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Abstract : Single-crystalline Bi,Se, and Bi, ( Te Se, ), nanowires were synthesized via Au catalytic vapor-liquid-
solid (VLS) growth method. Electronic properties of the surface states in individual Bi, (Te Se, ), (x=0.26)
nanowire were studied by low-temperature magnetotransport measurement. Weak antilocalization ( WAL) effect
was found, suggesting strong spin-orbit coupling in our samples. It is indicated that the bulk effect can be sup-
pressed effectively by the Tellurium (Te) doping. By fitting the magnetoconductance curves at magnetic field up to
7 T measured at different temperatures, the extracted dephasing length /, decreases from 389 nm at 1.5 K to 39 nm

0.96

at 20 K, which can be well described by the power law [, o< T ™. It can be reasonably deduced that both the elec-

tron-electron scattering and the electron-phonon scattering play important roles in the Te-doped sample.
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Introduction

Bi,Se; topological insulator (TI) is a novel quantum
material with an insulating bulk band and gapless metal-
lic surface states that are protected by time-reversal sym-
metry 2!, In this material, surface states show large
spin-orbit coupling (SOC), and are protected against
any time reversal perturbations, such as back scattering
and crystal defects. These unique properties make Bi,Se,
to be a promising material in spintronics, quantum infor-
mation and low-energy dissipation electronics. However,
due to the large bulk conductivity caused by Selenium
(Se) vacancies in Bi,Se;, it is hard to distinguish
whether the electronic properties measured by transport
experiments are originated from the surface states or the
bulk states, making it difficult to study the intrinsic prop-
erties of surface states in Bi,Se; topological insulator.

As reported in earlier literatures, several methods
have been tried to suppress the bulk effect, i. e. , substi-
tutional doping in order to decrease the bulk conductivity
directly 7 and preparing Bi,Se; nanostructures which

can increase the surface-to-volume ratio*'*’. On the one
hand, the substitutional doping using various dopants
like Ca', Sb'™' | and Te”' has been studied and
shows promise for reducing the bulk carrier density in
Bi,Se, bulk crystals. Furthermore, the increased mobility
made some quantum transport phenomena to be observed
easily, such as Shubnikov-de Haas ( SdH ) oscilla-
tions'*”’. For example, Cava and Ong found that the re-
sistivity of Bi,Te,Se single crystal could reach the maxi-
mum of 6 ) - cm, the surface electron mobility
( ~2 800 em’/Vs) was much larger than the bulk elec-
tron mobility ( ~50 ¢m>/Vs), and the SdH oscillations
were observed in 14 T magnetic field' "', All of these
studies proposed that the observed SdH oscillations main-
ly came from the contribution of the surface states and
suggested the bulk conductance could be effectively sup-
pressed by doping. On the other hand, some groups pre-
pared Bi,Se; nanostructures in order to suppress the bulk
effect and found some quantum transport phenome-
For example, the Cui’s group successfully pre-
pared several kinds of Bi,Se, nanostructures'®"?) in
which both the SdH oscillations and weak antilocalization
(WAL) effect were found in ( Bi, Sb_ ) Se, nanorib-
") while only the WAL effect was observed in Bi,

(Se,Te,, )5 nanorribons and nanoplates''’.

know, there are little literatures focusing on the doped
topological insulator nanostructures and the related work
needs to be done further.

In this study, we synthesized Bi,Se, and Bi,

nal®*,

bons!
As we

(Te,Se,_, ) ; nanowires via Au catalytic vapor-liquid-solid
(VLS) growth method. The low-temperature magneto-
transport measurement was employed to study the elec-
tronic properties of the surface state in Bi, (Te Se, ),

nanowires. The WAL effect is clearly observed and ana-
lyzed in this paper.

1 Experiments

The  highly Bi,Se; and Bi,

(Te Se,.. ), nanowires were synthesized by a simple chem-

single-crystalline

ical vapor deposition (CVD) in a horizontal tube furnace
(MTI, OTF-1200X) equipped with a 1 inch-diameter
quartz tube. There are two commercial materials as evapo-
rating sources, namely, Bi,Se, powders (99.999% , from
Alfa Aesar) were placed into the hot center of the tube,
while Bi,Te; powders (99.999% , from Alfa Aesar)
were placed in the upstream zone of the tube with a dis-
tance of 20 ¢cm away from the center. The growth sub-
strate (Si substrate with 300 nm SiO, layer) coated with
1 nm thick Au film was placed downstream at 21.5 e¢m
distance from the center in order to collect the products.
Before the growth, the tube was initially pumped to 10
mTorr by mechanical pump and flushed with ultrapure Ar
gas repeatedly more than three times to remove O, resi-
due. Then, the furnace was heated accurately to 540°C
at a rate of 20°C /min and kept the temperature for 1.5 h
under 80 scem Ar carrier gas flow, while the pressure in
the tube was maintained at ~ 130 Pa. After the reaction
completed , the furnace was cooled naturally to room tem-
perature. A gray coating layer covering the substrate in-
dicates the existence of Bi, ( Te,Se,, ); nanomaterials.
The similar method was employed to synthesize Bi,Se,
nanowires with removing the Bi,Te; powders.

