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ABSTRACT: Enhanced photocurrent values were achieved through
a semiconductor-core/metal-shell nanorod array photoconductive
device geometry. Vertically aligned indium sulfide (In2S3) nanorods
were formed as the core by using glancing angle deposition technique
(GLAD). A thin silver (Ag) layer is conformally coated around
nanorods as the metallic shell through a high pressure sputter
deposition method. This was followed by capping the nanorods with
a metallic blanket layer of Ag film by utilizing a new small angle
deposition technique combined with GLAD. Radial interface that was
formed by the core/shell geometry provided an efficient charge
carrier collection by shortening carrier transit times, which led to a
superior photocurrent and gain. Thin metal shells around nanorods acted as a passivation layer to decrease surface states that
cause prolonged carrier lifetimes and slow recovery of the photocurrent in nanorods. A combination of efficient carrier collection
with surface passivation resulted in enhanced photocurrent and dynamic response at the same time in one device structure. In2S3
nanorod devices without the metal shell and with relatively thicker metal shell were also fabricated and characterized for
comparison. In2S3 nanorods with thin metal shell showed the highest photosensitivity (photocurrent/dark current) response
compared to two other designs. Microstructural, morphological, and electronic properties of the core/shell nanorods were used
to explain the results observed.

KEYWORDS: core/shell structure, nanowire/nanorod arrays, photoconductivity, glancing angle deposition (GLAD),
indium sulfide (In2S3), metal capping

■ INTRODUCTION

Efficient photon absorption and charge carrier collection are
two major requirements for enhanced photoconductive gain
(i.e., number of collected carriers/number of absorbed
photons) in semiconductor photodetectors.1 Semiconducting
nanostructures were proven to meet these requirements and
became promising candidates in photodetector applications.2,3

Some of the most encouraging results regarding the use of
nanostructures in photosensitive applications incorporated
nanowire (NW, also used to refer to the “nanorod” geometry)
where a high photoconductive gain can be obtained.4,5 NW
arrays were shown to increase optical absorption even in low
quality materials.6

Another superiority of NWs compared to thin film
counterparts in photodetector applications is their high surface
to volume ratio, leading to high density of the surface states. As
illustrated in Figure 1, a depletion region due to Fermi level
pinning7 at the surface of the wire can be formed due to the
high density of the surface states. Some photoexcited carriers in
this region can move toward inside the wire while oppositely
charged ones flow to the surface and get trapped there. Charge
carriers that move toward the NW interior can reach the
current-collecting electrode and circulate the device multiple
times before they recombine with the opposite charge carriers

that are trapped at surface states. Thus, an efficient charge
separation can be maintained and this can result in significantly
reduced surface recombination and prolonged carrier lifetimes.7

In addition, short interelectrode spacing within NWs allows
carriers to transit between electrodes at a faster rate.7 For a
highly light-absorbing material, enhanced photoconductive gain
can be obtained mainly through the combination of prolonged
carrier lifetimes and reduced transit times. However, high gain
is usually received at the expense of dynamic response. NWs
with long carrier lifetimes typically suffer from long recovery
times and thus show persistent photocurrents.8−11 Therefore,
there is a need for alternative photoconductive device structure
approaches to achieve high gain values while maintaining an
appropriate dynamic response.
Core−shell nanowire structures were proposed for enhanced

photosensitivity12 and have recently received great attention in
photovoltaic and photodetector applications.13−17 Some of
these studies utilized semiconductor materials for both core and
shell regions,14,15 whereas a few others employed a metal core
and a semiconductor shell16 to build nanowire photodetectors.
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Fan et al. also demonstrated a single-nanowire photodetector
with a silicon core and gold shell.17 On the other hand, to the
best of authors’ knowledge, the semiconductor-core/metal-shell
structure of vertically aligned NW arrays has not been studied
for photodetector applications before. Enhanced photocurrents
along with dynamic response in vertically aligned nanorod
arrays can potentially be achieved by introducing a thin metal
shell around semiconducting nanorods. Densely packed
vertically aligned nanorods were proven to trap light effectively
inside the nanorod layer and enhance diffuse light scattering,
which results in high optical absorption.5,6 The enhanced
interface of the vertically aligned semiconductor-nanorod-core/
metal-shell structure can significantly increase contact area and
provide efficient carrier collection by introducing additional
carrier transportation paths in radial directions.18,19 This new
radial-contact geometry can decrease transit time of excess
carriers in nanorods and result in high photoconductive gain
even with short carrier lifetimes. In other words, high defect-
density low quality semiconductors can potentially be
implemented as efficient photodetector materials in a vertically
aligned core/shell nanorod array device structure.
Along with the advantages of using vertically aligned NW or

