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Abstract
Ultraviolet photoconductivity in zinc oxide (ZnO) nanoneedles grown on the
surface of a multilayer structure comprised of ZnO film (50 nm)/Zn layer
(20 nm)/ZnO film (2 μm) fabricated on a stainless steel substrate using an
unbalanced magnetron sputtering technique is reported. It was observed
that the multilayered structure with ZnO nanoneedles exhibited enhanced
ultraviolet photoconductivity in comparison to the ZnO films that were without
nanoneedles. The enhancement in the photoconductivity is attributed to the
increase in the quantum yield of the photogenerated charge carriers due to the
presence of nanoneedles. A successive slow photoresponse transient following
after a fast rise is due to the establishment of equilibrium between the charge
carriers in the conduction band and the trapping centers created due to the
shallow defects in the ZnO film. The observed photoresponse is critically
analyzed on the basis of trapping levels created by the oxygen species during
the high pressure deposition of the ZnO multilayer. Results show the promise
of ZnO nanostructures in ultraviolet detection applications.

1. Introduction

Interest in the science of nanomaterials has stimulated intensive research interest in the
growth of nanostructures and the investigation of their properties. These one-dimensional
nanostructured materials have shown novel properties which are entirely different from the
bulk properties [1]. Nanostructures of wide band gap semiconductor materials are of particular
interest for their optoelectronic properties. ZnO, a wide band gap semiconducting oxide, is a
unique material with diverse properties and can be tailored for semiconducting, piezoelectric
and optoelectronic applications. In recent years the richest family of nanostructures has
been reported for ZnO amongst all other materials [2]. The nanostructures of ZnO include
porous structures, nanowires, nanoneedles, nanorods, etc and have been synthesized by a
variety of techniques including the chemical route method, thermal evaporation, vapor phase
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transport, sol–gel, the laser ablation technique, chemical vapor deposition, and molecular beam
epitaxy [3–9]. Large scale production of ZnO nanostructures is of interest in many commercial
applications such as the design of large arrays of three-dimensional network of nanorods
similar to the structures formed with highly oriented ferric oxide nanorod arrays that led to
the development of a hematite wet photovoltaic cell [10].

The ultraviolet (UV) photoconductivity in ZnO has been under scrutiny for ultraviolet
light detection applications [11–14]. The photoresponse behavior in ZnO has been shown
to depend on the growth conditions, structural deformation, presence of defects, and the
deposition technique [11–14]. Ultra thin films of ZnO grown by unbalanced magnetron
sputtering have been shown to possess an enhanced UV responsivity in comparison to thick
films [14]. The photoconductivity phenomena in ZnO is generally related to adsorption
and desorption of the chemisorbed oxygen from the surface of ZnO. Upon illuminating
with light having a wavelength larger than the band gap of the material, the photogenerated
holes so produced will keep on desorbing the chemisorbed oxygen species, and the liberated
electrons will result in an increase in photoconductivity. Such a mechanism can be effectively
implemented if nanostructures of ZnO are grown, where the surface to volume ratio is
larger in comparison to planar film structures. Few attempts have been made to study
the photoresponse behavior of ZnO nanowires and nanorods. Kind et al [15] studied the
photoresponse of ZnO nanowires grown by the vapor phase transport process, and explored
their potential for optical switches. Keem et al [16] reported on the photoresponse behavior
of ZnO nanowires grown by thermal evaporation of ZnO powder. They observed a slow
rise in the photoconductivity due to the surface related process. Ahn et al [6] studied the
photoconductivity of ZnO nanorods synthesized by the sol–gel technique and explained the
response behavior on the basis of adsorption and desorption of water molecules on the surface
of nanorods. However, no attempts have been made to enhance the photoconductivity of
ZnO films by synthesizing ZnO nanostructures on their surfaces and especially by using
the unbalanced magnetron sputtering technique, which is known to deposit ZnO films with
enhanced ultraviolet photoconductivity [12].

