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It is common knowledge [1-5] that the growth rate in
the process of epitaxy of planar layers and various types
of nanostructures of III—V semiconductor compounds (for
brevity, they are referred to as III—V nanostructures) may
be limited by the kinetics of either group III elements
or group V elements. Different limiting growth factors
have also been examined in the general case of formation
of crystal steps in multicomponent systems with chemical
reactions [6]. The presence of surface diffusion of group
III adatoms under conditions of enrichment in group V is
normally assumed in simulations of growth processes [1,2].
The number of group V adatoms on the surface is then
considered to be sufficient to crystallize with group III
adatoms supplied to the boundaries of a growing step.
Owing to high volatility of As, P, and N, the surface
concentration of group V adatoms is assumed to be the
result of a certain balance between the processes of their
supply from the gas phase and desorption.

In the case of III-V nanowires (NWs) [7-16],
Au-catalyzed  vertical  vapor—liquid—solid ~ (VLS)
growth [7,9,11,14] and catalyst-free growth by selective area
epitaxy [8,13,14] are commonly assumed to be governed
by the kinetics of group III atoms, and only the process of
self-catalyzed VLS growth with a Ga droplet at the NW tip
is thought to be controlled by adsorption and desorption of
group V atoms on the droplet surface [12,16]. However,
it is clear that the diffusion length of group V adatoms
on the surface cannot be zero, since it would then be
impossible for these adatoms to desorb in As;, P, or Nj
dimers. The diffusion of P atoms along the side surface
of a GaP NW over distances up to 400nm has recently
been examined in [17]. It is also a distinct possibility that
the radial growth of NWs [8,11,13,14] (regardless of the
presence of a catalyst and its type) is controlled by the flux
of a group V element. The aim of the present study is to
construct a simple model for the rate of growth of III-V
layers via surface diffusion of both elements and determine
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the conditions under which this growth is indeed controlled
by the diffusion of group III adatoms.

The considered geometry of a step bunch with distance
P between steps on a planar surface or a side NW surface
is shown in Fig. 1. Steady-state diffusion equations for
the concentrations of group III adatoms (n3) and group V
adatoms (ns) are written in their common form [18-20]:

d2n3 n3
Do By, B
3dx2+3 = 0,
2
D, d"s 5 _o. (1)

e +1s =
Here, | are the atomic fluxes of elements K =3 and 5 to
the surface, Dy are the surface diffusion coefficients, and
7 are the characteristic adatom desorption times. It is
assumed in Eq. (1) for ns that group V atoms are desorbed
in singles, which is possible only if they combine with
other atoms (e.g., hydrogen) in gas-phase epitaxy [5,10]. In
the case of molecular-beam epitaxy, a group V element is
always desorbed in dimers (Asp, P2, or Na) [2,7,16]. The
corresponding diffusion equation then takes the form

d2n5
el (2)

Assuming that the spatial nonuniformity of group V adatoms
is low, one may linearize expression (2) with respect to
average concentration n(s) = +/l5/2Ds:

Ds +15—2Dsn2 =0.

d?n
DSW; + 215 — /815Dshs = 0. (3)
With substitutions
L=2ls, 1/ =1/\/8IsDs, 1.=[Ds/815]V4 (4

this equation assumes form (1); therefore, diffusion equa-
tions in form (1) symmetric with respect to element 3 < 5
change are used below.
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Figure 1. Illustration of epitaxial growth of III—V compounds due to the motion of a step bunch on a planar substrate (a) and the side

surface of a vertical NW (b).
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Figure 2. Dependences of diffusion flux jgi1f normalized to |3
on parameter a = j3/]js at different degrees of supersaturation ¢,
which are indicated in the figure.

It follows from symmetry considerations that diffusion
fluxes should turn to zero at x = P/2. The first two
boundary conditions for (1) are thus obtained:

(%) - (%) -0 (5)
dx /y_pp dx /—p/2

For a III—-V compound to have a stoichiometric composi-
tion, diffusion fluxes at the step boundary need to be equal:

S dn; B dns
Jdiff —2D3(dx>x_0—2D5<dX)x_o. (6)

Diffusion flux jgis+ is the one that specifies the step growth
rate. The chemical potential of a pair of III-V adatoms at
the step boundary should also be equal to the equilibrium
chemical potential of a pair of [II-V adatoms in equilibrium

with a step:
M3 (x = 0)ns(x = 0) = ngnS". (7)

The solution of the problem for a diffusion flux with these
boundary conditions takes the form

. P
Jaitf = 243 tanh(z_l) I39F,

_I+a dap
F = 20 (1 1 ) (8)

(1+a)?
where A3 = /D33 and As = /D575 are the diffusion
lengths of group III and V adatoms. Thus, the growth rate
is controlled by two parameters: ¢ and a, which are given

by

eq. eq
Ny Ng
13731575

_ A3 tanh(P/ZA3) I3 9
" Astanh(P/2s) |5 ®)

Quantity ¢ is proportional to the degree of supersaturation
of a system of adatoms with concentrations |373 and
Ists away from a step with respect to a stoichiometric
III-V crystal and is the driving force behind growth.
Parameter a specifies which of the elements controls the
growth process. The physical meaning of a = A3l3/1sl5 is
particularly apparent at P — oc: this is the ratio of numbers
of group III and V adatoms collected over distances equal
to diffusion lengths 13 and 4s, respectively. Function F — 1
at a — 0, and the step growth rate is specified by the
classical expression jgitf(a — 0) =213 tanh(z—;})lyp [20]
for a group III element. The process of growth is governed
by group III adatoms under these conditions, and a group V
element affects only the degree of supersaturation (¢) via a
coordinate-independent concentration of group V adatoms
(Ists) in the denominator of (9) [1,2,7-11]. Function
F — 1/a at a — oo, and the growth rate is specified by the
same expression jgitf(a — 00) =215 tanh(z%s)lyp [20],

p=1-
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although this time it corresponds to a group V element. The
process of growth is governed by group V adatoms under
these conditions.

Thus, parameter a is given by a = j3/js, where
j3 = jdiff(a—> O) and j5 = jdiff(a — oo) — are the
diffusion fluxes of group III and V adatoms, respectively.
The first expression in (8) then assumes a form symmetric
with respect to element 3 < 5 change:

jd'ff:&(l_ 1- Yo )
' 29 (1+J3/is) (1 +js/is) /)
(10)
Figure 2 illustrates the variation of the ratio between
diffusion flux jgif¢ to a step and diffusion flux j; of group
III adatoms with increasing a. It is evident that the step
growth rate is controlled by a group III element at low
a and by a group V element at high a. Note also that
the solution becomes asymmetric if group V atoms are
desorbed in dimers. At P — oo, the control parameters
of the growth process take the form

ny gt A3l
p=1-—232__ a=—>2
13731/T5/2Ds (2Ds) 1413

The obtained solutions for the diffusion flux may be useful
in modeling of various growth processes, including the
radial growth of III-V NWs and, possibly, their vertical
growth under the conditions of surface diffusion of group
V adatoms [17]. These results may be generalized to the
case of growth of ternary III-V compounds and modeling
of their composition as a function of the composition of the
gas phase.
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