The structure information of the as-grown products
was determined using X-ray diffraction ( XRD, Bruker
D8 Advance). The morphology and chemical stoichiom-
etry of the sample were characterized by scanning elec-
tron microscopy ( SEM, PHILIPS X130 TMP) equipped
with energy dispersive X-ray ( EDX) spectroscopy. The
crystallinity and orientation of the sample were obtained
from the images of high-resolution transmission electron
microscope (HRTEM, FEI TECNAI G2 20) and select-
ed area electron diffraction patterns (SAED) operated at
200 kV.

For device fabrication and transport measurements,
the synthesized Bi,Se, and Bi, ( Te Se,, ); nanowires
were mechanically transferred onto a fresh Si substrate
with 300 nm SiO, layer. Using a standard e-beam lithog-
raphy technique, multi-terminal electrodes were pat-
terned on individual Bi,Se; and Bi, ( Te Se,, ),
nanowires. With e-beam evaporation of Ti/Au (10/90
nm) and standard lift-off processes, the devices were
fabricated and then measured via magnetotransport meas-
urements, which were performed in a no helium cryostat
system ( Oxford Instruments) with a base temperature of
1.5 K, equipped with an 8 T magnet. The magnetic field
up to 7 T was applied perpendicular to the substrate
plane. The electrical signals were measured using low-
frequency lock-in techniques.
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2 Results and discussions

The crystal structure of Bi,Se, and Bi, (Te, Se,_ ),
nanowires can be confirmed by XRD measurements di-
rectly on the as-grown substrates due to the large yield.
As shown in Fig. 1, the XRD pattern of the undoped
sample suggests the rhombohedral structure of Bi,Se,
with lattice constants a = 0.414 nm and ¢ = 2.864 nm
(PDF#00-033-0214) , which is the typical characteristic
of single-phase Bi,Se;. While for the Bi, ( Te Se,, ),
nanowires, the XRD peaks show a little shift to the
small-angle direction, and keeps the single-phase rhom-
bohedral structure.

Fig.1 XRD patterns of Bi,Se; and Bi, ( Te,Se,, ),
nanowires

K1 Bi,Se, fl Bi,(Te,Se,. ), 4L XRD &l

Figures 2(a) and (c) show typical scanning elec-
tron microscopy ( SEM ) images of Bi,Se, and Bi,

The widths of

nanowires are several hundred nanometers, while the
lengths are up to several tens of micrometers. For the de-
vice measurements in this paper, the widths of the indi-
vidual Bi,Se; and Bi, (Te Se,_ ), nanowires are 122 nm
and 222 nm, respectively. As clearly seen in the high-
magnification SEM images, the presence of Au nanopar-
ticle at the end of each nanowire suggests the VLS growth
mechanism. As shown in Figs. 2(b) and (d), the EDX
analysis reveals that the atomic ratio of Bi:Se is approxi-
mately equal to 2:3 for the undoped sample, demonstra-
ting that the synthesized nanowires are indeed Bi,Se,,
while the doping concentration is determined to be x =
0.26 for the Te-doped sample.

Figure 3(a) is a typical low-magnification transmis-
sion electron microscopy ( TEM) image of an individual
Bi, (Te,Se,. ), nanowire. The corresponding selected ar-
ea electron diffraction (SAED) exhibits a clear hexagon-
ally symmetric spots pattern, confirming that the Bi,

(Te,Se,, ); nanowires, respectively.

(Te,Se,., ), nanowire is single crystalline and grows along

the [1120] direction. Figure 3(b) shows the high-reso-
lution TEM ( HRTEM ) image of the same nanowire,
which reveals expected hexagonal lattice fringes with a
lattice spacing of 0. 21 nm, consistent with the lattice

spacing between (1120) planes.

