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ABSTRACT: Polarity-controlled growth of ZnO by chemical bath deposition
provides a method for controlling the crystal orientation of vertical nanorod arrays.
The ability to define the morphology and structure of the nanorods is essential to
maximizing the performance of optical and electrical devices such as piezoelectric
nanogenerators; however, well-defined Schottky contacts to the polar facets of the
structures have yet to be explored. In this work, we demonstrate a process to
fabricate metal—semiconductor—metal device structures from vertical arrays with
Au contacts on the uppermost polar facets of the nanorods and show that the O-
polar nanorods (~0.44 eV) have a greater effective barrier height than the Zn-
polar nanorods (~0.37 eV). Oxygen plasma treatment is shown by
cathodoluminescence spectroscopy to affect midgap defects associated with radiative emissions, which improves the Schottky
contacts from weakly rectifying to strongly rectifying. Interestingly, the plasma treatment is shown to have a much greater effect in
reducing the number of carriers in O-polar nanorods through quenching of the donor-type substitutional hydrogen on oxygen sites
(Ho) when compared to the zinc-vacancy-related hydrogen defect complexes (V,,—nH) in Zn-polar nanorods that evolve to lower-
coordinated complexes. The effect on Hg in the O-polar nanorods coincides with a large reduction in the visible-range defects,
producing a lower conductivity and creating the larger effective barrier heights. This combination can allow radiative losses and
charge leakage to be controlled, enhancing devices such as dynamic photodetectors, strain sensors, and light-emitting diodes while

[l Metrics & More | @ Supporting Information

showing that the O-polar nanorods can outperform Zn-polar nanorods in such applications.
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1. INTRODUCTION

ZnO belongs to the 6mm point group with a wurtzite structure
that leads to opposing polar facets that are predominantly Zn-
or O-terminated.”” On bulk ZnO crystals, the physical and
chemical properties of these facets have been well-studied
often to determine the surface band bending, electronic
properties, and the resultant effect on electrical contacts to the
polar surfaces.”™® Here, we extend this investigation to ZnO
nanostructures to study the differences between electrical
contacts fabricated on the uppermost but opposing polar facets
of polarity-controlled vertical ZnO nanorods.” The ability to
selectively pattern and control the morphology and spacing of
the nanorods holds great promise to fabricate arrays with well-
defined properties. Control of the crystal polarity provides an
opportunity to determine the structure, electrical properties,
and the all-important metal—semiconductor contacts that must
be fabricated on the array tips to integrate them into
nanotechnological devices. This is particularly critical in the
applications of piezoelectricity including nanogenerators and
pressure/strain sensors,”” which benefit from the buildup of an
electric field induced by piezoelectric polarization at a potential
barrier.'”"" In many of these devices, the formation of ZnO
nanorods is achieved by chemical bath deposition on
polycrystalline seed layers, which typically results in the
creation of arrays with an uncontrolled/mixed polarity. In that
case, a piezoelectric potential with opposite signs from a
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nanorod to nanorod can be generated and its magnitude
further depends strongly on the Schottky contact properties on
each individual nanorod.'”"" This is also the case for vapor
phase deposition techniques where reports show uncontrol-
lable Zn-polarity when using a self-catalyzed approach, O-
polarity has been observed when a metal catalyst is employed,
and more importantly, the polarity is generally undefined. >
This is a clear oversight when more often than not the polarity
is unconsidered, even though it could be expected to drastically
affect their electrical contacts and performance. Furthermore,
extensive work on bulk ZnO crystals shows some variability in
the behavior of Schottky contacts on the polar facets, while
theoretical studies show a large difference in barrier height
when comparing the O-polar and Zn-polar surfaces.'”"> This
suggests that there is an opportunity for selecting the contact
and nanorod properties that have yet to be exploited on
nanostructured crystals, and the issue remains largely unex-
plored in the case of ZnO nanorods despite its primary
importance.
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Here, we investigate postgrowth metal contacts fabricated
on the tips and to the array-base of individual polarity-
controlled nanorods in the vertical periodic array configuration
using a multiprobe scanning tunneling microscopy technique
to reveal distinct differences between the two polarity types:
Zn-polar [0001] and O-polar [0001]. After an oxygen plasma
treatment, it is revealed the O-polar orientated nanorods in
general provide a greater effective barrier height (~0.44 eV)
and more stable contacts than the Zn-polar orientated
nanorods (~0.37 eV). Cathodoluminescence (CL) measure-
ments performed on the same nanorods show that the
incorporation of hydrogen in the lattice contributes to the n-
type behavior, while there is a distinct difference of midgap
defect states in the two nanorod types near the Au contacts.
The oxygen plasma treatment is more effective at quenching
visible-range defect states in the O-polar nanorods, increasing
resistivity and providing higher-quality Schottky contacts than
the Zn-polar nanorods. The work specifically highlights the
potential superiority of O-polar ZnO nanorods, which justifies
more intensive development to maximize their capabilities and
effectively control the electrical contact properties with
polarity-controlled growth. Demonstrated here is the ability
to form metal—semiconductor—metal (MSM) structures on
each nanorod in an array with one Schottky contact at the tip
and a common Ohmic contact at the base. When these features
are combined with the defined structural polarity, every
nanorod of the array can contribute to the output of devices
such as in energy-harvesting piezoelectric applications.

2. MATERIALS AND METHODS

2.1. Nanorod Growth. A 100 nm thick poly(methyl meth-
acrylate) (PMMA) layer was spin-coated on the O- and Zn-polar
ZnO single crystals (CrysTec) and then patterned identically by
electron beam lithography (EBL). The hole circular diameter and
period of 143 + 8 and 1004 + 6 nm were, respectively, used on the
domain. The residual PMMA layer inside the holes was removed
using oxygen plasma (OP) treatment with an Evactron radio
frequency (RF) plasma cleaning system. Well-ordered vertical O-
and Zn-polar ZnO nanorods were grown on the patterned O- and Zn-
polar ZnO single crystals, respectively, using chemical bath deposition
under identical conditions in the same experimental run. The solution
was composed of a 30 mM equimolar concentration ratio of zinc
nitrate hexahydrate [Zn(NO;),, Sigma-Aldrich] and hexamethylene-
tetramine (C4H,,N,, Sigma-Aldrich), which were mixed in deionized
water. The patterned O- and Zn-polar ZnO single crystals were placed
face-down in separate beakers and heated to 90 °C for 3 h in a regular
oven. The pH was set to the standard value of 5.5 at the growth
temperature of 90 °C.

