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We investigated the interwire distance dependence on the growth kinetics of vertical, high-yield
InAs nanowire arrays on Si(111) grown by catalyst-free selective area molecular beam epitaxy
(MBE). Utilizing lithographically defined SiO, nanomasks on Si(111) with regular hole patterns,
catalyst-free and site-selective growth of vertically (111)-oriented InAs nanowires was achieved
with very high yields of ~90 percent. Interestingly, the yield of vertically ordered nanowires was
independent of the interwire distance and the initial growth stages. Significant size variation in the
nanowires was found to depend critically on the interwire distance and growth time. Two growth
regimes were identified—(i) a competitive growth regime with shorter and thinner nanowires for
narrow interwire distances and (ii) a diffusion-limited growth regime for wider distances, providing
good estimates for the surface diffusion lengths. Surprisingly, despite these size-dependent effects
the nanowire geometries remained unaltered with uniform, almost nontapered morphologies even
over large variation in nanowire density (~mid—10°-~10° ¢m™ range). X-ray diffraction further
confirmed the vertical (111) directionality with low crystal tilt by rocking curve widths (w scans) as
low as ~0.6°. These findings demonstrate the capability to precisely tailor the position and size of
well-oriented III-V semiconductor nanowires through noncatalytic MBE selective area growth and
provide an important step toward fully integrated, uniform vertical III-V nanowire array-on-Si

devices. © 2010 American Institute of Physics. [doi:10.1063/1.3525610]

I. INTRODUCTION

Semiconductor nanowires currently attract much atten-
tion due to their unique geometries and functional properties
with heterostructures,* that provide rich prospects for novel
electronic and optoelectronic devices,s’4 solar cells,s’6 ther-
moelectric devices,7’8 and biosensors.” In particular, InAs
nanowires are of great interest due to their low band gap
energy (Eg~0.36 eV), small electron effective mass, and
high electron mobility (x~33 000 cm?/V's at 300 K).
These properties make them predestined for future high-
speed electronic and near-infrared photonic devices.'"" " In
addition, high-performance cost-effective III-V nanowires on
a silicon (Si) platform are long-sought after, since they di-
rectly address the vision of monolithic integration in semi-
conductor technology and may circumvent the problems as-
sociated with the large lattice mismatch (~11.6% for InAs
on Si) during III-V heteroepitaxy on si.?

For functional nanowire devices it is essential to have
control over position, size, directionality, and microstructure
of the nanowires in order to allow their implementation into
large-scale homogeneous arrays with predictive perfor-
mance. Simultaneously, the growth of device-quality nano-
wires with high purity should further abstain from common
nucleation schemes that employ foreign catalysts such as
gold. Gold is well known to introduce deep level traps in the
semiconductor band gap, limiting the performance of func-
tional III-V-on-Si devices.'*'> To meet all these demands,
there has been only a limited amount of success for III-As-
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based nanowires on Si, mainly via selective area epitaxy
(SAE) using methods such as pulsed laser deposition, chemi-
cal beam epitaxy, and metal organic chemical vapor deposi-
tion (MOCVD).'®""® While these reports demonstrated good
control of nanowire position, directionality, and size, they
relied on predefined gold-droplet nucleation sites and the
growth kinetics were restricted to the vapor-liquid-solid
growth mechanism.

In contrast, during noncatalytic growth methods control
of preferential growth directionality was difficult to achieve
due to the crucial polar/nonpolar nature of the group-III-As/
Si(111) heterointerface. '’ However, Tomioka et al® high-
lighted much improved vertical directionality of position-
controlled InAs nanowires on template-masked Si(111)
substrates via manipulation of the initial growth stages dur-
ing MOCVD growth processes. The same group has also
demonstrated size-control of SAE grown InAs nanowires by
variation in growth parameters (temperature) on various sub-
strates, such as partially masked InAs (111)B, InP, and GaAs
(111)B.192122

Despite these advances, no investigations have yet been
performed that directly address the crucial interplay between
nanowire position (i.e., interwire distance), growth kinetics,
and related size effects in III-As-based nanowires on Si dur-
ing noncatalytic growth processes. These critical parameters
should deliver key knowledge to catalyst-free SAE induced
nanowire growth in general.

