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ABSTRACT Three-dimensional (3D) topological Dirac semimetal has a linear
energy dispersion in 3D momentum space, and it can be viewed as an analogue of
graphene. Extensive efforts have been devoted to the understanding of bulk
materials, but yet it remains a challenge to explore the intriguing physics in low-
dimensional Dirac semimetals. Here, we report on the synthesis of CdsAs,
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nanowires and nanobelts and a systematic investigation of their magnetotrans-
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port properties. Temperature-dependent ambipolar behavior is evidently demonstrated, suggesting the presence of finite-size of bandgap in nanowires.

(dsAs, nanobelts, however, exhibit metallic characteristics with a high carrier mobility exceeding 32000 cm® V—" s~ and pronounced anomalous double-

period Shubnikov-de Haas (SdH) oscillations. Unlike the bulk counterpart, the CdsAs, nanobelts reveal the possibility of unusual change of the Fermi sphere

owing to the suppression of the dimensionality. More importantly, their SdH oscillations can be effectively tuned by the gate voltage. The successful

synthesis of Cd;As, nanostructures and their rich physics open up exciting nanoelectronic applications of 3D Dirac semimetals.
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irac materials like graphene and to-

pological insulators have been

widely studied in recent years owing
to their exciting physical properties origi-
nated from two-dimensional (2D) Dirac
Fermions.' > In contrast with conventional
semiconductors, their band structures obey
a linear energy dispersion relation and pos-
sess vanishing effective mass near the Dirac
point, thus promising applications in opto-
electronics®~® and spintronics.'®~ "% Recent-
ly, theory predicts the existence of three-
dimensional (3D) Dirac Fermions where the
Dirac nodes are developed via the point
contact of conduction-valence bands. The
potential candidates involve 5-BiO,, NasBi,
and CdsAs,."* " Interestingly, these 3D
topological Dirac semimetals can be driven
into topological insulators'™ or Weyl semi-
metals'*'®'” by breaking symmetries that
may lead to the discovery of novel physi-
cal phenomena such as quantum spin Hall
effect and topological superconductivity.™
Soon after the theoretical predictions, ex-
periments like angle-resolved photoemis-
sion spectroscopy (ARPES)*'®872° and scan-
ning tunneling microscopy®' were carried
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out on NasBi and CdsAs, to investigate the
3D Dirac Fermions.

CdsAs, has been paid special attention
due to its chemical stability in air and ex-
tremely high mobility at both low and room
temperatures.?>?2 Studies based on CdsAs,
bulk materials have shown ultrahigh mobility
of 9 x 10°cm?V's 'at5Kk* and upto 1.5 x
10* em? V7' s at room temperature.??
Giant and linear magnetoresistance?*2*
and nontrivial 7 Berry's phase®® of Dirac
Fermions were demonstrated in transport
experiments. Recently, a superconductivity
phase was also identified in a CdsAs; crys-
tal making it an interesting candidate of
the topological superconductors.®~2° How-
ever, despite the extensive studies on CdsAs;
bulk materials, few efforts have been devoted
to the low-dimensional nanostructures, such
as nanowires***' or nanobelts.

In this article, we present the magneto-
transport properties of CdzAs, nanostruc-
tures. The superb crystallinity of as-grown
Cd3As, nanowires allows us to observe the
semiconductor-like ambipolar effect, indi-
cating the band gap opening. In contrast,
CdsAs, nanobelts exhibit high carrier mobility
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and pronounced double-period Shubnikov-de Haas
(SdH) oscillations that can be effectively modulated by
applied back-gate voltage (Vgg). The reduced dimen-
sionality in these nanostructures, compared with the
bulk crystals, offers the artificial suppression of Fermi
sphere, thus allowing for the observation of unique
magnetotransport properties.

