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Abstract
The electrical and optoelectronic properties of nanometer-sized ZnO structures are highly
influenced by its native point defects. Understanding and controlling these defects are essential
for the development of high-performance ZnO-based devices. Here, an electrical device
consisting of a polycrystalline ZnO-coated silica nanospring was fabricated and used to
characterize the electrical and photoconductive properties of the ZnO layer using near-UV
(405 nm) and sub-bandgap (532 and 633 nm) excitation sources. We observe a photocurrent
response with all three wavelengths and notably with 532 nm green illumination, which is the
energy associated with deep oxygen vacancies. The polycrystalline ZnO-coated silica nanospring
exhibits a high responsivity of 1740 AW−1 with the 405 nm excitation source. Physical models
are presented to describe the photocurrent rise and decay behavior of each excitation source
where we suggest that the rise and decay characteristics are highly dependent on the energy of
the excitation source and the trapping of electrons and holes in intermediate defect levels in the
bandgap. The energy levels of the trap depths were determined from the photoconductive decay
data and are matched to the reported energy levels of singly and doubly ionized oxygen
vacancies. A phenomenological model to describe the dependence of the saturation photocurrent
on excitation intensity is presented in order to understand the characteristics of the observed
breaks in the slopes of the saturation photocurrent versus excitation intensity profile.

Keywords: nanocoils, nanosprings, nanowires, photoconductivity, photocurrent, photodetectors,
zinc oxide

(Some figures may appear in colour only in the online journal)

1. Introduction

ZnO has a direct wide bandgap (3.37 eV) and a large exciton
binding energy at room temperature (60 meV), which make it
an excellent semiconducting candidate for a variety of
applications, including UV photodetection [1–5], solar energy
conversion [6, 7], chemical sensing [8–11], light emitting

diodes [12, 13], and piezoelectric nanogenerators [14]. ZnO is
also one of the most promising metal oxide semiconducting
materials for photodetection applications due to its non-toxi-
city, low cost, ability to be easily synthesized [15], and high
electron mobility [7]. Many of the aforementioned studies
link ZnO’s wide bandgap with UV applications; however,
applications such as those used for solar energy conversion

Nanotechnology

Nanotechnology 32 (2021) 035202 (16pp) https://doi.org/10.1088/1361-6528/abbcec

0957-4484/21/035202+16$33.00 © 2020 IOP Publishing Ltd Printed in the UK1

https://orcid.org/0000-0002-2125-5702
https://orcid.org/0000-0002-2125-5702
https://orcid.org/0000-0003-1199-9676
https://orcid.org/0000-0003-1199-9676
mailto:dave.mcilroy@okstate.edu
https://doi.org/10.1088/1361-6528/abbcec
https://crossmark.crossref.org/dialog/?doi=10.1088/1361-6528/abbcec&domain=pdf&date_stamp=2020-10-21
https://crossmark.crossref.org/dialog/?doi=10.1088/1361-6528/abbcec&domain=pdf&date_stamp=2020-10-21


require a wide spectral response with photodetection sensi-
tivity in the visible light region. Tuning a pristine one-
dimensional ZnO nanowire (NW) photodetector to the visible
spectrum has been achieved by surface functionalization with
gold nanoparticles [16] and carbon nanodots [17], by doping
with Cu [18] and Mn [19], and by creating a core–shell
structure consisting of a ZnO NW core and Zn-rich ZnO shell
[20]. A visible response has also been observed in ZnO epi-
layers [21], polycrystalline ZnO [22], ZnO nanocones [23],
and thin-film ZnO [4], all of which include a variety of native
point defects (NPDs) in the bandgap such as oxygen and zinc
vacancies, and zinc interstitials. Successful control of the
NPD density in ZnO nanostructures has been achieved
through doping, modifying growth conditions [24], and
annealing [22, 23]. The high surface-to-volume ratio of ZnO-
based nano-architectures, which is vital to the performance of
the many applications of ZnO, is also greatly affected by a
strong sensitivity to these NPDs. Understanding and con-
trolling of NPDs and how they affect the electrical and
optoelectronic properties of ZnO nanostructures is therefore
paramount for the optimization of ZnO-based device
architectures.

NPDs have been extensively studied via photo-
luminescence, which has given evidence for an abundance of
deep and shallow defect levels arising from several prominent
emissions in the red, orange, green, and violet [4, 23, 25–29].
The green emission has been thoroughly reported [23,
25–28], however its origins are still controversial due to the
complexity of the analyzation of the photoluminescence
spectra arising from the multiple possible donor–acceptor
combinations that can match experimental photoluminescence
energies. Identifying the origin of the green emission energy
level is further complicated by variations in the theoretically
calculated depths of the NPD energy levels [30, 31]. The sub-
bandgap photocurrent response of a variety of unmodified
ZnO structures has been reported [4, 21–23, 27, 32–39];
however, only approximately half of these studies have
reported a photocurrent response with green light
[4, 23, 27, 32, 35, 37, 38], and even fewer present models for
photocurrent generation and recombination from green and
other sub-bandgap illumination sources. The dependence of
the saturation photocurrent on excitation intensity has also
been reported for ZnO-based materials [1, 2, 19, 33, 40–42].
However, to the best of our knowledge, no phenomenological
model exists to explain the observed breaks in the slope of the
saturation photocurrent versus excitation intensity profile
for ZnO.

Here, we report on the electrical and photoconductive
properties of a thin ∼70 nm polycrystalline ZnO coating on a
silica nanospring (NS) to study how near-UV (405 nm) and
sub-bandgap (532 and 633 nm) excitation affects the photo-
current rise and decay response, responsivity, and the exci-
tation intensity dependence of the saturation photocurrent. We
observe that the polycrystalline ZnO-coated silica NS exhibits
a typical two-step fast and slow rise and decay photocurrent
behavior. Despite the two-step rise and decay processes
having been well documented in previous literature, there is
much debate concerning the predominant underlying physical

processes used to describe the rise and decay photocurrent
behavior observed for ZnO-based photodetectors
[4, 21, 32, 35, 36, 38, 43–49]. It is well known, however, that
these photoconductive properties are highly dependent on
NPDs and their corresponding energy levels within the
bandgap [4, 21–23, 32, 36, 45, 47]. We first provide a review
of these NPDs and their interactions with external atmo-
spheric conditions, their behavior as electron (hole) traps, and
their sources of sub-bandgap photocurrent generation. We
then present physical models to describe the near-UV and
sub-bandgap photocurrent rise and decay behavior observed
in our experiments. The physical models show that the
observed differences in the rate of change in the rise and
decay of the photocurrent for each excitation source is highly
dependent on the excitation wavelength and the trapping of
carriers within the bandgap. Finally, we present a phenom-
enological model to explain the observed breaks in the slope
of the saturation photocurrent versus excitation intensity
profile. These results provide a better understanding of the
visible photocurrent response in ZnO, which is critical for the
advancement of ZnO-based devices and applications that
require them to have a wide spectral response.

2. Experimental

2.1. Silica NS growth

Silica NSs were grown on Si/SiO2 (500 nm thermal oxide)
substrates using a modified chemical vapor deposition process
previously described by Wojcik et al [50] and Wang et al
[51]. Initially, a ∼5–10 nm thick layer of Au was sputtered
onto the Si/SiO2 substrate, serving as the catalyst for NS
growth. The atmospheric pressure and low temperature (350
°C) growth conditions in the initial phases of NS growth
facilitates the formation of an asymmetrical Au–Si catalyst
shape. Multiple amorphous individual silica NWs ranging in
diameters from ∼10 to 20 nm are then formed beneath the
catalyst. Variations in the growth rates of the individual silica
NWs produces an asymmetry in the interfacial surface tension
and hence a variable work of adhesion (contact angle) along
the boundary of the catalyst-NW interface. The variable work
of adhesion provides the asymmetry necessary for a helical
precession of the catalyst that subsequently produces a helical
structure. The helical shapes of individual NSs are random
and varied; however, the helical shape of an individual NS is
usually well-defined for micron-long sections of its free-
length. The free-length of individual NSs are on the order of
hundreds of microns, and the wire diameter ranges from ∼70
to 500 nm. The growth of NSs on a flat substrate produces a
highly dense mat resulting in an area density of ∼1.5 mg of
NSs per cm2 [52].