Moreover, little attention has been paid to SAE growth
of group-III-As based nanowires by growth techniques other
than those mentioned above. This is due to the general ad-
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vantage of chemical vapor phase (CVD) techniques, where
the selectivity is mainly governed by the much lower gas
phase reactivity and higher desorption on masked dielectric
layers as compared to the semiconductor surface. For tech-
niques that use elemental (atomic) sources, such as solid-
source molecular beam epitaxy (MBE), growth selectivity is
typically more restricted since group-III atoms do not desorb
readily once they are adsorbed. This makes it more difficult
to perform SAE growth at low temperatures as compared to
(MO)-CVD methods, limiting selective area MBE growth to
conditions only where sufficient surface diffusivity can be
achieved. In addition, MOCVD and related gas phase tech-
niques typically offer higher surface diffusion, faster growth
rates and higher throughput. However, solid-source MBE is
expected to exploit several advantages such as low impurity
incorporation from the ultrahigh vacuum environment and
highly pure elemental growth species, very accurate compo-
sition and doping control and the ability to grow advanced
core-shell heterostructures via sophisticated in sifu growth
monitoring methods. > Recently, solid-source MBE
growth of self-assembled free-standing InAs nanowires on Si
has been demonstrated®”*® but no investigations of SAE
growth of free-standing group-III-As nanowires on Si by
MBE have been reported so far.

In this study, we investigated various growth kinetics
effects during catalyst-free, selective area growth of vertical
InAs nanowire arrays by solid-source MBE on lithographi-
cally defined Si(111) substrates. Based on differences in the
size scaling behavior, we demonstrated the existence of two
growth regimes as a function of interwire distance (latter also
referred to as pitch), i.e., a competitive growth regime for
small distances and a diffusion-limited growth regime for
large distances. Interestingly, as opposed to catalytically
grown nanowires, we found also significant nonlinearity in
the growth rate over growth time with non-negligible radial
growth rates that depended on the interwire distance. Over-
all, we demonstrated that in the MBE-grown InAs nanowires
excellent growth selectivity with very high yields of ~90
percent (i.e, ratio of vertically aligned InAs nanowires per
predefined nucleation site) was possible—which was inde-
pendent of prewetting, initial growth stages, and the selected
interwire distance. For consistency with our growth kinetics
studies describing the growth of vertically well aligned InAs
nanowire arrays, we confirmed their near-perfect alignment
by a very low crystal tilt as measured by x-ray diffraction
(XRD).

Il. EXPERIMENTAL DETAILS

All growth was performed in a Gen-II MBE system
equipped with several cryopumps to guarantee high purity
growth conditions, standard effusion cells for group-III ele-
ments (Al, Ga, and In) and a Veeco valve cracker cell sup-
plying arsenic (As,). A pyrometer was used to measure the
substrate temperature in situ during growth. The supplied In
fluxes are expressed in equivalent (111) InAs thin film
growth rate units (A/s), calibrated by reflection-high energy
electron diffraction. Further details on the growth and flux
calibration are reported elsewhere.”®
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The InAs nanowires were grown on commercially avail-
able p-doped Si(111) wafers. SAE was realized via a thin
nanomask consisting of 20 nm thermal SiO,, where hole
structures with opening diameters (40—100 nm) and pitches
(250-5000 nm) were predefined in a 100 nm thick photo
resist using a Raith “e-line” electron-beam lithography sys-
tem. Sample processing optimization required a quick
0O,-plasma-etching step after development to obtain accurate
cylindrical holes. Subsequent reactive ion etching (RIE)
transferred the pattern into the SiO, mask and made the wa-
fers ready for liftoff and a second O,-plasma-etching cycle to
remove remaining resist. To get rid of all kinds of contami-
nants and to provide a clean oxide-free Si surface within the
holes, the entire wafers were etched in an aqueous hydrof-
luoric (HF) solution reducing the SiO, to a final thickness of
~18 nm prior to nanowire growth. Immediately afterwards
the wafers were loaded to the MBE and annealed at 770 °C
for 15 min.

