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Piezotronic Tunneling Junction Gated by Mechanical Stimuli

Shuhai Liu, Longfei Wang, Xiaolong Feng, Jinmei Liu, Yong Qin,* and Zhong Lin Wang*

Tunneling junction is used in many devices such as high-frequency oscilla-
tors, nonvolatile memories, and magnetic field sensors. In these devices,
modulation on the barrier width and/or height is usually realized by electric
field or magnetic field. Here, a new piezotronic tunneling junction (PT))
principle, in which the quantum tunneling is controlled/tuned by externally
applied mechanical stimuli, is proposed. In these metal/insulator/piezoelectric
semiconductor PT]s, such as Pt/Al,O;/p-GaN, the height and the width of
the tunneling barriers can be mechanically modulated via the piezotronic
effect. The tunneling current characteristics of PT|s exhibit critical behavior
as a function of external mechanical stimuli, which results in high sensitivity
(=5.59 mV MPa™"), giant switching (>10°), and fast response (=4.38 ms).
Moreover, the mechanical controlling of tunneling transport in PT|s with
various thickness of Al,O; is systematically investigated. The high perfor-
mance observed with these metal/insulator/piezoelectric semiconductor PT|s
suggest their great potential in electromechanical technology. This study not
only demonstrates dynamic mechanical controlling of quantum tunneling,
but also paves a way for adaptive interaction between quantum tunneling and
mechanical stimuli, with potential applications in the field of ultrasensitive
press sensor, human-machine interface, and artificial intelligence.

high switching and fast response. Esaki
diode, superconductor Josephson junc-
tion,P! magnetic tunneling junction,®!
and most recently ferroelectric tunneling
junction”=! are well-known examples that
have attracted much attention. Up to now,
numerous works are focused on direct use
of electric field or magnetic field to modify
the barrier profile and the carrier states, so
as to control the tunneling transport.[10-1¢]
The regulating mechanism inspires much
promise for electronic applications as
varied as high-frequency oscillators,'”:18l
nonvolatile memories, 21 and mag-
netic field sensors.?2 However, there are
few reports of tunneling junction gated
by external mechanical stimuli that are
ubiquitous and abundant in environment,
which is very important for developing
quantum mechanics. Therefore, it is
highly desired to find schemes for develo-
ping mechanically tunable tunneling
junctions.

A coupling of piezoelectricity and elec-
tronic transport processes in piezoelectric

According to quantum mechanics, carriers have a probability
of tunneling through a barrier as long as the barrier is suffi-
ciently thin.l'! The transmittance depends exponentially on the
barrier profile and the available carrier states,[””! which makes
a tunneling junction possess a giant switching of tunneling
resistance. Meanwhile, the tunneling time is governed by the
reciprocation of transition probability per unit time, which is
much shorter than the conventional transit time.?? Due to
these inherent advantages over other types of junctions, devices
based on quantum tunneling generally exhibit both merits of

semiconductor materials under mechanical stimuli results in
an emerging field of piezotronics,?>?% which use the inner
crystal potential generated by the strain-induced remnant
piezoelectric polarization charges as a “gate” controlling signal
to redistribute the free carriers and thus modify the energy pro-
file, so as to control the electronic transport at interface/junc-
tion.[?”-% This mechanism has demonstrated its effectiveness
and high performance in junctions with finite height, including
the Schottky junction and p-n junction,B=33 and triggered a
variety of electromechanical applications including logic unit,?
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tactile imaging,®* and electronic skin.*® This approach of uti-

lizing mechanical stimuli to engineering energy-band, together
with its high performance, is fundamentally new in science
and theoretically feasible for mechanically tunable quantum
tunneling.

