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Abstract
We report a new strategy for ligand-free attachment of plasmonic Au nanoparticles on the
surface of a ZnO nanowire to make high-performance broadband photodetectors using a pulsed
laser ablation technique in a liquid medium. The photoresponse of the ZnO-based photodetector
is enhanced and the photodetection limit is broadened from UV to visible, which can be
controlled by varying the concentration of Au nanoparticles attached to the ZnO surface. This Au
nanoparticleconcentration can be tuned by varying the number of laser pulses used in the
ablation process. We found that the responsivity of the detector is 10 mAW−1 for 525 nml ~
and increases to as much as 0.4 A W–1 for λ�400 nm for the maximum Au concentration. The
enhanced responsivity was found to be linked to increased absorption over a broad spectral range
arising from direct and indirect plasmonic processes due to Au nanoparticle attachment, and the
enhanced absorption also leads to a large increment in photocurrent generation. We also found
that the attachment of Au nanoparticles makes the relaxation of the photocurrent (persistence)
considerably faster in both the UV and visible regions of the spectrum and that the persistence
directly depends on the concentration of Au nanoparticles attached to the ZnO nanowire. This
single-step pulsed laser ablation-based nanoparticle attachment process can be further used to
make other plasmonic nanoparticle-decorated nanowire devices.

Keywords: pulsed laser ablation, plasmonic nanoparticles, surface plasmon resonance,
photoresponse

1. Introduction

ZnO is a well-researched material for UV photodetection
[1, 2]. One of the drawbacks of ZnO for the realization of
UV/visible photodetectors is its lack of response in the
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visible, in particular above a wavelength λ�450 nm. This
fundamental limitation of ZnO arises from the fact that its
band gap lies in the UV (3.3 eV). This limits the use of ZnO
significantly in broadband photodetection, particularly in the
visible spectrum. ZnO-based photodetectors have an edge
over other elemental or complex semiconductor photo-
detectors as they are easy to fabricate and are extremely cost-
effective. Removal of this road block and extending the
operation of ZnO to a broader wavelength range will be a
significant step for its potential applications. In this paper, we
show that attachment of plasmonic Au nanoparticles (Au
NPs) to ZnO leads to significant enhancement of the photo-
detection capability of ZnO, not only in UV region but also
significantly in visible region. While ZnO is mostly resear-
ched for UV detection, semiconductors such as CdS and
CdSe have a band gap in the visible range and are used in the
visible for photoconductive detection. It is difficult to fabri-
cate a photodetector working in UV to visible using CdS or
CdSe only. One of the approaches that has been recently
suggested is to combine the complimentary aspects of these
two materials to make detectors with a broadband response.
As an example core–shell ZnO–CdS NPs or ZnO nanowires
(NWs) coated with CdS or ZnO/CdS heterostructures [3]
have enhanced absorption in the visible due to the presence of
CdS. Such structures have been suggested to have photo-
catalytic activities. However the photodetectors made from
such structures do not show substantially enhanced perfor-
mance in the visible. In this context, the Au NP-decorated
ZnO NWs reported here work as better photodetectors in the
UV as well as in the visible.

In this paper, we also used a physical method by which
semiconducting NWs (of any material) can be decorated by
plasmonic NPs (average diameter ∼10 nm) in a single ligand-
free step where the coverage of Au NPs can be controlled
with ease. The ligand-free physical process uses pulsed laser
ablation (PLA). We have shown that the process of ligand-
free attachment ofAu NPs to the surface of ZnO NWs results
in a significant decrease of the dark current and an increase in
photoresponse in both the UV and visible regions. We also
found that attachment of Au NPs leads to faster relaxation of
the photocurrent.

In the work reported here we used small (∼10 nm)
plasmonic Au NPs to decorate/functionalize the ZnO NW
photodetectors using the PLA method; this led to a significant
absorption in the visible in addition to enhanced absorption in
the UV. The enhanced absorption of light significantly
increases the photoresponse not only in the UV region but
also in a wide wavelength region (475 nm�λ�625 nm)
where bare ZnO does not show any noticeable photoresponse.
The attachment of Au NPs on ZnO NWs also reduces the
persistence of the photocurrent when the illumination is
turned off: this makes the response relatively faster than that
observed in bare ZnO photodetectors.