Growth was then performed after subsequent cool-down
to substrate pyrometer temperatures of 460-520 °C, employ-
ing an In-flux rate of 0.24 A/s and As, beam equivalent
pressure (BEP) of 2.6 X 107 mbar (=1.5 A/s) unless other-
wise noted. Three distinct nanowire growth studies were per-
formed: (i) under variable growth temperature to identify the
growth selectivity, (ii) by variation of hole diameter and
pitch of the prepatterned SiO,/Si(111), and (iii) by variation
in growth time at fixed hole diameter of 80 nm. The as-
grown nanowire samples were then investigated by scanning
electron microscopy (SEM) for growth selectivity, nanowire
morphology, their diameters and lengths. All SEM images
shown in this study were recorded at a tilt angle of 54°.
Double-crystal high-resolution x-ray diffraction (HRXRD) in
a Philips X’Pert Pro MRD diffractometer was further em-
ployed to determine the crystalline quality and vertical (111)
directionality, i.e., crystal tilt, from rocking curve peakwidths
(w scans).

lll. RESULTS AND DISCUSSION

A. Growth selectivity and vertical nanowire growth
yield

The InAs growth selectivity depended critically on the
growth temperature. This was characterized by the morpho-
logical properties in the vicinity of a single prepatterned hole
(diameter of 80 nm, pitch 5 um) after growths were per-
formed in the temperature range of 460-520 °C (Fig. 1). For
the given As-flux (i.e., 1.5 A/s), growth at a temperature of
460 °C resulted in nanowire formation at the predefined hole
but also in large InAs cluster coverage on the SiO, surface
due to reduced surface diffusion at this temperature [Fig.
1(a)]. In contrast, at 480 °C surface diffusion on SiO, was
significantly increased, yielding much lower sticking prob-
ability of In on SiO, and hence InAs nanowires nucleated
only at the predefined holes [see Fig. 1(b)]. Note, that the
length of the nanowires was reduced from ~1.0 um
(460 °C) to ~0.85 um (480 °C). For growth temperatures
higher than 480 °C, the selectivity was still perfectly real-
ized but the nanowire lengths were reduced much more sig-
nificantly (~0.52 wm) for 505 °C [Fig. 1(c)] and merely
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FIG. 1. SEM micrographs showing the area around a predefined hole (litho-
graphically patterned with diameter of 80 nm and pitch of 5 um) after
growths performed at different substrate temperatures ranging from (a)
460 °C to (b) 480 °C, (c) 505 °C, and (d) 520 °C. The growth conditions
were otherwise constant with In=0.24 A/s and As=1.5 A/s (BEP of 2.6
X 107 mbar). Note the trade-off between selectivity and nanowire length as
a function of temperature.

InAs droplets for 520 °C [Fig. 1(d)]. This characteristic
length dependence on substrate temperature was previously
observed and associated with enhanced thermal dissociation
rates at higher tempelratures.28 We conclude that nanowire
growth with good selectivity takes place in a small tempera-
ture window between ~480-510 °C. These observations
mimic previous studies utilizing selective growth effects on
Si0O, masked substrates.' >

Based on the trade-off between selectivity and nanowire
length, we have selected an optimum substrate temperature
of 480 °C for all consecutive growth experiments. Figure 2

u

FIG. 2. (a) AFM image of a prepatterned SiO,/Si(111) substrate. The holes
were 18 nm deep, had a diameter of 80 nm and a distance (pitch) of 2 um
between each other. The magnified area (inset) shows a 3D AFM image of a
single hole. (b) Tilted SEM image of 45 min MBE grown InAs nanowires
on a SiO,/Si(111) substrate as prepared in (a) at As-BEP of 2.6
X107 mbar. (c, d) SEM images of InAs nanowires grown for 90 min with
a higher As-BEP of 5.2 10™° mbar and a pitch of 500 nm (c) and 250 nm
(d), respectively. The SEM micrograph shows the edge of the patterned field
and demonstrates the excellent selectivity.