nanorod arrays, one of the major drawbacks is encountered
during the fabrication of a photoconductive device. Unlike in
conventional thin film devices, where metallic contact can
simply be deposited on the top surface of a planar
semiconducting film, it becomes a challenging task to introduce
a similar blanket layer of metal contact on the tips of vertically
aligned NW arrays in nanostructured devices.20−22 During a
typical thin film deposition process such as sputtering, incident
metal atoms deposit unevenly on the NW array surface, which
can lead to device failure. The high aspect ratio of nanowires
can cause nonuniform top contacts, or porous structure of the
wires may result in short circuit if there is no protection layer
between back contact and nanowires. Many of the studies in
the literature about nanostructured photodetectors include a
single NW and require elaborate fabrication processing
steps.2−4,23−25 A common procedure is to lay down a single
nanowire and deposit metal contacts on both ends of the
nanowire with the help of lithographical techniques. There are a
few reports26 that also use lithography for laterally aligned
nanowire arrays. In addition, there have been some studies that

used alternative methods of fabricating contacts on top of wire
array structures.27−30 In the study about vertically aligned Si
microwire arrays solar cells,29 the space between microwires
was filled with a transparent, nonconducting, thermoplastic
polymer before ITO top contact deposition on microwire
arrays. Another study in the literature has utilized a random-
network of Al nanowires on top of vertically aligned CdS
nanowires.30

In addition to these sophisticated NW metallization
methods, a simple and unique capping technique has recently
been developed,5,31,32 which evolved from a combination of
small angle deposition (SAD)33−35 and glancing angle
deposition (GLAD)32,36,37 methods (also called oblique angle
deposition). The capping process is mainly based on gradually
decreasing the incidence angle of atoms coming to the tips of
vertical NW/nanorod arrays from glancing to moderate and to
normal angles. (See the Experimental Section for details.) This
new capping approach can potentially overcome most of the
problems associated with fabricating electrical contacts on NW/
nanorod array structures.
In this work, arrays of In2S3-semiconducting-nanorods/Ag-

metal core/shell structures having a uniform top metal contact
were utilized to demonstrate enhanced photocurrent and
dynamic response of radial-contact photodetector devices.
Vertically aligned In2S3 nanorods were deposited by GLAD
technique and a thin Ag film is coated around In2S3 nanorods as
the metallic shell by a high pressure sputter deposition method.
Capping process was used to deposit a Ag blanket layer on top
of In2S3 nanorods as the top metal contact. In2S3 is an n-type
semiconductor with a relatively wide band gap of ∼2.0 eV38,39

and a promising material in photodetection applications.5,40 For
this reason, In2S3 nanorods have been used as a model material
system in the current study; nevertheless, our approach can be
applied to a wide range of NW/nanorod arrays systems as well.
In addition, identical nanorods without a metal shell and a
relatively thicker shell were also fabricated and tested for
comparison. Results indicate that nanorods with a thin shell
show enhanced photocurrent (∼2-fold increase), shorter
temporal response time (∼3 times shorter), and superior
photosensitivity (photocurrent/dark current, ∼3 times higher)
compared to the nanorods without a shell. A relatively thick
shell is observed to increase the photocurrent, but shows a
decrease in photosensitivity due to relatively high dark currents.

■ EXPERIMENTAL SECTION
Fabrication of Nanostructured Photoconductive Device

(NPDs). 2.5 × 2.5 cm indium tin oxide (ITO) coated glass (SPI
Supplies, 8−12 ohms/square, 700 nm, greater than 83% transparency)
was used as the substrate. The active semiconducting layer includes
In2S3 film and In2S3 nanorods in each NPD structure. In2S3 thin film is
deposited with a thermal evaporation technique on ITO to prevent
unwanted contact between ITO and metal contact. In2S3 was
thermally evaporated to deposit nanorods in the same physical
vapor deposition (PVD) system that has a GLAD attachment, which
incorporates a substrate modulation for tilt and rotation control. As
described in detail elsewhere,6 GLAD is a simple and effective PVD
nanostructure growth technique. During GLAD, incident flux of atoms
comes to the surface of a tilted and rotating substrate at highly oblique
angles (compared to surface normal), which are typically more than
70°, and form island-like structures at the initial stages. As the growth
proceeds, incoming atoms preferentially stick to the tops of islands of
higher height due to the “shadowing effect”, which leads to the
formation of isolated columnar structures. At sufficiently high rotation
speeds, this mechanism results in the growth of vertically aligned
nanorod arrays.

Figure 1. Energy band diagram of a nanowire near its surface under
illumination is illustrated. The high density of the surface states causes
a depletion region due to Fermi level pinning at the surface of the
nanowire. This region provides efficient charge separation; photo-
exited electrons are forced to flow to the nanowire core and holes are
trapped at the surface. This helps photoexited carriers live longer and
makes surface recombination almost impossible.
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In2S3 powder (from CERAC) was used as the evaporation source
material. Film and nanorod depositions were held at room
temperature under 2.0 × 10−6 mbar base pressure with a deposition
rate of 0.2 nm/sec (i.e., nanorod length/deposition time), which was
measured by quartz crystal microbalance (QCM) and confirmed by
the analysis of cross-sectional scanning electron microscopy (SEM,
JEOL JSM 7000F) images. For nanorod fabrication, samples were
positioned at 85° incidence angle measured between the incident flux
and the substrate normal axis. In2S3 nanorods were deposited right
after In2S3 thin film growth. After active layer (In2S3 thin film and
nanorods) fabrication, samples were taken out of the PVD system and
were applied a vacuum compatible plastic shadowing mask that had 6
circular openings (0.08 cm2) on it to form isolated devices on the same
sample. After the mask was attached, samples were put back into the
same PVD system to be coated with metal shell and metal capping.
For the structures with a metallic shell, nanorods were coated with

