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ABSTRACT: Designing strategies to reach monodispersity in
fabrication of semiconductor nanowire ensembles is essential
for numerous applications. When Ga-catalyzed GaAs nanowire
arrays are grown by molecular beam epitaxy with help of
droplet-engineering, we observe a significant narrowing of the
diameter distribution of the final nanowire array with respect
to the size distribution of the initial Ga droplets. Considering
that the droplet serves as a nonequilibrium reservoir of a group
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III metal, we develop a model that demonstrates a self-equilibration effect on the droplet size in self-catalyzed III—V nanowires.
This effect leads to arrays of nanowires with a high degree of uniformity regardless of the initial conditions, while the stationary
diameter can be further finely tuned by varying the spacing of the array pitch on patterned Si substrates.
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Growing semiconductor materials with high precision at
the nanoscale is essential to improve the efficiencies of
ongoing technologies.' " Among the existing growth methods
for compound semiconductor nanostructures, a few rely on the
use of a tiny reservoir consisting of one of the element
composing the nanostructure. A prototypical case is a reservoir
of the group III metal during growth of III-V coumpound
semiconductors. Such a reservoir initiates or fuels epitaxial
growth leading to the formation of nanostructures with specific
geometries such as rings and wires.”~” For nanowires (NWs),
the so-called self-catalyzed growth is based on the vapor—
liquid—solid (VLS) mechanism assisted by a group III metal
droplet and has been successfully demonstrated with Ga
droplets and also In droplets.” " In contrast to the other
common Si-compatible growth technique, namely the catalyst-
free selective-area epitaxy, ™" self-seeded NWs have been
shown to easily reach crystal phase purity.”'*'"”

In the self-catalyzed VLS growth, the NW elongation rate is
controlled entirely by the kinetics of group V species,”'® while
the catalyst particle undergoes a significant and unavoidable
attachment and detachment of group III metal atoms. The
incoming atoms can either directly impinge from vapor or
diffuse from the NW sidewalls to feed the droplet. Changing
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the different fluxes can thus result in a significant modification
of the NW morphology including the NW diameter, because
the latter is known to be governed by the size of the
droplet."*** As homogeneity of the NW diameter and shape is
essential for making reproducible devices”"** and crucial for
improving the collective properties of NW arrays,”‘24 there is a
strong demand to control the behavior of the droplet size in the
self-catalyzed VLS growth.

Here, we examine the diameter evolution of Ga-catalyzed
GaAs NWs grown by droplet-engineered molecular beam
epitaxy (MBE). Such a method has been shown to give a high
yield of vertical GaAs NWs when a Ga predeposition step is
added prior to growth initiation and when a good control over
the surface properties of the patterned material exposed to
growth is achieved.”>™” As a new milestone, we show that
under appropriate growth conditions the NW diameters
converge toward a critical value that is directly related to the
size evolution of the droplet during the self-catalyzed growth.
By theoretically investigating the dynamical change of the
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Figure 1. (a) A 30° tilted SEM image of Ga droplets obtained after predeposition of Ga onto a hole array defined in a SiO, native oxide on a Si(111)
substrate using electron beam lithography and etching. The diameter of the holes is 60 nm and the pitch between the holes is 100 nm. (b,c) Top
view and 30° tilted SEM images of self-catalyzed GaAs NWs grown from the array of Ga droplets shown in (a). The scale bar corresponds to 100

nm.

droplet size as a function of the incoming flux and the
crystallization rate of the NW, we demonstrate the key role of
the diffusion-induced contribution of Ga adatoms in focusing
the droplet size distribution. This self-equilibration of the
droplet size in self-catalyzed III—V NWs enables the formation
of unique NW arrays with very narrow distribution of the NW
diameters despite being initially grown from differently sized
droplets. The critical diameter can be further finely tuned by
the wire-to-wire spacing.

