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Abstract

Zinc oxide (ZnO) nanowires were synthesised through two different methods; the vapour liquid solid (VLS) method
and an aqueous solution method. Each method had its own set of parameters and changes in those parameters
influenced the output voltage of a nanogenerator. Changes in output voltage occurred as a result of variations in the
resistance and the carrier concentration of grown nanowires as the piezoelectric charges were screened or trapped.
An optimal value for both the resistance and the carrier concentration was determined in order to optimise the
output voltage.
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Introduction
Research into zinc oxide (ZnO) thin films and nanowires
have been increasing over the last couple of years. The
research has led to the development of numerous ZnO
thin film and nanowire based devices ranging from surface
acoustic wave filters [1], photonic crystals [2], light emit-
ting diodes [3], photodetectros [4], photodiodes [5], gas
sensors [6] and solar cells [7], to name a few. This is due
to the unique properties of ZnO including a wide bandgap
(3.37 eV) as well as specific electrical and optoelectrical
properties of the II-VI semiconductor group [2-4].
A new application of ZnO nanowires is the generation

of electricity by converting an applied mechanical force to
electricity through the piezoelectric effect [8]. In recent
years various other materials were also used to manu-
facture nanogenerators, these materials include BaTiO3
[9,10]. In the process of manufacturing the nanogenera-
tors, the nanowires are synthesised by various methods
and on various substrates.
For the purpose of this work the ZnO nanowires are

synthesised using two methods: The vapour liquid solid
(VLS) method and an aqueous solution method. The
nanowires are grown only on n-type silicon (100) sub-
strates in order to compare the two growth methods. Both
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methods are widely used and the exact details on the
growth mechanism can be found elsewhere [11-13].

Methodology
In short, the VLSmethod consists of a horizontal tube fur-
nace operating at high temperature, typically in the range
of 1000°C. The source material, a 1 : 1 weight ratio of
ZnO and graphite powders, are loaded in the centre of a
quartz tube that is then loaded into the furnace, with the
substrate, where the growth will take place, a fixed dis-
tance from the source powders. The substrate is coated
in a seed-layer that acts as a catalyst during the growth.
The quartz tube is placed under vacuum and the furnace
is heated up to a fixed temperature, around 1000°C. A car-
rier gas, argon, is introduced to the system to carry the
evaporated source materials to the substrate, when the
furnace reached the desired temperature [11,12].
In contrast to the VLS method, the aqueous solution

method works at much lower operating temperature,
below 100°C. Zinc nitrate hexahydrate, a zinc salt, and
hexamethylenetetramine (HMTA) is dissolved in a 1 :
1 equimolar solution in DI-water. The synthesis is con-
ducted by the aqueous thermal decomposition of Zn2+
amino complex with reagent-grade chemicals. The chem-
icals react within the solution to form ZnO nanowires on
the pretreated substrates that are floating on top of the
solution [13,14].
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The growth for both methods is carried out on n-type
Si (100) substrates that are cleaned and a thin layer of
ZnO (20 nm) is deposited via RF-magnetron sputtering
and acts as a seed-layer for the nanowire growth. The
nanowire growth is characterised using a scanning elec-
tron microscope (SEM). The Phenom Fei SEM [15] was
used to examine the nanowires at different magnifica-
tion, after growth. The growth direction, growth density
and nanowire morphology was examined and compared
between the two different nanowire growth methods.
The output voltage of the ZnO nanowire substrate

is measured by placing a gold electrode on top of the
nanowires, and a force is then applied to this electrode.
The applied force results in the electrode bending the
nanowires, which in turn creates a piezoelectric poten-
tial and as a result of the formation of a Schottky contact
at the nanowire electrode interface, an output voltage is
observed [16]. The applied force can be controlled by plac-
ing various weights on the electrode to ensure accurate
measurements are taken. The resistance and the carrier
concentration of the nanowire arrays are measured, using
the Van der Pauw and Hall methods respectively [17,18].
During the growth of the ZnO nanowires certain

