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ABSTRACT: One dimensional metal oxide nanostructures have
attracted much attention owing to their fascinating functional
properties. Among them, piezoelectricity and photocatalysts along
with their related materials have stirred significant interests and
widespread studies in recent years. In this work, we successfully
transformed piezoelectric ZnO into photocatalytic TiO, and
formed TiO,/ZnO axial heterostructure nanowires with flat
interfaces by solid to solid cationic exchange reactions in high
vacuum (approximately 10™® Torr) transmission electron micro-
scope (TEM). Kinetic behavior of the single crystalline TiO, was
systematically analyzed. The nanoscale growth rate of TiO, has
been measured using in situ TEM videos. On the basis of the rate,
we can control the dimensions of the axial-nanoheterostructure. In
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addition, the unique Pt/ ZnO / TiO,/ ZnO /Pt heterostructures with complementary resistive switching (CRS) characteristics
were designed to solve the important issue of sneak-peak current. The resistive switching behavior was attributed to the

migration of oxygen and TiO, layer served as reservoir, which was

confirmed by energy dispersive spectrometry (EDS) analysis.

This study not only supplied a distinct method to explore the transformation mechanisms but also exhibited the potential
application of ZnO/TiO, heterostructure in nanoscale crossbar array resistive random-access memory (RRAM).

KEYWORDS: Cationic exchange, RRAM, in situ TEM, ZnO, TiO,, axial nanowire heterostructures

O ver the past decades, researchers are increasingly
enthralled by one-dimensional metal oxides to develop
and expand their functionality. Metal oxides not only inherit the
remarkable properties from bulk such as electromechanical and
electrochemical properties™” but also exhibit special geometric/
anisotropic property and size effect in the research of
photodetectors,3 single-electron transistors,* electron emitters,
light-emitting diodes,® biology,7 and ultraviolet nanolasers.®
Among various metal oxides, ZnO and TiO, are the most
important materials for their potential applications in piezo-
electronics, energy harvesting,9 photocatalysts,lo’ and resistive
switching random access memory.'>”** Owing to the perfectly
aligned band diagram of TiO, and ZnO, the electron and hole
transfer easily between their conduction and valence bands. As
a result, the separation of photogenerated charge carriers is
easier compared with a single metal oxide."® Recently, extensive
investigations have been concentrated on the design and
synthesis of crystalline ZnO/TiO, heterostructures and/or a
compound to improve the quantum efficiency of photocatalysts
for applications in water purification.'® Previous reports have
focused on the provision of ZnO/TiO, systems by various
techniques, including magnetron sputtering,lé sol—gel,17
thermal treatment of powers,'® and liquid phase routes.'”*°
In most cases, solid to solid reactions will lead to the formation
of ternary Zn/Ti/O species.”'~>* Two of the most significant
mechanisms of solid to solid reactions for nanostructures are
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Kirkendall effect’**® and ion exchange.%_28 The Kirkendall
effect has been proven to generate hollow nanostructures but is
not a common method to create nanomaterials of diverse
morphologies. However, ion exchange reaction has been
manifested to be an effective method to alter the chemical
composition of inorganic nanocrystals by adjusting the
reactants. Therefore, ion exchange reaction is advantageous to
obtain complex devices for now. Additionally, solid-state ion
exchange reaction is still not fully understood. For this purpose,
the observation of cationic exchange is also essential for the
study of the reaction process.

In situ transmission electron microscope (TEM) is a
powerful tool*'*#**73¢ for the study of growth kinetics. In
this work, we designed a fascinating method to transform ZnO
into TiO, through solid to solid cationic exchange reaction in
high vacuum in situ TEM. Our method allowed us to study the
growth process and reaction mechanism of ionic exchange and
oxide material transformation at high temperature. In addition,
the ZnO/TiO, axial nanoheterostructure had been demon-
strated and processed into the device, which exhibited
remarkable resistive random-access memory (RRAM) proper-
ties. Our experiment results provide the critical insights and
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knowledge into the metal oxide transformation and illustrate
practical examples of axial heterostructures in crossbar random-
access memory.

