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ABSTRACT

A “visible-blind” solution-processed UV photodetector is realized on the basis of colloidal ZnO nanoparticles. The devices exhibit low dark
currents with a resistance >1 TΩ and high UV photocurrent efficiencies with a responsivity of 61 A/W at an average intensity of 1.06 mW/cm2

illumination at 370 nm. The characteristic times for the rise and fall of the photocurrent are <0.1 s and about 1 s, respectively. The photocurrent
of the device is associated with a light-induced desorption of oxygen from the nanoparticle surfaces, thus removing electron traps and
increasing the free carrier density which in turn reduces the Schottky barrier between contacts and ZnO nanoparticles for electron injection.
The devices are promising for use in large-area UV photodetector applications.

Ultraviolet (UV) photodetectors have a wide range of
applications both in civilian and military areas, including
flame sensing, environmental and biological research, as-
tronomical studies, optical communication, missile launch
detection, and so forth.1 “UV-enhanced” silicon photodiodes,
the most common devices for UV photodetection, exhibit
some inherent limitations: the requirement for filters to block
out visible and infrared photons, and degradation of devices
on exposure to UV light with energies much higher than the
semiconductor bandgap. For high-sensitivity applications,
silicon photodiodes need to be cooled to reduce the dark
current.

Advances in wide-bandgap semiconductors, such as GaN,
SiC, and so forth, show the possibility of developing
photodetectors with intrinsic “visible-blindness” and enable
room-temperature operation.1–5 Among them, ZnO, an en-
vironmentally friendly semiconductor with a room-temper-
ature band gap of 3.35 eV, is of great interest for UV
detection because of its various synthetic methods, diverse
processing technologies, and the capability of operating at
high temperatures and in harsh environments. Liu et al.
fabricated Schottky UV photodetectors which exhibit fast
response speed (microsecond scale) by growing high quality
ZnO epitaxial films on sapphire substrates.6 Nevertheless,
achieving high crystal quality of ZnO thin films with suitable

metal contacts is still challenging because of the lack of high-
quality and low-cost substrates for lattice-matched growth.
Most ZnO thin films deposited by metal-organic chemical
vapor deposition, pulsed laser deposition, or radio frequency
sputtering have a large density of dislocations and grain
boundaries. Transport and UV photoconduction in these
polycrystalline ZnO films depends sensitively on stoichiom-
etry, trap densities, and most importantly, gas adsorption and
desorption on the crystal surfaces. A slow response time of
UV photodetectors based on polycrystalline ZnO thin films,
ranging from a few minutes to several hours, is commonly
observed.7–13 Recently, ZnO nanowires produced by chemical
vapor deposition technology have been investigated by
several groups for UV photodetector applications.14–19 Their
results show that, for a range of different synthesis conditions
and device processing, the conductivities of ZnO nanowires
are sensitive to UV light exposure. However, ZnO nanowire
devices are created using time-consuming nanowire manipu-
lation methods and one-by-one fabrication techniques, mak-
ing them unattractive for large-scale production.

Solution-processed electronic and optoelectronic devices
have some advantages over conventional crystalline semi-
conductor devices in terms of ease of fabrication, large device
area, physical flexibility, and most importantly, low cost.20–23

The development of synthesis strategies for colloidal ZnO
nanocrystals paves the way toward solution-processed ZnO
nanocrystalline devices.24,25 ZnO nanoparticle/conjugated
polymer blends have been employed as light-sensitive layers
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in photovoltaic cells, and power conversion efficiencies of
1.2% were achieved.25,26 High-performance n-type field effect
transistors have been fabricated from self-assembly of
colloidal ZnO nanorods and field effect mobilities up to
1.2-1.4 cm2 V–1 s–1 were demonstrated.27,28

