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Growth and electrical transport of germanium nanowires
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Single crystalline germanium nanowires have been synthesized from gold nanoparticles based on a
vapor–liquid–solid growth mechanism. Germanium powder was evaporated at 950 °C, and
deposited onto gold nanoparticles at 500 °C using argon as a carrier gas. The diameter of the
germanium nanowires ranged from 20 to 180 nm when gold thin films were utilized as the substrate,
while the nanowires grown from 10 nm Au particles showed a narrower diameter distribution
centered at 28 nm. The growth direction of germanium nanowires is along the@111# direction,
determined by high resolution transmission electron microscopy. Transport measurements on
individual Ge nanowires indicate that the wires are heavily doped during growth and that transport
data can be explained by the thermal fluctuation tunneling conduction model. ©2001 American
Institute of Physics.@DOI: 10.1063/1.1413495#
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I. INTRODUCTION

Nanostructured materials and devices are important
both fundamental research and applications because
provide a link between molecular and solid state physics,
have the potential to reach far higher device densities c
pared to traditional semiconductor technology. One kind
nanostructured materials is one-dimensional nanowires
nanotubes, which have been produced by arc discharg1–3

laser ablation,4–6 chemical vapor deposition,7–14 or chemical
transport reactions.15,16 Much effort has focused on carbo
nanotubes due to their interesting electrical properties, s
as ballistic conduction at room temperature,17 and field
effect.18,19 Up to now, no selective growth method for sem
conducting carbon nanotubes was available. Semicondu
nanowires can overcome the limitation of selective grow
and could be combined with modern semiconductor tech
ogy. Based on the vapor–liquid–solid~VLS! growth mecha-
nism, silicon nanowires were synthesized with silane.20,21

Very recently silicon nanowire devices were fabricated a
their transport properties were studied.22 Germanium nano-
wires were also prepared by laser ablation using a compo
target of germanium and gold.5 Germanium is one of the
important semiconductors which, for example, can be u
as a sensitive photodetector in the infrared region. Moreo
the excitonic Bohr radius of bulk~24.3 nm! Ge is larger than
that of Si ~4.9 nm!,16 hence resulting in more prominen
quantum size effects.

In the present article, a simple method based on the V
mechanism23 is employed to produce germanium nanowir
on supporting gold nanoparticles. Ge nanowires with ra
smaller than their Bohr radius and narrow diameter distri
tions were obtained. Transport measurements on individ
Ge nanowires indicate ohmic contacts between Ge nanow

a!Electronic mail: gang@klizix.mpi-stuttgart.mpg.de
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and gold electrodes at room temperature, and that Ge n
wires were heavily doped during synthesis. Electrical tra
port data are interpreted by the thermal fluctuation tunne
model.

II. EXPERIMENTAL DETAILS

A. Ge nanowire growth

A tube furnace was used for Ge nanowire synthesis.
gon gas with purity of 99.995% was used as a carrier ga
transport germanium clusters produced by evaporation
germanium powder at 950 °C. The pressure of the argon
was approximately 1.2 bar and the flow rate is approximat
30 standard cubic centimeter per minute~sccm! during
growth. Evaporated gold films with 2 nm thickness and
nm Au nanoparticles, respectively, on Si/SiO2 wafers were
used as the substrates. The Au thin films were anneale
500 °C for 30 min in vacuum in order to form Au nanopa
ticles. Silicon substrates with a silicon dioxide layer of 3
nm were treated with 3-aminopropyl-triethoxysilane~3-APS!
solution ~6 m l 3-APS in 10 ml H2O!, and the Au nanopar-
ticles ~Sigma Inc.! with diameters of 10 nm were deposite
onto the substrate. The substrates were placed downstrea
the furnace at a temperature of 500 °C for 2 min. The s
strates were studied by atomic force microscopy~AFM! with
a Nanoscope IIIa system~Digital Instruments! in tapping
mode using commercial silicon cantilevers under ambi
conditions. Scanning electron microscopy~SEM! images
were obtained with a Hitachi S-800 field emission sou
microscope.

B. Ge nanowire device fabrication

Ge nanowires were dispersed by ultrasonic agitation i
an aqueous sodium dodecyl sulfate solution~1 wt %! and
deposited on a SiO2 layer 500 nm thick on a heavily dope
7 © 2001 American Institute of Physics
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Si wafer, which was used as a back gate. Gold/titanium~175
nm/15 nm thickness! electrodes were prepared by therm
evaporation. The electrodes were separated by a 4mm gap,
which was created by using a thin wire~tungsten, 4mm
diameter! as a shadow mask during evaporation.24 Transport
measurements were performed in a two-terminal configu
tion under vacuum~1024 mbar!. Ge nanowires with diam-
eters of around 100 nm were selected for device fabrica
because they can be readily found with optical microsco

III. RESULTS AND DISCUSSION

A. Ge nanowires grown on annealed Au thin film

Figure 1~a! shows a typical AFM image of the Au thin
film after annealing, showing that the substrate was cove
by dense Au nanoparticles with average particle size of
nm. After deposition of Ge, the surface of the thin film w
found to be covered by a thin, dark brown layer.

