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ZnO is considered as one of the most promising semiconductor materials for future applications
based on the piezotronic effect. Intense studies on ZnO nanowires had been carried out to
understand the modulation of the Schottky barrier height at the metal ZnO interface via
piezoelectricity. However, an experimental investigation on bulk ZnO single crystals and a
fundamental comparison of the modification of the barrier height determined experimentally and
theoretically are still missing. Therefore, an adjustment of the electrostatic potential barrier
height at metal-ZnO single crystal interfaces due to stress induced piezoelectric charges was conducted, using both O- and Zn-terminated surfaces. In-situ stress dependent impedance and
current-voltage measurements were utilized to extract the electrical properties of the potential
barrier and to determine the reduction of the barrier height. The decrease of the interface resistance and increase of the capacitance reveal the presence of stress induced piezoelectric charges.
The experimentally evaluated reduction of the barrier height reveals a moderate change of about
9 meV at 70 MPa and supports prior work on metal-ZnO nanowires. This change was found to be
in good agreement with theoretical calculations based on the imperfect screening model if a
thickness of the interface layer is assumed to be 2 Å. Published by AIP Publishing.
[http://dx.doi.org/10.1063/1.4981243]

I. INTRODUCTION

The adjustment of the height of electrostatic potential
barriers represents one of the most intriguing and challenging tasks since the development of semiconductor based
electronics. In the classical description of the metalsemiconductor junction, the electrostatic potential barrier is
created due to the difference of the electron affinity between
metal and semiconductor (Schottky-Mott rule).1 However,
the experimental results on metal-ZnO junctions demonstrated that the barrier height often is independent of the
metal and was rationalized by Fermi level pinning.2–4 Fermi
level pinning is related to the presence of interface trap states
which form interface dipole moments with charges at the
metal surface and define the barrier height of the junction.5
Cowley and Sze introduced a phenomenological model
which uses the Fermi level pinning approach combined with
the presence of a finite interfacial layer thickness, dint ,
between metal and semiconductor. Trapped electrons at the
interface build up an electric field which affects the electron
transport across the barrier. To adjust the potential barrier
height, the charge density and distribution at the interface
have to be modified. The electric field at the semiconductor
interface can be tuned by introducing a thin dopant layer at
the semiconductor surface via ion implantation or by the
presence of piezoelectric charges.6–9 By varying the doping
concentration and profile, the barrier height can be adjusted
as required. Recently, an approach utilizing piezoelectric
properties of semiconductors to dynamically modify the
potential barrier height raised considerable interest.10–12 This
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concept relies on reduction or increase of the potential barrier height via stress generated piezoelectric charges at the
interface. The interaction between stress induced piezoelectric charges and electrostatic potential barrier is known as
piezotronic effect. Due to the exponential relationship
between the barrier height and current density through a
Schottky contact, small changes of the barrier height drive a
change in current density by several orders of magnitude.
Hence, switching between a conductive and non-conductive
state, i.e., between on and off state with stress opens the possibility to develop innovative devices for sensor applications
or piezoelectric diodes.11 Most materials of interest for piezotronic applications are of wurtzite type crystal structure
such as GaN, InN, and ZnO. With their non-centrosymmetric
hexagonal structure, they exhibit piezoelectric and semiconducting properties and have been considered as promising
piezotronic materials.8,12–15 Due to its high piezoelectric
coefficient, ZnO came into the focus of research, mostly as a
metal-ZnO nanowire heterostructure or in its polycrystalline
form.14,16–20 Charge transport is determined by the barrier
height of the Schottky contact and can be described by
thermionic emission theory.1 If an external mechanical stress
is applied to the piezotronic material, piezoelectric charges
are generated at the metal-semiconductor interface, which
subsequently changes the barrier height and hence the charge
transport across the barrier.11 For an n-type Schottky contact
with piezoelectrically induced positive charge, the Schottky
barrier height will decrease, while negative charge increases
the barrier height.11 However, rather moderate changes of the
barrier height with stress, i.e., 7 meV at 300 K at a stress of
1.4 GPa and strain of 1% were observed in metal-ZnO
nanowire structures.10 Small changes in the barrier height
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were attributed to screening effects due to the high conductivity of the ZnO nanowires but yielded a high gauge factor
quantifying the modification in resistivity with strain.10,21
Despite increasing interest in the piezotronic effect on
Schottky barriers at the metal-ZnO interface, fundamental
investigations on bulk single crystals are missing. The advantage of bulk studies is that the applied stress can be precisely
defined, whereas in the case of ZnO-nanowires the applied
strain is calculated and depends on the diameter of the nanowire and adhesion between the nanowire and substrate. In
addition, a direct comparison between the theoretical calculation and experimentally observed variation of the barrier
height is lacking.
To investigate the reduction of the barrier height at
metal-ZnO single crystal interfaces, Schottky contacts were
prepared both on Zn- and O-terminated surfaces of the crystals. Current-voltage and impedance measurements under
different uniaxial mechanical stress states quantified the
effect of stress on the height of the Schottky barrier. The theoretically predicted reduction of the barrier height was computed using an imperfect screening model, which was
applied before to rationalize the effect of spontaneous polarization on the Schottky barrier height at ferroelectric metal
interfaces.22,23 The comparison of experimentally determined and theoretically calculated barrier height reveals the
performance of ZnO as a piezotronic material and provides
insight into the underlying mechanisms.
II. EXPERIMENTAL

