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Abstract
Remarkable progress has been made in the field of one-dimensional semiconductor
nanostructures for electronic and photonic devices. Group-IV semiconductors and their
heterostructures have dominated the years of success in microelectronic industry. However their
use in photonic devices is limited since they exhibit poor optical activity due to indirect band gap
nature of Si and Ge. Reducing their dimensions below a characteristic length scale of various
fundamental parameters like exciton Bohr radius, phonon mean free path, critical size of
magnetic domains, exciton diffusion length etc result in the significant modification of bulk
properties. In particular, light emission from Si/Ge nanowires due to quantum confinement,
strain induced band structure modification and impurity doping may lead to the integration of
photonic components with mature silicon CMOS technology in near future. Several promising
applications based on Si and Ge nanowires have already been well established and studied, while
others are now at the early demonstration stage. The control over various forms of energy and
carrier transport through the unconstrained dimension makes Si and Ge nanowires a promising
platform to manufacture advanced solid-state devices. This review presents the progress of the
research with emphasis on their potential application of Si/Ge nanowires and their
heterostructures for electronic, photonic, sensing and energy devices.

Keywords: semiconductor nanowires, Si/Ge nanowires, radial heterojunction, nano-photonic
devices, single nanowire devices, silicon photonics

1. Introduction

Semiconductor nanostructures for multifunctional applica-
tions have emerged into a very active field of research over
the last two decades. Reduced dimensionality in nanos-
tructures lead to strongly tailored properties of materials,
which are much different from their bulk counterparts. Owing

to some of their unique properties, group-IV semiconductors
and their heterostructures have enjoyed the years of success in
electronic devices; though bulk Si and Ge exhibit poor optical
activity due to their band structures [1–6]. Substantial
research interests in the field of silicon nanostructures for
optical sources were triggered by the report of strong photo-
luminescence (PL) from porous silicon in the visible wave-
length range at room temperature in 1990 [1]. The prediction
that the quantum confinement (QC) of carriers may lead to
efficient luminescence despite the indirect nature of the
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energy gap of bulk Si and Ge has further stimulated the study
on group-IV semiconductor nanostructures. On the other
hand, one-dimensional (1D) Si nanostructures such as nano-
wires [7–12], nanocones (NCs) [13], nanodomes [14] and
nanopyramids [15] are of immense interests for their appli-
cations in nanoscale optoelectronic and biosensing devices.
Particularly, cone-like nanostructures are promising for pho-
tovoltaic (PV) application due to their excellent antireflection
property. Si nanowires (SiNWs) are potentially attractive
nanoscale building blocks for the realization of high-perfor-
mance electronic devices due to their unique structural,
electrical, and thermoelectric (TE) properties.

On the other hand, Ge nanowire with intrinsically higher
carrier mobilities than Si is also a promising group-IV plat-
form of interest. It has the capability of further device min-
iaturization with compatibility to the existing CMOS
technology for the enhanced functionality of nanowire tran-
sistors for logic and other functions. Ge nanostructures are of
particular interests, since the exciton Bohr radius (24.3 nm) is
larger than that of Si (4.9 nm), resulting in stronger quantum
size effect and enhanced bandgap tailoring capability for
photonic applications [16, 17]. Therefore, increasingly intense
attention is being devoted to Ge nanowires (Ge NWs) as
promising platforms for the fabrication of optical nanodevices
such as photodetectors and light emitters working in optical
commutation wavelength range. Along with QC, various
other approaches like strain engineering [18–20] and impurity
doping [21–23] have also been utilized to achieve light
emission from group-IV semiconductor nanowires. Using the
rare earth (Er3+) doping, light emission at the optical com-
munication wavelength (1.54 μm) has been reported at room
temperature via the spin–orbit splitted 4I13/2→4I15/2
transition in doped Si and Ge nanowires [24–26].

From the application prospective, the 1D geometry has
been found to be very promising as it can be integrated into
both horizontal and vertical topologies, having the capability
of fabrication of radial or core–shell heterojunctions with a
very large surface to volume ratio. Depending upon a part-
icular application, the radial homo/hetero-junctions with
different architectures have been fabricated using Si and Ge
nanowires. For example, vertical heterojunctions fabricated
via the integration of organic or inorganic semiconductors on
Si nanowire templates, have emerged as attractive platforms
in the field of energy harvesting and photosensing applica-
tions. On the other hand, the horizontal geometry of Si
nanowires is preferred for field effect transistor (FET) and bio
sensing applications. Most of the devices fabricated on Ge
nanowires possess horizontal geometry, which have been
widely studied for biosensing, near-infrared wavelength
(NIR)—LED and high speed FET applications. The studies
on Ge nanowires for PV applications are still rare, because of
their low absorption in visible wavelength spectrum.

In the present review, the fundamental properties of Si
and Ge nanowires including the advances in the under-
standing of their growth mechanisms are discussed. In addi-
tion to group-IV homojunctions, the focus of this manuscript
is to discuss the recent results on various heterojunctions
fabricated with direct band gap semiconductors on Si/Ge

nanowire templates for photodetection, light emission, energy
conversion/storage, memory and bio-sensing applications.
The devices reported using other forms of group-IV nanos-
tructures like Si/Ge quantum dots in oxide matrix, self-
assembled Ge quantum dots on Si, porous Si/Ge and multi-
layer Si/Ge super-lattices are beyond the scope of this review.
Several interesting results reported using single nanowires for
sensing and photodetection applications are reviewed.
Finally, the potential of Si/Ge nanowires for futuristic THz
and superlattice devices is also discussed.

2. Fundamental properties of Si and Ge nanowires

1D semiconductors exhibit distinct electronic, optical, che-
mical, thermal and mechanical properties due to their aniso-
tropic geometry, large surface-to-volume ratio, and carrier
and photon confinement in two-dimensions render them
interesting for several important technological fields. Several
experimental and theoretical studies have been carried out to
investigate the properties of Si and Ge nanowires, which are
briefly described in the following.

2.1. Electronic properties

The modification of electronic band structure under QC is
responsible for the tailored electronic properties of 1D
nanowires. The electronic properties of Si and Ge nanowires
have mostly been studied using ab initio techniques [27–32],
with a few tight binding (TB) calculations [33–37]. Early
efforts focused on Si [001] nanowires [27–29] followed by
the extension to other orientations, including [110], [111], and
[112] for various nanowire sizes [30, 34, 35]. For comparable
sizes, a general trend for the blue shift (ΔEg) of band-gap is
found to be:ΔEg[100]>ΔEg[111]>ΔEg [112]>ΔEg[110]
[30, 33, 37] for both Si and Ge nanowires. Burano et al have
reported a comparative study on the electronic band gap for
free-standing Si and Ge nanowires using ab initio techniques
[38]. As shown in figure 1, the electronic gap increases
monotonically with decreasing wire diameter. With the
reduction of size, the energy gap varies from 2.7 (2.1) eV, in
the [110], to 3.9 (4.0) eV, in the [100] direction for Si (Ge).
These values are much larger than the electronic bulk gap,
clearly reflecting the effect of QC. A similar trend has also
recently been demonstrated by experiments using scanning
tunneling microscopy [39].

With increasing wire diameter, the confinement effect
decreases and the band gap approaches the bulk value.
Another notable aspect is the dependence of the DFT calcu-
lated band gap on the orientation of the wire. For a fixed size,
the following relation holds for Si and Ge nanowires:
Eg[100]>Eg[111]>Eg[110] [37] (figure 1). This has been
attributed to the different geometrical structure of the wires in
the [100], [111], and [110] directions. Indeed [100] and [111]
oriented wires appear as collection of small clusters connected
along the axis, while the [110] wire resembles a linear chain.
So the quantum effects are stronger in [100] and [111]
nanowires, due to their quasi zero-dimensionality, with
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respect to that of the [110] one. Further, as seen from
figures 1(a) and (b), the orientation anisotropy reduces with
increasing wire width and is expected to disappear for large
width, when the band gap approaches that of the bulk mat-
erial. Along with the variation of diameter in the quantum
confined regime, various other approaches like surface pas-
sivation [40], surface functionalization [41], mechanical strain
[42–45] and doping [46] have been utilized to modulate the
electronic properties of Si and Ge nanowires. Reported results
on Si/Ge nanowire systems are mostly based on theoretical
modeling. There is lack of systematic experimental data on
diameter and orientation dependent band gap in Si/Ge
nanowires, since a precise control of diameter under quantum
regime and fabrication of their devices are still challenging.

2.2. Optical properties

Photo-absorption and PL characteristics are utilized to study
the optical properties of Si and Ge nanowires. With the
advances in integrated photonics technology, the fabrication
of optical sources and detectors compatible with the Si CMOS
platform is essential. The enhanced excitonic coupling char-
acterized via the increase in oscillator strength, which is
inversely proportional to the fifth power of NW diameter [47],
is responsible for the strong optical activity at low dimen-
sions. The first experimentally observed visible red PL in Si
NWs by Cullis and Canham [48], with diameters less than
5 nm, stimulated intense interests on SiNWs as a potential
light source. The QC of carriers in SiNW filaments within
porous silicon formed by anisotropic etching was predicted to
be origin of the PL in the visible spectrum. Subsequently,
theoretical work based on ab initio (DFT) methods [49], TB
[50] empirical pseudo-potential [30] and time-resolved PL
spectroscopy measurements [51] have been attempted to
verify the confinement theory for the blue shift in PL with
decreasing nanowire diameter. Experiments on top-down
fabricated SiNWs showed that surface recombination centers
also play an important role in the photoemission [52, 53]
characteristics. The role of porosity and QC has been inves-
tigated further by fabricating crystalline porous SiNW arrays

using electroless [54] and metal-assisted electrochemical
etching [55] of p- and n-type (100) Si wafers, respectively. It
is established that the visible PL spectrum is partly due to
surface states and mainly due to the QC in periodically rough
sidewall structures of nanowires [56].

In recent experimental work, Irrera et al have shown
intense tunable PL by varying the diameter of Si nanowires
fabricated using wet etching process [57]. A photograph of Si
NW arrays exhibiting bright red light emission detected by
naked eye under an excitation of 364 nm is shown in
figure 2(a). The effective band gap (Eg) of a semiconductor
under threedimensional confinement can be estimated using
equation (1) based on the effective-mass approximation [58]
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where Eo is the bulk band gap, r is the radius of the particle,
*m e and *m h are the effective masses of electron and hole

respectively, ò the dielectric constant of semiconductor and
‘e’ is the electric charge. Equation (1) qualitatively explains
the size dependent PL emission.

The quantum size effect on PL emission of Ge nano-
crystals has been reported by several groups [59, 60]. How-
ever, size tunable emission from 1D GeNWs has yet to be
reported. On the other hand, direct band gap emission at the
communication wavelength (∼1550 nm) is achievable due to
the close proximity of L-valley to Γ-valley of the conduction
band in crystalline Ge. Kawamura et al reported the direct
band gap PL (1540 nm) from vertically aligned Ge nanowires
grown on a Si (111) substrate [61]. The direct band gap
emission has also been reported in Ge–GeO2 core–shell
nanowires (average diameter 70 nm) [62], which is shown in
figure 2(b). The schematic band structure shown in the inset
of figure 2(c) of crystalline Ge indicates the possible no-
phonon (0.80 eV) and phonon mediated (0.73 eV) transitions.
The direct band transitions from Γ-valley to valence band
maximum at k=0, could be observed at all temperatures

Figure 1. Energy gap calculated using the density functional theory-local density approximation (DFT-LDA) in Si (left) and Ge (right) as a
function of size and orientation of nanowires. Reprinted with permission from [38]. Copyright 2007 Surface Science Society of Japan.
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indicating the population of electrons in Γ-valley on optical
pumping. As shown in figure 2(c), the emission intensity is
found to be maximum at 10 K in the experimental temper-
ature range (10–300 K) and decreases with increasing temp-
erature. The PL quenching at a relatively higher temperature
is attributed to the thermal activation of non-radiative
recombination centers at the interface for core–shell Ge–
GeO2 nanowires [62]. At a temperature above 200 K, the
phonon assisted indirect transition involving L-valley elec-
trons is dominant, which are essential for the momentum
conservation in the transition process.

Having an optimal Eg (1.1 eV) for solar energy conver-
sion, bulk Si has been investigated substantially for PV
devices. However, being an indirect band gap semiconductor,
bulk Si has relatively low light absorption efficiency and high
reflection coefficient due to the mismatch of refractive-index
at the interface between two materials. A variety of structures
have been investigated for enhanced light trapping with
increased absorption in thin film silicon PVs such as dif-
fraction gratings [63], photonic crystals [64, 65], and various
surface geometries [10, 13–15, 65–68]. These structures
contain features of size comparable or smaller than the
wavelength of light, such that conventional geometrical light
trapping limits [69] are no longer applicable. The initially

developed light trapping theory for conventional cells exploits
the effect of total internal reflection between the semi-
conductor material and the surrounding medium. The textured
surfaces at semiconductor–air interfaces, randomize the light
propagation direction resulting in a much longer propagation
distance inside the material leading to a substantial absorption
enhancement. For such light-trapping schemes, the standard
ray optic theory shows that the absorption enhancement factor
has an upper limit of 4n2/sin2θ, where θ is the angle of the
emission cone in the medium surrounding the cell. For
nanoscale films/textures with a feature dimension comparable
or smaller than the wavelength scale, some of the basic
assumptions of the conventional theory are no longer
applicable. Rrecent advances in the nanostructuring of solar-
cell surfaces have demonstrated light trapping beyond the the
classical Yablonovitch limit [69].

Several theoretical and experimental studies focusing on
the antireflection properties of Si nanowires have been made,
which reported a much lower average reflectance (2%–10%)
in the visible wavelength range in comparison to ∼30% for
planar Si surface [70, 71]. Zhu et al inspired by moth-eye
corneas comprising of periodic arrays of protuberance, has
shown that the cone-like Si structure can further suppress the
reflectance in large wavelength ranges and angles of inci-
dence in comparison to wire like geometry [72]. Thereafter
several research groups have fabricated highly antireflecting
Si surfaces consisting of cone-like nanostructures and suc-
cessfully implemented them in solar cell devices [13, 73–75].
Recently, we have demonstrated highly antireflective, verti-
cally aligned needle shaped Si nanostructures on Si using Au-
nanoparticle-catalyzed chemical etching and an inductively
coupled plasma reactive ion etching (ICP-RIE) technique
[76, 77]. Fabricated Si nanostructures (figure 3(a)) exhibit
very low reflectivity ∼2% (figure 3(b)) in the wavelength
range of 350–1000 nm.

