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ABSTRACT: Reproducible integration of III-V semiconductors on
silicon can open new path toward CMOS compatible optoelectronics
and novel design schemes in next generation solar cells. Ordered arrays
of nanowires could accomplish this task, provided they are obtained in
high yield and uniformity. In this work, we provide understanding on
the physical factors affecting size uniformity in ordered GaAs arrays
grown on silicon. We show that the length and diameter distributions
in the initial stage of growth are not much influenced by the Poissonian
fluctuation-induced broadening, but rather are determined by the long incubation stage. We also show that the size distributions
are consistent with the double exponential shapes typical for macroscopic nucleation with a large critical length after which the
nanowires grow irreversibly. The size uniformity is dramatically improved by increasing the As, flux, suggesting a new path for
obtaining highly uniform arrays of GaAs nanowires on silicon.

KEYWORDS: Nanowires, heterogeneous integration, arrays, self-catalyzed, Ga-assisted growth, length distribution,
sub-Poissonian statistics

emiconductor nanowires (NWs) are filamentary crystals NWs are usually obtained by the bottom-up vapor—liquid—

with a tailored diameter ranging between few and ~100 solid (VLS) method, in which a liquid metal droplet directs the
nm. Their anisotropic morphology and small lateral size result NW growth. One of the approaches to fabricate ordered arrays
in many interesting properties that are different from bulk of NWs relies upon the positioning of lithographically defined
materials. NWs have thus inspired a large variety of applications nanoscale droplets. Gold, the most used metal in VLS, should
and fundamental studies, such as miniaturized optoelec- be avoided in any silicon platform with electronic or
tronics, > next generation enerégy harvesting,4’5 quantum optoelectronic functionality.'”'® Instead, self-catalyzed growth
communication, and computing.” Very importantly, small has arisen as a reliable alternative to gold-assisted VLS growth.
footprint in contact with the substrate allows for facile strain In the case of GaAs, gallium droplets can also initiate and direct
relaxation in heteroepitaxy, enabling defect-free growth of NWs the growth of GaAs NWs. In order to obtain growth in
on lattice-mismatched substrates. This has opened the path for predefined sites, nanoscale holes are created in a dielectric layer.
monolithic integration of high performance III—V materials Gallium is then selectively deposited into the holes, thereby
with Si electronic platform. initiating NW growth in these sites.'””” GaAs NW arrays on

Obtaining NWs in predefined positions constitutes the first silicon substrates have been achieved by few groups, although

step toward their utilization as devices in scalable platforms. yields close to 100% are rare.”""*? Achieving a yield close to
Electronics, optoelectronics, and energy harvesting require a 100% is key for a real integration of III-Vs on silicon. Achieving
clear outline of the device structure on a chip.””~'* In addition, such high yield necessitates a very thorough understanding of
in a bottom-up growth process, the structure of NW arrays can both the initial stages of growth (wetting of the Ga droplet and
be extremely dependent on the interwire distance and the initial nucleation mechanisms) and the nanowire elongation. In this
conditions such as the droplet size.'> !¢ Preparing growth work, with the base of having achieved a yield close to 90% we
initiation in predefined sites is essential for understanding the focus on the latter. To the best of our knowledge, fundamental
fundamental aspects of the entire NW growth process that can studies of the initial stages of NW nucleation and growth and in
otherwise be hidden in a self-assembly process. Only with this
comprehension, we will reproducibly engineer the NW Received: February 27, 2017
morphology and dimensions and thus promote their further Revised: ~ May 24, 2017
transfer from laboratory to industry. Published: June 14, 2017
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Figure 1. Time series of GaAs NW arrays: (a—i) SEM images of the array grown for from 0 min (droplet deposition) up to 10 min. The scale bar is
200 nm, and tilt angle is 20° corresponding height (j) and diameter (k) distributions obtained by AFM. Far field SEM images showing the

homogeneity of the whole array can be found in SI

Figure 2. Proposed scheme of Ga-catalyzed VLS growth of GaAs NWs
in regular arrays: 1, droplet predeposition (¢ = 0); II, formation of the
initial NW monolayers after the incubation phase (¢ > 0); III, initial
elongation of the NW and IV definition of the NW morphological
parameters.

particular the influence of the incubation time on the resulting
length and diameter distributions within the NW ensembles in
ordered arrays are still lacking.

