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ZnO nanotetrapods (ZnO NTs) with a non-centrosymmetric crystal structure consisting of four 1-D arms inter-
connected together through a central crystalline core, introduce interesting piezoelectric semiconducting re-
sponses in nanorods in the bent state. Considering the widespread applications of nanotetrapods in
semiconductor devices, it becomes very crucial to establish a coupled model based on piezoelectric and piezo-
tronic effects to investigate the carrier transport mechanism, which is being reported here in detail for the first
time. In this work, we established a multiphysics coupled model of stress-regulated charge carrier transport by
the finite element method (FEM), which considers the full account of the wurtzite (WZ) and zinc blende (ZB)
regions as well as the spontaneous polarization dependence and the dependence of the material properties on the
arm orientation. It is discovered that the forward gain of ZnO NT in the lateral force working mode is almost 50
% higher than that in the nanorod or in the normal force working mode while the reverse current is reduced to
negligible. Through the simulation calculations and corresponding analysis, it is confirmed that the developed
piezoelectric polarization charges are able to regulate the transport and distribution of carriers in ZnO crystal,
which lays a theoretical foundation for the application of piezo-semiconductive ZnO NT devices in advanced

technologies.

1. Introduction

Piezoelectric semiconductors, as an emerging electronic device,
whose charge transport can be controlled by applying stress, hold a wide
range of applications in sensors, actuators, and energy harvesting [1-7].
In recent years, the wurtzite piezoelectric semiconductor (also known as
the third-generation semiconductor) materials, such as, ZnO, GaN, InN,
and CdS, have received much attention due to the coupling of piezo-
electric and semiconductor properties, among which, ZnO has become
an interesting material due to its large number of nanostructural con-
figurations [8-13]. A broad range of structural morphologies of ZnO
material has been examined including nanowire [2], nanobelt [8],
nanoring [14], nanohelix [15], nanotetrapod [16], etc., because of its
distinctive crystallographic structure and alternating Zn>* and 0%~
polar surfaces [17]. The ZnO nanotetrapods (ZnO NTs) with
three-dimensional (3-D) geometry, are one of these morphologies that

have garnered the most interest due to the unique structure in which two
ZnO phases coexist: cubic and wurtzite, with an angle of about 109.5°
between two adjacent arms [18,19]. Their unique 3-D morphology al-
lows the excellent surface area accessibility of the individual arms
regardless of their placement. Meanwhile, the greater stability is made
possible by the simultaneous transfer of forces applied along one arm to
the other arms [20]. Benefiting from this distinctive structure, especially
the central core at the intersection of the four arms, the 3-D ZnO NTs
differ significantly from conventional 1-D ZnO nanorods in terms of
their mechanical, electrical, and semiconducting capabilities [18,20,
21]. As aresult, on the one hand, several studies have been done recently
on the growth and fabrication of ZnO NTs, including thermal evapora-
tion [22], chemical vapor deposition [23], vapor phase growth [24], and
flame transport synthesis [25,26]. On the other hand, other commu-
nities has also documented significant applications of ZnO NTs in a
variety of industries, including field-effect transistors (FETs) [19], force
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or gas sensors [27,28], ultraviolet (UV) detectors [29], supercapacitors
[30], catalysis [31], which indicate that the ZnO NTs could be a po-
tential choice for future applications related with piezoelectric semi-
conductor technologies [32-35].

Despite of their huge technological significance, most of the existing
research on ZnO NTs focuses on synthesis and various applications.
Some studies do mention the mechanical, electrical, and semiconducting
properties of ZnO NTs, but there is still a lack of comprehensive theories
and relevant models to explain the involved piezo related effects in
detail to the best of our literature knowledge [36-38]. Since a nano-
tetrapod essentially consists of four nanorods, the ZnO NT already
contains all the physical properties of the nanorod structure, which leads
to a crucial realization—several methods for studying the piezoelectric
properties of nanotetrapods may be directly adapted from 1-D nanorods
[18,20,21]. The piezoelectric theory and continuum model were used to
calculate the deformation and piezoelectric potential of 1-D ZnO nano-
rods. However, few researchers introduced doped carriers and discussed
the effects of stress on carrier charge distribution and I-V curves [5,
39-41]. In order to apply the analytical method of nanorods to nano-
tetrapods, atleast there are two open issues that need to be carefully
addressed. First, previous studies on 1-D nanorods mostly utilize single
semiconductor or piezoelectric models, which do not adequately capture
the complete process of stress impacting carrier charge distribution and
current output. In addition, the modeling of 1-D nanorods was mainly
focusing on the P-N junction, while 3-D nanotetrapods, when used as
semiconductor devices, control the carrier migration in the core region
through stress, consequently generating an enhancement region and a
depletion region, which is nearly identical to the model of field effect
transistors.

