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Silicon nanowires were selectively grown at temperatures below 400°C by plasma enhanced
chemical vapor deposition using silane as the Si source and gold as the catalyst. A detailed growth
study is presented using electron microscopy, focused ion beam preparation, and Raman
spectroscopy. A radio-frequency plasma significantly increased the growth rate. The Si nanowires
show an uncontaminated, crystalline silicon core surrounded by a 2-nm-thick oxide sheath. The
as-grown diameters are small enough for the observation of quantum confinement effects. Plasma
activation could allow a further decrease in deposition temperature. A growth model for plasma
enhanced nanowire growth is discussed. 2@03 American Institute of Physics.
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I. INTRODUCTION Different methods have been used to synthesize SINWSs:
chemical vapor deposition (CVD),” laser-ablatiof,
Crystalline nanostructures such as nanotubes and nanevaporatior?, and solution-based methotfsVarious direc-
wires offer unique access to low-dimensional physics, andional features of these techniques were reported and a model
they can be used as nanotechnology building blocks to reaghroposed for preferred SiNW growth directioltsHigh-
higher device integration densities than conventional fabricatemperature laser ablation enables metal-catalyst-free growth
tion methods:? A great advantage of synthetic nanocrystalshased on SiQassisted synthest&.CVD does require the use
is that they inherently grow in nanometer size, without theof a metal catalyst, but this allows controlled, selective
need of complicated lithography processes. One-dimensiongkowth by prepatterning the metal on the substrate. This
nanomaterials could play a key role in nanotechnology, asnethod is often based on the vapor—liquid—salidS)
well as provide model systems to demonstrate quantum sizgeg!® in which various metals, such as Ad® Fe84 T 1°
effects. However, their small size makes the assembly angnd Ga'® catalytically enhance the growth of SiNWs. Ga
integration difficult, so nanostructures will not realize their gppears to be the most favorable catalyst for low-temperature
full pOtential until their grOWth can be controlled aCCUratEIy. Synthesis from its phase diagram, because the Ga-Si System
Nanowires have recently attracted attention as an altehas a very low eutectic temperatdfeHowever, the diffusiv-
native system to carbon nanotub@NTs).> The extensive ity and possible contamination by the catalyst makes Ga less
study of CNTs in the past decade has hit problems, some @fyored, and Ti a more promising catalyst.
which might be overcome by using nanowifesilicon We used Au as a catalyst, as it does not form a silicide
nanowires(SINWS) are particularly attractive due to the cen- and the bulk Au/Si eutectic temperature is relatively low
tral role of the silicon semiconductor industry, which would (363 °C) compared to other catalysts, like Fe and Ti. Hence,

allow Si nanowires to be implemented using existing tech-ny gives low-temperature growth but it does not leave a fast
nologies. The bulk properties of silicon are well understood gjtfysing impurity.

Therefore, SINWs offer an ideal basis to study the effects of | his article, we demonstrate the selective growth of

guantum confinemer_n ahd possib[e applications. The carriegjnws at temperatures below 400°C. This is achieved by
type and concentration in crystalline SiNWs could be CONsing a commercial plasma enhanced chemical vapor depo-

trolled by doping, as in bulk Si.Silicon turns into a direct  gition (PECVD) system typically used to grow silicon thin
band-gap semiconductor at nanometer size due to quantufiiys.

confinement;® so it could be used in optoelectronics, unlike The ability to grow at low temperatures is important for
bulk Si. device integration. We show that a low-power radio fre-
quency (rf) plasma significantly increases the growth rate,
dElectronic mail: sh315@eng.cam.ac.uk without decreasing the high crystallinity of the as-grown
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structures. As in carbon nanotubes, plasma enhancement may
allow the growth of SiNWs at lower substrate
temperature$’'® For example, a microwave plasma gave
SiNWs without needing a separate heater.

