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An individual ZnO nanowire resistive switch is evaluated with Pt/ZnO nanowire/Pt topology. A
detailed DC I-V curve analysis is performed to bring both the conduction mechanism and the
device characteristics to light. The device is further studied at various vacuum pressures to
ascertain the presence of polar charges in ZnO nanowires as the phenomenon leading to the
formation of the switch. The disappearance of the resistive switching is also analyzed with two
kinds of fabrication approaches Focused Ion/Electron Beam involved in the making the device and
a summary of both length and fabrication dependences of resistive switching in the ZnO nanowire
is presented. © 2013 AIP Publishing LLC. [http://dx.doi.org/10.1063/1.4821994]

Conventional scaling methods have seen the dominance
of certain tunable properties in functional materials like ZnO
has given rise to a variety of applications.' Shrinking sizes
also help realize higher memory densities, and higher com-
puting performance.’> Materials exhibiting twin resistive
states have been used to demonstrate switching behaviour
for data storage.* A host of interpretations are possible for a
resistive switching device. Possible explanations derived
from literature, associate itself with a variety of phenomena
like electro-migration of oxygen ions,” filament formation,®
charge trapping,’ etc. Structurally a resistive switching de-
vice is fabricated from a simple model which is comprised of
metal/oxide/metal. As a functional material, ZnO has been
reported as a favorable material for switching in various
morphologies.®*'® Most reported ZnO nanowire based
ReRAMs were fabricated using the conventional E-beam li-
thography through dissimilar metal workfunctions®'"'? and
involved a multistep time intensive fabrication process.
While there has been an effort to fabricate devices in this
approach by a few groups in the past, little has been done to
demonstrate a resistive switch, through simple fabrication
techniques with similar metal workfunctions. We investigate
a resistive switching device fabricated from an individual
ZnO nanowire using Focused Electron Beam (FEB) and
Focused Ion Beam (FIB) based direct write nanolithography
techniques. The devices are fabricated with identical metal
workfunctions (Pt) and analyzed for their interactions with
the surrounding atmosphere. A detailed analysis of the DC
Current-Voltage (I-V) curve is performed with respect to the
mechanism of conduction. Our results present an approach
to characterize the “resistive switch” in individual ZnO
nanowires. Our interpretation of the observed resistive
switching is elaborated on the basis of the existence of polar
charges near the contacts and the I-V measurements data
obtained at different partial pressures.
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The ZnO nanowires were synthesized using CVD tech-
nique with ZnO and graphite powders as precursors.'*'* For
devices, the individual ZnO nanowires (6 devices) were sub-
sequently connected to the pre-patterned electrodes using the
electron beam induced deposition (EBID) of Platinum (Pt)
metal-organic precursor ((CH3);CH3CsH,4Pt) in FEI Quanta
200 3D dual beam system using the fabrication procedure
reported elsewhere.'> For ion beam induced deposition
(IBID), a Ga ion beam of energy 30 keV with the beam cur-
rent of 30pA was used to decompose the same precursor
resulting in the contact formation. The individual ZnO nano-
wire devices fabricated were subjected to Ar atmosphere-
thermal annealing in a horizontal tube furnace system at
200 °C for 20 min. The microstructural characterization was
performed using a 2100F JEOL Transmission electron
microscope (TEM) at a voltage of 200 KeV. The sonicated
solution of nanowires was drop casted on Cu grids for the
preparation of TEM samples. All the electrical measure-
ments of the ZnO nanowire devices were performed with a
Keithley 4200-SCS parametric analyzer in a TTP-6
(Lakeshore Cryogenic, USA) probe station at ambient tem-
perature in vacuum with the pressure ranging from 10~ to
10~ 7 mbar.

Fig. 1(a) shows a bright-field TEM image of a ZnO
nanowire used for the device fabrication, which was
measured to have a thickness of around 150 nm. The perfect
crystalline structure of the ZnO is demonstrated by its high-
resolution TEM image (Fig. 1(b)). The FFT pattern (inset
Fig. 1(b)) suggests that the ZnO nanowire was grown along
[0 O 2] direction. Fig. 2(a) illustrates the I-V characteristics
of an EBID fabricated individual ZnO nanowire device, with
a channel length of 2.5 um before and after Ar-annealing at
200°C, in a single scan-sweeping mode. A scanning electron
microscope image of the device is seen in the inset of
Fig. 2(a). Before annealing, the device showed typical char-
acteristic of a schottky contact between the EBID Pt and the
ZnO nanowire (inset in Fig. 2(b)). After Ar-annealing, the
current density was found to increase by 3 orders of
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FIG. 1. (a) A Low magnification TEM image of a ZnO nanowire. (b) A HR-
TEM of a ZnO nanowire with (002) as its growth direction. Inset: Indexed
FFT pattern of the HR-TEM image.

