
Fabrication of Single Si Nanowire
Metal–Semiconductor–Metal

Device for Photodetection
Kaustuv Das, Sudeshna Samanta, Prashant Kumar, K. S. Narayan,

and Arup Kumar Raychaudhuri

Abstract— The photoresponse of a metal–semiconductor–metal
(MSM) device using single silicon nanowire (Si NW) (∼50-nm
diameter) with responsivity approaching 3 A/W and external
quantum efficiency ∼900% at a moderate bias of 1.0 V is
reported. The device exhibits a rapid switching of the current
when the light of wavelength 405 nm is turned ON/OFF even at
zero bias. The dark and illuminated current–voltage character-
istics are studied using the MSM device model. The analysis
indicates that a dominant contribution to the photoresponse
arises from the reduction of the barrier at the contact regions
along with photoconductive response in the strand of the Si NW.

Index Terms— Metal–semiconductor–metal (MSM) device,
photodetector, responsivity, silicon nanowire (Si NW).

I. INTRODUCTION

THE motivation for using nanostructure-based materials
for electrical and optical applications emerges due to

reduced dimensionality of the active areas and high surface-to-
volume ratio. The optical properties of nanostructures are par-
ticularly sensitive to their physical dimensions. Semiconductor
nanowires (NWs) are emerging as powerful building blocks
for the integration of nanophotonic devices on a chip. There
is a growing interest in the use of semiconductor nanocrystals
and NWs for photodetectors, photovoltaics, optical switches,
optical interconnects, and solar cells, as they offer exciting
electronic and optical properties, and have been used recently
as core materials in several optoelectronic components [1].

The photoresponse of different inorganic materials in
NWs [2]–[5] as well as in some polymeric materials [6], [7]
has attracted wide attention. In recent years, silicon nanowires
(Si NWs) have attracted much attention due to their interest-
ing physical properties for possible applications in electron-
ics and photonics. Since Si is the main building block of
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IC technology, Si-based photodetectors have gained impor-
tance. The Si NW has high surface-to-volume ratio. As a
result, there are a large number of trap states at the Si NW
surface. Trapping at these surface states changes the band
bending near the surface, which creates conditions similar to
that created by an applied gate bias. This results in phototran-
sistive behavior and high sensitivity [8]. This unique property
of Si NWs makes these devices attractive for photodetection
from ultraviolet to the near infrared.

In this paper, we report fabrication and optical response
measurements of a metal–semiconductor–metal (MSM) device
based on a single strand of Si NW (diameter ∼50 nm) with
platinum electrodes. In the single Si NW device, we could
attain a zero-bias photoresponse with a current gain (measured
with no applied bias) in excess of 103. At an excitation of
405 nm, the MSM device (under an applied bias of −1.0 V)
shows a photoresponse → 3 A/W, which is much larger than
that of conventional Si-based photodetectors. This report is of
significance, because in a recent report, it has been observed
that MSM devices based on arrays of NWs of organometallic
materials can have enhanced photoresponse over that expected
from simple photoconductive response [9].

Optical devices based on a Si NWs can be produced with
existing complementary metal–oxide semiconductor process-
ing methods, and so provide a promising route to create high-
performance optical elements on the same size scale that is
compatible with integrated electronics. Photodetectors with
Si NW arrays were demonstrated [8], [10]–[15]; however,
there are very limited reports on such study for an individual
Si NW [16]–[18]. Ahn et al. [16] observed strong photocurrent
near the contacts by scanning the photocurrent in an indi-
vidual Si NW FET, indicating its origin from the electronic
band bending. Yang et al. [17] and Tian et al. [18] have
demonstrated single p-i-n Si NW as an avalanche photodiode.
It thus appears that fabrication of a single NW-based device
and investigation of its optical response will be worthwhile
to perform as this will establish the usability/feasibility of an
individual Si NW as a photodetector.

The photoresponse of a nanodevice consisting of a NW
depends on the photoconductivity of the NW, which in turn
depends on the material and its surfaces and trap states.
In addition, since the contacts that collect the photogenerated
carriers can be very close (separation < recombination length),



Fig. 1. High-resolution TEM image of a single-crystalline Si NW. Inset
shows its selected area electron diffraction pattern.

they play a very important role. Issues of barrier heights at
contacts, separation of electrodes, and even the method of
contact formation can become important factors. Thus, one
of the key issues in a nanodevice made from a single strand
of a NW is the evaluation and control of the contacts at the
metal–NW interfaces. The main motivation of this paper is
thus to evaluate the photoresponse of an MSM device made
from single Si NW based on the above-mentioned factors.
In the present report on the Si NW-based MSM device, from
analysis of the I–V data in dark and under illumination,
we could quantitatively separate out the contributions of the
photoconductivity of the strand of the NW and that of the
barriers, leading to an understanding of the operation of
the single Si NW device. The importance of this observation is
the lowering of the barriers at the contact caused by the photo-
generated carriers, which can lead to significant enhancement
of the overall photoresponse of the device.

