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1. Introduction

Towards the beginning of 21st century, considerable interests have been paid to synthesize
low-dimensional nanostructures, such as nanowires, nanorods or nanobelts because of their
unique structures with large surface-to-volume ratio. Nanodevice units made from those
one-dimensional nanostructures (single nanostructures as well as bunch of nanostructures)
have attracted substantial research interests because they provide a unique platform for
fundamental investigations. In addition, they can also serve as the building blocks for more
complicated nano-systems and micro-systems, for example, sensors, diodes, solar cells,
LEDs, nano-generators and transistors (Lee et al., 2010; Zhou et al., 2008). Recently, many
successful attempts to develop nano-devices by using different nanostructures have already
been described in scientific literatures.

There has been steady progress in demonstrating electrical components made of nanowires,
such as field effect transistors, electron field emitters, switches, sensors, etc. The surface of
the nanostructures has crucial role in determining the electrical and optoelectronic
properties of nano-devices. As the surface-to-volume ratio is very high, the surface states
also play a key role on optical absorption, gas sensing, luminescence and other properties.
Thus, nanoscale electronic devices have the potential to achieve higher sensitivity and faster
response than bulk material. Most of these applications require metal contact to receive
and/or transmit electrical signals or to be powered by an external source. So, the devices
with nanowires, nanorods or nanobelts, the electrical contacts should be scaled accordingly.
Thus, the understanding of transport processes at the nanometer scale is essential for an
overall improvement of the device characteristics.

Depending on the Fermi surface alignment and the nature of the interface between the metal
and the semiconducting nanowires, the contacts can either be an Ohmic contact or a
Schottky contact. Whether a contact is a Schottky or ohmic, depends on the work-function
(®) of the metal and the semiconducting nanowire and also on the type of majority carriers
(electrons or holes). For n-type semiconductor, if the work function of the metal (®y) used
for contact is higher than that of the semiconductor (®s), a Schottky barrier will be formed.
According to the Schottky-Mott theory, the barrier height (®g) follows the rule (®p = Ou- Xs),

www.intechopen.com



162 Nanowires - Fundamental Research

where xs is electron affinity of semiconductor. But, in case of low dimensional system, the
Schottky barrier height depends not only on the work functions of the metal and the
semiconductor nanowire, but also on the pinning of the Fermi level by surface states, image
force lowering, field penetration and the existence of an interfacial insulating layer. To a
good approximation, all of these effects change only the absolute current value at very low
bias regime via lowering the Schottky barrier. Thus, detailed study on Schottky
nanocontacts are important because not only a great number of nanodevices are based on a
metal/semiconductor Schottky contact with nanometer dimensions, but also standard
electrical spectroscopies, such as deep level transient spectroscopy or photocurrent
measurements, need the formation of Schottky contact. Metal/semiconductor Schottky
device is also one of the most fundamental one that can be used to evaluate various
semiconductor parameters including carrier density and Schottky barrier height as well as
carrier density profile and bandgap discontinuity.

In this context, several semiconducting materials, such as GaN, ZnO, and AlGaN, have
wide direct bandgaps which make them wuseful for electronic and optoelectronic
applications. Among these materials, growth of vertically aligned single crystalline ZnO
nanowires is easier. It is a direct wide bandgap (3.37 eV) piezoelectric material with
hexagonal wurtzite structure, and has larger exciton binding energy (60 meV) than other
wide bandgap semiconductor (GaN, 25 meV). Moreover, single crystalline nanowires
have attracted a lot of interest for the fabrication of nanoelectronic and nanophotonic
devices due to their extraordinary properties originated from their high crystallinity and
large aspect ratio.

In this chapter, we have described the junction properties of ZnO nanowire based Schottky
diodes with different contact metal. Also we have described the UV detection and gas
sensing mechanism of single nanowire based Schottky diode which will further promote an
understanding of the device physics and practical applications.

2. ZnO nanowire

Vertically aligned ZnO nanowires with controlled shape and ordered surface morphology
have attracted considerable attentions due to their low dimensional structures and the
exciting prospects for utilizing these materials in nanotechnology enabled electronic and
photonic crystal device applications (Zhang et al., 2001; Chang et al. 2009). As a wide
bandgap (~3.4 eV) semiconductor, ZnO has drawn a great interest for low-voltage and short
wavelength optoelectronic devices (Norton et al, 2004). It is expected that in ZnO
nanowires, one may eliminate some unwanted properties of bulk ZnO, such as weak exciton
emission in comparison with the defect related (deep-level) visible emission, while keeping
or enhancing the desirable properties such as large exciton binding energy (60 meV)
(Fonoberov et al., 2006).

2.1 Nanowire growth

In order to control shape, aspect ratio (length/width), growth site and growth direction of
the nanowires, many efforts have been directed towards the synthesis of ZnO
nanostructures by aqueous, vapor-liquid-solid (VLS), metal organic chemical vapor
deposition (MOCVD) and many other techniques (Kar et al.,2008; 2009; Hsu et al., 2005).
However, MOCVD method is of particular interest since it has some advantages such as the
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ability to fabricate nanostructures of better quality, well controllable configurations and
good reproducibility. As the growth of ZnO nanowires by MOCVD is a bottom-up
technique, the nature of substrates has a vital role for the dimension and alignment of the
nanowires. According to lattice misfit, the most suitable substrate for ZnO growth is
ScAIMgOs, which is expensive and technologically inconvenient (Ievtushenko et al., 2008).
On the other hand, it is difficult to obtain well-aligned ZnO nanowires on silicon substrates,
because the formation of an interfacial layer (S5iO;) and large lattice misfit (Liou et al., 2005).
Interestingly, C-plane sapphire overcomes some of the limitations arising from the above
substrates. The ZnO nanowires, used in the experiments, were grown on c-plane sapphire
substrates without any catalyst by using MOCVD system. Diethyl zinc and high purity
oxygen (ON) were used as the Zn and O sources, respectively. The base pressure of the
reactor chamber and the working pressure were kept at 10-¢ Torr and 3 Torr, respectively.
During the growth, the nozzle-substrate spacing was 1 cm and the substrate temperature
was fixed at 700 °C.