2.2. ZnO deposition on silica NSs

Following NS growth, a thin ∼70 nm coating of ZnO was
applied to the silica NS surface using a custom-built atomic
layer deposition (ALD) system [9, 10, 53]. The system
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consisted of a tube furnace acting as the reaction chamber,
which was operated at 170 °C and used the precursors diethyl
zinc (DEZn) and deionized water (DI) as sources of zinc and
oxygen, respectively. The ALD cycle began with the system
under vacuum at a base pressure of ∼400 mTorr. A 250 ms
pulse of DEZn into a 6 sccm flow of Ar pressurized the
system to ∼2 Torr. The system was then purged for 2 s with
Ar and subsequently returned to the base pressure. An iden-
tical cycle was repeated, except for DI in lieu of DEZn,
completing the full ALD cycle. The pressurization of the
reaction chamber during the DEZn and DI pulses facilitates
diffusion into the mat of NSs. A typical ALD process con-
sisted of 150 cycles and produced an average ZnO thickness
of ∼70 nm [9, 53].

2.3. Device fabrication

The Si/SiO2 substrates with ZnO-coated silica NSs (ZnO-
NSs) were placed in isopropanol (IPA) and gently agitated
with a submersed pipette to suspend individual ZnO-NSs in
the IPA. Si/SiO2 (500 nm thermal oxide) substrates were
prepared for photolithography via cleaning sequentially with
acetone, IPA, and DI, followed by drying with N2. A drop-
casting method was used to transfer the ZnO-NSs onto the
Si/SiO2 substrates by using a pipette to draw from the
solution of ZnO-NSs/IPA and allowing the solution to eva-
porate on the Si/SiO2 surface. The drop casting process was
repeated until a sufficient quantity of ZnO-NSs were depos-
ited on the Si/SiO2 substrate. A standard bi-layer photo-
lithography process using LOR3A and SPR220-4.5
photoresist was used to create a pattern of 27 interdigitated
electrodes on the Si/SiO2 substrate. Both resists were man-
ufactured by MicroChem Corporation. The channel length of
each interdigitated electrode was ∼12 000 μm to increase the
probability of making sufficient contact with a single ZnO-
NS. The patterned substrates were coated sequentially with Ti
(20 nm) and Au (200 nm) via thermal evaporation to create
electrical contacts; then the photoresist and Ti/Au were
removed in photoresist remover. A micromanipulator
(Micromanipulator Model 110 with Model 7 A probe tip) was
used in concert with an Olympus BX51 optical microscope to
remove all but one ZnO-NS bridging the electrode gap. The
single ZnO-NS device was annealed in a tube furnace at
temperatures of 300 °C and 400 °C while continually flowing
Ar at a rate of 50 sccm to improve the electrical conductivity
between the ZnO-NS and the contacts. The furnace was
ramped to the final anneal temperature in 15 min then shut off
and allowed to cool for several hours to ∼50 °C. The un-
annealed and annealed device at 300 °C both displayed cur-
rent–voltage curves in the dark that were characteristic of a
Schottky barrier. Annealing at 400 °C produced an Ohmic
response, which is discussed in section 5.1.

2.4. ZnO-NS device and ZnO structural characterization

Electrical measurements were acquired with a Keithley Model
2400 using a two-point probe method with two micro-
manipulators (Micromanipulator Model 110 with Model 7 A

probe tip). The single ZnO-NS device was placed on an
Olympus BX51 microscope stage and illuminated with
633 nm HeNe (Melles Griot Model 05-LHR-927), 532 nm
(AixiZ Model AD-532-25ADJ), and 405 nm (AixiZ Model
AH405-201 230) excitation sources, which were focused on
the ZnO-NS with a 10× microscope objective producing a
spot size of ∼300 μm. The laser intensity was controlled with
a Newport Optics circular variable neutral density filter and
measured at the sample with a Thor Labs model PDA36A Si
photodetector. The crystal structure of the ZnO coating was
characterized with a Siemens x-ray diffractometer D5000
(XRD) using the Cu Kα line and 2° steps (λ=1.54 Å).
Scanning electron microscopy (SEM) images were obtained
with a Zeiss Supra 35 SEM. All electrical and optoelectronic
measurements were performed at room temperature and
atmospheric pressure.

3. Background on defects, and photoconduction and
recombination mechanisms in ZnO

The UV and sub-bandgap photocurrent response of ZnO is
more complex than a typical band-to-band photocurrent
response because of the characteristic long rise and decay
behavior which are indicative of long electron lifetimes
arising from photocurrent generation and recombination
processes due to the various NPD types and their corresp-
onding energy levels within the bandgap of ZnO. Typically, a
two-step fast and slow rise and decay photocurrent behavior is
observed for ZnO; however, there is still much debate con-
cerning the predominant underlying physical processes used
to describe these photocurrent behaviors that have been well
documented in previous literature [4, 21, 32, 35, 36, 38,
43–49]. Furthermore, the literature remains a tangled web of
information regarding these photocurrent behaviors. There-
fore, we present the following review of NPDs, and photo-
conduction and recombination mechanisms in ZnO to
elucidate the many photoconduction and recombination
mechanisms which have been documented in literature, and to
provide a foundation for understanding how NPD interactions
with external atmospheric conditions, behavior as electron or
hole traps, and sources of photocurrent generation can be used
to describe the fast and slow rise and decay photoconductive
behavior in our proposed physical models.

There are four main types of NPDs in ZnO: oxygen
vacancies (Vo), zinc vacancies (VZn), zinc and oxygen inter-
stitials (Zn ,i Oi), and antisites [23, 54]. Oxygen vacancies and
zinc interstitials create donor levels, and the zinc vacancy is
an acceptor level [23, 55]. Oxygen and zinc vacancies are
considered to be the most predominant defects in ZnO
[23, 56]. Theoretical studies have shown that the oxygen
vacancy is actually a deep double donor, contrary to the
notion that it created an abundant free-electron density and
was responsible for the dominant n-type conductivity
observed for ZnO [57]. Photoluminescence, electro-
luminescence, and density functional theory studies have
shown that the neutral oxygen vacancy (Vo

0) lies
∼0.9–1.65 eV above the valence band (VB) edge [30, 58, 59],
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while its singly ( +Vo ) and doubly ( ++Vo ) charged oxidation
states have been reported to lie ∼0.9–2.5 eV [4, 25–27] and
∼2.25 eV [23] above the VB edge, respectively. The zinc
vacancy has three possible charge states: V ,Zn

0 -V ,Zn and --VZn
[31, 55], which are reported to lie ∼0.3 eV [60], ∼0.7 eV
[29], and ∼2.8 eV [29] above the VB edge, respectively. The
zinc interstitial is a shallow double donor which lies
∼3.18 eV (∼0.22 eV) above the VB (below the conduction
band (CB)) [28, 59], and the oxygen interstitial has been
reported to lie ∼0.9 eV above the VB [27, 61]. The reported
energy levels for a variety of NPDs in ZnO are shown in
figure 1(a). The distances in eV from the CB (VB) are shown
above their respective NPD type as reported from literature.
The wide range in reported values of the various NPD energy
levels is due, in part, to the complexity of the analyzation of
photoluminescence spectra arising from the numerous
acceptor–donor combinations that can match experimental
photoluminescence energies, and is exacerbated by the var-
iations of the theoretically calculated defect energy levels as
shown in figure 1(a) and in the band diagram included in an
article by Tam et al [62].

