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1. Introduction

In the future, emerging technologies 
with semiconductor-based smart devices 
may include artificial skin,[1] synapsis,[2] 
energy harvesting,[3,4] and magnetoelec-
tric applications that rely on composites of 
piezoelectric and magnetostrictive mate-
rials.[5–7] A specific example for potential 
medical application is a small, highly sen-
sitive magnetoelectric sensor capable to 
measure the low frequency magnetic fields 
originating in the human body.[8] As these 
fields are really small in the pT to fT range, 
a promising approach to increase the 
sensitivity might be to exploit the piezo-
tronic effect as a source of intrinsic signal 
amplification.[9–12] The piezotronic effect is 
found in piezoelectric semiconductors and 
combines the piezoelectric effect with the 
electric behavior of a Schottky contact at a 

Novel devices ranging from bio magnetic field sensors to energy harvesting 
nano machines utilize the piezotronic effect. For optimal function, under-
standing the interaction of electrical and strain phenomena within the semi-
conductor crystal is necessary. Here, studies of a model piezotronic system 
are presented, consisting of a ZnO microrod coated by a thin layer of gold, 
which forms a Schottky contact with the piezoelectric ZnO material. Coherent 
X-ray diffraction imaging (CXDI) and transmission electron microscopy (TEM) 
are used to visualize the structure and strain distribution, showing that the 
ZnO microrod exhibits strains of multiple origins in the bulk and at the inter-
face. Strain values of −6 × 10-4 have been measured by CXDI at the ZnO/Au 
interface. The origin is shown to be a combination of an interface strain, 
possibly caused by the Schottky contact formation, and distinct, localized 
electrical fields inside the crystal which are assigned to electron depletion 
and screening in a bent ZnO/Au piezotronic rod. These findings will con-
tribute to sensor development and to a better understanding of piezotronic 
applications.
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semiconductor/metal interface.[13–15] External stress and crystal 
quality induce a strong electric response in piezoelectric semi-
conductors, changing the height of the Schottky barrier and the 
depletion width.[16,17] By the addition of a magnetostrictive mate-
rial, the variation of external magnetoelastic stress imposed on 
the semiconductor material could further tune the conductivity 
across the Schottky barrier for potential sensor applications.

The majority of studies on the piezotronic effect concentrate 
on electrical characterization and employ predominantly ZnO, 
which is a well-known piezoelectric material with wurtzite-type 
crystal structure. These studies emphasized the direct influ-
ence of external mechanical stress on the Schottky barrier 
height in ZnO bulk[16] and microstructures[18,19] when stress is 
applied along the ZnO c–axis. Choosing the direction of applied 
stress can induce either tensile or compressive stresses which 
increase or decrease the Schottky barrier height accordingly.[20]

Additionally, it was shown that strain and an associated E-field 
can be induced by bending free-standing ZnO micro rods using 
an atomic force microscope.[21] The resulting change in con-
ductivity was assigned to formation of a depletion region, thus 
shrinking the conduction channel size inside the rod. Combined 
analytical calculations and finite element method simulations, 
confirm that bending of ZnO wires leads to a negative potential 
at the compressed side and a positive potential on the relaxed 
side of the rod.[22] Further calculations considering n-type ZnO, 
indicate that the positive potential inside the ZnO rod is partly or 
fully screened, depending on the donor electron concentration.[23]

Previous studies by the authors already showed a complex 
strain behavior in ZnO micro rods.[24,25] FeCoSiB coated ZnO 
rods were investigated in detail by scanning nano X-ray diffraction 
(XRD). The strain was found to be non-uniform, with an asym-
metric strain variation at the rod edges and a strong dependence of 
the strain profile on the aspect ratio. Two strain components were 
observed, an intrinsic strain due to the coating and an additional 
reactive strain that could be controlled by applying an external 
magnetic field to the magnetostrictive coating. Depending on the 
field direction, the total strain could be increased or reduced.

