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Abstract
Self-powered photodetectors have been fabricated from a single germanium nanowire (NW) in
the metal–semiconductor–metal (MSM) device configuration. The self-powered devices show a
high photoresponse (responsivity∼103–105 AW−1) in the wavelength range 300–1100 nm. It
has been established from I–V characteristics that asymmetry exists in the Schottky barrier height
(SBH) at the two MS contacts. We have used simulation to establish that the asymmetric SBH at
the metal contacts in an MSM device is a major cause for the ‘built-in’ axial field that leads to
separation of a light generated electron–hole pair in the absence of an applied bias. Thus, even in
the absence of external bias, the photogenerated carriers can be separated, which then diffuse to
the appropriate electrodes driven by the ‘built-in’ axial field. We also point out the physical
origins that can lead to unequal barrier heights in seemingly identical NW/metal junctions in a
MSM device.

1. Introduction

There is a recent surge in the search for materials and novel
technology that would give rise to self-powered devices [1].
These devices can effectively harness energy, either by har-
vesting it from thermal or similar sources or by conversion of
one form of energy to another [2–4]. In this context, self-
powered optical detectors that work in a broad spectral range
are of great utility, in particular, if they can detect weak
radiation without any external power. Photovoltaic cells form
a class of self-powered optical devices [5]. Self-powered
broadband photodetectors have been fabricated using SnTe
films [6] and GaN microwire arrays [7] with Si heterojunc-
tions. Heterojunction devices use the internal built-in poten-
tial at the interface to separate and transport the
photogenerated carriers, leading to photodetection without
external bias. Self-powered thin film metal–semiconductor–

metal (MSM) photodetectors have been fabricated recently
either with a dissimilar electrode material for the two contacts
or with widely varying area of contacts [8, 9]. In these MSM
devices, the Schottky barrier (SB) plays a crucial role. There
may be initially a Schottky barrier height (SBH) mismatch,
due to different electrode material at both contacts [8]. Or
else, even if the SB has the same height, the area of the
Schottky contacts differs and it has been shown that, for nano-
sized Schottky junctions, their depletion regions are unequal.
This in-turn modifies the local potential so that the effective
barrier height decreases [9]. Thus, the important contribution
to photocurrent comes from the built-in field due to unequal
SBH which helps in separation of the photogenerated elec-
tron–hole pairs.

Recently, our group has reported a single Si nanowire
(NW) based photodetector that shows a zero bias photo-
responsivity (R)∼104 AW−1 at 514 nm [10]. However,
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there has been no other report of a self-powered NW photo-
detector. The previous reports [8, 9] show that an unequal SB
is the main cause for photodetection but a quantitative mod-
eling and/or nature of the built-in potential is missing.

In this paper we show that single semiconductor NW
based self-biased photodetectors can have high photoresponse
reaching R≈103–105 AW−1 in the broad spectral range
from 300–1100 nm. We have also performed simulation using
COMSOL® Multiphysics software, which shows that owing
to the difference in SBH at the two MS junctions, an axial
electric field arises in the NW even in absence of an external
bias when the two contacts are separated by a distance
comparable to the sum of their depletion widths. This field
separates the photogenerated electron–hole pairs and drives
them to the respective electrodes.

2. Experimental

Ge NWs were grown on a (100) Si wafer using Au nano-
particles as catalyst, utilizing the vapor–liquid–solid (VLS)
mechanism as discussed elsewhere [11]. The NWs were
dispersed onto a SiO2(300 nm)/Si substrate and contact
electrodes to a single NW was fabricated using electron beam
lithography (EBL), followed by metallization and lift-off.
Thermal evaporation was used for deposition of metals under
a base pressure of ∼10−6 mbar. The electrical measurements
were taken by a sourcemeter or by current amplifier input of a
lock-in amplifier with chopper modulated illumination. A
xenon lamp with a monochromator was used as a light source
with power varying from 10–100 μW. The illumination
power was calibrated using a standard Si photodetector.
Simulations were performed by COMSOL® 5.3a Semi-
conductor Module.

3. Results and discussion

We have used three single Ge NW MSM devices for our
study with diameters ranging from 30–90 nm and length
between electrodes up to 2 μm. We have used Cr(5 nm)/Au
(60 nm) contact electrodes on two devices, namely S1 and S2.
Ni(60 nm) electrodes were used on device S3. The device
parameters are provided in table 1.