Single crystalline ZnO nanowires with high aspect ratio were
synthesized on Si (100) substrates in a three-zone furnace using
the carbothermal reduction method through a vapor—liquid—
solid mechanism. Mixed powders of zinc oxide and carbon with
a mass ratio of 2:1 were placed upstream of the gas flow and the
Au-coated (100) silicon substrates were placed downstream.
The temperatures of upstream and downstream were held at
950 and 750 °C, respectively. The temperatures elevated at the
rate of 10 °C per min and were held for 90 min. Argon and
oxygen flowed as carrier gases at the rate of 100 and 10 sccm,
respectively. After the growth process, the furnace cooled down
to room temperature. Figure la—e is a schematic illustration of
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Figure 1. Schematic illustration of the transformation process from
ZnO nanowires to ZnO/TiO, nanowire heterostructures and TEM
images of ZnO/TiO, nanoheterostructures formed through cationic
exchange. (a) Single-crystalline ZnO nanowires grown by a vapor—
liquid—solid mechanism. (b) ZnO nanowire covered with Ti pad to
define the reaction range. (c) Titanium atoms diffused into ZnO lattice
at 700 °C, and then the Zn site was replaced with Ti atom. (d) Zn
atoms evaporated to vacuum chamber, and ZnO/TiO, nano-
heterostructures and (e) TiO, were formed. (f) Low magnification
TEM image of a ZnO/TiO, nanoheterostructure by cationic exchange
at 700 °C for 3 h. Note that the light contrast is TiO, and dark
contrast is ZnO. (g) A closer view of the TiO, and ZnO interface, and
the insets are the corresponding FFT electron diffraction patterns
showing the [121] zone axis of TiO, and [1120] of ZnO, respectively.
(hji) High-resolution TEM images of TiO, and ZnO. (j) The
theoretical model of rutile TiO, (012) plane connected with the
wurtzite ZnO (0001) plane by Materials Studio software.

the formation process from ZnO to TiO, nanowire. ZnO
nanowires were detached from the wafer into ethanol solution
and then dropped on substrates with Si;N, membrane
windows, which was grown by low pressure chemical vapor
deposition with thickness of 30 nm (Figure la). Methyl
methacrylate (bottom layer) and poly(methyl methacrylate)
(top layer) were coated as positive tone photoresists (PR),
followed by 180 °C baking for 1 min and e-beam lithography.
Two hundred nanometers of titanium and 50 nm of platinum
were deposited by electron gun deposition system. After

2760

deposition, the PR were removed by lift-oft process in acetone
(Figure 1b). Direct observation of the cationic exchange
reaction via ZnO nanowire and reactive electrodes were carried
out in a JEOL 2100F high vacaum TEM. The base pressure in
the sample stage was about 3 X 107° Torr, and the ion
exchange process of the ZnO/TiO, nanowire heterostructures
was performed at the temperature of 700 °C. The replaced Zn
atoms evaporated to vacuum chamber after cationic exchange
to form TiO, nanowire, as shown in Figure lc—e. The in situ
TEM was equipped with a video recorder with 1/30 s time
resolution. High-resolution lattice imaging and mapping were
performed in a Cs-corrected scanning transmission electron
microscope (STEM, JEOL ARM 200F) with an energy
dispersive spectrometer (EDS). The resistive switching
behaviors of the ZnO/TiO, nanowire were measured by an
Agilent 4145B system at room temperature in ambient
conditions.

