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Abstract

We study the low-temperature electronic transport properties of single germanium nanowires
(NWs) with diameters down to 45 nm to investigate the weak localization (WL) behavior
and approach to metal–insulator transition (MIT) within them. The NWs (single crystalline)
we investigate lie on the metallic side of the MIT with an extrapolated zero temperature
conductivity σ0 in the range 23 to 1790 (Ω cm)−1 and show a temperature-dependent
conductivity which below 30 K can be described by a 3D WL behavior with Thouless length
p
L Th ∼ T − 2 and p ∼ 4. From the observed value of σ0 and the value of the critical carrier
concentration nc, it is observed that the approach to MIT can be described by the scaling
equation σ0 ∼ (n − nc )ν with ν ≈ 0.6, which is a value expected for an uncompensated system.
The investigation establishes a NW size limit for the applicability of 3D scaling theories.
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1. Introduction
Electronic conduction in nanowires (NWs) is a topic of considerable current interest in nano-electronics and is also a problem
of basic physics, in which some of the fundamental issues of
electronic conduction in semiconductors can be addressed [1,
2]. The performance of NWs with a small width is affected by
size when important length scales associated with electronic
conduction are comparable to the physical dimensions of the
NW [3]. The effect of size on electronic conduction in Ge NWs
has not been investigated before. Furthermore, Ge is a fast
developing material for application in high-speed electronics
and other nano-electronic devices [4–6], and it is felt that a
study of this issue will be an important addition in this area. In
this paper we report a study of weak localization (WL) and the
approach to the metal–insulator transition (MIT) in single Ge
1
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NW. We investigate single crystalline NWs with limiting zero
temperature conductivities (σ0) spanning over a range from
23 (Ω cm)−1 to nearly 1790 (Ω cm)−1. Measurements of the
conductivities (σ) down to 6 K show that the scaling law has
validity in Ge NWs with a scaling exponent (ν) close to 0.6
and a negative temperature co-efficient of resistivity (TCR)
that can be described by WL [7]. From this we can establish
the Thouless length (LTh) [8], which measures the distance an
electron diffuses between inelastic collisions and thus maintains phase coherence.
MIT transition is a challenging and interesting topic that
has been investigated in bulk doped semiconductors for a long
time [9–11]. It has been studied extensively in bulk Si and
Ge with different dopants [12]. These experiments established
that when the doping concentration n of carriers (like electrons and holes) falls below a critical concentration nc, MIT
occurs. Such studies on bulk doped semiconductors formed
the basis of the scaling theory of electron localization [13].
This theory established that a single parameter (conductance)

S Sett et al

3. Results

can describe the MIT and it also developed a scaling equation for the electrical conductivity σ near the transition with
(n − nc) [7]. It established ‘correction to conductivity’ and the
WL that occurs due to the quantum interference of electrons
when disorder is high, and also the effect of temperature (T ),
which acts to weaken the quantum interference. While MIT
in bulk doped semiconductors has been studied extensively,
there have been very few studies on MIT in semiconductor
NWs to evaluate the applicability/validity of the ideas of
scaling theory and establish the parameter space (like the relevant length scales).
The issue of WL has been looked at in single NWs of
semiconductors like Si [14], InAs [15], GaN [16], ZnO [17]
and In2O3 [18]. Measurements were carried out down to
low temperatures and the nature of WL and the temperature
dependence of LTh were studied. In the size range of the NWs
used (diameter  ⩽30 nm), the electron transport (and accompanying WL correction) was found to be that of a 1D disordered
conductor or one with a cross-over from 1D to 2D behavior.
The Thouless length was found to have a temperature depend
1
ence ∼T − 3 , which arises when the Nyquist mechanism is the
primary mechanism for electron de-phasing [19]. Most of
the investigations were performed in NWs on the insulating
side of the MIT and the conductivity showed variable range
hopping (VRH) [20].
This investigation, carried out on Ge NWs, has a different
scope and perspective than the above-mentioned studies.
The NWs used in this study have a somewhat larger diameter
(⩾45 nm), so that one can establish a lower size limit for the
validity of scaling theories of localization (as formulated for
3D systems). Our investigations are performed with NWs that
have higher conductivity and are on the metallic side of the
transition. The NWs have a spread in conductivity over which
the scaling law of conductivity can be tested with reasonable
accuracy as the MIT is approached from the metallic side.

