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a  b  s  t  r  a  c  t

Off-axis  electron  holography  has  been  used  to quantitatively  determine  the  mean  inner  potential  of  ZnO.
[0 0  0 1]  grown  ZnO  nanowires  with  hexagonal  cross-sections  were  chosen  as  our  samples  because  the
angle  between  the  adjacent  surfaces  is  120◦, as  confirmed  by  electron  tomography,  so  the entire  geome-
try  of  the  nanowire  could  be  precisely  determined.  The  acceleration  voltage  of  the transmission  electron
vailable online 26 July 2015

eywords:
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nO

microscope  was  accurately  calibrated  by convergent  beam  electron  diffraction  (CBED)–higher-order
Laue-zone  (HOLZ)  analyses.  ZnO  nanowires  were  tilted  away  from  zone-axis  to  avoid  strong  dynami-
cal  diffraction  effect,  and  the  tilting  angles  were  determined  by  CBED  patterns.  Our  experimental  data
found  a mean  inner  potential  of ZnO  as  14.30  ±  0.28  V.

©  2015  Elsevier  Ltd. All  rights  reserved.

onvergent beam electron diffraction

. Introduction

ZnO is not only a great semiconducting material, but also a good
iezoelectric material owing to its lacking of inversion symmetry in

ts crystal structure (Albertsson et al., 1989). By combining piezo-
lectric with its semiconductor properties, ZnO and other Wurtzite
tructured materials have shown novel fundamental phenomena
nd device applications, leading to increasing interest in the emerg-
ng field of “piezotronics” since it was first proposed in 2006
Gao and Wang, 2007; He et al., 2007; Wang, 2007; Wang and
ong, 2006). The deformation induced piezoelectric polarization,
nd piezoelectric potential, play a strong role in determining its
lectrical transport properties. A better understanding of the piezo-
lectric potential distribution and its stability can help to optimize
he device’s performance. Off-axis electron holography is a suit-
ble approach to explore the detailed electric potential distribution
round nanomaterials at a high spatial resolution (Chung and
abenberg, 2006; Völkl et al., 1999; Gatel et al., 2013; Li et al., 2009;
iu et al., 2007; McCartney and Smith, 2007). In order to qualita-
ively map  the piezoelectric potential inside ZnO nanostructure by

ff-axis electron holography, we need to know an accurate value of
he mean inner potential (MIP) of ZnO, which is the volume aver-
ge of the coulomb potential of ZnO solid and corresponds to the

∗ Corresponding author.
E-mail address: yong.ding@mse.gatech.edu (Y. Ding).

ttp://dx.doi.org/10.1016/j.micron.2015.07.008
968-4328/© 2015 Elsevier Ltd. All rights reserved.
zero-order Fourier coefficient of the crystal potential (Völkl et al.,
1999).

Theoretical Ab initio computations of the MIP  of ZnO has been
reported as 15.75 V (Schowalter et al., 2006), which contradicts the
value of 16.19 V calculated using the JEMS software (Stadelmann,
1987). Experimentally, the MIP  is determined by off-axis electron
holography by measure the phase shift of the electron wave trans-
mitted through the sample with respect to a reference wave that
only propagates through the vacuum region. This phase difference
�  ̊ depends on the specimen thickness t and its MIP  (V0). It is given
by (Reimer, 1984)

�  ̊ = CEV0t (1)

and

CE = 2�e

�E

E0 + E

2E0 + E
(2)

where e is the charge of electron, � is the wavelength of incident
electron, and E0 and E are respectively, the kinetic and rest energy of
the incident electron. The constant CE can be determined if we  know
the operating voltage of the transmission electron microscope with
high accuracy. If the sample thickness is known, then the MIP  can
be calculated using Eq. (1). Elfwing and Olsson (Elfwing and Olsson,

2002) used electron energy-loss spectra to measure the thickness
of ZnO thin film, and received the MIP  of ZnO as 21.0 ± 4.2 V. Using
cylindrical ZnO nanorods, Müller et al. (Müller et al., 2005) deter-
mined the MIP  of ZnO to be 15.9 ± 1.5 V. It has been reported that

dx.doi.org/10.1016/j.micron.2015.07.008
http://www.sciencedirect.com/science/journal/09684328
http://www.elsevier.com/locate/micron
http://crossmark.crossref.org/dialog/?doi=10.1016/j.micron.2015.07.008&domain=pdf
mailto:yong.ding@mse.gatech.edu
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y choosing cleaved crystal wedges of known angle, the MIP  can be
ccurately measured (Gajdardziska-Josifovska et al., 1993; Kruse
t al., 2003; Li et al., 1999). For a sample of uniform V0 and known
edge angle, Eq. (1) can be rearranged as:

0 = 1
CE

d˚/dx

dt/dx
(3)

The change in phase with the position on the sample, d˚/dx
an be determined after reconstruction of an off-axis electron
ologram. dt/dx is the lateral rate of thickness change. The local
pecimen thickness t in the electron-beam direction can be calcu-
ated from the wedge geometry of the specimen according to:

 = tan((�/2) − ˛) + tan((�/2) + ˛)
cos ˇ

x (4)

 is the wedge angle, and  ̨ and  ̌ are the tilting angles as defined
y the sketch shown in Fig. 1, which can be determined experimen-
ally. By using this approach, the MIP  of Si, MgO, GaAs and PbS have
een measured with about 1% accuracy (Gajdardziska-Josifovska
t al., 1993).

In this work, we chose hexagonal ZnO nanowires, which have
xed 120◦ wedges. The accelerating voltage of the transmission

lectron microscope was determined by convergent beam electron
iffraction (CBED)–higher-order Laue-zone (HOLZ) analyses (Rao
t al., 2004). The tilting angles of  ̨ and  ̌ were determined by its
BED pattern as well. Our measured MIP  of ZnO is 14.30 ± 0.28 V.

ig. 2. (a) Experimental (0 0 0) disk for on-zone [2-10] CBED pattern in Si. (b), (c) and (d) C
espectively.
Fig. 1. Tilting geometry of a hexagonal sample under electron beam illumination.

2. Experimental

ZnO nanowires were synthesized using a vapor deposition
approach (Wang et al., 2006). A FEI Tecnai F30 super-twin field-
emission-gun TEM equipped with both a single-tilt tomography
holder from Fischione Instrument and FEI double-tilt holder was
used to acquire the TEM images, convergent-beam electron diffrac-
tion (CBED) patterns, and high-angle annular dark-field (HAADF)
scanning transmission electron microscopy (STEM) images. The
phase shift was retrieved from hologram reconstruction with ref-

erence by using holoworks, a plugin for Gatan DigitalMicrograph.
JEMS software from Dr. Stadelmann was used to do the CBED
simulation.

alculated ones corresponding to 297.4 kV, 297.0 kV and 297.8 kV operating voltages,
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ig. 3. (a)–(c) HAAD STEM images recorded at different tilting angles. (d)–(f) Recon

. Results and discussion
In order to precisely measure the TEM operating voltage, we
ecorded a CBED pattern from a standard Si sample with electron

ig. 4. (a) and (c) Electron holograms recorded from the same ZnO nanowire at 0◦ and 60
ed 3D structure of the ZnO nanowire shown in (a)–(c) from different orientations.

beam parallel along the [2–10] zone axis. The positions of higher-

order Laure-Zone (HOLZ) lines in the (0 0 0) disk can be seen clearly
in Fig. 2(a). Fig. 2(b)–(d) gives the simulated CBED patterns by using
the JEMS software (Stadelmann, 1987). The positions of HOLZ lines

◦ tilting angles. (b) and (d) Calculated phase images from (a) and (c), respectively.
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f (7, 15, −1), (−7, −13, 1), (7, 15, 1) and (−7, −13, −1) in the bot-
om and (5, 11, −9), (5, 11, 9), (−7, −13, 7) and (−7, −13, −7)
n the top are sensitive to the operating voltages as marked in
ig. 1(b)–(d). The best matched CBED pattern gives the operating
oltage as 297.4 kV. The accuracy of the measured operating voltage
s ±0.2 kV based on a series simulation.