Focusing on the influence of the Au catalyst, we present
a detailed electron microscopy study comparing the use of
different Au film thicknesses and Au colloidal suspensions.
Quantum confinement was recently demonstrated in SINWs
by scanning tunneling microscopy on single, oxide-removed
SiNWs?!® Here, we show that Raman spectroscopy is a
simple way to demonstrate phonon confinement effects. This
also allows us to probe quickly and nondestructively the av-
erage diameter of SiINWs. Finally, we discuss possible
growth mechanisms for PECVD and thermally grown
SiNWs.

FIG. 1. SEM photograph of Si nanostructures grown at 0.4 mbar, 380 °C,
II. EXPERIMENTAL DETAILS and 10 W rf power for 15 min.

A 20-nm-thick SiQ layer was grown by thermal oxida- i
tion or low-temperature electron cyclotron resonaf€€R) dl_ame;cer SiNWs and lower growth temperatures compared to
onto polishedn-type S{100 substrates to act as a catalyst SICla-" It is also known that a higher Sipartial pressure
diffusion barrier. Au was deposited by evaporating Au metaldives smaller diameter SiNWsTherefore, we used undi-
(99.99% from a tungsten boat in a standard evaporator at &/ted silane as the precursor gas. - _
base pressure below 1®mbar. The thickness of the Au The SiNW growth rate was about 0.2 nm'sat a silane
layer was determined by profilometry and conductivity meaPressure of 0.4 mbar at 380 °C without a plasma. A gold
surements. Au colloidal suspensions were made by the r&atalyst layer of more than 3 nm thickness showed no nano-
duction of aqueous HAuGIsolution by sodium citrate at Wire growth at these conditions.
110°C2 The resulting Au suspension has clusters of Au To increase the growth rate, a 13.6 MHz_rf plasma was
with diameter 16 nmt 10% and contains 5.8 mg of Au per then used. Figure 1 shows a SEM image of Si nanostructures

100 ml H,0. The colloids can be applied directly or with the 9rown at 0.4 mbar, 380°C, and 10 W rf power for 15 min.
help of a surfactant on the substrates. The initial 3-nm-thick Au catalyst layer formed droplets with

The samples were then loaded into the rf parallel platé" @verage diameter below 30 nm. The nanowires originate

PECVD system(Plasmalab DP 80 Typically, between 10 from those droplets, adopting the size of the initial Au nuclei.
and 20 samples were loaded at the same t,ime. The SamNE@wever, a large fraction of the Au catalyst did not nucleate
were heated to 380 °C under vacuum, and allowed to outga@Y Structure and is aggregated. The nanowires are typically
for 3 h. The process gases were then admitted at various flolfSS than 2um long and slightly tapered, with a smaller
rates. The gas flow was maintained for between 15 and g9fiameter at the tip than at the bottom. The taper was also
min and pressures between 0.4 and 2.4 mbar. 13.6 MHz feported for Ti-catalyzed SiINWS,and it can be attributed to

power was supplied to create a plasma, except when a thdhe uncatalyzed deposition of Si on the sides of wires during

mal reaction was desired. growth. , o

The structure and composition of the SINWs were ana- "€ unwanted uncatalyzed Si deposition and catalyzed
lyzed by a combination of scanning electron microscopy>INW growth always coexist. A key role of Au is to make
(SEM) (Jeol 6340 FEGSEM high-resolution transmission the catalytic process dominant under given conditions. Note
electron microscopyHRTEM) (Jeol JEM 4000EX, 400 Ky that low growth temperature enhances the controlled cata-
energy-dispersive x-ray spectroscdiDX), electron energy Vi nanowire growth by thermal CVD, as |_tﬁ%k)1as a lower
loss spectroscop§EELS) [Philips CM300ST with Gatan im-  activation energy than uncatalyzed Si depositron.
aging filter(GIF) 2000] and Raman spectroscofigenishaw Rather than selectively increasing the nanowan)
MicroRaman 1000, 514.5 nm Ar-ion lageFor HRTEM, growth rate, an applied rf plasma also enhances the uncata-
EDX, and EELS analyses, the as-grown samples were rdytical decomposition of the Si precursor gas. A large rf
moved from the substrates and dispersed onto 1000 mesh ApWer, therefore, causes the Au catalyst to become covered
grids, Cu finder grids, or lacey carbon grids. Pt contacts folVith @-Si and deactivated. A 3 nm Au film did hardly nucle-
pinning individual SINWs and trench markers were depos-2t€ any nanowire in a 100 W plasma, and gave only a rough

ited or milled on the samples by a focused ion be@i) ~ Surface, indicating coverage lySi. In order to use a higher
(FEI 200FX). plasma power for higher plasma activation, the silane must

be diluted by an etchant such as hydrogen. This is similar to
the PECVD of carbon nanotubes, where an etchant gas is
used to minimize uncatalyzed surface deposifibkVe are

