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Nonvolatile electric-field control of the unique physical characteristics of topological insulators (TIs) is essential for
the fundamental research and development of practical electronic devices. Electrically tunable transport properties through
gating materials have been extensively investigated. However, the relatively weak and volatile tunability limits its practical
applications in spintronics. Here, we demonstrate the nonvolatile electric-field control of BiyTes transport properties via
constructing ferroelectric Rashba architectures, i.e., 2D Bip Tes / o-Iny Ses ferroelectric field-effect transistors. By switching
the polarization states of a-InpSes, the Fermi level, resistance, Fermi wave vector, carrier mobility, carrier density and
magnetoresistance (MR) of the Bi;Te3 film can be effectively modulated. Importantly, a shift of the Fermi level towards a
band gap with a surface state occurs as switching to a negative polarization state, the contribution of the surface state to the
conductivity then increases, thereby increasing the carrier mobility and electron coherence length significantly, resulting in
the enhanced weak anti-localization (WAL) effect. These results provide a nonvolatile electric-field control method to tune
the electronic properties of TI and can further extend to quantum transport properties.

Keywords: topological insulator, weak anti-localization effect, a-In,Ses, electrical transport characteristics

PACS: 73.50.-h, 77.84.—s, 81.15.Hi, 72.15.Rn

1. Introduction

Three-dimensional (3D) topological insulators (TIs) em-
body a novel state of matter, characterized by a bulk that is
insulating and a surface that exhibits metallic properties. This
singular trait remains robust due to topological protection. -]
This material holds immense potential for applications in
data storage, spintronic devices, flexible devices and quantum
computing.3-%1 At present, in order to realize the control of
relevant quantum effects in 3D TIs, such as Bi, Tes, Bi;Ses and
Sb, Tes, for example, the weak anti-localization (WAL) effect
in Sn-doped Bi,Tes,!” researchers have conducted in-depth
studies on the element doping,'3! epitaxial strain,”! dielectric
gating!'%! and so on. Although the voltage-based manipulation
of TI physical characteristics has been successfully demon-
strated using dielectric materials, such as Al,O3,!'!1 Si0,,[1?]
HfO, 3! and SrTiO; !4 as the gating layer, the carrier surface
density achieved by dielectric materials is relatively small and
volatile, preventing the realization of non-volatile carrier regu-
lation and control of related characteristics. Therefore, achiev-
ing non-volatile regulation of the physical characteristics of
topological insulators is crucial for their practical utilization
in fields such as data storage, spintronic devices, flexible elec-
tronics and quantum computing.

Certain ferroelectric materials can generate strong lo-
cal electric fields that change the carrier density of neigh-

[15-17

boring materials, resulting in greater tunability. I Among

these, a-InySej stands out as a non-volatile material where in-
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plane and out-of-plane ferroelectricities are locked into each
other.'8] At present, o-In,Ses is used as a ferroelectric sub-
strate to make various heterojunctions with other functional
materials, and related research has been conducted in the fields
of ferroelectric storage, optoelectronic devices and flexible

5.[19-211 everaging the polarization charge induced by

device
its electric field, o-In, Se; allows for effective and non-volatile
modulation of the electric properties. Therefore, the utilization
of a-In;Ses as a gating material presents a viable option for
achieving non-volatile manipulation of the pertinent physical
properties of TI films.

In this study, a Bi;Tes /a-InySes ferroelectric effect tran-
sistor was constructed by growing BipTes thin film on 2D
a-In;Ses ferroelectric single crystal. By switching the di-
rection of ferroelectric polarization, the non-volatile voltage
control of the Fermi level, resistance, Fermi wave vector, car-
rier mobility, carrier density and MR in Bi,Tes thin films is
successfully achieved. Specifically, when the original state is
changed to negative polarization, the Fermi wave vector and
carrier density decrease significantly, while the carrier mobil-
ity increases significantly, reflecting a shift of the Fermi level
towards the band gap with a surface state, resulting in an en-
hanced WAL effect. However, upon the polarization switching
to positive polarization, these transport characteristics change
and are completely opposite to negative polarization, indicat-
ing that the Fermi energy level shifts deeper into the bulk band.

http://iopscience.iop.org/cpb http://cpb.iphy.ac.cn
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2. Experimental details