The hexagonal shape of ZnO nanowires has been confirmed by
lectron tomography as shown in Fig. 3. A tilt series HAADF STEM
mages was acquired over the tilt range from −70◦ to 70◦ using
plore 3D software (FEI Company) by a step of 2◦. Three typical
AADF STEM images are displayed in Fig. 3(a)–(c), respectively,
orresponding to 0◦, 30◦ and 60◦ tilt angles. The detailed electron
omography reconstruction procedure can be found in a related
eference (Ding et al., 2013). Fig. 3(d)–(f) gives the 3D view of
he reconstructed nanowire from different orientations. Although
he six surfaces are not in the same size, all the measured angles
etween joint surfaces are verified as 120◦.

Off-axis electron holography investigation was carried out in
orentz operating mode to provide a larger electron beam inter-
erence region, in which the whole ZnO nanowire was covered. A
ositive voltage of 236 V was applied to the filament of the biprism,
hich is mounted in one of the selected area apertures. The holo-

rams were recorded by a CCD camera with a size of 2k × 2k pixels.
Fig. 4(a) shows an electron hologram from the same ZnO

anowire as displayed in Fig. 3. The measured fringes spacing in
he hologram without a specimen is about 2.3 nm.  So the spatial
esolution of the reconstructed phase image is about 4.6–6.9 nm
ecause every detail resolved after reconstruction had to be sam-
led with 2–3 hologram fringes. The hologram is taken with the
xial direction of the ZnO nanowires parallel to the biprism. The
hase image in Fig. 4(b) is reconstructed from the hologram in
ig. 4(a) combined with a reference hologram (not shown here),
n which the nanowire was  retracted from the hologram very care-
ully to ensure that the optical parameters of the microscope did not
hange. After the sample was tilted 60◦ along the axis direction of
he nanowire, we recorded another hologram from the same area as
isplayed in Fig. 4(c). Fig. 4(d) gives the reconstructed phase image
rom Fig. 4(c). The phase images in Fig. 4(b) and (d) are displayed
s an equiphase pseudocontour image. The 2� phase contours are
traight, parallel to the side surface of the nanowire. The off-color
ip of the nanowire in Fig. 4 is due to the carbon contamination.
he tip area was used to adjust the focus condition of each HAADF
TEM image for electron tomography. So the carbon contamination
s so obvious. There is less contamination in other area. Because we
alculate the MIP  based on the slope of the phase profile, or only
he projected linear change of the thickness matters, the uniformly
oated carbon film on the surface will not affect the phase change
n Eq. (3).

The line profiles in Fig. 5(a) and (b) were extracted from the
hase unwrapping images from Fig. 4(b) and (d), respectively.
he plots in Fig. 5 show the 50-pixels averaged phase line pro-
les from the highlighted rectangles in their inserted unwrapping
hase images. The phase from vacuum area has been calibrated. The
moothness of the phase line profiles with increasing thickness at
he two side edges of the nanowire confirms the high quality of
he hologram recording and reconstruction process. As indicated
n Fig. 1, the hexagon shaped ZnO nanowire was tilted small angles

 and � along the <0 0 0 1> and <2-1-10> directions, respectively.
he thickness profile have five segments or three segments while

 = 0. The middle one is a flat plateau. The outside is two slopes from
he projection of the two apexes. And in between there are another
wo segments with slope different from the outside segments. Since

he tilt angle is just several degrees, those two extra segments are
elatively much small and will not be considered in following dis-
ussion. Because of the truncated edges of the ZnO nanowire, we
hoose the middle part of the slope ∼40 nm in width to do the
Fig. 5. Averaged phase line profiles taken from boxed regions in the inserted
unwrapping phase images.

linear fitting. As a result, the fitting to the phase line pro-
file in Fig. 5(a) yields two slopes of |d˚/dx| = 0.327 (left) and
0.325 (right) rad/nm. The statistical error for the least-squares
fit is ∼0.00073 rad/nm. The both fitting slopes in Fig. 5(b) are
0.323 rad/nm.

In order to avoid the strong dynamical diffraction effect, the
nanowire in Fig. 4 has been tilted several degrees away from the
<01-10> zone axis. As we know that the ZnO nanowire grows along
the [0001] direction, the tilting angles  ̨ and  ̌ as depicted in Fig. 1
can be considered as tilting along the <0 0 0 1> and <2-1-10> direc-
tions respectively. Fig. 6(a) and (c) gives the CBED patterns recorded
form the nanowire before and after 60◦ tilting, while Fig. 6(b) and
(d) are the simulated CBED patterns using JEMS software. The tilt-
ing angles  ̨ and  ̌ revealed by the simulation is 1.59◦, 0.87◦ as
displaced in Fig. 6(a), they are 2.23◦ and 0◦ in Fig. 6(c).