Here, we report the fabrication of “metal-semiconductor-
metal” UV photodetectors by spin-coating colloidal ZnO
nanoparticles on glass substrates, followed by annealing in
air and evaporation of gold contacts through a shadow mask.
(Experimental details are presented as Supporting Informa-
tion.) The device structure is depicted in Figure 1a. Figure
1b shows UV-vis spectra of both an as-prepared ZnO
nanoparticle solution and a spin coated ZnO nanoparticle
film after annealing. Because of the quantum confinement
effect, the as-prepared ZnO nanoparticles have a blue-shifted
absorbance peak at approximately 340 nm compared with
that of bulk ZnO, which has an absorbance peak at 370 nm
corresponding to a 3.35 eV bandgap at room temperature.
After annealing, the ZnO film exhibits an absorbance onset
at approximately 355 nm, suggesting a certain degree of
particle sintering or necking between abutting nanoparticles
in the annealing process. Figure 1c shows the photocurrent
spectral response at 50 V of a ZnO nanoparticle film device.
The photocurrent shows a sharp onset from 400 nm, and
little photoresponse is found in the range from 400 to 700
nm. The high spectral selectivity suggests that the ZnO
nanoparticle film device is intrinsically “visible-blind”.

Figure 2a shows typical I-V characteristics of a ZnO
nanoparticle film device both in the dark and upon 0.83 mW/
cm2 UV light illumination (λ ) 370 nm). The initial annealed
ZnO nanoparticle film is very resistive in the dark. Up to
Vbias ) 120 V, a small current (<120 pA) flows in the device,
which corresponds to a resistance R > 1 TΩ at room tem-
perature. It is noteworthy that the dark current of a ZnO
nanoparticle film depends strongly on the stoichiometry of
the ZnO nanoparticles which is determined by the molar ratio
between KOH and zinc acetate in the synthesis, as pointed
out by Sun et al.27 The current increases by nearly 6 orders
of magnitude upon 1.06 mW/cm2 UV illumination (average
power density), indicating a highly UV-sensitive photocon-
duction. The I-V curve under illumination is linear when
Vbias < 40 V and then follows an exponential rise at higher
biases. The intensity dependence of the photocurrent in a
ZnO nanoparticle film device is shown in Figure 2b. The
photocurrent of the device increases by nearly 4 orders of
magnitude from 34 nA to 3.1 × 105 nA as the average light
intensity is increased from 10.3 µW/cm2 to 1.06 mW/cm2.
The photocurrent, Ipc, follows a power-law relationship with
intensity, P: Ipc ∝ P1.9. The responsivity of the device, defined
as photocurrent per unit of incident optical power, has been
determined to be approximately 61 A/W at intensities of 1.06
mW/cm2 (370 nm). For comparison, the responsivity of most
commercial UV photodetectors is in the range of 0.1 to 0.2
A/W.1 The measured responsivity corresponds to a photo-
conductive gain (electrons flowing per incident photon) of
203. Another important parameter for UV photodetectors is
response time. Figure 2c shows the time-resolved photocur-
rent of a ZnO nanoparticle film device in response to turn-

on and turn-off of the UV illumination. The current of the
device rises from 2.0 × 10-1 to 5.5 × 103 nA within 0.1 s,
the time resolution of measurement, on illumination. The
rapid photocurrent raise is followed by a slower component,
in which the photocurrent increases by a further factor of
40 in about 25 s, before saturating. The photocurrent decay
starts with a fast decay component during which the
photocurrent drops by more than 3 orders of magnitude in
the first 9-10 s after turning off the excitation. This fast

Figure 1. (a) Schematic of a ZnO nanoparticle film device structure
(not to scale). (b) UV-vis absorption spectra of as-prepared ZnO
nanoparticle solution (solid line) and a ZnO nanoparticle film after
annealing (dashed line). (c) Photocurrent-excitation spectral
response of a ZnO nanoparticle film device (solid line, left axis)
and the corresponding emission spectrum from the tungsten lamp
through a single-grating monochromator (dashed line, right axis).
The photocurrents were calculated as Iillumination - Idark, and both
Iillumination and Idark were measured under 50 V bias.
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decay process follows a first order exponential relaxation
function with an estimated time constant τ ) 1.3 s. A further
slow photocurrent decay process lasts about 2 min during
which the current decreases by another 2-3 orders of
magnitude to reach its initial state.

