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Abstract

We have investigated the electrical resistance R(7T) of ZnO nanowires of ~ 400 nm diameter as a
function of temperature, between 30 K and 300 K, and frequency in the range 40 Hz to 30 MHz.
The measurements were done on the as-prepared and after low-energy proton implantation at
room temperature. The temperature dependence of the resistance of the wire, before proton
implantation, can be well described by two processes in parallel. One process is the fluctuation
induced tunneling conductance (FITC) and the other the usual thermally activated process. The
existence of a tunneling conductance was also observed in the current—voltage (/—V) results, and
can be well described by the FITC model. Impedance spectroscopy measurements in the as-
prepared state and at room temperature, indicate and support the idea of two contributions of
these two transport processes in the nanowires. Electron backscatter diffraction confirms the
existence of different crystalline regions. After the implantation of H" a third thermally activated
process is found that can be explained by taking into account the impurity band splitting due to
proton implantation.
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1. Introduction

Zinc oxide (ZnO) nanostructures have recently drawn atten-
tion due to a wide potential applicability in electronics and
optoelectronics in both theoretical and experimental physics
[1-3]. ZnO nanostructures have a large surface/bulk ratio,
which makes them in general interesting for optical devices
and bare a great potential for nanoscale electronic devices
[4, 5]. The huge surface to volume ratio also results in a high
influence of adsorbates at the ZnO NW surface on the elec-
trical transport properties [6, 7].

ZnO is a wide band-gap semiconductor with a band gap
of 3.4 eV and, in a undoped (native) state it exhibits n-type
conduction. The n-type characteristics are believed to origi-
nate from native defects (e.g. structural defects or impurities),
however the origins of these imperfections and their corre-
sponding impurity levels are still under question [8—11]. The
dopant levels are sensitive to the sample preparation and can
be categorized into shallow levels (30-60 meV) and deep
levels (100-600 meV) [12].

Several electronic transport mechanisms have been
reported in the literature, yet many of these works have been
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performed using the two-probe method [13—16]. Such metal—
semiconductor—metal structures are used for electronic
nanodevices such as field-effect transistors (FETs) [17, 18—
21], sensors [18, 22] or photo-detectors [23, 24]. In such
systems, the contact resistances are usually large and tem-
perature dependent [12] and therefore the resistance mea-
surements are influenced by these contributions. Due to such
complications, conclusions obtained from such measurements
are doubtful.

For instance, variable-range hopping (VRH) has been
suggested as the main transport mechnism in ZnO nanowires
(NWs) when using the two-probe method [14]. On the other
hand, a combination of nearest-neighbor hopping (NNH) and
thermal activation has been used and proposed as conduction
mechanism in ZnO NWs using the four-probe method [12].
However, we note that the presence of non-ohmic /—V curves
are not in agreement with the use of the before mentioned
transport mechanism.

In our study we show that the resistance of ZnO nano-
wires of relatively large diameter follows the (non-ohmic)
fluctuation induced tunneling conduction (FITC) model
together with a thermal activation process. We have
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investigated the transport properties of ZnO nanowires before
and after proton implantation. From our results we not only
get information about the dominant transport mechanism in
this system, but we also study the influence of implanted
protons on the conduction.

2. Experiment

ZnO nanowires were prepared from a high purity initial
material (ZnO: 99.99% Merck) in form of powder. ZnO
powder and graphite powder (6N, Ringsdorff, Germany) were
mixed with equal weights. After that the powder mixture was
pressed into pellets with a pressure of P ~ 5 x 10° Pa. The
NWs were then prepared by the carbothermal process, which
involves the thermal decomposition of ZnO [25] at
T =~ 1150 °C in a tubular furnace placed in the air. Initially,
we obtained a bundle of microwires and nanowires. The
perimeter of the wires with a diameter <1 pm is circular, as is
the case for the nanowire studied in this work. Using the
carbothermal method, the typical hexagonal shape develops
only for ZnO wires with diameters larger than ~1pum. Cir-
cular shaped nanowires are already known to exhibit struc-
tural defects [26, 27]. A ZnO nanowire and a microwire are
shown in figures 1(a) and (b). As can be seen in the figure, the
shape of the ~9 ym diameter wire is hexagonal and the
~416 nm wire has a circular perimeter. A bundle of wires was
placed between two substrates and when pressure was
applied, NWs where transfered onto the top of the silicon
substrates (caped with a SiO, surface layer) by mechanical
and electrostatic forces. Using a scanning electron microscope
(Nova NanoLab 200, FEI Company) and electron beam
induced deposition (EBID) of amorphous WC,, the NWs
were fixed onto the substrate (see figure 1(b)). The deposited
WC, is nearly insulating [28] and does not only fix the NWs
but also helps to prepare the electrical contacts. For that, the
substrates were covered with a resist (PMMA 950 K, AR-P
671-05) and electron beam lithography was used to design the
structures for the contacts. A bilayer film consisting of Cr
(5 nm) and Au (35 nm) was then sputtered onto the substrate-
sample-PMMA configuration. After removing the PMMA,
the samples were contacted onto a chip carrier for further
measurements.