parameters were changed in consecutive runs to see the
influence each parameter has on the growth. Table 1
shows the parameters, with the maximum and the mini-
mum levels of the parameters that are changed during the
VLS growth. Table 2 shows a similar table for the aqueous
solution method.
During the growth of the nanowires the parameters

were changed, one at a time, between the specified lev-
els in Table 1 and Table 2. The influence that the change
in growth parameters has on the nanowire growth is
observed with the SEM and the carrier concentrations,
the resistance and the output voltage values are measured.
High magnification images are used to observe the dif-
ference in nanowire morphology and lower magnification
images are used to observe the growth density and growth
direction.
The substrate with grown nanowires is fixed to a test-

board shown in Figure 1. The substrate, with nanowires
grown on top is placed in the centre and the corners are

Table 1 Different growth parameters, with high and low
levels, used during the VLS growth of ZnO nanowires

Parameter Low level High level

Growth time (minutes) 5 30

Growth temperature (°C) 500 1200

Initial pressure (mTorr) 200 2 000

Growth pressure (mTorr) 500 1500

Source powder (grams) 1 3

Argon flow rate (sccm) 20 120

Table 2 Different growth parameters, with high and low
levels, used during the aqeuous solution growth of ZnO
nanowires

Parameter Low level High level

Growth time (hours) 1 24

Growth temperature (°C) 60 120

Concentration (mM) 10 100

Covered No Yes

Ratio (Zinc salt : HMTA) 1 : 0.75 1 : 1.25

connected to the conducting lines using silver paste. The
silver paste is put on top of the nanowires connecting the
nanowires to the test-board. Conducting wires are added
to the silver paste and is connected to the measuring
equipment.
The Van der Pauw method is used to measure the resis-

tivity of the nanowire substrate. The substrate is put in
place with each corner numbered as shown in Figure 1.
In total eight different resistance values are calculated by
applying current through two terminals and measuring
the voltage across the remaining two terminals. Resis-
tances R12,34, R34,12, R21,43, R43,21, R23,41, R41,23, R32,14 and
R14,32 are measured and is generically defined as Rab,cd =
Vcd/Iab, with a, b, c and d integers between 1 and 4. The
average of the first four values is defined as Rv, while the
average of last four values gives Rh. The resulting resis-
tance, Rs, of the nanowire substrate is derived from the
Van der Pauw equation [17]

e−πRv/Rs + e−πRh/Rs = 1 (1)

The carrier concentration is measured by placing the
nanowire substrate in a constant magnetic field, and by
application of a constant current, the Hall voltage, Vh, is
measured. The substrate, fixed to the test-board, is placed

Figure 1 Nanowire sample attached to testing circuit as used for
Hall and Van der Pauwmeasurements, with the measurements
for R12,34 is shown.
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in the magnetic field and a constant current is applied
diagonally. The currents I13, I31, I24 and I42 are applied
consecutively and the resulting voltages are measured
over the open terminals V42, V24, V13 and V31, respec-
tively. The magnetic field is then reversed and the same
measurements are again made. The voltages measured
in the negative oriented magnetic field are subtracted
from the voltages in the positive oriented magnetic field.
The carrier concentration is calculated using a modified
version of the Hall equation [16]

ns = 8 × 10−8IB
qd[V24 + V42 + V13 + V31]

(2)

where I is the constant current in Ampere, B is the mag-
netic field strength in Gauss, q is the electron charge and
d is the depth of the material.
Normally the Hall and Van der Pauw methods are used

for thin films, but the nanowire growth is so dense that it
can be modelled as a thin layer. Ideally impedance spec-
troscopy should be used to measure the resistance and
carrier concentration of the nanowire arrays. Although
the exact values generated from these two methods might
not be as accurate, the findings are in line with theoretical
predeictions. The Hall method has previously been used
to measure these quantities with great success [19]. More
accurate measurements are required to further confirm
the results presented in this article.
The constant current is applied using the 120B Constant