Reproducibility of all results reported here was confirmed
by fabricating three devices using nanoparticles from dif-
ferent synthesis batches. The ZnO devices were stable under
ambient conditions since no degradation of device perfor-
mance could be distinguished when the devices were stored
in air for over 3 months.

The optical and electrical measurements provide insight
into charge transport processes in ZnO nanoparticle film
devices, including charge injection from metal contacts to
ZnO nanoparticles and charge transport in the ZnO nano-
particle films. We note that the photoconductive gain in our
devices is much larger than unity, so we require a mechanism
where the photogenerated charges are not simply extracted
from the device to produce the photocurrent, but instead
cause some long-lived change in the device which causes
further carriers to be injected and transported through the
device.

It is generally accepted that oxygen molecules are adsorbed
onto ZnO surfaces by capturing free electrons from the n-type
ZnO [O2(g) + e- f O2

-(ad)] (Figure 4c), which creates a
low-conductivity depletion layer near the surface.7–18,29 These

Figure 2. (a) Current versus voltage for a ZnO nanoparticle film
device in the dark (solid line) and under 0.83 mW/cm2 illumination
at 370 nm (dashed line). (b) Photocurrent as a function of incident
power at 370 nm at 120 V bias. Dark currents have been subtracted.
For each power the current was allowed to stabilise for 2 min before
measurement. (c) Time-resolved photocurrent at 120 V in response
to a 25.5 s light pulse.

Figure 3. (a) Energy level diagram (relative to vacuum) for
nanocrystalline ZnO relative to gold and aluminum work functions.
(b) Current versus voltage for a ZnO nanoparticle film device with
Al electrodes in the dark (solid line) and under 0.83 mW/cm2

illumination at 370 nm (dashed line). (c) Photocurrent decay in a
ZnO nanoparticle film device with Al electrodes at 120 V in
response to turn-off of the UV illumination.
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effects are particularly prominent in nanocrystalline films,
where the surface area is large and the depletion regions may
extend throughout the entire bulk of the film. These effects
have also been observed in memory devices based on films
of ZnO nanoparticles blended with polymer by Verbackel
et al.,30,31 who also observed enhanced conductivity on UV
illumination. Upon illumination at photon energies above
semiconductor bang gap (Figure 4d), electron-hole pairs
are generated. The holes that migrate to the surface along
the potential gradient produced by band-bending either
discharge the negatively charged adsorbed oxygen ions [h+

+ O2
- f O2(g)] to photodesorb oxygen from the surfaces

or effectively get trapped at the ZnO nanoparticle surfaces,
resulting in an increase in the free carrier concentration and
a decrease in the width of the depletion layer. As we discuss
in more detail below, this leads to an enhancement of carrier
injection and transport, producing a persistent photocurrent.
When the illumination is turned off, oxygen readsorbs on
the nanocrystal surfaces, returning the device to its initial
state. The very large surface to volume ratios of ZnO
nanoparticle films which readily facilitate oxygen adsorption
and desorption at the ZnO surfaces suggest that ZnO
nanoparticles are superior candidates for UV detection based
on a trapping mechanism related to gas adsorption and
desorption. Measurements made in a nitrogen-filled glovebox
show very long turn-off times of hundreds of seconds,
consistent with the proposed oxygen readsorption mecha-
nism.

It is important to distinguish between the effects of oxygen
adsorption on carrier injection and those on carrier transport.
In a device where the current is space-charge limited, it is
easy to see that decreasing the trapping of free charges will
lead to an increase in effective mobility and hence current.
This effect is further enhanced in a disordered hopping
system, where the mobility is strong dependent on free carrier
density. While we believe that these “bulk” transport effects
do play a role in our devices, experiments using different
metal electrodes show that the photocurrent mechanism is
in fact dominated by injection effects.