II. EXPERIMENT

A. Fabrication of Si NW

Si NWs used in this paper were fabricated by metal-assisted
chemical etching (MACE) technique [19]. A p-type Si(100)
wafer was used for fabrications of NWs using the MACE
method. The cleaned wafer was etched in a solution of 0.03 M
silver nitrate and 5.0 M HF with deionized water. The etching
solution was kept at 70 °C for 2 h. In this process of electroless
metal deposition, the silver nanocluster is deposited on the
surface of Si wafer at the same time as the etching process.
The etching leads to formation of Si NWs, as described in [18].
The Ag film on the as-synthesized samples was removed by
dilute HNO3 and then rinsed in deionized water and dried at
room temperature. The wires so fabricated were characterized
using scanning electron microscope (SEM) and transmission
electron microscope (TEM). The fabrication process leads to
the formation of a dense array of Si NWs with minimum
diameter achievable ∼20 nm with lengths more than 10 μm.
A typical high-resolution TEM image of an individual NW is

Fig. 2. FE-SEM image of a 50-nm single Si NW MSM device connected
with four deposited Pt–C leads.

shown in Fig. 1. Lattice-resolved image of the NW shows that
the Si NW is single crystalline in nature with long axis along
(100) direction as expected from the orientation of the starting
wafer and without any visible grain boundary within the bulk
of the NW structure. The selected area electron diffraction
pattern (inset of Fig. 1) also shows the single crystal nature
of the NW.

B. Fabrication of Si NW Device

A single NW device was then fabricated on SiO2/Si (SiO2
thickness ∼300 nm) substrate with four probes made by
depositing platinum from a metallo-organic precursor in a dual
beam system (Helios 600, FEI) using an electron. Our previous
analysis of such ion- and electron-beam-assisted deposited
platinum has shown that they are actually composites of
Pt islands in amorphous carbon [20]. The metallic volume
fraction of Pt is more than but close to the percolation thresh-
old for metallic conduction. The SEM image of the NW device
is shown in Fig. 2. The electrodes are 500 nm in width and
100-nm thick. The gap between the two inner voltage probes is
approximately 1.3 μm. We made the four-probe arrangement
for measurement of resistance, while the inner two probes were
used for measuring photoresponse. This arrangement allows
measurement of resistivity and photoresponse from a single
strand of a NW.

C. Photoresponse Measurements

The photoresponse was measured at zero bias (without
applying any bias) using a diode laser (wave length = 405 nm)
and a microscope for focusing the light (spot size ∼10 μm).
The current was measured with a lock-in amplifier, with cur-
rent collected by the current amplifier input, and the chopper
frequency was kept at 200 Hz. The power dependence was
measured by changing the power using a set of neutral density
filters. The wavelength dependence of the photocurrent as well
as the current versus voltage (I–V ) curves under illumination



Fig. 3. Temperature-dependent resistivity of the Si NW.

Fig. 4. Photocurrent (Iph) spectral response of the single NW device kept
at a constant bias of 0.1 V.

were measured using a helium lamp (450 W) and a monochro-
mator. The I–V curves were recorded using a source meter
(Keithley SM-2400) and a picoammeter (Keithley 6485). The
bias was applied by the source meter and the current was
recorded by the picoammeter. The impedance measurements
were performed in an impedance analyzer (HIOKI 3535).

III. RESULTS AND DISCUSSION

The resistivity variation with temperature (10 K ≤ T ≤
300 K) is shown in Fig. 3. The resistivity increases from ∼0.5
to 2.5 �-cm as the temperature decreases down to 150 K, and
then it remains nearly stable until there is a drastic rise in
the resistivity at 25 K due to carrier freezing out. These four-
probe resistivity data have been used to find out the actual
NW resistance at different temperatures, which is useful for
analysis of device performance.