Recently, it was predicted theoretically”* > and confirmed
experimentally”* that Ga-assisted GaAs NWs may exhibit
narrow diameter distribution under optimized conditions.
Theoretical studies also showed that the NW length
distribution can be narrowed with respect to Poissonian by a
nucleation antibunching process,”’ >’ but only in the absence
of delay for NW nucleation on the surface.”® Unfortunately, a
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Figure 3. Mean NW height H(including the droplet height) and top
diameter 2R versus time (symbols) for GaAs NWs grown from holes
of 45 nm nominal diameter (due to the HF dip, the actual hole size at
the beginning of gallium deposition is actually larger, about 60 nm).
The growth time of 4 min can be associated with the incubation time
of the nanowires. In our modeling, t, = 4.5 min is the moment
corresponding to when most NWs emerge from the substrate. 2At = 1
min is the duration of the incubation stage, which is approximately
symmetrical around the maximum. Therefore, the nucleation of NWs
effectively starts after t, — At = 4 min. The error bars represent
standard deviation. The curves show best fits obtained from the model
equations.

sub-Poissonian length distribution has never been observed in
NW ensembles. This applies for both Au-catalyzed and self-
catalyzed VLS NWs as well as non-VLS NWs grown by
selective area epitaxy on in the self-induced approach. A careful
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Figure 4. (a) Length histogram of Ga-catalyzed GaAs NWs after 10
min of growth (without droplets), fitted by the double exponential
distribution with AL = 16 nm. (b) Diameter histogram of Ga-catalyzed
GaAs NWs after 10 min of growth, fitted by the double exponential
distribution with AD = 6.5 nm.

study on the NW length distributions necessitates a frame that
guarantees that each NW grows under the same conditions and
starts at the same time. Here, for the first time, we present the
size (length and diameter) distributions of Ga-assisted GaAs
NWs grown in the ordered arrays on Si. The high yield
obtained allows us to reliable derive a model on the evolution
of the NW elongation and diameter with time. Overall, this
study opens a new avenue for the deterministic integration of
II-V nanowires on silicon.

Results and Discussion. We start by illustrating the initial
stages of GaAs NW growth on patterned silicon substrate. The
growth is performed on a (111)Si substrate covered with a 10
nm thick thermal oxide, in which we etch nanoscale holes with
reactive ion etching (details on substrate fabrication and design
can be found in the Methods section and SI 1). The yield of
vertical NWs was higher than 85%. Figure la—i shows the
typical scanning electron micrographs (SEM) of GaAs NW
arrays obtained on 45 nm wide holes as a function of time. For
this series of samples, we used the gallium flux corresponding to
the GaAs growth rate of 1 A/s, the As, partial pressure of 2 X
107 Torr (unless indicated otherwise), at a substrate
temperature of 635°.

Wide field SEM pictures of the arrays showing the consistent
yield across a 100 X 100 um? area are shown in SI 2. The high
and uniform yield can only be achieved with a 10 min Ga
predeposition step, denoted as growth time of 0 min in Figure
la. The SEM images present the NW morphology evolution
after the intervals of 2, 3.5, 4, 4.25, 4.5, 5, 7.5, and 10 min in
Figure 1b—i, respectively. Here, the images for each time
interval are all taken from newly grown samples and not from
resumed growth. The measurement of the elongation statistics
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on newly grown samples is justified here because of the
extremely high reproducibility of the samples. Samples obtained
under the same conditions lead to identical statistical results. If
instead one would restart growth from the same sample, one
would expect to achieve less relevant results as the oxidation of
the GaAs nanowire and Ga droplet could perturb the
reinitiation of growth. In order to follow more precisely the
initial stages of growth, we have performed the atomic force
microscopy (AFM) analysis of the same area. The average
height and diameter of the nanostructures versus time are given
in Figure Figure 1jk, along with the corresponding statistical
data for the size distributions for each point. These data were
acquired by measuring at least 125 NWs for each sample. The
data are illustrated in the line—box plots, where 50% of the
distribution is within the box and the horizontal band inside
corresponds to the statistical median of the distribution. The
bottom and the top of the line include 98% of the distribution,
while the points outside of the line correspond to the
measurements that fall farther from the main distribution.