For the transport measurements, the carrier is placed on
the cold head of a standard closed cycle refrigerator inside a
vacuum bell, with a minimal temperature of 7'~ 30 K. The
electrical resistance was measured in the four probe config-
uration, using a current source (Keithley 6221) and a nano-
voltmeter (Keithley 2182). The results were similar for all
electrodes. The results of the temperature dependent resis-
tance as well as the /—V curves presented in this paper, have
been measured using the contacts in the middle. Due to the
configuration of the sample holder and chip carrier, the
impedance spectroscopy was measured using a set of contacts
shifted by one segment.

The proton/H™ implantation was done using a self made
DC plasma chamber in a parallel plate setup at room tem-
perature with Ar/H (Ar:90%, H:10%, Air Liquide) gas

Figure 1. In both figures (a) and (b) the SEM pictures of two ZnO
wires are shown, which were grown using the carbothermal method.
The scale bars at the bottom right denote 5 ym and 4 ym,
respectively. The smaller nanowire with a diameter of ~416 nm has
a circular perimeter and is standing at the top of the larger microwire
of ~9 ym diameter. In both SEM pictures the hexagonal shape of
this microwire can be recognized. In (c¢) a ZnO nanowire fixed with
EBID prepared WC, structures is shown. The inset shows the NW
with Cr/Au contacts.

mixture [29]. The chip carrier with the NWs were mounted on
a plate placed about 10 cm away from the plasma center. An
applied bias voltage of 300 V was used to accelerate the H™
ions toward the samples. The scanning electron microscope
(SEM) pictures did not show any change on the wire’s shape
or surface after low-energy proton implantation. One contact
of the ZnO NW was connected to the ground and the bias
current was measured. The sample setup was covered with
Teflon, such that only a small window above the NW was
opened and the huge contacts (compared to the surface of the
nanowire) were shielded. This results in a higher concentra-
tions of ions which actually penetrate the surface of the ZnO
NW, rather than flowing through the contacts. The parameters
are shown in table 1. We will present the results of an indi-
vidual nanowire, before and after hydrogen plasma treatment.
At this point, we emphasize that we have chosen a nanowire
with a diameter such that we have a resistance in the order of
few MQ) at room temperature. This allows us to be able to
measure at low temperatures and also to avoid the destruction
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Table 1. Parameters for the hydrogen plasma implantation used for
the ZnO nanowire.

Ubias (V)

NW Ipias (WA) P (mbar) ¢ (min)

300 5

nWla 1E-3 90

of the wire during the ion implantation due to the high voltage
and current used. The investigated ZnO nanowire has a dia-
meter of d ~ 401 nm according to the scanning electron
microscope (SEM) measurements. The length between two
contacts is [ ~ 5 pum.

To carry out the impedance spectroscopy an Agilent
4294A precision impedance analyzer was used. The mea-
surements were done at room temperature with a frequency
range of 40 Hz-30 MHz.

3. Results

In this section we present and discuss the obtained results.
Section 3.1 describes first the as-prepared NW (ZnO-NW-ap)
followed by section 3.2 with the presentation and discussion
of the NW treated with protons (ZnO-NW-aH). Finally in
section 3.3 we present the impedance spectra for the ZnO-
NW-ap sample, which confirms the internal grain-like struc-
ture of the NW.

