In situ transmission electron microscopy observation of ZnO polar and non-polar
surfaces structure evolution under electron beam irradiation
Yong Ding, Ken C. Pradel, and Zhong Lin Wang
Citation: Journal of Applied Physics 119, 015305 (2016); doi: 10.1063/1.4939618
View online: http://dx.doi.org/10.1063/1.4939618
View Table of Contents: http://scitation.aip.org/content/aip/journal/jap/119/1?ver=pdfcov
Published by the AIP Publishing
Articles you may be interested in
Pyroelectric-field driven defects diffusion along c-axis in ZnO nanobelts under high-energy electron beam
irradiation
J. Appl. Phys. 116, 154304 (2014); 10.1063/1.4898644
Electron-beam irradiation induced conductivity in ZnS nanowires as revealed by in situ transmission electron
microscope
J. Appl. Phys. 106, 034302 (2009); 10.1063/1.3173286
Effect of high-energy electron beam irradiation on the properties of ZnO thin films prepared by magnetron
sputtering
J. Appl. Phys. 105, 123509 (2009); 10.1063/1.3149783
Luminescence evolution of ZnO single crystal under low-energy electron beam irradiation
J. Appl. Phys. 104, 043528 (2008); 10.1063/1.2973190
Single crystalline ZnS nanotubes and their structural degradation under electron beam irradiation
Appl. Phys. Lett. 90, 211910 (2007); 10.1063/1.2742575

[This article is copyrighted as indicated in the article. Reuse of AIP content is subject to the terms at: http://scitation.aip.org/termsconditions. Downloaded to ] IP:
143.215.239.150 On: Thu, 07 Jan 2016 16:14:32

JOURNAL OF APPLIED PHYSICS 119, 015305 (2016)

In situ transmission electron microscopy observation of ZnO polar
and non-polar surfaces structure evolution under electron beam irradiation
Yong Ding,a) Ken C. Pradel, and Zhong Lin Wanga)
School of Materials Science and Engineering, Georgia Institute of Technology, Atlanta, Georgia 30332-0245,
USA

(Received 11 November 2015; accepted 24 December 2015; published online 7 January 2016)
Using in situ transmission electron microscopy, we investigated the dynamic reconstruction and
evolution of ZnO polar and non-polar surfaces under high-energy electron beam irradiation.
Electron beam radiolysis creates oxygen vacancies and a Zn rich (0001) surface. Positive polar
charges at the (0001) surface expel loosely bonded Zn ions to diffuse away from the (0001) polar
surface. As a result, mass loss was observed around the (0001) surface. Dehydration by the electron
beam breaks the charge balance on the (0001) polar surface. The negative charges on the (0001)
surface suppress the radiolysis effect and further absorb Zn ions to the surface to neutral the polar
charges. The ideal stacking sequences of Zn ions in hexagonal ZnO structure can be considered as
ABAB… along its c axis, while the absorbed individual Zn ion on the (0001) surface occupies the
C site to form three bonds with surface O ions beneath, instead of one bond in the ideal structure.
With more Zn ion absorption and surface oxidization, new nanocrystals grow up from the (0001)
polar surface. New nanocrystals nucleated at the (0110) non-polar surface are driven by the electric
field of the polar charges as well, for the Zn ions were always observed to absorb on the negatively
C 2016 AIP Publishing LLC.
charged [0001] end of the newly formed (0110) surface layer. V
[http://dx.doi.org/10.1063/1.4939618]