In order to observe quantum confinement effects, theresently investigating the effect of rf power on SiNW
nanowire core diameter must be reduced to 10 nm or lesgrowth to reduce the substrate temperattré.This could
Using silane as the Si source gas allows growth of smalleallow direct growth of SiNWs onto low-temperature sub-

IIl. RESULTS AND DISCUSSION
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FIG. 2. SEM photographs of SiNWs
grown at 2 mbar, 380 °C, and 10 W rf
power for 90 min from evaporated Au
thin films of decreasing thickne$&):

5 nm,(b): 1 nm,(c): 0.5 nm and a Au
colloidal suspensiofid).

strates and allow their integration in sensitive nanoelectronistrate is seen in the background. The SEM image allows no
devices. structural distinction, as all the structures have small diam-
Figure 2 shows SEM images of samples processed at &ers 20 nm) and are mainly straight.
mbar, 380 °C, and 10 W rf power for 90 min. A higher silane Figure 2d) shows SiNWs grown from a colloidal Au
pressure gives a higher catalytical growth rate. The nanowsuspension. As in previous repoffshe SiNWs have diam-
ires are not tapered. Figure&R-2(c) show the effect of the eters slightly larger than the colloidal diameter of 16 nm.
Au film thickness on growth. In Fig.(2), a 5-nm-thick Au  Despite an initial homogenous dispersion on the substrate,
film creates worm-like structures of up to 300 nm in diam-the Au colloids do agglomerate, leading to a larger diameter
eter. A Au droplet of similar diameter can be seen on the tipdistribution and to some worm-like features similar to Fig.
of the structures indicating catalytical growth. In addition, 2(b). The synthesis method for the colloidal gold sol allows
very straight, small diameter(15 nm) wires are found. In smaller initial diameter&’ Here the similarity to the evapo-
Fig. 2(b), a 1-nm-thick Au film gives both long straight wires rated Au film is emphasized.
and worm-like structures. The straight wires are now more  HRTEM supports the structural distinction made above.
abundant, and the worm-like structures have a smaller dianfor all deposition conditions, straight nanowires are highly
eter (<100 nm) than in Fig. @). In Fig. 2c), for an Au  crystalline, whereas worm-like structures are amorphous
thickness of~0.5 nm, the total yield is lower and the sub- [Figs. 3a)—3(c), and 3d), respectively. The growth direc-

FIG. 3. HRTEM images of as-grown
nanowires. A structural distinction be-
tween straight, crystalline SiNWs
[(@—(c)] and amorphous, worm-like
structuregd) can be made.
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FIG. 5. (a) TEM and(b) SEM image of growth defectginks).

FIG. 4. HRTEM image of a portion of a nanowire taken along [i0&1]
direction. A well-crystallized core of 7.2 nm and an amorphous outer layer