3.1. As-prepared ZnO NW.

The resistance as a function of temperature of the ZnO-NW-
ap sample is presented in figure 2. We have measured it using
different applied currents. We observe, that at temperatures
T < 150 K, the resistance depends on the applied current. In
order to clarify this current dependence, we have performed
current—voltage (/—V) measurements at different constant
temperatures, the results are presented in figure 3. The -V
curves are clearly non-linear at T < 125 K. The behavior is
close to that of a sample with a barrier, and is usually
observed in measurements done using two-point method.
However, we have used a conventional four point method,
which discards the influence of the contact barrier. That
means, the nature of the non-linear behavior in the I-V
curves has another source and should be temperature depen-
dent. In order to describe our results with a consistent theory,
which is able to predict the behavior in R(T) and in the /—V
curves with common parameters, we have used the fluctuation
induced tunneling conduction (FITC) model [30]. This model
can be used to describe similar behavior observed in similar
materials such as oxide nanostructures [31-34], double wal-
led carbon nanotubes bundles [35], conductor-insulator
composites [36, 37], disordered semiconductors [38] or doped
organic semiconductors [39, 40].

According to the FITC model, at small applied electric
fields (where the /—V curves are linear) the temperature
dependent electrical resistance across a small junction is
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Figure 2. The normalized temperature dependent resistance at

different applied currents for the as-prepared ZnO-NW-ap. The lines
are the fits.
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where R, is a parameter which depends only weakly on T
and the characteristic temperatures 77 and T defined as
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where ¢, is the permittivity of vacuum, ¢, is the dielectric
constant of the insulating barrier, e is the elementary charge,
kg the Boltzmann constant, 27 /7 is the Planck’s constant, m is
the electronic mass, A is the area of the tunnel junction, ¢, is
the barrier height and w is the barrier width. The characteristic
energy kg7j can be regarded as the energy required for an
electron to cross the barrier and T, is the temperature well
below thermal fluctuations become insignificant.

The FITC model also provides a way to analyze the non-
linear /—V curves for large applied electric fields at a given

temperature:
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Figure 3. The -V curves at different constant temperatures for the
as prepared ZnO-NW-ap. The curves at T > 150 K are linear (not
shown), where the behavior is dominated by thermal activation. The
black lines are the fits to equation (8).

where the saturation current /; and critical voltage V, depend
only weakly on T and a(7) describes the influence of the
temperature on the /—V curves:

T

a(T) = .
@) h+T

&)

This implies that the characteristic temperature 77 and T, can
be obtained by fitting the results to equation (1) and by fitting
a(T) to equation (5), extracted by fitting the /—V curves to
equation (4) (with the ohmic regime being excluded) at
different temperatures. This allows us for a self consistency
check of the model. We also found that at high temperatures,
where the /—V results are linear, the resistance obeys the
temperature activated transport process, given as:

R,(T) = Ry exp

ﬂ] . (©)
kg T
where E, is the activation energy and R, a free prefactor. In
order to describe the complete temperature dependence of the
experimental results, we have used a simple model, consisting
of three contributions in parallel. One is the before mentioned
FITC resistance Rprc, the second one is the temperature
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Figure 4. The temperature dependent parameter a (T), obtained from
the I—V curves (red circles) and from the temperature dependence of
the electrical resistance (blue line) for the as-prepared ZnO-NW-ap.
The values obtained from the /—V curves after H' treatment (ZnO-
NW-aH) are shown as green crosses. The obtained parameters (see
table 2): 7j v and Ty jy are the characteristic temperature 7 and T
(see equations (2) and (3), respectively) obtained from the fits to

equation (5) using parameter a(7'), which was obtained from the fits
of the I—V curves before treatment (see figure 3) and after treatment
(see figure 6); T; g and Tp g are the characteristic temperatures 7 and

T, obtained from the fits to equation (1) for both, the as-prepared
ZnO-NW-ap and the wire after proton implantation (see figure 5).

activated resistance and finally a temperature independent
term Ry. The total resistance Ry is given as follows:

Rrota (T) = Rite(T) + R, '(T) + Ry (7)

Using equation (7), we have fitted our data, see figure 2. We
observe that our model describes very well the experimental
results in the whole temperature range. The value obtained for
the activation energy is £, = (20.2 £+ 1.2) meV, which is in
the same range of other ZnO Samples from the literature
[25, 41, 42]. This activation energy corresponds to shallow
defect levels produced by Zn interstitials, oxygen vacancies
and also H" in ZnO (according to theoretical calculations [43]
and experimental observations by photoluminescence [44]).
The presence of H in our sample is a direct consequence of
the used method to prepare the nanowires, i.e. during the
growth at air, water vapor serves as hydrogen source, which
diffuses into the wires [10].

