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Abstract

In this work, different ZnO interfaces were studied with respect to their performance in
piezotronic applications. The electrical conductivity across metal — ZnO Schottky contacts as
well as varistor-type ZnO-ZnO interfaces was measured as a function of uniaxial compressive
stress. In addition, temperature-dependent measurements of the direct piezoelectric response
of ZnO single crystals with and without the existence of a highly resistive space charge region

were performed.

The electrical conductivity across potential barriers at metal — ZnO Schottky contacts on either
the Zn- or O-terminated surface of a bulk ZnO single crystal was measured under increasing
uniaxial compressive stress. The generation of negative or positive piezoelectric polarization
charges was found to increase or decrease the Schottky barrier height depending on the sign of
the piezoelectric charge. The evolution of potential barrier height with increasing amount of
positive piezoelectric charge was determined from I-V deconvolution techniques and allowed a
comparison of the experimental data with different theoretical models. Measurements were
performed on bulk ZnO single crystals to overcome shortcomings in existing literature in which
studies are mainly based on metal-ZnO nanostructure contacts. Thereby the fundamental

concept of the piezotronic effect could be confirmed and the current understanding is extended.

Direct piezoelectric measurements on bulk ZnO single crystals with and without the existence
of a highly resistive space charge region were performed as a function of temperature and
loading frequency. A decreasing number of free charge carriers with decreasing temperature
revealed a correlation between free charge carrier density and screening of the piezoelectric
potential. An increase in attainable piezoelectric polarization with decreasing temperature was
evident for the crystals with and without space charge region. In addition, the generation of a
highly resistive space charge region in the vicinity of a Schottky contact allowed a measurement
of the piezoelectric potential already at room temperature and for low loading frequencies. The
shift of the attainable piezoelectric response to higher temperatures and lower loading
frequencies due to the existence of a depletion region is of great importance for piezotronic

applications.

Besides metal-ZnO contacts, ZnO bicrystal interfaces were prepared by epitaxial solid-state

transformation. The preparation process allows for both, a defined orientation of the
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polarization vector as well as tailoring of the defect state density at the ZnO-ZnO interface.
Consequently, the interaction between positive and negative piezoelectric charges and the
electrostatic potential barrier at the bicrystal interface could be systematically investigated.
Stress-dependent conductivity measurements revealed a decreasing barrier for positive
piezoelectric charges and an increasing potential barrier for negative piezoelectric charges. The
magnitude of this coupling was compared to theoretical models as well as to experimental
results obtained on metal-ZnO Schottky contacts. In comparison to the Schottky contact,
potential barriers at ZnO-ZnO interfaces featured a much higher stress sensitivity. For the
lowering case by positive piezoelectric charges an almost complete extinction of the electrostatic
potential barrier could be achieved. The obtained results demonstrate the potential of individual
ZnO-ZnO interfaces as promising alternative to metal-ZnO Schottky contacts in future

piezotronic applications.

By interrupting the epitaxial solid-state transformation process at different times during the
high temperature treatment, single crystal — polycrystal structures with varying amount of
remaining polycrystalline material in between two well oriented single crystals were prepared.
Temperature-dependent conductivity measurements were applied to determine the influence
of the high temperature treatment on the potential barrier height at varistor-type interfaces
during bicrystal fabrication by epitaxial solid-state transformation. Furthermore, stress-
dependent I-V measurements revealed extremely high stress sensitivities for structures with
intermediate times of high temperature treatment. These measurements close the gap between
piezotronic systems based on polycrystalline varistor ceramics and individual bicrystal
interfaces and reveal the future potential of microstructural engineering for the development

of varistor-based piezotronic devices.
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1. Introduction

The piezotronic effect describes the interaction between two fundamental physical properties.
Piezoelectric and semiconducting properties are coupled to tune the electrical transport across
contact interfaces like metal-semiconductor or semiconductor-semiconductor junctions. The
term “piezotronics” was introduced in 2007 by Zhong Lin Wang! to cumulate innovative
applications based on the modification of semiconducting properties by strain induced
piezoelectric polarization under one generic term. In the following years the piezotronic effect
gained considerable interest within the scientific community with a large number of
publications on possible applications like energy harvesters, strain triggered transistors or strain
sensors.? 3 Most publications focus on zinc oxide (ZnO)-based devices because of its comparably
high piezoelectric coefficient and semiconducting properties. Furthermore, ZnO can be easily
fabricated in a large variety of nanostructures and high quality ZnO single crystals are
available.* > Similar physical mechanisms, however, were already previously described for
several semiconductor and ferroelectric contact interfaces.

In wurtzite group-III nitrides, such as GaN, polarization effects on the performance of electronic
and optoelectronic device properties were studied since the 1990s.® One prominent example is
the formation of a 2-D electron gas (2DEG) by polarization charges at GaN-based
heterojunctions.” 8 Furthermore, it has been demonstrated that Schottky contacts to GaN are
influenced by spontaneous or piezoelectric polarization.® Polarization effects can increase the
Schottky barrier height in GaN-based heterojunction field-effect transistors (HFET) leading to
a reduced reverse-bias leakage and forward-bias current which improves the performance of
the transistor.'® In the HFET, static piezoelectric polarization charges in epitaxial grown GaN
are utilized to optimize the Schottky barrier height during device fabrication. However, a
dynamic piezoelectric polarization charge can be induced by external mechanical strain,
opening the possibility to control electrical transport by mechanical stimuli.'! A similar effect
has been observed for a Schottky contact to piezoelectric GaAs.'? The mechanism is comparable
to the fundamental theory of piezotronic devices based on ZnO — metal contacts, which are in
detail reviewed within chapter 2.2. Strittmatter et al.'® reported on the strain sensing capability
of GaN Schottky diodes, where a sinusoidal mechanical load generates piezoelectric
polarization charges within the depletion region of the Schottky contact. Due to the reduced
free charge carrier density within the depletion region, the piezoelectric potential cannot be
screened and a voltage signal can be detected with a suitable readout circuit. The concept is

analogous to the basic principle of piezotronic energy harvesters.'*




As piezoelectric polarization modifies the Schottky barrier height at metal-semiconductor
interfaces, ferroelectric polarization is capable to alter the potential barrier height at

16 Hence, in metal-ferroelectric-metal (M-FE-M)

ferroelectric-metal heterojunctions.!®
structures a diode like rectifying behavior can be induced by ferroelectric polarization. The
diode like behavior results from a decrease in Schottky barrier height at the metal contact with
positive ferroelectric polarization and an increase in Schottky barrier height of the metal contact
with negative polarization. Polarization in ferroelectric materials can be switched by the
application of a sufficiently large electric field resulting in a switched diode characteristic with
feasible application as ferroelectric-resistive memory.'’' In M-FE-M junctions with ultrathin
FE, electrons can tunnel through the insulating FE material. For metal electrodes with different
screening length, the electrostatic potential profile across the tunnel junction can be modified
by the direction of ferroelectric polarization which results in a change of electrical conductivity
by orders of magnitude.?> 2! By replacing the classical metal electrodes with ferromagnetic
electrodes spin-polarized transport through the tunnel junction adds an additional degree of
freedom, in principle enabling the four-state memory device.??

In 1976 Wong and Bundy?® discovered a pronounced change in electrical conductivity of ZnO-
based varistor ceramics under the application of mechanical stress. Emtage?* attributed the
conductivity change to the interaction between electrostatic potential barriers at the grain
boundaries of the electroceramic and stress-induced piezoelectric polarization charges. The
increase in electrical conductivity due to mechanical stress was mainly treated as an unwanted
effect since it decreases figures of merit for varistor ceramics when used as surge protection.
Internal stresses, resulting from anisotropy or mismatch in thermal expansion, increase the
leakage current and decrease the coefficient of nonlinearity.>® As a consequence of the high
interest in piezotronic applications, the modulation of electrical conductivity in polycrystalline
varistor ceramics by mechanical stress experienced new attention.?® 27 A major part of these
works is based on varistor-like potential barriers, therefore the barrier formation process and
their modification by piezoelectric polarization are reviewed in chapter 2.3.

Regardless of the large number of research areas describing the coupling of piezoelectric charge
and semiconducting properties, great interest in piezotronic devices was triggered in 2006 by
two publications from Z.L. Wang’s group, outlining the potential of the interaction between
piezoelectric and semiconducting properties in ZnO nanowire structures.?® 2° The first
publication proposed a nanogenerator based on ZnO nanowires where a mechanical deflection
of the nanowire generates piezoelectric polarization which can induce a current flow through
an external circuit. To improve power output vertical and lateral alignment of ZnO nanowire
arrays was applied.° Prototypes were fabricated which demonstrate the capability of harvesting

abundant mechanical energy from the environment such as vibrational energy (e.g. sound)?! or




from the human body (e.g. muscle contraction)?? opening the pathway to self-powered sensor
networks. The second publication in 2006 proposed the use of stress-induced piezoelectric
polarization within the ZnO nanowire to tune the electrical conductivity through the nanowire-
metal structure. The concept can be seen as stress-triggered piezoelectric field-effect transistor
where the mechanical stress substitutes for the gate voltage within a classical field-effect
transistor.® Besides ZnO nanostructures, piezotronic transistor devices based on ZnO thin films
or 2-D MoS; have been demonstrated.>* * The working principle of piezotronic transistor
devices is the interaction between stress-induced piezoelectric polarization charges and the
Schottky barrier height at metal contacts which defines the electrical conductivity across the
metal-semiconductor junction.>® A straight forward application besides logic devices is to utilize
the piezotronic modulation of electrical conductivity for strain sensing.’”> 3% Large-area
patterning of ZnO nanowire stress sensors allowed lateral pressure mapping with possible

application as artificial skin for next generation robotics and human-computer interfacing.?® 40

Despite the large interest in piezotronic applications and the multitude of proposed functional
devices, several questions remain unresolved. Until now, most publications utilize metal-ZnO
nanowire Schottky contacts as piezotronic element leading to inhomogeneous distributions of
the piezoelectric potential within the nanostructures. Furthermore, Schottky contacts are often
applied on both sides and even partially on basal planes of the nanostructures which makes it
difficult to fully explore the physical mechanism behind the piezotronic effect. Therefore, in this
work, the piezotronic effect will be characterized on bulk ZnO single crystals with only one
Schottky contact on either the Zn- or O-terminated surface of a single crystal. Further
controversial discussions came up due to a possible screening of the piezoelectric potential by
free charge carriers within the ZnO. This controversy will be addressed by direct piezoelectric
measurements as a function of temperature and loading frequency on ZnO single crystals with
and without a highly resistive depletion region. Besides the metal-ZnO Schottky contact, doped
ZnO-ZnO interfaces, as they can be found in polycrystalline varistor ceramics demonstrated a
pronounced stress sensitivity. Therefore, individual bicrystal interfaces have been prepared
within this work and tested for their piezotronic performance. The new approach may combine
the high stress sensitivity of piezotronic devices based on polycrystalline varistor ceramics and

the predictable electrical properties of individual Schottky contacts.







2. Theory and literature review

2.1. ZnO as piezotronic material

The piezotronic effect relies on the coupling of piezoelectric and semiconducting properties to
tune the electrical transport across contact interfaces. Piezoelectric properties are related to the
crystal structure of a material and can be observed in crystals of non-centrosymmetric point
groups. Relevant piezoelectric materials are often of perovskite structure like lead zirconate
titanate (PZT) or barium titanate (BaTiOs), which typically show an electrically insulating
behavior.*! On the other hand, the classical semiconductor material silicon (Si) does not show
piezoelectric properties due to its centrosymmetric crystal structure.*? Wurtzite structured
materials like ZnO, InN and GaN combine semiconducting and piezoelectric properties and are
therefore the materials of choice for piezotronic applications. Most piezotronic systems are
based on ZnO due to its good piezoelectric properties and the possibility to fabricate it in a large
variety of nanostructures, thin films, single crystals or polycrystalline ceramics.* > 4347

In this chapter, the crystal structure as well as the piezoelectric and semiconducting properties

of ZnO are reviewed.

2.1.1. Crystal structure of ZnO

Possible crystal structures of ZnO are the cubic zinc blende, rocksalt, and hexagonal wurtzite
structure.*® While the zinc blende structure may only be observed by the growth of ZnO on
cubic substrates and the rocksalt or NaCl structure being obtained under high pressure, the
thermodynamically stable structure under ambient condition is the wurtzite crystal structure.*
>l Wurtzite has a hexagonal unit cell and belongs to the P6smc space group in Hermann-
Mauguin notation. Figure 2-1 shows the wurtzite crystal structure with its two lattice
parameters a and c. The ¢/a-ratio of ZnO is reported to be smaller than the ideal value for an
wurtzite structure of 1.633.5% 53 Hence, the internal cell parameter u which defines the anion-
cation bond length along the c-direction is slightly larger than the ideal one. The Zn?* cations
and 02~ anions each build a hexagonal close-packed sublattice including four atoms per unit
cell. The Zn?* cations are surrounded by four 0?~ anions, which are positioned at the edges of
a tetrahedron. The tetrahedral coordination is typical for the sp® covalent bonding nature, but
due to the high difference in electronegativity between Zn and O, ZnO features a significant
ionic character.>*

Due to the lack of inversion symmetry of the wurtzite-type crystal structure, ZnO possesses a

polarity along the c-axis ([0001] direction). Hence, the surfaces perpendicular to the c-axis are




either Zn-terminated, labeled as (0001) plane or O-terminated, labeled as (0001) plane. The
convention is that the [0001] direction points from the (0001) plane to the (0001) plane, which
is defined as the positive z-direction. Throughout this work, the (0001) plane will be referred

to as Zn-polar and the (0001) plane as O-polar surface.

[0001]

Figure 2-1: Schematic representation of the wurtzite crystal structure of ZnO with the lattice constants

a and c. The polar c-axis [0001] pointing from the O-polar plane (blue) towards the Zn-polar plane (grey).

Many properties of ZnO like crystal growth, etch rate, spontaneous polarization and
piezoelectricity depend on its crystal structure and polarity. Crystal growth rate along the
[0001] direction is the fastest, while the [0001] direction shows the slowest growth rate.>> 5
On the other hand, it was shown that the O-polar surface is more rapidly etched than the Zn-
polar surface if an oxidizing etchant is used.>” Furthermore, a characteristic hillock morphology
appears on etched O-polar surfaces, while on the Zn-polar surface, only dislocation etch pits
occur. This fundamental difference in etching behavior can be used to determine the orientation
of the polar axis in a single crystal. A detailed discussion on piezoelectricity and spontaneous

polarization in ZnO is given in chapter 2.1.2.

2.1.2. Piezoelectric properties of ZnO

When a mechanical stress o is applied to a solid material, it responds with a proportional strain

S. Within the elastic limits, S and o are related by the elastic stiffness coefficient C;j; as

described by Hooke’s law:

0ij = Ciji1 Sk - 2.1




In a piezoelectric material, additional polarization charges are induced when the material is
mechanically stressed, generating a potential difference within the material. The electric field
originates from the deformation of the unit cell and a concurrent separation of the positive and
negative centers of charge, which in turn results in the formation of dipole moments. In ZnO,
the Zn?* cations and the 0%~ anions are coordinated tetrahedrally (Figure 2-2 (a)). When a
mechanical stress is applied in the c-direction of the crystal, the centers of the Zn2* cation and
the 0%~ anion sublattices are shifted relatively to each other. As a consequence, a dipole
moment is induced along the c-axis of the ZnO crystal (Figure 2-2 (b)). In this configuration,
negative polarization charges are generated on the Zn-polar surface while positive polarization
charges are induced on the O-polar surface. A mechanical stress perpendicular to the c-axis
results in an opposite relative shift of the positive and negative center of charge. Hence, the Zn-
polar surface will be positively charged and the O-polar surface negatively (Figure 2-2 (c)).
Throughout this work, the sign of the polarization charges is referred to as the ionic charge

generated due to the stress-induced, relative displacement of ions within the crystal.

Figure 2-2: Atomic model of the tetrahedrally coordinated Zn?* cations (grey) by 0?~ anions (blue). The
application of a mechanical stress along (b) or perpendicular (c) to the c-axis results in a relative shift of

the cation and anion sublattices. As a consequence, a dipole moment along the c-direction is induced.

The generation of piezoelectric polarization by the application of a mechanical stress or strain
is referred to as the direct piezoelectric effect. The piezoelectric stress coefficients d; j, and strain
coefficients e;j, correlate the produced piezoelectric polarization (P;) to the applied stress or

strain:

P; = dijkoji = €k Sjk - (2.2)

When an external electric field (E) is applied to a piezoelectric crystal, the material produces

strain. This effect is referred to as the converse piezoelectric effect:




Sij = dijkEk. (2.3)

Following the Voigt natation and under uniaxial stress, the three indices of the piezoelectric

tensor (d;j,) can be reduced to only two indices. The piezoelectric stress tensor (d;j) of

wurtzite structured ZnO (space group P6smc), has 3 independent components ds4, dz3, and dy5:

0 0 0 0 ds O

The coefficients ds; and d;; relate the piezoelectric potential induced along the c-axis by a
uniform stress in the basal plane (ds;) and along the c-direction (ds3), respectively. The d;s
value describes the polarization induced perpendicular to the c-direction by a shear strain. The
sign of the piezoelectric tensor is defined with the positive direction going along the c-axis from
the cation to the anion.*” 48

However, the high intrinsic n-type conductivity of as grown ZnO can cancel the piezoelectric
potential by redistribution of internal charges. This screening mechanism is detrimental of a
detection of a piezoelectric potential and makes it difficult to measure the piezoelectric
coefficients of Zn0.°® >° However, experimentally measured piezoelectric coefficients are
available from a resonance-antiresonance method on lithium doped ZnO crystals. Hutson®
reported piezoelectric coefficients of d;3=12 pC/N and ds;=-4.7 pC/N while Kobiakov®!
measured d;3=12.3 pC/N and d3;=-5.12 pC/N. Measurements were performed on lithium
doped crystals since it reduces the free charge carrier density and thereby possible screening
effects of polarization charge. The screening mechanism by free charge carriers not only
complicates the determination of piezoelectric coefficients in ZnO but is also discussed as the
limiting parameter when using ZnO in energy harvesting applications.®? In addition, an
influence of the free charge carrier density on piezotronic strain sensors has been reported,
which will be further discussed in chapter 2.2.5. Besides reducing the internal charge carrier
concentration, also the formation of a depletion region in the vicinity of a Schottky contact is
known to prevent screening of the piezoelectric potential and can thereby improve the
performance of piezotronic devices. Therefore, the influence of free charge carrier density as
well as the existence of a depletion layer on the attainable piezoelectric properties of ZnO is
experimentally addressed by measuring d;; and d3; as a function of temperature, frequency,

and electrode material within chapter 5.2.




Spontaneous polarization

The wurtzite crystal is the structure with highest symmetry capable to exhibit spontaneous
polarization (P,).%® Wurtzite structured ZnO fulfills all three requirements for the existence of
spontaneous polarization, i.e. the presence of a unique polar axis, the deviation of the internal
cell parameter u from its ideal value of 3/8 and the ionic bond character. The spontaneous
polarization induces negative polarization charge on the Zn-polar surface, and positive
polarization charges on the O-polar surface. Most reports on the magnitude of the spontaneous
polarization in ZnO are based on ab initio calculations. Massidda et al.®* report a value of Pg =

—0.047 C/m? while Dal Corso et al.#’ give a slightly higher value of P, = —0.057 C/m?.

2.1.3. Semiconducting properties of ZnO

ZnO is a direct wide band gap semiconductor with a large free-exciton binding energy of about
60 meV.% The experimental band gap of ZnO is reported to be in the range of 3.3 to 3.44 eV.%>
 Large bulk ZnO single crystals are commercially available, often fabricated by the
hydrothermal method.®” A major issue for the development of semiconductor devices based on
ZnO is the control over the electrical conductivity. ZnO crystals nearly always feature
unintentional n-type conductivity for which native point defects and impurities are discussed as
possible origin.®® The tendency of ZnO to preferentially exhibit n-type conductivity makes it an
interesting candidate for the fabrication of transparent conducting films, possibly replacing the
widely used indium tin oxide films in such applications.®

On the other hand, reliable p-type doping is therefore a very difficult challenge where native
point defects can act as compensating species for intentional acceptor doping.”® Since defects
define the electrical conductivity of ZnO single crystals, which in turn influences the
performance of piezotronic devices, the role of important native point defects and impurities
shall be briefly reviewed. In this chapter, numerous information was taken from review papers

by A. Janotti and C.G. Van de Walle”!, M.D. McCluskey and S.J. Jokela’?, and P. Erhart et al.”.

Oxygen vacancies

The oxygen vacancy (V,) was historically often discussed as source of unintentional n-type
conductivity in ZnO. The reason was, that V,, can act as donor and has a rather low formation
energy compared to other donor type defects.”* Recent theoretical and experimental work
demonstrates, that V,, is more a deep than shallow donor.” 7% In addition, when the Fermi-level
(Er) moves close to the conduction band minimum (CBM) the formation energy of V,, increases
and therefore cannot be responsible for the unintentional n-type conductivity.”* For Ez moving

close to the valence band maximum (VBM) which is the case for p-type condition the stable




state for V,, is the double positively charged state (V) with low formation energy.” Hence, V,,

can act as compensating center in p-type ZnO.

Zinc vacancies

The removal of a Zn atom and formation of a Zn vacancy (Vy,) results in a defect capable to
accept two electrons. Consequently, V,, acts as acceptor. The formation energy of acceptor
defects is low in n-type material (Er close to CBM) and high in p-type material (Er close to
VBM). Therefore, V,, should play a minor role for p-type doping of ZnO but it has been proven

to be one of the dominating centers for n-type compensation.”’

Zinc interstitials

Zinc interstitials (Zn;) donate two electrons to the conduction band and will therefore act as
shallow donor. Like other donors, Zn; features a high formation energy in n-type material.”®
Furthermore, they have low migration energy and become mobile at temperatures of around
130 K and therefore tend to diffuse out of the sample or to bind with other defects or impurities.
7479, 80 As a consequence of the high formation energy and low migration energy, Zn; are very

unlikely to significantly contribute to unintentional n-type conductivity in ZnO.

Other native defects
The formation energies of O and Zn antisites, and O interstitials are high, making them unlikely

to be present in high concentrations at ambient condition.”

Since the above discussed native defects are shown not to be responsible for the observed
unintentional n-type conductivity in as grown ZnO single crystals, impurities acting as shallow

donors or acceptors are discussed in the following.

Donor impurities

An important group for donor doping in ZnO are the group-IIl elements such as boron,
aluminum, gallium and indium. When incorporated on the Zn-site of the ZnO lattice, they act
as shallow donor introducing one free electron to the conduction band at moderate
temperatures. Doping strategies based on group-III elements are often applied in the field of
ZnO-based transparent conductive thin films to increase the electrical conductivity.®!®* But also
in as grown single crystals, impurities of group-IIl elements are reported to be present, thus
possibly contributing to the observed unintentional n-type conductivity.®* Recently hydrogen is
seen as a promising candidate to explain the background n-type conductivity in ZnO crystals. It

has been shown that interstitial hydrogen does not behave as amphoteric dopant in ZnO, as it
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does in almost all other semiconductors, but that H; is the only thermodynamically stable state.
Hydrogen can therefore exclusively act as donor in ZnO.8> Experimental evidence of hydrogen
acting as donor dates back to the 1950s when Thomas and Lander®® reported an increase in
electrical conductivity of ZnO single crystals due to the incorporation of hydrogen into the ZnO
lattice. Similar to group-III elements, hydrogen is known to be present in nominally undoped

ZnO single crystals.%”

Acceptor impurities

Despite the controversy about reproducible and stable p-type doping of ZnO, several acceptor
states are known for ZnO which at least have a pronounced influence on the electrical properties
by compensating n-type conductivity. Possible acceptor dopants are the group-I elements
lithium (Li), sodium (Na) and potassium (K) as well as the group-V elements nitrogen (N),
phosphorus (P) and arsenic (As). Li is known to be present in hydrothermally grown ZnO single
crystals. In n-type ZnO, Li is incorporated on a Zn lattice site where it acts as shallow acceptor
compensating n-type conductivity, Incorporation of Li is there a possible explanation for the
observed low electrical conductivity in hydrothermally grown ZnO single crystals.®® By reducing
the free charge carrier density, Li doping enabled the first experimental measurements of the

piezoelectric coefficients in ZnO as discussed in section 2.1.2.%°
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2.2. Metal-semiconductor contacts

Metal-semiconductor contacts play an important role in semiconductor industry either as
rectifying “Schottky” or as low resistive “ohmic” contacts. Ohmic contacts are designed to have
a polarity independent current-voltage (I-V) behavior with as low as possible contact resistance
to get signals in and out of semiconductor devices. On the other hand, rectifying Schottky
contacts are active elements with diode and transistor applications.®” The same applies for
piezotronic devices, where ohmic contacts are used to sense the piezotronic effect, while
Schottky contacts are active elements which can be tuned by stress-induced piezoelectric
polarization. In this chapter, the Schottky barrier formation and piezotronic modification of the

potential barrier to ZnO shall be introduced.