3.1. Structural and electrical characterization

In figure 1(a) we show a typical example of a single Ge NW
device (S2) where a 90 nm diameter Ge NW was connected
with Cr/Au leads. The separation of the leads to the NW

was∼2 μm. Using high resolution transmission electron
microscopy (HRTEM), we have performed selected area
electron diffraction (SAED), which shows the single crystal-
line nature with parallel d-planes 0.328 nm apart and growth
along (111) direction (see figure 1(b)). The HRTEM image of
a typical NW is provided in figure SS1 in the supplementary
data, available online at stacks.iop.org/NANO/29/445202/
mmedia. The Ge NWs are unintentionally doped and are
usually p-type in nature, when grown by the VLS method
with the aid of Au catalyst [12, 13].

Since previous self-powered MSM devices have unequal
barrier heights (due to dissimilar metal contacts), which leads
to photodetection at zero bias [8], it is important that we
determine the SBH at the two metal/NW junctions. All
measurements were taken at room temperature and under
ambient atmospheric conditions. Performing the experiment
in ambient atmosphere or vacuum, changes the device current
by a small amount (∼3%). Thus, humidity and air do not have
any significant effects on the electrical characteristics. The
NW photodetectors are MSM devices which can be modeled
as two back-to-back Schottky diodes, with SBHs f1 and f2 at
both ends connected by the NW with resistance RNW. The I–V
curves of the devices (shown in figure 2) have been used to
evaluate the SBH at the MS junction by fitting it to the
modified Richardson–Dushmann equation [14], given by
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where I0 is contribution due to thermionic emission at the
contacts given by AART

2, A is the area of contact and AR is
the Richardson constant, V′=V−IRNW and η is the ideality
factor of the diode. In table 1 we show the SBHs (f1 and f2)
at the MS contacts (f1 and f2, η and RNW were fit para-
meters). For a given NW, the values of the SBH at the two
ends are different. To have a normalized measure of this

asymmetry, we used a parameter d º f f
f
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1 2 is the average height of the SB. The unequal
SBH can be observed from the asymmetry in the I–V curves
(figure 2). It is most pronounced in device S1 (see figure 2(a))
which has the highest δ of ∼58%. The resistivity of the NWs
varies (see table 1), depending upon the amount of uninten-
tional doping that occurs during growth. The SBH depends
upon the resistivity of the NWs and even though, for the same
material contact Au, the SBH is different in S1 and S2 [11].
Section 3.4 has a discussion regarding SBH in Ge NWs.

Table 1. Device parameters.

Sample L (μm) D (nm) Electrode RNW (kΩ) f1 (eV) f2 (eV) δ (%)

S1 1.2 30 Cr/Au 850 0.384 0.212 58
S2 2 90 Cr/Au 1.1 0.175 0.145 19
S3 1.8 62 Ni 59.5 0.291 0.222 27
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Figure 1. (a) SEM image of photodetector S2, showing the nanowire with diameter 90 nm, connected by Cr/Au electrodes on both sides. (b)
SAED pattern showing highly oriented single crystalline planes along (111) direction.

Figure 2. I–V characteristics in dark (shown as symbols) with corresponding MSM fits (shown as lines) for (a) S1, (b) S2 and (c) S3.

Figure 3. (a) I–t curves for device S3 under illumination from a xenon lamp source with monochromatic radiation from 300–1100 nm at
intervals of 50 nm. The graph shows the response of the device when illumination of different wavelength is turned ON and OFF, with power
varying from 10–100 μW, depending upon the Xenon lamp source characteristics. (b) Responsivity as a function of wavelength for
nanowire S3.



