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The authors present the demonstration of nanowire field-effect transistors incorporating group IV
alloy nanowires, Si;_,Ge,. Single-crystalline Si;_,Ge, alloy nanowires were grown by a Au
catalyst-assisted chemical vapor synthesis using SiH, and GeH, precursors, and the alloy
composition was reproducibly controlled in the whole composition range by controlling the kinetics
of catalytic decomposition of precursors. Complementary in situ doping of Si,_,Ge, nanowires was
achieved by PH; and B,Hg incorporation during the synthesis for n- and p-type field-effect
transistors. The availability of both n- and p-type Si;_,Ge, nanowire circuit components suggests
implications for group IV semiconductor nanowire electronics and optoelectronics. © 2007
American Institute of Physics. [DOI: 10.1063/1.2753722]

Group IV semiconductor alloys offer a continuously
variable system of crystal lattices and energy band gaps,
leading to interesting applications into electronics and
optoelectronics.” For example, Si;_,Ge, thin films offer a
lattice-engineered platform for strained Si carrier channels
with enhanced carrier mobility in Si/Si;_,Ge, heteroepitaxial
structures in high speed electronics, and they also serve as
long wavelength photodetectors in optical
communications.”>  More interestingly  nanocrystalline
Si;_,Ge, provides challenging opportunities for efficient light
emitters/detectors in Si optoelectronics, since it can poten-
tially allow enhanced emission and detection of the photons
in the wide energy band gap, i.e., the wavelength range of
optical fiber communication.”” One-dimensional Si;_,Ge,
nanocrystals, in this sense, can serve as attractive test beds to
investigate the interplay between electronic charge transport
and light emission/detection processes, because one can in-
tegrate electrical and optical components within the indi-
vidual nanowires.®’ Here, to this end, we report the synthesis
and characterization of n-type and p-type Si;_,Ge, nanowires
as elemental nanowire device blocks in electronic and optical
circuits. Specifically, single-crystalline Si,_,Ge, nanowires in
the whole range of O=x=<1 were synthesized by Au
catalysts-assisted chemical vapor depositions (CVDs), and
were identified as Si:Ge random alloys by micro-Raman
scattering and electron microscopy studies within the instru-
mental limits. Single-crystalline Si;_,Ge, nanowires were for
the first time in situ doped with PH; and B,Hg as n and p
dopants during the CVD growth, and we then demonstrated
fabrication of n-type and p-type Si;_,Ge, nanowire field-
effect transistors. We argue that the availability of both n-
and p-type Si;_,Ge, nanowire components in this study sug-
gests implications for group IV semiconductor nanowire
electronics and optoelectronics.
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Single-crystalline Si;_,Ge, nanowires were %rown by the
Au catalyst-assisted chemical vapor process.4’ 1% The Au
catalysts of the nanometer scale were prepared by dispersion
of colloidal Au particles of 10-50 nm in diameter on
Si0,/Si (100), and are subsequently loaded in a quartz tube
furnace. Then the nanowire crystal growth was carried out
under a constant flow of independent SiH, and GeH, precur-
sors (specifically, 10% of SiH, and GeH, premixed in H,) at
given temperatures. Figures 1(a) and 1(b) show representa-
tive scanning and transmission electron microscopy images
of individual Si;_,Ge, nanowires. The presence of Au cata-
lysts at the front tip of the nanowires, as in the inset of Fig.
1(a), suggests that the growth is governed by vapor-liquid-
solid mechanism.'"'? We also confirmed that the nanowires
are single crystalline with the same crystal orientation along
the entire nanowire length, as in the inset of Fig. 1(b), al-
though the crystal orientation with respect to the nanowire
axis usually varies for the nanowires of different diameters."?
The relative composition of Si and Ge in Si;_,Ge, nanowires
is determined from energy dispersive x-ray (EDX) spectra
probed on individual nanowires by the convergent electron
beam in TEM. We quantitatively determined the relative
composition using the k factor of Si K, and Ge K, radiations
in the EDX spectra, as representatively shown for Sij,Ge 3
nanowires in Fig. 1(c). The Si:Ge composition is variant only
within 5% variation along the nanowire and this finding sug-
gests appropriate alloying of Si and Ge within the nanowires
without forming any obvious long range ordering. Figure 2
illustrates the relationship between the Ge precursor pressure
ratio in the reactor during the CVD growth and the Ge con-
tent in the nanowires, and notably the reaction requires much
less GeH, precursor for the corresponding compositions, due
to the much faster thermal decomposition kinetics than that
of SiH4.4’10 This faster thermal decomposition rate of GeH,
promotes homogeneous decomposition (radial growth) over
catalytic decomposition (axial growth), and typically mani-
fests itself as the tapered shape.g’10 Thus, in this study, we

