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A piezotronic field-effect transistor device based on a topological insulator (TI) is proposed based on
wurtzite/zincblende InAs quantum wells (QWs). The subthreshold swing can reach 5 mV/decade. The
subthreshold swing of FETs requires at least a 60 mV gate voltage due to the thermal voltage. Polarization
in these QWs can drive a large-gap TI with a bulk band gap of approximately 50 meV. The TI maintains
a large band gap characteristic under a compressive stress of 7 GPa.
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I. INTRODUCTION

Piezotronic transistors based on third-generation semi-
conductor materials, such as ZnO, GaN, and CdS, have
advanced applications in multifunctional sensing systems,
self-powered electronics, and energy harvesting [1-3]. By
coupling piezoelectric, semiconductor, and photon excita-
tions, strain-induced piezoelectric charges can effectively
control the properties of carrier generation, recombina-
tion, and transport [4—6]. High-performance piezotronic
devices have been developed, including nanogenerators
[7], strain sensors [8], strain-gated field-effect transistors
(FETs) [9], and LEDs [10]. A tactile imaging matrix
was achieved based on a taxel-addressable integrated ZnO
nanowire array [11]. An atomically thin ZnO piezopho-
totronic device achieved a high photoresponsivity of
300 AW~!, which gained an enhancement of 230% [12].
Topological insulators (TIs) have low-power topological
surface states and ultrahigh on:off ratios of up to 10!
[13]. The polarization can not only trigger topological
phase transition [14], but also induce large spin-orbit cou-
pling over 83 meV/nm~! for potential application of spin
qubits [15].

Subthreshold swing is a key parameter of FETs [16].
In conventional FETs based on metal-oxide semiconduc-
tor contacts, the Boltzmann tyranny limits the subthresh-
old swing, which cannot be lower than 60 mV/decade.
Negative capacitance and tunneling effects can be used
to overcome the subthreshold swing limitation [17]. The
approaches to obtain subthreshold swing lower than
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60 mV/decade, such as the negative capacitance of ferro-
electric insulators [18] and tunneling FETs [17,19], face
great challenges in fabrication and performance. Recently,
theoretical studies have proposed that the topological
quantum field effect may overcome this limitation in two-
dimensional (2D) TIs based on Xene materials [20]. How-
ever, experimentally grown high-quality Xene still has
challenges [21,22].

The III-V compound quantum wells (QWs) beyond
the one-dimensional nanowire geometry extend the spa-
tial dimension of high-performance FETs and are desired
[23]. Recently, wurtzite/zincblende (WZ/ZB) InAs QWs,
with around 150-nm width and 1-pm length, were grown
by metalorganic vapor phase epitaxy [24]. Moreover, a
WZ HI-V film, with arbitrary dimensions, can be grown
on the ZB substrate. A WZ [0001] film with a diameter
of more than 10 um was grown on a ZB [111] substrate
[25]. In WZ/ZB InAs quantum wells, the basic polytype
structure was WZ in the [0001] direction and ZB in the
[111] direction [26—28]. Moreover, high-quality WZ/ZB
InAs quantum wells were achieved with misplaced bilay-
ers accounting for only 2% of 60 periods of alternating WZ
and ZB. The thickness of each layer was 2 nm (equal to
eight bilayers of In and As) [29].

In this paper, we propose a way to design a high-
performance quantum piezotronic device based on a
wurtzite/zincblende InAs quantum well topological insula-
tor. The subthreshold swing for this device can be reduced
to 5 mV/decade under a 7-GPa stress. Polarization in
WZ/ZB InAs QWs can drive a topological phase transi-
tion. The TI has a band gap of over 50 meV, which is wide
enough for room-temperature applications. Moreover, FET
devices based on this TI system are robust to magnetic
perturbation.
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II. THEORY AND METHODS

In Fig. 1(a), we design a split gate structure on the
WZ/ZB InAs QWs. The split gates act as a constriction
and form a quantum point contact (QPC) [30]. In WZ/ZB
InAs QWs, InAs is grown along the [0001] orientation for
the WZ phase and along the [111] orientation for the ZB
phase [26,31], as shown in Fig. 1(b). A strong polariza-
tion P (experimental value 0.002—0.080 C/m? [28]) drives
band inversion in the QWs and triggers a topological insu-
lator [32]. The width of the QPC Wqgpc can be controlled
by the gate potential on the split gates; therefore, the on
and off of the edge current channels can be manipulated
by the gate potential.