Ag by sputtering at high pressure, which is a well-known and widely
used technique in the literature, especially in gold coaters for SEM
systems. The working gas (Ar) pressure was set to 3.0 × 10−2 mbar in
order to achieve a conformal-like metal shell around the nanorods.
For the metal capping, the Ar pressure was reduced to 3.0 × 10−3

mbar, and Ag was sputter deposited on top of nanorods by using a
novel capping process. As illustrated in Figure 2, the initial stage of the
capping process is basically deposition at glancing angles (i.e., GLAD).
Incident flux of metal atoms comes to the substrate surface at a high
angle and starts to stick to the tips of the predeposited vertically

aligned In2S3 nanorod arrays. They continue to grow in the vertical
direction due to the combination of shadowing effect and substrate
rotation. Then the tilt angle was gradually decreased at a rate of 2°/
min and brought the growth a small angle deposition (SAD)
regime.33−35 During the SAD stage, atoms can reach to the sides of
the tiny metallic nanorods that are formed at the initial GLAD stage.
As illustrated in Figure 2, tiny metallic nanorods evolve to tapered
cone-like structures during the intermediate SAD stage of capping
process. At small angles, structures start to merge together to form a
uniform blanket layer on top of vertically aligned nanorods. The final
stage of the capping process (Figure 2) includes conventional
deposition at normal angle to introduce a continuous metal film. In
this study, Ag was deposited at normal angle for 5 min and about a 700
nm thick metallic layer is formed during deposition (total deposition
time including capping is 45 min).

Preparation of TEM Samples. In2S3 nanorods were deposited on
Si substrates under the same experimental conditions used in NPD
preparation. Then In2S3 nanorods were coated with thin and thick Ag
layers in separate depositions with the same deposition technique
(high pressure sputtering) and same parameters used for Ag shells in
NPDs. After that, Ag coated In2S3 nanorods were scribed off from Si
substrate onto TEM grids in order to be analyzed under TEM.

Morphological Characterization. Morphological characteriza-
tion of Ag covered In2S3 nanorods was done by scanning electron
microscopy (SEM, JEOL JSM 7000F) and transmission electron
microscopy (TEM, JEOL JEM 2100F). All STEM/EDS images were
taken by a 1.5 nm beam size at 80 kV.

Photoconductivity Experiments. A Keithley 2400 sourcemeter
with two probes was used for electrical characterization. A laser diode
at a 532 nm wavelength (Roithner LaserTechnik, CW 532-005F) was
used as a light source in photocurrent measurements. The incidence
light intensity was 3 mW/cm2. A BK Precision 1788 programmable
DC power supply was used to control the light source, which was
turned on and off in 10 s time intervals.

■ RESULTS AND DISCUSSION

As-deposited thin film and GLAD nanorods of indium sulfide
were found to be stoichiometric In2S3, yet with an amorphous
structure.5 Figure 3a illustrates the device structure without the
metal shell, and Figure 3b,c demonstrates the radial-contact
NPD structures with relatively thin and thick metallic shells
around nanorods, respectively. Figure 3d−f shows SEM images
of the NPD structures, which were produced to correspond to
device structures of Figure 3a−c, respectively. Figure 3d shows
the Ag cap layer, In2S3 nanorods, and In2S3 thin film on ITO
coated glass substrate (top to bottom) and the inset indicates a
higher resolution SEM image that allows the nanorods and film
appear clearly.
The height of the In2S3 nanorods was measured as 198 ± 12

nm and bottom In2S3 film thickness was found to be 57 ± 4 nm
by analyzing SEM images. Figure 3e,f shows In2S3 nanorods
with a Ag metal shell and underlying In2S3 thin film on the Si
substrate (the Ag cap layer was peeled off for convenience). We
used SEM images of In2S3 nanorods with a Ag metal shell
grown on Si instead of ITO coated glass substrate for
convenience of Si substrates during SEM sample preparation.
However, we observed that there is no morphological
difference in nanorods on Si substrate and the nanorods
grown on ITO coated glass substrate, as can be seen in Figure
S1b,c (see the Supporting Information). The capping process
forms a continuous top metal film (indicated by two-sided
arrow) of about 700 nm in thickness, shown in Figure S1a (see
the Supporting Information).
Assuming the shape of the nanorods are perfect cylinders and

given that the material filling ratio of nanorods (0.7) and Ag
deposition rate (30 nm/min), we calculated the estimated