The decoration of ZnO NWs/films by plasmonic NPs is
a useful and effective technique for changing the surface and
interface behaviour of the materials, which can control the
electronic transport and optical properties in the UV [4–15].
Previous published papers mostly reported enhanced

photoresponse of ZnO by the plasmonic effect in the UV
region. In most of the reported works, attachment of the
plasmonic NPs was done using chemical routes which need
ligands for attachment, and few of the reports used physical
vapour deposition such as sputtering and thermal evaporation.

Vapour-phase grown ZnO single-NW photodetectors
with solution-deposited plasmonic Au NPs (diameter 30 nm)
have been reported before [4], with enhanced gain (by a factor
of 500) and somewhat faster relaxation of the photocurrent.
However, no enhancement in the visible range has been
reported. A recent work [5] reports similar enhancement of
the UV response in Au-decorated ZnO nanosheets, where the
Au NPs (diameter 10–50 nm) were deposited from HAuCl4
by prolonged UV exposure followed by oxygen annealing at
600 °C. The Au-decorated ZnO nanosheets showed enhanced
absorption in the visible but the photoresponse was limited
primarily in the UV region. The optical gain in the UV was
enhanced by a factor of nearly 10–15. A responsivity of
∼60 mA W–1 has been achieved at λ = 330 nm. However,
responsivity is below 1 mA W–1 at 360 nml . A p-Si/n-
ZnO nanorod heterojunction photodetector with enhanced
performance enabled by Au NP surface plasmon resonance
has been reported [16]. This photodetector showed enhanced
responsivity in the UV (λ = 350 nm) but the responsivity
dropped significantly at longer wavelengths. An electro-
phoresis deposition process has been applied in Au colloid
solution (prepared by laser ablation) for the decoration of
ZnO nanorods [17]. It was found that such a Au NP-decorated
ZnO nanorod array exhibited excellent surface-enhanced
Raman scattering performance and showed the possibility of
molecule-level detection. However, the paper did not address
the issue of photodetection, as has been done here.

In general, the Au NPs, particularly those synthesized by
a solution route for attachment, require stabilizing ligands or a
dispersing medium. It has been observed that this influences
the surface plasmon resonance and also weakens the inter-
band transition which has a detrimental effect on photo-
response [18]. It will thus be important to have a synthesis
route that would lead to enhancement of the optical absorp-
tion as well as the photocurrent response utilizing the plas-
monic resonance of Au NPs over a wide range without the
interfering effects of ligands. We show in this paper how a
broadband photodetector can be fabricated from ZnO by
ligand-free attachment of Au NPs using PLA in a liquid
medium. It is noted that a previous work reported attachment
of Au NPs using electrophoretic deposition from a Au colloid
(prepared by PLA) [17]. However, in the present investigation
we used a single-step process where synthesis of the Au NPs
and their attachment to ZnO was done in one shot. The work
reported here has the novelty that the Au-ZnO NW photo-
detector not only shows significant enhancement in photo-
response (responsivity ∼ 0.4 A W–1) in the UV but it has
even higher enhancement (nearly four orders) in the visible
range of the spectrum (λ�475 nm) compared with that of a
bare ZnO NW photodetector. For instance, in the wavelength
range of 500 nm our photodetector showed a responsivity
10 mA W–1. This level of output responsivity is much larger
than those reported before, which are summarized in table S1
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in supplementary information is available online at (stacks.
iop.org/NANO/28/295703/mmedia).

2. Experimental section

2.1. Synthesis of ZnO NW and attachment of Au NPs

The ZnO NW films used in this work were grown by a
hydrothermal method [19] from a solution of zinc nitrate
hexahydrate and hexamethylenetetramine on ZnO NP seeded
quartz substrate using an autoclave. Standard characterization
tools like x-ray diffraction (XRD), a scanning electron
microscope (SEM) and a high-resolution transmission elec-
tron microscope (HRTEM) have been used to characterize
the films.

