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Piezotronic transistor operating in the quantum tunneling regime has recently roused wide interest for
developing ultrasensitive strain sensing with applications in wearable electronics and human-machine
interfaces. However, the lack of a strict theoretical demonstration from a quantum perspective renders
the development of such an emerging area particularly slow due to their complex fabrication process
and vulnerable experimental interference. Here, by combining third-dimensional self-consistent calcu-
lation with a nonequilibrium Green’s function framework, we study the intrinsic device properties of
piezotronic tunneling transistor (PTT) based on AIN/GaN core-shell nanowire. The results show that
strain-induced piezoelectric polarization can remarkably tune tunneling barrier height and width, both of
which are increased by tensile strain and decreased by compressive strain. At a moderate strain amplitude
of 1.0% and bias of 2.0 V, the strain-induced change in effective barrier height and width can reach as high
as 0.5 eV and 4.0 nm, respectively. This remarkable tunability in the barrier allows for an ultrahigh on/off’
current ratio 10'7, and giant gauge factor 1.2 x 103 in current and 1.1 x 10'3 in resistance. The perfor-
mance can be further optimized by properly tailoring device architectures, including insulator thickness,
nanowire length, or core-shell size. Our demonstration of the PTT with combined quantum tunneling and
piezotronic effect opens a window for designing highly sensitive, large on/off ratio and low-power strain

sensing.
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I. INTRODUCTION

The tunneling transistors (TTs) have been regarded as
one of the most promising candidates for developing post-
complementary metal-oxide semiconductor (post-CMOS)
technology in ultralow power-integrated circuit applica-
tions [1-3]. The working mechanism of the TT is based on
a fascinating physical phenomenon that the charge carriers
have the capability to penetrate an energy barrier. There-
fore, the operation of the TT relies on the tunability of
tunneling barrier height and width [4], and both of which
are inherently suitable for the electrical modulation. In this
regard, various TT’s derivatives have been demonstrated,
including molecular TT [5], dopingless TT [6], reconfig-
urable TT [7], vertical TT [8], energy-efficient TT [9], and
resonant TT [10].

Mechanical stimuli that are ubiquitous and abundant
in environment, are an alternative way to tune quantum
tunneling by virtue of piezoresistive effect where strain-
induced deformation potential modifies electronic band
structure to realize a macroscopically electrical regulation
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[11-15]. This motivates a wide interest for applications in
strain sensing with high sensitivity and low power con-
sumption. However, in terms of a quantum perspective, a
deformation potential is a pure perturbation quantity com-
pared with an intrinsic barrier formed by material features
[16], including the electron effective mass, lattice con-
stant, and band gap. For example, the confined electrons
would feel a high barrier at the interface if the hosting
material has a large effective mass such that the sub-band
level is lowered down to the bottom of the potential well.
The mismatch of lattice constants in heterostructure can
cause a strain at the interface to induce a deformation
potential modifying the band gap as well as the barrier
height [17]. A considerable variation in tunneling barrier
(or tunneling current), hence, requires the provided exter-
nal mechanical strain large enough in order for sufficient
device operation [11,12,15]. For instance, tensile stress of
500 MPa can only obtain a 4% enhancement in source-
drain current in a double-gated silicon tunneling field-
effect transistor [12]. Nevertheless, large strain inevitably
brings in high density of defects and dislocations inside
materials [18,19], leading to a tunneling device with high
off current leakage and low on current due to broken-
gap band alignment [20,21]. Moreover, third-generation
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semiconductor systems enduring a large strain remain
technically challenged due to their large Young’s modu-
lus (ZnO ~200 GPa, GaN ~400 GPa, AIN ~400 GPa)
[22], which hampers their tunneling device applications.
To address these issues, tunneling junctions modulated
by strain-induced piezoelectric polarization have recently
been proposed based on p-doped GaN heterostructures
and n-doped ZnO nanowires [23-25]. Piezoelectric mod-
ulation inherently is a combination of electrical (piezo-
electric potential) and mechanical (deformation potential)
means, and thus can trigger a higher gauge factor in
tunneling junction (7 x 10* in MgO/ZnO [23], 2.6 x 108
in Pt/Al,03/p-GaN [24], 4.8 x 10° in Ag/HfO,/n-ZnO
[25]). However, the overestimated gauge factor due to
nonideal experimental platforms [24], together with the
difficulty in the growth of high-quality tunneling junc-
tion [23,25], requires a strict theoretical demonstration not
only for an in-depth understanding of combined tunnel-
ing mechanism and piezoelectric modulation, but also for
a guidance of next performance optimization.

In this work, we theoretically demonstrate a piezotronic
tunneling transistor (PTT) based on AIN/GaN core-shell
nanowire by a strict quantum transport simulation. A
nonpiezoelectric insulator layer sandwiched between the
source and core-shell nanowire is constructed as a high
potential barrier to drive tunneling current. By regulating
barrier height and width of the PTT, strain-induced interfa-
cial polarization charges can effectively tune device perfor-
mance. The results suggest that tensile strain significantly
increases gauge factor in the current, and compressive
strain raises gauge factor in the resistance. At a moderate
strain amplitude 1.0%, the PTT exhibits giant gauge

@ @

(Al,Ga)N/GaNcore-shell nanowire
A A

- = -

\

Insulator
® @
(Al,Ga)N/GaNcore-shell nanowire
) = A
r — v
Insulator

FIG. 1.