ZnO single crystals (Alineason Materials Technology
GmbH, Frankfurt, Germany) with dimensions of about
5  5  5 mm3 were 6-site mechano-chemically polished by
the manufacturer. The conductivity and carrier concentration
mobility of the wafers were 0.03 S/cm and 5.4  1015 cm3
from room temperature Hall effect measurements using the
van der Pauw method. Prior to Schottky barrier formation,
samples were cleaned with acetone, ethanol, and de-ionized
water in an ultrasonic bath. Schottky contacts were prepared
either on the Zn-terminated surface ð0001Þ or O-terminated
surface ð000
1Þ of the crystal by silver deposition. Metallic
silver electrodes of a thickness of about 150 nm were prepared by sputter deposition followed by annealing in air for
2 h at 400  C. The annealing step oxidizes the silver electrode and promotes the rectifying behavior of the contact.24
Ohmic contacts on the opposite side were provided by Al/Au
electrodes, also via sputter deposition (Emitech K950X,
Quorum Technologies Ltd, Ashford, Kent, UK). All electrical measurements under different externally applied mechanical fields ranging from 5 MPa to 70 MPa were conducted
inside a screw-driven load frame Zwick Z010 (Zwick GmbH
& Co. KG, Ulm, Germany). While the load was applied perpendicular to the c-axis of the crystal, the electrical measurements were conducted parallel to the c-axis (see Figure 1).
Hence, a direct application of stress on the metal electrodes
was avoided and side effects related to the deformation of
the electrode were omitted.
All current-voltage ðI  VÞ measurements were recorded
in a range between 1 V and 1 V using a Keithley 2450
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FIG. 1. Schematic representation of measurement arrangement. Mechanical
stress is applied perpendicular to c-axis, while electrical measurement is performed in parallel direction with c-axis of the crystal.

SourceMeter (Keithley Instruments, Inc., Cleveland, OH,
USA). The impedance spectra were recorded with an impedance analyzer (Novocontrol Technologies GmbH & Co. KG,
Montabaur, Germany) in a frequency range between 1 Hz and
1 MHz. The maximum amplitude of the ac voltage was set to
Vrms ¼ 0.015 V to ensure that the junction properties are not
measured in the upturn region of the current voltage
characteristics.
III. RESULTS AND DISCUSSION

Uniaxial compressive stress applied perpendicular to the
c-axes of the crystal induces positive piezoelectric charge on
the Zn-terminated surface, which should lead to a reduction
of the barrier height at the corresponding Schottky barrier.
Figure 2(a) presents the characteristic I  V curves as a function of compressive stress in a semi-logarithmic plot. With