Figure 2. Stages of metal capping process are illustrated. At early stage
of the deposition, incident flux comes to the substrate plane at high
angles of 70° ≤ θ ≤ 85° (glancing angle deposition, GLAD) and
continues to form columnar metal contacts on top of nanorods. At
intermediate stages, flux approaches at relatively small angles of 0° < θ
< 70° (small angle deposition, SAD), and that allows atoms to deposit
on sides of columnar structure leading to a lateral growth. As the
deposition angle is gradually decreased, columnar metal features
coalesce and start to form a continuous film. At the final stage, the
metal is deposited at normal angle incidence to form a uniform blanket
thin film.
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thicknesses of Ag thin and thick shells as 1.9 ± 0.1 nm and 3.8
± 0.2 nm, respectively. As seen in Figure 3e,f, shapes of In2S3
nanorods coated with the Ag shell remained same as the bare
ones (Figure 3d), which is thought to be an indication of
conformal Ag deposition. To investigate the Ag shell’s
conformality in more detail and measure the shell thickness
more accurately, transmission electron microscopy (TEM) and
scanning transmission electron microscopy/energy dispersive
spectroscopy (of X-ray) (STEM/EDS) analyses were per-
formed and the results are shown in Figure 4. For TEM and
STEM/EDS analyses, In2S3 nanorods were deposited on bare
Si wafers and covered with thin and thick Ag shells under
identical experimental conditions as in the deposition of NPDs
of this study, which are described above.
A cluster of In2S3 nanorods coated with a thin Ag shell can be

seen in Figure 4a. Top and bottom portions of an individual
nanorod from this cluster are shown in Figure 4b,c,
respectively. The thin Ag shell is measured to be about 2.04
± 0.61 nm (see the Supporting Information for details) from
Figure 4b,c where arrows indicate the thin Ag layer. Because
In2S3 nanorods in this study are amorphous, no crystal structure
is expected to be observed in TEM images. However, an
ordered atomic structure can be easily seen in Figure 4b even at
the bottom of the nanorod covered with thin Ag layer. This is

believed to be a strong indication of uniform Ag coverage
around In2S3 nanorods. Figure 4d shows a STEM image of the

Figure 3. Schematics and SEM images for photoconductive device
structures are illustrated. (a) Nanostructured photoconductive device
(NPD) structure (control sample, without metallic shell), (b) NPD
structure with a thin metallic shell, (c) NPD structure with a relatively
thick metallic shell, (d) SEM image of vertically aligned In2S3 nanorod
arrays and underlying In2S3 film on ITO coated glass substrate, with a
Ag metallic capping layer on top of nanorods, (e) SEM image of In2S3
nanorods coated with thin Ag shell and In2S3 film on Si substrate, (f)
SEM image of In2S3 nanorods coated with a relatively thicker Ag shell
and In2S3 film on Si substrate. The Ag capping layer was peeled off for
panels e and f.

Figure 4. TEM and STEM/EDS images for Ag coated In2S3 nanorods
are shown. (a) TEM image of a cluster of In2S3 nanorods coated with a
thin Ag shell (scale bar 20 nm), (b) top portion of an individual Ag
coated In2S3 nanorod (arrows indicate the thin Ag layer, scale bar 5
nm), (c) bottom portion of an individual Ag coated In2S3 nanorod
(arrows indicate the Ag layer thickness and ordered atomic structure
shows uniform coverage of crystalline Ag around amorphous In2S3
nanorods, scale bar 5 nm), (d) STEM image of a cluster of In2S3
nanorods coated with a thin Ag shell and EDS indicating the existence
of In, S, and Ag throughout the whole nanorod, (e) TEM image of a
cluster of In2S3 nanorods coated with a thick Ag shell (scale bar 20
nm), (f) top portion of an individual Ag coated In2S3 nanorod (arrows
indicate the thick Ag layer, scale bar 5 nm), (g) STEM image of a
cluster of In2S3 nanorods coated with thick Ag shell and EDS
indicating uniform distribution of In, S, and Ag along the nanorod.

ACS Applied Materials & Interfaces Research Article

dx.doi.org/10.1021/am501481w | ACS Appl. Mater. Interfaces 2014, 6, 8673−86828676



same cluster of nanorods and associated EDS results indicating
the existence of In, S, and Ag throughout the nanorods. It is
obvious that Ag is detected along the whole nanorod.
Figure 4e has a TEM image of a group of In2S3 nanorods

with thick Ag film. The top portion of an individual nanorod
with a high magnification is also shown in Figure 4f with arrows
pointing the thick Ag shell, which is measured to be about 3.89
± 0.47 nm (see the Supporting Information for details). The
thick shell is found to be almost ∼2 times thicker than the thin
shell, which is consistent with the deposition times (i.e., the
deposition time of thick shell was 1 min, two times longer than
the deposition time of thin shell, which was 30 s). In addition,
our estimated shell thicknesses agree well with measured
thicknesses from TEM analysis. STEM image and EDS results
for In2S3 nanorods with thick Ag shell are also shown in Figure
4g, indicating the uniform distribution of In, S, and Ag along
the nanorods.
For electrical characterization, we studied current−voltage