-

factor 1.2 x 10% in current and 1.1 x 10'3 in resistance,
and ultrahigh on/off current ratio 10!7. The performance
can be further optimized by engineering device architec-
tures including insulator thickness, nanowire length, or
core-shell size.

II. QUANTUM TRANSPORT IN AIN/GaN
CORE-SHELL NANOWIRE

More recently, IlI-nitride core-shell nanowires have
stimulated tremendous research interest in electronics and
optoelectronics applications, such as high-efficiency light-
emitting diodes [26,27], ultraviolet laser [28], and high-
mobility transistors [29]. In comparison with single-crystal
bare nanowires, the core-shell structural nanowires support
many favorable attributes in strain engineering [30], band-
gap tunability [31], electron mobility [32], and structural
diversity [33].

The basic configuration of our PTT consists of source-
drain electrodes, AIN/GaN core-shell nanowire, and a
nonpiezoelectric insulator layer sandwiched between the
source and nanowire. A high potential barrier formed in
insulator layer enables the electrons to tunnel instead of
directly traveling. The tunneling current is controllable
either by modifying barrier height or by altering bar-
rier width, and both of them can be accommodated by
strain-induced piezoelectric polarization. This is the case
no matter there is or not a bias (see Appendix A). When
a tensile strain is applied, positive piezoelectric polar-
ization charges are induced at the interface between the
insulator layer and AIN/GaN core-shell nanowire. These
positive polarization charges attract the electrons tunneling
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Schematic diagrams of the PTT based on the AIN/GaN core-shell nanowire under (a) tensile strain and (b) compressive

strain. The device structures are shown in the left and the conduction-band potential profiles are displayed in the right.
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from the source to insulator-nanowire interface by reduc-
ing barrier height and width, as seen in Fig. 1(a). When
a bias is supplied, these tunneled electrons start to flow
and produce a larger tunneling current. By contrast, neg-
ative polarization charges induced by compressive strain
will repel the electrons access to insulator-nanowire inter-
face. In this case, the electron is difficult to tunnel due
to the raised barrier height and width, leading to a low
current, as shown in Fig. 1(b). It should be noted that
although piezoelectric polarization charges also exist at the
drain-nanowire interface, its impact on tunneling transport
is negligible because they mainly affect drain-to-source
tunnelling, which is much weaker than source-to-drain tun-
neling under a positive bias (we do not consider reverse
bias).

The electronic properties in low-dimensional nanode-
vices can be captured by the Schrodinger equation HW =
EWV with Hamiltonian H, wave function W, and energy
level E. In AIN and GaN, their wide-gap feature allows
for a parabolic effective-mass Hamiltonian for the electron,
which is solved as
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where £ is the reduced Planck constant, m,, and m. are the
effective mass parallel and perpendicular to the ¢ axis in
wurtzite crystal, respectively. The conduction-band poten-
tial profile is given by U(x, y,z) = Ec(x,y,z) — qV(x,y,2)
with offset energy E, electron charge ¢, and electrostatic
potential V.

Three-dimensional (3D) Schrodinger Eq. (1) can be
uncoupled into the case in two-dimensional (2D) cross-
section plane and one-dimensional (1D) transport for wave
function with form W(x,y,z) =), ¢:i(2)¥;i(x,y;2) [34,
35], where v;(x, y; z) is ith 2D sub-band wave function at
each core-shell cross-section slice, and ¢; is its 1D trans-
port wave function. In each cross-section slice, the 2D
sub-band can be obtained as
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where E; is ith 2D subband energy. In the uncou-
pled mode space [35], 1D transport is solved as
(—(12/2m.)(92/322) + EDgi(x,;2) = Egi(x,y;2)  with
open boundary condition. Here, the 1D transport prob-
lem is solved by the nonequilibrium Green’s function
(NEGF) approach in the presence of an applied bias. The
1D Green’s function for the kth 2D sub-band is written as

!
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where H'P? = —(h?/2m.)(8%/02%) + E;, Y. and 37 are
self-energy of the ith subband in the source and drain
electrode. For the NEGF, the 1D electron density in each
subband can be obtained as

1
P = — [ GG} GrhGIPGHaE, (@
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where Az is the discrete spacing, fgp) = (1 + exp(£ —
Er sy /kT))™! is Fermi function, Er sy is Fermi level
relevant with the bias Vpg via Eps — Erp = qVps. The
broadening matrices in source and drain are given by '’ =

P(30 =50 ) and 1P =i (X0 = X277 ). Symbol “
denotes complex conjugate operation. Here, spin degen-
eracy is accounted for. Once the 1D and 2D Schrodinger
equations are solved, the 3D electron concentration can be
calculated as

wP(,y,2) = Y nP@it ;) (5)

The above equations are solved under the known materials
parameters and device structure except for the electrostatic
potential ¥ that should be solved from Poisson’s equation

V. [—&VV(x,y,z) +Px,y,2)]
= q[ND - NA - n3D(x7yaz)]f (6)

where ¢, is the diclectric constant, Np and N, are the
donor and acceptor doping concentration, P is the electri-
cal polarization. In piezoelectric semiconductor AIN and
GaN, the electrical polarization P = Pg, + Ppic,, comes
from spontaneous Pg, and piezoelectric segment Ppic,o =
e - s with piezoelectric tensor e and strain s. When an
external stress is supplied, the material endures strain
s = C~! . ¢ with elastic coefficient tensor C and applied
stress o. In experiment, stress is usually applied along
growth direction of nanowire ¢ axis, which is the case of
this study.