The effect of nanostructure geometry on optical proper-
ties, such as reflectance and field distribution has been esti-
mated. The effective refractive index (neff) of 1D medium can
be estimated using the effective medium theory [78] given by

= + -n h f h n f h n1 , 2q q q
eff Si air

1( ) { ( ) [ ( ) ]} ( )

where nSi and nair are, respectively, the refractive indices of Si
and air, the exponent ‘q’ is ‘2/3’, and f (h) is the areal fill
factor (FF). Figure 4 shows the optical simulations conducted
in Si nanowires and cone-like nanostructures, as compared to
planar Si. The schematic structure and refractive index pro-
files across the air-to-Si, air-to-Si NW and air-to-Si NC
interfaces are shown in figure 4(a). It is observed in
figure 4(b) that the reflectivity for cone-like geometry is the
lowest, because neff varies smoothly from the value for the air
at the top surface (where light falls) to that of Si at the base of
the wafer. To explore the light trapping location within dif-
ferent nanostructures, the cross-sectional electric field inten-
sity distribution (|E|2) has been estimated. Simulated results at
a wavelength of 600 nm for all three geometries are presented
in figure 4(c). The field distribution for planar Si and nano-
wire shows ordered reflected wavetrains with matching
amplitudes (color coded), which interfere to result in fringing.

Figure 2. (a) Typical photograph of Si NW arrays having large area
(∼1 cm2) excited by a 364 nm optical source showing bright red PL
emission visible in the naked eye. Reprinted with permission from
[57]. Copyright 2012 IOP Publishing. (b) Temperature dependent PL
spectra of Ge–GeO2 core–shell nanowires (∼70 nm diameter)
excited with an optical source of 325 nm. Inset schematically shows
the mechanism of direct and indirect transitions [62].
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On the other hand, the electric fields are located along the
sidewall surface of Si nanowire, where light trapping occurs
[77]. The noticeable difference in the field distribution for NC
geometry, in comparison to other geometries, is the absence
of fringing patterns, indicating that the interference is not so
pronounced because of extremely weak reflected wavetrains
for this case. This results in the lowest reflectance of Si NCs
making them attractive for optical devices. However,
increased photo-carrier recombination at the dramatically
increased surface area of nanostructured silicon is the main
hurdle that has hindered its application to the industrial level.
It may be noted that, Auger and surface recombinations are
the two competing charge recombination processes that limit
the photogenerated charge collection and cell efficiency of
most nanostructured silicon solar cells [79]. Therefore, dop-
ing and surface passivation process must be carefully opti-
mized to minimize the recombination losses in high-aspect-
ratio structures for practical applications.

2.3. Mechanical properties

To design and fabricate reliable nanowire based systems, a
clear understanding of the mechanical properties like,
Young’s modulus, fracture strength, bending strength, brit-
tleness or ductile nature of nanoscale building blocks is
important for avoiding mechanical failure. In addition,
nanowire arrays can be useful for designing mechanical
resonators. Therefore, lots of theoretical simulations [80–83],
along with many test set-ups, such as bending and tensile tests
in an atomic force microscope (AFM) [84–88] and electron
microscopes [89, 90] have been used to elucidate the
mechanical properties of Si and Ge NWs. The most com-
monly employed method for nanowires is the bending test
using clamped beam experimental set-up with an AFM [84].
In this method, nanowires were first dispersed on a flat sur-
face and clamped by lithographically patterned arrays of SiO2

trench, as shown in figures 5(a) and (b). An AFM tip was then
used to directly measure the force displacement(F–d)

characteristics at different distances from the pinning points to
determine the Young’s modulus and the bending strength of
Ge NW [84]. The ultimate failure strength of a Ge NW of
52 nm dia was extracted to be 15±4 GPa (figure 5(c)),
which is the highest reported strength for any semiconductor
material system so far. The deformation and fracture
mechanisms of ultrathin Si nanowires, with diameters in the
range of 10–40 nm have beenstudied using an in situ trans-
mission electron microscopy (TEM) set-up shown in
figure 5(d) [90]. The right-hand side of the figure 5(d)
represents snapshots of tensile elongation and fracture process
of clamped Si nanowire. The nanowire was uniformly elon-
gated with a strain rate of ∼10−4 s−1, which resulted in an
abrupt fracture at a strain of 4.6%. Si nanowires under strain
undergo different types of fractures. Some of them got frac-
tured close to the clamps (type 1), some at the middle (type 2)
and others broke in an abrupt manner at the two positions
simultaneously (type 3). Figure 5(e) presents the measured
tensile strength of the nanowires with different diameters
under various fracture types, revealing a trend of increasing
strength with decreasing nanowire diameter. A diameter
independent Young’s modulus of ∼201 GPa has been
reported. The tensile strength (facture strength) showed size
dependence, and a highest value of 11.3 GPa has been
reported for Si nanowire with a diameter ∼9 nm. Table 1
compares the values of Young’s modulus (which depends on
the crystal orientation) and the fracture strength for silicon
and germanium nanowires along with their bulk values
reported in literature. A wide variation of the observed data is
noticed from different work. The mechanical properties of
nanowires strongly depend on the intrinsic parameters, such
as chemical bonding, wire diameter, and crystalline defects,
and are also influenced by the external factors such as loading
conditions and strain states. The lack of precise control and
design of above experiments leads to the observation of dis-
persed value of mechanical parameters in the literature. Stu-
dies investigating the effect of crystalline quality of nanowire
on mechanical properties (amorphous, poly-crystal, single

Figure 3. (a) High resolution FESEM image of typical Si nanocones prepared using metal assisted chemical etching process. (b) Reflectance
spectra of polished Si surfaces and nanotextured Si over a broad spectral range (330–1500 nm) [76].
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crystalline) are lagging in literature, since most of the studies
have been made on VLS grown nanowires which are gen-
erally single crystalline in nature. A few studies investigated
the mechanical properties of amorphous and polycrystalline
Si and Ge thin films demonstrating that the Young’s modulus
and strength values are 10%–20% smaller than those of single
crystalline samples [91, 92].

2.4. Thermal properties

One of the major contributions in world’s power is the energy
generated by heat engines based on fossil fuel combustion.
These heat sources typically operate at 30%–40% efficiency,
and roughly 50% of heat is lost to the environment. Due to the
future energy challenge, the large amount of heat, which is

wasted and dispersed in the environment, needs to be utilized.
The TE generators based on TE effect offers an alternate
pathway for the direct conversion of heat to electrical energy
and vice versa. The efficiency of a TE material is determined
by the dimensionless figure of merit, ZT=S2σT/κ, where S
is the Seebeck coefficient, T is the absolute temperature, σ and
κ are the electrical and thermal conductivity, respectively.
Thus, a material with often contradictory requirements of high
electrical conductivity or low thermal conductivity is desired.
To make TE devices competitive to other electricity sources it
is important to obtain values of ZT of the order of 3–4 at room
temperature. The most efficient state-of-art TE material in
current commercial TE modules is bulk bismuth telluride
(Bi2Te3) and its alloys with antimony (Sb) and selenium (Se)

Figure 4. (a) Schematic illustrations of planar Si, Si nanowires, and Si nanocones and their corresponding effective refractive index profiles
across air-to- Si wafer, air-to-Si nanorod, and air-to-Si nanocone, respectively. (b) Calculated reflectance spectra of planar Si, Si nanorod, and
Si nanocone arrays. Experimentally measured reflectance data for the Si nanocones fabricated using 150 W ICP power is also presented for
comparison. (c) Electric field distribution (|E|2) in planar Si (left), Si nanowires (middle), and Si nanocone arrays (right) under incident light
of wavelength 600 nm [77].
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having a ZT value of ∼1 at room temperature. However, the
preparation of such materials in 1D form and their integration
into standard CMOS compatible TE device are still challen-
ging. Bulk Si and Ge, the most commonly used semi-
conductors in microelectronic devices, are not suitable for TE
applications, since both possess a high thermal conductivity
of ∼150Wm−1 K−1 (ZT<0.01) and ∼60Wm−1 K−1 [96],
respectively, at room temperature. The maximum TE power
factor S2σ of doped silicon is comparable to that of Bi2Te3,
however the difference between their ZT values is due to huge
difference in their thermal conductivities. A theoretical study
by Balandin et al [97] on Si3N4/Si/SiO2 quantum wells,
suggested that, the thermal conductivity of Si can be

significantly reduced by lowering the diameter of nanowire
below 20 nm. The phonon confinement effect at this size scale
and the predicted modification in phonon dispersion relation
significantly reduce the phonon group velocities compared to
the bulk value.

Li et al first performed a systematic experimental study
of the size effect on thermal conductivity of Si nanowires
[98]. The thermal conductivity of Si nanowires decreases with
size and is reported to be ∼7Wm−1 K−1 for 22 nm dia. at
room temperature. The phonon transport for low dimensional
solids is significantly altered due to various effects, namely (i)
increased boundary scattering (ii) changes in phonon disper-
sion relation and (iii) the quantization of phonon transport

Figure 5. (a) Typical AFM image of a Ge NW pinned over a trench, before manipulation. (b) The image of the NW after manipulation, with
the failure point at the point of loading. (c) Force–displacement curve of a manipulated Ge NW with the black points showing manipulation
data and the red line is the theoretically fitted curve. Reprinted with permission from [84]. Copyright 2006 American Chemical Society. (d)
Schematic illustration of the tensile tests experimental configuration on a single Si NW and snapshots of the tensile elongation and fracture
process. (e) Band of the measured ultimate tensile strength values as a function of the Si NW diameters, revealing a clear trend of increasing
strength with decreasing diameter. Reprinted with permission from [90]. Copyright 2012 American Chemical Society.

Table 1. Young’s modulus and the fracture strength of Si and Ge nanowires with their bulk values.

Techniques Si nanowires Ge nanowires

Young’s modulus (GPa) Fracture strength (GPa) Young’s modulus (GPa) Fracture strength (GPa)

AFM based technique 210 [85], 158 [86], 186 [88]∼ 130 [94] 12 [87] 112 [84] 147.6 [95] 15 [84], 10.9 [95]
TEM/SEM based ∼201 [93] 11.3 [93] 147.6 [89] 18 [90]
Bulk Value 135–1910 [82] 22 [83] 103–150 [82] 14 [83]
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[98]. The thermal transport in quantum confined Si nanowires
is significantly altered due to increased phonon–boundary
scattering, resulting in reduced thermal conductivity. The
thermal conductivity of Si nanowires can be reduced further
by roughening of nanowires surfaces [99–102]. In this regard,
Si nanowires of different diameters grown via electroless
etching (EE) technique have been studied to compare their
thermal conductivity with those grown by the vapor–liquid–
solid (VLS) technique. A typical SEM image of a Pt-bonded
electroless etched (EE) Si nanowire is shown in figure 6(a).
The Pt thin film loops near both ends of the bridging wire are
part of the resistive heating and sensing coils on opposite
suspended membranes [99]. The κ value of both EE and VLS
grown nanowires was found to be diameter dependent, as
shown in figure 6(b), attributed to the boundary scattering of
phonons. The magnitude of κ, however, is five-to eightfold
lower for electroless etched nanowires of comparable dia-
meters grown by VLS method. This has been ascribed to the
increased roughness at the EE nanowire surface, which
behaves like secondary scattering sources, resulting in a fur-
ther reduction of the thermal conductivity. A room

temperature thermal conductivity value of as low as
∼1.6Wm−1 K−1 (ZT=0.6) in rough Si nanowires (∼50 nm
dia.) grown via the electroless etching technique has been
reported [99]. Based on the Raman peak broadening in EE
grown Si nanowires, Feser et al has predicted that, not only
the surface roughening, but also the crystaline disorder
induced microstructural change caused by the etching process
could also increase the acoustic phonon scattering leading to a
reduction in thermal conductivity [100]. Apart from the cor-
relation of thermal conductivity on ZT value, Jyothi et al
experimentally quantified the Seebeck coefficient in Si
nanowires and investigated the effect of doping concentration
on S and ZT values in bulk Si and Si nanowires at room
temperature [103].

Wingert et al [104] have experimentally measured the
thermal conductivity of Ge and Ge–Si core–shell NWs with
diameter less than 20 nm. The κ-value for Ge–Si core–shell
NWs was observed to be 1.1Wm−1 K−1, which is lower than
that for pure Ge NWs at 300 K. Si nanowires alloyed with Ge
exhibit further improvement in the TE performance [105–
109]. Particularly n-doped SiGe fine grained alloys showed a

Figure 6. (a) SEM image of a Pt-bonded EE Si nanowire. (b) Temperature-dependent thermal conductivity of VLS grown (black squares) and
EE nanowires (red squares). Reproduced with permission from [99]. Copyright 2008 Nature Publishing. (c) Schematic illustration of the
proposed phonon scattering mechanism in (left) pristine SiNW; (middle) Ge particle doped SiNW; (right) Ge doped SiNW followed by
thermal annealing. The dark blue areas represent the inner core of the SiNW, and the light blue areas represent the outer surface of the SiNW,
which can be functionalized by Ge nanoparticles. (d) Thermal conductivity of pristine SiNWs, Ge-doped SiNWs without and with annealing.
All SiNWs are 360.2 lm long, left bottom inset schematically shows Ge nanoparticles (black spots) on SiNW, top right inset is the TEM
image of the Si nanowire doped with Ge nanoparticle (black spots). Reproduced with permission from [114]. Copyright 2015 AIP
Publishing.
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ZT value around 1 at 900 °C–950 °C, while for p-type SiGe
alloys the value was found ∼0.5 [110–112]. Wang et al [113]
reported a ZT value as high as 1.3 at 900 °C in nanostructured
bulk n-doped SiGe alloys system via reducing the grain size
in the range of 10–20 nm.

The effect of Ge nanoparticle attachment on the thermal
conductivity of Si nanowires is shown in figure 6(c) by
illustrating the phonon scattering mechanism in different
regions [104]. The white arrows indicate the heat flux through
SiNWs, while the black arrows represent the scattering of
phonons, which contributes to the reduction of the thermal
conductivity. The measured thermal conductivity of Ge-nano
particle/SiNWs has been found to be around 23% lower than
that of pristine single crystalline SiNWs due to the acoustic
mismatch at the Ge–Si interface at room temperature. As
shown in figure 6(d), the surface doping effect by Ge further
reduces the thermal conductivity by 44% on annealing. A
short duration thermal annealing step, enhances the phonon
scattering at the nanowire surface, as illustrated in the right
part in figure.