According to Refs. [4,33,34], piezoelectric polarization
in the QW can be obtained from P; = e;; - S and the
constituting equations as follows:

o = CES - eETE , 1

D= eES + K E 5 ( )
where P and S are the polarization vector and strain vec-
tor, respectively; e is the piezoelectric tensor; eE is the
transposed matrix of eg. o and Cg represent the stress and
elasticity tensors, respectively; D and E are the electric
field and displacement, respectively; and « is the dielectric
tensor. The total polarization (P = Ppie,o + Po) is the sum
of the piezoelectric polarization Pp;c,, induced by external

(a) Stress o

Source Dran

WZ InAs

Spin-polarized current

(c)

WZ InAs WZ InAs

ZB InAs
467 meV
418 meV

N 0.6
J 00\/\
> 06— g
oy . e | |
-4 0 4
z (nm)

FIG. 1.

stress and Py induced by mismatch and spontaneous polar-
ization in WZ InAs. In QWs, the polarization field in a
certain layer can be obtained from the following equation
[35]:

E= Y0 e (5T drs). @)

where i, j is the index of the WZ or ZB layer, N is the
total number of layers, ¢; and ¢; are dielectric constants,
and d; is the layer thickness. As a result, the piezopotential
Vpiezo generated by stress regulates the inclination of the
band edge and helps to control the TI phase transition. The
external stress-induced piezopotential can be obtained as
follows:

Vpiezo = Epi620d9 (3)

where d is the layer thickness in the QW. Epic;, can be
obtained by the formula (2) without considering Py in
P = Ppicso + Po. The effect of the stress on the polarization
field and piezopotential is presented in Fig. 1(d).

The band structures of these WZ/ZB QWs can be
obtained from the eight-band k-p Hamiltonians [35,36].
For quantum piezotronic devices based on InAs topolog-
ical insulators, the edge-state transport property is of vital
importance. A direct way to describe the topological insu-
lator and its edge states is a 2D effective Hamiltonian
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(a) Quantum point contact in the WZ/ZB InAs topological insulator. The gate potential applied to the split gates controls

the width of the QPC and determines the on and off of edge states. The stress on the QWs regulates the band structure of the TI. (b)
Atomic structures of [111] ZB and [0001] WZ. (c) Potential profile of the periodic WZ/ZB InAs QW without (upper) and with (lower)
a polarization field. The periodic boundary conditions are taken with a 5-nm thickness of each layer. The total polarization is fixed at
0.0584 C/m?. (d) Total polarization field versus external stress at a reasonable Py = 0.0584 C/m? and the piezopotential induced by

stress in a QW layer of 5-nm width.
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TABLE 1. Parameters of the effective Hamiltonian at a QW
thickness of 5.0 nm.

Parameter Value

M (meV) —35.6

B (meV nm?) —682.705
D (meV nm?) —8.635

A (meV nm) 139.31

o (meV nm) 83.27

[37,38]. This 2D Hamiltonian can be obtained from the
eight-band k-p Hamiltonians by performing the Lowdin
perturbation technique [39]. The material parameters of
WZ and ZB InAs, including the k-p parameters of the
eight-band Hamiltonians [40-42], the elastic constants
[43], the piezoelectric constants [44], and the spontaneous
polarization [26,28,45,46], are presented in the Supple-
mental Material [47]. Thus, it is possible to calculate the
2D effective Hamiltonian at a given stress and thickness.
A four-band 2D effective Hamiltonian is presented at the
basis set of {|C1,1),|H1,1),|C1, ), |H]1, )} as follows:

Cr+ M, Ak, —iok_ 0
_ Ak Cp — M, 0 0
ko ko) = | g 0 Ci+My —dk |’
0 0 Ak,  Cp — My
“)
where k. and k, are in-plane momentum, C; = —DkK?,

My =M — Bk, ky = ky + ik, k¥* = ks k_, and 4, B, M,
D, a are band parameters. The form of the effective Hamil-
tonian (4) is the same as the classical Bernevig-Hughes-
Zhang (BHZ) model in the HgTe/CdTe QW [48] except
for the off-diagonal term ioks, which describes Rashba
spin-orbit coupling (RSOC). This RSOC originates from
the structural inversion asymmetry induced by the polar-
ization field [49]. Table I lists the band parameters for the
WZ/ZB InAs QW at a thickness of d = 5.0 nm.