The NW growth does not start right after the Ga
predeposition. Rather, we observe a delay of 3.5 min under
these growth conditions. The delay is detected in both the SEM
micrographs and in the height evolution as plotted in Figure 1j.
After 4 min of growth, we detect an increase in height and a
sudden decrease in the diameter. The mean NW height
increases very rapidly and the length distribution broadens once
the NWs start emerging from the substrate. This effect is well-
understood because increasing the number density of NWs that
start at different time necessarily leads an enlargement of the
distribution width. A similar long nucleation step has been
previously reported for a variety of systems, including Au-
catalyzed InAs NWs,** In-catalyzed InAs NWs, and Ga-
catalzrszed GaAs NWs grown without any gallium predeposi-
tion.

We now turn to modeling the initial stages of NW growth in
regular arrays. Figure 2 illustrates the parameters that are used
to describe the evolution of NW height and diameter. Initially,
the gallium droplets exhibit a radius R, at the base, which can
be smaller than or equal to that of the hole. The contact angle
of the droplets resting on the surface is denoted S}, and should
be close to 90° (See SI3). During the incubation stage, most
droplets just swell on the surface by increasing their base radius
Rp without changing much their contact angle, while almost no
NWs start.

The NW nucleation requires that the droplet is lifted up to a
certain macroscopic value of the height. In our model we use
the dimensionless length s = L/h > 1 Figure 2a-III) (with h =
0.326 nm as the height of GaAs monolayer). The NW initiation
process is expected to exhibit a barrier activated character and
proceed via macroscopic nucleation. This means that the
critical length s, ie., the length after which the NWs begin to
grow regularly in vertical direction and at a fixed contact angle
of the droplets on their tops, is much larger than unity. After
growth has started (s > s.), the droplets acquire the contact
angle Sy which is larger than fj. This abrupt change of the
droplet shape leads to the corresponding decrease of the
droplet base radius. The total height of the structures (droplets
and NWs) equals H = L + R(1 — cos f3)/sin f3, where L is the
NW length excluding the droplet, R is the droplet base radius,
and f is the contact angle. The volume of spherical cap droplet
is given by V = (zR*/3)f(B) = iQg,. Here, i is the number of
gallium atoms in spherical cap (we neglect the influence of
arsenic on the droplet volume due to its low concentration,*”
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Figure S. As series grown for 4 min. (a—c) NW length distributions for As pressure 2 X 1076, 2.5 X 1075, and 3 X 107° Torr, respectively, (d—f)
Corresponding SEM micrographs. The scale bar is 200 nm, and the tilt angle 20°. (g—i) NW diameter distributions. The effect of As pressure is
evident in terms of higher growth rates and narrowing the distributions, particularly for the NW length.

Q, = 0.02 nm® is the elementary volume of liquid gallium, and
f(B) = (1 — cos B)(2 + cos B)/[(1 + cos P)sin f] is the
geometrical function relating the volume of spherical cap to the
cube of its base. The droplet base radius is related to i as
R = Rg, (1)} with Re,(f) = [3Q0,/(xf($))]" being the
shape-dependent characteristic size.