2.2.1. Schottky barrier formation

Whether a metal-semiconductor contact shows rectifying or ohmic behavior is defined by the
presence or absence of an electrostatic potential barrier at the interface. The potential barrier
formation process was first described by Walter H. Schottky®® and Neville F. Mott.” When a
metal makes intimate contact to a semiconducting material, two requirements must be fulfilled.
The Fermi-levels of both materials align, and the vacuum level has to be continuous.
Consequently, the Schottky barrier height between a metal and n-type semiconductor (@sp) is
in first approximation defined by the difference between the metal work function (&,,) and the

electron affinity of the semiconductor (y):

bsp =Py — X- (2.5)

Throughout this work, @5, @, and y are defined as energy in electron volt (eV). The barrier
formation process of a metal - n-type semiconductor contact is schematically depicted in Figure
2-3. In contact, electric charges redistribute between the metal and the semiconductor. To align
the Fermi-levels, electrons flow from the semiconductor to the metal, leaving behind positively
charged donor states within the depletion region of the width W),. If the metal is seen as an
ideal conductor, the electrons flown from the semiconductor to the metal, accumulate in a very
narrow layer at the metal-semiconductor interface. The built-in potential (Vg;) describes the

potential across the depletion region within the semiconductor.
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Figure 2-3: Barrier formation process of metal — n-type semiconductor Schottky contact. (a) Energy band
diagram of metal and n-type semiconductor before contact. (b) Energy band diagram of the Schottky

contact in thermal equilibrium (Redrawn after S.M. Sze®?).

The electric field distribution (E(x)) and from this the potential variation (V(x)) can be

calculated by solving the one-dimensional (1-D) Poisson equation:

p(x) dE _ d*V 2.6)
gg dx  dx?’ '

with p(x) the charge distribution, &, the relative permittivity of the semiconductor and ¢, the
permittivity of vacuum. Under full depletion approximation, p(x) equals the effective donor
density gNj for 0 < x < Wp while p(x) = 0 for x > W), with q being the elementary charge.
The charge distribution of a Schottky contact under full depletion approximation is depicted in
Figure 2-4 (a). The positive charge inside the depletion region of the semiconductor (Qg.) is
exactly the same as the negative sheet charge in the metal (Q,). The resulting electric field
distribution (Figure 2-4 (b)) as well as the potential (Figure 2-4 (c)) variation can be calculated

using the Poisson equation (equation 2.6).
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Figure 2-4: Charge distribution (a), electric field distribution (b) and potential variation (c) of a Schottky

contact.

The electric field decreases linearly within the depletion region with the maximum electric field

(Emax) being located at the interface:

Emax = . 2.7)

The width of the depletion layer is related to the built-in potential by,

2gr‘c:OVBi
Wy = |[————. 2.8
D ’ N, (2.8)

In reality, the strong dependence of the Schottky barrier height on only the metal work function
and the semiconductor electron affinity, i.e. the Mott-Schottky relationship as described by
equation 2.5, is often not confirmed by experiment. The discrepancy between experiment and
Mott-Schottky relationship is attributed to the “Fermi-level pinning” phenomena. A vast number
of different models to explain the observed experimental data can be found in literature. A
detailed review of the different mechanisms and proposed models responsible for the pinning
effect was given in 2001 by R. T. Tung.”® The models introduce a dipole across the interface
with concurrent voltage drop (V;,;) to describe the pinning mechanism i.e. the insensitivity of

&g on @,,. The Schottky barrier height with the presence of an interface dipole is given by:**

Gsp =Py — x + qVipe - 2.9
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Ascribed physical mechanisms responsible for the formation of the interface dipole are either
interfacial defect states located within the band gap of the semiconductor or polarization of
chemical bonds which form between the metal and the semiconductor.’® * Surface defect
states, metal induced gap states, defect states, or disorder induced gap states have been
reported to be responsible for the formation of interfacial gap states. Figure 2-5 depicts the
band diagram of a metal-semiconductor contact with interfacial defect states. Depending on the
position of the charge neutrality level (CNL) relative to the Fermi-level at the interface, the net
charge of the gap states is either negative or positive. The net gap state charge is negative for
CNL lower than E while a positive net gap state charge can be seen if the position of the CNL
within the band gap is higher than Er. An electric dipole is formed between the charged gap
states and image charges within the metal, separated by a dielectric layer of a thickness 8y,.
The voltage drop (V,,+) across the interface depends on the net charge of the gap states (Q;s),

and the thickness (§¢4,) and dielectric constant (g;,,) of the interface region:

6Gap QGS

Vine = (2.10)

Eme€o

As a consequence, the observed Schottky barrier heights rather depend on the position of the
CNL at the interface than on the metal work function and the electron affinity of the

semiconductor as it would be predicted by the Mott-Schottky relation (equation 2.5).

~— E VBM

Figure 2-5: Energy band diagram of a metal-semiconductor contact with interfacial gap states located
inside the bandgap of the semiconductor. (a) Charge neutrality level below the Fermi-level resulting in
negative charged gap states and (b) charge neutrality level above the Fermi-level resulting in positively

charged gap states (Redrawn after Tung??).
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2.2.2. Schottky barrier characterization

Current transport across Schottky contacts can be facilitated by different mechanisms such as
thermionic emission across the barrier, tunneling or field emission through the barrier as well
as recombination in the space charge region and minority carrier injection. For Schottky
contacts, the current transport is mainly dominated by majority charge carriers (electrons for
n-type semiconductors).”? The direction-independent current transport across laterally
homogeneous barriers to moderately doped semiconductors in thermal equilibrium can be

described by the thermionic emission of electrons across the potential barrier:%?

qPsp
— 4*T2 (_ ) 2.11
JrE exp T ( )

with Jg the current density, A* the Richardson constant of the semiconductor, k the Boltzmann
constant, and T the temperature. The rectifying properties arise from the different response of

the barrier to forward or reverse biasing (see Figure 2-6).

(@) (b)

Figure 2-6: Current transport across a Schottky barrier by thermal emission process in thermal

equilibrium (a), under forward bias (b), and under reverse bias (c).

Under forward biasing (Figure 2-6 (b)), the barrier for the electrons flowing from the
semiconductor to the metal (Js-_p) is reduced to @55 — qV with,

_ ((DSB - qV)) . (212)

oy = AT? (
Jscom exp kT

The current density flowing from the metal to the semiconductor (Jy_sc), however, is not

dependent on the applied voltage and is given by equation 2.11. J,,_,¢c is in literature referred
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to as saturation current density J,. The net current flow across the Schottky contact (J) is hence

given by:
|4
] =Jscom=Jo =T [exp (35) - 1]. (2.13)
with  Jy = A'T?exp (- 258, @19

For forward biased ideal Schottky contacts, the -1 term in equation 2.13 can be neglected if the
applied voltage is sufficiently large (V > kT/q). Hence, the current density increases
exponentially with increasing voltage. For the reverse biased ideal Schottky contact (Figure 2-
6 (c)), Jsc—m becomes much smaller compared to J,,_,sc and the reverse current density is given
by J,. Since lateral inhomogeneity, image force lowering and deviations from pure thermionic
emission lead to deviations from the ideal current-voltage (I-V) response as described by

equation 2.13, the empirical ideality factor n has been introduced:

I=1 [exp (anVT) - 1]. (2.15)

For an ideal Schottky contact, n should be unity, however, the analysis of real I-V characteristics
often reveals n > 1. For semi-logarithmically plotted I-V characteristics, n can be determined

from the slope of the linear region in the forward biased region:®’

n= :_T(%>_l. 2.16)

By extrapolating the linear region to V = 0, the saturation current J, can be determined, from

which the effective barrier height ®¢ can be calculated by:*?

kT A*T?
¢SB = 7 ln . (2.17)

Figure 2-7 schematically depict the linear (a) and semi-logarithmic (b) I-V plot of a typical
Schottky contact.
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Figure 2-7: Schematic I-V characteristic of a typical Schottky contact. (a) Linear representation with
reverse biasing (left) and forward biasing (right). (b) Semi-logarithmic representation from which J, and

n can be determined.

2.2.3. Schottky barrier formation at metal - ZnO interfaces

Reliable fabrication of Schottky contacts to ZnO remains a challenge with a broad range of
reported Schottky barrier heights for the same metal as summarized in a comprehensive review
paper by Brillson and Lu®. Silver (Ag), Gold (Au), and Platinum (Pt) are widely used to create
comparably high Schottky barriers to ZnO, but the classical Mott-Schottky relation as described
by equation 2.5 barely holds for the prepared contacts. Values for @5 to n-type ZnO for Ag,
Au, and Pt contacts are reported to be in the range between 0.6 and 0.8 eV, regardless of their
different work functions.®®19? Extrinsic factors such as surface defect density, morphology,
chemical composition, and chemical interaction between the metal and ZnO crystal play a
crucial role for fabricating high quality Schottky contacts. For example, with increasing density
of native defects at and below the surface of a ZnO crystal, the contacts can change from ohmic
(high defect density) to strongly rectifying (low defect density).!®® Allen and Durbin'®*
correlated the density of oxygen vacancies at the interface to the magnitude of the observed
Fermi-level pinning at 0.7 eV below the conduction band. Hence, for the preparation of higher
Schottky barriers, a low density of oxygen vacancies would be required. In addition,
hydrocarbon and hydroxyl adsorbates at the surface were reported to strongly influence the
quality of the Schottky contacts, emphasizing proper cleaning of the surface, for example by a
remote oxygen plasma.'%197 Further complexity arises, when a chemical interaction between

the deposited metal and the ZnO semiconductor is accounted for. In II-VI semiconductors, such
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interactions can dominate the overall Schottky barrier formation process.'®® Chemical bonds
formed between the metal and the semiconductor can be polarized and hence, change the
obtained barrier heights by creating an interfacial dipole with concurrent voltage drop (V,,+).>*
Furthermore, the chemical reaction can induce defects, such as oxygen vacancies which strongly
pin the Fermi-level.1%* 19% 110 The above mentioned mechanisms can have a strong lateral
variation across a ZnO surface, making it difficult to prepare contacts with homogeneous barrier
height, especially for large area contacts.!'! In addition, various studies report an influence of
the polarity on the attainable Schottky barrier height. Most reports state higher @¢5 for contacts
fabricated on the Zn-polar surface than on the O-polar surface. The differences were attributed
to different defect formation energies depending on Zn- or O-termination or the difference in
band bending due to the existence of spontaneous polarization.!'? ''* In summary, despite the
recent progress in understanding and optimizing the Schottky barrier formation process to ZnO
together with the introduction of different theoretical models to quantitatively describe the
formation process, experimental fabrication of homogeneous barriers with large area and low

ideality factors remains a non-trivial task.

2.2.4. Ohmic contact formation in ZnO

To create an ohmic contact, the potential barrier height created at the metal — ZnO interface
should be as low as possible. Therefore, the difference between the work function of the metal
and the electron affinity of ZnO should be small. Due to the interaction between the metal and
the semiconductor, this simple rule is often violated since Fermi-level pinning, as already
described in chapter 2.2.1, leads to deviations from the Mott-Schottky equation. By the
introduction of a highly doped layer at the surface of the semiconductor, the depletion width
can be reduced, increasing the tunnel probability. Hence, basically an ohmic contact is formed.
For ZnO, various metallization schemes are utilized to prepare ohmic contacts, as summarized
in a review article by Brillson and Lu®. Titanium (Ti) and aluminum (Al) are widely employed
to fabricate ohmic contacts to ZnO with low contact resistance.!'* 1> The work function of Ti
(4.28 eV) and Al (4.33 eV) are in the range of the electron affinity of ZnO (~4.2 eV).}'% 117 In
addition, Ti and Al are reactive metals which tend to react with oxygen when brought in contact
with ZnO and thereby increase the oxygen vacancy concentration.!*® Therefore, an increase in
defect concentration increases the subsurface donor doping level which in turn reduces the
depletion width so that tunneling is facilitated. The high reactivity of Ti and Al makes it
necessary to cover the contact with a thin layer of Au to prevent surface oxidization. Besides

ohmic contacts based on elementary metals, annealed indium tin oxide (ITO) on ZnO has also
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been shown to exhibit ohmic characteristics, which is especially useful when transparent

contacts are required for the desired application.!?®

2.2.5. Piezotronic modulation of Schottky contacts

As stated before, the piezotronic effect describes the modulation of electrostatic potential
barriers by stress-induced piezoelectric polarization charges. The term “piezotronics” was
coined, when a change in electrostatic potential barrier could be observed at a metal — ZnO
nanowire contact.! In this chapter, the current understanding of the fundamental mechanism
of the piezotronic influence on metal — ZnO Schottky contacts will be reviewed. Following the
Poisson equation (equation 2.6), the potential distribution at a metal-semiconductor contact
and with this, the Schottky barrier height is defined by the spatial electric charge distribution.
Hence, it is straightforward to expect a direct influence of piezoelectric charges on the
properties of a Schottky contact. Experimental evidence for the interaction between
piezoelectric charge and the Schottky barrier height was already observed in the 1990s for GaN
and GaAs.!® 2 In 2011 Y. Zhang et al.*® published an article on the fundamental theory of
piezotronics to rationalize the increasing experimental work on ZnO-based piezotronic devices.
The piezoelectric properties of the material are characterized by the polarization vector P; as
described by equation 2.2. Depending on the applied stress together with the piezoelectric stress
coefficient of the material, positive or negative polarization charges will be generated on the
Zn- or O- polar surfaces of a ZnO single crystal. In classical theory of piezoelectric materials,
this polarization charge is considered as a surface charge. If a positive piezoelectric surface
charge (Qp) is induced at a Schottky contact, an increase in Q,, by the same amount will
compensate for Qp. Depending on the position of Q. and Qp, the electric field distribution in
the vicinity of the contact will change and hence, a change in Schottky barrier height will be
observed. Figure 2-8 depicts different situations which could rationalize the observed

piezotronic modulation of metal-semiconductor contacts.
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Figure 2-8: Schematic diagrams of the charge distribution ((a),(d),(g)), electric field distribution
((b),(e),(h)) and the resulting energy band diagram ((c), (f), (i)) of a Schottky contact with stress-
induced positive polarization charges. In (a),(b), and (c) the piezoelectric charges are fully screened by
free electrons in the metal, hence no piezotronic modulation of the Schottky contact can be observed. In
(d), (e), and (f) the piezoelectric charges are assumed to be distributed within a finite width Wp;,,,. In
(), (h), and (i) the piezoelectric charges are again assumed to be surface charges, but are separated by

a finite distance, 854y, from the screening charges within the metal.

In Figure 2-8 (a)-(c), the piezoelectric charges are assumed to be an infinitely thin surface
charge density at the top layer of the piezoelectric semiconductor. The metal is assumed to be
an ideal electrode with infinitely small screening length. Hence, the piezoelectric charge will be
perfectly screened by free electrons in the metal. As a consequence, the electric field distribution

and with this, the energy band diagram of the Schottky contact are not affected by stress-
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induced piezoelectric charges. Similar considerations are discussed within the field of thin film
ferroelectrics, where the screening properties of metallic electrodes have profound influence on
e.g. the magnitude of ferroelectric properties.!?® 12! Since perfectly screened piezoelectric
charges do not rationalize the observed modulation of Schottky barriers, different models which
could explain the change in electric field distribution have been introduced. They rely on a
spatial separation of the piezoelectric charge and the metal screening charge.

Zhang et al.?® assumed the nature of the piezoelectric charges not being an infinitely thin surface
charge density but a spatial piezoelectric charge distribution within a defined width Wp;,,,, as
depicted in Figure 2-8 (d). In analogy with the classical theory of Schottky contact formation,
the electric field distribution can be calculated by solving the 1-D Poisson equation (equation
2.6). The changed maximum electric field (E,;,,) located at the interface can be calculated

when the piezoelectric charge density (ppjezo) is known:

q
|EMax| = [ND Wp + Ppiezo “Piezo] . (2.18)
Er&o

From solving the Poisson equation for the charge distribution as depicted in Figure 2-8 (a), an
increase in potential barrier height would be observed. However, Zhang et al. assumed a change
in W, by the generation of piezoelectric charges and considered the piezoelectric polarization
as “perturbation” to the CBM. Subsequently, the resulting change in potential distribution and
with this, the change in Schottky barrier height due to the generation of piezoelectric charge in

their model is given by:

2 2
4" Ppiezo WPiezo

2.19
2&,.€g ( )

bgp = (D.S(‘)B -

The model as described by equation 2.19 rationalizes the experimentally observed decrease in
potential barrier height for positive piezoelectric charges as well as the increase in potential
barrier height for negative piezoelectric charges. It further prompts, that the magnitude of the
barrier change does not only depend on the amount of stress-induced piezoelectric charge, but
also on their spatial distribution (Wp;,,,). Zhang et al.>® assumed Wp;,,, to be 0.25 nm for their
calculations without giving further explanation of the physical origin for their assumption.
Later, first principle simulations were applied, to shed light on the physical origin and width of
the piezoelectric charge distribution.'?* 123 From density functional theory (DFT) calculations,
the atomic arrangement and with this, the piezoelectric charge distribution width were

determined. Liu et al.'®® determined Wp;.,, = 4.1 A for an Ag contact on the O-terminated
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surface of an ZnO single crystal and Wp;,,, = 3.7 A for an Ag contact on the Zn-terminated
surface, respectively. In comparison to the depletion width (Wp), Wpjez, is rather small.
Therefore, the expected changes in potential barrier height should also be small, especially for
low values of applied mechanical stress. A similar concept was utilized to explain the barrier
height adjustment by introducing a thin dopant layer (<10 nm) into the surface of the
semiconductor prior to the Schottky barrier fabrication.'®* The introduction of different ions by
low-energy ion implantation was used to reduce or increase the effective Schottky barrier height
at a metal-semiconductor contact.'?> 126 However, the doping concentrations and the width of
the ion distribution are much higher compared to typical values of piezoelectric polarization.
Furthermore, the mechanism behind the interaction of surface doping and barrier height was
attributed to enhanced quantum mechanical tunneling.!?®

Another model which may be highly applicable to describe the piezotronic modulation of
Schottky contacts was proposed by Pintilie and Alexe'®. The model was originally introduced to
explain the interaction between ferroelectric polarization and Schottky contacts in metal-
ferroelectric-metal heterostructures. In contrast to the model presented by Zhang, the
polarization charges are not distributed over a finite distance (Wp;.,,) but are present as a sheet
of surface charge. The model assumes a finite distance (J54,,) between the polarization surface
charge and the physical interface of the metal (Figure 2-8 (g)-(i)). The polarization cannot be
completely screened by free charge carriers in the metal, hence the imperfect screening at the
interface results in a potential drop across the junction.'?” The potential which forms across the
interface can be calculated similar to equation 2.10 with the charge density of the gap states

being replaced by the piezoelectric polarization charge (Qp):

)
Vine = 222222 (2.20)
€me€o
The change in potential barrier height is then given by:
86apQ
Dgp = DYy — q— . (2.21)
€mt€o

Similar to the model by Zhang®, the magnitude of the barrier height change does not only
depend on the amount of piezoelectric charge, but also on the interfacial distance between Qp
and Q. The thickness of the interfacial layer &5, for metal-semiconductor contacts is reported
to be in the range of a few Angstrom, originating from adsorbed gas molecules or from an oxide

layer present between the semiconductor and metal electrode.!?8 12

23



Internal charge compensation

In general, the piezotronic effect scales with the amount of stress-induced piezoelectric
polarization charge. Primarily, this linearly depends on the applied mechanical stress and the
piezoelectric coefficient of the material. However, materials for piezotronic applications are not
ideal insulators but semiconductors with a finite number of free charge carriers. Therefore,
internal compensation of piezoelectric polarization by free charge carriers needs to be
considered as already pointed out by Alexe et al.>°. In n-type ZnO, the free charge carriers are
electrons and their density depends on the intrinsic and extrinsic defect concentration as
described in chapter 2.1.3. Furthermore, the abundant excitation energy, mainly thermal
energy and light energy, can modify the free charge carrier density and with this, the internal
charge compensation. Hu et al.’® studied the influence of temperature on the piezotronic
performance of n-type ZnO nanowires with low, moderate, and high initial free charge carrier
density. They found, that with decreasing temperature, the piezotronic effect could be enhanced
for all types of nanowires. In addition, nanowires with low initial free charge carrier density
featured the highest piezotronic effect. The enhanced piezotronic performance was attributed
to a reduced compensation of the piezoelectric polarization by reducing the number of free
charge carriers. Lu et al.’®! confirmed the proposed mechanism by artificially tuning the free
charge carrier density under ultraviolet illumination. In the vicinity of a Schottky contact, the
semiconductor is depleted from free charge carriers, which further reduces the internal

compensation of the piezoelectric polarization as pointed out by Lu et al..'*?
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2.3. ZnO-based varistor interfaces

Similar to the Schottky barrier height at metal-ZnO junctions, stress-induced piezoelectric
polarization can modify so called double Schottky barriers (DSB) at ZnO-ZnO interfaces. This
mechanism was first discovered at the grain boundaries in polycrystalline varistor ceramics and
experienced renewed interest when ZL Wang introduced the field of piezotronics.! A main
objective of this work is to study the piezotronic potential of individual ZnO-ZnO varistor-like
interfaces. Therefore, the formation mechanism of DSBs as well as their interaction with

piezoelectric polarization will be reviewed in this chapter.

2.3.1. Double Schottky barrier formation

The distinctive feature of DSBs at ZnO-ZnO interfaces is their highly nonlinear I-V characteristic.
Below a breakdown voltage (V;), only a small leakage current flows, while the current increases
by orders of magnitude when Vg is exceeded.** 13* The origin of the nonlinear I-V behavior is
the existence of an electrostatic potential barrier, induced by a bound negative sheet charge at

the ZnO-ZnO interface. The barrier formation process can be visualized by a thought experiment

135

based on a bicrystal configuration as introduced by Pike.

)

n-type ZnO GB

Figure 2-9: Schematic band diagram of the double Schottky barrier formation process at ZnO-ZnO
interfaces. (a) Separated bicrystal configuration with defect state located within the grain boundary (GB)
layer. (b) Fermi-level aligned bicrystal configuration with bound negative sheet charge captured in GB

defect states, leading to symmetric band bending into adjacent ZnO crystals (redrawn after Pike!3).

Figure 2-9 depicts the double Schottky barrier formation process at ZnO-ZnO interfaces. Two
n-type ZnO crystals are separated by an interface or grain boundary (GB) material. The GB
material is assumed to be of the same material as the ZnO crystals, hence it exhibits the same
band gap. In contrast to the crystals, the GB material has defect states located within the band

gap, which results in a different position of the Fermi-level (see Figure 2-9 (a)). In contact, free
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electrons from the n-type ZnO crystals will flow into the GB and occupy defect states until the
Fermi-level is aligned across the interface. A negative sheet charge builds up at the interface
(Q)), generating an electric field and inducing band bending into the two adjacent ZnO crystals
(see Figure 2-9 (b)). A detailed and widely accepted model for the potential barrier formation
at charged grain boundaries in semiconductors can be found in several reports, e.g. by Blatter
and Greuter.'**!% The band bending around the charged interface and from this the barrier
height (®ps5) and depletion width (Wp) can be calculated from the 1-D Poisson equation
(equation 2.6). Therefore, @55 sensitively depends on the details of the electronic charge

distribution at and in close vicinity to the interface as shown in Figure 2-10 (a).

(a) (b)
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Q;
N;(E)

EVBM

Figure 2-10: (a) Charge distribution of a symmetric double Schottky barrier at a ZnO-ZnO interface. (b)
Energy band diagram for constant distribution of interfacial defect states and only one shallow donor

defect state in the ZnO crystals (simplified from Blatter and Greuter!36).

The charge distribution for only one bulk donor defect state and a constant distribution of

interfacial defect states (N;(E)) is given by:
p(x) = qNp [0(x —Wp) — O(x + Wp,)] — Q;6(x), (2.22)

with Np the density of shallow donors in the bulk, Wp; and W), the depletion width in the left
and right crystal, @ the Heaviside step function, and § the Dirac delta function. The resulting

potential barrier height is then given by:

(Q:)?

—_— (2.23)
8qeregNp

Ppsp =
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The potential barrier height exponentially depends on the negative sheet charge accumulated
within the interfacial defect states. As origin of the defect states within the band gap and with
this the varistor action of the interface, dangling bonds as well as doping with large-sized ions
were discussed. In the following section, a short review on the current understanding of the

microscopic origin of the acceptor-like interface states is given.

