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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 alonplii¢ 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 mode200@ American
Institute of Physics.[DOI: 10.1063/1.1413495

I. INTRODUCTION and gold electrodes at room temperature, and that Ge nano-
wires were heavily doped during synthesis. Electrical trans-

Nanostructured materials and devices are important foport data are interpreted by the thermal fluctuation tunneling
both fundamental research and applications because theyodel.

provide a link between molecular and solid state physics, and

have the potential to reach far higher device densities com-

pared to traditional semiconductor technology. One kind of - EXPERIMENTAL DETAILS
nanostructured materials is one-dimensional nanowires andl. Ge nanowire growth
nanotubes, which have been produced by arc discHarge,
laser ablatiorf;® chemical vapor depositiofi** or chemical
transport reaction$>*® Much effort has focused on carbon
nanotubes due to their interesting electrical properties, su

A tube furnace was used for Ge nanowire synthesis. Ar-
gon gas with purity of 99.995% was used as a carrier gas to
CHansport germanium clusters produced by evaporation of
germanium powder at 950 °C. The pressure of the argon gas

a?f b{allé"‘:’ga c;)nguxlc;]n atl ro:i)\r/n tfmﬁrﬁjaiﬁagi Ilemmi was approximately 1.2 bar and the flow rate is approximately
efiect. p to now, no selective gro ethod Tor semi- 55 standard cubic centimeter per minufsccm) during

condugtmg carbon nanotubes was gvanable. Ser_mconduct%rrowth Evaporated gold films with 2 nm thickness and 10
nanowires can overcome the limitation of selective growth

nm Au nanoparticles, respectively, on Si/Si@afers were

and could be combined W't.h ”.‘Odem semiconductor technOI[Jsed as the substrates. The Au thin films were annealed at
ogy. Based on the vapor—liquid—solidLS) growth mecha-

. o : . . ) 500 °C for 30 min in vacuum in order to form Au nanopar-
nism, silicon nanowires were synthesized with silah&. P

Very recently silicon nanowire devices were fabricated andticles. Silicon substrates with a silicon dioxide layer of 300
; . ; . nm were treated with 3-aminopropyl-triethoxysilai3eAP
their transport properties were studf@dGermanium nano- propy ysila S

. ; . .solution (6 ul 3-APS in 10 ml HO), and the Au nanopar-
wires were also prepared by laser ablation using a CornpOSIE‘?cles (Sigma Inc) with diameters of 10 nm were deposited
target of germanium and gofdGermanium is one of the

nto the substrate. The substrates were placed downstream of

|mportant_s_em|conductors W.h'Ch’ fpr examplez can be usegne furnace at a temperature of 500 °C for 2 min. The sub-
as a sensitive photodetector in the infrared region. Moreover.

L i ) strates were studied by atomic force microscOflyM) with
:Egteé?tsoin(lz so:r:)r?glﬁ(‘:nfebl:(lafjl.t?nnr?nG;Iosrclaargrirng?ninnt a Nanoscope llla systertDigital Instrument$ in tapping
N ' 9 P mode using commercial silicon cantilevers under ambient
quantum size effects.

; . onditions. Scanning electron microscop$EM) images
In the present article, a simple method based on the VL 9 BSEM) 9

: i . . ere obtained with a Hitachi S-800 field emission source
mechanisrft is employed to produce germanium nanowwesmicroscope
on supporting gold nanoparticles. Ge nanowires with radii '

smaller than their Bohr radius and narrow diameter distribu-
tions were obtained. Transport measurements on individud®. Ge nanowire device fabrication
Ge nanowires indicate ohmic contacts between Ge nanowires Ge nanowires were dispersed by ultrasonic agitation into

an aqueous sodium dodecyl sulfate solutidnwt %) and
dElectronic mail: gang@Kklizix.mpi-stuttgart. mpg.de deposited on a SiPlayer 500 nm thick on a heavily doped
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FIG. 2. (a) AFM image of a low density Au nanoparticle on a substrate, and
(b) SEM image of Ge nanowires grown from 10 nm Au particles to SEM
image of Ge nanowires grown from these low density 10 nm Au particles.

