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Abstract: Previous works on weak antilocalization (WAL) of SnTe were mostly carried out in MBE-
grown films, where the signals of WAL usually coexist with a large parabolic background of classical
magnetoresistance. In this article, we present our study on WAL in polycrystalline SnTe films
deposited by magnetron sputtering. Due to the polycrystalline nature and the relatively low mobility
of the films, the background of conventional magnetoresistance was greatly suppressed, and clean
WAL signals, which are well described by the Hikami-Larkin-Nagaoka equation, were obtained at
low temperatures. A close analysis of the WAL data shows that the number of transport channels
contributing to WAL increases monotonously with decreasing temperatures, reaching N = 2.8 at
T = 1.6 K in one of the devices, which indicates the decoupling of Dirac cones at low temperatures.
Meanwhile, as the temperature decreases, the temperature dependence of phase coherence length
gradually changes from [ ~ T 1t lp ~ 705, suggesting that the dominant mechanism of phase
decoherence switches from electron—phonon scattering to electron—electron scattering. Our results
are helpful for understanding the quantum transport properties of SnTe.

Keywords: weak antilocalization; SnTe; topological crystalline insulator

1. Introduction

Topological crystalline insulators (TCIs) are a novel class of topological insulators
(TIs) in which the topology of energy bands is protected by crystal symmetries instead of
time-reversal symmetry [1,2]. The IV-VI semiconductor SnTe is known to be a representa-
tive material of TCI [1-4]. In SnTe, the topological protection originates from the mirror
symmetry with respect to the {110} planes in the cubic rock-salt crystal structure [1-4]. In
contrast to conventional TIs, SnTe harbors four helical Dirac cones on the (100), (110) and
(111) surfaces. The coexistence of multiple Dirac cones on a single surface makes SnTe an
ideal platform for investigating quantum transport phenomena which involve intra-surface
coupling between Dirac cones, such as the weak anti-localization (WAL) effect [5].

WAL is a disorder-induced quantum correction to the Drude conductivity, often
observed in materials with strong spin—orbit coupling [5]. In contrast to WAL observed
in two-dimensional (2D) electron gases [6,7] and conventional TIs [8-10], WAL in SnTe
was reported to exhibit a total number of diffusive transport channels N = 2x > 2 [11-13],
where « is the prefactor in the Hikami-Larkin-Nagaoka (HLN) equation [5].

Previous works on WAL of SnTe were mostly carried out in single-crystalline films
grown by molecular beam epitaxy (MBE) [11-15], where the signals of WAL coexist with a
large parabolic background of conventional magnetoresistance [11-13]. In addition, the
large surface roughness of MBE-grown films [11,12,14,15] could also hinder the reliable
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measurement of the out-of-plane magnetoconductance. In this article, we present our
study on WAL in polycrystalline SnTe films deposited by magnetron sputtering. Due to
the polycrystalline nature and the relatively low mobility of the films, the background
of conventional magnetoresistance was greatly suppressed, and clean WAL signals were
obtained at low temperatures. A close analysis using the HLN equation shows that the
number of transport channels contributing to WAL increases monotonously with decreasing
temperature, reaching N = 2.8 at T = 1.6 K in one of the devices, which indicates the
decoupling of Dirac cones at low temperatures. Meanwhile, as temperature decreases, the
temperature dependence of phase coherence length I gradually changes from Iy ~ T~!
to Iy ~ T~%°, suggesting that the main mechanism of phase decoherence switches from
electron—phonon scattering to electron—electron scattering. Our results are helpful for
understanding the quantum transport properties of SnTe.

2. Experimental Methods
2.1. Film Deposition and Device Fabrication

SnTe films were deposited on Si (001)/SiO, substrates at room temperature by dc
magnetron sputtering. A SnTe target (purity: 99.99%, diameter: 54 mm) was used for the
deposition. The distance between the target and the substrates was 96 mm. Before the
deposition, the sputtering chamber was pumped to a base pressure of P < 1.5 x 10~ Pa.
During the sputtering, the Ar pressure in the chamber was set to 0.8 Pa. A deposition rate
of ~15 A/ s was reached at a dc power of 10 W. For consistency, all SnTe films presented
in this work are 50 nm in thickness. For the as-deposited film, the Sn:Te atomic ratio was
measured to be 51.6: 48.4, as shown in Figure S1 in the Supplementary Materials.

