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Three-Dimensional Kelvin Probe Microscopy for
Characterizing In-Plane Piezoelectric Potential of Laterally

Deflected ZnO Micro-/Nanowires

Dylan J. Bayerl and Xudong Wang*

Potential characterization of deflected piezoelectric nanowires (NWs) is of
great interest for current development of electromechanical nanogenerators
that harvest ambient mechanical energy. In this paper, a Kelvin probe micro-
scopy (KPM) technique hybridizing scanning KPM (SKPM) with atomic force
microscope (AFM) surface-approach spectroscopy methods for characterizing
in-plane piezoelectric potential of ZnO microwires (MWs) is presented. This
technique decouples the scanning motion of the AFM tip from sample topo-
graphy, and thus effectively eliminates artifacts induced by high topographical
variations along the edges of MWs/NWs which make characterization by con-
ventional SKPM inappropriate or impossible. By virtue of the topography/tip
motion decoupling approach, the electrical potential can also be mapped in a
three-dimensional (3D) spatial volume above the sample surface. Therefore,
this technique is named 3DKPM. Through 3DKPM mapping, the piezopoten-
tial generated by a laterally deflected ZnO MW was determined by extracting
the potential asymmetry from opposite sides of the MW. The measurement
results agree well with theoretical predictions. Integrating an external bias to
the MW sample allowed direct observation of piezopotential and carrier con-
centration coupling phenomenon in ZnO, opening a door toward quantitative
microscopic investigation of the piezotronic effect. With further positioning
refinements, 3DKPM could become a powerful technique for the characteri-
zation of piezoelectric potential and related effects in micro/nanostructures
of high topographical variations, as well as development of MW/NW-based
piezoelectric nanodevices.

a new concept for the operation of tran-
sistors,[1213] sensors,1 10 and optoelec-
tronics.'”-1% With the conceptual bases
proven experimentally, theoretical pre-
diction and precise experimental charac-
terization of the governing parameters of
nanogenerators and piezotronic devices
— in particular the piezoelectric poten-
tial produced by individual NWs — has
become essential for further theoretical
and technological development. Theoret-
ical calculations have provided predictions
of the piezoelectric potential from ZnO
NWs/MWs under transverse deflection
with/without considering the screening
effect of mobile charge carriers.[!320-24]
Ferroelectric NWs were predicted to pro-
duce comparable or lower piezoelectric
potential than semiconducting ZnO NWs
because of their very high permittivity,
despite having much higher piezoelectric
coefficients.” Inhomogeneous strain in
small-diameter NWs might lead to colossal
enhancement of piezoelectric potential
generation, known as the flexoelectric
effect.?>2¢ Shrinkage of the lattice con-
stants by surface-structure domination for
NWs a few nanometers in diameter could
also enhance piezoelectric coefficients.[?’]
These intriguing theoretical predictions
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1. Introduction

Materials research in recent years has seen the rise and devel-
opment of exciting applications for piezoelectric nanomate-
rials. Prototype nanowire (NW)-based nanogenerators have
been demonstrated using a variety of piezoelectric materials
including ZnO,'* BaTiO;,P~7! Pb(Z1,Ti)O; (PZT),®% and poly-
vinylidene fluoride (PVDF).'%! More importantly, coupling
between the piezoelectric polarization and behavior of mobile
charge carriers in ZnO NWs or microwires (MWs) has led to
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and their potential applications create great scientific desire
to experimentally quantify the in-plane piezoelectric potential
from deflected NWs/MWs.

Existing piezoelectric characterization methods either rely
on inferring a piezoelectric potential based on the charge flow
from/to a contacting electrode, e.g. a conductive atomic force
microscopy (AFM) tip, to equilibrate the generated potentialt*7-28!
or possibly by attempting to measure the surface potential on
strained piezoelectric nanostructures by SKPM. Large uncer-
tainty is introduced in the former by unknown electrode contact
area, internal resistance, and surface potential distribution; and
in the latter by systemic dependence of measured potential on
SKPM operational parameters and a general class of measure-
ment artifacts introduced by sample-topographical effects.29-3¢
Experimental testing of theoretical predictions for piezoelec-
tric potential generation by individual NWs/MWs has proven
to be beyond the current capabilities of both electrode-based
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methods and SKPM, due to the challenging electrode incorpo-
ration on 1D structures and their high topographical variation,
respectively. We therefore devised 3DKPM to transcend these
limitations and enable artifact-free surface potential mapping
of high topography surfaces. The technique is employed here
to demonstrate direct measurement of the piezoelectric poten-
tial generated by individual ZnO MWs and to observe potential
screening by mobile charge carriers.