Here, we propose a novel piezotronic tunneling junction
(PTJ) with metal/insulator/piezoelectric semiconductor hetero-
structure. In these PTJs, both the height and the width of the
tunneling barrier are first modulated by the external mechani-
cal stimuli as a result of the piezotronic effect, and then, this
continuous modification of Schottky barrier makes a notable
modulation of the dividing voltage on insulator and hence
the tunneling transport. A real PT] with Pt/Al,0;/p-GaN het-
erostructure is rationally designed and successfully developed.
The tunneling current of the PT] exhibits the critical behavior
characteristic as a function of external stimuli, in which the
sensitivity is up to =5.59 mV MPa~!, the ON/OFF conduct-
ance ratio is above 10°, and the time response is =4.38 ms.
Moreover, the mechanical control of tunneling transport in
PTJs with various Al,O; thickness from 0.95 to 4.78 nm is
systematically investigated. This study demonstrates high
sensitivity, giant switching, and fast response of the metal/
insulator/piezoelectric semiconductor PTJs, which not only
provides an in-depth understanding about the piezotronic
effect on quantum tunneling but also proves their great poten-
tial in adaptive interaction between quantum tunneling and
mechanical stimuli.
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To realize the piezotronic tunneling junction gating by
mechanical stimuli, we designed a structure of Pt/Al,03/p-GaN
by replacing one metal electrode with a piezoelectric semicon-
ductor and systematically investigated its working mechanism
by means of theoretical simulation. As depicted schematically
in Figure 1a, if the interfacial layer (Al,03) is sufficiently thin,
charge will leak through the barrier to establish thermal equi-
librium as a single system.? As a result, the semiconductor
surface will be depleted of majority carriers within a finite
width.?l And an abrupt discontinuity in energy profile, formed
by a series connection of an insulating barrier and a Schottky
barrier, will exist between Pt and p-GaN. This discontinuity of
energy-band is responsible for controlling the current conduc-
tion as well as its capacitance behavior.?l The tunneling elec-
trons have to experience an extra barrier over the space charge
region because the semiconductor surface is depleted. In this
case, the Pt/Al,0;/p-GaN tunneling junction is set to a high
resistance OFF state. As wurtzite structured III-nitride semi-
conductor, GaN possesses both piezoelectric (Figure S1, Sup-
porting Information) and semiconductor properties. Owing
to the piezoelectric effect along the c-axis (ds3) and to the
incomplete screening of polarization by free charges,’?°l upon
straining along the c-axis [0001], negative polarization charges
along the c-axis induced at the Al,O;3/p-GaN interface can drive
the p-type semiconductor surface out of depletion and reduce
the barriers’ height and width via piezotronic effect (Figure 1b).
This critical modification of barrier profile will make a notable
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Figure 1. Working mechanism of mechanically controlling/tuning of quantum tunneling via the piezotronic effect. Band diagram of Pt/Al,O;/p-GaN
heterostructure under a) strain free and b) strain conditions. c) Calculated potential distribution of the tunneling junction under strain along the c-axis.
The potentials of Pt and p-GaN are biased to be 0 and 0.5V, respectively. d) The Schottky barrier height and the electric field of insulator as a function
of externally applied strains. Calculated e) C-V and f) I-V characteristics of the tunneling junction under various strains. C; and C present the insulator
capacitance and the total capacitance of junction, respectively.
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incensement of the dividing voltage and the corresponding
electric field in the insulator. As simulated in Figure 1cd,
the barrier’s height and the depletion width both gradually
decrease, while the insulating electric field gradually increases
as the strain increases. In contrast to the OFF state, the tun-
neling transmittance can be greatly improved by external
mechanical stimuli. The tunneling junction is then set to a
low resistance ON state. As calculated in Figure lef, the C-V
and the [-V characteristics are both continuously increased
with applied strain from 0.0% to —0.2%. Therefore, through
exploiting dynamic mechanical controlling of quantum tun-
neling by piezotronic effect, we can theoretically implement a
mechanically tuned tunneling junction with metal/insulator/
piezoelectric semiconductor heterostructure.

To verify the above theoretical analysis, we designed a set of
comparison experiments. The Al,O3/p-GaN heterostructure is
fabricated by depositing Al,0; on p-GaN single crystal films

a
C-AFM
Pt coated tip @
Al203
A1 1
p-GaN TC
CO000
electrode
b 1044
Pressure (MPa)
210&. - 9.89
= — 98.9
5 — 197.8
"5'10-10_ 296.7
O - 395.6
10.!1
3 4 5 6 7
Voltage (V)
c =
>
S 6 {
g {
o
=
8 5 {
%