The O-polar nanorods typically have a lower growth rate than the
Zn-polar nanorods under the same growth conditions, which led to
the O-polar nanorods having a length of 4.41 um, while the Zn-polar
nanorods had a length of 5.59 um.'® The length of the nanorods for
each sample was uniform across the patterned array area. The area of
the top facets was estimated from the hexagonal cross-sectional shape
that was measured from the scanning electron microscopy (SEM)
images for each individual nanorod considered in the analysis of the
electrical contact behavior and typically had a cross-sectional
hexagonal side length of ~300 nm.

2.2. Electrical Multiprobe Measurements. We have previously
reported a method using an Omicron LT nanoprobe multiprobe
scanning tunneling microscope with in situ SEM capability, employing
two tungsten probes annealed in situ'’ to measure Schottky and
Ohmic contacts to the tips of as-grown vertical arrays of ZnO
nanowires."*'” The method initially involves placing both probes on
the sides of a single nanowire to test the contacts and ensure they are
low-resistance and Ohmic in nature. In this work, this two-probe

technique was initially employed on as-grown O- and Zn-polarity-
controlled hydrothermally grown patterned ZnO nanorod arrays.”
The generation of a piezoelectric potential that might occur during
the deformation of the nanorods is expected to be minimal in the
measurement process. The probes were approached with manual
control of the piezomotors in nanometer steps to the Au contact using
the tunneling feedback mechanism.”® To reduce the surface
contamination, the samples were treated with 20 s oxygen plasma
treatment at ~10™> mbar and 50 W power before being transferred
back to the UHV instrument after a short exposure to air.
Subsequently, ~10 nm Au was evaporated onto the uppermost facets
of the nanorods (samples were exposed to air before and after
deposition).”' Samples were loaded into the UHV instruments several
days before +2 V I-V sweeps were taken for each contact. The
presented data is an average of each of the individual measurements.
The plasma processing and Au deposition were later repeated on
previously masked portions of the same samples but with a further 6
min 75 W oxygen plasma treatment to improve the Schottky
characteristics.

2.3. CL Analysis. 5 K CL measurements of single polarity-
controlled nanorods covered with the Au contact on their tip were
performed using an FEI Inspect FS0 FESEM equipped with a liquid-
helium-cooled stage. The CL signal was collected through a parabolic
mirror and analyzed with a 550 mm focal length monochromator
equipped with 600 grooves/mm diffraction grating. CL spectra were
recorded with a thermoelectric-cooled silicon charge-coupled device
(CCD) detector. The low acceleration voltage of 5 kV and small spot
size (ie., less than 10 nm) were used to create the CL signal at the
center of the uppermost polar facet of every single nanorod close to
the interface with the Au contact.

3. RESULTS

Electrical measurements with the multiprobe instrument were
initially conducted on 31 O-polar and 31 Zn-polar vertical
nanorods (Figure 1a) with Au contacts deposited on the upper
polar facets after a short 20 s oxygen plasma treatment. To
begin with, two probes were used, one on the Au contact top
face and the other on the nanorod side near the base (Figure
1b). However, after several measurements, it was found that
the I—-V characteristics were the same when using only one
probe on the Au top contact (Figure 1c) and the sample stage
as the low-potential probe, which was electrically connected to
the large-area Au contact at the base of the nanorods, thus
forming a MSM structure on each vertical nanorod. These
initial measurements immediately displayed some difference
between the two wire types with the Zn-polar nanorods
showing greater electrical conductivity and weaker rectification
(further experimental observations are given in the Supporting
Information). In general, both of the nanorod types had poor
rectification, which was judged by the lack of exponential
current—voltage characteristics in the forward-bias and large
reverse-bias current. Therefore, to improve the Au contacts
further but without significant sputtering or depleting the O-
polar and Zn-polar nanorods of charge carriers, they were
treated with a further 6 min oxygen plasma treatment followed
by Au contact deposition on a bare section of each array.
3.1. Thermionic Emission in Au-Fabricated Contacts
to Polarity-Controlled ZnO Nanorods. A total of 28 O-
polar and 24 Zn-polar nanorod—Au contacts treated with a 6
min oxygen plasma treatment were electrically measured,
revealing a range of I-V behavior (Figure 1d) between
samples, and a large difference in rectification is immediately
apparent. The Zn-polar and O-polar nanorods had lengths of
5.59 and 4.41 pm, respectively, and both had Au contacts with
areas ranging between 1.5 X 107% and 3 X 1077 cm?
respectively, using identical growth conditions, owing to
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Figure 1. (a) Top—down and inset tilted SEM images of the O-polar
nanorod array (upper) and the Zn-polar nanorod array (lower); (b)
schematic diagram depicting the measurement configuration of
vertical polar nanorods using two probes; (c) in situ SEM image of
a single probe I-V measurement of a Zn-polar nanorod with a
fabricated Au contact on the (0001) top facet showing the tungsten
probe and nanorod array; (d) I-V graphs showing the greatest and
least rectification ratio (RR) behavior for the O-polar and Zn-polar
nanorods.