I. INTRODUCTION

ZnO is widely used for device applications including
transducers, phosphors, and varistors due to its unique piezoelectric, optical, and electrical properties.1,2 With the
increased surface area to volume ratio, ZnO nanomaterials
have attracted considerable attention in ultrasensitive gas and
biochemical nanosensors.3–6 The polar surfaces of ZnO result
from its noncentral symmetry.7 It has been considered that the
formation of novel ZnO nanostructures such as springs, rings,
bows, and helices is due to the polar surface effect.8–10 In
wurtzite-structured ZnO, each zinc (oxygen) ion is located at
the center of an oxygen (zinc) distorted tetrahedron. When cut
perpendicularly to the polar [0001] or [0001] direction, the
crystal exhibits a Zn/O/Zn/O    stacking of the hexagonal
type AbBaA… (uppercase and lowercase letters for the Zn
and O ions, respectively), and the (0001) and (000
1) surfaces
are Zn-terminated and O-terminated, respectively.11–13 The
surface ions are threefold coordinated compared with the fourfold coordination in the bulk. Polar surfaces are unstable due
to the suspended bonds and must be modified or reconstructed.12 A deep exploration of the surface structures, especially the polar surfaces of ZnO nanomaterials, will benefit its
applications in different kind of nanodevices.
Much effort has been put into understanding the stabilization principles for polar surfaces of ZnO both experimentally and theoretically. Electrostatic considerations predict
that the removal of a quarter of the surface ions (O2 for the
(000
1) and Zn2þ for the (0001)) will nullify the resulting
dipole and result in stable nonpolar surfaces of this type.14,15
a)
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For the Zn-terminated (0001) surface, scanning tunneling
microscopy (STM) in combination with density functional
theory (DFT) have revealed that the surface is stabilized by
the spontaneous formation of a high concentration of Zndeficient triangular pits and step edges terminated by undercoordinated O atoms.14,16,17 For the O-terminated (0001)
polar surface, hydrogen was found to play a significant role
in the stabilization of the nonreconstructed surfaces as
revealed by low-energy electron diffraction (LEED), heliumscattering, and x-ray photoemission spectroscopy (XPS)
studies.18–22 The hydrogen on the (0001) polar surface can
be removed by increasing the temperature over 500  C.23
(2  2) and (5  5) honeycomb surface reconstructions have
been reported in the hydrogen-free (0001) surface.15 The
new surface structures consist of alternating patches of the
regular wurtzite and an unconventional zinc-blende ZnO
stacking separated by double-layer holes.
In our previous work, using transmission electron microscopy (TEM) profile imaging, we determined the detailed
surface ion relaxation configuration in the (0110) non-polar
and (0111) polar surfaces.24 In this work, the reconstruction
and evolution of the (0001) and (0001) polar surfaces under
high-energy electron beam irradiation have been revealed by
in situ TEM. Due to the dehydration effect of high-energy
electron beam,25,26 the surface charge balance seems to be
broken. Further, the electron beam damage creates loosely
bonded Zn ions on the (0001) polar surface. The positive and
negative surface charges at the (0001) and (0001) surfaces,
respectively, drive the Zn ions to diffuse away from the
(0001) surface and absorb to the (0001) surface. The individual Zn ion on the flat (0001) surface occupies the C site to
form an ABC zinc-blend structure, instead of the ABAB…
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wurtzite one. In this case, the absorbed Zn ion bonds with
three O ions beneath, instead of one O ion as in the ideal
wurtzite structure. With Zn ion absorption and surface oxidization,27 the newly formed Zn layer switches back to hexagonal arrangement. We observed nucleation of new surface
layers on the (01
10) non-polar surface as well. The Zn ions
were always observed to attach to the [0001] end of the new
(01
10) atomic layer. The radiolysis effect induced oxygen
vacancies have been identified from high resolution TEM
(HRTEM) images.
II. EXPERIMENTAL DETAILS

ZnO nanowires were synthesized using a vapor deposition
approach.28 An FEI Tecnai F30 super-twin field-emissiongun transmission electron microscope operated at 300 kV was
used to acquire the HRTEM images and convergent-beam
electron diffraction (CBED) patterns. The HRTEM images
were recorded by a Gatan Ultrascan CCD camera. The exposure time of each image was 0.2 s. JEMS software from Dr.
Stadelmann was used to do the CBED and HRTEM
simulation.29
III. RESULTS AND DISCUSSION