It is well known that in the dark, free electrons from ZnO
are captured by the adsorption of oxygen on the ZnO surface,
which induces an upward band bending, forming a low
conductivity depletion region on the surface of a NW
[35, 36, 43, 45–47]. In the case of polycrystalline ZnO, a
depletion region is formed at the grain boundary between two
adjacent crystals. Grain boundaries of polycrystalline ZnO
have been shown to contain a higher density of defects
compared to grain centers, and grain boundaries host the

numerous defect sites that are responsible for the adsorption
of oxygen molecules [32]. According to density functional
theory, a dissociative chemisorption of atmospheric oxygen
occurs at the oxygen vacancy defect site of ZnO by filling the
vacant oxygen site with one atomic oxygen [63]. Physisorp-
tion was also found to occur on the surface of defect-free
ZnO, however, because of the abundance of oxygen vacan-
cies in ZnO, oxygen vacancy defect sites were found to be the
more favored adsorption sites for oxygen [63]. These results
suggest that chemisorption is preferred over physisorption,
and that chemisorption of atmospheric oxygen occurs at
oxygen vacancy defect sites that are abundant on the struc-
turally disordered grain boundaries of polycrystalline ZnO.

Figure 1(b) is a schematic representation showing two
adjacent ZnO nanocrystals displaying the grain boundary,
with a corresponding band diagram and upward band bending
induced by the adsorption of atmospheric oxygen to the high
density of oxygen vacancy defect sites on the structurally
disordered grain boundary. The potential barrier formed by
the adsorption of atmospheric oxygen on the grain boundary
gives rise to a conduction and depletion region allowing for
the separation of electrons and/or holes during illumination
with UV and sub-bandgap excitation sources. Typically, the
initial rapid rise in ZnO photocurrent is attributed to band-to-
band excitations of electron–hole pairs in the case of UV
excitation [3, 45, 64], and to excitations of electron–hole pairs
arising from optical transitions between defect states and the
CB in the case of sub-bandgap illumination [21, 23, 65]. In
the former case, holes are swept to the grain boundary via the
built-in potential; in the latter, holes are trapped in defect

Figure 1. (a) The reported energy levels of various NPDs in ZnO: (1) [25], (2) [26], (3) [23], (4) [59], (5) [27], (6) [4], (7) [28], (8) [29], (9)
[60], (10) [61]. (b) A schematic representation of two adjacent ZnO crystals showing the conduction and depletion regions, and the high
density of adsorbed oxygen near the grain boundary. Below is the matching band diagram showing the photoconduction and recombination
mechanisms in polycrystalline ZnO: electron–hole pair generation via (i) band-to-band, (ii) defect level to conduction band, and (iii) valence
band to defect level. Oxygen desorption via (iv) hole capture, and (v) a photon-assisted molecule desorption mechanism. (vi) Oxygen
adsorption. Hole (vii) capture and (viii) release to and from a defect state. Electron–hole recombination (ix) at a recombination center and (x)
via band-to-band recombination.
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levels lying within the bandgap. In both cases, the separation
of photogenerated holes and electrons increases the electron
lifetime, as they are unlikely to recombine with holes. The
result is a rapid increase in photocurrent. Sub-bandgap illu-
mination can also excite electrons from the VB to a defect
level lying within the bandgap [23, 32]. Here, holes are cre-
ated in the VB, and the excited electrons that are confined to
the defect level do not significantly contribute to the total
conductivity. In this case, an increase in conductivity is
attributed to a mechanism by which holes swept to the surface
via the potential gradient release adsorbed oxygen through an
electron–hole recombination mechanism to remove oxygen
from the surface (oxygen desorption), thereby releasing
trapped electrons which are then able to contribute to the
conductivity [32]. These three electron–hole pair generation
mechanisms for UV and sub-bandgap excitation are shown in
figure 1(b) and labeled as processes (i)–(iii). The oxygen
desorption mechanism is labeled as process (iv) in figure 1(b).
A significant photocurrent response is also suggested to occur
via a photon-assisted molecule desorption (PAMD) mech-
anism, where surface adsorbed oxygen is desorbed via sub-
bandgap excitation on the surface of ZnO NWs [35, 36] and
V2O5 NWs [66]. It is well known that the activation energy
for the desorption of chemically adsorbed oxygen from ZnO
is ∼1.0 eV [67]. In the PAMD mechanism, oxygen is des-
orbed from the surface via an excitation energy greater than
the activation energy for oxygen desorption, thereby releasing
trapped electrons into the CB. The PAMD mechanism is
labeled as process (v) in figure 1(b). In all the aforementioned
photocurrent generation mechanisms, the accumulation of
holes on the grain boundary and the removal of oxygen from
the surface reduce the barrier height, which further increases
conductivity and contributes to the observed initial fast rise in
photocurrent.

Following the rapid rise is a slow rise in photocurrent
which has been attributed to the competition between the
oxygen-related adsorption and desorption mechanisms
[36, 46, 47]. Oxygen can be desorbed via the hole-release
mechanism and/or the PAMD mechanism. In both desorption
mechanisms, trapped electrons are released, contributing to
the conductivity. Competing with the oxygen desorption
processes is the adsorption of oxygen that traps electrons from
the CB and the recombination of electrons and holes at
recombination centers, where both processes decrease the
conductivity. Ultimately, the combination of these processes
results in a slow increase in photocurrent that eventually
saturates when the generation and recombination rates reach a
steady state. The rate of the slow rise in photocurrent is
affected by the concentration of atmospheric oxygen
[35, 36, 47, 68], further suggesting that the slow photocurrent
rise response is dominated by the competition between the
oxygen related adsorption and desorption mechanisms.

The initial rapid decay of photocurrent following termi-
nation of illumination has been attributed to the recombina-
tion of electrons and holes via band-to-band recombination
[21, 43, 44], and via trap-assisted (Shockley–Read–Hall)
recombination [21, 69]. The radiative portion of these
recombination processes can be examined with

photoluminescence spectra and time-resolved photo-
luminescence transients that occur on the order of ∼ns fol-
lowing termination of illumination [21]. The initial rapid
decay of the photocurrent has also been attributed to a process
by which photo-desorbed oxygen in the bulk of polycrystal-
line ZnO is quickly re-chemisorbed after termination of the
illumination source [42]. In this case, the majority of the
chemisorbed oxygen is assumed to be in the bulk of the
material, where it is not able to be heavily influenced by
external oxygen concentrations [42]. The low barrier height at
the termination of illumination also facilitates the re-adsorp-
tion of oxygen on the surface where electrons in the CB can
more easily overcome a relatively low energy barrier,
resulting in a quick reduction of the photocurrent.