The room-temperature deposition of SnTe allows us to fabricate Hall-bar devices with
the lift-off technique. To fabricate the device, a mask of photoresist was prepared on the Si
(001)/5iO; substrate using photolithography. After the deposition of SnTe, the resist mask
was removed by a room-temperature lift-off process performed in N-Methyl-2-pyrrolidon
(NMP). During the lift-off process, the SnTe deposited on the resist mask was also removed.
After that, the substrates were carefully rinsed in acetone and isopropyl alcohol to remove
possible residue of NMP.

Next, the prepared SnTe films and devices were annealed in vacuum (P < 1 x 1073 Pa)
for 2 h at various temperatures between 50 °C and 240 °C. The annealing temperature was
precisely monitored using a Pt-100 thermometer installed on top of the aluminum stage on
which the samples were mounted.

The crystalline phase of the sputtered SnTe films was confirmed by X-ray diffraction
(XRD) measurements. The morphology and the thickness of the films were measured
using the tapping mode of an atomic force microscope (AFM). The root mean square (RMS)
roughness of the films was calculated from AFM scans in a 5 x 5 um? area.

2.2. Transport Measurements

The sheet resistance and Hall resistance of SnTe films were measured using lock-in
amplifiers. The ac excitation current was 40 pA at 17 Hz for room-temperature measure-
ments and 10 pA at 33.7 Hz for low-temperature measurements, respectively. To reduce
noise, each room-temperature R,y (B) curve was averaged over 10 independent scans.
The well-defined geometry of Hall-bar devices ensured the accuracy of measurements.
The room-temperature measurements were performed using a desktop electromagnet,
while the low-temperature measurements were carried out in a cryostat equipped with a
superconducting magnet.

3. Results and Discussion
3.1. Optimization of Annealing Conditions
3.1.1. Morphology

The as-deposited SnTe films are polycrystalline, composed of small grains with an
average size of ~30 nm. Films annealed at T < 120 °C exhibit no difference in morphology
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in comparison with the as-deposited films. However, for films that were annealed at
T > 147 °C, the average grain size increases notably with annealing temperature, indicating
the occurrence of recrystallization. The representative AFM images of the SnTe films are
presented in Figure 1la—e and Figure S3 in the Supplementary Materials.
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Figure 1. (a—e) AFM images of SnTe films annealed at various temperatures. The SnTe films were
sputtered on Si/SiO; substrates at room temperature and then annealed in vacuum for two hours.
All films are 50 nm in thickness. (f) Root mean square (RMS) roughness of SnTe films as a function of

annealing temperature.

Most of the MBE-grown SnTe films reported in previous research exhibited rough
surfaces and non-uniform morphology [11,12,14,15]. In contrast, the sputtered SnTe films
presented in this paper are quite flat and uniform. As shown in Figure 1f, the RMS
roughness data of most sputtered SnTe films are distributed in a narrow region between
1.2 nm and 2.1 nm, except for the one annealed at 240 °C. Such flat and uniform films are
favorable for realizing the proposed novel devices based on SnTe [2].

3.1.2. Structural Characterization

To confirm the crystalline phase of the sputtered SnTe films, we performed XRD
measurements in 6-20 geometry on four SnTe samples annealed at different temperatures.
As shown in Figure 2a, Bragg peaks of the (200) and (220) planes are clearly visible in all
samples, indicating the presence of two crystallographic phases grown along the [100] and
[110] orientations, respectively. As a result of recrystallization, the XRD signals of annealed
SnTe films are stronger than that of the as-deposited film.
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Figure 2. (a) X-ray diffraction patterns of 50-nm-thick SnTe films annealed at various temperatures.
(b) Optical image of a typical Hall-bar device fabricated of sputtered SnTe film. The Hall-bar is
100 um in width, with a length-to-width ratio of 4:1. All transport data in this work were measured
in Hall-bar devices with the same design. (c¢) Room-temperature Hall resistance of SnTe films. For
clarity, only a few representative curves are shown. (d,e) Room-temperature Hall carrier density (11y1)
and Hall mobility (uy; ) plotted as a function of annealing temperature. The dashed lines are a guide
to the eye. The figures are divided into three regions according to the shape of the jr1(Tanneal) Curve.
The arrows in (e) indicate the samples based on which devices A and B were fabricated.