2. Origins of Topography-Induced Artifacts
in SKPM

Since its development, SKPM has been the standard scanning
AFM method for surface potential measurements. In this tech-
nique, both a DC voltage (Vpc) and an AC voltage (Vjc) with
angular frequency o are applied to a conductive AFM tip as it is
raster scanned over a sample surface. The oscillating potential
difference between the tip and surface results in an oscillating
electrostatic force of the form

F =K(2)[Voc— V(2)] Vac sin (wt) (1)

where K(z) and V(z) are the tip-surface capacitive coupling and
potential, respectively. The capacitive coupling K(z) has been
shown to depend on tip, cantilever, and surface geometry, as
well as average tip-surface distance z.3""*! Note that K(z) deter-
mines the form of the point spread function with which V(z) is
convolved to produce an SKPM image.l3%374%42-44] While decon-
volution processes are required for truly quantitative meas-
urement of surface potential, we neglect this consideration at
present to focus on applicability of 3DKPM to high-topography
surfaces. The potential V(z) is then simply considered the
weighted average of local potential in the vicinity of the apex
of the AFM tip at tip-surface distance z,2%32384 and has the
general form

V(2) =G (2) [Vavs+(xtip—xs)] 2)

depending on absolute surface potential V,;, and the difference
between the electron affinities and/or work functions of the tip
and sample surface ()y,—s). The z dependence of V(z) arises
from scaling by a function G(z), which decays approximately
as the Coulomb potential such that G(0) = 1 and G(z—) = 0,
meeting external electrostatic boundary conditions of the
sample. During sample scanning, a feedback loop adjusts Vp¢
to minimize V¢ induced tip oscillation at frequency ®, corre-
sponding to the condition Vpc = V(z) by Equation 1. If the feed-
back loop perfectly nullifies F, and z is held constant at all points
in the sample scan, SKPM maps V(z) on the sample surface. If
(Xip—s) is also constant, variation in V(z) corresponds to rela-
tive difference in the scaled absolute potential G(z)V,,, which
converges on Vs with arbitrarily small z. In practice, how-
ever, there typically exists a nonzero tracking error in the Vpc
feedback loop,3**! introducing error as Vpc = (V(2) + Verror)-
The magnitude of V., increases when V(z) changes rapidly,
such as with discontinuities in Vs or (yup—¥s) at ferroelectric
domain boundaries, monolayer growth step edges, and metal-
semiconductor junctions.303234384] Furthermore, the finite
response time of the feedback loop holding z constant has a
nonzero tracking error, introducing additional error as Vpc =
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[V(Z + Zerror) + Vo] if there are variations in topography of the
surface. As a final consideration, if the tracking error in the
constant-z feedback loop is large enough (e.g., at discontinuous
topography boundaries such as the edge of a MW/NW), the
oscillating tip can impact the surface, which significantly per-
turbs oscillations and further disrupts the F-nullifying feedback
loop. Reducing the velocity of the tip during raster scanning
mitigates these tracking errors, but was found to be insufficient
to guarantee artifact-free imaging when sample topography
exhibits significant discontinuous variations of ~100 nm or
more. A typical SKPM image of a ZnO NW is included in the
Supporting Information (Figure S1), showing artifacts due to
the discontinuous NW topography. Such artifacts are magnified
in the case of MWs by larger topography variation. These four
sources of error in SKPM measurements — the z dependence of
V(z), the Vpc tracking error V.., the constant height tracking
eITOY Zenop and surface contact error — make mapping of Vj,
challenging. By Equation 2, exact measurement of V,,; requires
precise knowledge of both G(z) and (yp—s), as well as methods
to eliminate Vo, and ze.o. 3DKPM was developed in order to
address these challenges and thus enable the characterization
of in-plane potential generated by deflected piezoelectric wires.

3. The 3DKPM Technique

3DKPM can simultaneously eliminate V..o, Zemor and surface
contact error while enabling direct observation of G(z) scaling,
and is demonstrated for characterizing the piezoelectric poten-
tial of ZnO MWs free of artifacts. 3DKPM is also applicable to
surfaces or structures where high topography variation intro-
duces artifacts in SKPM images. In our experimental arrange-
ment, dependence of piezoelectric potential measurements on
positional variations in K(z) and (xy,—xs) is effectively negated
by comparing the relative potential between geometrical mirror-
image points on opposite sides of MW samples. 3DKPM entails
scanning a mechanically oscillated conductive AFM tip through
a spatial volume containing the surface and nanostructure of
interest (Figure 1a). Rather than raster scanning in the plane
of the surface as with conventional scanning probe techniques,
a fine grid of points is specified on the surface and the tip is
gently approached toward the surface at each point, effectively
decoupling tip motion from sample topography and elimi-
nating artifacts from constant-z feedback loop tracking error
(Zerror)- A grid of 25 to 50 nm periodicity is typical of and suf-
ficient for our experiments, yet the lower limit is equivalent to
the lateral positioning precision of the AFM apparatus (~1 nm).
As in SKPM operation, Vpc and V¢ with angular frequency
 are applied to the conductive tip and an F-nullifying feed-
back loop adjusts Vpc to equal V(z) as in Equation 1. With the
tip gently approaching the surface instead of raster scanning
across it, V(z) varies smoothly as G(z) instead of discontinu-
ously with [Vyps + (Xip—s)] from Equation 2, greatly reducing
or eliminating V0. V(2) is thus obtained at each grid point
on and above the sample surface. With the dominant scanning
direction vertical rather than lateral, eliminating surface contact
error requires only truncation of V(z) before the tip touches the
surface. Mechanical oscillation of the AFM tip near its resonant
frequency provides a means to determine the z position just