The ZnO NW films were decorated with Au NPs by the
PLA process in a water medium. This is a process that needs
no vacuum. A schematic of the experimental setup is shown
in figure 1. Light from a KrF excimer laser ( 248l » nm) is
focused on an Au metal target. The ablated Au NPs become
coated on the NW surfaces. The surface of the NW acts as a
nucleation centre and helps the NPs to grow throughout the
surface of the NW [20]. Details of growth are given in our
previous work [20]. Briefly, the ablation process in an aqu-
eous medium leads to spherical NPs whose size is mostly
determined by the laser energy and its repetition rate. With the
other growth parameters remaining constant, the area of
coverage is controlled by the total number of laser pulses. The
concentration of the attached Au NPs on the ZnO NW surface
depends on the number of laser shots used in the ablation
process. We used different numbers of laser shots to decorate
the ZnO NWs for the purpose of our study (see figure S1 in
the supplementary information). To enhance the performance
of the ZnO, a ligand-free method is extremely desirable
because the presence of any ligand that binds Au NPs to ZnO
also acts as a barrier to charge transport.

2.2. Fabrication of the photodetector on Au-decorated ZnO NW
film and photocurrent measurement

A schematic of the photodetector based on Au–ZnO NW film
as a channel is shown in figure 2(a). The photodetectors were
made from patterning the NW films (grown on a quartz
substrate) and thermally evaporated Au/Cr was used as
contacts. The I–V curves of bare ZnO NW film as well as Au–
ZnO NW films are linear in the dark, indicating that the
contacts used are ohmic.

The spectral response was measured using a xenon lamp
(300 W) source and a grating monochromator with range of
0.3 μm to 1.1 μm, wavelength accuracy of 0.2 nm and reso-
lution (FWHM) of 0.1 nm. The system was calibrated using a
calibrated Si detector. The electrical measurements were done
with a Keithley sourcemeter. The photodetectors were illu-
minated by light of constant power density (≈300 μW cm–2).

3. Results

3.1. Structural characterization of the Au–ZnO NW films

The NW films comprise ZnO NWs of approximate diameter
30–70 nm and length 0.5–1 μm. A SEM image of the NW
film covered with Au NP (diameter about 10 nm) is shown in
figure 2(b). The image shows a film with maximum Au NP
coverage (done with 16 000 or 16K laser shots). We refer to
this sample as Au-ZnO-16K NW film (for other devices, we
have used the abbreviation 4K and 8K which correspond to
the number of laser shots used to decorate the NWs). Images
of bare ZnO NW film and other Au NP-decorated NW films
with fewer shots are shown in the supplementary data
(figure S1).

The XRD patterns of the ZnO NW films with Au NPs are
shown in the supplementary data (figure S2). The films are
strongly textured along the (002) direction. Along with ZnO
peaks, those from fcc Au are also observed. The intensity of
the Au peaks increases with increasing Au NP concentration.

The HRTEM image of the ZnO NW with Au NPs
(figure 3) shows two types of cross-linked fringes, one related
to ZnO (lattice spacing ∼ 0.26 nm) and other to Au (lattice
spacing ∼ 0.25 nm). The HRTEM image shows that there is
no diffusion of Au into ZnO and the interface between them is
free of other materials.

3.2. UV–visible absorption of the Au–ZnO NW films

The UV–visible absorption changes substantially when the
ZnO surface is decorated with Au NPs. In figure 4 we show
the optical absorption spectra of both bare and decorated ZnO
NW films with different concentrations of Au NP coverage.
The absorbance is plotted on a log scale to show the large
changes that occur in the absorbance of Au–ZnO NW films
compared with that of the bare film, particularly at longer
wavelengths. (The absorption in a conventional linear scale is
given in figure S3 in the supplementary information). The
bare ZnO NW film shows the usual strong absorption edge at
375 nm which corresponds to the band gap absorption of ZnO

