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ABSTRACT Device applications of tapered Si nanowire (SiNW) arrays require reliable technological
approaches for fabricating nanowires with controlled shape and orientation. In this study, we systematically
explore effects of growth conditions on tapering of Si nanowires grown by chemical vapor deposition (CVD) at
reduced pressure from SiCl, precursor. Tapering of SiNWs is governed by the interplay between the catalyzed
vapor—liquid —solid (VLS) and uncatalyzed vapor—solid (VS) growth mechanisms. We found that the uncatalyzed
Si deposition on NW sidewalls, defined by a radial growth rate, can be enhanced by lowering SiCl,/H, molar
ratio, applying higher gas flow rate, or reducing growth pressure. Distinct dependences of the axial and radial
growth rates on the process conditions were employed to produce SiNWs with a tapering degree (i.e., a ratio of
the radial/axial growth rates) varying by almost 2 orders of magnitude. The results are explained by an interplay
between the thermodynamic and kinetic effects on the axial (VLS) and radial (VS) growth rates. Established
correlation between the SiCl,/H, molar ratio and vertical alignment of nanowires was used to develop a two-
stage growth procedure for producing tapered SiNW arrays with a predominantly vertical orientation.
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apered silicon nanowires (SiNWs)

are prospective candidates for appli-

cations including field emitters,’ 3
electromagnetic sensors,” and
nanomanipulators.>® In particular, superior
field-emission characteristics of tapered as
compared to nontapered SiNWs have been
reported.? Similarly to carbon nanocones,”
conically shaped SiNWs are expected to ex-
hibit higher bending stiffness than their
prismatic counterparts. Unusual electronic
properties of small diameter tapered SiNWs
have been recently predicted.? Due to en-
hanced light absorption, vertically aligned
arrays of tapered SiNWs are very promising
for photovoltaic applications.® However, re-
liable technological approaches for fabricat-
ing SiNW arrays with controlled alignment
and tapering have yet to be developed.

Broadly speaking, two strategies are be-

ing pursued to produce tapered SiNWs via
the vapor—liquid—solid (VLS) mechanism:
gradual volume reduction of the metal cata-
lyst volume during the SiNW growth due
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to diffusion, evaporation, or chemical
reactions'®'" and uncatalyzed vapor—solid
(VS) Si deposition on the NW sidewalls while
the catalytic droplet volume remains
constant.’ '® A shortcoming of the former
approach is that the VLS growth eventually
terminates when the catalyst droplet is con-
sumed. The latter approach enables fabrica-
tion of SiINWs of an arbitrary length, with
their tapering degree tuned by adjusting
uncatalyzed versus catalyzed Si deposition
rates. A combination of these two ap-
proaches also seems possible.'”

In most cases, tapered SiNWs have been
produced using silane-based CVD
technique'>'*'” because the relatively low
decomposition temperature of SiH, favors
film deposition on NW sidewalls. This ap-
proach, however, has several drawbacks.
For example, change of growth conditions
to increase the sidewall Si deposition rate
also accelerates the vertical growth of the
SiNWs, so that production of SiNWs of the
same length but with different taper is diffi-
cult to achieve, conformally deposited Si
shell can be amorphous or polycrystalline,
and deposition of an undesirable Si layer on
the substrate is difficult to avoid. It is also
difficult to realize vertical alignment of
SiNWs using SiH,. In contrast, the silicon tet-
rachloride (SiCly) precursor permits silicon
growth on the SiO,-covered Si surface to be
easily suppressed'® while, as noticed by
Wagner and Ellis,"® contamination-free
sidewalls of SINWs provide a perfect place
for the epitaxial overgrowth even at condi-
tions when single crystalline films cannot be
obtained on planar Si substrates. Further-
more, the silicon deposition rate can be
fine-tuned simply by varying the SiCls/H, ra-
tio.2° Fabrication of vertically aligned sili-
con nano- and microwires using SiCl, pre-
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cursor has been recently demonstrated.?*> However,
technological approaches to produce SiNWs with a con-
trolled degree of taper remain largely unrealized.

Tapering of Al-, Ga-, and In-catalyzed SiNWs has
been ascribed to a gradual decrease of the catalytic
droplet diameter due to its incorporation into Si lattice
and/or due to etching by hydrogen chloride, a byprod-
uct of hydrogen reduction of SiCl,.'"** Garnett et al.
found that, besides the growth temperature, tapering
of Pt-catalyzed SiNWs can be reduced by lowering SiCl,
partial pressure and total gas flow rate.?* Givargizov de-
scribed the tapering of Pt-catalyzed Si whiskers by intro-
ducing the “liquid phase effectivity coefficient” defined
as the ratio of the axial to radial growth rates (GR), R/
Raq.'? He showed that this ratio decreases with temper-
ature, mainly due to an increase of R4, and increases
for higher SiCl, molar fractions due to an increase of R,
at relatively constant R,.4. The results of refs 12 and 24
indicate that the tapering degree of SiCl,-grown SiNWs
is governed by the interplay between the VLS and VS
mechanisms. Therefore, establishment of the growth
regimes that enhance/suppress one of these pathways
of Si deposition is essential for producing SiNWs with a
controllable tapered morphology.