J. Appl. Phys. 108, 114316 (2010)

illustrates that this temperature provided excellent selectivity
and vertical growth yield for a range of pitches and In/As-
flux ratios. More in detail, Fig. 2(a) shows an atomic force
microscope (AFM) image of a representative patterned
Si0,/Si(111) wafer with 80 nm wide openings (holes) and a
pitch of 2 um. The holes were processed as described in the
previous section and had a depth of 18 nm. The magnified
image (inset) illustrates a three-dimensional (3D) AFM im-
age of a single hole, further demonstrating its cylindrical
geometry. The SEM image shown in Fig. 2(b) evidences that
all InAs nanowires nucleated at the predefined nanomask
pattern (i.e., pitch of 2 um) when grown under identical
As-flux conditions as before (1.5 A/s). The nanowires had
average diameters of 233 nm (*£8 nm) and lengths of 1 um
(%57 nm). Furthermore, all nanowires exhibited hexagon-
shaped cross-section with surrounding {110} side facets,
similar to recent observations for nonselectively grown InAs
nanowires.” Figures 2(c) and 2(d) show electron micro-
graphs of InAs nanowires grown for 90 min with a higher
As-flux (i.e., 3 A/s, BEP of 5.2X 10 mbar) at two different
pitches—i.e., 500 nm pitch [Fig. 2(c)] and 250 nm pitch [Fig.
2(d)]. Figure 2(d) was recorded at the edge of the patterned
field and shows the intersection between unpatterned and
patterned SiO, underlining further the very good growth se-
lectivity. These growths resulted in nanowires with identical
average diameters of 131 nm and lengths of 1.71 um,
which is an increase in aspect ratio (length/diameter) by a
factor of two compared to nanowires grown at the low As-
flux conditions with comparable pitch. This indicates that the
vertical nanowire growth rate scales linearly with the sup-
plied As, flux, similar to recent observations for MBE-grown
GaAs nanowires.”*

The vertical nanowire yield of the growths presented in
Fig. 2 averaged over ~300 holes was 90 percent. The crucial
finding to obtain nanowire arrays with such high yield de-
pended on accurate pattern processing, including precise
etching of the holes, but much less on nucleation conditions.
Different attempts were carried out to vary nucleation condi-
tions based on the relative time period between As, and In-
dium supply (i.e, ty—tp,). In detail, we selected a time varia-
tion in As, supply ranging from 30 min before opening to 20
s after opening of the In shutter. This can be referred to as
As, preannealing (ty —t;, <30 min), simultaneous In/As,
supply (tas—tp=0), and In prewetting (tp,—ta <20 s). The
time period for the In prewetting experiment correlates to an
equivalent In coverage of less than ~3 MLs. As, preanneal-
ing was also carried out at different substrate temperatures
ranging from 350-480 °C.

For all these different prewetting conditions, we ob-
served no effect on the ratio of vertically aligned InAs nano-
wires. This indicates larger independence of the vertical
growth yield to the prewetting conditions and the polar/
nonpolar nature of the InAs/Si(111) heterointerface as previ-
ously identified in Ref. 20. In this report, which was based
on noncatalytically grown InAs nanowires by MOCVD, a
significant ratio of nanowires grew along three equivalent
inclined (111)B-orientations [i.e., tilted by 19.6° to the
Si(111) surface]—a common observation in III-V nanowires
on Si."*'"** Via refined modulated AsH;/H, prewetting con-
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ditions at low temperature very high vertical nanowire
growth yield could be achieved.” The difference with the
current work may be related to the different surface chemis-
tries in MBE and MOCVD processes, i.e., hydrogen and
carbon containing precursors in MOCVD versus atomic III
elements and molecular As, in MBE processes. Molecular
As, is known to readily desorb at temperatures above
~250 °C in UHV environment,36 therefore, the time period
of As, supply relative to In shuttering should have no influ-
ence on the surface kinetic properties during nanowire nucle-
ation in MBE. Furthermore, comparison among different pat-
terned fields with different pitches (such as in Fig. 2) resulted
in consistently identical growth yields. This further implies
significant independence of the growth yield from the inter-
wire distance and corresponding surface diffusion kinetics.

On the other hand, we stress the importance of optimized
pattern processing. In fact, we observed a threefold increase
in vertical nanowire growth yield from initially ~30% to
finally ~90% by careful etching of the predefined holes. RIE
etching with depths exceeding those of the SiO,/Si(111) in-
terface (i.e., etching into the Si substrate) resulted in poor
vertical nanowire growth yields as compared to accurate
etching very close to the interface. In addition, remaining
SiO, within the predefined holes led to poor selectivity and
very limited nanowire growth.

