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This work reports the fabrication and testing of nanoneedle devices with well-defined interfaces that
are amenable to a variety of structural and electrical characterization, including transmission electron
microscopy. Single Pt/ZnO nanoneedle Schottky diodes were fabricated by a top down method using
a combination of electro-polishing, sputtering, and focused ion beam milling. The resulting structures
contained nanoscale planar heterojunctions with low ideality factors, the dimensions of which were
tuned to study size-dependent electrical properties. The diameter dependence of the Pt/ZnO diode
barrier height is explained by a joule heating effect and/or electronic inhomogeneity in the Pt/ZnO
contact area. © 2014 AIP Publishing LLC. [http://dx.doi.org/10.1063/1.4871509]

Nanostructured ZnO has been of interest for potential
applications as UV light-emitters, gas sensors, surface acoustic
wave devices, and transparent thin-film transistors.'™ In recent
years, the electrical properties of 1D ZnO nanostructures have
attracted interest for a number of applications such as
diodes,lo_12 photovoltaics,w_15 and sensors,]6’]7 due to their
low cost, unique properties, and compatibility with Si-based
materials. Particularly, the electrical and structural properties
of the heterogeneous interface between ZnO and various inor-
ganic materials have been extensively researched.'®° To
probe the effects of embedded interfaces in ZnO, 1D devices
have been fabricated by a number of methods including
e-beam lithography and solvent-based processing.”'*
Few techniques produce well-defined planar heterojunction
interfaces between the pristine ZnO and various inorganic
counterparts. Additionally, the arrangements of many 1D test
structures are not amenable to perform electrical and structural
(e.g., Scanning Electron Microscopy (SEM), Transmission
Electron Microscopy (TEM), optical, spectroscopy, etc.) char-
acterization on isolated individual nanowires.

Here, a clearly defined ZnO/Pt planar-junction was fab-
ricated and demonstrated as an electrical probe for studying
charge injection and transport in a diode structure that can
simultaneously be characterized via TEM. Furthermore, we
demonstrate the use of the nanoneedle structure for meas-
uring size-dependent electrical properties ranging between
the nano- and micro-scale.

A Pt/ZnO nanoneedle diode was fabricated on a bulk Mo
wire (diameter 100 um, Goodfellow Inc., 99.95%), as shown
in Figure 1(a). The wire was initially electro-polished in
NaOH solution (5 wt. %) for 25s under 5V applied bias. The
wire was mounted in a Cu tube to support it during
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subsequent manipulation. A focused ion beam (FIB, FEI DB
235) milled the top surface in order to produce a flat region
approximately 10 um in diameter. A 100 nm Pt thin film was
deposited onto this surface by magnetron sputtering (AJA
international, ATC 1300) with a base pressure of 10~ Torr at
room temperature. An 800 nm thick ZnO film was grown on
the Pt thin film via pulsed-laser deposition (PLD) using a KrF
excimer laser (Coherent, LPX 205) at room temperature with
an oxygen pressure of 20 mTorr, laser fluence of 0.14 J/cm?,
and frequency of 3 Hz. ZnO is an n-type semiconductor due
to the intrinsic oxygen defects evolved during PLD growth.>
A thick film of Al (1.2 yum) was sputtered on top to serve as
the Ohmic contact.”**> The 1D nanoneedle was then pre-
pared by a multi-step annular FIB milling procedure.

The Pt/ZnO nanoneedle was tested in the configuration
depicted in Figure 1(b). All /-V measurements were per-
formed using an RF-1 Probe Station (Cascade Microtech,
Inc) and a 4155¢ Semiconductor Parameter Analyzer
(Agilent Technologies, Inc.). A Ga-In alloy (Ga: 25 wt. %,
In: 75 wt. %) droplet was placed on a Au electrode that was
maintained at 40°C. The macroscopically supported nano-
needle was attached to a micromanipulator and contacted to
the Ga-In droplet under an optical microscope. The high sur-
face tension of the Ga-In droplet prevented its wetting of the
nanoneedle, which would short the circuit.

The structure of the nanoneedle devices can be directly
imaged in the TEM. Figure 2 depicts a Z-contrast scanning
transmission electron microscopy (STEM) image of the
Pt/ZnO interface. It shows a 200 nm diameter Pt/ZnO hetero-
junction interface with a well-defined planar interface. The
diameter of the nanoneedle was measured directly, and a tilt
series was utilized to ensure that the cross-section is approxi-
mately circular. Selected area electron diffraction indicates
that the ZnO is single crystalline and grows along the (0001)
orientation. No Ga peak was observed in energy dispersive

© 2014 AIP Publishing LLC
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X-ray spectroscopy (EDS), suggesting that any existing Ga
contamination from the ion beam milling is below the detect-
able limit (~1%).