3.1. Structural characterization and doping

The NW diameters are in the 30–100 nm range, as shown
in figure 1(a). The Ge NWs have gold heads at their tips,
which is characteristic of the VLS growth process. The
NWs are oriented towards the (1 1 1) direction, as deduced
from the selected area electron diffraction (SAED) pattern
(see the supplementary material, available online at stacks.
iop.org/JPhysCM/29/115301/mmedia). The SAED pattern is taken at different spots along the length of the NW
and it establishes their single crystalline nature. From the
high angle annular diffraction fringe (HAADF) image of
a NW (figure 1(b)) we can clearly see the Au tip as well
as the presence of Au that has segregated inside the NW
during cooling. XRD is also performed on the NWs and
shows peaks that are traceable to International Centre for
Diffraction Data (see the supplementary material). Ge NWs
grown using the VLS method can be unintentionally doped
and may behave as doped Ge–Au alloy NWs. The growth
takes place at around 600 C and the diffusion coefficient
of Au in Ge is 1.77 × 10−3 µm 2 s−1 at that temperature [22].
Since the growth time is 1000 s–2000 s, it is possible that
Au may diffuse inside Ge during growth over its length
(1–2 µm), leading to unintentional doping.
3.2. Contact effect analysis

We can consider the Ge NW with two metal contacts as a
MSM device which can be modeled as back-to-back Schottky
diodes with a resistance in-between [24], which is the intrinsic
resistance of the NW, while the two Schottky diodes arise
from the interface at the two contact ends. The I– V curves are
fitted with a modified Richardson–Dushman equation, which
describes the above model and is given by [24]

2. Method

qV ′

− q (φ + φ )

1
2
)
I0(exp( ηkT ) − 1) exp(
kT
I
(
V
)
=
,
(1)
−qφ2
−qφ1
qV ′
exp( kT ) + exp( kT ) exp( ηkT )

The Ge NWs used here were synthesized on a silicon (1 0 0)
substrate using the vapor–liquid–solid (VLS) technique [21]
with gold nanoparticles (NPs) as the catalyst. The as-grown
NWs were characterized using standard techniques such
as x-ray diffraction (XRD), scanning electron microscopy
(SEM), energy dispersive x-ray (EDAX) and high-resolution
transmission electron microscopy (HRTEM).
Two probe metal–semiconductor–metal (MSM) device
structures with single Ge NWs (figure 1(c)) were fabricated
on Si/SiO2 substrates. The Cr/Au connectors to single NWs
were made by electron beam lithography and lift-off. After
sonication and subsequent drop-cast onto the substrate, the
NWs had lengths in the range 1–2 µm, which made the attachment of four probes somewhat impractical.
The temperature-dependent resistivity (ρ − T ) and cur
rent–voltage (I– V ) data for the single Ge NWs in the two
probe configurations were measured down to 6 K using a variable temperature insert (VTI ) in a cryogen-free system using
a sourcemeter.

where I0 is the contribution due to thermionic emission (given
by I0 = AR AT 2), AR is the Richardson constant and A is the
area of contact, V ′ = V − IRNW, φ1 and φ2 are the Schottky
barriers at the two metal–semiconductor (MS) interfaces, η
is the ideality factor of the diode and k is the Boltzmann constant. The total resistance of the device is: Rtot = RNW + 2Rc,
where Rc is the contact resistance at the MS interface and
RNW is the NW resistance. The extraction of RNW also allows
us to find the resistivity of the NW, ρ. A detailed discussion
on the issue of contact resistance on Ge NWs can be found
elsewhere (Sett et al [25]). The resistivity data for the NWs at
room temperature (ρ RT), together with their physical dimensions and the carrier concentration n are given in table 1.
Since there is no direct way to measure the carrier concentration in NWs as the Hall effect cannot be performed, we use a
plot of resistivity versus concentration in bulk Ge taken from
Cutriss [23] to estimate the carrier concentration in Ge NWs.
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Figure 1. (a) SEM image of a bunch of Ge NWs. (b) HAADF image where Au can be seen on the tip of a NW and also within its body.
(c) A typical single Ge NW connected to Cr/Au contact pads.
Table 1. Device nomenclature with NW dimensions.

