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Controlling the composition of ternary III-V and III-nitride nanomaterials such as vertical nanowires, hori-
zontal nanowires, nanosheets, and nanomembranes grown by different epitaxy techniques is essential for band
gap engineering and fabrication of nanoheterostructures with tunable properties. Herein, we investigate the
diffusion-induced growth process of III-V ternary materials in different geometries including planar layers,
nanomembranes, and horizontal and vertical nanowires grown by selective area epitaxy or with a catalyst droplet
on top and derive a rather general equation connecting the composition of ternary solid with the composition
of vapor. The form of this vapor-solid distribution remains identical for a wide range of geometries, while the
coefficients entering the equation contain thermodynamic factors, kinetic constants of the material transport, and
geometrical parameters of the growth template. General properties of the vapor-solid distribution are investigated
with respect to material constants, growth condition, and geometry, including the interplay of thermodynamics
and growth kinetics leading to the suppression of the miscibility gaps in InGaAs and InGaN systems. A good
correlation of the model with the data on the compositions of InGaAs, InGaP, and AlGaAs materials grown
by different methods is demonstrated. Overall, these results give a simple analytical tool for understanding the
compositional trends and compositional tuning of III-V ternary nanostructures, which should work equally well

for Si-Ge and II-VI material systems.
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I. INTRODUCTION

Epitaxial growth of ternary III-V and III-nitride semicon-
ductor alloys and heterostructures based on such alloys has
been studied in great detail over the decades [1-8]. The band
gap tunability of these materials requires precise control over
the composition of ternary III-V alloys and heterointerface
abruptness in a wide range of compositions. This is not always
possible in planar layers due to the lattice mismatch constrains
and the related miscibility gaps at the growth temperatures
in III-V ternaries with strong interactions between dissimilar
III-V pairs, such as InGaAs and InGaN [9-11]. The growth
modeling of III-V ternaries [4-11] has led to vapor-solid
distributions which relate the fraction x of an AD binary in
a ternary A.B,_,D = (AD),(BD),_, material (for example,
In,Ga;_,As) to the A content in vapor, z = Iy /(I4 + I), with
I4 and I as the vapor fluxes of A and B atoms or precur-
sors containing these atoms (for example, In and Ga atoms).
The shape of the vapor-solid distribution x(z) depends on
the binary interaction constant between AD and BD pairs in
a solid in thermal units, thermodynamic parameters related
to the chemical potentials of pure elements, and the kinetic
parameters describing the growth of AD and BD binaries. The
latter are determined by the growth conditions in a given epi-
taxy technique and on the diffusivity of A, B, and D adatoms
on a given substrate surface. These factors can enter the
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vapor-solid distribution in the form of temperature-dependent
equilibrium constants for different chemical reactions at the
surface, desorption times, and the effective diffusion lengths
of A, B, and D adatoms [5-8].

Ternary III-V nanomaterials of different shapes, includ-
ing nanoislands, nanowires, and nanomembranes of different
orientations with respect to the substrate surface enable a
wider tunability of compositions [12,13], which is partly
explained by a more efficient relaxation of elastic stress
induced by lattice mismatch. Very importantly, high-aspect-
ratio III-V nanostructures such as vertical nanowires can be
grown on Si substrates without misfit dislocations [12,13].
Hybrid III-V nanoheterostructures on Si substrates can pave
the way for monolithic integration of III-V-based photonics
with the Si electronic platform. Freestanding ternary III-V
and II-nitride nanowires and heterostructures of different
types (axial, core-shell, or hybrid nanoheterostructures such as
quantum dots in a nanowire) have attracted particular attention
in this respect [14-29]. These nanowires can be fabricated
by different methods, either via the catalyst-assisted vapor-
liquid-solid (VLS) growth mode (with either Au [16,18—
20,25] or a group-1II [14,23,24] droplet on the nanowire
top) or in the catalyst-free selective area epitaxy (SAE)
[17,21,22,27]. The growth techniques include molecular beam
epitaxy (MBE) [14,17,20,22-24], metalorganic vapor phase
epitaxy (MOVPE) [16,18,19,21,25], and hydride vapor phase
epitaxy (HVPE) with chloride precursors for group-III el-
ements [26,27]. Compositional modeling of ternary III-V
nanowires, as well as III-V nanostructures in general, is much
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more complex than of planar layers of the same materials. The
complexity arises due to the many kinetic pathways for the
material transport into a nanostructure through different sur-
faces or interfaces and the geometrical constrains determined
by a particular growth template (droplet diameter, nanowire
length, opening size and pitch, nanomembrane height, and so
on). On the other hand, this complexity provides more tuning
knobs for the compositional variability.

The VLS growth of ternary III-V nanowires is the most
complex case for compositional modeling [19,24-26,30—
40]. This is explained by the presence of a liquid droplet
from which the nanowire monolayers nucleate, with differ-
ent mechanisms of material transport into the droplet (direct
impingement of group-III and V species from vapor, their
desorption from the droplet, and diffusion fluxes of group-III
adatoms from the substrate surface and nanowire sidewalls)
and complex interactions of different atoms in liquid. For
an Au-catalyzed ternary A,B;_.D nanowire, a quaternary A-
B-D-Au alloy in the droplet resting on the nanowire top is
characterized by the three atomic concentrations c4, cp, and
cp of elements A, B, and D, respectively, with the Au con-
centration cay = 1 — ¢4 — ¢g — cp. The A content in liquid is
defined according to y = cs/(ca + cg) = ca/Cror, Where cyo
is the total concentration of A and B atoms dissolved in lig-
uid. Four types of models are used to find the liquid-solid
distribution x(y): (i) the irreversible growth model which,
strictly speaking, applies for infinitely large supersaturations
of the liquid phase with respect to solid [19,31,38], (ii) the
nucleation limited model which assumes that the solid compo-
sition is determined in the short nucleation step of the critical
island (often consisting of only a few III-V pairs) [31-34,36],
(iii) the equilibrium model which assumes the equilibrium
state for AD and BD binaries in liquid and solid [24,36], and
(iv) the kinetic model which is based on the growth equations
for AD and BD binary islands whose size is much larger than
the critical size [26,35,37,38,40]. Only the kinetic approach
(iv) allows one to consider the interplay of thermodynamic
and kinetic factors influencing the nanowire composition.

The most general form of the kinetically controlled liquid-
solid distribution is given by [40]

x explw(l —x)*] — bexp[—fz(y) — fo(y)lexp(wx)}),
()
with
0 0 0
g . (H/AD_IU’A_IU“D)’
DCtot kgT

1 Mgp — Mg — u%)

b= CDCtot eXp( ksT . @

Here, w = W/(kgT) is the binary interaction constant of
AD and BD pairs in a solid in thermal units, with 7 as
the absolute temperature and kg as the Boltzmann constant;
WSy — ng — u and uf, — uh — u? are the chemical poten-
tial differences per AD and BD pair in solid binaries (19,
and 11%), and pure liquids (1§ + % and 1% + 1) fa(),
fs(), and fp(y) are the interaction terms in the chemical
potentials of A, B, and D atoms in liquid (defined as ,uf =

/L? + kgTlInc; + kgT f; for i = A, B, and D), and k is a ki-
netic constant. Although this expression and its simplified
forms have been successfully used for modeling the compo-
sitions of different III-V nanowires [26,35,37,38,40], Eq. (1)
remains inconsistent in several respects. First, it does not
provide the x(y) dependence explicitly due to the presence of
the interaction-related y-dependent terms exp[— f4 (y) — fp(y]
and exp[—fz(y) — fp(y] in the right side of Eq. (1). Second,
it relates the solid composition to the A content in liquid y
rather than the vapor composition z. The y(z) dependence is
not known without considering the material transport of A,
B, and D atoms into the droplet by different kinetic pathways.
Therefore, the vapor-solid distribution x(z) is unknown. Third,
for A,B;_,D ternaries based on the group-III intermix, such
as In,Ga;_,As, Al,Ga;_,As, In,Ga,;_,P, or In,Ga;_,N, ¢cp
stands for the atomic concentration of highly volatile group-
V elements As, P, or N, whose low content in the catalyst
droplets (on the order of 0.01 or even less) is usually below the
detection limit of any characterization technique [41]. There-
fore, cp is the unknown parameter which very significantly
influences the liquid-solid distribution given by Egs. (1) and
(2) (note that the functions f;(y) depend parametrically on cp
[34,40]). Fourth, the kinetic constant k is generally unknown
[40], while its varying in the plausible range may change the
solid composition by an order of magnitude.

Consequently, here, we develop a fully self-consistent
theory of the diffusion-induced epitaxial growth and the ki-
netically limited vapor-solid distributions of ternary III-V
materials. Compared with earlier works which focus on the ki-
netically limited composition of ternary III-V VLS nanowires
[35,37,39,40], we obtain the explicit form of the vapor-solid
distributions for III-V ternaries based on group-III intermix
under group-V-rich conditions and demonstrate its generality
in a wide range of geometries and growth conditions. Special
emphasis is put on the choice of the boundary condition at
the growth interface which directly accounts for stoichiometry
of a III-V ternary solid. Different geometries are considered,
including an echelon of monoatomic steps with a given sep-
aration (in planar geometry or on the sidewalls of vertical
nanowire), two-dimensional (2D) surface island, horizontal
nanowire in one-dimensional (1D) slit in a mask layer, 2D
nanomembrane, and vertical nanowire grown by the SAE or
VLS method. The diffusion fluxes of A and B atoms are
obtained from the two stationary diffusion equations with the
appropriate boundary conditions set by the system geometry.
It will be shown that the general form of the vapor-solid distri-
bution remains identical for all the systems considered, with
coefficients containing geometrical parameters of the struc-
ture (separation of monoatomic steps, island radius, width
and height of a nanomembrane, nanowire radius and length,
and pitch of regular arrays of 1D or 2D openings in a mask
layer). The general form of the distribution is like Eq. (1).
However, it describes the vapor-solid distribution x(z) for
a wide class of ternary III-V nanomaterials rather than the
liquid-solid distribution x(y) for VLS III-V nanowires, with a
minimum number of parameters. The vapor-solid distribution
depends on the well-tabulated binary interaction constant in
a solid, temperature-dependent chemical potentials of pure
liquids and binary solids, kinetic constants entering the diffu-
sion equations, and geometry of the structure. We analyze the
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general properties of the vapor-solid distribution in different
growth regimes, its equilibrium solution, and the dependence
of the composition of III-V ternaries on the growth conditions
and nanostructure geometry. The distribution fits the data on
the composition of InGaAs layers and InGaAs and AlGaAs
nanowires obtained by different epitaxy techniques in the VLS
or SAE regimes quite well.