From the fits we obtained also the characteristic tem-
peratures 7 and Tj, and using equation (5) we calculate the
temperature dependence of a (7). The result is plotted in
figure 4 (blue line). In figure 4 we can also see the results
obtained after hydrogen plasma treatment, which will be
discussed in section 3.2. The values obtained from the fits are
comparable to other oxide materials [34, 45].

In the next step we have fitted the /—V results using two
contributions, one comes from the FITC model and a linear
term which contains the contribution of the before mentioned
activated term of the resistance and the temperature
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independent term. The total /1., (V) is given by the equation:

Ito (V) = Ierre (V) + L(V), (®

where Igrc (V) is given by equation (4) and [,(V) is a linear
term. The results using equation (8) are plotted in figure 3 as
straight lines. The experimental results are well described by
the model.

From the Igrc (V) we obtain the parameter a(7) at each
constant temperature. The obtained values are plotted in
figure 4 as (0). These data can be fitted using equation (5) and
is plotted in figure 4 as dashed line. From the fit we obtain the
characteristic values for 7; ;y and Ty ;y. If we compare the
results for a(T) obtained from R(T) and I—V, we conclude that
our results obtained by both measurements are consistent with
each other, indicating that the transport mechanism at low
temperatures is preferentially well described and dominated
by the FITC transport process.

We would like to remark on the parameters we get from
the fitting procedure. The relative high number of parameters
can cause artifacts, which is a common problem when the
transport properties depend on 3 or more different processes.
Therefore, a summary of how the parameters were obtained
will be given. The first step was the fitting of the /—V curves
of the as-prepared nanowires, see figure 3. Within in the fit-
ting procedure the following restrictions have been made: the
critical voltage V. and the saturation current I; depend only
weakly on the temperature; also the applied voltage must
satisfy 1V < V.. In this way we obtained initial results for
a(T). These values were cross-checked with the resistance
measurements of the as-prepared wire until good agreement
between the I—V curves and R(T) was found. In order to
check for the consistency of the obtained parameters, the
resistance measurements before and after treatment were then
taken into account. In this fitting procedure, the parameters,
which do not depend on proton implantation, were taken as
shared parameters, i.e the curves were fitted simultaneously
with the critical temperatures 7, T; and the activation energy
for the bulk E, as global parameters for all curves. The /—V
curves for the treated nanowire, see figure 6, were fitted in the
same way as in the as-prepared case and included in the
procedure. Finally, the consistency of all obtained parameters
was verified (see figure 4), i.e. the results of the I—V curves
should agree with the results obtained from the resistance
measurements (in the as-prepared case and after H™ treat-
ment). The fitting yields values of I; between 0.05 A and
0.5 A, and the values of V, lie between 115 V and 120 V. The
procedure is lengthy but necessary in order to get reliable
results. In general, it is possible to fit either a /—V curve or a
temperature dependent measurement with quite different
parameters. However, one gets contradictions with parameters
obtained from other measurements, and/or values which do
not make physical sense, such as negative values, large
changes of V; or values for 7| and T which do not follow
equation (5). The sharing of the parameters between the as-
prepared and implanted states of the sample is a great help
and reduces effectively the amount of free parameters.

-
o
T
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as-prep, 1125 nA
H" treated, I=75 nA
H* treated, I=125 nA
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Figure 5. The temperature dependence of the electrical resistance at
different applied currents for the ZnO NW before and after H*
implantation. The black lines are the fits using equation (7) (as-
prepared NW) and equation (9) (after proton implantation), the
characteristic temperatures 7 z and Tj z have been taken as shared

parameters.

