.23 W m™* K™! obtained for the
composition with x = 18. It is noticed that the atomic and nanoscale
defects do not deteriorate the electrical conductivity (10° S m™3),
and the value is even comparable to the bulk counterpart over a
wide composition range (0 < x < 35). Annealing induces pore
structure with microscale defects, which increase the Seebeck
coefficient by 84% due to the energy barrier. The resultant ZT of
0.13 is enhanced by 420% in the annealed Big,Sb;g when compared
with the as-grown Bi. This work demonstrates a cost-effective and
controllable way to decouple electrons and phonons in the
thermoelectric field.

1. Introduction

Bismuth antimonide is a topological material that has attracted
considerable research attention due to its striking band structure
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Conceptual insights

It has long been a challenge for thermoelectric performance development
to overcome the coupling between phonons and electrons. Effective
scattering sources in different dimensions can scatter phonons in a wide
range of frequencies. However, this usually deteriorates electron trans-
portation, since the mean free paths (MFPs) of phonons and electrons are
close in most thermoelectric materials. In the 2D scenario, the dominant
topological surface states have linear dispersion-induced larger relaxation
times, indicating high electrical conductivity outweighing the bulk states.
In this work, multiscale defects involving atomic, nano and microscales
selectively target phonons and low-energy electrons, respectively, for
improved thermoelectric performance. Therefore, one can obtain
decreased thermal and maintained electrical conductivity with
improved Seebeck coefficient simultaneously. This work presents a
multiscale electron-phonon decoupling strategy to tune the coupled
thermoelectric properties independently in 2D topological materials.

and electrical properties." Located adjacently, antimony (Sb) shares
the same rhombohedral crystal structure (A7, space group R3m) as
Bi.>® The atomic diameters of Bi (1.63 A) and Sb (1.53 A) differ a
little, and the mismatch in lattice parameters is Aa/a = 5.4% and
Ac/c = 5.1%." Thus, they can constitute a continuous solid solution
(Biyoo_xSby) over the entire composition range.> When 7 < x < 22,
the transformation from semimetal to semiconductor occurs in
Bij00_xSby. When it goes to low dimensional form, this semicon-
ductor composition range could be widened to 0 < x < 35 as a
result of quantum confinement.> The maximum bandgap is
~30 meV at x = 15.°® The narrow bandgap is attributed to the
weaker SOC effect after the addition of Sb to the Bi crystal removes
the band overlap in Bi.° Bijgo_,Sb, has been reported to be an
n-type thermoelectric material, and exhibits high thermoelectric
performance with x from 8 to 15 owing to the narrow
bandgap,”'*** holding potential for application in waste heat
utilization and thermoelectric refrigeration.

The thermoelectric properties of single crystal bismuth
antimonide with various compositions were investigated in
1972 by Yim et al."* Thermal conductivity of ~2 W m™" K"
and ZT ~0.55 along the trigonal axis at 80 K were obtained."
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Recently, Gao et al. demonstrated that spark plasma sintering
could produce fine-grained BigsSb;s, which has a low thermal
conductivity of 1.5 W m ' K ' and a ZT ~0.6 at ~125 K.*
Besides decreasing grain size, another nanostructure engineer-
ing method to reduce thermal conductivity is decreasing the
dimensions. For instance, 2D materials tend to exhibit lower
thermal conductivity than their bulk counterparts because of
the size effect. However, it inevitably deteriorates the electron
transportation, but doping or alloying might resolve the pro-
blem. When the electrical conductivity is drastically increased
owing to extra carrier injection or Fermi level tuning, the
thermal conductivity can be decreased simultaneously or
increased negligibly, as has been widely investigated in several
thermoelectric materials, such as Bi,Te;,'>'* Bi,Se;'® and
Bio 5Sb; sTe;.'® For instance, when doping Cu in Bi,Ses,"> the
electrical conductivity increased by around twofold while the
thermal conductivity only changed by 10%. In Bijgo_,Sby,
alloying Sb has been found to change the electrical conductivity
by 300%."* Therefore, combining dimension reduction and Sb
tuning might be an effective way to decouple the electron and
phonon transportation in this material.

