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a b s t r a c t

Herein we report an effective novel approach to improve the photoresponse and reset times as well as the
photosensitivity of the ZnO NWs heterostructure. We show that as compared to the pristine ZnO NWs,
much faster photoresponse (100 ms) and enhanced (sixfolds) photosensitivity could be achieved by Al
doping followed by Au NPs decoration of the ZnO NWs networks. The improvement in the photosensitiv-
ity and photoresponse time is explained on the basis of plasmon assisted electrons transfer from Au NPs
to ZnO NWs and interfacial interaction with the photogenerated electrons.

� 2012 Elsevier B.V. All rights reserved.

1. Introduction

In modern days, the UV photodetectors have a wide range of
applications in various fields, ranging from environmental UV radi-
ation monitoring, space research, high temperature flame detec-
tion to optical communications [1]. High photosensitivity and
selectivity, faster response and reset times, and reproducible char-
acteristics are the basic requirements for an efficient photodetector
[2,3]. ZnO nanowires (NWs) are considered to be one of the best
materials for the application in UV photodetectors due its very
high absorption in the UV region and large surface-to-volume ratio.
The small physical size of the NWs and the ability to integrate into
the mainstream Si based electronics makes it a better candidate for
future large-scale optoelectronic integration. A number of attempts
have been made to study the photodetection behavior of the bare
ZnO NWs (single NW or NWs array) by several research groups
[2,4–8]. Detailed investigations have also been carried out to
understand the mechanism of the observed photodetection of the
ZnO NWs. Kind et al. [4] first pointed out the involvement of oxy-
gen adsorption and photodesorption processes in the photodetec-
tion behavior of ZnO NWs and later this concept was further
elaborated by other researchers [7,9–11]. From their studies, Kind
et al. concluded that the single ZnO NW based devices have com-
paratively faster response. However, due to low photocurrent
(PC) it does not find applications in the real world. Fabrication of
photodetectors by using large numbers of ZnO NWs could be an
alternative; however, integration and collective electrical contacts
to a large number of NWs is a critical issue [12,13]. The best way to

achieve integration of large number of NWs is a direct growth
technique. In this method, ZnO NWs arrays are grown on the
suitable substrate and then it is used as photodetector by making
electrical contacts with low contact resistance. This type of photo-
detector gives very high photocurrent. However, the photore-
sponse and reset times (defined as the time requires to reach
1-1/e (63%) and recovery to 1/e (37%) of the maximum photocur-
rent, respectively) are very slow, ranging from few seconds to sev-
eral hundred seconds [5,14]. Earlier, most of the studies were
aimed to improve the photosensitivity and investigated the origin
of enhanced PC. As the density of the surface defect states influence
the photocarrier generation and lifetime, researchers have fabri-
cated varieties of ZnO NWs based heterostructures by surface
modification and achieved significant improvement in photosensi-
tivity [15–18]. For example, when the NWs’ surfaces are capped
with an inorganic semiconducting material (zinc sulfide) [15] or
with an organic polymer (polyvinyl alcohol) [16], the PC gain has
been enhanced by 3–4 times due to reduced effect of the carrier
relaxation during steady UV illumination. In our recent studies,
we achieved very high photosensitivities from arrays of ZnO NWs
heterostructures, one made with Au nanoparticles (NPs) decora-
tion [19] and other with anthracene capping [20]. However, very
little works have been made on the improvement of the photore-
sponse and reset times. To improve the photoresponse and reset
times, combination of Schottky contact and surface functionaliza-
tion [21], metal (Ag, Al) doping [22,23] have been recently
employed.

Here we report an effective approach to improve the photore-
sponse and reset times as well as the photosensitivity of the ZnO
NWs heterostructure and investigated the combined effects of Al
doping and Au nanoparticles (NPs) decoration. Much faster photo-
response and reset times (100 and 110 ms), and enhanced
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photosensitivity were obtained by the combined effect of Al doping
and Au NPs decoration on the surface of the ZnO NWs network. The
absorption and photoluminescence (PL) spectra are also carefully
studied to understand the improvement in the photoresponse
and reset times.