In Poisson Eq. (6), Neumann boundary condition, i.e.,
n - VV =0 is used in the source and drain electrode in
order to ensure space-charge neutrality and float source-
drain voltage relative to Fermi level [34]. Here, n denotes
the direction normal to the boundary. For other bound-
aries, the same zero electric field condition is imposed.
To accelerate Schrodinger-Poisson convergence, the linear
Poisson Eq. (6) is altered to a nonlinear one by introducing
a quasi-Fermi-level [34,35]

Fn(x7 :Z)+ V(x> zZ)
”3D(X,y,z) = N3DF1/2 |: 4 1 4 ] ’ (7)

kT

where N3p is the effective density of states for the elec-
trons, I, is the Fermi-Dirac integral of order 1/2,
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F,(x,y,z) is quasi-Fermi-level, & is Boltzmann’s constant,
and T is temperature. This nonlinear Poisson equation
provides a feedback mechanism to accelerate iterative
convergence process [36]. Additionally, Newton-Raphson
iteration and Gaussian elimination method are employed to
solve 3D nonlinear Poisson Egs. (6) and (7). All calcula-
tions are based on the finite-difference method. Once the
Schrodinger-Poisson equation gets convergence, we can
calculate transmission coefficient and current

. 2
T, = Tr(CSG,rPGl),J = 7(] Z/ T(E)(fs — fo)dE,
)

where Tr stands for matrix trace operator, 4 is Planck’s
constant.

There are two possibilities to select insulator barrier:
piezoelectric and nonpiezoelectric. For the piezoelectric
insulator, a good candidate is AIN(Al,O3) because it has a
larger conduction-band offset energy approximately 2.0 eV
in terms of GaN. This large offset energy can significantly
restrict the electron propagating in transport direction, and
thus form quantum tunneling. Nevertheless, the common
piezoelectric property of the AIN insulator and AIN/GaN
nanowire renders strain-induced polarization charges rela-
tively lower. As a result, device performance modulated
by strain becomes inferior [23,24]. An alternative is to
select a nonpiezoelectric insulator, such as HfO, [25]. In
this case, piezoelectric polarization charges come solely
from the polarization in the AIN/GaN nanowire rather than
polarization difference between the piezoelectric insula-
tor and nanowire. Therefore, polarization charges induced
by strain will obtain a remarkable variation, allowing for
a noticeable improvement in device performance. In this
context, we mainly focus on the nonpiezoelectric insula-
tor case, whereas the piezoelectric case will be involved in
our next work. Due to the lack of relevant band parameters
in HfO,, we replace it with AIN but cancel its piezoelec-
tric property. To some extent, this treatment is reasonable
because the main role of HfO, in the PTT is to serve as an
insulator barrier.

The piezoelectric charges can simultaneously exist at
two terminations of core-shell nanowire due to the polar-
ization discontinuity. Given that the insulator layer is
formed at the source side, we take into account only
the piezoelectric charges of insulator-nanowire interface
throughout this work. The tunneling transport is con-
trolled by the barrier formed at the dielectric layer. Hence,
the height and width of this barrier is predominated
by the piezoelectric charges at dielectric-nanowire inter-
face instead of those charges at drain-nanowire interface.
Particularly, the latter impact on the barrier (or tunnel-
ing current) will be greatly reduced with increasing the
nanowire length [see Appendix B]. Additionally, owing to
the presence of dielectric layer, the piezoelectric charges of

dielectric termination would be difficult to be screened by
the carriers in source electrode. This dielectric layer can
sufficiently prevent the carrier directly transferring from
the electrodes to affect interfacial piezoelectric charges.
We fix the doping of the PTT within an experi-
mental accessible value: 10'® cm™ intrinsic » doping,
5% 10'® em™ » doping in the GaN core, and heavy n
doping 2 x 10> cm™ in source-drain extension. With-
out special statements, the PTT is comprised of 11.0 nm
AIN/GaN core-shell nanowire, L = 1.0 nm insulator layer,
4.0 nm source-drain extension. The sides of hexagon core
and shell is a¢ore= 2.0 nm and agpe= 3.0 nm, respectively.
The Fermi level in the source is fixed at E2 = 0.5 eV. The
device is operated at room temperature 300 K. All material
parameters in AIN and GaN are used from Refs. [37,38].