RESULTS AND DISCUSSION

Transmission electron microscopy (TEM) was carried
out to determine the structural characteristics of the
synthesized CdsAs, nanostructures. Figure 1a is a TEM
image of a typical CdsAs;, nanowire with a diameter of
~80 nm. Figure 1b is a selected area electron diffraction
(SEAD) pattern. The combination of panels a and b of
Figure 1 indicates that the CdsAs, nanowire is grown
along [112] direction. The corresponding high-resolution
(HR) TEM is depicted in Figure 1¢, which clearly shows
the dy;, spacing of 7.3 A. Figure 1d displays another
type of the CdsAs, nanostructures—nanobelts—with
an axial direction along [110], confirmed by the SAED
pattern (Figure 1e), from which the large smooth sur-
face of the nanobelt can be indexed as (112). The
corresponding high-resolution (HR) TEM is shown in
Figure 1f, which clearly shows the d;;0 spacing of 4.6 A.

To fabricate a field effect transistor (FET), the CdsAs,
nanowires were transferred onto a prepatterned SiO,/Si
substrate. Optical microscopy and scanning electron
microscopy (SEM) were subsequently used to locate
the nanowires and determine their diameters. Source/
Drain contacts were then deposited via a standard
electron-beam lithography (EBL) process. Figure 2a
(inset) shows the schematic drawing of the two-terminal
FET device with an ~40 nm-diameter CdsAs, nanowire

on top of a 285 nm SiO, gate (also see the SEM image,
inset of Figure 2b). A Vg was applied on the degener-
ated silicon substrate to modulate the channel con-
ductance. The gate-tuned source-drain current (Ips)
varies linearly with source-drain voltage (Vps), indicating
an Ohmic behavior (Figure 2a). A typical temperature-
dependent resistance of the nanowires shows semi-
conducting characteristics (Figure 2b), indicative of
a band gap opening®3? which is reminiscent of that
in graphene nanoribbons.333* The activation energy
can be further acquired by fitting the high-temperature
resistance to equation R, ~ exp(E./kgT), where E, is the
activation energy and kg is the Boltzmann constant
(Figure 2b inset). Here, E, is extracted to be ~30 meV
and the band gap Eg, of the nanowire can be roughly esti-
mated to be over 60 meV. To examine the temperature-
dependent switching behavior of the CdsAs, nanowire
FET, the transfer curves of the device were obtained
by sweeping Vg under a certain Vps of 5 mV from 2 to
120 K (Figure 2c). A strong ambipolar behavior is
observed. The dashed guiding line in Figure 2c shows
the shift of the threshold voltage V44 toward the
negative direction as temperature increases. This is
originated from the increasing electron charge carriers
in the channel at elevated temperatures. Additionally,
the shift of the minimum conduction point to the
positive direction at certain temperatures indicates
the presence of interface charges between the CdsAs,
nanowire and SiO-.3®> Moreover, temperature-dependent
electron and hole mobility can be extracted from the
linear region of the transfer characteristics using the
equation,3¢ 38

tee = [dips/dVag] x [L? /(CoxVps)] M

Figure 1. Microstructural characteristics of CdsAs, nanostructures. (a) TEM, (b) SEAD, and (c) HRTEM images of the typical
Cd3As; nanowire; (d) TEM, (e) SEAD, and (f) HRTEM images of the typical CdsAs;, nanobelt.
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Figure 2. CdsAs; nanowire field-effect transistor (FET) and its device characteristics. (a) The output characteristics (/ps—Vps) of
the device under different back-gate voltages at 2 K. The inset shows a schematic structure of the fabricated device. (b) Typical
channel resistance versus temperature (R—T) under zero back-gate voltage. The inset shows a SEM image of the FET device.
Scale bar, 5 um. (c) Temperature-dependent transfer curves of the device showing ambipolar effect at a fixed Vps = 5m V.
(d) Field-effect mobility of electrons and holes as a function of temperature on a logarithmic scale.