A powerful method for visualizing the shape and strain of 
nanostructures in three dimensions is coherent XRD imaging 
(CXDI).[26,27] With CXDI it is possible to visualize single grains, 
defects, and strain with high precision inside functional 
materials[28,29] by reconstructing the complex amplitude and 
phase in small nanometer to micrometer sized single crystal 
objects.[30–32] Due to its high crystallinity and simplicity of pro-
duction, ZnO nanocrystals and rods have been a common sub-
ject.[31,33,34] CXDI was further employed to visualize the strain 
field inside other nanoparticles including lead,[35] polycrystal-
line particles in thin gold films,[28] and batteries.[29,36]

In this study, complementary techniques of reciprocal and 
real space analyses by means of Bragg CXDI and geometric 
phase analysis (GPA) performed on transmission electron 
microscopy (TEM) micrographs were used to visualize the 3D 
and the estimated relative local strain distribution in piezo-
tronic ZnO/Au microstructures in order to understand how it 
affects the Schottky barrier and related electrical properties.

CXDI provides a spatial resolution of 5–50  nm and a very 
high strain resolution of 10–5. Complimentary, modern transmis-
sion electron microscopes offer a high spatial resolution better 
than 100 pm but its analytical spatial resolution to lattice strains 
is usually limited by the radius of a virtual aperture in GPA to 

1–2 nm or the electron probe diameter, for example, 2–6 nm in 
diffraction- based strain measurement techniques. Compared 
to CXDI, these techniques including GPA have a relatively poor 
strain resolution on the order of 2 × 10–3 in strain maps.[37] By 
the combination of Synchrotron- and TEM-based techniques, 
the inherent strain distribution can be visualized over a wide 
range of length scales. ZnO is ideal for such studies, because of 
its high crystallinity. Further information on the techniques and 
the sample preparation are given in the Experimental Section.

2. Reconstructed Strain Distribution from CXDI

For the CXDI experiment one of the {1010} ZnO Bragg reflec-
tions of a gold coated ZnO rod was investigated. The rod was 
illuminated with a coherent X-ray beam using the geometry 
shown in Figure 1a. The recorded diffraction pattern around 
the {1010} Bragg reflection in the qx/qz plane is shown in 
Figure 1b, averaged over a 0.09 Å–1 wide range in the qy direc-
tion. The Bragg reflection has a full width at half maximum 
(FWHM) in qx of 7.0 × 10−4 ± 0.1 × 10−4 Å–1, and a mean crystal-
line domain size of 927 ± 25 nm is determined. Furthermore, 
hexagonal symmetry and fringes from coherent scattering are 
clearly visible. From the fringe spacing a mean rod diameter 
of 940 ± 19 nm was calculated. This is in the same range as the 
calculated crystallite size, indicating an excellent crystal quality. 
From the information included in the coherent diffraction pat-
terns of the ZnO rod, the complex amplitude of the rod’s elec-
tron density was reconstructed by performing iterative phase 
retrieval.[38,39] Data were collected at a number of positions 
along the rod in the y direction corresponding to the c–axis as 
shown in Figure 1a and successfully reconstructed.

These positions display a very similar behavior. Here, we 
focus on the data for one position to avoid repetition, as it is 
representative for all measured positions. The reconstructed 
electron density amplitude is displayed in Figure  1c. Showing 
the corresponding reconstructed shape for three different iso-
surfaces with values 0.37 (1/e), 0.5, and 0.6.[41] Each isosurface 
connects data points of the same value inside a volume. For 
the further discussion only the front section between y 0 and 
0.6 µm with isosurface 1/e will be considered.