(I−V) relations for each NPD. I−V curves (not shown here,
see the Supporting Information) show an asymmetric behavior,
indicating a Schottky interface between In2S3 and Ag. However,
photoconductivity studies (photo current−time) were per-
formed under forward bias where drift current starts showing
linear behavior with applied voltage. We used a green color
laser diode (532 nm) to illuminate the devices for photo-
conductivity measurements. Because In2S3 absorbs below ∼600
nm due its band gap5 and ITO underneath the nanorods
mostly absorb at the UV region (<400 nm); a 532 nm laser
provides an appropriate energy to excite the carriers in In2S3
nanorods. Figure 5 shows photocurrent values at various
applied voltages for different device structures and also
illustrates energy band diagrams at the In2S3/Ag interface.
The plot in Figure 5a shows the average of photocurrent values
obtained from each individual device (six devices total). As can
be seen, the photocurrent in nanostructured devices is directly
proportional to applied electrical potential at relatively low
voltages, but then saturates or even starts decreasing at higher
voltages. Figure 5b,c shows the energy band diagram at the
In2S3/Ag interface under no bias and forward bias, respectively.
The Schottky barrier is shrunk under the forward bias and
permits electrons move from semiconductor to metal more
easily (linear behavior of the I−V curve, see the Supporting
Information). The current rises with extra photoexcited
electrons, like in Figure 5d, under light illumination and it is
expected to increase with applied bias as observed in Figure 5a.
As seen in Figure 5a, the photocurrent saturates and starts

decreasing at high voltages. This result can be attributed to
minority carrier injection at high electrical potentials,41 which is
illustrated in Figure 5e. In an n-type photoconductor,
photogenerated electrons move with a shorter transit time
compared to their lifetimes, so they can circulate between
electrodes until they recombine. However, holes in the
semiconductor typically have longer transit times than their
lifetimes in moderate fields, so they cannot contribute to the
current. On the other hand, under high applied fields, holes can
be injected from the metal to the semiconductor, which
increases the recombination rate with the electrons, and the
photogeneration rate becomes insufficient to catch up with this
undesired recombination at the metal/semiconductor inter-
face.42 This results in reduction of majority charge carrier
concentration, causing the photocurrent to deviate from the
linear behavior of increasing with applied voltage at high
electrical potentials. Because the semiconductor/metal interface

is relatively reduced in NPDs without the shell, the photo-
current is least affected among three device structures; however,
the photocurrent is dramatically decreased at the larger
interface of NPDs with metallic shells.
Figure 5a also allows us to compare photoconductor devices

with and without metallic shells in terms of the amount of
photocurrent. At moderate fields, the photocurrent in core−
shell structures shows ∼2-fold increase compared to the devices

Figure 5. (a) Photocurrent vs applied voltage for different device
structures (photocurrent values were obtained from steady-state region
of the dynamic photocurrent profiles). Energy band diagram at the
semiconductor/metal (In2S3/Ag) interface under (b) no bias, (c)
forward bias, (d) illuminated forward bias, and (e) illuminated strong
forward bias. Under forward bias (c), the Schottky barrier is reduced
and that allows electrons to flow from semiconductor to metal more
easily. Extra photoexcited carriers contribute to the current under
illuminated forward bias condition (d). Strong forward bias (e) causes
minority carrier injection (holes, from metal to the semiconductor
(orange dashed arrow). Some of the photoexcited electrons (Figure
4e, red dashed arrow, step-1), which would normally contribute to the
current (step-2), now recombine with the injected holes (step-3)
instead. The photogeneration rate is not fast enough to surpass this
recombination at the semiconductor/metal interface and this process
results in a reduced photocurrent at a strong forward bias.
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without the shell. The photocurrent could have been enhanced
with excess photoexcitation due to higher optical absorption of
the device with a metallic shell. However, UV−vis-NIR
spectroscopy (with integrating sphere) measurements (see
the Supporting Information) indicate that device structures
with and without a metal shell absorb light at similar rates (e.g.,
∼86% at a 532 nm wavelength). Thus, enhancement in
photocurrent can be attributed to reduced transit times, which
are thought to be due to shorter interelectrode distances in
nanostructured devices with metallic shells. We propose that
metallic shells around nanorods help the excess carriers to
transit in a short amount of time by introducing alternative
pathways in radial directions in addition to the vertical direction
along the nanorods. Furthermore, keeping the metal shell
thickness small does not seem to have an adverse effect on the
overall optical absorption in nanorods, which contributes
achieving a high photoconductive gain.
To examine the dynamic behavior of the photocurrent in

detail, current was measured as a function of time for each of
the six individual devices and the average of the data was
plotted for each NPD after subtracting associated dark currents.
Figure 6a indicates time dependence of the photocurrent for