2. Experimental details

The Al doped ZnO NWs (Al:ZnO NWs) network of two different
concentration of Al (3% and 6%) were grown on the oxidized Si wa-
fer substrate by vapor–liquid–solid process in an in-house devel-
oped thermal vapor deposition system. Al doped ZnO powder as
a source and Au coated (�2 nm thick) oxidized Si as a substrate
were used during the growth of the NWs. 3% and 6% Al doped
ZnO powder was prepared by using mechanical ball milling pro-
cess. Commercial high purity ZnO powder (purity 99.999%, Sigma
Aldrich) and Al powder (99.7%, Loba Chemie) were used as starting
materials. First 3% Al powder was mixed properly with ZnO pow-
der and then ball-milling was performed at 300 rpm for a duration
of 5 h in a zirconia vial (Retsch, PM100) under atmospheric condi-
tion using small zirconium balls at a weight ratio of 10:1 for pow-
der mixture. The 6% Al doped powder was prepared by a similar
process. The uniform doping of Al in the as-prepared ZnO powder
was confirmed by X-ray diffraction (XRD, Seifert 3003 T/T) using a
Mo X-ray gun (k = 0.7093 Å) measurement and energy-dispersive
X-ray spectroscopy (EDX) scanning. The XRD patterns do not
shows any segregation of Al in the doped powder. For the growth
of Al:ZnO NWs, as-prepared doped powder and graphite powders
(purity 99.99%, Fluka) mixture was used as ZnO vapor source mate-
rial and placed inside a horizontal muffle furnace. The ZnO vapor
was formed at 950 �C and was deposited on the Au coated oxidized
Si substrate at 700 �C for 30 min. The chamber pressure was main-
tained at 1.3 mbar during the growth. Field emission scanning
electron microscopy (FESEM, Sigma, Zeiss) was used to confirm
the formation of ZnO NWs. The crystal structure of the NWs was
characterized by XRD and transmission electron microscopy
(TEM, JEM2100, JEOL) with selected area electron diffraction
(SAED). Raman scattering measurement was carried out with a
488 nm Ar+ laser excitation using a micro-Raman spectrometer
(LabRAM HR-800, Jobin Yvon) equipped with a liquid nitrogen-
cooled charge-coupled device detector. To further improve the
photoresponse and photosensitivity, 3% doped Al:ZnO NWs sample
was broken into two pieces and one piece is used for the decora-
tion of ultra small Au NPs on the surface of the Al:ZnO NWs by
sputter deposition process. The Au sputtering was done at 1 kV
DC voltage for 180 s, which results in an estimated 25 Å thick Au
layer. From our previous study [19], it is found that this thickness
is optimum for the maximum improvement in the PC in the ZnO
NWs. The specular reflectance (angle of incidence 45�) of the Al:Z-
nO NWs were measured using a UV–Vis spectrometer (Varian Car-
ry 50, Varian).The PL spectra of all the samples were recorded at
room temperature with a 325 nm He-Cd laser excitation using a
high-resolution commercial PL spectrometer (FS 920P, Edinburg
Instruments).

For the PC measurements, two circular Al contacts of 100 nm
thickness were made on the NWs by thermal evaporation process
using shadow mask. The diameter of the circular electrodes is
�350 lm with a fixed separation of 2.5 mm between the elec-
trodes. The photoresponse was measured using a picoammeter
(Keithley, Model 6487) at a bias of 3 V under the illumination of
monochromated UV light (wavelength 365 nm) from a 150 W xe-
non lamp at a light intensity of �0.5 mW/cm2 in ON and OFF con-
ditions. The UV light is tightly focused onto the sample making
sure that the region between the two electrodes is only illumi-
nated. All the measurements were carried out at room temperature
and atmospheric pressure.