In this work, based on piezoelectric and piezotronic effects, a
multiphysics-coupled model of stress-regulated carrier transport in
piezoelectric semiconductors is established. Extending this model from
one-dimensional nanorods to three-dimensional nanotetrapods, the
finite element method (FEM) is used to compute the piezoelectric po-
tential and carrier concentration distribution in doped ZnO NTs. On this
basis, we quantitatively calculated the impact of stress and doping
concentration on the piezoelectric potential and carrier concentration
and determined how these parameters affect the I-V curves by coupling
with the semiconductor module. It is discovered that higher stress re-
sults in enhanced piezoelectric potential, stronger impact on carrier
migration, and thus improved gains in forward amplification and
reverse cut-off of the current. Specifically, under a tangential force of
1000 nN, the forward current has a gain close to 100 % while the reverse
current is reduced to negligible. In addition, the increase in doping
concentration will lead to an increase in the number of free carriers,
which will significantly increase the current flowing through the ZnO
NT while shielding the piezoelectric potential. Finally, the effect of stress
direction on the current is discussed as well, and it is confirmed that the
tangential stress along the direction of the source voltage has the best
enhancement effect on the current, which demonstrates the superiority
of ZnO NT as an advanced piezoelectric semiconductor sensor, because
it can detect the magnitude and direction of stress simultaneously.
Compared with 1-D ZnO nanorods of the same size and doping condi-
tions, the ZnO NTs (in tangential force working mode) have about 50 %
higher forward current gain amplitude while maintaining the base value
of reverse current cut-off. Our presented model explains the mechanism
of stress-regulated carrier transport and paves the way for understand-
ing the piezoelectric semiconducting properties of ZnO NTs for a wide
range of technological applications.

2. Results and discussion
2.1. Theoretical basis and research path

The ZnO material exhibits a non-centrosymmetric crystal structure
and naturally generates a piezoelectric potential when subjected to an
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external force. A typical ZnO NT structure, as shown in Fig. 1a, has a
cubic zinc blende structure at the core, with four arms of a [0 0 0 1]
wurtzite structure extending along (111) of the cubic structure, which
results from the rapid growth of the wurtzite phase along the [0 0 0 1]
polar axis. Taking the hexagonal wurtzite structure crystal as an
example, the c-axis and the direction perpendicular to the c-axis clearly
evidence an anisotropy. In a typical tetrahedral structure centered on
Zn2" cations and adjacent O~ anions, the charge centers of cations and
anions overlap when no external force acts. Once an external force is
applied, the charge centers of cations and anions will shift relative to
each other to generate a resultant non-zero dipole moment (Fig. 1a). The
superposition of the dipole moments of all units in the crystal will
generate a potential along the stress direction on the macroscopic scale,
which is refereed as the piezoelectric potential. The effect of applied
stress on piezoelectric potential is also termed as piezoelectric effect.

The piezoelectric effect of ZnO also affects its carrier transport
properties as a semiconductor. Fig. 1b shows the energy band diagram of
the metal and free electron-doped ZnO (n-type semiconductor) in con-
tact. If the work function of the metal material is greater than the
electron affinity of the semiconductor material, a Schottky barrier
(e®sp) will be formed at the contact interface between the metal and the
semiconductor. Current can only flow through this barrier in one di-
rection when the applied voltage is above this threshold. When ZnO is
strained, the negative potential on the semiconductor side increases the
height of the local Schottky barrier to eq’. Correspondingly, the positive
voltage potential will lower the height of the Schottky barrier. The
piezoelectric potential can be used to tune the carrier transport by
changing the local barrier height, which is called piezotronic effect.

Our work focuses on the piezoelectric potential of ZnO nano-
tetrapods considering the free charge doping owing to the possible de-
fects as well as the impact of the piezoelectric effect on the charge
transfer of carriers because of their unique electromechanical properties
among varieties of nanocrystalline structures. Fig. 1c¢ shows our simu-
lation model, consisting of a ZnO nanotetrapod placed on a plane that is
fixed and grounded and is subjected to an external force. The external
force can be either an axial traction/compression or a tangential stress
that bends the nanotetrapod, under which ZnO NT will deform and a
piezoelectric potential will be produced. By applying FEM, we use
structural mechanics to calculate the deformation of the ZnO NT under
force excitation, and couple structural mechanics and electrostatics
through piezoelectric fields to obtain the distribution of piezoelectric
potential in the nanotetrapod. In addition, the distribution of carrier
concentration is altered by force, and the presence of free carriers has a
substantial impact on the piezoelectric potential. To explore the distri-
bution of piezoelectric potential with free carrier doping, simulations
using the semiconductor module are required. Furthermore, an external
circuit is used to measure the I-V characteristics of the ZnO NT, con-
necting the two arms of the ZnO NT to which electrical boundary con-
ditions are applied. The whole simulation model includes four basic
modules of structural mechanics, electrostatics, semiconductors, and
circuits. The piezoelectric effect is used to couple structural mechanics
and electrostatics, while structural mechanics and electrostatics are
connected via charge and carrier distribution.