different surface reaction rate constants.’” The Au contact
covered the entire end facet and the semiconductor nanorod
had one Ohmic contact at the base and one Schottky contact
at the tip, allowing the I-V data to be approximated in the
low-forward-bias regime with standard thermionic emission

theory.”” This determined the effective potential barrier height
(¢p.) and ideality factor (n) of the Au—ZnO interface, and
these were related to other properties such as the specific
differential resistance,”” rectification ratio (RR) at +2 V, and
estimated resistivity. Nanostructures typically present a large
series resistance R, which must be taken into account, and this
was measured from the high-forward-bias regime from each I—
V measurement. Ry was calculated from the gradient dV/dI
near +2 V and was considered in the analytical term for
thermionic emission theory and fit to the experimental data in
the range 3kT/q < V < 0.35 to determine the effective barrier
height ¢, and ideality factor n using

] — A**TZ e(—q([ﬁe/kT) eq(V—IRS)/nkT

where T is the temperature, q is the electron charge, k is the
Boltzmann constant, and A** is the modified Richardson
constant; however, it is acceptable to use the theoretical value
A** = 32 A/(cm? K*). The Richardson constant takes into
consideration the effective mass of electrons in the semi-
conductor m* = 0.27m, for ZnO, where m, is the electron

mass in vacuum.

To ensure that calculated values were accurate, they were
compared to those given by Cheung and Cheung’s method
that provided similar values of ¢,, 1, and series resistance R,.*
In the case of non-negligible series resistance, the voltage
becomes V = V; — IR, where V, is the potential drop across
the Schottky contact and R; is the series resistance attributed
to the semiconductor and Ohmic contact. At low forward bias,
the more conductive Zn-polar nanorod—Au contacts have IR
< 0.01 V, less than the thermal voltage kT/q at room
temperature, giving a mostly negligible potential difference
across the semiconductor in the voltage range used for
calculating ¢,. The series resistance is used here to assess the
influence of the bulk properties when determining ¢,, and the
two properties are shown to be dependent in these nanorods.
Fitting of analytical terms for thermionic field emission was
attempted, but in the n-type doping range <10' cm™, the
depletion region is wide enough to make this component
negligible at low forward bias.”*

The average values of ¢, and n for each nanorod are shown
in Figure 2a, which reveals there is clearly a difference in the
effective barrier height between the O-polar and Zn-polar
nanorods; however, the ideality factor is large with a broad
distribution in the O-polar nanorods. The maximum barrier
heights measured on the O-polar nanosized contacts of ~0.5

a . : . . : b 1000— : : . :
0.50 + e Zn-Polar — e Zn-Polar
- e O-Polar e O-Polar
N = * —— © g
Tl et = n;» . 5
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Figure 2. (a) Graph showing the relationship between ideality factor, n, and effective barrier potential height, ¢, for measured nanorods on the Zn-
polar and O-polar samples after the oxygen plasma treatment. (b) Graph showing the rectification ratio of Zn-polar and O-polar nanorods with Au

contacts plotted against the ideality factor.
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eV compare favorably with the typical barrier heights of ~0.6
eV that are measured on high-quality, large-scale Au contacts
fabricated on clean ZnO surfaces in vacuum.”> Au contacts on
plasma-treated bulk (0001) ZnO have measured values of 0.48
and 0.43 eV, depending on whether the ZnO was deemed to
have low or high defect concentrations, respectively." An
approximate linear increase of ¢, with decreasing n is apparent
for the majority of the O- and Zn-polar nanorods, which
theoretically is a symptom of inhomogeneous contacts, but this
can also indicate a change in carrier concentration.”**” Tt
should be noted that for ideal thermionic emission the current
is determined by the barrier height, but for materials of varying
carrier concentrations, ¢, can vary widely. Therefore, it is
important to differentiate between bulk variations in the
samples and determine whether the different polar orientations
have an appreciable effect on ¢..

3.1.1. Estimating the Influence of Bulk Properties on the
Au Contacts. To investigate the bulk properties of nanorods,
their electrical resistivity was estimated from the voltage range
greater than the flat-band condition in the I—V measurements
at high forward bias (+2 V) when electron flow is unperturbed
by the potential barrier. The results are summarized in Table 1

Table 1. Average Values Calculated from the Electrical
Measurements of Au—Nanorod Contacts on the Two
Polarity-Controlled Arrays

est.

b resistivity  R., dV/ d!v:o Jeey at =2V
polarity  (eV) n RR (Q cm) (Q cm?®) (A/cm?)
O- 0.44 4.3 106 13.6 1.18 6.2

polar
Zn- 0.37 4.9 56 0.6 0.08 1232
polar

and shown graphically in Figure Sla, which depicts ¢,
increasing predictably as the resistivity increases, which can
be directly related to decreasing carrier concentration in the
ZnO nanorods. The estimated nanorod resistivity of the two
samples shows average values of 0.6 and 13.6 Q cm for the Zn-
polar and O-polar nanorods, respectively, with more than 1
order of magnitude difference between samples.

The average estimated resistivity values of the nanorods are
nearly 2 orders of magnitude greater than the four-probe
resistivity of as-grown samples and significantly different
between the two samples. Nanorods grown by the same
method with identical conditions have previously been
measured in the four-probe configuration, revealing average
resistivities in the Zn-polar and O-polar orientation of 1.1 X
107 and 9.8 X 1072 Q cm, respectively.”® By assuming an
electron mobility ranging from 50 to 100 cm’/(V s), these
values correspond to respective carrier concentration ranges of
5.4 x 10"~1.1 X 10" and 6.4 X 10'7=1.3 X 10'* cm™>, which
was mainly attributed to hydrogen-related defects incorporated
during growth, namely, substitutional hydrogen on an oxygen
lattice site (Hg), multiple O—H bonds in a zinc vacancy (V,,—
nH), and interstitial hydrogen in bond-centered sites (Hgc).
The previous analysis showed that the dominant donors
differed between the polarity types where the O-polar
nanorods had a significant concentration of H, while (V,,—
nH) was predominantly revealed in Zn-polar nanorods, along
with a high density of Hp¢ in both cases.