In our experiments, the growth of GaAs NW on Si(111)
substrates was achieved through three steps, as described
previously:*® (i) patterning of a hole array in a thin silicon
dioxide layer to allow the precise positioning of the NWs on a
silicon substrate, (ii) predeposition of Ga to form droplets in
the etched holes and (iii) MBE growth of NWs. The NW
growth was performed at a temperature of 630 °C, an As/Ga
growth rate equivalent ratio of 1.8 and a two-dimensional
equivalent growth rate of GaAs of one monolayer per second.
Figure 1 shows scanning electron microscopy (SEM) images
obtained after steps (ii) and (iii) for an array of holes with a
diameter of 60 nm and a pitch of 100 nm. It is seen that the Ga
predeposition leads to the formation of Ga droplets in the
oxide-free openings only, resulting in the growth of NWs at the
position of the holes. While the diameter of the Ga droplets
varies significantly from hole to hole (the droplet diameter
distribution may depend on the droplet preparation process but
is never uniform), we notice a high degree of uniformity of the
NW diameters with minimal tapering effect due to the low V/
IIT ratio.

This difference between the droplet size distribution and the
NW diameter distribution was reproducible, whatever the initial
size and the pitch between the holes in the array were. For
example, Figure 2 compares the size distribution of the Ga
droplets with the distribution of the NW diameters for an array
with a hole size of 60 nm and a pitch of 250 nm. Again, the
NWs in the array are quite uniform and the NW diameter
distribution appears clearly much narrower than the hole size
distribution. Remarkably, the Ga-catalyzed growth of NWs
leads to a focusing effect toward a diameter of ~50 nm, slightly
bigger than the peak value of the droplet size distribution, but
still smaller than the hole size. In order to understand this
striking difference, we establish the following model.

As mentioned above, the elongation rate of Ga-catalyzed
GaAs NWs is limited by the kinetics of As species that arrive at
and desorb from the droplet surface but do not diffuse from the
sidewalls.”'®?** Because of a known low solubility of As in
liquid Ga, the catalyst droplet consists of almost pure Ga and
serves as a Ga reservoir for arriving As species. Therefore, the
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Figure 2. Histograms of the Ga droplet size distribution and the NW
diameter distribution. Inset: 30° tilted SEM images of the
corresponding array of GaAs NWs. For this array, the hole size and
pitch are 60 and 250 nm, respectively. Scale bar in the inset
corresponds to 100 nm.

droplet can either inflate or shrink with time depending on the
balance of Ga species.'® Indeed, the total number of Ga atoms
in the droplet N changes in time according to

7R* d_L
Qgaas dt (1)

Here, I is the direct atomic flux of Ga, y is the geometrical
function that depends on the contact angle  of the droplet and
the incident angle a of the Ga beam and equals 1/sin® # when /3
> /2 + &, Ris the radius of cylindrical NW, A is the effective
diffusion length of Ga adatoms on the NW sidewalls, Qg,,, =
0.0452 nm® is the volume per GaAs pair in the solid and dL/d¢
is the NW elongation rate. The first term stands for the direct
impingement of Ga, the second gives the diffusion-induced
contribution of Ga adatoms from the length A beneath the
droplet (more complex scenarios of the diffusion fluxes are
given, for example, in refs 32 and 33) and the third describes
the sink due to the NW elongation.

The droplet volume equals V = Q¢,N = (zR%/ 32{‘(,8), where
Qg, = 0.02 nm? is the Ga atomic volume in liquid®* and f(B) =
(1—cos f)(2 + cos B)/[(1 + cos B)sin f] is the geometrical
function relating the volume of a spherical cap to the radius of
its base. Assuming f as being independent of radius and using
eq 1, we arrive at

dN
= IaR* + 2IR sin a —
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R _ B
dt R ()
with
Q 2Q
A=¢(£—;{); B=—"% _isina
Qe (BN dt Qe (B)

(©)
and v = IQg,,, as the Ga deposition rate in nm/s. Obviously,
the behavior of the NW radius is very different at A > 0 and A <
0. When the effective Ga imbalance is positive (A < 0), that is,
more Ga atoms are brought from vapor to the droplet than
removed from it to grow a NW, the droplet will inflate with the
help of surface diffusion (B) and consequently the NW will
extend radially regardless of its initial dimension (the regime of
radial growth).18 This situation corresponds to low As influx
which yields small elongation rates such that dL/dt < yv.
Whenever A > 0, that is, more Ga atoms are removed from the
droplet due to crystallization than brought from vapor, the
situation becomes completely different. An additional diffusion
flux of sidewall Ga adatoms will have a focusing effect on the
diameter, that is, small NWs with R < R_ will extend and large
NWs with R > R_ shrink to reach the critical radius R. = B/A
(the regime of diameter self-equilibration).