wileyonlinelibrary.com 653

“
G
F
F
>
v
m
~




-
™
s
[
-l
wl
=
™

654  wileyonlinelibrary.com

s
3
g
B
3
-
f =
3
B
a
(1]

(@) (b) 3

Au electrode

standard sample

Phase Shift (deg)

Potential (mV)

'a\
M“h\)iié

www.MaterialsViews.com

c'f.: o
B! ]
=

&

4 35 3 25 215105 0-05

(S ]
o O
ovorer

Vs

Surface Potential

S
o
y

N W
o o

-
o

ol T

1035 325215 105 0-05

Distance to Surface (um)

Figure 1. 3D Kelvin probe microscopy (3DKPM) technique. a) Schematic of the 3DKPM characterization process. Instead of scanning laterally, the
AFM tip is lifted far above sample surface and then moved downward until physical contact was made with sample surface. The potential and AFM
tip oscillation phase are recorded simultaneously. The surface potential is determined by identifying the point just before AFM tip contacts sample
surface. The AFM tip is then moved to the next position on the sample surface and the process is repeated. b,c) Tip oscillation phase (¢) and potential
curve Vpc recorded during descent of AFM tip. Empirical study of tip oscillation during approach showed that when tip-surface forces induce a phase
shift of Ag = 3° the tip is near the surface without touching. The corresponding potential value is determined as the surface potential Vs. The part of
the potential curve at larger positive distance-to-surface is the potential distribution V(z) in space above sample surface.

before the tip contacts the surface (zy). The phase shift (¢) of
tip oscillation at its mechanically driven frequency (wy), approx-
imated as a 1-degree-of-freedom driven, damped harmonic
oscillator is given byl*®]

¢ = arctan[(wrwa/Q)/(wE —w3)] G)

where Q is the quality factor and wy is the effective resonant fre-
quency of the AFM tip. Q is a constant depending on the atmos-
phere and AFM tip-cantilever system, while ¢ = {[k—{z)]/m}'/?,
where k and m are the Hookean spring constant and effective
mass of the simplified tip-cantilever system, respectively, and
flz) describes the gradient of tip-surface interaction forces. Far
from the surface, force gradients are weak and f{z) becomes
vanishingly small, but short range van der Waals interactions
cause f{z) to increase rapidly near z,. By Equation 3,¢ therefore
remains approximately constant (¢y) at large z and changes rap-
idly near z, (Figure 1b). A characteristic shift (A¢) in oscillation
phase from ¢, must be determined experimentally to reveal
close tip-surface proximity just before surface contact.*’*% For
our AFM apparatus operating in atmosphere at room tempera-
ture, A¢ = 3° was determined by an empirical approach com-
paring an ensemble of several hundred 3DKPM experiments
over a variety of operating conditions and test samples. The
truncation point to obtain V(z) (Figure 1c) without surface con-
tact error is then dictated by A¢, as shown by the dashed line in

© 2012 WILEY-VCH Verlag GmbH & Co. KGaA, Weinheim

Figure 1b and c. The surface potential obtained by 3DKPM (V5)
is then defined as Vg = V(zo) = G(2()[Vaps + (Xiip—Xs)), i-€., at the
closest possible proximity to the surface without introducing
errors from surface contact. The potential curve V(z) measured
at larger z above the surface (the portion on the left of Vg in
Figure 1c) can then be considered as the approximate spatial
potential distribution above the approached point on the sample
surface when neglecting deconvolution. Combining V(z) from
the entire grid of points on the sample surface provides a full
3D map of the spatial potential distribution induced by surface
potential on the sample in the scan volume. While 3DKPM
may obtain 3D potential maps of the scan volume, the approxi-
mate longitudinal symmetry of the MW morphology allows
suppression of one grid dimension for simplicity of representa-
tion in print. 2D potential maps in the vertical plane extending
above the sample surface (representing a vertical slice of a 3D
scan volume) were therefore acquired without loss of essential
experimental features.