3.2. Proton implanted ZnO NW

In a second step, we have implanted H" in our ZnO NW by
the method described before. In order to have some infor-
mation about the modified region, such as penetration depth,
defect density, etc. we have performed calculations using
Monte Carlo simulations provided by the stopping range of
ions in matter (SRIM) program [46]. We calculated the
penetration depth of the HT according to our experimental
conditions (see inset figure 6). The estimated penetration
length is d ~ 10 nm, indicating that only ~24.8% of the total
volume of the sample is modified and the main changes occur
close to the surface. After hydrogenation, the resistance
decreases, which is in agreement with results from literature
[29, 47, 48]. We have repeated our measurements in the same
way as for the as-prepared sample. The resistance measure-
ments of the treated, as well as the as-prepared results, are
plotted in figure 5 together with the fits obtained using
equation (7) for the corresponding applied currents. Similar as
in the case of the untreated samples, the model describes well
our results. We added a thermally activated contribution Ry+,
which will describe the electrical transport in the modified
part in the nanowire due to the H' implantation:

R(TYio = R(Drre + R(D;' + Ry + Ry (9)
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Figure 6. The /—V curves at different constant temperatures for the
ZnO NW after H" implantation. The red lines are the fits using the
FITC model. The inset shows the SRIM results and yield a
penetration depth for H" at 300 eV of d ~ 10 nm.

The obtained activation energy for the non-modified part
remains unchanged, £, = (21.5 £ 0.5) meV, within experi-
mental error, because it reflects the behavior of the untreated
part of the ZnO NW. For the modified part we obtain
E,p+ = (1.4 £ 0.5) meV, which is smaller than the result
obtained from the non-treated part. This indicates that the
resistivity of the hydrogen-treated part of the sample is
reduced. The decrease due to the influence of H implantation
was already reported in the literature [47].

Also the FITC contribution should not change upon H"
implantation. Therefore, the resistance of the treated NW was
fitted together with the as-prepared results and the char-
acteristic temperatures 7; g and 7j  have been taken as shared-
parameters.

We have also measured the /—V curves at different
constant temperatures and the results are plotted together with
the fits obtained using equation (8) in figure 6. Comparing the
values for a(T) obtained from the fitting process of the
resistance and the /—V curves, we observe that the parameters
Ti v, Toqv (see table 2 and figure 4) coincide within the
experimental error with those of the untreated part. Indepen-
dently of the fitting process and the transport mechanisms

describing our results, an experimental fact is the reduction of
the resistance after the H" implantation in the ZnO nanowire.
A detailed overview of the parameters can be found in
tables 2 and 3.

In order to calculate the change in the resistivity origi-
nated by the HT in the shell of our ZnO NW, we assumed that
the total resistance measured after the treatment behaves like a
parallel resistance—one contribution is due to the H treated
part (with a resistivity py+) and the other one is the unmo-
dified core of the wire (p,,,, with a diameter of 391 nm). The
calculated values are shown in table 3. The resistivity
Po = Peore TOr pure ZnO is in agreement with literature values
[49], and, as expected, we obtained a reduction of one order
of magnitude for the H™ treated part. Changes up to four
orders of magnitude in the resistivity were already observed
in nanorods and nanowires, respectively, when they were
exposed to a moisture pulse of 97% relative humidity, where
water will be dissociated and provides protons as charge
carriers for the transport [50]. Such resistivity values are
comparable to semi-metal materials such as BiSb [51] and
high doped Si with phosphorus or boron as dopants (doping
density dpp =~ 10'©cm~3) [52]. According to our experi-
mental parameters and the SRIM calculations we obtain a
similar implantation density of dy+ ~ 10'® cm™3.

According to theoretical calculations done for c-axis
oriented ZnO nanowires [53], it was predicted that the
absorption of H can reduce the resistivity and moreover
induce a metal-like behaviour when each H provides one
electron to the modified part of the nanowire. There are also
some experimental results showing the reduction of the
resistivity in bulk and in thin films after H' treatment, where
a metallic like regime was reported at high tempera-
tures [29, 47].

