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R
esistive random access memory (RRAM)
has been attracting attention for high-
density, high-speed, and low-power

nonvolatile memory technology owing to its
simple structure, high-density integration, low-
power consumption, fast operation, and strong
potential for fabricating multilevel-per-cell
memories.1�5 RRAM based on various oxides
including NiO,6�11 TiO2,

12�16 CuO,17 CoO,18,19

ZnO,20�22 and others2,23�25 have been widely
investigated. Among numerous theoretical
models proposed for explaining the resistive
switching behavior, the formation/rupture of
filaments consisting of oxygen vacancies or
metallic ions in the insulating matrix was be-
lieved to be responsible for the resistance
switching of both macroscopic and micro-
scopic oxide RRAM devices.2,6,7,9,10,13�19,23,24

However, the microscopic details of the ion
migration during electroforming, SET, and RE-
SET processes still need to be clarified, espe-
cially for the conductingfilaments consistingof
oxygen vacancies. Furthermore, whether this
model is applicable for resistive switching in
nanoscale devices with sizes on the order of
several to several tenths of nanometers re-
mains unclear.
While it is important to study the switch-

ing mechanism for understanding the scal-
ability of RRAM, it is crucial to reliably
fabricate and characterize RRAM cells with
a size beyond the limitation of state-of-the-
art lithography length scale. Toward scaling
down the size of the memory devices, the
bottom-up self-assembly of nanowires
emerges as a popular method.11,12,26 For
example, Nagashima et al.26 demonstrated
multistate resistive switching memory ef-
fect in a single cobalt oxide nanowire. How-
ever, the memory window for a nanowire
device is usually less than 103. In addition,
the switching voltages are also very high.
These results are partly due to the fact that
the distance between the two electrodes is

usually larger than 100 nm. In order to
achieve a large memory window and low
switching voltage, it is necessary to keep the
distance between the two electrodes (top
and bottom contacts in metal/insulator/met-
al structure case) to be less than 50 nm. In
this paper, ZnO single-crystal nanoislands
with base diameters of 20�60 nm and
heights of about 40 nm, which have suitable
structure for improving memory perfor-
mance and understanding the mechanism
at the nanoscale, were self-assembled on
silicon substrates. Conductive atomic force
microscopy (C-AFM) was used to study
these nanoislands, virtually forming nano-
scale devices with a small distance between
the top electrode (C-AFM tip) and the bottom
electrode (substrate), which is the height of
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ABSTRACT

Resistive memory is one of the most promising candidates for next-generation nonvolatile

memory technology due to its variety of advantages, such as simple structure and low-power

consumption. Bipolar resistive switching behavior was observed in epitaxial ZnO nanoislands

with base diameters and heights ranging around 30 and 40 nm, respectively. All four different

states (initial, electroformed, ON, and OFF) of the nanoscale resistive memories were measured

by conductive atomic force microscopy immediately after the voltage sweeping was

performed. Auger electron spectroscopy and other experiments were also carried out to

investigate the switching mechanism. The formation and rupture of conducting filaments

induced by oxygen vacancy migration are responsible for the resistive switching behaviors of

ZnO resistive memories at the nanoscale.

KEYWORDS: resistive memory scaling . switching mechanism . C-AFM . ZnO .
nanoisland . conducting filament
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nano the nanoislands. Bipolar resistive memory effect
with memory windows on the order of 107 for a single
ZnO nanoisland is demonstrated. The mechanism of the
switching behavior and the ion migration during switch-
ing processes in the nanoscale resistive memories are
discussed in detail.