4, Calibration of 3DKPM for Surface Potential
Measurement

The ability of the 3DKPM technique to map a spatial potential
distribution was first verified on a standard sample consisting
of an interdigitated Au electrode pair on a GaAs substrate. One

Adv. Funct. Mater. 2012, 22, 652-660



M

www.MaterlalsVIews.com

www.afm-journal.de

(@, ¢ 100
5 1.5 80
g 3
2 0. 11
(o] —
= 3
§ N 405
©

B0 20
)]

0 Mo >

0 1 2 3 4 5
Position (um)

—
2]
S—

Posntlon (um)

o

2 3

Position (um)

100 50
> 80 40 ¢
£ w0 0
S 40 20 B
S 20 10 E
s 0 0 8
8 220 10 ;1"-
= .40 -20 =
a 3
2 60 Tie=

-80 s

-100 10075 50 25 0 25 50 75 100 °

Applied Potential (mV)

Figure 2. 3DKPM characterization of Au electrode standard sample. a) Spatial potential distribution quantified by 3DKPM on two standard Au elec-
trodes. Electrode on left-hand-side (white space from 0 to 1.25 um) was grounded and constant voltage of 100 mV was applied to electrode on right-
hand-side (white space from 3.75 to 5 um). b) Simulated potential distribution between two standard Au electrodes showing very close agreement
with potential distribution measured by 3DKPM. c) Surface potential Vs between two electrodes, where applied voltage was changed from —100 mV
to 100 mV on right electrode with left electrode kept at ground. d) Plot of averaged Vs (Vs mean) on the right electrode determined by 3DKPM versus
applied potential. Error bars are the standard deviation of Vs on the right electrode. The linear relationship shows that the 3DKPM technique accu-
rately quantifies surface potential of charged surfaces. The difference between the magnitudes of applied and measured surface potentials are due to
Coulomb potential decay by G (zy) at nonzero tip-sample distance. The reciprocal of the slope of the first-order interpolant gives the scaling correction

factor 1/G (zo) = 2.2.

electrode was grounded to the AFM chassis by a shielded cable
while the other was connected to a precision DC voltage source
providing controllable V,;,, (Figure 1a). Since the magnitude of
Vs 1S determined arbitrarily by the relative ground potentials
of the AFM tip, chassis, and precision DC voltage source, only
relative differences in V(z) between scan volume coordinates
are quantitatively measured. The averaged V5 measured on the
ground electrode by 3DKPM was normalized to 0 V. Figure 2a
shows the spatial potential distribution in a plane bisecting a
single pair of adjacent electrode fingers, where the left elec-
trode was grounded and a 100 mV DC bias was applied to the
right one. The underlying GaAs substrate is exposed in the
gap between the electrodes, contributing nonzero ()u,—s)-
The superposition property of electrostatic potentials allows
(Xip—xs) to be subtracted (see the Supporting Information,
Figure S2) such that G(zo) Vs surrounding the electrodes can
be quantitatively mapped. With Vs on the grounded electrode
normalized to 0 mV, Vg on the 100 mV DC biased electrode
was found to be ~45 mV. The deviation of this measured sur-
face potential from the applied 100 mV can be absorbed by the
Coulomb potential scaling factor G(z). A finite element simu-
lation of the electrode standard sample was performed to pre-
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dict the spatial potential distribution. As shown in Figure 2b,
a qualitatively identical potential distribution was obtained
without considering the potential scaling factor G(z) (primarily
affecting potential magnitude) or convolution due to K(z) (pri-
marily affecting spatial features of the potential distribution).
While deconvolution of the potential map may be necessary
for high precision quantitative measurement of smaller-scale
surface features, it is neglected here for simplicity. This simu-
lation demonstrates that, provided G(z) is taken into account,
3DKPM can accurately map the electric potential V(z) in a 3D
space with an electric potential gradient resolution of at least 5
mV per 50 nm.