III. QUANTUM TUNNELING IN THE PTT

Figure 2(a) shows the conduction-band potential profile
along c-axis direction at the center of core-shell hexagon.
Here, the bias is set at Vpg = 2.0 V. It is clear that at the
insulator-nanowire interface the potential is pushed up by
compressive strain but down by tensile strain, which is
the result of piezoelectric polarization charges. In addi-
tion, insulator layer is rather thin (1.0 nm), and thus
cannot completely screen the influence of polarization
charges on Schottky barrier height (SBH) at the source-
insulator interface. It leads to a remarkable change in the
SBH, which is analogous to a metal-semiconductor con-
tact transistor controlled by the piezotronic effect where
interfacial polarization charges modify the SBH to tune
device performance [39]. By combining the SBH with
the insulator-nanowire potential, the entire barrier height
and width become particularly sensitive to strain, which is
demonstrated subsequently.

Distinguished from many quantum transport devices
with integer plateaus in transmission coefficient T (related
directly with conductance by T x g?/h), the PTT has much
lower transmission coefficient because the electrons per-
meate barrier region in an evanescent fashion. This can
be seen in Fig. 2(b) under a bias Vpg = 2.0 V. The effec-
tive barrier height is 1.5-3.0 eV [see Fig. 4(c)] higher
than the highest electron energy Er g = 0.5 eV. Hence, we
can unambiguously confirm that transmission coefficient
and corresponding current comes from quantum tunneling
effect. With the increasing of electron energy, the transmis-
sion coefficient gradually increases but its overall ampli-
tude is lower than 1.0%. According to the Fermi-Dirac
distribution function, only those electrons with energy less
or slightly larger (temperature broadening) than Fermi
level Ers = 0.5 eV contribute to the tunneling current.
Hence, the tunneling current is usually weak. Moreover, it
also shows that increasing strain can considerably increase
transmission probability due to reduced barrier height and
width.
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(a) Potential profile of the PTT. (b) Transmission coefficient T as a function of electron energy E. (c) 1D electron density

in the PTT under strain of ¢ =1.0% (upper), 0 (middle), and —1.0% (lower). (d) The current-voltage characteristics under different
strains. The source and drain Fermi level in (a) are Er s = 0.5 eV and Er p = —1.5 eV, respectively. The inserts in (b),(d) are the
semilogarithmic 7-E, and J-Vpg curve, respectively. The bias used in (a)—(c) is fixed at Vpg = 2.0 V.

It is instructive to present 1D electron density distribu-
tion in order for intuitively showing the electron tunneling
process in the PTT, as displayed in Fig. 2(c) under strains
of —1.0%, 0, and 1.0%. The bias is still Vpg = 2.0 V. The
black solid line is the first sub-band profile. Although there
are several sub-bands participating in tunneling transport,
only the first one predominates due to strong quantum con-
finement effect in the core-shell cross section. It shows that
in all cases the electrons are mainly resided at source and
drain extension region. When strain is —1.0%, the bar-
rier width is wide enough, leading to the electrons being
almost completely blocked in source and drain. Barrier
width shrinks sharply for strain increased to 0, and thus
a tiny amount of electrons can pass through it. Moreover, a
clear tunneling process can be observed where 1D electron
density is rapidly attenuated with source electrons access
to the barrier region. As strain is further increased to 1.0%,
barrier width is almost shortened to the insulator thickness
1.0 nm. In this case, the electrons with energy close to

Fermi level Er g = 0.5 eV can tunnel through the insulator,
giving rise to a high transmission probability and current.

Owing to the piezoresistive effect, strain sensors based
on silicon or graphene have a linear dependence of the
current or resistance on strain [11,12,40,41]. The piezore-
sistive effect is to use strain-induced deformation potential
to slightly modify the band structure and then affect the
resistance, and thereby the tunability of sensing device is
weak due to the deformation potential having a tiny con-
tribution to band structure. This leads to a small gauge
factor or low sensitivity in these piezoresistive devices.
However, by combining the deformation potential with
polarization electric field, our proposed piezoelectric reg-
ulation can cause a notable strain-induced change in band
structure or tunnel barrier. As is well known, the conduc-
tance in tunneling junction is exponentially dependent on
tunnel barrier [42]. Therefore, the current or resistance in
the proposed tunneling junction sensor can exhibit a highly
nonlinear and exponential strain dependence.
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Figure 2(d) shows the tunneling current against bias
under different strains. When the bias is increased to be
higher than a cut-off value, tunneling current is switched
on. The current-voltage characteristic is very similar to tra-
ditional semiconductor devices based on p— junctions or
metal-semiconductor contacts [39,43], whereas the differ-
ence is the PTT with a relatively low on current. We also
can see in the insert of Fig. 2(d) that tunneling current can
be markedly increased by tensile strain and decreased by
compressive strain. At bias Vpg = 2.0 V, the on/off cur-
rent ratio for ¢ = £1.0% can reach as high as 108, which
is much larger than experimental measurements approxi-
mately 500 in Ref. [25]. Such a huge difference may stem
from several factors, including the limitation of current
accuracy (approximately 1072 nA) in experimental mea-
surement, strain magnitudes (¢ = £0.1% in Ref. [25]),
nanowire length and cross-section size, or material and
structure difference.

