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ABSTRACT: P-type SnTe-based compounds have attracted
extensive attention because of their high thermoelectric perform-
ance. Previous studies have made tremendous efforts to investigate
native atomic defects in SnTe-based compounds, but there has been
no direct experimental evidence so far. On the basis of MBE, STM,
ARPES, DFT calculations, and transport measurements, this work
directly visualizes the dominant native atomic defects and clarifies an
alternative optimization mechanism of electronic transport proper-
ties via defect engineering in epitaxially grown SnTe (111) films.
Our findings prove that positively charged Sn vacancies (Vg,) and
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negatively charged Sn interstitials (Sn;) are the leading native atomic defects that dominate electronic transport in SnTe, in contrast
to previous studies that only considered V. Increasing the substrate temperature (T,,) and decreasing the Te/Sn flux ratio during
film growth reduces the density of Vg, while increasing the density of Sn;. A high T, results in a low hole density and high carrier
mobility in SnTe films. The SnTe film grown at Ty, = 593 K and Te/Sn = 2/1 achieves its highest power factor of 1.73 mW m™
K2 at 673 K, which is attributed to the optimized hole density of 2.27 X 10%® cm™ and the increased carrier mobility of 85.6 cm*
V™! 57, Our experimental studies on the manipulation of native atomic defects can contribute to an increased understanding of the

electronic transport properties of SnTe-based compounds.
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1. INTRODUCTION

Thermoelectric (TE) materials enable the direct conversion
between heat and electricity based on the Seebeck and Peltier
effects, and have promising applications in fields such as waste
heat recovery, self-powered wearable devices, heat dissipation
for electronic devices, and radioisotope power generators for
deep-space exploration.'™ The conversion efficiency of TE
devices is determined by the dimensionless figure of merit
(ZT) of TE materials, ZT = 6S*T/(k, + k), where 6, S, k,, ki,
and T signify the electrical conductivity, Seebeck coefficient,
electronic thermal conductivity, lattice thermal conductivity,
and absolute temperature, respectively.” Enhancing the power
factor (PF = 6S) and decreasing the total thermal conductivity
(x, + k) are the main ways to improve ZT.

P-type SnTe-based materials have sparked broad interest
because of their excellent TE performances, and they are well-
known as eco-friendly alternatives to PbTe that are free of toxic
elements.” The combination of band structure engineering®
and phonon engineering” has been demonstrated to effectively
increase the ZT values of SnTe, with the maximum ZT
increasing from approximately 0.6 in pristine SnTe to
approximately 1.8 in nanostructured SnTe based alloys.'*~"
Alloying Mn, Mg, Cd, and Hg"* ™' in SnTe effectively reduced
the energy offset between the light valence band (L) and the
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heavy valence band (X), and broadened the energy band gap,
leading to significantly increased ZT values. Moreover, In
doping was reported to produce resonant energy levels near
the Fermi level (Eg) in the density of states of SnTe, resulting
in increased S.'”'® For phonon engineerinfg in SnTe,
introducin% atomic defects,'>'”*° dislocations,”’ and nano-
structures' >* was confirmed to scatter phonons over a wide-
frequency range. Therefore, x; was reduced toward its
amorphous limit of 0.4 W m™ K™, as determined by the
Debye—Cahill model.”>**

Prior to implementing the strategies mentioned above, the
hole density should be optimized to maximize the ZT of p-type
SnTe. This is because the p-type SnTe has an excessively large
hole density of approximately 1 X 10*' cm™, which results
from the high density of native Sn vacancies (Vg,).”"*
Consequently, the PF deteriorates and the k, increases, both of
which significantly reduce the ZT of SnTe. To reduce the hole
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density of SnTe, researchers have used the counter-doping of
Bi,”*™*% Sb,”*** Gd,”**” and excess Sn**” on the cation sites
as well as I doping on the anion sites.””*> Among these
dopants, only Bi and I reduce the hole density to the optimal
range of approximately 4 X 10" cm™, which is mainly
influenced by Vg, because of its lowest formation energy
among all types of defects.’”” Despite the optimized hole
density obtained by doping, the associated point defects
deteriorate the carrier mobility and thus the power factor to
some extent.’* Therefore, suppressing the high-density Vg, to
optimize the hole density is expected to achieve better TE
performance in SnTe-based alloys than doping would.
However, the mechanism of controlling Vg, has not yet been
thoroughly investigated. Moreover, to further improve the
electronic properties, other types of native atomic defects
should be thoroughly investigated experimentally in SnTe.