3. Fabrication of Si and Ge nanowires

Numerous techniques based on both top-down and bottom-up
approaches have been utilized for the synthesis of Si and Ge
nanowires. Some of the commonly used methods for fabri-
cating Si and Ge nanowires are discussed here.

3.1. VLS process

One of the most commonly used techniques for the growth of
Si and Ge nanowires is the VLS process, which was
demonstrated in 1964 by Wagner and Ellis [115] for the
growth of Si whiskers. In the standard VLS mechanism, metal
nanoparticles act as catalysts for the growth of nanowires
from a vapor source (gas precursor molecules or vapor of
growth species) by forming a liquid metal droplet, through
which deposited atoms are transported to the crystallizing
interface. This catalytic seed floats on top of the grown
nanowire defining its diameter, while the vapor flow rate
together with the time determines the nanowire length. The
VLS process for the growth of Si and Ge nanowires is
schematically presented in figure 7. The schematic in
figure 7(a) shows the growth of Si NW from silane molecules,
which are decomposed at the Au surface to introduce atomic
Si into Au nanodots. At a constant temperature of Au–Si
eutectic (363 °C), with further increase in SiH4 concentration,
super-saturation takes place resulting in the crystallization of
Si at the liquid–solid interface. This is schematically shown in
figure 7(b), which follows three different steps: (i) silane
decomposition at vapor–liquid interface, (ii) the diffusion of
Si atoms through Au Si liquid and (iii) the crystallization of
NW by Si incorporation into a step at the growing liquid solid
interface of the Si nanowire. The liquid solid interface area,
available for Si crystal growth, defines the diameter of Si
nanowire. Since Si and Ge exhibit similar eutectic behavior
with Au (figure 7(c)), the same mechanism is applicable for

the growth of Ge nanowires. Generally, Ge nanowire growth
is carried out from ∼300 °C to 500 °C, while that of Si takes
place at higher temperatures (350°C–1000 °C). Since Ge
precursors are more easily decomposed than Si ones due to
greater reactivity of germane in comparison to silane, the
growth temperature for Ge nanowire is lower. Si and Ge
nanowires can also be grown using a number of different
catalysts (Ag, Cu, In, Ga, Zn, Ni, Pt, and Ti) [116, 117]
based on their equilibrium phase diagram and eutectic
temperatures, though Au nanoparticles are widely used. It is
worth mentioning that catalyst diffusion into the nanowire
during growth process is a critical concern, which may
degrade the electrical and optical properties. The presence
of a trace amount of catalyst in the nanowires introduces
trap states at the middle of the band gap, that can act as
recombination centers for electrons and holes, leading to
decrease in the diffusion lengths of excess carriers. The
interdiffused catalyst atoms such as In, Ga, Al create trap
levels close to the bands, leading to a p-doping and catalysts
like Bi, Li, Sb, Te provides n-type doping which could be
useful for some applications. Other catalysts like Au, Cu, Fe,
Cr and Co create levels closer to the mid-gap, and therefore
their presence in the active layer need to be avoided [118].
Depending upon the transport of precursors to the catalytic
droplets, various approaches like chemical vapor deposition
(CVD), laser ablation and molecular beam epitaxy (MBE),
based on VLS mechanism, have been reported for the
growth of Si and Ge nanowires.

In the CVD technique, a volatile gaseous precursor is
transported to the deposition surface at which the precursor
reacts, and is cracked into its constituent atoms followed by
the nanowire growth via the VLS mechanism. Si nanowires
growth using a SiCl4 precursor requires a growth temperature
typically in the range from about 800 °C to 1000 °C
[119, 120], while that grown via silane (SiH4) requires rela-
tively low temperatures of about 400 °C–600 °C [121]. An
excellent example of high temperature CVD is the homo
epitaxial growth of Si nanowires on lithographically defined
Cu nanoparticles as seeds [122]. Figure 8(a) shows the SEM
image of Si nanowires grown using lithographically defined
Cu nanoparticles as a catalyst. The mechanism for CVD
growth of Ge nanowires is similar to that of Si. CVD
synthesis of GeNWs was reported by Wang et al using GeH4

as a Ge precursor and Au nanoclusters as growth seeds [123].
In this work, high quality single-crystalline GeNWs were
readily produced at a temperature down to 300 °C. In addition
to GeH4, Ge2H6 [124] and Ge(C5H5)2 [125] have also been
employed as precursors.

The synthesis of Si and Ge NWs via laser ablation have
been reported by Lieber et al [126] using Si0.9Fe0.1 and
Ge0.9Fe0.1 as the target with the reaction temperature of
1200 °C and 820 °C, respectively. Similar experiments were
performed by several other groups to grow Si and Ge
nanowires, [127]. Instead of using a composite target of
semiconductor and metal, the ablation of a pure target is also
utilized keeping the metal seed coated substrates in the
environment of ablated species at the required temperature
[26, 128]. We have grown Ge nanowires by ablating pure Ge
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target in the pulsed laser deposition chamber using Au
particles as a seed layer on Si substrate [26]. Figure 8(b)
shows the FESEM image of grown nanowires with an
average diameters 80 nm. It may be noted from the inset of
figure 8(b) that the nanowires possess a thin oxide shell

layer, with the nanowire yield as high as a standard CVD
growth process.

In the MBE technique, a high-purity solid Si or Ge
source is heated by either using effusion cells or via e-beam
evaporation. Si nanowires grown by MBE on Si (111)

Figure 7. Vapor–liquid–solid mechanism for nanowire synthesis, (a) schematic of VLS growth of Si NW from a liquid Au catalyst seed,
which floats on top of the NW as it grows. (b) Enlarged view illustrating the kinetic steps for NW growth. (c) Binary phase diagram for Au–
Si and Au–Ge overlaid to illustrate their similar eutectic melt properties. Reproduced with permission from [116]. Copyright 2010 American
Chemical Society.

Figure 8. (a) Tilted scanning electron micrograph of a Cu-catalyzed Si wire array. The scale bar in the inset is 10 μm. Reprinted with
permission from [122]. Copyright 2001, the AIP Publishing. (b) Field emission scanning electron microscopic image of Ge nanowires
fabricated by pulsed laser ablation having a mean diameter of 80 nm [26]. Inset shows the formation of Ge–GeO2 core–shell structure.
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substrates have been found to be epitaxial and (111) oriented.
Figure 9(a) shows the SEM micrograph of Si nanowires
grown on (111) Si substrate [129]. At growth temperatures
between 500 °C–700 °C, it is difficult to realize small Au–Si
droplet sizes (due to Ostwald ripening), and thus the average
diameter of the nanowires is ∼200 nm [130]. The catalyst-
free growth of self-assembled horizontally placed Ge nano-
wires with a height of only 3 unit cells and a length of up to 2
μm has been reported using MBE [131]. Figure 9(b) shows
the AFM micrograph of grown Ge nanowires on Si (100)
substrate. For the growth of self assembled Ge nanowires, a
thin Ge film with a thickness below the critical value (4.5
monolayer) was grown on Si (001) at a substrate temperature
of 570 °C followed by 3 h in situ annealing at a temperature
560 °C. The process resulted in the formation of three
dimensional (3D) Ge islands. During the in situ annealing, 3D
islands appear and evolve into long wires via anisotropic
growth along either the [001] or the [010] crystallographic
direction [131].

3.2. RIE of Si nanowires

In addition to different bottom-up fabrication methods, Si and
Ge nanowires have also been fabricated via several top-down
approaches for various applications. It is relatively easier to
grow nanowires with vertical orientation, using a bottom-up
approaches, while, both vertical and horizontal nanowires can
be easily fabricated and integrated in devices using top down
approaches. In the second approach, mostly plasma-based
technique called RIE is employed for the formation of verti-
cally oriented nanostructures on various semiconductors. RIE
uses chemically reactive plasma to remove outer atoms from
the unmasked wafer by ion assisted chemical reaction in the
gas phase (figure 10(a)). In order to fabricate structures on the
substrates, a mask of suitable material with high selectivity is
essential. Particularly, for the etching of Si, various materials,

as polymers, SiO2, SiN, patterned metal film or metal nano-
particles (Au, Ag, Ni, Al, Cr, Ti, Mo and W) can be used as
masks [131–134]. A mixture of sulfur hexafluoride (SF6) and
oxygen (O2) is commonly used for etching of silicon [135].
Apart from SF6/O2 mixture of several other gases combina-
tions like SiF4/O2 [136] SiCl4/O2 [137], SF6/CHF3 [138],
SF6/CHF3 [139] and SF6/C4F8/O2 [140] have also been
examined for the RIE etching of Si. In a conventional RIE
system, high-energy ions from the plasma etch the wafer
surface with a combination of both physical and chemical
mechanisms, creating surface damage. In ICP-RIE the basic
mechanism is modified when the plasma is generated with an
RF powered electric field [141]. The addition of an additional
RF power source provides a very high plasma density with a
low ion energy, resulting in anisotropic etch profiles with
minimal ion-induced damage. Highly antireflective, vertically
aligned Si nanostructures on p-Si wafers using a ICP-RIE
technique with self assembled Ag nanoparticles have been
reported [77]. Figure 10(b) shows the typical FESEM image
of fabricated vertically oriented needle shaped Si nanowires
under an optimized etching condition. Plasma based techni-
ques have also been employed for the fabrication of Ge
nanowires. A lithography-free self-organized ICP etching
process employing a mixture of SF6/C4F8/O2 to fabricate
nanostructured Ge surfaces (figure 11(c)) with a strong
absorbance in the visible and NIR wavelength region has
been reported [142]. Nanospikes like conical micro-nanos-
tructures have also been observed [143] by exposing a Ge
surface to femtosecond laser pulses in an environment of SF6.

The fabrication of wafer-scale nanowire arrays that can
be easily integrated to the CMOS platform is an important
step forward in use of Si NWs for wide range of applications,
as this eases the problem of contact making onto nanowires
fabricated by a bottom-up approach. A technique combining
e-beam patterning and controlled (slow) chemical etching has
been developed that gives a way to fabricate Si NW arrays at

Figure 9. (a) Scanning electron micrograph of Au-catalyzed Si nanowires on Si (111). Reprinted with permission from [129]. Copyright 2006
Elsevier. (b) Atomic force microscopy (AFM) images of Ge wires forming on Si(001) substrates after 12 h annealing. Atomic terraces are
parallel to the (001) plane and atomic steps on the WL are well visible. Reproduced with permission from [131]. Copyright 2012 American
Physical Society.
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the wafer-scale using a low temperature method [144]. The
process uses a silicon-on-insulator (SOI) as starting material
and SiO2 as an etch mask which is patterned with Al lines
(made by e-beam and lift off). The wafer with SiO2 protected
by Al lines were exposed to RIE that leads to the formation of
a pattern where the etching has been done upto the Si layer
below. This was then locally thinned using thin layers of
oxide as a mask by TMAH chemical etching. Arranged arrays
(on wafer) of nanowires with width ∼150 nm, thickness down
to 20 nm can be produced by this method. Standard Si contact
processing can be used to use these nanowires directly into
device fabrication.

3.3. Electrochemical and metal assisted chemical
etching (MACE)

Fabrication of quantum wires on Si substrate by electro-
chemical and chemical dissolution of wafers by Canham was
the first report on the fabrication of Si nanowire by solution
based top-down approaches [1]. MACE is a modified version
of the electrochemical technique, which attracted much
attention in recent years for its low-cost and high yield over a
large area. The technique has the ability to control the shape,
diameter, length and properties of resultant nanowires. The
first demonstration of MACE of Si was reported in 1997
[145], in which porous Si was fabricated by etching an Al
covered Si substrate in a solution composed of HF, HNO3,
and H2O. The widely used MACE method has also been
investigated by depositing a thin layer of noble metal (e.g.,
Au, Pt, or Au/Pd alloy) to catalyze the etching of Si in a
mixed solution containing HF, H2O2 and EtOH, resulting in

straight pores or columnar structures [146]. In order to etch
Si, direct contact with the HF electrolyte and the presence of
electronic holes (provided through the reduction of oxidizing
agent, typically H2O2) in the proximity of the etching region
are necessary. Hydrogen peroxide, present in the etchant
solution injects holes into the valence band of Si creating Si
oxide, which subsequently is dissolved in HF via generation
of -SiF .6

2 Figure 11(a) schematically represents the mech-
anism of MACE process for the fabrication of Si nanowires.
Typically, Si beneath the noble metal is etched much faster,
due to the enhanced reduction of oxidizing agent on the
surface of the metal, generating 1D Si structures. The resul-
tant geometry of Si nano-structures depends mostly on the
initial morphology of the noble metal coverage. The noble
metals, used in MACE, can be deposited on the Si substrate
via various physical evaporation as well as solution based
chemical techniques. Electroless deposition technique using
various plating solutions containing metal ions is a simple and
most common method for the deposition of noble metals and
is usually utilized, if there is no requirement of a particular
pattern in the resulting etched structures. Typical FESEM
images of MACE fabricated Si nanowires using chemically
deposited Au nanoparticles as catalysts are presented in
figure 11(b) [147]. The Au nanoparticle coverage on Si
substrate is random, therefore, fabricated nanowires were
found to be having a broad diameter distribution and at ran-
dom positions.