The paper is organized as follows. In Sec. II, we analyze
the general equation for the diffusion flux feeding an echelon
of steps of a III-V binary layer and the conditions determining
which of the two elements limits the growth process. In the
next sections, we concentrate on ternary III-V nanomaterials
based on the group-III intermix, growing under group-V-rich
conditions. In Sec. III, we discuss the appropriate boundary
conditions for the diffusion fluxes of the two elements at
the growth interface. In Sec. IV, different geometries of a
growing ternary III-V structure are considered, leading to the
same form of the diffusion fluxes with modified parameters. In
Sec. V, we derive a kinetically limited vapor-solid distribution
and analyze its general properties. Section VI deals with some
specific features of technologically important InGaAs and In-
GaP material systems. In Sec. VII, the model is used to fit the
experimental data on the composition of InGaAs, InGaP, and
AlGaAs ternaries in different growth techniques and template
geometries.

II. GROUP-IIT AND V LIMITED GROWTH REGIMES

To establish a criterion for the group-III or V limited
diffusion-induced growth, we consider a III-V binary echelon
of steps with separation P, growing on a substrate from the
atomic fluxes of group-IIl and V elements, J5 and Js, respec-
tively. The system of stationary diffusion equations describing
the coordinate-dependent surface concentrations of group-III
and V adatoms, n3 and ns, respectively, is given by

d2 ns

ns
J3—— =0, 3
7 +J3 - 3
d2n5 2
TS +Js —2Dsns = 0, 4)

with £ as the 1D coordinate across the growth front. Here,
D3 and Ds are the diffusion coefficients of group-III and V
adatoms, and 73 is the characteristic desorption time of group-
IIT adatoms. In Eq. (4), we consider that group-V elements
such as As, P, or N desorb in the form of dimers, at least in the
case of MBE [41-44]. Assuming that spatial inhomogeneity
of the group-V adatom concentration is small due to their
high volatility, Eq. (4) can be linearized around the spatially
uniform solution:

nd= [ (5)

The linearized equation for group-V adatoms has the form:

d ns
dg?

vV 8J5D5n5 = 0. (6)

Ds——— +2Js —

By symmetry, the first two boundary conditions for n3 and
ns between the steps are given by

(&)= (&) o
d§ S:P/Z_ d§ g:P/z_ .

To ensure that III-V alloy is stoichiometric, both diffusion
fluxes into the step must equal each other:

dn3 . %
/= 2D*<ds> ‘2D5<ds >5=o‘ ®)

Finally, the chemical potential per III-V pair of adatoms
should equal the chemical potential of a III-V binary solid. For
the perfect 2D vapor of noninteracting adatoms, this condition
is given by

n3(§ = 0)ns(§ = 0) = n3'ng’, )
€q,€q ;

where n;'ng" is the product of the two adatom concentrations
at which 2D vapor of adatoms is at equilibrium with solid.
This n3'n Sq can be related to the chemical potential of pure
group-III and V liquids, as will be discussed shortly.

The solution for the diffusion flux, which determines the
growth rate of the 2D layer, is readily obtained in the form:

_Us+Js) _ o . .490 | o
2¢ (L+ j3/js)(X + js/j3)

Here,

p=1-— =1- an
J3'L’3«/J5/2D5 J3'L’3ng

is proportional to supersaturation of 2D vapor of adatoms with

respect to the solid state. The growth rate of a solid III-V

binary is positive when ¢ > 0. The parameters:

P
j3 = 2Asztanh [ — ) J3¢,
J3 3 <2A3) 3¢

= 2< 5)1/4tanh[—]J (12)
@,
Js = Js (2D5/J5)1/4 :

correspond to the group-IIl and V diffusion fluxes in the
group-V and III limited regimes, respectively, with A3 =
/D373 as the desorption-limited diffusion length of group-III
adatoms. From Eq. (12), we have

i Astanh(P/213) A
js  (2Ds/Js)*tanh[P/(2Ds/Js)"*1 Js’
j A3 j J
]_—3—>—3133/4 at P — oo, J,—3—>—3 at P — 0.
Js  (2Ds)'*U; s 2

(13)

Therefore, the j;/js ratio is reduced to the III/V flux ratio
J3/2Js for a dense echelon of steps whose separation is much
smaller than the diffusion length of group-V adatoms.

From Eq. (10), it follows that j — j3 at j3/js — 0. There-
fore, the growth is group-III limited and given by Eq. (12)
for j; when j3/js < 1. In this case, the group-V dependence
of the growth rate remains only in supersaturation ¢, which
is affected by the spatially uniform concentration of group-V
adatoms defined in Eq. (5). The growth rate is determined
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FIG. 1. Diffusion flux j, normalized to its maximum value
2)stanh(P/2X3)J3, as a function of j;/js for different ¢ shown in the
legend. The bold curve corresponds to the growth at the maximum

¢ =1.

by the diffusion flux of group-III adatoms, while the con-
centration of group-V adatoms is given by the balance of
adsorption and desorption given by Eq. (4) at Dsd? ns/d&> —
0. This is the usual assumption used in modeling of the
diffusion-induced epitaxial growth of planar III layers and
different III-V nanostructures [42,44-50]. The axial growth
rate of Au-catalyzed VLS III-V nanowires is usually assumed
limited by the direct impingement of group-III atoms from
vapor and the diffusion transport of group-III adatoms, includ-
ing their diffusion from the substrate surface and nanowire
sidewalls to the droplet [45—49]. The axial growth rate of
SAE III-V nanowires is also thought to be controlled by the
group-III diffusion flux [50]. When the growth catalyst of
VLS nanowires is replaced by Ga, the Ga droplet resting on
the nanowire serves as a reservoir of Ga atoms. As a result,
the axial nanowire growth rate becomes limited by the direct
impingement and desorption of group-V species [51]. On the
other hand, the size of a group-III droplet in the self-catalyzed
VLS growth of III-V nanowires is nonstationary. The droplet
can either swell or shrink depending on the III/V flux ratio
and surface diffusion of group-III adatoms [52,53]. Hence, the
growth kinetics of self-catalyzed III-V nanowires and the sta-
ble nanowire radius [52,53] generally depend on the surface
diffusion flux. The radial growth of VLS [48] and SAE [50]
III-V nanowires can also be affected by the group-V flux and
the diffusivity of group-V adatoms. This explains the impor-
tance of the criterion given by Eq. (13) in modeling the surface
diffusion process on the sidewalls of III-V nanowires, where
the diffusivity of group-V adatoms may not be negligible [54].

Under group-Ill-rich conditions, corresponding to j — Jjs
at jiz/js — oo, the growth process is fully controlled by the
kinetics of group-V adatoms, as given by Eq. (12) for js.
The group-III flux dependence of the growth rate remains
only in supersaturation ¢, which is influenced by the spatially
uniform concentration of group-III adatoms J3 73 according
to Eq. (11). Figure 1 shows the diffusion flux j, normalized to
its maximum value 2Astanh(P/2A3)J3 in the group-III limited

regime of the diffusion-induced growth of the echelon of steps
at ¢ = 1. At large P > 23, this maximum flux equals 24313,
meaning simply that group-III atoms arriving from vapor
are collected from the length 2)3 of the substrate surface or
nanowire side facets, with the coefficient 2 accounting for the
two identical fluxes from both sides of the step. Quite obvi-
ously, the group-III limited diffusion flux decreases for lower
@. At a given ¢, the total diffusion flux of III-V pairs into
the step decreases toward larger j3/js ratios. At large enough
J3/Js, the diffusion flux saturates at js, which is smaller than
J3 and proportional to ¢.

III. BOUNDARY CONDITIONS AT
THE GROWTH INTERFACE

In the following, we concentrate on the A,B|_,D ternary
materials based on the group-IIl intermix, which grow by
surface diffusion of A and B adatoms under group-V limited
conditions as described above. According to the analysis of
Sec. 11, the surface concentration of group-V adatoms D in
this case can be assumed spatially uniform np = ”(5) Chemical
potentials of AD and BD pairs in a solid are considered using
the regular solution model [32,34,36—41]:

wip = 1Sy + kgTnx + W (1 — x)?,
Wpp = ,ugD + kgTIn(1 — x) + Wx2. (14)

Although it is not critical, we ignore the higher-order in-
teractions in a solid [34]. In this case, the binary interaction
constant of AD and BD pairs in solid W is independent on
composition x. Chemical potentials per A—D and B—D pair
in a noninteracting 2D vapor of adatoms can be defined as
[44]

nanp
1ip = tap + kBTl"(W)’
nynp

a ngnp
Wop = Mgp + kBTln(ﬁ)- as)
ngp

Here, ny'n}! and ny'n}! are the products of A and D (B and D)
adatom surface concentrations corresponding to equilibrium
of these adatoms with binary solids AD and BD.

The quantities n!n}) and ngln})! can be related to the chem-
ical potentials of pure liquids u$, 1%, and u according to
[55]

i = pi+kpTnG;,  pfy = py +ksTnfp, — (16)
fori = A, B. Here, 6, = inn,-, bp = QéﬂnD as the surface
coverages of i = A, B, and D adatoms and €2;, 2p as the el-

ementary volumes in pure i = A, B, and D liquids. Therefore,
for pairs of A—D and B—D adatoms, chemical potentials equal

Hap = KUY+ up + kBTln(Qi“Qé”nAnD),

1ep = 1Y + ud + ke TIn(Q5° Q7 *ngnp). (17
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(b)

E

FIG. 2. Different geometries of III-V ternary materials used for calculations of the diffusion fluxes js and jg: echelons of steps with
separation P on (a) flat substrate and (b) sidewalls of vertical nanowire; (c) single two-dimensional (2D) island on flat substrate; (d) horizontal
nanowire in infinitely long one-dimensional (1D) slit of width W, with L as the step width; (¢) nanomembrane of height H in infinitely long
1D slit of width W; (f) vertical vapor-liquid-solid (VLS) nanowire of radius R and length L, with a liquid catalyst droplet resting on its top
with a constant angle 8. The same nanowire without droplet corresponds to the catalyst-free selective area epitaxy (SAE) regime of nanowire

growth.