Combinations of molecular beam epitaxy (MBE), scanning
tunneling microscopy (STM), and angle-resolved photo-
emission spectroscopy (ARPES) are effective in uncovering
the atomic defects and their important features, which was
recently demonstrated in the Bi,Te;-based TE films.*>*°
Although some preliminary results have been reported in
SnTe materials by using STM, atomic defects have never been
investigated systematically.3’7’3'8 Thus, using the combined
techniques of MBE-STM-ARPES and transport property
measurements, this work thoroughly examines native atomic
defects and their influence on the electronic transport
properties of SnTe (111) films. Guided by these findings,
the hole density is optimized, and the electrical properties are
remarkably improved by the manipulating atomic defects in
the as-grown SnTe (111) films. This study provides an
innovative method for enhancing the TE performances of
SnTe and other broad material systems by engineering atomic
defects.

2. EXPERIMENTAL PROCEDURES

Film Growth and the Characterization of Atomic Defects.
The SnTe (111) single-crystalline films were epitaxially grown by the
molecular beam epitaxy apparatus (MBE, Octoplus 300, Dr. Eberl
MBE Komponenten). We utilized a 6 nm thick Bi,Te; (00) film
fabricated on a sapphire (00!) substrate as the buffer layer. High-
purity Bi (99.999%) and Sn (99.9999%) were evaporated from
standard Knudsen cells, and high-purity Te (99.9999%) was
evaporated from a special two-stage thermal cracker cell. The fluxes
of Bi, Sn and Te were monitored in situ with a quartz crystal
oscillator. The fluxes of Bi and Sn were held constant at 0.025 and
0.04 A/s for Bi,Te; and SnTe, respectively. The Te to Bi flux ratio
(Te/Bi) was set to 6/1 and the substrate temperature (Ty,) was set
to 573 K during the growth of Bi,Te;. The Te to Sn flux ratio (Te/
Sn) and T, were set in the ranges of 2/1—18/1 and 513—633 K,
respectively, during the growth of SnTe. The growth rates of the
Bi,Te; buffer layers and SnTe films were calibrated at approximately
0.3 and 0.4 nm/min, respectively, to ensure high crystallinity. In situ
reflection high-energy electron diffraction (RHEED) was used to
monitor the growth process in real time.

Surface morphologies and atomic defects were characterized in situ
with a low-temperature scanning tunneling microscope (LT-STM-
AFM-N, CreaTec Fisher & Co. GmbH) at the LN, temperature. The
surface electronic band structures were characterized in situ at 10 K
using an angle-resolved photoemission spectroscopy system (ARPES,
Scienta Omicron). A monochromatic He—I (hv = 21.2 eV) light
source and a state-of-the-art DA-30L hemispherical electron analyzer
were used during the ARPES measurements. High energy and angle
resolutions of 7 mV and 0.2° respectively, ensured accurate
characterization of electronic structures of SnTe films. The STM
and ARPES apparatuses were interconnected with the MBE growth

chamber by a UHV transfer tunnel. The phase structure of the as-
grown SnTe films was examined by high-resolution X-ray diffraction
measurements (HRXRD, Rigaku Smartlab), including 6—26 scans
and ¢ scans.