First of all, the on/off current ratio significantly relies
on the defined on current that is increased exponentially
with increasing strain. Therefore, the on/off ratio obtained
at strain of 0.1% in Ref. [25] will be much lower than the
case of strain 1.0% presented here. A further calculation
shows an on/off ratio approximately 200 at strain of 0.1%
[see Appendix B], which is much closer to the experimen-
tal value. Secondly, there are two dielectric layers in ZnO
nanowire tunneling junction in the experiment but only one
in our core-shell nanowire. This may be a useful ingredi-
ent because the traveling electrons will tunnel twice: one is
the tunneling from source to nanowire, and the other is the
case from nanowire to drain. The two tunneling processes
will influence the on and off current. Additionally, the size
of realistic nanowire including the cross section and length
is also a relevant factor to affect the on current. To be more
specific, the on current would be decreased by reducing
quantum confinement for a large cross section, whereas it
is increased for a long nanowire. Their combined effects
will cause a decreasing current. A 3D simulation of real
nanowire is unrealistic and out of our calculation scope
due to its large size with length approximately 300 um
and cross section approximately 1.0 um? in Ref. [25]. A
simplified 1D model may be accessible by neglecting the
quantum confinement in the cross-section direction, which
will be involved in our future work.

The tunneling effect is a pure quantum phenomenon,
examining which will be useful to understand the PTT.
Figure 3(a) displays wave functions yr; ~ ¥4 in the first
four sub-bands confined within AIN/GaN core-shell cross
section. Our calculation suggests that only these four sub-
bands are occupied in the source and drain, and thus make
a contribution to tunneling current. In the core-shell plane,
the presence of a high barrier in the shell layer makes wave
functions spatially confined inside the core layer. Hence,
the tunneling electrons are transported along the GaN layer
rather than the AIN layer. In this regard, the GaN core acts

mainly as a conductive channel, which is protected by the
shell layer. Compared with bare single-crystal nanowire,
such a core-shell heterostructure can sufficiently lower
current leakage [44], and interface scattering [45].

Figure 3(b) shows the conduction-band offset energy E¢
(left) and electrostatic potential ¥ (right) in the PTT under
a bias Vps = 2.0 V and no strain. It shows a high offset
energy in the shell layer and the insulator layer, where the
former brings in quantum confinement and the latter leads
to quantum tunneling. Considering that the source-drain
electrodes are experimentally fabricated by surrounding
nanowire with a metal film, the source-drain extension
regions are treated as a core-shell structure in our simula-
tion. The right of Fig. 3(b) shows the electrostatic potential
that is linearly increased from source to drain. Owing to the
presence of polarization charges, the electrostatic poten-
tial near the insulator-nanowire interface undergoes a first
decrease and then increase, giving rise to an energy barrier.
It is this energy barrier that allows for the high tunability
of tunneling current by strain.

The essence of tunneling transport is the electrons flow-
ing inside the device with a barrier. This process can be
clearly illustrated by plotting the 3D electron concentra-
tion distributed in the PTT operated at a bias, as shown
in Fig. 3(c). Here, the bias is still fixed at Vps =2.0 V.
The piezoelectric charges in the core (red) and shell (blue)
layer are also shown at the insulator-nanowire interface.
Different from the ionic charge or doping carrier, the
piezoelectric charges have an areal density due to the
polarization discontinuity AP. It shows that the piezoelec-
tric charges decrease with increasing strain ¢. The nonzero
piezoelectric charges at ¢ = 0 comes from the pure spon-
taneous polarization Py, = —0.029 C/m?. Hence, the total
polarization charges are reduced by positive piezoelec-
tric polarization Ppic,o > 0 at tensile strain but raised by
Phpiezo < 0 at compressive strain.

In natural state ¢ =0, a few electrons can tunnel through
the insulator layer along a conductive channel that is
formed in the GaN core layer. When a smaller compres-
sive strain € = —0.5% is applied, the conductive channel
is switched off due to a higher barrier in insulator layer
where the electron concentration decays rapidly. Such a
decay becomes more notable if further increasing compres-
sive strain to ¢ =—1.0%. In this case, tunneling current
is much lower approximately 10~% pA/um, indicating a
good switching-off state. By contrast, for a small tensile
strain € =0.5%, more electrons can tunnel through insu-
lator layer access to the core-shell nanowire channel due
to barrier height that is decreased by positive polarization
charges. Increasing strain to € =1.0% brings in a further
reduction in barrier height, and thus a large number of elec-
trons can enter the channel. Tunneling current can reach as
high as approximately 1 pA/pm, demonstrating an excel-
lent switching-on state for the PTT. Notice that due to the
quantum mechanics tunneling effect, the tunneling-based
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—1.0% to 1.0% (from left to right). The piezoelectric charges (unit C/m?) of the core (red) and shell (blue) layer are displayed at the

insulator-nanowire interface.

devices usually suffer from low on current, which lim-
its its operating speed and ambipolar behavior [46,47].
Nevertheless, the on current in our PTT is higher and
superior to those in group-IV and III-V, InAs/Si, and
carbon-nanotube-based tunnel FETs [48].

