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Electrical properties of epitaxial single-crystalline Si/SiGe axial heterostructure nanowires (NWs) on

Si/111S substrate were measured by contacting individual NWs with a micro-manipulator inside an

scanning electron microscope. The NWs were grown by incorporating compositionally graded Si1�xGex

segments of a few nm thicknesses in the Si NWs by molecular beam epitaxy. The I–V characteristics

of the Si/SiGe heterostructure NWs showed Ohmic behavior. However, the resistivity of a typical

heterostructure NW was found to be significantly low for the carrier concentration extracted from the

simulated band diagram. Similarly grown pure Si and Ge NWs showed the same behavior as well,

although the I–V curve of a typical Si NW was rectifying in nature instead of Ohmic. It was argued that

this enhanced electrical conductivities of the NWs come from the current conduction through their

surface states and the Ge or Si/SiGe NWs are more strongly influenced by the surface than the Si ones.

& 2008 Elsevier Ltd. All rights reserved.
Axial Si/Si1�xGex heterostructure nanowires (NWs) are attrac-
tive candidates for nanoelectronic, optoelectronic and thermo-
electric devices [1] because of the possibilities of strain-induced
enhancement of carrier mobility [2], embedding quantum well
structures by modulated doping [3] and lower thermal conduc-
tivity [4]. Such heterostructure NWs have already been fabricated
by molecular beam epitaxy (MBE) [5], chemical vapor deposition
(CVD) [6] and hybrid pulsed laser ablation/chemical vapor
deposition (PLA–CVD) [7] techniques. It is possible to incorporate
single, as well as multiple SiGe segments in the Si NWs by all of
the above growth techniques. Although the thermal conductivity
of the PLA–CVD-grown Si/SiGe supper-lattice NWs has been
reported [8] and the effect of elastic strain relaxation in the
MBE-grown Si/SiGe NWs has been investigated [9], there is no
report on the electrical properties of such heterostructure NWs
until now. In this communication, we report on the electrical
measurements of individual Si/SiGe NWs and compare them with
that of pure Si and Ge NWs.

The growth of Si/SiGe NWs by MBE has already been reported
earlier [5]. In the previous work, the Si1�xGex segment of the NW
was compositionally graded with the maximum Ge concentration
at 10%. For the current NWs, the maximum Ge concentration
was increased to 26% by optimizing the growth parameters.
RCA-cleaned n-type (P doped, 5–10O cm) 500 Si/111S wafers
were used as the growth substrate. First a 200-nm Si buffer layer
was grown followed by in situ Au (catalyst) deposition and
ll rights reserved.

nungo).
subsequent growth of the first Si segment of the Si/SiGe
heterostructure NWs at 545 1C. The growth temperature was
lowered to 300 1C in steps and the SiGe segment was grown by
diffusing Ge into the NWs through Au. The temperature was
subsequently increased to 545 1C to grow the top Si segment. In
order to compare the electrical properties of the heterostructure
NWs, pure Si and Ge NWs were also grown following the exactly
same temperature profile. Details of the growth process will be
discussed elsewhere.

The NWs were single crystalline as revealed by the transmis-
sion electron microscopy (TEM) investigation (Fig. 1(a)). The
Ge concentration along the length of the NWs was measured
by many-beam TEM bright field imaging. For a typical NW in
Fig. 1(a), the Ge concentration (x) showed a Gaussian profile with
a peak value of 26% and FWHM of 7 nm (Fig. 1(b)).

Electrical measurements of individual NWs were performed by
the technique already described in details earlier [10]. Small
pieces were cleaved from the wafers and mounted on a copper
stage of an scanning electron microscope (SEM) (JEOL, JSM6400)
by making a back contact with silver paste. Silver gives a rather
good Ohmic contact with Si. The measured contact resistance was
around 3 kO. Tips of the individual NWs were contacted with Pt/Ir
tips (Fig. 2(a)) of diameter 100–300 nm, etched electrochemically
[11] from 250-mm-thick wires (Pt/Ir 80:20, Goodfellow) and
attached to a micro-manipulator (Kliendiek, MM3A-EM). The
micro-manipulator was connected to a pico-ammeter with an
internal voltage source (Keithley 6487, o2 fA noise) to measure
the I–V characteristics. Prior to every measurement, an SEM image
was taken (Fig. 2(b)), and during the measurement the electron
beam was blanked to avoid its influence. The gold caps on top of
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Fig. 1. (a) TEM image of a Si/Si1�xGex heterostructure NW. (b) Ge concentration (x) profile of the NW in part (a) along the NW length.

Fig. 2. (a) Schematic of the electrical measurement setup. (b) SEM image of a contacted NW.
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the NWs were removed by a 5 min dip in an aqueous solution of
KI and I2 (4:1), a standard gold etchant, so that the Pt/Ir tip could
make direct contacts with the NWs. The Au–Si contact is generally
Schottky, whereas the Pt/Ir–Si contact is generally Ohmic due to
the reduced barrier height [12].