Name

Diameter (nm)

Length (µm)

ρ RT (Ω cm)

n (cm−3)

NW1
NW2
NW3

65
45
100

2.0
1.5
2.5

6.0 × 10−4
1.9 × 10−4
1.1 × 10−2

5 × 1019
4.5 × 10 20
6 × 1017

3.3. Temperature-dependent resistivity

The NWs have reasonably low resistivities (see table 1).
NW3 has the highest ρ ≈ 10 mΩ cm, while the other NWs
have ρ  1 mΩ cm. From the ρ − T curves for the three NWs
shown in figure 2, we observe that the NWs have negative
TCR. However, at low temperature, the resistivity saturates to
a temperature-independent value, indicating a finite conductivity σ0 as T →0, indicating a metallic state (σ (T = 0) ≠ 0)
[25]. Thus these NWs lie on the metallic side of the MIT. The
negative TCR of the NWs does not show activated behavior,
as checked using the logarithmic temperature derivative [27].
NW2 is seen to approach saturation, although it is not directly
visible for the lowest temperature used (∼6 K). However,
when the data are analyzed digitally one can see the approach
to saturation since the derivative dρ /dT decreases continuously and approaches zero. In the σ − T plot at low temper
ature (figure 3), the curves are fit to a 3D WL model and from
there it is clear that there is a finite constant conductivity
that appears as an intercept on the y-axis as the temperature
approaches 0 K.

Figure 2. Resistivity versus temperature data for NW1 (violet),
NW2 (orange) and NW3 (green).

4. Discussion
4.1. Weak localization model

NWs with a finite σ (T = 0) = σ0 and a negative TCR are
expected to show signature of WL in their T dependence, par
ticularly at lower T. To verify this we analyze the electronic
transport in the NWs by fitting the σ − T data with the WL
relation for correction to conductivity [7], which is applicable
for 3D transport, and is given by:
p

(2)
σ = σ0 + kT 2 ,
where k =

2e 2
,
ahπ 2

p

and the factor a is defined as L Th = aT − 2 .

Figure 3. Fit to the WL expression for the temperature dependence
of conductivity below 30 K.

The factor a thus gives us the length scale associated with the
3
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Table 2. The fit parameters for low-temperature conductivity.

Name

σ0 (Ω cm)−1

σ0/σMott

k

p

a(×10−4)

NW1
NW2
NW3

547.9 ± 0.3
1790 ± 1
22.8 ± 0.3

48.5
158.7
2.0

0.01 ± 0.005
0.89 ± 0.09
0.0036 ± 0.0004

4.2 ± 0.1
3.2 ± 0.03
3.82 ± 0.03

7.8
0.08
21.4

Table 3. Scaling parameters for bulk germanium.

Dopant

Degree of compensation

Scaling
exponent ν

Arsenic
Arsenic
Antimony
Gallium
Gallium

Low
High
Low
Uncompensated
Low

0.5 [31]
1.2 [31]
0.9 [32]
0.5 [33]
0.97 [34]

de-phasing process. The exponent p depends predominantly
on the dimensionality and also the inelastic scattering process,
and σ0 is the Drude conductivity. The experimental data along
with fitted curves for the three NWs are given in figure 3. The
fit parameters are given in table 2. The value of p ∼4 in all
cases and agrees well with the predicted value of p  =  4 for
WL when the dominant inelastic scattering is due to electron–
phonon interaction [28]. This is also in sharp contrast to the
p  =  2/3 observed in some previous studies, where the dominant phase-breaking mechanism was suggested to be of the
1D Nyquist type [28].

Figure 4. Dependence of σ0 on the electronic concentration and fit
to the scaling law.

4.2. Scaling of conductivity

Table 2 shows the scaled zero temperature conductances.
Using the value of the hydrogenic Bohr radius aH = 6.4 nm
of an electron around an impurity atom in Ge [29], we evaluated the Mott minimum metallic conductivity in doped Ge,
σMott ≈ 1130(Ω m)−1. We used a value of nc averaged over different dopants using published data [30]. In table 2 we show
the ratio σ0 /σMott, which for NW3 is  >1, while for NW1 and
NW2 it is  1. This reaffirms that the Ge NWs indeed lie on
the metallic side, while NW3 lies close to the transition but is
still on the metallic side.
To visualize the approach to the critical region from the
metallic side in figure 4 we plotted the zero temperature conn
ductance σ0 as a function of |1 − n |, where nc is the critical
c
electron concentration for MIT in Ge. As discussed above
for nc, we used values taken from extensive studies on bulk
Ge. While this leaves an element of uncertainty regarding the
exact value of nc in the context of NWs, in the absence of
such a number for NWs, a bulk value for nc can be a viable
estimate. The zero temperature conductivity was found to
n
follow the scaling law σ0 ∼ (1 − n )ν. From the fit to the data
c
we found that ν = 0.62, which is close to the theoretical value
of 0.5 [13]. It is noted that there are not too many points that
are warranted for a precise determination of the exponent ν
and validity of the scaling law, nevertheless its applicability in
the approach to the critical region of MIT is interesting. This
has not been tested in NWs before.