Fig.2 (a) SEM image and (b) EDX spectrum of Bi,Se,
nanowires. The inset of b shows that the atomic ratio of Bi:
Se is 2:3. (c¢) SEM image and (d) EDX spectrum of Bi,
(Te,Se, ), nanowires. The inset of (d) shows that the do-
ping concentration x =0. 26

K12 (a-b)Bi,Se, 4Ky SEM E 5 F1 EDX &3, & b
WA R BiSe BT A 43 L FIE T 43 b, G5 R R W
Bi Se YIS L 2:3. (c-d) Bi, (Te,Se,., ) ; HIKLHK)
SEM &% 1 EDX [Eli¥%, [ d P %41y Bi,Se Te (57 &
AR T A0, 45 R R ] Te BAUEE x = 0.26

Fig.3 (a) Low-magnification TEM image and SAED pattern
of individual Bi, ( Te, Se,, ), nanowire. (b) High-resolution
TEM image of Bi, (Te,Se, ), nanowire

K3 (a) iR Bi,(Te,Se,,), HOKLAIRAT TEM {5 A%k
DX LT 17 S AEFE. (b) B4R Bi, (Te,Se,, ), 94K /Y &= 47
TEM &%

The magnetoresistance ( MR) measurements provide
efficient means to probe the transport properties of Tls.
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Figure 4 (a) displays the normalized MR of different
samples measured at T = 1.5 K in a magnetic field per-
pendicular to the substrate. In the undoped sample, MR
shows a steep increase at low field with the change nearly
same to that found in the doped sample, indicating the
presence of weak antilocalization ( WAL) effect. While
in the high field regime, the MR evolves into a parabolic
B’? dependence, which was considered as a bulk-domina-
ted effect' ™™, Tt means that the contribution from the
bulk states becomes pronounced in the high-field regime.
Furthermore, it is clear that the parabolic contribution
becomes much smaller in the Te-doped sample, reflec-
ting the decreased weight of bulk MR. Thus, it is rea-
sonable to conclude that the bulk effect can be sup-
pressed effectively by Te doping in our samples. In the
next section, we will focus on the electronic properties of
the Te-doped sample. Figure. 4 (b) shows the normal-
ized MR of the Te-doped sample at different tempera-
tures. On increasing the temperature, the MR dip in
low-field regime is broadened gradually and finally disap-
pears due to the decrease of the dephasing length at high-
er T. As shown in the inset of Fig. 4(b) , the resistance
decreases with changing temperature from 80 K to ~20
K and saturates at lower T, showing a typical metallic
behavior! """ ',

Figure 5(a) shows the magnetoconductance ( MC)
curves of the Te-doped nanowire measured at different
temperatures, which can be used to study the depend-
ence of the dephasing length on temperature, and thus
the dephasing mechanism. As expected, the WAL effect
becomes weaker and finally disappears at higher tempera-
tures due to the decrease of the dephasing length caused
by increased thermal scattering. This WAL effect is the
result of strong spin-orbit coupling, which makes back-
scattering at the minimum in zero magnetic field, due to
the time-reversal symmetry. On increasing the magnetic
field, the time-reversal symmetry is broken and backscat-
tering increases, which leads to sharp reduction in con-
ductance. In 2D case, the correction to the low-field
magnetoconductance, Ag(B) =g (B) - ¢(0), can be
well described by the standard Hikami-Larkin-Nagaoka
(HLN) theory for WAL/,

e’ h 1 h
Ao a2ﬁ2h[ln4Beli o5+ 4Bez§)] (D)
where i is Planck’ is the dephasing
length, and ¢/ (x) is the digamma function. The value of
o provides information about the nature of the carriers in
TIs. By fitting the low-field MC curves with the HLN
theory, the obtained « value is determined to be in the
range from -1. 3 to -1. 8, suggesting strong spin-orbit
coupling. Figure 5(b) shows the extracted values of [,
which can be well fitted by the power law [, o 7%,
The [, value decreases from 290 nm in 1.5 K to 31 nm in

s constant, [,

20 K which can be attributed to the inelastic scattering,
i. e., electron-electron scattering or electron-phonon
scaltering.

As reported in Ref. [ 12 ], different B-range for the
WAL fits may affect the extracted [, value. In order to
determine the above results, the total correction to the
magnetoconductance Ao in the full B range of 0 ~7 T
was fitted by the combination of the WAL effect Ac"*",

Fig.4 (a) The magnetic field dependence of normalized
magnetoresistance (defined as (R(B)-R(0))/R(0)) at
1.5 K of undoped (red line) and doped (dark line) sam-
ples, respectively. Inset is the zoomed-in view near zero
field showing robustness of the WAL effect. (b) The mag-
netic field dependence of normalized magnetoresistance of
the Te-doped sample at different temperatures. Inset is the
temperature dependence of the resistance at zero magnetic
field in the range of 1.5 ~80 K

B4 (a)l.5 KBBZeRE R (4) AkiBaemt i (B
) By — ﬂﬁﬁﬁ?@ﬁﬂ%%ﬂﬂéﬁi,Tﬂﬁ@jﬂgfﬁ%l}ﬁﬁﬂgﬁij{
. (b) AIFREER Te #5240 i V3 — A i ris BEL 52 56 i
2, A &1 A v BEL I TS A28 e th £k

which dominates in the low-filed regime, and classical
Drude conductance Ag”, which plays important role in
the high-filed regime'*' !