Considering the operating voltage is 297.4 ± 0.2 kV, we  have the
CE = 0.00654 rad(Vnm)−1 with an error of ∼0.02%. Based on the val-
ues of ˛, ˇ, CE and the slopes of 0.327, 0.325 and 0.323 rad/nm
shown in Fig. 5, we  got the MIP  of ZnO as V0 = 14.38 V, 14.30 V and
14.17 V according to Eqs. (3) and (4). We  measured the MIP  from
5 different single nanowires. Considering the high accuracy of our
measurements of the operating voltage and slope of the phase pro-
file, they only contribute to ∼0.1% error. Because the experiment
was carried out in Lorentz mode, the measured length is the major
contributor to the error. The magnification in Lorentz mode was  cal-
ibrated by a standard Au coated carbon grid, in which the diffraction

parallel line gratings have fixed spacing of 462.9 nm.  By counting
all the possible errors, we  have a final MIP  of V0 = 14.30 ± 0.28 V.

The MIP  can also be calculated by using Eq. (1) if the sample
thickness can be measured. In our experiment, each hexagonal ZnO
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Fig. 6. Comparison of experimental and sim

anowire is enclosed by six {01-10} surface planes, two  of them
re parallel to each other, like the top and bottom surfaces as dis-

layed in Fig. 3(e). Therefore, the overlapping projection area of
hese paired surfaces in the incident electron beam direction has
he same thickness. The phase change corresponding to such thick-
ess can be read out from the platform in its phase profile curve. It

Fig. 7. Experimental and simulated [01-10] CBED pa
 CBED patterns at 0◦ and 60◦ tilting angles.

is �˚  = 12.03 ± 0.21 rad in Fig. 5(a). The thickness can be retrieved
from electron tomography reconstruction as shown in Fig. 3.

Due to the limited resolution of electron tomography, the pro-
jected thickness from the top-bottom surface area is calculated as
134 ± 10 nm.  Then the calculated MIP  is V0 = 13.73 ± 1.24 V accord-
ing Eq. (1).

tterns used to estimate the sample thickness.
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The projected thickness from the top-bottom surfaces area can
e measured from CBED pattern displayed in Fig. 7(a). The thickness
f 122 ± 6 nm was achieved by matching the experimental pattern
ith the simulated ones shown in Fig. 7(b)–(f). The CBED pattern

n Fig. 7(a) was taken at the electron beam parallel with the zone
xis direction. Considering the hologram was taken by a small angle
eparture away from the zone axis, total about 1.8◦, the rectified
rojection thickness based on CBED pattern still gives 122 ± 6 nm.

t is much smaller than which extracted from electron tomography.
t may  be due to the carbon contamination layer on the surface of
anowire, which contributes extra mass contrast and affects the
lectron tomography results but not the CBED patterns. In such
ase, the MIP  is V0 = 15.08 ± 1.06 V according Eq. (1).

By comparing the above three MIP  data measured using differ-
nt approaches, the one based on the fix-angle wedges gives higher
ccuracy with less than 0.1% error, while the ones based on the
lectron tomography reconstruction and CBED patterns give error
9% and 7%, respectively. And furthermore, by measuring more
anowires, we find all the measured MIPs based on the fix-angle
edges approach stay in a small range (less than 0.30 V) close to

4.30 V, while other approaches by measuring sample thickness
entioned previously give bigger changes (2.00 V).

. Conclusion

We  have measured the mean inner potential
V0 = 14.30 ± 0.28 V) of ZnO from hexagonal nanowire samples at

 high accuracy using off-axis electron holography operating in
orentz mode. Each hexagonal ZnO nanowire gives two fixed 120◦

edges suitable for electron holography measurement based on
hase and thickness change slops instead of thickness which is
ard to be measured accurately. In order to reduce the error, the
ynamic diffraction effect was minimized by tilting the nanowires
everal degrees away from the <01-10> zone axis. The tilting
ngles were measured by comparing the experimental and com-
utational CBED patterns. The operating voltage was  determined
y CBED–HOLZ analysis.
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