© 2007 American Institute of Physics
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— 20 nm: Si(0.75), Ge(0.25)
— 10 nm: Si(0.78), Ge(0.22)
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FIG. 1. (Color) (a) Scanning electron microscope image of Sij;Ge, 3 nano-
wires (b) Transmission electron microscope images of individual Si,,Geg
nanowires. Inset is a high-resolution image from the middle section of a
nanowire, showing the crystal orientation along the nanowire length is [111].
(c) Energy dispersive x-ray (EDX) spectra collected from individual
Sig3Gey 7 nanowires of 10 and 20 nm diameter. Inset is a TEM image of
Sij3Ge( 7 nanowires of 10 and 20 nm diameter, and the EDX spectra were
collected from different positions within the individual nanowires as marked
by x.

have paid particular attention in order to avoid the radial
growth, and found that H, introduction into the reactor dur-
ing the growth effectively suppressed the radial growth.4’8‘14
There is usually a finite diameter distribution due to different
sizes of Au catalysts formed at the nanowires growth condi-
tions, and we have found a general tendency that the Ge
content is smaller in thinner Si;_,Ge, nanowires: at almost
all growth conditions we observed size-dependent composi-
tion variation by up to 10%, particularly when the diameter
varies below 20 nm—see also Fig. 1(c). We are under further
investigation on this observation based on thermodynamic
calculations.

Figure 3 shows a series of Raman scattering spectra of
individual Si;_,Ge, nanowires for various Ge compositions,
collected from the Ar laser excitation (514.8 nm) whose spot
size is ~500 nm in diameter, as schematically seen in Fig.
3(a). The nanowires were dispersed on glass substrates and
the Raman spectra were obtained by subtracting the back-
ground signals collected when the laser was focused on the
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FIG. 2. (Color) Variation in the Ge content in the nanowires of 20 nm in
diameter with the relative GeH, pressure ratio in the total (SiH,+GeH,)
pressure. The inset shows the corresponding energy dispersive X-ray spectra
in the main panel.
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FIG. 3. (Color) (a) Schematics of micro-Raman scattering setup in this
study. A typical bright field optical microscope image of individual Si,_Ge,
nanowire dispersed on glass substrates is shown at the right, where the sides
of a square are 30 um. (b) Micro-Raman scattering spectra of individual
Si;_,Ge, nanowires of 50 nm in diameter for various Ge compositions. Two
vertical lines (solid and dotted) define the peak positions of Si-Si and
Ge-Ge from the pure Si and Ge nanowires.

05 .
10°
V=01V
0] " @) |
-1 <
10" £
0.3 o
[ 4
10% &
024 3
= 3
<é 01 0 0 5 1010
s Gate Voltage, Vg V) =
- il
c 0.04 v
& Y
3 4
3 o1
02
03
041 . . . :
-0.10 -0.05 0.00 0.05 0.10
Voltage, V (V)
25
3x10°
0 E M G 2x10° (b) |
£
1.5 10" 2 "
2 ;-
g %
1.0 o
E 0.54 4 -2 0 2 4
- Gate Voltage, Vg V)
€ 00
¢
>
3 05 —g= v
—_— Vg =-1V
g
-1.04
—Vg= 0V
—Vy= 1V
15 g
Vg= 2V
2.0
-0.10 -0.05 0.00 0.05 0.10

Voltage, V (V)