Bi,Tes thin film was epitaxially grown on a mechanically
exfoliated a-InySes thin flake using an MBE system. The
Bi:Te beam ratio ranged from 1:10 to 1:6, and the system
operated under a vacuum of approximately 1.0x10~° mbar.
The thin film growth was conducted at substrate temperatures
ranging from 190 °C to 220 °C. The Bi,Tes thin film, tested
in this study, had a thickness of 10 nm to 12 nm, while the
a-In;Ses thin flake was treated as a bulk material. Electrodes
were patterned using ultraviolet photolithography and trans-
ferred onto the device as top electrodes, with highly doped Si
serving as the bottom electrodes. The purity, crystallinity and
crystal structure of the Bi; Tes thin film and o-In, Se; thin flake
were characterized using Raman spectroscopy. PFM images,
hysteresis loops and butterfly curves were obtained using an
MFP-3D Infinity atomic force microscope from Asylum Re-
search. The electrical transport properties of the BirTes thin
film before and after polarization were measured using a phys-
ical properties measurement system (PPMS). The measure-
ments included resistance, Hall resistance and magnetoresis-
tance. The Hall resistance was determined using a four-probe
method. Figures 2(f)-2(h) were calculated from the R,, Hall
resistance data presented in Figs. 2(b)-2(e). Successively ap-
plying +3 V direct current voltage for 20 min in the thick-
ness direction of the a-InpSes thin flakes ensures the com-
plete polarization of ¢-In,Ses; and a 180° polarization direc-
tion switching.

3. Results and discussion

Figures 1(a) and 1(b) show the structural schematic and
optical microscope images of the microdevices, respectively.
The device is composed of highly doped Si substrate, me-
chanically exfoliated a-In;Ses thin flake, Bip Tes film grown
with MBE and Au electrode. The atomic force microscopy
(AFM) image (Fig. 1(c)) shows the morphology of Bi,Tes
grown by means of MBE. The device is triangular and a spiral
grows along the z axis, which demonstrates the excellent crys-
tal quality of BiyTes. To confirm its crystal structure, we char-
acterized the sample using Raman spectroscopy to demon-
strate the macroscopic uniformity and quality of the sample.
In Fig. 1(d), we present the Raman spectra of a-In;Se; and
Bi;Te; grown on a-InpSes. BirTes exhibits two characteris-
tic peaks centered at 105 cm~! and 137 cm™!, consistent with
the previous report,>! while a-In,Ses shows four distinctive
peaks at 92 cm~!, 106 cm™!, 182 cm™! and 201 cm~1.[%3]
The slight blueshift observed in the Raman spectrum of me-
chanically exfoliated a-InySes, compared to previous relevant
reports, confirms that our ¢-InySes belongs to the R3m space
group. The excellent ferroelectric properties of In,Se; were
also confirmed by piezoresponse force microscopy (PFM) (see

Fig. S1).
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Fig. 1. Microdevice fabrication and characterization. (a) Structural
schematic. (b) Optical microscope images. (c) AFM image of a Bi;Tes
film. (d) Raman spectra of Bi,Tes film and In,Ses flake, respectively,
with 532 nm laser excitation.

To verify the impact of polarization switching on the
transport characteristics of the Bi;Tes film, we tested the
temperature dependence of the resistance concerning positive
and negative polarizations of o-In;Ses;. Relative to the pre-
polarization state, as shown in Fig. 2(a), the resistance of the
BiyTes film decreases overall after positive polarization. At
temperatures >10 K, the resistance exhibits metallic behav-
ior, with a slight increase in resistance within the 2 K-10 K
temperature range. When switching from positive to negative
polarization, the resistance decreases overall, but the increase
in resistance is more pronounced at temperatures < 10 K. Re-
gardless of the polarization before and after, the resistance
“increase” that occurs at temperatures below 10 K can be at-
tributed to the electron—electron interaction. >4

We also performed temperature-dependent Hall measure-
ments on the samples. Some of the measurement results are
shown in Figs. 2(b)-2(e). Taking temperature as a variable,
the slopes of all Ry, are basically unchanged compared to at
2 K and 20 K. The R,y slope of positive polarization decreases
from 50 K to 100 K, and the R,, slope of negative polarization
increases greatly at 100 K. This is consistent with the trend of
change in Figs. 2(f)-2(h). The Hall resistance always exhibits
a negative slope in the magnetic field curve, indicating that
the BiyTes thin film is an n-type semiconductor material with
electrons as the majority carriers (the Ry, curves of the non-
polarized and positively polarized states in Figs. 2(b) and 2(c)
almost overlap). Since we measured the transport properties of
Bi, Tes film, and considering that the band gaps of Bi,Te; and
a-InpSes are 0.13 eV and 1.3 eV, respectively, this bandgap
difference can be regarded as no contribution of ¢-InySes thin
films to the transport results. The -InySes in the device can
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tune the interface properties of the BiyTes film via ferroelec-
trically polarization. As shown in Figs. 2(f)-2(h), the Fermi
wave vector kg, surface carrier density nyp and carrier mobil-
ity u of the unpolarized Bi,Tes film are basically unchanged
throughout the temperature range from 2 K to 100 K. However,
after ferroelectric polarization, the above three parameters are
significantly changed.