In the present work, ZnO nanoneedles have been synthesized on the surface of a
photoconducting ZnO film using the unbalanced magnetron sputtering technique. The
ultraviolet photoconductivity is shown to be enhanced with the presence of ZnO nanoneedles
and this is attributed to the increase in quantum yield of the photogenerated charge carriers due
to the bulk related phenomena.

2. Experimental details

ZnO thin films and the ZnO nanostructures were prepared using an radio frequency (rf)
magnetron sputtering technique. A six inch diameter metallic zinc (Zn) target (99.99% pure)
was sputtered in the O2:Ar gas ambient (80:20) under an applied rf power of 600 W. The
magnetic configuration in the magnetron electrode was intentionally altered to provide an
unbalanced magnetic field to accelerate the in situ ionic bombardment in the growing film
to yield a porous microstructure [12]. The ZnO film (2.0 μm thick) was deposited on a
stainless steel (SS) substrate at a relatively high sputtering pressure of around 30 mTorr. A
higher pressure is known to create the native defects in the growing films and has a significant
role in the photoconductivity phenomena [11, 12]. ZnO nanoneedles were grown on the surface
of the ZnO film by using an ultra thin (20 nm) buffer layer of Zn. The Zn layer was deposited
under similar processing conditions except in 100% Ar ambient. A 50 nm thin layer of ZnO
was further sputtered on the Zn(20 nm)/ZnO(2 μm)/SS structure. The deposited multilayer
structure was annealed in air at different temperatures (100, 200, 300, and 400 ◦C) for 1 h.
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(a) (b)

Figure 1. SEM images showing the growth of ZnO nanoneedles: (a) porous microstructure of ZnO
film (2 μm thick) on an SS substrate, (b) ZnO nanoneedles on the surface of a ZnO multilayer
annealed at 400 ◦C.

The surface morphology of the ZnO film and its nanostructures were studied using
scanning electron microscopy (SEM). A Philips x-ray diffraction system was used to study
the crystallographic orientation. Ultraviolet photoresponse relaxation studies were performed
on the ZnO samples by evaporating aluminum planar electrodes separated by a distance of
2 mm. The photoresponse transients were measured at room temperature using a black ray
UV lamp (model B 100 AP, λ = 365 nm), Keithley microvolt ammeter (model 150B), and
a Tektronix digital storage oscilloscope (model TDS 3032B). A Newport optical power meter
(model 1830-C) was used to measure the intensity of UV light.

3. Results and discussion

3.1. Growth of ZnO nanoneedles

ZnO film (2 μm thick) on a SS substrate was found to possess a preferred c-axis orientation.
The surface roughness of the film was estimated to be very high (∼130 Å) and is attributed to
the high pressure deposition of the film (30 mTorr). SEM analysis showed that the ZnO film
on the SS substrate had a porous microstructure with the presence of large amount of voids
(figure 1(a)). The presence of porosity could be attributed to deposition under relatively high
O2 partial pressure using an unbalanced magnetron electrode configuration. ZnO nanoneedles
were observed on the surface of the multilayer structure when annealed at 300–400 ◦C. The
details regarding the growth and the growth mechanism of the ZnO nanoneedles are reported
elsewhere [13]. Figure 1(b) shows the SEM micrographs of the deposited layered structure
ZnO(50 nm)/Zn(20 nm)/ZnO(2 μm)/SS annealed in air at 400 ◦C. Figure 2 shows the schematic
diagram of the nanoneedle formation on the surface of the ZnO film. The ultrathin (20 nm)
film of Zn is expected to be distributed with a discontinuous structure on the thick ZnO film
(2 μm) surface and may act as a catalyst to seed the growth of ZnO nanoneedles when annealed
at moderate temperature (300–400 ◦C). The catalytic driven growth of ZnO nanostructures
using gold, silver, and graphite as seed has been reported by other workers as well using other
techniques [8, 9, 17]. In a recent report [18], ZnO nanowires were synthesized by physical
vapor deposition by evaporating Zn powder at 750 ◦C, and the nanowire growth was observed
on a pulsed laser ablated ZnO thin film deposited on a Al2O3 substrate placed downstream of
the furnace tube. They attributed the evaporated Zn particles with acting as a self catalyst and
resulting in the growth of ZnO nanowires.