In addition, CXDI measurements of the {1010} Bragg reflec-
tion provide the strain component ε10-10 along the corresponding 
scattering vector (indicated in Figure 1c by a black arrow). This 
strain component describes lattice deformation in the (0001) 
plane of the wurtzite-type structure (Figure 1d). The strain dis-
tribution within the rod is calculated as the gradient of the dis-
placement field, which is the reconstructed phase divided by the 
scattering vector (detailed description is given in Supporting 
Information).[42] This reconstructed phase contains information 
on the relative displacements of the atoms within the crystal, 
that is, variations in strain. The Bragg reflection with maximum 
intensity on the detector was found at q10-10  = 2.2319  ±  0.0001 
Å–1. A theoretical value for Zinc oxide is q10-10 = 2.2324 Å–1 corre-
sponding to a lattice parameter of 2.8146 Å.[40] Comparing these 
values indicates a compressive global strain of 2.2 × 10–4 in the 
rod, relative to the theoretical value. To visualize the local strain, 
the reconstructed strain distribution in the sample is consid-
ered. A mean strain for the reconstructed volume is calculated 
by averaging the individual strain from each voxel in all three 
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dimensions and found to be 5.8 × 10–5. This is subtracted from 
the reconstructed strain at each point to give the relative strain 
distribution. The strain present in the sample is a combination 
of the average, global strain and the relative, reconstructed strain. 
For refraction corrected strain the phase shift due to the refrac-
tive index and the varying path lengths through the rod is con-
sidered[43,44] (procedure given in the SI). Furthermore, to align 
the scattering vector (black arrow) with the x–axis in Figure 1c, 
the reconstruction is rotated counterclockwise by 14.17 ° (Bragg 
angle). X– and Z–axis are the respective rotated positions. The 
3D distribution of the reconstructed, refraction corrected, rela-
tive strain in a rod section of 0.4 µm ×  1 µm ×  1 µm is shown 
in Figure 2a. For better accessibility of the strain distribution 
inside the rod, the reconstructed volume was cut in half along 
the Y–axis. In agreement with literature, the interface exhibits a 
remarkable large strain compared to the bulk of the sample.[25] 
A strong compressive strain −2.2  × 10–4 is visible close to the 
left ZnO/Au interface, subsequently an increase of the strain is 
observed inside the rod. Toward the right interface a strong ten-
sile strain 1.3 × 10–4 is observed.

From this strain distribution the average of the strain 
in Z direction is calculated as a function of X and shown 
in Figure  2b. The average strain (blue crosses) has a linear 
behavior near the sample center at X  ≈  0 to 0.2  µm. Closer 
to the edges the strain changes drastically. Toward the right 
side (beginning at X  ≈  0.25  µm) the strain increases over 
a range of 150  nm, before it settles and decreases closer 
toward the interface. On the left (X  ≈  −0.1 to −0.4  µm), the 
strain decreases slightly and settles over roughly 300  nm, 
then within the last ≈100 nm toward the interface the strain 
decreases further.

2.1. Strain Modeling

To quantify the strain a model was developed, consisting of 
a minimal constant offset, a linear component due to rod 
bending. Further, two exponential functions at the edges 
account for interface strain as previously applied[25] and two 
Gaussian functions are assigned to bulk strain further inside 

Figure 1.  a) Sketch of the CXDI experiment for strain investigations of a gold coated ZnO rod. The scattering vector q of the {1010} ZnO Bragg reflec-
tion, the c–axis of the ZnO, and the path of the incident beam are indicated and a coordinate system for the further analysis is introduced. The detector 
image is uncorrected but is approximately aligned in the qy and qx directions. b) Diffraction pattern shown on log scale in the qx/qz plane. The rod 
diameter calculated from the fringe spacing is indicated for three directions within the ZnO (0001) plane. c) Displaying the reconstructed shape of the 
rod with multiple isosurfaces of 0.37 (1/e), 0.5, and 0.6. The direction of the scattering vector q is indicated by the black arrow. d) ZnO structure in the 
(0001) plane[40] and the measured strain component ε10 10 .
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the crystal to consider potential screening and depletion of 
electrons as motivated by previous simulations,[22,23] where 
rod bending of a ZnO wire was shown to cause screening and 
depletion effects at opposing rod edges. The simulated elec-
trical potential is linked to an electric field and causes a strain 
change due to the piezoelectric properties of ZnO. This model 
was fitted to the average strain data in Figure 2c.
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X is the position across the sample, with its first value x1 and 
last value xn inside the reconstructed volume. εB,CDI, σB,CDI, 
and μB,CDI are the fitted bulk strain, sigma, and position of the 
Gaussian functions, respectively. The exponential functions are 
fixed to the opposing edges of the rod and have values for the 
interface strain εI,CDI and sigma σI,CDI. The subscript l and r 