Figure 1(a) shows a bright-field TEM image of a ZnO
nanowire with the incident electron beam parallel to its
[01
10] direction. Based on the experimental (Fig. 1(b)) and
simulated (Fig. 1(c)) CBED patterns and its shadow image
(Fig. 1(d)), we determined the positive [0001] direction of
the ZnO nanowire as marked by the white arrowhead in
Fig. 1(a). The thinner and thicker ends of the nanowire are
the O-terminated (0001) and Zn-terminated (0001) polar
surfaces, respectively. These polar surfaces are not atomically flat but contain steps as shown in Fig. 1(a). Considering
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the 0.2 nm point-to-point resolution of our microscope, we
tilted the ZnO nanowire along its c axis by 30 to align the
incident electron beam along its [21 10] direction to record
the HRTEM images thereafter. In this projection, the Zn and
O ions are better separated.
By converging the electron beam to a radius around
100 nm and illuminating each end of the nanowire separately
for around 1 h, we observed different beam irradiation effects
between the (0001) and (0001) polar surfaces. The electron
beam current was measured as 1  105 A/m2. Figures 1(e)
and 1(f) show bright-field TEM images from the (0001) polar surface area at the beginning and end, respectively, of an
hour of electron beam irradiation. The dashed circles highlight the electron beam illuminated area. Electron beam
damage induced mass loss can be seen. Oppositely, mass
loss is not observed at the O-terminated (0001) surface. We
even observed new nanocrystals growing from the (0001)
surface. Figs. 1(g) and 1(h) are TEM images recorded from
the (0001) polar surface area, before and after an hour electron beam illumination, respectively. Further, at the (0110)
non-polar surface in Fig. 1(h), some areas show mass loss,
while others gain extra mass to form new nanocrystals. In
order to show the newly grown nanocrystals clearly, the
nanowire in Fig. 1(h) was tilted several degrees away from
its [21 10] zone-axis to avoid strong diffraction. The darkcontrast pointed at by the white arrowhead in Fig. 1(h) is the
defect induced by accumulated interstitial Zn ions, which is
driven by the pyroelectric field generated by electron beam
heating.30
Figures 2(a)–2(h) show HRTEM images recorded in
time-sequence from the same (0001) surface as displayed in
Fig. 1(e) to show the surface evolution under high-energy
electron beam irradiation. There are no atomically flat
(0001) surfaces larger than 3 nm observed in our HRTEM


FIG. 1. (a) Bright-field TEM image of ZnO nanowire. Experimental (b) and simulated (c) CBED patterns with electron beam direction along [0110].
(d)
Shadow image from the ZnO nanowire in (a). Bright-field TEM images from the (0001) end of the nanowire before (e) and after (f) one hour electron beam
irradiation. Bright-field TEM images from the (000
1) end of the nanowire before (g) and after (h) an hour electron beam irradiation.
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FIG. 2. A serial of HRTEM images
recorded in time sequence from the
(0001) surface of the ZnO nanowire in
Fig. 1.

images. Atomic steps link the small flat (0001) surface segments. As time elapsed, layer by layer of surface ions vanished. Here are some notable points at the surface steps
showing darker contrast as pointed by red arrowheads in
Fig. 2. Such dark dots diffuse in the direction of the dashed
blue arrow in Figs. 2(f) and 2(g). Considering that the radiolysis effect will expel oxygen atoms into vacuum and leave a
Zn-rich surface, the dark dots at the surface may be those
loosely bonded Zn ions.
In order to specify these dark dots in Fig. 2, we did systematic HRTEM simulation as shown in Fig. 3. Figure 3(a)
is a magnified HRTEM image from the dashed rectangular
area in Fig. 2(h). The dark contrast centers at the surface are
highlighted by dashed yellow circles. It is obvious that three
ions pointed by arrows are not at their ideal locations. By
adjusting the surface ions, the best fitted structural model
is built in Fig. 3(c). The simulated HRTEM image is displayed in Fig. 3(b) with the following simulation conditions:
defocus: 49 nm, sample thickness: 1.95 nm (projection of
5 unit cells of ZnO along [21 10] direction), and 1% noise
added. The yellow circles in Fig. 3(b) are copied from those
in Fig. 3(a) to show the consistency between experimental
and simulated HRTEM images. We notice that Zn1, Zn2,
and Zn3 ions actually moved from the Zn plane to the nearby

oxygen planes. At the same time, those nearby oxygen ions
O1, O2, and O3 are missed in the surface structural model.
Compared to the original locations of Zn1, Zn2, and Zn3
ions as marked by dashed black circles in Fig. 3(c), they all
have displacement in the [0001] direction. Considering that
the non-reconstructed (0001) surface is positively charged,
such movement can help to neutralize the surface polar
charges. The darker dots at the surface in Fig. 3 correspond
to Zn1 and Zn3 ions. They are directly bound to nearby Zn
ions instead of O ions. Fewer bonds formed on the Zn1 and
Zn3 ions as compared with other surface Zn ions located at
ideal positions. Therefore, we can expect that these Zn ions
have higher mobility. It is possible that the electric field generated by the positive polar charges on the (0001) surface
drives those loosely bonded Zn ions (like Z1 and Z3) away
from the (0001) surface as we observed during the in situ
TEM observation.
Unlike the Zn-terminated (0001) polar surface, the
O-terminated (0001) surface did not show mass loss during
the same dose electron beam irradiation in the same time
period. Instead, new nanocrystals grew up as shown in
Figs. 4(a)–4(t), which is recorded in sequence with one to
three minutes interval between each HRTEM image. The
purple line in each image row gives the same reference
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FIG. 3. (a) Magnified HRTEM image from the rectangle area in Fig. 2(h).
(b) Simulated HRTEM image using the atomic model in (c).

