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4 ABSTRACT: It is well documented that the concentrations of
5 highly volatile group V atoms in liquid droplets catalyzing the
6 vapor−liquid−solid growth of III−V nanowires decrease in the
7 quasi-instantaneous process of monolayer progression and can
8 even drop to equilibrium at a stopping size. This effect has far-
9 reaching implications in the nanowire morphology, crystal phase,

10 and nucleation statistics but was never considered in the
11 compositional modeling of ternary nanowires. Here, we present
12 the first attempt of such modeling for wurtzite III−V nanowires
13 based on group V intermix. We show that the liquid−solid
14 distribution of such nanowires starts from the kinetics shape at
15 nucleation and transitions to the equilibrium distribution at the
16 stopping size. The vapor−solid distribution is fully determined by the initial liquid composition at nucleation and is reduced to a
17 simple analytic shape under some reasonable assumptions. When the stopping size is smaller than the nanowire monolayer, our
18 theory predicts spatially inhomogeneous composition across the nanowire axis. The model fits very well the available compositional
19 data on InPxAs1−x, GaPxAs1−x, and InSbxAs1−x nanowires grown with different catalysts and sheds more light on the compositional
20 control over III−V ternary nanowires in general. These results provide a starting point for further advancements in understanding
21 and modeling of the complex growth process with a time-scale hierarchy of quasi-instantaneous monolayer progression and slow
22 refill from vapor.

1. INTRODUCTION
23 Nanomaterials of different types offer much wider opportunities
24 for bandgap engineering with widely tunable compositions
25 compared to epi-layers.1 In particular, III−V ternary nanowires
26 (NWs) and heterostructures based on such NWs2−5 allow for
27 highly mismatched material combinations that can be grown on
28 Si substrates.3−7 This property is extremely promising for novel
29 optoelectronic devices including lasers8,9 and sources of
30 nonclassical light.10−12 Most freestanding III−V NWs are
31 grown using the vapor−liquid−solid (VLS) method13 with a
32 liquid droplet (Au or a group III metal in the self-catalyzed VLS
33 approach14). VLS III−V ternary NWs and NW heterostructures
34 can be based either on group III15−19 or group V20−42 intermix
35 (interchange). The latter case is much more complex due to high
36 volatility of group V atoms causing their undetectable amounts
37 in liquid. The stationary compositions of VLS III−V ternary
38 NWs based on group intermix (IIIVxV1−x NWs for brevity)
39 under time-independent material fluxes and interfacial profiles
40 in NW heterostructures under alternating fluxes were exper-
41 imentally studied in different material systems including
42 InSbxAs1−x,

20−23 GaSbxAs1−x,
24−28 InPxAs1−x,

29−34 and
43 GaPxAs1−x.

35−42 Among the most important experimental
44 findings, it was shown that the vapor−solid distributions of
45 Au-catalyzed InPxAs1−x NWs,29 Au-catalyzed39 and Ga-

46catalyzed37,41 GaPxAs1−x NWs grown by different techniques
47are well-fitted by the one-parametric Langmuir-McLean (LM)
48formula.43 The vapor−solid distributions of Au-catalyzed
49InSbxAs1−x were found strongly dependent on the total V/III
50flux ratio,20 and fitted by the model of Biefeld44 with modified
51parameters.
52These studies stimulated extensive theoretical research,
53reviewed in refs 45,46. According to the current view,47−50 the
54stationary liquid−solid distributions are close-to-equili-
55brium17,51−53 for VLS III−V NWs based on group III intermix,
56and kinetically limited19,54 for VLS IIIVxV1−x NWs. This
57important difference is due to extremely low concentrations of
58group V atoms in liquid in comparison with group III atoms that
59lead to group III rich conditions for liquid−solid growth.47,50

60The stationary vapor−solid distributions of VLS IIIVxV1−x
61NWs, obtained in refs 48,49, circumvent the uncertainties in
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62 the unknown liquid composition, and strongly depend on the
63 total V/III ratio. These models fit reasonably well the available
64 compositional data of refs 20,29,35,37,39,41. However, all the
65 existing models for the liquid−solid and vapor−solid distribu-
66 tions of VLS III−V ternary NWs47−49,51−54 use one simplifying
67 assumption on the time-independent concentrations of different
68 elements in liquid during the liquid−solid growth of ternary NW
69 monolayer (ML). The validity of this assumption is not
70 guaranteed even for group III atoms, and is definitely not true
71 for group V atoms. Indeed, it is well-known that the ML
72 progression in VLS NWs in general is quasi-instantaneous, that
73 is, the ML growth is much faster than refill from vapor.55−62