For application purpose, a controlled fabrication of Si
nanowires with desired diameter and location is required. On
the basis of the simple phenomenon of MACE, Huang et al
developed a versatile method to fabricate highly ordered Si

Figure 10. (a) Schematic diagram showing RIE process employing CF4 plasma and self assembled Ag nanoparticles as mask. (b) Si nanowire
fabricated via ICP-RIE etching in CF4 Plasma [77] (c) Ge nanowires fabricated via ICP etching process employing a mixture of SF6/C4F8/
O2. Reprinted with permission from [142]. Copyright 2013 Elsevier.
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nanowires, enabling control of the diameter, length as well as
the density of nanowire arrays [148]. They deposited Ag films
on Si substrates containing pores of defined size and position,
that determine the position and size of the fabricated struc-
tures. The patterning in Ag film was realized via self-
assembly of a monolayer of polystyrene spheres on the Si
substrate. Si nanowires in the range of few micrometers to
50 nm have been realized via subsequent size reduction of the
polystyrene spheres with RIE process followed by metal film
deposition via thermal evaporation (figure 11(c)). Assembling
of polymer spheres with diameters less than 100 nm into a
highly ordered and closed pack monolayer array is a chal-
lenging task. Therefore to fabricate the ordered nanowires

having diameter under 50 nm, other approaches such as,
anodic aluminum oxide (AAO) mask and photoresist based
soft lithography techniques have been utilized. Huang et al
used ultrathin AAO membranes (thickness 300 nm, pore
diameter 20 nm) as a mask to pattern Ag mesh, and fabricated
Si nanowires with diameters less than 10 nm [149]. Bala-
sundaram et al [150] have fabricated Si nanowires of
dimensions ranging from sub-micron to sub-100 nm using
patterned Au mesh generated via soft lithography pattering
using SU-8 photoresist and PMMA stamp. The MACE
technique is not limited to the fabrication of Si nanowires, the
realization of SiGe superlattice nanowires (SNWs) using this
technique have also been demonstrated. Geyer et al [151]

Figure 11. (a) Schematic Illustration of MACE technique for the fabrication of Si nanowires using Au nanoparticles as metal catalysts. (b)
Cross-sectional FESEM image of MACE grown Si nanowires [147] (c) FESEM image of Si nanowire sample fabricated using PS spheres
with a diameter of ∼100 nm. Reprinted with permission from [148]. Copyright 2007, Wiley. (d) High-resolution TEM cross-sectional image
of Si/Ge superlattice nanowire. The magnified TEM lattice image in the inset demonstrates the crystallinity nature of Si/Ge NWs. Reprinted
with permission from [151]. Copyright 2009, American Chemical Society. (e) FESEM image of Ge nanowires fabricated with
electrochemical etching. Reprinted with permission from [158]. Copyright 2014, American Chemical Society.
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applied the AAO mask technique to pattern Ag films on a
MBE grown Si/Ge superlattice structure consisting of 40
periods of alternating Si (8.4 Å) and Ge (2.1 Å) layers. Using
this method, Si/Ge SNWs with sub-20 nm diameter were
fabricated via MACE technique. Figure 11 (d) shows the HR-
TEM micrograph of Si/Ge SNWs signifying a high-quality
crystalline structure with an abrupt Si/Ge interface.

Despite numerous successful practical applications, the
principle behind the etching mechanism is still a matter of
debate. Several conceivable models have been proposed with
the experimental justification regarding the etching induced
by isolated metal particles and films [152–155]. Most of the
proposed models, in accordance to their experimental results,
signify that the mass transport at the Si/metal interface can be
realized via the formation of a thin porous Si layer, which
permits the exchange of reactants and byproducts of the
reaction. The growth rate of porous Si at the nanowire surface
depends on the doping level, type and the reaction temper-
ature [152]. It is also shown that that transport of reagents and
by-products are accomplished through pores/cracks created
during etching when the catalyst film is �30 nm thick. When
the catalyst film is thicker, the transport is accomplished via
the boundaries of the metal/Si interface [153]. Recently, in an
experimental study, Azeredo et al [154] investigated the
transport of reagents in detail by comparing the resultant
etching profiles for porous with non-porous substrates and
developed a direct imprinting process for 3D patterning in
porous Si with a sub-20 nm resolution. The presence of por-
osity at nanowire surface has its advantage and disadvantages
for particular applications. For example, it is helpful to obtain
near-unity TE figure of merit at room temperature. While the
presence of a rough surface can degrade the PV and photo-
sensing performance of nanowire heterojunction based devi-
ces due to the presence of high density of traps states.
Therefore, a precise control of surface quality in MACE
technique is also desirable. Several studies have been made to
address this issue, suggesting the optimized condition for the
control of surface roughness [150, 155–158].

In contrary to the metal assisted etching of Si, the etching
reaction of Ge in the solution phase is complicated, though
the fabrication of Si/Ge SNWs with sub-20 nm diameter via
MACE technique has been reported [151]. Fang et al [159]
have reported the fabrication of Ge nanowires by electro-
chemical etching of single-crystalline n-type Ge (100) in a
HCl-containing aqueous electrolyte. The micrograph of
resultant Ge nanowires shown in figure 11(c) exhibit a dia-
meter as low as 50 nm and the length of several hundred
micrometers.

4. Homojunction and nanowire heterostructures for
devices

Pristine as well as multiple homo- or hetero-junctions based
nanowires have been frequently utilized for multifunctional
device applications. Nanowire heterojunctions with multiple
components provide additional functionality, since they not
only possess the advantage of each components but also

exhibit combinational properties. Geometrically, two different
architectures, axial (figure 12(a)), and core–shell or radial
(figure 12(b)) nanowire junctions using same (homojunction)
or dissimilar (heterojunction) materials are employed. The
electron–hole pairs generated within the depletion region and
the diffusion length of the axial nanowire junction under light
illumination, are efficiently separated due to the built-in-
potential at the junction [160]. The radial structure shown in
figure 12(b) leads to a higher junction area along the surface
of the nanowires, resulting in a shorter carrier diffusion path
for efficient carrier separation and transport. The bulk
recombination of photogenerated charge carriers is largely
suppressed in such a structure as compared to an axial one,
when the dimension is lower than the diffusion length of
carriers. In this section, we review the recently explored
devices based on Si and Ge nanowires.

4.1. Nanowire photodetectors

Si/Ge nanowire photodetectors are attractive for applications
in switches in integrated photonic circuits, light-wave com-
munications, optical memories and optoelectronic devices.
High-performance photodetectors are characterized by spec-
tral responsivity, speed, wavelength selectivity, detectivity
and modulation frequency. With a large surface-to-volume
ratio, 1D geometry possesses the capability of making a core–
shell p–n junction, which exhibits much improved device
performance in comparison to its thin film and bulk coun-
terparts. core–shell (radial) geometry nanowire photodetector
allows the diffusion of photogenerated carriers toward the
depletion layer within one diffusion length, giving rise to their
quick separation and collection resulting in ultrafast response.
Zheng et al first reported the fabrication of photodetectors
using nanostructured Si [161]. Later, Huang et al fabricated
Schottky type photodetectors on vertically oriented micro-
structured silicon made via laser texturing [162]. Fabricated
photodetectors utilized the antireflecting feature of nano-
textured Si to exhibit very high responsivity of 92 AW−1 at
850 nm and 119 AW−1 at 960 nm for 3 V bias. Since then
extensive work has been done on Si nanowire-based photo-
detectors. Most of them are based on radial heterojunctions
fabricated by coating a direct band gap compound semi-
conductor like ZnO [163, 164], TiO2 [165], CuO [166, 167],

Figure 12. Schematic illustration of (a) an axial and (b) radial
nanowire p–n junctions.
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Cu2O [168], CdS [169, 170], indium tin oxide (ITO) [171],
AgInSe2 [172] etc on Si nanowires. We have reported the use
of large-area, vertically aligned, p-type Si nanowires as
templates for the fabrication of high effiency radial hetero-
junction photodetectors by depositing a CdS layer [169]
(figure 13(a)). As shown in the high resolution TEM image in
figure 13(b), the Si nanowire (core) diameter is ∼110 nm and
n-type CdS in the shell has a thickness of ∼65 nm. Aluminum
doped zinc oxide (AZO) layer deposited on top of the CdS
layer was used as the transparent conducting electrode. The
fabricated p–n Si/CdS nanowire junction exhibited a peak
responsivity of 1.37 AW−1 (figure 13(c)) and a detectivity of
4.39×1011 cm Hz1/2 W−1 at −1 V applied bias. The
observed responsivity corresponds to an external quantum
efficiency (EQE) value of 243% at −1 V. An EQE higher
than 100% implies the generation of extra charge carriers in
the device. Vertical silicon nanowires surrounded by a low
index CdS material may also result in a strong waveguiding
effect by funnelling a large fraction of photon energy into the
nanowires. As a consequence, the effective physical FF
becomes much higher, which enhances the EQE [169].

Apart from inorganic semiconductors, carbon based
materials like carbon dots [173] and graphene [174] have also
been utilized for the fabrication of radial heterojunction
photodetectors using Si nanowire templates. For example, a
radial heterojunction based efficient solar cell and ultrafast
photodetector device have been reported by coating carbon
quantum dots (CQDs) on n-Si NWs surface [173]. The

schematic diagram of the fabricated device is presented in
figure 13(d). The device was fabricated on n-type SiNW
arrays with an average length of ∼2 μm and a diameter of
hundreds of nanometers having CQD layer thickness around
20 nm on Si nanowires. The responsivity (R), photo-
conductive gain (G), and detectivity (D*) of the SiNW array/
CQD heterojunction photodetector was estimated to be
353 mAW−1, 0.693, and 3.79×109 cm Hz1/2 W−1,
respectively [173]. The fabricated SiNWs/CQD heterojunc-
tion device exhibited high sensitivity to pulsed irradiation
with frequencies from 500 to 2200 Hz, with an excellent
stability and reproducibility [173], as shown in figure 13(e).
The key parameters like responsivity, detectivity and speed of
several radial heterojunction photodetectors reported on Si
nanowire templates, are presented in table 2.

4.1.1. Single nanowire photodetectors. To achieve
miniaturized devices with higher responsivity, low noise,
large bandwidth and shorter response time, efforts are being
made to use single nanowire-based devices. We have reported
single-silicon-nanowire based, metal–semiconductor–metal
(MSM) photodetector devices exhibiting an ultra-high
responsivity in the near-IR region [175]. The schematic
diagram of the fabricated single NW photodetector device is
shown in figure 14(a). Arrays of Si NWs were first fabricated
by metal (Ag) assisted electroless chemical etching of (100)
p-type Si wafers with a resistivity of ∼1.0Ω cm. The SEM
image shown in figure 14(b) shows that the nanowires had a

Figure 13. (a) Plane-view FESEM micrograph of Si/ CdS nanowire heterojunctions. (b) High-resolution TEM image of a Si/CdS nanowire
junction indicating core–shell structure with ∼110 nm Si nanowire in the core and ∼65 nm thick CdS in the shell. (c) Spectral responsivity of
control planar Si, Si nanowires, and Si/CdS core/shell nanowire photodetectors [169]. (d) Schematic illustration of the SiNW array/CQD
heterojunction device and (e) time response of the heterojunction device to the pulsed photo-irradiation at frequencies of 500, 1000, and
2200 Hz. Reprinted with permission from [173]. Copyright 2014, American Chemical Society.
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typical length of ∼30 μm and diameter in the range of
30–100 nm. A single nanowire device was fabricated on
oxidized Si substrates (SiO2 thickness ∼300 nm) using Cr/
Au contact electrodes patterned by a combination of
photolithography and electron beam lithography (EBL). The
micrograph of the device using 80 nm Si nanowire is shown
in figure 14(c). The fabricated MSM device exhibited a broad
photoresponse (figure 14(d)) in the spectral range of 400 to
1000 nm with a peak centered around 900 nm, which is
associated with the intrinsic transition above the band-edge of
Si. The zero-bias peak responsivity (R) for the device with
∼80 nm diameter is found to be 2×104 AW−1. This
responsivity value is much higher than the zero-bias

responsivity reported at room temperature for most of the
photodetectors fabricated with planar bulk Si, Si with
nanostructured surface [176, 177] and radial heterojunctions
presented in table 2. Figure 14(e) shows the typical pulsed
photocurrent response of 80 nm diameter device under the
514 nm laser illumination with an applied bias of −0.5 V for
varying intensity of incident laser light. The currents in the
states with illumination ‘ON’ and ‘OFF’ remain the same, and
within the noise level for consecutive cycles. The increase in
illumination intensity leads to an enhanced electron–hole pair
generation, which further enhances the device current. The
single SiNW photodetector devices (80 and 100 nm diameter)
exhibited strong polarization selectivity, as shown in the polar

Table 2. Performance comparison of fabricated core–shell heterojunction photodetectors on Si nanowires along with that of a commercial Si
detector.

Heterojunction device structure Peak responsivity
Peak detectivity
(Jones)

Response/recov-
ery time Reference

Si nanowire/AgInSe2 11.0 mAW−1@ 5 V — — [172]
Si nanowire/Cu2O nanoparticles 13.05 mAW−1@ 0.25 V — 70 ms/70 ms [168]
Si nanowire/CuO 12.0 mAW−1@ 1 V 1 s/1 s [167]
Si nanowire/ZnO nanoparticles 0.54 AW−1 @ 0 V [165]
Si nanowire/CdS 1.37 AW−1 @ 1 V 4.39×1011 — [169]
Si nanowire/ ITO 0.55 AW−1 @ 3 V — 4.3 μs/10 μs [171]
Si nanowire/Carbon dots 0.35 AW−1 @ 0 V 3.79×109 20 μs/40 μs [173]
Si nanowire/AuNPs Graphene 1.5 AW−1 @ 0 V 2.54×1014 73 μs/96 μs [174]
Comercial Si p–i–n Photodetector (Newport
818-SL)

0.6 AW−1 @ 0 V ∼1×1013 8.2 μs/1.15 μs

Figure 14. (a) Schematic diagram of the single nanowire MSM photodetector device. SEM images of (b) bunch of as-synthesized silicon
nanowires and (c) patterned metal electrodes on a single nanowire of diameter ∼80 nm. (d) Spectral responsivity of single nanowire
photodetector device of 80 nm diameter at different biases. (e) Optical modulation characteristics of a single nanowire at a bias of −0.5 V
with different illumination power densities and (f) polar plot of the photocurrent for single nanowire devices with 80 and 100 nm
diameter [175].
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plot of the polarization dependent photocurrent, presented in
figure 14(f). The optical excitation of NW is most efficient
under the incidence of linearly polarized light in a direction
parallel to the NW axis. The single nanowire MSM devices
show higher polarization anisotropy with parallel excitation,
generating a higher photocurrent over that of perpendicular
excitation for shorter nanowire diameter. The polarization
anisotropy has been found to be 45% and 28% for 80 and
100 nm dia devices, respectively.

For single-nanowire-based, MSM photodetector devices,
one important physical parameter is the low-frequency flicker
noise. The noise has a direct impact on the device
performance, particularly for devices with diameters less than
100 nm. In such a device, the flicker noise arises from the
junction region where the metals are in contact with the
semiconductor (MS junction) as well as from the nanowire.
The noise arising from the junction region can be large
enough by a few orders to mask the noise from Si NW. This is
because the flicker noise is likely arising from charge carrier
density fluctuations due to trapping–detrapping in the
junction region. Recently, the electrical noise (flicker noise
as well as Nyquist noise) has been measured in an MSM
device shown in figures 15(a) and (b) consisting of a single Si
NW with a diameter of ∼50 nm [178]. With the application of
a dc bias, larger than the Schottky barrier height, the contact
resistance reduces, which leads to the reduction of the
Nyquist noise as well as the flicker noise (∝1/fα) in the
device along with a change of α from 2 to ∼1. The results are
presented in figure 15(c). The suppression of the noise upon
the application of a dc bias has been attributed to the trapping
detrapping of carriers in the depletion region at the interface.
The residual noise has been linked to that arising from the
single Si NW, which has the conventional 1/f dependence of

spectral power density with an estimated Hooge parameter
γH∼10−8.