We start the modeling of the growth process by relating the
material conservation with the model geometry shown in
Figure 2. If we assume that all gallium atoms impinging onto
different surfaces will subsequently reach the droplet,” the
number of §7allium atoms in the droplet changes in time
according to

di_ e (4N — 7R*) cos a, + 2RL sin ag,
dt Qg
7R’ _ 7R dL
sin® Qgaps dt (1)

Here, vg, = 6.6 nm/min is the gallium rate in our conditions
and Qg4 = 0.0452 nm® is the elementary volume of solid
GaAs. The first term in the right-hand side of eq 1 stands for
the gallium collection from the surface area per NW, with 2A =
400 nm as the array pitch and ag, = 45° as the incident angle of
the gallium beam. The second term describes the atoms
collected by the NW sidewalls, the third gives the number of
gallium atoms collected by the droplet, and the fourth is the
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sink due to the NW axial growth. In the first approximation, the
axial growth rate is proportional to the effective arsenic influx
Vs, including a contribution from re-emitted arsenic
species"’z"ﬂ’35

dL
dt

= )(ASVAS (2)
In these conditions, the main contribution to di/dt in eq 1 is
given by the size-independent term (vg,/Qguu)4A> cos ag,
explaining why we observe a pronounced regime of radial
growth rather than droplet shrinking or self-stabilization.**
From eqs 1 and 2, the “invariant” variables for which the
growth rates are size-independent are given by the number of
gallium atoms in the droplet and the number of GaAs
monolayers in the NW:*?

di 1
dt

& _
dt

1 L
r’ T 3)
The time 7 2 Qg,./ (4A*vg, cos ag,) with our parameters is
estimated at 1.5 X 10™° min. The time 7, = h/(y 4.
approximately equals 0.012 min (the y,/,value approximately
equals 28 nm/min, and it is determined by fitting the data as
will be discussed shortly). Equation 3 for di/dt applies for
droplets as well as NWs. Integrating it, we obtain the base

radius in the form
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Figure 6. Time series for 3 X 10 Torr. (a—d) SEM images of the arrays grown for different times, (e) height distributions, and (f) diameter
distributions as a function of time. Spurious growth on the oxide occurs occasionally, and it is attributed to the presence of defects on the oxide
surface. We have not detected any effect of the presence of these droplets on the overall nanowire yield and/or time evolution. Far field SEM images

showing the homogeneity of the whole array can be found in the SI.

t 1/3
R,=|R, + R} —]
o=| R+ R0 “
The droplet height is obtained simply by using the total height
of the structure, H, with R}, given by eq 4, and setting L = 0 by
the droplet definition:

- (1 = cos f,)

H. =
D P sin By

©)

Here, fj, is the contact angle of the droplets resting on the
surface. Assuming that the transformation from droplets to
NWs occurs at a fixed volume of liquid gallium, the radius and
height of NWs are given by

1/3
Ry = l £(8) ] R,

fBy)
Hyyy = ;(Astst + Ryw

(1 = cos By,

sin S,

(6)

where Sy is the contact angle of the droplets seated at the NW
tops.

Our goal now is to understand the evolution of NW array as
an ensemble. The NW ensemble evolves from droplets to NWs,
passing through an initial stage where there is coexistence of
droplets and NWs. Consequently, the description of radius and
height evolution should also include nucleation statistics. The
mean radius and height within an ensemble containing both
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droplets and NWs should be obtained as a weighted average of
the two populations. We use macroscopic nucleation theory in
open systems to describe the statistical size distributions. We
define pyy(t) as the normalized number density of NWs. In
macroscopic nucleation theory,28 this pyw(t) is the double

exponential function of time
)] 7

Here, t, is moment of time corresponding to the maximum
nucleation rate of NWs and At is the duration of the incubation
stage. The NWs that start at time ¢, will subsequently
correspond to the maximum of the size distributions. The
normalized number density of droplets, pp, corresponds to
pp(t) = 1 — pyw(t). Using these number densities as
probabilities to observe either a droplet or NW in a given
site, the mean radius and height of the structures (denoted (R)
and (H), respectively) are obtained as

t—t,
At

Pyw =1- eXp[—eXp(

<R> = RDPD + RNWPNW

(H) = Hppy, + Hyypy,, (8)