To investigate the most suitable spectral range for illuminat-
ing the sample, the photocurrent of the sample was measured
as a function of the wavelength (energy) of the incident

radiation. The wavelength dependence of the photocurrent
Iph(λ) in the wavelength range 300–800 nm is shown in Fig. 4.
The data are taken with a small bias of V = 0.1 V. The
measured photocurrent shows a peak around λ ∼ 400 nm.
The peak at 400 nm may be because the absorption efficiency
is high at that particular wavelength for an individual Si NW,
as reported in [21]. A small shoulder appearing around 700 nm
is not clear and not in the scope of this paper.

A. Analysis of Bias-Dependent Photoresponse

The single-strand NW with two Pt electrodes attached is
an MSM device with two Schottky-type contacts at the two
M–S contacts. The photoresponse of the MSM device under
bias was measured by studying the I–V characteristics of
the device in the dark and under illumination (wavelength of
400 nm). The I–V graph shows nonlinear behavior with asym-
metry both in the dark and under illumination. The measured
I–V can be explained quantitatively by an equivalent circuit
consisting of two back-to-back Schottky diodes (formed by the
two M–S junction) connected by the single strand of the NW
of resistance RW [inset of Fig. 5(a)]. (Note: Small variations
in sizes and chemical compositions of the electrodes, which
are deposited from precursors, may affect the band bending
in the junction region, leading to asymmetry.) The device
current (I ) as a function of applied bias (V ) can be expressed
by [22]

I = I0 exp
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)
exp

(−q(φ1+φ2)
kT

)
exp

(−qφ2
kT

) + exp
(−qφ1

kT

)
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)
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where V ′ = V − IRW, ϕ1 and ϕ2 are the barrier heights.
I0 = AA∗T 2, A∗ is the Richardson constant, A is the contact
area, and T is the absolute temperature. η is the ideality factor.
The fit to the data is shown in Fig. 5(a).

The parameters (effective barrier heights ϕ1, ϕ2, and the
wire resistance RW) obtained from fitting the data to (1) in
dark and under illumination are shown in Table I. The value
of RW in dark = 620 ± 20 k�, which is obtained from the
fit and matches well with that calculated from the four-probe
measured resistivity. The barrier heights as derived (in dark)
are ϕ1 ≈ 104±5 meV and ϕ2 ≈ 52±5 meV, respectively. The
asymmetry in the I–V curve thus arises from the difference
of about 50 meV in barrier heights at the two contacts. On
illumination with Popt ∼ 6.5×106 W/m2, the series resistance
RW decreases to 460 ± 20 k�.

Substantial enhancement in the observed photocurrent also
arises due to the lowering of the barrier heights ϕ1 and ϕ2
under illumination (Table I). There is a reduction of about
∼20 meV in ϕ1 and ∼12 meV in ϕ2 due to illumination.
This shows that the large current gain observed in the single
NW device has contribution both from photoconductivity and
from the lowering of the barriers. The process of illumination
changes the charge carrier density by an amount �n(= nill −
ndark). It has been shown that in MSM-type devices made with
NWs, the carriers created by the illumination can diffuse into
the contact regions [15], [23]–[25]. Control of contact barrier



Fig. 5. (a) I–V curves in dark (black circle) and under illumination (blue circle) for a single Si NW MSM device. Solid black curve is fit to the
dark current and solid blue curve to the illuminated data using the back-to-back Schottky model. Inset shows the schematic diagram of the model.
(b) Responsivity variation with applied bias.

TABLE I

PARAMETERS OBTAINED FROM I –V CURVES IN DARK

AND UNDER ILLUMINATION

by electrical-gate-controlled charge injection has been recently
utilized in Si NW devices [26], [27]. There are evidences that
the recombination rate in the junction area can be greatly
depressed by illumination [28], [29]. There are reports on
single Si NW device explaining the observed photoresponse
as photoemmission from metal to Si over the Schottky barrier,
which can be tuned by controlling the doping concentration
and wire diameter [30].

To quantify the contributions of illumination-induced reduc-
tion of barriers and photoconductive reduction of the resistance
of the wire, we calculated the photocurrent using the resistance
value for illumination (460 k�), keeping the barrier heights
fixed at dark values. The reduction of resistance value from
620 to 460 k� leads to an increase of current by a small
amount. When resistance is kept at dark value and barrier
heights reduced from dark to illuminated value, there is a
major increase in the current. From calculations, we find
out that lowering of barriers at contacts contributes 80% of
the photocurrent, while remaining 20% is contributed by the
photoconductivity in the NW.