A typical SEM image of the Ge nanowires obtained
shown in Fig. 1~b!. The image shows that the substrate w
homogeneously covered by Ge nanowires, some of wh
are straight, but slightly curved nanowires are promin
probably due to defects in the nanowires. The diameter of
nanowires falls into the range of 20–180 nm. During nan

FIG. 1. ~a! AFM image of a Au thin film 2 nm thick after annealing. In th
inset is the diameter distribution of gold particles, and~b! SEM images of
Ge nanowires. The inset shows one nanowire with one nanoparticle a
end ~the scale bar for the inset is 200 nm!.
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wire growth, Ge clusters condense at the Au particles, res
ing in the growth of droplets of Au–Ge. Ge nanowire
which grow from liquid droplets of Au–Ge due to supersa
ration of Ge, show reasonably larger diameters than thos
the original Au nanoparticles. The inset of Fig. 1~b! presents
one Ge nanowire with one nanoparticle at the end. Ene
dispersive x-ray spectroscopy~EDX! revealed that the par
ticle contains Au and a small amount of Ge, supporting
VLS mechanism for Ge nanowire growth.

B. Ge nanowires grown from Au nanoparticles

Ge nanowires were also grown from well-defined A
nanoparticles deposited onto silicon substrates. The Au na
particles were homogeneously distributed on the silicon w
fer and this was confirmed by our AFM image shown in F
2~a!. Straight Ge nanowires were obtained, as shown in F
2~b!, indicating fewer defects in the nanowires. The avera
wire diameter is 28 nm. The diameter distribution is from
to 45 nm, as determined by transmission electron microsc
~TEM!. This range is narrower compared to that grown fro
Au nanoparticles by annealing Au thin films. This differen
may be related to the homogeneous diameter distributio
well-separated Au nanoparticles.

A substrate with a moderately high density of Au nan
particles@Fig. 3~a!# was used to obtain Ge nanowires of hig
density. As shown in Fig. 3~b!, entangled and pure G
nanowires with similar diameter distribution were obtaine
This indicates that the morphology of Ge nanowires is
lated to the density of Au nanoparticles on the substra

its

FIG. 2. ~a! AFM image of a low density Au nanoparticle on a substrate, a
~b! SEM image of Ge nanowires grown from 10 nm Au particles to SE
image of Ge nanowires grown from these low density 10 nm Au particl
IP license or copyright, see http://ojps.aip.org/japo/japcr.jsp
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Homogeneous Ge nanowires with radii smaller than 24 n
the effective Bohr radius, were synthesized from Au na
particles.

We also tried to grow Ge nanowires from a higher de
sity of Au nanoparticles, however the diameter distributi
of Ge nanowires is broad, similar to the case of annealed
thin films.

C. Microstructure of Ge nanowires

The nanowires were peeled off, dispersed in aceto
and deposited onto a copper grid coated with an amorph
carbon layer for high resolution transmission electron m
croscopy~HRTEM! ~JEM 400EX, JEOL!. A representative
HRTEM image is shown in Fig. 4, where the inset is t
corresponding electron diffraction pattern. The growth dir
tion of the nanowires is found to be along the@111# direction,
the nanowires are well crystallized, and are covered by a
nm thick layer of amorphous oxide. EDX analysis of ind
vidual nanowires showed that they contain only Ge an
small amount of oxygen.

IV. ELECTRICAL TRANSPORT THROUGH INDIVIDUAL
Ge NANOWIRES

Typical temperature dependence current–voltage cha
teristics on a Ge nanowire with diameter of 120 nm a
shown in Fig. 5~a! and Fig. 5~b! is a AFM image of a two-
terminal Ge nanowire device. At temperatures higher th
100 K linear current dependence on voltage was found,

FIG. 3. ~a! AFM image of a high density Au nanoparticle on a substrate, a
~b! SEM image of Ge nanowires grown from 10 nm Au particles to SE
image of Ge nanowires grown from these high density 10 nm Au partic
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dicating ohmic contacts between the Ge nanowire and the
electrodes. The Ge nanowires are covered by a thin la
~1–2 nm! of Ge oxide as determined by HRTEM. Germ
nium oxide is slightly soluble in water and could possib
lead to a thin contact oxide layer and consequently oh
contact around room temperature. The linear resistivity
cluding contact resistance at room temperature ranged f
1.431022 to 30V cm, corresponding to an impurity concen
tration of at least 1016 cm23.25 No gate dependence wa
observed in the Ge nanowires, suggesting that the Ge n
wires were highly doped during growth.