B. Vertical directionality and crystal tilt

To evaluate the epitaxial relationship and the large-scale,
homogeneous directionality for the vertically aligned InAs
nanowires with respect to the Si(111) substrate, we per-
formed HRXRD measurements on selected samples. In Fig.
3(a) a representative HRXRD 26— w scan is shown for the
sample from Fig. 2(b), demonstrating that no other reflec-
tions than those associated with the c-InAs (111) (i.e., 25.3°)
and the Si(111) orientations (i.e., 28.4°) were observed. This
indicates the direct epitaxial relationship between the InAs
nanowires and the Si substrate, i.e., InAs[111]lISi[111].
Also, similar to previous investigation327’28 the predominant
reflection at 26=25.3° was associated with zincblende crys-
tal structure, while no peaks were observed at the dominant
wurtzite reflections typically occurring at 26=24° (100),
25.4° (002), and 27.2° (101).%® However, we do not rule out
the existence of low volume wurtzite phase or twin defects,
considering the resolution limits of HRXRD measurements
(~10 arcsec) and the overall low signal peak from low-
density nanowire samples.

More importantly, we measured the rocking curve peak
width of the InAs (111) reflection (w scans) with open detec-
tor and determined a full width at half maximum (FWHM)
of 0.62° [Fig. 3(b)]. This was compared with the rocking
curve peak width of InAs (111) nanowires grown by standard
nonselective (i.e., self-assembled) technique on sputter-
deposited SiO,/Si(111),%® which yielded a FWHM of 1.24°.
Although the value measured for the nonselective technique
is generally a good indication for well-oriented vertical
nanowire arrays with low-crystal tilt, the lower FWHM (fac-
tor of 2) for the site-selective grown nanowire arrays proves
even more effective suppression of crystal tilt. The low
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FIG. 3. (a) Double-crystal HRXRD 260-w scan of InAs nanowire array
from Fig. 1(b) illustrating two peaks associated with c-(111) InAs (25.3°)
and (111) Si substrate (28.4°). (b) Normalized and fitted rocking curves (w
scans) of InAs (111) reflection (open detector) for the same site-selectively
grown nanowire array in comparison with self-assembled, spatially random
nanowire arrays on sputter-deposited SiO,/Si(111) substrate (Ref. 28).

FWHM value is further in good agreement with the state-of-
the-art for the currently best aligned semiconductor nanowire
au’rays.3 738 Guaranteeing very low crystal tilt in the vertically
well-oriented InAs nanowire arrays was essential for an un-
obscured analysis of the following growth kinetics effects.

C. Pitch and growth time dependent nanowire
size

In the following, the morphologies and size variation in
InAs nanowires grown at standard As-BEP of 2.6
X 107° mbar (1.5 A/s) are investigated in more detail with
respect to growth time and interwire (pitch) dependence. In
Fig. 4, SEM images of positioned free-standing InAs nano-
wires are shown for different growth times of 10 min (a), 90
min [(b) and (d)], and 360 min (c) at different pitches of 500
nm [(a)-(c)] and 2 wm (d). These different pitches corre-
spond to nanowire densities ranging from 4 X 108 cm™ to
2.5X 107 cm™. We note that we also modified the hole di-
ameters in the range 40-100 nm but found the effect on
nanowire diameter to be insignificant. For instance, for a
1 wm wide pitch only a slight increase in nanowire diameter
from 133 to 143 nm was observed with increasing hole di-
ameters in the range given above (not shown). The yield for
this sample series presented in Fig. 4 was further found in-
dependent of growth time and pitch, as discussed earlier.
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FIG. 4. SEM images of positioned vertically grown InAs nanowires on
prepatterned Si(111) with an As-BEP of 2.6X 107 mbar and different
growth times of (a) 10 min, (b) 90 min, and (c) 360 min for a constant pitch
of 500 nm. Furthermore, InAs nanowires grown for 90 min with a 2 um
pitch are presented in (d). The inset in (a) shows a close-up view of one hole
where a small nanowire nucleated at the edge of the hole.

Figure 4(a) provides further insight into the nanowire
nucleation characteristics. As growth proceeded only for 10
min, the nanowires resulted in short lengths of 120 nm and
diameters of 55 nm. The nanowires are obviously smaller
than the holes and the inset shows that they nucleated pref-
erentially at the edge of each hole. This step-edge nucleation
behavior is typical for preferential growth of site-selective
nanostructures.” For longer growth times, the nanowires be-
came longer and thicker and exhibited more whiskerlike ge-
ometries, without deteriorating either the underlying hexago-
nal geometry nor altering the uniformity in diameter and
morphology over the entire nanowire lengths [Fig. 4(c)].