Figure 1. A schematic of the setup for pulsed laser ablation in a
liquid medium for direct synthesis of Au NPs on the ZnO NW film
in water.
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(see data in figure S3). The kink in the absorbance data
(marked by an arrow) close to λ = 420 nm show the rapid
changes in the absorbance in all samples as the band edge is
approached. The wavelength is somewhat larger than the
fundamental band edge and arises due to sub-band gap defect
states that have a substantial density of states close to the
conduction band edge. In the visible region, the absorbance

shows a broad hump-like feature around 525 nm (encircled in
figure 4) that correspond to the surface plasmon resonance
(SPR) of Au NPs. This excess absorption due to the Au NP
plasmon resonance can be seen in the inset to figure 4, where
we show the absorption spectra of Au NPs alone in an aqu-
eous suspension as synthesized by laser ablation. In the UV
region ( 375l nm), the absorbance of the film with the
highest Au NP coverage (sample Au-ZnO-16K) is nearly a
factor of 10 larger than that of the bare ZnO film at the same
wavelength. In the visible region (at about 525 nm) the
enhancement is a factor of 30. We will see below that this
enhanced absorption in the visible leads to large photocurrent
in the Au NP-decorated NW film.

3.3. Broadband photoresponse of the Au–ZnO NW film

Figure 5(a) shows that the I–V curve of the photodetector with
Au-ZnO-16K NW film at an illumination wavelength
λ = 350 nm (in the UV region) and λ = 525 nm (in the
visible region). There is indeed a substantial enhancement of
the photoresponse of the photodetectors made from the Au–
ZnO NW film and the enhanced photoresponse extends to a
longer wavelength in the visible spectrum. The current in the
photodetector is increased (at 1 V bias) by a factor of nearly
103 for λ = 350 nm over the dark current. In the visible
region, the photocurrent gain over dark current is nearly 200
in the Au–ZnO NW film. For the undecorated ZnO NW film
at same wavelength the gain over dark current is nearly zero.

Figure 5(b) shows that the dark current (Id) in the Au-
ZnO-16K NW film is at least two orders less than that in the
undecorated film. Au NP decoration leads to lowering of Id.

The spectral response R of a photodetector is an impor-
tant parameter that benchmarks its utility. Responsivity R [21]
has been obtained from the relation: R = (Iph – Id)/PA, where
Iph is photocurrent, P is optical power density (300 Wcm 2m - )
and A is the area of illumination (1 mm×1 mm). R (at 1 V
bias ) calculated over the wavelength range 350–700 nm is
given in figure 6(a). Data show that for the Au-ZnO-16K NW
film, R is significantly enhanced not only in the UV region but
also up to a wavelength of 600 nm. Even at 600 nm,
R = 0.2 mA W–1, which is small but may be good enough for
many detection purposes. It rises to nearly 10 mA W–1 for λ

Figure 2. (a) Schematic of ZnO NW film photodetector. (b) SEM image of ZnO film covered with Au NPs.

Figure 3. HRTEM image of the the Au nanoparticles on a ZnO NW
surface.

Figure 4. UV–visible spectra of bare ZnO NW film and Au–ZnO
NW films made with different concentrations of Au coverage
(varying the number of laser shots). Note the log scale for the
absorbance axis.
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just smaller than 550 nm. R shows a plateau in the range
475 nm 550 nm l and then it rises again at a shorter
wavelength range reaching a saturation value beyond

375l nm. The highest R obtained in this range is around
400 mA W–1. In comparison with the photodetector made on
bare ZnO NW film, the enhancement in the responsivity R is
substantial even at λ = 475 nm.

Current gain G, defined as (Iph– Id)/Id have been com-
plied for the Au–ZnO photodetectors for UV and visible

illumination. The data are shown in figures 6(b) and (c). We
observed that G increases as the Au NP coverage increases.
The enhancement of G in Au-ZnO-16K is two orders larger in
the UV region than that of the bare ZnO NW film. Results
indicate that the number of laser shots used to grow the Au
NPs can control the coverage of Au NPs on the ZnO NW
surface, which in turn can effectively control the photo-
current gain.
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It is worth comparing the R obtained from the photo-
detectors in this report with those that have been reported
recently in similar photodetectors with plasmonic NPs
attached to ZnO. This is been shown table S1 in the supple-
mentary information. Some of the published results were
discussed in the Introduction. The comparison shows that the
responsivity R obtained in this work is substantially higher
over the whole spectral range compared with other reported
data [5, 16, 22–29]. We attribute this to the PLA-assisted
ligand-free attachment of the Au NPs, as used in this case,
which appears to make a better interface with the ZnO NW
surfaces.