magnitude. Fig. 2(b) presents the I-V curve in a dual scan-
sweeping mode of a single ZnO nanowire device. The I-V
characteristics of the annealed samples exhibit a small spike
in the current at ~0.5 V during the forward scan and a dip at
~0.1V during the reverse scan, forming a loop. Fig. 2(c)
depicts the room temperature I[-V characteristics of the
annealed ZnO nanowire device, observed in a dual scan-
sweeping mode from 0V to 1.0V measured at 10~/ mbar
pressure. During the forward voltage sweep, the current takes
an ohmic path from 0V to 0.5V, shifts from a high resistive
state (HRS) to low resistive state (LRS) at 0.5V (defined as
the set voltage) and remains in this state up to 1.0 V. The
reverse voltage sweep continues to be in LRS till 0.2V (reset
voltage) where it drops back to the HRS. The two resistive
states can be controlled by the applied bias. The switching
operation happens only once in the entire range of voltage
scanned from —5V to 5 V. The unipolar switching behaviour
observed in our devices (six 2-3 um EBID, two 5 um EBID,
two 2-3 um IBID) is quite consistent with other nanowire
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devices.” Fig. 2(d) shows the variation of the resistive
switching behaviour in the atmospheric pressure. The loop
expands in area at high vacuum (10~7 mbar and 10~ mbar)
and gradually diminishes in atmospheric pressure. The inset
in Fig. 2(d) presents two resistive states observed at 0.3V at
different atmospheric pressure implying a better on/off ratio
(HRS/LRS) at 10”7 mbar as compared to the atmospheric
pressure.

To reduce the schottly barrier resistance of the Pt-ZnO
interface, the ZnO nanowire device was subjected to Ar-
annealing at 200°C. The TEM analysis of Yoon er al.'®
showed that annealing causes microstructural changes
through sintering Pt nanoparticles with the reduction of car-
bon content in the deposited Pt and alloy formation, respon-
sible for the enhancement of the conductivity of the
device.'® Our understanding is based on the assumption that
the depletion width formed at the interface of the Schottky
barrier between Pt and ZnO is altered in two possible ways:
(i) annealing reduces the barrier height by thermally activat-
ing the hot electrons at the interface leading to an ohmic con-
tact; (ii) IBID drastically alters the interface causing
localised damage with a highly energetic beam of Ga ions.

The mechanism of switching can be explained on the
basis of existence of polar surfaces, an idea derived from
Song et al.® The existence of polar charges along the (0 0 1)
basal planes gives ZnO the characteristic of a polar surface.
Both ends of the basal plane in the nanowire are terminated
with partially positive Zinc lattice sites and partially negative
Oxygen lattice sites.'” This gives rise to spontaneous polar-
ization along the c-axis. Despite no surface reconstruction,
the extraordinary stability of ZnO has given rise to a variety
of nanostructures.'® With favorable ohmic contacts between
the Pt and ZnO, the electrons from Pt tend to migrate near
the contact interface. At low voltages, some of the injected
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Resistive Switching in ZnO nanowire
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electrons are trapped by the existing polar charges at the
interface, observed as the HRS (Fig. 3(a)). Once the applied
voltage increases beyond a point (Set voltage), the electrons
are de-trapped from their polar charges, resulting in a spike
in the current or the LRS state (Fig. 3(b)). Our experiments
analyzing the pressure-dependent switching (Fig. 2(d)) sup-
port the hypothesis of polar charges behind the observed
resistive switching. The atmospheric oxygen adsorbed on the
surface neutralizes the polar charges, making the change in
resistive states more negligible. It can be inferred from
Fig. 2(d), as the test station is pumped down to higher vac-
uum, the concentration of surface adsorbents is decreased
and the effect of the polar charges is more pronounced. The
cyclic I-V curve (including the hysteresis loop) gives the
power dissipated by the ZnO nanowire. We believe that the
differences in the Set and Reset voltages are primarily due
the joule heating in the nanowire. During the reverse scan,
the joule heating in the ZnO nanowire provides up to 5 times
more power at the set voltage point (~40 pW) as compared
to power at the reset voltage point (~8 pW), which gives suf-
ficient energy to escape the polar charge traps. This gives a
dip in the reverse scan and a reset point (Fig. 2(c)).