B. Optical Response in Zero Bias

Fig. 6 shows the optical power dependence of the zero-
bias photocurrent Iph(V = 0) from the Si NW device. The
data were taken with illumination by a diode laser at 405 nm
with increasing optical power density Popt from 104 W/m2 to
8 × 106 W/m2. The illumination was turned ON/OFF with a
mechanical shutter. The current was measured with a lock-in
amplifier directly with the current amplifier input. The dark

Fig. 6. Zero-bias photoresponse Iph(V = 0) of a Si NW device under
illumination at a wavelength of 405 nm that was turned ON and OFF. Inset
shows zero-bias photocurrent at different optical power densities Popt .

current in the device is below the detection limit (≤ 0.5 pA).
The response time is rather fast compared with the detection
limit of the instrument (0.1 s). At the highest illumination
used, Iph(V = 0) = 2 nA for the device shown, indicating
a photosensitivity factor (Iph/Idark) ≥ 4 × 103. Since the
dark current is detection limited, the actual factor may be
much larger than the value above. This ON/OFF photoresponse
has been repeated for many cycles without any appreciable
changes, showing stability of the photodetector. Iph(V = 0)
increases with the power density Popt following a nonlinear
dependence IPh(V = 0) ∝ Pγ

opt (γ ≈ 0.5), as shown in
the inset of Fig. 6. In general, the power dependence of the
photocurrent depends on the distribution of trap states around
the Fermi level (EF) and γ < 1, generally resulting from
distribution of trap states (around EF) for recombination within
the Si NW strand [31]. Zero-bias current can arise due to
the built-in potential at the contacts [16], [32]. In the NW
device, since the electrode separation is less than the depletion



width, there can exist an axial field in the middle of the
NW even in the absence of an applied bias, which will collect
the carriers [11]. If the two junctions are symmetrical, then
the net current at zero bias will be zero. However, asymmetric
junctions will ensure a nonzero net current.

A useful figure of merit for photodetectors is responsivity
(R ≡ Iph/Psample), which is the ratio of the photocurrent
to the incident-light power on the sample Psample. Though
zero-bias photocurrent has been observed in an individual
Si NW device [14], there is no report of observation of
substantial responsivity in such devices. The maximum power
density (Popt) of the incident light used in the experiment
was ≈8 × 106 W/m2. From the length between the probes
and the wire diameter, we estimate that the maximum power
absorbed by the wire Psample ≤ 5 × 10−7 W. This assumes
that the wire absorbs all the radiation falling on it. This
overestimates the sample power absorbed. From the zero-bias
photocurrent Iph(V = 0) corresponding to this Psample, we
obtain R(V = 0) ≡ Iph(V = 0)/Psample) ≈ 4–10 mA/W.
Application of bias increases the device current significantly,
and we obtain the responsivity R(V ) ≈ 3 A/W at V ∼ −1.0 V.
The responsivity R(V ) has been plotted against applied bias
in Fig. 5(b).

The external quantum efficiency (EQE), also known as
photoconductive gain of the NW device, is given by the
ratio of the number of charge carriers generated per second
to the number of incident photons falling on the device per
second [6], [33]

EQE(%) = Ncarrier

Nphoton
= (Iph/e)

P̃sample

(
hc

λ

)
= R

hc

eλ
= R

1240

λ(nm)
.

(2)

From (2), using the values of R obtained before, we get EQE
∼ 1%–3% at V = 0, increasing to a very high value of
900% for V = −1.0 V. The values of R as well as that of
the EQE observed by us for the single Si NW device are
significantly higher than those reported before. For ITO/nSi
NW array/ITO device, the maximum EQE observed was 70%
(−0.5 V) and responsivity R was 0.59 A/W [11]. Si NW
network MSM device structure showing a peak photorespon-
sivity of 0.17 mA/W has been reported [34]. Si NW array/ZnS
nanoparticle hybrid device shows a responsivity of ∼2.7 A/W
and EQE of 530% [15]. However, no responsivity and EQE
value have been reported for the single NW device. The
observation of rather large R and EQE in the single NW
device is an important highlight of this paper. This indicates
that an MSM device with tunable Schottky barrier heights at
the contacts and small electrode spacing will lead to a highly
sensitive photodetector.

C. Frequency Response of the Device

The frequency (or time) response of such an MSM device
can be limited by factors that can be intrinsic to the strand
of the NW or extrinsic to it as arising from such sources
as spurious capacitance, and so on. To investigate the fre-
quency response, we carried out impedance spectroscopy
of the single NW MSM device (in the frequency range

Fig. 7. (a) Frequency response of Zreal and Zimaginary performed on a single
Si NW in dark (open circles) and illuminated conditions (closed circles).
(b) Nyquist plot of the response in illuminated and dark conditions along
with the fitting using the model shown in the inset.