This paper is focused on practical aspects of CVD
growth of tapered SiNWs from the silicon tetrachloride
(SiCly) precursor. We have systematically studied the in-
fluence of the growth parameters, such as molar frac-
tions of SiCl, (xsici,) and H, (xi,) in a SiCls/H,/N, mixture,
total gas flow rate, and reactor pressure on the growth
kinetics and tapering of SiNWs produced at 850 °C; re-
sults for other growth temperatures are also briefly dis-
cussed. We show that, by varying the processing condi-
tions, the tapering degree, which corresponds to the
ratio of uncatalyzed to catalyzed Si deposition rates, can
be varied by almost 2 orders of magnitude, thereby en-
abling fabrication of cone-shaped SiNWs with different
apex angles. On the basis of the established correlation
between the SiCls/H, molar ratio and vertical NW align-
ment, a two-stage growth procedure for producing ta-
pered SiNW arrays with predominantly vertical orienta-
tions is proposed. In contrast to earlier studies limited to
ambient pressure,'''2192172% we report on growth of
SiNWs from SiCl, at reduced pressure. Reduced-
pressure CVD using a SiCls/H, system offers benefits, in-
cluding reduction of residual oxygen backpressure,
which severely affects SINWs growth,?” possibility of
obtaining superior quality single-crystalline Si films at
lower temperatures,®® etc. In this study, we found that
lowering the growth pressure also enhances the radial
growth of SiNWSs, which can be utilized for fabrication of
epitaxial core/shell SINW structures.

RESULTS AND DISCUSSION

Effects of SiCl,/H, Ratio. The SiNWs described here were
grown at 850 °C and a total pressure P = 80 kPa (600
Torr). SiCl, and H, flows were varied to maintain a de-
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Figure 1. Cross-sectional SEM images of SiNWs grown for 5 min
at SiCl,/H, ratio of (a,b) 0.03 and (c,d) 0.1. SiCls/H, flow rates (in
sccm) were (a) 5/168, (b) 15/500, (c) 5/50, and (d) 15/150; the to-
tal SiCl,/H,/N; flow was fixed at 1000 sccm. Scale bars are 10 pm.
Insets: bases and tips of SiNWs boxed in the main images. Scale
bars are 200 nm.

sired SiCl,/H, ratio, and the diluent nitrogen flow was
adjusted to keep the total gas flow rate (F) at 1000 sccm
(standard cm®/min). (Hereafter, the total gas flow rate
refers to the direct SiCl,/H,/N, flow that delivers precur-
sors into the reactor; the ratio of the direct-to-counter
flows was kept at unity; see Experimental Section for de-
tails). Figure 1 shows cross-sectional SEM images of
SiNWs grown for 5 min at SiCl,/H, = 0.03 and 0.1 us-
ing 5 and 15 sccm of SiCl,, respectively. Representative
SEM images showing the tapered morphology of SiNWs
are given in the insets.

In most cases, Au catalytic droplets are not ob-
served at the tips of SINWSs; instead, traces of gold are
found on the NW sidewalls (as discussed later, Figure 5).
However, the average diameter of the NW tips (d,) re-
mained constant throughout all experiments reported
here ({(d;) = 130 = 10 nm), slightly larger than the diam-
eter of the Au nanoparticles used to catalyze the
growth. The length (L) and the base diameter (d,) of
the SiNWs increased linearly with the growth time,
while d; was essentially time-independent (Figure S1
of the Supporting Information). The slopes of the L(t)
and d(t) dependences plotted in Figure S1 correspond
to the axial and radial GRs, respectively. These findings
imply that loss of the catalyst during growth, which
could have contributed to the tapered morphology of
SiNWs, is negligible; therefore, the observed NW
tapering is caused by silicon deposition on the NW side-
walls. Migration of Au from the NW caps to the side-
walls after the growth completion will be discussed

later.
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Figure 2. (a) Tapering degree o and (b) axial (solid symbols)
and radial (open symbols) GRs as a function of SiCl; molar
fraction for SINWs grown at constant SiCl,/H, ratios as indi-
cated. Hereafter, error bars represent the standard deviation
of the measured values; errors bars for the axial GR are ap-
proximately equal to or less than the symbol size and omit-
ted for clarity; lines are intended only to guide the eye. Inset
in (a) schematically shows NW dimensions used to calculate
the tapering degree.

The length and the base diameter of SiNWs grown
at a fixed xsic, are proportional to the H, molar fraction
(cf., images a—c and b—d in Figure 1). Simultaneous in-
crease of xgic, and xy, at a fixed SiCly/H, ratio leads to
higher axial GRs, but the base diameters of SINWs be-
come smaller, which implies slower radial growth (cf.,
images a,b and ¢, d in Figure 1).