in the parameters of the exponential and Gaussian functions 
denote the position left and right relative to the rod center in 
Figure  2a. Furthermore, there is a linear strain εbend and a 
constant offset εconst. The fitted σI,CDI and σB,CDI values can be 
interpreted as a measure for the spatial size of the effect, that 
is, the penetration depth of the surface strain and the spatial 
size of the bulk strain. The red solid line in Figure 2b shows the 
fit result of the whole model function, for a more specific look 
the two Gaussian functions (purple and yellow lines) as along 
with the linear component (green dashed line) are shown. The 
exponential functions at the edges are implicitly included as the 
difference between the overall fit result and the Gaussian func-
tions. See Table 1 for all values extracted from the fit model and 
Supporting Information for further details on the fitting proce-
dure. The linear strain from the model indicates a tensile strain 
along the ZnO c–axis on the left and a compressive strain at the 
right edge, possibly due to the rod being bent toward the right 
side (radius = 6.8  mm) and may be the result of an intrinsic 
bending from the growth or due to the coating process. The 
linear behavior is overlapped by two Gaussian functions mod-
eling the bulk strain, which show a differing but consistent 
behavior. The Gaussian strain component on the right is of 
greater magnitude, smaller width, and opposite sign compared 
to the one on the left. This non-symmetric distributions may 
be related to a potential screening and depletion of electrons 
in a bent rod as previously simulated.[22,23] As pointed out in 

Table 1.  Fit results of the model (Equation (1) for the strain ε, spatial position μ and size σ for bulk (B,CDI) and interface (I,CDI) strain components 
from CXDI reconstruction. The E field was calculated from the fitted εB,CDI values. For comparison, the strain εI,TEM distinguished by TEM and the 
measured surface strain εref from a nano XRD experiment on FeCoSiB coated ZnO rods were included. Furthermore, strain from rod bending εbend 
and constant offset εconst are shown.

pos. σ B,CDI [nm] µ B,CDI [nm] ε B,CDI [10–4] E [106 V m−1] σ I,CDI [nm] εI,CDI [10–4] εref
a) [10–4] ε I,TEM [10–3] ε bend [10–4] εconst [10–4]

left 117.6 ± 6.4 233.9 ± 7.7 −0.22 ± 0.02 4.37 ± 0.22 34.9 ± 1.3 −1.36 ± 0.03 −4.0 ± 0.5 −17.5 ± 2.5 0.44 ± 0.02 0.019 ± 0.01

right 69.2 ± 1.4 45.8 ± 1.6 1.03 ± 0.02 −20.27 ± 0.28 43.0 ± 2.3 −0.83 ± 0.03

a)From ref. [25].

Figure 2.  a) Reconstructed shape and refraction corrected strain of the ZnO rod (Isosurface 1/e) from CXDI. To illustrate the strain distribution in 
the X/Z-plane the reconstructed volume was cut in half in the Y-direction, with the front surface corresponding to a cross section through the center. 
The black arrow indicates the direction of the scattering vector q10-10. b) Average strain along Z (blue crosses) as a function of X, from (a), shown with 
the fit result of the model function (solid red line), the two Gaussian components of the model (purple and yellow solid line) and the fitted linear 
component (green dashed line).
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these publications, bending of a ZnO wire leads to a change 
in the potential. Considering the local potential distribution, 
the negative potential on one edge of the wire causes a deple-
tion of electrons, while the positive potential on the opposite 
side is screened at least partially by free electrons resulting in 
a non-symmetric potential distribution as present in n-type 
semiconductor. The related electric field leads to a measurable 
bulk strain in the piezoelectric rod. This bulk strain is over-
lapped by a symmetric strain toward the interface. This strain 
may be the result of the Schottky barrier formation at the ZnO/
Au interface due to the inverse piezoelectric effect,[45] further 
details on the speculative mechanism are given in Section  4. 
For comparison, the typical donor concentration in n-type 
ZnO is ≈1016–18  cm–3.[46,47] Together with the built-in potential 
Φi  ≈  0.5  V[13,46] a Schottky barrier depletion width Wd  ≈ 21.7 
– 217.4  nm is estimated.[13,62,63] This is in agreement with the 
mean width σ  I,CDI  = 39.0  ±  6.4  nm from Table  1 which cor-
responds to a calculated donor concentration of 3.1 × 1017 cm–3, 
details on the calculation are given in Supporting Information.