Due to the high energy gap of 3.4 eV of ZnO, the
excitation of carriers to the conduction band will not occur at
the measured temperatures. However, it is well known that
ZnO NWs are often doped with n-type defects [18, 20, 21],
where the impurity levels of shallow defects are 30—-60 meV
below the conduction band. The doping levels can be cate-
gorized into low, moderate and high doping. Low doping
leads to hopping conduction of electrons to localized site,
high doping the forming of an impurity band, where the
conduction is metallic like and independent of temperature.
Moderate doping (=6 - 10'® cm~3), which is described by the
overlapping of the wave functions [54], results in an activated
conduction. Our H" implantation yields a moderate to high
doping. The Coulomb fields from the acceptors and ionized
donors will cause the donor levels to split into an impurity
band [55], which again splits into the lower D band (formed
by single charged donors, Fermi level lies within the D band
for moderately doped ZnO NWs) and upper D~ band (formed
by neutral donors) [54, 56, 57]. When the impurity con-
centration is high enough (but not so high that metallic con-
duction sets in) the two impurity bands and the bottom of the
conduction band smear over and the etch states of two
neighboring bands form localized states. This implies, that
due to kg7 the electrons might be excited to the upper D~
band, with a larger donor orbital and wave function compared
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Table 2. The characteristic temperatures 7; g, Ty g (shared parameters) obtained by fitting R(T'), T; ;v, Ty ;v obtained using the /—V curves, the
activation energy E, before and after hydrogen plasma treatment as well as E, g+ for modified shell of the nanowire.

State Ti g (K) Tor K) Ty K) Tow(K)  E, (meV)  E,y+ (meV)
as-prep. 10073 24+£1 -
H' treated 1011 EI1S 243 o044 2547 20915 14405

Table 3. The resistivity p for the as-prepared nanowire /nanowire
core, py+ for shell of the nanowire after H' treatment and the
resistance at room temperature.

State po (Qem)  py+ (Qem)  Rgr (M€)
as-prep. - 5.38
H treated %4 0.29 2.64

to the D band resulting in a reduced resistivity. Our reduced
resistivity and activation energy of the treated NW shell,
E,p+ = 1.4 meV, agrees with this assumption, as E,y+
should be about half of the energy gap from the Fermi level to
the bottom of D~ band. This value is in agreement with the
literature [54].

3.3. Impedance spectroscopy of the as-prepared ZnO NW.

The FITC model is applicable for systems where the elec-
tronic transport is due to tunneling between large, conducting
grains via small contacts or thin barriers, i.e. the sample
should have a granular-like structure. A direct evidence of this
kind of internal structure in our NW is given in section 3.4. It
is known that in nanowires lattice defects, such as stacking
faults, can be found, especially in NWs, which have a circular
shape [26, 27]. These stacking faults are highly resistive and
may explain the observed FITC contribution to the overall
conductance.

A simple way to gain some information about the
involved conduction mechanisms, is through the use of an
indirect method, the complex impedance spectroscopy, which
is a very well established method to investigate the transport
mechanism in materials containing grains and interface con-
tributions. In figure 7 we present the experimental data (Cole-
Cole plot) at room temperature and in darkness in order to
avoid influence of natural light containing an UV component
[58]. We can recognize that the main arc is composed of three
semi circles, indicating that the conduction mechanism in the
nanowire consists of three capacitances. In order to get
information about the contributions, we propose a simple
circuit model to describe the experimental data. The Cole-
Cole data can be fitted using a capacitor and a resistance in
series (C; and R;) and a capacitance (C1) in parallel (see inset
in figure 7). R, takes into the account the long range, fre-
quency independent conductivity. The values are presented in
table 4. According to literature, the values obtained for the
capacitances can be related to different mechanisms of elec-
trical conduction and contributions [59]. In our case, we
obtained for G = 1.8 x 107! F, which corresponds to grain
boundaries and C,, being one order of magnitude smaller, is

O Exp. Data | |
Fit

Reactance Z" (MQ)

0 1 2 3 4 5 6
Resistance Z' (MQ)

Figure 7. The reactance versus resistance for the as-prepared ZnO

NW. The line is the fit using the shown model.

Table 4. The parameters obtained by fitting the impedance spectra
using the model shown in the inset in figure 7.