Ao = Ad™ + Ao

2

h 1 h
o g

"l “apel "\ 2 " per ]

1
1 , (2
1 +u’B (2)
where n is the electron concentration and pu is the elec-
tron mobility. The obtained « value is in the range from

-0.9 to -1.3. As well known, o = - 1/2 corresponds to

a single surface state, while o = -1 is atiributed to two
(2,189 [y

+ neM(

surface states, i.e., top and bottom surfaces
means that the WAL effect in this paper originates from
the two surface states. The extracted [, value decreases

from 389 nm in 1.5 K to 39 nm in 20 K, which can be
well described by the power law [, oc 7% Although the

[, values are larger than the results obtained by analyzing
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Fig.5 (a) The low magnetic field dependence of
normalized magnetoconductance of the Te-doped
sample at different temperatures. The solid lines are
the fitted curves with the HLN theory in the B range
of 0 ~2 T. (b) [, as a function of temperature ob-
tained from fitting the magnetoconductance with the
HLN theory. The solid lines show the power-law
dependence on temperature

5 (a) AR Te AR B IA— 1K1K
WEF SR i 2k, SO 0 ~ 2 T ®ES3E I A5
k. (b) R HLN HIS0L4 il e 5 i 2 A5 210 1
ML IR AR QL 1, BEIRLEE A7 fe i 28, 5L 4
gk, R0 1, BEIRE AR R L

the low-field magnetoconductance, the exponent of -0. 96
is well consistent with the above value of -0.98. For e-
lectron-electron scattering in 2D case, the power law de-
pendence should be [ oc T, while for scattering in
3D, it is T-7**2! Both two exponents are smaller
than our result, and thus only the electron-electron scat-
tering can not explain the phenomenon in this paper. It
is noted that, for electron-phonon interaction, the power
law dependence is [, o 772122 1t can be reasonably
deduced that both the electron-electron scattering and the
electron-phonon scattering play important roles in the Te-
doped sample. We can also roughly estimate the values
of n .and w to be ~1.1x10" ¢cm? and ~450 cm’V's™
resp[ecatively, which are comparable to the earlier litera-
ture' ',

3 Conclusions

In summary, we studied the transport properties of

Fig. 6 (a) The magnetic field dependence of nor-
malized magnetoconductance of the Te-doped sample
at different temperatures. The solid lines are the fitted
curves with the Eq. 2 in the B range of 0 ~7 T. (b)
The fitted /, value as a function of temperature. The
solid lines show the power-law dependence on temper-
ature

6 (a) NFEIEET Te B4 AN —LRER T
Y L, S 0 ~ T T g3 Y [ A9 400 £k
(b) R (2) A v 3 T 25 2 1 i 7B AR T
K 1, Bl ARl 2, S 2o i i 2k, 3R W
1, BEIEE AR Uil

single-crystalline Bi,Se; and Bi, ( Te Se,, ); nanowires
synthesized via Au catalytic vapor-liquid-solid ( VLS)
growth method. The dopant Bi,Te; was employed to re-
place the Selenium (Se) site with Tellurium (Te) and
increase the resistivity of the bulk state, finally suppress-
ing the contribution from the bulk electrons. According
to the EDX analysis, the Te-doping concentration is x =
0. 26. Low-temperature magnetotransport measurement
was employed to study the electronic properties of the
surface states in individual Bi, (Te, Se, . ); nanowire, and
the WAL effect was clearly observed. The bulk effect can
be suppressed effectively by the Te doping. The obtained
a value is in the range from -0.9 to -1. 3, suggesting
strong spin-orbit coupling. By fitting the magnetoconduc-
tance curves in the full B-range of 0 ~7 T measured in
different temperatures, the dephasing length [, decreases
from 389 nm in 1.5 K to 39 nm in 20 K, which can be
well fitted by the power law [, oc T7"%. We deduced that
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both the electron-electron scattering and the electron-
phonon scattering play important roles in the Te-doped
sample.
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