4.1.2. Ge nanowire heterojunctions. Ge nanowires have also
been studied for the fabrication of radial-heterojunction-based
optoelectronic devices. The growth and photosensing
characteristics of Ge/CdS core–shell nanowire radial
heterojunctions [179] have been reported. In this study, Ge
nanowires were grown using the VLS technique and CdS
nanoparticles were coated on nanowires by a chemical bath
deposition process. Figures 16(a) and (b) show plane-view,
bright-field TEM micrographs of Ge nanowires and a single
Ge/CdS nanowire heterojunction, respectively. The bottom
inset in figure 16(a) indicates the formation of a thin GeO2

(∼10 nm) on the surface of nanowire having a diameter of
∼60 nm, whereas the top inset represents a selected area
electron diffraction (SAED) pattern of the Ge core region.
The top inset in figure 16(b) shows the SAED pattern of Ge/
CdS heterostructure. The high resolution TEM image of a
portion of the CdS shell region is shown in the bottom left
inset. Figure 16(c) shows the photocurrent spectrum (under
zero bias) of Ge/CdS nanowire heterojunction in comparison
to a control CdS thin film. The photocurrent of Ge/CdS core–
shell nanowire junction is almost two orders higher, having a
broader spectral response than that of nanocrystalline CdS
films synthesized by the same method [179]. Time resolved
photocurrent spectra in figure 16(d) shows a much shorter
lifetime for photo carriers indicating their efficient collection
due to a built-in electric field in the nanowire junction.

4.2. Si nanowire PV devices

Planar single-crystalline Si PV devices use a mature tech-
nology; however, reducing the module cost necessitates new

Figure 15. (a) Schematic diagram of a single Si NW MSM structure with e-beam-deposited Pt contact electrodes, consisting of two Schottky
diodes connected back to back with a series resistance RNW. (b) SEM image of the single Si NW device with four electrical leads, and the
inset shows selected area electron diffraction pattern of the wire itself. (c) The power spectral density SV ( f )/V 2

ac as a function of frequency
‘f’ at a few representative superimposed Vdc. The inset shows the Nyquist noise for different Vdc [178].
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ways to make inexpensive Si cells, by maintaining high
efficiency. Currently, semiconductor nanowires are being
explored to achieve efficient and inexpensive solar cells.
Having larger surface-to-volume ratio, with the dimension
compared to the minority carrier diffusion length and the
wavelength of visible light, nanowires offer promising pro-
spect for improving light absorption and charge collection
efficiency in solar cells. Kayes et al [160] theoretically pro-
posed a device geometry consisting of vertically aligned
arrays of radial p–n junction SiNW solar cells. Typical radial
p–n junction PV cells are shown in figure 17(a) [160] which
decouples the absorption and charge separation length. While
the absorption occurs throughout the length of the wire, the
photogenerated minority carriers travel only the radial dis-
tance, which is less than the diffusion length. The device
geometry allows high carrier collection efficiency even using
low-quality Si, leading to lower material cost in Si PV cells
[160]. Moreover, SiNW arrays are also predicted to exhibit
excellent antireflection properties as discussed in section 2.2.
These analytical results motivated researchers to work on new
designs of nanowire-based, radial, homo-and hetero-junction

solar cells that allow for the use of materials of smaller
quantity and lower quality, while retaining reasonable
efficiencies.

Research into nanowire-based PV devices has focussed
on both arrays as well as single-nanowire devices. Single-
nanowire solar cells provide fundamental information about
the optical and electronic properties of the material and the
quality of the charge-separating junctions. However, to pro-
duce realistic power levels, large-area solar cells that consist
of nanowire arrays are required. The experimental work by
Tian et al in 2007 on single Si-nanowire, p–i–n, homojunc-
tion solar cells shown in figure 17(b) indicates that the quality
of the junction is critically important because of their large
junction area and depletion volume [180]. The fabricated
solar cell exhibited an open-circuit voltage (Voc) and FF of
260 mV and 55%, respectively with a power conversion
effiency (PCE) of ∼3.4%. By 2012, the same group reported
improved corresponding values of 500 mV and 73% with a
PCE of ∼6% in the single nanowire device architecture
shown in figure 17(c). Figure 17(d) presents the electrical
transport properties of the four distinct diode geometries

Figure 16. (a) Bright field TEM image of Ge nanowires with diameters of 80–100 nm. Top and bottom insets represent the SAD pattern at Ge
core region and formation of Ge//GeO2 core–shell structure, respectively. (b) TEM image of a typical Ge/CdS radial heterostructure
nanowire with a diameter of 250 nm. Top right inset shows the SAD pattern of Ge/CdS heterostructure. Inset at bottom left shows the
HRTEM image at a portion of CdS shell region. (c) Photocurrent spectrum of Ge/CdS nanowire heterojunction in comparison to control CdS
film. (d) Photoresponse characteristics of Ge/CdS core–shell nanowires junction and CdS film under illumination of white light [179].
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fabricated on a single NW with electrical contacts selectively
defined to the p-type core and n-type shell under the exposure
of air mass 1.5 global 1-sun (100 mW cm−2 illumination
[181]. The highest Voc observed for p/in geometry has been
0.48 V, whereas p/pin geometry exhibited maximum short-
circuit current density. Peng et al reported the fabrication of
radial p–n junction solar cells on MACE grown SiNWs by
conventional phosphorous dopant diffusion [182]. The fab-
ricated cell on a single-crystal Si substrate exhibited a Voc of
∼0.55 mV and a FF of 65%, yielding a PCE of 9.31%, which
is lower than that of a planar Si cell. The low conversion
efficiency is mainly due to the surface or interfacial recom-
bination, high series resistance, and low current collection
efficiency of the front-grid electrodes. Similar solar cells
based on slantingly aligned SiNWs grown via MACE tech-
nique on a Si(111) wafer, reported a much improved power
conversion efficiency of 11.37% [183]. The improved device
performance can be attributed to the combined effects of
superior antireflection properties and better electrical contacts
in slanted nanowires, compared to vertical ones.

With the achievement of a promising PCE in Si nanowire
solar cells, researchers have also reported results on p–n
heterojunctions by depositing polycrystalline Si, amorphous
Si and/or a compound semiconductor material on crystalline
Si nanowires by various techniques [184–187]. The work on

inorganic/organic hybrid heterojunction solar cells, fabricated
using Si nanowires, have also attracted much attention
recently. Making a p–n heterojunction by coating a polymer
on Si nanowire use solution based technique, which is com-
patible to large scale production. The MACE process for Si
nanowire synthesis has already been established as a simple,
low cost, large scale fabrication technique with ability to
control various parameters like cross-sectional shape, dia-
meter, length, orientation etc Shiu et al fabricated a hybrid
heterojunction solar cell using poly (3, 4 -ethylenediox-
ythiophene): poly (styrenesulfonate) (PEDOT) on MACE
grown Si nanowires to investigate the effect of nanowire length
on PCE [188]. A power conversion effiency of 5.09% was
achieved by using 2.7 μm long Si NWs. Thereafter lots of
studies on Si nanowire-based, hybrid solar cells have been
carried out using various polymers like poly-(3-hexylthiophene)
(P3HT) [189], poly(3, 4-ethylenedioxythiophene)- poly(styr-
enesulfonate) (PEDOT:PSS) etc [190–193]. These studies are
mainly focused on the investigation of the effect of nanowire
length, surface functionalization and thickness of polymer
layer resulting in PCE between 5%–10%. The low surface
coverage of spin-coated polymer films on nanowires is a
bottleneck to attain higher effiency in nanowire-based hybrid
solar cells. The utilization of Si NCs that provides a con-
formal surface coverage of a polymer film has lead to a

Figure 17. (a) Schematic cross-section of the radial p–n junction nanorod cell. Light is incident on the top surface. The light gray area is n
type, the dark gray area p type. Reproduced with permission from [160]. Copyright 2005 AIP Publishing. (b) Schematics of device
fabrication. Left, pink, yellow, cyan and green layers correspond to the p-core, i-shell, n-shell and PECVD-coated SiO2, respectively.
Middle, selective etching to expose the p-core. Right, metal contacts deposited on the p-core and n-shell. b, SEM images corresponding to
schematics in a. Scale bars are 100 nm (left), 200 nm (middle) and 1.5 mm (right) reproduced with permission from [180]. Copyright 2007
Nature Publishing. (c) SEM image of a standalone NW device with lithographically defined Ti/Pd contacts overlapping the shell and core
regions of the NW; scale bar, 1 μm. Inset: SEM image of a single core/shell NW transferred onto a Si3N4 substrate and wet-chemically
etched on the lower portion to reveal the core; scale bar, 200 nm. (d) Current density–voltage ( J−V ) characteristics of single-NW solar cells
composed of four distinct diode geometries. Reproduced with permission from [181]. Copyright 2012 National Academy of Sciences.
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hybrid Si NC/ polymer solar cell with a power conversion
efficiency as high as 11.1% [13]. The results are presented in
figures 18(a) and (b) [13]. Since interface defect density
plays a significant role in the ultimate device efficiency, the
carrier recombination at the Si nanowire/polymer interface
is a critical concern of a hybrid heterojunction solar cell. The
introduction of an intermediate polymer 1,1-bis[(di-4-toly-
lamino)phenyl]cyclohexane (TAPC) layer at Si nanowire/
PEDOT:PSS interface has been found to be useful to achieve
a power conversion effiency of 13.01% [194]. The presence
of TAPC at the interface improves the morphology of
PEDOT:PSS laying atop SiNWs, which modifies the band
alignment. This reduces the interfacial recombination and
dark saturation current, leading to an enhanced open circuit
voltage and FF. Recently, Al2O3 has been used as a surface
passivation layer along with the transfer-imprinted Au metal
mesh as front electrodes [195]. The presence of Al2O3 at
the interface suppresses the surface recombination while a
specially designed mesh structure increases the optical
absorption and shortens the carrier transport distance pro-
viding an enhanced carrier collection efficiency. As a result,
the Si nanowire/ PEDOT:PSS hybrid heterojunction device
with Al2O3 as a surface passivation layer and Au mesh as

front electrodes resulted in a record power conversion
effiency (13.2%). This is the highest power conversion
effiency among hybrid Si/organic heterojunction solar cells
reported.

The surface-modified silicon, having micro and nanos-
tructures on the top, which exhibits extremely low reflectance
and known as ‘black-Si’ (BSi) can also be used to achieve
improved surface passivation. The carrier separation and
collection mechanism for BSi solar cell is the same as that of
nanowire based radial heterojunction solar cells with the
added advantage of ultra low reflectance. We have investi-
gated the effect of BSi morphology on solar cell performance
through the measurements of carrier lifetime and surface
recombination velocity, using heterojunctions fabricated by
depositing a n-type CdS film on p-Si nanowires grown via
chemical and ICPRIE techniques [77]. Figure 18(c) shows the
typical photovoltage decay characteristics for solar cells fab-
ricated using differently made BSi, recorded at the trailing
edge of a 980 nm laser source pulse with an illuminated
power of 28 mW cm−2. The open-circuit voltage decay pro-
files reveal that the recombination rate in a device fabricated
on MACE-grown Si NCs is much higher in comparison to
that of devices fabricated on ICP-RIE-grown BSi and planar

Figure 18. (a) Schematic illustration of the fabrication process for a Si nanocone/polymer solar cell and cross-sectional SEM images of
nanocones PEDOT:PSS heterojunction solar cell with Au metal electrode of 15 nm thickness (b) J–V characteristics of the Si nanocone/
PEDOT:PSS solar cells, under AM 1.5 illumination, with and without a back-surface doping. Reprinted with permission from [13].
Copyright 2012, American Chemical Society. (c) Photo induced Voc decay profile for solar cells fabricated on ICP-RIE and MACE grown
nanostructures along with planar Si. Red line at the initial portion of decay profile represents the best linear fit to determine the initial slope
for the calculation of recombination-limited carrier lifetime. (d) External quantum efficiency of Si/CdS heterojunction solar cell devices
fabricated on Si nanostructure templates grown via ICP-RIE, MACE and on planar Si [77].
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Si. The effective minority carrier lifetime, which depends
strongly on surface and bulk recombination, is related to the
initial slope (dVoc/dt) of the decay edge by the relation.
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where τ is the effective minority carrier life time, K is the
Boltzmann constant, q is the elementary charge and T is the
operating temperature of the device. The minority carrier life
times for planar Si, MACE and ICP-RIE grown BSi were
extracted using transient photo-voltage characteristics via
equation (3) is found to be 57.2, 68.6 and 4.6 μs, respectively.
The large defect density at the rough surface of MACE grown
Si NCs results in a very high surface recombination velocity
and diode idealty factor. Generally the effective minority
carrier lifetime in a silicon based solar cell depends on the
surface and bulk recombination rates. With the assumption of
dominant recombination at the front surface, the surface
recombination velocity of NC surface (Si/CdS interface) for
BSi grown via MACE and ICP-RIE process has been found
to be 86.0 and 5.8 m s−1, respectively, in comparison to that
of 3.5 m s−1 for bulk Si. The surface degradation of MACE
gown Si NCs also affects the EQE of the solar cell device,
which is plotted in figure 18(d). A peak EQE of ∼65% for
ICP-RIE grown BSi reveals an efficient carrier extraction and
collection for the device. On the other hand, the cell fabri-
cated on MACE grown NCs shows a peak EQE of only
∼20%. The recombination of photo generated carriers at
interface defect states is mainly responsible for poor EQE in
MACE grown samples. Oh et al studied the surface and
Auger recombinations in wafer-based nanostructured silicon
solar cells [79]. By identifying the regimes of junction doping
concentration in which each mechanism dominates, they
reported solar cells on nanostructured black Si with effiency
as high as 18.2%. Recently, the black Si surface has been
passivated using Al2O3 to achieve a record effiency of 22.1%
[196]. This is the highest ever reported efficiency for Si
nanostructure based solar cells. A comparative performance
of fabricated nanowires Si/Ge solar cells with different
device architectures reported in literature is presented in
table 3.