Low dimensional systems are expected to produce a sharp
increase of density of states and increase the Seebeck coefficient."”
However, the Seebeck coefficient has been observed to be lower in
bismuth antimonide and other thinner Bi-based topological materi-
als owing to the surface states.'”'®'® When the thickness modifica-
tion is widely used to change the Seebeck coefficient in bismuth
antimonide,'®*® Walker et al>' recently found that the Sb com-
position determines the crystal orientation and suppresses the sur-
face states, which may also have an effect on Seebeck coefficient of
2D bismuth antimonide. In addition, post-annealing is a facial
approach for tuning the morphology and thermoelectric properties.
Annealing-induced porous structures were successfully utilized to
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increase the Seebeck coefficient and reduce the thermal conductivity
due to the energy filtering effect and enhanced scattering
intensity.”***

To investigate the thermoelectric properties, an accessible
facial method is in great demand to realize large-area 2D
Bij00_xSby on a preferred substrate. Up to now, various physical
vapor deposition methods have already been reported, includ-
ing molecular beam epitaxy (MBE),>*" magnetron sputtering*
and thermal evaporation.'® Here, highly oriented Bi;go_,Sb, on
a Si0,/Si substrate was obtained by employing a cost-effective
electron beam (e-beam) evaporation method using homemade
bismuth antimonide as targets, with x ranging from 0 to 35.
Various structures, morphologies and thermoelectric para-
meters were investigated. It was found that low thermal con-
ductivity and a high Seebeck coefficient could be acquired while
maintaining high electrical conductivity in 2D Big,Sbyg by
tuning the composition and annealing. Our work provides
insights into independently tailoring the thermoelectric trans-
port coefficients of 2D materials, which are compatible for use
in small-scale devices such as portable refrigerators, cooling
laser diodes, terahertz detectors and integrated circuits.>*°

2. Results and discussion

Large-area bismuth antimonide with precisely controlled com-
position is deposited using homemade targets in an e-beam
evaporation system, as shown in Fig. 1. The atomic ratio could
be easily and cost-effectively adjusted during the target pre-
paration, providing a convenient way to investigate the proper-
ties of bismuth antimonide over the entire semiconductor
composition range. The typical thickness of our investigated
samples is 17 nm.
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Fig. 1 Schematic illustration of composition and micropore engineering of 2D bismuth antimonide.
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2.1 Structure and morphology characterization

Fig. 2a shows the XRD patterns of Bijgo_,Sb, (0 < x < 35) and
no oxides were detected in any of the samples. All the diffrac-
tion peaks can be indexed to Bi with rhombohedral crystal
structure (PDF#44-1246). A slight degradation of crystallinity is
observed when x = 35 due to the lower average atomic migra-
tion capability in the growth process.”” The e-beam-evaporated
bismuth antimonide shows a stronger preferred (00/) (parallel to
the trigonal axis) texture than other PVD methods."*** As x
increases, the (00/) diffraction peaks gradually shift to higher
angles because Sb has a smaller atomic radius than Bi.>® There-
fore, the calculated lattice parameter ¢ decreases almost linearly as
x increases (Fig. 2b), agreeing with Vegard’s law (dashed line).***°
Moreover, it is noted that as x increases, the intensity of the (012)
peak increases, which has been reported in MBE-synthesized
bismuth antimonide.”’ The characteristic peaks in the Raman
spectra are consistent with those of bulk bismuth antimonide®'~*
(Fig. 2¢). A monotonic blue shift is observed in the mode frequency
of E, (Bi) as x increases (Fig. 2d). Moreover, the full width at half
maximum (FWHM) increases, implying the decreased crystallinity
and consistent with the XRD results.