3. High-Resolution TEM Strain Analysis of ZnO/
Au Interface
The (sub-)microscale CXDI strain analysis is complemented by 
a local strain analysis from a ZnO/Au interface with nanom-
eter resolution using aberration-corrected high-resolution TEM 
(HRTEM) in combination with GPA on a comparable model 

system. Knowing the local strain distribution at the metal-semi-
conductor interface is essential for tuning the interfacial carrier 
transport properties across the Schottky contact as local strain 
can lower the barrier effectively.[48] The high spatial resolution 
of TEM enables to study interfacial layers or defects at or close 
to the interfaces, or electronically speaking the space-charge-
region, as these defects provide additional electronic states in 
the bandgap and act as unwanted disturbance of the strain 
distribution.[49]

This model system consists of Au nanocrystals grown onto 
the {1010} facets of a ZnO microstructure as depicted in the 
high-angle annular darkfield image recorded in scanning TEM 
mode of Figure 3a and the supporting sketch. The cross-sec-
tion specimens were prepared such that the ZnO c–axis was 
aligned to the viewing direction. For some of the analyzed Au 
crystals, this alignment allowed a direct view onto the ZnO/
Au interface without superposition artifacts. These experi-
mental conditions allowed to observe potential systematic ori-
entation relationships and enabled the analysis of local lattice 
strains. Note that a certain specimen thickness was preserved 
to minimize potential strain relaxation effects in a thin foil.[50] 
Selected area electron diffraction (SAED) experiments and fast 
Fourier transformation (FFT) of HRTEM micrographs display 
the [0001] zone axis pattern for the ZnO crystal and indicate 
certain in-plane correlations between the components, which 
can be described as ZnO(1120)/Au(111) in some regions and 
ZnO(1120)/Au(220) in other ones, based on the SAED pattern 
in Figure 3b.

Figure 3.  a) HAADF STEM image showing the cross-section of a ZnO/Au nanostructure simplified in the accompanying sketch. b) SAED pattern 
showing reflections of [0001] ZnO and [111] Au with ZnO(1120)/Au(220) in-plane orientation relationship. c) HRTEM micrograph showing the ZnO/
Au interface (dashed line) d) FFT of the HRTEM micrograph in (c) showing virtual apertures placed on in-plane and out-of-plane reflections of the 
ZnO component used for GPA. e) Strain distribution maps of the in-plane (ε1120) and out-of-plane (ε 1100 ) components of the symmetric strain tensor. 
The yellow boxes indicate the region for taking integrated strain profiles in relation to the selected reference lattice (white boxes). f) Estimated relative 
strain profiles showing increasing compressive strain in the out-of-plane component (ε 1100 ) approaching the ZnO/Au interface. The dashed line serves 
as guide to the eye.
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The HRTEM micrograph (Figure  3c) does not display a 
sharp interface but shows a slight misorientation between the 
incoherent lattices of ZnO and Au. The HRTEM micrograph 
and corresponding FFT display the hexagonal motif viewing 
on the [0001] ZnO zone axis. Lattice deformations of this hex-
agonal motif in real space will result in broader intensities 
in reciprocal space and can be mapped out with respect to a 
presumably undistorted reference lattice within the micro-
graph (defect free area far away from the interface) by the GPA 
method.[51] The highlighted in-plane and out-of-plane reflec-
tions in Figure  3d were selected by virtual apertures limiting 
the spatial resolution of the strain distribution to 1.5 nm.