4.3. Nanowire photo-electro chemical cells

The solar-to-fuel production process, termed artificial photo-
synthesis, that mimics the natural photosynthesis process is an
alternative approach to PVs for the production of fuels
desirable for energy storage and transportation applications.
The direct production of fuels from sunlight typically requires
a liquid electrolyte to assist the electrochemical reactions
[202]. Unlike PVs, which aims to maximize power output,
producing fuels from sunlight requires a minimum voltage
output that is imposed by the chemical reaction involved.
Additionally, electrochemical overpotentials need to be
overcome to facilitate a high reaction rate. This voltage
restriction limits the choice of materials. The introduction of a
nanowire heterojunction with two wavelength light-absorbers,

in core–shell geometry could reduce the required electro-
chemical overpotential [203]. The photoelectrochemical
energy conversion using SiNWs was first reported in two
separate studies by Goodey et al [204] and Maiolo et al [205].
Both works reported the generation of significantly higher
photocurrents and photovoltages than the control planar Si
samples. Dalchiele et al [206] used low cost MACE-grown Si
nanowires and found the superior overall energy conversion
efficiency (∼0.30%) to that of bare polished Si. The perfor-
mance enhancement was attributed to the superior antire-
flectivity of MACE-grown nanowires. Peng et al decorated
platinum nanoparticle (PtNP) on MACE-grown SiNW sur-
faces and found enormous enhancement in the power con-
version effiency with a PCE as high as 8.1% [207]. The effect
of the junction between PtNP and Si along with the excellent
catalytic activity of PtNPs electrodes were considered to be
responsible for enhancing the solar energy conversion effi-
ciency (figure 19(a)). The solution-based Pt coating technique
resulted in a broad diameter range of decorated Pt nano-
particles with the decoration only at the top portion of Si
nanowires as shown in the inset of figure 19(a). Therefore, a
technique was needed to uniformly coat the surface of high-
aspect-ratio structures with a precise control of the catalyst
loading and size. Dasgupta et al addressed this issue and used
atomic layer deposition (ALD) for coating Pt nanoparticles on
MACE-grown Si nanowires [208]. The above process led to a
highly conformal coating of nanoparticles with sizes ranging
from 0.5 to 3 nm, allowing for precise control of the Pt
loading in deep sub-monolayer levels. Several other studies
are also available in literature investigating the attachment of
various metal nanoparticles on Si nanowires surface [209–
214]. The MACE-grown SiNWs with high surface roughness
resulted in a low efficiency along with the rapid performance
degradation of photoelectrochemical solar cells (PECs).
Therefore, the passivation of nanowire surface with a suitable
material is required. Wang et al reported the passivation of
MACE-grown Si-nanowire surface with ∼2.0 nm thick car-
bon film deposited via MOCVD [215]. They also have
decorated Pt nanoparticles on C-passivated Si nanowires. The
fabricated PtNPs/C/SiNWs heterostructure exhibited a high
power conversion efficiency of 10.86% and excellent opera-
tional stability in an aggressive aqueous HBr/Br2 electrolyte.

As discussed, 1D Si NW arrays are potentially attractive
in solar cell and PEC water-splitting applications due to their
improved light absorption and photocurrent collection char-
acteristics. However, Si NW arrays have a major drawback of
chemical instability in electrolyte solution. A core–shell
structure fabricated with Si NWs as core, and the deposition
of a stable semiconductor with a wide band gap has emerged
as an effective alternative approach. The variation in band gap
between the core and the shell can enhance the separation
efficiency of electron–hole pairs. Meanwhile, the stable
nanoshell can effectively protect the Si NW core from the
oxidizing environment. Photoelectrochemical performance of
radial nanowire heterojunction photoelectrodes was first
investigated by Hwang et al in 2009 using a combination of
Si and TiO2 [216]. In Si/TiO2 core–shell geometry, the shell
material (TiO2) used for water splitting whereas the Si core
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Table 3. The performance of group-IV semiconductor nanowire based solar cells with different device architecture.

Device structure Voc (V) Jsc (mA Cm−2) FF (%) η(%) Reference

Single Si nanowire devices Axial p–i–n 0.39 3.5 51.0 0.5 [201]
Radial p–n 0.26 23.9 55.0 3.40 [180]
Radial p–n 0.50 17.0 73.0 6.0 [181]

Si nanowire array based homojunction devices Radial p–n 0.55 26.6 65.0 9.3 [182]
Slanted Si NWs radial p–n 0.58 27.14 72.2 11.37 [183]
Radial p–i–n (polycrystalline Si shell) 0.56 30.6 62.5 10.6 [185]
Radial p–i–n (amorphous Si shell) 0.59 31.1 64.4 12.20 [186]
Black Si p–n 0.63 36.45 79.6 18.2 [79]
Black Si p–n (Al2O3 passivated) 0.67 42.2 78.7 22.1 [196]

Si nanowire array/polymer based hybrid solar cells Si NWs/PEDOT:PSS hybrid 0.47 19.28 61.0 5.09 [188]
Si NWs/PEDOT:PSS hybrid (Nanowire length variation) 0.42 30.2 30.8 5.3 [190]
Si NWs/PEDOT:PSS hybrid 0.46 21.6 64.0 6.35 [191]
Si NWs/PEDOT:PSS hybrid (Nanowire saperation) 0.49 28.5 46.0 6.6 [201]
Si NWs/PEDOT:PSS hybrid (Nanowire length variation ) 0.53 24.24 65.1 8.40 [193]
Si microprymid/PEDOT:PSS hybrid (Effect of polymer layer thickness ) 0.52 30.50 62.13 6.84 [197]
Si NWs/TAPC/PEDOT:PSS hybrid (Interface modification ) 0.54 34.81 67.1 13.0 [194]
Si NWs/Al2O3/PEDOT:PSS hybrid (Effect of front electrode ) 0.54 36.0 67.8 13.2 [195]
Si nanocone/PEDOT:PSS hybrid 0.55 29.6 67.7 11.1 [33]
Si NWs/P3HT hybrid 0.26 11.69 32.2 0.97 [189]
Si NWs/P3HT(effect of nanowire surface passivation) 0.42 26.2 53.0 5.9 [175]
Si nanowire/ P3HT:PCBM (on glass substrate) 0.43 11.6 39.0 1.21 [199]

Ge nanowire based solar cell Single Ge nanowire Schottky junction 0.18 6.69 ∼25.0 ∼0.3 [200]
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was used for charge transport. The effect of dopants in the Si
core (p and n) on photoelectrochemical performance has also
been studied and it was observed that that the photocurrent
performance of TiO2 can be modified by the variable band
alignment depending on the core material doping type.
Motivated by this work, various semiconductors as TiO2

[217], Fe2O3 [218], WO3 [219], ZnO [220], α-Bi2O3 [221],
Cu2O [222], PEDOT [223] have been investigated subse-
quently as a shell material on Si nanowires. Apart from the
core–shell structure, 3D tree-like complex nano-hetero-
structures with Si nanowire core anchored with other semi-
conductor nanowires as branches have also been found to be
attractive for photoelectrochemical power conversion. Such a
hierarchical nano- micro complex architecture combined with
both 3D and 1D building blocks, provides enhanced surface
area with an excellent charge transportation with improved
light-trapping ability. Liu et al [224] have demondtrated Si/
TiO2 nano-tree structure composed of TiO2 nanowire

branches anchored on a Si trunk for solar-driven water
splitting. The schematic structure and corresponding cross
sectional SEM micrograph of the heterostructure is shown in
figures 19(b) and (c), respectively. Analogous with the natural
photosynthesis process in trees, light-absorption, charge car-
rier separation, and chemical reactions have been carefully
considered at a microscopic scale in this inorganic 3D hier-
archical device. The fabricated Si/TiO2 hierarchical nano-
system exhibited an efficiency enhancement by one order of
magnitude in comparison to a conventional Si/TiO2 core–
shell heterojunction. The photoelectrochemical conversion
efficiency was found to be comparable to that of natural
photosynthesis. Figure 19(d) displays the evolution of H2 and
O2 gases from the Si/TiO2 nanotree heterostructures [224].
The 2:1 stoichiometry between H2 and O2 confirms the water-
splitting photoactivity and the linear increase of gas con-
centrations with time reveals the stable catalytic performance.
Similar 3D hierarchical nano-tree devices on Si nanowires

Figure 19. (a) The effect of PtNP loading via increasing deposition time on photoelectrochemical energy conversion efficiency of PtNp/Si
nanowire heterostructure. Inset shows the schematic (bottom left) of the heterostructure arrays prepared by aqueous electroless etching of
silicon and electroless metal deposition and TEM image (bottom right) of PtNP-decorated n-SiNWs showing PtNPs on the wire surface.
Reprinted with permission from [207]. Copyright 2011, American Chemical Society. (b) Schematics of Si/TiO2 nano-tree heterostructures.
The smaller diameter TiO2 nanowires (blue) were grown on the upper half of a Si nanowire (gray), and two two semiconductors absorb
different regions of the solar spectrum. Insets display the photoexcited electron−hole pairs that are separated at the semiconductor-electrolyte
interface to carry out water splitting with the help of cocatalysts (yellow and gray dots on the surface). (c) False-colored, large-scale SEM
image of a Si/TiO2 nanotree array. Inset shows the enlarged SEM image of the nanotree heterostructures. (d) The evolution of H2 and O2

gases measured by gas chromatography under simulated sunlight of 150 mW cm−2. Reprinted with permission from [224]. Copyright 2014,
American Chemical Society.
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were also fabricated using other wide band gap semi-
conductors like ZnO [225] and InGaN [226] and reported for
efficient photoelectrochemical power conversion.

4.4. Si/Ge nanowire based light emitting devices (LEDs)

The implementation of Si-and Ge-based photonic devices is
hampered by poor light emission efficiencies due to their
indirect band gap nature. Ge and Si nanowires have turned
out to be potential building blocks having unique 1D geo-
metry that can enhance the emission effiency due to the QC
effect. Nanowires can also facilitate the improved light
extraction capability because of their wave guiding properties
[227]. Moreover, core/shell nanowire structures with a large
surface to volume ratio provide a larger active device area and
a suppressed quantum confined Stark effect [228, 229]. The
first work on Si-nanowire-based LED was reported by Hay-
den et al in 2005 [230]. They reported a core/shell p-Si/n-
CdS single nanowire heterojunction by depositing ∼60 nm
thick polycrystalline CdS layer via pulsed laser deposition on
VLS grown Si nanowires of ∼80 nm diameter. Figure 20(a)
schematically represents the fabrication steps of a core/shell
nanowire heterojunction. The fabricated heterojunction

exhibited a green emission centered around 528 nm with a full
width at half maximum of 20 nm under a 2 V forward bias as
shown in figure 20(b). The observed emission originated from
the recombination of injected carriers in the polycrystalline
CdS film without any contribution from Si. The quantum
yield of this initial device was very low (only ∼0.01%)
requiring further optimization of hetero-structures with
improved properties. The complexity in the fabrication of
single nanowire LEDs with low emission effiency restricted
their widespread applications. As a result, extensive research
has been directed towards nanowire-array-based LEDs.
Electroluminescence (EL) has been reported from ZnO/Si
heterojunction nano-tips array for the device fabricated using
PLD-deposited ZnO on reactive ion etched Si nano-tips [231].
As shown in figure 20(c), the fabricated device exhibited a
broad EL in the visible as well as NIR range due to the carrier
recombinations in both ZnO and Si. The EL emission from Si
is more intense in comparison to that of ZnO, which can be
attributed to the existence of a stronger electric field in the Si
nano-tips. The PL emission spectrum presented in the inset of
figure 20(c) exhibits a similar infrared peak as obtained in
electroluminescence. Studies have also been performed to
achieve light emission from Si nanowires by utilizing the QC

Figure 20. (a) Schematic of the core–shell nanowire for the LED fabrication. The CVD grown Si nanowire is coated with CdS using PLD.
Selective etching of the shell is followed by the deposition of metal electrodes. (b) EL spectrum of a core–shell (CdS–Si) nanowire LED.
Reprinted with permission from [230]. Copyright 2005, Wiley. (c) Electroluminescence spectra from n-ZnO/p-Si-nanotip heterojunction.
The inset is an infrared PL spectrum showing a similar infrared peak position as obtained from EL. Reprinted with permission from [231].
Copyright 2009, American Chemical Society.
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effect in porous surface of nanowires by lowering their dia-
meter [57, 232].

The possibility of achieving efficient white light emission
at room temperature from Si NW heterojunctions would
represent a great advancement by paving the way to a wide
range of new photonic applications. Recently, we reported
p-Si nanowire/n-ZnS core–shell type radial heterojunction
nano-architecture arrays over a large area, by combining
metal-assisted chemical etched nanowire and pulsed laser
deposited ZnS [147]. Figure 21(a) shows the schematic dia-
gram of well-separated radial heterojunction arrays consisting
n-ZnS on KOH-treated MACE Si nanowires. Electrically
driven white light emission from radial heterojunction arrays
using an aluminium doped ZnO (AZO) electrode has been
achieved under a low forward bias condition of ∼2 V. Room-
temperature electroluminescence spectra of SiNWs/ZnS
radial heterojunction arrays under different forward bias are
presented in figure 21(b). The observed broad spectrum is
attributed to blue and green emission from the defect-related
radiative transitions of ZnS and the Si/ZnS interface,
respectively, while the red one arises from the porous surface
of the Si nanowire core.

While devices fabricated using Si nanowires hetero-
junctions exhibit emission in the visible wavelength, Ge
nanowires, having an indirect band gap of 0.67 eV and direct
band gap of ∼0.8 eV, has the capability to emit at a wave-
length of 1.54 μm which closely matches with the wavelength

for optical communication. In comparison to Si, relatively
fewer studies have been made so far on Ge-nanowire-based
light emitters. We have demonstrated direct band gap elec-
troluminescence from a metal–insulator–semiconductor
(MIS) structure fabricated using VLS-grown Ge nanowires
[62]. Figure 22(a) shows the schematic diagram of the fab-
ricated p-Si/SiO2/GeNW/Al2O3/Au MIS device using core–
shell Ge–GeO2 nanowires. The temperature dependent, elec-
trically driven (Iinj∼5.7 A cm−2, light emission character-
istics are presented in figure 22(b). The result shows that the
direct gap emission (Γ-valley to V.B. transition) intensity is
maximum at 1500 nm for 10 K, with a negligible contribution
from the indirect (L-valley to V.B.) transition. EL spectra are
red shifted with an increase in temperature along with the
decrease in the peak intensity for the direct transition. On the
other hand, with an increase in temperature, the onset of
emission in the longer wavelengths takes place, which gra-
dually increases with temperature [62]. This is attributed to
the dominance of phonon-activated and defect-induced
recombinations at higher temperatures, whereas the direct
band-gap related emission is predominant at a lower temp-
erature [62]. The observed electroluminescence from Ge/
GeO2 core–shell nanowires in optical communication wave-
length range indicates the possibility to achieve Ge-based
light emitters working at room temperature.

