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Synthesis and magnetotransport properties of Bi,Se; nanowires*
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BisSes, as a three-dimensional topological insulator, has attracted worldwide attention for its unique surface states
which are protected by time-reversal symmetry. Here we report the synthesis and characterization of high-quality single-
crystalline BirSe; nanowires. BiySes nanowires were synthesized by chemical vapor deposition (CVD) method via gold-
catalyzed vapor-liquid-solid (VLS) mechanism. The structure and morphology were characterized by scanning electron
microscopy (SEM), transmission electron microscopy (TEM), x-ray photoelectron spectroscopy (XPS), and Raman spec-
troscopy. In magnetotransport measurements, the Aharonov—Bohm (AB) effect was observed in a nanowire-based nanode-
vice, suggesting the existence of surface states in Bi;Se3 nanowires.
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1. Introduction

Topological insulators (TIs) possess a bulk bandgap and
gapless surface states protected by time-reversal symmetry,
which has been observed directly by angle-resolved photoe-
mission spectroscopy (ARPES).!=%1 By doping magnetic im-
purities, the surface states would be gapped, resulting in many
exotic topological phenomena.!”~!?! For example, a quantum
anomalous Hall effect (QAHE) was observed in Cr-doped
(Bi,Sb),Te; films.['>!3 Bismuth selenide (Bi,Ses), which
was identified as one of three-dimensional TI materials, has
attracted a great deal of attention and been widely studied.
Electronic transport experiments were often carried out to
study the surface states of TIs.['*1°] However, the surface
states were readily buried by the bulk contribution because
of the abundant crystal defects.!?>?!1 One of the solutions is
to synthesize nanomaterials with a large surface-to-volume ra-
tio, which can magnify the surface states’ contribution ratio
in electronic transport experiments.!!62>23] Besides, nanos-
tructures of TIs are considered as critical materials for spin-
tronic applications and quantum computers.>*2>1 Therefore,
it is urgently needed to synthesize high-quality Bi,Se3 nanos-
tructures. One of the most prominent methods is the chemical
vapor deposition (CVD) technique, which has been reported

141618251 Besides, a series of quantum phe-

by various groups.!
nomena related to the surface states have been observed in TIs
nanostructures prepared by CVD, including weak antilocal-
ization (WAL),[?®! Aharonov—Bohm (AB) interference,[!416]

Shubnikov—de Haas (SdH) oscillations, 2’39 and universal
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conductance fluctuations (UCF).[1431]

In this work, we have synthesized high-quality Bi,Ses
nanowires by a simple CVD approach. Different character-
ization methods were used to investigate the structural char-
acteristics and verify the high quality of the nanowires, such
as scanning electron microscope (SEM), transmission electron
microscopy (TEM) with energy dispersive x-ray spectroscopy
(EDS), x-ray photoelectron spectroscopy (XPS), and Raman
spectroscopy. We also investigated the transport properties
of as-grown nanowires by fabricating nanowire-based nanode-
vices. The measured magnetoresistance of Bi;Sez nanowires
under a magnetic field up to 9 T showed the clear WAL effect
and AB oscillations.

2. Experiment method

BiySes nanowires were synthesized in a single heat zone
tube furnace, and the quartz tube was 70 cm in length and
30 mm in diameter. Bi;Ses; powder (99.999%) was used as
the precursor, and BiySe; nanowires were grown on silicon
substrates covered with a 10 nm gold layer as the catalyst via
the vapor-liquid-solid (VLS) mechanism. In the growth pro-
cess, BirSe; powder was placed at the central heat zone in a
quartz boat, while the Si substrates in another quartz boat were
placed downstream in the low-temperature region, which was
9-15 cm away from the source. In order to remove air and
water in the quartz tube, the system was pumped and flushed
with Ar gas flow several times prior to the growth. Then
the temperature was raised to 560 °C in 30 min and main-
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tained at 560 °C for 60 min at a constant Ar gas flow rate of
20 sccm as the carrier gas and protective gas. During the whole
growth process, the pressure in the tube was kept at 25 Pa.
Then the nanowires were transfered onto the surface of clean
Si0,/Si substrates. The single nanowire devices were fabri-
cated by the photolithography technique and standard lift-off
processes, in which Ti(5 nm)/Au(70 nm) alloy was evaporated
by electron-beam evaporation (EBE). The transport properties
of the Bi;Se; nanowire were measured in a Quantum Design
PPMS-9 (physical property measurement system).