74 Therefore, the formation of single NW ML leads to significant
75 depletion of a catalyst droplet with its group V atoms. This
76 property has an important impact on the morphology and the
77 related crystal phase,56,57 sub-Poissonian nucleation statis-
78 tics,55,60 and length distributions61,62 of VLS GaAs NWs.
79 In III−V NWs with small enough droplets and low enough
80 initial concentrations of group V atoms, the liquid super-
81 saturation may even drop to zero at a certain “stopping size”
82 before the ML completion. This stopping effect was introduced
83 in ref 63 in the field of NWs, but was earlier considered in
84 connection with nucleation and growth in confined sys-
85 tems.64−68 The effect was confirmed by in situ growth
86 monitoring of NW growth inside a transmission electron
87 microscope (TEM),69−71 and has far reaching implication in the
88 VLS growth and properties of III−V NWs 69−74. According to ref
89 70, GaAs NWs form with planar liquid−solid interface, vertical
90 sidewalls, and in the wurtzite (WZ) crystal phase in the
91 intermediate range of the droplet contact angles from 100° to
92 125°. Larger contact angles yield the truncated geometry of the
93 growth interface and the zincblende (ZB) crystal phase. The
94 amount of truncation oscillates in synchronization with the ML
95 growth cycle, reaching its maximum after the ML completion
96 and minimum at nucleation.56,57,70 The truncation can provide
97 additional material to complete the NW ML, which is why the
98 ML growth in ZB III−V NWs is always quasi-instantaneous. In
99 WZ GaAs NWs, the truncation is suppressed on surface

100 energetic grounds.57,70 As a result, the ML progresses quasi-
101 instantaneously only before reaching the stopping size, and then
102 grows much slower at the rate of refill from vapor. This growth
103 was described in detail in ref 72 for binary VLS III−V NWs.
104 However, the effects of group V depletion and the time scale
105 hierarchy in the ML growth before and after the stopping size
106 was never considered for ternary III−V NWs.
107 This work tries to fill this gap by developing a model that takes
108 into account the time dependences of group V concentrations in
109 liquid during the VLS growth of WZ IIIVxV1−x NWs (or, more
110 generally, NWs with planar liquid−solid interface). We show
111 that the time scale hierarchy in the ML progression leads to new
112 effects that affect very significantly the compositional trends.
113 The stopping size at which the liquid supersaturation drops to
114 zero always exists, because partial or full ML consumes the
115 available group V atoms from liquid without refill from vapor.
116 The presence or absence of the stopping effect in a given NW
117 depends on whether the stopping size is smaller or larger than
118 the full NW ML.72 Consequently, the liquid−solid distribution
119 of VLS IIIVxV1−xNWs is kinetic only at the very beginning of the
120 ML growth, but then either reaches the equilibrium shape at the
121 stopping size or approaches it with the ML progression. The
122 stopping effect in NWs is size-dependent. This introduces
123 nontrivial correlation between the radius, droplet angle and
124 composition of VLS ternary NWs. Quasi-instantaneous ML

125growth before the stopping size is not affected by vapor. The
126NW composition in this stage depends only on the initial liquid
127composition at nucleation. Relating the latter to the vapor fluxes
128of group V atoms, we are able to derive the vapor−solid
129distribution of VLS IIIVxV1−xNWs, which is reduced to a simple
130analytic shape under some reasonable assumptions. On the
131other hand, slow ML growth after the stopping size is
132independent of the liquid state, which remains at equilibrium
133before the ML completion. Therefore, the vapor−solid
134distribution in the slow ML growth stage is determined by the
135vapor fluxes and desorption from equilibrium liquid. This
136difference naturally leads to spatial inhomogeneity of the
137composition across the NW axis. The model is validated against
138the available compositional data on InSbxAs1−x,

20 InPxAs1−x
29

139and GaPxAs1−x NWs35,37,39,41 NWs catalyzed by different
140droplets and grown by different epitaxy techniques. The most
141important result of the work is the first theoretical study of
142hierarchical growth of ternary MLs in VLS NWs, which can be
143translated to ternary NWs based on group III intermix, other
144material systems, catalyst-free growth techniques and different
145geometries of binary or pseudobinary nanostructures.