To insure accurate detection of variable surface potentials, it
was necessary to confirm that Vg scales linearly with V,,,. The
linearity of 3DKPM response to varying surface potential was
calibrated by applying a progression of DC biases to the right
electrode whilst keeping the left electrode at ground. The DC
bias was varied over a range of =100 to +100 mV with 10 mV
increments. Figure 2c summarizes the difference of Vg between
the ground and biased electrodes at different bias voltages. The
ground electrode (located from 0 to 1.25 um) exhibited a con-
sistent surface potential, which was normalized to 0 V as a
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Figure 3. 3DKPM characterization of piezoelectric potential on ZnO MWs. a) Schematic experimental setup for measuring piezoelectric potential on
strained ZnO MW. Inset shows relation between bending direction, compressive/tensile strain (€) on concave/convex sides, resultant piezoelectric
polarization vector (P), and lower (V_)/higher (V,) relative potentials on either side of the MW. b) Influence of Vjyy on electronic structure of ZnO
MW. Contact resistance between ends of ZnO MW and Au electrodes results in interfacial voltage drop (AVcentact) and Fermi level mismatch between
Au electrodes and ZnO. The electric potential in air outside ZnO MW (qV (y)) has a steeper gradient than ZnO Fermi energy, resulting in depletion/
accumulation of excess free charge near GND/V\,y electrode. 3DKPM potential maps of strained ZnO MW near Viyy (c) and GND (d) electrodes.
Central white region shows location of axial cross-section of the MW. Surface potential Vs is extracted from the potential maps and overlain in black,
corresponding to potential scales on the right-hand-side. Error bars are the standard deviation of Vs averaged from V (z;) to V (zy+ 10 nm) to smooth
noise from Vpc ripple of ~5 mV. In (c) Vs near the Vyyy electrode is clearly lower than background potential while the opposite is true in (d) near the
GND electrode. Vs is the same on stretched and compressed sides of the MW near Vyy, electrode (c) where accumulated mobile charge carriers screen
piezoelectric potential. A large positive spike in Vs is observed on stretched (right) side near the GND electrode (d) where mobile charge carriers are
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depleted.

reference. Vg measured on the biased electrode (located from
3.75 to 5 um) exhibited ~—45 mV to ~+45 mV compared to the
ground electrode as V,,, was adjusted from -100 to +100 mV.
The Vs distribution between electrodes exhibited a smooth gra-
dient from the ground to the biased electrode. Vs on the biased
electrode surface was averaged as the mean value (Vs meun) to
represent potential on the biased electrode, which was then
plotted versus the applied potential V. As shown in Figure 2d,
Vs mean followed a linear dependence on applied DC bias, indi-
cating high precision measurement of G(z,) Vs with no appre-
ciable nonlinear response to variation in surface potential. An
approximate scaling factor [1/G(zo)] = 2.2 was calculated from
the G(zg) Vaps VS. Vaps curve. The scaling factor allows conver-
sion of measured surface potential Vi to an approximated sur-
face potential V5" = [Vype + (Xaip—Xs)] = [Vs/G(20)] when Vg is
obtained from V(z) using truncation parameter A¢ = 3° on the
Au electrode standard sample. While the exact value of 1/G(z)
certainly depends on surface topography due to the variation of
K(zo), this conversion is applied without further refinement to
the following characterization experiments as a suitable first-
order correction.

© 2012 WILEY-VCH Verlag GmbH & Co. KGaA, Weinheim

5. Characterization of Piezoelectric ZnO MWs
by 3DKPM

With the capability for high-resolution surface potential map-
ping established, 3DKPM was applied to characterize the pie-
zoelectric potential in ZnO MWs. Individual ZnO MWs were
dispersed on a Si substrate and then manipulated by AFM to fit
into a test structure. The structure consisted of a SiO, substrate
with two thick (3.5 to 4.5 um) Au electrode bars, resulting in
a channel of bare SiO, between Au sidewalls. The ZnO MW
was then manipulated into a bent configuration and held by
the sidewalls of the Au electrodes (Figure S3 in the Supporting
Information).

The 3DKPM characterization of a bent ZnO MW is schemati-
cally shown in Figure 3a. Potential maps were acquired trans-
verse across the axis of the wire in ambient atmosphere and at
room temperature. ZnO MWs grown via our CVD process were
known to have high n-type doping concentration (~10'7 cm™),
which was expected to largely cancel the piezoelectric potential
due to mobile charge carriers accumulating near the polarized
surfaces.??2 To resolve potential generated by piezoelectric

Adv. Funct. Mater. 2012, 22, 652-660
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polarization without cancellation by mobile carrier redistribu-
tion effects, a DC bias of Vyw =5 V was applied along the MW
between Au electrodes. Figure 3b shows the influence of Vyy
on the electronic structure of the ZnO MW. A nonzero contact
resistance at one or both ZnO/Au interfaces®**! reduces the
gradient of the electronic potential inside ZnO relative to that
in the surrounding atmosphere. This results in mobile carrier
accumulation in the MW near the anode and depletion near
the cathode, allowing unscreened piezoelectric potential from
fixed dipoles to be observed. Potential maps acquired near the
Vumw electrode (GND electrode) in Figure 3c (Figure 3d) clearly
show a surface potential Vg of the ZnO MW ~350 mV lower
(~550 mV higher) than the background Vi, indicating local accu-
mulation (depletion) of negative charge carriers. Note that Vg
shown in Figures 3¢ and d may be multiplied by 1/G(z,) = 2.2 to
estimate the actual surface potential Vs+#. The Vg profiles super-
imposed on Figures 3c and 3d reveal that only when mobile car-
riers were depleted could distinguishable piezoelectric potential
be detected from the MW. No piezoelectric potential was detected
in potential maps acquired in the accumulation region of the
MW near the Vi electrode, or anywhere in the wire when
Vmw = GND, in agreement with the mobile carrier redistribu-
tion model. Screening of piezoelectric potential with high carrier
concentration and emergence of strong piezoelectric potential
with carrier depletion reveal the redistribution of mobile charge
carriers in ZnO MW in order to equilibrate strain-induced polar-
ization, which was consistent with a coupling effect between the
piezoelectricity and semiconductor properties.