3. Results and discussion

The morphology of the as-grown Bi,Ses; nanostructures
was analyzed by SEM images, as shown in Fig. 1. Figure 1(a)
shows the nanostructures on the Si substrate, suggesting that
most of the synthesized products are straight nanowires with
an average length of about 15 pm. It is seen in Fig. 1(a) that
there are Au particles at the tip end of most nanowires. Fig-
ure 1(b) shows the magnified SEM image of a single BixSes
nanowire with a diameter of about 200 nm. The Au tip at the
end of the nanowire can be observed obviously, clearly indi-
cating the VLS growth mechanism.['%26-32] In addition to the
nanowires, the strip-shaped BiySes; nanoribbons are obtained
at the same time, as shown in Fig. 1(c). The nanoribbon shows
a width of over 500 nm, and Au is also seen at the tip end of
the nanoribbon, also suggesting the VLS growth mechanism
of nanoribbon. The EDS spectrum of a single Bi, Se3 nanowire
is shown in Fig. 1(d), and the quantitative analysis suggests an
atomic ratio of Bi/Se close to 1:1, which indicates that there
exist Se vacancies in Bi;Se; nanowires. Because of the low
formation energy of the native defects,*3) the as-grown crys-
tals of BipSes always accompany a lot of Se vacancies (usually
~ 10" cm™3) that act as electron donors.?%341 As a result,
Bi,Ses usually displays a metallic behavior and the residual
bulk carriers hinder the transport studies of the surface states
of BizSe3 .

Fig. 1. The SEM images of (a) as-grown Bi;Se; nanowires on sub-
strates, (b) a single nanowire, and (c) a single nanoribbon. (d) The EDS
spectrum of a single Bi, Se3 nanowire.

In the initial stage of growth, when the furnace temper-
ature was raised to 560 °C, the temperature of the Si sub-

strates was about 350 °C, far below the melting point of Au
(1063 °C). In fact, Au is nonreactive but at the nanoscale it
becomes a catalyst for reactions.>=7] The size of Au parti-
cle we used is about 5 nm, so the Au particle could melt and
form Au droplets on the Si substrates at 350 °C. Then the Au
droplets absorb the evaporated Bi;Se; molecules carried by
Ar gas flow to form a liquid solution. Along with the increase
of dissolved quantity, the solution soon turns to a supersatu-
rated solution and serves as nucleation sites. Further source
molecules lead to the BiySes crystallization and the uniaxial
growth of BipSes nanowires or nanoribbons. Throughout the
entire growth process, it contains three states of matter: vapor
(evaporated source), liquid (supersaturated solution), and solid
(crystallizing), and it exactly complies with the VLS growth
mechanism. 33491 We notice that the Au particle moves from
Si substrates surface to the top of nanowires or nanoribbons
during growth, which proves the catalysis of Au in the VLS
growth process. However, there should be something different
in the detailed growth processes of nanowires and nanoribbons
even though they share the same growth mechanism. Com-
pared with thin nanowires, flat nanoribbons like the one shown
in Fig. 1(c) indicate the obvious lateral growth, which usually
dominates in the absence of a catalyst. It contains three growth
processes: evaporation, crystallization, and epitaxial growth.
We call this growth mode the vapor-solid (VS) mechanism
since there is no liquid substance formed during the whole
growth process. We conclude that the formation of nanorib-
bons includes two mechanisms: uniaxial VLS growth and epi-
taxial VS growth. When we increase the pressure in the tube
or Ar flow rate during growth, the quantity of nanoribbons in-
creases gradually, which is associated with the flow rate of the
evaporated source material. Higher pressure or Ar flow rate
will increase the mass flow rate of the source material, and
VS growth dominates over VLS growth for a large mass flow
rate. 1381

Figure 2(a) shows the typical TEM image of a single
BiySes nanowire with a width of 150 nm. The good crys-
tallinity of the synthesized nanowire is verified by the high
resolution TEM (HRTEM) image shown in Fig. 2(b). The lat-
tice spacing of 0.21 nm in the inset agrees well with the previ-
ous reports, indicating that the nanowires grow along the [110]
direction.>>*!1 The chemical composition of our samples was
analyzed by the EDS attached in the TEM. Figure 2(c) shows
the EDS spectrum collected from the center of the nanowire,
which confirms the compositions of Bi and Se. Further quan-
titative analysis reveals that the atomic ratio of Bi and Se
is about 46:54, also indicating the existence of Se vacancies
in BiySes nanowires. The EDS spectrum collected from the
head of the short nanowire is shown in Fig. 2(d), suggesting
that the particle on the head only contains Au, verifying the
VLS growth mechanism. The C and Cu peaks come from the
carbon-supported copper grid.
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Fig. 2. (color online) (a) TEM and (b) HRTEM images of a typical nanowire. The inset in panel (b) shows the lattice spacing of 0.21
nm. (c), (d) EDS spectra collected from the body and head of a single Bi,Ses nanowire, respectively.
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Fig. 3. (color online) XPS spectra of BipSes. (a) Se 3d peaks of the nanowires and the bulk (the inset). (b) Bi 4f peaks of the nanowires (black

line) and the bulk (red line).