These findings are further analyzed in Figure 2. The
tapering degree of SiNWs, defined as o = (d, — dy)/2L
(refs 14 and 16) was calculated using NW dimensions
determined from SEM images (inset in Figure 2a). TEM
measurements on selected samples confirmed the SEM
findings. The base diameters were measured at about
200—400 nm above the substrate level, with the correc-
tion for the length, in order to exclude “swelling” of
the SiNWs’ base at the interface with the substrate that
typically occurs during the initial stage of the growth.'®
Figure 2a shows the tapering degree as a function of
SiCl, concentration for SiCl,/H, = 0.03,0.05,and 0.1. The
trend is similar for all SiCl,/H, ratios, showing signifi-
cantly reduced tapering for higher SiCl,/H, molar frac-
tions. Similar behavior of the tapering was also ob-
served for growth temperatures of 800 and 900 °C
(Figure S2). Since the conical shape of SiINWs is caused
by epitaxial Si deposition on the sidewalls, the tapering
degree corresponds to the ratio of radial to axial growth
rates, o = R..g/Rax. Dependences of the axial and radial
GRs on xsic, are plotted in Figure 2b. The radial GRs were
calculated using the taper data from Figure 2a and the
axial GRs determined from the SEM images.?®
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Figure 3. (a) Axial and (b) radial growth rates of SiNWs as a
function of the SiCl, molar concentration at three constant
hydrogen molar fractions, x.,, as indicated. The error bars
apply to all data in (b) and the inset, respectively. Inset: de-
pendence of the tapering degree on xsic,.

For a constant xsic,, higher R, and Ry.q are achieved
for higher H, molar fractions which can be attributed
to more effective reduction of SiCl, by hydrogen.*° In-
crease of xgic, at constant ratio SiCl,/H, yields larger
axial GRs, in agreement with the earlier reports on
SiNWs growth from SiCl, and SiH,.'>'32%3! Signifi-
cantly, as shown in Figure 2b, this is accompanied by a
decrease of the radial GR. The axial and radial GRs can
thus be tuned to produce SiNWs with different taper
angles. As shown in Figure 2, the tapering degree var-
ies by almost an order of magnitude. Below, we show
that even larger tapering can be achieved when other
growth conditions are altered.

Effects of SiCl, and H, Molar Fractions. In order to further
explore control of the SiINWs tapering, detailed studies
of the influence of SiCl, and H, molar fractions on the
axial and radial growth of SINWs were performed. In the
commonly used SiCl,/H, system, it is difficult to sepa-
rate the effects of the two species because adding more
SiCl, automatically reduces the molar fraction of hydro-
gen for constant flow rate. Inert gas dilution enables in-
dependent variation of xsic, and xu, for given flow rate,
enabling systematic study and control of the effects of
the two precursors.

Figure 3 shows the axial and radial GRs of SiNWs as
a function of the SiCl, molar fraction for xu, = 0.05, 0.1,
and 0.2. The tapering degree versus xsic), is plotted in the
inset in Figure 3. The GR trends qualitatively resemble
those obtained for SiCl,-grown thin films.23° The radial
GR rapidly increases with increasing xsic, reaching a
maximum at Xsici, =~ 0.0012 and then decreases with
exponential-like behavior. The initial increase of the
axial GR is slower, and in general, higher SiCl, concen-
trations are needed to achieve a maximum axial GR. Ex-
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Figure 4. (a) Axial and (b) radial growth rates as a function
of the hydrogen molar fraction at constant SiCl, molar frac-
tions, Xsici,, as indicated. The lines are R.yaq) ~ x> fits. The er-
ror bars apply to all data in (b) and the inset, respectively. In-
set: dependence of the tapering degree on x,.

trapolation of the axial GR dependences to zero indi-
cates that, for these particular experimental conditions,
VLS growth of SiNWs does not proceed if xsic, exceeds
~0.025, ~0.036, and ~0.047 for xy, = 0.05, 0.1, and 0.2,
respectively; control experiments at xsic, = 0.03 and
xn, = 0.05 produced triangular etch pits around the Au
nanoparticles with no NWs. Note that, for our experi-
mental conditions, sustainable growth of straight SINWs
could be achieved only for xsic, = 0.0025. Although
SiNWs grown at lower SiCl, fractions exhibited the larg-
est tapering, most of them were severely bent and
kinked, which precludes their use for device
applications.

Experiments performed at the same conditions as
above but at fixed SiCl, concentrations (Figure 4)
showed that the axial and radial GRs both increase
with the hydrogen partial pressure, as expected. In con-
trast to the radial GR, no appreciable variation in the
axial GR is observed for xsic;, below ca. 0.01. The taper-
ing degree (inset in Figure 4a) is only weakly depend-
ent on the hydrogen content for xsi;, = 0.01, indicating
that both R., and R..q scale similarly with x,; for lower
SiCl, concentrations, the tapering degree decreases
with xy,. Both GRs can be fitted by Rayaq) ~ X2 (lines
in Figure 4). The origin of this dependence is unclear, es-
pecially in light of the different mechanisms involved
in the Si deposition on the sidewalls and thorough the
catalytic liquid droplets.