3.4. Change in photoresponse kinetics

Another important result that we report in this work is the
relative quickening of the photoresponse brought about by the
Au NP coverage. Improvement in the kinetics of response has
not been investigated before except for reports on single ZnO
NW photodetectors and Au/Ti-coated ZnO NW hetero-
structures, where reduction in response time was also found
[4, 30]. ZnO has the severe drawback that the photoresponse
can be very slow. When the illumination is turned off, the
decay of the photocurrent in ZnO may even show a long tail,
often known as persistent photoconductivity (PPC) [31–34].
We show that Au NP attachment leads to a pronounced
reduction in the time needed for relaxation of the
photocurrent.

The time dependences of the normalized photocurrent
decay, taken with a bias of 1 V are shown in figure 7. The
current decay curves are fitted to the following expressions
with two exponentials with a relatively faster component
(time constant 1t ) and a slower component (time constant 2t ):

I I I I c c1 exp exp 1t t
ph 0 max 0 1 2= + - - +t t- -( )[( ) ] ( )

where I0 is the current at t=∞ and I max is the current at
t 0= and 1 – c and c are the weight factors of the faster and
slower components, respectively. It is noted that the equation
above is an empirical relation that allows one to quantify the
decay curve with parameters. These parameters are then

compared in the decay curves taken in bare ZnO and Au NP-
decorated ZnO under UV and visible excitations. The results
for the fit to the data are given in table 1. A relatively faster
time response in decay of photocurrent achieved on attach-
ment of Au NPs can be seen from figure 7(a) under UV
illumination λ = 350 nm, as well as from table 1. The time
constant of the slower component (time constant 2t decreases
from the 2450 s in the bare film to 300 s in the Au NP-
decorated film). The faster decay time constant ( 1t ) comes
down to nearly 10 s from 600 s. The faster decay of the
photocurrent on Au NP attachment is thus a significant per-
formance enhancement of the photodetector. Relaxation
kinetics data for illumination with visible illumination (λ 525
nm) are shown in figure 7(b). Without Au NPs, the ZnO
shows no response in the visible with sub-band gap illumi-
nation. Attachment of Au NPs progressively enhances the
detector response. The faster time constant 1t reduces, but not
to a value as small as that observed for illumination with UV.
Similarly, the slower time constant 2t also reduces on Au NP
attachment, but remains larger than that seen with UV
illumination.

4. Discussion

4.1. Relation of photocurrent and absorption

Figure 8 shows the optical gain G plotted as a function of the
absorption coefficient α. The value of α has been calculated
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Figure 7. Decay of the normalized photocurrent of bare ZnO NW film and Au–ZnO NW films taken with an illumination at (a) λ = 350 nm
and (b) λ = 525 nm.

Table 1. Time constants for the decay of photocurrent in air.

Sample specification Wavelength (nm) Decay, 1t , 2t (s)

Bare ZnO 350 ≈600, 2450
Au-ZnO-8K 350 ≈200, 1230
Au-ZnO-16K 350 ≈10, 300
Au-ZnO-4K 525 ≈315, 3030
Au-ZnO-8K 525 ≈250, 1800
Au-ZnO-16K 525 ≈200, 1150
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from the absorbance of the films using the relation [35]

A

t
2.303 2a = ( )

where A is optical absorbance and t is film thickness. Here the
thickness t of the film is the average height of NWs on the
surface, which is about 1 μm measured by atomic force
microscopy. The figure is generated from the spectral
dependence of G and the spectral dependence of α. As λ

changes over the studied spectral range, α evolves and so
does the G corresponding to the α. Beyond a threshold value
of absorption α, G increases as α increases. For α less than
this threshold value, G is detection limited. Figure 8 estab-
lishes that enhancement of the photoresponse is linked to
enhancement of the absorption over the whole spectral range
that is significantly enhanced due to the attachment of the
plasmonic Au NPs.