Electronic Property Characterizations. The Seebeck coefficient
and the electrical conductivity of SnTe films were measured
simultaneously on CTA-3 equipment in a helium atmosphere and
at temperatures ranging from room temperature to 673 K. The Hall
coefficient (Ry) at room temperature was measured by using a five-
point configuration in a physical property measurement system
(PPMS-9T, Quantum Design). The room-temperature hole density
(p) and carrier mobility (1) were calculated based on the equations p
= 1/eRy and pu = Ryo. We measured the thicknesses of the as-grown
films with a step profiler (DektakXT, Bruker). The surface area of the
measured films was approximately 10 mm X 3 mm for CTA-3 and
PPMS measurements. The uncertainties of the Seebeck coefficient,
electrical conductivity and Hall coefficient measurements were +5%,
+ 10% and +5%, respectively.

DFT Calculations Regarding Native Atomic Defects.
Formation energy (E,,) calculations were performed using
QUANTUM-ESPRESSO.* The exchange and correlation interac-
tions were described using the Perdew—Burke—Ernzerhof (PBE).*
Values of 100 and 400 Ry were chosen as the cut-offs for the selection
of the plane-wave basis sets to describe the kinetic energy and the
electronic density, respectively. The spin—orbit coupling effect (SOC)
was considered in the calculations. A supercell of 3 X 3 X 3 Sny;Te,,
built from the primitive cell was used in the calculation. The structure
was fully relaxed when the total energy changed to less than 1 X 107
eV between two consecutive self-consistent calculations and all
components of all forces were smaller than 107™* eV/ A. Eg . was
calculated from the equation Eg,, = E(X%) — E,(host) — Znu; +
q(Eg + E, + AV), where E,(X9) and E,,(host) are the total energies
of the supercells with and without defects, respectively.*" n; is the
number of type i atoms that are added to (n; > 0) or removed from (n,
< 0) the supercell when the defect is created, and u; is the
corresponding chemical potential. yg, and iy, are calculated by pg, +
Hre = Esyrey Where Eg. 1. represents the cohesive energy of SnTe. In
the Sn-rich condition, ug, equaled the cohesive energy of Sn (Eg,),
whereas in the Te-rich condition, ur, equaled the cohesive energy of
Te (Er.). The E, and Er, are calculated based on the diamond cubic
phase of Sn and the trigonal phase of Te, respectively. g is the charge
value of the defect. Eg is the Fermi level with respect to the valence
band maximum (E,). AV is a correction term used to align the
reference electrostatic potential in the defect supercell with that in the
perfect bulk.

The STM simulations of the SnTe surface atomic defects were
performed using the projector augmented wave (PAW) method,*
which was implemented in the Vienna Ab initio Simulation Package
(VASP) code.*” We used the PBE parametrization*® of the
generalized gradient approximation to express the exchange-
correlation function, and the atomic core electron interactions were
represented by the PAW pseudopotential.”” To model the surface
structure and potential atomic defects of SnTe, which consists of four
atomic layers along the (111) direction (Tel—Snl—Te2—Sn2,
referred to as quadruple layers (QLs)), we used the supercell
approach without considering the SOC effect. We chose the (4 X 4)
surface unit cells consisting of two QLs and added a 20 A vacuum slab
to avoid spurious interactions. The structure was relaxed using
conjugate gradient (CG) geometry optimization until the residual
force on each atom was less than 0.01 eV/A. A Monkhorst—Pack
scheme* k-point grid of 5 X 5 X 1 was used for the structural
relaxation and a grid of 7 X 7 X 1 was used for self-consistent field
calculations until the change in total energy was less than 1 X 107 eV.
The simulated STM images were generated by using the Tersoff—
Hamann approximation*>* at a distance approximately 2 A above the
surface.
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Figure 1. (a) Crystal structure of cubic SnTe. The purple shadow represents the (111) lattice plane of SnTe. RHEED patterns of the (b)
Bi, Te;(00!) buffer layer along the [1010] and [1120] azimuthal directions and (c) SnTe (111) film grown at Ty, = 633 K and Te/Sn = 6/1 along
the [112] and [110] azimuthal directions. (d) In situ STM surface morphology of the as-grown SnTe film, showing triangular-shaped terraces and
spirals. (e) XRD spectra of 0—20 for SnTe films grown at various Ty, and Te/Sn ratios. (f) XRD spectrum of the ¢-scan for the SnTe film grown at
Top = 633 K and Te/Sn = 6/1. The inset in d illustrates the step height of SnTe, marked by the red line, which represents the stacking units of

—Sn—Te— with a thickness of 3.7 A.