The XRD pattern of the ZnO nanoneedles grown on the ZnO surface showed peaks
corresponding to ZnO powder only and revealed a polycrystalline structure, as shown in
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Figure 2. Schematic diagram showing the various steps involved in the growth of ZnO nanoneedles:
(a) ZnO film (2 μm) deposited on an SS substrate, (b) ZnO multilayer comprised of ZnO
(50 nm)/Zn(20 nm)/ZnO(2 μm)/SS, and (c) growth of ZnO nanoneedles on the surface of a ZnO
film when the multilayer structure was annealed at 400 ◦C.

Figure 3. X-ray diffraction patterns of ZnO nanoneedles obtained on the surface of the ZnO film.

figure 3. It is important to point out that the underlying ZnO film (2.0 μm) in the multilayer
structure was preferentially oriented with the c-axis normal to the substrate, whereas the
nanoneedles formed on the surface are of mixed orientation and polycrystalline in nature. It is
reported that the ZnO films possessing polycrystalline nature exhibit a higher photoconductivity
in comparison to the preferentially oriented films [11, 12]. Therefore, we are expecting
enhanced photoconductivity in ZnO films coated with ZnO nanoneedles. The two structures (A)
ZnO film (2 μm)/SS and (B) ZnO nanoneedles/ZnO (2 μm)/SS as shown in figures 2(a) and (c)
respectively were chosen for the ultraviolet photoconductivity study to reveal the influence of
the dispersal of nanoneedles on the surface of ZnO in the observed photoconductivity transient.
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Figure 4. Photoresponse relaxation curves of: (a) ZnO film (2 μm) on an SS substrate, and
(b) ZnO nanoneedles obtained on the surface of the ZnO film. The solid curve (b) represents
the experimentally observed response and the marker (×) represents the theoretical fit of the
photoresponse behavior of ZnO nanoneedles.

3.2. Ultraviolet photoresponse

Figure 4 shows the UV photoresponse transient on both the structures A and B at room
temperature under a UV light illumination intensity of 1 mW cm−2. The photoresponse
transient of the structure A was found to increase with time slowly under UV illumination
(figure 4(a)). It can bee seen that the rise and decay of the photoresponse is slow. It is important
to note that ZnO film deposited on an SS substrate is preferentially oriented along the c-axis and
showed a reasonably good UV photoconductivity. This result is in contradiction to the earlier
reported results where no appreciable photoconductivity was observed in the c-axis oriented
sputtered ZnO films [11, 12]. The observed photoconductivity in the c-axis oriented films
may be due to the presence of defects in the films deposited under an unbalanced magnetron
configuration, which in turn is influenced by the processing conditions. In the present study,
ZnO films were deposited at relatively high pressure, ∼30 mTorr, and higher O2:Ar ratio
(80:20). The higher pressure of oxygen may be attributed to the presence of native defects
in the ZnO films and yield a UV photoresponse with the observed characteristics.

On the other hand, structure B having ZnO nanoneedles on the surface of ZnO film
showed enhanced ultraviolet photoconductivity in comparison to structure A (figure 4(b)).
The UV photoconductivity in structure B was initially found to increase rapidly, and then
it became relatively slow under UV light illumination. When the UV was switched off,
initially the photoconductivity decay was very sharp and then it became slow (figure 4(b)).
The UV photoconductivity in ZnO is basically governed by two processes (i) surface related
process and (ii) bulk related process. The surface related photoconductivity is primarily
governed by the adsorption and desorption of the chemisorbed oxygen at the surface of
the ZnO. The electron killing ability of the chemisorbed oxygen acts as a depletion layer.
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i.e. O2(g) + e → O−
2 (adsorbed species). Upon UV light illumination, the photogenerated