This large change in the resistivity of the nanorods measured
here is a result of the oxygen plasma treatment. Initially, in the

first round of measurements, the samples were treated with a
20 s plasma exposure, giving average estimated resistivities of
0.11 and 0.33 Q cm for the Zn- and O-polar nanorods,
respectively. The relatively small initial difference in resistivity
between the samples appears to have been inherited from the
growth process, but this difference in donor defects is likely to
have had a large influence on the interactions with the full
oxygen plasma treatment. The 6 min plasma treatment had a
much greater effect on the O-polar nanorods, substantially
increasing the resistivity by a factor of 40 compared with a
lesser effect on the Zn-polar nanorods, which also coincides
with a considerable effect increasing RR and ¢, for both
samples.

3.1.2. Interfacial Layer. The samples have a similar average
ideality factor, but the Zn-polar nanorods have a much smaller
range of n, while a significant number of O-polar nanorods do
not fit the linear relationship with ¢, (Figure 2a). This
difference in the samples is shown again by plotting the
rectification ratio against the ideality factor, shown in Figure
2b.

RR is useful as a figure of merit for rectifying contacts when
exponential current—voltage relationships are not appropriate,
and it is defined here as

current at + 2V

—current at — 2V

RR =

Figure 2b reveals RR rapidly increasing with decreasing ideality
factor for the O-polar nanorods, while the Zn-polar nanorods
are grouped together with a wide range of RR. The data for the
O-polar nanorods shows that there is a relationship between
the low-bias (n) fit to thermionic emission theory and the
high-bias regime (RR), while this is less obvious for the Zn-
polar nanorod—Au contacts. This suggests that the conduction
mechanisms that can contribute to weak rectification, reverse-
bias leakage, and low RR also govern nonideal behavior at low
forward bias in the O-polar nanorods, namely, tunneling,
defect-assisted tunneling/hopping, and interfacial phenomena
such as barrier inhomogeneity and interfacial layers.

A range in rectifying behavior is evident across both samples
but with O-polar nanorods on the whole being greater
rectifiers with larger RR and ¢, (Table 1 shows average values
for each sample). Oxygen plasma treatments on bulk ZnO
surfaces for short periods (e.g,, S min) are thought to have an
effect limited to the surface and near-surface, and as such, the
bulk carrier concentration is largely unaffected.””*° However,
for small structures, the oxygen plasma must be assumed to
react strongly with the surface and also penetrate the entire
bulk of the nanorod, affecting the carrier concentration.
Tunneling is a major cause of nonideal thermionic behavior,
and it is directly related to donor density. Therefore, we might
propose in Figure 2b that nanorods with a greater conductivity
would have increased reverse-bias tunneling, giving a low RR
and high n. However, this is not entirely the case. Rather, we
find a general trend of both reverse-bias current decreasing and
high-forward-bias current increasing with decreasing n and
increasing RR. This is depicted in Figure S1b, showing that
both samples have an increasing trend of RR with decreasing
resistivity but with little correlation between samples. This
indicates the presence of an interfacial layer that with
increasing thickness reduces the current in forward bias and
increases the current in reverse bias, increasing the measured
resistance, reducing RR, and increasing n. It is unclear whether
this is due to an oxygen-rich surface layer created by the
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Figure 3. (a) Graph showing the average current density for each nanorod at —2 V reverse bias plotted against ¢, and showing exponential
functions fitted to each data set. (b) Graph showing the relationship between the specific differential resistance for each of the O-polar and Zn-polar

nanowires and the exponential fit to each data set.

plasma, a range in oxygen vacancy (V) density near the
interface creating a region of positive space charge that can
lead to nonideal behavior and low RR (Figure 2b),>" some
remaining surface contamination, or an electrostatic effect that
depends on the polar terminations and structure (also linked to
point defects). Furthermore, it can be seen in the experimental
graphs in Figure 1d, particularly for the O-polar nanorod (red),
that splitting of the I—V trace in reverse bias occurs when the
current is relatively small. This splitting is a capacitance effect
attributed to charging and discharging of interface and midgap
states created by defects,”> which is not appreciable for the
more conductive nanorods measured here, which have current
density values well above those measured on much larger
contacts to bulk single crystals."**

In reality, knowing that the carrier concentration of as-grown
nanorods within each sample varied by a factor of 2, then
variations in both carrier concentration and interfacial layer
thickness can explain Figure 2a,b. It is possible to identify the
nanorods that are least affected by an interfacial layer: they
have a high RR, low estimated resistivity, and a low ideality
factor, although this is sensitive to transport mechanisms
present at low bias. Additionally, we can then state that the
most reliable estimates of resistivity for nanorods least affected
by an interfacial layer from within each sample are ~0.1 Q cm
for the Zn-polar nanorods and ~3 Q cm for O-polar nanorods,
at least a decade higher than the average four-probe resistivity
for their as-grown counterpart. The various estimates all show
that the greatest change to the bulk resistivity occurred to the
O-polar nanorods after the oxygen plasma treatment.

RR appears to be a better indicator of the actual interface
quality because of the dependence of ¢, on carrier
concentration. The lack of correlation of RR with estimated
resistivity across the two samples further shows that the bulk
conductivity is not the only factor driving RR for each contact.
The measurements show that after the oxygen plasma
treatment the two samples have different bulk properties, but
both experience a range of interfacial phenomena as a result of
variable insulating layers.

3.1.3. Evidence for Defects and Capacitance. Thermionic
emission theory predicts that the reverse-bias current”> should
saturate at J, = A**T2 e(~99/K) and Figure 3a shows that the
reverse-bias current holds an exponential relationship with ¢.,
which follows J,., ~ ¢™2%% for the Zn-polar nanorods, while
the O-polar nanorod data fits J,., ~ e~>*12. The large error in
the thermal voltage value for both data sets is a result of the
high reverse bias (—2 V) used to calculate J,, that is

predominantly tunneling through the thin depletion region,
which is affected by variations in carrier concentration and the
barrier height. However, the O-polar nanorod data in Figure 3a
shows a greater divergence from thermionic emission theory,
particularly when ¢, — 0.5 eV, and these contacts have a large
range in n and RR. There is increased scatter in the O-polar
nanorod data at large ¢, because the reverse-bias current is
small, unmasking the effects of interfacial layers/defects and
defect states in the depletion region that vary between contacts
and influence defect-assisted transport, tunneling, and
capacitance. In this selection of contacts, those with the
smallest ], have high RR and low n.