The notably distinct dependences of the axial and
lateral GRs on the SiCl; and H, concentrations enable
fabrication of SINWs having similar length but different
degree of tapering. For example, the axial GRs of SiINWs
grown at Xsic, =~ 0.02 and ~0.001 (at fixed xy, = 0.1, Fig-
ure 3) are about the same (=1.6 wm/min), whereas the
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radial GRs are ~1.4 and ~30 nm/min, respectively,
yielding about a 20-fold increase of the tapering
degree.

Structural Studies. As noted earlier, tapered SiNWs pro-
duced at xsic;, < 0.0025 exhibited a very high density
of structural defects, indicating a trade-off between
high radial growth rates and structural perfection of
the epitaxial shell. The crystallographic quality of SINWs
grown at higher SiCl, concentrations is significantly im-
proved. Panels a and b of Figure 5 show representa-
tive TEM images of SINWs grown at xy, = 0.1 and Xsic,
= 0.005 and 0.03, respectively.

The SiCl,/H; ratio also affects Au migration out of
the SiNW tip. As seen in Figure 5a, the Au catalyst com-
pletely disappears from the NW tips and tiny gold drop-
lets reside on the NW side facets (middle inset in Fig-
ure 5a). In contrast, Au droplets, although severely
deformed, still stay atop SiNWs grown at higher SiCl,
molar fractions, as shown in Figure 5b. Oehler et al.>* re-
cently reported that absorption of Cl atoms on the
SiNW sidewalls significantly reduces the Au loss from
the Au—Si catalytic droplet. Thus, the difference be-
tween panels a and b in Figure 5 could be attributed
to a higher Cl coverage of the NW sidewalls shown in
Figure 5b. In agreement with recent reports,”®33 our ex-
periments also confirmed that gold migration off the
NW tips occurs during the cool-off stage. Since Au im-
purities act as deep-level traps in silicon and it is diffi-
cult to completely remove Au from SiNW stems by wet
etching,** the postgrowth Au migration should be
minimized. We found that Au droplets can be pre-
served at the NW tips by fast cooling of the samples
from the growth temperature down to =500 °C in
about 10 s (Figure S3). We also noticed that more cata-
lyst material stayed atop SiNWs having larger diameters
(see Figure S4).

Effects of Total Gas Flow Rate and Growth Pressure. In the
previous sections, we showed that lowering the SiCl,
partial pressure favors growth of SiNWs with significant
tapering. In those experiments, both the growth pres-
sure and the SiCl,/H,/N, input flow rate were fixed at
600 Torr and 1000 sccm, respectively, thus maintaining
invariant gas flow conditions in the reactor. Here, we ex-
plore how these parameters affect the growth of SiINWs.

Tapering degree as well as the axial and radial GRs
of SiNWs grown at different SiCl,/H,/N, input flow rates
are plotted in Figure 6. The experiments were con-
ducted at T = 850 °C, P = 600 Torr, and SiCls/H, = 0.1.
The radial GR of SiINWs grown at a fixed xsic, roughly
scaled with the total flow rate in the range of the SiCl,
molar fractions used (Figure 6b). GR increase with the
total flow has also been reported for SiCl,-grown thin
films.2° Garnett et al. also mentioned a reduced taper-
ing of SINWs grown at lower gas flow rates, although no
details were presented.?* Less distinct gas flow rate de-
pendence is seen for the axial GR (Figure 6b). For ex-
ample, very similar axial GRs (2.1 and 1.8 wm/min) were
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Figure 5. (a) TEM image of a 12 pm long tapered SiNW grown at Xy,
= 0.1 and xsic;, = 0.005. Insets show a closer view of the different parts
of the NW; Au droplets on the NW surface appear as dark spots in the
middle inset; the contrast in the lower inset is due to thickness varia-
tion resulting from the hexagonal cross section of the NW. (b) TEM im-
age a 3.3 pm long SiNW grown at xy, = 0.1 and xsic;, = 0.03. For this
NW, no significant tapering is observed. Most of the Au catalyst is vis-
ible at the NW's tip, with Au droplets again visible down the NW side-
walls. Scale bars are 200 nm.

obtained for SINWs grown at xsic,, = 0.0074 and the to-
tal flow rate of 500 and 2000 sccm, while the respec-
tive radial GRs were about 5 and 19 nm/min. Corre-
sponding SEM images are shown in Figure S5. For the
highest xsici, values used, R, did increase with the total
gas flow; however, its relative variation was still much
smaller than that of the radial GR.