These expressions describe a competition between the two
populations of droplets and nanowires throughout the
incubation stage and the follow-up nucleation stage within
the time interval 0 <t <t =t, + At. At t > t, the population of
droplets diminishes to zero and the NWs continue growing
with the mean radius and height given by
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1/3
(R) = [<R>f + Rcf(ﬁNW)@]

1 — cos
(H) = (L), + by, vt — ) + <R>( sin o

©)

Here, the a and b factors describe possible differences in the
material supply to longer NWs. Best fits of the mean diameter
and height as a function of time following eqs 8 and 9 are
shown in Figure 3. They were obtained with Sy, 130°, t, = 4.5
min, At = 0.5 min, 7 = 6 X 107 min, s = 28 nm/min, a = 14,
and b = 1.

Let us now discuss the choice of the model parameters. The
contact angle of the droplet sitting on the NW top is set to its
typical value during growth.® We set b = 1, ignoring any
difference between the NW elongation rate at the initial and
steady state growth stages. The times t, and At are determined
from our experimental data. As mentioned above, t, = 4.5 min
is the time moment corresponding to the maximum nucleation
of NWs emerging from the substrate and 2At = 1 min the
duration of the incubation stage, which is approximately
symmetrical around the maximum. Therefore, the nucleation of
NWs effectively starts after £, — At = 4 min. We thus deduce an
incubation time of 4 min in these growth conditions, which
corresponds to the NW nucleation delay due to difficult
emerging from the substrate. The fitting value of 7 = 6 X 107°
min is close to that obtained earlier from geometrical
considerations (1.5 X 107® min). The obtained value yvs of
28 nm/min appears reasonable, in agreement with an atomic
V/III flux ratio of 4.2. The value of a = 14 implies that droplets
receive a larger gallium influx in the steady state stage with
respect to the beginning of growth. This can be due to re-
emission or additional contributions of gallium adatoms
diffusing from the NW sidewalls, the terms that were omitted
in material balance given by eq 1.

We now move to modeling the NW size distributions.
According to refs 36—40, whenever the number density of NWs
is given by eq 7, there will be a broadening of the size
distributions for both lengths and diameters in the initial stage
of growth, simply because the distribution width increases from
initially zero to its final value where the nucleation stage is
completed. In the steady-state growth stage, the size
distributions can be further broadened due to kinetic
fluctuations. These Poissonian contributions to the broadening
should contribute less than $% for our short growth times (see
SI 4). As a consequence, we ignore the effect of kinetic
fluctuations in our model. The width of the resulting length
distributions are now mostly determined by the incubation
stage. The equations used to fit our experimental size
distributions for the 10 min growth were the following:

Ly—L ( )]
L 7 (10)

A
for the NW lengths without the droplet, with L, as the most
representative length and AL = y,w,At as the distribution
width. Note that here we consider the NW length without
droplets, that is, L = H — H),. For the diameter distribution, we

use the similar expression
—e
XP( )] (11)

L,—-L
AL

AL L) = A xp[

R,—-R R,—R

AR

f(R, R,) = CR® exp[
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with the width AR = Rg2(fp)At/(3R.*r) . Details of
derivation of these expressions are given in SI 4. The length
and diameter histograms of NWs after 10 min of growth are
shown in Figure 4, along with their best fits by the double
exponential shapes given by eqs 10 and 11. With our
parameters, the calculated values of the distribution widths
equal AL = 14 nm, 2AR = 4.5 nm (see SI 4), while from the fits
they are 16 and 6.5 nm, respectively.