RESULTS AND DISCUSSION

Self-assembled ZnO single-crystal nanoislands were
grown on Si(100) substrates by plasma-assisted mo-
lecular beam epitaxy (MBE). The details of growth can
be found in the Supporting Information. These nanois-
lands were then characterized using scanning electron
microscopy (SEM) and transmission electron micro-
scopy (TEM) techniques. Figures 1 shows (a) top-view,
(b) cross-sectional SEM images, (c) diameter, and (d)
height distributions of the ZnO nanoislands. The dia-
meters of these ZnO nanoislands are between 10 and
60 nm, while the heights are between 20 and 70 nm.
The density of the nanoislands is about 100/μm2.
Figure 1e is a bright-field TEM micrograph of the
nanoislands. The selected area electron diffraction
(SAED) pattern (Figure 1f) from the area displayed in
Figure 1e includes diffraction spots from both the Si
substrate and ZnO nanoislands. The spots from Si form
a network, and six of the spots close to the transmission
beam (center of the pattern) are marked with lines.
Additional spots result from ZnO nanoislands, which is
confirmed by dark-field imaging of the spot marked in
a circle in Figure 1f. The result is shown in the inset of
Figure 1e. The fact that the nanoisland is lit up in the
inset means the existence of the correlation between
the circled spot and the crystal. The scattered diffrac-
tion spots suggest that the ZnO nanoislands are in
single-crystalline form. Moreover, the interplanar spac-
ings can be determined from the distances between
these additional spots and the transmission beam. As
marked in Figure 1f, themeasured interplanar spacings
are consistent with those of ZnO. The orientation
relationship between the additional spots and Si-
related spots shows that the ZnO crystals are randomly
oriented. High-resolution TEM (HRTEM) image shown
in Figure 1g for one ZnO nanoisland provides further
evidence that the nanoislands are ZnO single crystals.
The inset of Figure 1g is a fast Fourier transform (FFT) of
the image. The interplanar spacings measured from
the image and FFT are consistent with those of ZnO in
the zone axis of [1210]. AFM was also carried out to
confirm the morphology of the ZnO nanoislands
(Supporting Information).
Typical current�voltage (I�V) results for the ZnO

nanoscale resistive memories are shown in Figure 2a.
An electroforming process is necessary, which oc-
curred at a voltage of approximately þ8 V under a
current compliance of 10 μA during the first applied
external voltage sweeping from 0 to 10 V, as shown in

Figure 1. (a) Top-view, (b) cross-sectional SEM images, (c)
diameter, and (d) height distributions of ZnO nanoislands.
(e) Bright-field TEMmicrograph of the nanoislands. (f) SAED
pattern from the area displayed in (e) including diffraction
spots from both the Si substrate and ZnO nanoislands. (g)
HRTEM image from one ZnO nanoisland. Inset in (e): dark-
field image recorded with the spot marked in a circle in (f).
Inset in (g): fast Fourier transform (FFT) of the image (g).

Figure 2. (a) Typical I�V characteristics of a ZnO nanoisland
resistivememory. Inset: schematic illustration of the experi-
ment setup for switching a ZnO nanoisland with a C-AFM
tip. (b) Linear fitting for the I�V curve of the LRS. (c) I�V
curve in semilogarithmic scale for the HRS. (d) Typical VSET
(black) and VRESET (red) distributions of different cycles for
one nanoscale resistive memory. (e) Distributions of elec-
troforming (EF), SET (S), and RESET (RS) voltages for differ-
ent ZnO nanoisland resistive memories. (f) Histogram of
ROFF/RON for different nanoscale resistive memories. Inset:
relationship between resistance and diameter of the ZnO
nanoislands for both ON- and OFF-states.
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the red circle line denoted as process 1. The presence
of a forming process is one of the unique features of
the filament model.26 After the forming process, the
bipolar resistive switching I�V curve, conducted by an
application of voltage cycles ((2)þ5 Vf 0 V; (3) 0 Vf

�5 V; (4) �5 V f 0 V; (5) 0 V f þ5 V), demonstrates
high degree of repeatability at both the same
(Figure 2a) and different current compliance (Figure
S3a). The behavior of bipolar switching at different
current compliance provides the potential application
of ZnO nanoisland resistive memory in multilevel-per-
cell memory.26 The ZnOnanoisland resistivememory is
kept in low resistive state (LRS or ON-state) during
voltage sweeping of processes 2 and 3. During process
4, a pronounced change of resistance from LRS to high
resistive state (HRS or OFF-state) was observed at�0.8 V,
which is defined as the “RESET” process, and corre-
sponding voltage as RESET voltage (VRESET). Subse-
quently, an opposite “SET” process with SET voltage
(VSET) can be observed as the voltage swept reversely
from 0 to 5 V (process 5), evidenced by a two-step
switching fromHRS to LRS. The first switching occurred
between 1.8 and 2.0 V. The second one took place at
2.3�2.5 V after the resistance of the nanoscale resistive
memory stayed at an intermediate state from 2.0 to 2.3 V.
This kind of two-step SET process was even more
obvious at higher current compliance, as shown in
Figure S3a, which implies another way of multilevel
data storage as long as an effective control over
threshold voltage could be realized.27 A similar two-
step SET process was also observed by Kim et al. in TiO2