2.2 Micro-structural and optical property

Fig. 1(a) shows a typical FESEM image of vertically aligned ZnO nanowires (diameter~100
nm) grown on c-plane sapphire substrate. The appearance of a prominent (002) peak in XRD
pattern (not shown here) confirms the crystalline natures of ZnO nanowires. Fig. 1(b) shows
the bright field TEM image of a ZnO nanowire. The diameter of the nanowire is around 100
nm and uniform through out its length. In order to further investigate the structural
characteristics of ZnO nanowire, high-resolution transmission electron microscopy
(HRTEM) experiment was carried out and the magnified image is shown in the inset of Fig.
1(b). HRTEM images at different part of nanowire indicate that the nanowire is structurally
uniform and do not exhibit any noticeable defects. Furthermore, the HRTEM image
confirmed that the single crystalline ZnO nanowire is preferentially oriented along the c-axis
direction with lattice spacing of 0.52 nm. The selective area electron diffraction (SAED)
pattern (inset of Fig. 1(b)) also shows that the nanowire exhibits a single crystalline nature.
These results are almost consistent with the FESEM observation.

—_—5nm

. e 2000M

Fig. 1. (a) FESEM images and (b) TEM images of ZnO NR arrays. Inset shows the
corresponding HRTEM images and diffraction pattern.
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Information such as surface oxygen vacancies and other defects as well as the separation
and recombination of photoinduced charge carriers can be obtained from
photoluminescence (PL) measurements. Fig. 2 presents the low temperature (10 K) PL
spectrum of dispersed ZnO NWs measured with 325 nm He-Cd laser. In our NWs, two
strong PL peaks at 382 and 388 nm were found without any visible band emission.

Intensity (a.u.)
log scale

24 27 30 33
Energy (eV)

Fig. 2. Photoluminescence spectra (10 K) of ZnO nanowire arrays.

3. Junction properties

3.1 Fabrication of single nanowire device

Electrical contacts to individual nanowires were fabricated using a procedure of
lithography, metallization and lift-off technique. The nanowires were first removed from the
substrate and then dispersed by sonication in isopropanol. A droplet of dispersed solution
containing nanowires was then dropped on photo-lithographically pre-assigned metallic
micro-pads on the substrate. Thermally oxidized (500 nm) Si wafers were used as substrates
for the fabrication of Schottky diodes. The coordinates of several nanowires with respect to
the pre-assigned metallic pads were then estimated by using Scanning Electron Microscope
(SEM). Finally, the path of electrical connections between the pre-assigned micro-pads and
the nanowires were made by e-beam lithography and lift-off techniques. All metals were
deposited by Ar plasma assisted DC sputtering at a pressure of 3 mTorr. The contacts were
patterned by lift-off of lithographically defined photo-resist.

To form Ohmic contact 100 nm of Ti and 200 nm of Au were successively deposited on one
side of the nanowire followed by rapid thermal annealing at 550 °C for 1 min in N>
atmosphere. In addition, to form Schottky contact metal with higher work function (Au, Pt
or Ni) was deposited (300 nm) on the other side of the nanowire. The devices were also
fabricated with homogeneous ZnO nanowire and Ti/ Au contacts on both sides by using the
same experimental procedures and they have shown linear current voltage (I-V)
characteristics, confirmed the ohmic contacts with ZnO nanowire. The schematic diagram
and the FESEM image of single ZnO nanowire based device are shown in Fig. 3 (a) and (b),
respectively.
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Fig. 3. (a)The schematic diagram and (b) FESEM image of single ZnO NW based device.

3.2 Electrical characterization

In case of low dimensional systems, the Schottky barrier height depends not only on the
work functions of the metal and the semiconductor nanowire, but also on the pinning of the
Fermi level by surface states, image force lowering, field penetration and the existence of an
interfacial insulating layer. To a good approximation, all of these effects change only the
absolute current value via lowering the Schottky barrier. The temperature dependent I-V
characteristics of Schottky Diodes, fabricated with Au, Pt and Ni metal were investigated
and their typical characteristics are shown in Fig. 4 (a), (b) and (c), respectively. It is also
found that the I-V curves are nonlinear, asymmetrical and exhibit clear rectifying behavior
for all the measured temperatures. The current under forward bias increases with
temperature and shows typical semiconductor characteristics. The electrical characterization
of Schottky diode necessitates the determination of the barrier height and the ideality factor.
Generally, total current consists of both thermionic emission and tunneling component.
Assuming that the thermionic emission is the most predominant mechanism, the general
form of the temperature dependence of current may be expressed as (Sze, S.M. 1979):