There are two primary models that have been used to
describe the slow photocurrent decay process, which can
exhibit a long decay on the order of hours or days and is
typically referred to as a persistent photoconductivity [21,
33–36, 38, 40, 45–48, 70–73]. The first model attributes the
slow portion of the photocurrent decay to the competition
between the oxygen adsorption and desorption mechanisms
[35, 45, 47, 68]. The other model attributes this slow decay to
a process by which oxygen vacancies are excited to a meta-
stable state following a lattice relaxation where the recapture
of electrons in the metastable state is prohibited via a ther-
mally activated barrier [74]. In the former case involving the
competition between the oxygen adsorption and desorption
mechanisms, band bending at the grain boundary is increased
as oxygen is re-adsorbed on the surface, which decreases the
probability for an electron to overcome the increased energy
barrier. Simultaneously, holes swept to the grain boundary via
the potential gradient release adsorbed oxygen on the surface,
freeing electrons that then contribute to the conductivity. The
competition of the oxygen adsorption and desorption
mechanisms results in the slow decrease in the photocurrent.
The rate of decay for the slow portion of the photocurrent has
been shown to be highly dependent on atmospheric condi-
tions, namely oxygen concentration, suggesting that the sur-
face-related oxygen adsorption and desorption mechanisms
are the dominant processes responsible for the slow photo-
current decay [35, 36, 46, 47, 68, 71]. The effects of the slow
surface-related oxygen adsorption and desorption mechan-
isms on the photocurrent decay are also confirmed with stu-
dies of photocurrent decay of ZnO with passivated samples
[21, 45, 75]. Here, the surface passivation of ZnO inhibits the
oxygen-related adsorption and desorption mechanisms, lead-
ing to an increased rate of photocurrent relaxation. An addi-
tional mechanism giving rise to the slow decay of
photocurrent involves the trapping and subsequent emission
of electrons and/or holes to and from deep defect levels
within the bandgap [21]. A NPD behaving as a hole trap
repels electrons and has a small electron capture cross section
resulting from a negative charge when the hole trap is filled
with a hole [21]. Therefore, in contrast to recombination
centers, NPDs exhibit slow electron–hole recombination
because holes are typically thermally emitted into the VB
before recombination with an electron to desorb oxygen,
recombination at a recombination center, or re-trapped in
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another NPD hole trap. These hole trapping and photocurrent
generation and recombination mechanisms, and how they
affect the photocurrent rise and decay will be further dis-
cussed in detail in the following sections, which present
physical models to describe the near-UV and sub-bandgap
photocurrent rise and decay responses observed in our
experiments.

4. Single ZnO-NS device and ZnO structure

Figure 2(a) shows SEM images of the single ZnO-NS device
that was used in our experiments. The single ZnO-NS spans a
∼5 μm long gap between two Ti/Au electrical contacts
forming the source-drain electrodes. The inset in figure 2(a) is
an SEM image of the ZnO-NS surface and shows the uni-
formly distributed polycrystalline ZnO coating which has an
average particle size of ∼20 nm. The ZnO ALD process used
to coat the NS produces a uniform ∼70 nm thick ZnO layer
on the surface of the silica NS [10, 53] and has been
demonstrated to be advantageous over other deposition
methods, such as CVD, as it allows the user to control the
thickness of the coating, the size of the ZnO nanocrystals, and
the ability to coat intricate three-dimensional (3D) shapes
[9, 11]. Control of the ZnO nanocrystalline size is particularly
important in the application of ZnO-NSs used as redox che-
mical sensors where the ZnO nanocrystalline size was shown

to be a significant factor in the response of the sensors when
exposed to explosive compounds [11]. The platform for the
ZnO coating is a non-conducting silica NS. The helical silica
NS structure serving as a platform for the ZnO is particularly
interesting because of its high surface area compared to a NW
of similar dimensions. For example, the silica NS with a
∼70 nm thick coating of ZnO and 5 μm free length as shown
in figure 2(a) has ∼5 times more surface area than a 70 nm
diameter, 5 μm long ZnO NW.

The crystalline structure of the ZnO coating was char-
acterized with XRD. Figure 2(b) shows the powder XRD
pattern of an ensemble of nanocrystalline ZnO-NS structures
collected in the 2θ range of 20°–60°. The diffraction peaks
observed at 2θ=32.02, 34.55, 36.50, 47.81, and 56.87
correspond to lattice planes (100), (002), (101), (102), and
(110), respectively, indicating the polycrystalline hexagonal
Wurtzite structure of the ZnO [53].

5. Photoconductivity

5.1. Voltage dependence of the photocurrent and ZnO
resistivity

Figure 2(c) shows the source-drain current–voltage (I VSD SD– )
characteristics of the single ZnO-NS device under dark con-
ditions and when illuminated with 405, 532, and 633 nm
excitation sources. The inset in figure 2(c) shows a 3D

Figure 2. (a) SEM images of the single ZnO-NS device and inset showing the surface morphology of the polycrystalline ZnO coating. (b)
Powder XRD 2θ pattern of ZnO-NSs. (c) Source-drain current–voltage curves of the ZnO-NS device in the dark and when illuminated with
405, 532, and 633 nm excitation sources. The inset shows a 3D representation of the device with an electrical diagram. (d) A ln–ln plot
showing the Ohmic behavior of the source-drain current–voltage curves.
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representation of the device with an electrical diagram. The
excitation intensity measured at the sample was 2 mW cm−2

for each illuminated I VSD SD– measurement. Figure 2(d) shows
a ln–ln plot of the dark and illuminated I VSD SD– character-
istics which exhibit an Ohmic response (unity slope), sug-
gesting that there is unimpeded transfer of the majority
carriers (electrons) between the Ti/Au-ZnO interface.

The total resistance (RT) of the single ZnO-NS device is
the sum of the resistance of the ZnO-NS (RZnO NS‐ ) and of the
two contact resistances attributed to the Ti-Au/ZnO-NS
contacts on each end of the device ( R2 C):

= +R R R2 .T ZnO NS C‐ The specific contact resistance of Ti/
Au contacts to ZnO has been studied extensively and reported
to be in the range of ∼10−3 to 10−8 Ω cm2 [76–79]. The
estimated contact resistance of our device is small (∼20 kΩ),
∼4 orders of magnitude lower than the total resistance of the
device (∼200 MΩ), and therefore can be neglected. The
resistivity, r, of the device was calculated using

r = R
A

L
, 1ZnO NS ( )‐

where A is the cross sectional area of the ZnO coating on the
NS, and L is the length of the ZnO-NS. The cross sectional
area of the ZnO layer was calculated by measuring the wire
diameter of the ZnO-NS via an SEM image and using an
estimation of the ZnO thickness (∼70 nm) based on previous
measurements of the thickness of a ZnO coating deposited on
a Si substrate under similar ALD conditions [10, 53]. The
helical pitch of individual NSs are random and varied during
the growth process; however, are usually well-defined for
micron-long sections of its free length. The well-defined and
constant helical pitch of the NS across the electrode gap was
exploited to calculate the length, L, of the ZnO-NS device.
The resistivity of the single ZnO-NS in the dark was 166 Ω

cm, and is in agreement with previous measurements of the
resistivity of thin-film ZnO (∼1–1000 Ω cm) [80, 81]. The
illuminated resistivities for λ=(405, 532, 633) nm were
ρ=(34, 83, 125) Ω cm. The largest change in conductance
occurs under illumination with the 405 nm excitation source,
which is increased by a factor of ∼5 compared to the dark
conductance.

5.2. Near-UV and sub-bandgap photocurrent rise and decay
response

Figure 3 shows the normalized photocurrent response of the
single ZnO-NS device when illuminated with near-UV
(405 nm) and sub-bandgap (532 and 633 nm) excitation
sources. The inset in figure 3 shows the details of the on/off
behavior for the 532 and 633 nm excitation sources. The
photocurrent (Ipc) was determined by subtracting the dark
current (Id) from the total illuminated current, and we define
the normalized photocurrent as the ratio of the photocurrent to
the dark current (Ipc/Id). The shaded area represents the
15 min period when the device was illuminated with the
respective excitation source. The applied bias was +0.5 V and
the intensity of the excitation source was 2 mW cm−2 for each
photocurrent response measurement. The single ZnO-NS

device was held at a +0.5 V applied bias for ∼2 h in the dark
to achieve a steady state dark current prior to illumination
with each respective excitation source. The photocurrent
responses of each excitation source display a typical two-step
fast and slow rise and decay behavior. First, there is an initial
fast increase followed by a slow increase in photocurrent
which takes minutes to hours to saturate; when the illumi-
nation source is terminated there is an initial fast decrease
followed by a slow decrease in photocurrent which takes
hours to return to its initial steady state dark current value.