systems,28 in which filamentary switching via partial
rupture and recovery of the ruptured portion of fila-
ments were used to explain the two-step SET process.
The memory window defined by the two resistance

states

(ROFF � RON)=RON∼ROFF=RON (1)

is more than 106 over a large range of reading voltage
(�0.4 V∼�0.1 V andþ0.1 V∼þ1.7 V) from Figure 2a.
The large memory window would allow a periphery
circuit to very easily distinguish the information stored
in the ON- and OFF-state. It is also beneficial for
fabricating multilevel memory by using different cur-
rent compliance.
Figure 2b shows that the ON-state I�V curve can be

well fittedwith linear fitting, in which the reverse of the
slope, about 104 Ω, is the resistance of the ON-state
resistive memory. This linear I�V relationship clearly
exhibits an ohmic conduction behavior, which is
caused by the formation of conductive metallic fila-
ments in the ZnO nanoisland during the SET process.
Similar result was reported by Yang et al. in a RRAM
device based on ZnO:Mn thin film.27 In the meantime,
the I�V curve is similar to that of a practical diode for
the OFF-state (HRS), as shown in Figure 2c. The Si
substrate here serves as the p-type material in the

heterojunction diode system, which is composed of a
C-AFM tip, n-type ZnO nanoisland, and pþ-Si substrate.
ZnO serves as the n-type material in which oxygen
vacancy should be the intrinsic donor of the electron
carrier becauseZnOnanoislandsweredeposited in a zinc-
rich condition. Under negative bias, the system is a
forward biased diode. The conduction mechanism is
dominated by three kinds of current as shown in
Figure 2c: (1) recombination�generation current; (2) the
diffusion current; and (3) the diffusion current at high-
level injection. The I�V curve can be described by

I ¼ Is(exp(qV=nkT) � 1) (2)

where I, Is, V, kT, q, and n are the junction current,
saturation current, applied voltage, thermal energy, mag-
nitude of electronic charge, and the fitting factor for
different dominated current mechanism, respectively.29

When positive bias is applied, the system is a reverse
biased diode. Reverse leakage current is due to gener-
ation�recombination and surface effects. The junction
breakdown is corresponding to the SET process, which
forms the filamentary conducting paths.25

Figure 2d shows distributions of SET and RESET vol-
tages (VRESET and VSET) for different sweeping cycles
performed on a single ZnO nanoisland resistive memory,
inwhich, if a two-stepSETorRESETprocesshappened, the
voltage for the first one was utilized for statistics. VRESET
and VSET distribute in the ranges of�0.4 to�1.9 V and 0.6
to 5.0 V, respectively. VSET distribution shows much more
scattering than that of VRESET, which is another piece of
evidence that conducting filaments play a crucial role in
bipolar resistive switching characteristics in ZnO nano-
scale resistive memories. According to the conducting
filament model,27,30 during filament formation and
rupture process, the formation of a filament (SET)
should be more random than the destruction of an
existing filament (RESET) because the formation pro-
cess is determined by the competition among different
filamentary paths. Therefore, larger variations in VSET
than in VRESET should be expected, which is also
validated in other oxide systems.31,32

The I�Vmeasurements depicted previously were con-
ductedondozens of similar nanoislands. AnewC-AFM tip
was used for every single nanoscale resistive memory
measurement to avoid effects caused by the change of
the tip happening during I�V characterization. During
thesemeasurements, similar I�V characteristics as shown
in Figure 2awereobtained. Figure 2e,f showsdistributions
of electroforming, SET, RESET voltages, and memory
window ROFF/RON for these measured ZnO nanoisland
resistive memories, respectively. Data for VSET, VRESET, and
ROFF/RON are those of the first voltage sweeping loop after
electroforming. The electroforming voltage (VEF) distri-
butes between 5.4 and 9.7 V, while VSET and VRESET are in
the range ofþ1.9∼þ5 V and�1∼�4.3 V, respectively,
according to cumulative probability results shown in
Figure 2e. These voltage ranges are reasonable because
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the crystal orientation, oxygen vacancy density, diameter,
and thickness of the measured ZnO single-crystal nanois-
lands are slightly different from one to another. From the
results of ROFF/RON frequency for different measured
nanoscale resistive memories, as shown in Figure 2f, the
memory windows are no less than 106 for over 70% ZnO
nanoscale resistive memories. Resistance ratios between
OFF- andON-state are several orders larger than reported
ones based on undoped ZnO materials with sizes of
square micrometers.33 The nanoisland size effect on
RRAM switching behavior was also studied. All nanois-
lands between 20 and 60 nm have similar switching
behavior, while the R ratio increases with the decrease
of the nanoisland size from 60 to 20 nm, as shown in the
inset of Figure 2f. There is no obvious relationship be-
tween the ON-state resistance and size of nanoislands.
However, OFF-state resistance decreases slightly with the
increase of the nanoisland size, similar to the reported
results of RRAM at microscale.34