3. Results and discussion

Figure 1a shows the FESEM image of the 6% Al:ZnO NWs grown
on the oxidized Si(100) substrate. The NWs grew horizontally
along the substrate plane and form a network like structure where
each one is connected with the other nearest neighbor NWs. These
NWs are very thin with diameter ranging from 10 to 16 nm and
length in the range of 0.6–1.0 lm. The EDX spectrum (Figure 1b)
confirms the presence of Al in the Al:ZnO NWs sample. The 3%
Al:ZnO NWs shows similar morphology with average diameter
12 nm. Figure 1c shows the typical TEM image of the 6% Al:ZnO
NWs. The measured diameter of the NWs is in the range of 11–
16 nm, which is in close agreement with the diameter obtained
from the FESEM image. The inset shows the SAED pattern of the
corresponding single NW, which clearly shows the intense diffrac-
tion spot of (002) planes. Figure 1d shows the high-resolution TEM
lattice image taken from one end of 6% doped single NW (shown by
dotted rectangle). The long white arrow shows the growth direc-
tion of the NW. The measured lattice spacing is 2.58 Å, which cor-
responds to the (002) plane. Therefore, the SAED pattern and
lattice image confirm the one-dimensional single-crystalline struc-
ture of the Al:ZnO NWs. Compared to the d002 spacing (2.61 Å) of
the bulk ZnO, the obtained d002 spacing in the present case is smal-
ler. Therefore, the Al:ZnO NWs are found to be strained and the
nature of strain is compressive.

Further, structural characterization of the Al:ZnO NWs was
done by XRD measurements. Figure 2 shows the XRD patterns of
the 3% and 6% doped Al:ZnO NWs, which show characteristic peaks
of crystalline hexagonal phase of ZnO. No other peaks related to the
Al or aluminium oxide are detected. The observed strong peak cor-
responds to the ZnO(002) planes, which further confirmed the
highly crystalline nature of the sample. Exact position of the
(002) peak is calculated from the Lorentzian fitting to the experi-
mental data. It is found that the peak position is slightly shifted to-
wards higher 2h. This up shift indicates lower lattice spacing and it
implies that the fabricated Al:ZnO NWs are strained compressively,
which is fully consistent with the HRTEM results. It is also noticed
that the compressive strain increases with increase in Al concen-
tration, as expected. In case of Al doping in ZnO, it is known that
the Al atoms occupy the Zn lattice site due to almost identical
covalent radius of Al atom (121 pm) and the Zn atom (122 pm).

Figure 1. (a) FESEM image of the Al doped (6%) as-grown ZnO NWs network with
an average diameter 12 nm and (b) the corresponding EDX spectra of the above
NWs, confirming the presence of Al in the NWs. (c) TEM image of the above Al:ZnO
NWs and the inset shows the corresponding SAED pattern of one of the single NW.
(d) High resolution TEM lattice image of the NW taken from one end of the NW.
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Therefore, the incorporation of Al atoms into ZnO leads to slight
decrease of lattice constants in ZnO, resulting in the compressive
strain in the Al:ZnO NWs. It is known that, strain has a strong effect
on the optical properties, as it directly influences the band gap of
the material. Compressive strain usually leads to increase in the
band gap and the tensile strain leads to decrease in the band gap
[24,25]. Therefore, a change in optical properties with band gap
widening is expected from the Al:ZnO NWs.

The structural quality of the Al:ZnO NWs was further evaluated
by micro-Raman analysis. Figure 3 shows the Raman spectra of the
3% and 6% Al:ZnO NWs. The Raman spectra show characteristic Ra-
man modes of hexagonal ZnO with good crystallinity. The Raman
peaks at �332, �381 and �438 cm�1 correspond to 2E2 , ATO

1 and
Ehigh

2 modes of hexagonal ZnO, respectively [26]. The strong Ehigh
2

mode indicates the highly crystalline structure of the as-grown
Al:ZnO NWs. It is also observed that with increase in Al concentra-
tion, the intensity of the Ehigh

2 mode decreases. The observed reduc-
tion in intensity indicates the deterioration of crystalline quality of
the doped NWs. Besides the common hexagonal ZnO modes, two
additional modes are observed from both the samples, one at
620 nm and other at 680 nm. The intensity of the above two peaks
are found to increase with the increase in Al concentration. In gen-
eral, it has been reported that doping causes structural disorder in
the host lattice. Therefore, above two peaks can be attributed to the
structural disorder related vibrations, as both these modes are not
associated with the Raman modes of Al. Here, as the doping
concentration is increased, the substitution of dopant into the Zn
lattice can cause strain and the oxygen in the ZnO host lattice
can be shared by both Zn and Al. This will lead to neighboring
disorder and local geometric disorientation, as result it increases

the intensity of the disorder related peak. The strain-free ZnO bulk
crystal shows Ehigh

2 mode at 438 cm�1. In the figure, frequency posi-
tion of Ehigh

2 mode for the 3% and 6% Al:ZnO NWs are at 438.1 and
438.7 cm�1, respectively. It has been reported that the Ehigh

2 mode is
very sensitive to strain/stress state of ZnO crystal [27,28]. There-
fore, upshift in the Ehigh

2 mode is the result of increment in compres-
sive biaxial strain. This is consistent with the XRD and TEM
analysis. Similar compressive strain has been reported in the Al
doped ZnO thin films [29].