Current source form Lake Shore, Ohio, USA. Voltages are
measured using a digital voltmeter.
The resistance measurements were made with a con-

stant current flow of 10μA. The Lakeshore current source
has a compliance voltage of 11 V and in order to ensure
this voltage is never exceeded, all test were conducted at a
low current. The resistance values of the samples ranged
from a few 100 ohm which corresponds to no nanowire
growth, to just below 1 M� which corresponds to very
dense nanowire growth.
The carrier concentrations are measured at a 10 μA

constant current, with a constant magnetic field of 3700
Gauss. Measurements were made with the magnetic field
applied along the positive z-axis. The field was then
reversed and the measurements repeated. The carrier
concentrations are expected to range from 1014 to 1020, as
predicted by Wang et al. [20,21].

Findings
Figure 2(a) shows typical nanowire growth using the
VLS method. The nanowires are 60–100 nm in diameter
and 3–4 micrometres in length. Figure 2(b) shows typi-
cal growth achieved using the aqueous solution method.
The nanowires are 100–150 nm in diameter and 1.5–2
micromeres in length.

Figure 2 Typical nanowire growth by means of the a) VLS
method, and b) the aqueous solution growth method.

The VLS nanowire growth results in longer and thinner
nanowires, but the growth direction is more random com-
pared to the aqueous solution method. The nanowires are
not aligned as well as in the aqueous solution growth. The
aqueous solution grown nanowires are aligned perpendic-
ular to the substrate. The growth also appears to be more
dense than that of the VLS growth.
Over 120 samples were grown, more than 30 with the

VLS method and 90 using the aqueous solution method.
Each sample was examinedwith the SEM at differentmag-
nification to look at the nanowire morphology, growth
direction and growth density. Overall the growth of the
two methods looked similar, however, at times the VLS
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method resulted in nanowire growth with random growth
directions. Each sample was placed on a test board in
order to measure the resistance and carrier concentration.
All the data is obtained using both growth methods.
Figure 3 shows the relationship between the measured

resistance and carrier concentration values. From the
graph it is clear that at low resistance the carrier concen-
tration is high. This is expected because at low resistance
there are a lot of charge carriers for current transport. At
higher resistance the number of carriers decreases which
means the current cannot propagate through the material
as easy and hence the resistance is higher. Some points
do not fall on the fitted graph and this is due to two
main factors. Firstly all the samples were not grown on the
same silicon wafer, but rather a couple of different wafers
were used to prepare all the samples. The intrinsic carrier
concentration of the silicon wafers can be different and
this leads to slightly higher measured carrier concentra-
tions. Secondly, the deposition of the ZnO layer cannot
be controlled within nanometer accuracy and hence the
thickness could vary. A couple of extra nanometers of
ZnO would also increase the carrier concentration.
The biggest problem with using the Hall method to

measure the carrier concentration of nanowires is that
the method was developed for thin films. In this films
the current can flow freely in thin two dimensions of the
film. With the nanowires a third demension is added and
the current might not travel through the nanowires but
it might travel through the base of the nanowires lead-
ing to inaccurate measurements. Although this might be
the case, the resulting values are in the theoretically pre-
dicted range and hence the method was used for further
investigation.
As mentioned, due to the piezoelectric effect, when the

ZnO nanowires are bent, a piezoelectric potential is cre-
ated. With the presence of a Schottky contact the piezo-
electric potential can be measured as the output voltage of
a nanogenerator [16].

Figure 3 Relationship between the resistance and carrier
concentration of grown ZnO nanowire samples. The fitted graph
shows at low resistance the carrier concentration is high and at high
resistance the carrier concentration is low, as obtained from both VLS
and aqueous solution growth.

Figure 4 Relationship between the resistance and output
voltage of grown ZnO nanowire samples showing a clear peak
of high output voltage within a certain resistance window, as
obtained from both VLS and aqueous solution growth.

