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ABSTRACT

ZnO nanowire (NW) visible-blind UV photodetectors with internal photoconductive gain as high as G ∼ 108 have been fabricated and characterized.
The photoconduction mechanism in these devices has been elucidated by means of time-resolved measurements spanning a wide temporal
domain, from 10 -9 to 102 s, revealing the coexistence of fast ( τ ∼ 20 ns) and slow ( τ ∼ 10 s) components of the carrier relaxation dynamics.
The extremely high photoconductive gain is attributed to the presence of oxygen-related hole-trap states at the NW surface, which prevents
charge-carrier recombination and prolongs the photocarrier lifetime, as evidenced by the sensitivity of the photocurrrent to ambient conditions.
Surprisingly, this mechanism appears to be effective even at the shortest time scale investigated of t < 1 ns. Despite the slow relaxation time,
the extremely high internal gain of ZnO NW photodetectors results in gain-bandwidth products (GB) higher than ∼10 GHz. The high gain and
low power consumption of NW photodetectors promise a new generation of phototransistors for applications such as sensing, imaging, and
intrachip optical interconnects.

Because of its wide band gap (Eg ) 3.4 eV), low cost, and
ease of manufacturing, ZnO is emerging as a potential
alternative to GaN in optoelectronic applications,1 including
light-emitting diodes, laser diodes, and photodetectors for
the UV spectral range. In the past decade, the demonstration
of a large variety of functional ZnO nanowire (NW) devices
such as field effect transistors,2,3 optically pumped lasers,4,5

and chemical and biological sensors6 have aroused growing
interest in this material.7 In particular, ZnO NW photode-
tectors and optical switches have been the subject of
extensive investigations.8-18

Despite the abundant research on NW photoconduction,19

the two main factors contributing to the high photosensitivity
of such nanostructures have been scarcely recognized: (1)
the large surface-to-volume ratio and the presence of deep
level surface trap states in NWs greatly prolongs the
photocarrier lifetime; (2) the reduced dimensionality of the
active area in NW devices shortens the carrier transit time.
Indeed, the combination of long lifetime and short transit
time of charge carriers can result in substantial photoconduc-
tive gain.20-22

In this letter, we present ZnO NW photodetectors with
large photoresponse; upon UV illumination at relatively low
light intensities (I ∼ 10 µW/cm2), the current in ZnO NWs
increases by several orders of magnitude, which translates

to a photoconductive gain ofG > 108. To elucidate the
photoconduction mechanism that involves fast carrier ther-
malization and trapping at the NW surface and electron-
hole recombination at extended and localized states, we have
studied the photoconductivity of ZnO NWs by time-resolved
measurements and in different ambient conditions (e.g., in
air or under vacuum). A physical model was developed to
illustrate the origin of the photoconductive gain in semicon-
ductor NWs, where the high density of surface trap states
enhances the carrier lifetime. These results demonstrate the
uniqueness of NWs for photosensing applications and enable
the design of novel photodetector architectures.

The ZnO NWs used in this study were grown by chemical
vapor deposition (CVD) using a simple tube furnace at 925
°C. The source materials consisted of a mixture of ZnO
powder and graphite (molar ratio of 1:1); N2 was used as
the carrier gas.23 The as-grown single-crystal ZnO NWs
had diameter of 150-300 nm and length ranging from 10
to 15 µm. After growth, the NWs were transferred onto a
thermally oxidized Si substrate (600 nm SiO2), and conse-
quently, Ti/Au (20 nm/160 nm) interdigitated electrodes with
2 µm finger spacing were patterned on top of the NWs using
optical lithography. A representative SEM image of a single
ZnO NW device is shown in the inset of Figure 1a.

The results of photocurrent measurements24 performed on
single NW devices in standard ambient conditions are
summarized in Figure 1. Figure 1a shows some typicalI-V
characteristics of the ZnO NWs in dark and under UV
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illumination (λ ) 390 nm) at various light intensities; the
I-V curves are linear around zero applied bias, which
indicates good ohmic behavior of the Ti/Au contacts.7 The
linear increase of the current with applied bias (V) is due to
the increase of the carrier drift velocity, hence the reduction
of the transit time (Tt ) l2/µV, whereµ is the carrier mobility
and l is the separation between the electrodes). The current
measured in the NW increases significantly under illumina-
tion: by varying the light intensity from 6.3µW/cm2 to 40
mW/cm2, the current increases from 2 to 5 orders of
magnitude, as seen in Figure 1b, where theI-V curves have
been redrawn on a natural logarithmic scale.