Figure 4a shows the dark current–voltage (I–V) characteristics
of the 3% and 6% doped Al:ZnO NWs. As each of the NWs is con-
nected with the nearest neighbor, current carriers can easily flow
from one NW to the other by tunneling process through the junc-
tion between the NWs. I–V characteristics show nearly linear
behavior with comparatively higher dark current than the undoped
NWs. In our previous studies, we found that the dark current of the
undoped ZnO NWs varies in the range 2–10 nA [11,19]. However,
in the present case they obtained dark current is more than one or-
der of magnitude higher and it increases with the increase in dop-
ing concentration. At a bias of 3 V, the dark current increases from
110 to 180 nA when the Al concentration increases from 3% to 6%.
The higher dark current is primarily due to the increase in free car-
rier concentration due to doping of Al in the ZnO lattice. Here tri-
valent Al+3 ions contribute to the enhanced current conduction
process by increasing the free electron density in the doped
NWs. On the other hand, the Al:ZnO/Au NWs shows a reduction
in the dark current to 70 nA due to the upward band bending at
the interface between Au and ZnO. The upward energy band bend-
ing occurs at the interface due to the differences in work function
of ZnO (4.65 eV) and Au (5.47 eV), and the band bending affects the
dark current. In our earlier study, we have discussed the effects of
band bending on the dark current for different interfaces [19].

The photoresponse of the Al:ZnO NWs measured under the
excitation of 365 nm UV light is shown in Figure 4b–d. The ob-
tained response and reset times are below one second, which is
comparatively faster than the response time of the undoped ZnO
NWs (several seconds). For the 3% doped Al:ZnO NWs (see Figure
4b), the maximum photocurrent is about 5.3 lA, leading to the
photosensitivity of 50. With further doping (6%), the maximum ob-
tained PC does not change significantly. This is because the maxi-
mum PC depends on the numbers of photocarriers generated

Figure 2. XRD patterns of the 3% and 6% Al doped ZnO NWs, showing the c-axis
orientation of the ZnO NWs.

Figure 3. Micro-Raman spectra of the 3% and 6% Al doped ZnO NWs. Characteristic
modes are marked with standard notations.

Figure 4. (a). Dark current–voltage characteristics of the 3% and 6% Al doped ZnO
NWs. (b and c) Reproducible photoresponse behaviors (at 365 nm) of the above two
samples. (d) Photoresponse of the 3% Al doped NWs after the surface decoration
with Au NPs.
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between the conduction band and valence band. This is further
indicates that the doping concentration does not have any strong
effect on the density of photocarriers generated. Although these
NWs show a high increment in the photocurrent under the UV
excitation, the photosensitivity values are actually very low due
to the high dark current. Our results are similar to the previous re-
ports on Al:ZnO NWs [23,30,31]. This relatively low photosensitiv-
ity from the Al:ZnO NWs hinders the fabrication and development
of highly efficient UV photodetectors. However, in the present case,
the photoresponse and reset times are very fast compared to the
as-grown undoped ZnO NWs or NWs heterostructures. The photo-
response and reset times of the Al:ZnO NWs show a dependence on
Al concentration. At low doping level of Al, the photoresponse and
reset times are significantly reduced. The 3% doped Al:ZnO NWs
shows photoresponse and reset times of 0.9 and 1.1 s, respectively
(Figure 4b). Higher doping shows further reduction, though small,
in the photoresponse and reset times, as shown in Figure 4c. There-
fore, Al doping accelerates the photocurrent saturation rate, which
indicates that the oxygen readsorption rate reached equilibrium
instantly. Earlier, similar improvements in the photoresponse and
reset times are reported for Ag doped ZnO NWs [22]. In order to
improve the photosensitivity of the Al:ZnO NWs, we decorated
the surface of the 3% doped Al:ZnO NWs by small Au NPs. The Al:Z-
nO/Au NWs shows a significant improvement in the UV photosen-
sitivity with an enhancement factor of six (Figure 4d). The obtained
photosensitivity is 300. At the same time, the photoresponse and
reset times are also significantly reduced, which results in an ultra
fast photodetection. The obtained photoresponse and reset times
of 100 and 110 ms, respectively. Therefore, after the Au NPs deco-
ration, the photoresponse and reset times are about one order of
magnitude faster, which is a very significant improvement. Thus,
the Au NPs decorated Al:ZnO NWs are found to a strong candidate
for the fabrication of much faster UV photodetectors.