plane. A horizontal blue arrowhead in Fig. 4(a) points to a
newly nucleated layer L1, which is elongated in Fig. 4(b).
The dark dot pointed by the red arrow absorbs on the layer
L1 in Fig. 3(c). Then, more dark dots appear above L1 layer
in Fig. 1(d). Such dots link together to form the layer L2 as
displayed in Figs. 4(d)–4(j). In this dynamic process, only
L1 layer exists in Fig. 4(k) with much stronger contrast compared with those in Figs. 4(a)–4(j). Thereafter, more separated dark dots appear above the L1 layer in Figs. 4(l)–4(n).
The third layer L3 appears in Fig. 4(o) to form a triangle
shaped projection with exposed (011 2) and (0113) non-polar
surfaces instead of the polar (0001). More single dots above
L2 layer can be identified in Figs. 4(q) and 4(t). As we know
that ZnO (000
1) polar surface is oxygen-terminated, the
exposed atomic layer is supposed to only contain O ions. As
HRTEM simulation indicated, the dark contrast in the
HRTEM images recorded from our experimental condition
comes from the Zn-O dipole and mostly from Zn ions. Such
frequently observed dark dots on the surface in Fig. 4 may
be Zn ions to neutralize the negative polar charges on the
(000
1) polar surface.
Figures 5(a) and 5(b) give the side-view of two possible
locations for an individual Zn ion absorbed on the (0001)
surface. As we know that ZnO has a hexagonal structure
with close-packed Zn and O layers stacked in AaBbAaBb
sequence along its [0001] direction (uppercase and lowercase
letters for the Zn and O ions, respectively). We assume that
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the Zn layer just below the surface O layer is at a B site. In
case one, the absorbed Zn ion above the surface O layer goes
to an A site as illustrated in Fig. 5(a). It follows the stacking
sequence of a perfect hexagonal structure. However, such
absorbed Zn ion only has one nearest neighbor O ion beneath
to form one Zn-O bond, which is energetically unstable.
In case two, we assume that the absorbed Zn ion goes to a
C site as shown in Fig. 5(b). In this case, the absorbed Zn ion
has three nearest neighbor O ions beneath to form three
Zn-O bonds, which is much more stable compared with the
case in Fig. 5(a). The three Zn-O bonds around the absorbed
Zn ion in the C site position can be seen much more clearly
in Figure 5(c), which is a top-view illustration of the same
atomic model displayed in Fig. 5(b). The magnified surface
profile image in Fig. 5(d) is duplicated from Fig. 4(q), in
which the dark contrast centers are highlighted by yellow
dashed circles. The simulated HRTEM images based on
models in Figs. 5(a) and 5(b) are displayed in Figs. 5(e)
and 5(h), respectively. The simulation condition is the same
as we used in Fig. 3. When compared with the experimental
image in Fig. 5(d), we can confirm that the dark dot on
(0001) surface corresponds to the absorbed Zn ion and such
Zn ion occupies the C site as displayed in Fig. 5(b). The
absorbed Zn forms ABC stacking sequence with the two
underlying Zn layers, forming a zinc-blende segment.
Because the L2 layer in Fig. 4(q) is only 3 nm in length, we
take that the projection thickness of 1.95 nm from our simulation is reasonable. Then, there are only 3 possible C sites
in one projected column to host the absorbed Zn ions.
We have simulated the HRTEM images as displayed in
Figs. 5(f), 5(g), and 5(h), respectively, corresponding to one,
two, and three Zn ions in the C site on the surface. The relative contrast reveals that there is only one Zn ion absorbed
on the surface as displayed in the experimental image in
Fig. 5(d). Such absorbed Zn ions at O-terminated (0001) polar surface can at least neutralize partial surface polar
charges.
Figure 6(a) gives a magnified image of the surface originally displayed in Fig. 4(t). An absorbed Zn ion on the surface is highlighted by the big red arrow. Figure 6(b) is a
simulated HRTEM image using the atomic model displayed
in Fig. 6(c). As in the case in Fig. 5, the absorbed Zn ion
occupies the C site position to increase the bonding with O
ions beneath. The dark contrast center (small red arrow) at
the surface step has a small shift to its right horizontal direction compared with the dark center beneath the L1 layer. Our
simulation in Figs. 6(b) and 6(c) shows that the O1 oxygen
column is missed at the step. Thus compared with the surface
O layer, there are more Zn ions in the layer just beneath it.
Such extra Zn ions can also balance the polar charge introduced by the surface O ions. We also observed oxygen
vacancies beneath the (0001) surface in Fig. 6. As marked
in Fig. 6(c), the three Zn columns in L1 layer shift from B to
C site. Our simulation indicates that the contrast from O2
and its two close by Zn ions in L1 layer will merge together
to form a big dark dot, which is contrary to the experimental
HRTEM image in Fig. 6(a). Therefore, O2 is gone leaving
an oxygen vacancy behind. Only in this case, the two nearby
Zn columns are well separated in the simulated HRTEM
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FIG. 4. A serial of HRTEM images recorded in time sequence from the (000
1) surface of the ZnO nanowire in Fig. 1. Purple line gives the reference plane during the crystal growth.