The relative local strain distribution in the ZnO lattice is 
presented in Figure 3e showing the in-plane (ε1120) and out-of-
plane (ε 1100) components of the symmetric strain tensor within 
an experimental resolution of ≈5 × 10−3, which is estimated 
from the oscillation amplitudes being an artifact of defining the 
spatial resolution by placing the virtual apertures around the 
reflections in the FFT. Please note that the non-uniform strain 
distribution in the Au component can be considered as artifact 
of the method as well, since GPA only maps the deformation 
vectors in coherent lattices defined by the virtual apertures 
and the reference lattice. The larger changes in strain contrast 
resolved in the right part of the ε1120 map within the ZnO com-
ponent are possibly connected to lattice imperfections exhib-
iting larger lattice deformation strains.

To concentrate on the effect size of an interfacial strain on 
a defect-free lattice, the magnitude of relative strain inside 
ZnO is measured by integrating across regions (yellow frames) 
exhibiting a homogenous contrast, hence excluding the influ-
ence of larger strain distributions around lattice defects.

The examined profiles (Figure 3f) exhibit an increasing rela-
tive compressive strain toward the interface for the out-of-plane 
component ε 1100reaching a value of −(17.5  ±  2.5) × 10–3 and is 
distributed rather monotonously around zero strain for the in-
plane component ε1120.

In conclusion, despite interfacial layers, which are often 
chemically or structurally modified prior to Au-film deposition, 

an increasing compressive ZnO lattice structure is observed 
close to the ZnO/Au interface within the analytic capabilities of 
HRTEM and GPA.

This interfacial strain which was measured across 25  nm 
and with a lateral resolution of 1.5  nm increases toward the 
interface up to a value of ε 1100, TEM = −(17.5 ±  2.5) × 10–3 and is 
compared to the CXDI results of an interface strain reaching 
up to εI,CDI = −1.4 × 10–4 within a spatial resolution of 27.4 nm. 
The strain difference of two orders of magnitude is possibly 
due to the individual strengths in spatial and reciprocal resolu-
tion of both techniques. TEM detects a higher strain in a very 
localized spatial region. In contrast CXDI shows a lower strain 
but distributed over a larger spatial region. Extrapolating the 
CXDI strain toward the interface provides qualitative agree-
ment. The discrepancy between the two results cannot be 
attributed completely to the differences in resolution of the two 
techniques. The different methodology of establishing ZnO/
Au contacts for CXDI and TEM measurements might also have 
an impact on absolute strain values. For the CXDI experiment, 
an Au layer was deposited by thermal evaporation to achieve 
a uniform coating, while the Au contact for TEM experiments 
has been prepared by sputtering a thin Au film and subse-
quent annealing to establish small Au crystalline droplets on 
the ZnO surface. The higher crystallinity of these droplets and 
better contact quality at the Au/ZnO interface might impose an 
increased magnitude of strain on the ZnO crystal. Concluding 
that, while both methods show a similar trend in this case, we 
are at the limit of their accuracy. Thus, a combination of TEM 
and CXDI highlights the fact that a strong, highly localized 
compressive strain is present at the ZnO/Au interface.

4. Electric Field Ez Calculated from Strain

Of major interest is the impact of the interface and bulk strain 
on the electrical properties. Therefore, we calculate the E field 
inside the crystal from the reconstructed strain (Figure  2a) 
by employing the relation between the strain and the E field; 

Figure 4.  a) Contour plot of the E field distribution in the middle of the reconstructed volume, calculated from the strain distribution in Figure 2a. 
b) Average E-field calculated along the Z direction in (a), a linear increase is shown as a dashed line. Furthermore, the Schottky contact regions, 
screening, and depleated areas are marked.
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εij = dijk Ek.[52] A more specific explanation is given in Supporting 
Information. For the measured strain εx, the corresponding E 
field Ez points along the c–axis of the ZnO rod and they are cou-
pled by the piezoelectric strain coefficient d31  =  −5.1 pC/N.[53] 
Since d31 has a negative value the calculated E field is inverted 
with respect to the strain.