3. RESULTS AND DISCUSSION

3.1. Phase Structure and Surface Morphology. SnTe
crystallizes in a rock salt crystal structure with hexagonal Sn
and Te sublattices stacking along the [111] crystallographic
direction, as displayed in Figure la. The purple shadow
represents the (111) lattice plane of SnTe. The lattice-match
between the substrate and the product is required for the
epitaxial growth of high-quality films. The rhombohedral
Bi,Te; (00l) buffer layer, with a surface lattice mismatch of
~1.5% with respect to SnTe (111), satisfies this requirement.*’
Figure 1b, ¢ exhibit the RHEED patterns of the fabricated
Bi,Te; buffer layer and the SnTe film epitaxially grown on a
sapphire (AL O;) substrate. The growth of the Bi,Te; buffer
layer is similar to that of the reference,*® and the buffer layer
has a highly crystalline quality. The outermost Te atomic layer
of the Bi,Te; buffer layer can naturally accommodate the Te or
Sn atomic layer of SnTe (111), resulting in the high-quality
epitaxial growth of SnTe (111) films, as evidenced by sharp
RHEED streaks and clear Kikuchi lines. Figure 1d shows the
STM surface morphology of the epitaxial SnTe (111) film. The
surface of the SnTe (111) film is characterized by triangular
islands and spirals with atomic flat terraces, indicating that the
layer growth mode of SnTe on the Bi,Te; buffer layer is
consistent with the reported results.”’ At the expense of surface
energy, the formation of triangle islands and spirals structures
could reduce epitaxial lattice strain during the layer-by-layer
growth of SnTe. Furthermore, the step height of 3.7 A along
the red line agrees well with the thickness of the periodic unit
of —Sn—Te— along the [111] direction, corroborating the
sequential stacking of Sn and Te layers as well as the layer
growth mode. As shown in Figure le, the SnTe (111) films
grown at various Ty, and Te/Sn ratios exclusively have the
(222) diffraction peak, with the exception of the (006) peak
from the sapphire substrate, indicating that the epitaxial SnTe
films all have single-crystal characteristics. Furthermore, the

HRXRD ¢-scan in Figure 1f demonstrates a 3-fold symmetry
of the {400} planes along the [111] direction as well as a
prominent twin structure in the as-grown SnTe (111) film.
The 3-fold symmetry is revealed by two sets of peaks with
equivalent intensities that appear at 30, 150, and 270° as well
as at 90, 210, and 330°. The twin structure in the SnTe film is
inherited from the Bi,Te; buffer layer, which tends to have a
twin structure when grown on sapphire substrates."’

3.2. Atomic Defect Structure. Figure 2 depicts the
calculated formation energies (Eg,,) of all possible atomic
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Figure 2. Calculated formation energies (Eg,,) of possible defects in
SnTe under (a) Sn-rich and (b) Te-rich environments as a function of
Er — Eypm with Egp and Eypy denoting the Fermi level and valence
band maximum, respectively. The slope of the line indicates the
charge state of the defect. The Eg ranges from 0.2 eV below the
valence band maximum to the conduction band minimum.