3.2. Photodetector performance

In figure 3(a), as an example, we show the current of device
S3 with no applied bias when illuminations of different
wavelengths are turned ON and OFF. The device shows
appreciable photoresponse with a response time �300 ms.
(The response time is limited by stray capacitance of the long
leads connecting the NW.) The stability of the NW photo-
detectors were checked and there is negligible degradation of
the photodetector performance for over 10 000 cycles (shown
in figure SS2). An important characteristic of a photodetector
is the responsivity ( ºR I

P
pc ), where Ipc is the photocurrent

and P is the power incident on the photodetector. The
responsivity of S3 is shown in figure 3(b) as a function of
wavelength under self-biased condition. The illumination spot
is 1 mm in radius and illuminates the entire device. The
illumination of the whole device cannot be avoided given its
small size. The illumination of the contacts in such devices
lowers the Schottky barrier which has been discussed in
previous publications of the group [10, 15]. Self-powered
photoresponse was observed in all the three NW devices (data
not shown to avoid duplications; see figure SS3). The dark
current and the current under illumination for all devices are
given in table 2. Existence of substantial photocurrent at zero
applied bias shows that the single Ge NW devices function as
self-powered photodetectors. The responsivity is given in
table 2 for illumination at λ=650 nm. To the best of our
knowledge, it is highest reported value of R obtained in a
self-powered photodetector. (A list of self-powered photo-
detectors reported in the literature with photoresponse para-
meters are given in the supplementary data.) The wide
spectrum in which R is large, makes it promising for appli-
cations, particularly where very low illumination power
detection is needed.

3.3. Simulation of asymmetric Schottky barrier

Self-powered photodetectors need existence of an electric
field to separate the photogenerated electrons and holes which
then diffuse to the respective electrodes. In a solar cell like a
p–n junction cell or a heterostructure solar cell, the built-in
potential exists in the depletion region at the junction/inter-
face [16]. In self-powered NW photodetectors, in absence of
any applied bias, this would need a mechanism that would
give rise to the internal axial field. In a MSM device, it is
proposed that such a field can arise from the MS contacts
which show different SBH when formed on NWs, even when
both contacts are made up of the same metal.

To quantify and validate our hypothesis, we performed a
simulation using COMSOL Multiphysics, Semiconductor
Module for the device S1, which has the highest SBH
asymmetry (see table 1) with normalized asymmetry para-
meter δ=58%. There exists a finite potential at zero bias in
the NW. The potential variation in the NW is shown as a
three-dimensional plot in figure 4(a), with a color code
showing the potential value. The inset shows surface potential
along the longitudanal plane, with an arrow plot of the electric
field E. A line plot of the potential (see figure 5(a)) shows that
a linear potential develops along the NW length at zero
applied bias and it is constant at the contact region. We have
simulated the potential for other values of δ (see figure 5(a)),
which shows enhancement of the built-in potential for larger
δ. In supplementary figure SS4 we have provided data on
device S2 to establish generality of the results obtained from
simulation.

The electric field calculated from the potential is constant
in the NW in between the contact region. It increases linearly
with increase in δ (see figure 5(b)). For the lowest δ∼18% in
S2, E∼2×104 Vm−1 which is larger than that in a het-
erojunction photodetector [6] with E∼2.5×102 V m−1 and
compares well that in microwire array detector with
E∼5×104 Vm−1 [7]. The electric field E is in the direction
from the electrode with SBH f2 to the electrode with SBH f1
(for f2>f1) and electrons flow from the electrode with
higher SBH (f1) to the electrode with lower SBH (f2).

The existence of such a field, however would need a
device with micron size length, where the separation of the
two collection electrodes/leads is of the same scale as the
sum of depletion widths (WD) at two ends. We have made an
estimate of the depletion width in our device. The depletion

width in a semiconductor is given by [16],
*

= eWD
V

eN

2 b where

N* is the doping concentration of the NW, ε is the dielectric
constant of Ge, Vb is the built-in voltage, given by

j j= -( )V e,b m s and jm and js is the work function of the
metal and semiconductor respectively. In the absence of an
accurate value of N* for NWs, we have used the resistivity of
the NWs (as calculated from fit parameter RNW, given in

Table 2. Photodetector parameters at zero bias.

Sample Dark current (A)
Current under
illumination (A)

R (AW–1) at
λ=650 nm

S1 3.1×10−10 1.1×10−9 2.3×103

S2 3.52×10−7 1.20×10−6 3.6×105

S3 2.7×10−9 1.73×10−7 2.1×105

Figure 4. (a) Electric potential developed in the device S1 at zero
bias. The inset shows a surface plot of the longitunal section of the
NW with a color code of potential given in volts. The surface arrow
plot gives the direction of the electric field developed in the
nanowire (diameter exaggerated for a clear image).



table 1) to estimate the value of N*, which is for bulk Ge [17].
While this leaves an element of uncertainty regarding the
exact value of N*, however, the uncertainty does not affect the
main observation of the paper that a self-powered optical
device can be made from a single Ge NW. The uncertainty in
N* affects some of the numbers in the simulation part. For the
work function of Ge, we have used fs=4.56 eV [18]. The
calculated value of depletion width WD ranges from
100–300 nm for N*=1022–1023 cm−3.