A term that is often used for analyzing nanosized Schottky
contacts is the specific differential resistance (R.) at zero bias,
which has been employed to identify increased conductivity
due to the presence of dopant atoms and also for identifying
recombination current in nanowires.””*>**

R, (Q cm?) is calculated from current—voltage behavior at V
= 0 and is defined as

[
aJ
where ] is the current density calculated using the measured Au
contact area from the SEM images of each individual
nanorod.*® Figure 3b shows a graph of R, in relation to ¢..
Typically, a range of R. of 3 orders of magnitude can be
expected for variability in nanorod resistivity of 2—3 orders of
magnitude, consistent with the measurements here.¢
For relatively lightly doped materials with Ny < 10" cm™, it
was shown by Yu that the specific differential resistance dV/
dJy—o when tunneling is negligible goes like /D) and is
independent of doping.”” That is in the case of pure
thermionic emission, and since the nanorods have the lowest
resistivity of 0.05 © cm, the relationship between R_ and ¢,
should follow this form. Fitting exponential forms to the data
in Fi§ure 3b shows a good fit to the Zn-polar data with R_ ~
3799 while the O-polar data has a much weaker correlation
with R, ~ e?19%, The scatter that was seen in Figure 3a is also
evident here in the deviation from thermionic emission theory
of the O-polar nanorods at large ¢.. Furthermore, nanorods
that deviate from the behavior of decreasing ideality factor with
increasing barrier height are seen in Figure 2a, and they have a
large n but relatively large ¢.. However, many of the nanorods
that deviate from the thermionic emission fit in Figure 3b have
n < 4, large RR, and ¢, but with R, < 2 Q cm?, lower than

V=0
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Figure 4. (a) Representative CL spectra of Zn-polar nanorods with (b) special emphasis on the NBE emission region in the case of high ¢, and RR
as well as low ¢, and RR. (c) Representative CL spectra of O-polar nanorods with (d) special emphasis on the NBE emission region in the case of
high ¢, and RR as well as low ¢, and RR. The CL spectra were recorded near the Au contact interface on the uppermost polar facets, and the same
conditions were used for each polarity, except the acquisition time that was 60 and 10 s for Zn- and O-polar nanorods, respectively.

expected from theory. Deviations of R, can be a result of a
capacitance effect from the trapping and release of charge
carriers, while transport mechanisms that occur near zero bias
include defect-assisted tunneling. The capacitance effect is
evident in the splitting of the I-V trace (Figure 1d), indicating
the release of charges at low bias on the reverse I-V sweep (+2
to —2 V) of a triangulation from zero bias, and the more the
released charge, the lower the measured R. However, these
effects are not apparent in the Zn-polar nanorod data due to
the significantly higher current at low bias. Barrier
inhomogeneity is contained within the measured effective
barrier height and ideality factor, while an insulating interfacial
layer acts to increase R, unless the layer introduces defects with
a capacitance effect. Instead, the current in the low-bias regime
when the contact barrier is large is also affected by erroneous
influences, such as defect-assisted tunneling and the trapping
and release of charges at or near the interface.

The data has shown that a significant difference exists
between the O-polar and Zn-polar nanorods and the
subsequent Schottky contacts that are formed. Plasma-treated
O-polar nanorods are significantly less conductive and the Au
contacts form larger effective potential barriers, while variable
interfacial layers and defects play a prominent role in
determining the contact properties. The greater conductivity
of the Zn-polar nanorods results in lower effective potential
barriers that are also affected by interfacial layers, while the
larger current masks the influence of defects on the transport
mechanisms. An inherent difference is known to exist between
the donor defects in the O-polar and Zn-polar as-grown

13222

nanorods,”® but the interaction of these defects with the
oxygen plasma is unclear. The plasma treatment creates oxygen
ions that react with the surface layers and growth residues,
forming oxygen reactive species with carbon molecules, water,
and adsorbed oxygen, while more energetic ions penetrate the
subsurface of the ZnO.”® Prolonged oxygen plasma treatments
are thought to increase the surface depletion region while
affecting bulk defects of single-crystal ZnO such as interstitial
and substitutional donors, increasing the resistivity.”® Fur-
thermore, the oxygen ions are known to reduce donor OH
surface groups associated with surface conduction effects
normally seen on bulk single-crystal ZnO; introduce O3,
further reducing carriers near the surface; and eliminate oxygen
vacancies even within the subsurface region, which can all
affect the barrier and transport mechanisms.”””**’ ZnO
nanorods grown by chemical bath deposition exhibit a high
density of surface defect states, and oxygen ions may cure most
of them, affecting in turn the depletion layer with a reduction
in carrier concentration and changes to the surface potential.
To reach a deeper understanding of the bulk and near-surface
defects, several nanorods with Au contacts used for the
electrical measurements and from the same samples were
analyzed with CL spectroscopy.