[=AA'T? exp(—p®g)exp {@} (1)

where, ®p is the effective barrier height, A is the junction area, A* [A* = 4rqm’k%/h] is the
Richardson constant and m" is the effective mass of the charge carriers. R is the series
resistance and f = ¢/kT. For an ideal diode, the diode ideality factor (1) should be nearly
equal to unity. But in a real situation, it may increase when the effects of series resistance,
leakage current etc. come into play. The main difficulty of the thermionic emission theory is
that it underestimates the reverse current. But the situation is very different in a nano-
system, where the measured forward current is low and is comparable to that of the reverse
or leakage current. The tunneling current is therefore not negligible and indeed becomes the
dominating mechanism under reverse bias. Also there are inherent difficulties when the
base material would offer a considerable series resistance, which would cause a voltage
drop across the junction. The current flows according to thermionic emission model only
when the ideality factor (n) is near unity. With an increase in n, the barrier height would
deviate from the true value. For the large surface-to-volume ratio of the ZnO nanowire, the
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surface states and the effective carrier concentration have important influence to the contact
barrier. The variation of oxygen and zinc concentration during the growth of the nanowire
results in the nonuniform distribution of the defects. A slight inhomogeneity of the surface
states and carrier concentration at the two ends of the ZnO nanowire can result in different
Schottky barriers. In such a case, generalized Norde method could be used to evaluate the
effective barrier height, series resistance, and diode ideality factor (1) from I-V
measurement. The values of effective barrier potential and diode ideality factor measured at
different temperatures for Au/n-ZnO/Ti-Au, Ni/n-ZnO/Ti-Au and Pt/n-ZnO/Ti-Au
Schottky diodes are shown graphically in Fig. 5 (a) and (b), respectively.
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Fig. 4. I-V characteristics of (a) Au/n-ZnO, Ni/n-ZnO and Pt/n-ZnO Schottky diode
measured at different temperature.

The barrier height could be seen to increase with temperature (Fig. 5(a)) almost linearly. Pt
offered larger barrier height than that offered by Au and Ni while Au and Ni contacts
indicated nearly similar barrier heights. The increase in barrier heights with the increase in
temperature from 300 K to 523 K may be associated with the increase in available charge
carriers to be transported across the barrier for Fermi level equalization. It is also observed
that the values of barrier heights obtained from the I-V characteristics were lower than those
obtained for a thin-film based Schottky diodes. Lower values of barrier height were ascribed
to an enhanced electric field at the depletion region due to the small size of the nano-
Schottky junction.

www.intechopen.com



Junction Properties and Applications of ZnO Single Nanowire Based Schottky Diode 167

2,01 —=—Au
0.7 . :

. — _ —a—NI
> — = 1.8 Pt
&)/ / ~
= 0.6 ¢ ./. § 1 6
t / =14
5 0.5- . Slarh e
3 / Ni | 242,

04{ —e— Pt _
300 350 400 450 500 300 350 400 450 500
Temperature (K) Temperature (K)

Fig. 5. Variation of (a) barrier height (&) and (b) ideality factor (1) with temperature (K).

Ideality factor for the different Schottky diodes studied here varied between 1.1 and 2.0.
Schottky diodes with Au Schottky contact indicated lower ideality factor (~1.5) at room
temperature than that for Ni and Pt. It may be observed that the ideality factor decreased
with increasing temperature. Current transport across the metal semiconductor interface is
temperature dependent. Thus, the electrons at low temperature would be able to cross only
the lower barriers and therefore current transport will be dominated by current passing
through the lower Schottky barrier only contributing to a large ideality factor. With
increasing temperature, more and more electrons would acquire significant energy to cross
higher barrier. As a result, the effective barrier height will increase with the temperature and
bias voltage culminating in lower ideality factor at higher temperature. This increment can
be explained by taking into account of the interface state density distribution, quantum
mechanical tunneling and image force lowering across the barrier of Schottky diodes.

3.3 XPS studies

In order to further confirm the barrier-height value of nanowire Schottky diodes, XPS is
used to study the surface Fermi level position within the band gap for metallic overlayer on
ZnO nanowire. Each element has a characteristic binding energy for its core electrons, and
thus each element has a characteristic spectrum. Comparison of the spectrums of a bare
specimen, such as ZnO, and a specimen with a thin film coating, such as ZnO/ Au, can yield
the barrier height of the surface. The barrier height was determined from the XPS data using
the following relation (Lin, 2005)

core core core

99, = Ec —Ey +(Ei ~E, ) =Eg _(EAu _EVC) (2)

where E is the bandgap of ZnO, Ej, is the initial binding energy, E. , is the initial binding
energy of the core level, EZ“ is the binding energy of the core level with Au over layer and
E,c is equal to (E,,, - E}, ). All the binding energies are compared to E; . Fig. 6(a) shows the
Zn 3d core level and the valance band spectrum of ZnO nanowires. The value of E is
calculated to be 7.53 eV. This is in good agreement with the reported value (Tsai et al. 2009).

Fig. 6(b) shows the Zn 3d core level at Au/ZnO nanowire interface. The spectra determine
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the Zn 3d binding energy E4% (10.48 eV) relative to the Er. Therefore, the q®, was
calculated to be 0.42 eV. This is similar to the value (0.40 eV) obtained from I-V
measurements at 300 K.
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Fig. 6. (a) Zn 3d core level peak of ZnO nanowire without Au over-layer. The low energy
region represents the spectrum of valance band region. A linear fit is used to determine the
the energy of the valance band edge. (b) Zn 3d core level at the Au/ZnO nanowire interface.

3.4 Possible explanation

The deviations of diode ideality factor from unity signify the inhomogeneous nature of the
Schottky diodes. Assuming the Gaussian distribution for Schottky barrier height (®go), the
apparent barrier height (®,p) can be written as (Werner et al., 1991; Bengi et al., 2007).