IV. EFFECTIVE BARRIER HEIGHT AND WIDTH
IN THE PTT

The above results demonstrate that barrier height and
width play a decisive role on the PTT. In order to esti-
mate them, it is necessary to define effective barrier height
®p and width Wp. Similar to Ref. [25], the effective bar-
rier height ®p is defined as the energy difference between
the Fermi level and half of the potential in the insulator

layer. The effective barrier width Wj is assumed as space
width in the sub-band profile with energy higher than the
Fermi level. According to these two definitions, we can
intuitively see in Fig. 4(a) that both ®z and Wj decrease
with increasing strain. Their simultaneous reduction leads
to a sharp increase in tunneling current.

Figure 4(b) shows tunneling current as a function of
strain under different biases. When strain is higher than
a critical value, the PTT is switched orn and its cur-
rent increases exponentially. The critical strain depends
highly on the bias because the bias can also regulate
barrier height and width [4]. In order to estimate strain
sensitivity, we plot a semilogarithmic J—¢ curve in the
insert of Fig. 4(b). The semilogarithmic current is almost
proportional to strain & for each bias, and the slope
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(a) Potential profile of the first sub-band under bias Vpg = 2.0 V. The &g and Wy donate the effective barrier height and

width, respectively. (b) The current versus strain under different biases. The insert is the semilogarithmic J-¢ curve. (c¢) The effective
barrier height ® (dash lines) and its change A®p (solid lines) as a function of strain. (d) The effective barrier width Wy (dash lines)

and its change AWj (solid lines) against strain.

decreases with increasing bias. Therefore, the PTT oper-
ated at small bias has a higher strain sensitivity. However,
small bias corresponds to low on current, undesirable in
practical device operation. In this regard, it is necessary
to select a proper bias compatible with high on current as
well as large sensitivity, such as Vps = 2.0 V (on current
approximately 1 pA/um and gauge factor approximately
10° at & = 1.0%).

Figure 4(c) shows the effective barrier height ®p
(dashed lines) and its change A®p = ®p(g) — Pp(0)
(solid lines) as a function of strain under different biases.
The case without bias can be seen as a comparison in
Appendix A. The ®p varying linearly from 3.0 to 1.5 eV
as strain increases, is much higher to produce tunneling
current. Such a giant variation in barrier width suffi-
ciently demonstrates the superior piezoelectric tunability
of tunneling devices, which is almost inaccessible for
the general piezoresistive or magnetoresistive modulation
[12—14]. Moreover, for a fixed strain, the ®p decreases
with increasing bias, indicating a common nature between
bias and strain manipulation in tunneling transistors. The
barrier change A®jp is useful to estimate the sole impact
of strain on barrier height, and has been illustrated in
Ref. [25]. Figure 4(c) shows that the A®p is also linearly
decreased with strain, in an agreement with ZnO-based

PTT [25]. Moreover, strain-induced barrier change is
almost independent on the bias, implying a weak coupling
of strain and bias in the modulation of barrier height. How-
ever, this is not the case in the modulation of barrier width,
as demonstrated subsequently.

The effective barrier width W3 is another factor to con-
trol tunneling current. Figure 4(d) shows the Wy (dashed
lines) and its change AWg = Wg(e) — Wg(0) (solid lines)
against strain under different biases. Similar to the ®z and
Adp, the Wi and AWp also decrease with strain. The
Wp has a minima value corresponding to insulator thick-
ness 1.0 nm. These barrier widths higher than 1.0 nm
are the results of the potential in insulator-nanowire inter-
face, which can be regulated by polarization charges. This
is analogous to the situation where polarization charges
act as a bias (or piezopotential) supplied at the insulator-
nanowire interface [see Fig. 4(a)]. Additionally, Fig. 4(d)
also shows that the barrier width Wjp shrinks quickly
with increasing bias. Different from A®p, the AWp relies
on bias particularly at low bias. For instance, at Vpg =
1.0V (2.5 V), the variation in AWp can reach 7.1 nm
(4.0 nm) over strain range —1.0%—1.0%. It is this remark-
able bias dependence of barrier width that directly leads
to high current on/off ratio and larger gauge factor in low
bias.
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As strain approaches ¢ = 1.0% at bias Vps = 2.5V, the
Wp reaches its minima 1.0 nm and will remain unchanged,
as seen in Fig. 4(d). This does not mean that the influence
of barrier width on tunneling transport reaches saturation
if strains or bias are further increases. This is because
in terms of all occupied electrons, our defined effec-
tive barrier width corresponds only to the electron with
highest energy, i.e., the Fermi level. Usually, the occu-
pied electrons with low energy will feel a larger barrier
width, which can be further reduced even at an unchanged
WB =1.0 nm.

V. GAUGE FACTOR AND PERFORMANCE
OPTIMIZATION

Gauge factor is a useful indicator to estimate the ability
of using strain to control the device, and is usually defined
as gc = AJ/(Jpe) for the current, and gr = AR/(Rope)
for the resistance. Here, AJ = J(g) — J(0), Jy = J(0),
AR = R(e) — R(0), Ry = R(0). Considering that tensile
strain enhances the current and compressive strain raises
the resistance, we calculate the g¢ at € > 0 and the gy at
& <0 in order for a larger gauge factor [25], as shown in
Fig. 5.