where dlps/dVpgg is the slope of the transfer curve in the
linear regime, L is the channel length, and C, =
(27egel)/[cosh ™ (r + to,/r)] is the capacitance between
the channel and the back gate through the SiO, gate
dielectric (¢, = 3.9; tox = 285 nm; r is the radius of
the CdsAs, nanowire). As shown in Figure 2d, the
mobility reaches the maximum value at ~20 K and de-
creases as temperate is increased which is attributed to
the electron—phonon scattering.3® The temperature
dependence of mobility typically follows the relation
u < T~7, where the temperature damping factor y
depends on electron—phonon coupling in the nano-
wire channel. When we perform the best fit to the
linear part of the curves (dash lines in Figure 2d), v can
be obtained to be ~0.5 and 1.7 for electrons and holes,
respectively. Further suppression of phonon scattering
can be realized by encapsulation of the nanowire in
high-« dielectric environment.*°

Nanobelt is another form of nanostructures to study
the physics in CdsAs,. To investigate the magnetotrans-
port properties of the CdsAs, nanobelts, back-gate
devices with a standard Hall-bar geometry were fabri-
cated, as schematically illustrated in Figure 3a (also see
the SEM image, inset of Figure 3b). The longitudinal
resistance (R,,) as a function of temperature (R,,—T) at
zero magnetic field is acquired from the device with a
120 nm-thick CdzAs, nanobelt (device 01, Figure 3b).
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Clearly, it shows a metallic behavior that is different
from amorphous semiconducting CdsAs, thin films.*'
In contrast with the quantum confinement effect in
nanowires (gap opening), the CdsAs, nanobelts are
thick enough to incur the widely observed band inver-
sion (gapless),'* leading to the high mobility and
metallic characteristics. Figure 3c depicts the electron
Hall slopes at different temperatures, from which the
temperature-dependent Hall mobility and carrier den-
sity can be extracted (Figure 3d). The mobility reaches
up to 32000 cm? V™' 57! and drops as temperature
rises because of the enhanced electron—phonon scat-
tering.*° By fitting the linear part of the curve (dash line
in Figure 3 d) to the power law @ =< T~7, y ~ 0.5 can be
obtained. We also observed a clear Hall anomaly and
attribute it to the crystal anisotropy at low tempera-
tures which is consistent with former transport experi-
ments of CdsAs, bulk materials.?®

Owing to the high mobility of electrons in CdsAs,
nanobelts, we were able to resolve the SdH oscillations
in the longitudinal magnetoresistance (R,,) of the
samples. Figure 4a displays the vertically shifted R,y
as a function of magnetic field B at different tempera-
tures. Surprisingly, pronounced double-period SdH
oscillations persist up to 40 K. When the background
is subtracted, the plots of oscillation amplitude AR,
versus 1/B from 2 to 40 K can be obtained, as depicted
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Figure 3. CdsAs; nanobelt Hall-bar device and Hall effect characteristics. (a) Schematic device structure. (b) R,, as a function of
temperature (R,,—T) at zero magnetic field. The inset shows a SEM image of the device. Scale bar, 5 um. (c) Hall resistance
obtained at different temperatures. The inset shows a Hall anomaly of the device at low temperatures. (d) Hall mobility and
carrier density deduced from the Hall slopes.
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Figure 4. Temperature-dependent SdH oscillations of the CdsAs, nanobelt Hall bar device. (a) Vertically shifted R,, as a
function of B obtained at different temperatures showing two frequencies. (b) Temperature-dependent SdH oscillations'
amplitude AR,, as a function of 1/B after subtracting the background from (a). Inset: FFT of SdH oscillation with two
frequencies F, =31.8 T, F, = 68.5 T. (c) Landan fan diagram for SdH oscillations. The intercept is 0.32, which attributes to the
trivial state. (d) AR, as a function of temperature from which the effective cyclotron mass mc,. = 0.046m. can be determined.
(e) Dingle plots for the extraction of quantum lifetime.
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TABLE 1. Estimated Parameters from the SdH Oscillations

device label Vs(V) Fsan (T)

01 0 68.5 6.53 0.046 0.046
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Figure 5. Angular-dependent SdH oscillations of the Cds;As, nanobelt Hall bar device. (a) R, as a function of B at different tilt
angle 6 as defined in panel b inset. (b) SdH oscillations' amplitude AR,, as a function of B after subtracting the background
from (a). Inset: Measurement configuration; x and y indicate the crystal orientation of the Cd;As; nanobelt. (c) SdH oscillations

amplitude AR,, as a function of B cos(6).