The distinct difference in the axial and radial GR de-
pendences on the gas flow rate is intriguing. The in-
crease of R,g could be due to the fact that the larger
mass input of the reactants is (which can be achieved
by increasing total gas flow rate at fixed xsic, and x.,),
the more SiCl, can be converted to solid silicon. Addi-
tionally, R..q could increase due to the following effect:

@NTA!N[() VOL.5 = NO.1 = KRYLYUK ET AL.

as the thickness of the boundary layer decreases with
the linear gas velocity increasing, diffusive flow of the
reactants toward the Si surface is enhanced. On the
other hand, it appears that these factors only weakly af-
fect the axial GR, which for the present experiments is
mainly determined by the partial pressure of SiCl,, espe-
cially for low SiCl, molar fractions. Although additional
studies are required to understand this phenomenon,
increasing the gas flow rate (at constant xsic;, and X,)
clearly enhances the tapering of SiNWs (Figure 6a).

Next, we study the influence of the reactor pressure
on the growth kinetics of SINWs. In this study, the SiCl,/
H,/N, flow rate was kept at 1000 sccm. Two series of ex-
periments were conducted: (1) growth at constant
mass inputs and (2) at constant partial pressures of the
precursors. In the first case, the SiCl, and H; partial pres-
sures, psici, and py,, scaled with the total pressure ac-
cording to psici i, = Xsicl,+, X P. The molar fractions
used were Xsic, /Xy, = 0.01/0.2, 0.01/0.1, and 0.02/0.1. At
P = 600 Torr, they yield the respective partial pres-
sures psic,/pu, = 6/120, 6/60, and 12/60 Torr. These par-
tial pressures were fixed in the second series of experi-
ments in which xsic, and xy, scaled similarly with the
growth pressure.

As seen in Figure 7a, the axial GR of SiNWs grown
at constant mass inputs increases with pressure, and ex-
cept for the lowest growth pressures employed, lower
SiCl,/H, ratios yielded higher R,,. Similar behavior of R,
was described earlier when partial pressures were low-
ered by xsic,/x, reduction at P = 600 Torr (see Figures 2
and 6). For a given SiCl,/H, ratio, varying the growth
pressure while keeping psici, and py, constant did not
cause appreciable changes of the axial GR over the
whole explored range of 250—700 Torr (open symbols
in Figure 7a). This confirms that for our experimental
conditions the axial GR essentially depends on the SiCl,
and H, partial pressures, which determine fluxes of the
reactants impinging on the catalytic droplets.

Lowering the growth pressure at SiCl,/H, = con-
stant resulted in almost the same variation of the ra-
dial GRs, regardless of whether SiINWs were grown at
constant mass input or constant partial pressure (Fig-
ure 7b). For P = 300 Torr and SiCl,/H, = 0.1 and 0.2,
lower radial GRs of SINWs grown at psic,/pn, = constant
(triangles and circles in Figure 7b) apparently reflect
the situation observed in Figures 2 and 6 where R,,4 de-
creased with increasing SiCl,/H, concentration. This dif-
ference vanishes for higher growth pressures as the
precursor flows used in the two series of experiments
become comparable. Moreover, R4 values obtained for
Xsicl/Xu, = 0.01/0.2 and psici,/pH, = 6/120 are undistin-
guishable even at 250 Torr despite 2.4-fold increase in
SiCl4/H, flow for the latter (xsici,/x, = 0.024/0.48). Taper-
ing degrees obtained at 250 Torr were in the range of
0.028 to 0.05 (see Figure S6); that is, R, is only 20 to 35
times larger than R4, whereas for nominally untapered
SiNWSs, R.,/R.aq is at least 1000.
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Figure 6. (a) Tapering degree and (b) axial (solid symbols)
and radial (open symbols) growth rates as a function of SiCl,
molar fraction for SiNWs grown at 850 °C, 600 Torr, SiCl,/H,
= 0.1, and the total SiCl,/H./N, flow rate of 500, 1000, and
2000 sccm.

Compared to the above approaches of controlling
SiNW shape, growth at low pressures enables fabrica-
tion of SiNWs with even larger tapering and superior
structural quality. Using a proper combination of reac-
tant concentrations, gas velocity, and growth pressure,
the shape of SiNWs can be fine-tuned. An example is
given in Figure 8, showing arrays of SiNWs with rod-
like and cone-like shapes that were grown at 600 and
300 Torr using SiCl,/H, molar fractions of 0.03/0.2 and
0.01/0.1, respectively. In both cases, VLS growth was
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Figure 7. Dependences of (a) axial and (b) radial growth
rates of SiNWs on the growth pressure. SiNWs were grown
at constant mass inputs (solid symbols) or at constant par-
tial pressures (open symbols) of SiCl, and H,, as indicated.
Data from two different experiments at P = 600 Torr are
given in order to illustrate high reproducibility of the results.
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catalyzed by 100 nm diameter Au dots patterned with
e-beam lithography.