each NPD at 0.1 V bias while the light source was turned on
and off at 10 s time intervals. As seen from Figure 6a, NPDs
with a thin metal shell show an enhanced photocurrent (∼2-
fold increase) compared to NPDs without a metal shell.
Similarly, higher photocurrent values were obtained from NPDs
with a relatively thick shell compared to other two structures.
Enhancement in photocurrent can be attributed to two possible
reasons: one is an increase in optical absorption and the second
one is efficient carrier transportation and collection. As
mentioned above, optical power absorbed in all NPDs was
similar to each other. However, UV−vis-NIR spectroscopy
measurement results represent optical absorption in the whole
device including metal and semiconducting layers. On the other
hand, given the fact that loss of light in metals occurs at much
smaller rates compared to light absorption in semiconducting
materials, and the metal shell thicknesses in our study are

estimated to be in the range of about 2−5 nm, we do not
expect a significant change in the amount of the light absorbed
in the In2S3 regions of different NPDs we used.
Another possible reason for the enhancements in photo-

current can be due to the improved charge carrier collection. If
the excess carriers have longer lifetimes than their transit time,
they can make more than one circulation through the device
until recombination takes place. Therefore, longer lifetimes or
shorter transit times can both enhance the photocurrent. To
extract photo carrier lifetime, photocurrent decays in Figure 6a
(i.e., the sections of the profiles right after the light is turned
off) were fitted with an exponential equation that has two
decaying components:

= +τ τ− −I A Ae et t
1

/
2

/fast slow (1)

where τfast and τslow are the time constants for fast and slow
decaying of photocurrent profiles, indicating at least two trap
levels. We obtained weight-averaged fast and slow time
constants from each decay portions of the profiles shown in
Figure 6a. We extracted carrier lifetime from the mean of
weight-averaged time constants for each NPD (see the
Supporting Information for details). Thus, carrier lifetimes
were calculated as 1.07, 0.58, and 0.68 s for NPDs without a
metal shell, with a thin metal shell, and with a thick metal shell,
respectively. Photo carrier lifetimes for NPDs with a metal shell
are found to be lower than NPDs without a shell. However, it
can be seen that NPDs with a metal shell had a higher
photocurrent response at 0.1 V compared to the one without a
shell, although its photo carrier lifetimes were much smaller.
The second parameter that can play an important role in

enhancing photocurrent is carrier transit time, which mainly
depends on carrier mobility and interelectrode separation. The
ratio of carrier lifetime and carrier transit time gives the amount
of photoconductive gain, which is defined as number of excess
electrons per number of absorbed photons. This definition can
be rewritten as

ω
=

ℏ
G

I

P

/e

/
ph

abs (2)

where G is the photoconductive gain, Iph is the photocurrent, e
is one electron charge, Pabs is the absorbed optical power, and
ℏω is the energy of one photon. According to this relation,
photoconductive gain values at 0.1 V for NPDs without a shell,
with a thin shell, and with a thick shell were calculated as 24.15,
44.36, and 61.06 and corresponding transit times were
calculated as 4.44 × 10−2, 1.3 × 10−2, and 1.1 × 10−2 s,
respectively. Carrier transit times for NPDs with a metal shell
are very close to each other and ∼4 times shorter than transit
time of carriers in NPDs without a shell. Therefore, despite the
reduced charge carrier lifetimes, NPDs with a metal shell show
a high photocurrent response, mainly due to the short transit
times achieved by the core−shell geometry.
High surface to volume ratio in nanowire/nanorod structures

compared to thin film counterparts increase surface states,
which are believed to be the main reason for prolonged
lifetimes in nanowire/nanorod structures.7 In2S3 nanorods were
already shown to have higher photoresponse than their thin
film counterparts.5 In the current study, results from the
analysis of photocurrent decay reveal that thin metal shell
around nanorods shortens the carrier lifetime. This result
suggests that thin metal shell may passivate dangling bonds on
the surface of the nanorods and thus decrease the amount of

Figure 6. Dynamic photocurrent profiles as the light is turned on
(plateaus) and off (valleys) for an applied bias of (a) 0.1 and (b) 0.5 V.
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surface states. Therefore, shortening of carrier lifetime may be a
result of less surface states.
Figure 6b shows a comparison of photocurrent profiles

among each NPD as a function of time at 0.5 V applied voltage.
As seen in Figure 6b, transient photocurrent spikes are
observed for NPDs with a metal shell. However, the shape of
the spike in NPDs with a thin metal shell is sharper than the
one in NPDs with a thick metal shell. Initially, the photocurrent
reaches its peak value in a very short time (∼0.24 s), but then
starts decaying and shows a steady-state behavior after a while.
A transient photocurrent under illumination is believed to be
due to trap states (i.e., defects) at the metal/semiconductor
interface.43 Although there is a strong indication of surface
passivation by the metal, defect formation at the semi-
conductor/metal interface is inevitable during metal shell
deposition. Such defects can act like trap states for photoexcited
carriers (surface states in In2S3 nanorods without a shell, which
was described above, were traps for holes such that electrons
could move to electrodes easily). Defects at semiconductor/
metal interface can also exist in In2S3 nanorods without a shell
(interface between Ag cap layer and the tips of the In2S3
nanorods); however, the photocarrier generation rate over-
comes such traps, which are believed to be very limited
compared to the ones in Ag coated In2S3 nanorods (due to high
surface area). Magnitudes of the transient photocurrent in
Figure 6b are observed to be decreasing in time. This indicates
that a number of electrons trapped in the defects after the first
light pulse stay trapped and do not contribute to the
photocurrent for the second pulse.44 Therefore, the peak
current becomes lower after the second pulse of light. Trapped
electrons need more time than the light pulse interval used in
this study (10 s) to be completely released and maintain the
same peak current for each pulse.
Although carrier lifetime is shortened in In2S3 nanorods with