In order to investigate the transport mechanism of the
nanowires, temperature dependencies of the linear resist
at small bias voltage were plotted in Fig. 6. Hoppin
conductivity26 and photoconductivity27 were found in gold-
doped bulk germanium. However, the resistance data ca
fitted well within the framework of the fluctuation-induce
tunneling model,28 where the thermally activated voltag
fluctuations across insulating gaps are crucial in the dete
nation of the temperature and electric field dependence of
conductivity. This model has been successfully applied
carbon-polyvinylchloride composites, doped polyacetyle
in the metallic regime, and heavily doped, closely comp
sated for GaAs, and can be described by

R5R0 expS T1

T1T0
D , ~1!

based on a parabolic barrier approximation, whereR is the
resistance at different temperatures,T1 denotes the activation
energy at high temperatures, andT0 is the characteristic tem
perature around which the most rapid change in the effec
barrier height occurs. By fitting the results with Eq.~1!, T1

5432 K andT0578 K was obtained. The Ge nanowire

d

s.

FIG. 4. HRTEM image of a Ge nanowire for which the selected area e
tron diffraction was recorded along the^011̄& zone axis.
IP license or copyright, see http://ojps.aip.org/japo/japcr.jsp



in
ith

-

y

,

f
ie
e

ode
of

yer
tial
in
Au

s
y
ce
ay

ce
ntain

the
es-
Ge

e
op-
e
e
c-

is
or
ual
roles
o-

onds
the

5750 J. Appl. Phys., Vol. 90, No. 11, 1 December 2001 Gu et al.
similar to heavily doped, closely compensated for, crystall
GaAs considering its low resistivity and heavy doping w
Au atoms which can serve as bothp-type and n-type
dopants.29 The nonohmic current–voltage curve at low tem
perature fits well based on the model and similarT1 andT0

values were obtained.T0 and T1 are related to the energ
barrierV0 by28

T05
16e0\AV0

3/2

pe2kB~2m!1/2v2
, ~2!

T15
8e0AV0

2

e2kBv
, ~3!

wherev is the width of the junction,A its area, andV0 the
height of its contact potential,kB is the Boltzmann constant
e the electron charge,m the electron effective mass, ande0

the vacuum permittivity. If it is assumed thatm is the free
electron mass and the junction areaA is the cross section o
the Ge nanowire, the effective junction width and barr
height are estimated to be 4.3 nm and 8 meV, respectiv

FIG. 5. ~a! I–V curves of Ge nanowires at different temperatures, and~b!
AFM image of a Ge nanowire device.
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Assuming that the contact area between the gold electr
and the Ge nanowire is the junction area, a junction width
11 nm is obtained, which is much larger than the oxide la
of Ge nanowires. Therefore, it is suggested that the poten
barriers in the devices more likely result from barriers with
the Ge nanowire due to inhomogeneous doping with
along the nanowire.

The minimum resistivity obtained is 1.431022 V cm,
corresponding to a doping concentration of 231023 at. % of
Au, however the largest solid solubility of Au in Ge is les
than 1.431023 at. %.30 It was reported that the conductivit
of doped bulk germanium is very sensitive to its surfa
states.31,32 In the case of Ge nanowires surface states m
play a more important role due to their high ratio of surfa
atoms. Si nanowires surface states were suggested to co
a large number of charge carriers.22 In the Ge nanowire de-
vices reported here, surface states may also contribute to
observed high conductivity. Further experiments are nec
sary to clarify whether the same is true for the present
nanowires.

V. SUMMARY

Based on the vapor–liquid–solid mechanism, G
nanowires from Au nanoparticles were synthesized. The
timal Au nanoparticle density was found to yield pure G
nanowires with narrow diameter distributions. The G
nanowires obtained were well crystallized and growth o
curred along the@111# direction. The technique described
simple but effective for the fabrication of Ge nanowires f
different applications. Transport measurements on individ
Ge nanowires at different temperatures suggest possible
of fluctuation-induced tunneling in heavily doped Ge nan
wires.

FIG. 6. Linear resistance dependence on the temperature, where diam
are experimental data and the solid line is the fitting curve according to
thermal fluctuation-induced tunneling model.T1 andT0 are the parameters
described in Eq.~1!.
IP license or copyright, see http://ojps.aip.org/japo/japcr.jsp
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