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Low-temperature growth of InAs nanowires and nanosheets on Si(100)

substrates
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The results of the study of low-temperature growth of InAs nanowires and nanosheets on Si(100) substrates by
molecular beam epitaxy are presented. The morphology and structure of nanowires and nanosheets were studied
by scanning and transmission electron microscopy. It was found that, during the growth of nanowires in the [110]

direction, the interface between the catalyst and nanowire contains two facets: InAs(111) and InAs(111). A simple
geometrical model of the nanowire growth has been proposed to explain the stability of these facets, and estimates
for the ratio between step velocities on these facets have been obtained.
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Recently, the study of low-temperature growth of
AU"BY nanowires and nanosheets via the vapor—solid—solid
(VSS) mechanism has attracted much attention from
researchers [1-3].  Low-temperature growth of ANBY
nanostructures via the VSS mechanism is performed by
molecular beam epitaxy (MBE) and metalorganic vapour-
phase epitaxy at temperatures significantly lower than the
catalyst eutectic temperature at which the catalyst particle is
solid. For instance, the process of growing InAs nanowires
(NWs) under the VSS mechanism proceeds at the temper-
atures of ~ 300°C, while the eutectic temperature of the
Au—In catalyst is 453.3°C [4]. An increased interest in
this growth mechanism is caused by that the VSS growth
exhibits a number of advantages over the more common
synthesis method obeying the vapor—liquid—solid (VLS)
mechanism [1,2]. Among the VSS mechanism advantages
there are a more comprehensive control of the nanocrystal
(zinc blende/wurtzite) crystalline phase and possibility to
create sharp axial heterojunctions by switching both the
group V and group III fluxes (due to the absence of
the so-called ,reservoir effect® [2]). In addition, low
growth temperatures open up new ways to integrate A""BY
semiconductors with silicon electronics. Despite a relatively
large number of publications on this topic, the VSS growth
of AMBY nanostructures on silicon substrates has not
received enough attention. This work was devoted to
studying the VSS growth of InAs nanostructures on Si(100)
substrates; we continued the studies of the low-temperature
growth of A"BY NWs described in papers [5,6] where the
VSS growth of InAs(P) NWs on Si(111) substrates was
demonstrated. Growth on Si(100) substrates is of particular
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interest for studying the mechanisms of VSS-growth of InAs,
since these substrates have no preferable growth direction,
while in the case of a (111) substrate the preferable
direction is [111]/[111]. As a result, conditions for growing
nanostructures in various crystallographic directions get
created.

The InAs structure was grown by MBE at a Riber
Compact 21 setup equipped with a separate metallization
chamber for depositing the catalyst (gold) without breaking
vacuum conditions. As the substrates, p-doped Si(100)
wafers with the 2° misorientation in the [011] direction were
used. Gold was deposited at 550°C for 50 s with subsequent
1min exposure at the same temperature. The substrate
metallization was preceded by conventional cleaning in the
hydrofluoric acid aqueous solution and annealing at 850°C.
After transferring the substrate into the growth chamber, the
growth temperature was set to 270°C. Growth of InAs was
initiated by simultaneously opening the indium and arsenic
shutters and was continued for 15 min. Morphological and
structural properties of the obtained samples were studied
by scanning electron microscopy (SEM) and transmission
electron microscopy (TEM) (Figs. 1 and 2). The research
results confirmed the formation of nanostructures of various
morphologies, including nanowires and nanosheets (Fig. 1).
In their turn, catalyst particles were observed in high-
resolution TEM images at the tops of nanostructures. Low
values of the growth temperatures, as well as the compo-
sition of the catalyst particles Au—In (20—25 at.% indium)
determined by energy-dispersive X-ray spectroscopy, make
us to unambiguously conclude that the nanostructures have
been grown under the VSS mechanism. Notice that
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the growth on Si(111) substrates under similar deposition
conditions typically results in formation of nanostructures
of only one type, namely InAs NWs growing in the [0001]
direction [6]. In our case, various types of nanostructures
are observed on the Si(100) substrate surface (Figs. 1,a
and b). _

1. NWs growing in the InAs[0001] direction and having
the length of 1—-4 um and constant diameter of about 10 nm.
The catalyst—NW interface is perpendicular to the crystal
growth direction. These NWs grow in four directions
[111] and [111] relative to the substrate and have the
wurtzite crystal structure. In this case, TEM data completely
reproduce the results of [6] where the growth of InAs NWs
on Si(111) substrates was studied.

2. Nanosheets about 1um in length and ~ 100nm in
lateral size having the wurtzite structure (the diffraction
pattern is presented in the inset to Fig. 2,a). The
catalyst—NW InAs(0001)/(0001) interface is inclined at the
angle of ~ 40° to the growth direction (Fig. 2,a) [1].

3. NWs about 1um long growing in the InAs[110] di-
rection and having the zinc blende structure (the diffraction
pattern is given in the inset to Fig. 2,b5). Their diameter
decreases from base to top and amounts to ~ 10—30nm [7].
The catalyst—NW interface is not flat (Fig. 2, b).

4. Nanostructures formed as a result of the catalyst
particle instability and NW transformation into a nanosheet
(see the inset to Fig. 1,b) [8].