2
@apchBO(Tzo)—Z% 3)
where, 0p is the measure of the barrier homogeneity. The lower value of oy corresponds to
more homogeneous barrier height. The value of oy obtained for temperatures for Au/n-
ZnO/Ti-Au, Ni/n-ZnO/Ti-Au and Pt/n-ZnO/Ti-Au Schottky diodes are (from Fig. (7))
0.112 V, 0.112V and 0.102 V, respectively. The values are quite low but not negligible
compared to the apparent barrier height. Considering Au/n-ZnO schottky contact for
details study, the calculated value of barrier height, obtained from the thermionic emission
model and XPS measurement, is lower than the theoretically predicted value (q®p = ®m- xs=
1.2 eV) and that reported for thin film based Schottky diodes (q®p = 0.7-0.9 eV) (Angadi et
al., 2007; Coppa et al., 2003; Dhananjay et al., 2007). This discrepancy is partly due to the
effects of tunneling, image force lowering on the conduction process, surface defect states,
barrier height inhomogeneities and moreover Fermi level pinning in nanowires. In addition,
edge leakage current due to a high electric field at the metal contact periphery or interface
current due to traps at the metal semiconductor interface also affect the barrier height. Other
effects due to interface oxide layer between the Ti/ZnO contacts may also contribute to such
deviations.
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Fig. 7. Plot of @, versus 1/2KkT.

In order to understand the lowering in Schottky barrier height, we also have to know the
electronic transport mechanism, which can be deduced from temperature dependent I-V
characteristics. In the presence of tunneling, I can be written as (Sze, S. M. 1979; Lin Y. J., 2005)

I=I,exp [;—Vj 4)

0

where the saturation current (Ip) is given by

I. = AA* [”EOOq(¢B V- 5)]0.5 exp( €§ e((oB — é)j (5)

0 kg cosh (Ey /kgT) kT E,

In equation (5) §, [= (Ec-Er)/q = (0.2 V)] obtained from ultraviolet photoelectron
spectroscopy (UPS) measurement (not shown here), is the difference between the
conduction band minimum and the position of the Fermi level, Eg = Eo coth(Eoo/ksT) is the
characteristic energy related to the tunneling probability and Eq is the tunneling parameter.
In our case, Eqg is 50 and 60 meV at 300 and 523 K, respectively, which is about 2 times
higher than the thermal energy (25 and 43 meV at 300 and 523 K, respectively). As the
temperature increases, the thermionic emission increases but the tunneling process is
temperature insensitive. This result clearly supports that tunneling has a significant role at
the forward current and thermionic-field emission (TFE) process is the main mechanism in
Au/ZnO nanowire Schottky diode.

Although the image force lowering (Ads), ascribed for enhanced electric field at the
depletion region due to small size of the nano-Schottky junction, contributes to the barrier
height reduction, the tunneling effect is also significant for nanocontact. But, only the image
force lowering (A®=0.06 V, considering & =2¢p and electric field at nanocontact =10¢ V/cm),
inhomogeneity in barrier height (A®=0.11 V) and tunneling are not enough to explain the
difference between the theoretically predicted value and obtained experimental result. The
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surface states play a key role on luminescence and optical absorption properties when the
surface-to-volume ratio is high. The states, inside the bandgap, are formed on the ZnO
surface due to Zn or O termination, dangling bonds, surface reconstruction or relaxation,
structural and point defects, etc. When the diameter of nanowires becomes more than 30
nm, surface states also remain active. However, their relative contribution to the emission
spectrum is small in comparison to the contribution originating from the grain volume. To
explain this discrepancy, one may consider the effect of defect states at ZnO nanowire
surface. But in that case, high density of defect states are required which is inconsistent with
the small reverse leakage current in the device and observed photoluminescence property of
our as deposited nanowire arrays (Das et al., 2009).

Generally, the band level alignment can be organized in two regimes: Fermi level pinning
and vacuum level alignment (i.e, the Schottky-Mott limit). For nanowires, in absence of the
metal, there is vacuum level alignment at the nanowire and air interface. But, the band
alignment and Fermi level pinning at the metal/nanowire interface is markedly different
when the metal over-layer is present. In presence of metal over-layer, due to pinning, the
significant value of A®g must be caused by some charge transfer. Bearing in mind the large
charge transfer distance, the absolute magnitude of the transferred charge could be
comparably small to yield the necessary shift of the levels. Thus, we propose that the
interface states can be ionized by injected hot electrons which result in the emptying the
interface. This ionization of interface states changes the Fermi level so that it effectively
behaves like a small forward bias and hence the band bending as well as Schottky barrier
height decreases. Fig. 8 shows the schematic band diagram of Au/ZnO nanowire Schottky
diode under zero bias and a forward bias voltage. The experimental identification of
tunneling, thermionic emission and other components for barrier height lowering predicts
that the Fermi level deepening at Au-ZnO nanowire interface may originate from the
ionization of interface states by injected hot electrons.

(a) \ (b) N
R -- ~E ey

- = iy s = ionized interface states
g

A ks

Au ZnO NW Au ZnO NW

Fig. 8. Schematic band diagram of Au/ZnO NW Schottky diode (a) under zero bias and (b)
with a forward bias.

4. Application

4.1 UV detector

A nanodevice unit made from single one-dimensional (1D) nanostructure, such as nanowire
or nanobelt, attracts substantial research interests because it can provide a unique platform
for fundamental investigations and also can serve as the building block for more
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complicated device systems in nano- and microscale, for example, sensors, diodes and
transistors (Lee et al., 2010; Zhou et al., 2008). Surface plays a crucial role to determine the
electrical and optoelectronic properties of materials with a dimension of nanometer scale.
There are several wide bandgap semiconducting materials for UV detection like GaN, ZnO,
AlGaN (Munoz et al., 2001; Soci et al., 2007; Li et al., 2009). Because of their wide bandgap
and high surface-to-volume ratio, nanoscale electronic devices have the potential to achieve
high sensitivity and faster response for the UV detection. For a good UV detector, the
growth of single crystalline ZnO nanowire is important. ZnO nanowires obtained from
MOCVD technique shows a very good crystalline and optical property. As shown in Fig. (2),
nanowires grown by MOCVD technique have two strong PL peaks at 382 and 388 nm,
without any visible band emission. The sharp peaks presumably resulted from the excitons.
Strong UV luminescence of free exciton recombination without any visible band emission is
suitable for the UV laser device and visible blind UV detectors.