40 Hz ≤ f ≤ 100 KHz) in dark as well as under illumination
and used a model to extract the relevant parameters that
describe the frequency response. Such type of device structure
can be considered as a resistance shunted by a nanocapacitor,
where in addition to the capacitance of the NW, an additional
capacitance arises from the SiO2 underneath. In addition,
however, there will be capacitive contributions arising at the
junctions of the NW and contact pads. The real (Zreal) and
imaginary (Z img) parts of the impedance are shown in Fig. 7(a)
for the device under test. The real part of the impedance Zreal
decreases with increase in the frequency for data taken in dark
as well as under illumination. The decrease in Zreal occurs
due to an increase in ac conductivity of the NW. There is a
decrease in the value of Zreal on illumination primarily at low
frequency, and the effect of illumination on Zreal saturates for
frequency ( f ) beyond 500 Hz. The imaginary part (Z img) does
not show much effect on illumination. The peak in Z img and
the variation of Zreal show a relaxation at f ≈ 500 Hz. The
relaxation behavior does not depend on illumination, showing
that this is mainly due to the capacitance associated with the
device connections and substrate and is not part of the main
NW component. The impedance spectra in the complex plane
(Nyquist plot) of the NW device are plotted in Fig. 7(b). Some-
what depressed but almost semicircular arcs in the Nyquist
plots are observed for both dark and illuminated conditions,



TABLE II

EQUIVALENT RESISTANCE AND CAPACITANCE OF THE NW

DEVICE FROM NYQUIST PLOTS

which is a signature of a parallel RC circuit. The equivalent
RC circuit for this device structure can be described by three
parallel RC circuits in series with each other. The model circuit
is shown in the inset of Fig. 7(b). The sample (the strand of the
NW) is represented by one RC circuit (RW –Cw) connected to
the two M–S junctions represented by the RC blocks RC –Cc

and R′
c–C ′

c). The three RC blocks are connected in parallel
by the parasitic capacitance (CS) originating from SiO2/Si
substrate. The experimental data points are then fitted with the
above-mentioned model. The effective resistance R obtained
from the fitting is 850±10 k� in dark and it decreases to 650±
10 k� on illumination (Table II). From the analysis of the I–
V data (Table I) above, we found RW = 620 ± 20 in dark and
= 460±20 k� under illumination. The total contact resistance
RC+ RC ∼ 230 k� in dark and ∼190 k� on illumination. The
barrier height lowering on illumination, as described earlier is
reflected in decrease of contact resistance RC as in Table II.

The data analysis using the model above shows that the roll-
off of the relaxation at f ≈ 500 Hz occurs due to the effective
capacitance CS ≈ 90 ± 10 pF. The impedance spectroscopy
shows that in the present device configuration, the frequency
dependence is dominated by spurious capacitance, a factor that
needs to be substantially reduced in future to utilize the large
photoresponse at a higher frequency. The intrinsic frequency
limit (limited by RC response) set by the resistance, and the
NW and its associated capacitance (<1 pf) would be more
than a few hundred kilohertz.

IV. CONCLUSION

In summary, we have fabricated a single Si NW photode-
tector (made as an MSM device). The device made from a
single strand of a NW of diameter 50 nm shows a large
response, with responsivity approaching R ≈ 3 A/W and
EQE ∼900% at a moderate bias of 1.0 V, which are much
larger than the responsivity and EQE reported till date in
most Si NW devices formed from arrays. Interestingly, the
Si NW shows a zero-bias photocurrent arising from built-in
potential, with ON/OFF ratio reaching a value ≥4 × 103 for
an optical power of Psample ≤ 5 × 10−7 W impinging on
the NWs. The frequency response of the MSM device studied
using impedance spectroscopy shows that it may be limited
by spurious capacitances arising from contact pads.

The result indicates that the dominant contribution to the
photoresponse arises from the reduction of the barriers at the
contact regions due to the diffusion of the photogenerated
carriers in the M–S junction regions. This enabling mechanism
(barrier suppression) for enhancing the photoresponse in single

NW MSM devices is a general concept that may be used in
any single-NW-based devices. A Si NW-based MSM device
that in general has Schottky contacts can thus be a good
candidate for a highly sensitive photodetector and optical
switches.
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