Doping by rare-earth atoms is an alternative approach to
achieve light emission in the optical communication

Figure 21. (a) Schematic diagram illustrating coaxial p-SiNW/n-ZnS
radial heterojunctions with an AZO electrode for electroluminescent
devices. (b) Room-temperature EL spectra of SiNWs/ZnS radial
heterojunction arrays under different forward bias [147].

Figure 22. (a) The schematic diagram of p-Si/SiO2/GeNW/Al2O3/
Au MIS device (b) Temperature dependent electroluminescence
spectra at an injected current density of 5.7 A cm−2 through the MIS
device [62].
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wavelength range (1.54 μm) at room temperature from
indirect band gap, group-IV semiconductors. Erbium (Er) is
one of the most investigated rare-earth dopants in this regard
[26]. As shown in figure 23(a), Er3+ ions exhibit emission
around the optical communication wavelength (1.54 μm) due
to the intra-4f transition from the first excited to the ground
state (4I13/2→4I15/2), when it is doped within a host with an
inversion asymmetry. It is noteworthy that this transition is
parity forbidden for the free ions or in a host with inversion
symmetry. In this respect, Si and Ge nanostructures are
attractive hosts for efficient sources at 1.54 μm upon doping
with Er [233]. Under 325 nm excitation, the Er-induced
emission is attributed to the energy transfer from the Ge
related oxygen deficiency centers (GeODCs), which are
formed on the Ge nanowire surfaces. The oxygen deficiency
in Ge nanowires results in three energy states: the singlet state
S1, the triplet state T1, and the ground state S0. It is presumed
that, GeODCs are excited by direct absorption of 325 nm
(3.8 eV) radiation, which is followed by non-radiative
relaxation and phonon emission to the lower levels of the
triplet T1 state. The excited carriers may also relax to the
ground state S0 by a radiative decay of ∼400 nm (3.1 eV)
emission [26]. Excited GeODCs undergo a non-radiative
decay to the ground state via transfer of energy to Er3+ ions.
In this case, the Er3+ ions are excited from the ground 4I15/2
state to the 2H9/2 level, which is almost resonant with the T1

state. Thereafter, Er3+ ions de-excite to the 4I13/2 state by
non-radiative relaxation from where a radiative transition to
the ground state yielding emission at 1.53 μm. The PL
intensity at 1.53 μm up to room temperature in Er doped Ge
nanowires grown by pulsed laser deposition [26] is shown in
figure 23(b). Er doping was realized via a chemical technique
employing ethanolic solutions of ErCl3. The Er related
emission signal enhances with increasing Er concentration as
well as nanowire diameter at a particular pump flux of inci-
dent 980 nm laser light.

Apart from Er, Mn doping in Ge nanostructures have also
been employed in the field of diluted magnetic semi-
conductors [234–237]. The growth-temperature-dependent

phase formation and the magnetic properties of Mn-doped Ge
nanowires grown at temperatures varying from 600 to 900 °C
using VLS technique have been reported [237]. The nanowire
sample grown at a low temperature (600 °C) contains atomic
clusters of Mn in a GeMn-matrix and behaves like a cluster-
glass type of material having blocking temperature
(TB)=15 K, transition temperature (TC)=108 K, and
freezing temperature of 12 K. On the other hand, the sample
grown at 900 °C contained only nanoparticles of Ge3Mn5 in
Ge-matrix without any signature of atomic clusters and
behaved like interacting superparamagnetic in nature having
TB=274 K and TC=293 K. This study clearly demon-
strated the potential of Mn doped Ge nanowires in the
application of nanoscale spintronic devices [237].

4.5. Si/Ge nanowire based sensors

Rapid industrialization and improvement of human quality of
life demand sensitive and selective detection of gas molecules
and biological species for environmental monitoring, process
control, safety, and medical diagnostics purposes. 1D semi-
conductor nanowires with high surface to volume ratio are
ideal potential platforms for chemical and biochemical sensor
devices. The binding of charged species changes the electric
field around the surface of the nanowire resulting in
corresponding change in the conductivity. Though a similar
mechanism is also applicable for thin-film-based sensors, the
reduced diameter of nanowires on the order of the Debye
length (the distance within which electron exchange can take
place between the surface and the bulk) makes the entire
nanowire channel sensitive to surface changes. As a result, an
extremely low concentration of chemical, molecular, and
biological species on the nanowire surface results in sig-
nificant changes in the conductivity providing real-time, high-
sensitivity, and highly selective sensing.

Semiconductor nanowires have extensively been
explored for sensing applications. Specifically, the metal
oxide nanowires like ZnO [238, 239], SnO2 [240], TiO2

[241], In2O3 [247] serve as excellent gas sensors because a

Figure 23. (a) Energy transfer scheme from GeODCs to an Er3+ ion: the radiative transition from the T1 state is shown by (1); the downward
arrow marked as (3) shows the 1.53 μm emission of Er3+; the wavy arrow from 2H9/2 to

4I13/2 indicates non-radiative transition, while
energy transfer is denoted by (2). (b) Er induced PL emission characteristics of 30 nm diameter Ge nanowires with three different Er doping
concentrations by 980 nm excitation wavelength [26].
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specific reactions that can occur directly on the metal oxide
surfaces. On the other hand, several chemical species do not
react directly with Si and Ge nanowires and generally surface
modification with specific functional groups is employed to
increase the measureable interactions. Cui et al [243] first
demonstrated the use of Si nanowires for chemical and bio-
logical sensors. They fabricated a Si NW-FET nanosensor for
real-time pH detection on p-type Si nanowires treated with
3-aminopropyltriethoxysilane (APTES) to yield a mixed
amine (–NH2) and hydroxyl (–OH) terminated Si surface.
Subsequently, several studies have been carried out to
demonstrate the robustness, sensitivity, and specificity of
SiNWs based sensors. For example, Hahm et al [244]
reported the real time detection of DNA, down to ∼10 fem-
tomolar concentration using SiNWs functionalized with
peptide nucleic acid (PNA). The detection of single viruses
using a SiNW array device has also been reported [245].
Additionally, Si nanowires have also been utilized for the
detection of cancer markers [246], prostate-specific antigens
(PSAs) [241] and a wide range of biological and chemical
species, including proteins, nucleic acids, small molecules
and viruses [248].

Lieber’s research group has demonstrated a new protein
detection methodology based upon frequency domain elec-
trical measurements using silicon nanowire field-effect tran-
sistor (SiNW FET) biosensors [249]. Figure 24(a) shows a
distinct conductance change of the SiNW FET in real-time
measurements, when PSA molecules bind to the p-type SiNW
FETs. On the other hand, the unbinding of PSA molecules
from the SiNW FET surface led to a return to the conductance
baseline. Most of the above studies on Si nanowire sensors

are based on FET devices which require a high cost and
complex lithography processing. Relative low cost sensors
have been reported using MACE grown Si nanowire arrays
for NO sensing at room temperature [250]. The above sensors
made from porous SiNWs assembly showed faster response
and excellent reversibility to sub-ppm NO concentrations. A
refined air-bridge contact geometry using chemically etched
Si nanowires has been reported for efficient oxygen sensing
[251]. Single crystalline SiNWs fabricated by wet chemical
etching of (100)-oriented p-Si wafers using 25 nm thick gold
mesh with ordered arrays of nanoholes as etching catalyst
were employed. Figure 24(b) schematically shows the fabri-
cated sensor, with corresponding FESEM image shown in
figure 24(c). The fabricated device responded sensitively to
the cyclic changes of oxygen concentration. A 35%–40%
decrease in the resistance of the sensor device is observed
under exposure to the oxygen gas molecules, which is shown
in figure 24(d). The air-bridged metal contact based SiNW
sensor exhibited very fast responses to gas molecules in
comparison to single SiNW based sensors.

Due to the flexibility in surface functionalization for
specific sensing of biological receptors and compatibility with
current device processing technology, Si has by far exceeded
Ge as the choice of material for nanowire based sensors.
Complex surface passivation, thermal unstability, and water
soluble oxides of Ge have limited its extensive use in bio-
sensing applications. However, a few studies on Ge-nano-
wire-based sensors are also available in literature. A
biological-FET sensor device composed of vertically oriented
Ge NW arrays for pH detection has been reported [252].
Recently, Cai et al reported the fabrication Ge/SiO2 core–

Figure 24. (a) Schematic of protein binding and unbinding to an antibody-modified SiNW FET sensor. Time domain conductance
measurement of a p-type SiNW FET sensor modified with PSA monoclonal antibodies, when different concentrations PSA solutions (as
shown) and pure buffer were sequentially delivered to the sensor. Reprinted with permission from [249]. Copyright 2010, American
Chemical Society. (b) Schematic diagram of fabricated air-bridged top metal contact on vertically aligned SiNWs. (c) SEM image of the
complete air bridge contact structure on Si nanowire array. (d) Electrical responses of vertical SiNW array-based sensor to periodic switches
of O2 gas at room temperature; O2 exposure interval=1 min. Inset shows false colored SEM images of the corresponding top Au metal
electrode. Reprinted with permission from [251]. Copyright 2012, Wiley.
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shell structure by combining the EBL and Ge condensation
technology [253]. These SiO2 passivated Ge nanowires array
has been explored in biochemical sensing applications
including pH and DNA sensing.

4.6. Nanowire terahertz devices

Semiconducting nanostructures are attractive for efficient
terahertz (THz) devices, due to the inter sub band transitions
in quantum wells and the localized surface plasmons arising
out of collective oscillations of electrons, confined to the
surface of nanostructures [254–256]. Generally, InAs and
ZnTe compound semiconductors are most commonly used for
the THz source due to their high mobility and absorption, fast
recombination rate, and short carrier lifetime [257, 258]. The
low absorption coefficient with a high-refractive index of bulk
Si =n 3.4Si

THz( ) make it an inappropriate material for
emission in the THz frequency range. However, THz emis-
sion from SiNWs (BSi) irradiated with ultrashort pulses from
the Ti:sapphire laser utilizing the extremely high absorption
over a wide wavelength range of nanostructured surface has
been reported [259]. The study suggested the potential of
uniformly grown vertically aligned Si NW arrays as efficient
THz emitters. Kang and co-workers have reported THz
emission from the vertically aligned Si NW arrays synthe-
sized by the chemical etching of n-type silicon substrates,
using a femtosecond Ti-sapphire laser pulse (800 nm) [260].
The THz emission intensity was found to increase sharply up
to a length of 3 μm and almost saturated thereafter.

Ge nanowires have also been found to be useful for
efficient THz emitters. The schematic diagram of an exper-
imental set up used for the THz emission from Ge nanowire is
shown in figure 25(a). The study was made with CVD-grown
Ge NWs of various lengths in the range of 0.3–5.5 μm [261].
Figures 25(b) and (c) show a maximum THz pulse intensity
with a nanowire of length 5.2 μm. The potential of Ge NWs
as alternative THz emitter can be established by comparing
the THz pulse intensity with bulk Ge, InAs and GaAs wafers,
which are generally used as highly efficient radiators.
Figure 25(d) shows a comparative plot of THz intensity for
5 μm long Ge nanowires with n/i-Ge (1×1013 cm−3)/
(1×1015 cm−3), n-InAs (1×1016 cm−3) and n-GaAs
(1×1017 cm−3) wafers. The THz pulse intensitiy in n-InAs
and n-GaAs wafers is 5 and 17 times greater than that in a Ge
wafer, respectively. However, Ge NWs exhibit superior effi-
ciency as a THz emitter as compared to bulk-Ge. Considering
the peak-to-peak value of the n-InAs THz pulse as the
reference, the intensity from Ge NW is about 2 times greater
than that of the n-GaAs and nearly the same as that of the
n-InAs. THz emission from the Ge surface arises primarily
due to either charge separation by the built-in electric field or
a difference in the diffusion coefficients between electrons
and holes (photo-Dember effect) [261].

With the reduced dimension of crystalline solids from
bulk (3D) to nanowires (1D), the confinement of surface
charges increases leading to carrier lifetime shortening. This
results in a stronger built-in electric field at the surface, which
acts just like a photoconductive antenna driven by an applied

voltage. The geometrical shape of the nanowires limit the
penetration depth of the femtosecond laser pulse; therefore,
the surface-to-volume ratio becomes an effective factor for
absorption of the optical pulse required for the emission of the
THz wave [255]. The femtosecond-laser-pulse induced
charge carriers are accelerated under the effect of the strong
built-in electric field, resulting in THz emission from transient
photocurrents. The electric field amplitude (ETHz) of the
generated THz wave is directly proportional to the transient
photocurrent J(t), ETHz∝∂J/∂t. The photocurrent can be
expressed as J(t)=eμΔNEb, where μ is the mobility, ΔN is
the density of optically excited carriers, and Eb is the built-in
field at the surface of the nanowires. Thus, nanowires exhibit
an enhanced THz intensity as compared to the bulk due to
larger effective area that is exposed to femtosecond laser
pulses resulting in enhanced absorption.