The conductance of WZ/ZB InAs can be given by the
Landauer-Biittiker formula [50],

2
€ Z 2
G:;mn |Tmn| 5 (5)

where % is the Planck constant. 7, is the coefficient of
transmission for the electrons from the mth input transport
channel to the nth output transport channel. For quan-
tum piezotronic devices based on TIs, the on and off
states are defined as the conducting and blocking of edge
states. Therefore, the edge current of the device at a given
source-drain voltage V'pg can be calculated as follows [51]:

I = GoTeqgeVps, (6)

where Gy = 2¢?/h is the quantum conductance of topolog-
ical edge states. Teqq is the transmission coefficient of the
edge state and is controlled by the QPC width of the device.
By defining G = GoTeqge, the current /I is proportional to
the conductance G when Vpg is fixed.

Subthreshold swing measures the performance of the
FET, including its switching energy efficiency and power
loss in the switching and standby states, and the sub-
threshold swing of the FET can be given as follows
[52]:

dUg

dlogyo (D)’ @)
where Ug is the gate voltage and [ is the current between
the source and drain. When the gate voltage is generated
by the split gate potential Vyye and the current / oc G, the
subthreshold swing in the quantum piezotronic TI device
can be expressed as § = 9 Vgae/0log;((G) by the split gate
potential Vg and conductance G.

II1. RESULTS AND DISCUSSION
A. Robust large-gap topological insulator

A TI operating at room temperature is highly desired
to broaden device applications [21,53]. An important fac-
tor in determining room-temperature TI applications is
the band gap A, which should be greater than 26 meV
(T =300 K) and simultaneously robust to temperature fluc-
tuation. Although a TI with a band gap over 26 meV
has been reported in strained HgTe QWs [54], its strong
temperature-dependent band structure causes its TI prop-
erty to be unstable at room temperature [55]. The TI based
on the WZ/ZB InAs QW proposed here may be a good
candidate to overcome this challenge.

Band inversion indicates a topological phase transi-
tion from normal to topological insulator, which is widely
confirmed in HgTe/CdTe and InAs/GaSb QWs [37,56].
Figure 2(a) shows the energies of the first electron subband
(C1) and the first heavy-hole subband (H1) as a function
of thickness. The inversion of C1 and H'1 occurs at a crit-
ical thickness d,. of 4.6 nm. To more clearly show band
inversion, we display the band structures of C1 and H1 at
thicknesses d of 4.3 and 5.0 nm in Fig. 2(b). Although both
exhibit a band gap, the former is a normal insulator, but the
latter is a TL.

Using an effective 2D Hamiltonian or calculating the
bulk band of a finite-width strip can lead to inaccuracies in
the evaluation of the bulk energy gap, especially in the case
of a thin strip where reducing the strip width may increase
the bulk band gap [38,57—59]. Using the eight-band k-p
Hamiltonian for a planar InAs quantum well, the bulk
energy gap is 39 meV, as shown in Fig. 3(a). The band gap
A =39 meV is greater than 26 meV (7'=300 K), which
is important for room-temperature TI applications [21].
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(a) Reference energy levels of C1 and H'1 versus the QW thickness. The thickness of WZ and ZB is d. (b) Band dispersion

of the four-band effective Hamiltonians for the QW widths d = 4.3 nm and d = 5.0 nm. The spontaneous polarization is 0.051 C/m?2.

Although the proposal of using a polarization field to drive
TI states has been demonstrated in several systems, includ-
ing GaN/InN, GaAs/Ge, and ZnO/CdO QWs [14,32,60],
their band gaps are only approximately 10 meV.

Figure 3(b) shows the effect of the built-in electric field
on the bulk band gap of TIs. The spontaneous polarization
covers the range that has been achieved in the experi-
ments [26,28,45,46]. There are three matter states in the
system: normal insulator, TI, and semimetal. Similar to
HgTe/CdTe and InAs/GaSb QWs, the increase in thick-
ness induces not only the TI but also the semimetal [56,61].
In the TI state, the band gap increases with the polariza-
tion field and reaches 50 meV at a polarization field of
2.72 MV/cm. From the variation trend, this gap may be
further increased if the polarization field is continuously
increased, which will be discussed in detail in our future
work.