FIG. 1. (a) AFM image of a Au thin film 2 nm thick after annealing. In the wire grOWth' Ge clusters condense at the Au partides' result-
inset is the diameter distribution of gold particles, 4bfi SEM images of  ing in the growth of droplets of Au—Ge. Ge nanowires,
Ge nanowires. The inset shows one nanowire with one nanoparticle at itgvhich grow from liquid droplets of Au—Ge due to supersatu-
end (the scale bar for the inset is 200 hm ration of Ge, show reasonably larger diameters than those of
the original Au nanopatrticles. The inset of FighlLpresents
one Ge nanowire with one nanoparticle at the end. Energy
dispersive x-ray spectroscogf£DX) revealed that the par-
ticle contains Au and a small amount of Ge, supporting the
VLS mechanism for Ge nanowire growth.

Si wafer, which was used as a back gate. Gold/titaniliib
nm/15 nm thicknegselectrodes were prepared by thermal
evaporation. The electrodes were separated byuardgap,
which was created by using a thin wifeungsten, 4um
diametey as a shadow mask during evaporatibiransport . .
measurements were performed in a two-terminal configuraB- G& nanowires grown from Au nanoparticles
tion under vacuun{10™* mbaj. Ge nanowires with diam- Ge nanowires were also grown from well-defined Au
eters of around 100 nm were selected for device fabricationanoparticles deposited onto silicon substrates. The Au nano-
because they can be readily found with optical microscopy.particles were homogeneously distributed on the silicon wa-
fer and this was confirmed by our AFM image shown in Fig
IIl. RESULTS AND DISCUSSION 2(a). Straight Ge nanowires were obtained, as shown in Fig.
2(b), indicating fewer defects in the nanowires. The average
wire diameter is 28 nm. The diameter distribution is from 20

Figure Xa) shows a typical AFM image of the Au thin to 45 nm, as determined by transmission electron microscopy
film after annealing, showing that the substrate was covereEM). This range is narrower compared to that grown from
by dense Au nanoparticles with average particle size of 13\u nanoparticles by annealing Au thin films. This difference
nm. After deposition of Ge, the surface of the thin film wasmay be related to the homogeneous diameter distribution of
found to be covered by a thin, dark brown layer. well-separated Au nanoparticles.

A typical SEM image of the Ge nanowires obtained is A substrate with a moderately high density of Au nano-
shown in Fig. 1b). The image shows that the substrate wasparticles[Fig. 3(@)] was used to obtain Ge nanowires of high
homogeneously covered by Ge nanowires, some of whickensity. As shown in Fig. (), entangled and pure Ge
are straight, but slightly curved nanowires are prominennanowires with similar diameter distribution were obtained.
probably due to defects in the nanowires. The diameter of th&his indicates that the morphology of Ge nanowires is re-
nanowires falls into the range of 20—180 nm. During nanodated to the density of Au nanoparticles on the substrate.

A. Ge nanowires grown on annealed Au thin film
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FIG. 4. HRTEM image of a Ge nanowire for which the selected area elec-
tron diffraction was recorded along t§@11) zone axis.

FIG. 3. (a) AFM image of a high density Au nanoparticle on a substrate, and 4; ~~+: ; ;
(b) SEM image of Ge nanowires grown from 10 nm Au particles to SEM dicating ohmic contacts between the Ge nanowire and the Au

image of Ge nanowires grown from these high density 10 nm Au particles.eleamdes' The Ge nanowires are covered by a thin layer
(1-2 nm of Ge oxide as determined by HRTEM. Germa-
nium oxide is slightly soluble in water and could possibly
Homogeneous Ge nanowires with radii smaller than 24 nmlead to a thin contact oxide layer and consequently ohmic
the effective Bohr radius, were synthesized from Au nanocontact around room temperature. The linear resistivity in-
particles. cluding contact resistance at room temperature ranged from
We also tried to grow Ge nanowires from a higher den-1.4x 10™2 to 30 cm, corresponding to an impurity concen-
sity of Au nanoparticles, however the diameter distributiontration of at least ¥ ¢cm~3.?° No gate dependence was
of Ge nanowires is broad, similar to the case of annealed Aobserved in the Ge nanowires, suggesting that the Ge nano-

thin films. wires were highly doped during growth.
In order to investigate the transport mechanism of the Ge
C. Microstructure of Ge nanowires nanowires, temperature dependencies of the linear resistance

Th . led off. di di ; at small bias voltage were plotted in Fig. 6. Hopping
€ nanowires were peeled off, CiSpersed in acelong, ., qtjyit? and photoconductiviff were found in gold-
and deposited onto a copper grid coated with an amorpho

. ) . . doped bulk germanium. However, the resistance data can be
carbon layer for high resolution transmission electron mi-