The radius distribution f(R;t) of NWs at time t obeys the
following first order equation®>*°

IO 2Ty,

ot dt 4)

where the initial condition is determined by the size
distribution of Ga droplets prior to growth. Introducing the
scaled size r = R/R_ and scaled time x = t/7 with = R /A = B/
A? as the characteristic relaxation time, solutions to eqs 2 and 4
can be put in the universal form with the minimized number of
parameters. The time-dependent radius of individual NW that
has emerged from the droplet of radius ry = Ry/R. at t = 0 is
given by

rp—1
x=ry—r+In

r—1

©)

In particular, this equation applies to the most representative
NW radius r:(x) which corresponds to the most representative
size of the initial droplets 2 at t = 0. The size distribution is
obtained in the form:

] (6)

where the time dependence r«(x) is determined by eq S with r,
= 7%. The shape of the function g(y) is time-invariant and is
defined by the initial size distribution of the Ga droplets, while
the time evolution of the NW diameter distribution is described
by the time dependence of the most representative size r«(x).
The combination of variables in the argument of g is the first
integral of eq 4, while the prefactor ¢ ensures the correct
normalization of the distribution.

Figure 3 shows the narrowing effect in the scaled variables for
an ensemble of droplets described by the Gaussian distribution
gy) = (1/ Ar\/z exp(—y*/Ar) with the initial distribution
width Ar = 0.5 and the initial mean size 1% = 1.5. It is seen that
our nonlinear system features quite unique behavior where the
mean size self-equilibrates to R, and this process gradually
decreases the effective width of the size distribution.
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Figure 3. Evolution of the initial radius distribution with the width Ar
= 0.5 to a much narrower distribution as the scaled mean size tends to
one.

To observe this focusing effect on the diameters of Ga-
catalyzed NWs, one needs to fulfill the condition dL/dt > yv,
which requires high enough As influx. In our case, the GaAs
NWs reach ~1 pm length after 300 s of growth, therefore the
average elongation rate equals dL/dt = 3.33 nm/s. The
equivalent two-dimensional growth rate v cos a equals 0.326
nm/s, yielding v = 0.360 nm/s at o = 25°. Taking the average
value of the contact angle § = 115°, we obtain the Ga flux
impinging the droplet at yv = 0.438 nm/s. Therefore, the
difference dL/dt — yv = 2.89 nm/s in our case is positive and
large, which definitely favors the self-equilibration regime. With
these plausible parameters, we obtain A = 0.300 nm/s. Using
the value of R_ of 25 nm (because the critical diameter is close
to 50 nm from Figure 2), we arrive at B = 7.50 nm*/s. On the
basis of eq 3, we deduce a reasonable estimate for the effective
diffusion length of Ga adatoms at the NW sidewalls of 4 = 750
nm. Indeed, with the effective distance between the
neighboring NWs of approximately 250 nm the collection
length limited by the shadow effect in this array””** would be
about 540 nm. Larger A obtained from our fits should be due to
the simplified form of the Ga diffusion flux in eq 1 that does not
precisely describe the initial growth stage at L < A.*"** Finally,
the relaxation time 7 equals 83 s, which is noticeably shorter
than the total growth time of 300 s. The distribution of the NW
top diameters is therefore expected to be almost completely
equilibrated after stopping the growth.