3.2. Cathodoluminescence of Polar ZnO Nanorods
with Au Contacts. The oxygen-plasma-treated Zn- and O-
polar nanorods with Au contacts were analyzed by CL
measurements at 5 K to probe the radiative emissions of
ZnO near the contact interface. CL has been used in numerous
works to identify donors, defects, and metal-induced gap states
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(MIGSs) in Schottky contacts to nanostructured and single-
crystal ZnO.***~* CL spectroscopy was performed on the
same nanorods that were measured electrically with a small
spot size and the beam parallel to the vertical nanorods and
focused on the Au contact with an energy of S keV. The
expected probing depth concentrating more than 75% of the
energy was ~20 nm below the Au surface and approximately
10 nm below the Au—ZnO interface and spreading further into
the bulk.*’

CL measurements were collected for 11 O-polar and 14 Zn-
polar nanorods after oxygen plasma treatment and with Au
contacts, and representative spectra are shown in Figure 4,
exhibiting a strong difference in their intensity. The Zn-polar
nanorods treated with the oxygen plasma have a lower CL
intensity than all of the O-polar nanorods treated with the
oxygen plasma, and both have much lower intensities than
their as-grown counterparts. Furthermore, the intensity is
similar for both samples when analyzing the Au—ZnO region
on the single-crystal substrates between the nanorods; thus, the
effect is unique to the nanorods and excludes any significant
difference in Au thickness. This indicates the formation of
nonradiative recombination centers in Zn-polar nanorods,
following the oxygen plasma and Au contact deposition.*” As
regards to the nature of radiative transitions involved, the CL
spectra of O- and Zn-polar nanorods treated with the oxygen
plasma are, however, to a large extent similar to those of the
bare as-grown nanorods in the most dominant near-band-edge-
(NBE) emission region, but a couple of striking differences
occur in the vicinity of the NBE region and in the visible
bands. The CL spectra show the dominant NBE emission at
around 3.36 eV and additional emissions at 3.324, 3.292, 3.220,
and 3.102 eV. One can notice that, even while performing the
analysis through the Au contact, the NBE emission is
dominated by radiative transitions involving neutral donor-
bound A-excitons, systematically the I, line (i.e., Hg) at 3.3627
eV'™ in the case of O-polar nanorods and the I line [ie,
(Vzo—nH) defect complex] at 3.3616 e€V*° in the case of Zn-
polar nanorods. This is in agreement with previous analysis of
similar nanomaterials and provides the ability to non-
destructively assess the polarity of each measured individual
ZnO nanorod grown in this way.”® For both polarities, a broad
shoulder at around 3.358 eV additionally occurs, involving
neutral donor-bound A-excitons related to Hpc."* The two
related lines at around 3.292 and 3.220 eV correspond to the
first and second longitudinal optical (LO) phonon replicas of
that dominant NBE emission, respectively, each of them being
separated by a phonon energy of 72 meV in ZnO.* The line
located at around 3.324 eV occurs in the CL spectra of O-polar
and Zn-polar nanorods with a varying intensity and is usually
attributed to a two-electron satellite (TES) line.** However,
this line was not present in that energy position on bare as-
grown O-polar and Zn-polar nanorods exhibiting a shift of 8
meV to lower energy. TES transitions are sensitive to sample
processing and related to donor-bound excitons and carrier
concentration.*® Similarly, the line at 3.102 €V is also much
more prominent. It is therefore possible that both lines could
be associated with the oxygen plasma treatment and Au
contact, such as a mild sputtering effect creating surface states,
displaced lattice atoms or hydrogen, or reactions of the oxygen
ions or Au with the lattice and surface species.

The intensity ratio Iy = I[(NBE)/I(Vis) of the NBE emission
over the visible band drastically decreases for both polarities
following the oxygen plasma treatment and Au contact

deposition, and I is noticeably larger for the O-polar
nanorods. Iy has average values of 26 and 10 for the O-polar
and Zn-polar nanorods, respectively. In contrast, this intensity
ratio for both polarities is quite similar in as-grown nanorods
and even slightly larger for Zn-polar nanorods, even though the
carrier concentration in their bulk differs.”® Accordingly, in the
measurements performed here, the visible band is more
pronounced for the Zn-polar nanorods when compared to the
O-polar nanorods and we can thus expect a higher density of
related defects. There is also a clear difference in the
contributions involved in the visible band from the CL spectra
with the broad peak centered over ~1.95 eV in the Zn-polar
nanorods and at ~2.15 eV in the O-polar nanorods. This broad
peak can be split into several components identified as the
green (i.e., 2.4 V), yellow (2.2. eV), and red-orange (i.e., 1.8
eV) visible bands in the literature, but their assignment to
native point defects is still highly debated.”” However, one can
expect, from the most recent theoretical calculations,"®*’ that
the red-orange visible band at around 1.9 eV is attributed to
zinc-vacancy-related defect complexes, with some of them
being (V,,—H) and (V,,—2H) defect complexes or zinc
interstitials.”” The green luminescence, previously attributed to
a large extent to zinc- or oxygen-vacancy-related defects,””""
may also be correlated with zinc atom dangling bonds.**

4. DISCUSSION

Correlating the CL analysis to the I-V data of both samples
would suggest that the visible-range defects are directly related
to the difference in the barrier height and electrical resistivity
of the two samples. In particular, the increase in the electrical
resistivity by prolonging the oxygen plasma treatment can to
some extent be explained by the CL spectra in Figure 4. The
oxygen plasma treatment provides high-energy oxygen ions
and hence oxygen-rich conditions that can fill the vacant
oxygen sites on the surface and in the bulk as previously
occupied by the hydrogen, decreasing in turn the density of Hy
and thus the intensity of the I, line in O-polar nanorods, as
shown by the experimental data (Figure 4c,d) and compared
to as-grown nanorods. Additionally, these conditions are
favorable to massively form zinc vacancies with a very low
formation energy in that range of oxygen chemical potential
and Fermi level energy,48 which somehow balance the number
of interstitial hydrogen (i.e., Hgc).”>>® This can lead to the
formation of (V,,—nH) defect complexes with a decreasing n
[i.e., preferentially (V,,—H) and (V,,—2H) defect complexes],
thus decreasing in turn the density of (V,,—3H) donor defect
complexes and hence the intensity of the I line in Zn-polar
nanorods. Consequently, the red-orange visible band recently
attributed to these zinc-vacancy-related defect complexes is
much more pronounced following the oxygen plasma treat-
ment and Au contact deposition, particularly in the Zn-polar
nanorods. This present statement accounts for the decrease in
the intensity ratio of the NBE emission over the visible band
following the oxygen plasma treatment and Au contact
deposition. Overall, in the case of Zn-polar nanorods, the
majority of (V,,—3H) defect complexes acting as donors are
progressively replaced by the (V,,—H) defect complexes
acting as acceptors and by the neutral (V,,—2H) defect
complexes following the oxygen plasma treatment. In the case
of O-polar nanorods, the majority of Hy defects acting as
shallow donors are also annihilated to some extent by the
oxygen plasma treatment. For both polarities, the density of
Hp defects acting as shallow donors is further expected to be
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Figure S. Graphs comparing the CL data for both samples with properties of the Au—ZnO contacts. (a) Intensity ratio of the NBE emission and
visible band (I) against barrier height (¢,); (b) intensity ratio of the NBE emission and visible band (I) against the current density at —2 V (J,,).