3.1.3. Carrier Density and Mobility

The room-temperature Hall carrier density ny = 1/(efRy) and Hall mobility
up = 1/ (etRgnnyy) were obtained by measuring the sheet resistance Ry, and Hall resistance
Ryx(B) of the films. Here, t and Ry denote thickness and Hall coefficient, respectively.
As shown in Figure 2¢, all Ryx(B) curves exhibit positive Ry, corresponding to p-type
carriers with ny ranging from 5.5 x 102 em 3 to 3.4 x 10?! cm 3. Such high densities of
p-type carriers are known to originate from Sn vacancies and Te anti-sites in SnTe [11,13-15].
During the vacuum annealing, the density of Te anti-sites reduced due to recrystallization,
leading to a decrease in ny, as shown in Figure 2d.

The obtained p1( Tanneal) data are plotted in Figure 2e. For clarity, we divide Figure 2e
into three regions according to the shape of the yry(Tanneal) curve. In region I, gy increases
slowly with increasing Tynneal- An upturn of ppy(Tanneal) Occurs at the border between
region I and region II, corresponding to the Typneqa1 at which the grain size of SnTe films
starts to show a notable increment. Another sharp rise of yyy is seen at Typpear = 178 °C,
above which pyy starts to decrease with increasing T, neal-

3.2. Electron Transport Properties at Low Temperatures
3.2.1. R-T Curves

Two representative Hall-bar devices, labelled as devices A and B, were selected from
region II and region III in Figure 2e for the low-temperature transport measurements.
Device A was fabricated using a SnTe film annealed at 147 °C, while device B was made of
a film annealed at 190 °C, as indicated by the arrows in Figure 2e.

The Ry, (T) curves of devices A and B were measured down to T = 1.6 K. As plotted
in Figure 3a, the sheet resistance of both devices decreases monotonically with decreasing
temperatures. Such a metallic behavior is consistent with previous observations in MBE-
grown films [12-15].
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Figure 3. (a) Temperature dependence of sheet resistance. (b) Hall resistance measured at T = 1.6 K.
(c,d) Magnetoresistance ARgy(B) = Rgn(B) — Ry, (0) measured at various temperatures between
T =16Kand 23 K.

3.2.2. Hall Resistance and Magnetoresistance

At low temperatures, the Ryx(B) curves of both devices are highly linear up to B =9 T,
as plotted in Figure 3b and Figure S2 in Supplementary Materials. The Hall carrier den-
sity and Hall mobility of the two devices are calculated to be nf} = 1.6 x 10?! cm~3,
nP =13x10'em™3, ufy =72 ecm?V-ls7  and pf = 127 em?V-1s7L

The magnetoresistance ARg,(B) = Rgh(B) — Rgn(0) of both devices was measured
at various temperatures between T =1.6 K and 23 K, as plotted in Figure 3c,d. Due to
the relatively low mobility of the sputtered SnTe films, classical magnetoresistance was
greatly suppressed, leaving only a weak parabolic background, as seen in the ARy, (B)
curve measured at T = 23 K. Such a weak classical MR is favorable for WAL measurements.
At T < 15K, a cusp structure centered at the zero field starts to develop. Such sharp,
cusp-shaped structures in magnetoresistance are known as the transport signature of
WAL [6-15].

WAL in TIs and TCIs mainly originates from helical surface states which have a Berry
phase of 7t [11]. When the helical surface electrons propagate coherently along a pair of
self-intersecting scattering paths, a destructive interference occurs due to the 7 Berry phase
and the probability of back scattering is reduced, resulting in a positive correction to the
Drude conductance, which is known as WAL.

Theoretically, the low-field magnetoconductance AG(B) = G(B) — G(0) due to 2D
WAL is described by the simplified HLN equation [5]:

2 1 h h
AGwaL(B) = —a— l‘” (2 + 4ez§,B> - m(%)]' v

where ¢(x) is the digamma function and « = N/2 is a parameter determined by the
number of independent transport channels (denoted by N).