Comparing it with Eq. (15), we find

0 0 0
eq eq __ /‘LAD_MA_MD
e = QR eXp( ksT ’
A D
0 0 0
eq_eq __ Upp — Mg — KUp
ngnp = Q223 exp( ksT ) (18)
B D

The boundary conditions for A and B adatoms at the growth
interface (the step edge) of any shape (at £ = 0) are given by
mip =0) = uyp and pup,(E = 0) = uypy. Using Egs. (14)
and (15), we get

. Mynp >
na(§ =0)=n, = n—xexp[w(l —x)7],
D

nSins
np(é =0)=nj = %(1 — x)exp(wx?),  (19)
D

Here, @ = W/(kgT) is the binary interaction constant in ther-
mal units, as in Eq. (1). The quantities ny'n) and ny'ny) are
defined in Eq. (18) through the chemical potentials of pure
elements. The surface concentration of group-V adatoms np
is given by Eq. (5). Therefore, these boundary conditions
contain no unknown parameters. For a binary III-V material
with x = 1, Eq. (19) for n4(§ = 0) is equivalent to Eq. (9)
under group-V-rich growth conditions. The curvature effects
such as the Gibbs-Thomson effect of elevation of chemical
potential in small islands or nanowires [41] can be included
directly in these n; and nj;.

IV. GROWTH OF III-V TERNARIES
IN DIFFERENT GEOMETRIES

Figure 2 shows the geometries considered for calculation
of the diffusion fluxes of group-III adatoms A and B, denoted
Jja and jg, respectively. The two stationary diffusion equations
for surface concentrations of group-III adatoms A and B have
the form like Eq. (3):

J Py - o, 20
d§2+A o Bd%_2+B TB_.()
Here, D4 and Dg denote the diffusion coefficients of A and B
adatoms, while 74 and tp are their characteristic desorption
times. The corresponding desorption-limited diffusion lengths
are given by A4 = +/Dst4 and Ag = +/Dptp. We plan to cal-
culate the diffusion fluxes of A and B adatoms into the growing
step (which determine the solid composition x) as functions
of the incoming vapor fluxes (which are related to the vapor
composition z), adatom diffusion lengths, desorption times,
and geometry of a ternary III-V structure. The two diffusion
equations for A and B adatoms require four boundary condi-
tions. The diffusion lengths A4, Ap and desorption times 74, 7
enter the diffusion equations and will remain in the solutions.
The two boundary conditions at the adsorbing step edge are
given by the thermodynamic values n} and nj. The other two
boundary conditions are determined by geometry, as will be
discussed in detail for each structure shown in Fig. 2.

For an echelon of steps with separation P growing on a
flat surface or sidewalls of vertical nanowire, as shown in
Figs. 2(a) and 2(b), the boundary conditions at the step are

d?ny na

Dy =0, D
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given by
na(§ =0) =ny, np(& =0)=ng, (1)

with the composition-dependent »}; and nj; given by Eq. (19).
By symmetry, the two boundary conditions between the steps
are like Eq. (7):

()0 () e
d€ Je_pp 7 d§ Je_pp .

The solutions for the diffusion fluxes:

. dnA . di’lB
= Dy| — , =Dp| — , 23
JA A(d.f >§—0 JB B<d§ >é—0 (23)

are obtained in the form:

, n; P
ja=AalJa— =), As=tstanh| — |,
TA 2)\,4

o= =) (35)
JB = AB JB -, AB = ABtanh - 1]- (24)
B 2)\,3
Here and below, we do not write an unimportant coefficient
2 in the diffusion fluxes, as it cancels out the ratio js/jp
which determines the solid composition x. These solutions are
like the classical expressions for the diffusion flux of adatoms
in the one-component deposition process [55,56], with A as
the pitch-dependent effective diffusion length which accounts
for the competition of the neighboring steps for the adatom
diffusion flux.
At large enough pitches such that P > 2A; for i = A, B,

these solutions describe the growth of a single monoatomic
step with the diffusion fluxes given by

jA=xA<J —”—A), jB=AB(J —”—B). (25)
TA TB

In the opposite case of small pitches such that P < 2A; for
i = A, B, the solutions become

. P n . P nh
w==(h—-2) s=z(B—-2) (6
2 TA 2 B

The physical meaning of these expressions is quite simple.
Group-III adatoms A and B, deposited from the atomic fluxes
J4 and Jg, migrate to the growing steps from the effective col-
lection lengths A4 and Ap and are rejected by the steps with
the probability densities n} /74 and nj/tg. The latter depend
on the solid composition x due to the composition-dependent
chemical potentials of AD and BD pairs in the ternary solid
A,B_D. The collection lengths are different due to different
As and Ap for A and B adatoms, as in Egs. (24) or (25).
For very dense echelons of steps, this difference disappears
because both types of adatoms are collected from the length
P/2, as in Eq. (26).

Let us now consider the growth of a single circular 2D
island on a flat substrate, as shown in Fig. 2(c). In this case,
both A and B adatoms are collected from the substrate surface
and island surface. For the adatom surface concentrations on
the substrate surface around the island, »n;(r) fori = A, B, with
r as the distance from the island origin, the stationary 2D
diffusion equations have the form:

Dian +J;— 1 = 0. @7

l

The boundary conditions are given by

ni(r - oo) =Jit;, ni(r=R)=n], (28)

corresponding to the balance of the adsorption-desorption
processes far away from the island and equilibrium chemical
potential at the island periphery of radius R. The solutions for
adatom concentrations are obtained in the form:

Ko(r/2i)
Ko(R/%:)’
where Ky(X) is the modified Bessel function of the second

type of order zero. The diffusion fluxes from the substrate
surface to the island periphery,

n = Jiti — (Jiti — nj)

i

(29)

dn;
(1) i
Ji = l(_> ) 30)
dr r=R
are obtained in the form:
Ki(R/A; *
JO = SR () nE G1)
Ko(R/A;) T

with K (X) as the modified Bessel function of the second type
of order one.

For the adatom surface concentrations on the island sur-
face, n;-(r) for i = A, B, the stationary 2D diffusion equations
are the same as given by Eq. (27). The boundary conditions

become
dn'’
(ﬁ) _o.
dr r=0

corresponding to zero diffusion flux at the island center. The
solutions for adatom concentrations are obtained in the form:

Io(r/A;)
Io(R/2:)’

where Ip(X) is the modified Bessel function of the first type
of order zero.
The diffusion fluxes jl.(z) are obtained using Eq. (30) for this
/.

n;:

ni(r =R) = n, (32)

n; = JiTi — (J,'T,' — n:‘) (33)

LI (R/\; ¥
j~(2)=)hi 1(R/2;) Jl_’i 7

' Io(R/A) Ti
with 7; (X) as the modified Bessel function of the first ty;)e of
order one. The total fluxes into the island, j; = jl.(l) + jl.( ) for
i = A, B yield the final result for the 2D island in the form:

. n KiR/A)  L(R/Aa)
=Aa(Ji—2)., A=A ,
Ja A( m) A A[Koae/m * Io(R/AA)}
. n} Ki(R/xg) L(R/Ap)
=AglJg—-L), Ap=2xr .
T B( 5 rB) 5 B[KO(R/m * Io(R/AB>]

(34)

These fluxes have the same form as Eq. (24) but with dif-
fusion lengths A4 and A g which account for the 2D geometry
of the growing island.

For a planar nanowire growing in a lithographically pat-
terned, infinitely long 1D slit in a dielectric mask layer (for
example, a SiO, layer [57,58]) which reflects both A and B
fluxes (the reflecting mask hereinafter), A and B adatoms can
form only on the top surface of the nanowire. Without surface
diffusion of adatoms from or onto the mask layer, we need
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to consider the two diffusion fluxes originating from A and B
atoms landing on the left and right sides of the step edge [see
Fig. 2(d)]. For the first population of adatoms, the boundary
conditions for the 1D diffusion equation are given by

(), -
dy y:L ’

corresponding to zero flux of adatoms from the mask and
equilibrium chemical potential at the edge of the step of width
L. The diffusion fluxes of A and B adatoms from the terrace of
width L are obtained in the form:

L *
jO = ,\,-tanh(;) (J,- = "?) (36)

For the second population of adatoms, the boundary condi-
tions modify to

ni(y = 0) = n, (35)

dan’
(—nl> =0, ni(y=0)=nj, (37
dy y=W-—L

because the width of the second terrace equals W — L. The
adatom diffusion fluxes from this terrace are given by

W-—L n;
)e-T) e

Averaging these fluxes over the terrace width according to
[59]

j& = )»Manh(

1 (1) (2) 2 (1)
i=— | aL[j%0) + %W == | aLjOw
j W/o [ (@) + j;” W) W/o Ji (@)

(39)

yields the final result for the diffusion fluxes of A and B
adatoms in the form:

* 222 w
jAzAAI—n—A, AA=—Alncosh— ,
TA w )\A
_ n} 222 W
JB = AB IB -, AB = —=In| cosh|{ — . (40)
B w )\.B

These expressions are like Eqgs. (24) and (34), with the
effective diffusion lengths A4 and Ap accounting for the
geometry of the horizontal nanowire with lithographically
defined width W.

We now consider the growth of high nanomembranes out-
side infinitely long 1D slits of width W [57-64], illustrated in
Fig. 2(e). If the mask is reflecting, as in the previous case, A
and B atoms can land only on the nanomembrane sidewalls
and top facet. Here, A and B adatoms can diffuse from the
nanomembrane sidewalls to the top facet and contribute to the
nanomembrane growth. The diffusion exchange of material
between the sidewall and top facets complicates the growth
picture compared with the previous cases. Let us first con-
sider the adatom populations on the nanomembrane sidewalls,
with surface concentrations n{ for i=A and B. The first
boundary condition at the nanomembrane-substrate interface
corresponds to zero adatom diffusion fluxes from the mask:

<ﬁ> =0 1)
d ) _,

f

Therefore, n; can be presented as

nlf =Jitsi + a,-cosh(s H), 42)
with arbitrary constants g;. Here, t5; are the characteristic
desorption times of adatoms on the sidewall facets, with
the corresponding diffusion lengths Ay = ,/Dy;ts;. For the
adatom surface concentrations on the nanomembrane top, the
first boundary condition writes

ni(n =0) =nj, (43)

yielding

n; = Jti — (Jyti — nf)cosh(%) + b,-sinh</\1>, (44)

i i

with arbitrary constants b;. Here, A; are the adatom diffusion
lengths on the top facet of the nanomembrane, with 7; as the
desorption times of adatoms from the top facet.