In past few years, enormous studies on UV detection have been conducted using ZnO
nanowires, which were either fabricated with ohmic or Schottky contacts. However, most of
these works are focused on the array of ZnO nanowires with few studies directed at the
single nanowire (Li et al., 2009; Heo et al., 2004; Xu et al., 2006). In literature, it has been
reported that single nanowires devices with both ohmic and Schottky contact have similar
UV response characteristics even though the sensing mechanisms are different. The UV
detection characteristics of Au/ZnO nanowire Schottky diode and the device with both side
ohmic contacts were studied by measuring current-voltage (I-V) relationships with and
without UV light (352 nm) (Fig. 9a). In the dark, I-V curve is asymmetric for the device with
Schottly contact and linear for the device with both sides ohmic contact (inset). The
nonlinearity of the I-V curve is caused by the Schottky barrier formed between the
semiconductor and metal electrodes. For both devices, I increase with UV illumination.
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Fig. 9. (a) I-V characteristics for a representative Au/ZnO nanowire Schottky diode before
and after UV illumination. The inset shows the I-V characteristics of a device with both side
ohmic contacts. (b) Plot of (1/C2) with V for Au/ZnO nanowires Schottky diode. The inset
shows the density of interface states as a function of interface state energy (Ec —Ess).

To test the reversibility of the sensor, the device was alternatively exposed to UV light and
the corresponding current at a particular voltage (0.7 V and 0.3 V for the devices with both
side ohmic contact and one side Schottky contact, respectively) was measured. For high-
power UV illumination (25 mW/cm?2), we have observed similar characteristics (sharp rise
and sharp fall) for the devices with both sides ohmic and one side Schottky contact (not
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shown here). But for low-power UV illumination (1.5 mW/cm?), Figs. 10 (a) and (b) show
the effect of NW surface and schottky barrier, respectively. Figure 10 (b) shows the
photoresponse of the Schottky diode under the UV excitation at a forward bias of 0.3 V. The
dark current was about 120 nA and the saturated photocurrent was about 9 yA under UV
excitation. On the other hand, the NW device with both side ohmic contacts has the dark
and the saturated photocurrent currents about 0.2 pA and 0.9 A, respectively (Fig. 10 (a)).
The photocurrent/dark current ratio is 75 for Schottky diode, which is superior to single
NW UV detector (4.5) with both side ohmic contacts. Upon low-power UV excitation, the
conductance of the Schottky diode was increased around two orders and to 80% of its
saturation value within 1 s. When the UV light is turned off, the conductance was decreased
to 85% of its saturation value within 1 s and recovered to its original dark level after 3 s. On
the other hand, the device with both side ohmic contacts follows sharp but an exponential
rise and exponential decay. It can be noticed that the current is reached almost the same
value in each cycle and fully recovered for Schottky diode. But, both the dark and the
saturated photo current level for the device with both side ohmic contacts increases with
repeated exposure.

(b)

~
m‘
g

< 08 58 [+
& 0.4 o 4
5 5
Q 0.6 &) o 1 L
0 75 150 225 0 75 150 225

Time (Sec) Time (Sec)

Fig. 10. UV response behaviors of the device with (a) both side ohmic contacts, (b) Schottky
contact.

The interface density of states and surface states across the ZnO nanowire and Schottky
contact may play a role in UV detection. To calculate the density of states at the interface of
the Schottky diode, capacitance due to the depletion region was measured as a function of
voltage and shown in Fig 9(b). The capacitance of a Schottky contact is related to the voltage
by (Sze S. M., 1979)

2 _ 2[ @, —(Ec —Ep)-qV - kT |

c 2
A qgsNd

6)

where @, is the barrier height, E, is the conduction band edge, Er is the Fermi level, & is the
permittivity of the semiconductor, A is area of contact and N, is the carrier concentration. By
plotting C-2 vs V and using eq (6), @y and N4 can be determined from the x-intercept and
slope, respectively. The value of @y and Ny was 0.56 V and 2x1017/cm3, respectively. The
barrier width (W) was obtained ~ 35 nm by using 2D Schottky barrier model (Sze S. M.,
1979; Rhoderick, E. H., 1988)
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ZES(CDbi +V)
gNp

W = )

The @y (0.56 V) measured from C-V characteristics is higher than zero bias @ (0.4 V)
obtained from temperature dependent I-V data by using generalized Norde method (Das et
al., 2009). This offset is generally attributed to the image force lowering at the interface.
Another possible cause to explain this discrepancy is the presence of an interfacial insulating
layer. The value of ideality factor (1) was obtained 1.5 at 300 K. Generalized Norde’s method
has utilized the I-V characteristics in the low voltage region for the determination of the
ideality factor and barrier height (Das et al., 2009). But in practice, the n values evaluated
from the [-V characteristics in the forward bias region show voltage dependence. In such a
case, the ideality factor n(V) is given by (Das et al., 2009)

n<v>=1+§[;—;+qwss<v>} ®

where, Wp is the space charge width, Nss is density of states in equilibrium, ¢ is the
thickness of the interfacial layer, ¢ is the permittivity of interfacial layer. The voltage-
dependent ideality factors may be obtained from the slopes of In(I) versus V plots in the
forward bias region. The calculation of the density of surface states is complicated due to
interfacial layer as neither ¢ nor 6 is known. By considering 6 = 0.5 nm and ¢; as that of free
space, Nss is calculated to be 6 x 1013 cm2eV-1 at 0.3 V. The energy of the interface states with

respect to the bottom of the conduction band at the surface of the semiconductor is given by
(Das et al., 2009):