. fitted well within the framework of the fluctuation-induced
croscopy(HRTEM) (JEM 400EX, JEOD. A representative tunneling modef® where the thermally activated voltage
HRTEM image is shown in Fig. 4, where the inset is the

di lectron diffracti it Th wih di fluctuations across insulating gaps are crucial in the determi-
;:_orre?;:ﬁn INg elec ro_nf ! raéctlog pal em. f g_ro i ¢ hation of the temperature and electric field dependence of the
tlr?enr?anosvir;:rs](;vrvgsvse:lsc?yus?alIige de Zr?;grgi%o]\/elrr:;llo?/né 1 onductivity. This model has been successfully applied for

. ) . .~ €arbon-polyvinylchloride composites, doped polyacetylene
nm thick layer of amorphous oxide. EDX analysis of indi- polyviny P pec poy y

in th Mli i heavil losel -
vidual nanowires showed that they contain only Ge and ésnatteg frgre télafsregr:rgeéainge ;:své%bi%psg » CI0S€ly compen
small amount of oxygen. '

: ()

T
R=R,expg =——
IV. ELECTRICAL TRANSPORT THROUGH INDIVIDUAL T+T,

Ge NANOWIRES based on a parabolic barrier approximation, whiris the

Typical temperature dependence current—voltage characesistance at different temperatur€g,denotes the activation
teristics on a Ge nanowire with diameter of 120 nm areenergy at high temperatures, afglis the characteristic tem-
shown in Fig. %a) and Fig. 8b) is a AFM image of a two- perature around which the most rapid change in the effective
terminal Ge nanowire device. At temperatures higher thamarrier height occurs. By fitting the results with Ea), T,

100 K linear current dependence on voltage was found, in=432 K andT,=78 K was obtained. The Ge nanowire is
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FIG. 5. (a) I-V curves of Ge nanowires at different temperatures, @hnd
AFM image of a Ge nanowire device.
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FIG. 6. Linear resistance dependence on the temperature, where diamonds
are experimental data and the solid line is the fitting curve according to the
thermal fluctuation-induced tunneling mod&l. and T, are the parameters
described in Eq(1).

Assuming that the contact area between the gold electrode
and the Ge nanowire is the junction area, a junction width of
11 nm is obtained, which is much larger than the oxide layer
of Ge nanowires. Therefore, it is suggested that the potential
barriers in the devices more likely result from barriers within
the Ge nanowire due to inhomogeneous doping with Au
along the nanowire.

The minimum resistivity obtained is 1x410™2 () cm,
corresponding to a doping concentration of 202 at. % of
Au, however the largest solid solubility of Au in Ge is less
than 1.4< 102 at. %> It was reported that the conductivity
of doped bulk germanium is very sensitive to its surface
states3? |In the case of Ge nanowires surface states may
play a more important role due to their high ratio of surface

similar to heavily doped, closely compensated for, crystalling;;oms. sj nanowires surface states were suggested to contain

GaAs considering its low resistivity and heavy doping with
Au atoms which can serve as bofrtype and n-type
dopants’® The nonohmic current—voltage curve at low tem-
perature fits well based on the model and similgrand T
values were obtainedl; and T, are related to the energy
barrierV, by*®

16e,h AV .
O rePkg(2m) 20?2’
8€oAV3
=— 3
e I(B(U

wherew is the width of the junctionA its area, and/, the
height of its contact potentiakg is the Boltzmann constant,
e the electron chargen the electron effective mass, arg
the vacuum permittivity. If it is assumed that is the free
electron mass and the junction akas the cross section of

a large number of charge carriéfsin the Ge nanowire de-
vices reported here, surface states may also contribute to the
observed high conductivity. Further experiments are neces-
sary to clarify whether the same is true for the present Ge
nanowires.

V. SUMMARY

Based on the vapor-liquid—solid mechanism, Ge
nanowires from Au nanoparticles were synthesized. The op-
timal Au nanoparticle density was found to yield pure Ge
nanowires with narrow diameter distributions. The Ge
nanowires obtained were well crystallized and growth oc-
curred along th¢111] direction. The technique described is
simple but effective for the fabrication of Ge nanowires for
different applications. Transport measurements on individual
Ge nanowires at different temperatures suggest possible roles

the Ge nanowire, the effective junction width and barrierof fluctuation-induced tunneling in heavily doped Ge nano-
height are estimated to be 4.3 nm and 8 meV, respectivelywires.
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