In realistic device applications, the large gauge factor
indicates a high sensitivity and thus good signal detection.
This enables the nanowire tunneling junction to detect ten-
sile (compressive) strain using current (resistance) signal.
Additionally, the tunneling junction is also not expected to
detect current signal at compressive strain where the device

is usually switched off" with an extremely low current that
is beyond the measurement accuracy 1073 nA [25]. In this
case, the current signal will become inaccurate. Instead, the
resistance signal will become distinct and can be treated as
the signal to measure compressive strain.

Figure 5(a) plots two gauge factors as a function of
strain under different biases. The current gauge factor g¢
(solid lines) is much high and improved by increasing ten-
sile strain or reducing bias. At strain &€ =1.0%, the g¢
is 6.2 x 107, 1.8 x 10%, 1.4 x 103, 2.7 x 10%, at the biases
Vps=1.0, 1.5, 2.0, 2.5 V, respectively. However, as men-
tioned above, small bias has a low on current, and thus
a moderate bias Vps = 2.0 V is proper in order for a suf-
ficient device operation. The resistance gauge gz (dashed
lines) evaluates the capability of restricting electron flow-
ing within the device via strain. As we can see, the gz
increases with compressive strain, and its amplitude at
e =—1.0% is as high as 3.9 x 10%, 3.2 x 107, 4.1 x 108,
5.5 x 10°, at the biases Vpg = 1.0, 1.5, 2.0, 2.5 V, respec-
tively. Gauge factor in the resistance is usually greater than
that in the current, implying that strain-induced piezoelec-
tric polarization is more effective to control electron block-
age compared with electron conduction. The combination
of high gg with g¢ not only reflects good electromechanical
performance of the PTT, but also demonstrates its excellent
switching behavior.

Owing to the tunneling transistor working under prin-
ciples of quantum mechanics, the structure and size of
the PTT will affect device performance. We examine in
Fig. 5(b) the influence of insulator thickness #; on gauge

(a) (b) FIG. 5. Gauge factor g¢ in the cur-
108 rent and gr in the resistance (a)
< 108_I S . 3 —W - 1.0 nm under different biases Vpg, W;=1.0 nm,
> 4 101 % — KVV - ; i nm L =20 nm, and acore=2.0 nm, (b) under
(&) 61 ‘3 10° - _ s 2:: different insulator thickness W;, Vps =
S 107 g 1 ' 20V, L=20 nm, and dcoe=2.0 nm,
& 1 T 8 1054 (c) under different nanowire lengths
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factor. Here, insulator thickness varies from 1.0 to 2.5 nm,
which is much closer to the experimental thickness 1.8 nm
[25]. Other parameters are the same as Fig. 5(a). The
increased W; widens barrier width in the PTT, leading to
a reduction in tunneling current [49]. In this case, we do
not see a decrease in gc and gz but an increase as the
W; grows. This is similar to bias modulation case where
the decreased current gives rise to an increased gauge fac-
tor. The increased gauge factor is due to effective barrier
width that becomes more sensitive to strain variation under
a thicker insulator layer.

Realistic nanowires grown in experiments are usually
much longer in pm level [25-27,29,31,32], and thus diffi-
cult to establish simulation model in a quantum perspective
due to heavy computation burden. Actually, it is unnec-
essary to model a long nanowire in the PTT because
its electric property will tend to saturation, as plotted in
Fig. 5(c). Here, the bias is Vpg = 2.0 V and insulator thick-
ness is W;=1.0 nm. Other parameters are the same as
Fig. 5(a). When core-shell nanowire length L increases
from 20 to 30 nm, both g and gz obtain a significant
enhancement. However, such an enhancement becomes
weak and eventually saturated as the L approaches 50 nm.
The saturation in gauge factor comes from the effec-
tive barrier height and width (not shown here) that are
unchanged as nanowire length further increases. This is
due to the fact that barrier modulation in the PTT is deter-
mined simultaneously by electron transport in the source
and drain [34]. When nanowire length is long enough,
strain-induced polarization charges at the source side are
spatially far away from the drain region, and thus bring
in a negligible impact on its electron transport. In this
case, the potential barrier depends only on source elec-
tron transport that is unchanged if polarization charges
and bias are fixed. The saturated gc and gz are 1.2 x 108
(e=1.0%)and 1.1 x 10'3 (¢ = —1.0%), respectively. Such
a large gauge factor enables on/off current ratio to be as
high as 10'7 at strain amplitude of 1.0%. More notably,
long nanowire allows for a high current (approximately
0.2 pA/um at ¢ =1.0% and L =50 nm), which is distinct
from the modulation via bias and insulator thickness where
an increase in gauge factor accompanies a considerable
decrease in on current. This demonstrates that the realis-
tic longer nanowire is feasible for designing an ultrahighly
sensitive strain sensor.