C, (pF) G (pB)

18.2 6.5 8.3 42

Ry (M) R, M) G5 (pF)

35.6 55

Ry (M)

the average capacitance at the points of closet approach—
where the main fluctuation induced tunneling occurs—and
therefore, can be seen as part of Cy. R, is the resistance across
the junction. A third contribution, consisting of a capacitor
and a resistor, had to be added in order to fit the complete arc.
We attribute these to a second tunneling process across the
grain boundaries which have a larger area and capacitance,
note that the charging energy e2/2Cj is negligible [30] for DC
measurements. The fact, that we can observe this kind of
behavior in our ZnO nanowire already at room temperature is
important, because it supports the idea of conducting regions,
which are separated by small barriers. We expect, that the
three arcs in Cole-Cole plot become even more evident for
temperatures well below room temperature.

3.4. Electron backscatter diffraction

According to the transport measurements (FITC model and
impedance spectroscopy) our ZnO NW is composed of dif-
ferent crystalline regions, i.e. it is not a single crystal. In order
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Figure 8. (a) shows the ZnO NW fixed on both ends to the sample
holder. EBID of platinum was used to attach the wire. In (b) the
results of EBSD measurements are shown for a scanned area of
(660x320) nm. Taking the main axis of the wire as reference (x-axis
in the figure), the colors show the deviation of the c-axis from this
vector, with a maximum of 78°.

to get direct information about the granular like structure, we
have performed electron backscatter diffraction (EBSD)
experiments. Using this microstructural-crystallographic
technique we directly obtain information about the crystal-
lographic orientations within the sample, i.e. about possible
texture or preferred grain orientations.

For this experiment we used a ZnO NW separated of the
same bundle used for the former nanowire and with similar
diameter (=600 nm) and cylindrical shape. Using EBID with
PtC,, the NW was fixed to a V-shaped sample holder, which
can be seen in figure 8(a). Using an ion beam, the wire was
thinned such that we can measure across the wire and also get
extensive data in a large region in the order of the diameter of
the nanowire. Measurements have been performed in different
regions giving similar results.

In figure 8(b) the deviation of the c-axis from the main
direction of the NW is shown, i.e. 0° corresponds to the 001
direction parallel to the main axis of the wire and 90° would
be the maximal possible deviation (rotations around the c-axis
are not included in the figure). According to the results, large
fractions of the wire grow with a deviation up to ~ 30°. There
are some regions of the NW with a deviation up to =78,
crystal orientations with a higher angle away from the main
axis were not found. This shows that our ZnO NW is not a

perfect single crystal, but rather consists of several crystalline
regions with different orientations. The results confirm the
granular like structure of the NW. From EBSD we can get a
rough estimate of the cross-sectional area of the grains and
find A, ~ (100 nm x 50 nm).

Fluctuation induced tunneling can occur at the interfaces
between these regions, while an activated conduction
mechanism is present within these domains. These results are
in agreement with the observed impedance spectroscopy and
support the idea of grains present in the nanowire. Dividing
the characteristic temperatures, 7;/7j, and assuming a barrier
width of w = 10 nm, we can estimate the barrier height and
area of the points of closest approach, where the fluctuation
induced tunneling occurs (this is not the area of the grains).
We assume a relative large barrier thickness due to the pre-
sence of lattice defects, which act as electronic traps and the
resulting formation of a depletion layer which acts as a bar-
rier. In this way we find a barrier height of ¢, ~ 274 meV and
an area of A ~ (60 A)2. This value of A is compatible with
the expectations of the FITC model, that assumes an area
several orders of magnitude smaller than the total surface area
of the grains.

4. Conclusion

We have measured the transport properties of a ZnO nanowire
in a conventional four point method. The as-prepared sample
was investigated as well as after the implantation of H™.
Using the FITC model and an energy activated term, we were
able to describe the full temperature dependence of the
resistance and also the current-voltage characteristic curves.
Impedance results indicate that the ZnO nanowire has mainly
two different contributions in the conductivity. EBSD shows
that our ZnO NW is not a single crystal, but it is composed of
crystalline regions having different orientations. This is
compatible with the impedance spectroscopy results and
supports the application of the FITC model. According to our
results, the density of H' implanted produced a large change
in the resistivity of the irradiated region and introduced a third
conduction mechanism. This provides the possibility of tai-
loring the transport properties of single ZnO nanowires
through modifying the surface by means of a controlled
implantation of H'.
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