a metal shell, existence of the metal shell helps carriers reach
the electrode faster compared to the case without a metal shell.
Thus, carriers can circulate multiple times through the device
and lead to enhanced gain even with shorter lifetimes. On the
other hand, shortening lifetime also helps device to provide
faster dynamic response. In Table 1, temporal response, which
is defined as the time it takes for the photocurrent to drop
down to 90% of its initial value during the decay period after

the light is turned off, are shown along with other parameters
for each NPD at various applied bias values. For example, the
temporal response time for NPDs with a thinner metal shell at
0.1 V was calculated to be 1.05 s. This is about 3 times shorter
than the one for NPDs without a shell, which is believed to be
due to the shorter times for recombination in NPDs with a thin
metallic shell. While NPDs without a shell show persistent
photocurrents, a metal shell allows the photocurrent to
diminish easily with the help of short carrier lifetimes. These
results demonstrate that an enhanced photocurrent along with
faster dynamic response can be accomplished in one photo-
detector device at the same time by introducing a thin metal
shell around the nanorod.
Figure 7 presents the results for photosensitivity (the ratio of

photocurrent to dark current) for each NPD at different applied
bias values, and also its dynamic change at 0.1 and 0.5 V as the
light is sequentially turned on and off. As can be seen in Figure
7a, all NPDs show a similar trend: high photosensitivity at low
voltages that drastically decreases with increased applied bias.
One of the reasons of this behavior can be attributed to the low
photocurrents at relatively high fields due to the effect of
minority carrier injection, which was explained above. Another
reason is the high dark current values at higher voltages. If
photosensitivity among NPDs is compared with each other,
one can see that NPDs with a thin metal shell are ∼3-fold and
∼1.5-fold more sensitive to the light compared to NPDs
without a shell and NPDs with a relatively thick metal shell,
respectively.
Figure 7b,c indicates dynamic photosensitivity response for

each NPD at 0.1 and 0.5 V, respectively, as the light is
sequentially turned on and off. The overall behavior of dynamic
photosensitivity profiles at 0.5 V plotted in Figure 7c seems
similar to the photocurrent response observed in Figure 6b.
This is an expected result, as photosensitivity is linearly
proportional to photocurrent. However, we cannot see the
similar correlation between photocurrent responses and
photosensitivity at 0.1 V in Figures 6a and 7b, respectively.
Although NPDs with a thick shell have a higher photocurrent at
0.1 V applied bias, their photosensitivity is drastically lower
than the sensitivity of NPDs with a thin shell, as seen in Figure
7b.

Table 1. Dark Current, Photocurrent, Photosensitivity (Photocurrent/Dark Current), Temporal Response Time, Gain, and
Responsivity (Photocurrent/Optical Power) Values Listed for Each NPD at 0.025, 0.1, 0.25, 0.5, and 1 V Applied Bias and
under 532 nm Wavelength Light with an Intensity of 3 mW/cm2

applied bias (V) structures dark current (Id) (mA) photo current (Iph) (mA) Iph\Id (%) temporal response time (s) gain responsivity (A/W)

0.025 no shell 1.19 0.94 79 2.98 10.64 4.58
thin shell 0.28 0.81 285 0.56 9.19 3.95
thick shell 0.8 1.52 190 1.59 17.14 7.37

0.100 no shell 7.02 2.14 31 3.16 24.15 10.38
thin shell 1.70 3.93 231 1.05 44.36 19.08
thick shell 5.44 5.41 100 2.44 61.06 26.26

0.250 no shell 20.60 3.85 19 2.64 43.42 18.67
thin shell 10.50 6.97 66 0.52 78.68 33.83
thick shell 22.55 7.40 33 1.20 83.54 35.92

0.500 no shell 47.61 4.00 8 1.31 45.15 19.42
thin shell 32.70 8.25 25 0.15 93.13 40.05
thick shell 58.92 6.87 12 0.65 77.55 33.35