in Figure 4b. With the increase of temperature, the
oscillation amplitude drops rapidly.>> The Landau fan
diagram (Figure 4c¢) was plotted by taking the maximum
and minimum of the oscillation amplitude AR,, as the
half integer and integer, respectively (Figure 4c).***
The intercept is 0.32, which corresponds to a trivial Berry
phase. Given the fact the Landau level is still far from
the quantum limit, there may be some inaccuracy in
the extrapolated intercept and further experiments
can be done to address this. We note that the ampli-
tude of the oscillations has a sudden increase when the
magnetic field decreases to 4.5 T, suggesting two
oscillation frequencies (Figure 4b). To obtain the oscil-
lation frequencies F, we perform fast Fourier transfor-
mation (FFT) on the SdH oscillations; two distinct
frequencies F, =31.8 Tand F, =68.5 T can be obtained.
By using the equation F= (¢o/271°)SF, where ¢q = h/2e,
two cross-section areas of the Fermi surface Sg; =6.53 X
103 A2 and Sg, = 3.03 x 102 A2 can be acquired.
During the experiments, we also confirm that the
magnetic field B is perpendicular to (112) plane that
causes the development of two nested ellipses in the

ZHANG ET AL.

cross section of Fermi surface, leading to the double-
period anomalous SdH oscillations.**~*® This is in a
good agreement with previous ARPES results of two
ellipsoidal Fermi surfaces.'®

The observation of SdH oscillations is vital to analyze
important parameters of the carrier transport.*’ To
calculate the cyclotron mass (m), the temperature-
dependent SdH oscillation amplitude AR, (Figure 4e)
is extracted under zero back-gate voltage by fitting to
the equation AR, (T)/R(0) = A(T)/sinh(A(T)), where the
thermal factor is given by A(T) = ZnZkBTmCyC/(heB), kg is
the Boltzmann's constant, A is the reduced plank
constant and Mgy = Ee/vi? is the effective cyclotron
mass. We can obtain the effective cyclotron mass mc,c =
0.046m.. Using the equation vg = hke/mcy., we can
acquire the Fermi velocity vi = 1.16 x 10°m/s and
the Fermi energy Er = 352 meV. Moreover, from the
Dingle plot, the quantum lifetime 7 time can be cal-
culated from the Dingle factor exp(—D), where D =
2m°Er/(teBve?). Since AR (T)/R is propositional to
exp(—D)A(T)/sinh(A(T)), we can find 7 from the slope of
the logarithmic plot of AR,,(T)/R sinh(A(T)) versus 1/B.
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Figure 6. Gate-tuned SdH oscillations of the 80 nm-thick CdsAs, nanobelt. (a) R,, as a function of Vg obtained at B=9T.
Inset: Schematic band structure and the shifts of the Fermi level toward the conduction band at different V. (c) Landan fan
diagram of SdH oscillations for different Vgg. All the intercepts are around 0.3. (c) SdH oscillations amplitude AR,, as
a function of 1/B obtained at different Vgg. (d) Angular-dependent SdH oscillations amplitude AR, as a function of B at

Vs =60 V.

With the use of extracted cyclotron masses, the quan-
tum lifetime 7 can be estimated to be 1.59 x 10~ '3 s.**®
Other important parameters such as mean free path
I'= veT and the cyclotron mobility usqy = et/mcy. are
calculated, | = 184 nm, usqy = 6077 cm® V™' s, as
summarized in Table 1.