To find the constants a; and b;, we use the boundary
conditions of the transition rate theory [58,59,65,66] at the
transparent edge of the nanomembrane (corresponding to & =

Oand n = L):
’ dnlf dn;
D/ —+ =D;| — , (45)
dg o dn )1
o (M) e = 0) — krmi(n =L 46
i E = ﬂl’li =0 - f,'ni(n =1L). (46)
£=0

Here, k?fl. denote the transition rate constants for the adatom
transfers from the nanomembrane sidewall to the top facet and
back. Using Egs. (42) and (44) in Egs. (45) and (46) allows
us to determine the a; and b; values. After that, the adatom
diffusion fluxes are readily obtained in the form:

L *
j = )\,-tanh(— + <p,-> (J,- — ﬂ)
)"i T;

(kfitpi — ki) 1
+ fi f

I cosh (L/%;) + Uisinh(L//\i)Ji'
47

The functions entering this expression are defined by

kfty H
Ji flcotanh(—),

Afi Afi
_ k;i‘[i

U= —, ¢; = arctanh(U;). (48)
Aigi

The diffusion fluxes defined in Eq. (44) give the contri-
butions of adatoms diffusing from one side of the step edge,
where the terrace width equals L. The solution for the second
contribution originating from adatoms from another terrace
of width W — L is given by Eq. (44) in which L is replaced
by W — L, as in the previous example for planar nanowire.
Taking the average according to Eq. (39), the final result for
the diffusion fluxes of A and B adatoms is obtained in the

=1+
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form:
. ny
Ja = )\A JA - +lAJA,
TA

.= njg
JjB = Ap (]B — T—B> + IpJp. (49)
B

Here, the effective diffusion lengths *a, A and characteristic
collection lengths I, /5 are given by

5 %ln[COSh(W/AA +(PA)1|’

AT w cosh(¢a)
- 212 h(W/A
ip= 2By cosh(W/As + ¢5) ’ (50)
w cosh(pp)
4)\A(k;_ATfA — kJ:A‘[A) 1
A =
w
b J1-U?
J1= U/ftanh(W/ZAA)
X arctan s
1 + Ustanh(W/2A4)
drp(kfptip —kipte) 1
B =
w
& J1—U?
/1 = Uztanh(W/21p)
X arctan 51

1 + Uptanh(W/215)

The diffusion fluxes feeding the nanomembrane have
forms which are different from the previous expressions given
by Egs. (24)-(26), (34), or (40). The difference is in the
presence of the source terms /;J; originating from the sidewall
adatoms diffusing to the nanowire top across the transparent
edges on top of the nanomembrane. These terms describe
surface diffusion of group-III adatoms over the transparent
edge at the nanomembrane top according to the boundary
condition given by Eq. (46). The diffusion flux over the edge
is proportional to the difference §; = k}rl.rfi — k;i‘ti. A similar
result is valid for cylindrical nanowires [66].

Diffusion-induced contribution to the axial growth rate of
VLS III-V nanowires [45—49], catalyst-free III-V nanowires
[50], and GaAs nanomembranes grown by MBE [58] is well

J

known and often exceeds the direct impingement flux by an
order of magnitude. On the other hand, the source terms can
cancel out under certain conditions. For example, if the side-
wall and top facets have close atomic arrangements such that
the equilibrium impinging flux J;? is the same for both facets,
the diffusion flux over the edge cancels out for the follow-
ing reason. The adatom concentrations on the nanomembrane
facets in equilibrium with the vapor phase are given by n; =

J%s; and ni! = J77;. The net flux of adatoms over the
nanomembrane edge can be found by substituting these con-
centrations into Eq. (46): k;n;? - kf_lnffl1 = J;8;. The net flux
should be zero in equilibrium, which yields §; = 0 and hence
zero diffusion flux over the edge at any time. This example
shows that the source terms /;J; in Eq. (51) are highly depen-
dent on the type of facets and growth conditions. However,
they are not zero in the general case and influence the adatom
incorporation kinetics and the resulting composition of solid.
The conventional form of the diffusion fluxes is resumed by
the renormalization of the desorption times:

. n ~ i+ 1
Ja=Aalda—2), Aa=ha+ 14, TA=(A~—A)TA,
Ty Ad
* - g+ 1
Jg = Al Ji _n_3>7 Ap = Ap + I3, TBZMT&
TB )‘-B
(52)

These expressions have the same form as Eqs. (24)—(26), (34),
and (40). However, for the first time in our examples, the char-
acteristic times Ty and Ty are different from the desorption
times and contain geometrical parameters of the nanostructure
W and H.

Recent results of Ref. [58] strongly suggest that SAE of
GaAs nanomembranes on patterned SiO,/GaAs(100) sub-
strates by MBE at 630°C and a V/III flux ratio of 80 is
influenced by surface diffusion of Ga adatoms from the
nanomembranes onto the mask surface. The observed increase
of the nanomembrane growth rate with increasing the slit
width and decreasing the pitch can only be explained by such
a reverse direction of the Ga diffusion flux [58,59]. A de-
tailed growth model for nanomembrane growth on adsorbing
substrates with surface diffusion of group-III adatoms on the
mask surface has been developed in Ref. [59]. Using the result
of Ref. [59] for A and B adatoms, the diffusion fluxes into the
growing step on the nanomembrane top in this case are given
by Eq. (52) with

- 222 h(W/A - 22 h(W/A
= g cosh(W/ha + ¥a) Cap= Py cosh(W/Ap + ¥5) ’ (53)
w cosh(r4) w cosh(yrg)
Iy = ha —kJr Tia — ko T4 + @ valkiyToa = katya) ] ! arctan ! - Ditanh(W/24,)
A= WE, | 74 fA FATA k., sinh(H /Ara) + yacosh(H /Ars) /1 . Ff‘ 1 4 Tutanh(W/2A4) |’
— — B 2 N

Iy = s kbt —kintp + 12 7 kyTon — kipTrn) ! arctan |~ Tatanb(W/24) (54)
B = WE,| /B /B~ KyplB ki sinh(H/Asp) + ypcosh(H /A sp) /1 — rg 1 4 I'gtanh(W/2A5) |
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The parameters entering these expressions are given by

k.7 k. Tr

fi't si “fi
r=——, ; = arctanh(I";), ;= =
) ¥ T, v o

kTt P—-Ww
S =1+ icotanh( > ),

si i

F=1+

kEtri[1 4 ytanh(H/A 4
fi f[  yitanh( /f’)], (55)

Ay | yi+tanh(H/Ay)

fori = A, B.

These expressions are more complex than the previous
case of the reflecting mask due to the presence of the
two transparent edges on the nanomembrane top and at the
nanomembrane-mask interface. Consequently, the adatom dif-
fusion fluxes depend on the three diffusion lengths A;, Ay,
and Xy, corresponding to adatoms on the top facet, nanomem-
brane sidewalls, and mask surface, respectively, with 7;, 7y,
and t,; as the corresponding desorption times. The transi-
tion rate constants k)ﬁfl. describe the adatom transfers from the
nanomembrane sidewall to the top facet and back, as in the
previous case of reflecting mask. The transition rate constants
k;‘lf describe the adatom transfers from the mask surface to the
nanomembrane sidewalls and back. The characteristic times
T, and T are again different from the desorption times. The
parameters Aga, Ap, Ty, and T depend on the system geome-
try which include the slit width.

As mentioned above, III-V VLS nanowires are the
most complex cases for compositional modeling due to the
presence of a liquid catalyst droplet at the growth interface
[30-41]. The liquid state in the droplet is characterized
by a certain supersaturation with respect to the reference
state in a solid, which is the driving force for crystallization
at the liquid-solid interface under the droplet [55]. This
supersaturation is related to the chemical potential difference
Ap = ply + ph—usp, for a binary AD nanowire, with )
and ply as the chemical potentials of A and D atoms in liquid
[41,67]. As known from the growth theory of binary III-V
nanowires, the VLS growth rate can be limited by either
the material transport, including the diffusion transport of
group-III adatoms from the substrate surface and nanowire
sidewalls to the droplet [45-49,52,53,55], or by nucleation
of III-V islands at the liquid-solid interface [41,51,66,68—
70]. In the general case, the liquid supersaturation should
be obtained in the self-consistent manner by equalizing
the Zeldovich nucleation rate on a given surface area
with the total material flux into the droplet [41,51,66].
Otherwise, the liquid chemical potential remains as an
external parameter of the growth equations which determines
particularly the so-called negative diffusion flux of group-IIL
atoms from the droplet to the nanowire sidewalls [49,71].
In the case of a VLS A,B;_,D ternary nanowire, one
needs to consider the chemical potential differences for
AD and BD pairs, Apap(x,y, Cot, Cp) = uf,‘(y, Ciot» CD) +
wh (@, clots €p) — Wy (x) and Appp(x, Y, Cots Cp) =
(s Cots €0) + Up (s Coots €p) — Wp(x)  [32-34,36-40],
which depend on the four variables x, y, ¢, and cp in the
Au-catalyzed VLS growth.

The most general form of the transport equation for
the normalized axial growth rates dL;/dt describing the

incorporation of AD and BD pairs into a VLS III-V ternary
nanowire is given by [41]

1 dL,
= — " =gt o 56
8i Qs dr & —& > (56)

fori = A, B, with Q35 as the elementary volume per III-V pair

in a solid and
g = 0 () L 57)
1 1 R R L

These g describe the group-III atomic fluxes entering the
droplet resting on top of a nanowire of radius R via differ-
ent kinetic pathways. The first ;" terms stand for the direct
impingement and depend on the beam angle 6; with respect to
the substrate normal and the droplet contact angle 8 according
to Ref. [72]. In MOVPE and HVPE growths, we simply have
x;t =2/(1 + cosp) for both direct fluxes. The second A ;/R
terms give the diffusion flux of sidewall adatoms, while the
third (A /R)2 terms describe the diffusion flux of adatoms
from the substrate surface. The characteristic diffusion lengths
Afi and A are constant only in the simplest approximation
[41,55], while generally they may depend on the nanowire
length L, radius R, and separation between the nanowires P.
The corresponding expressions can be found, for example,
in Refs. [41,49,55,66,69]. All these contributions are propor-
tional to the vapor fluxes J; according to Eq. (57).

The fluxes g; correspond to group-III adatoms leav-
ing the droplet by desorption and negative diffusion from
the droplet onto the nanowire sidewalls and substrate sur-
face [41,49,66,71]. All these fluxes generally depend on the
chemical potentials of A and B atoms MQ()’, Ciot, Cp) and
ug(y, Crot» Cp). The results of Refs. [24,36] show, however,
that the composition of III-V ternary nanowires can be well
described assuming the liquid-solid equilibrium for AD and
BD pairs, corresponding to Auap = Aupp = 0. In this case,
the negative fluxes of group-III adatoms leaving the droplet in
the transport-limited growth regime can be approximated in

the form:
_ 2
_ Xi Agi 1 Asiy 1
i [EC RS LS (1) R P 58
8i |:Tn R 74 (R T | ©8)

Here, x;~ = 2/(1 + cosp) in most cases, whereas T;; are the
characteristic desorption times from the droplet surface. These
7;; generally depend on the liquid composition y which cor-
responds to equilibrium with solid having the composition x.
However, in many cases, t;; — o0 is a good approximation for
group-III atoms which do not desorb from the catalyst droplet
at a growth temperature [48,55,66,71]. The quantities n}/ty;
and n? /t,; are the diffusion fluxes of A and B adatoms from the
droplet onto the nanowire sidewalls and the substrate surface
which equalize the direct fluxes J; under equilibrium condi-
tions. The x-dependent quantities n} are given by Eq. (19) for
i = A, B. With neglect of desorption from the catalyst droplet,
no characteristics of the liquid state remain in Eq. (58) which
is entirely determined by the parameters of group-III adatoms
on the nanowire sidewalls and substrate surface.