reduced as well, possibly forming highly mobile H, molecules
diffusing out from the sample.’* Furthermore, the much
reduced radiative intensity of the Zn-polar nanorods suggests
the formation of nonradiative recombination centers, while the
oxygen plasma acts more selectively on donor defects in the O-
polar nanorods. This can also explain the smaller change in the
resistivity of the Zn-polar nanorods after the oxygen plasma
treatment. All of these related effects result in the decreased
carrier concentration and thus in the increased resistivity
shown in the I—V measurements following the oxygen plasma
treatment and Au contact deposition.

Experimentally, Kennedy et al. have recently shown for
individual ZnO nanowires that emissions between 2.10 and
2.97 eV (yellow to blue) are predominantly associated with
surface defects and those at lower energy (red) deeper within
the band gap originate in the bulk.’® Using this knowledge,
emissions from the Zn-polar nanorods show a greater
weighting of bulklike defects where zinc-vacancy-related
defects exist throughout the lattice, but their compensating
role is reduced through hydrogenation, which was previously
shown to contribute to the difference in the O- and Zn-polar
nanorod resistivity.”® The (V,,—nH) defect complexes are
thought to be formed during growth, and they are unlikely to
dissociate.”® Therefore, it appears that the O-polar nanorods
that have carriers originally contributed from Hg, may have
bulk related donor defects that are more easily annihilated by
the oxygen plasma. The O-polar nanorod defects are weighted
toward the green luminescence after the plasma treatment, but
the relative intensity in this energy range is comparable to that
of the Zn-polar nanorods. We cannot discount that the larger
O-polar nanorod I could be due to quenching of red-orange
bulk defects by the oxygen plasma in the O-polar nanorods or
the more favorable creation of nonradiative recombination
centers in the Zn-polar nanorods.””** However, such large red
luminescence intensity was not present in the as-grown
nanorods. As such, the Zn-polar nanorod emissions exhibit a
proportionally greater contribution from defects throughout
the red to the blue visible range but with a lower radiative
intensity. Nonradiative defects are associated with V;, and Vo
deeper within the band gap where nonradiative recombination
is more likely with such transitions often going undetected.*®
Both samples exhibit a much lower I than as-grown nanorods,
which may to some extent be due to MIGSs, which have been
shown to reduce Iy, but MIGSs also have similar characteristics
to native defects in CL spectra with the visible bands appearing
similar before and after metal deposition.*

13224

Considering the penetration depth of the electron beam, the
recorded emissions can be considered to be near the interface
and within the contact depletion region, subsequently affecting
the potential barrier, barrier inhomogeneity, and transport
mechanisms. Figure 4 shows the CL spectra of nanorods in
both samples, comparing those with contacts with relatively
high ¢. and RR to those with low ¢. and RR. In the NBE
region, there is a decrease in the intensity of the TES line and
the shoulder related to Hpc for higher ¢, and RR in the Zn-
polar nanorods, while this is less pronounced in the O-polar
nanorods. This suggests that there is a variable effect of the
oxygen plasma treatment and Au contact on the neutral donor-
bound excitons that generate the TES line and DX,y shoulder
and to some extent influence the interface and contact
transport properties. It is possible that, due to the variable
interfacial layer, the effect on the TES line is a result of metal-
induced interactions with the electronic states near the
interface. Also, of note is that the visible defect bands are
very similar for both large ¢, and small ¢,. This indicates that
the range of ¢, in each sample is related to the nature and
variation of the donor defects near the interface, as indicated
by variations in the NBE region that can create barrier
inhomogeneity and influence tunneling.

Figure Sa directly correlates the electrical measurements to
the CL data. It is immediately apparent that the O-polar
nanorods show a trend of increasing Iy with increasing ¢,,
while the Zn-polar nanorods show only small changes. The
same trend is also seen with I increasing with estimated
resistivity and specific differential resistance. The lower
concentration of visible-range defects in the O-polar nanorods
coincides with the larger effective barrier height and greater
resistance. This is consistent with other reports, albeit
previously found when oxidized metals on the O-polar facet
of bulk crystals had higher concentrations of visible band
defects (V,, Vo) and higher carrier concentrations, reducing
the height of Schottky barriers when compared with the Zn-
polar facet, depending on the growth method.*’ No trend in
the CL data with RR was found, suggesting that the defects
that were probed with CL affect transport mechanisms at low
forward bias and the calculation of ¢, but are not the
determinant of RR. This is further evidence that RR is largely
affected by the interface quality such as interfacial layers and
the associated transport mechanisms that was exhibited by the
lack of correlation between RR and ¢, in the electrical
measurement data. The detrimental effect of visible-range
defects on the Schottky contact function is displayed in Figure
5b, which shows ], increasing with the intensity of the visible-
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range emissions (and decreasing Iy), which also coincides with
an increase in conductivity and decrease in R.. The defects that
lead to a greater carrier concentration enhance tunneling in
reverse bias and degrade the contact function, while subsurface
defects may also contribute to the transport at low forward
bias, decreasing the measured ¢,, especially for the Zn-polar
contacts. The growth rate of the O-polar nanorods is lower,
and the incorporated defects result in a greater range of as-
grown resistivity, which even after oxygen plasma treatment
may contribute to the greater range of I and n in the O-polar
nanorods.'®”® The Zn-polar nanorods show a small range of I,
which corresponds to a small range and high values of ideality
factor n. This adds to the premise that defects in general
contribute to nonideal thermionic emission. The ideality factor
will is also by defect-assisted transport and charge trapping,
which has been shown to be present with the analysis of J,,
and R.. However, when n is compared to J., R, estimated
resistivity, ¢,, and RR, the only correlation is with ¢, and RR
(Figure 2). An insulating layer reduces current at low forward
bias in the linear region of the In J—V data where 7 is measured
and a lower current for a given barrier height gives a larger n.
The higher-quality O-polar nanocontacts, with low n, result
from fewer donors/defects when compared to the Zn-polar
nanorods, evidenced by greater Iy and higher resistivity, which
are a product of a more effective plasma treatment. However,
I is not a good indicator for the contacts that have a relatively
large ¢, and relatively large n, suggesting the radiative defects
do not play a major role in the nonideal transport of these
contacts but may instead be attributed to the presence of an
interfacial layer because they have low RR. This also points to
the lack of any overriding relationship of MIGS with the
interfacial layer and by association with the contact function.
Therefore, in general, the greater ¢, measured for O-polar
nanorods is a direct result of fewer lattice/surface defects and
carriers creating less conductive nanorods that were affected by
the oxygen plasma to a greater extent than the Zn-polar
nanorods.