Burrahlek® and Chen!'! ez al. suggest that the increase
and decrease of Fermi wave vector kr reflect the moving di-
rection of the Fermi level, and the movement of the Fermi
level will result in the change of the carrier density and car-
rier mobility, as shown in Figs. 2(g) and 2(h). In Fig. 2(f), kp

210

in the negative polarization state decreases overall, indicating
that the Fermi level of Bi; Tez moves towards the surface state
in the bulk band gap, and the surface state crosses it. Then, the
surface carrier density and carrier mobility decrease and in-
crease, respectively, compared to the original state. However,
for kr in the positive polarization state (orange-yellow curve
in Fig. 2(f)), it remains almost unchanged from 2 K to 20 K,
and increases slowly from 20 K to 100 K, which indicates the
Fermi level movement to the bulk state. The corresponding
carrier density and carrier mobility also change with the same
trend of kg (see Figs. 2(g) and 2(h)).
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Fig. 2. The resistance and R,, of BiyTe3 film when a-InSes is in the original, positive and negative polarization state, respectively, and the data extracted
according to R,y. (a) Temperature dependence of the resistance. Insets (I, II, II): Schematic diagrams for the polarization states of the o-InpSes substrate.
(b)-(e) The Ryy at 2 K, 10 K, 20 K, 50 K and 100 K, respectively. Fermi wave vector (f), sheet carrier density (g) and carrier mobility (h) of Bi;Tes thin films
as a function of temperature with different polarization states of a-InpSes. Inset: Sheet carrier density of the negative polarization states.

The change of the surface carrier density induced by
ferroelectric polarization can have a dramatic impact on the
MR of the BiyTes film. Figures 3(a)-3(d) present the MR at
several different temperature points. MR can be defined as
% x 100%, where R(B) and R(0) correspond to the re-
sistance of the BiyTes film under the influence of an applied
vertical magnetic field and the absence of a magnetic field,
respectively. As shown in Figs. 3(a)-3(c), the MR drops dra-
matically with the decrease in the magnetic field, showing a
sharp WAL peak at temperatures < 20 K nearing zero mag-
netic fields. This is a signature of WAL effects, attributed
to destructive quantum interference or the suppression of car-
rier backscattering.?®! In Fig. S2, as the temperature rises to
50 K and 100 K, the peaks are suppressed and transform into
a broad angular shape. Interestingly, when the ferroelectric
polarization of ¢-InpSes undergoes a transition from positive
to negative polarization, it results in an enhancement of the
WAL effect, which is manifested by an increase in the MR
value of the low magnetic field and narrowing of the WAL
peak in Figs. 3(a)-3(d). This phenomenon is particularly evi-

dent at 2 K under negative polarization (Fig. 3(a)). As shown
in Fig. 3(d), the low-field (£1 T) MR of negative polarization
exhibits a sharper spike compared with the positive polariza-
tion and Bi,Tes itself at the same temperature, indicating an
enhanced WAL effect and increased electron-phase coherence
length. These results demonstrate the high effectiveness of in
situ carrier density modulation on magnetic transport charac-
teristics via a nonvolatile manner by controlling the polariza-
tion states.

In order to further understand the WAL effect, we used
the simplified formula of Hikami—Larkin—Nagaoka (HLN)[271
to convert the magnetoresistance of the low magnetic field
(£1 T) region into the unit permeability for fitting, and the
results are shown in Figs. 4(a)—4(d). According to this for-
mula, the permeability correction caused by the WAL effect
can be described as

62

27°h

1
2

h
2
4eBL;,

h

+ 4eBI2
4¢BL3,

where the prefactor « is the fitting parameter, ¥ is the dou-
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ble gamma function, 7 is the reduced Planck constant, B is the
magnetic field and Ly, is the phase coherence length. When
a-InySes is in the negative polarization state, the absolute
value of the relative change of the magnetic conductivity of
Bi,Tes films is greater than that in the positive polarization
state between 2 K and 20 K. Figures 4(e) and 4(f) show the
o and Ly parameters in the HLN formula. The o value is
about ~ 1.2 x 10, which has no specific physical signifi-
cance. This is due to the large o value caused by the three-
dimensional or bulk contribution of the material and multi-

Original state
Positive polarization
— Negative polarization

(a)
161

T=2K

~ 12

MR (%

B (T)
16 (c) Original state
Positive polarization
— Negative polarization
12

T=20 K

—2.5 0
B (T)