1.5-1.7 nm thick can be seen. The wire axis lies at about 12° tplthé] lated to growth defects and high growth rafes.
direction, as indicated. The worm-like structures have a diameter of 80—300
nm, which is not uniform along the wire length. Figur@B
shows that the worm-like wires are randomly oriented, with
tion of many SiNWs is found to bgl10] from analysis of the  a rapidly varying growth direction. The TEM contrast shows
lattice fringes. However, wires with other growth directions that these structures are amorphous, with small isolated crys-
are also observed. Figures 3—6 show the samples of Fig. talline inclusions. A spherical gold particle was always found
dispersed on transmission electron microscOfigM) grids.  at the tip of the amorphous wires.
Figures 3a) and 3c) show HRTEM images of Si nanowires Figure 6 shows the results of EELS elemental mapping
taken along thd110Q] direction. The nanowire in Fig.(8 of part of a 14-nm-diameter crystalline nanowire. The analy-
has a crystalline core of about 17 nm diameter, and an amosis was performed in a field emission gun TEM operated at
phous shell of 2 nm. Different sets of crystallographic planes300 kV. The bright-field imagdFig. 6(a@)] was acquired
can be identified, corresponding to tH&1l;, {002, and slightly underfocus. Three-window background-subtracted
{220 planes(interplanar distances of 3.14, 2.71, and 1.92 A elemental maps were acquired using the oxyl§esdge(532
respectively. The growth direction is th¢2-20] direction.  eV) [Fig. 6(b)] and the SK edge(1839 eV} [Fig. 6(c)] on a
Figure 3c), a close up of Fig. &), shows the nanowire to 2048x 2048 pixel charge-coupled-devicéCCD) camera.
consist of a crystalline core 7.4 nm in diameter covered by ahe chemical maps represent the projected elemental con-
1.5-2 nm amorphous layer. The lattice fringes parallel to theentrations in the electron beam direction. The analysis
wire axis correspond to thél-1-1) planes, and hence, its shows a silicon core surrounded by an approximately 2-nm-
growth direction is[1-12]. The four bands lying along the thick SiQ, sheath. This is consistent with the outer 2 nm
[1-12] direction are due to twins on th@-1-1) planes. amorphous layers seen in the HRTEM images ali&igs. 3
Figure 4 shows a SINW about 10.3 nm in diameter, withand 4. The SiQ, layer is most likely native silicon oxide
a well-crystallized core of 7.2 nm and an amorphous outeformed during extended air exposure after deposition.
layer 1.5-1.7 nm in thickness. The image was taken along Energy dispersive x-ray spectroscopy was performed as
the[011] direction. The lattice fringes correspond to {i4-  well as EELS to test for possible contamination in the as-
1), (1-12), and (200 planes, with spacings of 3.14 and 2.71 grown SiNWs. No elements other than Si and O could be
A, respectively. The wire axis does not correspond to a spetraced along the nanowires within the sensitivity of the
cific crystallographic direction, but lies at about 12°[id-  method. Au could only be found at the base and sometimes
1], as indicated in Fig. 4. at the tip of the SINWs, as described in the HRTEM analysis.
Most nanowires ¥70%) show no catalyst particle at It should be emphasized that the measured purity is not self-
their tip, which suggests a base growth mechanism. Somevident and accidental impurities can be fodfdhis con-
SiNWSs, however, have a Au particle at the tip, which seemdirms that Au is a suitable catalyst material for the conditions
to determine the diameter of the structure. In particular, thaised.
wires with kinks, such as in Fig. 5, have a Au particle at the  CVD allows selective growth, unlike other methods such
tip [Fig. 5@)]. as laser ablatiofi!* This is important not only for applica-
Although most of the nanowires are straight, kinking cantions but also for further characterization. Figu@)&hows
be observedFig. 5. Reflecting the high crystallinity, kink- as-grown SiNWSs from a patterned 1-nm-thick Au layer. The
ing at sharp angles is sedifkig. 5(b)]. Kinking may be re- evaporated Au was patterned using a 2000 mesh Cu TEM
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Bright-field

Oxygen map

Silicon map

FIG. 6. EELS elemental maps of a
portion of a 14-nm-diam SiNW. The
bright-field image was acquired
slightly under focus (a). Three-
window background-subtracted el-
emental maps were acquired using the
oxygenK edge(532 eV) (b) and the Si

K edge (1839 eV} (c) on a 2048
X 2048 pixel CCD camera. The
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grid as a disposable shadow mask. The process conditioqonon. The selection rule is relaxed for a finite size domain,

were the same as for the samples in Fig. 2. Figibg Shows  due to the Heisenberg uncertainty principle, allowing the par-

a nanowire on the same sample pinned by two Pt contact$icipation of phonons near the Brillouin zone center. The