FIG. 2. (a) Stress dependent current-voltage characteristic of Schottky contact on the Zn-terminated surface of ZnO single crystal. (b) Current-voltage
characteristic of the same Schottky contact at 5 MPa compressive stress.
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increasing stress, a small increase of the current can be
observed in reverse and forward biasing (see the inset in
Figure 2(a)). The I  V response obtained at 5 MPa (see
Figure 2(b)) is treated as the initial state where the effect of
mechanical stress was neglected. Following the thermionic
analysis, the barrier height of the metal-semiconductor contact was found to be /SHB  0.72 eV with an ideality factor
of n ¼ 2.95.1 The ideality factor describes the deviation
from the pure thermionic transport (n ¼ 1) and represents a
measure of the quality of the Schottky contact. The deviation
of the ideality factor from unity has been ascribed to different factors such as an inhomogeneous distribution of barrier
heights, tunneling current, and generation/recombination
currents.25,26 Due to the large area of the Schottky contact
(A ¼ 25 mm2) utilized in this work, a spatial variation of the
barrier height is expected to lead to the deviation from the
ideal thermionic process.25
To verify that the stress dependent measurements are
not an artifact of the setup or due to the modification of the
surface, the same measurements were repeated for a sample
with the Schottky contact deposited on the O-terminated surface (Figure 3(a)). Due to the piezoelectric effect, a negative
charge is generated on the O-polar surface. Hence, an
increase of the barrier height and a decrease of the current
are expected. With increasing stress, a moderate decrease in
current can be observed under reverse bias (see the inset in
Figure 3(a)). Nevertheless, the fundamental concept that
the change in polarity changes the direction of the piezotronic effect can be confirmed, which in turn verifies that
the increasing conductivity measured on the Zn-terminated
surface is a consequence of the piezotronic effect. From the
I  V measurement at 5 MPa, the barrier height and ideality
factor of /SHB  0.72 eV and n ¼ 3.23 were determined (see

Figure 3(b)). Work by Allen et al. verified that surface polarity using Ag electrodes has no effect on the barrier height.27
In addition, the barrier heights of 0.72 eV can be related to
the presence of the oxygen vacancies which were considered
as possible defect states at the interface responsible for the
pinning of the Fermi level.28,29 The higher reverse current of
the contact deposited on the O-terminated surface can be
explained by the increased ideality factor which reflects the
inhomogeneous distribution of the barrier height.25 This may
also be the reason for the smaller changes observed under
applied stress.
For applications, the switching between the nonconductive and conductive state, i.e., a reduction of the
barrier height is of particular interest. Therefore, detailed
studies in the following focused on Zn-terminated surfaces.
To elucidate the effect of the induced piezoelectric charges
on the electrical properties of the Schottky barrier on the
Zn-terminated surface, in-situ impedance measurements at
different stresses have been conducted. Figure 4(a) depicts
the Nyquist plot of impedance spectra obtained at different
uniaxial mechanical stresses. The low-frequency value of the
real component of impedance decreases with increasing
stress. Due to the high intrinsic conductivity of the bulk ZnO
single crystal, it is expected that the low frequency impedance response of the fabricated heterostructure is governed
by electrical properties of the Schottky contact and that only
electrical properties of the bulk and the Ohmic contact contribute to the impedance response at higher frequencies.
Therefore, the observed decrease of the real part of impedance at low frequencies can be attributed to the decrease in
the resistance of the Schottky contact. It is expected that a
lower barrier height increases the leakage current; hence, the
resistance of the interface decreases. A similar behavior of

FIG. 3. (a) Stress dependent current-voltage characteristic of Schottky contact on the O-terminated surface of ZnO single crystal. (b) Current-voltage
characteristic of the same Schottky contact at 5 MPa compressive stress.