Figure 3(a) shows peaks of BiSe3 nanowire at 53.0 eV
and 54.1 eV that correspond to Se 3ds/; and 3d3/,, respec-
tively, which are consistent with the peaks of bulk Bi,Sej pre-
pared by the melting method at 53.1 eV and 54.0 eV, as shown
in the inset. In Fig. 3(b), the black line shows peaks of Bi,Se;
nanowire at 157.5 eV and 162.8 eV related to Bi 4f5/, and
4f; /25 which are close to the peaks of bulk BiySes at 157.9 eV
and 163.2 eV illustrated by the red line. Compared with the

pure bulk of Se and Bi for Bi;Se; nanowires, the binding
energies of the Se 3d peaks decrease by about 1.6 eV, while
the binding energies of Bi 4f peaks increase by about 0.5 eV.
The changes of the binding energies are caused by the Se-Bi
bond and the charge transfer from Bi to Se. In Fig. 4, we
show a typical Raman spectrum taken from a single Bi;Ses
nanowire. Three characteristic peaks are found at the posi-
tion of 71 cm~!, 131 cm™!, and 171 cm™!, which are related
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to three vibrational modes of Aj,, Eg, and Af,, respectively.
This is consistent with the previous reports of the BiySes sin-
gle crystal and nanostructures. 4243
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Fig. 4. (color online) Raman spectrum of a single nanowire.

The SEM image of a typical nanowire device is shown in
Fig. 5(a). The width and thickness of the nanowire are about
130 nm and 21 nm, which are estimated by SEM and atomic
force microscope (AFM), respectively, as shown in the insets
of Fig. 5(a). Figure 5(b) shows the temperature-dependent re-
sistance curve of the nanowire device, which suggests a metal-
lic behavior. As shown by the above chemical composition
analysis, there are Se vacancies in our nanowires, which may

I‘.[14’16

lead to the metallic behavio | The four-terminal magne-
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toresistance was measured on a 9 T Quantum Design PPMS
system. The magnetoresistance curve of the nanowire under
vertical magnetic fields at 2 K is shown in Fig. 5(c). The
weak anti-localization effect (WAL) with a sharp cusp is visi-
ble near the zero magnetic field, which is due to the spin—orbit
coupling (SOC) effect or the surface states in Bi,Ses.[16:46]
Under the parallel magnetic field along the longitudinal di-
rection of nanowire at 2 K, the magnetoresistance curve is
shown in Fig. 5(d). The WAL cusp near the zero magnetic
field comes from the SOC of the bulk. At low magnetic fields,
the pronounced and reproducible periodic resistance oscilla-
tions with a period of AB = 1.8 T can be observed clearly,
which is attributed to the AB oscillation.1%847-491 The left
inset in Fig. 5(d) shows the index dependence of oscillation
minima of the field positions, and the period of magnetic field
(AB = 1.8 T) is obtained from the slope of the fitting straight
line. The AB oscillation is caused by the quantum interfer-
ence effects of phase coherent conduction electrons after com-
pleting closed trajectories which encircle a certain magnetic
flux. The characteristic period of the external magnetic field
could be described by AB = &y /S, where the flux quantum
@y = h/e, his Planck’s constant, e is the electron charge, and
S is the cross-sectional area of the nanowire. Considering our
sample, the width and thickness of the nanowire are 130 nm
and 21 nm, respectively, giving a cross-sectional area of about
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Fig. 5. (color online) Magnetoresistance properties of a single Bi;Ses nanodevice. (a) SEM image of the Bi;Ses nanodevice. The
magnified SEM image and the AFM height diagram of the nanodevice are shown in the insets. (b) Temperature-dependent resistance
curve at zero magnetic field. (c) Magnetoresistance curve in the vertical magnetic field at 2 K. (d) Magnetoresistance curve in the
parallel magnetic field at 2 K. The magnetic field positions of resistance oscillation minima versus oscillation index at 2 K and the

FFT of the dR/dBin —9 T to 9 T range are shown in the insets.
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2.6 x 10713 m?2, which is close to the estimated cross-sectional
area S = @y /AB = 2.3 x 10~15 m?. The fast Fourier transform
(FFT) of magnetoresistance derivative dR/dB is shown in the
right inset of Fig. 5(d). In addition to the prominent /e oscil-
lation of the AB effect, the oscillation frequency of &/2e can
also be observed, which is identified as the Altshuler—Aronov—
Spival (AAS) effect that originates from WAL.[! Compared
with the AB effect, the AAS effect is more robust against tem-
perature, which has been observed and analyzed in a previ-
ous report.>!1 The observation of the AB oscillation in Bi>Ses
nanowire provides evidence of the existence of surface states
of topological insulators. Actually, in our metallic nanowires,
bulk carriers contribute to a significant portion in the electron
transport. However, the phase coherence of surface states can-
not be destroyed by the interaction between bulk and surface
electrons, which suggests that the low-dimensional system is
an ideal platform to explore the topological surface states of
TI materials.

4. Conclusion

In conclusion, BiySe; nanowires have been synthesized

through a VLS process. The good crystallinity of the

nanowires is characterized by HRTEM, XPS, and Raman
spectra. The analysis of the chemical composition reveals the
existence of Se vacancies in our nanowires. Magnetotrans-
port measurements show the AB effect, manifesting the sur-
face state nature of BipSe; nanowires. Our results are helpful
for understanding the growth mechanism and magnetoresis-
tance properties of the single Bi,Se; nanowire.
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