Figure 5. Conductivity versus temperature data for NW1, NW2
and NW3, together with published data for Ge–Au alloy [36]
(dashed line) and n-type bulk Ge [35] (dotted line).

In the bulk, the critical concentration in Ge is not defined
exactly and varies with the donor atoms due to the spread in
the ionization energies of the donor centers [12]. Furthermore,
the critical exponent varies (0.5 < ν < 1.2) depending on the
compensation. Table 3 gives the level of compensation and
the value of ν for impurity-doped bulk Ge. For an uncompensated system, a value of  ∼0.5 is reported for ν [33] for bulk
Ge, which is in agreement with our experimentally obtained
value of ν = 0.62. In figure 5 we plot the σ − T data for the
NWs—together with bulk doped Ge (single crystal) [35] and
Au–Ge alloy (polycrystalline film) [36]—close to the trans
ition region. The percentage of Au in the alloy is 28% for a
polycrystalline film. The arsenic-doped Ge crystal has an
4
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5. Conclusions
We investigate the WL behavior and approach to MIT within
Ge NWs (diameters down to 45 nm) by studying the lowtemperature electronic transport. The NWs are on the metallic
side of the MIT. These wires show a temperature-dependent
conductivity, which below 30 K can be described by a 3D WL
p
behavior with Thouless length L Th ∼ T − 2 with p ∼ 4. From
the observed value of σ0 and the value of the critical carrier
concentration nc, we observe that the approach to MIT can be
n
described by the scaling equation σ0 ∼ (1 − n )ν with ν ≈ 0.6,
c
the value expected for an uncompensated system. This study
establishes the validity range for scaling theories in the NWs
and establishes a size limit for the applicability of the theory
for 3D behavior.
Figure 6. Temperature dependence of Thouless length (LTh) as

obtained from WL fits and its comparison with physical size of
samples.
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electronic concentration of 4.5 × 1017 cm−3. The bulk, film
and NWs have n > nc and all lie on the metallic side of the
transition with a finite conductivity at low temperature. This
graph establishes that the universal behavior of Ge as a doped
semiconductor is retained in these NWs.
4.3. Evaluation and temperature dependence of Thouless
length and its comparison to the physical dimensions of NWs

We obtained the Thouless length LTh (figure 6) from the
T dependence of σ using the value of a (see equation 2). In
the cases of NW1 and NW2, with less disorder, LTh at low
temperature grows to an appreciable value → few μ m. In
the case of the NW3 that lies on the verge of transition, the
increase of LTh with T is much smaller and is in the range of
a few hundreds of nm. The comparison of the temperaturedependent values of LTh with the physical size of the NWs
(diameter and length) show that in all the NWs the physical
length is > L Th. For NW1 and NW2, LTh and the physical
length becomes comparable and at much lower temperatures
(<1 K) one would expect the onset of phase coherent transport. Thus from the analysis of the data it is possible to estimate some approximate physical size (length  ⩾0.5 μm) and
temperature zone (T  <  10 K) where one would expect phase
coherent transport in Ge NWs. Generally two length scales
will decide whether one can obtain 1D behavior in them.
These are the Thouless length LTh and the Bohr radius aH. The
fit to the WL expression gives us LTh, as discussed above. At
low temperature in NW1 and NW2, the LTh becomes larger
than the diameter of the NWs. One would expect deviation
from 3D behavior. However, we did not observe such a deviation. It may occur at even lower temperatures, where L Th 
diameter. The physical size of the samples used in this work is
much larger than another fundamental scale, namely the Bohr
radius. Since both the diameter and the length are  >aH, we
would not expect any changes in the basic parameters related
to MIT behavior. Our investigation thus establishes that above
a certain size scale, the theories developed for the bulk Ge
MIT are still valid.
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