Using Eqgs. (57) and (58) in Eq. (56), we obtain the total
fluxes of A and B adatoms to the top of the VLS III-V ternary
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nanowires in the form:

_ - n; - _ n
ga=¢a=NMa|\Ja— ), g=¢p=Ap|Jp— |
Ty Tp

(59
Here,
- AfA ) - AfB Az )
As = + L A Ap = + b ~sB
A XA+R+(R), B XB+R+R
(60)
are the effective normalized diffusion lengths, and
Te — X+ Aga/R+ (ha/R)
A= ,
Xa/Tia + (A pa/R)/Tsa + (hsa/R)*/Toa
¥+ Ar/R+ (As/R)?
Xxg +Arg/R+ (A/R) ©1)

Ty = — .
Xxg /Ts + (Ay/R)/Trp + (Asg/R)"/Tsn

are the characteristic times determining the negative flux.
These fluxes have the same form as Eq. (52), although the
dimension of the fluxes is different. Therefore, the kinetically
controlled composition of VLS III-V ternary nanowires under
the assumption of liquid-solid equilibrium is reduced to the
previous model. We note that this model may be insufficient
to describe the compositional profiles across axial nanowire
heterostructures, influenced by the so-called reservoir ef-
fect [23,24,32,36,40]. However, the stationary composition
of nanowires under time-independent material fluxes should
be resumed. For SAE III-V ternary nanowires without any
droplet on top [17,21,22,50], the model given by Egs. (59) to
(61) becomes exact, with x;" = x;” = 1 corresponding to the
flat top facet and t;; replaced to the adatom desorption times
from this facet ;.

V. KINETICALLY CONTROLLED VAPOR-SOLID
DISTRIBUTION AND ITS GENERAL PROPERTIES

The main result of the previous section can be formulated
as follows. For all the systems considered, the diffusion-
induced growth of ternary A,B;_,D nanostructures based on
the group-III intermix from vapor fluxes J,, Jp, and Jp under
group-V-rich conditions is driven by the diffusion fluxes of A
and B adatoms:

. n; ) n;
JA=AA(J ——A), JB=AB<J —73) (62)

TA B

The x-dependent equilibrium concentrations #; and nj, are
given by Eq. (19) in which np is related to the group-V flux
Jp by Eq. (5). The parameters of the diffusion fluxes A; and
T; contain the geometrical constants of a nanostructure. This
form of these fluxes has been demonstrated for a wide range
of systems, and we suspect that the result is valid regardless
of the particular shape of the structure.

Let us now consider the vapor-solid distribution follow-
ing from Eq. (62). Clearly, the AD fraction in ternary solid
A.Bi_,D is determined by the ratio of the diffusion flux j4 to
the total diffusion flux:

Ja

= . 63
Ja+Jjs ©3)

X

The A fraction in vapor is given by the ratio of the vapor
flux J4 to the total vapor flux:

Ja
7= )
Ja+Jp

Using these definitions in Eq. (62), it is easy to obtain the
vapor-solid distribution in the form:

(64)

X

x {cAexp[w(1 — x)*] — Bexp(wx?)}), (65)

with coefficients:

A niinp ny'np!
c=—, =, =, (66)
Ap JotTanp Jwot Tpnp

and Jio = J4 + Jp as the total vapor flux of group-III ele-
ments. This general z(x) dependence, along with calculations
of its parameters for different systems, is the main result
of this paper. The vapor-solid distribution given by Eq. (65)
has the same shape as the liquid-solid distribution for VLS
II-V ternary nanowires given by Eq. (1) at fu(v) = fz(y) =
fp(¥) = 0, corresponding to a perfect mixture of noninteract-
ing adatoms. This is not surprising because the growth rates of
different binaries leading to Eq. (1) were obtained in Ref. [35]
using similar considerations for the attachment-detachment
rates for a III-V ternary island surrounded by liquid. However,
in contrast to the previous works [35,40], our approach leads
to the vapor-solid distribution which applies to a wide range of
systems rather than the liquid-solid distribution for nanowires
(where there are only a few works revealing the compositional
correlation between the droplet and nanowire [73]).

Our Eqgs. (65) and (66) describe the vapor-solid distri-
bution with well-defined parameters. Indeed, the fluxes Jio
and Jp should be precisely controlled in any experimental
conditions, at least in the MBE technique. In vapor phase
epitaxy techniques such as MOVPE and HVPE, supersatu-
rations of AD and BD gas mixtures with respect to binary
solids may be more relevant [27]. The model can easily be
adapted to this case, as will be discussed shortly. The quan-
tities ny'np and ny'n}! defined by Eq. (18) are expressed
through the temperature-dependent values ©, — ug — u%
and 1%, — 1% — 1% which are known for most I1I-V binaries
[74,75]. The binary interaction constants in solid w are well
known [76,77]. The characteristic times 74 and Tz contain the
known desorption times of adatoms 74 and 7z and geometry
of a nanostructure. Finally, the kinetic coefficient ¢ depends
on the adatom diffusion lengths A4 and Ap and geometri-
cal parameters of a nanostructure or a growth template in
SAE, while the corresponding coefficient k for the liquid-solid
growth of the binaries was not determined within the kinetic
models of Refs. [26,35,37,40]. Although the diffusion lengths
A; are not exactly known in the general case and influenced by
many factors such as temperature and group-V flux or V/III
flux ratio, they correspond to a minimum uncertainty in the
kinetic constants which is present in the diffusion equations
for different populations of group-III adatoms.

According to the analysis of the previous section,

. Aa tanh(P/214)

c=AT M4 67)
Ap tanh(P/2Xp)
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FIG. 3. Vapor-solid distributions obtained from Egs. (65) and (66) (a) at a fixed A = 0.5, B = 0.25, ¢ = 1, and different ® from O to 3.5
shown in the legend; (b) at a fixed ¢ = 1 and @ = 3 for different total fluxes of group III adatoms J,,, with the total flux Jy corresponding to
Ay = 0.5 and By = 0.5 and the legend showing different ratios Ji,./Jo; (c) at a fixed A = 0.5, B = 0.25, w = 2, and different ¢ from 0.1 to 50
shown in the legend. The wavy sections of the curves correspond to the miscibility gaps.

for an echelon of steps with separation P, as shown in
Figs. 2(a) and 2(b). This ¢ changes from 1 for dense eche-
lons of steps (at P/2A; — 0) to A4/Ap for a single step (at
P/2); — o0). For a planar nanowire growing in a 1D slit of
width W shown in Fig. 2(d), we have

_ 23 In[cosh (W/4)]

€7 32 Inlcosh(W/Ap)]” (68)

This ¢ changes from 1 for narrow slits with W/A; < 1
to As/Ap for wide slits with W/A; — oo. For the vertical
nanowire shown in Fig. 2(f),

o & XA +Ama/R+ (Asa/R)?
A xg + rp/R+ (hg/R)

(69)

For long enough nanowire or for nanowires grown on un-
patterned surfaces, adatom diffusion from the substrate can
be neglected [47-49,66]. At Ay =Agp =0 and x| = x;.
¢ changes from 1 for thick nanowires with x;* > A/;/R to
Xa/Asp for thin nanowires with x;” < Af;/R. The physical
meaning of the kinetic coefficient ¢ follows directly from its
definition. This coefficient accounts for different attachment
rates or direct diffusion fluxes of A and B adatoms into a III-V
ternary nanostructure, which is the only reason for the solid

composition x being different from the vapor composition z
in the absence of detachment processes. Equations (67) to
(69) show that the ¢ value varies from 1 to 14 /Ap depending
on the nanostructure geometry. In these examples, for dense
echelons of steps, narrow slits, or thick vertical nanowires,
different diffusivities of A and B adatoms are suppressed by
geometry and do not influence the solid composition. The
situation is reversed for sparce echelons of steps, wide slits,
or narrow vertical nanowires, where the kinetically controlled
solid composition is determined by the A4 /Ap ratio.

Let us now consider the general properties of the vapor-
solid distribution given by Egs. (65) and (66). Figure 3(a)
shows how the distribution shape changes with the binary in-
teraction constant w. These curves approximately correspond
to A,B;_,D materials with different lattice mismatch grown
under the same vapor supersaturations with respect to solid
binaries AD and BD (described by the fixed A = 0.5 and
B =0.25) and a fixed total group-III flux ;. At @ = 0, the
vapor-solid distribution is almost linear. Increasing w leads
to pronounced nonlinearity of the curves. The wavy van der
Waals loops of the curves at @ = 3 and 3.5 correspond to the
miscibility gaps in systems with strong interactions between
dissimilar III-V pairs at a growth temperature such as InGaAs
and InGaN [7,10,11,26,27,32—-34,36-38]. It is noteworthy that
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FIG. 4. Vapor-solid distributions obtained from Eqs. (65) and (66) (solid lines) compared with the equilibrium distributions given by
Eq. (71) (dotted lines) for (a) a fixed A = 0.5, B = 0.25, ¢ = 1, and different o from 0 to 3.5 shown in the legend; and (b) a fixed A = 0.5,

c =1, w=3.5, and different B from 0.1 to 0.5 shown in the legend.

the nucleation-limited liquid-solid distributions [32], as well
as thermodynamically driven distributions [11,36], develop
van der Waals loops at w > 2, while our kinetic distribution
remains monotonic at w = 2. Figure 3(b) shows that the mis-
cibility gap in a given ternary material at a given temperature
(corresponding to a fixed w = 3) can be fully circumvented at
high enough vapor supersaturations which can be raised, for
example, by increasing the total group-III flux Jio; or similarly
by increasing the group-V flux Jp. In the example shown in
Fig. 3(b), the group-V flux Jp is fixed, and the total group-III
flux Jyo is varied. At alow Jio = Jy corresponding to Ag = 0.5
and By = 0.5 as in Fig. 3(a), the miscibility gap is present.
However, increasing the total group-III flux by only a factor of
2 leads to the suppression of the gap. Further increases of Ji
make the x(z) curves more linear, matching the simplest z = x
dependence at Ji; /Jy = 30. Figure 3(c) shows the dependence
of the distribution shape on the kinetic coefficient ¢ at a fixed
w=2 for A=0.5 and B =0.25. A small ¢ value of 0.1
suppresses the incorporation of AD pairs into a solid, which
is why the solid composition x is lower than z. At a large ¢ of
50, the incorporation of AD pairs into a solid is favored, and
the x values become larger. The distributions depend strongly
on ¢, showing that the unknown k in Eq. (1) (which is often
out to 1 in modeling the data on VLS III-V nanowires [40])
leaves a large uncertainty in the compositional trends.