According to Wang et al. the generated piezoelectric
potential can be screened by the charge carriers [20,21].
This will lead to a reduction in size of the output volt-
age, but it will not fully screen the piezoelectric potential.
Under ideal conditions the charge carriers will be absent,
and thus the piezoelectric potential is not screened at
all, resulting in a maximum output voltage. The prob-
lem however is with no charge carriers the piezoelectric
charge will be trapped inside the material due to the
high resistance. If, in this ideal case however, the car-
rier concentration is too large, the charges will screen the
piezoelectric charge, the higher the carrier concentration
themore the piezoelectric charge is screened resulting in a
much lower voltage [20,21]. Somewhere is between these
two extreme cases an optimal value for carrier concen-
tration will exist. The concentration will be high enough
to allow good conductivity and low resistance but still be
low enough as to not screen the piezoelectric charge too
much.

Figure 5 Relationship between the carrier concentration and
output voltage of grown ZnO nanowire samples, showing a
clear peak in output voltage at a specific carrier concentration,
as obtained from both VLS and aqueous solution growth.
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Figure 4 shows the relationship between the resistance
and the output voltage of the grown ZnO nanowire sam-
ples. At low resistance the output voltage is low due to the
high carrier concentration, which leads to a large screen-
ing of the piezoelectric potential. At high resistance the
output voltage is low due to the internal losses that will
occur. A larger voltage drop is observed internally, over
the nanowires, which results in a lower output voltage. A
clear peak is visible where a balance exists between high
carrier concentration and internal losses. As predicted by
Wang et al., an optimal range exists where the carrier con-
centration and resistance are at values that lead to optimal
output voltage.
There are more samples with a lower resistance com-

pared to the higher end. The VLS method yielded high
resistance samples and there were less VLS samples com-
pared to the aqeuous solution samples [22,23]. Hence,
there are less data points in the higher resistance part of
the graph.
The final important relationship is shown in Figure 5,

where the carrier concentration and output voltage graph
is shown. As explained above, at low carrier concentration
the piezoelectric charges are not free to move and a lot of
losses occur internally. At high carrier concentration the
piezoelectric charges are screened which results in a lower
output voltage. Somewhere in between these two extreme
cases an optimal value for carrier concentration exists,
as seen in Figure 5. Figure 4 and Figure 5 shows exactly
what Wang et al predicted: an optimal value of carrier
concentration exists where the piezoelectric charges are
screened and the resistance is still low enough to endure
high output voltage [20,21].
The morphology and size of the nanowires influences

the functionality and parameters of the nanowire, includ-
ing the output voltage [24,25]. The average output voltage
of the nanowires grown via the aqueous solution method
is just above 150 mV, compared to just above 80 mV for
the VLS grown nanowires.
The main reason for the difference in the measured

output voltage is argued to be the difference in the
growth direction of the nanowires. The VLS method
yielded nanowires that were not aligned but rather grew
in random directions, compared to the aqueous solution
method which yields vertically aligned nanowires. When
the nanowires are bend by the electrode the piezoelec-
tric charges are polarized in the longitudinal direction
of the nanowire [26]. This means that the piezoelectric
charge in vertically aligned nanowires will be higher when
compared to unaligned nanowires. This is the case where
the aqueous solution growth yield higher output voltages
when compared to the VLS method.
As mentioned, the Hall measurements were designed

for solid thin films. The above results are for nanowires
that are approximated as thin films as an easy method

to measure the carrier concentration does not exist. The
exact values of the carrier concentrations might differ
from the true values but the overall trend will be the
same. The results coincides with the theoretical findings
of Wang et al. [20,21].

Summary
ZnO nanowires were prepared via two different methods,
VLS and an aqueous solution method. The carrier con-
centration of the grown nanowires greatly influences the
resistance of the nanowires as well as the output volt-
age. An optimal value for the carrier concentration exists,
where it is high enough to ensure good conductivity, but
low enough as to not screen the piezoelectric charge. On
average the output voltage of the nanowires grown with
the aqueous solution method is higher than the nanowires
grown by the VLS method, due to the aligned growth of
the aqueous grown nanowires. The exact values measured
here might also differ from the true results because Hall
measurements were designed for solid thin films and the
nanowires only approximate thin films.
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