5.3. Near-UV and sub-bandgap photocurrent rise response

Figure 4 shows the details of the fast and slow normalized
photocurrent rise response of each excitation source and the
corresponding fits and time constants attained with a double
exponential function that was used to separately analyze and
compare the two-step photocurrent rise response of each
excitation source. The shaded area represents the 15 min
period when the device was illuminated with the respective
excitation source. The normalized photocurrent growth for all
three wavelengths was fitted with a double exponential
equation of the following form:

= - -- -t t
- -

I t A B Be e , 2n 0 1 2
t t t t0

1
0

2( ) ( )
where In is the normalized photocurrent (I Ipc d/ ), A ,0 B ,1 and
B2 are positive constants, t0 is the time when the illumination
source was turned on, and t1 and t2 are the fast and slow time
constants, respectively. The time constants attained from the
double exponential fits are t1=(4.8, 5.5, 12) s and
t2=(300, 251, 2550) s for λ=(405, 532, 633) nm.

There is a strong response to the 405 nm (3.06 eV) near-
UV excitation source and the photocurrent increases from Id

by a factor of ∼6 in 10 s then slowly increases by an addi-
tional factor of ∼2 after 15 min. The observed sub-bandgap
photocurrent response for the 532 and 633 nm excitation
sources suggests that there are an abundance of NPDs in the
polycrystalline ZnO [32]. It is well known that the bandgap of
bulk defect-free ZnO is 3.37 eV; however, a reduction in the

Figure 3. The normalized photocurrent response of the single ZnO-
NS device when illuminated with 405, 532, and 633 nm excitation
sources and inset showing the details of the on/off behavior for the
532 and 633 nm excitation sources. The shaded area represents the
15 min period when the device was illuminated with the respective
excitation source.
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bandgap can be achieved with the introduction of oxygen
vacancies [82]. Calculations of the density of states for ZnO
with an ideal defect-free Wurtzite structure and for a Wurtzite
structure containing 6.25% oxygen vacancies have shown that
the bandgaps of these two structures are 3.22 eV and 2.91 eV
[82], respectively, and lower than that of bulk defect-free
ZnO. The 405 nm photocurrent response is ∼13× greater
than the photocurrent response of the 532 nm excitation
source and ∼30× greater than the photocurrent response of
the 633 nm excitation source 15 min after illumination. The
strong photocurrent response of the 405 nm source cannot be
attributed solely to excitations occurring between defect states
and the CB. In our photoconductivity measurements, the
number of excited carriers is proportional to the excitation
energy of the respective source using a constant illumination
intensity (2 mW cm−2); therefore, we would expect a pro-
portional increase in the saturation current for the 405, 532,
and 633 nm excitation sources if they are exciting transitions
from similar defect levels. We observe this proportional
increase with the 532 and 633 nm excitation sources, but not
with the 405 nm excitation source. A similar proportional
increase in photocurrent was observed by Lee et al, who
observed a proportional increase of the photocurrent response

of ZnO to red, green, and blue illumination sources, and a
large disproportionate photocurrent response to UV [83].
Additionally, the non-negligible spectral bandwidth of the
405 nm excitation source may allow for band-to-band tran-
sitions greater than 3.06 eV. We therefore attribute the
dominant mechanism for the initial strong and rapid response
of the photocurrent for the 405 nm excitation source to band-
to-band excitations of electron–hole pairs, which is consistent
with a reduction of the bandgap from the confirmed Wurtzite
structure and presence of defects in the material, and the non-
negligible spectral bandwidth of the 405 nm excitation source.
During the fast photocurrent response, the initial band bend-
ing present before illumination quickly separates photo-
generated electrons and holes with electrons confined to the
conduction region and holes swept to the grain boundary,
increasing the electron lifetime and resulting in the observed
quick increase in the photocurrent. The PAMD mechanism
also removes adsorbed oxygen from the surface and lowers
the potential barrier. The slow rise in photocurrent can be
understood in terms of the surface-related oxygen adsorption
and desorption mechanisms. Oxygen desorption occurs due to
the PAMD mechanism and the hole-assisted recombination
mechanism with adsorbed oxygen. The large accumulation of

Figure 4. The normalized photocurrent rise characteristics of the (a) 405 nm, (b) 532 nm, and (c) 633 nm excitation sources showing double
exponential fits and corresponding time constants for photocurrent growth. The shaded areas represent the 15 min period when the device
was illuminated with the respective source. Displayed to the right of each photocurrent rise response are the corresponding band diagrams
which show the dominant photocurrent generation and recombination mechanisms for the fast and slow photocurrent rise response of each
respective excitation source.
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holes on the grain boundary and the oxygen desorption
mechanisms lower the potential barrier and increase the
probability for electrons in the conduction region to overcome
the barrier and re-adsorb oxygen on the surface. The com-
petition between the surface-related oxygen desorption
mechanisms and the oxygen adsorption mechanism results in
a slow increase in the current that saturates when the rates of
these two processes reach a steady state.

The photocurrent for the 532 nm (2.33 eV) excitation
source initially increases from Id by ~20% in 10 s, then slowly
increases by an additional ~45% after 15 min. In this case, the
fast response can be attributed to the generation of electron–
hole pairs due to optical transitions between the VB and
intermediate defect levels, and between intermediate defect
levels and the CB. Possible transitions from the VB to
intermediate defect levels include  +VVB o [32] and

 -VVB Zn
1 [23], and possible transitions from intermediate

defect levels to the CB include -V CBZn
1 [23, 65] and

V CBo
0 [74]. A second transition from an excited state in

the intermediate defect level to the CB is possible if the
energy level of the excited state lies less than 2.33 eV below
the CB edge [23]. Significant hole trapping occurs due to
transitions from intermediate defect levels to the CB, and
fewer holes are swept to the grain boundary as compared to
the 405 nm excitation source. The holes that form a bound
exciton with an electron excited from an intermediate defect
level into the CB are likely to be deeply trapped and unable to
thermally relax back to the VB, while holes trapped closer to
the VB thermalize back to the VB to then be re-trapped,
recombine with a trapped electron on the surface to desorb
oxygen, or recombine with an electron at a recombination
center. Additionally, holes created due to excitation from
intermediate defect states to the CB may become deeply
trapped as a result of the subsequent distortion of the sur-
rounding lattice [84]. For example, Penfold et al have shown
using simulations and x-ray absorption spectroscopy com-
bined with a dispersive x-ray emission spectrometer, that
photoexcited holes in ZnO nanoparticles become trapped at
+Vo sites where, after the outward displacement of the sur-

rounding zinc atoms, becomes a ++Vo site [84]. Significant
hole trapping results in a reduced oxygen desorption rate
relative to that with the 405 nm excitation source, resulting in
a slow rise of the photocurrent. Note that the initial barrier
height should be the same for all three excitation sources, as
the device was held in the dark for ∼2 h to achieve a steady
state dark current prior to illumination. We postulate that the
dominant process which acts to desorb surface oxygen and
reduce the barrier height for the 532 nm excitation source is
due to the PAMD mechanism. The change in the height of the
barrier for the 532 nm excitation source is much less than with
the 405 nm excitation source as a consequence of greater hole
trapping, which results in fewer surface oxygen being des-
orbed. The higher barrier height with 532 nm, as compared to
the 405 nm excitation source, in conjunction with significant
hole trapping, increases the rate of rise for the slow portion of
the 532 nm photocurrent rise response, as the two effects

lower the probability for electrons to overcome the barrier and
adsorb surface oxygen.