Ec - Egg ZQ(q)e_V) )

with

O, =D, -{1_71(11/)}/ (10)
Density of interface states as a function of interface state energy (Ec —Ess) for Au /ZnO
NW Schottky diode is shown in the inset of Fig. 9(b). Exponential rise in the interface state
density towards the bottom of the conduction band is very apparent. Low value of
interface states signifies that the surface pinning of the Schottky barrier is low. Previously
it has been shown that at equilibrium, the ionization of interface state by hot electron
reduced the band bending as well as the Schottky barrier height. As the Schottky barrier
height changes, a characteristic asymmetric conductance change is expected. Since, the
density of surface state (6 x 1013 cm?2eV-1 at 0.3 V) is not very high and the change in
current under the UV illumination is very high, visible light may not affect so much on
the current.

The experimental observations on the two types of device structures are explicitly explained
using schematics of the energy band diagrams of the nanowire surface and Schottky
junction in the dark and under the UV illumination (Fig. 11). In ZnO, it is well known that in
the dark oxygen molecules are adsorbed at the surface and capture free electrons and a low-
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conductive depletion layer is formed near the surface (Soci et al.,, 2007). Upon UV
illumination with photon energy larger than the semiconductor bandgap, electron-hole pairs
are generated; holes migrate to the surface and discharge the negatively charged adsorbed
oxygen ions and leaving behind unpaired electrons. Thus, band bending occurs and
conductivity of the nanowire increases (Fig. 11 (a)). This hole-trapping mechanism through
oxygen adsorption and desorption in ZnO nanowires augments the high density of trap
states usually found in nanowires due to the dangling bonds at the surface and thus
enhances the photoresponse. In case of single nanowire device, because of the higher
exposed surface compared to array of nanowires, trapping at surface states drastically
affects the transport and photoconduction property. Soci et al. reported that the oxygen
adsorption and desorption at the nanowire surface occur in very short time (ns), suggesting
that the desorbed oxygen molecules in air remain in close proximity to the surface and can
be promptly re-adsorbed (Soci et al., 2007). This indicates that the oxygen re-adsorption to
the surface and consequently the lowering of the photocurrent happen quickly after
switching off the UV light; however, full recovery requires longer time, due to the time
required for the diffusion of oxygen molecules.

@) b) ¢

b B
I ¥ lonized interface
| F,

= States

Au ZnO NW

00000 0000

forward bias reverse bias

Fig. 11. Energy-level Diagram of (a) ZnO NW surface and (b) Au/ZnO NW interface.

Figure 11(b) shows the UV detection mechanism at the Schottky barrier. In Schottky device,
both the forward and reverse current increase with UV exposure. It means that the
photoexcited electron-hole pairs can greatly increase the concentration of majority carriers.
We can therefore conclude that the barrier height is strongly modulated by the UV
exposure. In forward bias, a large number of photogenerated electron-hole pair increases the
majority carrier and ionizes the interface states. The ionization of interface states tends to
increase the barrier height but, the large number of electron, generated due to the UV
illumination, effectively reduces the barrier height under forward bias. As a result, band
bending changes and current increases. Interface density of states play an important role in
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reverse current. In reverse bias, holes are efficiently trapped by the interface states which
shrink the depletion region and allow tunneling of electrons.

4.2 Hydrogen sensor

Hydrogen is a potential source of energy, which may replace the present fossil-based
transportation fuels. It is also used as an important reagent in chemical industries.
However, it is highly explosive above 4 vol % due to its low flash point (-253 °C)
(Christofides et al., 1989). Accordingly, hydrogen leakage detection at early stage is not
only necessary but also essential for safety. Solid-state hydrogen sensors based on pure Pt,
Pd or Pd-containing alloys have been thoroughly explored as the interaction with
hydrogen decreases the work function and increases resistance compared to pure material
(Ibanez et al., 2006). Several other materials (SnO,, InO3;, WO; and CNT) are currently
being investigated for the active materials of sensors (Wang et al., 2006; Li et al., 2007).
However, a high operation temperature is generally required for the better performance
of the above mentioned sensors. Recently, there have been an increasing number of
investigations on the exploration of selective materials to make the sensor more sensitive
and reliable. In this concern, tremendous attentions have been focused on ZnO as a gas
sensing material due to its high mobility of conduction electrons, good chemical and
thermal stability under the operating conditions of sensors (Li et al., 2007, Wan et al,,
2004). In addition, single crystalline nature, high mechanical strength, high temperature
stability in oxygen ambient and ease of fabrication on several substrates by
various techniques (Liao et al., 2008; Wan et al.,, 2004) are other advantage of ZnO
nanostructures.

Single nanowire-based sensors are of particular interest as they can be fabricated by using
conventional lithography technique. In addition to low cost and great miniaturization
potential, the large surface to volume ratio and nanoscale dimension allow quick diffusion
of gases into and from the nanostructure. Thus the rate of reaction increases, which leads to
achieve higher sensitivity with faster response and recovery time. Nanoscale sensors also
often provide a lower limit of detection due to a larger change in their electronic properties
upon surface adsorption.