The diffraction rings (Fig. 3a) and morphology image
(Fig. 3b) indicate the polycrystalline nature of 2D bismuth
antimonide with nanograins (~30 nm) in our work. High-
resolution TEM images (Fig. 3c and d) of Big,Sb;g reveal that
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the lattice fringes are 0.227 nm and 0.329 nm, corresponding to
the (110) and (012) planes, respectively. Moreover, the disor-
dered atomic arrangement within the grain boundary region
can be observed in Fig. Sla and b (ESIf). The respective
morphologies of the as-grown 2D Bi;go_,Sb, (x = 0, 7, 18, and
35) are displayed in Fig. 3e-h. Protruded grains of several tens of
nanometers are embedded randomly on the surface, as reported
before.***® The formation of the protruded grains could be
attributed to the Stranski-Krastanov growth mechanism during
the deposition process.>” The resultant surface roughness is
~5 nm (Fig. Sic, ESIt). There is almost no difference in the
composition of the flat area and the protruded grains (Fig. S1d
and e, ESIf), eliminating the element segregation. EDS and
Raman mapping (Fig. S1f-h) also confirm the homogeneity of
the film. As x increases, the number and size of the protruded
grains decrease (Fig. 3e-h), possibly due to the decreased atomic
migration capability. In addition, it can be seen in the AFM
images (Fig. 3i-1) that the grain size gradually decreases as x
increases from 0 to 35, which will cause the increase of grain
boundaries, leading to the phonon or electron scattering.

2.2 Thermoelectric properties of as-grown bismuth
antimonide

The thermoelectric conversion efficiency can be quantified by a
dimensionless figure of merit ZT = S%6T/k, in which S, ¢, T,
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Fig. 2

(a) XRD patterns of e-beam-evaporated 2D bismuth antimonide. The diffraction peaks can be indexed to the standard PDF#44-1246 (Bi). Note

that (003) planes used here in the hexagonal coordinates are equal to (111) in the rhombohedral coordinates.>* (b) Lattice parameter ¢ of 2D bismuth
antimonide. The dashed line indicates Vegard's law and the inset is the crystal structure of bismuth antimonide. (c) Raman spectra of 2D bismuth
antimonide. (d) Mode frequencies and FWHM of E4 (Bi) peak.
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Fig. 3 Atomic structure and morphology of 2D bismuth antimonide. (a) SAED pattern and (b—d) TEM images of 17 nm Big,Sb1g; the lattice fringes in
(d) correspond to the red circle and the yellow circle in (b). (e—h) SEM and (i—1) AFM images of 2D bismuth antimonide. Color scale for the AFM images is
—10 to 10 nm. Scale bar: (a) 5 nm~, (b) 50 nm, (c and d) 2 nm, (e~h) 500 nm, (i-1) 100 nm.

and « refer to Seebeck coefficient, electrical conductivity, absolute
temperature, and thermal conductivity, respectively. Almost all the
thermal conductivity values in this work are smaller than the
reported counterparts as compared in Fig. 4a. For instance, the
thermal conductivity for BigsSbys bulk™ was reported to be
3W m ' K%, but in this work, the same composition only obtains
Kk =0.35Wm ' K. This indicates the size effect can enhance the
phonon scattering in bismuth antimonide. The trend of the change
of thermal conductivity with composition in this work is similar to
bulk bismuth antimonide.*®*® When x < 18, thermal conductivity
decreases as x increases. The lowest thermal conductivity in this
work is 0.23 W m ™" K" in Big,Sb,g, which is 60% lower compared
with x = 0 (0.58 W m ' K ') in Fig. 4b. The decreased thermal
conductivity can be attributed to two factors: i) the lattice distortion
scattering in Fig. 2b, from the different sizes between Sb and Bi,
which affects the high-frequency phonons; and ii) the grain bound-
ary scattering (Fig. 3i-1 and Fig. S1a and S1b, ESIt), from grain size
dwindling and atomic disorder in the boundary regime, which
results in suppressed low- to mid-frequency phonon relaxation
time.*® When x > 18, the upward trend of thermal conductivity is
due to the larger thermal conductivity of Sb (20 W m ™" K™ ') than Bi
(6 Wm™ ' K 1" and increasing electrical conductivity, as shown in
Fig. 4c.