The Pt was written by a Gafocused ion beam from a phonon uncertainty goes roughly Asj~ 1/d, whered is the

metal—organic precursor. Deposited metal contacts are usepain dimension or NW diameter. As the optic phonon fre-

to fix and mark a nanowire. Alternatively, to avoid direct quency falls away from the zone center in Si, confinement

beam exposure, trench markers were set by ion beam millingauses lower-frequency phonons to particigafe. This

near individual nanowires. The patterned growth togethegives a downshift of the Si peak and an asymmetric broad-

with pinning and marking of individual SINWs was used for ening. These features can be predicted and calculated by ap-

subsequent Raman spectroscopy analysis. plying the confinement model of Richtet al?’ and Camp-
Raman spectroscopy is one of the main tools to probéell and Fauchét to a SINW.

carbon nanotubes, being able to assess their chirality, diam- In this article, we only consider the evolution of the

eter, and their metallic or semiconducting natthés for ~ main ~520 cm * Sj first-order Raman peak. Peak positions

CNTs, Raman spectroscopy can become a standard technigoi ~500—-505 cm* are reported for wires of-10—15 nm

for nondestructive characterization of SiNWs and a direcdiameter®~3*and it was claimed that this downshift is due

probe for quantum confinement effects. Raman scattering i® phonon confinemert*°However, we calculate that 10—

an inelastic process in which incoming photons exchangd5-nm-diam wires should have a downshift of only

energy with the crystal vibrational modes. As the photon~1 cm 1.332The Raman intensity is given &’

momentum is very small on the scale of the Brillouin zone,

2
in an infinite crystal light can only interact with phonons ()= IC(Oéq)| 5 d%. 1)
having zero momentum, which gives the fundamental selec- [0—w(q)]"+(I'¢/2)
tion rule q~0, whereq is the wave vector of the scattered
AL
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FIG. 7. SEM photograph of selectively grown SiNWs on a Au patterned Raman Shift [CITI-1]

substratea). The pattern allows the pinning of individual nanowirgs. Pt

metal contacts were written by a Gdocused ion beam from a metal—

organic precursor.

FIG. 8. Raman spectra of SINW for increasing laser power. The spectra

were acquired with a 100 objective and a laser power of 0.02—-2.6 mW.
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FIG. 9. Anti-Stokes/Stokes intensity ratio as a function of the laser power
for a SINW and bare Si substrate. 100% corresponds 206 mW on the
sample.

The integration is over the Brillouin zon€(0,9) is a
Fourier coefficient of the confinement function, and quanti-
fies theq#0 phonons participating in the scattering. In our
case|C(0,0)|?=exp(—q?d¥167%). We approximate the Si
TO dispersion asw(q)=[A+B cos@n/2)]°%+D, with A
=1.714<10° cm 2 andB=10° cm™ 2, derived by fittingA
and B to the Si TO branch and adjusting to the bulk
reference Si measured with our Raman spectrometer at th
same experimental conditions used to measure the SiNWs
I'y is the full width at half maximun{FWHM) of the refer-
ence Si. In the case of a quantum ddg>qg?dq, while for a
cylindrical nanowire with length diameterd3qs=qdg. In-
deed, wires are not confined along the axis unlike quantunr
dots. Thus, the expected Raman frequency and width differ
significantly in each case.

Several spectra were acquired at 514.5 nm excitation
with a 100x objective and a laser power of 0.02—-2.6 mW. A
power of a few mW is common in micro-Raman measure-
ments and is comparable to that used in previous papers.
Figure 8 shows how, for increasing laser power, the SINW
spectra broaden and downshift significantly. The spectrum
taken at~2.6 mW closely resembles in shape and position
previously reported data for wires of similar sZe3°How-
ever, this is inconsistent with just phonon confinement. Fig-
ure 9 shows that the Anti-Stokes/Stokes intensity ratio in-
creases with laser power for a SINW, whereas it is constan
for a bare Si substrate. This ratio increases with local
temperaturé® Figure 9 clearly shows that very low power
must be used to avoid local heating of SiINWs. We have
improved the standard confinement functidn by including
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FIG. 10. (a) Low-power Raman spectrum of a SiINW as compared to crys-
talline and amorphous Si(b) Downshift and asymmetric broadening