holes are produced and release the captured adsorbed species, i.e. O−
2 ion, by leaving behind an

electron, i.e. O−
2 + h+ → O2 (g). In the bulk related process, some O2 neutrals are embedded

in the grain boundaries and form oxygen ions by taking up an electron. Upon UV light
illumination, these species liberate electrons by capturing the photogenerated holes, and the
photogenerated electrons drift in the electric field and contribute to the photoconductivity. This
bulk related process is considered to be fast in comparison to the surface related process [11].
In the present case, the initial fast rise in the photocurrent of the ZnO nanoneedles (structure
A) can be attributed to the electronic process, which involves the reduction in the barrier height
due to the photogenerated electrons from the oxygen defects. The x-ray analysis revealed
the polycrystalline nature of the nanoneedles and their growth at higher oxygen pressure, and
subsequently the annealing in air (at 400 ◦C) may be responsible for the presence of oxygen
as interstitial defects. Similarly, the initial fast decay of the photoconductivity of the ZnO
nanoneedles (structure B) is very fast, as can be seen in figure 4(b). The initial fast decay
may be attributed to the bulk related process. On the contrary, the photoresponse behavior
of structure A, i.e. ZnO film without nanoneedles (figure 4(a)), seems to be governed by the
surface related process where the chemisorbed oxygens are acting as shallow traps, thereby
releasing electrons slowly under UV light illumination. It may be noted that the photoresponse
transient behavior of structure A is similar to that of structure B except for the initial fast rise
and fast decay components (figure 4). This indicates that the role of dispersal of nanoneedles
on the surface of the ZnO film becomes significant during the initial phase of the response
curve where the bulk related phenomena dominates, giving higher and fast photosensitivity.
The surface related phenomena due to the chemisorbed oxygen on the surface of the ZnO film
is also operating simultaneously, which becomes more apparent after a sufficiently long time
when the surface related process dominates the bulk process.

3.3. Trap related photoconductivity

The observed photoresponse transient could be understood more clearly on the basis of traps
that are either deep or shallow present in the forbidden gap region between the conduction and
the valence band. The photoresponse curve obtained in structure B, i.e. the ZnO nanoneedles
shown in figure 4(b), appears to be a clear case of non-steady-state where the establishment of
equilibrium between the charge carriers available in the conduction band and the trapping levels
requires a time that is expected to be much greater than the lifetime of the electron (τn). The
trapping levels in such a case are called multiple trapping levels. If m is the density of charge
carriers trapped at the multiple trapping levels M , then the electron density in the conduction
band can be written as [19]

n = βk I [γn Mθ2(1 − e−t/θ ) + γn NcM θ t], (1)

where k, β , and Yn , are the optical absorption coefficient, true quantum yield, and coefficient
of capture of electrons by traps. I is the intensity of UV light and NcM is the effective density
of states in the conduction band reduced to the trap level M . The parameter θ is defined by
1/γn(M + NcM ), which has the dimension of time. According to equation (1), the rise in the
photoresponse curve may be divided into two parts: one part for t � τn , i.e. fast rise, and the
second part for t � τn, i.e. slow rise.

A linear and fast rise in the photoconductivity of the ZnO nanoneedles, i.e. structure B, was
observed for t < 1.56 s. The linear fast rise observed in the case of ZnO nanoneedles indicates
that the behavior is the bulk related process. It is interesting to note that no such linear rise was
observed in the photoresponse behavior of the ZnO films without nanoneedles, indicating that
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the enhancement in the true quantum yield is due to the presence of ZnO nanoneedles on the
surface of the ZnO film. The major contribution to the quantum yield of the photogenerated
charge carriers is expected from the ionized oxygen defects embedded at the boundaries of the
polycrystalline ZnO nanoneedles. Under UV illumination the photogenerated holes combine
with the ionized oxygen to release the captured electrons and this results in an increase in the
quantum yield. It may be noted that the average diameter of the ZnO nanoneedles distributed on
the surface of the ZnO film was ∼20 nm and it is expected that the UV light will penetrate the
entire nanoneedle. This also confirms that quantum yield of charge carriers is a bulk generated
process, which leads to a fast rise in the photoresponse curve of the ZnO nanoneedles as shown
in figure 4(b). This is in agreement with the earlier finding of Zhang [11] where the bulk related
process was identified to be faster. The enhancement in the quantum yield due to the presence
of ZnO nanoneedles should also lead to a fast decay when switching UV light from the on to
the off state, and has also been experimentally verified (figure 4(b)). For t � θ , equation (1)
reduces to