The electrical conductivity of the as-grown 2D bismuth anti-
monide exceeds 10° S m™*, comparable to the values reported for

2056 | Mater. Horiz., 2023,10, 2053-2061

bismuth antimonide bulks or films, and higher than that of Bi-X
(X = Te, Se) by one order of magnitude.’ This is because the charge
carrier concentration in Fig. 4d is higher than those for the bulk or
thick film counterparts.®*®*'™* Decreased thickness inducing
increased charge carrier density has been reported in our previous
work on 2D bismuth** and other Bi-based topological insulators,
such as Bi,Te; and Bi,Se;.**® This can be attributed to the Fermi
level increasing inspired by metallic surface states.’®*® It has to be
noted that, when Sb is added, the mobility varies in the opposite
way to the carrier concentration (Fig. 4d), but there are no patterns
in lattice distortion (Fig. 2a and c) or grain size (Fig. 3i-1). There-
fore, in this work, the electron scattering could be dominated by
charge carriers rather than the above defects. Moreover, the
addition of Sb only results in a 19% decrease in the carrier mobility
(Fig. 4d), but drastically suppresses the thermal conductivity by
60% (Fig. 4b), providing a platform to study “phonon-glass
electron-crystal”.*

The Seebeck coefficient in Fig. 4c shows a negative value
before x = 25, indicating n-type nature with the electrons as the
major carriers.'® When x increases from 0 to 11, the absolute
value of the Seebeck coefficient increases by 42%, which could
be a result of the increased E,.” The Seebeck coefficient gains a
peak value of —25.4 uV K" when x = 11. Similarly, the turning
point of bulk Bi;o_,Sb, reported by Yim et al is around
x =12."" When x > 11, since the p-type Sb may bring in more

This journal is © The Royal Society of Chemistry 2023
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Fig. 4 Electric and thermoelectric properties of as-grown 2D bismuth antimonide with 17 nm thickness. (a) Comparison of thermal conductivity of our

BigoSbig With other Bi-based materials.*012°0-54 (p)

Thermal conductivity (the thermal conductivity is measured by TDTR method, fitting curves are

shown in Fig. S2, ESI). (c) Electrical conductivity, Seebeck coefficient and Hall coefficient. (d) Carrier concentration and Hall mobility. (e) Power factor.

(f) ZT value.

holes in bismuth antimonide, the total Seebeck coefficient can
be influenced by both electrons and holes:*®

S_ Snon + Spop (1)
On + 0p

where S,,(Sp) and ¢,(0p,) represent the Seebeck coefficient and
electrical conductivity of electrons (holes), respectively. As the
amount of Sb increases, S, will play a more important role in S.
Since S, and S, have opposite signs, the total Seebeck coeffi-
cient will be decreased and then change to a positive value.
However, all the Hall coefficient Ry are negative in Fig. 4c,
which can be explained by the electrons in bismuth antimonide
having much higher mobility than that of holes.’>*® The
resultant power factor (PF = $%¢) attains a maximum value of

This journal is © The Royal Society of Chemistry 2023

~8 x 107> W m ' K > when x = 11 in Fig. 4e, and shows a
similar trend to the S-x curve.

ZT finally reaches a maximum value of 0.058 (Fig. 4f) in
Big,Sbyg, which has the lowest thermal conductivity and
achieves a significant improvement of 142% compared to 2D
Bi. The results prove that the Sb composition can tune the
thermoelectric performance of e-beam-evaporated 2D bismuth
antimonide owing to the suppressed thermal conductivity via
lattice distortion and grain boundaries.

2.3 Thermoelectric properties of annealed bismuth
antimonide

In order to further improve the thermoelectric performance of
bismuth antimonide, annealing is conducted. It has been
reported to simultaneously improve the electrical conductivity

Mater. Horiz., 2023, 10, 2053-2061 | 2057
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and Seebeck coefficient in thick Bijgo_,Sb, (4 < x < 23) thin
films before,”” which may be ascribed to the increased crystal-
linity after heat treatment. Moreover, the annealing has also
succeeded in increasing the thermoelectric performance in
other Bi-based materials.*>** Since the highest ZT'was obtained
in Big,Sb,s after Sb optimization (Fig. 4f), in this section, this
sample is selected for the detailed discussion. The information
of the other samples is in Fig. S3 and S4 (ESIt).