2.2. Piezoelectronic coupling model of a one-dimensional ZnO nanorod

In this section, we improved the piezoelectric model of one-
dimensional ZnO nanorods, and for the first time established a multi-
physics coupling model for stress-regulated carrier transport in piezo-
electric semiconductors. To calculate the deformation and electric
potential of ZnO, it is necessary to solve the static piezoelectric equation,
including the mechanical equilibrium Eq. (1), the constitutive Eq. (2),
and the electric Gaussian Eq. (3). When no physical force is added to the
ZnO NT, the mechanical equilibrium equation becomes:
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Fig. 1. ZnO Nanotetrapod Crystal Structure, Piezoelectric Properties, and Research Path.

a), Atomic structure of ZnO nanotetrapod crystal and piezoelectric effect under stress. b;), Metal-Semiconductor Schottky contact energy bands, b,), Metal-
Semiconductor Schottky contact energy bands under piezoelectric electric fields. ¢), Numerical simulation path and physical field used in the finite element anal-
ysis method.
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where T is the stress tensor, which is related to strain &, electric field E,
and electric displacement D through the constitutive equation:

Tij Cgklgkl — ek,»jEk (2)
Dj = ej;dek; + K'jkEk + Pj

where cg.kl is the stiffness tensor, ey, ej; means the piezoelectric tensor,
and «j. represents the permittivity tensor. The parameters required for
the simulation and the specific definitions of ZnO material tensors can be
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found in Note. S1 and Note. S2. P is the spontaneous polarization of
wurtzite ZnO. Besides, assuming that no free charge p, exists in ZnO NT,
the Gaussian equation must be satisfied:

VD=p =0 ®)

Considering free carriers in the ZnO nanorod, the distribution of
piezoelectric potential and carriers at thermal equilibrium needs to be
reinvestigated. More exactly, the mechanical equilibrium equation and
the constitutive equation continue to be the same as (1) and (2), while
the charge density p, is determined by the hole concentration p, electron
concentration n, ionized donor concentration N;, and ionized acceptor
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Fig. 2. Demonstration of a piezoelectronic coupling model of a one-dimensional ZnO nanorod

a), Piezoelectric potential distribution and mechanical boundary conditions of carrier-doped ZnO nanorod. b), Carrier doping and electrical boundary conditions
(source voltage V; and drain voltage V4) of ZnO nanorod. ¢), Piezoelectric potential distribution, and d), Carrier concentration of ZnO nanorod under external force Fq
from 100 nN to 1000 nN. e), I-V characteristic curve under the external force F. f), Piezoelectric potential distribution, and g), Carrier concentration of ZnO nanorod
with different doping concentration Np, from 1 x 10'% em™ to 2 x 10 em ™3, h), U-I characteristic curve with different doping concentration Np.
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concentration N,, and the Gaussian equation for the electric field
becomes:

V-D=p,=q(Ny +p—N; —n) )

where g is the positive elementary charge. More detailed expressions for
p, n, Nj;, and N; can be found in Note. S2. Considering the n-type
piezoelectric semiconductor, Gaussian Eq. (4) will become:

V-D=p,=q(N; —n) )

The electric fields, charge densities, and currents are all correlated
via current-density equations in the following way:

Jo = qu.nE+gD,Vn ©)
Jy = au,pE+4qD,Vp
where J, and J,, are the electron and hole current densities, 4, and y, are
the electron and hole mobilities, D, and D, are the diffusion coefficients
for electrons and holes, E is the electric field.

In addition, the continuity equations are utilized to describe the
charge transport driven by the electric field:

1
al = G, —U,+-Vd,
ot q
(7)
op 1
E = G/) - U,} +3 V.’p

where G, and G, are the electron and hole generation rates, U, and U,
are the recombination rates, respectively. Eqgs. (2), (4), (6), and (7) form
the basis for solving the multiphysics-coupled ZnO piezoelectric semi-
conductor model together.

Fig. 2a shows our model and mechanical boundary conditions of 1-D
ZnO nanorods. The uniform nanorod with a hexagonal cross-section is
fixed at one end, and a compressive force of 1000 nN along the axial
direction of the nanorod is applied at the other end. It should be noted
that this model takes into account the effect of doping carrier charges. At
the doping concentration of 10'* cm 3, the potential distribution of ZnO
nanorod is also shown in Fig. 2a. Compared with undoped nanorods
(Fig. S2), there is a significant drop in potential due to the shielding
effect of doped charges, which was also reported in previous studies [6,
40]. Specifically, the potential of the wide central region of the ZnO
nanorod remains unchanged but the potential at both ends increases or
decreases significantly. This is because the doped carriers currently
dominate the piezoelectric potential, and the carrier charges accumu-
late/deplete at two ends of the ZnO nanorods under pressure, which
leads to a significant change in the carrier concentration at the ends of
the arms while remaining stable in the middle. Additionally, the total
potential is negative since this model applies n-type doping. Fig. 2c and
Fig. S3 further demonstrate the effect of pressure Fy on the piezoelectric
potential. It is discovered that the greater the pressure F,, the more
significant the potential drop on both sides. Note that the maximum
potential at the fixed end is Upay, the minimum potential at the
force-applying end is Upin, and the potential difference is defined as AU
= Umax - Umin, Which will increase significantly with the increase of
pressure Fy. Since as Fy increases, the accumulation/depletion of carrier
charges on both sides will be more significant, as shown in Fig. 2d.
Besides, the effect of the doping concentration Np on the piezoelectric
potential is also analyzed. The greater the doping carrier concentration
Np, the more obvious the shielding effect of free carriers on the piezo-
electric field, and thus the smaller the potential drop at both ends of the
nanorod (Fig. 2f). When the doping concentration Np decreases to 108
cm 3, the potential distribution is similar to the linear decrease without
carrier doping. On the contrary, if the doping concentration is increased
to 10'* cm™3, there will be two non-negligible voltage drop regions on
both sides of each arm while the potential of the middle part will hardly
change. Similar circumstances also apply to the carrier distribution,
where both ends will more visibly demonstrate the accumulation or
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depletion of carrier charge with increasing doping concentration Np,
while the center remains at the base doping concentration (Fig. 2g).