The surface adsorbents not only alter the switching but
also the conduction through the ZnO nanowire. It is the pres-
ence of such adsorbents on the nanowires surface that leads
to a depletion region in the ZnO nanowire." Classifying
broadly, there are two kinds of trap sites observed in our
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LRS state

FIG. 3. A Schematic representation of
the charges screened by the localized
polar charges at the ends of the ZnO
nanowire. (a) HRS state of the I-V
curve (inset). (b) LRS state in the I-V
curve.
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ZnO nanowire device: (i) one at the interface where polar
charges trap the charge carriers injected giving rise to
switching, (ii) the second throughout the nanowire arising
due to a variety of defects. For the latter in the ZnO nano-
wire, the transport after switching is dominated by the space
charge limited current (SCLC), in which the electrons move
through a spatial distribution of negative charges governed
by trapping/detrapping kinetics.'* The adherence to a power
law not only confirms SCLC but also suggests the exponen-
tial distribution of traps between the conduction band and
the Fermi level.'” The trap limited mobility of the majority
charge carrier was calculated to be 2.15 x 10~* cm?/Vs from
the modified Child’s law equation” pgcrc=(1/V?) (8d/
9mepe,); where d (2.5 um) is the channel length of the device.
The number of charge carriers in the HRS state is given by
nprs = (RLrs niRrs)/Rurs- (1)

Ry rs and Ryrg are obtained from Fig. 2(d) at 0.3 V and 1077
mbar pressure. The calculations for njrs=0yrs/liscLc
yield 1.85 x 10" cm™>. Subsequently, Eq. (1) gives the
value for npyrs =8.91 x 10" cm™>.'* From this, we observe
that only a fraction of the charges get trapped near the inter-
face due to the presence of the localized polar charges.

Fig. 4(a) depicts a typical switching process of a resis-
tive switching device. The on/off ratio for the given reading
voltage is about 1.5. The similarity between the current and
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FIG. 5. Fabrication and channel length based comparative semi-log plot of
the current-voltage curves of 2.5 um, 5 um EBID devices, and 2.8 um IBID
device. The switching is observed only in 2.5 yum EBID device.

voltage curves denotes perfectly reversible, stable, and non-
destructive behaviour. Fig. 4(b) displays the stability of the
resistive switch in a 25 cycle device operation. The currents
in the nanowire retraced the same values after 25 cycles of
operation.

The absence of resistive switching in the Pt/ZnO nano-
wire/Pt structure with the increase in channel length was
observed (Fig. 5). A 5 um device fabricated and annealed
under the same conditions did not show any switching. This
reinstates the explanations given by Song® that at a given
voltage, the local electric field created due to the polar
charges along the c-axis decreases and the loop vanishes.
The total resistance of the structure (contacts+ nanowire)
now dominates over the screening effect of the polar
charges. Additionally, fabrication techniques also affect the
resistive switching due to polar charges. Although IBID per-
formed using FIB’s Ga ion beam results in low-resistive
Ohmic contacts, it has always been associated with a variety
of localized damages. IBID not only involves deposition, but
also extensive sputtering of the surface of the nanowire being
exposed under the ion beam.?' The sputtering is accompa-
nied by secondary phenomena such as surface amorphiza-
tion/modification, doping of Ga ions and alloy formation.*'
Hence the exposure of nanowire under the ion beam could
damage or neutralize the polar charges around the area where
contacts are being fabricated. This might be one of the rea-
sons why researchers reporting I-V characteristics of individ-
ual ZnO devices did not observe the switching.”*** From
Fig. 5, we observed a similar scenario in our devices, where
a 2.8 um device fabricated/annealed using IBID failed to
show switching characteristics despite high currents and
low-resistive Ohmic contacts.

To summarize, we demonstrated a Pt/ZnO nanowire/Pt
resistive switching device. The switching has been attributed
to the presence of localized polar charges which create a

Appl. Phys. Lett. 103, 123114 (2013)

local electric field along the c-axis of the nanowire. The
enhancement in switching phenomenon was observed with
the decrease in oxygen pressure. Pt-ZnO contacts in this case
were evaluated and barrier modification through annealing
was achieved. The role of traps contributing to the switching
phenomena was studied. The role of longer channel lengths
and destructive fabrication techniques, resulting in the ab-
sence of switching was evaluated. The switching in the ZnO
nanowire device was observed to be stable and reversible. In
addition to the growth of ZnO nanowires along the c-axis
and shorter channel lengths, better fabrication techniques
and practices should be involved to observe the effect of the
polar charges. With ample of scope for improvement in fab-
rication procedures and reading window of the device, ZnO
nanowires can be seen as one of the promising materials for
the next-generation memories.

The authors wish to thank Dr. Nripan Mathews for his
constructive suggestions for the manuscript and Hayden for
his support in graphics.
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