After annealing, according to the XRD patterns and Raman
Spectra in Fig. S3 (ESIt), the crystallinity is increased in
Big,Sbyg. Moreover, pores or the purple SiO, substrate are
exposed after annealing, as seen in Fig. 5b. The sublimation
of bismuth antimonide may happen since the melting point
(271-630 °C) is higher than the annealing temperature. A
similar phenomenon has occurred in copper thin film.>® AFM
and SEM images (Fig. S5, (ESIT)) indicate that the pore depth is
the same as the film thickness, and the lateral size of the
exposed area is <3 pum.

As shown in Fig. 5a, annealing leads to a larger change in the
Seebeck coefficient than in electrical conductivity and thermal
conductivity. There is an 84% increase in the Seebeck coeffi-
cient from the as-grown sample (—17.9 uvV K~ ') to the annealed
one (—33.0 uv K™ '). This might be due to the energy barrier
formation-induced energy filtering from the grain boundary,
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pore structure, or exposed SiO,.>*"®" According to the Scherrer
equation, the grain size of Big,Sb, is decreased by 14.67% after
annealing. The energy filtering effect can be partially attributed
to the grain boundaries.

The pores or exposed SiO, areas produced by annealing
could also act as potential barriers to scatter low-energy charge
carriers by changing their momentum® (Fig. 5c). When the
exposed area increases, higher Seebeck coefficient can be
obtained (Fig. S6, ESIt). Moreover, SiO, can be seen clearly in
the annealed BigsSb;5, Bi;3Sb,;, and BigsSbss in Fig. S7 (ESIT),
in which the increased Seebeck coefficient is achieved (Fig. S4a,
ESIT). The pore structure or secondary phase oxides have been
reported to improve the Seebeck coefficient in bulk or thin
films such as Bi and Bi,Te;.>>**% However, it has to be noted
that the size of the pores or oxides in their work (nm) is much
smaller than ours (um). Although the electrical conductivity in
Fig. 5a is reduced a bit, it is still higher than that of other Bi-X
films by one order of magnitude (Fig. 5d). An improved
PF ~ 1.3 x 100* W m™~* K2 is obtained, which is ~189%
higher than that of the as-grown one (Table 1). It is noticed that
the thermal conductivity of Big,Sbyg slightly increases from 0.23
to 0.3 W m~' K" after annealing. This can be attributed to the
exposed SiO, substrate having higher thermal conductivity
(k=13 Wm ' K '), and it can be detected during the TDTR

OBulk Bi,Te,
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This work
A<> V Bulk BigSh,5
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Fig. 5 (a) Normalized thermoelectric parameters of as-grown and annealed 2D Big,Sb1g. (b) SEM images of annealed 2D Big,Sbsg. (c) Schematic diagram
of improving thermoelectric performance through tuning composition and annealing in bismuth antimonide: Sb composition optimized the thermal
conductivity through lattice distortion and nanograin boundaries; annealing further enhanced the Seebeck coefficient via sublimated micropores.
(d) Comparison of ZT and ¢ of bismuth®® and Bi—-X (X = Te,%! Se,52 Sp,1043:53%),
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Table 1 Thermoelectric parameters of bismuth and Bi—X
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c(10°Sm ™) S(uVvK™ PF(Wm 'K ?) kWm 'K ZT Ref.

Bulk Bi 3.35 —58 1.1 x 107° 5.4 0.06 53

Bulk Bi,Te; 0.235 —156.2 5.7 x 1074 0.78 0.21 51

Bi,Se; thin film 0.0019 556 5.8 x 10°° 0.534 0.033 52

Bulk BigsSb; s 1.6 —87 1.2 x 1073 2.8 0.12 53
Big,Sb, thin film 1 -85 7 x 1074 2 0.12 10
Big,Sbys (as-grown) 1.4 —-17.9 44 x 10°° 0.23 0.058 This work
Big,Sb, g (annealed) 1.2 —33.0 1.3 x 1074 0.30 0.13

measurement. The resultant ZT value of annealed Big,Sbqg
improves by 124% and reaches 0.13 (Table 1), which is mainly
attributed to the enhanced |S|. Such a ZT value is comparable
to thicker Bi-X (X = Sb, Se, Te) films and even bulk counterparts
at room temperature, as compared in Fig. 5d and Table 1.