On this basis, the properties of ZnO nanorods as piezoelectric semi-
conductors are considered. The electrical boundary conditions are set as
shown in Fig. 2b. The fixed end of the nanorod is used as the drain,
whose voltage is set to 0, while the force-bearing end is set as the source,
whose voltage is set to V. Both ends are in ohmic contact with the
electrodes. In general, the current flowing through the ZnO nanorod
shows positive enhancement and negative inhibition, which means that
when the source-drain potential difference is positive, the current in-
creases compared to when no pressure is applied, and vice versa. This is
because the potential barrier at the force-applying end (source) will be
significantly increased and the potential barrier at the fixed end (drain)
will be lowered after the compressive external force is applied to the
ZnO piezoelectric semiconductor. The greater the applied external force,
the greater the effect on the potential barrier, so the forward current is
larger and the reverse current is smaller, as shown in Fig. 2e. Fig. S4
demonstrates in more detail the variation of the drain barrier under a
gradually increasing external force Fy. As Fy increases from 100 nN to
1000 nN, the height of the potential barrier also rises from eg; to egs, so
it will be more difficult for carriers to pass through, showing the reverse
cut-off of current. Besides, Fig. 2h also illustrates the influence of doping
concentration on current, from which it can be observed that the higher
the doping concentration, the greater the current in both forward and
reverse directions. The increase in doping concentration will increase
the number of free carriers, so there is a gain effect on both forward and
reverse currents. In the above discussion, the contacts between the ZnO
nanorod and metal electrodes are all set as ohmic contacts. Fig. S5
supplements and compares the influence of ohmic contact and Schottky
contact on the current. A perfect Schottky contact (in the absence of
piezoelectricity) can make the reverse current close to zero while the
forward current is unaffected (Fig. S5b). When the external force is small
(Fo = 100 nN), the U-I curve is close to the ideal ohmic contact, and
when increasing Fy to 1000 nN, the effect of approximate Schottky
contact can be achieved (Fig. S5¢). In summary, this section establishes a
coupled model of the ZnO piezoelectric semiconductor and verifies it in
the 1-D nanorod. The impact of doping carrier charges on the piezo-
electric potential is investigated, and the relationship between the
doping concentration and the current flowing through the nanorods is
further analyzed.

2.3. Piezoelectronic properties of a ZnO nanotetrapod

In the previous section, a multiphysics-coupled piezoelectric semi-
conductor model of a one-dimensional ZnO nanorod is proposed. This
method can be extended from one-dimensional to three-dimensional
and a ZnO nanotetrapod model with doped carriers is established. As
shown in Fig. 3a and Fig. S6, the ZnO NT is placed on a plane with the
bottom fixed, which means that the part in contact with the plane sat-
isfies u, = 0. Meanwhile, a pressure of Fy is applied on top of the ZnO NT
along the normal direction of the plane and the base doping concen-
tration of the whole structure is Np. Under this boundary and excitation
condition, the deformation and piezoelectric potential distribution of
ZnO NT are shown in Fig. 3a. The bottom three arms bend down under
the force, and the maximum displacement is around 18 nm. The
piezoelectric potential cross-sections on the XY, YZ, and ZX planes are
selected for display. To identify the distribution of the piezoelectric
potential more clearly, the potential stubs along the L and -L directions
are chosen to show. It is worth noting that only one of the bottom three
arms is selected as a representative because the displacement and po-
tential distribution of the bottom three arms are symmetrical and
consistent. The potential distribution of ZnO NT under the influence of
doped carriers inherits some properties of the nanorod, such as keeping
the potential substantially constant in the middle of each arm and
having abrupt changes at both ends. The difference lies in the core re-
gion where the four arms intersect, where the potential is the result of
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Fig. 3. Piezoelectronic properties of a ZnO nanotetrapod under normal force

Length (um)