n1 = βk I t . (2)

It may be noted that equation (2) is independent of the trapping or the recombination. A kink
in the photoresponse curve of the ZnO nanoneedles was observed at t = θ = 1.56 s. This
kink is attributed to the establishment of the equilibrium between the conduction band and the
trapping levels. The subsequent relaxation under equilibrium conditions (between M levels and
the conduction band) should reduce the slope of the photoresponse curve and a similar behavior
was observed in the present study for t < θ , as shown in figure 4(b). For t � θ , the expression
for the electron density in the conduction band (equation (1)) can be rewritten as

n = βk I t
NcM

NcM + M
. (3)

Equation (3) represents a linear curve having a slope less than the slope of the curve represented
by equation (2) by a factor NcM /(M + NcM ), which is the fraction of charge carrier density
available in the conduction band and the remaining charge carriers are at the trapping levels
(M). Under equilibrium condition M > 0 and a kink with an abrupt change in the slope of the
photoresponse curve is expected at t = θ . If the trapping levels tend to zero (i.e. M → 0), the
second slope of the photoresponse curve (for t > θ ) tends to reach the initial slope (t < θ ).
Therefore, we can infer that the presence of trapping levels and their density are critical
and have a significant role on the photoresponse behavior. In the absence of any traps, the
photocurrent produced by the UV light illumination should quickly rise, corresponding to the
true quantum yield with a slope βK I , as observed in the present case of ZnO nanoneedles for
t < θ (figure 4(b)). When a slow rise in the photoresponse behavior was observed (figure 4(b))
for t > θ , the ratio of n to m corresponds to thermal equilibrium and in the absence of
degeneracy the electron density for t > θ is given by [19]

n2 = βk Iτn(1 − e− t
τ ′ ) where τ ′ = τn

(
1 + M

NcM

)
. (4)

The equations (2) and (4) represent the charge carrier density under UV light illumination for
a photoconducting sample for t < θ and t > θ respectively. The electron density in the
conduction band at time t under UV light illumination can be expressed as

n = n1[u(t) − u(t − θ)] + n2[u(t − θ)], (5)

where u(t) is the unit step function. The observed photoresponse in the ZnO nanoneedles
was qualitatively analyzed by fitting the experimental data using the theoretical equations (1)–
(5). The value of βK I and NcM /M was estimated from the fitting of equations (2) and (3).
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The experimentally observed photoresponse curves match very well with the theoretical curve
generated using the fitting parameters. The average lifetime of the charge carriers was estimated
to be ∼1.56 s for t � θ , and was found to increase with increasing time (t > θ ) to an average
value of ∼17.56 s. The increase in the average lifetime of the electrons after t > θ is due to
the equilibrium between the carriers present in the conduction band and the trapping levels.