To understand further the origin of enhanced photoconduction
behavior of the Al:ZnO NWs, we studied the optical absorption and
emission properties by measuring the room temperature specular
reflectance and PL spectra. The absorption spectra are calculated
from their corresponding reflectance spectra according to the
method proposed by Rusil et al. [32]. The UV–Vis absorption spec-
tra of the Al:ZnO NWs is shown in Figure 5a. Absorption spectra
show a sharp UV absorption and constant blue shift in absorption

edge as a function of Al doping concentration. Compared to the
absorption edge of undoped ZnO NWs (367 nm) [11], 3% doped
NWs show absorption edge at 364 nm and with higher doping, it
is shifted towards lower wavelength. The observed blue shift indi-
cates a band gap widening in the Al:ZnO NWs due to the Al incor-
poration. This is consistence with the XRD results, which indicates
a possible band gap widening due to the presence of compressive
strain in the Al:ZnO lattice. It is also known that, there is a possibil-
ity of band gap widening in doped semiconductors due to Burstein
Moss (BM) effect. Therefore, the observed band gap widening is
attributed to the combined effects of compressive strain and BM
effect. The Al:ZnO NWs also show absorption in the blue–green re-
gion, which is attributed to the surface defects related absorption.

The room temperature PL spectra of the Al:ZnO and Al:ZnO/Au
NWs are shown in Figure 5b–d. The 3% Al doped ZnO NWs exhibit
near band edge (NBE) UV emission at �378 nm and a broad green
emission band. Gaussian multipeak fitting to the green band shows
the existence of two emission bands, one at 494 nm (1st green
emission) and another at 545 nm (2nd green emission). The ob-
served NBE emission is due to bound excitonic recombination,
the 1st green emission is due to the presence of oxygen vacancy
states on the surface of ZnO NWs and 2nd green emission band
is due to the presence of deep interstitial oxygen states inside
the NWs [33]. It is found that the intensities of the UV PL as well
as the green PL gradually increase with increase in Al doping con-
centration (Figure 5c). The PL spectra are consistent with the
absorption spectra, which show enhancement in the peak intensi-
ties in the UV as well as visible region. After the Au NPs decoration
on the 3% doped Al:ZnO NWs, the UV PL intensity is dramatically
enhanced and green emission peak is significantly reduced, as
shown in Figure 5d. Here a fourfold enhancement in the UV PL
intensity is obtained from the Al:ZnO/Au NWs, while the 1st green
emission intensity reduced to half and the 2nd green emission
intensity is one third of its initial value. The observed UV PL
enhancement is attributed to the combined effects of spontaneous
recombination in ZnO and surface plasmon assisted enhanced
recombination, which is explained earlier in a previous report
[19]. From the absorption study of the Au NPs, it is known that
the electrons in the Fermi level of Au NPs are excited by absorbing
incident light in the UV–violet region due to interband transition
and in the green region due to the surface plasmon resonance
[34]. Subsequently, the excited energetic electrons stay in higher
energy states, and these are so active that they can escape from
the surface of the NPs and transfer to the conduction band of
ZnO. In the present case, when the Al:ZnO/Au NWs were illumi-
nated with UV light, the excited energetic electrons in the Au
NPs can escape from the surface of the NPs and transfer to the con-
duction band of ZnO through the interface. The surface plasmon
resonance (SPR) in Au NPs generates energetic electrons with en-
ergy larger than the energy of the conduction band of ZnO. In this
case, SPR occurs through the reabsorption of the emitted green
light from ZnO, which possibly reduces the green emission inten-
sity. Subsequently these electrons can easily be injected to the con-
duction band of ZnO through the Au/ZnO interface and increase the
electron accumulation. This process leads to the enhanced recom-
bination probability, which results in the improvement in the UV
PL intensity. This explains the enhancement in the UV PL and dec-
rement in the green emission intensities in Al:ZnO/Au NWs. Ear-
lier, Lin et al. [35] explained the electrons transfer process from
Au to the conduction band of ZnO to account for the enhancement
of UV PL intensity from the Au NPs decorated ZnO nanorods.