While obtaining a high yield of GaAs arrays is relevant for the
integration of III-Vs on silicon, it would be even more
important to obtain the most homogeneous size distribution
possible. This brought us to explore the conditions that could
further narrow the length and radius distributions of NWs. So
far, our model indicates that the length distributions are
primarily determined by the incubation stage, i.e., different start
times for the regular VLS growth of different NWs. In order to
achieve more uniform arrays, we increased As, beam flux. Our
intention was to achieve a higher supersaturation in the Ga
droplet and thus increase the GaAs nucleation probability,””**
or to decrease the nucleation time At, which primarily
determines the width of the length and diameter distributions.
This should shorten the incubation time for NW growth and
hence the decrease the initial size distribution width. We
compare the elongation and diameter distributions of NWs
obtained after 4 min of growth since this corresponds to the
incubation time for NWs obtained at lowest As, fluxes. We
show results for As, equivalent beam pressures of 2 X 1075, 2.5
X 1075 and 3 X 107° Torr in Figure 5. We include both the
SEM micrographs and the corresponding size distributions. As
expected, by increasing the As, flux both the NW incubation
phase and the nucleation step shorten. The length distribution
width is also considerably narrowed. The mean values for
lengths are (75 + 25), (125 = 12), and (180 + 10) nm, for
histograms in Figure Sa—c, respectively. From the values of
standard deviations, one can observe that the distribution
narrows for more the factor 2 when As pressure was increased
from 2 X 107 Torr to value of 3 X 107 Torr. These results
confirm that increasing supersaturation in the Ga droplets is a
good strategy for increasing the NW homogeneity in the arrays.

The values indicated with arrows in Figure Sb,c are probably
the wires for which droplets were consumed or polycrystalline
material (unsuccessful nucleation of NW). These features
cannot be distinguished solely from AFM scans. In SI 4, we
have also looked at the time evolution of NW growth under the
highest supersaturation conditions. Figure 6a—d depicts
representative SEM micrographs and the statistical morpho-
logical analysis as a function of the growth time. The incubation
time of the NWs is shorter than 1 min. This represents a factor
of 4 in reduction of the incubation period by just a 50% an
increase in the As, equivalent beam flux pressure. This confirms
the strong nonlinear relation between nucleation statistics and
supersaturation.

Conclusions. In conclusion, we have provided a detailed
study of the initial stages of growth of ordered GaAs NWs on
silicon. The NW nucleation leads to a rapid shape trans-
formation of droplets in which their base radius shrinks and the
height increases accordingly. Our NWs grow under strongly
gallium-rich conditions corresponding to the droplet swelling.
The widths of both radius and length distributions do not
follow Poissonian fluctuation-induced broadening for the short
lengths investigated, but rather are determined by the long
nucleation stage. Interestingly, our statistical histograms do not
show any pronounced asymmetry toward longer left tails, as in
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refs 30 and 31. Instead, they are well-fitted by the double
exponential shapes typical for macroscopic nucleation with a
large critical length after which NWs grow irreversibly. Our
model describe well the observed distribution shapes; however,
unraveling the exact mechanisms of NWs emerging from the
substrate requires a separate study. Shortening the nucleation
stage by increasing the As, flux effectively narrows the size
distribution. Our results suggest that this parameter plays a key
role for obtaining uniform arrays on silicon. In addition, we
believe that these results apply to other VLS growth using low
surface energy metals such as Sn/Ga-catalyzed GaP NWs or
Sn/In-catalyzed InAs NWs.

Methods. Substrate Preparation. Four-inch (111) p-doped
silicon wafers with a resistivity of 0.1—0.5 Q-cm; 10 nm were
thermally oxidized in a Centrotherm furnace at 950 °C. The
thickness of silicon oxide was 15 nm. The pattern was
predefined in a ZEP resist with electron-beam lithography and
then transferred on the oxide layer by a 6 s dry etching using
CHF;/SF4 chemistry followed by 2 s dip in 7:1 buffered
hydrofluoric acid solution (BHF). Electron-beam resist was
removed by oxygen plasma. After patterning, the wafers were
diced into 35 X 35 mm ? square chips sized for the MBE
sample holder. In order to ensure an oxide-free surface in the
holes, the chips were shortly dipped in the same BHF solution
prior to the introduction in the UHV chamber. The final
thickness of oxide before loading was 10 + 1 nm. The
substrates were subsequently annealed at 500 °C for 2 h in
UHV in order to ensure a pristine surface free of water and
organic molecules. The substrate was then transferred to the
growth chamber. There, they were degassed at 770 °C for 30
min to further remove any possible surface contaminants.
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