To obtain further insight into the different growth kinet-
ics effects, the size scaling behavior of the nanowires with
growth time and as a function of pitch is shown in Fig. 5. We
found that the lengths of the nanowires scale linearly with
time for the larger pitches, while for the smallest pitches,
especially the 250 nm wide pitch, the lengths decreased
gradually for increased growth time [Fig. 5(a)]. More spe-
cifically, for growth times of 10-90 min the length of the
nanowires is nearly independent of pitch, whereas for growth
times of 180 min and beyond we obtained significantly
shorter nanowires for the smallest pitch, indicating a nonlin-
ear evolution of the growth rate as further shown below.
Extrapolating the initial time evolution of the nanowire
lengths to zero growth time suggests also that the nucleation
time before nanowire growth was negligible. Along with the
absence of metallic In droplets at the nanowire apex (see all
previous SEM images), this gives further evidence for the
present noncatalytic nanowire growth mechanism.

The size scaling effects were even more pronounced for
the nanowire diameters [Fig. 5(b)], where we observed a
nearly linear increase in diameter versus growth time for
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FIG. 5. Nanowire length (a) and diameter (b) as a function of growth time
for pitches ranging from 250 nm to 3 um. Errorbars were determined from
averaging 20-30 nanowires per specific sample. The dotted line is a guide to
the eye and represents linear growth deduced from extrapolating datapoints
for 10 min, 45 min, and 90 min growths.

larger pitches (>1 wum). The observation of increasing di-
ameter with growth time is contrasting the typically negli-
gible radial growth of catalytically grown nanowires, where
growth is mainly restricted to adatom incorporation via the
metallic droplet at the apex of the nanowire.** For smaller
pitches, however, the increase in diameter was only linear at
the beginning of the growth, but saturated quickly after a
certain time. For example, at 250 nm pitch the diameter satu-
rated at ~190 nm after 180 min and remained constant up to
the longest analyzed growth time of 360 min. Although this
diameter is very close to the interwire distance (pitch of 250
nm), the nanowires were still free-standing and entirely un-
coalesced. Note that the diameters given here were deter-
mined by taking the average values at the top and bottom
of each nanowire. This approach provided direct information
on nanowire tapering [tapering=100 X (top-diameter
—bottom-diameter)/length]. The tapering factor as derived
from all datapoints presented in Fig. 5 showed no clear de-
pendence with regard to pitch and growth time and was in-
significant with 2%-4% on average (max <7%).

To understand these rate-limiting effects further, we ana-
lyzed the axial and radial growth rates as a function of pitch
and growth time more closely. The evolution of the growth
rates over time, as illustrated in Fig. 6 for a wider range of
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FIG. 6. Time evolution of the (a) axial and (b) radial nanowire growth rates
as derived from Fig. 5, indicating the initially higher growth rates during
early nucleation and transition to steady-state growth. A clear pitch depen-
dence was observed, shown by decreased growth rates for small pitches
ranging from 250-1500 nm (closed symbols) and constant, nearly identical
growth rates form larger pitches >1500 nm (open symbols).

pitches, shows clearly that nanowire growth was initiated at
higher growth rates before reaching steady-state growth.
Higher initial growth rates have been observed also for InAs
nanowires grown by other methods'®*’ and were associated
with the different surface diffusion kinetics on the substrate
and nanowire sidewalls. In particular, when the nanowire
length (L) was shorter than the In adatom diffusion length
along the nanowire sidewalls (\yy), then the capture area of
impinging In adatoms on the nanowire sidewalls increases
continuously with time, leading to fast superlinear growth.
However, for longer growth times where L > Ay, the cap-
ture area for In adatoms becomes rather constant leading to
steady-state growth rates.'® In addition, we suggest that the
initial superlinear growth rate may also stem from the under-
lying 3D island nucleation characteristics which often show
typical power-law growth behavior.*'** Nevertheless, upon
transition to steady-state growth, the rates depended signifi-
cantly on the pitch—i.e., the steady-state growth rates were
completely identical for pitches above ~2 um (with con-
stant axial and radial rates of ~11 nm/min and
~2 nm/min, respectively), while they were less and de-
creased gradually for lower pitches.