Briefly, when the Sb composition decreases the thermal
conductivity by 60% through lattice distortion and nanograin
boundaries, the annealing-induced microporous structure
increases the Seebeck coefficient by 84%. They both contribute
to the improvement of ZT in 2D Big,Sb,g, as shown in Fig. 5c.
Moreover, our bismuth antimonide also possesses high elec-
trical conductivity, providing a platform for the study of topo-
logical and transistor devices.

3. Conclusion

In summary, we investigated the thermoelectric properties of
2D Bijgo_xSby (0 < x < 35) prepared on a SiO,/Si substrate
using an e-beam evaporation system. The XRD patterns for the
samples show the preferred (00/) (parallel to the trigonal axis)
texture. When x increases, (00/) the diffraction peaks gradually
shift to higher angles and the grain size decreases (~30 nm).
All the thermal conductivity values are smaller than the pre-
vious report due to the size effect in 2D bismuth antimonide.
The lowest thermal conductivity is 0.23 W m™* K™ * in Big,Sb,g,
which is 91% lower than that reported for the bulk materials,
and 60% lower than 2D Bi in this work, which can be attributed
to the lattice distortion and increased grain boundaries after Sb
alloying. Those defects do not deteriorate the electrical con-
ductivity, which maintains around 10> S m~". The following
annealing process results in a further 84% increase in the Seebeck
coefficient in Big,Sbyg, which can be attributed to the produced
pores or exposed SiO, areas acting as potential barriers to scatter
low-energy charge carriers. Finally, a ZT value of 0.13 is achieved, an
increase of 124% compared to the as-grown one and 420% to the as-
grown Bi at RT. The study demonstrates a convenient and con-
trollable strategy to independently tune the transport of carriers and
phonons for better thermoelectric performance.

4. Experimental methods
4.1 Preparation

2D bismuth antimonide was synthesized via e-beam evaporation
using a VZS 600 Pro system. The target was alloyed beforehand by
weighing high-purity Bi (99.999%) and BiSb (99.99%) accurately
according to the stoichiometric ratio. The mixed shots were then

This journal is © The Royal Society of Chemistry 2023

vacuum-sealed and placed horizontally in the tube furnace.
They were heated to 600 °C, held for 4 h and then naturally
cooled down to room temperature (RT). 2D bismuth antimonide
was deposited on 100 °C-heated SiO,/Si substrate (p ~ 5 x 10" Pa)
with a growth rate of ~0.1 A s~'. A crystal oscillator acted as
an in-situ thickness monitor and a Dimension ICON atomic
force microscope (AFM) was used to confirm the thickness.
The thickness in our work is around 17 nm. The as-grown 2D
bismuth antimonide samples were annealed at 250 °C for 1 h
under a 100 sccm Ar atmosphere in a quartz tube furnace
(~100 Pa).

4.2 Characterization

The crystal structure of deposited 2D bismuth antimonide was
identified using an Ultima IV X-ray diffractometer (XRD) with
1.54 A Cu Ka radiation. The Raman spectra were obtained using
a LabRAM HR UV-Visible Raman spectrometer with a 532 nm
green laser. The surface morphology and energy dispersive
spectrometry (EDS) analyses were done using an FEI Sirion
scanning electron microscope (SEM) and AFM. High-resolution
images and selected area electron diffraction (SAED) images
were acquired via transmission electron microscopy (TEM).
Electrical conductivity and Seebeck coefficient were measured
by the four-probe method and using a portable Joule Yacht
PTM-3 apparatus at room temperature, respectively. Hall
effect measurement was performed on an HET-RT system. The
thermal conductivity of 2D bismuth antimonide was deter-
mined by employing the time-domain thermoreflectance
(TDTR) method.>® Before measurement, 70 nm-thick alumi-
num was deposited on the films by e-beam evaporation.
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