Because of the high surface-to-volume ratio, trapping at
surface states drastically affects the transport and photocon-
duction properties of NWs. Figure 2 shows a schematic of
the photoconduction mechanism in the presence of a high
density of hole-trap states at the NW surface; upon illumina-
tion with photon energy larger than the semiconductor band
gap (Eg), electron-hole pairs are photogenerated and holes
are readily trapped at the surface, leaving behind unpaired
electrons, which increase the conductivity under an applied

electric field (Figure 2a). Schematics of the NW energy band
diagrams in dark and under illumination are displayed in parts
b and c of Figure 2, respectively, illustrating the charge
separation process of photogenerated electrons and holes
under the intrinsic NW electric field and the occupation of
surface states by photogenerated holes. In ZnO, it has been
previously shown that the following trapping mechanism is
governing the photoconduction in thin films25 and NWs:
8,9,13,18,26-28 in the dark (Figure 2b), oxygen molecules are
adsorbed on the oxide surface and capture the free electrons
present in the n-type oxide semiconductor [O2(g) + e- f

O2
-(ad)], and a low-conductivity depletion layer is formed

near the surface. Upon illumination at a photon energy above
Eg (Figure 2c), electron-hole pairs are photogenerated [hV
f e- + h+]; holes migrate to the surface along the potential
slope produced by band bending and discharge the negatively
charged adsorbed oxygen ions [h+ + O2

-(ad) f O2(g)], and
consequently, oxygen is photodesorbed from the surface. The
unpaired electrons are either collected at the anode or
recombine with holes generated when oxygen molecules are
readsorbed and ionized at the surface. This hole-trapping
mechanism through oxygen adsorption and desorption in
ZnO NWs augments the high density of trap states usually
found in NWs due to the dangling bonds at the surface and
thus enhances the NW photoresponse. It is well-known that
photoconductors with blocking contacts, i.e., with a Schottky
barrier at the metal electrode-semiconductor interface, can
exhibit hole-trapping in the reversed-bias junction that shrinks
the depletion region and allows tunneling of additional
electrons into the photoconductor; if electrons pass multiple
times, this mechanism yields photoconductive gain greater
than unity.29-32 Suppressed recombination of charge carriers
has also been reported in PIN diodes with blocking contacts33

and type II doping superlattices,34,35 where the increase of
photocurrent lifetime results in large photoconductive gain.
Here we propose a similar mechanism to be effective in
NWs, where holes are efficiently trapped at surface states
(in ZnO NWs trapping time is increased by oxygen desorp-
tion from the surface) and multiple electron passes through
the NW can lead to photoconductive gain.

Figure 3a shows the intensity dependence of the photo-
current (calculated asI light - Idark) measured at an applied
bias ofV ) 5 V. At low light intensities, the photocurrent
increases linearly with light intensity, consistent with charge
carrier photogeneration efficiency proportional to the ab-
sorbed photon flux, while at higher light intensities, it
deviates below this linearity. The sublinear dependence of
the photocurrent on light intensity can be understood by
assuming that, at higher illumination intensities, the number
of available hole-traps present at the surface is increasingly
reduced, leading to the saturation of the photoresponse. In
this case, the density of free carriers (N) in the NW can be
expressed as

where η is the charge carrier photogeneration quantum

Figure 1. (a) I-V characteristics of a single-NW photodetector
as a function of light intensity; from top to bottom, the curves were
measured at the following intensities: 4× 10-2 W/cm2 (black), 4
× 10-3 W/cm2 (red), 4× 10-4 W/cm2 (green), 1.3× 10-4 W/cm2

(blue), 4× 10-5 W/cm2 (cyan), 1.3× 10-5 W/cm2 (magenta), 6.3
× 10-6 W/cm2 (yellow), and in dark (brown). Inset is the SEM
image of a typical ZnO NW device (obtained at 45° tilt angle); the
spacing between the interdigitated electrodes is 2µm. (b) TheI-V
curves presented in Figure 1a are replotted on a natural logarithmic
scale.
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efficiency,F is the photon absorption rate,A andL are the
NW cross section and length, respectively, andTl is the car-
rier lifetime. As traps are filled, the energy bands flatten and
the number of free holes increases; this increases the prob-
ability of electron-hole recombination, which is manifested
in an absorption-rate-dependent carrier lifetime,Tl(F). The
analytical expression ofTl(F) is given in eq 1, whereTl