Length (pm)

a), Piezoelectric potential and 3-D section distribution of carrier-doped ZnO nanotetrapod under normal force Fy = 100 nN. b), Piezoelectric potential along the - L
direction and c), + L direction under normal force Fo from 100 nN to 1000 nN. d), Piezoelectric potential along the - L direction with different doping concentration
Np from 1 x 10" ecm ™3 to 2 x 10'* em™3. ), Carrier concentration along the - L direction and f), + L direction under normal force F, from 100 nN to 1000 nN. g),
Piezoelectric potential along the + L direction with different doping concentration Np from 1 x 10*® cm™ to 2 x 1014 cm >,

the comprehensive action of the four arms. Due to the continuity of the
potential, there will be a transitional change in this region from the
potential minimum of the bottom arm to the potential maximum of the
top arm. Therefore, the core region is very sensitive to external forces
and changes in doping concentration. As shown in Fig. 3b and Fig. 3c,
the effect of force Fy on ZnO NT piezoelectric potential is similar to that
of nanorod, more specifically, the generated piezoelectric potential in-
creases with increasing axial force. The reason is also closely related to
the distribution of carriers, that is, the larger the F(, the more carrier

charges are accumulated/depleted at the ends of the four arms of the
ZnO NT and the core region (Fig. 3e and Fig. 3f). For example, electrons
will deplete more in the core area (coordinate origin) with the increase
in the force Fy. When the force Fy increases, the potential of the core area
also decreases. As for the doping concentration, which is shown in
Fig. 3d and Fig. 3g, the greater the concentration of doped carriers, the
more obvious the shielding of the piezoelectric field due to free carriers,
and thus the smaller the potential along the -L to L direction. When the

doping concentration is 103 cm™3, the piezoelectric potential
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distribution is similar to that without doping, and when it increases to
10 em™3, each arm will have a distribution with no change in the
middle and sudden changes at both ends (Fig. S7). It is worth mentioning
that both the type of doping (n-type/p-type) and the type of force
(compression/ traction) affect the distribution of the piezoelectric po-
tential, which has been reported in 1-D nanorod [6]. All of these findings
demonstrate that the piezoelectric potential of nanorods with n-type and
p-type doping, or under compression and traction has symmetry, which
extends to the piezoelectric potential of ZnO NT, which can be seen in
Fig. S8 and Fig. S9. The potential distribution of n-type doping is
consistent with that of p-type doping under a doping concentration of
10'* cm ™2 and a force of 1000 nN, but the positive and negative are the
reverse. More specifically, the potential distribution of n-type doped
ZnO NT under compression is similar to that of p-type doped ZnO NT
under traction, and vice versa. In conclusion, under the action of normal
force, the carrier doping will shield the piezoelectric potential, which
will be strengthened with the increase of doping concentration.

The piezoelectric potential distribution of the ZnO NT under normal
external force and the influence of different forces and doping concen-
trations have been discussed. However, in experiments and applications,
the external force may also come from the tangential direction in
addition to the normal direction. Since the tangential force will cause
the ZnO NT to slide on the plane, the part where it meets the plane is
completely fixed, that is, u = 0, and the rest of the conditions are the
same as those under the normal force. Under the influence of tangential
force, the ZnO NTs can deform up to 90 nm, as shown in Fig. S10a. The
region with the largest piezoelectric potential difference occurs at the
junctional core region of the tetrapod, with relatively positive piezo-
electric potential on the compression side and negative piezoelectric
potential on the stretching side. The cross-sections on the XY, YZ, and ZX
planes show the piezoelectric potential distribution in the core region in
detail. Take the potential stubs along the four arms of ZnO NT, denoted
as L; ~ L4, and the more intuitive potential distribution is shown in
Fig. S10b. Due to the tangential force’s influence, there is also
compression in the L; direction, which leads to a potential drop close to
the core, which is comparable to the performance when an external
force is applied in the normal direction. L3 and L4 are symmetrical and
also show consistency in potential distribution. The overall piezoelectric
potential is negative because of the n-type doping. If the center point of
the intersection of L; ~ L4 is used as zero potential references, a rela-
tively positive potential will appear on the bending side of the ZnO NT,
and a negative potential will appear on the opposite side, which is
similar to the potential distribution of a bent 1-D nanorod [42]. In
addition, at the position far from the core region, the piezoelectric po-
tentials in the directions of the four arms are the same. The distribution
of carriers is similar to the potential, which is shown in Fig. S10e. The
rule that the piezoelectric potential is affected by the tangential force is
consistent with the normal force, that is, a greater force can produce a
larger piezoelectric potential, as shown in Fig. S10c and Fig. S10d. Here,
the piezoelectric potential distribution along the L, and L3 directions of
the tangential force is taken as a representative (The piezoelectric po-
tential and carrier concentration distribution in the L; direction can be
found in Fig. S11). This can also be attributed to the pressure regulation
of carrier charge transport, with higher pressure causing more carrier
charge accumulation at the bent end and depletion at the opposite side
(Fig. S12). The effect of doping concentration is shown in Fig. S10f and
Fig. S10g. The increase in doping concentration will make it easier for
carriers to gather in the core region, thus increasing the strength of the
concentration/depletion region. In addition, the direction of the force Fy
also affects the calculation results. Fig. S13 - Fig. S15 shows the distri-
bution of piezoelectric potential and carriers under the action of
tangential force in the opposite direction. It is predictable that based on
the symmetry the distribution of the piezoelectric potential and carrier
concentration is similar but in opposite directions. Through the calcu-
lation of ZnO NT under carrier doping, it is discovered that the piezo-
electric potential of ZnO NT is influenced by the doping carrier
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concentration and the normal/tangential force also affects the distri-
bution of the carrier concentration, which provides a crucial method to
modulate the piezoelectric potential by the doping concentration or to
adjust the carrier transport by altering the stress.