Figure 1 is a schematic illustration of the formation process
from ZnO to TiO, nanowire and heterostructure morphology.
The crystalline structure of ZnO/TiO, nanowire through
cationic exchange was revealed. Figure la—e shows the details
of the formation process from ZnO to TiO, nanowire. Figure 1f
shows the low magnification TEM image of a TiO,/ZnO axial
heteronanowire. The sharp interface between wurtzite ZnO and
rutile TiO, in Figure 1g demonstrated the epitaxial relation-
ships across the interface, which are ZnO (1100)//TiO, (210)
and [1120]// [121], respectively. Figure 1h,i shows the
HRTEM images locally enlarged in Figure 1g, which indicated
that TiO, and ZnO nanowires were single-crystalline. The
structure of cationic-exchanged TiO, nanowire has been
identified from both the fast Fourier transform diffraction
pattern (FFTDP) and HRTEM, demonstrating TiO, is of rutile
structure and tetragonal system (space group P4,/mnm).
Moreover, the theoretical model of rutile TiO, (012)
connecting with the wurtzite ZnO (0001) was simulated by
Materials Studio software, as shown in Figure 1j.

The high-angle annular dark-field imaging (HAADF) and
EDS mapping of as-reacted nanowire (ZnO) and cationic-
exchanged heteronanowire (ZnO/TiO,) are shown in Figure 2.
The HAADF STEM image of the initial ZnO nanowire with
patterned Ti/Pt pad is shown in Figure 2a. Figure 2b—d gives
the EDS mapping, showing the element distribution of Zn, O,
and Ti. The signal in EDS mapping of Ti layer and ZnO
nanowire interface are clean without overlapping. The cationic
exchanged HADDF image is shown in Figure 2f. The dark
contrast in HAADF image indicated the richness of titanium
due to its light atomic weight. Figure 2g—i shows the elemental
distribution in the axial heteronanowire. The oxygen ion
remained but zinc was partially replaced by titanium after the
solid to solid cationic exchange process. Figure 2e,j gives the
schematic illustrations of the ZnO nanowire and TiO,/ZnO
axial heteronanowire.

To further understand the formation behavior, in situ
observation of the solid to solid cationic exchange process is
essential. Figure 3a—d gives the in situ TEM images recorded
from an in situ video. In each figure, the red arrow points out
the reaction interface. The recorded images are critical evidence
of the reaction progression (please refer to Supporting
Information Video 1). During the cationic exchange process
at high temperature, ZnO nanowire is not thermally stable and
Ti element preferred to form crystalline TiO, structure.
Therefore, Ti atoms would diffuse into ZnO nanowire and
replaced Zn atoms. Then, Ti combined with oxygen to form

dx.doi.org/10.1021/n1500749q | Nano Lett. 2014, 14, 2759-2763
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Figure 2. HAADF STEM images and EDS mapping of as-reacted nanowire (ZnO) and cationic-exchanged heteronanowire (ZnO/TiO,). (a)
HAADF STEM image shows initial ZnO nanowire and Ti metal pad. (b—d) EDS mapping shows the Zn, O, and Ti distribution. The Ti layer and
ZnO nanowire interface are sharp and clean. (f) HADDF STEM image shows the TiO, and ZnO interface. (g—i) EDS mapping shows the Ti
element diffused into ZnO nanowire and replaced Zn to form TiO,. (ej) Schematic illustration of the ZnO nanowire and TiO,/ZnO

nanoheterostructures.
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Figure 3. Series of images clipped from the video showing the
formation process by solid to solid cationic exchange at 700 °C. The
numbers in lower right corner follow hours, minutes, and seconds. The
red arrow highlights the position of the interface. The images were
obtained at elapsed times: (a) 02:15:10, (b) 02:22:40, (c) 02:27:30,
and (d) 02:29:50. (e) Plot of growth length of TiO, as a function of
time.