Microscopic origin of interfacial defect states

The fast development of ZnO-based varistor ceramics since its discovery in the 1970s yielded
commercially successful products. A large extent of this development was driven by heuristic
methods with emphasis on optimizing compositions and manufacturing processes. Still, within
decade long research in the field, many reports tried to identify the defect formation mechanism
responsible for the varistor behavior. Starting from Matsuoka in 1971, bismuth and oxygen are
mainly discussed to have a key role in generating varistor behavior by segregating to the GBs
in ZnQ.%6 13% 140 Deep level transient spectroscopy and I-V deconvolution techniques were
utilized to shed light on the identity and distribution of interfacial defect states in polycrystalline
varistor ceramics.!*1*> Up to three independent defect state levels were found within the
bandgap at the interface, from which some are only partly filled. It was further shown, that by
varying the doping concentration or heat treatment, their concentration could be changed, but
their energetic position remained unchanged.'*® In addition, by moving from Bi to
praseodymium (Pr) doping, defect states with the same energy-position are observed.
Therefore, it is seen more likely, that large-sized ions like Bi and Pr do not directly form
acceptor-like defect states but are involved in their formation. A proposed mechanism is, that
Bi and Pr promote the formation of acceptor-like native defects at the GB, namely V,,, and 0;.*
145 First-principle calculations by Carlsson et al. further suggest, that a defect complex (Biy, -
V,. - 0;) is formed at the interface, especially in O-rich condition and that the complex induces
acceptor states within the band gap.!#> 146

Despite the fact, that GB misorientation and thereby dangling bonds alone are found not to be
responsible for acceptor state formation, in individual Pr doped ZnO interfaces, an increase in
I-V nonlinearity was observed with decreasing GB coherency.!*’-1%° The increase in nonlinearity
was attributed to a higher segregation of the large-sized ion Pr to the incoherent GB and hence
a higher interfacial defect state density. Also in Bi doped ZnO interfaces, an influence of the GB
structure on the electrical properties is known.'*® Furthermore, an influence of the GB polarity
on the attainable barrier height was demonstrated. High barriers were predominantly observed
at interfaces with at least one O-polar plane of an adjacent ZnO grain contributing to the GB

formation.™! 152
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The complex interaction between extrinsic and intrinsic defect states can also be accounted for
to describe the high sensitivity of the barrier formation process on the details of the temperature
treatment. Temperature treatment during manufacturing (sintering) and during a possible
subsequent annealing step influences the potential barrier height. ZnO and Bi,Os; form an
eutectic phase at 740 °C, therefore ZnO-Bi»Os-based varistors are typically prepared by liquid
phase sintering at around 1100 °C for several hours.!®® Besides the modification of the
microstructure, e.g. grain size, a prolonged sintering time as well as too high sintering
temperatures can reduce the Bi concentration at ZnO interfaces due to the volatility of Bi and
hence reduce the desired varistor behavior.'>* Furthermore, the segregation behavior and phase
type of Bi at the GB depends on the cooling rate.'* The concentration and distribution of native
defects, which are known to have a profound influence on the potential barrier height can be
influenced by temperature treatments.'>® Especially the present atmosphere during the heat
treatment is known to play a major role in the barrier formation process. Oxidizing atmospheres
have been shown to be beneficial for varistor behavior, while reducing atmospheres show
opposite effects. This was attributed to oxygen incorporation into the GBs of the ZnO

ceramic. 17 158

2.3.2. Electrical transport across double Schottky barriers

The formation of a double Schottky barrier at the grain boundaries of varistor ceramics results
in a typical nonlinear current voltage characteristic, which will be described in the first part of
this section. A detailed theoretical model of the charge transport across doped semiconductor
grain boundaries was given by Blatter and Greuter within two publications in 1986.13¢ 15 The
most relevant aspects therefrom, regarding this work, will be summarized in the second part of

this section.

Typical I-V characteristic of a varistor-type double Schottky barrier

Figure 2-11 depicts the typical I-V characteristic of a ZnO-based varistor ceramic. Due to the
symmetry of the double Schottky barrier, the I-V characteristic of a varistor is independent on
the polarity of the applied voltage. Below a characteristic “switch” or “breakdown” voltage (V3),
the current is determined by thermionic emission of charge carriers across the potential barrier
and follows an ohmic behavior (leakage current regime). When Vj, is reached, a highly nonlinear
increase in current can be observed with only a small increase in electric field. This regime is

often described by the empiric power law:*%: 160

[ Ve, (2.24)
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where « is the coefficient of nonlinearity. The @ value can be calculated by:

_d(inT)
N TE )

(2.25)

High a values are desirable for the application of varistors in the field of surge protection. Most
commercial varistor ceramics exhibit a@ values in the range between 30 and 80.!3* The
breakdown voltage for individual grain boundaries, which may be determined as the point
where a exhibits its maximum, is reported to be in the range of 3-3.5 V.'®° But slightly smaller
or large values were also reported for different kinds of grain boundaries.'®% 162 Last, in the high
current regime, the I-V characteristic again follows an ohmic behavior, where the resistivity is

mainly controlled by the resistivity of the ZnO grains.
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Figure 2-11: Typical current voltage characteristic of a double Schottky barrier. (a) Linear
representation, demonstrating the polarity-independent breakdown behavior. (b) Double

logarithmic I-V response visualizing the three distinct regimes.

Theoretical description of charge carrier transport
The electrical transport across DSBs can in general be described by thermionic emission of

majority charge carriers (electrons) across the potential barrier (®,s5) as described by equation
2.11:

—(Ppsp + €¢)

]TE = A*Tzexp ( kT )3 (2.26)

29



with €; being the position of the Fermi-level with respect to the CBM. Without the application
of an external voltage, J;5 flowing from the left grain to the right grain equals J;5 flowing in
the opposite direction. When a voltage is applied, @555, seen by an electron flowing from the
negatively biased grain towards the positively biased grain, is increased by qV. Therefore, the

total current density across the barrier is given by:

—(Ppsp + 5{) —qV
— A*T2 . — L
J(V) = A*T“exp ( T (1 exp( T )). (2.27)
In addition, the potential barrier height is a function of the applied voltage. The voltage-
dependent potential barrier height (&,55(V)) under the assumption of only one bulk donor

state is given by:

(Q7 — 2qNpVere)?

(2.28)
8qNpergg Qiz

Ppsp (V) =

This description alone cannot rationalize the experimentally observed I-V characteristic of
varistor grain boundaries. The extremely high nonlinear behavior arises from a so called “Fermi-
level pinning” effect at low voltages within the leakage current regime. The interface charge Q;
is not independent from the potential barrier height and hence, from the applied voltage. The
captured charge Q; is determined by the density of states (DOS) N;(E) and the position of the

Fermi-level at the interface (¢;):

Qi=q o dE Ni(E) f(E), (2.29)

with f(E) being the Fermi-level distribution and ¢* the Fermi-level of the neutral interface. The

Fermi-level distribution f(E) is given by:

1
fE) =7 T e E—E)/KT

(2.30)
The position of the interfacial defect states N;(E) with respect to the valence band maximum is
fixed. When a voltage is applied, the barrier height is changed according to equation 2.28 and
N;(E) shifts relatively to &;, as it can be seen from equations 2.29 and 2.30. If empty defect

states exist above the Fermi-level, the shift of N;(E) with decreasing barrier will lead to
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additional charge captured at the interface. Hence, Q; is a function of ®@,s5(V) and a lowering
in @psp can be partially compensated by an increase in Q;. This mechanism is referred to as
Fermi-level pinning. Only when N;(E) is completely filled, a further increase in voltage will then

lead to a rapid decay of @p¢p.

Ppsp +qV

Ecpm

Eypm Voltage (V/G B)

Figure 2-12: (a) Energy band diagram of a double Schottky barrier under the application of an external
voltage. One single bulk donor state and a rectangular distribution of N;(E) is considered. The amount
of Q; depends on the relative position of ¢; and N;(E), which is fixed to Ey ). (b) Potential barrier height

as a function of applied electric field (redrawn after Blatter and Greuter!36),

The efficiency of the pinning mechanism strongly depends on the amount of empty defect states
as well as on their distribution. Blatter and Greuter have calculated the voltage-dependent
potential barrier height for different distributions of N;(E), namely a single interface level, a
Gaussian distribution as well as a rectangular shape (Figure 2-12 (b)).!%¢ Regardless of the
different DOS, a rapid decay of @,55 can be observed when N;(E) is completely filled. The most
effective pinning is observed for one individual energy level of N;(E) while a rectangular
distribution features the weakest pinning. In reality, additional donor-like states in the bulk and
a more complex N;(E) would be expected to have additional influence on the real interface
behavior. Still, the simplified model is already capable of providing a profound explanation for
the transport properties of varistor grain boundaries for the leakage current regime at low
voltages. Furthermore, it can explain the observed temperature dependence of the leakage
current.

To rationalize the extremely high nonlinearities observed when the breakdown voltage (V) is
reached, an additional mechanism for a more rapid barrier lowering needs to be considered.
Mahan et al. were the first to propose the involvement of minority charge carriers (holes) to
explain the large nonlinearities observed at high electric fields.'® Besides a different transport

process involved, Pike seized the idea of hole generation by impact ionization in a subsequent
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model.'®® Under the application of a large electric field, electrons are accelerated into the
positively biased grain, where they can generate holes by impact ionization if they acquire high
enough energy. This process is referred to as “impact ionization”. Holes created by impact
ionization diffuse back to the interface where they can compensate the negative interface charge
and by this lower the potential barrier height. According to equation 2.27, a decrease in
potential barrier height will exponentially increase the current. Hence, the hole generation
increases and an “avalanche” process starts, which can result in extremely high nonlinearities.
Evidence for the hole contribution to the breakdown behavior of varistor ceramics was given by

electroluminescence measurements which are a direct proof of electron- hole recombination. '

2.3.3. Piezotronic modulation of double Schottky barriers

As piezoelectric polarization charges can modulate the electronic band structure of metal-ZnO
Schottky contacts, a similar mechanism can be expected for varistor-like DSBs. This chapter will
introduce the current understanding of the piezotronic modulation of DSBs in ZnO-based
varistor systems.

The first observation of a stress-dependent modulation of conductivity in ZnO-based varistor
ceramics was given by Wong and Bundy in 1976.%® The application of a uniaxial mechanical
stress revealed an increase in leakage current by orders of magnitude and a profound decrease
in a values. The change in electrical properties was shown to be partially reversible. The
observations by Wong and Bundy were confirmed by various authors.?® 6% 166 Gupta et al.’®
attributed the change in electrical conductivity to a stress-induced change in potential barrier
height. Emtage®* and Doshchanov'®” first discussed a possible interaction between piezoelectric
polarization charges and the charge distribution at the GBs of piezoelectric semiconductors as
origin of the barrier height modification. Verghese and Clarke? summarized the interaction of
piezoelectric polarization charge and potential barrier height within their article on the
piezoelectric contributions to the electrical behavior of ZnO varistors. They assumed, that the
interfacial sheet charge density Q; is modified by piezoelectric polarization charge Qp upon the
application of a mechanical stress. By solving the Poisson equation under the consideration of

Qp, equation 2.23 is modified to:

_ (Ql + Qp)z

Dpep = . 2.31
bsB 8qe,reoNp ( )

Under the assumption of an infinitesimally thin GB, the piezoelectric polarization charge is

composed of the contributions from the left and right grain:
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Qp = n(o-jlkdﬁjk — 0jkdiiK) (2.32)

with n being the grain boundary normal vector. Depending on the relative orientation of the
two adjacent grains, a net positive or a net negative Qp is generated under e.g. a uniaxial
compressive stress as depicted in Figure 2-13. The generation of a positive Qp will compensate
the negative Q; and therefore reduce the barrier height, while a negative Qp will increase the
overall Q; and hence increase the potential barrier height. At least qualitatively, this mechanism
was experimentally proven by Raidl et al.?’ in measuring individual GBs of low-voltage

multilayer varistors.
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Figure 2-13: Charge distribution under the application of uniaxial compressive stress perpendicular to an
O|O- and Zn|Zn-interface. For the O|O-interface, positive piezoelectric charges are generated (a), while
for the Zn|Zn-interface, negative piezoelectric charges are generated (c). The corresponding charge
distributions are depicted within (b) and (d). The simplified potential barrier height under the influence
of piezoelectric polarization charges after the model of Verghese and Clarke?> is shown in (e), with a
decreasing potential barrier for positive piezoelectric charges and an increasing potential barrier for

negative piezoelectric charges.

Baraki et al.'®® extended the simplified model from Verghese and Clarke by considering the
voltage dependence as well as a possible Fermi-level pinning effect as described by Blatter and

Greuter. By considering a piezoelectric contribution, they extended equation 2.28 to:

((Qi +Qp)* — quDVErfo)z.

h (2.33)
8qNpereg(Q; + Qp)

Ppsg(V) =
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From stress and temperature-dependent I-V measurements on polycrystalline varistor ceramics,
they concluded an equivalent influence of voltage and mechanical stress on ®jgz. For low
electrical fields, they observed an insensitivity of @5 to slowly increasing mechanical load.
Only when the mechanical stress exceeded a specific value, the generated Qp directly leads to
a change in @,¢5. The necessary mechanical stress to modify @psp could be decreased by
increasing a simultaneously applied electric field. Therefore, they suggested, that empty defect
states above the Fermi-level can partially compensate an initial reduction in @,gp for the
generation of positive piezoelectric charges. This mechanism is analogous to the Fermi-level
pinning effect described within the previous chapter. By assuming a DOS of a Gaussian shape,
they were able to fit the experimental observations with model calculations. Figure 2-14

illustrates the interaction of the DOS and stress-induced Qp.
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Figure 2-14: Schematic band diagram of a DSB and its modification with piezoelectric polarization after

the model of Baraki et al.’%. (a) Initial potential barrier without the application of mechanical stress. The
interfacial defect state density (N;(E)) is assumed to have a Gaussian shape and exhibits empty defect
states above the Fermi-level (Ez). (b) Under the application of uniaxial compressive stress (g;), positive
piezoelectric charges tend to reduce the potential barrier height. The reduction of ®@,s; moves N;(E)
relative to Ep, therby empty defect states are filled which partially compensates the reduction of ®pgjg.
(c) For high mechanical stresses (g,), N;(E) is completely filled and a further increase in stress results in

a direct reduction of @¢p.

Most experimental studies on the modulation of @5 by piezoelectric charges were performed
on polycrystalline samples where percolating effect are known to play a major role. In addition,
it was shown, that mechanical stress has a profound influence on percolation on polycrystalline
varistor ceramics.?> 1% Hence, percolating effects and the influence of stress in percolation in

polycrystalline varistor ceramics will be shortly summarized in the following section.
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2.3.4. Percolating effects in polycrystalline material

Polycrystalline varistor ceramics can be seen as a 3-D network of grains and grain boundaries
where the grains are electrically conductive and the grain boundaries feature electrostatic
potential barriers. It was found, that the overall varistor response of the 3-D network to the
application of an electric field differs from the response of individual boundaries.'®® The mean
breakdown voltage as well as the coefficient of nonlinearity in the ceramic are lower than that
of an isolated grain. Emtage!®® attributed the formation of percolating pathways due to
variations in grain size to the observed reduction in breakdown voltage for polycrystalline
ceramics. Current localization has been visualized by electroluminescence measurements and
thermal imaging.'3* 170 171 It was furthermore shown, that the existence of different types of
grain boundaries can reduce the mean breakdown voltage and coefficient of nonlinearity.17>174
Variations in grain boundary properties were proven to exist by various microcontact studies.'®"
162,175,176 Nan and Clarke!’” nicely modeled the influence of increasing variations in grain size
and grain boundary potential barrier height on the electrical properties of polycrystalline
varistors. With an increasing standard deviation of a Gaussian distribution in potential barrier
heights, a decrease in nonlinearity and breakdown voltage as well as an increase in leakage
current was observed.

The stochastic model was later utilized to describe the influence of mechanical stress on the
electrical properties of a polycrystalline varistor ceramic.?> Due to the random relative grain
orientation in a polycrystal, the stress-induced piezoelectric polarization charge, which is given
by the total projection of the polarization vectors in the two adjacent grains, will vary from
grain boundary to grain boundary. Hence, the change in potential barrier height will also vary
among different grain boundaries. Verghese and Clarke could show theoretically, that, due to
the piezoelectric modification, the standard deviation in potential barrier height distribution
increases with increasing mechanical stress. An increasing standard deviation of barrier heights
causes percolation, leading to a decrease in nonlinearity and breakdown voltage as well as an
increase in leakage current as it was observed in experimental studies.?* 16> 166 Further evidence
for an interplay between mechanical stress and percolation in mechanically stressed varistor
ceramics was given by stress- and temperature-dependent conductivity measurements as
conducted by Baraki et al..'®® Even in stress-free condition, they observed a nonlinear trend with
variation in temperature from which it was concluded, that at least two processes contribute to
the overall conductivity through the polycrystalline sample. Similar nonlinearities were already
observed before.!”® The assumption of a small percolating pathway with lower activation energy
(~ 0.4 eV) within the majority of the material with higher activation energy (~1 eV) could

rationalize the observed temperature dependence.'®® Under the application of a uniaxial
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compressive stress, the observed nonlinearity increased, indicating, that the percolating effects
are enhanced. This demonstrates, that a few pathways show superior sensitivity to mechanical
stress in comparison to the majority of the material. With a pure increase in standard deviation
of potential barrier height distribution as supposed by Verghese and Clarke?, the experimental
results could not be fitted, since the highly conductive pathway was underrepresented. Raidl et
al.'”! studied the volume efficiency of a polycrystalline varistor ceramic under the application
of mechanical stress. With increasing stress, they observed a decrease in volume efficiency, i.e.
higher degree of localization, in the pre-breakdown regime. On the other hand, in the vicinity

of the breakdown voltage, a higher volume fraction took part in current transport.

2.3.5. Previous bicrystal studies

A major part of this work is to investigate the potential of individual varistor-like ZnO-ZnO
interfaces for piezotronic applications. One promising concept to gain control over the chemical
and structural properties of single interfaces is the preparation of bicrystals. Hence, in this
chapter previous studies on the fabrication of varistor-like bicrystal interfaces are reviewed.

In 1980 Schwing and Hoffmann'”® reported on the fabrication of a macroscopic varistor model
based on ZnO bicrystals with an intermediate layer of metal oxides. They inserted a thin foil
composed of a mixture of Bi2Os, MnO,, and Cos04 as well as a ceramic binder, in between two
ZnO single crystals before a subsequent sintering step under slight uniaxial compression. I-V
measurements revealed a breakdown voltage of 3.5 V and a coefficient of nonlinearity in the
range between 8 and 11, demonstrating the possibility to artificially mimic grain boundaries of
polycrystalline varistor ceramics. Probably due to the large thickness of the inserted foil (40
um) the fabricated bicrystals had a remnant intermediate layer of about 15-20 pm, which is in
significant difference to typical grain boundaries in polycrystalline varistor ceramics. In a later
publication, they were able to increase the coefficient of nonlinearity while decreasing the

180 Also Cheng et al.'®18% observed electrical

thickness of the remnant intermediate layer.
properties similar to that of typical varistor ceramics despite the presence of a large remnant
intermediate layer.

TIkuhara et al. tried to apply detailed transmission electron microscopy (TEM) studies to shed
light on the microscopic origin of defect state formation at varistor boundaries, as summarized
in a comprehensive review article.'* Therefore, well defined interfaces without the presence of
an intermediate dopant layer were inevitable. By replacing the thick foil, as utilized by Schwing
and Hoffmann'”’, with a thin metallic layer (~ 5 nm) to incorporate the dopants prior to

diffusion bonding, a clean interface could be achieved. With the deposition of only a thin dopant

layer, mainly small values for the coefficients of nonlinearity could be realized.
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Lee and Maier™!

studied the influence of inversion boundary polarity ((O)|(O) or (Zn) | (Zn))
on the electrical properties of ZnO-ZnO interfaces. By sputter deposition of a metallic dopant
layer (~ 50 nm) on the surfaces of ZnO single crystals before a diffusion bonding step, they
were able to prepare interfaces with precise control over the relative grain orientation.
Interfaces with (O)|(O) polarity featured significantly higher varistor action compared to
(Zn) | (Zn) boundaries. Peak values for the coefficient of nonlinearity of around 40 were
achieved, which is comparable to values observed in polycrystalline varistor ceramics. Similar

values could be reported for interfaces where Bi was replaced by Pr doping.®*
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3. Concept and aim of this work

The piezotronic effect, hence, the coupling of piezoelectric and semiconducting properties to
tune the charge transport across electrostatic potential barriers is proposed as mechanism for
the development of innovative multifunctional electronic devices like strain sensors, optical
sensors, strain triggered transistors or energy harvesters.? A large number of publications
proposes piezotronic devices based on metal-ZnO nanowire Schottky contacts, nicely
demonstrating the capability of the piezotronic effect for the development of innovative
electronic devices. However, the application of ZnO nanostructures in most studies goes along
with experimental difficulties leading to open questions regarding the physical interpretation
of experimental data on the mechanically tuned conductivity across Schottky contacts. The
experimental drawbacks of the nanostructure studies are listed below:

1. Schottky contacts are often applied on both polar surfaces of the nanostructures.'®

2. Schottky contacts ore often not only applied on the polar surfaces but also on the non-

polar sides of the nanostructures.>?

3. Bending of the nanostructures under the application of a high mechanical load leads to

a complex distribution of the piezoelectric potential.'®®

In the first part of this work, the above-mentioned experimental difficulties are avoided by
utilizing individual Schottky contacts on either the Zn- or O-terminated surface of a bulk ZnO
single crystal, while on the corresponding opposite side ohmic back contacts are fabricated.
With this experimental approach, the overall electrical properties are dominated by the
individual Schottky contacts. Furthermore, a homogeneous stress distribution within the bulk
ZnO single crystal allows to determine the precise amount of piezoelectric polarization charges,
which interact with the Schottky contact. Therefore, the experimental approach enables a direct
verification of the experimental data by theoretical models. The obtained results are discussed

in the first part of this work within chapter 5.1.

A second relevant question which shall be addressed within this work was raised by Alexe et
al.® in 2008. The typically high intrinsic n-type conductivity of ZnO is believed to screen the

stress-induced piezoelectric potential. Especially for piezotronic energy harvesters, the
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screening effect would significantly reduce the device performance. One mechanism to retain
the piezoelectric potential, despite of the high intrinsic conductivity of ZnO, is the formation of
a highly resistive space charge region in the vicinity of a Schottky contact.'®” To shed light on
the influence of a highly resistive space charge layer on the attainable piezoelectric potential in
ZnO as well as on the screening mechanism in general, direct piezoelectric measurements are
performed on bulk ZnO single crystals with two ohmic contacts or one Schottky contact,
respectively. In addition, the piezoelectric measurements are conducted over a wide
temperature range to gradually tune the free charge carrier density also for the crystal without
resistive space charge region. By varying the loading frequency, further information on the time
dependent screening mechanisms can be drawn. The results will be discussed in chapter 5.2 of

this work.

In the third part of this work, individual varistor-type ZnO-ZnO interfaces shall be prepared and
tested for their performance in piezotronic applications. Similar to the interaction between
piezoelectric polarization charges and the electrostatic potential at metal-ZnO Schottky
contacts, potential barriers at grain boundaries of polycrystalline varistor ceramics can be tuned
by stress-induced piezoelectric charges.'®® However, due to the random relative grain
orientation within a polycrystalline varistor ceramic, percolating pathways determine the stress
sensitivity of piezotronic devices based on varistor ceramics which prevents device design with
precise control over electrical and structural parameter. The fabrication of ZnO bicrystals by
epitaxial solid-state transformation with precise control over the structural (polarization vector
orientation) and chemical (potential barrier formation) parameter, allows to systematically
study the interaction between positive or negative piezoelectric charges and the potential
barrier height at varistor-type ZnO-ZnO interfaces. The investigations on the piezotronic
modulation of potential barriers at individual ZnO bicrystal interfaces will be presented in

chapter 5.3.

In the final part of this work, single crystal — polycrystal structures with varying amount of
remaining polycrystalline material in between two well oriented single crystals are prepared
and tested for their piezotronic performance. Like the preparation of individual ZnO bicrystal
interfaces, single crystal — polycrystal structures are prepared by epitaxial solid-state
transformation of a polycrystalline layer in between two ZnO single crystals. Different amount
of remaining polycrystalline material in between the single crystals can be achieved by
interrupting the epitaxial solid-state transformation at various stages of the required high
temperature treatment. Therefore, the studies on structures with interrupted epitaxial solid-

state transformation allow to reveal the influence of the high temperature treatment on the

40



stress sensitivity of piezotronic ZnO bicrystals. Furthermore, single crystal — polycrystal
structures close the gap between piezotronic devices based on polycrystalline varistor ceramics
and piezotronic devices based on individual ZnO-ZnO interfaces. The results on the piezotronic

modulation of single crystal — polycrystal structures will be discussed in chapter 5.4.

Simultaneous investigations of the above-mentioned approaches including studies on metal-
ZnO Schottky contacts as well as individual ZnO-ZnO interfaces allow a direct comparison of
the two concepts with respect to their performance in piezotronic applications. Advantages and
disadvantages of the different concepts should be identified, guiding and possibly broadening

future research activities in the field of piezotronics.
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4. Experimental

4.1. Preparation of metal-ZnO contacts

The investigation on the piezotronic modulation of potential barriers at ZnO - interfaces
required the preparation of different metal-based electrical contacts to ZnO single crystals.
Rectifying Schottky contacts were prepared on the two polar surfaces of bulk ZnO single crystals
to study the interaction of positive and negative piezoelectric charges on the Schottky barrier
height. Therefore, this type of contact can be seen as active element in a piezotronic device. The
preparation process of the applied Ag — based Schottky contacts is described in chapter 4.1.1.
On the other hand, ohmic contacts were utilized as back electrodes to sense the piezotronic
modulation of other active elements in the prepared piezotronic devices. The experimental

preparation process of ohmic contacts to ZnO will be summarized in chapter 4.1.2.