The relative E field is shown in Figure 4a for a cut through 
the middle of the reconstructed volume. Therein, a strong neg-
ative E field of −2.7 × 107 V m−1 is located near the right edge, 
toward the middle of the rod it is rising to a mean value of 
around 0 V m−1 and then rises further to positive field strength 
of up to 4.2 × 107  V m−1 near the left edge. A positive field 
of ≈1 × 107  V m−1 is distributed around the center in a semi-
circle manner toward the left. For Figure  4b the average rela-
tive E field value is calculated and shows a similar but inverted 
behavior to the average strain in Figure  2b. In the left region 
from X −0.1 to −0.3 µm the relative E field increases slowly to a 
maximum of 0.4 × 107 V m−1, on the right in contrast we see a 
rapid decrease from X 0.25 to 0.4 µm reaching −2.0 × 107 V m−1. 
All the quantitative values were fitted with the strain model and 
are presented in Table 1 There are four distinct areas of the E 
field and these may result from depletion and screening pro-
cesses inside the rod, and further the coating and Schottky con-
tact depletion region near the surface.

The compressive strain close to the interface, observed with 
both, TEM and XRD techniques, is likely the result from Au 
coating the ZnO surface. The Au coating may change the ZnO 
structure in at least two possible ways. Although the coating 
process is likely to induce a strain as proposed previously,[25] it 
was shown that for micro structures the thickness of a microrod 
coating does not exhibit a strong effect on the intrinsic strain of 
the piezoelectric component and that rather the rod diameter 
has the main effect on strain. This has also been observed for 
thinZnO films.[54] Additional strain may arise from the Schottky 
contact at the ZnO/Au interface. The proposed mechanism for 
the strain change at the interface is that the Schottky contact 
induces a potential and causes an electron depletion in the 
Schottky depletion region due to barrier formation. The related 
change of the electric field in vicinity of the Au interface leads 
to an impact on the crystalline structure, due to strain arising 
from the inverse piezoelectric effect.[45] A mechanical deforma-
tion of a piezoelectric component induces an electrical polariza-
tion, which can be measured as a piezoelectric voltage. In case 
of the inverse piezoelectric effect, polarization of charge centers 
in the material gives rise to a mechanical strain. The electron 
depletion from the ZnO at the Schottky barrier gives rise to 
localized positive charge and thus polarized charge centers 
causing a local mechanical deformation. The measured width 
of the interface strain σ I,CDI agrees with the calculated Schottky 
depletion width, as shown prior, and supports this mechanism 
as a source of interface strain. This explanation is a hypothesis, 
further experiments are required to achieve a better insight and 
understanding of the underlying effect. A possible path could 
be a measurement of the full strain tensor, by, for example, 
CXDI, and additional impedance spectroscopy to distinguish 
the Schottky barrier depletion width.

The macroscopic bending of the rod must be considered, 
as well. The non-symmetric strain distribution observed in 
Figure 2 can be explained by considering the E field distribution 

as shown in Figure 4, describing screening and depletion pro-
cesses inside a bent, piezotronic rod.[23] However, to verify 
this unambiguously one would need to distinguish which 
of the two regions is depleted and which is screened. This is 
extremely challenging. Here, we consider that the E field is 
defined as force per charge, for example, Ez  = Fz/q, a weaker 
E field leads to a smaller force accelerating the electrons. Thus, 
the electron density is likely to be higher in the compressed 
region (left hand side Figure 2b) and screens a positive poten-
tial more effectively. In comparison, the relaxed region on the 
right side of the rod results in a lower electron density due to 
the stronger force and thus electron depletion occurs. A similar 
effect has been proposed by Wang and Song to explain conduc-
tion behavior in a bent, piezotronic ZnO nanorod.[21] They also 
predict that introducing doping electrons to this system results 
in depletion of electrons and screening of the positive poten-
tial.[23] This is consistent with our results, as n-type ZnO was 
used in this experiment. CXDI provides a direct visualization 
and quantification of these effects.