defects in SnTe under Sn-rich and Te-rich environments using
DFT calculations. Sn vacancies (Vg,) are the dominant atomic
defects in SnTe because they have the lowest Eg,,, among the
various atomic defects, which well supports the highly
degenerated p-type conduction in SnTe.”> In addition to
Vs, other atomic defects with relatively high Eg,., can also
exist under different growth environments. Antisite defects of
Snp. and Teg, are likely to form in Sn-rich and Te-rich
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Figure 3. STM tip bias-dependent surface topographies of atomic defects in SnTe (111) films: (a) Te vacancies (Vr,, 1) and (c) Sn antisites (Snr,,
1) at the first atomic layer as well as (b) Sn vacancies (Vg,, 2) and (d) interstitial Sn (Sn;, 2) at the second atomic layer in filled states and empty
states. The experimental and DFT-simulated STM characteristic topographies and the schematic atomic structures are listed for these defects. The
experimental results are made consistent with the DFT simulated STM topographies by assuming that the outermost terminated surface is the Te
atomic layer. The numbers 1 and 2 represent the atomic defects at the outermost Te layer and the underneath layer, respectively.

environments, respectively, because of their low Eg, of less
than 1.0 eV. Sny, and Teg, function as electron acceptors and
electron donors, respectively. In addition, donor-like interstitial
defects Sn,, located in the tetrahedral interstice of Te atoms,
may exist in the Sn-rich environment due to the relatively low
Ef.im- Therefore, in addition to the Vg, other types of atomic
defects such as Sny,, Teg,, and Sn; can exist in SnTe and hence
influence the electronic transport properties.

Intuitively, the types of various atomic defects can be
identified based on the STM surface morphologies and DFT
simulations. For example, vacancies exhibit dark depression
characteristics in the STM topography, because the STM
image contrast is very sensitive to the surface height.*® Figure 3
and Figure S1 show the tip bias-dependent STM topographies
used to examine surface atomic defects in SnTe films. Wang et
al>' calculated the stability of the SnTe (111) surface and
found that the stably terminated surface was either the Te
(111) or the reconstructed Sn-terminated surface that
diminishes the surface energy. Experimentally, we confirmed
that the terminated surface of the SnTe films is Te (111). First,
there was no surface reconstruction in the atomically resolved
STM images of the SnTe films. Second, the STM topographies
and DFT simulations of surface atomic defects are consistent,
further confirming that Te (111) is the stably terminated
surface. In the STM topographies, the V, at the terminated Te
layer corresponds to the dark hole in both the filled states
(negative bias) and empty states (positive bias). The Vg, at the
second atomic layer has a trigonal shape in STM topographies
with dark depression characteristics in both the filled states and
empty states, because of he 3-fold symmetry of the crystal
lattice along the [111] direction and the local lattice distortion
caused by the Vg,. Because the ionic radius of Sn** (0.93 A) is
much smaller than that of Te®*~ (2.21 A), the STM
topographies of antisite Snr, at the first atomic layer show

dark depressions. Furthermore, interstitial Sn; exhibit bright
protrusions in the STM images. Our in situ STM studies reveal
the existence of positively charged Vg, and Snp, as well as
negatively charged V. and Sn;, which are believed to be native
atomic defects in the SnTe (111) films, whereas other defects
are not prominent in the films.