FIG. 4. (Color) Current (/)-voltage (V) characteristics recorded on (a) a
40 nm thick B-doped and (b) a 80 nm thick P-doped Si, sGe, 5 nanowire at
various gate voltages (V,). The lower inset of (a) is a scanning electron
micrograph of a representative nanowire FET along with a simplified mea-
surement scheme. A dotted arrow represents the direction of positively in-
creasing gate voltages. The upper insets are /-V, at V=0.1 V. The arrows
represent the sweep direction of gate voltage.
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glass substrates from the signals of the nanowires. There are
three major Raman peaks at around 300, 400, and 500 cm™!,
and they can be assigned to the optical phonon modes asso-
ciated with the local Ge-Ge, Si—Ge, and Si—Si vibrations, as
similarly characterized on bulk and nano-Si;_,Ge, crystals in
the literature.™'® As it is qualitatively expected, with the
increasing Ge content from pure Si nanowires, the peak in-
tensity of the Si—-Ge and Ge-Ge peaks increases, and only
the Ge—Ge vibration peak is present for pure Ge nanowires.
It is notable that in the Si,_,Ge, alloys the mode frequency of
both the Si-Si and Ge-Ge peaks shift to lower frequencies
accompanied by the peak broadening, compared to those of
the pure Si and Ge nanowires. It was reported that in ran-
domly alloyed Si;_,Ge, crystals, i.e., Si and Ge are substitu-
tionally introduced in the lattice of each other, the localized
mode vibrations occurs at lower frequencies with some de-
grees of mode inhomogeneity than those in perfect
crystals.ls’16 Our observations are consistent with the previ-
ous reports, and thus further support the fact that Si and Ge
essentially form compositionally random alloys within the
individual nanowires without any obvious long range order-
ing of Si or Ge, as discussed above.

Figure 4 shows the current (7)-voltage (V) characteristics
of p-type and n-type SiysGe, s nanowire field-effect transis-
tors at various gate voltages (V,) in this study. These
Sig sGeg 5 nanowires were in situ doped with PH; and B,Hg
at the SiH,:GeH,:(PH; or B,Hy;) gas pressure ratio of
10:1:2X 1073, from which the nanowire transistors are fab-
ricated on SiO,/degenerated Si substrates by e-beam lithog-
raphy and the Ni/Au (30/100 nm) lift-off, as seen in the
lower inset of Fig. 3(a). Electrical transport measurements
were taken on individual nanowire field-effect transistors
(FETs) using a home-built system with a minimum noise
level of <2 pA. As in the lower inset of Fig. 4(a), the bias
voltage (V) was applied to the source electrode with respect
to the drain electrode, and the gate voltage was applied
through degenerated Si substrates across SiO, insulators to
vary the electrostatic potential of the Si;_,Ge, nanowire
channels of 40 nm in diameter. Figure 4(a) shows
V,-dependent [-V characteristics measured on a B-doped
Si;_,Ge, nanowire. The -V curves are linear within the volt-
age range applied, from which the resistivity of this B-doped
Si,_,Ge, nanowire is calculated to be 1.74X 10! Q cm at
V,=0 V. Notably, the currents were suppressed with posi-
tively increasing of V,, as represented by an arrow, and this
gate voltage dependence is a typical character of p-type
field-effect transistor. This behavior is also shown in the up-
per inset, where the current varies with applied gate voltage
(I-V,) at a constant V of 0.1 V. Typically we observed hys-
teretic I-V,, as we change the directions of gate voltage
sweep and it is presumably due to trap charges existing at the
nanowire/SiO, interface and in the oxide. In the same man-
ners, seen from I-V-V, and I-V, data in Fig. 4(b), we identi-
fied the typical n-type field-effect transistor character from
P-doped Si;_,Ge, nanowires (of 80 nm in diameter) whose
resistivity is calculated to be 9.27 ) cm at V,=0 V. The car-
rier mobilities are estimated, using an assumption regarding
the nanowire as a cylindrical capacitor, to be 6.07 X 10! and
2.09 cm?/V s for B-doped and P-doped Si;_,Ge, nanowire
FETs, respectively. We consider that these values are much
smaller than the reported values from pure Si or Ge
nanowires,'”'® and yet can be enhanced by an optimal design
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of FET structures, for example, by appropriate surface pas-
sivation of thinner Si;_,Ge, nanowire channels with high-k
dielectrics as gate insulators. Here we can only comment that
we have for the first time demonstrated the appropriate FET
operations based on n-type and p-type Si;_,Ge, nanowires.

In summary we have synthesized single-crystalline
Si;_,Ge, alloy nanowires in the whole range of 0<x=<1 by
the Au catalyst-assisted chemical vapor synthesis, and micro-
Raman scattering and electron microscope studies on indi-
vidual nanowires show that Si and Ge form random alloys
within the same crystal structures within the nanowires. We
have also incorporated PH; and B,Hg dopants during the
nanowire growth, and fabricated nanowire field-effect tran-
sistors based on these nanowires. We have verified that the
appropriate n- and p-type FET operations can be available
from these in situ P-doped and B-doped Si;_,Ge, nanowire
components.
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