4.1.1. Ag - based Schottky contacts on ZnO

In order to prepare rectifying Schottky contacts on bulk ZnO single crystals, metallic Ag —
electrodes were deposited on either the Zn- or O- terminated surface of a 5 X 5 x 5 mm? single
crystal. All 6 surfaces of the ZnO single crystals (Alineason Materials Technology GmbH,
Frankfurt, Germany) were mechano-chemically polished by the manufacturer. Prior to contact
formation, ZnO single crystals were cleaned with acetone, ethanol, and de-ionized water in an
ultrasonic bath for 5 min. Metallic Ag electrodes with a thickness of about 150 nm were
provided via sputter deposition (Emitech K950X, Quorum Technologies Ltd, Laughton, UK). As
already discussed in chapter 2.2.3, reliable fabrication of Schottky contacts to ZnO highly
depends on extrinsic factors such as surface defect density, morphology, and chemical
interactions between the metal and ZnO. All these extrinsic factors could not be precisely
controlled with reasonable effort during this work. If the deposition of metallic Ag did not
produce Schottky contacts with satisfying rectification behavior, an additional annealing step
was conducted which is known to improve the rectifying behavior.!®® For samples utilized to
study the piezotronic modulation of Ag-based Schottky contacts (chapter 5.1), an additional
annealing step in air was performed at 400 °C for 2 h after sputter deposition of metallic Ag.
The Schottky contact applied in the piezoelectric measurement (chapter 5.2) was based on

metallic Ag.
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4.1.2. Ohmic contacts on ZnO

Ohmic back contacts to ZnO single crystals with Schottky contact on either the Zn- or O-
terminated surface were provided by Al/Au electrodes on the corresponding opposite side of
the single crystal. Al/Au electrodes were also prepared by sputter deposition (Q300TD, Quorum
Technologies Ltd, Laughton, UK). Ohmic electrodes used as contacts on the outer surfaces of
the ZnO bicrystals as well as on the single crystal — polycrystal structures were also based on
Al/Au.

Indium tin oxide (ITO) electrodes were used as ohmic contact on both polar surfaces of a ZnO
single crystal during the study of the piezoelectric properties of a ZnO single crystal without the
existence of a depletion layer (chapter 5.2). ITO electrodes were provided by sputter deposition

at 400 °C in collaboration with A. Klein (Surface Science, TU-Darmstadt, Darmstadt, Germany).

4.2. Electrical characterization of metal-ZnO contacts

Current — voltage (I-V) and impedance measurements were used to study the electrical
properties of the prepared metal-ZnO contacts. To investigate the electrical properties as a
function of applied mechanical stress, I-V and impedance measurements could be performed
inside a screw-driven load frame, as in detail described in chapter 4.2.1. To reveal a possible
correlation between free charge carrier density and compensation mechanisms of the
piezoelectric potential, temperature-dependent impedance measurements were performed
inside a cryostat and temperature chamber, respectively (chapter 4.2.2). The experimental
procedure to measure the temperature and frequency-dependent piezoelectric performance of

ZnO is described in chapter 4.2.3.

4.2.1. Stress-dependent electrical characterization

Stress-dependent electrical characterization was performed inside a screw-driven load frame
(Zwick 2010, Zwick GmbH & Co KG, Ulm, Germany). All measurements were conducted in the
so-called d;; arrangement with the load being applied perpendicular to the c-axis of the crystal,
while electrical measurements were performed parallel to the c-axis. Figure 4-1 schematically
depicts the applied measurement arrangement. The d;; arrangement was chosen to avoid a
direct application of mechanical stress onto the electrodes and with this unwanted changes in
the contact resistivity, e.g. due to mechanical deformation of the metal electrode itself.
Mechanical stress was increased to the desired stress level and held constant during the
electrical measurements. The application of a low mechanical load of 5 MPa was used to contact

the sample and will be treated as the stress-free state throughout this work.
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I-V measurements were recorded in a range between -1 V and 1 V using a source measurement
unit (Keithley 2450, Keithley Instruments Inc, Cleveland, USA). For each I-V curve, 201
measurement points were recorded by linearly increasing the voltage from -1 Vto +1 V in steps
of 0.01 V. Impedance spectra were recorded with an impedance analyzer (Alpha-A impedance
analyzer, Novocontrol GmbH & Co KG, Montabaur, Germany) in a frequency range between
1 Hz and 1 MHz. The amplitude of the probing signal was set to V,.,,, = 0.015 V' to ensure, that
the impedance spectra are not measured under forward biasing of the Schottky contact. For
equivalent circuit analysis of the impedance spectra, impedance spectrum analysis software

(RelaxIS 3, rhd instruments, Marburg, Germany) was used.

Al/Au
Ohmic contact

Ag - based
Schottky contact

[ Keithley 2450 ]

impedance analyzer

[ALPHA + ZGZ/ZG4]

o

Figure 4-1: Schematic representation of the so-called d;; arrangement used to measure stress-dependent
IV and impedance data of bulk ZnO single crystals with Schottky contacts on the Zn- or O-terminated
surface. Mechanical stress is applied perpendicular to the c-axis, while the electrical properties are

measured parallel to the c-axis.

4.2.2. Temperature-dependent impedance measurements

Temperature-dependent impedance spectra between -120 °C and 20 °C of the ZnO single crystal
with ITO electrodes on both polar surfaces were measured using a broadband impedance
spectrometer with integrated temperature controller (Quatro Cryosystem with Alpha-A
impedance analyzer, Novocontrol GmbH & Co KG, Montabaur, Germany). Impedance spectra
were recorded in a frequency range between 1 Hz and 10 MHz and a probe signal amplitude of
Voms = 0.015 V.

Temperature-dependent impedance spectra of the ZnO single crystal with Schottky contact
were measured within a screw-driven load frame (5967, Instron GmbH, Darmstadt, Germany)

equipped with a temperature chamber (TK 26.600.LN2, Fresenberger GmbH, Wipperfiirth,
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Germany). During the measurement, only a small preload of 5 MPa was applied, which is seen
as the stress-free state. Impedance spectra were recorded between -100 °C and 20 °C in a

frequency range of 0.01 Hz to 10 MHz and a probe signal amplitude of V., = 0.015 V.

4.2.3. Temperature-dependent direct piezoelectric measurement

All temperature and frequency-dependent piezoelectric measurements were conducted in
collaboration with F.H. Schader and K.G. Webber (Friedrich-Alexander-Universitat Erlangen-
Niirnberg, Erlangen, Germany). Direct piezoelectric measurements were performed inside a
screw-driven uniaxial load frame (5967, Instron GmbH, Darmstadt, Germany) equipped with a
temperature chamber (TK 26.600.LN2, Fresenberger GmbH, Wipperfiirth, Germany) as well as
a piezoelectric stack actuator (P-025.80, PI Ceramic GmbH, Lederhose, Germany). The
measurement system is schematically depicted in Figure 4-2 and was constructed by F.H.
Schader. A detailed description is given within his PhD thesis.'®’ The measurement principle is
based on a modified version of the measurement circuit originally developed by Sawyer and
Tower.'* In the modified Sawyer-Tower setup, the sample is connected in series to a reference
capacitor (Crer). Due to the direct piezoelectric effect, the application of a sinusoidal
mechanical stress to a piezoelectric sample produces a proportional voltage or polarization
response. For perfectly insulating samples, the stress-induced change in piezoelectric
polarization charge equals the charge captured on Cg.. Therefrom, the piezoelectric coefficient
d;3 and d3; can be calculated from the obtained polarization and stress amplitudes by applying

equation 2.2.

|
Load cell —+—»

Stack actuator T—»

Temperature
chzmb or ™ Modified Sawyer-Tower setup
|
Sample > ’_Lli
I CRef _|_ }VRef
Load frame

Figure 4-2: Schematic representation of the experimental setup used for temperature and frequency-

dependent measurements of the piezoelectric properties in the d;; orientation of ZnO single crystals.
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In this work, the piezoelectric stack actuator loaded the sample with a sinusoidal waveform
with an amplitude of + 2 MPa and frequencies between 1 Hz and 160 Hz. A preload of 20 MPa
compressive stress was retained by the screw-driven load frame throughout the measurements
to ensure good contact to the sample. The resulting polarization charge was measured with the
above described modified Sawyer-Tower setup using a reference capacitor with Cg.r = 4.6uF.
The attached temperature chamber allowed measurements within a temperature range between

-140 °C and 20 °C.

4.3. Epitaxial solid-state transformation towards ZnO bicrystals

Epitaxial solid-state transformation was facilitated to prepare ZnO bicrystals as well as single
crystal — polycrystal structures with varying amount of remaining polycrystalline material in
between two well oriented single crystals. A schematic of the fabrication procedure can be found
in Figure 4-3. In the first step, a thin polycrystalline sacrificial layer is placed in between two
ZnO single crystals. The polycrystalline sacrificial layer was prepared by a conventional mixed
oxide route with the composition being that of a typical varistor ceramic. The chemical
composition is chosen to introduce dopants and thereby induce electrostatic potential barriers
at the ZnO-ZnO interfaces. A similar process has been previously postulated by Marks et al.'*
to create sapphire bicrystals with controlled misorientation. After assembling the single crystal
— polycrystal — single crystal stack, diffusion bonding under a slight mechanical load provided
well bonded interfaces between the single crystal and the polycrystalline layer. A subsequent
high temperature treatment promotes epitaxial growth of the single crystals into the
polycrystalline sacrificial layer. For sufficiently long annealing times, the two interfaces impinge
and create an individual bicrystal interface with the orientation being defined by the initial
orientation of the single crystals prior to the diffusion bonding step. Due to different growth
rates in the O- and Zn-direction of the ZnO crystal, different annealing times were required to
create individual bicrystal interfaces with changed polarity. By reducing the time for epitaxial
growth, single crystal — polycrystal — single crystal structures with varying amount of remaining
polycrystalline material in between two well oriented ZnO single crystals could be prepared. In
the following, the experimental steps required to create individual bicrystal interfaces with
control over the structural and chemical parameter by epitaxial solid-state transformation of a
polycrystalline sacrificial layer will be presented. In a first step, the polycrystalline sacrificial
layer with defined chemical composition is prepared by conventional mixed oxide route
(chapter 4.3.1). In chapter 4.3.2, the experimental approach of assembling the single crystal —

polycrystal — single crystal stack in the desired orientation will be explained. The diffusion

47



bonding as well as the epitaxial solid-state transformation process will be described in detail in

chapter 4.3.3 and chapter 4.3.4.

(a) Stacking (b) Diffusion bonding
at 1100 °C in air

/_'1.5 MPa

ZnO single crystal
N

l, c-axis

/ T [ eais

Bi — based varistor ceramic t
(c) Epitaxial growth (d) Bicrystal formation
at 1100 °C under powder after 25 h for Zn|Zn

after 65 h for 0|0

t
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Figure 4-3: Schematic representation of the epitaxial solid-state transformation process. (a) Stacking of

the polycrystalline sacrificial layer in between two single crystals with desired c-axis orientation. (b)
Diffusion bonding of the single crystal — polycrystal — single crystal stack under a slight mechanical load
of 1.5 MPa in air. (c) High temperature treatment at 1100 °C promotes epitaxial growth of the single
crystals into the polycrystalline sacrificial layer. (d) Bicrystal formation after sufficiently long temperature

treatment of 25 h for Zn|Zn- and 65 h for O|O-interfaces, respectively.

4.3.1. Preparation of polycrystalline sacrificial layer

The preparation process of the polycrystalline sacrificial layer required the following steps.
Powder with the desired chemical composition was prepared by conventional solid-state
reaction process. Green bodies were prepared by uniaxial and cold isostatic pressing. A
following sintering step transferred the green body into a bulk polycrystalline varistor ceramics.
Thin plates with the dimensions 6 x 6 x 0.1 mm3 were machined out of the bulk ceramic. Both
large surfaces of the plates were carefully polished to ensure good contact between the
polycrystalline layer and the ZnO single crystals, prior to the diffusion bonding step. Figure 4-
4 features a flow chart of the overall preparation process, which will be explained in detail in

the following sections.
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Figure 4-4: Flow chart of the preparation process for the polycrystalline sacrificial layers with varistor

composition.

Powder processing

Starting powders (Alfa Aesar GmbH, Karlsruhe, Germany) were weighed in the following
composition (all values given in mol%) 97.27 ZnO; 0.6 Bi»Os; 0.63 Co304; 0.55 Mn(CsH,02)2;
0.35 Cr203; 0.6 NiO. All powders had a purity of over 99.5 %. Batches of 30 g were filled in
custom made nylon milling containers together with zirconia milling balls (Mithlheimer GmbH,
Birnau, Germany) and ethanol as milling medium. Milling in a planetary ball mill (Pulverisette
5, Fritsch GmbH, Idar-Oberstein, Germany) for 20 h at 250 rpm ensured mixing and grinding
of the starting powders. Drying in a ventilated furnace (Memmert GmbH + Co KG, Schwabach,
Germany) was conducted for around 48 h at 100 °C in order to evaporate the ethanol. After
grinding in an agate mortar, the powders were filled in alumina crucibles and sealed with a lid
before a calcination step was conducted at 600 °C for 5h using a box furnace (L9/KM,
Nabertherm GmbH, Lilienthal, Germany). The heating and cooling rates were set to + 2 K/min
during the calcination step. After an additional milling and drying step as well as grinding in
an agate mortar, the powders were sieved through a polymer sieve with a mesh size of 160 um

(Linker Industrie-Technik GmbH, Kassel, Germany).

Sample preparation

In order to prepare polycrystalline varistor ceramics, the prepared powder with the above-
mentioned composition was uniaxially pressed into disc-shaped pellets using a steel die with an
inner diameter of 15 mm. For each sample, approximately 1 g of powder was filled into the die
and uniaxially compressed with 6 kN in a uniaxial hydraulic press (RC106, ENERPAC,
Menomonee Falls, USA). Afterwards, the samples were vacuum sealed in latex tubes and
subsequent cold isostatic pressing in an oil bath (KIP 100 E, Paul-Otto Weber GmbH,
Remshalden, Germany) at 300 MPa for 90 s was applied to further increase the green body
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density. Green bodies were afterwards placed on a powder bed on an alumina plate. The
powder bed had the same chemical composition as the green bodies. In addition, the samples
were covered with the same powder, to prevent excessive evaporation of volatile constituents
during the sintering process. Sintering was performed in a box furnace (L16/14, Nabertherm
GmbH, Lilienthal, Germany) at 1100 °C with an isothermal sintering time of 2 h and heating
and cooling rates of + 5 K/min.

Square plates with an edge length of 6 mm were cut from the round pellets using a precision
diamond wire saw (Model 4240, well Diamantdrahtsdgen GmbH, Mannheim, Germany).
Subsequently, the platelets were ground with a surface grinder (Typ ZB 42T, Ziersch &
Baltrusch, Ilmenau, Germany) to a thickness of around 150 um from both sides. To ensure good
contact between the polycrystalline sacrificial layer and ZnO single crystals, the two surfaces of
the platelets were carefully polished (Phoenix 4000, Jean-Wirtz GmbH & Co KG, Diisseldorf,
Germany) using diamond paste with decreasing diamond size (15 um, 6 um, 3 um, 1 um, and
0.25um) and lubricant (DP Paste, DP-Lubricant Blue, STRUERS GmbH, Willich, Germany).
During polishing, the thickness of the polycrystalline layers was continuously monitored and
the length of the individual polishing steps was adjusted to give a final thickness of around

100 wm after the final polishing step.

4.3.2. Assembly of the single crystal — polycrystal - single crystal stack

Two side epi-polished ZnO single crystals with dimensions of 5 x 5 x 0.5 mm3 were purchased
from a manufacturer (MaTeck GmbH, Jiilich, Germany). The orientation of the c-axis within
the single crystalline substrates was marked. One polycrystalline sacrificial layer with the
dimensions of 6 x 6 x 0.1 mm3 was placed in between two ZnO single crystals with the c-axis
of both crystals either pointing towards or away from the polycrystalline material (see Figure
4-3 (a)). The edge length of the polycrystalline layer was chosen to be slightly larger than that
of the single crystals to ensure contact across the whole area even if small inaccuracies during
the placement of the stack occur. To apply a small load during diffusion bonding, the stacks
were placed between two alumina stamps with thin silicon carbide (SiC) platelets, separating
ZnO from alumina. The SiC platelets were necessary to prevent chemical reactions between the
ZnO single crystals and alumina stamps. It was found, that an oxidization step of the SiC
surfaces prior to diffusion bonding also reduces chemical interactions between the ZnO single
crystals and SiC plates. Surface oxidation of SiC was performed at 1100 °C for at least 5 h in
ambient atmosphere inside a box furnace. During assembling, great care was taken to remove
any particles from the surfaces of the single crystals as well as from the polycrystalline layer. A

detailed schematic of the sample assembling sequence can be found in Figure 4-5.
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4.3.3. Diffusion bonding

Diffusion bonding was performed inside a screw-driven load frame (Zwick Z010, Zwick GmbH
& Co KG, Ulm, Germany), equipped with a tube furnace (LK/SHC 1500-85-150-1-V-Sonder,
HTM Reetz GmbH, Berlin, Germany). A schematic of the experimental setup is depicted in
Figure 4-5. For bonding, the temperature was increased to 1100 °C with a heating rate of
5 K/min. After a dwell time of 2 h, the temperature was again reduced to room temperature
with a cooling rate of 5 K/min. During the entire bonding process, a small load of 1.5 MPa was
provided by the load frame to ensure good contact between the single crystals and the
polycrystalline sacrificial layer. Furthermore, the operation in load control mode is especially
important during the heating stage, since the load frame needs to compensate for thermal
expansion of the sample as well as all parts of the frame itself, which are positioned within the

furnace.

<+— Furnace
Al, Oy stamp ———»

Polycrystalline
Sacrificial layer

<+—  7ZnO single crystal
<+——— SiC platelets

Figure 4-5: Schematic of the experimental setup for the diffusion bonding step during the bicrystal

preparation process by epitaxial solid-state transformation.

4.3.4. Epitaxial solid-state transformation

After diffusion bonding, the single crystal — polycrystal — single crystal stacks were annealed at
1100 °C to promote epitaxial growth of the single crystals into the polycrystalline layer. The
stacks were placed on an alumina lid in a powder bed with powder of the same chemical
composition as the polycrystalline sacrificial layer. Furthermore, the platelets were covered with
additional powder to prevent exaggerated evaporation of volatile constituents from the

polycrystalline sacrificial layer during high temperature treatment. To promote epitaxial
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growth, the samples were covered by an alumina crucible and heated to 1100 °C inside a box
furnace (1.16/14, Nabertherm GmbH, Lilienthal, Germany). Heating and cooling rate was
5 K/min for every sample. Due to the anisotropic growth rate of ZnO in its different crystal
directions, the dwell time at 1100 °C had to be adjusted depending on the desired polarity of
the bicrystal interface. For the Zn|Zn-interface an isothermal annealing time of 25 h resulted
in the formation of an individual interface, while for the O|O-interface a time of 65 h was
necessary. By interrupting high temperature treatment at various times of epitaxial growth,
single crystal — polycrystal structures with varying amount of remaining polycrystalline material
were created. All structures with interrupted epitaxial growth had the single crystals oriented
with the O-terminated surface in contact with the polycrystalline sacrificial layer. Annealing at
1100 °C was performed for 2, 20, 40, and 60 h. The preparation of the single crystal —
polycrystal structures was conducted by Maximilian Gehringer as part of his bachelor thesis

which was supervised within the scope of this doctoral thesis.!*?

4.4. Structural and electrical characterization of ZnO bicrystals and single

crystal - polycrystal structures

In this chapter, the experimental procedure of the structural and electrical characterization of
the ZnO bicrystal interfaces as well as the single crystal — polycrystal structures will be
presented. For the bicrystalline sample scanning electron microscopy (SEM) and transmission
electron microscopy (TEM) investigations were performed to reveal the structure as well as
chemical composition of the individual bicrystal interface (chapter 4.4.1). Microstructural
analysis was conducted on single crystal — polycrystal structures to reveal the thickness of, as
well as, the grain size within the remaining polycrystalline layer (chapter 4.4.2). The
experimental procedure of the electrical characterization of ZnO bicrystals and single crystal —

polycrystal structures will be presented in chapter 4.4.3.

4.4.1. Structural characterization of bicrystal interfaces

All here presented SEM and TEM studies of individual bicrystal interfaces were conducted by
Maximilian Trapp (doctoral student, Geo-Materials-Science, TU Darmstadt, Darmstadt,
Germany). For SEM investigations, cross sections of 1.5 X 1 X 1 mm3 were cut out of the center
of the bicrystal. Polishing of one of the surfaces perpendicular to the interface was performed
using a polishing system (Allied MultiPrep, Allied High Tech Products Inc, Rancho Dominguez,
USA) with diamond lapping films of decreasing grain size starting from 15 um down to 0.1 um.

The polished surface was chemically etched with hydrochloric acid solution (5% HCI/H20) for
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8 s in order to increase the contrast between the ZnO-ZnO interface and the bulk material. SEM
images were recorded on a Schottky field emission scanning electron microscope (JEOL JSM
7600F, JEOL, Tokyo, Japan).

For TEM investigation, thin foils of the bicrystal cross sections were machined out of the sample
by grinding and polishing using the Allied MultiPrep system. The resulting foils were mounted
on molybdenum TEM grids (100 mesh, Plano, Wetzlar, Germany). Subsequent argon ion beam
milling (DuoMill 600, Gatan, Pleasanton, USA) was conducted until perforation occurred and
electron transparency was ensured in the interface region. TEM investigation was performed
on a field emission electron microscope (JEOL JEM 2100F, JEOL, Tokyo, Japan) and a Cg
corrected scanning TEM (JEOL JEM ARM 200F, JEOL, Tokyo, Japan) which was equipped with
two EDS detectors (TEM 250 SDD, Oxford instruments, Abingdon, England and JED 2300T,
JEOL, Tokyo, Japan).

4.4.2. Structural characterization of single crystal — polycrystal structures

For microstructural analysis, cross sections of the single crystal — polycrystal structures were
prepared. The samples were cut in the center of the sample and the resulting cross sections
were polished using diamond paste down to a grain size of 0.25 um Details on the polishing
procedure can be found in chapter 4.3.1. Subsequent chemical etching in hydrochloric acid
solution (5% HCI/H20) for 8 s revealed the microstructure of the remaining polycrystalline
material. SEM images were recorded across the whole cross-sectional interface of the samples
using a high-resolution scanning electron microscope (XL 30 FEG, Philips, Mawah, USA).

The grain size within the remaining polycrystalline layer was determined using an image
processing software (ImageJ, National Institute of Health, Bethesda, USA) by determining the

sectional area of at least 200 grains for each structure.

4.4.3. Electrical characterization

Electrical contacts were provided by depositing Al/Au electrodes onto the outer surfaces of the
ZnO bicrystals and single crystal — polycrystal structures as described in chapter 4.1.2. To
perform stress-dependent electrical characterization, the load frame (Zwick Z010, Zwick GmbH
& Co KG, Ulm, Germany) was equipped with tungsten carbide electrodes. In contrast to the
stress-dependent measurements on metal-based Schottky contacts to bulk ZnO single crystals
(see chapter 4.2.1), stress-dependent characterization of the bicrystals and single crystal —
polycrystal structures was performed in the so-called d;; arrangement as schematically depicted

in Figure 4-6.
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Figure 4-6: Schematic representation of the measurement setup used for stress-dependent electrical
characterization of ZnO bicrystals as well as singe crystal — polycrystal structures. The stress is applied

parallel to the c-axis, hence, in d;; arrangement.

For I-V measurements, the load frame was connected to a source measurement unit (Keithley
2450, Keithley Instruments Inc, Cleveland, USA). Stress-dependent I-V measurements were
recorded under increasing uniaxial compressive stress between 5 and 250 MPa in steps of 45
and 50 MPa, respectively. For electrical measurements on bicrystalline samples, the voltage was
increased from 0.1V to 5V with logarithmically increasing the step width between individual
measurement points. In addition, the maximum current output was limited to 100 mA in order
to prevent electrical degradation of the electrostatic potential barrier during I-V measurements.
For single crystal — polycrystal structures, the same parameters were used but due to the higher
overall electrical resistance, the maximum voltage was increased from 5V to 10 V.