Vertical Alignment of Tapered SiNWs. For many device ap-
plications, arrays of SINWs normal to a Si(111) substrate
are required. However, low SiCl,/H, ratios, which facili-
tate the radial growth, negatively impact epitaxy of
SiNWs with the underlying substrate; an increase in
the SiCl,/H, ratio significantly improves vertical align-
ment of SiNWs but suppresses the tapering. This is illus-
trated in Figure 9a,b, showing SiNWs grown at xy, =
0.1 and SiCl,/H, ratio of 0.05 and 0.3, respectively. For
the latter, about 85% of SiNWs grew vertically (fraction
of vertical SiINWs is the average of several ~50 pm X 60
pm areas randomly selected on the substrate). Most of
the SiNWs produced at SiCl,/H, = 0.05 were randomly
oriented, although they still preserved a (111) growth
direction as confirmed by TEM. This demonstrates that
SiNWs’ epitaxy/alignment is very sensitive to the
SiCl4/H, ratio which, as discussed below, defines the su-
persaturation: lower supersaturations achieved at
higher SiCl,/H, ratios cause preferential growth of
SiNWs along the [111] direction normal to the Si(111)
surface. Ge et al.>> suggested that effective supersatura-
tion increases as less silicon is deposited on the reac-
tor walls during successive depositions, and this even-
tually deteriorates SiINW alignment due to an increased
probability of homogeneous nucleation. Our studies
did not reveal any essential difference in alignment of
SiNWSs produced with or without parasitic Si deposition
on reactor walls; the fraction of vertically growing
SiNWs depended primarily on the SiCl4/H, ratio.

Using the established correlation between the
SiCl4/H, ratio and the SiNWs alignment, a two-stage
growth procedure was developed to produce vertically
oriented arrays of tapered SiNWs. The growth was initi-
ated at a high SiCl,/H, ratio (typically, SiCl,/H, = 0.3)
to ensure good vertical alignment of SiNWs and, after
1 to 2 min, proceeded at a lower SiCl,/H, ratio achieved
by either introducing more hydrogen to the system or
decreasing the SiCl; concentration. During the second
stage, SiNWs regained the axial and radial GRs corre-
sponding to the selected SiCl,/H, ratio but maintained
the predominant vertical orientation from the first stage
as shown in Figure 9¢,d.

Discussion. Our results demonstrated that, due to
high sensitivity of the axial and radial GRs to the pro-
cessing conditions, SiCl,-based reduced-pressure CVD
offers flexibility in manipulating the shape of SiNWs. In
this section, we briefly discuss some mechanisms that
might be responsible for the observed dependences of
Rax and Ryaq. In-depth understanding of the processes in-
volved in catalyzed and uncatalyzed Si deposition from
the Si—Cl—H—N system requires additional studies,
such as studies of temperature dependence of R., and
R4 at different compositions of the SiCl,/H,/N, gas mix-
ture and growth pressures.

\NIC
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Figure 8. SEM images (30° tilt) of SINWs produced at (a) Xsici,/Xu, =
0.03/0.2 and 600 Torr for 5 min and (b) xsic,/x4, = 0.01/0.1, 300 Torr
for 15 min. Arrays of Au dots (100 nm diameter, 75 nm thick) were fab-
ricated using e-beam lithography. T = 850 °C, F = 1000 sccm.

The simplified thermodynamic description of silicon
deposition can be expressed as

SiCl,(v) + 2H,(v) == Si(s) + 4HCl(v) (1)

According to thermodynamic calculations for our typi-
cal growth conditions the dominant Si-containing gas
species in the Si—Cl—H—N are SiCl, (see Figure S7). Be-
cause of relatively low growth temperatures, Si deposi-
tion rate is determined by the kinetics of surface reac-
tions either on SiNW sidewalls or, for the VLS growth, on
the Au—Si liquid droplet. It has been shown for the ki-
netic regime that the rate-limiting step for reaction 1 is
the reaction of SiCl, with the surface silicon atoms:>°

SiCl,(v) + Si(surf) == 2SiCl,(surf) (2)

800 nm

10 um

Figure 9. (a,b) Planview SEM images of SiNWs showing a negative

correlation between vertical orientation and tapering for SiNWs

grown for 5 min at a SiCl,/H, ratio of (a) 0.05 (tapered randomly ori-
ented NWs) and (b) 0.3 (nontapered vertically oriented NWs, which
appear as bright dots). (c) Plane- and (d) cross-sectional views of ta-
pered SiNWs with improved vertical epitaxy produced by a two-
stage growth procedure: growth started at SiCl,/H, = 0.3 and, after
1 min, proceeded at SiCl,/H, = 0.05. For this particular experiment,
the SiCl,/H, ratio was lowered by reducing the SiCl, flow rate from 30

to 5 sccm, while keeping the H, flow rate at 100 sccm.
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SiCly(surf) + H, == Si(s) + 2HCl(v) (3)