The equilibrium state in our model corresponds to zero
fluxes of both types of adatoms, js =0, jg=0. From
Egs. (62) and (19), these conditions yield

Ja = 2ot = Axexplo(1 — x)?],

Jg = (1 — 2)Jioy = B(1 — x)exp(wx?). (70)

Dividing J4 by Jg, one obtains the equilibrium vapor-solid
distribution in the form:
x B ny'Ty

T+ (1 —x)(B/A)explo@x — )]’ A n\ Ty

z - (7D

It is remarkable that the shape of this distribution is exactly
equivalent to the nucleation-limited liquid-solid distribution
obtained in Ref. [32], where the coefficient B/A depends
on the liquid composition y and other parameters of the

liquid state. In our approach, the B/A value is proportional to
the ratio ny'/ny! = (Qp/Q)*Pexp(uy — 1l — 1%y + 1lp).
which is a thermodynamic value related to different affinities
of A and B atoms [32], and the ratio T /T which may contain
different geometrical parameters of a nanostructure. In this
respect, the vapor-solid distribution given by Eq. (71) is not
entirely thermodynamic. Rather, it cancels out both diffusion
fluxes of adatoms and hence corresponds precisely to the
no-growth conditions for a given nanostructure. It will be
referred to as the equilibrium distribution in what follows just
for brevity.

Figure 4(a) shows a comparison of the vapor-solid dis-
tribution given by Egs. (65) and (66) with the equilibrium
distribution for different interaction constants w. A fixed
¢ =1 corresponds to the absence of purely kinetic effects
due to different diffusion lengths of A and B adatoms on the
solid composition. As mentioned above, the miscibility gap in
the equilibrium distribution opens at w = 2, while the kinetic
distribution is monotonic at this w. Figure 4(b) shows how the
change in the parameter B shifts both distributions at a fixed
w of 3.5. Overall, the kinetic distribution is quite close to the
equilibrium one at ¢ = 1.

At A — 0 and B — 0, corresponding to a purely kinetic
growth regime without negative diffusion fluxes leaving a III-
V ternary nanostructure, Eq. (65) is reduced to the Langmuir-
McLean formula [79]:

x cz
X=—"
14+ (—1)

which shape is determined solely by the coefficient c. In
Refs. [24,32], it was argued that this simple distribution
applies to lattice-matched systems with weak interactions be-
tween dissimilar III-V pairs such as AlGaAs. The equilibrium
vapor-solid distribution given by Eq. (71) is indeed reduced to
Eq. (72) at w = 0. The kinetic distribution given by Eq. (65)
at w = 0 takes a more complex form:

T e+ (1=c)’ (72)

X
= m[l + (cA — B)(1 — x)].

Here, the flux-dependent constants A and B enter separately
rather than through their ratio in Eq. (71). Figure 5 shows

(73)
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that the kinetic vapor-solid distribution can be very different
from the equilibrium distribution (which remains the same at a
fixed B/A of 0.8) even at w = 0. The difference depends on the
parameter c. At a large ¢ of 100, corresponding to the predom-
inant diffusion transport of A adatoms into a nanostructure
[Fig. 5(a)], the kinetic distribution is close to equilibrium only
at large A = 1 and B = 0.8. Decreasing A and B by a factor
of 10 leads to a strongly nonlinear x(z) dependence, with
X > z in the entire range of compositions. At a small ¢ of
0.01, corresponding to the predominant diffusion transport of
B adatoms [Fig. 5(b)], the situation is reversed. Large A and
B values yield a close-to-equilibrium composition in the solid
state, while decreasing A and B by a factor of 10 leads to a
pronounced asymmetry in the distribution where the x value
is strongly suppressed.

As mentioned above, the total flux of group-III adatoms
Jiot 1s not necessarily fixed in the growth experiments with
variable vapor composition z. According to Eq. (66), the co-
efficients A and B can be presented in the form:

z Ty np Ja |Jp
A=—, Sip=M—-— = .| =,
S’ =y =

11—z Tg np Jp |Jp
B = S S =Jp— — = — —_—, 74
S =y T O

J

where the vapor fluxes J4 and Jp can now be varied ar-
bitrary without maintaining a constant Ji,, = J4 + Jg. The
quantities Ssp and Spp in these expressions stand for the
effective supersaturations of AD and BD gas mixtures with
respect to solid nanostructures. The equilibrium vapor fluxes
Ji = n{Y/T; for i = A, B contain the characteristic times 7;
which account for nanostructure geometry. Therefore, the Sap
and Spp values are generally different from vapor supersat-
urations with respect to planar AD and BD layers. Equation
(74) is written for group-V desorption in the form of dimers.
In MOVPE and HVPE techniques, the group-V precursors
such as AsH3 or NHj contain only one group-V atom. A
more relevant form of vapor supersaturations in this case
could be

Jadp
qu—J;q, BD =

JeJp

Sap =

with Jp = np/tp and J,! = n}!/7p. Note that the Syp and
Spp values are influenced by the patrial pressures of carrier
gas H, and HCl in the case of HVPE [26,27].

Using Eq. (74) in Eq. (65), we obtain a more general form
of the vapor-solid distribution:

x[1 = (1 — x) exp(wx?)/Spp]

c+ (1 —o)x —x(1 — x){c explw(l — x)?1/Sap + exp(wx?)/Ssp}’

with the two supersaturations for AD and BD binary vapor-
solid systems. This representation holds regardless of the
forms of S,p and Spp in MBE, MOVPE, or HVPE tech-
niques. Of course, this distribution is reduced to Eq. (65)
when Ji is independent of z. Otherwise, the A and B pa-
rameters in Eq. (65) depend on the vapor composition z as
given by Eq. (74), which is equivalent to Eq. (76). According
to Eq. (76), the solid composition can be tuned by vary-
ing independently the binary supersaturations S4p and Spp,
as shown in Fig. 6. A ternary system with @ = 2.5 has a

(76)

(

thermodynamically forbidden miscibility gap. When both su-
persaturations are large and equal each other (Sqp = Spp =
100), the gap is suppressed by fast growth kinetics, as we
saw earlier in Fig. 3(b). The vapor-solid distribution is linear
and follows the simplest kinetic law x = z at c = 1. When the
supersaturation for AD binary system S4p is decreased at a
constant Sgp = 100, incorporation of AD pairs into a growing
A,Bj_,D structure becomes unfavorable. This leads to lower
x values in the entire range of compositions. Finally, at a
low Sap of 1.03, the miscibility gap is developed for large
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FIG. 6. Vapor-solid distributions obtained from Eq. (76) at a
fixed w = 2.5, ¢ =1 and different supersaturations S,p and Spp
shown in the legend (solid lines). Dash-dotted lines correspond to
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x, meaning that high AD contents are hardly accessible in this
growth regime. Inversion of the binary supersaturations, that
is, keeping a high value of S4p = 100 and decreasing the Spp
value leads to the opposite behavior. The curves at the fixed
Spp and S4p in Fig. 6 are symmetrical with respect to x = z.

The equilibrium and nucleation-limited compositional
maps with the miscibility gaps should be corrected to exclude
the wavy regions of the curves by applying the Maxwell rule.
The straight line on the distributions is constructed in such
a way that the areas of the van der Waals loops above and
below the line are equal each other. This position of the line
corresponds to equal chemical potential differences for AD
and BD binaries [32]. We suspect that the same rule applies in
the kinetically controlled regime studied here. However, the
justification of the Maxwell rule for the kinetic vapor-solid
distributions is not obvious and requires a separate treatment
which will be presented elsewhere.

The obtained vapor-solid distribution should work equally
well for nonstoichiometric binary materials A,B;_, such as
Si,Ge;_, [80,81]. In the above treatment, ternary A,B|_.D
materials were based on the intermix of surface diffusive
group-III elements A and B, while the influence of a group-V
element D under group-V-rich growth conditions remained
only in thermodynamic constant nj, and group-V adatom
concentration np. Therefore, the model is reduced to a binary
A.B)_, system by putting np = nj'. The vapor-solid distribu-
tion for A,B|_, binaries is then given by Eqs. (65) and (66)
with

_ _ 17
Jtot TA ' Jtot TB

Equation (18) for n}' and ny! takes the simple form:

1 /LS—MI) 1 (/H—/ﬂ)
eq A A eq B B
n, = exp , Ny = exp ,
A Qi/ 3 ( kgl B 52123/ 3 kgl

(78)

TABLE 1. Affinities of Ga with respect to In in InGaAs and
InGaP systems.

T (°C)  expl(Auguas— Al )/ksT]  expl(Angp—Augp)/ksT]
440 0.011 0.00138
460 0.0128 0.00165
480 0.0148 0.00196
570 0.0262 0.00379
750 0.0612 0.00944

where 14§ and ! are the chemical potentials of pure solid and
liquid elements i = A, B.

VI. InGaAs AND InGaP SYSTEMS

Thermodynamic data for InGaAs and InGaP ternary sys-
tems can be found in Refs. [74-77]. The most important
parameters used in calculations are given in the Supplemental
Material [78]. The limiting case of B/A — 0 in Eq. (65) or
Sep/Sap — 0 in Eq. (76) is usually a good approximation
for the kinetically controlled composition of InGaAs and In-
GaP ternaries and will be used in what follows. The strong
inequality A > B for these material systems follows from dif-
ferent affinities of In and Ga, given by the exponentials of the
chemical potential differences AuS, = 19, — 18 — 1% and
AuSy = 1Sy — 1% — 1 in Eq. (18) forA = In, B = Ga, and
D = As or P. This feature is well known and was discussed for
the InGaAs system in Ref. [32]. According to Egs. (66) and
(18), the ratio B/A is given by

B (2u\ T Apy — A
2 (2 —Aexp 2Hep — SHap | (79)
A Qp Tp kgT

In atoms are known to desorb more easily than Ga, which is
why the ratio Ty, /T, should be less than unity in most cases.
Table I gives the values of the exponential term in Eq. (79)
for InGaAs and InGaP systems calculated using the data of
the Supplemental Material [78] for different temperatures. It
is seen that the exp[(AuY, — AuS,)/kpT] terms and hence
the B/A values are extremely small in both cases. Therefore,
the B term in Eq. (65) can be safely neglected in a wide range
of temperatures for these ternary systems.