0 100 200 300 400
Pressure (MPa)

www.advmat.de

using atomic layer deposition (ALD, Figure S2, Supporting
Information). In this work, we use a Pt/Ir-coated tip to apply
compressive forces and simultaneously measure the tunneling
current through conductive atomic force microscope (c-AFM)
(Figure 2a). The normalized background noises of current
characterization are lower than +10 and +30 pA in 10 nA and
10 LA measurement range, respectively (Figure S3, Supporting
Information). The AFM tip with a diameter of about 50 nm
(Figure S4, Supporting Information) was first engaged on the
facet vertical to the c-axis [0001] of p-GaN. Being subjected to
the external mechanical stimuli, the p-GaN experiences a c-axial
strain and produces negative piezoelectric charges on its sur-
faces within a thickness of one to two atomic layers,*”! as indi-
cated in Figure 2a. The negative piezopotential created at the
Al,O3/p-GaN interface not only lowers the barrier height but
also reduces the depletion width. This modification of energy
profile will increase the insulator electric field and improve
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Figure 2. Tunable critical voltage of tunneling junction upon straining along the c-axis and the m-axis of p-GaN. a) Schematic of Pt/Al,03/p-GaN tun-
neling junction along the c-axis of p-GaN. b) The corresponding |-V characteristics upon the applied pressures. c) The tunable critical voltage V, as a
function of the applied pressures along the c-axis. d) Schematic of Pt/Al,O3/p-GaN tunneling junction along the m-axis of p-GaN. e) The corresponding
|-V characteristics upon the applied pressures. f) The tunable critical voltage V, as a function of the applied pressures along the m-axis. The Al,O,
thickness is about 1.91 nm.
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the tunneling current. The mechanical modulation process
of the quantum tunneling is showed intuitively in Figure S5
(Supporting Information). As performed in Figure 2b, when
the pressure is increased from 9.89 to 395.6 MPa, the critical
voltage gradually decreases, which is consistent with the above
theoretical calculations (Figure 1f). In order to determine this
regulatory relationship more accurately, we performed sta-
tistics on about 300 times of measurements (Al,O; thickness
=1.91 nm, Figure S6, Supporting Information) and plotted
the critical voltage as a function of applied force showing in
Figure 2c, which suggest a strong correlation between them
within a certain range of force (0—400 MPa). In this force range,
we have not observed surface damage (Figure S7, Supporting
Information).

To further demonstrate the piezotronic effect on quantum
tunneling, we characterized the tunneling transport by applying
a force on a nonpolarization surface (m-axis [1100]) of the same
p-GaN wafer by rotating 90°, as shown in Figure 2d. In this
case, there will be no piezoelectric polarization charges induced
at the Al,O3/p-GaN interface due to the crystallographic sym-
metry of GaN (Figure S1, Supporting Information). The critical
voltage is only slightly fluctuated within a small range, which
may be mainly due to the increased contact area between the tip
and the Al,O; layer (Figure 2e). Correspondingly, the statistic of
critical voltage with error bar derived from about 230 times of
measurements is plotted as a function of applied compressive
force (Figure 2f; Figure S8, Supporting Information). There is

(1]
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almost no obvious correlation between the critical voltage and
the applied pressures, compared to the case when the strain is
applied along the c-axis of p-GaN. The difference can confirm
the critical role of the piezotronic effect on the mechanical con-
trolling of quantum tunneling.