FIG. 4. (a) Complex plane plot of the ZnO single crystal with Ag-based
Schottky contact on the Zn-terminated surface under increasing mechanical
stress. (b) Spectroscopic plot of the measured real and imaginary part of
impedance Z for 5 MPa of compressive stress, lines represent the simulated
results based on the depicted equivalent circuit. (c) Extracted resistance and
capacitance for the depletion region of the Schottky contact.
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impedance was observed at Schottky contacts formed to Si,
measured under various dc voltages applied in forward
direction.30
The electrical properties of the Schottky contact were
extracted from the equivalent circuit analysis of the impedance data.31 Here, the equivalent circuit consists of three
parts representing Schottky contact, ZnO bulk material, and
Ohmic contact. The network of capacitors and resistors connected in series and parallel, used to describe the impedance
response, is represented schematically in Figure 4(b). The
first part consists of R1 and C1 in parallel, which represents
the resistance and capacitance of the Schottky contact, the
second part is represented by R2 and describes the resistance
of the bulk. The third part quantifies the Ohmic contact and
is represented by resistance R3 and C3 connected in parallel.
During the fitting process, both capacitances were represented by a constant phase element (CPE), which accounts
for a possible defectiveness of the capacitance behavior of
both metal-semiconductor interfaces. The empirical impedance function of the CPE is ZCPE ¼ AðjxÞa , with a ¼ 1
describing an ideal capacitor and a ¼ 0 describing a pure
resistor.31 The a-value of the Schottky contact was above
0.93 for all mechanical stresses, while the a-value of the
Ohmic contact was in the range of 0.72. For a perfectly
Ohmic contact, one would expect an a ¼ 0 representing a
perfect resistive behavior, still the observed intermediate
value of the Ohmic contact may have two reasons: (i) aluminum which was used to fabricate the Ohmic contact may not
be perfectly Ohmic,32 and (ii) following the theory for the
piezotronic effect a space charge layer can build up on the
site of the Ohmic contact when a mechanical stress is
applied.11 The measured data of the real and the imaginary
part of impedance as a function of frequency were simultaneously fitted with Equations (1) and (2) which quantify the
impedance response of the equivalent circuit
Z0 ¼

R1
R3
þ R2 þ
1 þ C21 þ x2 R21
1 þ C23 x2 R23

(1)

and
Z 00 ¼ 

C1 x
C21 x2 þ

1
R21



C3 x
C23 x2 þ

1
R23

:

the Schottky junction. The interface resistance R1 decreases
by 27%, which corresponds to the 27% increase of the
reverse bias current (obtained from I  V curves). The reduction of the resistance is accompanied by a simultaneous
increase in capacitance C1 . The capacitance of the depletion
layer is given by1
vﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃ
@Q u
e 0 e0 es N D
u
;
¼u 
C
(3)
kB T
t
@V
2 /SBH  n 
e0
where e0 is the elementary charge, ND is the donor concentration, kB is the Boltzmann constant, n is the energy difference between the conduction band and Fermi level, T is the
temperature, and es and e0 are permittivity of the semiconductor and free space, respectively. Assuming that the donor
concentration remains constant, the increase in capacitance
is caused by the reduction of the barrier height with mechanical stress.
The stress dependent I  V and impedance measurements clearly demonstrate the effect of mechanical stress on
the Schottky barrier properties in terms of reduction of barrier height and interface resistance as well as an increase of
interface capacitance.
From the stress dependent I  V curves highlighted in
Figure 2(a), the barrier height was determined as a function
of uniaxial stress (Figure 5). A rather moderate change in
barrier height, D/SBH  9 meV, was achieved if the material
was stressed with a uniaxial mechanical field of 70 MPa. The
small change in the barrier height is comparable with the
results reported for the metal-ZnO nanowire (7 meV), but it
needs to be stressed that in the current work the reduction is
achieved at much smaller mechanical stress (70 MPa vs.
1.4 GPa).10 As mentioned above, the small changes in the
barrier height in ZnO nanowires were attributed to internal
screening of piezoelectric charges.21
Theoretical calculations were undertaken to underpin
the experimental performance of metal-ZnO interfaces. The
line in Figure 5 represents the theoretically calculated reduction of the barrier height considering the imperfect screening
model.22,23 Stengel et al. used this model to describe the