1.000 no shell 107.02 2.98 3 0.90 33.64 19.42
thin shell 87.26 7.02 8 0.50 79.25 34.08
thick shell 117.82 4.93 4 0.46 55.65 23.93
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Enhanced sensitivity of NPDs with a thin metal shell
compared to NPDs without a shell is expected and can be
explained due to enhanced photocurrent in this structure, as
seen in Figure 5a. On the other hand, despite their high
photocurrents (especially at low voltages), NPDs with a thick
metal shell are less sensitive compared to NPDs with a thin
metal shell. This enhanced photosensitivity in NPDs with a thin
metal shell is mainly due to its low dark current. However,
introducing metal around nanorods is normally expected to
decrease the total resistance, hence increasing the dark current
passing through device. As seen from Figure 8a, this is the case
for NPDs with a relatively thick metal shell. Dark current values
at different applied voltages for NPDs with a thick shell are
higher than dark current values for NPDs without a metal shell.
On the other hand, lower dark current values were measured
for NPD with a thin metallic shell, even lower compared to
NPDs without a shell. This unexpected result can be attributed
to microstructural effects introduced during high pressure
sputter deposition of the Ag shell.
As shown in Figure 8b, incoming flux of Ag atoms at high

pressure sputter deposition has a wider angular distribution.
Therefore, some of the incoming atoms can come to the top
surface of nanorods at high angles (indicated as 1 in Figure 8b)
and can disrupt uniform structure and cause columnar structure
formation due to local shadowing effect. In addition, incident
atoms coming to the surface at normal and near-normal angles
reach the side walls of the nanorods at high angles (indicated as
2 in Figure 8b). They can form columnar structures on the side
walls also due to the shadowing effect. Therefore, a slightly

noncontinuous columnar coating around nanorods is thought
to be formed, which can result in highly resistive spots in NPDs
with a thin metallic shell. On the other hand, as the growth
continues, columns can merge and form a more continuous
film microstructure, as in the case of NPDs with a thicker shell,
which can explain the higher dark current values observed.
Therefore, although a thin metal shell lacks high uniformity and
hence shows high resistance, this property turns out to be an
advantage in photodetector applications of photoconductors
where low dark current values are desired.
High dark resistance of a thin shell also affects the behavior

of the photocurrent. NPDs with a thin shell produce lower
photocurrents than NPDs with a thick shell at moderate
applied bias (Figure 5a). We propose that this is due to low
resistance of a thick shell as a result of high film uniformity. On
the other hand, photocurrent values of NPDs with a thick shell
get lower than the photocurrent produced by NPDs with a thin
shell under strong forward bias. We propose that low resistance
of NPDs with a thick shell causes higher minority carrier
injection than that of NPDs with a thin shell, which causes a

Figure 7. (a) Photosensitivity (the ratio of photocurrent to dark
current) at different applied voltages. Dynamic photosensitivity
response for each NPD structure at (b) 0.1 V and (c) 0.5 V.

Figure 8. (a) Dark current values at various applied bias for each NPD.
NPDs with a thin metal shell show lower dark currents compared to
the NPDs with a thicker shell. (b) Wider angular distribution of
incident flux at high pressure sputter deposition is illustrated on the
left. A zoom-out image of the corner of a nanorod with a metal shell is
shown on the right side of the schematic. Atoms that come at oblique
angles to the tips of nanorod (indicated as 1) form a columnar
structure due to local shadowing effect. Atoms that are able to reach to
the side walls of the nanorods (indicated as 2) mainly come at oblique
angles with respect to local surface normal. Obliquely coming flux can
form a columnar structure also at the side walls of nanorods. This
noncontinuous coating can result in high resistance and hence lower
dark current values in NPDs with a thin metal shell.
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more notable decrease in the photocurrent of NPDs with the
thick shell.

■ CONCLUSION

Nanostructured photodetector devices made of vertically
aligned indium sulfide nanorod arrays were proven to have
enhanced photocurrents along with improved dynamic
response by introducing a thin silver metal shell around
nanorods. Identical In2S3 nanorods without a metal shell and a
relatively thick shell were also fabricated and characterized for
comparison. Results indicate that the nanorods with a thin
metal shell show enhanced photocurrent (∼2-fold increase)
and photosensitivity (∼3 times higher) compared to the
nanorods without a metal shell. A thin metal shell is thought to
passivate the surface states, which in turn reduces the carrier
lifetimes and results in superior dynamic response compared to
nanorods without a shell. On the other hand, reduced carrier
transit time due to short interelectrode spacing compensates
the disadvantage of short carrier lifetime and gives rise to the
enhanced photoconductive gain and photocurrent. In addition,
low dark current values observed in nanorods with a thin metal
shell, which is believed to be due to columnar microstructure
formed during high pressure sputter deposition of Ag, have led
to improved photosensitivity response of the photodetector.
On the other hand, a relatively thicker metal shell caused higher
dark currents due to a more continuous film microstructure,
which resulted in lower photosensitivity response compared to
the device with a thinner shell. Our results demonstrate that
high photoconductive gain and fast dynamic response can be
accomplished in a given device at the same time, even for the
ones made of low quality materials with high defect densities.
We propose that our simple device fabrication route, which

includes nanostructure layer formation with GLAD, conformal
coating by high pressure sputter deposition, and a unique
capping process (combination of SAD and GLAD) for top-
contact formation, is a promising alternative for potential
applications such as detectors, sensors, and imaging devices.
Although the device size reported here (0.08 cm2) is small
enough on a research scale but quite large for some potential
applications, one can consider lithographical techniques to form
smaller isolated devices in order to get dense micro/nano
arrays.
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