0 is
the carrier lifetime at low excitation density,F0 is the photon
absorption rate when trap saturation occurs, andn is a
phenomenological fitting parameter. From the usual expres-
sion of the photocurrent (Iph), we therefore obtain:

whereq is the elementary charge andν ) µV/l is the carrier
drift velocity. The solid line in Figure 3a is the best fit to
the data obtained by eq 2, from whichF0 ) 3.2 × 106 s-1

andn ) 0.7 have been deduced.
The photoconductive gain is defined as the ratio between

the number of electrons collected per unit time and the
number of absorbed photons per unit time (G ) Nel/Nph),36

which can be derived from eq 2 by assumingη ) 1 for
simplicity:

The first term on the right-hand side of eq 3 is the usual
expression for the gain, which is the ratio of carrier lifetime
to carrier transit time, and the second term accounts for trap

saturation at high excitation intensities. Figure 3b shows the
gain derived from the data in Figure 2a according toG )
(Iph/P)/(hV/q), whereP is the power absorbed in the NW.37

The extremely long photocarrier lifetime combined with the
short carrier transit times due to the reduced dimensionality
of the NW devices (i.e., the small spacing between the
electrodes) results in photoconductive gain as high asG )
2 × 108; such a gain could allow reaching single-photon
detectivity in homogeneous single NWs.38,39 The decrease
of the gain at relatively high light intensities is a manifesta-
tion of hole-trap saturation. The model proposed is in fairly
good agreement with the experimental data, where the fitting
solid line was plotted from eq 3, withF0 ) 3.2 × 106 s-1

and n ) 0.7. We notice, however, that in addition to trap
saturation, the onset of carrier bimolecular recombination at
the highest light intensities may also contribute to the
shortening of the carrier lifetime.40

To determine the charge carrier lifetime,Tl, we have
studied the photocurrent relaxation using time-resolved
measurements at low excitation intensity. Figure 4a shows
the photocurrent rise upon continuous illumination (λ ) 390
nm) and the photocurrent decay after removal of incident
light at different applied bias. By comparing the curves
relative to different biases, it is found that the photocurrent
dynamics is independent of the sign and intensity of the
external electric field throughout the entire range of applied
fields investigated of|V| < 5 V, indicating the absence of
space-charge effects.20,21 The solid lines represent the best
fit to the data obtained by a double-exponential rise and
decay functions, from which we deduce a weight-averaged
photocurrent rise and decay time constants ofτrise ) 23 s
andτdecay) 33 s. From the conventional expression for the
3 dB bandwidth of a photodetector,B ) 1/2πTl, and the

Figure 2. (a) Photoconduction in NW photodetectors. (a) Schematic of a NW photoconductor. Upon illumination with photon energy
aboveEg, electron-hole pairs are generated and holes are readily trapped at the surface. Under an applied electric field, the unpaired
electrons are collected at the anode, which leads to the increase in conductivity. (b and c) Trapping and photoconduction mechanism in
ZnO NWs: the top drawing in (b) shows the schematic of the energy band diagrams of a NW in dark, indicating band-bending and surface
trap states. VB and CB are the valence and conduction band, respectively. The bottom drawing shows oxygen molecules adsorbed at the
NW surface that capture the free electron present in the n-type semiconductor forming a low-conductivity depletion layer near the surface.
(c) Under UV illumination, photogenerated holes migrate to the surface and are trapped, leaving behind unpaired electrons in the NW that
contribute to the photocurrent. In ZnO NWs, the lifetime of the unpaired electrons is further increased by oxygen molecules desorption
from the surface when holes neutralize the oxygen ions.
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experimental value of the carrier lifetime (Tl ) 33 s), we
obtain for the ZnO NWsB = 5 × 10-3 Hz. The gain-
bandwidth product will be given by:

which also accounts for hole-trapping saturation at high
excitation intensity. Despite the slow photocurrent relaxation
time, the high gain values result in large gain-bandwidth
products, implying that a significant photoresponse is
expected in NW photodetectors even at high modulation
frequencies. Figure 4b shows the dynamic gain as a function
of frequency in the range from 20 to 3000 Hz, as obtained
by modulating the light excitation source by means of a
mechanical chopper and using a lock-in amplifier to measure
the photocurrent.41 The gain values obtained are consistently
high even in the submillisecond time domain: for instance,
G ∼ 2 × 106 at ν ) 3 kHz, leading to GB) 6 GHz. From
eq 4, one can infer a carrier transit time ofTt ∼ 30 ps,
corresponding to a carrier mobility ofµ ∼ 270 cm2/V‚s for
the 2µm electrode spacing atV ) 5 V.7 Because the dark
current of these NW devices approaches 10 nA atV ) 5 V

(Figure 1), we can then estimate the intrinsic carrier concen-
tration to be as low asn ∼ 1013 cm-3, which indicates the
high crystal quality of the ZnO NWs used in this study and
explains the extremely high photoconductive gain observed.42

Because of oxygen adsorption and desorption at the NW
surface, the carrier lifetime and hence the photocurrent
intensity are strongly dependent on the ambient gas condi-
tions. Figure 5a shows the photoconductivity spectra recorded
in air and under vacuum, using the standard lock-in technique
at a modulation frequency of 160 Hz and with an applied
bias of 0.3 V. In both cases, the photocurrent shows a sharp
onset from 3.2 to 3.3 eV, corresponding to the ZnO NW
band gap. Above the band gap energy, the photoconductivity
is almost constant (note the semilogarithmic scale) up to the
deep UV spectral region, while no photoresponse has been
detected in the range from 1.5 to 3.2 eV. The absence of
photoconduction upon visible light illumination testifies to
the low defect levels,17,18 such as oxygen vacancies in the
ZnO NWs, which is supported by the low intrinsic electron
concentration estimated above. The high spectral selectivity

Figure 3. (a) Photocurrent of a single ZnO NW device measured
as a function of excitation intensity with 5 V applied bias. (b)
Estimate of the photoconductive gain relative to the photon
absorption rate in the ZnO NW.

GB ) ( 1
2πTt

) 1

1 + (F/Fo)
n
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Figure 4. (a) Time-resolved photocurrent rise and decay as
obtained by sudden application (at 40 s) and removal (at 120 s) of
light illumination at different applied bias (from top to bottom, the
curves were obtained with an applied external bias of 5, 3, 1,-1,
-3, -5 V, respectively); for each curve, the bias was applied after
20 s; the excitation intensity wasI ) 4 × 10-5 W/cm2; the red
lines are the best-fit to the data obtained with double-exponential
rise and decay functions. (b) Frequency dependence of the
photoconductive gain, with an excitation intensity of 1.6× 10-5

W/cm2 (λ ) 390 nm) and an external applied bias ofV ) 5 V.
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combined with high photosensitivity suggest the possibility
of using ZnO NWs as “visible-blind” UV photodetectors for
commercial, military, and space applications.43 Figure 5a also
shows that the photoresponsivity of the ZnO NW detector
increases by about 2 orders of magnitude after keeping the
sample under vacuum (P < 10-4 Torr) for approximately
20 min. This increase in photocurrent is consistent with the
increase of the electron lifetime due to a reduction in the
oxygen readsorption rate in oxygen-deficient environments
(Figure 2c), which is also supported by the spectral similarity
of the photocurrent measured in air or in vacuum, indicating
that the same physical processes are responsible for photo-
conduction. The increased trapping due to oxygen desorption
is also manifested inI-V measurements of single NW
devices performed in vacuum (P < 10-4 Torr), where the
photocurrent increases by a factor of more than 10 after
pumping down for 5 min, as shown in Figure 5b. The fact
that no change in the dark current has been observed in
vacuum before illumination indicats that oxygen desorption
is indeed facilitated by the photogeneration of holes that
neutralize the oxygen ions at the surface.