image. As a result, there is more space for Zn ions to relax
under high-energy electron beam irradiation due to the
O vacancies. Therefore, the three Zn ion columns shifting
from B to C site in L1 layer is reasonable.
The nanocrystal growth from the (0110) non-polar surface under electron beam irradiation is displayed in Fig. 7.
The [0001] direction is highlighted by a white arrowhead in
Fig. 7(a). After nucleation of a new surface layer, the surface
layer always elongates along its [0001] direction as shown in
Figs. 7(b) and 7(c) and Figs. 7(e) and 7(f). Conversely, the
(01
10) surface layer may shrink from its [0001] end. One
example is displayed in Figs. 4(m)–4(o) as marked by the
blue arrowheads. Some single dark dots absorbed on (0110)
surface can be identified in Fig. 7(b). Figure 8(a) gives the
magnified image of the surface in Fig. 7(b). The centers of the
dark dot are emphasized by dashed circles. The best matched
simulation result using the atomic model in Fig. 8(c) is displayed in Fig. 8(b). The absorbed Zn1 and Zn2 ions can be

confirmed. Further, as in Fig. 6, we observed oxygen vacancies O1 and O2 at the (0001) surface steps.
The high-energy electron beam irradiation effects on
specimens involve heating, electrostatic charging, knock-on
displacement, sputtering, radiolysis, hydrocarbon contamination amongst others and may be responsible for the mass
loss.25,31,32 Radiolysis occurs in inorganic specimens such as
oxides and is believed to occur via the Knotek-Feibelman
mechanism: the incident electron creates an inner-shell vacancy on the metal site followed by interatomic Auger decay
from the oxygen. This results in a neutral or positively
charged oxygen atom that is repelled by the surrounding
metal ions and ejected into vacuum, leaving a metal-rich surface with a pitted appearance.27,33
Knock-on damage arises from the deflection of incident
electrons by the electrostatic field of atomic nuclei.25 When
the energy transfer reaches several eV, it will be sufficient to
sputter atoms from a specimen surface, normally the bottom
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FIG. 5. (a) Atomic model to show the absorbed Zn located at A site. (b) and (c) depict the atomic model projected from different orientation to show the
absorbed Zn site on the C site. (d) HRTEM image duplicated from Fig. 4(q). (e) Simulated HRTEM image using the model in (a). (f), (g), and (h) are simulated
HRTEM images using model in (b) and corresponding to one, two, and three Zn ions in the projected C site.

one.25 When such energy transfer increases to tens of eV, it
will give rise to atomic displacement and the formation of
defects in crystals. In general, the energy E lost by an incident electron and transferred to an atomic nucleus (atomic
mass number A) is34
 
2 h
;
(1)
E ¼ Emax sin
2


E0
ð 465:7AÞ;
Emax ¼ E0 1:02 þ 6
(2)
10
where Emax is the maximum energy transfer to atom and the
incident electron energy E0 is in eV. Clearly, Emax increases
with increasing electron energy E0 but decreases as the nuclear mass number A increases.
Besides Zn and O atoms, H is also present in ZnO nanowires, as it is difficult to avoid the presence of H in ZnO
growth and process techniques.35,36 First principle calculation, electron paramagnetic resonance, Hall measurement,
and time-of-flight electron-stimulated desorption show that
the H is a shallow donor in ZnO, which contributes to its
native n-type conductivity.19,37,38 Further, hydrogen was
found to play a significant role in the stabilization of the
non-reconstructed surfaces.19 Using Equation (2), we can
calculate the Emax of Zn, O, and H atoms as 13, 53, and
850 eV, respectively. In other words, H atoms can gain much