2.4. UI characteristics of a ZnO nanotetrapod semiconductor

The previous section briefly described the principle of regulating the
piezoelectric potential by changing the doping carrier concentration and
found that the carriers in ZnO NT can be controlled by the piezoelectric
effect. In fact, some studies have exploited this property of ZnO NT to
fabricate novel piezoelectric semiconductors [27]. In this section, the
principle of piezoelectrically regulated ZnO NT will be explained, and
the theory will be verified by simulation models. We calculated the
semiconductor properties of the ZnO NT as a field effect transistor in the
two working modes of normal force and lateral force mentioned in the
last chapter. The basic model for the working mode under normal force
remains unchanged, that is, the ZnO NT with a base doping concentra-
tion of Np (or Ny if the ZnO NT is p-type doping) is placed on a fixed
plane, which means u, = 0, and a compression or traction force of
magnitude Fy is applied on the top along the normal direction. The
difference is the electrical boundary conditions. The L, terminal is used
as the source and the Ly terminal is used as the drain to be grounded,
while the carrier transport is controlled by the compression or traction
force exerted by the L; terminal. According to the conclusion of the
previous section, under the compressive force, carriers in the L; direc-
tion will flow into the core region from the top, thus forming a depletion
region at the top and an accumulation region in the core area. Mean-
while, fewer carriers in the Lj - L4 direction will also migrate to the core
area. The compressive force reduces the height of the potential barrier,
causing an increase in the forward current, while exhibiting a hindering
effect on the reverse current, which can be seen in Fig. S16. Fig. 4b and
Fig. 4c discuss the impact of the compressive external force and doping
concentration on the current. The greater the compressive force, the
wider the accumulation/depletion region of ZnO NT, so the forward
current is larger and the reverse current is smaller. Besides, the increase
in doping concentration will increase the number of carrier charges,
thereby showing a gain for both forward and reverse currents.
Compared with nanorod, ZnO NT has a similar gain effect on forward
current (about 50 %) in the normal force operating mode, and the
reverse current can also be almost completely eliminated. On the con-
trary, if a traction force is applied (Fig. 4d), the carriers are depleted in
the core region and accumulated at the top, thus showing obstruction to
the forward current and enhancement of the reverse current. Fig. 4e -
Fig. 4g further supplement the I-V curve of p-type doping, whose
conclusion still shows good symmetry. In other words, the potential
distribution of n-type doped ZnO NTs under compression is similar to
that of p-type doped ZnO NTs under traction, and vice versa. As
described already, changing the external force and doping concentration
under p-type doping is consistent with the rules in the case of n-type
doping.

For the working mode under tangential force, the potential Vj is
applied to the Ly terminal as the source, the L3 terminal is used as the
drain to be grounded, and the L; is used as the gate to adjust the size of
the depletion layer, which constitutes a simple field effect transistor, as
shown in Fig. 5a. The most crucial part in the entire structure is the L
terminal as the gate, which will bend down under the action of the
external force Fy, causing the carriers in the directions of L; and Lg to
flow into Ly. Thus, an accumulation region is formed on the bending side
of the core region and a depletion region on the opposite side. The en-
ergy level distribution of this accumulation/depletion region is shown in
Fig. S17. For forward current, the bending caused by the external force
will reduce the height of the barrier and thus play a gain effect. On the
contrary, for the reverse current, the potential barrier will be raised to
show the characteristics of the reverse cut-off. Fig. 5b compares the
current output characteristics of piezoelectric and non-piezoelectric
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Fig. 4. Semiconductor properties and I-V characteristic curves of a ZnO nanotetrapod under normal force

a) Schematic diagram of carrier distribution and migration of ZnO nanotetrapods under compressive or tensile force Fy. b), I-V curves under compressive force Fy
from 0 to 1000 nN (n-type doping, Np = 1 x 10'* em™). ¢), I-V curves with different doping concentration Np, from 1 x 10'® em™ to 2 x 10'* cm ™2 (Compressive
force, Fy = 1000 nN). d), I-V curves under tensile force Fq from 0 to 1000 nN (n-type doping, Np =1 x 10'* em™3). e), IV curves under compressive force Fy from 0 to
1000 nN (p-type doping, Ny = 1 x 10'* ecm™2). ), I-V curves with different doping concentration N from 1 x 10 em 3 to 2 x 10 em™3 (Compressive force, Fo =
1000 nN). g), I-V curves under tensile force Fo from 0 to 1000 nN (p-type doping, Nao = 1 x 10'* cm™3).