By replacing the source measurement unit with an impedance analyzer (Alpha-A impedance
analyzer, Novocontrol GmbH & Co KG, Montabaur, Germany), impedance spectra were
recorded in a frequency range between 0.5 Hz and 1 MHz, in the case of bicrystalline samples.
For single crystal — polycrystal structures, the frequency range was extended in the lower range
to 0.01 Hz to account for the higher overall electrical resistance of the samples, which reduces
the frequency range where the sample is measured in dc condition. The amplitude of the probe
signal was set to V.., = 0.015 V to ensure, that the impedance spectra are not measured in the
breakdown region of the I-V curve. Impedance spectra under the application of uniaxial

compressive stress were recorded in the same stress range as applied for the stress-dependent
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I-V measurements. To determine the effective potential barrier height, stress- and temperature-
dependent impedance spectra were recorded. The temperature was increased from room
temperature to 124 °C in steps of around 20 °C using the tube furnace (LK/SHC 1500-85-150-1-
V-Sonder, HTM Reetz GmbH, Berlin, Germany) attached to the load frame. At each step, the
temperature was stabilized for 30 min and the sample temperature was determined with a
thermocouple placed within the lower tungsten carbide stamp. Besides recording impedance
spectra at constant levels of stress, continuous conductivity measurement could be performed
by linearly increasing and decreasing the applied uniaxial compressive stress while the
conductance of the sample was continuously measured with the impedance analyzer at a

frequency of 50 Hz.
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5. Results and discussion

5.1. Piezotronic effect of metal-ZnO single crystal contact

To elucidate the influence of piezoelectric polarization charge on the potential barrier height of
Schottky contacts to bulk ZnO single crystals, Ag-based Schottky contacts were deposited on
either the Zn- or O-terminated surface of a 5x5x5 mm?3 ZnO single crystal. In contrast to ZnO
nanostructures, the use of bulk crystals allows for a well-defined stress distribution and may
confirm and extend existing studies, which were mainly conducted on nanostructure devices.
In the first part of this section (chapter 5.1.1), the prepared Schottky contacts are characterized
in the stress-free state. In chapter 5.1.2, the modification of Schottky barrier properties under
the influence of positive and negative polarization charges are presented. Finally, the
experimental observations will be compared to theoretical models in chapter 5.1.3. Parts of the
presented data in this chapter have been previously published in an article for the Journal of

193

Applied Physics.

5.1.1. Schottky barrier characterization in the stress-free state

To prove the successful preparation of rectifying Schottky contacts, current density — voltage

(J-V) measurements were recorded in the stress-free state and are depicted in Figure 5-1.

(a) (b)
Schottky contact on Schottky contact on
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Figure 5-1: Linear representation of the stress-free J-V measurements of Ag-based Schottky contacts on

the Zn-terminated (a) and O-terminated (b) surface of a 5x5x5 mm3 ZnO single crystal.

Both contacts feature a rectifying behavior. Under forward biasing (positive V), a nonlinear
increase in current density (J) can be observed. When the applied voltage is negative and the

Schottky contact is operated under reverse biasing, only a comparably small current density
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flows through the device. Schottky diode parameters like the potential barrier height (®s5) and
the ideality factor (1) of the prepared contacts can be determined by further analyzing the J-V
characteristics under forward biasing. As described in chapter 2.2.2, current transport across
Schottky contacts can be facilitated by thermionic emission across the barrier, tunneling or field
emission through the barrier as well as recombination in the space charge region and minority
carrier injection. In this work, pure thermionic emission is assumed to determine the Schottky
diode parameters. To perform the thermionic analysis of the forward biased Schottky contact,

the semi-logarithmic plot of the J-V characteristics can be utilized (see Figure 5-2).
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Figure 5-2: Semi-logarithmic representation of the J-V characteristics of the Schottky contacts on the Zn-

terminated (a) and O-terminated (b) surface of a 5x5x5 mm? ZnO single crystal.

By fitting the linear part of the current density under forward biasing, the saturation current
density (/) can be determined. From equation 2.14, the potential barrier height of both
contacts is calculated. For the calculations, the theoretical Richardson constant (4" =
4mqm*k?h~3) with the effective electron mass (m* = 0.27m,) of ZnO (4* = 32 Acm™2K~?) is
used.'® For both contacts a potential barrier height of ®@sz ~ 0.72 eV is determined. The
determined value of &g is in the range of previously reported potential barrier heights for Ag-
based Schottky contacts to n-type ZnO which are in the range of 0.6 to 0.8 €V.!> Allen and
Durbin!®* attributed the narrow distribution of reported @z to a possible formation of near-
surface oxygen vacancies. The defect level of oxygen vacancies is 0.7 eV below the conduction
band minimum and may be responsible for a pinning of the Fermi-level. The here studied Ag
contacts were annealed after the metal deposition, through which oxygen vacancies may be
formed in a higher concentration. It should be noted, that the determined @, from only the
forward current response at room temperature may only be a rough approximation of the real

value, especially for contacts with large spatial inhomogeneity.'°® Since the studied Schottky
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contacts have a large area (25 mm?), a spatial variation in ®gp is expected. By plotting
d(V)/d(In(J)) vs ], the ideality factors for both contacts are determined.'” The high values of
the ideality factor n = 2.9 for the contact on the Zn-terminated surface and n = 3.2 for the
contact on the O-terminated surface can be partially attributed to local &g variations.
Additional transport mechanisms like tunneling or recombination currents which can contribute
to the overall current density besides thermionic emission were also ascribed to cause high
ideality factors.!”® The higher ideality factor for the contact deposited on the O-terminated
surface can also explain the higher reverse current density compared to the contact on the Zn-
terminated surface, even if they feature the same apparent @5 after thermionic analysis.

Despite the fact, that the ideality factor of the obtained J-V curves significantly deviates from
unity, the formation of a rectifying Schottky contact is evident from the measurements in the
stress-free state. Therefore, the prepared contacts on the two polar surfaces of a bulk ZnO single
crystal are suitable to study the mechanical modulation of the Schottky barrier height by

positive or negative piezoelectric polarization charges.

5.1.2. Stress-dependent modulation of Schottky barrier height

To study the impact of piezoelectric polarization charge on &gz, J-V measurements were
performed under uniaxial compression inside a screw-driven load frame (see Figure 4.1). A
uniaxial compressive stress of up to 70 MPa was applied on the basal plane of the ZnO single
crystal (perpendicular to the c-axis), while the current was measured along the c-axis. By
choosing this arrangement, a direct application of mechanical stress on the metal electrodes
was prevented, eliminating unwanted effects on the electrical conductivity e.g. by mechanical
deformation of the electrode material. In the chosen configuration, the piezoelectric coefficient
d3; gives positive polarization charge on the Zn-terminated surface under uniaxial compression
and negative piezoelectric charge on the O-terminated surface, respectively (see Figure 2-2 (c)).
Therefore, a decreasing &gz for the Schottky contact on the Zn-terminated surface and an
increasing @ for the Schottky contact on the O-terminated surface is expected for increasing
level of stress. Figure 5-3 shows the J-V measurements for both contacts under increasing

uniaxial compressive stress.
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Figure 5-3: Stress-dependent J-V measurements of Schottky contacts on Zn-terminated surface (a) and

O-terminated surface (b) of a bulk ZnO single crystal.

With increasing mechanical stress, a small increase in current density can be observed in reverse
and forward biasing for the Schottky contact deposited on the Zn-terminated surface of the ZnO
single crystal. On the other hand, the Schottky contact on the O-terminated surface features a
moderate decrease of conductivity with increasing mechanical stress at least under reverse bias.
The physical origin of the different magnitudes of observed conductivity change for the
increasing and decreasing barrier is not clear. Barrier inhomogeneity may prevent a profound
determination for increasing barriers. However, the fundamental concept of the piezotronic
effect, a decrease in ®gp for positive piezoelectric charge and an increase in &gy for negative
piezoelectric charge can be confirmed.?® The small decrease in current density measured on the
O-polar surface verifies, that the increasing conductivity measured on the Zn-terminated surface
is a consequence of the piezotronic interaction between stress-induced piezoelectric charges
and &gp. If other mechanisms, like the piezoresistive effect, would dominate the stress
dependence, the Zn- and O-terminated surfaces would show the same characteristic and no
dependence on the crystal polarity would be present.

To confirm the stress-dependent results obtained by J-V measurements, in-situ impedance
measurements as a function of stress have been conducted for the Schottky contact on the Zn-
terminated surface. By sweeping a small ac field over a wide frequency range, impedance
spectroscopy is a powerful and easy tool to study electrical properties and current transport
mechanisms of interfaces.!**?°! Figure 5-4 (a) features the obtained impedance spectra under
increasing mechanical stress in the Nyquist representation and Figure 5-4 (b) depicts the real

part of impedance (Re(Z)) as a function of frequency (v).
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Figure 5-4: (a) Nyquist representation of the impedance spectra recorded of the Ag-based contact on the
Zn-terminated surface under increasing uniaxial compressive stress in the d5; direction. (b)Stress-

dependent real part of impedance as a function of frequency (v) for the applied ac field.

With increasing mechanical stress, the low frequency component of Re(Z) decreases. It is
expected, that the low frequency response of Re(Z) is dictated by the electrical properties of
the Schottky contact and therefore, that the decrease in Re(Z) at low frequencies is caused by
the piezotronic lowering of @5. A similar impedance response can be observed at forward
biased Schottky contacts, where an applied dc voltage reduces @55 and a decrease in the low
frequency Re(Z) can be observed.?®? By performing an equivalent circuit analysis of the
impedance data, electrical parameters of the Schottky contact can be extracted as a function of
mechanical stress. An equivalent circuit composed of resistance (R) and capacitance (C)
networks can be used to fit the experimental data. Typically, a Schottky junction is represented
by a parallel connected RC element and a series resistance.?’* 204 Since the ohmic back contact
may not be perfect and additional capacitive components could contribute to the overall
impedance response, an RC element is added in series to the equivalent circuit. The utilized
equivalent circuit is shown in Figure 5-5 (a). The first RC element represents the Ag-based
Schottky contact with C;, the depletion layer capacitance and R,, the shunt resistance. The
series resistance R, accounts for the resistance of the bulk ZnO single crystal. The second RC
element quantifies the resistance of the ohmic contact (R;) and a possible capacitive

contribution from a depletion region in the vicinity of the Al/Au-based ohmic contact (C3).
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Figure 5-5: (a) Equivalent circuit to model the impedance response of the Schottky contact. (b)
Spectroscopic plot of real (Re(Z)) and imaginary (Im(Z)) part of impedance for the measurement at
5 MPa. The lines represent the simulated response based on the equivalent circuit. (c) Extracted values
of the shunt resistance and capacitance of the Schottky contact as a function of increasing uniaxial

compressive stress.

The ac impedance of the overall circuit is given by:

Zw)y=2'(v) —jZ" (W), (5.1)

with Z' and Z" being the magnitudes of the real and imaginary parts of the impedance and v

represents the frequency. For the equivalent circuit as depicted in Figure 5-5 (a), Z' and Z'’ are

given by:
Z’0W)=————+R +L (5.2)
1+ (WCRD? 2 14 (vC3R3)?’ :
and
VRiC VRZC
Z'(W) = 11 33 (5.3)

1+ (vCiR1)? 1+ (VC3R3)?’
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During the fitting procedure, the capacities C; and C; were replaced by constant phase elements
(CPE) to account for deviations of the capacitance branch from ideal behavior. The impedance

of a CPE is given by:

1

Zcpg = W’ (5.4)
with Qcpg the CPE parameter and a.pg the CPE exponent. When a.pr = 1, the CPE represents
an ideal capacitor and for a.pr = 0, the CPE represents an ideal resistor.

Equations 5.1 to 5.4 were used to fit the experimental data. Figure 5-5 (b) shows the
spectroscopic plot of the real and imaginary impedance data (symbols) as well as the simulated
response based on the equivalent circuit analysis (lines) for the measurement at 5 MPa. The
simulation based on the fits represent the experimental measurement with good agreement. By
following this procedure, the electrical data of the Schottky and ohmic contact as well as the
bulk resistance could be extracted as a function of mechanical stress. The bulk resistance does
not show a stress dependence with a constant value of R, between 66 and 72 2. The resistance
of the ohmic contact (R3) does also not feature profound variation with mechanical stress but
shows higher fluctuations with R; varying between around 1500 and 2300 2. The CPE
exponent (acpg) of the ohmic contact was in the range of 0.72, which deviates from pure
resistive behavior but is also far from describing an ideal capacitor.

In contrast to the electrical parameter for the bulk and ohmic contact, the parameters attributed
to the Schottky contact clearly show a dependence on the applied mechanical stress (see
Figure 5-5 (c)). The resistance R; decreases by ~ 27 % from 182 k2 at 5 MPa to 132k at
70 MPa. The decrease in R, by 27 % is in the same range as the reverse bias current increase in
the J-V measurement as depicted in Figure 5-3 (a). The decrease in resistance of the Schottky
contact is accompanied by a simultaneous increase in capacity (C;). In difference to the ohmic
contact, the CPE exponent (a) of the Schottky contact is above 0.93 for all applied mechanical
stresses. Hence, an almost ideal capacitive behavior can be assumed for the C;-branch of the
Schottky contact. The capacitance of the depletion layer of a Schottky contact without the

application of an additional dc voltage is given by:*?

q&r&oNp
C = , (5.5)
\/2(4’53 —¢—kT/q)

with ¢ being the difference between Er and the CBM. It is evident from equation 5.5, that a

reduction in &g is accompanied by an increase in the depletion layer capacitance. It is difficult
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to determine the exact value of &gz from only the capacitance of the depletion layer, since it
highly depends on the donor density (Nj). From the bulk resistance (R,) or the bulk resistivity
(p,), respectively, Nj could be approximated for the n-type ZnO bulk material by:

!
qnply,’

n (5.6)

with n the concentration and u, the mobility of electrons. In n-type ZnO the electron
concentration can be assumed to be approximately the donor concentration (n = Np). With the
literature value of u, ~ 200 cm?V~1s~1, this simple approximation gives N, = 101* cm=3.2%
With the number for Nj, the obtained values of C; as depicted in Figure 5-5 (c) result in
unrealistically small values for @gg. This may be due to the fact, that in ZnO deep donor states
can contribute to Nj, in the depletion region or that Nj is not constant throughout the bulk
material. Still, regardless of the absolute numbers, the proportionality of C on @5 as described
by equation 2.5 can be observed in the determined values of C;. A linear decrease in &gz would

rationalize the observed course of the curve for C; depicted in Figure 5-5 (c).
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Figure 5-6: Experimentally determined reduction in potential barrier height as a function of applied
mechanical stress. The potential barrier height was calculated from a linear fit between 0.2 V and 0.4 V
to the forward J-V characteristic measured for the different stress level. In addition, corresponding values

are given for fits conducted at lower (0.18-0.38 V) and higher (0.22-0.42 V) voltages.

To quantitatively describe the influence of mechanical stress on @gp, the forward J-V
characteristic of the Schottky contact on the Zn-terminated surface is further analyzed and &5
is extracted as a function of stress (see Figure 5-6). With increasing mechanical stress, a clear

decrease in potential barrier height can be determined from thermionic analysis. Depending on
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the deployed fitting range, the absolute values of @55 show slight variations, but the overall
trend is linear. From the linear regression, a moderate change in &gz of about 9 meV can be

achieved under the application of 70 MPa.

An increase in reverse and forward bias current, the decrease in shunt resistance as well as the
increase in depletion capacitance strongly indicate a linear decrease in ®@z. Furthermore, the
absence of a stress sensitivity for the bulk resistance and the resistance of the ohmic contact
support the assumption, that the overall stress dependence is determined by the piezotronic
modulation of the Schottky contact and not by the classical piezoresistive effect.

In the following chapter, the experimentally determined change in @5 will be contrasted to

theoretical models, which were introduced in chapter 2.2.5.

5.1.3. Comparison to theoretical models

In this chapter, the experimentally determined change in ®sz will be compared to the
theoretical description of the piezotronic effect as proposed by Zhang et al.>® as well as to the
imperfect screening model as described by Stengel et al.!?” Both models describe the impact of
stress-induced piezoelectric polarization charges on the initial potential barrier height (®2;) of
a Schottky contact. The models were introduced within chapter 2.2.5. A spatial separation
between the piezoelectric charge and the screening charges within the metal electrode is
required to change the electric field distribution at the contact and by this modifies ®@5. The
difference between both models is, how the origin of the separation is assumed. Zhang et al.
introduce a distribution of the piezoelectric charge over a finite distance (Wpj.,,), Whereas
Stengel et al. assume a thin interfacial layer with defined thickness (&54,) separating the
charges. The different assumptions of the physical origin of the separation results in small
dissimilarities between the two models. Therefore, a closer look has to be taken to equation
2.19 and 2.21. From equation 2.19, the change in potential barrier height (A(Déhang ) after the

model by Zhang et al. is given by:

Ad)SZBhang _ quPiezoWPziezo . (5.7)
2&,&g

On the other hand, following the imperfect screening model as described by equation 2.12,

A®L3, is given by:
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As it can be seen from equation 5.7 and 5.8, A®gp linearly depends on pp;.,, and Qp,
respectively. The piezoelectric charge distribution pp;.,, is given in units of elementary charge
per cubic meter (1/m3), whereas Qp is given as a sheet charge in (C/m?). From classical
piezoelectric theory as described by equation 2.2, the piezoelectric polarization charge P is also
calculated to be a sheet charge in units of (C/m?). Hence, Qp = P = d3,0 rationalizes the
observed linear dependence of &gz on the applied mechanical stress as it is observed in the
experiment. To derive the piezoelectric charge distribution pp;e,, from P = d3,0, P can be

divided by q and Wp;,,,. From this consideration and with P = Qp, equation 5.7 changes to:

A(I)Zhang - CIQPWPiezo
SB 28,80

(5.9
By comparing equation 5.8 and 5.9, it is evident, that both models linearly depend on Qp =
ds;;0. The distances Wp;.,, and 6;,; both account for a spatial separation between the
piezoelectric polarization charges (Qp) and the screening charges in the metal electrode (Q,,).
Differences in the models can be seen in the denominator of equations 5.8 and 5.9. Since the
model from Zhang et al. assumes a spatial distribution of the piezoelectric charges, as depicted
in Figure 2-8 (d), the solution of the Poisson equation results in a factor of 2 in the denominator
during mathematical integration. The charge separation in the imperfect screening model is
that of a plate capacitor which results in a constant field distribution, hence the factor of 2 is
absent in A®L3. The electric field, which is responsible for the modulation of &5, depends on
the permittivity of the material between the separated charges. In the model from Zhang et al.
the piezoelectric charges are assumed to be distributed within the semiconducting ZnO,
therefore, ¢, in equations 5.7 and 5.8 is likely to be approximated by the dielectric constant of
ZnO, which is around 9. This assumption is analogous to the general electrostatic analysis of
the Schottky barrier formation process.”? A higher uncertainty arises for the dielectric constant
(em¢) of the interfacial layer within the imperfect screening model. The model from Stengel et
al. assumes the interfacial layer to be a vacuum layer, therefore g, = 1.12% 206 207 Thijs
assumption would represent the case in which the piezoelectric charge has its maximum impact
on @gp for a given interfacial distance §;,,. Other authors did not assume the layer to be a
vacuum layer but used the permittivity of the semiconducting or ferroelectric material as &,;.*>

16 This would reduce the stress sensitivity by a factor proportional to &,;.
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In Figure 5-7, the two different models after equations 5.7 and 5.8 are compared to the
experimentally determined change in potential barrier height for different assumptions of

WPiezo and Slnt-
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Figure 5-7: Experimental (blue dots) and calculated (lines) potential barrier height as a function of
mechanical stress. In (a), the calculations are based on the model proposed by Zhang et al.3® whereas the

calculations in (b) are based on the imperfect screening model as described by Stengel et al.?”

In Figure 5-7 (a), the experimental ®g as a function of stress is compared to the theoretical
model proposed by Zhang et al. To calculate the amount of piezoelectric polarization charge,
the transverse piezoelectric coefficient of ZnO was assumed with d3; = —5.12 pC/N.! As it can
be seen from the dashed and dotted black lines, an assumed distribution of piezoelectric charges
with a width Wp;.,, of 2.5 and 3.7 A as proposed in literature cannot rationalize the
experimental findings.?® 122 To achieve the observed change in ®gg, Wp;.,, would have to
increase to 41.3 A. Such a high value is by a factor of 10 larger than proposed in literature.>®
122 In contrast, the imperfect screening model (Figure 2-7 (b)) features a much higher stress
sensitivity. This is mainly due to the assumption of the vacuum layer separating piezoelectric
and metal screening charges and the concurrently lower permittivity value in the denominator
of equation 5.8. By assuming &, to be 2.3 A, the experimental reduction in potential barrier
height can be well described. The interface layer thickness of around 2 A is in agreement with
literature, where the thickness of the interfacial layer between metals and semiconductors is
reported to be in the range of a few Angstroms.®? It should be noted, that the main difference
between both models arises from the assumption of &;,;. If for both models the same value of
emt = 1 would be assumed, the model from Zhang would give almost the same results as the

imperfect screening model for Wp;,,, = 3.7 A as given in literature.
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5.1.4. Summary - Piezotronic effect at metal-ZnO Schottky contact

Stress-dependent J-V measurements across Schottky contacts on the Zn- and O-terminated
surfaces of a bulk ZnO single crystal confirm the fundamental theory of the piezotronic effect.
For the generation of positive piezoelectric polarization charges, an increase in conductivity is
observed, while the generation of negative piezoelectric charges results in a decreased
conductivity. The magnitude of barrier change for a decreasing potential barrier is
experimentally determined to be ~9 meV at 70 MPa. As expected from theory, a linear
correlation between potential barrier height and mechanical stress can be confirmed. By
applying the imperfect screening model as described by Stengel et al.'?’, the experimental
observation can be rationalized. A comparison between model and experiment indicates a
thickness for the interfacial layer of ~2 A.

Regarding further development of piezotronic devices based on metal-semiconductor Schottky
contacts, the following conclusion can be drawn. To increase the stress sensitivity, the distance
between the piezoelectric charges and the screening charges within the metal is of utmost
importance. The attainable change in potential barrier height is directly proportional to the gap
thickness, therefore §54, should be maximized e.g. by introducing an artificial dead-layer. On
the other hand, the dead-layer needs to be thin enough to be transparent for electrons, making
it difficult to profoundly increase the stress sensitivity of piezotronic devices based on metal-

semiconductor Schottky contacts.
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5.2. Piezoelectric measurements on ZnO single crystals

The performance of piezotronic devices is directly related to the number of stress-induced
piezoelectric polarization charges. The piezoelectric properties of a material are defined by its
crystal structure and bond character. In piezoelectric materials with high intrinsic conductivity
like ZnO, free charge carriers can cancel the piezoelectric polarization. This screening
mechanism was also discussed in the field of ZnO-based piezotronics, where the screening was
held responsible for low stress sensitivities as well as high operating frequencies required for
energy harvesting applications.>® 13° To shed light on the screening mechanism and its influence
on piezotronic applications, temperature- and frequency-dependent measurements of the
piezoelectric coefficient were performed. Furthermore, the influence of different electrical
contacts on the attainable piezoelectric coefficient will be examined. In the first part of this
section (chapter 5.2.1), the temperature- and frequency-dependent piezoelectric response of a
bulk ZnO single crystal with ohmic contacts is presented. Equivalent circuit analysis is applied
to explain the experimental data. In chapter 5.2.2 one ohmic contact is replaced by a Schottky
contact, to study the influence of a depletion layer on the attainable piezoelectric output and
therefore on possible piezotronic applications. Parts of the presented data have been previously

published in an article in Acta Materialia.2%®

5.2.1. Piezoelectric measurements on a ZnO single crystal with ohmic contacts

To prove the successful preparation of ohmic contacts and the absence of depletion regions,
respectively, the J-V response was measured between -2 and 2 V. Figure 5-8 features the linear

(a) and semi-logarithmic (b) representation of the J-V measurement:

(@) (b)
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Figure 5-8: Linear (a) and semi-logarithmic (b) representation of J-V characteristic for the ZnO single
crystal with ITO contacts. The linear response in (a) as well as the symmetric current response to a change

in voltage polarity (b) indicates an ohmic behavior of the prepared contacts.
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The linear current response of the ZnO single crystal with ITO electrodes as it can be seen in
Figure 5-8 (a), indicates an ohmic character of the prepared contacts. A linear fit over the whole
voltage range reveals an overall resistance of 617 Q. Further, a Pearson correlation coefficient
of 1 implies a perfect linear correlation between voltage and current. In addition, the current
response is independent on the applied voltage polarity (see Figure 5-8 (b)). Hence, a successful
formation of an ohmic contact between ITO and ZnO can be verified. Since the screening
mechanism is believed to correlate with the free charge carrier density, which in turn is a
function of temperature, temperature-dependent impedance measurements were performed
between -120 °C and room temperature (20 °C). Figure 5-9 depicts the Bode representation of

the real part of impedance as a function of temperature.

10°
-120°C
W/"‘/\YX"
— 4
gflo
N
(]
xx
10°
T 20 °C

10° 10' 10° 10° 10* 10° 10° 107
Frequency (Hz)

Figure 5-9: Bode representation of the real part of impedance for the ZnO single crystal with ohmic ITO

contacts between -120 °C and 20 °C in steps of 10 °C.

The spectroscopic plot of the real part of impedance for the ZnO single crystal with ohmic
contacts at room temperature shows a frequency-independent behavior over a large frequency
range. The value of resistance in this low frequency regime is with around 850 2 in the range
of the determined value from the J-V measurement. Therefore, the process is attributed to the
conduction process of the bulk ZnO. With decreasing temperature, the real part of resistance at
low frequencies continuously increases from ~850 at +20°C to ~35k at -120°C. In
semiconductors, the temperature dependence of resistance is mainly determined by thermal
activation of charge carriers.?”” Hence, the increasing resistance with decreasing temperature
in ZnO can be attributed to a decreasing free charge carrier concentration. The temperature-
dependent electrical conductivity (o,;(T)) for an n-type semiconductor can be expressed as a

function of free electron concentration (n,) and electron mobility (u,):
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0e1(T) = q " up(T) " ne(T), (5.10)

with n, and pu, being temperature-dependent values. From the temperature-dependent
resistance values and u,(T) taken from literature?®®, n,(T) can be calculated. Figure 5-10
depicts the determined resistance as well as the therefrom calculated free charge carrier

concentration (n,).
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Figure 5-10: (a) Temperature-dependent low frequency resistance of the ZnO single crystal with ITO
electrodes between -120 °C and 20 °C. (b) Free charge carrier concentration calculated from the low

frequency resistance.