It was reported that the MBE growth parameters
significantly impacted the atomic defects in Bi,Te; films.*® A
similar phenomenon was found in SnTe films. Figure 4 shows
the STM surface morphologies and the quantitative analysis of
atomic defects in SnTe (111) films grown at various Ty, and
Te/Sn ratios. All SnTe films exhibited native atomic defects of
Vs Sny, Snr,, and Vi, which are well distinguished by their
characteristic STM morphologies, as labeled in Figure 4a—c.
The densities of Vg, and Sn; are greater than those of the other
two types of defects, indicating that Vg, and Sn; are the main
defects in the SnTe films. As shown in Figure 4d, the statistical
analysis of atomic defects from samples grown at different
conditions has revealed that both T, and Te/Sn impact the
densities of Vg, and Sn;. First, as T, increases from 553 to 633
K, the sheet density of Vg, reduces dramatically from 1.04 X
10" cm™ to 5.08 X 10" cm™. Arising from the volatility of
element Te, increasing T, reduces the Te content in SnTe
films, which increases the actual Sn content and decreases the
Vs, density. Second, reducing the Te/Sn flux ratio at elevated
Top = 633 K increases the sheet densities of Vg, and Sn; from
5.08 X 102 cm™? and 6.25 X 102 cm™2 at Te/Sn = 6/1 to 1.05
X 10" cm™ and 135 X 10 cm™ at Te/Sn = 2/1,
respectively. Previous studies reported by Xin et al.”” suggested
that introducing n-type V-interstitial defects decreased Eg,,
and increased the density of native Vg,. In our research, excess
Sn and high T, promote the formation of energetically
unfavorable Sn;, leading to a higher density of Vg, originating
from the n—p compensation doping of positively charged Vg,
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Figure 4. Atomically resolved STM surface morphologies (20 nm X
20 nm) of SnTe (111) films grown at different conditions of (a) Ty,
=553 K and Te/Sn = 6/1, (b) Ty, = 633 K and Te/Sn = 6/1, and
(c) Ty = 633 Kand Te/Sn = 2/1. (d) Statistical analysis of the sheet
densities of atomic defects for SnTe films grown at different growth
parameters.

and negatively charged Sn;. Based on the evolution of the
atomic defects at different MBE growth parameters, two
regulation mechanisms for Vg, and Sn; are summarized. For
Vs, the lowest Eg . among all atomic defects urges the
formation of a large amount of Vi, under Te-rich or even Sn-
rich conditions, which is described by the following equation:

Sn + Te = (1 — x)Sng, + Teg, + 4Sn + xVg, + 2xh
(1)

where the excess Sn may transform into p-type Snr, defects or
result in the formation of Sn-rich precipitates. Moreover, under

Sn-rich and high thermal energy conditions, the formation of
high-density Vg, and Sn; can be illustrated as follows:

Te + (1 + x)Sn — Tep, + (1 — y)Sng, + «Sn™* + ySn
+ Vg + (27 — z0)k @)

Unlike previous reports that focused solely on Vg, as the
predominating atomic defect, this work concludes that Vg, and
Sn; are both major defects in SnTe. As shown in Figure 4d, the
sheet density of n-type Sn; is comparable to that of p-type Vg,
whereas all SnTe films are highly degenerated p-type
semiconductors with high hole densities. This implies that
the density of Sn; in the interior film is reduced because of the
evolution of defects induced by a continuously heated
substrate during the film growth process.

3.3. Electronic Transport Manipulated by Atomic
Defects. ARPES and Hall measurements are effective in
clarifying the effects of atomic defects on electronic transport
in SnTe. Figure S shows the ARPES surface electronic
structures and the corresponding MDC spectra along the I'—
K direction at 10 K of the as-grown SnTe (111) films. SnTe is
a direct band gap semiconductor with both the valence band
maximum (VBM) and the conduction band minimum (CBM)
at the high-symmetry L point in the bulk Brillouin zone
(BZ).>* The VBM is projected to the Tpoint of the surface BZ
along the [111] direction, as depicted in Figure S2. Because of
the strong p-type conduction of SnTe films, the VBM is not
observed in our ARPES results. Instead, we use valence band 2
(VB2) as a reference to display the movement of Eg. The Eg
from the ARPES measurements shifts upward as T, increases
from 513 to 633 K in SnTe films, coinciding with the
decreased density of positively charged Vg, and p, as shown in
Figure 4 and Table 1. Specifically, E; shows an upshift by
approximately 0.2 eV, and p decreases from 8.69 X 10*° cm™
to 1.82 X 10%° cm™>. Additionally, in SnTe films grown at Ty,
of 633 K, a decrease in the Te/Sn ratio from 6/1 to 2/1 results
in a slight downshift in E; and a moderate increase in p, from