The photocurrent is created by the generation of elec-
tron–hole pairs, and thus the optical gain G is expected to be
proportional to α. For the NW films, we find that over a large
range of α (which also covers the spectral range studied),
G a~ h for α beyond the threshold value. For the bare ZnO
NW film 2.4 2.5h  – . For the Au-ZnO-16K film the expo-
nent is somewhat larger and 3h  . The non-linear depend-
ence of G on α may have its origin in focusing of the electric
field of the light in the NW, as has been shown by a simu-
lation in a previous publication on Si NW photodetectors
[36]. Such an enhancement of the electric field would make
the current gain have a non-linear dependence on the electric
field and hence the absorption. The enhancement of the
exponent in case of Au–ZnO NW film may be due to further
enhancement of the electric field that occurs near a plasmonic
NP [37].

4.2. Origin of the enhanced photoresponse

The origin of the photoresponse of Au–ZnO NW devices in
the UV and visible regions has been explained on the basis of
a model shown schematically in figure 9 [4, 38]. The energy
band diagram of ZnO and Au NPs before attachment is shown

in figure 9(a). Generally, the oxygen molecules adsorbed on
the NW surfaces form a depletion layer on the surface by
accepting electrons from ZnO, which also reduces the con-
ductivity of the film. After decorating the NWs with Au NPs,
since the work function of ZnO ( 4.11f » eV) is smaller than
that of the Au ( 5.12f » eV), the electrons flow from ZnO to
Au sites which establishes alignment of the Fermi levels (EF)
at the interface and also enhances the already existing
depletion layer. It has been observed recently that Au NPs
covered with ligands when charged can have their work
function substantially lowered [39]. The proposed model in
our work (figure 9) depends on the relative values of the work
function of ZnO and Au, where the latter has a higher value.
The absence of ligands on Au NPs, which is due to the novel
ligand-free synthesis method followed here, does not lead to
lowering of the work function as may happen in cases where
there are ligandsattached to the Au NPs. The enhanced
depletion manifests itself in the significant lowering of the
dark current in the Au-decorated ZnO film (shown in
figure 5(b)).

The enhanced optical gain G in Au–ZnO NWs arises
primarily from the enhancement of the optical absorption due
to the plasmonic NPs. The enhancement of the absorption in
the visible as well as the UV region is primarily due to two
reasons: (a) the SPR that occurs in the visible and (b) the
interband transition (d to sp) that starts in the visible and
extends to shorter wavelengths in the UV. The band structure
of Au has comparatively flat d-bands (with the ten 5d elec-
trons) which lie 1–3 eV below the Fermi level EF. The Fermi
level lies in the sp-hybridized band that accommodates the
lone s-electron. The interband transition shows weak
absorption starting from around 650 nm which becomes
stronger for wavelengths shorter than 515 nm. This overlaps
with the SPR in Au NPs at around 520–530 nm (depending
on particle size and shape). The presence of the two absorp-
tion processes extending over a broad band starting for
λ�650 nm leads to a broad absorption band in Au NPs [40].

Both the absorption processes, albeit for different rea-
sons, populate the conduction band of ZnO when illuminated.
Since the photoexcited band (sp/SPR) in Au has a higher
electron energy than the conduction band (CB) minimum in
ZnO (see figures 9(c) and (d)) these electrons will be trans-
ferred to the CB as well as to the broad sub-band gap defect
states enhancing the optical gain. The large enhancement of
the optical absorption as well as the photocurrent response
thus occurs due to plasmon resonance as well as d to sp band
transition.