5. Conclusion

TEM and CXDI techniques were combined to investigate 
and visualize the strain distribution of ZnO microstructures 
attached to Au. A strain was found at the ZnO/Au interface, 
likely to be a combination of strain induced by coating and 
strain due to the inverse piezoelectric effect at the Schottky 
contact. Furthermore, a non-symmetrical strain distribution 
inside the ZnO rod is attributed to depletion of electrons and 
screening of the positive potential due to rod bending. The high 
strain concentration at the coated microrod interface indicates 
a high potential for applications using piezotronic devices. The 
study of strain localization may advance the development of 
small electronic devices in the future, as already demonstrated 
for transistors based on the piezotronic effect.[55] Furthermore, 
highly sensitive and small sensors, based on piezotronics, may 
enable the design of portable sensors arrays, dedicated to meas-
urement of biomagnetism from the human physiology, for 
example, from the brain or heart, and this without the need for 
heavy and expensive equipment.

6. Experimental Section
Bragg CXDI: The experiment was conducted at the beamline ID-34c of 

the Advanced Photon Source with a photon energy of 9 keV. The beam 
size was focused with a Kirkpatrick–Baez mirror and a slit was used to 
achieve the final beam size of 2000  ×  450  nm2 (h  ×  v). The data were 
acquired by a timepix detector with 55 µm square sized pixels and at a 
detector sample distance of 2.8 m. A data series of the reciprocal space 
around the {1010} Bragg peak was collected by rotating the sample 
around the ZnO’s c–axis in a range of 0.24  ° with a 0.002  ° step size. 
For the reconstruction of the complex electron density a combination 
of error reduction (ER) and Hybrid-Input-Output (HIO) algorithms were 
used.[38,39,56,57] Each 20 ER algorithm runs were followed by 180 HIO 
algorithm repetitions, with a total of 1020 runs. The shape was defined 
by a shrink wrap algorithm.[58] A low to high resolution reconstruction 
was performed by changing the sigma of the Gaussian mask in the 
shrink wrap routine from 3 to 1 and a partial coherence correction 
was employed.[59,60] For every measured scan 200 reconstructions with 
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random starts were done to achieve a statistically reasonable result. An 
error metric calculated for every reconstruction was used to evaluate 
and pick the best results (see Supporting Information). The chosen 
reconstructions were correlated and a final reconstruction was calculated. 
The voxel size of the reconstructions was 27.4 × 27.4 × 27.4 nm3.

TEM: GPA was directly applied to the FFT of HRTEM image, which 
was modulated by the contrast transfer function (effect of spherical 
aberration and defocus mainly) to calculate lattice displacements with 
respect to a reference lattice with nanometer resolution and minimum 
2 × 10–3 strain precision. The following microscopes were used during 
this study: A Tecnai F30 G² (300  kV, field emission gun (FEG)) and a 
Titan 80–300 operated at 300  kV equipped with an image corrector to 
correct spherical aberrations for HRTEM imaging. GPA was performed 
using a plug-in tool (FRWRtools plug-in, Christoph T. Koch, HU Berlin, 
Institute of Physics) for DigitalMicrograph.

Sample Preparation: To produce the ZnO microstructures the flame 
transport synthesis was used.[61] With this technique, it was possible 
to produce tailor made ZnO rods with diameters ranging from below 
1  µm to a few hundred µm and lengths up to mm. The diameter of 
the measured ZnO rod was 1.0 ± 0.2 µm. One end of the rod was fixed 
to a glass capillary by adhesive, the other end was free standing. The 
sample was coated with 50 nm gold in a thermal evaporation physical 
vapor deposition process from two opposing directions. The layer 
thickness was distinguished by measuring the deposition rate with a 
quartz crystal microbalance. For the TEM a model system exhibiting 
larger Au nanocrystals (diameter of 200 – 500 nm) on the ZnO surface 
was prepared by sputter deposition of a thin gold layer and subsequent 
annealing to 600 °C. A thin cross-section specimen containing these 
ZnO/Au interfaces was prepared by focused ion beam technique cutting 
the ZnO microrod perpendicular to the (0001) plane.
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Supporting Information is available from the Wiley Online Library or 
from the author.
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