The obtained faster photoresponse and improved photosensi-
tivity for the Al:ZnO/Au NWs can be explained as follows. It is
known that the photoresponse of ZnO NWs depends on electron-
hole generation, surface adsorption and photodesorption pro-
cesses. It is also known that fast or slow response strongly depends

Figure 5. (a) UV–Vis absorption spectra of the 3% and 6% Al doped ZnO NWs. Room
temperature PL spectra of the (b) 3% and (c) 6% Al doped ZnO NWs. (d) PL spectra of
the 3% Al doped NWs after the decoration with Au NPs.
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on the time taken to reach the equilibrium rate of oxygen desorp-
tion and readsorption process. In the present case, Al doping of the
ZnO NWs possibly change the equilibrium defect concentration,
besides changing the electron concentrations. Due to this, surface
defects in the Al:ZnO NWs gradually increases with the increase
in Al concentration. This is supported by the optical absorption
and PL results. The optical absorption and PL data show systematic
increase in the surface defects related absorption and emission in
the green region. For this reason, the rates of oxygen desorption
and readsorption processes are significantly improved and in-
stantly reach the equilibrium rate. This process results in faster
photoresponse in the Al:ZnO NWs. Whereas in case of Al:ZnO/Au
NWs, the decoration of Au NPs induces rough surface morphology
and interface states at the ZnO/Au interface. As reported previ-
ously, a larger number of oxygen molecules are adsorbed on the
surfaces of rough ZnO NWs than smooth ZnO NWs [36,37]; thus,
more photogenerated holes are trapped by adsorbed oxygen on
the surfaces of rough ZnO NWs, suppressing the recombination
of excitons under UV illumination. Therefore, the PC reached the
saturation value at a much faster time, and a further improvement
in the response time is obtained. Similarly, after turning off the UV,
the high density of oxygen molecules adsorb on the roughened sur-
face of ZnO NWs more quickly, presumably due to increased bind-
ing energies for oxygen adsorption on the roughened surface. As a
result, much faster reset time is achieved for the Al:ZnO/Au NWs
device.

The enhancement in photosensitivity in the Al:ZnO/Au NWs is
due to the interband transition and surface plasmon assisted inter-
facial electrons transfer to the conduction band of ZnO, as ex-
plained before to explain the PL. In the present case, under UV
light and external bias, the injected electrons from the Au NPs
along with photogenerated electrons due to band edge absorption
of ZnO contributed to the current conduction process, resulting in
the enhanced photocurrent. Therefore, we believe that the en-
hanced photocurrent in the present case is due to the increase in
electron density in the conduction band of ZnO by band edge
absorption of ZnO and surface plasmon assisted interfacial electron
transport from Au NPs.

4. Conclusion

Here we investigated the combined effect of Al doping and Au
NPs decoration on the faster photoresponse and improved photo-
sensitivity of the ZnO NWs. We have demonstrated that this is
an effective approach to strongly improve the photoresponse and
the photosensitivity of the ZnO NWs based photodetector. Without
Au decoration, the doped ZnO NWs show photoresponse and reset
times of 0.9 and 1.1 s, respectively, which is much faster than the
case of undoped ZnO NWs. With subsequent decoration of the ultra
small Au NPs on the surface of the NWs, the photoresponse and re-
set times are dramatically reduced to 100 and 110 ms, respectively.

The fast response is explained on the basis of change in defect
equilibrium by Al doping and formation of interface traps due to
Au NPs decoration. And the improvement in the photosensitivity
is explained by plasmon assisted interfacial electrons transfer from
Au NPs to ZnO NWs. The optical absorption and PL studies support
our proposition on the mechanism of improved photoresponse.
The faster photoresponse and improved photosensitivity from the
Al:ZnO/Au NWs makes it a superior candidate for the fabrication
of photodetectors with real time sensing.
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