The photocurrent for the 633 nm (1.96 eV) excitation
source initially increases from Id by ~10% in 10 s and then
very slowly increases by an additional ~15% after 15 min.
Similar to the 532 nm excitation source, the fast rise response
is attributed to the generation of electron–hole pairs due to
optical transitions between the VB and intermediate defect
levels, and between intermediate defect levels and the CB. A
possible transition from the VB to an intermediate defect level
is  +VVB o [32] for +Vo lying less than 1.96 eV above the
VB edge, and possible transitions from intermediate defect
levels to the CB include -V CBZn

1 [23, 65] and V CBo
0

[74]. The broad range of reported energy levels as displayed
in figure 1(a) makes it difficult to determine if the  +VVB o
transition is possible for the 633 nm excitation source. If the
+Vo level lies more than 1.96 eV above the VB edge, the

 +VVB o transition is not possible. A second transition from
+Vo to the CB is possible if the energy level is less than

1.96 eV below the CB or if, after a lattice distortion, the
energy level changes and allows the transition [23, 84].
Nevertheless, we postulate that the majority of the transitions
occur from intermediate defect states to the CB, resulting in
the vast majority of holes created during illumination being
trapped in deep intermediate defect states and unable to
desorb surface oxygen at a rate comparable to the 532 and
405 nm excitation sources. This results in the smallest change
in the potential barrier height, as compared to the 532 and
405 nm excitation sources. The slow photocurrent rise time
constant is the greatest of all three excitation sources
(t2=2550 s). We attribute the very slow photocurrent rise
characteristics to a combination of the PAMD mechanism and
the aforementioned hole trapping resulting from photo-
excitation of carriers from intermediate defect states to the
CB. Here, oxygen is desorbed via the PAMD mechanism;
however, the high potential barrier and trapped holes means
that oxygen cannot be sufficiently re-adsorbed at a rate
comparable to the 405 and 532 nm excitation sources. The
result is a slow rise in the photocurrent that does not saturate
and an abundance of oxygen left on the surface, as compared
to the 405 and 532 nm excitation sources, which is attributed
to significant hole trapping. Similar very slow photocurrent
rise characteristics have been observed for a single ZnO NW
device under vacuum, where the re-adsorption of oxygen was
inhibited, resulting in a slow photocurrent rise response due to
the rate of oxygen desorption being faster than the rate of
adsorption [47].

5.4. Near-UV and sub-bandgap photocurrent decay response

Displayed in figure 5 are the normalized fast and slow pho-
tocurrent decay responses for each excitation source and the
corresponding fits and parameters attained with a Kohlrausch
stretched exponential function. The insets are expanded views
of the initial fast decay behavior of the device within the first
20 s after termination of illumination. The shaded areas
represent the period when the device was illuminated with the
respective source. The photocurrent decay curves are best fit
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with a Kohlrausch stretched exponential function and a
double exponential function, regardless of the excitation
source. The Kohlrausch stretched exponential function is
generally used to describe decay in systems that exhibit
multiple energy transfer mechanisms [38, 40, 68, 70, 85] and
is of the form

= t- g
I t Ce , 3t
n ( ) ( )( )/

where In is the normalized photocurrent (I Ipc d/ ), C is a
positive constant, t is the relaxation time constant, and g is a
stretching parameter in the range g< 0 1. The Kohlrausch
stretched exponential function becomes a classical single
exponential function in the limit g  1, at which point the
differences in energy transfer mechanisms are indistinguish-
able [40]. The fitting parameters for the Kohlrausch stretched
exponential function in figure 5 are t=(202, 1780, 528) s
and g=(0.34, 0.38, 0.51) for λ=(405, 532, 633) nm. The
Kohlrausch stretched exponential function is a convenient
model to describe systems that deviate slightly from classical
single exponential behavior; however, because there is such a
large spread in reported values of g and t in the literature for
ZnO photocurrent decay, it is difficult to distinguish and
associate the parameters with an underlying physical process

[38, 40, 68]. Therefore, we have also provided the parameters
attained with a fit of a double exponential function. The
double exponential function for the photocurrent decay has
the form

= + +- -t t
- -

I t D F Fe e , 4n 0 1 2
t t t t1

3
1

4( ) ( )
where In is the normalized photocurrent (I Ipc d/ ), D ,0 F ,1 and
F2 are constants, t1 is the time at termination of illumination,
and t3 and t4 are the fast and slow relaxation time constants,
respectively. The time constants attained with the double-
exponential fits are t3=(107, 711, 425) s and t4=(1676,
4655, 5571) s for λ=(405, 532, 633) nm.

When the 405 nm excitation source is turned off, there is
an initial sharp decay of the photocurrent that decreases by
∼19% of its value at termination of illumination (Itoff

) within
2 s, followed by a slow decay that decreases by ∼97% of Itoff

after 2 h. As discussed earlier, the radiative portion of the
recombination processes occurs on the order of ∼ns upon
termination of illumination [21]. Therefore, the observed
photocurrent decay and the corresponding recombination
mechanisms on the order of seconds–hours are non-radiative
recombination processes. The initial rapid decay of the pho-
tocurrent is likely due to the quick re-adsorption of oxygen at

Figure 5. The normalized photocurrent decay characteristics of the (a) 405 nm, (b) 532 nm, and (c) 633 nm excitation sources, where the solid
lines are fits obtained using the Kohlrausch stretched exponential function. The insets in each photocurrent decay plot show the initial fast
decay behavior within the first 20 s after termination of illumination. The shaded areas represent the periods when the device was under
illumination with the respective excitation source. Displayed to the right of each decay curve are the corresponding band diagrams showing
the dominant photocurrent relaxation mechanisms for the fast and slow decay responses.
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grain boundaries or near the surface. The low potential barrier
immediately following termination of illumination facilitates
the re-adsorption of oxygen on the surface due to the high
probability of an electron in the CB overcoming the low
barrier to re-adsorb oxygen at grain boundaries or near the
surface. Also, with 405 nm excitation there is much less hole
trapping and more holes are accumulated on the grain
boundary, as compared to the 532 and 633 nm excitation
sources. This allows for a faster rate of the desorption of
oxygen from the surface, keeping the potential barrier lower
and allowing for a quicker recovery of the current during the
fast decay process compared to the 532 and 633 nm excitation
sources. As the oxygen adsorption and desorption processes
continue, there is a gradual accumulation of negative charge
at the surface that increases the band bending, and in turn
slows the rate of photocurrent decay as the probability for an
electron to overcome the potential barrier and re-adsorb
oxygen decreases. Ultimately, it is then the competition
between the surface-related oxygen desorption mechanism,
recombination, and oxygen re-adsorption mechanism that are
responsible for the slow decay of the current, which even-
tually saturates when the oxygen desorption and recombina-
tion rates reach a steady state.

With 532 nm illumination, there is a small, but notable,
initial rapid decay of the photocurrent that decreases by
∼12% of Itoff

within 2 s, as shown in the inset of figure 5(b).
The initial rapid decay of the photocurrent can be attributed to
trap-assisted recombination and/or the quick re-adsorption of
oxygen at grain boundaries or near the surface. The high
potential barrier immediately following the termination of
illumination decreases the probability for electrons in the CB
to overcome the barrier to quickly facilitate the re-adsorption
of oxygen. Therefore, we attribute the initial rapid decay in
the first 2 s to trap-assisted recombination of electrons and
holes. The slow decay of the photocurrent with 532 nm illu-
mination is the slowest of the illumination sources used in this
study, where the photocurrent only decreases by ∼80% of Itoff

after 2 h. We attribute this very slow decay of the photo-
current to the oxygen adsorption and desorption mechanisms,
where the oxygen desorption mechanism is considerably
hindered as a result of the significant hole trapping. Here, very
few holes are swept to the grain boundaries because they are
in deep traps. Alternatively, holes are thermally emitted back
to the VB where they can desorb surface oxygen to free
electrons, be re-trapped, or combine with an electron at a
recombination center. The combination of deep hole trapping
associated with sub-bandgap excitation and the corresponding
high potential barrier leads to increased carrier lifetimes and
an extreme persistence in the photocurrent.