‘ s3ieril lessicardl b33 k. 2/
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Figure 5. In situ ARPES surface electronic structures (upper panels) and the corresponding momentum distribution curves (MDCs) spectra (lower
panels) along the I'—K direction at 10 K for SnTe (111) films grown at various Ty, and Te/Sn ratios. VB1 and VB2 represent bulk valence bands 1
and 2, respectively, as indicated by the red arrows. Eg is the Fermi level and E, is the energy position of bulk valence band 2.
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Table 1. Room-Temperature Physical Parameters of SnTe (111) Films Grown at Various Ty, and Te/Sn Ratios, Including
Hole Density (p), Carrier Mobility (), Electrical Conductivity (), Seebeck Coefficient (S), and Power Factor (PF)

Ty (K) Te/Sn p (X 10*° cm™) u (em? V1s7h) o (x 10* S m™) S (uv K1) PF (mW m™! K2)
513 6/1 8.69 24.6 342 44 0.67
553 6/1 8.31 28.8 384 51 1.01
593 6/1 3.16 65.7 333 49 0.80
633 6/1 1.82 74.5 21.7 42 0.38
593 2/1 227 85.6 311 53 0.54
593 10/1 2.64 48.9 20.6 34 0.23
593 14/1 2.83 45.4 20.6 48 0.46
593 18/1 2.96 335 15.9 50 0.40
633 2/1 3.04 86.7 422 39 0.69
633 4/1 2.52 70.2 28.3 42 0.51
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Figure 6. Temperature dependence of the electrical conductivity, Seebeck coefficient, and power factor for the SnTe (111) films: (a—c) Te/Sn =
6/1 and various Tyy; (d—f) Ty, = 593 K and various Te/Sn; (g—i) Ty = 633 K and various Te/Sn.

1.82 X 10* cm™ to 3.04 X 10%° cm ™. It should be noted that
the variation trends of p and Eg are not clear in SnTe films
grown at Tgy,= 593 K with Te/Sn ratios ranging from 18/1 to
2/1, as shown in Figure S3 and Table 1. This result suggests
that both the positively charged V, and negatively charged Sn;
are sensitive to the MBE growth parameters, leading to
fluctuations in electronic transport in SnTe films. Furthermore,
we discover that Ty, and the Te/Sn ratio also play an
important role in tuning the carrier mobility () of SnTe films,
as listed in Table 1. Increasing Ty, increases u because of the
improved crystallinity of the films, whereas increasing the Te/
Sn ratio decreases p, which is caused by the film growth

deviating from the optimal condition. The highest p of
approximately 80 cm® V™' s™! in SnTe films is obtained when
the Ty, is 593 or 633 K and the Te/Sn ratio is 2/1, which is
more than double that obtained in the film grown when T,
513 K and the Te/Sn ratio is 6/1.

Figure 6 depicts the temperature-dependent electrical
transport properties of SnTe (111) films grown at different
conditions. In all SnTe films, the room-temperature electrical
conductivity (6) is larger than 15 X 10* S m™', and the
Seebeck coefficient (S) increases monotonically with temper-
ature. Over the temperature range studied, all samples contain
completely different o but roughly similar S. Thus, the PF

ub is
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Figure 7. Carrier density dependence of the (a) carrier mobility, (b) Seebeck coefficient, and (c) power factor for SnTe films at room temperature,
and a comparison with reported results. The black line in b indicates the Pisarenko curve based on a two-band model, which considers the

contributions from two valence bands.