To give an in-depth understanding about the working mech-
anism of the piezotronic effect on quantum tunneling, we sys-
tematically investigate the PTJs with various insulating barrier
thicknesses (Figure 3 and Note S1, Supporting Information).
Figure 3a depicts band alignments of tunneling junctions with
different Al,O; thicknesses. The strain-induced negative piezo-
electric bound charges at the Al,03/p-GaN interface can attract
majority carriers to move toward the semiconductor surface and
lower the barrier’s height and width via piezotronic effect. This
profile modification of energy band redistributes the potential
drops across the PT] and improves the electric field inside the
insulator layer. As the insulator thickness increased, the change
of electric field in the insulating layer is smaller. Figure 3b
shows the ratio of electric field in insulating layer with various
thicknesses under strain and strain-free conditions. The value
decreases rapidly as the insulator thickness increases, espe-
cially within six nanometers, indicating that the modulation
effect on the tunneling junction will become weaker. In order
to prove this theory, we performed statistics on about 300 times
of measurements of PTJs with various insulator thicknesses
from 0.95 to 4.78 nm (Figure S6, Supporting Information).
The normal distribution fitting curves are plotted in Figure 3c,
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Figure 3. Piezotronic tunneling junction with various insulator thicknesses. a) Band diagrams of tunneling junctions with various insulator thicknesses
to explain the piezotronic effect modulation. The colored arrows indicate the electric field strength in the insulator. b) Calculated thickness dependence
Of Egirain/ Efree Under various strains. Eg,,i, and Ege represent the electric field of insulator under strain and strain-free conditions, respectively. ¢) Normal
distribution of experimentally measured critical voltage V, with various Al,Oj thicknesses. d) Critical voltage V. of tunneling junction with various Al,05
thicknesses as a function of the applied pressures. e) Pressure sensitivity versus the Al,O5 thickness.
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which suggests that the modulation effect is more signifi-
cant when the Al,O; thickness decreases. The statistic critical
voltage as a function of the applied pressures with various insu-
lator thicknesses is plotted and found to have an approximate
linear relationship with the applied pressure (Figure 3d). In
order to quantitatively characterize the thickness dependence
of mechanical controlling of tunneling transport, a pressure
sensitivity is defined as the change of critical voltage per unit
pressure: (Viye — Viee) /AP, where Vi, and Vg, correspond
to the changes of critical voltage under pressure and pressure-
free conditions, respectively, and P denotes the applied pres-
sure. The pressure sensitivity as a function of Al,O; thickness
is shown in Figure 3e, which exhibits a higher sensitivity with
decreasing insulating thickness, and is consistent with above
theoretical simulation. The highest sensitivity of =5.59 mV
MPa! is achieved in PT] with 0.95 nm thickness of Al,O.

The tactile imaging based on the PTJ is tested using an AFM
system in tapping scanning mode to explore the switching
performance. The thickness of the insulator layer we adopted
in the junction is about 0.95 nm. The force imaging measure-
ment was performed via applying various normal forces with
well-determined values at different zones that form a force
distribution image as a whole. We alternately applied small
force (=18 nN, =9 MPa) and large force (=370 nN, =188 MPa)
to achieve quantum tunneling off state and on state at a fixed
bias of 5.3 V (Figure 4a). The small force of =18 nN is to
ensure a good conductive contact but without triggering the
tunneling effect. The large force of =370 nN is used to con-
trol the quantum tunneling while not destroying the insulator
surface during 2D mechanical scanning process, which is also
confirmed by the force mapping measurement (Figure S9,
Supporting Information). As can be seen from the current
response mapping in Figure 4a and Figure S10 (Supporting
Information), the contours of the different force regions are
distinguished very well, which demonstrates the great potential
of mechanically tunable tunneling junctions for tactile imaging.
The on and off resistance values and the corresponding on/
off ratios of the dotted lines marked in Figure 4a are shown
in Figure 4b,c. The on/off ratio has an average value of about
1.34 x 10° and its logarithmic value presents the normal dis-
tribution (Figure S11, Supporting Information), which indi-
cates the giant switching and good regional consistency of
Pt/Al,03/p-GaN PTJs. By using the Young's modulus of GaN
(=352 GPa),138 we can roughly estimate the strain of GaN under
9 and 188 MPa to be about —0.003% and —0.053%, respectively.
The gauge factor (GF = (AI/Iy)/€, where € is the strain) of this
piezotronic tunneling junction can be qualitatively estimated to
be about 2.6 x 108, which is a high value among the existing
devices based on piezotronic or piezoresistive effect in Table S1
(Supporting Information). However, it should be noted that
since the probe tip is not an ideal platform, the actual gauge
factor should be a little less than the estimated value here.

The response time is another important factor for the tac-
tile sensors. In order to accurately estimate the response time
of PTJs to dynamic mechanical stimuli, we define a statistical
value, describing the degree of quantum tunneling activation:
active pixel percentage 7. The value is calculated by the ratio:
Nactual/Niheoryy Where Nyeiya1 and Nieory correspond to the number
of pixels actually and theoretically activated, respectively.
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Figure 4. Tactile imaging based on PT). a) Current response contour plot
by c-AFM demonstrating the capability of mechanically tunable tunneling
junction for imaging the spatial profile of applied force/pressure. The
scale bar is 1 um. The Al,O5 thickness is about 0.95 nm. The b) resist-
ances and the corresponding c) on/off ratios derived from the dotted
lines in (a).