The simplified form of Eq. (65) at B = 0 is given by

X 2

a= - T c)x{l + (1 — x)cAexplw(1 — x)°]}.  (80)

This vapor-solid distribution generally applies to systems
with different affinities of A and B atoms. It is interesting
to note that the B/A ratio, even very small compared with
unity, can never be neglected in the equilibrium or nucleation-
limited distribution given by Eq. (71). Rather, the composition
of the mother phase should be made very close to unity to
obtain any nonnegligible x content in a solid. This feature was
demonstrated for VLS InGaAs nanowires in Refs. [32,33] for
the liquid-solid distributions x(y), where the In contents in
liquid droplets were >0.97. Figure 7 shows the vapor-solid
distributions for the InGaAs system at 440°C, where o =
2.4. The equilibrium distribution presents the miscibility gap.
According to this diagram, obtaining any reasonable InAs
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tribution. The dotted line is obtained from Eq. (80) at B = 0 and is
indistinguishable from the curve given by Eq. (65).

fractions in solid InGaAs in the near-equilibrium regime is
very difficult and requires very large z corresponding to an
almost negligible fraction of Ga in vapor. Growth at A = 0.7
corresponds to low group-III fluxes and InGaAs growth rates.
However, there is no miscibility gap in this regime, and the
x(z) curve becomes smooth. Growth at A = 0 corresponds to
the purely kinetic regime, in which lower In fractions in a solid
are due to a shorter diffusion length of In adatoms at ¢ = 0.3.
Any InAs fraction in solid InGaAs is easily accessible in the
kinetically controlled growth regimes.

VII. THEORY AND EXPERIMENT

In this section, the obtained vapor-solid distribution is used
for modeling the stationary compositions of III-V ternary sys-
tems based on the group-III intermix. The model parameters
used for the fits are given in Table I for each system. Depend-
ing on whether or not the total group-IIl flux Ji,c was kept
constant in the growth experiments, we used the vapor-solid
distributions given by Eq. (65) or Eq. (76), respectively. For a
fixed Jyo, the fitting parameters are A and B in Eq. (65). For
variable Ji, the fitting parameters are Sp and Spp in Eq. (76).

In,Ga;_,As layers of Ref. [4] were grown by vapor phase
epitaxy in an (In-Ga)-AsCl;-As-H, system with the In-Ga
metal source producing the chloride precursors InCl and
GaCl, and Asy vapor in the carrier gas H,. The growth tem-
perature was fixed at 750 °C. Different solid composition x
of the layers were achieved by varying the molar ratio of In
in the metal In-Ga source and relating it to the In content in
vapor z at the known partial pressure of As,. Figure 8 shows
the experimental vapor-solid distribution for InGaAs layers
obtained in Ref. [4]. The variation of the solid composition of
In,Ga;_,As layers with the vapor composition was described
within a model, which assumed close-to-equilibrium growth
conditions with 100% decomposition of gaseous precursors
leading to the formation of InAs and GaAs pairs [4]. The
activities of InAs and GaAs binaries were obtained using the
regular solution model. The resulting vapor-solid distribution
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FIG. 8. Vapor-solid composition for planar InGaAs layers of
Ref. [4] (symbols), fitted by Eq. (65) with the parameters given
in Table II (solid line). Dashed line shows the fit by the model of
Ref. [4].

of Ref. [4] had the form of Eq. (71), in which the ratio B/A
is replaced by the ratio of equilibrium constants Kiyas/KGaas-
The curve obtained in Ref. [4] is shown by the dashed line
in Fig. 8. This curve is exactly identical to our equilibrium
vapor-solid distribution given by Eq. (71) at /T4 = 0.5. The
solid curve in Fig. 8 shows the fit by Eq. (65) at B =0 as
discussed above [which is reduced to Eq. (80)], with A = 0.7,
and ¢ = 0.12. The value of the InAs-GaAs binary interaction
constant in thermal units at 750 °C (w = 1.41) is calculated
based on the data in the Supplemental Material [78]. The best
fit to the data shown in Fig. 8 requires a large A of 0.7 and
a small kinetic constant ¢ of 0.12. The large value of A is
explained by the enhanced desorption of In, yielding a short
desorption time ty,. The small value of ¢ is due to a shorter
diffusion length of In adatoms with respect to Ga ones at the
high growth temperature. Overall, the compositional trend in
Fig. 8 is like the kinetic diagrams in Fig. 7. InAs fractions
in a solid are systematically lower than In fractions in vapor,
but the entire compositional range of solid In,Ga;_,As is
accessible. Overall, the kinetic model fits the data better than
the equilibrium curve given by Eq. (71).

Catalyst-free vertical InGaAs nanowires of Ref. [21] were
obtained through the van der Waals epitaxy mechanism by
MOVPE on graphene surfaces at 570 °C and a high V/III flux
ratio of 20, which guarantees the group-III limited growth
regime. These nanowires had a mean length of 3.4 um, mean
radius of 43.5 nm, and surface density of 7 x 10% cm~2. Fig-
ure 9 shows the measured vapor-solid distribution and the fit
by Eq. (65) at A =0.52, B=0, and ¢ = 4. The fit is good
for all the datapoints except the datapoint for the lowest z and
x, which seems to overestimate the InAs content in nanowires
due to parasitic structures on the surface which contribute into
the compositional analysis [21]. The A value of 0.52 is lower
than in the previous case due to a lower substrate temperature
and longer desorption time of In atoms. A large value of ¢ is
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FIG. 9. Vapor-solid composition of selective area epitaxy (SAE)

InGaAs nanowires of Ref. [21] (symbols), fitted by Eq. (65) with the
parameters given in Table II.

required to fit the data. These nanowires are long enough to
neglect the group-III adatom diffusion from the substrate, in
which case Eq. (69) at x;% = xd, = 1 for the flat tops of SAE
nanowires is reduced to

R+ 21,

_ 81
‘TRt 1)

Here, we write the effective diffusion lengths in the form
Aiy = 2X; for i = In and Ga, with A; as the diffusion lengths
on the nanowire sidewalls. At ¢ =4 and R = 43.5 nm, this
yields a linear relationship between the In and Ga adatom
diffusion lengths: Ay, = 65 nm + 4Ag,. Therefore, the In dif-
fusion lengths on the nanowire sidewalls is larger than the Ga
one and is >65 nm in the experimental MOVPE conditions at
570°C.

Au-catalyzed InGaAs nanowires of Ref. [16] were grown
by MOVPE using 50-nm-diameter Au aerosol nanoparticles
deposited onto InAs(111)B substrates. Different vapor com-
positions were achieved by changing the fluxes of TMIn and
TMGa precursors. For 3-um-long nanowires grown at 450 °C
with a V/III flux ratio of 12.6, the composition was measured
at the top and bottom. The average distance between these
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FIG. 10. Vapor-solid composition of Au-catalyzed vapor-liquid-
solid (VLS) InGaAs nanowires of Ref. [16] (symbols), fitted by
Eq. (65) with the parameters given in Table II. Pitch P in the legend
corresponds to the average distance between the nanowires.

nanowires was 707 nm. At a temperature of 470°C and a
V/II flux ratio of 6.32, 1.2-um-long InGaAs nanowires were
grown with two different surface densities of Au nanoparticles
corresponding to the average distance between the nanowires
of 316 nm (dense nanowires in Table II) and 707 nm (sparse
nanowires in Table II). For these nanowires, the composition
was measured at the top. Figure 10 shows the measured com-
positions and their fits by the model.

It is seen that the difference in the measured compositions
is larger for the tops and bottoms of the same nanowires grown
at 450 °C than between the nanowires grown at different tem-
peratures. The vapor-solid composition at the nanowire top at
450°C is almost linear and close to x = z, while it is strongly
nonlinear at the nanowire bottom, with x < z. The fitting val-
ues of A decrease for lower temperatures according to Table II,
as it should be due to lower desorption rates at lower 7. Within
the model, the large difference between the composition in
the top and bottom of the nanowires is explained by differ-
ent transport mechanisms of group-III adatoms. According
to Refs. [41,66,68,82], long nanowires are fed by adatoms
diffusing from the nanowire sidewalls and directly impinging

TABLE II. Parameters of III-V ternary systems.

Ref. System T (°C) w A B Sup Sep c
[4] Planar In,Ga,_,As layers 750 1.4119 0.7 0 0.12
[21] Catalyst-free In,Ga;_, As nanowires on graphene 570 1.9064 0.52 0 4
[16] Dense Au-catalyzed VLS In,Ga;_,As nanowires on InAs(111)B 470 2.2846 0.25 0 0.98
[16] Sparse Au-catalyzed VLS In,Ga;_,As nanowires on InAs(111)B 470 2.2846 0.25 0 0.85
[16] Tops of Au-catalyzed VLS In,Ga,_,As nanowires on InAs(111)B 450 2.3728 0.1 0 0.95
[16] Bottoms of Au-catalyzed VLS In,Ga;_,As nanowires on InAs(111)B 450 2.3728 0.1 0 0.35
[25] 0.3-um-long Au-catalyzed VLS In,Ga;_,P nanowires on InP(111)B 440 2.5949 0 3.57 00 7
[25] 1-pm-long Au-catalyzed VLS In,Ga,_,P nanowires on InP(111)B 460 2.5145 0 1.11 00 1.5
[25] 3-pum-long Au-catalyzed VLS In,Ga,_,P nanowires on InP(111)B 480 2.4385 0 0.57 00 0.9
[20] Cores of Au-catalyzed Al,Ga;_,As nanowires on GaAs(111)B 510 0 0 0 0.385
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FIG. 11. In and Ga adatom diffusion lengths and their ratio, fitted
by Eq. (83). The diffusion lengths are normalized to a maximum of
Aga at 610°C.

onto the droplet surface. Conversely, short nanowires, which
become nanowire bottoms later, are fed mainly by surface
diffusion from the substrate surface. Equation (69) for VLS
growth by MOVPE is then reduced to

2
_ R+(1 +COSﬂ))\In = (ﬂ) ’ (82)

¢ = ’
R+(1+ Cosﬂ))\Ga )\s,Ga

for nanowire bottoms and tops, respectively. According to
Table II, the fitting values of ¢ are close to unity for all
nanowire tops, meaning that surface diffusion of In and Ga
adatoms from the nanowire sidewalls is similar (or even
negligible compared with the direct vapor fluxes). The ¢
value equals 0.35 for the nanowire bottoms, corresponding to
Asn = 0.59A; ga on the substrate surface at 450 °C.