Owing to the quantum confinement effect related with
core-shell size, it is necessary to examine its influence
on device performance. Figure 5(d) plots gauge factor
as a function of strain under different sides lengths of
core layer a.o.. Here, we fix Vps =2.0 V, W;=1.0 nm,
and L =20 nm. At strain ¢ =1.0% (—1.0%), the g¢ (gr)
is 1.4 x 10° (4.1 x 10°), 3.1 x 10° (1.5 x 10%), 9.7 x 10?
(1.9 x 10%) for acore=2.0, 3.0, and 4.0 nm, respectively.
It is interesting that unlike the case in Figs. 5(a)-5(c),
increasing core size seriously reduces gauge factor but

raises tunneling current. This can be well understood
from quantum confinement effect where the increased a¢ore
allows for more sub-bands contributing to tunneling trans-
port and thus leads to high conductance. In this case, these
sub-bands with low energy still dominate tunneling trans-
port, whereas their electron concentration has to suffer
from a significant reduction in source and drain for a fixed
heavy doping. Hence, we can see an inferior device perfor-
mance of the PTT if quantum confinement is reduced by a
growing size. In this regard, it is quantum effect that plays
a significant role to improve the performance of tunneling
transistors.

VI. CONCLUSION

In this context, a piezotronic tunneling device based
on the AIN/GaN core-shell nanowire is investigated from
pure quantum perspective. By jointly controlling barrier
height and width of the tunneling transistor, strain-induced
polarization charge enables the devices to exhibit high per-
formance with on/off current ratio 10'7, current gauge fac-
tor 1.2 x 108, resistance gauge factor 1.1 x 10'? at strain of
1.0%. The device performance can be further tailored by
increasing insulator thickness, nanowire length, and core-
shell structure. This study provides an avenue to design
high-performance, giant-sensitivity, and low-power strain
sensing by extending piezotronic transistor to the level of
quantum mechanics.
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APPENDIX A: THE COMPARISON OF BARRIER
WITH AND WITHOUT BIAS

In order to compare the results for Vps = 2.0 V, we cal-
culate the sub-band potential profile and barrier height and
width for the tunneling junction device without bias, as
shown in Fig. 6. Here, the structural parameters of the
core-shell nanowire are the same as those in Fig. 4.

The potential profile shows in Fig. 6(a) that the strain-
induced piezoelectric charges can also bring a notable
change in the barrier height. Similar to the case of Vpg =
2.0 V, the effective barrier height @ in Fig. 6(b) is linearly
dependent on the strain &. However, the potential of the
entire nanowire is higher than the Fermi level Er = 0.5 eV
at zero bias [see Fig. 6(a)], leading to a large effective bar-
rier width. When the bias is supplied, this barrier width will
become tunable by strain-induced piezoelectric charges.
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FIG. 6. The results of no source-drain bias. (a) Potential profile of the first sub-band, and (b) effective barrier width Wy and height
@p versus strain. All the structural parameters are the same as those in Fig. 4.

Therefore, different from the barrier height, the tunability
of barrier width is the combined effect of bias and strain.

APPENDIX B: PIEZOELECTRIC CHARGES AT
DRAIN-NANOWIRE INTERFACE

Generally speaking, piezoelectric charges are simul-
taneously present at two ends of nanowire due to the
polarization discontinuity. In our tunneling device, we take
into account only the piezoelectric charges at the insulator-
nanowire interface due to the dielectric layer located at
the source electrode. For comparison, we calculate the
tunneling current as a function of strain in Fig. 7 with
(dashed lines) and without (solid lines) drain-nanowire
piezoelectric charges. Here, the piezoelectric charges at the

30
254
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e
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o
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04 £(%)
-10 -05 00 05 1.0
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FIG. 7. The tunneling current as a function of strain under

the core-shell nanowire length L =20, 50, and 100 nm. The
dashed and solid lines correspond to the case with and without
drain-nanowire piezoelectric charges, respectively. The insert is
the enlargement of current. Other parameters are W; = 1.0 nm,
Aeore = 2.0 nm, Vpg = 2.0 V.

insulator-nanowire layer are already taken into account in
both cases. The tunneling device has insulator thickness
W; = 1.0 nm, the sides of hexagonal core a¢oe = 2.0 nm,
and source-drain bias Vpg = 2.0 V.

As we can see, the drain-nanowire piezoelectric charges
have a significant influence on the tunneling current when
the core-shell nanowire length is short L = 20 nm. This is
because the piezoelectric charges of drain side are very
close to source side and thus can notably affect the bar-
rier formed at insulator layer. This affect can be decreased
by increasing nanowire length. At L = 100 nm, the drain-
nanowire piezoelectric charges would cause only a tiny
difference on the tunneling current. The insert of Fig. 7
further shows this tiny difference existing not only in the
switching on (high current) case but also in the switching
off (low current) case.

An interesting result shown here is that the slope of
current versus strain becomes large with increasing core-
shell nanowire length. This indicates the on/off current
ratio will be further enhanced. The specific calculation
shows that at strain ¢ = +0.1%, the on/off ratio is approx-
imately 200, which is much closer to the experimental
measurement value approximately 500 [25].
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