To clarify the operation mechanism of the nanoscale
resistivememories, currentdistributionof a singlenanois-
land at the four different states was mapped using
C-AFM. Figure 3 shows a typical topographic image of a
ZnO nanoisland resistive memory (Figure 3a) and its
C-AFM images, showing local current distributions for
different states of initial (Figure 3b), electroformed
(Figure 3c), OFF (Figure 3d), and ON (Figure 3e,f), which
were measured immediately after switching. During
electroforming, SET, and RESET processes, which were
completed by sweeping applied voltage (processes
1�5), the conducting tip was fixed in the center of the
ZnO nanoisland (the circle positions of the images in
Figure 3). In addition, all C-AFM images were obtained
with a bias of �2.0 V applied to the tip, which did not
change the initial state of the measured nanoislands as
evidenced by the substantial number of measurements.
In the initial state, current is almost evenly distributed in
the whole area of the nanoisland, at a level of about
20 pA, as shown in Figure 3b. This current is attributed
to oxygen vacancies, which act as donors in ZnO
materials.35 The existence of oxygen vacancies was
proven by a deep level peak of around 2.5 eV in the
photoluminescence (PL) spectrum36 and metallic Zn
peak at 992.0 eV in high spatial resolution Auger electron
spectroscopy (HSR-AES)37 shown in Figure S3. After
electroforming (Figure 3c), the current with the highest
value of 40 pA ismainly distributed around the edge area
of the nanoisland, while the center area is highly resistive.
In order to ensure that the bias of�2 V during the C-AFM
measurement will not RESET the nanoisland from ON-
state to OFF-state, the current compliance was increased
from50 to 500μA,which elevates the RESET voltage to as
high as�4 V, as shown in Figure S3a. From Figure 3d, it is
obvious that the whole nanoisland was switched to OFF-
state after the RESET process. After the SET process, the
nanoisland was switched back to ON-state, as shown in
Figure 3e. These results show that the size of the actual

working memory cell depends on the size of the nanois-
land in the ZnO nanoisland resistive memory case. The
ZnO nanoisland was switched between ON- and OFF-
states several times. The C-AFM images were also re-
corded each time, and Figure 3f shows another ON-state
image. Comparing these images, such as Figure 3e,f, it
was noticed that every time the nanoislandwas switched
to the ON-state, the position of the higher current spots
changed, which proves that, during the SET process,
there is competition among different filament paths, as
evidenced by the distribution trait of VSET and VRESET in
Figure 2d. It can also be obtained from C-AFM images of
ON-states that the size of high current spots can be
smaller than 5 nm, which shows the potential of scaling
down the device to 5 nm.
An interesting phenomenon that occurred after

electrical measurements was a noticeable change in
nanoisland height and base diameter as a result of the
obvious change of the AFM image size of the nanois-
lands, as shown in Figure S3f, implying that some
material had been transferred to the tip during I�V

characterization. Figure 4a shows the AES Zn map of a
C-AFM tip after electrical characterization. The inset is
the corresponding top-view SEM image of the tip.
Three points with diameters of 10 nm marked in
Figure 4a were chosen for HSR-AES high-energy res-
olution spectrummeasurements to determine the chem-
ical state of Zn in the coated layer. The results are
shown in Figure 4b as P1, P2, and P3, respectively.

Figure 3. (a) AFM height image recorded in air on a ZnO
nanoisland on a Si substrate for the initial state. (b�f) Local
current distributions of a nanoscale resistive memory for
four different states: (b) initial, (c) electroformed, (d) OFF,
and (e,f) two ON-states.