4.7. Nanowire electronic devices

The development of nanowire based electronic devices
appears attractive for improved performance with increased
circuit density and reduced power consumption following
scaling laws. A FET is the most basic component of inte-
grated circuits. Semiconductor nanowires based assembly of
FET devices can generally be categorized into three class of
device architectures viz. the top gate, bottom gate, and sur-
rounded gate geometry. The back-gated one, shown in
figure 26(a) is the most commonly used NWFET geometry
for ease of fabrication. It involves creating source-drain
electrodes on a highly doped Si substrate coated with a
thermally grown SiO2 to define the metallic gate and gate
dielectric, respectively. The semi-cylindrical top gated, and
all-around cylindrical gate configuration NWFETs are shown
in figures 26(b) and (c), respectively, require a gate dielectric
to be grown or deposited on the nanowire surface, followed
by the deposition of a gate metal. This geometry closely
mirrors an ideal embedded dielectric structure, allowing for
accurate calculation of the gate coupling. Zheng et al first
reported the detailed characterization of Si nanowire-based
FET devices investigating the effect of doping concentration
and contact resistance on device performance [262]. They
demonstrated the fabrication of back-gated n-type FETs with
four metal contacts as shown in the inset of figure 27(a),
based on p-doped 20 nm Si nanowires with the mobility
values comparable to high-performance planar Si FETs [263].
The transconductance and mobility values were found to
decrease with decreasing dopant concentration for p-doped
devices as shown in figure 27(a). In comparison to n-type,
p-type Si nanowire FETs have attracted greater attention
[264–267] because of the lower hole mobility of bulk Si.
P-type Si nanowire FETs have been reported using single-
crystal VLS grown Si nanowires having 10–20 nm diameter
with Ti as source/drain (S/D) contacts. Both hole mobility
and average transconductance of Si nanowire FETs have been
reported to be an order of magnitude higher than that of bulk
Si devices. The reported results indicated that Si nanowires
exhibit improved device characteristics over those of state-of-
the-art SOI FETs.
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The performance of nanowire FET device is severely
affected by the properties of contact electrodes [268–271].
Studies on the effect of thermal annealing on the transport
characteristics of B-doped single Si nanowire FETs with Ti
S/D contacts have revealed that both the transconductance
and mobility increase on annealing [264]. An annealing leads
to the formation of improved Ohmic contacts, which results in
a dramatic increase in on-current and the field-effect mobility
(μfe). The measured field effect mobility increases from 30 to
560 cm2 V−1s−1 on optimized annealing. The study also
demonstrated that on post-process annealing the Id–Vds curves
became more linear and symmetric under a low bias condition
with stable transport behavior. In both back- and top-gated
geometries, nanowires are laid in the plane of the substrate,
while most growth techniques produce nanowires in vertical
orientations. Therefore, device geometries with vertical
channels based on Si nanowires have also been developed
[272–274]. Figure 27(b) shows the schematic of a single
vertical nanowire FET, where the gate is placed at the end of
the channel over the drain. The transconductances and hole
mobility of these devices are comparable to the reported
values for high performance SOI MOSFETs. The sub-
threshold slope is much lower than that typically obtained for
nanowire devices with back or top-gate geometries.

Figure 25. (a) A schematic diagram of the experimental setup used for the THz emission. (b) The THz pulse generated from the Ge NWs as a
function of wire length. (c) Fast-Fourier transform (FFT) frequency spectra corresponding to the THz pulse displayed in (b). (d) The
histogram extracted from the peak-to-peak values of the THz pulse. Reprinted with permission from [261]. Copyright 2013, Nature
Publishing.

Figure 26. Schematic of NWFETS with (a) back gate, (b) semi-
cylindrical top gate, and (c) cylindrical gate-all-around configura-
tions. The color scheme of nanowire is red, gate-dielectric is blue,
and source (S), drain (D), and top-gate (G) electrodes are golden.
Nearby images represent the schematic device cross section at
midpoint between source and drain.
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GeNW FET devices are also attractive for high speed
applications [275–278] due to the higher electron and hole
mobilities of Ge as compared to Si. Standard CMOS manu-
facturing methods for gate electrode formation are not com-
patible with Ge-based devices, because of the difficulty in
growing a stable native oxide which is critical for gate elec-
trode formation. However, the deposition of high-k materials
such as hafnium oxide and zirconium oxide as a gate di-
electric has been employed towards the successful fabrication
of Ge nanowire FETs [275, 279]. This approach has lead to
the improvement of the device performance to a certain
degree. P-Ge nanowire FETs have been reported for both
back and top-gated structures using SiO2 or ALD deposited
high-k HfO2 as gate dielectrics. A high Ion/Ioff (�103) ratio
and a low channel resistance (∼500 kΩ) has been observed in
back-gated p-type Ge nanowire FETs. The fabricated device
has exhibited a high hole mobility (600 cm2 V−1s−1), which
is close to the highest reported value for Ge MOSFETs fab-
ricated on Ge wafers (∼700 cm2 V−1s−1). As compared to
back-gated Ge nanowire FETs, top-gated structures exhibit
lower mobility due to the higher density of interface states
between HfO2 and Ge nanowires. The passivation of Ge
nanowires is extremely important to achieve high mobility
FETs [276]. Though the current and transconductances of Ge
nanowire with un-passivated surface of (p-FETs) is compar-
able to the reported value, the mobility has been found to be
much lower. The above results suggest that a precise control
of the doping process and surface passivation may possibly
provide a solution toward the further improvement of the
performance of Ge nanowire FETs.

Apart from FET applications, Ge nanowires have also
been explored for nanoscale non-volatile memory devices.
Several solid compound electrolytes of Ge such as GexSe1−x

[280–282], GeS2 [283], GeSex/TaOx [284] and Ge-doped
HfO2 [285] have been used in resistive random access
memory (RRAM) applications based on conductive bridging
mechanism. The use of GeOx in multilayered RRAM systems
such as Ni/GeOx/SrTiOx/TaN [286] and Cu/GeOx/W [287]

has been reported. For CMOS compatible device applications,
Ge/GeOx core–shell nanowire systems could be attractive.
We have reported the resistive switching characteristics of
Ge/GeOx core–shell nanowires (NWs) in an IrOx/Al2O3/Ge
NWs/SiO2/p-Si structure [288]. The schematic device dia-
gram is presented in the inset of figure 28(a). The resistive
switching mechanism involves the migration of oxygen ions
through nanowires under an external bias. As shown in
figure 28(a), a post-metal annealed device exhibits lower
operating voltage (<4 V) and RESET current (approximately
22 μA) as compared to those of 5.9 V and ∼300 μA,
respectively, for the control device. The data retention char-
acteristics presented in figure 28(b) signify that the annealing
results in e a higher resistance ratio (>103) with improved
retention time of >104 s.

4.8. Issue of contact resistance for nanowire devices

Electrical leads need to be connected to nanowires for their
application in devices. It is desirable that the contact (which is
a metal–semiconductor contact) should be ohmic or at least
the barrier height at the contact be low enough so that low
resistance contact forms [289]. In Si NWs, if the surface is
relatively free of oxide, low resistance contacts with specific
contact resistances <10−4

–10−5Ω cm2 with a barrier height
of <0.1 eV can be formed even with conventional Cr/Al
contact pads. This is improved with Ni as the contact metal, in
particular, if the contact formation is followed by an anneal-
ing that would lead to the local formation of silicides.

In Ge NWs the problem is much severe. This has its
origin in problem of contact formation in bulk n-Ge itself,
where defect states within the band gap lead to Fermi level
pinning (FLP). This causes the formation of contacts with a
rather large barrier height of ∼0.5–0.6 eV, irrespective of the
work function of the metal [290–292]. Such a large Schottky
barrier formation leads to large specific contact resistance
(ρC). In case of Ge NW, the contact formation has not been
investigated extensively in contrast to that of bulk Ge. Other

Figure 27. (a) Measured (blue triangles) and intrinsic (red circles) mobility values. Inset shows the SEM image of a 4-terminal Si nanowire
FET device. Reprinted with permission from [262]. Copyright 2004, Willey. (b) SEM image of a vertically integrated surround-gate NWFET
and corresponding pictorial diagram (scale bar is 500 nm). The false coloring is added for clarity of position for the various device
components. Reprinted with permission from [273]. Copyright 2006, American Chemical Society.
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issues, in addition to the FLP also become important for Ge
NWs [293]. In a NW the contact can be made at the end of the
NW or at a side. It has been proposed that in a 1D structure of
diameter less than Bohar radius, there will be effects of band
realignment. This can lead to the suppression of FLP. Recent
experiments [294] done on Ge nanowires indicate that there is
indeed the suppression of the pinning that leads to clear
dependence of the barrier height as well the ρC on the metal
work function. It has been observed that, for Ag (low work
function ≈4.26–4.29 eV) contact on n-Ge NW, the Schottky
barrier can be low and even in nanowires with carrier con-
centration, in the range of 1017 cm−3, an ohmic contact can be
obtained although the contact resistance remains high
(>10−2Ω cm2). Interestingly for p-Ge NW, the contact
resistance as well as the barrier height is low and the contact
formation does not cause much problem. Formation of a
heavily doped region on NW’s where the contact be made is
an important challenge that need to be sorted out to facilitate
large scale applications of these NWs.

5. Si/Ge nanowire superlattices

Semiconductor superlattices have attracted increasing atten-
tion due to their potential applications in TE and optoelec-
tronic devices [295, 296]. While two-dimensional superlattice
structures exhibiting promising properties [297–299], 1D
nanowires superlattice may result in unique characteristics
due to periodic modulation of energy gaps. With a lattice
mismatch of ∼4% between Si and Ge, a 1D Si/Ge super-
lattice contains periods of compressive and tensiled layers that
could be very promising for strain symmetric device struc-
tures. In order to realize the 1D nanowire superlattice in
practical applications with improved functionalities, a reliable
growth technique forming abrupt heterointerfaces is desirable.
Wu et al first reported a hybrid pulsed laser ablation/CVD
process for the synthesis of semiconductor nanowires with
longitudinally ordered heterostructures [300]. The technique
resulted in single-crystalline nanowires with Si/SiGe

superlattice structure, as shown in figure 29(a). The fabrica-
tion of Si/SiGe superlattice along the wire axis was con-
firmed by energy dispersive x-ray spectroscopy (EDS)
analysis, which is shown in figure 29(b). Both Si and Ge
characteristic x-ray signals show periodic modulation with
anticorrelated intensities. Following the above method, sev-
eral other groups have also reported the fabrication of 1D Si/
SiGe and Si/Ge superlattice structures [128, 301].

Si/Ge nanowire superlattices have been widely investi-
gated for TE applications. The thermal conductivity of indi-
vidual single crystalline Si/SiGe SNWs with diameters of 58
and 83 nm over a temperature range from 20 to 320 K has
been studied [302]. In comparison to pure Si nanowires, the
axial heterojunction nanowires exhibited lower thermal con-
ductivity due to dominant phonon scattering mechanism for
the thermal transport in the SNWs [302]. Theoretical calcu-
lations revealed that the thermal conductivity of a Si/Ge
nanowire superlattice varies non-monotonically with both Si/
Ge lattice period and the nanowire cross-sectional width
[303]. The thermal conductivity of pure Si NWs (red solid
circles), Ge NWs (blue hollow triangles) and Si/Ge regular
superlattice as a function of their total lengths are shown in
figure 29(c). The thermal conductivities of all the nanowires
increase with their total lengths. Recently, it has been
demonstrated that the thermal conductivity of Si/Ge SNWs
can be further reduced by introducing hierarchical structure to
form Si/ Ge hierarchical SNWs (H-SNWs) [304]. The
structural hierarchy introduces defects to disrupt the periodi-
city of regular nanowire and scatters coherent phonons.
Figure 29(d) shows the thermal conductivity of periodically
defected Si/Ge H-SNWs as a function of their period length,
LH. The thermal conductivity of periodically defective Si/Ge
H-SNWs is systematically found to be smaller than that of
regular Si/Ge SNW (shown by red dash line). When LH is
smaller than the coherent length of the regular Si/Ge SNW,
the defects can disrupt the periodicity of the regular Si/Ge
SNW, and thus impair the formation of the coherent phonons
leading to the reduction in thermal conductivity. Therefore in
a superlattice structure, the periodicity can be perturbed to

Figure 28. I–V hysteresis characteristics of as-deposited and annealed RRAM device using Ge nanowires. Inset shows the schematic diagram
of the fabricated device using Ge/GeOx core–shell nanowires. (b) Data retention characteristics of annealed and as-fabricated nanowire
RRAM devices [288].
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reduce the thermal conductivity of Si/Ge nanowires for
improved TE devices. The optical properties of 1D Si/Ge
periodic superlattices are need to be studied in detail for their
applications in far-IR detectors and THz devices.

6. Closing remarks and future work

Si and Ge nanowires representing 1D solids, constitute an
ideal platform for nanoscale devices, and are expected to play
a major role in future applications. Here we have summarized
the wide range of properties associated with 1D Si and Ge
nanostructures, which are different from their bulk counter-
parts due to the variation of size, topography, surface-to-
volume ratio and confinement of carriers and photons.
Theoretical studies mandate the electronic and phonon
transport in NWs under QC which are useful for nanoscale
systems in near future. Recent advances are discussed on the
various fabrication routes including top-down and bottom-up
approaches. The emphasis of this review has been made on
the progress of research on Si/Ge nanowires in the field of
photonic, PV, TE, sensing, electronic and some emerging
device. With large surface-to-volume ratio, along with the

capability of integration in both horizontal and vertical
topology, core–shell p–n junctions have been demonstrated
using Si/Ge nanowires. core–shell geometry of the p–n
homo-or hetero-junction allows the transport of photo-
generated carriers toward the depletion layer within one dif-
fusion length, resulting in efficient collection of carriers
leading to photonic devices with enhanced and faster
response. With an excellent antireflecting feature, vertically
oriented Si nanowires have been widely studied to realize
with improved performance photodetectors and solar cells.
Some progress has also been made in the last several years to
overcome the main bottleneck of the indirect band structure of
group-IV semiconductors for efficient light sources using 1D
nanowires. However, efficient emission at room temperature
is still at its early stage, and demands further research towards
band modification via QC, strain and dopant engineering
using nanowire platform. Recent progress made on single
nanowire based devices has been discussed, which exhibit
ultrahigh responsivity and polarization sensitive photodetec-
tion. Some recent results on CMOS compatible electronic
devices like Si/Ge FETs and nanoscale RRAM, which are at
the fore-front of practical applications, have been presented.
However, proper attention has to be given to remove the

Figure 29. (a) STEM image of two nanowires in bright field mode. The scale bar is 500 nm. (b) Line profile of EDS signal from Si and Ge
components along the nanowire growth axis. Reprinted with permission from [300]. Copyright 2002, American Chemical Society. (c)
Thermal conductivity of pure Si NW, pure Ge NW and regular Si/Ge SNW as a function of their total lengths (d) Thermal conductivities of
Si/Ge H-SNW-PSi and Si/Ge H-SNW-PGe as a function of their period lengths. Reproduced with permission from [304]. Copyright 2012,
Nature Publishing.
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noble metals, that are used as catalysts either in VLS grown or
MACE etched nanowires, for their integration into CMOS
compatible devices. Finally the potential of Si/Ge nanowire
platforms for molecular/bio-sensing and emerging devices
like superlattice and THz devices have been discussed. Sev-
eral tables have been presented in the review to compare the
performance of the devices reported in the literature.
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