For the plasmon resonance in small particles, the
absorption is the dominant process over scattering [41]. The
process of absorption dissipates the energy by a non-radiative
carrier process that leads to electron–hole creation. These
electrons can populate the conduction band of ZnO, being
transferred from the SPR band of Au—a process that we refer
to as an indirect process. Very recently a strong process for
plasmon resonance-assisted direct carrier generation has been
suggested in the context of Au NPs attached to CdSe NWs
[42]. In this process, the excitation of plasmonic resonance by
illumination directly creates an electron in the semiconductor
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and a hole in the metal. For plasmon-enhanced optical
absorption in the visible region this can lead to enhanced
photocurrent in this spectral region. This process of charge
generation is important because it needs no intervening che-
mical bonds for charge transfer of electrons from Au NPs to
the semiconductor and thus can work without any functio-
nalization. Injection of a large carrier density into the con-
duction band (with the holes generated remaining in metal
NPs) will raise the position of the Fermi level EF towards the
CB, which will populate some of the defect levels. These
defect levels (predominantly singly or doubly charged oxygen
vacancies), being charged, act as scattering centres for car-
riers, thus limiting photocurrent output. The filling of the
charged defect states on illumination will significantly reduce
scattering and will increase the photocurrent [43]. The filling
of charged defects on illumination will also lead to reduction
of the emission in the visible which arises from these charged
defect states.

To check this, we have measured the photoluminescence
with illumination at λ = 450 nm, which being of lower
energy than the fundamental edge will not lead to near band
edge (NBE) emission. The data in figure 10 show a strong
reduction of the emission around 525 nm on decoration by Au

NPs. In sample Au-ZnO-16K the emission intensity is about
half that seen in the bare film without Au NPs. It should be
noted that part of the reduction in the visible emission seen
with the Au NP-decorated ZnO NW sample can arise from the
fact that the surface of the NW is partly covered by Au NPs.

Figure 9. Schematic of the band diagram of ZnO NW film and Au NPs: (a) isolated ZnO and Au NPs, (b) ZnO and Au NPs in contact, (c)
indirect transfer of carriers from the photoexcited band of Au (sp/SPR) band to the conduction band (CB) of ZnO, and (d) direct creation of
carrier (electron) in the CB of ZnO. VB, valence band.
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Figure 10. Reduction of visible emission from Au NP-decorated
ZnO. Data taken for an excitation of 450 nm.
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The reduction due the coverage, however, will be around
15%, as seen in case of NBE emission (figure S4 in the
supplementary information). This observation is in con-
formity with the proposed model stated earlier.

4.3. Change in kinetics of photocurrent relaxation

The kinetics of photocurrent relaxation in ZnO is limited by
non-radiative pathways that involve the defect states within
the band gap. The population of the defect levels (in the
surface as well as in the bulk) will thus control the kinetics of
photocurrent decay. Generally, the slow kinetics of photo-
current decay is linked to the slow relaxation of singly
charged oxygen vacancy (which creates a shallow donor) to a
neutral vacancy (creating a deep donor). The relaxation is
slow because the charged state of the vacancy has different
local configurations that are separated by a potential barrier.
The transfer of electrons from the Au NPs to ZnO defect
states facilitates the process of reconversion of a singly
charged vacancy to a neutral vacancy, thus leading to faster
relaxation of the photocurrent.

5. Conclusions

To summarize, the performance of a ZnO NW-based photo-
detector can be significantly enhanced using ligand-free
attachment of Au NPs on its surface. The Au NP attachment
was done in a single step using ablation from a Au target by
an excimer laser in a liquid medium (water). We observed
significant enhancement of the optical gain G and the
responsivity R, not only in the UV region but also in the
visible region. This extends the capability of ZnO as a
broadband photodetector. The attachment of the Au NPs also
reduces the decay time of the photocurrent when the illumi-
nation is turned off. As the surface coverage of Au NPs
increases with the use of more laser shots, the photoresponse
was gradually enhanced. The extension of photoresponse over
a wider range of the optical spectrum is a desirable feature for
ZnO. Our method allows use of relatively easy way to fab-
ricate ZnO for use as a broadband detector. The enhancement
of the photodetection capability has been shown to be
strongly linked to the enhancement of the absorption over a
broad spectral range on Au NP attachment. Au NP attachment
also makes the photocurrent relaxation significantly faster,
which is yet another desirable feature for the use of ZnO as a
broadband photodetector.
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