To further probe the nature of SdH oscillations, the
angular-dependent magnetotransport measurements
were performed by tilting the sample from 6 = 0° to
90°. Figure 5a depicts R,, as a function of B at varying
tilting angle 6, from which the SdH oscillations are
observed to vanish when 6 exceeds 45°. After sub-
tracting the background, the oscillation amplitude as a
function of B and B cos(6)) was plotted in Figure 5,
panels b and ¢, respectively. It is known that for bulk
CdsAs, materials the SdH oscillations are observable
from 0° to 90° owing to the nearly spherical Fermi
surface,” while for the 2D electron gas in graphene or
surface states in topological insulators, the SdH oscilla-
tions show unchanged peak positions in the B cos(6)
plot.*®*° Our results, however, are distinctive to both
scenarios. Considering the thickness of 120 nm of
the nanobelt, the disappearance of SdH oscillations
at 0 > 45° is attributed to the highly anisotropic Fermi
sphere.’”

To examine the tunability of back-gate voltage to
the SdH oscillations, magnetotransport measure-
ments were also carried out on 80 nm-thick CdsAs,
nanobelts (device 02). Figure 6a illustrates R,y as a
function of back-gate voltage at 9 T. R,, decreases
with the increase of Vg, showing a clear n-type
behavior. Interestingly, the resistance shows an

ZHANG ET AL.

oscillation-like feature at the high Vg regime, similar
to that of 2D electron gas in black phosphorus.>®
Figure 6c illustrates the extracted SdH oscillations
under different Vg at 2 K. Under zero or negative
gate bias, the magnetoresistance does not show well-
resolved SdH oscillations. While by applying a positive
Vge of 20—60 V, pronounced SdH oscillations are
obtained, suggesting the shifting of the Fermi level
by back-gate voltage.**'*?As showed in Figure 6b,
the SdH oscillations' frequency increases from 42 to
70.1 T as Vgg varies from 20 to 60 V. The calculated
Fermi energy increases from 187 to 331 meV, reveal-
ing the lifting of Fermi level further into the conduc-
tion band.>? The angular-dependent SdH oscillations
under 60 V were then examined and there are no
observable SdH oscillations as 6 goes beyond 45°
(Figure 6d). This is consistent with the device mea-
sured under zero back-gate voltage. To further under-
stand the SdH oscillations, the Berry's phase can be
obtained from the Landau fan diagram (Figure 6b).
According to the Lifshitz-Onsager quantization rule,*?

ho 1 @
= 2a(n+1/2++9) )

27tf3 is Berry's phase, 2716 is the additional phase shift
that changes from 0 for a quasi-2D cylindrical Fermi
surface to 1/8 for a corrugated 3D Fermi surface.”>*
In our CdsAs, nanobelt samples, under different Vg
the intercept remains ~0.3, deviating from £1/8,
indicating a trivial zero Berry's phase. The presence
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of zero Berry's phase infers that the SdH oscillations
mainly come from the high mobility conduction band
and the Fermi surface is an anisotropic ellipsoid
instead of sphere with prefect 7 Berry's phase.**
It should be noted that with dimensionality reduced
from bulk (3D) to nanowires (quasi-1D), CdzAs, ex-
hibits a transition from topological Dirac semimetal
to trivial band insulator,® which makes the Dirac
Fermions disappear due to the band gap opening.
At this stage, the detailed band structure and exqui-
site physics of the CdsAs, nanostructures deserve
further theoretical investigations.

METHODS

Growth of Cd;As, Nanowires and Nanobelts. The samples were
grown using CdsAs, powders as precursors in a horizontal tube
furnace, in which Argon was a carrier gas. The tube furnace was
first pumped and flushed with argon gas in order to remove air.
During the growth cycle, the tube furnace was ramped to the
760 °C within 15 min, held constant for 40 min, and cooled
down naturally over ~2.5 h with a constant flow of argon.
The precursor powder boat was placed in the hot center of
the furnace, while the Si (100) substrates were placed down-
stream where the temperature was within the range from 200
to 400 °C

Device Fabrication and Measurement. The electrodes of the
CdsAs, nanowire FET devices and nanobelt Hall-bar device
were fabricated by EBL using PMMA/MMA bilayer polymer.
Cr/Au (5 nm/150 nm) electrodes were deposited by e-beam
evaporation. The magnetotransport measurements of the
devices were carried out in a Physical Property Measurement
System (PPMS) system (Quantum design) using Agilent 2912
and lock-in amplifier SR830.
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