materials. It can be observed that the I-V curves of non-piezoelectric
materials are completely linear, while piezoelectric materials show an
increase in forward current and a suppression of reverse current under
pressure. In addition, the contact with the electrodes is also considered.
As we know, the contact between metal and semiconductor forms a
potential barrier, and only a source voltage above the barrier can
generate current. Fig. 5¢ shows the I-V curve after replacing the source
with a Schottky contact. It is discovered that ZnO semiconductors under
piezoelectric control can achieve similar results to Schottky contacts
under the condition of ohmic contacts, so the role of electrode contacts
in the calculation can be ignored. Besides, Fig. S18 compares the output
curves of ZnO NT under the normal force and tangential force. It can be
clearly observed that when the magnitude of force is constant, the gain
effect of the tangential force on the forward current is more obvious,
while the cut-off effect on the reverse current shows no significant dif-
ference. More specifically, the forward gain of ZnO NT in the lateral
force working mode is about 50 % higher than that in the nanorod and

normal force working mode. Furthermore, we proceed to discuss the
effects of force and doping concentration on the current through ZnO
NTs. From Fig. 5d, it can be found that a larger F will make the accu-
mulation/depletion region of the core region wider and the ability to
control carrier transport is also stronger, leading to a higher forward
current and a lower reverse current. The I-V curves and structure of ZnO
nanotetrapod logic devices are displayed in Fig. S19 and Fig. S20.
Similar findings to those of our simulation model—reverse cutoff and
forward enhancement—are evident [17,27]. The forward current in-
creases with the degree of bending, and reverse bending causes the
current to flow in the opposite direction. As for the doping concentra-
tion, the effect is similar to that of the 1-D nanorod, which means that
the number of base carrier charges will rise with an increase in doping
concentration, having a gain impact on both forward and reverse
currents.

Furthermore, we investigated how the size of the ZnO NT affected
the I-V curve (Fig. S21). We define the height of a single nanorod is h
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Fig. 5. Semiconductor properties and I-V characteristic curves of a ZnO nanotetrapod under horizontal force.

a), Schematic diagram of carrier distribution and migration of ZnO nanotetrapods before and after horizontal force Fy. b), Comparison of I-V curves of piezoelectric
materials and non-piezoelectric materials. ¢), Comparison of I-V curves with Ohmic Contact under applied force Fo = 1000 nN and Schottky Contact. d), I-V curves
under tangential force F, from 0 to 1000 nN. e), I-V curves with different doping concentration Np from 1 x 10'® em 3 to 2 x 10 ecm 3,

(the four legs that make up the ZnO NT are of the same size, and
changing the shapes works for all four legs.), the edge length of the top
regular hexahedron is [, and the bottom edge length is I,. When the
upper and lower side lengths of the nanorods are the same, we define l =
l; =y, and when they are different, the length ratio r = I /I; is used to
describe its shape. The model and boundary condition settings are
shown in Fig. S21a. We still set one arm as the source and the other as
the drain, and apply a tangential force of 1000 nN on the top as gate
control. We find that when the height of a single nanorod composing
ZnO NT increases from 2 ym to 10 pym, the forward current via ZnO NT

will first increase and then drop, and the current will reach its maximum
when h = 4 um (Fig. S21b, Fig. S21e). As the length or side length ratio of
a single nanorod increases (I: 0.4 um to 0.6 um, r: 1.0 to 3.0), the forward
current will keep rising (Fig. S21c, Fig. S21d, Fig. S21e, Fig. S21f), while
the reverse current has the same rules as the forward current, but the
amplitude will be reduced by more than a hundred times (Fig. S22),
which means that the change in reverse current with size is negligible.
Overall, in this chapter, we tuned the carrier transport properties
through the piezoelectric effect and finally built a model to realize the
role of ZnO NT as fundamental FET.
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2.5. Effect of stress direction on a ZnO nanotetrapod semiconductor

In addition to the magnitude of the force, the direction will also
affect the distribution of the carrier charge and thus control the output
current. Fig. S10 and Fig. S13 show the difference in piezoelectric po-
tential and carrier distribution caused by external forces in opposite
directions. In this section, we discussed in more detail how the direction
of force affects current. Note that the direction opposite to the source (L
direction) is the 0-degree line, and the angle formed by the tangential
force and the 0-degree line is the direction of angle (DOA), as shown in
Fig. 6a. Fig. 6b shows the carrier concentration distribution along the
drain to the source under an external force of Fy = 1000 nN and an
azimuth angle from 60° to 240° (based on symmetry). In general, the
carrier concentration on one side that is consistent with the direction of
the force increases, while the carrier concentration on the other side
decreases, and when DOA = 180°, the concentration difference is most
obvious. Fig. 6¢ shows how the current varies with the source-drain
voltage from 0° to 300°. When DOA = 180°, the forward current is
the largest and the reverse current is almost 0, while the situation is
completely opposite when DOA = 300°. The former bends the gate to-
ward the source, while the latter bends toward the drain. The accumu-
lation/depletion layers of the two are just opposite, and such a result is
also expected. In addition, the I-V curve is just a straight line when DOA
= 60°, because the force just does not point to either the source or the
drain. Fig. 6d and Fig. 6h comprehensively demonstrate the changes in
current with DOA at source voltage Vs =1 V and Vs = —1 V, respectively,
confirming our previous conclusion that DOA = 180 ° and 300 °
correspond to the positions with maximum forward current and
maximum reverse current. To describe the effect of DOA on the current
better, we take Igym =1 (Vs=1 V) + [ (Vs = —1 V), and the result is shown
in Fig. 6f. WhenI (Vg=1V) > I (Vg = —1 V), Iy is positive, otherwise it
is negative. The larger the absolute value of Iy, the more significant the
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gain on the forward current and the cut-off effect on the reverse current.
The smaller the Iy, the less likely it is to enhance the forward and
weaken reverse currents. Specifically, Iy;,m = 0 means that the current is
neither enhanced nor weakened under this DOA. Fig. 6f presents a fairly
symmetrical "butterfly" pattern with DOA = 60° and DOA = 240° as the
axes of symmetry. All of the above indicates that when the gate of ZnO
NT is bent to the source, the gain to the forward current is the largest,
and the resistance to the reverse current is the most significant.
Conversely, if it is bent towards the drain, the reverse current can be
increased to the greatest extent and the forward current can be sup-
pressed. Bending towards the fourth arm, which does not belong to
either port, gives no gain or weakening, and exhibits complete symmetry
with that direction as the axis of symmetry.