This interesting pitch dependence is a clear evidence of
two particular growth regimes defined by the complex inter-
play between diffusion lengths of In adatoms on SiO, (Ag;02)
and the adatom capture area with respect to selected pitch.
Apparently, if the mean diffusion length Ag;n, is on the order
of or larger than half of the pitch, neighboring nanowires
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FIG. 7. Dependence of nanowire length and diameter as a function of pitch
for a fixed growth time (360 min). The transition to saturation in both length
and diameter (as deduced from best fits to the data) indicates the cross-over
from a competitive growth regime to a diffusion-limited growth regime
(illustrated by dotted line).

compete for adatoms to redistribute equally over the given
nanowire density, which leads to a decrease in both vertical
and radial growth rate. This rate-limiting materials competi-
tion regime, as previously examined also for GaP-based
nanowires,” describes clearly the materials distribution un-
der mass conservation over a fixed number of growing nano-
wires. According to this, increasing pitch corresponds to in-
creased capture area for surface diffusing adatoms per
individual nanowire which leads to increased growth rates, in
agreement with our results.

On the other hand, when the surface diffusion length
Nsiop becomes less than one half of the pitch, the nanowires
can be treated as independent isolated islands and growth is
limited by the collection of the surface diffusing In adatoms.
In this diffusion-limited regime, the growth rate therefore be-
comes independent of the pitch, resulting in completely iden-
tical rates, as confirmed here for pitches ranging from 1500-
5000 nm. In this case, In adatoms which are not able to
migrate further than the typical surface diffusion length can-
not contribute to nanowire growth and either desorbed or
form clusters on the SiO, surface. Indeed, in selected SEM
images we observed traces of clusters on the SiO, surface for
pitches larger than ~1500 nm.

From the cross-over between the materials competition
regime and the diffusion-limited growth regime we can de-
termine the surface diffusion length A\g;o, under the given
growth conditions. Since this cross-over occurred at a pitch
of ~1.5 um, \g;n, amounts, therefore, to ~750 nm at the
given growth temperature of 480 °C. This is further corrobo-
rated in Fig. 7, showing the nanowire length and diameter
dependence over a wide range of pitches resulting from a
fixed growth time of 360 min. Clearly, both the nanowire
length and diameter saturated at a pitch of around ~1.5 um,
in consistence with the previous growth rate analysis.

Moreover, despite the fact that the nanowires grown at
the smallest pitches turned out to be the shortest in length,
they simultaneously exhibited the largest aspect ratios
(length/diameter), which even increased with growth time.
This indicates that within the competitive growth regime di-
rect impingement contributes significantly to vertical nano-
wire growth. This slows down the radial growth rate with
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increasing time, leading further to shadowing effects where
less and less impinging adatoms can arrive and diffuse from
the substrate surface. In contrast, in the diffusion-limited
growth regime the aspect ratios were found constant and in-
dependent of the selected pitch, meaning that here direct im-
pingement plays no role.

IV. CONCLUSIONS

In summary, we established catalyst-free site-selective
growth of vertically well-oriented, high yield InAs nanowire
arrays on Si(111) by solid-source MBE. Important advan-
tages of this growth approach were found in the indepen-
dence of the vertical nanowire growth yield from prewetting
conditions and the selected pitch (interwire distance), result-
ing in consistently high yields of ~90%. We confirmed the
excellent control of the vertical growth directionality by very
low crystal tilt in x-ray rocking curve measurements. Sys-
tematic investigations of the size scaling behavior as a func-
tion of the interwire distance highlighted the existence of two
growth regimes within the noncatalytic growth processes: (i)
a competitive growth regime for low interwire distances gov-
erned by redistribution of In adatoms over multiple nano-
wires as well as direct impingement, and (ii) a diffusion-
limited growth regime, where growth is limited by the
surface diffusion length of In adatoms on the SiO, surface
(~750 nm at the given growth conditions). Here, the radial
and axial nanowire growth rates were found completely in-
dependent of the interwire distance, resulting in identical
lengths and diameters. Most strikingly, over the large range
of nanowire densities investigated, the underlying geometry
(i.e., nanowire shape) remained unaltered. These findings
provide an important step toward obtaining controlled nano-
wire growth necessary for designing highly reproducible
III-V based vertical nanowire devices on Si platform.
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