Initially (t � θ ) the charge carriers jump to the conduction band under UV light
illumination and the role of trapping centers or the recombination centers can be eliminated
in this region. Therefore, during this time the dominating mechanism for the photoconductivity
is the bulk related process, which leads to lower the lifetime of the charge carriers by ruling out
the possibility of interactions with the trapping levels. However, after some time (t ≈ θ ), an
equilibrium is established between the charge carriers present in the conduction band and M
trapping levels. It is expected that the charge carriers, after being captured by the trapping
levels, jump back to the conduction band due to the thermal transition. The process of
equilibrium remains until the electron manages to meet a hole and finally recombines. Thus,
the trapping phenomena ultimately result in an increase in average lifetime of the electrons
from 1.56 s to 17.56 s. After t > θ , the fraction of electrons present in the conduction band,
i.e. NcM /(M + NcM ), is estimated to be around 13% and the rest of the charge carriers remain
at the M trapping levels. The return probability (γn NcM ) of the electrons to the conduction
band is found to be ∼8 × 10−2. The smaller value of the return probability also indicates that
the probability of electrons remaining at the M levels is greater than their possible transition
to the conduction band. The availability of large numbers of charge carriers at the M levels
supports the earlier explained mechanism of an increase in the average lifetime of the electrons.
Since the M levels are highly populated (t > θ ), these electrons do not take part in the
photoconduction process and the rise in photocurrent (for t > θ ) is reduced with time by a
fraction NcM /(M + NcM ).

When UV light illumination was switched off, the initial decay in the photoresponse
behavior of structure B (ZnO nanoneedles) was very fast followed by a slow decay (figure 4(b)).
However, no such fast initial decay was observed in the photoresponse decay curve of the
structure A, i.e. ZnO thin films that were without nanoneedles (figure 4(a)). The fast initial
decay in the ZnO nanoneedles is attributed to the bulk related phenomena as explained earlier.
The decay transient was found to follow the exponential decay after the initial fast fall,
i.e. βk Iτne−t/τ .

The slow photoresponse at the onset when the UV was switched on and at the removal of
UV light in the structure A (ZnO films without nanoneedles) is attributed to the surface related
process. Chemisorbed oxygen species on the surface of the ZnO film act as shallow trapping
levels. The equilibrium is maintained between the conduction band and the shallow trapping
level soon after the UV light was switched on and off. This is in contrast to the photoresponse
behavior observed in structure B (ZnO films with nanoneedles), where the equilibrium is
established between the photogenerated charge carriers in the conduction band and the trapping
levels after a time t ≈ θ . The photoresponse transient behavior of structure A was also fitted
theoretically using equations (2)–(5) and utilizing the same fitting parameters as obtained for
structure B except βK I = 0 (eliminating the fast rise). It is interesting to note that the observed
fitted curve matches well with the experimentally observed photoresponse curve of structure A.
This clearly suggests that the contribution of ZnO nanoneedles is significant in enhancing the
photoconductivity and the initial fast rise and fast decay. However, after t = θ , the response
behavior of both structures A and B became nearly similar and this is due to the surface related
defects in the ZnO film (figure 4).

When tested at varying UV light intensities, the ZnO film with and without ZnO
nanoneedles showed a linear variation (figure 5). However, the slope of the linear curve
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Figure 5. Variation of photocurrent with UV light intensity for: (a) ZnO film (2 μm) on an SS
substrate, and (b) ZnO nanoneedles obtained on the surface of the ZnO film after annealing the ZnO
multilayer at 400 ◦C.

corresponding to a ZnO film having nanoneedles (structure B) is more than the ZnO film
without nanoneedles (structure A). The true quantum yield of a photoconducting material
depends on the UV light intensity. The quantum yield in structure B is more due to the
presence of nanoneedles, thereby yielding a linear curve having a higher slope in comparison
to structure A (figure 5).

4. Conclusions

The presence of ZnO nanoneedles on the surface of ZnO film showed interesting
photoconductivity behavior. The surface covered with the ZnO nanoneedles showed enhanced
ultraviolet photoconductivity with an initial fast rise and fast decay in comparison to the
ZnO films that were without nanoneedles. The fast response is attributed to the bulk related
defects present in the ZnO nanoneedles, while the successive slow response is due to the
establishment of equilibrium between charge carriers in the conduction band and the trapping
levels due to the surface related defects in ZnO film. The enhanced UV photoconductivity in
the ZnO nanoneedles could have myriad applications in designing photodetector elements with
improved performance.
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