5.1. ZnO with Mobile Carrier Depletion

To observe the largest possible piezoelectric potential with min-
imal screening from mobile carriers, characterizations were
conducted by acquiring 3DKPM potential maps near the GND
electrode. Figure 4a is the potential map of a bent ZnO MW,
where the asymmetry in the potential distribution between
the left/compressed and right/stretched sides is apparent near
the surface of the MW. A relatively higher potential on the
stretched side is in agreement with theoretical predictions.20-24
The smooth spatial potential distributions and high fidelity to
sample topography indicate that 3DKPM is able to detect small
variations in surface potential without introducing artifacts
from large topographical variations, as would be unavoidable
with SKPM under similar conditions.

To insure that the asymmetry in the potential distribution
can be attributed to piezoelectric polarization, the same ZnO
MW was measured in a strain-free condition (Figure S3 in the
Supporting Information). Figure 4b shows the 3DKPM potential
map of the straight MW. Very little asymmetry was observed in
the potential distribution between opposite sides of the straight
MW compared to the case of the bent MW. This confirms that
piezoelectric potential generated on the side surfaces of the
bent MW can be directly detected by the 3DKPM approach.

5.2. Extracting Piezoelectric Potential from 3DKPM
Measurements

To determine the actual piezoelectric potential generated by
bent ZnO MWs, the asymmetry in the potential distribution

Adv. Funct. Mater. 2012, 22, 652-660
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Figure 4. 3DKPM potential maps of ZnO MWs and method of extracting
piezoelectric potential. Potential maps of a ZnO MW characterized under
mobile charge carrier depletion condition when bent (a) and straight (b).
The white space indicates the axial cross section of the MW. Asymmetric
potential distribution near the surface can be clearly observed from the bent
MW due to piezoelectric polarization with relatively higher (lower) potential
on stretched/right (compressed/left) side. The wire center is found based
on topography of cross section (the white space), with equal distance
(£ry, £r,) from each side to the center. Potential difference at distance +r
from the wire center measures asymmetry in potential distribution AVs(r).
Surface potential difference between both sides of MW at position |rgiqel = |
nl, | .| yields the reduced piezoelectric potential G (zp) Vpiezo- €) Calculated
AVs(r) from potential maps of bent (a) and straight (b) ZnO MW. Error bars
are computed for AVs(r) as they were for Vs in Figure 3c and d.
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was extracted from the background potential. Since both the
MW cross-section and the AFM tip share a geometrical sym-
metry plane, the position of the MW center was determined as
the position of the topographical mirror plane, as indicated by
the dashed lines in Figure 4a and b. The asymmetry in the sur-
face potential was then calculated at each distance |r| from the
wire center as AVg(r) = [Vs(center — r)—Vg(center + r)]. Calcu-
lated AVi(r) from the bent and straight ZnO MW potential maps
shown in Figure 4a and b are plotted in Figure 4c. Piezoelectric
potential was determined from the surface potential asymmetry
corresponding to the side surfaces |rgg.| of the ZnO MWs scaled
by 1/G(20), i-€., Viiezo = AVs™(Feiae) = AVs(Tsiae) | G(2o). For the bent
and straight ZnO MW shown in Figure 4, |rgqol = Ir1] and |ry),
respectively. Through this method, surface potential asymmetry
of AVg(r) =—220 mV was extracted from the AVj profile shown
in Figure 4c, yielding a piezoelectric potential Ve, = —480 mV
between compressed and stretched surfaces of the bent wire;
while Ve, on the straight MW could not be distinguished
from noise or background potential asymmetry. The nonzero
surface potential asymmetry observed in the background (away
from |rggl) may be attributable either to nonuniformities in the
intrinsic surface potential of the substrate or imperfect align-
ment of the acquired potential maps with equipotential surfaces
of the spatial potential induced by the Au electrodes. The pres-
ence of either factor would contribute to nonzero background
potential asymmetry. However, these contributions must be
minimal near |rgq.| Where Vg on the side surfaces dominates as
long as the magnitude of the background potential asymmetry
is significantly less than that of the MW potential asymmetry.
Error bars do not account for this background potential asym-
metry due to the uncertainty in its exact magnitude and origin.