A critical magnetic field, in which the edge state can
survive, can be used to evaluate the robustness of this
TI against magnetic fluctuation [62]. For a WZ/ZB InAs
QW TI with thickness d of 5.0 nm and polarization field
E of 2.33 MV/cm, this critical magnetic field reaches up
to B.~ 33 T, as observed in the Landau level of Fig.
3(c). This result indicates that the edge states can be pre-
served with a very large magnetic field and thus are highly
robust. Figure 3(d) shows the critical magnetic field as a
function of thickness under a fixed polarization field of
2.33 MV/cm. This magnetic field increases with increasing
thickness. When the band gap is A > 26 meV (7T=300 K)
at a thickness d > 4.9 nm, the critical magnetic field is
B. > 33 T. Therefore, room-temperature TI applications
based on WZ/ZB InAs QWs are highly robust to magnetic
fluctuations. Moreover, the critical magnetic field in this
WZ/ZB InAs QW is almost twice as high as that of the
three-layer InAs/GaSb QW [63].

The band gap of WZ (ZB) InAs decreases by approxi-
mately 43 meV (59 meV) between 0 and 300 K [shown in
Fig. 4(a)] [64—66]. The effect of temperature on the band
gap of bulk WZ or ZB InAs is significantly higher than that

of InAs TI. To show the effect of temperature, we calculate
the bulk band gap of the InAs TI with respect to the tem-
perature in Fig. 4(b). Compared to bulk InAs materials, the
energy gap of the InAs TI changes by no more than 9 meV
within the temperature range of 0 to 300 K, indicating a
weaker temperature sensitivity. Throughout the entire tem-
perature range, the bulk band gap of this 5-nm-wide InAs
quantum well TI remains greater than 30 meV. Moreover,
as the stress increases to —7 GPa, an increase in the tem-
perature can achieve a large bulk band gap. The weaker
temperature sensitivity on the bulk band gap has also been
discussed in the multilayer AISb/GaSb/InAs TI through
a comparison with the HgTe/CdHgTe TI having a higher
temperature sensitivity [63].

B. Quantum piezotronic transistor with ultralow
subthreshold swing

For the quantum piezotronic transistor in Fig. 1(a), we
selected the thicknesses of the WZ and ZB layers in the
QWs to be 5 nm and the polarization field (without external
stress) to be 2.33 MV/cm. Under these circumstances, the
band gap remained larger than 26 meV, even with a stress
over 9 GPa. The high robustness under a magnetic field
was also preserved.

In the QPC region, the potential on the gates controls the
width of the QPC. The width of the QPC varies approxi-
mately linearly with the gate voltage, as shown in previous
experiments [67]. The relationship between the width of
the QPC Wqpc and the gate potential gy is given by the
following:

Waopc = aqprc(Vo + Vaae) + Wo, ®)

where V) represents the preset bias voltage, and the value
of the a parameter is related to the structure of the
point-contact region and the material property of the topo-
logical insulator. W, represents the width of the QPC
without potential on the split gates. The parameters used
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in our calculation are agpc = 225 nm/V, Wy=250 nm,
Vo=—0.89 V [67].

To describe the transport property of the spin-polarized
edge state in the switching process, we illustrate the spin
current properties injected from the upper-left edge by the
KWANT PYTHON package [68]. As shown in Fig. 5(a), when
the QPC is wide enough (Wqpc=40 nm), the spin current
can flow through the QPC region (upper figure). This state
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represents the on state of the InAs transistor. When the
conducting channel is blocked at Wgpc of 20 nm (lower
figure), the device changes to the off state. The Fermi
energy is set at Er=>5 meV. The QPC widths Wgpc of
40 and 20 nm correspond to Ve values of —43.3 and
—132.2 mV, respectively.

In Fig. 5(b), we calculate the conductance of the device
(without stress) as a function of gate voltage. The average
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(a) Band gap of bulk WZ and ZB InAs versus temperature 7" [64,66]. (b) Bulk band gap A of the topological insulator versus

stress o and temperature T. The spontaneous polarization is 0.053 C/m?, and the layer thickness is 5.0 nm.