As exhibited in Figure 5a,b and Figures S12 and S13 (Supporting
Information), we are able to obtain the current response for
imaging the spatial profile “NANO” of applied forces with
various pixel sizes and scan speeds. The current response pro-
file is more obvious as the pixel size increases and more stable
as the scanning speed decreases. By deriving 1 from these
data, we obtain the relationship between the active pixel per-
centage with the pixel size and the scan speed (Figure 5c,d). By
increasing the pixel size or reducing the scan speed, the active
pixel percentage can be effectively improved. Furthermore, by
converting the two parameters to contacting time, the active
pixel percentage versus contacting time can be easily plotted
in Figure 5e. A constant time of approximately 4.38 ms is cal-
culated by nonlinear fitting, which is much less than that of
human fingertips (=30-50 ms) and can be further improved in
future designs. These results indicate that the PT] can respond
quickly to statics as well as dynamic mechanical stimuli.

In summary, we successfully developed a new principle of
piezotronic tunneling junction with the Pt/Al,O;/p-GaN het-
erostructure that can be gated by external mechanical stimuli
via the piezotronic effect. It utilizes the strain-induced piezo-
electric polarization charges to modulate the height and width
of tunneling barriers, thereby realizing the modulation of
the potential drop and electric field of the insulator layer, and

© 2019 WILEY-VCH Verlag GmbH & Co. KGaA, Weinheim
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Figure 5. 3D current response of tactile imaging. 3D current response contour plot for imaging the spatial profile “NANO” of applied force with
various a) pixel sizes and b) scan speeds. The Al,O; thickness is about 0.95 nm. Active pixel percentage 1 as a function of c) pixel size and d) scan
speed, derived from the tactile imaging in (a) and (b), respectively. The active pixel percentage 1 presents the percentage of pixels that are actually
turned “on” when “on” input force signal is applied. e) Active pixel percentage 1 versus the contacting time calculated from (c) and (d). The solid line

corresponds to the nonlinear fitting.

finally achieving the mechanical control of tunneling transport.
The PTJs can respond to static as well as dynamic mechanical
stimuli, which present high sensitivity (=5.59 mV MPa™), giant
switching (=1.34 x 10°), and fast response (=4.38 ms). This
study shows the effectiveness of piezotronic effect on tunneling
junction and, all together with the high performance, suggests
their great potential in adaptive interaction between quantum
tunneling and mechanical stimuli.

Experimental Section

GaN Film: The [0001]-oriented single crystal GaN film was purchased
from Suzhou Nanowin Science and Technology Co., Ltd., which was
synthesized on the c-plane polished sapphire substrate by metalorganic
chemical vapor deposition. The specific parameters of p-GaN films
(provided by Suzhou Nanowin Science and Technology Co., Ltd.) were
as follows, dimensions: ® 50.8 mm + 0.1 mm; thickness: =5 pm;
orientation: c-plane (0001) + 0.5°; conduction type: p-type (Mg-doped);
resistivity (300 K): =10 Q cm; carrier concentration: =6 x 10'® cm3;
dislocation density: < 5 x 10® cm™?; substrate structure: GaN on sapphire
(Standard: SSP Option: DSP).

Piezoresponse Measurement: The piezoresponse on the c-plane and
m-plane GaN was performed using AFM (Cypher ES, Asylum Research)
with PFM  (piezoresponse force microscopy) mode. The conductive
tips of Pt/Ir coating, with a spring constant of about 2.8 nN nm~' and
a radius of about 25 nm, were used in PFM mode. The resonance

Adv. Mater. 2019, 1905436

1905436 (6 of 8)

frequency was =380 kHz for PFM mode. The dual AC resonance tracking
(DART) mappings with AC drive voltages ranged from 0.5 to 1.5 V
were implemented to measure the effective piezoelectric coefficient ds;3
(Figure S1, Supporting Information). Also, the tip voltages swiped from
—6 to 6 V were applied to study the amplified vertical piezoresponse of
GaN at different polar facet (c-plane and m-plane). All samples were
examined in a sealed chamber under a nitrogen atmosphere at 30 °C.