(2)

An example of the equivalent circuit fit, which well describes
the impedance response of the fabricated ZnO heterostructure,
is provided in Figure 4(b). From the fits, resistance and capacitance of the space charge region, resistance of the bulk ZnO
single crystal, and Ohmic contact were extracted. The resistance of the bulk ZnO single crystal and Ohmic contact were
found to be constant over the whole range of applied mechanical stress with an average value of 65 X and 1500 X,
respectively. The impedance value of the bulk is in good
agreement with the resistance obtained from Hall measurements (67 X). In Figure 4(c), the variation of resistance and
capacitance obtained for the depletion region of the Schottky
contact is demonstrated as a function of mechanical stress.
The barrier height determines the current transport through

FIG. 5. Reduction of barrier height as a function of applied stress as determined from I  V measurement. The line represents the calculated value of
the barrier height as a function of stress using the imperfect screening
model.
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effect of the spontaneous polarization on the barrier height at
metal-ferroelectric interfaces. The model is based on the
assumption that a thin vacuum interface layer between metal
and ferroelectric material is present similar as considered for
classical metal-semiconductor junctions with the presence of
trap states.2,22 Considering the stress induced charges represented by piezoelectric polarization, Ppiezo , the barrier height,
/SHB , can be calculated as a function of stress11,22,23
/SHB ¼ /0SHB 6e0

Ppiezo dint
/:
2e0

(4)

Here, /0SHB  0.72 eV is the barrier height determined
at 5 MPa. The piezoelectric polarization can be calculated
by using the relation between the polarization, mechanical
stress, r1 , and piezoelectric coefficient, d31 , i.e., Ppiezo ¼
d31 r1 with a piezoelectric coefficient of d31 ¼ 5.8 pC/N.33
Hence, the induced piezoelectric charge at maximum applied
stress of 70 MPa is 0.0406 lC/cm2. The experimentally
obtained reduction of the barrier height can be well described
with Equation (4) if the thickness of the interface layer is
assumed to be dint  2 Å. The interface layer thickness of
2 Å can be favorably contrasted to the literature where
the interface thickness between metal and semiconductor
is assumed to be few Angstroms. In the case of metalferroelectric interfaces, it is even smaller.2,9 The good agreement between the calculated and experimentally obtained
results questions viability of the internal screening mechanism, to explain the limited piezotronic performance. From
Equation (4), it is apparent that the change of the barrier
height strongly depends on the polarization at the interface
and the thickness of the interface layer. The piezoelectric
polarization can be increased by increasing the external
mechanical stress. However, at stresses above 100 MPa the
probability of mechanical damage is enhanced. Therefore, to
decrease the operational mechanical stress, the thickness of
the interface layer needs to be increased to obtain a higher
variation of barrier height. Assuming an extension of dint by
ten times (2 nm) e.g., by the introduction of an artificial
“dead layer,” the barrier reduction under the same mechanical condition could be dramatically increased (90 meV).
Hence, the current in reverse bias would increase for about
two orders of magnitude due to its exponential dependency
on the barrier height.1 The question remains open, if the piezotronic effect at other interfaces could be tailored to yield
considerably higher changes in the piezotronic effect and
thereby larger modulations in resistivity.
IV. CONCLUSIONS

Schottky barriers at Zn-terminated ZnO single crystal
surfaces feature a decreased potential barrier height and
increased current under uniaxial compressive stress with Oterminated surfaces revealing the opposite effect. The magnitude of change in the potential barrier height in Znterminated interfaces of 9 meV supports work on the piezotronic effect at Schottky contacts in metal-ZnO nanowires
with similar numerical results. A model based on imperfect
screening rationalizes the experimental results and suggests

the existence of an interface layer with a thickness of 2 Å.
Succinct understanding of the electrical interface conditions
may open pathways for tailoring Schottky contacts with an
improved resistance ratio and strain sensing capability.
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