Figure 3a shows the approximate energy levels for ZnO
nanoparticles relative to the workfunctions of gold and
aluminum. For gold electrodes, which have been used in the
experiments described above, it can be seen that there is a
significant barrier to the injection of electrons into the ZnO.
Formation of a Schottky contact is therefore expected.
However, the existence of surface states at the ZnO/gold
interface can significantly modify the injection barrier (Figure
4a). Because of the high density of trap states in our
nanocrystalline films, classical methods to determine barrier
heights32 are difficult to apply. To demonstrate the influence
of injection barriers on the current in devices using gold
electrodes, we have therefore fabricated similar devices using
a 70 nm thick aluminum layer as the electrodes instead of
gold. Bulk Al/ZnO interfaces are found to be ohmic contacts
because of the diffusion of aluminum into ZnO interface
region during the thermal evaporation process.6,33 It is
expected that this diffusion process occurs more readily in
our devices because of the large surface-to-volume ratio of
ZnO nanoparticles, again forming ohmic contacts. Differ-
ences in device performance between devices with gold and
those with aluminum contacts can therefore be attributed to
the effect of an injection barrier at the gold/ZnO interface
that limits the charge injection. Figure 3b shows the dark
current and photocurrent of a device with aluminum elec-
trodes under the same conditions as the device with gold
electrodes shown in Figure 2a. The dark current with
aluminum electrodes is 3 orders of magnitude larger than
that with gold electrodes. The photocurrent is also increased,
by about 1 order of magnitude. This shows that an injection
barrier at the ZnO/Au interface controls the current, both in
the dark and under illumination. The photocurrent must
therefore arise primarily from changes in the injection
process. A likely mechanism for this is that the presence or
absence of adsorbed oxygen at the ZnO interface modifies
the density of defect states and, hence, alters the injection
barrier (Figure 4b). It is also possible that the high free charge
densities present during illumination significantly reduce the
width of the depletion layer. This mechanism is consistent

Figure 4. Carrier transport processes in the ZnO nanoparticle film devices. (a,b) Schottky barriers formed at the gold/ZnO nanoparticle
interfaces in the dark and under UV illumination, respectively. (c,d) Charge carrier trapping and transport in the ZnO nanoparticle films in
the dark and under UV illumination, respectively. Purple dots ) electrons, and yellow dots ) holes.
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with the observed superlinear intensity dependence of the
photocurrent, since the current is expected to respond
superlinearly to changes in effective barrier height. Figure
3c shows the photocurrent decay in the device with aluminum
electrodes, which drops by less than 2 orders of magnitude
in 1 min. The more rapid photocurrent decay in the device
with gold electrodes (Figure 2c) is consistent with the current
being dominated by interfacial injection, where oxygen is
only required to be readsorbed close to the interface to reduce
the current.

In summary, we have demonstrated that solution-processed
UV photodetectors can be conveniently fabricated using films
of ZnO nanoparticles. The devices show low dark currents
with a resistance >1 TΩ at room temperature as a conse-
quence of the low free carrier density in the films in the
absence of illumination. At wavelengths below 400 nm, a
strong photocurrent is seen, with a responsivity of 61 A/W
at an average intensity of 1.06 mW/cm2 illumination at
370 nm. The characteristic times for rise and fall of the
photocurrent are <0.1 s and about 1 s respectively, which
may be adequate for applications that do not require
particularly high speeds. The devices work reproducibly in
air; indeed the adsorption and desorption of oxygen from
the nanoparticle surfaces is essential to their operation. We
have shown that the photocurrent is associated with a light-
induced desorption of oxygen from the nanoparticle surfaces,
thus removing electron traps and increasing the free carrier
density. This reduces the Schottky barrier formed between
the ZnO nanoparticle films and the gold contacts for electron
injection, producing a persistent photocurrent. We suggest
that, because of the very large surface-to-volume ratio, ZnO
nanoparticle films are ideal materials for use in UV photo-
detectors that rely on a mechanism related to gas adsorption
and desorption. Considering the advantages of solution-
processable fabrication, the devices have potential for use
in large-area UV photodetector applications.
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