The simulation data in figure 6(a) shows that with device
length ? size of depletion region, this effect tapers off. The
simulations have been done for length between 1–15 μm
between electrodes and it can be clearly seen, that the
potential in between electrodes gradually flattens beyond
5 μm of the photodetector channel length. Hence, the built-in
electric field will cease to exist throughout the device length.
Thus, when the depletion region covers almost 1

5
to 1

2
of the

device length, it is sufficient to obtain the axial field necessary
for photoresponse. Since we have investigated photodetectors

with diameter variation from 30–90 nm, it is pertinent to
check through simulation the effect of diameter on the built-in
field. Figure 6(b) shows that there is not much difference in
built-in potential through the device length. Only the potential
at the MS interface becomes more sharp as we go to a lower
diameter of the NW. The simulation provides us the necessary
basis on which we show that the asymmetric barrier height is
a sufficient (but may not be necessary) condition for a built-in
potential in the NW at zero bias, that is essential for self-
powered photodetection.

3.4. Origin of unequal SBH

A SBH mismatch due to different electrode material at both
contacts can be caused intentionally. However, Fermi level
pinning (FLP) in bulk Ge makes the SBH material indepen-
dent and pins the SB to ∼0.5 eV [19]. In case of NWs, there
has been experimental evidence for suppression of FLP
[11, 20]. In a previous publication from our group, we have
shown that contacts to Ge NWs are inhomogeneous with a

Figure 5. (a) Electric potential developed in S1 at zero bias due to asymmetry in barrier height. The data show the potential for three
asymmetry parameter values δ=18%, 27% and 58%. Enhancement in potential and hence field can be seen as δ is enhanced. (b) The electric
field as function of asymmetry parameter with a linear fit (in the solid red line) to the data.

Figure 6. (a) The built-in potential as a function of length between the electrodes. The simulations have been done for length 1, 3, 5, 7 10 and
15 μm. The arrow lines marks the length between the electrodes. (b) Potential as a function of nanowire diameter for a fixed channel length
of 1 μm.



distribution of barrier heights [10]. The formation of a SB
depends on the initial stages of the metal layer deposition due
to formation of defect state levels at the interface [21, 22].
There is a variation in the surface oxide thickness as well as
the corrugation change on the surface of the NW along the
length (see figure SS1). The gradient in oxides thickness
comes from the growth condition as the end anchored to the
Si substrate is the place where the growth first occurs, and
gets more time to oxidize. Surface treatments like plasma
etching can impart energy which causes surface modification
as well as disorder in the semiconductor [23]. Such treatments
are essential for NW devices fabricated by EBL, where
remnant resists need to be etched out for better lift-off. Thus
the formation of the asymmetric SBH on Ge NW appears to
be mainly dominated by structural inhomogenity as well as
the oxide on the Ge NW surface. This adds an element of
stochasticity in the barrier formation. Thus to have a ‘pre-
designed’ asymmetry and thus a predictable self-powered
single NW photodetector, more research are needed in control
of the NW surfaces and on the MS contact formation of NWs.

4. Conclusions

We have shown that it is possible to obtain a self-powered
photodetector with high responsivity using a single Ge NW
fabricated in MSM device configuration. The MS junctions
on the NW, due to surface conditions, lead to the formation of
asymmetric barrier heights. This feature will be true for other
semiconductor NW devices as well, which have a native/
grown oxide layer. Using simulation we establish that the
self-powered operation needs a finite zero bias current, is
enabled by asymmetry in barrier heights at the two metal/NW
junction. The asymmetry in barrier leads to an axial field
along the Ge NW that separates the photogenerated electron–
hole pair and provides the necessary field for driving the
carriers to respective electrodes. Another important factor is
that the device length, which being short (∼few μm), is
comparable to the sum of depletion widths at the MS inter-
face, which helps to sustain the internal electric field
throughout the device length. The observations and the phe-
nomena reported here may enable high responsivity self-
powered NW devices in other semiconductors as well.
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