Piezoelectric potential generated by the ZnO MW in the Au
electrode channel was measured in two separately manipulated
but geometrically similar bending configurations to verify the
repeatability of 3DKPM characterization, as well as a straight
configuration for reference. The results are summarized in
Figure 5. At different positions on the MW, Vj;ie,, between 350
and 480 mV were detected in the first bending condition, and
between 420 and 600 mV in the second bending condition. The
significant shifting of Vje,, is likely due to variations in both
strain and local carrier depletion conditions. Uncertainty in the
exact position on the MW and in the Au electrode channel at
which 3DKPM potential maps were obtained after sample and
MW manipulations precludes comparison of these data inde-
pendent of these factors. This limitation could be addressed by
more precise NW positioning strategies. The unstrained config-
uration produced no Vje,, distinguishable from noise or back-
ground potential asymmetry.

To insure that measured piezoelectric potentials were not
caused by asymmetric sensitivity of the conductive AFM tip
to electrostatic forces, additional 3DKPM measurements were
performed for each bending configuration after rotating the
entire sample by 180°. This maneuver interposed the stretched
and compressed sides of the wire relative to the orientation
of the AFM tip. Following the Vi, determination procedure
described previously, the expected and obtained result was sign
inversion of Vje,, without significant change in magnitude.
We therefore conclude that asymmetry in the potential map
obtained by 3DKPM was solely produced by the piezoelectric
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Figure5. Piezoelectric potential characterization of ZnO MWs with multiple
bending configurations. Piezoelectric potential V,,,, = [AVs(rside) /G (20)]
measured on ZnO MWSs confined between Au electrodes under mobile
charge depletion condition (inset). Wire was reoriented by 180° in each
bending condition and re-measured to show flipping of sign of Vie;0
without changing magnitude, demonstrating independence of measured
Vpiezo from MW orientation relative to AFM tip. Insets corresponding to
each data point group are AFM topography images showing bending con-
ditions of ZnO MW and relative orientation (all scale bars are 10 um).

Straight

potential of the ZnO MW, without any artifacts introduced by
the shape or sensitivity of the AFM tip.

6. Conclusion

A novel 3DKPM technique was developed for artifact-free
mapping of the potential distribution on surfaces with large
topography variations. This unique merit is ideal for precisely
characterizing surface properties of individual micro/nano-
structures where topography-induced measurement artifacts
were previously of significant concern. 3DKPM was applied
to characterize the piezoelectric potential generated by later-
ally strained ZnO MWs by extracting the potential asymmetry
from opposite sides of the MW. A reliable basis for quantifying
the piezoelectric property of 1D micro/nanostructures was
thus demonstrated, and the possibility of directly visualizing
the piezopotential-size-strain relationship in these structures
is implicated. Refinements to the 3DKPM technique such as
deconvolution of the spatial potential map, detailed experi-
mental study of Coulomb scaling parameter G(z), and mode-
ling the form of electrostatic force F(z) in the presence of high
topography variation are expected to improve quantitative preci-
sion and enable highly accurate experimental testing of theoret-
ical predictions. Integrating an external bias to the MW sample
allowed direct observation of piezopotential and carrier concen-
tration coupling phenomenon in ZnO, opening a door toward
quantitative microscopic investigation of the piezotronic effect.
3DKPM therefore has the potential to become a useful addition
to the ensemble of SPM techniques and surface potential char-
acterization methods, especially for the characterization of pie-
zoelectric potential and related effects in micro/nanostructures
of high topographical variations, as well as development of
MW/NW-based piezoelectric nanodevices.
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7. Methods

ZnO MW Synthesis: ZnO MWs were grown by chemical vapor
deposition in a temperature-gradient tube furnace. Pure ZnO
powder was used as the precursor and located at the center
of an alumina tube. Cooling collars were installed on the two
ends of the alumina tube to insure a large temperature gra-
dient. Ar atmosphere with a constant flow rate of 50 sccm
was maintained inside the tube and the pressure was kept at
~200 Pa. The system was heated to 1400 °C with a heating rate
of 50 °C/min and kept at that temperature for 30 minutes. A
polycrystalline alumina substrate was located 10 cm away from
the powdered ZnO source, covering a deposition temperature
range from ~300 °C to ~500 °C. Micrometer wide and nearly
millimeter long ZnO wires were produced on the polycrystal-
line alumina substrate. ZnO wires were then collected and dry-
dispersed on an 8 mm x 8 mm Si wafer for AFM manipulation
and 3DKPM characterization.