Figure 4. (a) AES Zn map of a C-AFM tip after electrical
measurement. Inset: top-view SEM image of this tip.
(b) HSR-AES high-energy resolution spectra of Zn LMM from
the three spots with diameters of 10 nm marked in (a) for
this C-AFM tip.
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A broad peak at 988.5 eV is dominant for point 1 and
point 3, which can be ascribed to ZnO.38 For point 2,
another peak at 992.0 eV can also be observed, which is
corresponding to the transition energy for Zn in the
elemental form.37 Additional SEM and energy-disper-
sive X-ray spectroscopy (EDX) measurements were
carried out on these C-AFM tips and overused tips.
Details can be found in the Supporting Information.
These results indicate that Zn exists as both oxide and
metal in the coated layer on the C-AFM tips after
electrical measurements, which indicates that the con-
ducting filaments consist of oxygen vacancies.
Finally, we discuss redox-controlled oxygen vacancy

filament formation and rupture process, which are respon-
sible for the bipolar resistive switching behavior in the
C-AFM tip/ZnO nanoisland/pþ-Si resistivememory system
(Figure 5). For initial state as shown in Figure 5a, oxygen
vacancies are homogeneously distributed in the whole
nanoislandandact asdonors inZnOmaterials,35 leading to
evenlydistributedcurrent, as shown in theC-AFM imageof
Figure 3b. Oxygen vacancies in ZnO should occur in three
different charge states: VO, VO

• , and VO
••.39 VO has captured

two electrons and is electrically neutral relative to the
lattice. VO

• has trapped one electron and is positively
charged, while VO

•• does not capture any electron and is
doubly positively charged. During the electroforming
process, as shown in Figure 5b, oxygen vacancies around
the anode (C-AFM tip) lose the captured electrons and
become positively charged, and then they move toward
the cathode (substrate) andaccumulate there, becominga
virtual cathode. At the same time, an oxidation reaction
would happen around the anode according to40,41

OO f V••O þ 2e� þ 1
2
O2 (3)

where OO denotes oxygen ions on regular lattice sites.
These VO

•• will also begin to move toward the virtual
cathode, while interstitial oxygen ions are drawn to the
anode and result in the production of oxygen gas there.
The main routes for the oxygen movement and conse-
quently oxygen vacancy movement should be along the
surface and the edge of the nanoisland because oxygen
grain boundary diffusion is 3�4 orders of magnitude
greater than oxygen volume diffusion in ZnO.41 Finally,
oxygen vacancy conductive filaments are created along
the edge of the nanoisland, as schematically viewed in
Figure 5c, which is the completion of the electroforming
process indicated by a sudden increase of current in the
I�V characterization (Figure 2a). The formation of oxygen
vacancy filaments is proven by the current distribution in
the C-AFM image result, as shown in Figure 3c, and the
accumulation of ZnO and Zn metal on the tip, which
indicates the reaction of redox, as shown in Figure 4. After
electroforming, when the external voltage sweeps back to
a lessnegativebias thanVRESET, VO iselectron-occupiedand
becomes electrically neutral. Due to electron shielding
effect,42 neutral VO cannot capture charged interstitial
O2� effectively. When the bias voltage reaches VRESET
and is kept at VRESET or a more negative value than VRESET
for enough time, as shown in Figure 2a, VO loses its
captured electrons and becomes VO

••, causing a significant
increase of capturing probability of VO

•• to O2�,42 as
schematically shown in Figure 5d. The recombination
between VO

•• and O2� easily occurs near the edge of the
nanoisland, where oxygen ions are supplied from the
ambient. This recombination is corresponding to absorp-
tion of oxygen reported in other publications.43 Finally, the
filaments of oxygenvacancy are ruptured, as schematically
shown in Figure 5e, during the RESET process, which is