Like the 532 nm decay response, the 633 nm decay
response exhibits an initial rapid decay of the photocurrent
that decreases by ∼25% of Itoff

within 2 s and is attributed to
trap-assisted recombination of electrons and holes. Unlike
405 and 532 nm illumination, the 633 nm photocurrent decays
back to the dark current value and does so in only 1.5 h
following termination of illumination, which is the quickest
recovery of all the illumination sources. We postulate that
immediately following termination of illumination, a very

small number of holes diffuse to the grain boundary, as
compared to the 405 and 532 nm excitation sources. This is
attributed to holes trapped in deep defect levels associated
with 633 nm illumination, which primarily excited electron–
hole pairs from mid-gap defect levels to the CB. Significant
hole trapping in deep defect levels results in the lowest rate of
the desorption of surface oxygen following termination of
illumination, as compared to 405 and 532 nm excitation.
Finally, based on the low photocurrent with 633 nm excitation
relative to 405 and 532 nm excitation, the density of carriers
in the CB is accordingly less. The low density of carriers
combined with fewer surface oxygen sites available to re-
adsorb oxygen results in a quicker recovery of the photo-
current, as compared to 405 and 532 nm excitation, because
there are only a small number of carriers that recombine at
recombination centers or assist with the re-adsorption of
oxygen at the very few surface oxygen sites available. Hence,
the recovery of the dark current for the 633 nm excitation
source is the fastest of all three illumination sources.

5.5. Trap depth

The depths of the traps can be estimated from the photo-
current decay curves. The Bube model for photocurrent decay
is given by the relationship, = -I I Ptexp ,0 ( ) where I is the
current at any time t, I0 is the current at the moment of ter-
mination of illumination, and P is the probability rate of an
electron (hole) escaping from a trap [86]. Since the electrons
(holes) have a Maxwellian distribution of thermal energies,
the probability rate that an electron (hole) will escape from a
trap with a depth of energy E at a temperature T is
= -P s E kTexp ,( )/ where k is the Boltzmann constant

(1.381×10−23 J K−1), T is the absolute temperature, and s is
the attempt to escape frequency [87]. The attempt to escape
frequency is the product of the frequency at which phonons
attempt to remove electrons (holes) from traps and the
probability of transition from the trap to the conduction
(valence) band [39, 87]. The attempt to escape frequency for
ZnO has been found to lie between ∼109 and 1011 Hz at room
temperature [21, 87]. Combining the two relations, the energy
of the trap depth at any time t along the photocurrent decay
curve can be expressed as

= -E kT s
I I

t
ln ln

ln
. 50⎜ ⎟

⎡
⎣⎢

⎛
⎝

⎞
⎠

⎤
⎦⎥( ) ( ) ( )/

The trap depths calculated from the photocurrent decay
curves for each respective excitation source at 1, 10, and
100 min after termination of illumination (toff) are given in
table 1. The trap depths are given as a range using the low and
high values of the attempt to escape frequency and vary from
∼0.65 to 0.82 eV 1 min after toff to ∼0.74–0.91 eV 100 min
after t .off The trap depths in the slow portion of the photo-
current decay curves closely match the peak of the calculated
hole trap density spectrum of ZnO epilayers of ∼0.9 eV [21]
and estimations of the depths of traps in the sub-bandgap
photoconductive decay in polycrystalline ZnO [22]. Penfold
et al have shown using simulations and x-ray absorption
spectroscopy combined with a dispersive x-ray emission
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spectrometer that photoexcited holes in ZnO nanoparticles are
trapped at +Vo defect sites that subsequently become ++Vo
defect sites following an outward displacement of the sur-
rounding zinc atoms [84]. The +Vo defect site has also been
proposed as a source of hole trapping based on photo-
luminescence spectra and illumination of ZnO nanorods with
a variety of sub-bandgap excitation sources [27]. The calcu-
lated trap depths for the slow portion of the photocurrent
decay curves match the depth of the +Vo defect site lying
∼0.93 eV above the VB edge [4] and are close to the esti-
mated energy level of the ++Vo defect site lying ∼1.18 eV
above the VB edge [4].

5.6. Saturation photocurrent dependence on excitation
intensity

The excitation intensity dependence of the saturation photo-
current (Isat) on a ln–ln scale for the 405, 532, and 633 nm
excitation sources is displayed in figure 6. The data was
acquired in the range of ∼0.1–2.0 mW cm−2 for all three
excitation sources, where the applied bias was held at a
constant +0.5 V. The ln–ln plots of the saturation photo-
current versus excitation intensity for all three wavelengths
consist of distinct linear regions that follow a power law of
the form, = aI CI ,sat where C is a constant, I is the intensity
of illumination, and a is an exponent that defines the pho-
tocurrent response to excitation intensity. For 405 nm, three
linear regions are observed with corresponding exponents of
0.56, 0.38, and 0.15. Only two linear regions are observed
with the 532 and 633 nm excitation sources. With all illu-
mination sources, the value of a decreases for successive
linear regions and with increasing excitation intensity. The
values of the exponents for the 532 and 633 nm excitation
sources are a=(0.80, 0.22) and a=(1.1, 0.49), respec-
tively. Values of a<1, i.e. sublinear dependence of the
photocurrent on excitation intensity, correspond to trapping,
recombination, and electron–hole pair generation within ZnO
[88]. The sublinear dependence indicates a continuous and
exponential distribution of electron traps between the CB and
the electron Fermi level [39, 88, 89]. According to a physical
model proposed by Rose [88] to describe the sublinear
dependence of the photocurrent on excitation intensity,
increasing the excitation intensity converts increasingly more
of the electron trapping states to recombination states. The
slow increase of the density of recombination states decreases
the electron lifetime, resulting in the slow increase in the rise
of the saturation photocurrent and observed sub-linearity [88].

Our results are in agreement with similar studies of ZnO NWs
which also exhibit a sublinear dependence of the photocurrent
on excitation intensity [1, 19, 33].

The responsivity of the single ZnO-NS device was cal-
culated for each wavelength and at an excitation intensity of
0.1 mW cm−2. The responsivity, R, is defined as the satur-
ation photocurrent per unit of incident optical power and can
be expressed as =R I IA ,sat ( )/ where I is the intensity of
illumination and A is the irradiated area of the device. The
responsivity was R=(1740, 300, 28.9) AW−1 for l=(405,
532, 633) nm, and is on the order of the measured

Table 1. Calculated trap depths at 1, 10, and 100 min after toff using
equation (5) and data from the photocurrent decay curves for each
excitation source.

Wavelength
(nm)

Trap depth
(eV) 1 min

Trap depth
(eV) 10 min

Trap depth
(eV) 100 min

405 0.65–0.77 0.70–0.82 0.74–0.86
532 0.70–0.82 0.74–0.86 0.78–0.90
633 0.70–0.82 0.75–0.87 0.79–0.91

Figure 6. Saturation photocurrent as a function of excitation intensity
on a ln–ln scale for (a) 405 nm (b) 532 nm and (c) 633 nm excitation
sources. The applied bias was held constant at +0.5 V for each set of
measurements.
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responsivity of ZnO-based photodetectors comprised of sur-
face functionalized ZnO NWs [17] and ZnO nano-
particles [41].