local heating effects and the resulting anharmonic phonOREw M, > FWHM,) of the SINW Raman peak with respect to the bulk Si

processes by replacing(q) with o(q, T)=we(q)+A(T)
and 'y with T'g+T(T). An analytical expression foA(T)
andI'(T) in bulk Si was given by Balkanslt al. as a func-
tion of four anharmonic constantéWe calibrated these con-

stants to reproduce the experimental trends on bulk Si on oyr~1 cm—1) and asymmetric broadening of the SINW peak
is evident with respect to the crystalline bulk Si pdélg
10(a) shows a measured low-power spectrum of a SINW, ad0(b)]. Fitting the SINW spectrum gives a diameter of

Raman spectrometer in the 83-700 K raAg&. Figure

peak.(c) Fit to the measured SiNW spectrum. The fit gives a diameter of
~9nm and a local temperature 6f300 K.

compared to crystalline and amorphous Si. The downshift~9 nm and a local temperature 6f300 K[Fig. 10c)]. This
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diameter is in good agreement with the electron microscopy Growth directional features of SINWs are reported for
results presented above. This demonstrates confinement efarious synthesis methods.For low growth rates CVD
fects in as-grown PECVD SiNWs. grown nanowires were seen to adopt the orientation of the Si
substrate and grow aligned perpendicular to the surféae.
higher growth rates the growth direction appeared ranBom.
In this study, despite the crystallinity of the as-grown struc-
tures, no preferential crystallographic growth direction was

The vapor—liquid—solid process is often used to describdound. This may be due to the high growth rate and due to
thermal growth of metal-catalyzed semiconductorth€ use of an oxide diffusion barrier screening the substrate

nanowire1® Although the individual stages of the VLS re- orientation. _
action can be separated, the detailed processes leading to C0mpared to carbon nanotubes, SiINWs have a very un-

high-aspect-ratio nanostructures are not well understood. EStaPle surface. An oxide layer surrounds all the wires in this
sentially, the VLS model consists 61) catalytic decompo- study. A hydrogen termination was reported to give a more

sition of the source gas on the surface of the metal particle$€Sstant surface’ On the other hand, a wide range of post-
(2) diffusion of Si from the surface through the catalyst par-9rowth modifications is possible with SINWs, such as diam-
ticle or along its surface, an@) nucleation of the NW and ©€ter variation by etching and doping processes. This post-
precipitation of Si into the growing structure. The liquid in- growth tailoring of properties is attractive for many future

termediate, namely, the metal—Si eutectic, is not a necessitgPPlications.

as solid catalyst particles can also lead to SiINW groffth.

Therefore, Au could possibly be used below the equilibriumyv. CONCLUSIONS
Au/Si eutectic temperature(corrected by particle-size

effects® and pressure influencegspecially under plasma ) .
plasma enhanced chemical vapor deposition at temperatures

conditions. . . ,
The effect of the plasma is to preionize the source gas, agelow 400°C. The Si nanowires show an uncontaminated

well as to provide some local surface heating at low substraté'“con core surrounded by a 2-nm-thick oxide sheath. Selec-

temperatures, which enables an efficient adsorption and difive growth on prepatterned substrates enabled pinning and

fusion of silicon atoms. Both effects could explain the in- marking of individual nanowires. The as-grown diameters
creased growth rate are small enough for the observation of quantum confine-

A plasma is a nonisothermal condition, so equilibrium MeNt effects by low-power Raman spectroscopy. Plasma

thermodynamic arguments need not always apply. In th@ctivation cqqld .allow.a further decrease in deposition tem-
VLS mechanism, the supersaturation on the growth interfacBerature fac-|l|tat|ng.d|r§ct grOWFh on Iow—tempe_rature_sub-
depends on the diameter. Therefore, the Gibbs—Thomsairates and integration in sensitive nanoelectronic devices.
equation places a lower limit on the diameter of as-grown

structures for thermal growtlf. Accordingly, measured ACKNOWLEDGMENTS
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