Figure 4 shows the plots of NW diameters D = 2R versus
time obtained from eq S5 with the above parameters and at
different initial droplet diameters ranging from 25 to 60 nm.
The effect of self-equilibration is clearly seen and correlates
with the experimental histograms at f, = 300 s. The size
distribution is narrowed from 25 to 60 nm to ~50 nm, as
observed in Figure 2, while thinner and thicker NWs are no
longer present in the histograms. The described effect is very
important because it will transform an arbitrary broad diameter
distribution of the initial Ga droplets to the asymptotically
uniform distribution provided that the growth time is long
enough to allow for the complete size relaxation. After reaching
this size-uniform state, the NWs will continue to elongate with
stationary diameter and at almost diameter-independent rate
that also yields the uniform length. This explains why the
ensembles of Ga-catalyzed GaAs NWs usually have more
uniform dimensions compared to Au-catalyzed ones.”

According to the quantitative nucleation-based model of Glas
et al,” the growth rate of a self-catalyzed NW under steady
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Figure 4. Theoretical time-dependent variations of the NW diameters
obtained from eq S with different R, The vertical dash segment
indicates the experimental growth time £, of 300 s.

state fluxes depends on the NW radius (this is partly due to the
different areas available for nucleation at the liquid—solid
interface of differently sized NWs). The fact that narrow NWs
may grow very slowly should effectively produce some
reduction of NW radius distribution with respect to an initial
droplet diameter distribution. However, the same does not hold
for large NW radii and the expected narrowing is much less
marked than in the present model. Moreover, the analysis of ref
30, assumes a constant radius for each NW and therefore
ignores the self-equilibration mediated by radius changes that is
described here. In this sense, the diameter self-equilibration in
self-catalyzed III—V NWs resembles the height equilibration of
self-induced GaN NWs.*" This effect is caused by completely
different physical reasons but also leads to stable asymptotic
size-uniformity, while narrowing the length distribution of Ge
NWs described in ref 33 could be reached only at a certain
moment of time. We also note that a diameter self-regulation in
array of NWs has recently been reported for catalyst-free,
spontaneously formed GaN NWs."' However, the mechanism
of the diameter self-equilibration in our case is different and is
associated with the reservoir effect of nonequilibrium Ga
droplet while no such droplet is present on top of any self-
induced NWs.

Furthermore, Figure S shows that the stationary diameter of
NWs can be tuned by the pitch of the Ga droplet array. The
normalized histograms of the diameter distributions show the
large dispersion of the Ga droplet sizes that equilibrate to
regular arrays of 50, 60, and 70 nm diameter NWs in the course
of growth for the pitch of 250, 500, and 1000 nm, respectively.
The diameter distributions are fitted by eqs S and 6 with the
same parameter as before but with different 2R ~ 50, 60, and
70 nm depending on the pitch. The increase of the stationary
diameter is well-understood through the shadowing effect,>”*
which is important for the smallest pitch but vanishes for the
large pitches. Thus, the effective collection length of Ga
increases for larger pitches and finally becomes limited by the
Ga incorporation to the growing shells around the NW (this
process is necessary to maintain a uniform NW diameter from
base to top). The increase of A raises the B value in eq 3 and
therefore results in the larger stationary diameter that is
proportional to B. In other words, the Ga transport into the
droplet can be regulated by the wire-to-wire spacing and the
resulting NW diameter can be finely tuned to the desired value.

In conclusion, we have demonstrated experimentally and
described theoretically the effect of the diameter self-
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Figure S. Histograms showing the distribution of the Ga droplet size
and NW diameter for arrays with a hole size of 60 nm and three
different pitches (left, 250 nm; middle: S00 nm; right, 1000 nm).
Inset: 30° tilted SEM images of the corresponding GaAs NW arrays.
The scale bar is 200 nm. The solid lines show the theoretical fits
obtained from eqs S and 6.

equilibration in Ga-catalyzed GaAs NWs that produces regular
arrays of NWs regardless of the initial droplet size distribution.
This effect is not at all restricted to particular epitaxy technique
or deposition conditions and should be observed in all self-
catalyzed VLS systems where the low vapor flux of a group III
metal is compensated by diffusion of surface adatoms. The
resulting NW arrays show a very high degree of the diameter
uniformity while the stationary diameter can be tuned by the
growth conditions or geometrical parameters such as the array
pitch on patterned Si substrates. The described self-
equilibration effect is important from the fundamental view-
point and should be useful for applications that require the
controlled fabrication of regular NW arrays with tunable
diameters.
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