Fitting the HLN equation to the AG(B) data allows us to extract the values of N and
ly for both devices. As shown in Figure 4a,b, all AG(B) curves are well-fitted, confirming
that the cusp-shaped structures observed in the magnetoresistance of SnTe films are due to
2D WAL. The temperature dependence of parameters extracted from the HLN fitting are
plotted in Figure 4c,d.

As shown in Figure 4c, at T = 15 K, the extracted values of N are Ngeya = 1.5 and
Ngevp = 1.3 for device A and B, respectively. As T decreases, the N(T) curves show a sharp
upturn at T =~ 4 K, below which N increases rapidly and finally reaches Ngeya = 2.8 and
NgevB = 1.9 at T = 1.6 K. These observations are consistent with previous research on
WAL in SnTe films [11-13].
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Figure 4. (a,b) Magnetoconductance AG(B) = G(B) — G(0) measured at various temperatures
between T = 1.6 K and 23 K. The dashed-dotted lines are curves fitted using the HLN equation.
(c) Temperature dependence of N, obtained by HLN fitting. The error bars indicate the parameter
range within which the deviation between the data and the fitted curves are acceptable. The dashed
lines are a guide to the eye. (d) Temperature dependence of Iy, obtained by HLN fitting. The dashed
reference lines correspond to Iy ~ T7%5 (T < 4K) and Iy ~ T~ (T > 4K).

The increase in N can be understood qualitatively by assuming that the decoupling
of Dirac cones occurs at low temperatures [11]. As mentioned before, SnTe has four Dirac
cones on each high-symmetry surface, and hence there are eight Dirac cones in total,
when both top and bottom surfaces are considered. Ideally, there could be, at most, eight
independent transport channels if all Dirac cones are decoupled. In reality, however, N
should take a value between 1 and 8 due to the presence of finite scattering rate between
Dirac cones. In this scenario, the increase in N observed in our experiment implies the
decoupling of Dirac cones, which is most likely caused by a decrease in the inter-valley
scattering rate at low temperatures.

For most of the films, the average grain size is slightly smaller than the film thickness,
indicating that there is more than one grain in the thickness direction. However, since
topological surface states do not appear at the boundaries between SnTe grains where the
topological invariant does not change, the presence of grains in the thickness direction does
not introduce additional transport channels of topological surface states and hence does
not affect the explanation above.

Now we discuss the temperature dependence of [ y. According to theory [14,16,17],
[ $(T) follows a power-law relation [ y ~ T~7, where the value of p is determined by the
major mechanism of phase breaking scattering: p = 1 corresponds to electron—-phonon
scattering and p = 0.5 corresponds to electron—electron scattering.

Figure 4d shows the log-log plot of the [ 4(T) data extracted from the HLN fitting.
Obviously, the parameter p takes different values in different temperature regions. Fitting
1y ~ TP to the data gives pgeva = 1.14, pgeyp = 1.17 at T > 4K and pgeya = 0.49,
Pdevd = 0.62 at T < 4K. These values are very close to the theoretical explanation of p = 1
and p = 0.5, indicating that the dominant mechanism of phase decoherence changes from
electron—-phonon scattering to electron—electron scattering at low temperatures.

4. Conclusions

In conclusion, we observed pronounced WAL signals in post-annealed SnTe films
deposited by magnetron sputtering. The increasing number of independent transport
channels at low temperatures indicates the decoupling of Dirac cones. The change of I(T)
from Iy ~ T~ to Iy ~ T~%7 at low temperatures implies that the main mechanism of phase
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decoherence switches from electron-phonon scattering to electron—electron scattering. Our
results are helpful for understanding the quantum transport properties of SnTe.

Supplementary Materials: The following supporting information can be downloaded at: https:
/ /www.mdpi.com/article/10.3390/ cryst12060773/s1, Figure S1: EDX spectrum of as-deposited SnTe
film, Figure S2: Additional Ry (B) data of devices A and B, Figure S3: Additional AFM images of
SnTe films.
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