~5.0 5.0

[28-31] The results show that when

ple conduction channels.
a-InpSes substrate is in the negative polarization state at low
temperature, the inclusion of a carrier will increase the time in-
version symmetric channel of Bi, Tes film, and the quantum in-
terference phenomenon will be enhanced. Moreover, with the
increase in temperature, the enhancement of electron—phonon
and electron—electron inelastic scattering in the film state will
destroy the quantum interference phenomenon, and the dif-
ference between the phase coherence lengths will decrease at

different polarization states, and almost overlap at 50 K.
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Fig. 3. Normalized MR of Bi,Tes films with o-In,Ses substrate in the original, positive and negative polarization state, respectively. The
direction of the magnetic field is perpendicular to the film plane and electric current (B ). (a)-(c) MR of the Bi,Tes film as a function of
magnetic fields at fixed temperatures. (d) MR at different temperatures with +1 T magnetic field.
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Fig. 4. In the three states of the ¢¢-InpSes substrate, the conductivity of BiyTes film changes with the change of magnetic field. The solid line
is the result obtained by fitting the HLN formula, and the scatter plot (data points) represents the actual measurement results. (a) 2 K, (b) 10 K,
(c) 20 K, (d) 50 K. Then, the relationship between parameters (e) o and (f) Ly with temperature is fitted.
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Based on the above transport measurement results, we
propose a band structure evolution diagram (see Fig. 5)
with different polarization states to explain the observed ex-
perimental results. According to the work of Shekhar,3?]
Liangml and Shrestha,?* the shift of Fermi level leads to
the change of carrier mobility that can affect the strength of
the WAL effect. The WAL effect of topological insulators
is mainly contributed by the topological surface states with
strong spin—orbit coupling. It is assumed that the Fermi level
of this BiyTes film is in its bulk band when it is without po-
larization (see the middle panel in Fig. 5). Compared with
the original state, the positively polarized state first causes the
Fermi level to shift to the bulk band above 20 K. The position
of the Fermi level in the positive polarization state only moves
upwards a little compared to the original state, resulting in de-
creased carrier mobility (Fig. 2(h)) and increased surface car-
rier density (Fig. 2(g)). In this case, the bulk state electrons
contribute more to the conductance, leading to a smaller elec-
tron correlation length, thus weakening the WAL effect. In the
temperature range of 2 K-20 K, we suggest that the low tem-
perature may limit the thermal motion of electrons and make
the Fermi level return to a position similar to that of the orig-
inal state, thus showing a similar surface carrier density and
mobility. For the negative polarization, it causes the Fermi
level to shift to the bulk band gap with the surface state in the
entire measured temperature range (see Fig. 5). At the same
time, there is an enhancement in the contribution of surface
states towards conductivity, resulting in deceased carrier den-
sity and increased carrier mobility, which agrees well with the
experimental results (see Figs. 2(g) and 2(h)). At the same
time, the electron coherence length also increases, leading to
the enhancement of WAL, which in magnetoresistive measure-
ment is represented by a narrowing of MR spikes around the
zero magnetic field (see Fig. 3(a)).

5 ':(O

-
s (0] RS
P [ % >
LS s Q8

Positive Original Negative
polarization state polarization

Fig. 5. From left to right, the figure displays the changes in the Fermi
energy level in the positively polarized state, the original (or unpolar-
ized) state and the negatively polarized state.

4. Conclusion

In summary, we fabricated a Bi;Tes/o-InySes ferroelec-
tric field-effect device. The effect of ferroelectric polarization
switching on the electronic properties of Bip Tes thin films was
studied. The results indicate that the Fermi level, resistance,

Fermi wave vector, carrier mobility, carrier density and MR
can be in situ modulated in a non-volatile way by switching be-
tween different polarization states of ¢-InpSes. When switch-
ing to positive polarization, there is a shift of the Fermi level
towards the bulk bands, inducing increased Fermi wave vec-
tor and carrier density, and decreased carrier mobility. How-
ever, when switching from positive to negative polarization,
these transport properties undergo opposite changes to those
observed with positive polarization. Both the Fermi wave vec-
tor and carrier density decrease significantly, while the carrier
mobility increases significantly, reflecting a shift of the Fermi
level towards the band gap with a surface state. The influence
of surface states on conductivity has intensified, making the
phase coherence length larger, so that an enhanced WAL effect
is observed. Our findings suggest that the use of a-In,Ses as
substrates and gating materials for voltage-controlled transport
properties of TIs can be extended to the study of carrier-related
quantum transport properties in other quantum materials, such
as topological superconductors and Dirac semimetals. This
method allows better understanding of the quantum transport
properties related to carrier transport in three-dimensional TI
films.
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