values of all SnTe films are determined mainly by . In the
SnTe films grown at a fixed Te/Sn ratio of 6/1, increasing Ty,
leads to a dramatically decreased p, which reduces the ¢ and
PE. In SnTe films grown at fixed Ty, of 593 or 633 K, higher
PFs are obtained in films with lower Te/Sn ratio, which have
improved u and o. The SnTe film grown at a T, of 553 K and
a Te/Sn ratio of 6/1, possesses a high PF of 1.01 mW m K2
at room temperature because of the high p of 8.31 X 10*° cm™
and the moderate y of approximately 28.8 cm® V™! s7%. The
SnTe film grown at a Ty, of 593 K and a Te/Sn ratio of 2/1
yields the highest PF of 1.73 mW m™' K2 at 673 K, resulting
from the excellent y and the moderate p. It is noteworthy that,
unlike the prominent change in o, the change in S is relatively
minor for different SnTe films. This feature differs from bulk
SnTe, in which S strongly depends upon p.*>>® Nevertheless,
the best PF achieved in our SnTe films is inferior to that in
SnTe bulks, which is mainly due to the relatively low .>%**

To further clarify the transport feature of the grown SnTe
films, we show in Figure 7 plots of 4, S, and PF as functions of
p- The data from SnTe bulks are also included for comparison.
The p of SnTe films is lower than that of reported SnTe bulks.
For example, SnTe bulks could achieve a y of approximately
200 cm® V7' s7hoat p & 2.0 X 10 cm™3, which is
approximately 150% larger than the y value in films that had
an identical p.*>**>> The lower y in SnTe films is most likely
due to the reference-outlined downward band bending in the
Te-terminated surface®® and the high-density spiral grain
boundaries in atomically grown MBE films.”” The Pisarenko
plot calculated with the two valence bands model covers three
stages, with p increasing up to 2 X 10*' cm™. The
experimentally obtained S—p relation in our SnTe films
follows the general trend of the Pisarenko curve but with
higher S values than the calculations. Moreover, the S of SnTe
films is higher than that of bulks with similar p. The strikingly
enhanced S and the reduced y may suggest the existence of an
energy filtering effect in SnTe films.”® Consequently, the room-
temperature PFs of our SnTe films are comparable to the
values in most SnTe bulks, as shown in Figure
76 26:29=31,54,55,59,60

The above analysis indicates that the p of SnTe films can be
tuned over a wide range of 1.82—8.69 X 10 cm™ by
manipulating the native atomic defects of the positively
charged Vg, and negatively charged Sn. The MBE process
parameters, especially Ty, play vital roles in regulating atomic
defects and therefore the p, y, and S values of SnTe (111)
films. Thus, the PFs can be enhanced by rationally designing
the growth conditions to control the atomic defects.

4. CONCLUSION

In this study, SnTe (111) films with high crystallinity were
successfully grown by MBE at various T, and Te/Sn ratios to
examine native atomic defects and their associated effects on
electrical transport properties. The in situ STM topographies
have clarified that the positively charged Vg, and Snr,, as well
as the negatively charged V1, and Sn,, are native atomic defects
in SnTe. And, Vg, and Sn; are the dominant defects that govern
the electronic transport properties of SnTe films, as further
confirmed by DFT simulations. In general, high T, greatly
reduces the density of Vg, and the p due to a decreased Te
content in the film. In addition, a high T,y and a low Te/Sn
ratio simultaneously increase the densities of Vg, and Sn,
which are driven by excess Sn and increased thermal energy,
leading to fluctuations in the p. The variations in p in SnTe
films grown at various MBE parameters are consistent with the
Ep determined by ARPES. As T, increases and Te/Sn ratio
decreases, the p of SnTe films is dramatically reduced from
8.69 X 10° cm™ to 1.82 X 10* cm™. Furthermore, p is
significantly enhanced as Ty, increases, originating from the
improved crystallinity of the films. Maintaining a high Ty, and
a low Te/Sn ratio are beneficial for optimizing p and p, and
hence the PF. As a result, the SnTe film grown at a Ty, of 593
K and a Te/Sn ratio of 2/1 obtains the highest PF of 1.73 mW
m™ K72 at 673 K. This work provides direct experimental
evidence on the manipulation of native atomic defects in SnTe,
which is expected to enlighten the enhancement of electronic
transport properties in SnTe-based bulks and films.
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