Figure 11 shows a plot of the ¢ values vs temperature for
the InGaAs system according to Table II. It is seen that the
¢(T) dependence exhibits a maximum of ~ 4 at a temperature
of 570°C. For lower temperatures in the range from 450 to
470°C, the c values are on the order of unity, whereas the ¢
value at 750 °C is only 0.12. Although the surfaces on which
group-III adatoms diffuse are different, the ¢ value is related
to the ratio of the effective diffusion lengths of In adatoms
over Ga ones: ¢ = Ay, /Aga. For vertical III-V nanowires, the
diffusion length on the nanowire sidewalls can be limited
by either desorption or incorporation into the surface steps
[41,50]. Desorption rate increases for higher temperatures,
while surface incorporation and the radial growth rate increase
for lower temperatures. As a result, the effective diffusion
length of group-III adatoms has a maximum at a certain
temperature (~ 600 °C for Ga adatoms on the sidewalls of
binary GaAs and GaP nanowires) [83]. It is well known
that In diffuses faster than Ga at low enough temperatures
but also desorbs at lower temperatures than Ga [41]. The
curves in Fig. 11 show the normalized diffusion lengths of
In and Ga adatoms obtained from the expression given in

10 T
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FIG. 12. Vapor-solid composition of Au-catalyzed vapor-liquid-
solid (VLS) InGaP nanowires of Ref. [25] (symbols), fitted by
Eq. (76) with the parameters given in Table II.

Ref. [83]:

(T = 7(T)) Bi+ G
T e eF T+ CenlB (T - 1]

(83)

for i = In and Ga. Here, Tj, = 560°C and T, = 610°C are
the temperatures corresponding to the maximum diffusion
lengths of In and Ga adatoms, respectively, and B; and C;
are the dimensionless coefficients related to the activation
energies for desorption and surface diffusion [83]. It is seen
that this model reproduces quite well the general trend for the
temperature behavior of ¢ = A /Aga.

Au-catalyzed InGaP nanowires of Ref. [25] were grown
by MOVPE on InP(111)B substrates using the randomly dis-
persed 80-nm-diameter Au nanoparticles. The growth was
performed at different temperatures from 440 to 480 °C under
group-V-rich conditions. These nanowires had a surface den-
sity of 4 x 108 cm™2, corresponding to an average distance
between the nanowires of 500 nm and different lengths of 0.3,
1,and 3 um at T = 440, 460, and 480 °C, respectively. Differ-
ent vapor compositions were achieved by varying TMIn flux
at a constant TMGa flux, so that the total group III flux was
increased. Consequently, we used Eq. (76) for fitting the data.
Figure 12 shows the measured compositions and their fits
by the model. According to Table II, the value of Ay = 0.28
(corresponding to a fixed total group-III flux) at S4p = 3.57 at
440 °C is almost three times larger than the corresponding A =
0.1 for InGaAs nanowires at a similar temperature of 450 °C.
This is explained by the fact that, at similar nanowire radii
and under similar material fluxes of group-III and V species,
the ratio ApGap/AmGaas approximately equals njing' /nyin}l.
This ratio is ~3 in the temperature range from 440 to 480 °C
according to thermodynamic data given in the Supplemental
Material [78]. The fitting values of supersaturation Syp = Spp
decrease with temperature. At the highest temperature of
480 °C, Spp = 0.57 is below unity, which would correspond
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to the absence of growth for pure InP. However, the actual
flux of InP into InGaP nanowires remains positive due to a
lower chemical potential of the ternary material in this com-
positional range compared with binary InP.

A large fitting value of ¢ = 7 is required to reproduce the
compositional data at 440 °C, while at 460 and 480 °C, the ¢
values are on the order of unity, as at the tops of the InGaAs
nanowires at similar temperatures of 450 and 470 °C. Short
InGaP nanowires at 440°C (with a length of only 0.3 pm)
should grow by surface diffusion of group-III adatoms from
the substrate, while longer nanowires at higher 7' should
grow by the direct impingement and surface diffusion from
the nanowire sidewalls [66,68,82]. According to Eq. (82),
the diffusion lengths of In and Ga adatoms on the sidewalls
of InGaP nanowires are similar, as in the case of InGaAs
nanowires. On the other hand, our model results in a longer
diffusion length of In adatoms on InP(111)B (corresponding
to Agm = 2.65A;.Ga), while on an InAs(111)B substrate this
relationship is reversed (A;m = 0.59X;Ga). The reason for
this sharp change is not clear but may be related to different
surface treatment procedures used [16,25] or different pyrol-
ysis efficiencies of TMIn and TMGa at 440 °C. Finally, one
data point at 440 °C is too close to pure InP at a low z of
0.47 and cannot be fitted by the model. This data point may
not be representative due to parasitic structures and planar
nanowires emerging on the substrate with uncontrolled com-
position when the In input is increased at the lowest growth
temperature studied in Ref. [25]. Overall, the vapor-solid dis-
tributions in InGaP nanowires in Fig. 12 are more nonlinear
than InGaAs nanowires in Fig. 11 and favor In incorporation
from vapor to solid.

Au-catalyzed VLS AlGaAs nanowires of Ref. [20] were
grown by MBE on Si(111) substrates at 510°C. The Au
droplets were obtained by thermal dewetting of thin Au films
deposited onto the substrates in a separate vacuum chamber.
Parasitic growth of AlGaAs was observed on the unpatterned
Si surface between the nanowires. Different vapor composi-
tions z were obtained by varying the Al and Ga fluxes at a fixed
total group-III flux corresponding to the equivalent AlGaAs
growth rate of 0.3 nm/s, with a V/III flux ratio of 3. Spon-
taneous formation of the core-shell AlIGaAs structures was
observed, with higher AlAs fractions in the shells. Cylindrical
cores were formed by the VLS mechanism, while conical
shells were grown after in the vapor-solid mode. Figure 13
shows the measured AlAs fractions in the cores and shells
of AlGaAs nanowires vs the Al fraction in vapor. At a low
growth temperature of 510°C, Al and Ga adatoms are very
stable on any surface in MBE growth. Therefore, the compo-
sition of the core can be described by the Langmuir-McLean
formula given by Eq. (72), corresponding to A — 0 and
B — 0. The only fitting parameter ¢ equals 0.385 [20]. This
yields the excellent fit to the measured compositions of the
nanowire cores, as shown in Fig. 13. With a core radius of 20
nm and a droplet contact angle of 120 °, the linear relationship
between the two diffusion lengths on the nanowire sidewalls
has the form Ag, = 135 nm + 2.6)1g, regardless of z [20],
showing that the diffusion length of Ga is systematically larger
than Al at 510 °C.

Let us now discuss the composition of AlGaAs shells. As
mentioned above, the surface diffusivity of group-III adatoms
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FIG. 13. Vapor-solid composition in the core-shell Au-catalyzed
vapor-liquid-solid (VLS) AlGaAs nanowires of Ref. [20] (symbols),
fitted by Eq. (76) with the parameters given in Table II. Dashed line
corresponds to x = z.

in this case should be limited by the step flow on the nanowire
sidewalls, as shown in Fig. 1(b). According to Ref. [20], the
tapering angle of AlGaAs shells increased and the nanowire
length decreased with z. In all cases, the tapering angles were
>3°, corresponding to pitches P < 20 nm from geometrical
considerations. If we assume that the diffusion length of Al
is much larger than P in all cases, Eq. (67) gives ¢ = 1 and
x = z, meaning that the Al content in the nanowire shells is
the same as in vapor. Another way of modeling is to assume
that the separation between the steps determines the diffu-
sion length of Al adatoms Aaj. In this model, the steps are
formed by crystallization of AlAs pairs and are transparent
for Ga adatoms whose diffusion length is larger. At P = 24,
Eq. (67) gives

AAl tanh(1)
Cc = _—.
AGa tanh(Aa1/AGa)

(84)

The ratio Aaj/Aga varies with the vapor composition z, as
follows from the measured axial nanowire growth rates. Ac-
cording to the analysis of Ref. [20], Aa; = 250 nm and Ag, =
780 nm at z = 0.2, decreasing to Ax; = 8nm and Ag, =
156 nm at z = 0.6. Therefore, Aa;/Aca < 1 is a good approx-
imation in all cases, which reduces Eq. (84) to ¢ = 0.762. The
corresponding vapor-solid distribution is shown in Fig. 13 and
only slightly underestimates the AlAs fraction in the nanowire
shells, while the simple approximation z = x slightly overes-
timates the measured composition.

VIII. CONCLUSIONS

In conclusion, it has been shown that the stationary com-
position of a wide range of III-V ternary materials based
on the intermix of diffusive group-III elements, from planar
layers to nanowires, can be described by the general kinet-
ically controlled vapor-solid distribution. The coefficients of
this distribution depend on the nanostructure geometry and
contain kinetic constants such as diffusion lengths of group-
IIT adatoms on different surfaces. Thermodynamics of the
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material system manifests in the chemical potentials of pure
liquids and binaries and in the binary interaction constant
in a solid. The equilibrium solutions for the diffusion fluxes
reduce the obtained distribution to the thermodynamically
controlled or nucleation-limited composition. The experimen-
tal vapor-solid distributions in very different ternary III-V
systems have been reproduced using the kinetic approach,
while none of the systems appear close to thermodynamic
behavior. The miscibility gaps of all InGaAs ternaries below
the critical temperature are circumvented by the growth kinet-
ics. The developed theory is not restricted to III-V ternaries
and should work equally well for SiGe binaries and other
material systems. Further consideration should be given to
strain-induced effects in lattice-mismatched ternary systems
and during growth of III-V nanomaterials on dissimilar Si
substrates. While the lattice mismatch is present in a bi-
nary interaction constant, we did not consider explicitly its
influence on the intermixing, crystal morphologies, growth

anisotropy, surface energies, and kinetic constants entering the
diffusion equations. We plan to apply these results to catalyst-
free InGaN nanostructures and nanowires and to develop a
time-dependent model for modeling the interfacial abruptness
and compositional profiles across different heterostructures.
We also plan to consider the growth process under an arbitrary
V/II flux ratio rather than under group-V-rich conditions for
ternaries based on group-III intermix. This important exten-
sion of the developed approach should enable modeling of
any III-V ternary material and studying the V/III flux ratio
dependence of the vapor-solid distributions.
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