The listed types of nanostructures, their morphology and
crystal structure are, in general, consistent with the results
of previous studies devoted to growing InAs nanostructures
via the VLS and VSS mechanisms on substrates of other
types [1.6-8]. The exception are peculiarities of NWs
growing in the [110] direction, which manifest themselves
in formation of a non-planar catalyst—NW interface (Fig. 2).
Previously it was reported that, in the case of the VLS
growth of InAs NWs in the given direction, the interface
has only one facet, namely [111] [7]. The non-planar
character of the catalyst—NW interface geometry revealed in
our study means that the growth mechanism of such crystals
differs significantly from the well-studied mechanism of NW
growth in the [111)/[111] direction. In the latter case,
the source of steps growing at the catalyst—NW interface
are two-dimensional islands emerging on the atomically
smooth upper facet of NW during the layer-by-layer growth.
When the interface is formed by two planes InAs(111) and
InAs(111), the preferable place of island nucleation is the
region near the edge of the dihedral angle, since in this case
the islands perimeter length is minimal at the fixed volume
(Fig. 3 ). Notice that position of an island emerging on
the edge formed by the InAs (111) and InAs(111) planes
is always consistent with the zinc blende structure. On the
contrary, position of an island emerging on an atomically
smooth facet, e.g. InAs(111), is consistent with either the
zinc blende or wurtzite structure. This fact explains the
effect of polytypism (zinc blende/wurtzite) often observed
during the growth in the [111]/[111] direction of NWs
whose radii exceed ~ 10nm [9]. Thus, the defect-free

Figure 1. ¢ — SEM image of an array of InAs nanostructures
grown on the Si(100) substrate. b — TEM image of various
types of nanostructures after transferring them from the substrate
to the carbon grid. I — NWs growing in the [0001] direction;
2 — nanosheets; 3 — NWs growing in the [110] direction; 4 —
nanosheets arising due to instability of the catalyst particle.

structure of NWs growing in the InAs[110] direction may
be caused by the presence of a non-planar interface with
the catalyst. Notice also that the observed (111) and
(111) facets have been earlier discovered on the AMBY
semiconductor surface (110) after etching by depositing
metal films and annealing [10]. However, in this case
the material transport at the metal—semiconductor interface
proceeds in the opposite direction. Since the InAs(111) and
InAs(111) surfaces are bounded by atoms of different types,
namely arsenic and indium, respectively, the lateral growth
rates of steps on these planes are different. Let us evaluate
the stability of the size of these facets within the framework
of the simple geometric model presented in the inset to
Fig. 3. Assume that, being nucleated, an island located on
the edge can grow laterally both along the InAs(111) facet
I} long and InAs(111) facet I, long at the rates of V; and
V,, respectively. Let us determine the normal growth rates

of the InAs(111) and InAs(111) facets through formulae
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Figure 2. TEM images of the top of the InAs nanosheet (a) and
top of the InAs NW growing in the [110] direction (b). The insets
present diffraction patterns of the nanosheets and nanowires.

Vo1 = hVi/l1 and Vo = hV,/l,, where h is the monolayer
height. Then the equation for the rate of variation in the
first facet length |; takes the following form:

d|1/dt = (V()l —V()z)/ sinza,

where t is the growth time, a is the angle between
the [110] and [111] directions. From this equation it
follows that the condition for stationary growth of NWs
is equality Vi/V, =11/l,. Expressing the normal growth
rates of facets in terms of lateral growth rates of the
respective steps, taking into account that | = lnax — 11, and
introducing dimensionless quantities | = |} /liax, V = Vi/Va
and 7 = thV,/ (12, sin2a), where |, = d/cosa, d is the
NW diameter, obtain a differential equation defining the
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length of the first facet:

dV—-(1+V)l 0
dr — I(1-1)
Integrating equation (1) with initial condition |(0) = I,
find the solution in the form of inverse function

(I=1) (1+V) (1 +1o) (14V) —2) =2V 1n<|'0<(1;j\’,§vv>

2(1+V)3 ’

(2)
where | >V/(14+V) (1<V/(1+V))  provided
lo>V/(1+V) (lo<V/(14+V)). As shown by the
function |(7) curves (Fig. 3) plotted for different values of
initial facet length |y, this solution is stable. With increasing
time, the facet size | tends to a stationary value according
to the following formula (the stationary growth condition in
the dimensionless form):

T =

\%
=y (3)

Assuming that growth on the InAs(111) facet is faster than
on the InAs(111) facet [7], find from the TEM image shown
in Fig. 2,b that | ~ 0.6. Then obtain from equation (3)
the ratio between the growth rates of the InAs(111) and
InAs(111) facets; it appears to be V ~ 1.5. It is important
to notice that, due to the stationary growth condition, the
NW top will retain both facets even if the difference in step
velocities on these facets is relatively large.

Thus, in this work we have studied the MBE growth
of InAs nanostructures on Si(100) substrates via the VSS
mechanism. The morphology and crystal structure of
nanowires and nanosheets formed on these substrates have
been examined. It was found out that, when NWs grow
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Figure 3. Relative length | =1, /Imax of the facet located at the
catalyst—NW interface versus the growth time at different initial
lengths |l and ratio Vi /V, = 1.5 between the facet growth rates.
The inset presents the model geometry of the top of NW growing
in the [110] direction.
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in the InAs[110] direction, the catalyst—NW interface is not
flat. A model was proposed within which the stability of
facets constituting the interface was studied.
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