We have also tested the high-frequency photoconductive
response of ZnO NW detectors by fast (t < 1 ns) transient
photocurrent measurements.44 The NW device was excited
by ultrafast laser pulses (with pulse width oft < 150 fs and
repetition rate of 1 kHz), and the photocurrent decay was

recorded using a fast boxcar integrator.45 To reveal the effect
of oxygen adsorption and desorption on the photocurrent at
fast time scales, we have performed the measurements while
the sample was in standard ambient condition and in vacuum
(P < 10-4 Torr). Figure 6 shows the fast transient photo-
current decay waveforms of an array of ZnO NWs in
different ambient conditions. Figure 6a shows the transient
photocurrent measured in air, which displays a fast relaxation
(t ∼ 20 ns), consistent with our previous estimate for the
GB product, followed by a long-lived photocurrent “tail” that
persists over the whole time span investigated.46 For clarity,
the data have been plotted on a different time scale in the
inset of Figure 1a. The fast response in the nanoscond time
scale demonstrates high-speed operation of NW photode-
tectors. Surprisingly, when the ZnO NW device was mea-
sured in vacuum, the fast component of the transient decay
completely disappeared while the background current in-
creased (Figure 6b). In vacuum and under intense illumina-
tion, oxygen molecules are discharged from the surface and
thus the NWs are persistently photodoped, which results in
higher dark current level and in the complete suppression
of the photoresponse. Note that the ultrafast components of
the photocarrier relaxation dynamics, such as the prompt
electron-hole recombination and trapping, are not resolved
in our measurements.47,48The results in air and under vacuum
indicate that the oxygen adsorption to and desorption from
the NW surface occurs in very short time (ns), suggesting
that the desorbed oxygen molecules in air remain in close
proximity to the surface and can be promptly readsorbed.9

Figure 5. (a) Photocurrent spectra of an array of ZnO NWs
obtained in air (red triangles) and in vacuum, atP ∼ 10-4 Torr
(blue circles), with a modulation frequency of 160 Hz and an applied
bias of 0.3 V. (b)I-V characteristics of a single ZnO NW under
illumination measured in air (red triangles) and in vacuum, atP <
10-5 Torr (blue circles).

Figure 6. Fast transient photocurrent (PC) waveforms of ZnO NWs
obtained (a) in air, (b) under vacuum (P ∼ 10-4 Torr) and (c)
reexposed to air for 1 min after vacuum. The excitation intensity
was I ) 0.3 µJ/pulse and the applied biasV ) 1 V. Inset of (a)
shows the initial photocurrent decay in air, from which a charac-
teristic time of∼20 ns can be inferred.
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Figure 6c indicates that the oxygen readsorption to the
surface and consequently the lowering of the dark current
happen quickly after re-exposing the NWs to air; however,
full recovery of the pristine conditions requires longer times,
of the order of several minutes, due to the time required for
oxygen molecules diffusion.

In summary, we have investigated the photoconductive
properties of ZnO NW for visible-blind UV photodetectors
and fast optoelectronic applications. We have analyzed and
quantified the photoconduction mechanism that leads to the
substantial photoconductive gain measured (G ) 2 × 108),
which, to the best of our knowledge, is among the highest
reported gain for photodetectors. We have studied the
photoconductivity of ZnO NWs using time-resolved mea-
surements over a broad time range and in different ambient
conditions (e.g., in air or under vacuum). We found that the
photocarrier relaxation dynamics consists of a fast decay
component in the nanosecond time range, which arises from
the fast carrier thermalization and hole-trapping by surface
states, followed by a “persistent” photocurrent, which decays
within several seconds. We have also confirmed that, at all
time spans investigated, the photosensitivity of ZnO NWs
and the photocarrier lifetime are considerably enhanced in
oxygen deficient environments, consistent with the photo-
conductive mechanism involving oxygen adsorption and
desorption at the NW surface. Surprisingly, this mechanism
appears to be effective even at the shortest time scale
investigated oft < 1 ns. Despite the slow relaxation time,
the extremely high internal gain of ZnO nanowire photode-
tectors results in gain-bandwidth products higher than GB
∼ 10 GHz. Furthermore, we have developed a physical
model that illustrates the origin of the photoconductive gain
in ZnO NWs and successfully predicts its functional depen-
dence on excitation intensity and frequency. This model,
broadly applicable to low-dimensional semiconductors with
high density of surface trap states, demonstrates the unique-
ness of NW as photodetectors with ultrahigh sensitivity and
low power consumption for applications such as sensing,
imaging, optical communications, and memory storage.
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