The temperature-dependent charge carrier concentration is calculated to decrease by more than
two orders of magnitude from 7-10%3 cm™3 at 20 °C to about 5- 10! cm™3 at -120 °C. The
profound decrease in n, with decreasing temperature should lead to a reduced screening of the
piezoelectric charges and hence a better performance of the device in piezotronic applications.
The correlation between temperature and piezotronic performance has already been discussed
in literature,!30: 210, 211

To study the impact of a reduced free charge carrier concentration on the attainable
piezoelectric properties, a modified Sawyer-Tower setup was used to measure the piezoelectric
coefficient of the ZnO single crystal with ohmic ITO contacts between -120 °C and 20 °C. In
addition, the excitation frequency was varied between 1 Hz and 160 Hz to examine a possible
frequency dependence of the screening effect. The results of the piezoelectric measurement are

depicted in Figure 5-11.
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Figure 5-11: Experimentally determined temperature profiles of the piezoelectric coefficient (d;3) of a

ZnO single crystal with ITO — ohmic contacts for different loading frequencies between 1 Hz and 160 Hz.

Two general trends are obtained from the ds;; temperature profiles for different loading
frequencies as depicted in Figure 5-11. By decreasing the temperature or increasing the loading
frequency, the measured ds; can be increased. For low temperatures and high loading
frequencies, this correlation does not hold, which will be explained within this section at a later
stage. However, for low loading frequencies (< 5 Hz) the piezoelectric coefficient is almost zero
at room temperature. Only when the temperature is decreased, a significant d;5 value can be
measured. For the 1 Hz measurement, d;5 starts to increase at a temperature of ~-50 °C. At -
140 °C a piezoelectric coefficient of almost 6 pC/N can be captured. Since, with decreasing
temperature, the free charge carrier concentration within the ZnO is reduced (see Figure 5-10),
the obtained increase in d35 is most likely being related to reduced screening of the piezoelectric
polarization.

By increasing the loading frequency to 5 Hz, the temperature, at which ds; starts to increase
can be shifted to higher temperatures. When the loading frequency is further increased, a
piezoelectric signal can be already measured at room temperature. At 80 Hz, a piezoelectric
coefficient of 7.6 pC/N can be captured at 20 °C. A further increase in loading frequency does
not lead to a notable additional increase in ds;. In ferroelectric materials, a frequency
dependence of the piezoelectric effect was mainly attributed to interactions between moving
domain walls and defects.?!? Due to the fact, that ZnO does not possess a domain structure, this
mechanism cannot rationalize the frequency-dependent piezoelectric response of ZnO single
crystals. Therefore, a closer look has to be taken to the interaction between the temperature-
dependent electrical properties of ZnO and the measurement procedure.

An equivalent circuit is proposed, from which the temperature- and frequency-dependent d;5

response shall be calculated. Figure 5-12 represents the utilized equivalent circuit. The
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piezoelectric ZnO single crystal is modeled as a charge source, inducing an ac-current (Ip;ez,),
with the frequency of the mechanical excitation. The current splits up into a leakage current
(1) flowing through the leakage path and a measurement current (Iy;) flowing through the
measurement branch. The stress-induced current flow Ip;.,, should be proportional to the
theoretical piezoelectric coefficient, which is defined by the crystal structure and bond character
of ZnO. On the other hand, the measured d5; value is determined from the charge captured on
the reference capacitor, which in turn is defined by I,. The difference between I, and Ip;,,, is
equal to the leakage current I;, which accounts for internal charge compensation within the
ZnO single crystal. For an ideal piezoelectric insulator, the resistance of the leakage path would
be infinite and hence, the charge on the reference capacitor would equal the generated
piezoelectric charge. This is not the case for a piezoelectric material with lower internal
resistance. In this case, the charge captured on the reference capacitor is not equal to the
generated piezoelectric charge but represents an effective piezoelectric charge corrected for
internal losses. The effective piezoelectric coefficient can be calculated by taking the ratio

between the measurement current, Iy, flowing through Cg.s and the generated current Ip;e,,.

Iy
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Figure 5-12: Equivalent circuit used to calculate the piezoelectric response. The ZnO single crystal can
be modeled as source of current, which splits up between the leakage branch and the measurement

branch according to the corresponding impedance values.

To simulate the effective piezoelectric coefficient, the complex current flow through the
equivalent circuit is calculated. The ratio between I; and I, is defined by the impedance of the
leakage path (Z,) as well as the impedance of the measurement path (Z,). Z; is solely defined
by the resistance of the bulk ZnO single crystal as shown in Figure 5-10 (a), which here will be

referred to as R;:

73



ZL =RL' (5.11)

Zy on the other hand, is composed of the impedance of the parasitic resistance (Zp = Rp) and

the impedance of the reference capacitor (Zges = (jwCges)™ "), which are connected in series:

2
1
Zy = /Zg + Zfer = \/Rf, + (ijR f> : (5.12)
e

Since Z; is directly proportional to R;, which in turn is highly sensitive to temperature, the

temperature-dependent behavior of the effective piezoelectric coefficient can be explained by
the increasing impedance of the leakage path with decreasing temperature. The observed
frequency dependence can be rationalized by the reference capacitance, since its impedance is
a function of frequency. From equations 5.11 and 5.12 the temperature-dependent evolution of
the effective piezoelectric coefficient can be simulated. R; as a function of temperature is known
from the temperature-dependent impedance measurements and the excitation frequency
defines w = 2mv and by this the evolution of Zg. as a function of frequency. The reference
capacitance is defined by the setup (Cg.r = 4.6 uF). The only unknown needed to calculate the
full piezoelectric response is the value of the parasitic resistance (Rp). Therefore, different
assumptions were made for Rp to simulate the overall piezoelectric response as a function of

temperature and frequency. The results are depicted in Figure 5-13 (a)-(c).
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Figure 5-13: Temperature profiles of the calculated effective piezoelectric coefficient for different loading
frequencies. Different assumptions were made for the parasitic resistance Rp, with (a) R, = 12, (b) Rp =
350 2, and (c) Rp is a function of temperature, where R, increases from 350 () at room temperature to

27000 Q at -120 °C. For comparison, (d) again depicts the measured piezoelectric response.

In general, a parasitic resistance is introduced to account for the resistive contributions from
connecting wires and its contacts between the sample and the measurement setup, or in this
case, the reference capacitor. In an ideal system, Rp should be as low as possible. This case is
simulated with a value of Rp = 1. The results of the calculation are depicted in Figure 5-
13 (a). With Rp = 11, the calculation already features the main findings of the experimental
data: (1) at low loading frequencies (< 5 Hz), almost no piezoelectric response is obtained at
20 °C, while d3; increases with decreasing temperature, and (2) with increasing loading
frequency, ds; increases already at room temperature. These key findings can be explained by
the temperature dependence of Z; and the frequency dependence of Z,,, respectively. For
example, at room temperature and 1 Hz loading frequency, Z,; = 35 k2 whereas Z; = 850 0.
Since Z; < Zy, the major part of the piezoelectric current flows as I; through the leakage
branch and is hence compensated within the sample. Almost no charge is captured on the
reference capacitor and therefore, no effective piezoelectric coefficient is obtained. With

decreasing temperature, Z; increases to 34 k2 while Z,, is not affected by temperature.
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Therefore a noticeable amount of current flows towards the reference capacitor which is
reflected in the increasing effective piezoelectric coefficient measured on the reference
capacitor. Now, when the temperature is fixed at room temperature and only the loading
frequency is increased, Z; = 850 (2 is frequency-independent while Z,, decreases from 35 k{2 at
1 Hz to 216 2 at 160 Hz. Even with the impedance of the leakage path staying comparably
small, the dramatic decrease in impedance of the measurement branch results in a profound
measurement current flowing towards the reference capacitor and hence a measurable effective
piezoelectric coefficient. However, certain features of the experimental data cannot be emulated
with the low value of Rp. The first discrepancy occurs at room temperature and increasing
frequency. The experimentally determined piezoelectric coefficient saturates for loading
frequencies of 80 Hz and higher. The saturation of d;; can be accounted for by increasing the
parasitic resistance, such that R, dominates Z, at higher loading frequencies. With the
assumption of Zp = 350 £2, the experimentally observed saturation of d3 at room temperature
can be simulated with good agreement (see Figure 5-13 (b) and (d)). The most obscure feature
of the experimental data is the decreasing value of d;; for higher loading frequencies and
decreasing temperature. This behavior is in contradiction to the general assumption of an
increasing Z; with decreasing temperature and a decreasing Z, with increasing loading
frequency and cannot be rationalized with a constant value of Rp. To reason a decreasing ds3
with lowering temperature for the measurements at higher loading frequencies, Rp needs to be
considered to increase with decreasing temperature. As stated before, at loading frequencies of
80 Hz or higher, Z,, is dominated by Rp, which explains the disappearing frequency dependence
of d33. Under the assumption that Rp increases with decreasing temperature, the current flow
towards the reference capacitor is lowered, leading to a decreasing trend of ds;. With Rp
increasing in an exponential fashion from 350 at 20 °C to Rp =27 k2 at -120 °C, the
experimental data can be simulated with good agreement. Despite the fact that no physical
origin of the temperature dependence of R, can be given at the moment, the conducted
simulations with different assumptions for Rp corroborate the key findings of the temperature-
and frequency-dependent d3; measurements of piezoelectric ZnO single crystals.

From the increasing piezoelectric response with decreasing temperature it is evident, that a
reduced free charge carrier concentration impedes the internal screening of the piezoelectric
potential. Therefore, it is believed, that the reduced free charge carrier density in the vicinity of
a Schottky contact, can allow a piezoelectric response at room temperature and low loading

frequencies, even for highly conductive ZnO.
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5.2.2. Piezoelectric measurements on a ZnO single crystal with Schottky contact

To study the influence of a highly resistive depletion layer on the attainable piezoelectric
coefficient in ZnO, an Ag-based Schottky contact was deposited on the Zn-terminated surface
of a bulk ZnO single crystal. Figure 5-14 depicts the linear (a) and semi-logarithmic (b)

representation of the performed J-V measurement.
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Figure 5-14: Linear (a) and semi-logarithmic (b) representation of J-V characteristic for the ZnO single
crystal with an Ag-based Schottky contact on the Zn-terminated surface. The nonlinear J-V curve in (a)
as well as the polarity dependence in (b) confirm the successful preparation of a rectifying Schottky

contact.

The asymmetric current response as depicted in Figure 5-14 (a) and (b) confirms the successful
preparation of a rectifying Schottky contact. The potential barrier height is determined from
the linear part of the forward biased current density response. In addition, the ideality factor is
calculated. The procedure was already described in chapter 5.1.1. A potential barrier height of
&gp = 0.79 eV and the ideality factor of n = 3.34 are in agreement with the results determined
for Ag-based Schottky contacts in chapter 5.1.1 and are in accordance with values reported in
literature.'?® Therefore, it can be assumed that a Schottky barrier with concurrent formation of
a depletion region is formed in the vicinity of the Ag-based electrode. Like for the ohmic contact,
the piezoelectric response of the ZnO single crystal with Schottky contact shall be measured as
a function of temperature. Hence, impedance measurements were performed with decreasing
temperature to determine the change in resistance. Figure 5-15 features the Bode

representation of the real part of impedance between -100 °C and room temperature (20 °C).
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Figure 5-15: Bode representation of the real part of impedance for the ZnO single crystal with Schottky

contact on the Zn-terminated surface between -100 °C and 20 °C in steps of 10 °C or 20 °C, respectively.

Compared to the impedance response of the ZnO single crystal with ITO electrodes, the
impedance response of the ZnO single crystal with Schottky contact is more complex. At least
two processes are visible in the spectroscopic representation of the real part of impedance (see
Figure 5-15). The low frequency process may be attributed to the electrical transport properties
of the Schottky contact, while the high frequency process may arise from the response of the
bulk or the ohmic contact on the opposite side of the crystal. Still, the overall dc resistance
seems to be dominated by the resistance of the Schottky contact. The resistance value of the
low frequency plateau increases from ~1 M2 at 20 °C to more than 1 G2 when the temperature
is reduced to -100 °C. Like observed for the crystal with ohmic contacts, the temperature
induced increase in overall resistivity should profoundly increase the attainable piezoelectric
charges. The piezoelectric response of the ZnO single crystal with Schottky contact was
investigated as a function of temperature for different measurement frequencies. The procedure
was similar to the d;; measurement conducted for the crystal with ohmic contacts. In addition,
the transversal piezoelectric coefficient (d3;) was also measured for the crystal with Schottky
contact on the Zn-terminated surface. Figure 5-16 displays the piezoelectric response in d33 (a)

as well as d; (b) arrangement.
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Figure 5-16: Experimentally determined longitudinal (a) and transversal (b) piezoelectric coefficient,
ds5 and ds; of the ZnO single crystal with Schottky contact on the Zn-terminated surface as a function of

temperature for different loading frequencies.

Figure 5-16 (a) features the temperature profiles of the effective piezoelectric coefficient
measured in longitudinal arrangement (d33) for the ZnO single crystal with Schottky contact.
Even at room temperature (20 °C) a piezoelectric response of almost half the theoretical value
can be detected already for low loading frequencies. In comparison to the response of the crystal
with ohmic contacts the piezoelectric output of the ZnO with Schottky contact at low
frequencies is significantly higher. This can be rationalized by the higher overall resistance of
the sample due to the formation of a depletion layer in the vicinity of the Schottky contact. By
a reduction in leakage current, the charge flowing towards the reference capacitor can be
significantly increased. With decreasing temperature, the overall resistance can be further
increased as demonstrated by temperature-dependent impedance measurements (see Figure 5-
15). Therefore, the effective piezoelectric coefficient which can be measured increases with
decreasing temperature. At -140 °C and 1 Hz loading frequency, a piezoelectric coefficient of
around 11 pC/N can be determined. By increasing the loading frequency, the temperature at
which dj; starts to increase can be shifted to higher values. The increasing piezoelectric
response with decreasing temperature and the frequency-dependent shift in temperature where
ds4 starts to increase is in accordance with the behavior of the ZnO crystal with ohmic contacts.
Hence, the same physical mechanisms as described in chapter 5.2.1 may apply. However,
significant distinctions between the ZnO crystals with ohmic and Schottky contact arise. For the
sample with Schottky contact, no profound frequency dependence is observed at room
temperature. On the other hand, the ZnO crystal with ohmic contacts features a profound
increase in d;3 at room temperature with increasing loading frequency. This increase could be

well rationalized by the frequency-dependent impedance of the measurement branch.
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In the case of the ohmic contact, the whole sample could be represented by one purely resistive
component within the equivalent circuit. This may not be a reasonable assumption for the
sample with Schottky contact. Due to the formation of a potential barrier and depletion layer,
significant capacitive contributions arise and therefore would need to be considered within an
equivalent circuit applicable to calculate the overall piezoelectric response (see Figure 5-5).
Additional capacitive contribution would add further frequency-dependent impedance
components to the sample and may account for the insensitivity toward excitation frequency by
compensating the frequency dependence of the reference capacitor. This highly complicates a
possible simulation of the piezoelectric response with the need to make additional assumption.
Therefore, no calculations are presented for the ZnO single crystal with Schottky contact.

To check the validity of the d;; measurement, an additional measurement was performed in
d3, arrangement. Since the theoretical value of d3, is almost half the d;5 value, this ratio should
reflect itself in the measurement. The corresponding temperature profiles of the effective
piezoelectric coefficient measured in transversal arrangement (ds;) for the ZnO single crystal
with Schottky contact are depicted in Figure 5-16 (b). At room temperature, a ds; value of
around 3 pC/N is obtained which is about half the theoretical value. With decreasing
temperature, the d3; value increases to around 5 pC/N. Compared to the d;; measurement, the
temperature- and frequency-dependent evolution of d;; features the same behavior. Again, an
increase in piezoelectric response with decreasing temperature can be observed. Also, a shift in
temperature at which d3; starts to increase can be rendered with increasing the loading
frequency. Hence the d;; measurement confirms the results obtained in d;; arrangement.

To visualize the influence of the highly resistive depletion layer on the attainable piezoelectric
output of ZnO single crystals, the voltage drop of the ZnO single crystal with Schottky contact
is compared to that of the ZnO single crystal with ohmic ITO electrodes at an excitation
frequency of 1 Hz and at room temperature (Figure 5-17). The ZnO single crystal with ohmic
ITO contacts does not generate a voltage output which can be captured in the reference
capacitor. In contrast, for the ZnO single crystal with ohmic ITO electrodes the voltage signal
captured on Cg.s follows the applied load profile with a phase difference of 180°. Regarding
possible applications in the field of energy harvesting, it is nicely demonstrated, that the
formation of a highly resistive depletion layer can prevent the piezoelectric potential from
screening mechanisms due to free charge carriers. Thereby the operational temperature can be
shifted to room temperature and lower loading frequencies. The ability to harvest energy at low
loading frequencies is of particular importance since most of the potential ambient power

sources are “low-level” vibrations.?!3 214
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Figure 5-17: Comparison of the voltage drop on the reference capacitor for the ZnO single crystals with

ITO and Schottky contact at room temperature and an excitation frequency of 1 Hz.

5.2.3. Summary - Piezoelectric measurements

The influence of free charge carrier concentration on the attainable piezoelectric charge was
studied using ZnO single crystals with either an ohmic or a rectifying Schottky contact. It is
found, that the formation of a highly resistive depletion layer in the vicinity of the Schottky
contact can significantly enhance the attainable piezoelectric coefficient. Regarding piezotronic
and energy harvesting applications, the existence of a depletion region can shift the operational
temperature to room temperature. Furthermore, the excitation frequency can be reduced,
broadening the operational range of energy harvesters based on piezotronic devices. A simple
analytical model was used to underpin the temperature- and frequency-dependent behavior of
the piezoelectric response. A complex interaction between internal charge compensation and
the impedance response of the readout circuit is found. The findings in this chapter are of
importance for energy harvesting applications based on ZnO, a field which gained huge interest
during the last decade.?’>2!7 Since dynamic interaction between electrode properties and
piezoelectric response are crucial for the device performance the above elucidated physical

mechanisms may help to improve future devices.
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5.3. Piezotronic effect of ZnO bicrystals

Like piezoelectric polarization charges can tune the electrical transport properties across metal-
ZnO Schottky contacts, in polycrystalline ZnO varistor ceramics, mechanical stress can
modulate the height of potential barriers at the grain boundaries of the ceramic. For piezotronic
devices based on Schottky contacts, the attainable change in potential barrier height is rather
small, with reports being in the range of milli-electron volts at room temperature and
comparably high mechanical strain.” 13% 218 Ag described in chapter 5.1, the moderate change
in Schottky barrier height can be primarily attributed to the small spatial separation between
piezoelectric charges and screening charges within the metal electrode. Therefore, doped ZnO-
ZnO interfaces as they are present at the grain boundaries of polycrystalline varistor ceramics
may represent a viable system for next generation piezotronic devices. In polycrystalline varistor
ceramics, the conductivity could already be changed by orders of magnitude under the
application of mechanical stress.2> 195 219 Due to the polycrystalline nature of the varistor
ceramic, a multitude of randomly orientated grains and grain boundaries are connected in series
and parallel, preventing device design with precise control over electrical properties. Therefore,
piezotronic devices based on polycrystalline varistor ceramics often require high operating
voltages. In this chapter, an approach will be presented, where the chemistry of a varistor grain
boundary is inserted into an individual ZnO bicrystal interface with control over the polarization
vector orientation. By optimal polarization vector alignment, stress-induced piezoelectric
polarization charges at the interface can be maximized. In the first part of this section (chapter
5.3.1) a preparation process based on epitaxial solid-state transformation will be presented,
resulting in individual varistor type bicrystal interfaces with either head-to-head or tail-to-tail
orientation of the polarization axis. In chapter 5.3.2, the application of mechanical stress affords
either a reduction or an increase in potential barrier height, depending on the interface
orientation. Furthermore, the stress sensitivity of the piezotronic effect in ZnO bicrystals will be
evaluated and compared to that of metal-ZnO Schottky contacts. Parts of the here presented

data have been previously published as an article in Advanced Materials.??°

5.3.1. Preparation of ZnO bicrystal interfaces by epitaxial solid-state transformation

To prepare individual bicrystal interfaces, epitaxial solid-state transformation of a
polycrystalline sacrificial layer in between two well oriented ZnO single crystals was applied
(see Figure 4-3)."! The orientation of the single crystals was chosen, such that under the

application of a mechanical compressive stress, the ensuing polarization vectors are either in

82



head-to-head orientation (O|O-interface) or tail-to-tail orientation (Zn|Zn-interface). A

schematic of the orientation relationship can be found in Figure 2-13 (a) and (c).

Structural characterization

After a two-step temperature treatment consisting of a diffusion bonding step and high
temperature annealing, individual bicrystal interfaces can be observed (see Figure 5-18 (a)).
During the high temperature annealing step, grain growth as well as epitaxial growth of the
ZnO single crystal into the polycrystalline sacrificial layer occurs. Due to the different growth
rates of the ZnO single crystals in different direction, the time of the high temperature treatment
was adjusted. Growth rate in the Zn-direction is much faster compared to the O-direction.??!
Hence, annealing time of 65h at 1100 °C for the O|O-interface and 25 h at 1100 °C for the
Zn|Zn-interface revealed the desired bicrystal structure. The prepared bicrystal structures
feature a single interface over a large area but in some parts, individual grains or small amounts
of remaining polycrystalline material are still present (see Figure A-1). However, the overall
electrical properties should be dominated by the individual bicrystal interface. If a potential
barrier is assumed to be present at every ZnO-ZnO interface or grain boundary, the current will
flow through the areas with lowest number of potential barriers connected in series.
Transmission electron microscopy (TEM) studies of the O|O - interface were conducted to see
whether the interface is free from any intergranular layer as reported for previous preparation
techniques of varistor type bicrystals.'® From the bright field TEM images as shown in Figure
5-18 (b), the bicrystal interface prepared by epitaxial solid-state transformation is free from an
intergranular phase. Furthermore, it is proven, that the defined crystallographic orientation of
the single crystals is maintained during epitaxial growth into the polycrystalline sacrificial layer
(see insets in Figure 5-18 (c¢)). A small twist and tilt angle of below 1° was determined as misfit
between the two adjacent single crystals. The small misfit is compensated by misfit dislocations
introduced at the boundary. The strain fields generated by misfit dislocations can be seen from
the contrast variations present in Figure 5-18 (c). In addition, high-angle annular dark field
(HAADF) images were taken at the grain boundary. Since in HAADF images, only incoherently
scattered electrons are used to form the image, the intensity is highly proportional to the square
of the atomic number (Z?). Even with the less-than-ideal resolution, bright spots can be
detected in the center of the image where the interface is known to be positioned. Since bismuth
is the only element in the used composition with a higher atomic number than zinc, the higher
contrast at the interface highly indicates that bismuth is localized at the interface. The findings
can be verified by energy-dispersive X-ray spectroscopy (EDS) analysis, performed in the
scanning TEM (see Figure A-2). Only at the interface, bismuth is detected, while the bismuth

peak is absent in the bulk material. Other dopants like Cr, Mn, Co and Ni are present at the
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boundary as well as within the bulk material. The findings are in agreement with literature,
where large sized ions like Bi and Pr are known to be favorably present at the grain boundaries,

while they are virtually insoluble in the ZnO lattice.??? 223
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Figure 5-18: Structural analysis of O|O bicrystal interface prepared by epitaxial solid-state
transformation. (a) Scanning electron microscopy (SEM) image of the individual bicrystal interface
obtained in backscatter electron (BSE) mode. (b) Bright field TEM image of the interface, proving the
absence of an intergranular layer. (c) Bright field TEM image of the interface in two-beam condition. The
two insets depict selected area electron diffraction images (SAED), from which a twist/tilt misfit of
around 1° can be determined. (d) High-angular annular dark-field imaging (HAADF)-STEM image of the

bicrystal interface, with the bright spots indicating the presence of bismuth atoms at the boundary.
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Electrical characterization

The purpose of the epitaxial growth of single crystals into a polycrystalline sacrificial layer of a
typical ZnO varistor composition was to create individual ZnO-ZnO interfaces which mimic the
electrical properties of single grain boundaries of a varistor ceramic. The chemical composition
at the ensuing interface as discussed in the previous section should result in the formation of
an electrostatic potential barrier with highly nonlinear current-voltage characteristic. To prove
the successful formation of the potential barrier, I-V curves of the prepared bicrystals were
recorded. The results of the I-V measurements in stress-free condition are depicted in Figure 5-

19.
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Figure 5-19: Current-voltage characteristics of the bicrystals with O|O - interface (a) and Zn|Zn -
interface (b). Both bicrystals feature breakdown voltages (V), typical for individual grain boundaries of

polycrystalline varistor ceramics.