3. Conclusion

In summary, a multiphysics-coupled model of stress-regulated car-
rier transport is established via the finite element method (FEM), and the
working principle of ZnO nanotetrapod as piezoelectric semiconductor
is elucidated, based on which we further discussed the influence factors
of current output. It is demonstrated that stress leads to the depletion
and accumulation of carrier charges through the piezoelectric effect at
the compressive end and the fixed end of the ZnO nanoarms, respec-
tively. Carrier charges which migrate due to stress cause a redistribution
of the piezoelectric potential, exhibiting abrupt changes at the two ends
and relative constancy in the middle. The redistribution of carrier
charges will also reduce the potential barrier of the source and increase
the barrier of the drain, thereby increasing the forward current and
hindering the reverse current, which is also the working mechanism of
the ZnO nanorod as a semiconductor. For the one-dimensional ZnO
nanorod, the forward current is amplified by approximately 50 % under
the action of an external force of 1000 nN, while the reverse current will
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Fig. 6. Effect of stress DOA on ZnO nanotetrapod semiconductor

a), Schematic diagram of the direction of the tangential force, i.e. the direction of angle (DOA). b), Carrier concentration under the tangential force with different
DOA. ¢), I-V curves with different DOA from 0° to 300° d), Radar diagram of the current under different angles of tangential force when the gate voltage Vs =1 V. e),
Radar diagram of the current under different angles of tangential force when the gate voltage Vg = - 1 V. f). Radar diagram the sum of current I (Vs=1V) + I (Vg =-

1V)).
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reduce to almost zero.

The present multiphysics-coupled piezoelectric semiconductor
model is first applied to 1-D nanorods and then extended to 3-D nano-
tetrapods. It is demonstrated that the same shielding effect observed for
ZnO nanorods also exists in ZnO NTs, and the shielding effect becomes
more significant with the increase of doping concentration. We deter-
mined the piezoelectric potential and carrier distribution of ZnO NT
subject to normal and tangential forces and reported that both the
sudden change of piezoelectric potential and the accumulation and
depletion of carriers occur in the cental crystalline core where the
nanoarms intersect. In the normal force working mode, the gain effect of
ZnO NT on forward current is similar to that of the nanorod (about 50 %
gain), and the reverse current can also be almost completely eliminated.

This finding indicates that ZnO NT can be used as a new type of
semiconductor element for advanced FET devices. Using the vertical
arm of the ZnO NT as the gate and any two arms at the bottom as the
source and drain, a basic FET model is constructed. The size and strength
of the depletion layer in the core region of the ZnO NT can be effectively
changed by altering the applied force on the top, and its I-V curve ex-
hibits the characteristics of forward enhancement and reverses cut-off,
indicating the application feasibilities nanotetrapods in FET device. In
the lateral force working mode, the forward gain of ZnO NT is about 50
% higher than that in the nanorod and normal force working mode, and
the reverse suppression effect remains almost unchanged. Finally, the
presented DOA analysis shows that a tangential force along the source
direction results in the largest forward current gain and the highest
reverse current suppression. The results also demonstrate ZnO NT’s
supremacy as a piezoelectric semiconductor sensor—that is, its simul-
taneous detection of stress direction and magnitude. The efforts we
made in this work not only represent a reference study for the prepa-
ration of ZnO NTs with excellent piezoelectric and piezotronic proper-
ties but also provide a pathway for a deeper understanding of the
electromechanical carrier transport properties of ZnO NTs as a new
generation of piezoelectric semiconductors.
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Appendix A. Method

The multiphysics coupled finite element simulation used in this
paper is realized by COMSOL software. The calculation involving the
piezoelectric properties of ZnO NTs is coupled through structural me-
chanics and electrostatic fields, and a force or potential is applied as the
excitation condition, thereby realizing the simulation of the piezoelec-
tric/inverse piezoelectric effect. Content dealing with the semi-
conductor properties of ZnO NTs uses structural mechanics,
electrostatics, semiconductors, and circuit modules. The calculation
process can be described as a two-step approach. Firstly, the piezo-
electric potential and carrier concentration under the excitation of
external force are calculated, and then the carrier concentration is
coupled with the semiconductor module to calculate the carrier trans-
port characteristics of ZnO NTs. Circuits are used to set the source and
drain voltages. Details and the parameters utilized in computations can
be found in the Supplementary Materials.
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