Figure 5. Schematic illustration of the resistive switching mechanism of the ZnO nanoisland resistive memory: (a)
homogeneously conductive initial state, (b) electroforming process for oxygen vacancy generation and filament formation
bymovement of oxygen ions or oxygen vacancies, (c) electroformed state, (d) RESET process for oxygen vacancy annihilation
and filament rupture by moving oxygen ions to VO, (e) OFF-state, (f) SET process, and (g) ON-state.
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indicated by the sudden decrease of the current
(Figure 2a). At the same time, oxidation reaction in eq 3
keeps happening so that oxygen vacancies are continu-
ously supplied. During the RESET process, many oxygen
vacancies are dragged to theC-AFM tip. This causes the Zn
ions around the tip to leave the ZnO lattice and transfer
onto the surface of the tip as a result of the external electric
field. These metal ions stay there as a metallic layer after
getting electrons from the negative biased tip, which can
beprovenby the result shown inFigure4b.After theRESET
process, as shown in Figure 5f, when voltage sweeps back
to a positive bias, oxygen vacancies are continuously
created by the oxidation of the lattice oxygen ions, which
is corresponding to desorption of oxygen.43 All oxygen
vacancies are then pushed away by the electric field from
the tip mainly along the surface and edge of the nanois-
land and gather there to restore the filaments or create
new ones and switch the resistive memory to ON-state
(Figure 5g).Meanwhile, oxygen ions are drawnback to the
surface of the ZnO nanoisland near the tip where they
recombine with some Zn ions that are pushed back from
the tipby theelectricfield.During this SETprocess, someof
the Zn ions on the surface of the tip are also oxidized. As a
result, a mixture layer of ZnO and Zn metal is left on the
surface of the C-AFM tip. If the I�V characterization is
performed for enough times by one tip, all Zn metals on
the tip should be oxidized, as shown in Figure S4f. This

pictureof creation and ruptureprocess of redox-controlled
oxygen vacancy filaments can also be inferred from the
morphology change of the nanoisland as shown in Figure
S3c. According to Figure 3 and Figure 5, it can be
concluded that grain edge plays a very important role in
the formation and rupture of the conducting filaments
consisting of oxygen vacancies in ZnO nanoscale resistive
memories with cell diameters of 20�60 nm. This conclu-
sionmeans thatoxygenvacancy is a surface-relateddefect,
as reviewed by Djurisic and Leung.44

CONCLUSIONS

Large memory window resistive switching behavior
was observed in ZnO nanoisland resistive memories.
Redox-controlled conducting filament formation/rup-
ture consisting of oxygen vacancies, which is regarded
as a possible mechanism for resistive memories at the
macroscopic scale, was proven through various elec-
trical and imaging results to also be responsible for the
switching behavior of the ZnO nanoisland resistive
memory with a dimension of as small as 20 nm.
Furthermore, C-AFM results have revealed that the
conducting filaments are formed on the edges of
ZnO nanoisland and can have a size on the order of
5 nm, suggesting that ZnO-based RRAM is a promising
technology for future nonvolatile memory at the
scaled technology.

METHODS
Self-assembled ZnO single-crystal nanoislands were grown

on precleaned pþ-Si(100) substrates at 350 �C in a radio
frequency plasma-assisted MBE system. Electrical characteriza-
tion utilizes an Agilent 4155C semiconductor parameter analy-
zer to apply sweeping voltages and obtain I�V characteristics.
For the C-AFM measurements, a Veeco Dimension Icon AFM
with C-AFM capabilities is used. Both measurement systems are
connected to the tip through a manual 3-way switch so that
they can be easily switched without interference with each
other during measurements, as shown in Figure S2. The tip is
Co/Cr coated. The radius of curvature of the C-AFM tip apex is
20�50 nm. The typical diameter of contact area between the tip
and a ZnO nanoisland during I�V characterization is less than
20 nm, while during C-AFM mapping, it is about 5.2 nm,
estimated using the DMT model.45�47 I�V characterization for
state switching was done when the tip, acting as top contact of
the nanoscale resistive memory cell, was fixed in the center of
ZnO nanoislandwith the Si substrate grounded, as shown in the
inset of Figure 2a. The C-AFM images were measured immedi-
ately after state switching to obtain current distributions for four
states (initial, electroformed, ON, and OFF) of the ZnO nanois-
land resistive memory. SEM, EDX, HSR-AES, and AES elemental
maps were utilized to study the layer coated on the C-AFM tips
during the I�V characterizations. The cross-sectional TEM speci-
mens were prepared using FEI Quanta 3D FEG dual-beam focus
ion beam instrument at UCI (Calit2 microscopy center).
The original sample surface was protected by a carbon layer
and an electron-beam-induced Pt layer. Bright-field and dark-
field TEM images as well as selected area electron diffraction
patterns were obtained using FEI CM-20 TEM operated at 200 kV
with a LaB6 filament. The high-resolutionTEM imageswere taken
in a FEI Titan TEM operated at 300 kV with an image Cs corrector.
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