Conceivably, similar reactions occur on the surface
of the catalytic droplet giving rise to the VLS growth
while silicon supply to the droplet via surface diffusion
on the sidewalls is negligibly small. In this case, the axial
GR of SiNWs would depend on the SiCl, and H, fluxes
impinging on the Au—Si droplets, which are propor-
tional to the respective partial pressures, and on the
rate of reaction 3 determined by the SiCl,/H, ratio. Such
dependence was confirmed in our experiments. For ex-
ample, as shown in Figure 3a, the axial GR increases
with xsici,, as long as sufficient hydrogen is available,
and then saturates at SiCly/H, ~ 0.05. The subsequent
decline of R, can be explained by retardation of reac-
tion 3 and, correspondingly, increased probability of
SiCl, desorption from the surface. Extensive theoretical
and experimental studies have indicated preferential re-
moval of the surface Si atoms in the form of SiCl,.36738
The feasibility of SiCl, etching of SiNWs at 850 °C was
also confirmed in our experiments when the hydrogen
flow was turned off after the growth and SiNWs were
kept in the SiCl,/N, atmosphere (data not shown). For
example, after a 5 min exposure to SiCl,, the base diam-
eters of SINWs grown for 5 min at xsc,/x4, = 0.01/0.1
shrank from ca. 228 to 160 nm. Liquid Au—Si droplets
atop SiNWs enhanced the etching rate along the NW
growth direction, in agreement with Wagner’s model
of solid—liquid—vapor etching.>®

From the thermodynamic viewpoint,***' higher
SiCly/H, input ratios increase the solubility of silicon in
the gas phase which in turn reduces supersaturation
and ultimately causes Si etching via reaction 2. More-
over, for SiCl,/H, = constant, supersaturation was
shown to decrease when the total pressure of the reac-
tants, psic, + pr, is increased.*' This might be respon-
sible for the more gradual increase of the axial GR ob-
served for xsic, = 0.015 (Figures 2b and 6b); an
alternative explanation related to saturation of the crys-
tallization rate of Si atoms on the liquid—solid inter-
face is also possible.*?

The above arguments are also applicable to the ra-
dial GR behavior; however, additional factors presum-
ably affecting the uncatalyzed Si deposition must be
taken into account. First of all, the effective supersatu-
rations over the liquid Au—Si droplet and over the SINW
facets can be different, which manifests in vastly differ-
ent R, and R4 Values. Also, kinetically, the VLS growth
is in practice not limited by the number of sites avail-
able for adsorption of the reactants due to a very high
accommodation coefficient of the liquid surface for the
Au—Si droplet.'® On the contrary, most of the surface
Si atoms can be passivated by adsorbed H, Cl, and SiCl,
species. According to Chernov,**** the fraction of free
sites is only about (1 to 1.5) % at =~1200 °C, and it is ex-
pected to be even lower at our growth temperatures
due to a longer residence time of the adsorbed atoms/
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molecules. The number of free sites depends on the
rates of desorption and surface reaction of the ad-
sorbed species, both of which are proportional to tem-
perature, as well as on the adsorption rates proportional
to partial pressures of gas species. Thus, increasing the
SiCla/H, supply might reduce the number of vacancies
on the NW sidewalls, provided that surface reaction
rates are not significantly affected. Therefore, it is plau-
sible to assume that a decreased fraction of available
free sites contributes to the observed retardation of the
radial GR at SiCl,/H, = constant (Figures 2b and 6b).
Higher growth temperatures accelerate reaction/de-
sorption processes on the surface and could lead to a
different dependence of the radial GR on the precursor
concentration, as, for example, shown in Figure S2 for
SiNWs grown at T = 900 °C. This assumption is supported
by the pressure dependence of the radial GR obtained at
constant partial pressures of SiCl, and H, (open symbols in
Figure 7b). In this case, weak variations of the radial GR
might be expected, similarly to the observed R,, depend-
ences (open symbols in Figure 7a). However, lower
growth pressures facilitate desorption from the NW sur-
face (most importantly, the deposition-poisoning Cl at-
oms) leading to higher radial GRs.

EXPERIMENTAL SECTION

The experiments were carried out in a reduced-pressure hori-
zontal hot-wall CVD system comprising a 76 mm diameter quartz
reactor inserted into a 4-zone clamshell split furnace. Design of
the reactor, which includes a purge zone where substrates can
be held at a desired temperature in an inert atmosphere main-
tained by the nitrogen counter flow, allows fast (within a few sec-
onds) initiation/termination of the growth through motion of a
quartz susceptor with substrates into and out of the growth
zone. The movable susceptor also allows for rapid heating/cool-
ing of the substrates. This design minimizes uncertainties related
to NWs' growth during transients regimes, such as when precur-
sor flows are switched on/off and hence their concentration var-
ies with time, and also provides a useful means for growing NWs
with modulated composition, doping level, etc. It was deter-
mined that, for a direct-to-counter flow ratio close to unity, the
counter flow does not affect the gas composition in the growth
zone while preventing access of precursors into the purge zone.