Au  Channel Substrate Fabrication: Au channel substrate
for 3DKPM characterization was fabricated on [001] intrinsic
Si wafer. A ~500 nm insulating native oxide layer was first
grown on Si by wet oxidation, followed by masking of the Au
electrode pattern by standard lithographic processes. Au elec-
trode bars were deposited by CHA-600 e-beam evaporator to a
thickness of ~4 um and the mask was subsequently dissolved.
0.25 mm Cu/Sn wires for connection to an external voltage
source were then bonded to each electrode pad with Ag paste.
Resistance between external Cu wire connections and associ-
ated Au electrodes was <0.3 Q while resistance between Au
electrodes exceeded 200 MQ, insuring that Au electrodes could
be independently biased.

Configuration of AFM for 3DKPM: The 3DKPM apparatus was
based on a commercial AFM (Park Systems XE-70) equipped
for SKPM and surface-approach spectroscopy modes. Heavily
doped Si AFM cantilevers with 20 nm Au conductive coating
and 20 nm Cr underlayer (MikroMasch NSC14/Cr-Au) were
used for potential mapping. An external phase-sensitive lock-in
amplifier (Stanford Research Systems SR8340 DSP) was con-
figured for KPM operation and used to apply Vpc = 2.5 V at
18 kHz driving frequency to the AFM tip and extract induced
tip oscillation phase and amplitude. The Vp feedback loop and
lock-in amplifier filtering parameters were optimized empiri-
cally on an Au/Ti/GaAs interdigitated electrode sample to mini-
mize noise and V/(z) tracking errors for tip scanning velocity of
300 nm/s. This scanning velocity was then used for 3DKPM
surface approach at grid positions spaced 25 to 50 nm apart.

Surface approach truncation parameter A¢ for determining
minimum tip-sample distance z, to prevent surface contact error
in Vg was determined empirically by two experimental methods
establishing lower and upper limits on A¢. The first method
determined the lower limit by comparing surface topography
obtained by 3DKPM to a well-characterized topography. Sev-
eral ZnO MWs ranging in diameter from 0.5 to 1.25 um were
dispersed flat on a Si substrate with sputtered 20-30 nm Au
overlayer. The topography of each MW on the Si substrate was
then precisely characterized by calibrated raster-scanning inter-
mittent contact AFM. 3DKPM maps were then acquired trans-
verse across the MW axes insuring that the tip approached closer
than z; to the surface, i.e., the oscillating cantilever was certainly
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contacting the surface intermittently at the minimum z achieved
on each approach. Tip oscillation phase shift ¢ decreases mono-
tonically with decreasing z (Figure 1b) until the tip snaps in to
constant contact with the surface and tip oscillation amplitude
becomes zero. Since decreases monotonically without any discon-
tinuous feature clearly showing the onset of tip-surface contact,
the minimum A¢ value that accurately reproduced the previously
determined sample topography was the lower limit on A¢ (upper
limit on z;), which was determined to be A¢ ~ 3°. Note that tip
oscillation amplitude similarly decreases near the surface, but the
degree of which was found to be strongly dependent on local [V, +
(Xip—s)] and other sample properties while ¢ was nearly inde-
pendent, making ¢ a more reliable metric of z, for the purposes
of 3DKPM. The second method determined upper limits on A¢
by the onset of physically unrealistic spatial potential distribu-
tion V(2) near the surface of an Au electrode standard sample.
Physically unrealistic V(z) was evidenced by, e.g., discontinuities
and/or deviations from monotonicity (to which G(z) must con-
form in the presence of a uniform surface potential, according to
electrostatic principles). The onset of clearly erroneous V(z) was
observed in a range of A¢ from ~6° to ~15°, though it is probable
that deviations from the correct V(z) occur at lower A¢ (higher z).
We therefore conservatively chose A¢ = 3° for V(z;) truncation.

ZnO MW Characterization by 3DKPM: Characterization of
ZnO MW on Au channel substrate was performed as described
in Section 4. The electrode bias voltage of Vyw =5 V was selected
to encourage local depletion of mobile carriers in the MW while
maintaining a background potential well below the maximum
Vpc that the KPM system can apply (10 V) to avoid saturation of
the KPM measurement. The Au channel substrate was oriented
such that the carrier chip and cantilever of the AFM tip was
positioned over the GND electrode to minimize strong interac-
tion with the V) electrode and obtain more precise measure-
ment of Vg.303340441 The direction of Vynw was then switched
when rotating the sample for confirmation of symmetrical AFM
tip sensitivity and quantified 3DKPM measurements were per-
formed near the GND electrode as described previously.

Further Details: SKPM images showing disruption of surface
potential measurement on typical ZnO MW due to high topo-
graphy variation, 3DKPM images showing method of removing
work function-induced potential for measurement calibration,
and optical micrographs of ZnO MWs in the strained configu-
rations from which piezoelectric potential measurements by
3DKPM methods were obtained and are available in the Sup-
porting Information.

Supporting Information

Supporting Information is available from the Wiley Online Library or
from the author.
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