There is a systematic uncertainty in our results because of the
unknown real contact area and contact pressure at the top of the
NWs with the Pt/Ir tip, which can change the measured current. In
order to minimize this, we relied only on the repeatable data. To
make a meaningful comparison, we picked Si/SiGe, Si and Ge NWs
of comparable dimensions, i.e., of diameter 155 nm and length
200 nm. All the I–V curves were measured between �500 and
500 mV. The I–V curve of the Si/SiGe NW showed Ohmic/linear
behavior (Fig. 3(a)) with a current in the range of 1mA at 500 mV.
The calculated resistance was 470 kO and resistivity 4O cm. This
value would correspond to a carrier concentration of 1�1015 cm�3

for n-type and 3�1015 cm�3 for p-type Si if we use bulk mobility
values [12]. We also estimated the carrier concentration of this
NW by making a simulation of its band structure based on the
‘finite difference method’ (Fig. 3(b)) at zero applied bias with the
simulation tool Next-Nano3. The NW was treated as a line
(one dimensional) with the Gaussian Ge concentration (x) profile
of Fig. 1(b). The band gap was treated as a linear function of x [13].
The band structure showed strain-induced splitting of X conduc-
tion band (X1, X2) and light hole (LH) and heavy hole (HH) valence
bands in the SiGe segment as expected. A ‘Type II’ band alignment
led to the Fermi level (EF) pinning at 0.58 eV above the valence
band. This would result an electron (n) concentration of 5�1010

cm�3 and a hole (p) concentration of 2�109 cm�3 following the
Fermi Dirac distribution statistics. These values are 6 orders of
magnitude less than that obtained from our I–V curve (Fig. 3(a)).
The pure Ge NW also showed Ohmic behavior (Fig. 4(a)) with
significantly higher conductivity as well. The extracted resistivity
was 0.2O cm, which corresponds to a carrier concentration of
1�1016 cm�3 for n-type and 4�1016 cm�3 for p-type Ge. Both of
them are 3 orders of magnitude higher than that of intrinsic
carrier concentration in Ge (2�1013 cm�3). The pure Si NW
showed rectifying characteristic (Fig. 4(b)), which agreed with our
previous observation [10]. As demonstrated earlier, the rectifica-
tion in this case comes from the space charge region at the base of
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Fig. 3. (a) I–V characteristic of a Si/SiGe heterostructure NW. (b) Simulated band diagram of a Si/SiGe NW at zero bias using the Ge concentration profile in Fig. 1(b).

Fig. 4. (a) I–V characteristic of a pure Ge NW. (b) I–V characteristic of a pure Si NW.
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the NW between the NW and the underlying epi-layer that grows
in parallel with it [5]. The series resistance calculated from the
diode-like curve of Fig. 4(b) was 1.61 MO. This corresponds to a
resistivity of 15O cm and a carrier concentration of 3�1014 cm�3

for n-type or 1�1015 cm�3 for p-type Si, which are 4–5 orders of
magnitude higher than the intrinsic carrier concentration in
Si (1�1010 cm�3).

We observed a consistent enhancement of electrical conduc-
tivities in Si/SiGe, Ge and Si NWs. As calculated earlier, the carrier
concentration in all of them is much higher than the correspond-
ing intrinsic values. Owing to the cylindrical geometry and
nanometric diameter, the NWs have a high surface-to-volume
ratio. Their surfaces are invariably covered with a very thin
(1–2 nm) layer of native oxide decorated with Au nanoparticles
(Fig. 1(a)) that are remnants of the Au catalyst initiating the
growth. These Au nanoparticles can add to the oxide charges or
surface states at the NW–native oxide interface. In general, they
deplete the volume of the NWs by trapping the free carriers.
Unless the NWs are highly doped with the free carrier concentra-
tion at least in the range of 1018 cm�3 [14], the surface states with
a nominal density of 1011 cm�2 should be able to fully deplete
them. As a result, there should be no volume conductivity.
However, the surface states can enhance the surface conductiv-
ities of both Si and Ge NWs, as observed earlier [15,16]. We think
that the observed enhanced conductivity of our NWs is due to the
surface states as well. The oxide charges including the Au
nanoparticles probably offer an alternative conduction path to
the electrons/holes. The exact nature of this conduction is
still unknown, but it can be hopping as argued earlier [8] or
simple leakage. In case of Si/SiGe or Ge NWs, the conductivity
enhancement is much larger than that in Si NWs and no current
rectification is observed. This suggests that the Ge incorporation
in the NWs makes them more sensitive to the surface and
even the space charge region at the base of the NW is removed.
Low temperature I–V measurements of these NWs will be
performed next to study the temperature dependence of the
electrical conductivity and the carrier transport will be modeled
accordingly.

In conclusion, we have reported a systematic study of the
electrical properties of the Si/SiGe heterostructure NWs and found
them much more conductive than expected. The same trend was
observed in pure Si and Ge NWs, and we attributed it to the
surface states on the NWs.

The authors thank Mr. Andreas Frommfeld and Mr. Kai-Uwe
Assmann for the technical support for MBE and SEM, respectively,
and Mrs. Sigrid Hopfe for the TEM sample preparations.
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