TiO, at 700 °C in a high vacuum TEM chamber. The EDS line
scan of the ZnO/TiO, interface can be seen in Supporting
Information Figure S1. The replaced zinc was evaporated to a
vacuum chamber after being cationically exchanged. The
formation reaction can be described as follows:

ZZDO(S) + Tl(s) = TIOZ(S) + ZZI‘I(V)

Different electronegativity and high vacuum are essential for
inducing cationic exchange behavior in metal oxide systems.
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Different electronegativity results in substitution of metal
elements. The electronegativities of zinc and titanium elements
are 1.65 and 1.54, respectively, indicating that the electron is
prone to be captured by zinc atom. Inversely, titanium has a
higher tendency toward bonding with oxygen than zinc.
However, in high vacuum systems, the rare oxygen atmosphere
prevented nanowires from forming ternary compounds. In this
work, titanium exhibits stronger oxidation activity and capacity
than zinc. Additionally, the high vacuum TEM chamber lead to
dilute oxygen concentration. As a result, Ti atoms tend to grab
the oxygen from ZnO and then form TiO, (Supporting
Information Figure S2). For comparison, we have designed an
experiment to anneal ZnO nanowire with Ti pads under the
same condition but in ambient atmosphere. A new crystalline
structure, twin-involved Zn,TiO, phase, was observed and
shown in Supporting Information Figure S3. The spinel
Zn,TiO, nanowire with twin structure was reported by Yang
et al** and resulted from reducing the free energy. The element
distribution in the multi-twinned spinel nanowire was displayed
in Supporting Information Figure S4. A schematic diagram
shows a different formation mechanism under two extreme
annealling atmospheres (Supporting Information Figure SS).
Figure 3e shows a plot of growth length of TiO, as a function
of time. On the basis of the statistics, the average reaction rate
along the axial direction is about 18 nm min~'. The TiO,
growth rate is linear, and there is no stagnation on the plot.
Thus, the main mechanism is the interfacial reaction control in
solid to solid reaction.

The transformation of ZnO into other metal oxides is a
special behavior through solid to solid reaction. In previous
studies, ZnO nanowire reacted with metal elements to form Z,/
C,/0, (C = Ti, Mg, Al, etc.) ternary species.”*>*> However,
we obtained binary and single crystalline TiO, by cationic
exchange. It is worth mentioning that we can modulate the
reactants to fabricate various heterojuctions by electronegativity
differences in high vacuum systems. Those heterojuctions can
expand the application in different fields and benefit us to
understand the interface effect by designing materials for
applications in electronic, photonic, magnetic, and thermal
characteristics. In our work, the as-formed ZnO/TiO,
heterojunction was made into nonvolatile resistive memory to
study small size effects.

dx.doi.org/10.1021/n1500749q | Nano Lett. 2014, 14, 2759-2763
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Figure 4. Different bipolar RRAM devices and their switching behavior in ZnO, ZnO/TiO,, and ZnO/TiO,/Zn0. (a,d,g) Schematic diagram of
ZnO nanowire, bilayer (ZnO/TiO,), and trilayer nanowire (ZnO/TiO,/ZnO) with grounded right-hand-side. (b,e;h) Corresponding SEM images
of three types of nanowires with Pt electrodes. (c) Typical bipolar resistive switching behavior. (f) The switching loop is clockwise in both positive
and negative bias. (i) The switching loop is clockwise in negative bias and counterclockwise in positive bias.