We propose a simple model to explain the break in the
slope of the saturation photocurrent versus excitation intensity
profile observed in figures 6 and 7. Figure 7 shows the nor-
malized saturation photocurrent density versus excitation
intensity profile for the 405 nm excitation source. The pho-
tocurrent density (Jpc) was determined by subtracting the dark
current density (Jd) from the total illuminated current density,
and we define the normalized saturation photocurrent density
(Jsat) as the ratio of the photocurrent density to the dark
current density (Jpc/Jd). We noted earlier that in the case of
illumination with the 405 nm excitation source, the dominant
photoconductive mechanism is the generation of band-to-
band electron–hole pairs; however, photocurrent can be
generated via multiple photoconductive mechanisms, includ-
ing band-to-band electron–hole pair generation, a PAMD
mechanism, and excitation of electron–hole pairs from the VB
to intermediate defect states and from intermediate defect
states to the CB. Recalling that the saturation photocurrent is
taken as the photocurrent when the generation and recombi-
nation processes reach a steady state, as the intensity of the
excitation source is increased the number of photons exciting
electrons in the bandgap also increases, resulting in a higher
saturation photocurrent. However, the rate of increase of the
saturation photocurrent changes and tends to decrease, as
shown in figure 7. Competing against the photogeneration of
electron–hole pairs are processes that limit the total density of
excited states and subsequently impede conduction, including
the recombination of electron–hole pairs via direct recombi-
nation or at recombination centers, which becomes more
significant as the intensity increases. As noted earlier, the rate
of change of the saturation photocurrent with excitation
intensity is due to the recombination rate arising from the
increase in electron trapping states becoming recombination

states as the excitation intensity is increased [39, 88]. In line
with this, it is understood that the rate of recombination
increases as more electrons and holes are generated. Fur-
thermore, we propose that the rate of increase in saturation
photocurrent depends on the number of energy states that the
electrons (holes) can access in the conduction (valence) band
which depend on the photon energy that they absorbed and
the energy level of the defect states in the bandgap where the
electrons (holes) are initially trapped.

To capture the net effect of these competing mechanisms,
a logistic equation was used to model the impact of excitation
intensity on the saturation photocurrent in a single ZnO-NS at
steady state, i.e.

= -
J

I
aJ bJ

d

d
. 6sat

sat sat
2 ( )

The first term in the right-hand side of equation (6)
accounts for the generation of electron–hole pairs, while the
second term limits the concentration of electrons (holes) in
populating the conduction (valence) band. The ratio of a and
b is the steady state value of the saturated photocurrent with
respect to the excitation intensity. The general solution of
equation (6) is

=
+ - -

J I
a

b J e
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where Io is the initial intensity of the light source, Jo = J Io( ) is
the initial photocurrent density, and r is the rate of rise of the
saturation photocurrent with intensity, I. Note that
equation (7) will plateau at a specific illumination intensity.
One can understand the saturation in terms of the density of
initial states that the energy of the illumination source can
access and excite into the CB, and because the number den-
sity of electrons in a given state is finite, the contribution to
the current density from any given initial state will saturate.
Note that the density of electrons in different initial states
varies from state to state. While recombination, traps, etc
affect the saturation current, we can safely assume that the
density of initial states accessible with a given illumination
source sets the upper limit on the saturation current density,
J .sat Consequently, the contribution of individual initial states
or bands of states to the current density will saturate at dif-
ferent intensities of the illumination source. When this hap-
pens, a break in the photocurrent density is observed. In the
case of 532 and 633 nm excitation, a single break is observed
within the range of the excitation intensity used in this study.
This suggests that at a minimum, there are two bands of states
that these sources access and excite to the CB. Because the
probability of a transition is a function of the scattering cross
section, which depends on the wavelength of light, and the
initial and final state bands of the transition, we must assume
that two bands of initial states accessed with 532 and 633 nm
excitation are not necessarily the same. In fact, it is to be
expected given that the 532 nm excitation source can access a
larger energy range of initial states compared to 633 nm
excitation, which is evident from the larger photocurrent with
532 nm excitation in figure 3.

Figure 7. The normalized saturation photocurrent density versus
excitation intensity profile of the single ZnO-NS device when
illuminated with the 405 nm excitation source and fitted with a
function given by equation (8). In the figure, the values of J ,1 J ,2 and
J3 are doubled to magnify the profile of each curve. Each curve
shows a distinct rise and plateau that we attribute to different
transition levels and rate of recombination processes.
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In contrast to 532 and 633 nm excitation, two breaks are
observed in the normalized saturation photocurrent density
versus intensity profile with 405 nm excitation, as shown in
figure 6(a). This is to be expected given that the energy of the
photons is 3.06 eV and nearly spans the ZnO bandgap of
3.37 eV. Clearly, a large range of initial states are accessed
using the 405 nm excitation source, which is supported by the
largest photocurrent (figure 3) of the three excitation sources
used in this study. Consequently, the saturation photocurrent
versus excitation intensity curve for 405 nm of the single
ZnO-NS can be fitted with the sum of three different logistic
functions of the form of equation (7):

å= + + =
+ - -

J J J J
a

b J e
. 8

i

i

i i
r I Itot 1 2 3

o, i o
( )( )

The results of the fit with equation (8) is displayed in
figure 7. The extracted parameters for the 405 nm excitation
source are ai=(3.5, 5.1, 7.1), bi=(1.2, 1.3, 1.4), J io, =(1.9,
2.0, 3.9), and ri=(46, 5.2, 3.0) for J ,1 J ,2 and J ,3 respectively.
The fit indicates that each ratio of ai and bi pertains to the
different transition levels of electrons (holes) from a given
defect state in the bandgap to the conduction (valence) band.
Here, J io, is a function of the number of electrons (holes) that
are involved in the transition to populate the conduction
(valence) band, and ri relates to the recombination rate of
electrons and holes, where higher r may be an indication of
slower recombination rates.

6. Conclusions

The electrical and photoconductive properties of a single
ZnO-NS were analyzed with near-UV and sub-bandgap
excitation sources and display a typical two-step fast and slow
rise and decay photocurrent behavior, similarly observed in
other ZnO materials. The physical models used to describe
the two-step rise and decay photocurrent characteristics show
that these behaviors are highly dependent upon the excitation
energy, the depths of the NPDs, and the subsequent trapping
of electrons and holes during and after excitation. Significant
hole trapping with the 532 nm excitation source is attributed
as the source of the observed long photocurrent rise time
during illumination and the strong persistence in the photo-
current following termination of illumination, where trapped
holes are unable to facilitate desorption of surface oxygen and
the corresponding high potential barrier increases the electron
lifetime in the CB. The energy levels of the trap depths for
each excitation source were estimated from the photo-
conductive decay data and show that shallow level traps are
vacated before deep level traps, and that the depth of the deep
level traps during the slow portion of photoconductive decay
at ∼0.9 eV closely matches the reported energy levels of
singly and doubly ionized oxygen vacancies, which have
previously been shown to be responsible for hole trapping in
ZnO. Use of a phenomenological model shows that the
saturation photocurrent versus excitation intensity profile can
be fit with a sum of logistic functions with each curve
representing different recombination rates and transitions

from different defect states in the bandgap. We find that the
slopes of the saturation photocurrent versus excitation inten-
sity dependence profile are a function of the transition prob-
abilities of defect states, the number of carriers available to
populate the conduction (valence) band, and the rate at which
electrons and holes recombine. This work demonstrates the
utility of a ZnO-coated silica NS for obtaining detailed
information about defect states in ZnO. Finally, this study
demonstrates the value of constructing similar core–shell one-
dimensional nanostructured devices with other materials to
uncover detailed electronic properties of materials.
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