To examine charge injection and transport phenomena
at the Pt/ZnO interface in the diode structure, electrical tests
were performed in the manner described above. From the /-V
curve in Figure 3(a), it is shown that the nanoneedle diode
exhibits rectifying behavior, which is consistent with pub-
lished findings of Pt/ZnO diodes.'"' The turn-on voltage was
approximately 0.35V with a reverse-bias breakdown at
—2V, as seen in the inset of Figure 3(a). The total current
consists of thermionic emission and tunneling currents.
However, due to the reasonably high mobility and shallow
impurity energy level of the ZnO produced through pulsed
laser deposition,”® the tunneling current can be ignored.”’
Therefore, the /-V curves are dominated by thermionic-field
emission in the forward bias regime as shown in Figure 3(b).
Here, assuming that thermionic emission is the predominant
mechanism, the junction current for a Schottky barrier is

described by
V — IR,
=l {eXP (q(nkT)) - 1} ’

where the saturation current /,, is described by

FIG. 2. Z-contrast STEM image of a Pt/ZnO nanoneedle Schottky diode.
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FIG. 1. (a) Image of a Pt/ZnO nano-
needle structure and (b) schematic dia-
gram of the test set-up.

RS

(b)

, @
Io = A*AT? exp (— CIk—T”) 7

where A* is the Richardson constant for ZnO, A is the area
of the diode, @, is the barrier height, and R, is the series re-
sistance. The Richardson constant of ZnO was chosen to be
its theoretical value, which is 32 Acm ™2 K=2.?7 The diode
area, A, can be measured precisely using the electron micros-
copy images (see Figure 2). T is chosen to be the ambient
temperature during testing, 313 K, which may not necessarily
be the actual temperature if Joule heating is significant. A
general fitting method from Cheung?® was applied, the calcu-
lated barrier higher ®, and ideality factor n for the 200 nm
nanoneedle, were 0.47eV and 1.11, respectively. This small
ideality factor suggests a low density of bulk and interface
traps at the Pt/ZnO interface.

The barrier height of the 200 nm diameter diode is rather
small in comparison with the theoretical bulk value.*
Interestingly, the low barrier height of our nanoneedle diode
is consistent with previous studies for nanowire ZnO-Pt
Schottky diode'® and other micro-scale diodes.?”*° To probe
the size effect systematically, 500 nm and 3 um Pt/ZnO diodes
were also fabricated using the same method. The inset of
Figure 4(a) shows the SEM images of Pt/ZnO Schottky diodes
of different sizes. The I-V curves for diodes with three differ-
ent diameters, under forward bias, are plotted on a logarithmic
scale as shown in Figure 4(a). As the size increases, the cur-
rent density decreases, which indicates that the barrier height
increases with the increasing size. The calculated barrier
height for 200 nm, 500 nm, and 3 um diodes are 0.470, 0.504,
and 0.548 eV, respectively. In order to test reproducibility of
the experiment, several 3 um samples were identically fabri-
cated. The calculated barrier heights were 0.553 = 0.012¢eV,
which demonstrate the reproducibility of the approach.

The barrier heights from our experiments are compared
with published data in Figure 4(b). It shows that the barrier
height consistently increases with the size of the diode. The
origins of this behavior can be attributed to two main factors:
Barrier inhomogeneity and the Joule heating effect.
Electronic inhomogeneity over the Pt/ZnO contact area can
decrease the barrier height. The real barrier height can be
expressed by @ = @y, — ‘211%, where ¢ is the barrier homo-
geneity (6o=0 when the barrier height is completely homo-
geneous). As g, decreases, the real barrier height increases. In
other words, the barrier homogeneity is more predominant in
diodes with large cross-sectional area than small ones, leading
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to a higher barrier height for the larger diodes. The second ex-
planation is that the variation in barrier height results from the
joule heating effect. As the diameter of the diodes decreases,
the degree of local heating increases, thereby decreasing the
effective barrier height governed by thermoionic emis-
sion.>"*? Indeed, a lower barrier height was observed in
smaller diameter nanowires.'® Liu*® and Bui** performed
2-terminal thermal conductivity measurements using ZnO
nanowires with diameter in the range of 70 to 200 nm. In the
experiments, the thermal conductivity of nanowires was
decreased by an order of magnitude in comparison with that
of the bulk. This arises from a size dependent Joule heating
effect that locally increases the temperature of nanoscale
diodes. Other factors, including surface defects and leakage
current through the edge of ZnO, are not considered as plausi-
ble explanations. In our experiments, the ideality factors were
1.11, 1.13, and 1.22 for 200 nm, 500 nm, and 3 um, respec-
tively. The ideality factors of all diodes were close to 1,
implying that a low concentration of defects or traps are pres-
ent at the Pt/ZnO interface. The low ideality factors found in
the nanoneedle Pt/ZnO diodes, therefore, suggest that the
effect of surface defects is not significant. The edge leakage
current is not a feasible origin of the effect, because a low
conductivity depletion layer is formed near the surface of
Zn0O due to the adsorbed surface oxygen, which captures the
free electrons in the ZnQ.>’

In conclusion, a test platform was fabricated that enables
simple size-dependent electrical and structural characteriza-
tion of nano-scale planar hetero-junction interfaces. The rec-
tifying properties and low ideality factors measured from
each sample indicate that the nanoneedle structure is an

attractive candidate to probe nano-scale heterojunction inter-
faces. The diameter dependent barrier height was rational-
ized based on Joule heating effects resulting from size
dependent thermal conductivity in ZnO and barrier height
inhomogeneity over the Pt/ZnO contact area. The nanonee-
dle structure allows for exploration of various phenomena
associated with charge transfer at hetero-junction interfaces,
making it an attractive geometry to study size-dependent
properties in optical and electronic devices.
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