ZnO with RRAM properties has been reported in many
studies.”>'"*¥ ™% In addition, the scaling down of RRAM
devices is strongly desired not only for understanding the
switching mechanisms at sublithographic scale but also for
improving the characteristics. In this work, we compared three
types of components, revealing the potential of heterostructure
in high density memory array. Figure 4 shows different bipolar
RRAM devices and its switching behavior in ZnO, ZnO/TiO,,
and ZnO/TiO,/ZnO nanowire. We applied bias to left-hand
side and grounded the right-hand side, as shown in Figure
4a,d,g. First, the simple ZnO device was measured as the
reference with the following devices. Figure 4a is a schematic
diagram of ZnO nanowire with typically bipolar resistive
switching behavior, as shown in Figure 4c. The corresponding
SEM image is shown in Figure 4b. The SET voltage was —6.25
V with 107* A current compliance; whereas the RESET voltage
was 7 V. Next, the bilayer of ZnO/TiO, was measured. Figure
4d is a schematic diagram of bilayered resistive switching device
with ZnO/TiO, interface, which is known as MISM (metal—
isolator—semiconductor—metal) structure. The red arrow
marked in Figure 4e is the interface of ZnO and TiO,. The
SET/RESET voltage is —5 V/9 V, respectively. Typical
switching behavior is shown in Figure 4f, and the switching
loop is clockwise in both positive and negative bias. The
resistive switching can be attributed to the oxygen vacancy
exchange between the ZnO and TiO, layers. The TEM—EDS
data are included in Supporting Information Figure S6. The
advantage of ZnO/TiO, bilayer is that TiO, serves as an
oxygen reservoir. Besides, TiO, layer can prevent overload
current as the device switches to the ON state, resulting in
gradually rising/dropping at SET/RESET voltage and
strengthening the reliability of the device. Finally, the
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complementary resistive switching (CRS) device was designed
to solve the important issue of sneak-peak current because it
would be written into the OFF state after the reading
process.*"** Figure 4g is a schematic diagram of CRS device
in trilayer memristor. Detailed fabrication process can be
referred to Supporting Information Figure S7. The both ends of
ZnO can be regarded as memristor 1 and memristor 2. The
equivalent circuit of the trilayer memristor is an antiseries of
two memristors. The -V characteristics of the CRS device is
shown in Figure 4i. Unlike the MISM system, the switching
loop is clockwise in negative bias and counterclockwise in
positive bias. When the voltage was raised to —9 V, memristor 1
switched to the ON state. The current gradually decreased as
the bias increased from —12 to —18 V since memristor 2 would
switch to the OFF state. Similarly, memristor 2 switched to the
ON state at about 7 V, and memristor 1 switched to the OFF
state at 10 V. The switching state from negative to positive bias
is 10 - 11 — 01 — 11 — 10 (‘1" is the ON state and 0 is the
OFF state, and the first number is the state for memristor 1 and
the second number is for memristor 2). The nonreading device
will remain in a high resistance state, which can avoid
interfering with the measuring device. The nonoverlap of the
I-V curve in small bias may be caused by different resistances
of memristor 1 and 2, as shown in Figure 4h. Obviously, a
difference in length of ZnO resulted in the divergence of the 10
and 01 states. In short, the CRS device exhibits high resistance
independent of the stored information and makes the
application of high density memory array architectures feasible.
Multiple cycles measurement of the CRS device were included
in the Supporting Information Figure S8.

In summary, the feasibility to transform ZnO to TiO,
nanowire through solid to solid cationic exchange reaction

dx.doi.org/10.1021/n1500749q | Nano Lett. 2014, 14, 2759-2763
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has been identified. The structure and chemical composition
were investigated by TEM and EDS. In the in situ observation
of the solid to solid reaction, Ti element formed TiO, in high
vacuum TEM. We observed the ZnO/TiO, transformation in
real time, providing that the evolution mechanism was
interfacial control. The average reaction rate along the axial
direction is about 18 nm min~". The CRS device in trilayer
ZnO/TiO,/ZnO nanowire demonstrated the feasibility to
apply these in high density memory array architectures. The
resistive switching can be attributed to the oxygen exchange
between the ZnO and TiO,. In this investigation, a useful
cationic exchange method has been developed to transform
ZnO into TiO, nanowire, which can acquire the ZnO/TiO,
nanoheterostructures for extensive applications.

B ASSOCIATED CONTENT

© Supporting Information

Proof that ZnO transforms to TiO, nanowire through solid to
solid cationic exchange reaction and an in situ TEM video to
provide the evidence of direct observation of the formation
process. This material is available free of charge via the Internet

at http://pubs.acs.org.
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