I-V measurements confirm the successful preparation of varistor-type potential barriers at the
bicrystal interfaces. Both interfaces feature a distinct breakdown voltage where a change from
leakage current regime into the conductive state can be observed. This behavior is a fingerprint
for the presence of a varistor-like double Schottky barrier as introduced in chapter 2.3. The
breakdown voltage for the O|O - interface is with 3.25 V slightly lower than the breakdown
voltage of the Zn|Zn — interface, which has a value of 3.95 V. Nevertheless, both are well in the
range of reported breakdown voltages for single grain boundaries in polycrystalline varistor
ceramics as measured by e.g. microprobe techniques.'®* 176 In this work, the breakdown voltage
was determined as the voltage at which the coefficient of nonlinearity reveals its maximum
(@pax)- The coefficient of nonlinearity was calculated with equation 2.25. The calculated value
of apq, for the O| O — interface is with a value of 12 higher compared to a,;,, = 8 for the Zn|Zn

— interface. To further confirm, that the nonlinear current-voltage response is a consequence of
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the potential barrier formation due to the unique chemical composition at the interface, the I-
V response of the bicrystals prepared by epitaxial growth is compared to the I-V response of an
undoped ZnO bicrystal. The undoped bicrystal was prepared by diffusion bonding for 10 h in
air under a slight mechanical load of 1.5 MPa. In comparison to the doped bicrystals prepared
by epitaxial solid-state transformation, the undoped bicrystal does not feature any nonlinear I-
V behavior, as depicted in Figure 5-20. Therefore, it can be concluded, that no electrostatic
potential barrier is formed at the interface, which is in agreement to previous reports.'*’
Furthermore, the leakage current at small applied electric fields is significantly higher in the
case of the undoped bicrystal, again indicating the absence of an electrostatic potential barrier
in contrast to the doped interfaces. At high electric fields, the potential barrier present at the
doped interfaces of the bicrystals prepared by epitaxial solid state transformation is completely
reduced and the conductivity should primarily be determined by the conductivity of the ZnO
grains. In this part of the I-V curve, the conductivity of the doped bicrystals prepared by epitaxial
growth is even higher compared to the undoped bicrystal. The higher conductivity may be
attributed to the influence of the prolonged high temperature treatment on the conductivity of
the ZnO single crystals.®® The comparison with the undoped bicrystal strongly indicates, that
the nonlinear current voltage response of the bicrystals prepared by epitaxial growth is a

consequence of the chemical composition at the ensuing interface.
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Figure 5-20: Current-voltage characteristics of the doped bicrystal prepared by epitaxial solid-state

transformation and an undoped ZnO bicrystal prepared by diffusion bonding.

To confirm the results obtained by I-V characterization, impedance measurements were
performed for the bicrystals prepared by epitaxial solid-state transformation in the stress-free
state. Figure 5-21 shows the Nyquist as well as spectroscopic plots of the real and imaginary
part of impedance. For both interfaces only one process can be observed which is most probably

being related to the potential barrier at the interfaces.
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Figure 5-21: (a) Nyquist representation of the impedance measurement on the O|O - interface. (b)
Nyquist representation of the impedance measurement on the Zn|Zn - interface. (c) Real and imaginary
part of impedance for the O|O - interface as a function of frequency. (d) Real and imaginary part of

impedance for the Zn|Zn - interface as a function of frequency.

The impedance data of both interfaces could be fitted with an RC element connected to a serial
resistance (see inset in Figure 5-21 (b)). The serial resistance represents the resistivity of the
singe crystalline material (Rg,;,) and the RC element represents the resistance of the interface
(R;nt) and the capacity of the interface (C,,;). During the fitting procedure, the capacity C,,;
was replaced by a constant phase element (CPE) to account for deviation of C;,; from ideal
behavior. A more detailed discussion on the concept of the CPE was already given in
chapter 5.1.2. From fitting, the bulk resistance for the O|O — and Zn|Zn - interfaces are
determined to be 27 2 and 50 £, respectively. The values of R, are in the same range as the
resistance values determined from I-V measurement at voltages larger than the breakdown
voltage of the potential barrier. For the interface resistance, which can be approximately
determined from the DC value of the real part of impedance, R;,; equals 2785 2 for the O|O -
interface and 1040 (2 for the Zn|Zn - interface. The difference in R;,; for interfaces with

changed polarity is in accordance with the higher leakage current determined for the Zn|Zn -
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interface as compared to the O|O - interface (see Figure 5-20). The values of the interface
capacitance are with around 30 nF and 50 nF for the O|O - and Zn|Zn - interface in the range
of capacitance values reported for grain boundaries of electroceramics.?”® The results of
impedance measurements strongly support the conclusion drawn from I-V measurements.

From structural and electrical analysis, it can be concluded that the bicrystal interfaces prepared
by epitaxial solid-state transformation are in line with the electrical behavior of individual grain
boundaries in polycrystalline varistor ceramics. Hence, the prepared structures are ideal systems
to systematically study the influence of stress-induced piezoelectric polarization on the
electrostatic potential barrier at ZnO-ZnO interfaces. The changed polarity of the interface
allows to individually study the influence of positive or negative polarization charges on
varistor-type electrostatic potential barriers. In the following chapter, the piezotronic

modulation of conductivity across the prepared bicrystal interfaces will be discussed in detail.

5.3.2. Piezotronic modulation of conductivity across ZnO bicrystal interfaces

To study the piezotronic modulation of varistor-type ZnO bicrystal interfaces, I-V measurements
were performed under increasing uniaxial compressive stress. Due to the direct piezoelectric
effect as described by equation 2.2, the application of a mechanical stress in the c-direction of
the ZnO crystals generates piezoelectric polarization charges at the bicrystal interface. For the
O| O - interface, positive piezoelectric charges are generated, while for the Zn|Zn - interface,
negative piezoelectric charges are expected. According to equation 2.31, positive piezoelectric
charges should reduce an existing potential barrier and negative piezoelectric charges should
increase an existing potential barrier. Figure 5-22 features the stress-dependent I-V

measurements for the bicrystals with different interface polarity.
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Figure 5-22: (a) Current-voltage response of the bicrystal with O|O - interface under increasing uniaxial
compressive stress. (b) Current-voltage response of the bicrystal with Zn|Zn - interface under increasing

uniaxial compressive stress.

As expected, for the O|O - interface and positive piezoelectric charges, an increase in electrical
conductivity can be observed with increasing mechanical stress. Hence, a decrease in potential
barrier height can be assumed. On the other hand, for the Zn|Zn - interface, where negative
piezoelectric polarization charges are generated under compressive stress, a decrease in
conductivity can be observed. The decreasing conductivity can be attributed to an increasing
electrostatic potential barrier. The stress sensitivity for the different polarities are significantly
different. The different stress sensitivities may be attributed to the intrinsic nature of the Fermi-
level pinning phenomena which was already described for the interaction of @,sz and applied
electric field (see chapter 2.3.2) as well as mechanical stress (see chapter 2.3.3). A detailed
discussion on the implications of the Fermi-level pinning on the piezotronic effect of ZnO
bicrystal interfaces will follow at a later stage within this section. An unexpected feature of the
stress-dependent I-V measurements is, that the breakdown voltage, V3, is not dependent on the
applied mechanical load. From the theoretical description of the charge transport across
varistor-type interfaces (see chapter 2.3.2), a shift of V; to lower voltages would be expected
for a decreasing potential barrier height. The insensitivity of Vz on mechanical stress can be
explained by a percolating effect across the barrier. If parts of the interface are not firmly
affected by piezoelectric charge, these areas will have a constant value of Vz and therefore
define the macroscopic pinning of Vy to its initial value. Areas which may be not affected by
stress can be parts, where still some polycrystalline material is present between the two outer
electrodes.

The fact, that by changing the interface polarity, the direction of the conductivity change can

be altered is already a strong indication, that the observed effect is related to the piezotronic
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interaction between piezoelectric charge and electrostatic potential at the interface.
Nevertheless, the reversibility of the conductivity change has to be ascertained by a second
measurement in stress-free state to exclude that other mechanisms dominate the observed

conductivity change.
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Figure 5-23: Reversibility check of the bicrystals with different polarity (a) O|O - interface and (b) Zn|Zn
— interface. After stepwise increasing the stress to 250 MPa, an additional measurement is performed in

the stress-free state.

As can be seen from Figure 5-23 (a) and (b), the changes in electrical conductivity are to a large
extent reversible. When removing the mechanical stress, the I-V behavior is almost identical to
the virgin curve. For the O|O - interface, only a small increase in leakage current is detectable,
which may be attributed to a slight electrical degradation of the potential barrier during I-V
measurements.??* The reversibility together with the polarity dependence demonstrate, that the
observed conductivity change is related to the interaction between stress-induced piezoelectric
charge and the electronic band structure at the interface of the bicrystal.

To further quantify the piezotronic modulation of &gz, stress-dependent impedance
measurements were performed for the bicrystals with changed polarity. From impedance data,
equivalent circuit analysis can be applied to extract resistive and capacitive components of the
prepared structure, as it was done for the stress-dependent modulation of a Schottky contact in
chapter 5.1.2. The results obtained on the O|O - interface are depicted in Figure 5-24, while

Figure 5-25 shows the results obtained on the Zn|Zn - interface.
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Figure 5-24: Stress-dependent impedance measurement of the bicrystal with O|O - interface. (a) Nyquist
representation, (b) Spectroscopic plot of real and imaginary part of impedance, and (c) Extracted values

of interface resistance and capacitance as a function of increasing uniaxial compressive stress.

In consistence with the stress-dependent I-V measurements, a decrease in DC resistance can be
seen in the Nyquist and spectroscopic plot of the stress-dependent impedance data for the O|O
— interface. The expected decrease in potential barrier height due to the generation of positive
piezoelectric charges reflects itself in the decrease of the DC resistance. To extract the interface
resistance (R;,;) and capacitance (C;,:), an analysis based on the equivalent circuit depicted in
Figure 5-21 (a) can be applied. The results are shown in Figure 5-24 (c). The interface
resistance decreases from 2785 2 at 5 MPa to 56 2 at an applied mechanical load of 250 MPa.
With slight deviation, the general trend of R,,; with increasing mechanical stress agrees well
with the stress-dependent resistance values of the leakage current regime (at 0.1 V) obtained
by I-V measurements (Figure 5-22 (a)). Since the interface resistance at 250 MPa is already in
the range of the bulk resistance, an almost complete reduction of the electrostatic potential
barrier can be assumed already.

The decreasing interface resistance is accompanied by an increase in interface capacitance. The

interface capacitance increases from 30 nF at 5 MPa to 68 nF at an applied mechanical load of
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250 MPa. For all measurements, the CPE exponent (a.pg) was above 0.95, indicating almost
ideal capacitive behavior. The capacitance of a charged grain boundary in an n-type
semiconductor and with this, the capacitance of a double Schottky barrier at a doped ZnO-ZnO

interface is given by:22>-227

N
2Wp 8Ppsp

From equation 5.13, the observed increase in capacitance with increasing mechanical stress
can be rationalized. Stress-induced positive piezoelectric charges compensate negative interface
charges. Since the negative interface charge has to be the same as the positively charged donor
states within the depletion region (W), a reduction in interface charge has to be accompanied
with a reduction in Wp. Hence, the capacitance of the interface (C,,;) increases.

According to equation 5.13 and therefrom, equation 5.14, the double Schottky barrier height

and the depletion width are correlated by:

CINDW1§

—_— 5.14
2&:€g ( )

Ppsp =

Therefore, the observed increase in C;,; confirms the expected decrease in potential barrier
height due to the generation of positive piezoelectric polarization charges.

In contrast to R;,; and Cj,;, the resistance connected in series which can be attributed to the
bulk resistance has a value of 27 2 and is constant within a range of + 2 2 when the mechanical
stress is increased up to 250 MPa. Therefore, it can be concluded, that the conductivity change
is solely driven by the piezotronic modulation of the electrostatic potential barrier at the

bicrystal interface.
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Figure 5-25: Stress-dependent impedance measurement of the bicrystal with Zn|Zn - interface. (a)
Nyquist representation, (b) Spectroscopic plot of real and imaginary part of impedance, and (c) Extracted

values of interface resistance and capacitance as a function of increasing uniaxial compressive stress.

Compared to the decreasing DC resistance seen for the O|O - interface, the impedance data
obtained for the Zn|Zn - interface shows an increase in DC resistance with increasing
mechanical load. The increase in DC resistance is a clear indication of an increasing potential
barrier due to the generation of negative piezoelectric polarization charges. As already seen
from [-V measurements (Figure 5-22), the absolute changes are smaller compared to the O|O
— interface. Equivalent circuit analysis reveals an increase of R;,; from 1040 2 at 5 MPa to
1700 2 at an applied mechanical field of 250 MPa. Similar to the O|O - interface, the change
in interface resistance determined from impedance measurements, is in good agreement with
the resistance values in the leakage current regime (at 0.1 V) obtained by stress-dependent I-V
measurements. Simultaneously, the interface capacitance (Cj,;) decreases from 49 nF at 5 MPa
to 40 nF at 250 MPa. The CPE exponent (a.pg) for the Zn|Zn - interface is with a value around
0.85 slightly lower compared to the O|O - interface. From equation 5.13, it is evident, that the
decrease in interface capacitance is caused by an increase in the width of the depletion region

(Wp). Stress-induced negative polarization charges have to be compensated by an increasing
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donor concentration within Wp. This is primarily realized by an increase in W, itself, as
described by equation 5.14.

The bulk resistance is determined to be 512 at 5 MPa, with a slight increase to 65 at a
mechanical load of 250 MPa. Compared to the increase in interface resistance, the change in
bulk resistance is small and probably related to slight inaccuracies of the fitting procedure.
Hence, the increase in overall resistance can again be attributed to an piezotronic interaction
between piezoelectric polarization charges and the electrostatic potential barrier at the bicrystal
interface. The opposite trend of R;,, as well as C;,,; for the O|O — and Zn|Zn - interface and
hence for positive and negative piezoelectric polarization charges confirms the fundamental
theory of the piezotronic effect as already described for the grain boundaries of polycrystalline
varistor ceramics (equation 2.31).

However, the piezotronic effect seems to be more pronounced for the barrier lowering case at
the O|O - interface as compared to the increasing potential barrier at the Zn|Zn - interface. To
explain the different impact of positive and negative piezoelectric charge on the electrostatic
potential barrier height, the Fermi-level pinning mechanism as explained in chapter 2.3.2 and
3.3.3 needs to be accounted for. If, in the stress-free state, empty defect states exist above the
Fermi-level, an initial reduction in @p55 will be compensated by an increase in negative
interface charge Q;. This mechanism is referred to as Fermi-level pinning and is in detail
explained by equations 2.26 to 2.28 as well as by Figure 2-12 and 2-14. Only when all empty
defect states are filled, will the stress-induced positive piezoelectric charges unambiguously
decrease the potential barrier height. In principle, the same mechanism accounts for an
increasing potential barrier due to the generation of negative piezoelectric polarization charges.
In this case, not empty defect states above the Fermi-level will be filled, but filled defect states
below the Fermi-level well be emptied. The decreasing value of Q; will partially compensate the
stress-induced piezoelectric polarization charge and by this attenuate the observed increase in
potential barrier height. Now, the difference in stress sensitivity for positive and negative
piezoelectric charges can be explained by the distribution of defect states at the interface
(N;(E)). It can be assumed, that the density of empty defect states above the Fermi-level is
lower compared to the number of filled states below the Fermi-level. Hence, in the case of an
increasing potential barrier, the pinning mechanism is more pronounced, since a higher number
of piezoelectric polarization charge can be compensated by emptying filled interface states. In
the case of positive piezoelectric charges and a decreasing potential barrier, defect states above
the Fermi-level seem to be filled rather soon, therefore a pronounced stress dependence of the
current can be observed for the O|O - interface. Besides the absolute amount of defect states
below or above the Fermi-level, also the shape of the density of states defines the effectiveness

of the pinning mechanism (compare Figure 2-12 b). Therefore, the large number of filled defect
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states below the Fermi-level cannot perfectly counterbalance the barrier increase due to
negative piezoelectric polarization charges and a small, but steady increase in barrier resistance
can be observed (see Figure 5-25 (c)).

To further understand the interaction between mechanical stress and potential barrier height,
the effective potential barrier height as a function of stress needs to be determined. Therefore,
temperature-dependent conductivity measurements were performed for different values of
uniaxial compressive stress. The measurements were performed on a second bicrystal with O|O

— interface and similar electrical properties (see Figure A-3).
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Figure 5-26: Spectroscopic plot of real part of impedance as a function of applied uniaxial compressive

stress measured at different temperatures (increasing from left to right).

As can be seen from Figure 5-26, the second bicrystal with O|O - interface features the same
stress-dependent behavior of the real part of impedance as the bicrystal represented in Figure
5-24. The DC resistance of the second bicrystal under stress-free condition is with 5692 2
slightly higher, but with increasing mechanical stress, the resistance decreases in the same
fashion down to 165 2 at 250 MPa. Therefore, it can be assumed, that the structural and
electrical properties of the second bicrystal are comparable to the one studied before. By
increasing the temperature, the values of DC resistance for all levels of uniaxial stress decrease
which can be attributed to an increased thermal excitation of majority charge carriers across
the electrostatic potential barrier. The change in resistance due to an increase in temperature
is more pronounced for the stress-free state compared to higher values of uniaxial compressive
stress. The change in temperature dependence with increasing mechanical stress can be related
to the decrease in potential barrier height and therefore to different activation energies across
the barrier. To calculate the potential barrier height from stress- and temperature-dependent

impedance measurement, pure thermionic emission can be considered:??
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E
G = Gy exp (—ﬁ), (5.15)

with G = 1/R;,; being the conductance measured across the barrier. By plotting the logarithm
In (G) versus the inverse temperature 1/T, the activation energy E, across the electrostatic
potential barrier can be calculated from a linear fit, a procedure widely used in literature.”® 22%
230 1n this work, the conductance was calculated from the resistance value at 10 Hz, which is
the dc value, as can be seen from Figure 5-26. The obtained Arrhenius plots are depicted in

Figure 5-27 (a).
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Figure 5-27: (a) Arrhenius type plot of the conductance G determined from temperature- and stress-
dependent impedance measurements. (b) Comparison of experimental barrier height from Arrhenius

evaluation (blue dots) and calculated barrier height after Verghese and Clarke.?>

From a linear fit for the data represented in the Arrhenius plot, the activation energy for every
stress state can be determined. In first approximation, the activation energy can be seen as the
potential barrier height when purely thermionic emission of charge carriers across the potential
barrier is assumed. Figure 5-27 (b) depicts the determined potential barrier height as a function
of applied mechanical stress. At 5 MPa a potential barrier height of 0.29 eV can be determined
which decreases by 0.25 eV down to 0.04 eV at 250 MPa. Compared to typically discussed
values of potential barrier heights at the grain boundaries of polycrystalline varistor ceramics,
a barrier height of 0.29 eV in stress-free state is comparably small. This may be attributed to
the prolonged temperature treatment, which is known to be detrimental for the potential barrier
height due to a loss in interfacial defect state density.** 2> However, under the application of
mechanical stress, the potential barrier is almost completely eliminated. To rationalize the
observed change in potential barrier height, equation 2.31 can be applied. From the direct

piezoelectric effect as described by equation 2.2 and the present sample configuration, the

96



amount of stress-induced charge is given by Qp = 2d33033. Under the assumption of a donor
density of N; = 2.5 x 10'® cm™2 and a negative interface charge density of Q; = 6 x 1012 cm™2
in the stress-free state, the experimental results can be well described. In literature, similar
values are given for Q; and N,;.'*® Nevertheless, it should be mentioned, that the value of Q,
used for the calculation is slightly lower und the applied value of N; is slightly higher than
values given for typical polycrystalline varistor ceramics. This may be attributed to the atypical
temperature treatment needed to promote epitaxial growth. The calculation is represented by
the dashed black line in Figure 5-27 (b). The calculation based on equation 2.31 neglects the
Fermi-level pinning mechanism by empty defect states. Therefore, the good correlation between
the experimental data and calculation for stress values of 50 MPa and higher indicates that after
50 MPa the interfacial defect states are completely filled. This seems to be not the case for the
stress-free state where a small deviation between the calculated and experimentally determined
potential barrier height can be seen. The smaller experimental barrier height implies a by
around 0.5 x 102 cm™2 lower value for Q; compared to the value used in the calculation. Due
to the stress-induced lowering in potential barrier height, these states move below the Fermi-
level and are occupied by free electrons, stabilizing the potential barrier height between 5 and
50 MPa and by this being responsible for the experimentally observed behavior. Under the
application of 250 MPa, the potential barrier height is decreased by 0.25 eV which corresponds
to a decrease by 86 % of its initial value. Compared to existing studies on the piezotronic
performance of metal-ZnO Schottky contact, the observed stress sensitivity of the bicrystal
interfaces is considerably higher. This is also evident from the studies in this work, when the
results of the piezotronic bicrystal are compared to the piezotronic modulation of Schottky
contacts to bulk ZnO single crystals (chapter 5.1). On the other hand, in contrast to piezotronic
systems based on polycrystalline varistor ceramics, the device can be operated at very low
voltages. In I-V measurements, the highest stress sensitivity can be seen at 0.1 V and in
impedance measurements, the high stress sensitivities are reported for an ac field of 0.015 V.
To further demonstrate the stress sensitivity and applicability of individual bicrystal interfaces
for piezotronic applications, conductivity measurements were performed while linearly
increasing the applied mechanical stress. The measurement was performed on the O|O -
interface which was studied first. A probe signal frequency of 50 Hz was chosen since it is high
enough to ensure a good time resolution between each measurement point, while it is low
enough to make sure, that the determined conductivity value is still in the dc range (see Figure

5-24 (b)).
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Figure 5-28: (a) Conductivity-time measurement of the bicrystal with O|O - interface under linearly
increasing and decreasing mechanical stress from 5 MPa up to a value of 250 MPa and back to 5 MPa in

a triangular shape. (b) Conductivity as a function of stress-induced piezoelectric polarization (Qp).

As can be seen from Figure 5-28, the measured conductivity follows the applied mechanical
stress. The amount of piezoelectric polarization charge (Qp) linearly depends on the applied
mechanical stress. With increasing Qp, the measured conductivity increases in an exponential
fashion, which is well in agreement with the theoretical predictions from equations 2.31 and
5.14. In Figure 5-28 (b), a small hysteresis between loading and unloading is apparent, which
is not evident from the theoretical description as used before. Time-dependent screening and
compensation mechanisms could be responsible for the observed hysteresis. To shed light on
possible screening mechanisms, additional conductivity-time measurements were conducted
with different loading profiles as depicted in Figure 5-29. After removing the mechanical stress
from 100 MPa, the conductivity is constant (see Figure 5-29 (b)). In contrast, when the
mechanical stress is increased to 150 MPa and held constant at that value, the measured
conductivity decays by about 10 % within the read-out time of 60 s. This decay may be
attributed to charge redistribution or screening mechanisms. However, the small hysteresis in
Figure 5-28 (b) and the small decay of only 10 % present in Figure 5-29 (c), demonstrate, that
screening mechanisms do not have a profound influence on the piezotronic modulation of
electrostatic potential barriers in varistor-type bicrystal interfaces. From piezoelectric
measurements on ZnO single crystals with existing depletion region, it is known that the
reduced charge carrier density in the depleted region prevents screening of the piezoelectric
potential, as was discussed within chapter 5.2. In the vicinity of varistor-type double Schottky
barriers a symmetric depletion region into both adjacent grains is induced, possibly preventing

stress-induced piezoelectric polarization charges from being screened by free charge carriers.

98



(a)
1.0' 150
~ 0.8} <
5 100 £
%) i £
2 o0s ’
50 =
o 04 b 7y
04
0‘2 m«
0 100 200 300 400 500 600
Time (s)
b Cc 1.1
( ) 5 MPa ( ) 150 MPa
. 0.22} .
5 5 10!
) %)
b b
e 021 2 o9}
180 200 220 240 380 400 420
Time (s) Time (s)

Figure 5-29: (a) Conductivity-time measurement of the bicrystal with O|O - interface with different
stress profiles. (b) Conductivity-time measurement in stress-free (5 MPa) state. (¢) Conductivity-time

measurement at 150 MPa.