In case of ZnO nanostructure-based hydrogen sensor, the surface of the nanostructures
plays a vital role. In that case, the contacts at the two ends are mostly chosen to be ohmic
in order to enhance the change in conductance due to surface effect of the nanostructures.
The surface-adsorbed gas molecules modify the electronic surface states and vary the
electron concentration which is responsible for the change in conductivity of nanosensors
(Liao et al., 2007). At room temperature, electrons released due to gas exposure are very
less compared to the electron concentration in nanowire. Therefore, the relative change of
conductance before and after gas exposure is small. Since the interaction energy of
chemisorbed oxygen atom is large (1-10 eV), metal oxide gas sensors generally require
high operating temperature (above 100 °C) to overcome the energy limits and achieve
high sensitivity (Fan et al., 2009). However, the high operating temperature adversely
affects sensor’s reliability, durability and makes the sensors expensive with many
complicated heating elements.

In order to improve the sensitivity at room temperature, we deliberately introduce a
nonsymmetrical Schottky contact at one end of a ZnO single nanowire based nanodevice.
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Here, the surface depletion layer controls the density and mobility of electrons in the
nanowire, but the contact barrier controls the transport of electrons between the nanowire
and electrode. As the width of the surface depletion is significantly smaller than the
diameter of the nanowire, the surface depletion has little influence on the density and
mobility of the electrons in the nanowire. However, the change in potential barrier at the
Schottky contact greatly modifies the current conduction. The presence of impurities,
inconsistencies and asymmetry in structure may alter the effective potential barrier and
inhibit the flow of charge carriers, which may change the device characteristics. To solve this
problem, defect free nanowires are required. In this communication, we have studied
hydrogen-sensing properties of Pt/ZnO nanowire Schottky diodes by measuring current-
voltage (I-V) relationships at different temperatures.

The sensitivity tests were carried out in a test chamber, where the change in current was
measured at a fixed forward voltage (4 V) due to gas exposure. A known amount of highly
purified hydrogen was injected from an ampoule along with argon gas acting as a diluting
agent to get the required percentage (in ppm) of hydrogen in the measuring chamber. The
sensing characteristics were then recorded at different temperatures with various hydrogen
concentrations.

The sensitivity is defined as

S =—IGI‘ L (11)
A

r

where Ig and I, are the currents in hydrogen and argon ambient, respectively. The above
expression can be used for both the forward and reverse current modes at a fixed voltage.
Fig. 12(a) shows the variation of sensitivity with hydrogen concentration at room
temperature in the forward bias mode (4 V) for a representative device. One can observe
that the sensitivity increases linearly with hydrogen concentration till 2000 ppm, beyond
which it increases slowly and tends to saturate.

It seems that due to the increase in hydrogen concentration, more gas molecules are available
to be in contact with the device. Thus, one would expect the response to increase up to a
certain limit with increase in H, concentration as observed here. Afterwards, with the increase
in concentration sensitivity tends to saturate. This may be due to a saturation of adsorption of
hydrogen atoms at Pt/ZnO nanowire interface and lack of adsorbed oxygen ions at the
nanowire surface to react with gas molecules. Consequently, time resolved sensitivity
measurement has also been done. Fig. 12 (b) represents the variation of sensitivity with time,
measured at room temperature (300 K), when the test gas (hydrogen at 2500 ppm) is
introduced in the chamber. It is observed that the maximum sensitivity is obtained within 75
sec. After removal of the test gas, the sensor tends to come back to its initial state and this
change is exponential. Sensitivity decreases fast for first 50 seconds and then slowly to its
original state. Response time is defined as the time taken for the sensor to reach 90% of the
saturation value after gas exposure. The above observation suggests that the response time in
these devices is ~55 second. The response time for Pd/nano-GalN Schottky diode reported by
Das et al (Das et al., 2007) was ~12 min. On the other hand, Rout et al 1* have observed a higher
response time (~300 sec) by monitoring the change in conductivity due to hydrogen exposure.
Thus, the response time of the single nanowire-based Schottky diode, studied here, is superior
to those reported recently by other researchers (Das et al., 2007; Rout et al, 2007).
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Fig. 12. (a) Variation of sensitivity with hydrogen concentration measured at room
temperature in the forward current mode at 4 V. (b) Room temperature response behaviour

for 2500 ppm of hydrogen. (c) Temperature dependent sensitivity for three representative
hydrogen concentrations.

The contribution of ZnO nanowire surface and Pt/ZnO nanowire Schottky junction to the
sensing mechanism was varied with gas concentration and temperature. In order to
investigate the detail sensing mechanism, we have measured the sensitivity at different
temperatures with different gas concentrations and plotted in Fig. 12(c). The measurements,
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reported here, are taken at different temperatures after same interval (60 sec) of gas exposure
after the equilibrium has been established. The sensitivity versus operating temperature curve
shows a maximum at room temperature for 2500 ppm and decreases very slowly with
increasing temperature, whereas it increases slowly but linearly with temperature for
hydrogen concentration of 1000 ppm. On the other hand, for lower hydrogen concentration
(500 ppm) sensitivity increases slowly up to 323 K. Beyond that appreciable change in
sensitivity is observed. This can be explained by the temperature dependent adsorption and
desorption process on both the nanowire surface and Schottky junction. Although individual
contribution to the sensing mechanism is not distinguishable, but qualitatively one can explain
the whole mechanism by considering change in band diagram in two different parts, namely
ZnO nanowire surface and ZnO/Pt Schottky junction.