Fabrication of Nanometer-Thick Al,O3 Insulator Barrier: The Al,O;
insulators were synthesized on the c-plane and m-plane of the p-GaN
film using ALD (Savannah G2 S200 PEALD). Different thicknesses of
the insulator layer range from 0.95 to 4.78 nm were deposited precisely
by controlling the ALD process. The key process parameters were as
follows: pressure =0.37 Torr, temperature =120 °C, 90 sccm N, carrier
gas, 0.015 s cycle H,0, 0.1 s cycle™ trimethylgallium. As shown
in Figure S2 (Supporting Information), the thicknesses of the Al,O;
insulating layers fabricated by 10, 20, 30, 40, and 50 cycles deposition
were about 0.95, 1.91, 2.89, 3.85, and 4.78 nm, respectively.

Single Point Tunneling Measurements: The |-V curves of Pt/
Al,O;/p-GaN tunneling junctions were measured using an Asylum
Research Cypher ES AFM with ORCA mode (c-AFM). Conductive Pt/
Ir-coated AFM tips with a radius of about 25 nm, spring constants ranged
from 2.15 to 2.79 nN nm™', and a dual-gain ORCA module, were used to
apply compressive force from about 0 to 850 nN and simultaneously
measure the tunneling current. An electrical bias was applied through
the substrate; this was swiped from 0 to 10 V at a ramping rate of about
0.8 V s7'. The noise floor of the AFM system in these experiments is
measured in Figure S3 (Supporting Information). The background noise
was lower than £10 and £30 pA in 10 nA and 10 HA measurement range,
respectively. All measurements were performed in a sealed chamber

© 2019 WILEY-VCH Verlag GmbH & Co. KGaA, Weinheim
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under a nitrogen atmosphere at 30 °C controlled by the environmental
control module in Asylum Research Cypher ES AFM.

Tactile Imaging Measurement: By modifying the “ScanMaster.ipf”
program in Asylum Research Cypher ES AFM (provided by Asylum
Research, Jason Li), the “Litho PFM” module was deployed to achieve
spatial profile mapping of applied force, and at the same time, the
current amplifier in ORCA module (conductive AFM, CAFM) was utilized
to measure the corresponding current flow through the tunneling
junctions simultaneously. The force distribution was mainly composed
of very small force (=18 nN, =9 MPa) and relatively large force (=370 nN,
=188 MPa). The very small force of about 18 nN was to ensure a good
conductive contact without triggering the tunneling effect. And, the large
force of about 370 nN was used to control the quantum tunneling while
not destroying the insulator surface during 2D mechanical scanning
process. Meanwhile, an electrical bias of 5.3 V was applied to provide
the power. All measurements were performed in a sealed chamber under
a nitrogen atmosphere at 30 °C.

Theoretical Calculations: The calculation was performed with COMSOL
“semiconductor module” through a simple 1D model of 200 nm. The
thickness of Al,03 was from 0.5 to 15 nm, modeled as thin insulator gate
with a relative dielectric constant of £, = 5.7 at left endpoint while the right
endpoint was grounded. The GaN constants for numerical simulation
were the relative dielectric constant € = 8.9, the mobility of electrons
Uy, = 1000 cm? V™' 57!, and holes 1, = 200 cm? V' s7'. The electron
affinity y adopted here was 4.1 eV and the band gap E;, was 3.39 eV. All
the material coefficients above are available in COMSOL Multiphysics
material library. The piezoelectric coefficient of GaN adopted here
was dz; = 12.8 pm V7'.B% The temperature was T = 300 K and the
hole concentration was Ny = 6 x 10'® cm™ given by the commercial
sample. The piezotronic effect was considered with the assumption
that the piezoelectric charge was distributed uniformly within a width of
Wiiezo as the previous literature demonstrated.”) With these conditions
applied, sweeps of voltage and strain were conducted using stationary
solver with a finer physical-control mesh to demonstrate the potential
distribution as shown in Figure 1c. Followed by a time-dependent study,
capacitance—voltage results could be obtained as shown in Figure le.
With the above results, current-voltage (I-V) could be given by Fowler—
Nordheim tunneling formulall

J q°E? [—4\/2m* (9900 ] )

“enhgy, P 3hqE

where g is the electron charge, # is the reduced Planck constant,
m* = 0.8my is the effective hole mass of GaN, ¢,, is the voltage drop
across the oxide, and E is the corresponding mean electric field inside
oxide.
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