5.3.3. Summary - Piezotronic effect of ZnO bicrystals

Epitaxial solid-state transformation of a polycrystalline sacrificial layer in between two well
oriented single crystals is found to be a new promising concept to prepare individual
semiconductor-semiconductor interfaces for piezotronic applications. The chemistry of the
sacrificial layer gives control over the chemical composition and by this the defect density of
the ensuing interface. Consequently, an electrostatic potential barrier forms at the bicrystal
interface which can be tailored by stress-induced piezoelectric charge. Furthermore, a precise
adjustment of the piezoelectric polarization vectors either in head-to-head or tail-to-tail
orientation can be achieved by defining the orientation of the single crystals prior to
temperature induced epitaxial solid-state transformation. The orientational degree of freedom
maximizes the amount of stress-induced polarization charge and allows to define the sign of Qp
being positive or negative, respectively. By the generation of piezoelectric charge, the charge
transport across the electrostatic potential barrier can be modified. I-V and impedance

measurements confirm the fundamental concept of the piezotronic effect. In particular, a
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decrease in barrier height for positive piezoelectric charge and an increase in barrier height for
negative piezoelectric charge is noted. The different stress sensitivities for a decreasing and an
increasing potential barrier can be well rationalized by the implications of the Fermi-level
pinning mechanism for the piezotronic interaction between piezoelectric charge and
electrostatic potential. For the barrier lowering case, Arrhenius evaluation of temperature-
dependent impedance measurements reveals an extremely high barrier change of 86 %. From
0.29 eV in the stress-free state, the barrier can almost be entirely decreased by 0.25 eV down
to a value of 0.04 eV at 250 MPa. Compared to the piezotronic modulation of metal-ZnO
Schottky contacts, the attainable stress sensitivity observed on doped bicrystal interfaces is
dramatically enhanced. At this stage, the stress sensitivity seems only to be limited by the initial
potential barrier height. Due to the harsh temperature treatment, the initial potential barrier
height is rather small. If the preparation process could be adjusted such, that the high
temperature treatment is avoided, a further increase in achievable conductivity change can be
expected. Nevertheless, the reversibility of the conductivity change as well as the low operating
voltages indicate a high applicability of doped semiconductor-semiconductor interfaces in a

multitude of future piezotronic devices.
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5.4. Piezotronic effect of single crystal - polycrystal structures

Electrostatic potential barriers at doped ZnO-ZnO interfaces can be modified by stress-induced
piezoelectric polarization charges. The change in potential barrier height is utilized to
mechanically tune the electrical conductivity. The general concept was demonstrated for an
interplay of a multitude of grain boundaries in a polycrystalline varistor ceramic as well as for
individual bicrystal interfaces as in detail described in chapter 5.1.1%% 220 [n a polycrystalline
ceramic, high stress sensitivities can be achieved, but high operating voltages are necessary due
to the large number of potential barriers connected in series and parallel. On the other hand,
for bicrystal interfaces, the operation voltage could be significantly reduced but the harsh
temperature treatment during epitaxial solid-state transformation is detrimental for the
formation of the initial potential barrier height. The low initial potential barrier height is
believed to limit the stress sensitivity of bicrystals prepared by epitaxial solid-state
transformation. In this chapter, the interplay between the high temperature treatment during
epitaxial growth and the attainable stress sensitivity of single crystal — polycrystal structures
with varying amount of remaining polycrystalline material will be studied, thereby closing the
gap between piezotronic devices based on polycrystalline varistor ceramics and individual
bicrystal interfaces. In the first part of this section (chapter 5.4.1), the microstructure and
electrical characteristics in the stress-free state as a function of time for epitaxial growth of the
single crystals into the polycrystal will be discussed. In chapter 5.4.2, the stress sensitivity of
the prepared structures is evaluated. Parts of the here presented data have been previously

published as an article in the Journal of the American Ceramic Society.?*?

5.4.1. Preparation of single crystal — polycrystal structures

To prepare single crystal — polycrystal structures with varying amount of remaining
polycrystalline material in between two well oriented single crystals, the same epitaxial solid-
state transformation process as applied for the preparation of individual bicrystal interfaces can
be utilized (see chapter 5.1). The thickness of the remaining polycrystalline layer is adjusted by
choosing different times for high temperature treatment. In this study, high temperature
treatments were performed for 2, 20, 40, and 60 h, which should lead to a decreasing thickness
of the polycrystalline layer. Since the number of grain boundaries, and therefore, the number
of electrostatic potential barriers of the prepared structures determine the overall electrical
properties, a detailed microstructural analysis was conducted and will be discussed within the

next part of this chapter.
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Microstructural characterization

With increasing time of the high temperature treatment, epitaxial growth of the single crystals
into the polycrystalline layer as well as grain growth within the polycrystalline layer is expected.
To systematically study the microstructure, SEM images were recorded across the whole cross
sectional interface of each sample. Figure 5-30 features images recorded at the edge as well in
the center of each structure. From SEM images, it is evident that epitaxial growth is more
advanced in the center of the structures compared to the edges. Even for 60 h of high
temperature treatment, polycrystalline material is still present, especially at the edges of the

samples.

2h 20h 40h 60h

Figure 5-30: Cross sectional SEM images of the prepared single crystal — polycrystal structures with
increasing time for epitaxial growth from left to right (2, 20, 40, and 60 h) Images (a) to (d) were

recorded at the edge of the structures while images (e) to (h) were taken in the center of the structures.

The thickness of the remaining polycrystalline material was measured at least at 65 positions
across the whole interface of each sample. As can be seen from the micrographs in Figure 5-30,
the growth front is not perfectly linear, but a meandering interface between the single crystals
and the remaining polycrystalline material evolves. For reasonable comparison between the
samples, the average thickness of the remaining polycrystalline material was calculated as it is
depicted in Figure 5-31 (a). In addition, the average of the smallest and largest value in each
image was calculated (open triangles), representing an estimate for the variation between
maximum and minimum growth. With increasing time for epitaxial growth, the thickness of the
remaining polycrystalline layer decreases from about 60 um for the 2 h annealed sample down
to 32 um after 60 h of annealing. Figure 5-31 (b) shows the distance of epitaxial growth for

both crystals in one structure normalized to the initial thickness of the polycrystalline layer. An
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almost linear increase in epitaxial growth with time can be seen. Due to the meandering
interface, there are huge fluctuations between measurements at different positions which

reflects itself in the large difference between the average values for maximum and minimum

growth.
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Figure 5-31: (a) Remaining average thickness of the polycrystalline layer as a function of increasing time
for epitaxial growth (blue circles). Open triangles indicate the determined maximum and minimum
values of each picture averaged across the whole interface. (b) Relative epitaxial growth normalized on

the initial thickness of the polycrystalline sacrificial layer.

Besides epitaxial growth, the prolonged high temperature treatment also promotes grain
growth within the polycrystalline material. The average grain size determined from the grain
cross sectional area of at least 200 grains across the entire width of the remaining polycrystalline
layer is depicted in Figure 5-31 (a). The average grain size increases from 21 um for the 2 h
annealed sample to about 26 um for the structure which was annealed for 20 h. With further
increasing time of the high temperature treatment the grain size only increases slightly to 28 um
after 60 h of annealing. It has to be noted, that the variation in grain size for the individual
annealing times is significant. This can be seen from the error bars in Figure 5-32 (a), which
reflect the standard deviation of the determined grain size distributions. The slight increase in
grain size together with the decreasing thickness of the remaining polycrystalline layer reduces
the average number of grains and with this the average number of grain boundaries between

the two single crystals and outer electrodes, respectively (see Figure 5-32 (b)).
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Figure 5-32: (a) Average grain size within the remaining polycrystalline layer of the prepared structures
with increasing time of high temperature treatment. (b) Average number of grains between the two single

crystals with increasing time of high temperature treatment.

The number of grain boundaries between the two outer electrodes and with this, the number
of electrostatic potential barriers should have a profound influence on the electrical properties
of the prepared structures. Therefore, the structural analysis needs to be considered when
interpreting the electrical measurements in the following section. However, the average values
presented in this section should be treated with care when directly correlating the determined
values with electrical properties. For polycrystalline varistor ceramics, current localization due
to variations in microstructure is known to highly influence the electrical response of the
ceramics (see chapter 2.3.4). As can be seen from the meandering interface in Figure 5-30 and
the large standard deviation of the determined grain size distribution as depicted in Figure 5-
32 (a), the prepared single crystal — polycrystal structures reveal a distinct microstructural
inhomogeneity. Therefore, considerable current localization can be expected. Still, the average
values of e.g. the remaining thickness of the polycrystalline layer nicely illustrates the expected

correlation between epitaxial growth and time of the conducted high temperature treatment.

Electrical characterization

With increasing time of epitaxial growth, two mechanisms are believed to influence the electric
properties in the stress-free state. In the first place, the number of potential barriers connected
in series determines the breakdown voltage. This correlation is known from polycrystalline
varistor ceramics, where the number of grain boundaries can be used to adjust the breakdown
voltage of varistor devices in surge arrestor applications.!®® 23 To study the influence of a

reduced average number of potential barriers between the two outer electrodes as it was
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determined from microstructural analysis, I-V measurements were performed in the stress-free

state, which are depicted in Figure 5-33 (a).
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Figure 5-33: (a) Current-voltage characteristics in the stress-free state of the single crystal — polycrystal
structures after 2, 20, 40, and 60 h of epitaxial growth. (b) Leakage current determined at 0.1 V as a

function of time for epitaxial growth.

The leakage current determined at 0.1 V is shown in Figure 5-33 (b) and features a severe
increase with increasing time of the high temperature treatment. From around 3.2 - 10710 A for
the 2 h annealed structure, the leakage current increases by almost five orders of magnitude to
around 1.7 - 10~> A for the 60 h annealed sample. In the observed voltage and current range,
all structures feature a characteristic breakdown voltage between 3.4 and 3.8 V, which is typical
for individual varistor-type potential barriers. Like in chapter 5.3.1, the breakdown voltages
were determined at the point, where the coefficient of nonlinearity (a) reveals its maximum.
Compared to the longer annealed samples, the structures annealed for 2 and 20 h feature an
additional breakdown voltage at 9.1 and 7.2 V, respectively. The values for Vz of 7.2 and 9.1V
indicate the transitions of pathways from the leakage current regime to the conductive state
where more than one potential barrier is connected in series. For the structures annealed for
40 or 60 h, the current transport seems to be conducted through pathways dominated by only
one active electrostatic potential barrier. The structures annealed for 2 or 20 h have a more
complex current response. The more complex behavior of the shorter annealed structures
results from the higher average number of grain boundaries between the two electrodes. At
higher voltages additional conducting pathways seem to contribute to the overall current
transport.

However, the dramatic increase in leakage current by almost five orders of magnitude cannot

only be explained by the decreasing average number of potential barriers between the two outer
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electrodes. In the leakage current regime, the current linearly depends on the applied voltage
(¢ = 1). Hence, the leakage current should also linearly depend on the number of potential
barriers which are connected in series, if all potential barriers feature the same potential barrier
height. By decreasing the average number of potential barriers between the two electrodes from
e.g. 4to 1, a four-fold increase in leakage current should be expected. Therefore, the decreasing
thickness of the remaining polycrystalline layer cannot rationalize the severe increase in leakage
current as depicted in Figure 5-33 (b), if the potential barrier height at each interface is
expected to remain constant with ongoing high temperature treatment. The exponential
increase in leakage current may only be explained by a decreasing potential barrier height at
the individual grain boundaries itself with increasing annealing time. Similar observations were
made in polycrystalline varistor ceramics, where a varistor to conductor transition happens with
increasing sintering time of the ceramic.'* The varistor to conductor transition was attributed
to a change in chemical composition at the grain boundaries due to Bi»Os volatilization. To
demonstrate the change in potential barrier height with ongoing high temperature treatment,
temperature-dependent conductivity measurements were performed on samples with annealing
times of 2 and 60 h, respectively. Therefrom, the activation energy across the electrostatic
potential barriers can be extracted and hence, the barrier height can be approximated. The
procedure is similar to the barrier height determination of the bicrystal interface as a function

of stress, which was already described in chapter 5.3.2.
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Figure 5-34: Arrhenius type plot of the conductance G determined from temperature-dependent
impedance measurements in the stress-free state for the 2 and 60 h annealed single crystal — polycrystal

structures.

From Arrhenius evaluation, a significant difference between the structures annealed for 2 and
60 h is evident. The structure annealed for 2 h shows a change in slope within the In(G) vs 1/T

plot, indicating the presence of a low- and a high temperature process. Similar effects were
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already observed in polycrystalline varistor ceramics, where the change in slope was attributed
to distributions in potential barrier height.!®® 178 The activation energy of the low temperature
process is determined to be 0.52 eV, while the high temperature process has an activation
energy of 0.98 eV. The activation energy of the high temperature process is well in the range of
barrier heights reported for polycrystalline varistor ceramics.'3* The lower activation energy at
low temperatures, can be attributed to percolating pathways through the single crystal —
polycrystal structure, which seem to dominate the current transport at room temperature and
low voltages. On the other hand, for the 60 h annealed structure, only one process with
significantly lower activation energy is detectable. The low activation energy of 0.32 eV
determined for the 60 h annealed structure confirms the expected detrimental influence of the
high temperature treatment on the initial potential barrier height during epitaxial growth and
is most probably responsible for the dramatic increase in leakage current seen in I-V
measurements.

Microstructural and electrical characterization, in stress-free state, of the single crystal —
polycrystal structures reveals a profound influence of the high temperature treatment on the
electrical properties. The high temperature treatment decreases the number of grain boundaries
within the polycrystalline layer and by this, the number of electrostatic potential barriers
between the two electrodes. Furthermore, the potential barrier height itself is decreased by
ongoing high temperature treatment. In the following chapter, the influence of the changed

microstructure and electrical characteristic on the attainable stress sensitivity is studied.

5.4.2. Stress sensitivity of single crystal — polycrystal structures

The orientation of the two single crystals was defined such that an ensuing polarization vector
in both single crystals points towards the polycrystalline layer. Hence, at the grain boundaries
between the polycrystal and the single crystals, positive piezoelectric charges should
preferentially decrease an existing potential barrier. For the potential barriers at grain
boundaries within the polycrystalline material, a statistical distribution of relative grain
orientation is expected. Therefore, an existing potential barrier at such grain boundaries can be
increased or decreased, depending on the grain boundary orientation. From stress-dependent
measurements in polycrystalline varistor ceramics, it is known that due to percolation effects,
the overall conductivity increases for a multitude of randomly oriented grain boundaries.?> 168
Hence, an increase in conductivity is expected for the structures with the here chosen

orientation under the application of compressive stress. Figure 5-35 shows the stress-dependent

I-V measurements of the structures with increasing time for epitaxial growth.
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Figure 5-35: Stress-dependent I-V measurements of the single crystal — polycrystal structures annealed
for 2h (a), 20 h (b), 40 h (c), and 60 h (d).

For reasons of comparability, the plots of the I-V measurements for all structures are shown in
the same current and voltage range. All structures feature a pronounced change in electrical
conductivity under the application of uniaxial compressive stress. The highest change in
conductivity can be observed in the pre-breakdown region at 0.1 V. To compare the stress
sensitivities of the structures, the relative change in current (Al/I,) was determined at 0.1 V
and is plotted as a function of annealing time (see Figure 5-36). For the shortest (2 h) annealed
structure, a relative change in current of Al /I, = 73 can be observed. By increasing the time for
epitaxial growth to 20 h, the stress sensitivity can be dramatically increased to Al/I, = 2640,
whereas a further increase in annealing time does not lead to a further increase in stress
sensitivity. The opposite is observed, when the annealing time is further increased, the stress
sensitivity decreases to Al /I, = 253 for the 40 h annealed structure and Al /I, = 32 for the 60 h
annealed structure. Regarding the stress sensitivity, 20 h of high temperature treatment is the
optimum time. In contrast, the shortest (2 h) and the longest (60 h) annealing times feature

the lowest stress sensitivities.
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Figure 5-36: Relative change of current (Al/l;) determined at 0.1 V as a function of time for epitaxial

growth.

Two competing mechanisms can be accounted for to explain the maximum in stress sensitivity
for intermediate times of epitaxial growth. As described before, the grain orientation in the
polycrystalline layer is random. Hence, the relative orientation of the polarization vectors in the
two adjacent grains at a grain boundary within the polycrystalline layer is also randomly
distributed. Under the application of mechanical stress, the orientation of the ensuing
polarization vectors at one grain boundary within the polycrystalline layer can be in head-to-
head, tail-to-tail, and head-to-tail respectively. As already described by Verghese and Clarke?®
and as confirmed within chapter 5.3.2, at an interface with head-to-head orientation, positive
polarization charges will decrease an existing potential barrier whereas at interfaces with tail-
to-tail orientation, negative polarization charges will increase an existing potential barrier. Even
if the number of increasing and decreasing potential barriers in a polycrystalline material was
the same, percolating pathways through the microstructure with a preferentially decreasing
overall potential barrier height will evolve, due to the statistical relative grain orientation.
Hence, an overall increase in electrical conductivity would be observed. For interfaces with
head-to-tail orientation of the polarization vector, negative and positive polarization charges
from the two grains will compensate each other. If the angle between the interface and both
polarization vectors is the same, the amount of positive and negative polarization charge from
the two adjacent grains is the same and no change in potential barrier height is expected.
However, if the angle between the two polarization vectors and the corresponding interface is
different, the piezoelectric charges will not be perfectly compensated. This consideration is of
importance for the interfaces between the polycrystalline layer and the single crystals. The
orientation of the single crystals is defined during the manufacturing process such, that an
evolving polarization under compressive stress is positive. Therefore, at both interfaces between

the polycrystalline layer and the single crystals exclusively positive polarization charges can be
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induced by the application of mechanical stress. Only in the unlikely event where the ensuing
polarization vector within a grain adjacent to the single crystal generates negative piezoelectric
charges and exhibits the same angle with respect to the interface as the polarization vector in
the single crystal, no piezoelectric charge is generated at the interface. Across the whole
interface the potential barriers between the polycrystalline layer and the single crystals are
preferentially decreased when compared to the average potential barrier at randomly oriented
grain boundaries. Now, with increasing time for epitaxial growth, the percentage of the
favorably oriented interface between the polycrystalline layer and the single crystals is, in
comparison to the overall number of grain boundaries, increased. Hence, the overall percentage
of interfaces having electrostatic potential barriers which are preferentially decreased by
mechanical stress increases. This phenomenon should result in an increasing stress sensitivity
with increasing time for epitaxial growth and can rationalize the observed increase in stress
sensitivity between the 2 h and 20 h annealed structure. However, it cannot explain the
decreasing stress sensitivity with further increasing the time for epitaxial growth to 40 and 60 h.
As demonstrated in chapter 5.4.1, the leakage current of the structures significantly increases
with increasing time of the high temperature treatment. The increase in leakage current could
be partially explained by the decreasing number of electrostatic potential barriers between the
two outer electrodes. Nevertheless, the major contribution to the increasing leakage current is
found to be induced by a decreasing initial potential barrier height due to the harsh temperature
treatment during epitaxial growth. Since the achievable stress sensitivity in piezotronic devices
is related to the ratio of the potential barrier resistance to the bulk resistance, a decreasing

barrier resistance in the stress-free state will decrease the attainable stress sensitivity.2

5.4.3. Summary - Piezotronic effect of single crystal — polycrystal structures

In this chapter, the influence of the high temperature treatment during epitaxial solid-state
transformation on the stress sensitivity of single crystal — polycrystal structures was discussed.
By varying the time for epitaxial growth, the amount of remaining polycrystalline material
between two well oriented single crystals could be adjusted. It is found, that structures with
intermediate times of epitaxial growth (20 h and 40 h) feature higher stress sensitivities
compared to shorter (2 h) and longer (60 h) annealed structures. The increasing stress
sensitivity between the 2h and 20 h annealed structures is attributed to the increasing
percentage of ZnO-ZnO interfaces with favorably oriented polarization vectors regarding a
desired lowering in potential barrier height. For longer times of epitaxial growth, a dramatic
increase in leakage current due to the decreasing number of potential barriers between the

electrodes and a detrimental influence of the high temperature treatment on the initial potential
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barrier height is identified. With increasing leakage current the attainable stress sensitivity is
decreased with ongoing high temperature treatment. The above explained, competing
mechanisms therefore rationalize the superior stress sensitivities obtained for single crystal —
polycrystal structures with intermediate times of epitaxial growth. Compared to piezotronic
systems based on polycrystalline varistor ceramics, the attainable stress sensitivity is
comparable, but the operating voltages could be decreased down to 0.1 V. The applied approach
therefore demonstrates the great potential of microstructural engineering to increase the

sensitivity of piezotronic devices based on polycrystalline varistor ceramics.
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6. Concluding remarks and outlook

The main achievement within this work was the successful preparation of individual ZnO
bicrystal interfaces for piezotronic applications, as described in chapter 5.3. Epitaxial solid-state
transformation of a polycrystalline sacrificial layer in between two well oriented ZnO single
crystals could be applied to create bicrystal interfaces with precise control over the polarization
vector orientation as well as the chemical composition at the interface. The chemical
composition of the interface could be adjusted by defining the chemical composition of the
polycrystalline sacrificial layer, which was based on a typical varistor composition. Hence, the
bicrystal interfaces feature the same electrical properties as individual grain boundaries in a
polycrystalline varistor ceramic. In contrast to polycrystalline varistor ceramics, the existence of
only one potential barrier results in predictable electrical properties and low operating voltages
for future applications. In addition, orienting the polarization vectors within the ZnO single
crystals defines the sign of, and maximizes, the stress-induced piezoelectric polarization charges
at the interface. Hence, the prepared bicrystals were the ideal system to investigate the

piezotronic modulation of electrostatic potential barriers at doped ZnO-ZnO interfaces.

The bicrystal structures revealed an increase and decrease in potential barrier height for the
generation of negative and positive piezoelectric charges, respectively. Compared to piezotronic
devices based in metal-ZnO Schottky contacts, the concept of utilizing ZnO bicrystal interfaces
features extremely high stress sensitivities, which is a consequence of a different physical
mechanism behind the piezotronic modulation of electrostatic potential barriers. As stated in
literature and confirmed within chapter 5.1 of this work, the stress sensitivity of Schottky
contacts is limited by the spatial separation between stress-induced piezoelectric charges and
screening charges within the metal. This spatial separation, hence, the thickness of the
interfacial gap layer cannot easily be extended by experimental approaches, thereby being an
inherent shortcoming of piezotronic devices based on Schottky contacts. On the other hand, the
local charge distribution at varistor-like ZnO-ZnO interfaces, where a negative sheet charge is
screened by two symmetric depletion regions, results in a direct interconnection between stress-
induced piezoelectric charge and the negative sheet charge accumulated at the interface.
Therefore, mechanical stress directly translates into a modulation of the potential barrier height
at such interfaces resulting in superior stress sensitivities of the piezotronic systems based on

varistor-like potential barriers compared to Schottky contacts.
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However, the prolonged high temperature treatment during epitaxial solid-state transformation
was found to have a detrimental influence on the initial potential barrier height at the bicrystal
interface (see chapter 5.4). After 65 h of epitaxial growth, the loss of volatile dopants like Bi
decreases the number of interfacial defect states which resulted in a potential barrier height of
only 0.29 eV. Since already at 250 MPa, the potential barrier could be almost completely
extinguished, the low initial potential barrier height was found to limit the attainable stress
sensitivity of the bicrystal interfaces prepared by epitaxial solid-state transformation. To further
increase the stress sensitivity, the negative sheet charge density should be increased by
optimizing the preparation process. Furthermore, the Fermi-level pinning mechanism is deemed
responsible for the different stress sensitivities of an increasing and a decreasing potential
barrier observed for the bicrystals with changed polarity. A different density of defect states
above and below the Fermi-level results in a different magnitude of the pinning mechanism. In
contrast to a decreasing barrier, a lower stress sensitivity is found for an increasing barrier,
which is believed to be an inherent feature of piezotronic devices based on varistor-type

electrostatic potential barriers.

Regarding future developments, the here presented work demonstrates the great potential of
individual varistor-type bicrystal interfaces for piezotronic applications. The different physical
mechanism of the interaction between potential barrier height and piezoelectric polarization
results in a superior performance of varistor-type bicrystal interfaces compared to metal-ZnO
Schottky contacts, which were mainly studied until now. This finding can promote future
research into the direction of piezotronics based on individual ZnO-ZnO interfaces. Future work
should focus on optimizing the preparation process to gain a more precise control over the
interfacial defect state distribution. One approach could be the introduction of dopants by thin
film techniques like sputter deposition or thermal evaporation. The key is, to prevent the
detrimental influence of the high temperature treatment during bicrystal fabrication.
Manipulating the interface coherency as already demonstrated in literature could also facilitate
an additional tool to gain control over the defect state distribution. In general, preparation
techniques need to be easy, cheap and compatible with the trend of miniaturization in
semiconductor technology in order to provide a real alternative for existing concepts. Therefore,
the here presented approach can be seen as starting point for technological development of

micro- and nano-sized ZnO-ZnO interfaces for piezotronic applications.
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Appendix

(c) (d)

Figure A-1: Structural analysis of O|O bicrystal interface prepared by epitaxial solid-state transformation.
Images (a) to (c) depict images taken by optical microscopy and image (d) features an SEM image of the
interface. A single interface over a large area is present but, in some parts, individual grains or small

amounts of remaining polycrystalline material are still present ((c) and (d)).
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Figure A-2: EDS measurements of the O|O bicrystal at the interface and within the bulk. (a) BF-TEM

image featuring the boundary region and the different positions where EDS measurements were taken.

At the interface Bi can be detected (b), while within the bulk no Bi signal can be captured (c). In addition,

Cr, Mn, Co, and Ni could be detected at the interface and within the bulk material. The Mo and Cu signal

originate from the TEM sample holder grid.
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Figure A-3: Current-voltage characteristics of the bicrystals with O|O - interface used for temperature-

and stress-dependent conductivity measurements.
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