The hydrogen sensing mechanism, investigated in this study, is schematically shown in Fig.
13. Due to the geometry of the devices, the electric field near the junction between the ZnO
nanowire and metal is much higher. As a result, the gases around the contact easily dissociate
and ionized gases get adsorbed at ZnO/Pt Schottky junction even at room temperature. The
change in Schottky barrier height is likely to be the most important for H, sensing but ZnO
nanowire surface has also a contribution. However, this mechanism would be expected to
exhibit a large dependence on the temperature and the concentration of gas around the
devices. The sensing mechanism at nanowire surface can be explained in terms of the
oxidizing/reducing gas effect. It is well known that the ZnO surface adsorbs oxygen species
(Oz, 0%, O) from air by trapping conductive electrons and makes the nanowire more resistive.
Moreover, for a ZnO nanowire, high surface to volume ratio provides large number of surface
atoms, which can lead to the insufficiency of surface atomic coordination and high surface
energy (Liao et al., 2008). Therefore, the surface is highly active, which promotes further
adsorption of oxygen from the atmosphere. On the other hand, when the nanowire is exposed
to hydrogen environment, the reductive gas decreases the concentration of oxygen species on
the nanowire surface, which in fact increases the electron concentration in the nanowire. It
should be noted that the chemisorbed oxygen species depend strongly on temperature. Upon
exposure to Hy, it is the chemisorbed surface oxygen ions that participate in the redox reaction
preferably at higher temperature (Hudson J.B., 1998). The electrons, released from this process,
are responsible for the change in electrical properties of ZnO nanowire through band bending.
Thus, at higher temperatures, the nanowire surface will become more active for hydrogen
sensing. On the other hand, the characteristic of the nanosensor is largely determined by the
behavior at the Schottky junction. The electrical response comes from the variation of the
Schottky barrier height and barrier width as a result of adsorption of gaseous species at the
Schottky contact. The response due to adsorption can be explained from the band diagram at
the metal/ nanowire contact. After the exposure to hydrogen, Pt adsorbs hydrogen by
catalytic chemical adsorption. Some of the hydrogen atoms diffuse through the thin metal
layer and form a dipole layer at the interface of metal-semiconductor contact, which reduces
the Schottky barrier height (Schalwig et al., 2002). Although that may change the barrier width,
it is the height of the barrier that matters significantly for charge transport at room
temperature. As a result, both the forward and reverse current increases with the increase of
the hydrogen concentration. However, the Pt surface gradually saturates with the increase in
hydrogen concentration, so the rate of change of current decreases. When the gas ambient
switched from hydrogen to air, the oxygen reacted with hydrogen and the resistance of the
nanowires changed back to the original value. This is an attractive process for long term
application of hydrogen sensor.
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Fig. 13. (a) Schematic diagram of the Pt/ ZnO single nanowire hydrogen sensing mechanism.
Schematic energy level diagram of (b) Pt/ ZnO nanowire interface and (c) ZnO nanowire
surface.

The sensitivity depends on the combine effect of operating temperature and the hydrogen
concentration. The Schottky barrier height increases with temperature, while it decreases
with increase in hydrogen concentration. For higher hydrogen concentration (2500 ppm)
the interface becomes saturated even at room temperature. This results a small change
(decrease) in barrier height due to further adsorption of hydrogen atom with temperature,
but the barrier height of the junction increases. As a result, the sensitivity decreases
slowly with increase in temperature. But, for low hydrogen concentration (500 ppm), the
interface does not saturate and more hydrogen can be adsorbed with increase in
temperature. Thus, the sensitivity increases with increase in temperature for lower
hydrogen concentration. Quick response and stability are also important characteristics of
sensors. For quick response, the electron-exchange must take place rapidly so that
equilibrium is established during measurement. As the Pt/nanowire interface is very
small, a thin adsorbed hydrogen layer is formed quickly at the interface, which may block
further electron exchange and thus equilibrium occurs. Hence, further increase
in hydrogen concentration may eventually saturate the Pt/nanowire interface, which
limits further electron-exchange. Thus, the interface of the Pt/ZnO nanowire
Schottky device plays a significant role in quick response at room temperature hydrogen
sensing.
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5. Conclusion

In conclusion, Schottky dioded of single nanowire with different metal (Au, Ni and Pt) have
been fabricated by e-beam lithography. Detailed I-V characteristics of the Schottky diodes
have been investigated at different temperature. The barrier hight value and ideality factor
at different temperature for different Schottky diodes were obtained from I-V
measurements. The calculated barrier height value using generalized Norde method is in
good agreement with the value obtained from XPS measurements. However, the calculated
barrier height values are lower than theoretical value obtained from Schottky-Mott theory.
The effect of tunneling, Fermi level pinning and image force lowering have contribution, but
not enough to explain the barrier height lowering. The ionization of interface states by the
injected hot electrons result in the emptying the interface states and consequent Fermi-level
deepening at metal/semiconductor interface may be the possible reason for low barrier
height. The single nanowire Schottky diodes were used for UV detector (Au/ZnO
nanowire) and room temperature hydrogen sensor (Pt/ZnO nanowire). The schottky
contact and ZnO surface yield unambiguous information on the UV detection mechanism,
particularly in cases where the intensity of UV light is low. In case of Schottky diode, low
power UV detection is significant. Hydrogen-sensing behavior of Pt/ZnO nanowire
Schottky diode has suggested that it has good sensing characteristic (S = 90%) at room
temperature with a response time of ~55 s. The sensitivity shows a maximum at room
temperature for Hy concentration of 2500 ppm and decreases very slowly with an increase in
temperature, whereas it increases slowly with temperature for H, concentration of 500 ppm.
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InTecha€™s attempts to contribute to the promotion of this technology.
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