Defect states within the band gap can influence the contact
potential barrier, depletion region, carrier concentration, and
transport mechanisms, with Vg particularly known to influence
the barrier height and ideality factor.”’ Additionally, metal-
induced energy levels within the band gap may be specific to
the O-polar or Zn-polar facets, with varying point defects
associated with each surface. Simulations of metal interfaces
and polar facets have shown a range of MIGSs within the band
gap that are much more pronounced on Zn-terminated
facets."” These MIGSs are well screened from the bulk ZnO
and really only affect the interface density of states, and they
are expected to be less dominant in ZnO when the density of
states due to crystallographic point defects may be higher than
that from MIGS.">*" This would suggest, and in agreement
with the CL spectra and I—V measurements, that major
variations in NBE and defect emissions found between each of
the polarities are not due to variations in MIGS but primarily
variations in subsurface and bulk defects. The conducting
states arising from the junction of the Au and ZnO are
theoretically predicted to occur very close to the interface and
emerge within the first ZnO layer.b’56 However, in reality, the
Au junction in these nanorods may not be perfectly abrupt in a
theoretical sense and so a variable influence on the electrical
properties is a possibility. Theoretically, the anionic surface can
give greater barrier heights on polar surfaces, and first-
principles calculations by D’Amico et al. predict the O-polar

interfaces to have a larger 0.7 eV barrier height with Au than
the 0.3 eV at the Zn-polar interface.'*” The metal contacts
formed here on as-grown polar facets were treated only with
oxygen plasma and as such can be expected to have a surface
structure close to that of free and reconstructed polar ZnO
with a mix of terminating O or Zn atoms and not epitaxial with
the Au. Furthermore, numerous techniques have identified a
range of deep and shallow traps in ZnO that are inherent from
the growth process or they can be introduced by plasma
exposure, although not all of these are electrically active at 300
K> Predominantly, carrier traps are assigned to various
defects such as Vg, V,,, Zn interstitials, and divacancies of
ZnO, with Vg being the most common that can act as a trap
for both electrons and holes.””*° Electrically active defects
located in the depletion region may appear in the transport
measurements identified as the splitting of the I—V trace seen
in some of the contacts (Figure 1d) particularly in reverse bias.
These defects may occur throughout the band gap, coinciding
with conducting or trapping states as the negative bias is swept.
Traps can also occur at the interface and are expected to be
distinct not only for each polar facet but also from a nanorod
to nanorod because of structural variations that may have
emulated an interfacial layer here as a variable layer of charge
near the polar facets.”°" This complexity in determining the
nature of the interface next to bulk and subsurface
contributions makes it problematic to identify any definite
difference in the Zn-polar and O-polar contact interfaces
studied here. However, the ability to modulate the free carriers
and effective barrier height through simple treatments shown
here can enhance applications such as piezoelectric devices,
reducing piezopotential screening and controlling charge
leakage with tunable Schottky barriers.'”"" The next step is
to tailor the MSM array devices for specific applications, with
piezoelectric energy generation being a prime example, while
the contact interfaces could be enhanced further with
improved cleaning of the polar facets, passivation, or
homogenizing electrostatic phenomena, such as with self-
assembled molecules (SAMs), and further reductions of bulk
defects that lead to midgap states and carrier traps.

5. CONCLUSIONS

It has been shown that polarity-controlled nanorods can be
modified to produce Schottky contacts on the tips of vertically
standing nanorods in the patterned array configuration,
creating a metal—semiconductor—metal device structure and
making their integration into nanotechnological devices
possible. Analysis of the electrical transport behavior in
combination with cathodoluminescence spectroscopy has
shown that defects related to the polar orientation of the
nanorods incorporated during growth can determine the
Schottky contact behavior. Quenching of surface and lattice
defects with oxygen plasma reduces the conductivity and
increases the potential barrier height. Interestingly, the plasma
treatment was shown to have a much greater effect in reducing
the donor-type substitutional hydrogen on oxygen sites (H,)
than zinc-vacancy-related hydrogen defect complexes
(Vzy,—nH), which coincided with a large reduction in the
visible-range defects in the O-polar nanorods. It was shown
that the oxygen plasma was more efficient at reducing the
visible-range emissions in O-polar nanorods when compared to
Zn-polar nanorods reducing the carrier concentration and
creating larger Schottky barriers. O-polar nanorods are largely
unexplored for many applications but have proved here to be
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superior to the Zn-polar nanorods that are predominantly
exploited in nanodevices. This finding warrants further
investigation to establish a full understanding of nanocrystals
with differing polarities. The results show a strategy for
creating high-quality Schottky contacts that can be used for
enhancing nanotechnological devices such as piezoelectric
nanogenerators.
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