Growth of SiINWs was catalyzed by commercially available
100 nm Au nanoparticles which were cast on poly-L-lysine-
functionalized p-Si(111) substrates with native oxide. SINWs
were grown at 800—900 °C and total reactor pressure of
250—700 Torr. The growth time varied between 3 and 15 min.
The samples were first annealed for 5 min at the growth temper-
ature in 10% H,/N, followed by a 2—3 min N, annealing in the
purge zone to stabilize gas flow after introducing SiCl,. SiCl, va-
por was delivered by bubbling nitrogen carrier gas through a
SiCly bubbler held at 10 °C and 780 Torr. Changes of SiCl, and/or
H, flow rates were compensated with the nitrogen flow to keep
the total direct gas flow rate of SiCl,/H,/N, mixture constant. The
ratio between the direct and counter flows was always unity.
SiNW morphologies and microstructures were examined using
SEM and TEM. The accuracy of measurements of SINW diameters
using SEM was estimated at =6 nm, which is about 5% of the
minimal NW diameter.

Acknowledgment. We thank Dr. Jong-Yoon Ha (NIST) for fab-
rication of e-beam lithographed arrays of Au dots on Si sub-
strate used for SINWs growth.
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CONCLUSIONS

In conclusion, we systematically studied effects of
the growth parameters on the tapering of Au-catalyzed
SiNWs produced from diluted SiCl,/H, mixture at 850
°C and reduced pressure. Low SiCl4/H, input ratios, high
linear gas velocities, and low growth pressures pro-
mote epitaxial silicon deposition on the SiNW side-
walls. For SINWs grown at a constant SiCl,/H, ratio, de-
crease of the precursor concentration resulted in a
higher radial GR whereas the axial GR decreased. By
choosing a proper combination of the growth condi-
tions, the tapering degree was varied by almost 2 or-
ders of magnitude. Since the growth conditions yield-
ing large tapering degrees deteriorate epitaxy and
vertical alignment of SiNWs on Si(111) substrates, we
proposed a two-stage growth procedure which signifi-
cantly improves the vertical orientation of tapered
SiNWs. The presented results enable well-controlled
tuning of the SiNWSs shape and should enable produc-
tion of arrays of tapered SiNWs as well as epitaxial core/
shell NW structures. These results should also be appli-
cable to CVD growth of SiNWs using other chlorosilanes
and SiH4/HCl mixtures.

Supporting Information Available: Additional graphs and SEM
images. This material is available free of charge via the Internet
at http://pubs.acs.org.
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Tapering Control of Si Nanowires grown from SiCl,

at Reduced Pressure
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Figure S1. Time-evolution of tip and base radii
and the length of SINWs grown at 850 °C, 600
Torr, Xsicis=0.01 and SiCl4s/H,=0.1. Lines are
linear fits. Linear increase of the base radius
with a constant tip radius indicates that tapering
occurs due to Si deposition on the NW
sidewalls. The slopes of the length and rpas
dependences correspond to the vertical and
lateral growth rates of 2.62 um/min and 11
nm/min, respectively, consistent with data for
the corresponding conditions in Figure 2b.

Figure S2. (a) Tapering factor and (b) axial
(solid symbols) and radial (open symbols)
growth rates as a function of SiCl,; molar
fraction for SiINWs grown at 800 °C, 850 °C,
and 900 °C.
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Figure S3. Effects of the cooling rate on post-growth Au migration out of SINWS tips.
(@) Slow cooling in nitrogen: in about 2 min to 600 °C; traces of gold are visible on the
NW sidewalls. (b) Rapid cooling in nitrogen: in about 10 sec to 600 °C. The growth
temperature was 850 °C. Scale bars are 200 nm.

Figure S4. Effects of SINW diameter on Au migration during the sample cooling (in
~3 min from 850 °C to 300 °C): for this particular experiment gold remains atop
SiNWs with diameters larger ca. 200 nm. Note than the axial and radial GRs of SINWs
are essentially diameter-independent (i.e., taper angle is the same).

Figure S5. SiNWs grown at 850 °C and 600 Torr for 5 min at Xsic1s=0.0074,
SiCl4/H,=0.1 and total gas flow rate of (a) 500 sccm and (b) 2000 sccm. Average base
diameters of SINWSs are 185nm and 330 nm, respectively. Scale bars in the insets are

500 nm.
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Figure S6. Tapering degree vs. the growth pressure for SINWSs grown at constant molar
fractions (solid symbols) or at constant partial pressures (open symbols) of SiCl, and
Ho, as indicated.
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Figure S7. Vapor composition in the Si-CI-H-N system calculated as a function of the
input SiCl, partial pressure for T=850 °C, P=600 Torr and hydrogen molar fraction of
Xn2=0.05. Corresponding input molar fractions of SiCl, is given on the upper x-axis.
Thermodynamic calculations were performed using the Thermo-Calc software and
SSUB4 Substances Database. [1, 2]

[1] www.thermocalc.com

[2] Any mention of commercial products in this article is for information only; it does not imply
recommendation or endorsement by the NIST.
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