higher energy through collision with the incident electron
beam.26 As H is much smaller than Zn or O, it is much more
likely to be sputtered. It has been demonstrated that 1.5 keV
electron irradiation already causes hydrogen release.39
Combining the effects of radiolysis and dehydration
together, we can give a reasonable explanation about the different evolution processes of the ZnO (0001) and (0001) polar surfaces under high-energy electron beam irradiation.
First, the radiolysis effect creates a Zn rich surface and
numerous point defects in volume, mostly oxygen vacancies
and Zn interstitials.30 However, it seems that the radiolysis
effect at the (0001) surface is much stronger than the case at
the (0001) surface. This is related to the different charging
states at these surfaces due to the dehydration effect. It is
clear that the existence of H ions at the O-terminated (0001)
surface compensates for the negative charges at the surface.19 With the release of Hþ or ions, the (0001) surface
will become negatively charged. This negatively charged
surface will suppress the radiolysis process inducing neutral
or positive O atoms to maintain the ZnO crystal structure.
However, the Zn-terminated (0001) polar surface will easily
expel the neutral or positive O atoms into vacuum. With
more O released from the (0001) polar surface, more positive
charged Zn ions will accumulate at the surface. As a result,
the loosely bonded positively charged Zn ions will be
expelled from the surface as we observed in Fig. 2. As a

FIG. 6. (a) Duplicated HRTEM from
Fig. 4(t). (b) Simulated HRTEM image
using the model in (c).
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result, we do observe the oxygen vacancies and loosely
bonded Zn ions at the (0001) polar surface induced by the radiolysis effect as shown in Fig. 3.
The dehydration induced negatively charged (0001) surface is unstable. Oxygen vacancies at the surface step as
shown in Fig. 6 can partially compensate the surface charges.
Positively charged Zn ions on the (0001) surface can further
minimize the surface polar charges as shown in Figs. 4–6.
The sources of these Zn ions include the surface loosely
bonded Zn ions and interstitial Zn ions in the volume. The
local temperature increase due to the electron beam irradiation will benefit the Zn oxidation at the (0001) surface.27,30
As a result, the nanocrystal growth up from the (0001) polar
surface was observed under high-energy electron beam
irradiation.
The individual Zn ion on the (0001) surface occupies
the C site to form a more stable bonding state as displayed in
Figs. 5 and 6. With more Zn ions on the surface, they switch
back to the B site. Although we have pointed out that the
one-dimensional ZnO nanowire/nanobelts have comparably
low surface energy for wurtzite structure,40 more theoretical
work is needed to understand the structures switch from
zinc-blende to wurtzite in nanoscale.
The electron beam induced crystal growth at the (0110)
non-polar surface is related to polar charges as well. The
radiolysis effect supports the Zn ions needed in the growth
process. The (0110) surface has small (0001) and (0001)
segments at its two ends, which have positive and negative
charges. Such charges drive the Zn ions diffuse away from
the (0001) end causing them to be absorbed to the (0001)
end as shown in Figs. 4 and 7.
IV. CONCLUSION
FIG. 7. A serials HRTEM images recorded in time sequence from the
(0110) surface of the ZnO nanowire in Fig. 1.

By applying in situ TEM, we revealed the different evolution processes of ZnO (0001) and (0001) polar surfaces
under high-energy electron beam irradiation. The positive

FIG. 8. (a) Duplicated HRTEM from
Fig. 7(b). (b) Simulated HRTEM image
using the model in (c).
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polar charges at the (0001) surface will enhance the radiolysis effect to create a Zn rich surface. Moreover, the positive
polar charges will drive Zn ions to diffuse away from the
(0001) surface. As a result, mass loss at the (0001) polar surface was observed. Electron beam induced dehydration can
leave a negatively charged (0001) polar surface, which can
suppress the radiolysis effect at the (0001) polar surface.
Further, Zn ions are absorbed onto the (0001) surface to minimize the negative polar charges. The individually Zn ions
on a (000
1) surface occupy the C site to form a zinc-blende
segment instead of the wurtzite structure. In such case, the
Zn ion bonds with three O ions beneath it, instead of one O
ion as in the ideal structure. With more Zn ions absorbed and
Zn oxidization at the surface, the newly formed nanocrystal
finally switches back to a hexagonal structure. The crystal
growth from the (0110) surface is driven by the electric field
from the surface polar charges as well. The oxygen vacancies at both the (0001) and (0001) polar surfaces are identified in our HRTEM images.
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