014061-5



PHYS. REV. APPLIED 20, 014061 (2023)

LIANG et al.
(a)
— 100 —°\ Gate jp—
S -~ -
£ of{ on Wapc =40 nm
x
-100
—4‘00 —2‘00 (IJ 260 4(IJO
y (nm)
= 1001 Gate
£ o off Wapc =20 nm
x
-100
74‘00 72‘00 (I) Z(I)O 460

Subthreshold swing S (mV/decade)

FIG. 5.

¥ P

r 0.040
- 0.030
r 0.020

r0.010

~0.000

Save = 15.7 mV/decade

Conductance G (e/h)

off f

-160

80 -40 0

Vgate (MV)

-120

N
o

ave

=N =N

o 6]
1 J

Average SS S__ (mV/decade) @
[¢)]

o

-2 =4 #6 =8
Stress o (GPa)

o
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and the edge state density at Wopc=40 nm. The lower one shows the off state at Wopc=20 nm, and the transport channel is totally
blocked by the narrow QPC. (b) Conductance versus gate voltage during the switching process. The light brown region represents the
switching from on to off, with an average subthreshold swing of 15.7 mV/decade. (c) Transient subthreshold swing S varying with the
gate potential Vg, and stress o. Stress applied to the QWs helps to reduce the subthreshold swing. (d) Average subthreshold swing
Save in the whole switching process changes with respect to the stress . Increasing stress o can also reduce the average subthreshold

swing.

subthreshold swing of the on-off process (from B to A)
is S =15.7 mV/decade, and the conductance changes by 4
orders of magnitude. To show that the external stress can
regulate the subthreshold swing, the transient subthreshold
swing S variations with respect to the gate potential Vgaee
and stress o are plotted in Fig. 5(c). With increasing stress
o, the minimum value of transient subthreshold swing
gradually decreases.

Further evaluation of the device during the switching
process shows that the average subthreshold swing S,y
can also be reduced by applying stress. An advantageous
value of 5 mV/decade can be obtained when the stress
reaches 7 GPa [shown in Fig. 5(d)]. Although increas-
ing the stress to 9 GPa can further reduce the average
subthreshold swing, the improvement in the subthreshold
swing caused by a larger stress is not evident, and stresses
above 7 GPa may also lead to the phase transition of InAs
[69]. As in the experiment of piezophototronic p-type GaN
films [70], stress can be straightforwardly and accurately
applied to the samples. This approach has also been used
in ultrafast spin lasers [71].

Table II lists some systems that can break the subthresh-
old swing limitation for comparison. In contrast to these

systems, our InAs topological insulator with QPC pro-
posed has a lower subthreshold swing. Moreover, in the on
state, the edge channel is robust against local impurities,
and the band gap is large enough for room-temperature
applications. In addition, interface fluctuations may have
little effect on the subthreshold swing of WZ/ZB InAs
QWs because the transport properties of the TI with a
QPC structure are expected to have a weak dependence
on local impurity potentials or rough walls, as discussed
in Ref. [38]. A high-quality interface of WZ and ZB InAs
is achievable [29]. With these properties, the QPC based
on the InAs topological insulator facilitates the design of
low power consumption and high-performance piezotronic
devices.

IV. SUMMARY

In this study, we investigated the impact of polariza-
tion on the topological properties of WZ/ZB InAs QWs.
Polarization triggered the TI with a larger bulk band gap
of approximately 50 meV, which was accessible to room-
temperature applications. For an FET based on WZ/ZB
InAs QWs, the subthreshold swing could be reduced to
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TABLE II. Comparison of subthreshold swing S.
Material Mechanism S$? (mV/decade)
MoS,/Ge Tunneling field effect 31.1 [72]

Black phosphorus 22.9 73]
CulnP,S¢/MoS; Negative capacity 28 [74] (minimum)
WSe;, /Hf 5Zr 502 27.8 [75]
MoS,/graphene Dirac source 33.5[76]

Piezo WZ/ZB InAs QPC based on TI 5.0 (this work)

2 Average subthreshold swing, excluding the data marked as the
minimum value.

5 mV/decade under a 7-GPa stress. This work provides an
alternative strategy to design low power consumption and
high-performance room-temperature quantum piezotronic
transistors based on polycrystalline QWs.
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