2. GROWTH MODEL
146Consider a VLS ternary AxB1−xC NW, with atoms A and B
147belonging to group V and atoms C belonging to group III.
148Spherical cap droplet resting on the NW top has the radiusR and
149contact angle φ. The droplet volume is given by Vdrop = (πR3/
1503)Ψ(δ), with Ψ(δ) as the known geometrical function of the
151droplet contact angle δ (ref 72 The number of III−V pairs in a
152NW ML is given by iML = CR2h/ΩS, with C as a shape constant
153(for example, C = π for cylindrical NW) and ΩS as the
154elementary volume per III−V pair in solid. A ternary NW is
155grown from a catalyst droplet fed by the total atomic fluxes of
156elements A, B and C, denoted vA, vB and vC, respectively. The
157numbers of atoms A and B in liquid equal lA and lB, respectively.
158The effective vapor composition Z and fraction of atoms A in
159liquid are defined according to
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161Considering that the vapor phase mainly consists of group V
162dimers A2 and B2, at least in the case of molecular beam epitaxy
163(MBE),48,49,75 the arrival rates of atoms A and B are given by vA
164= 2σAIA d2

πR2γ(δ) and vB = 2σBIBd2
πR2γ(δ). Here, Ikd2

are the vapor
165fluxes of k = A, B dimers, γ(δ) is a geometrical function of the
166droplet contact angle,48,49,75 and σk summarize the effects of (i)
167possibly different adsorption coefficients of k = A, B species on
168the droplet surface,29,37,39 (ii) different re-emission of group V
169species from the surrounding surfaces,75 and (iii) different
170surface diffusion of atoms A and B from the NW sidewalls to the
171droplet over a short distance.76,77 As a result, the fraction of
172atoms A in vapor z is related to the effective vapor compositionZ
173by the LM equation43
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175where the kinetic coefficient cg describes different transport of
176atoms A and B into the droplet. Obviously, z = Z only when cg =
1771. The concentrations of atoms A and B in liquid are given by
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179 where ΩL is the effective elementary volume per atom in liquid.
180 The total number of all atoms in liquid ltot = lC + lAu + lA + lB ≅ lC
181 + lAu (with lC and lAu as the numbers of group III atoms C and Au
182 atoms in the droplet, respectively) can be considered time-
183 independent due to χA ≪ 1 and χB ≪ 1.
184 In what follows, we consider time-dependent lk that account
185 for the effect of group V depletion due to ML growth. In this
186 case, the numbers of atoms A and B (or pairs AC and BC) iA and
187 iBin two-dimensional (2D) island or partial ML also depend on
188 time. Therefore, definition of the solid composition requires
189 some care. We define the time-dependent (or coordinate-
190 dependent) solid composition x according to
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192 as in the kinetic models of refs 45−50,54. Here, dik/dt are the
193 growth rates of binaries AC and BC. These rates are entirely
194 determined by the attachment-detachment rates of highly
195 volatile group V atoms A and B due to their low concentrations
196 in the droplet (χA ≪ χC, χB ≪ χC).47 The total number of III−V
197 pairs in partial ML i changes from i ≅ 0 at nucleation (due to a
198 small critical size consisting of only a few III−V pairs53,75) to iML
199 after the ML completion. The solid composition defined by eq 4
200 depends on the size of partial ML i. The average solid
201 composition at a given i is determined by

= = =
+

x
i

di
di
di

i
i

i
i i

1 i
A A A

A B0202 (5)

203 and is different from x in the general case. From eqs 4 and 5, it is
204 easy to obtain
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206 showing that the solid composition is spatially homogeneous
207 only when x = x̅ for any i.
208 Our growth model generalizes the approach of ref 72 to the
209 case of VLS ternary IIIVxV1−x NWs with planar liquid−solid
210 interface. The growth rates of binaries AC and BC in partial
211 ternary ML must be proportional to the differences between the
212 time-dependent lk and the equilibrium numbers of atoms k = A,
213 B in liquid lk, eq:
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215 Here, the function W(i, R, δ) depends on the mechanisms of
216 material transport from liquid to solid, but should be the same
217 for atoms A and B.47,54 The characteristic times τA and τB may
218 be, however, different due to different diffusion coefficients of
219 atoms A and B in liquid.47−49,54 The numbers of atoms A and B
220 in liquid change with time due to ML growth, refill at the rates vk
221 and desorption from the droplet surface:
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223The equilibrium quantities lk, eq are x−dependent due to
224binary interactions between dissimilar AC and BC pairs in
225solid:44−54
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227with χC ≅ 1 − χAu ≅ const. The functions ψk in the above
228equations describe the interaction terms in the chemical
229potentials of group V atoms A, B and group III atoms C in
230liquid, given by μAl = μAl, p + ln χA + ψA, μBl = μBl, p + ln χB + ψB, and
231μCl = μCl, p + ln χC + ψC. The quantities μkl, p denote the chemical
232potentials of pure k = A, B and C liquids, and μkCs, p are the
233chemical potentials of solid binaries AC and BC. The quantities
234ΔμACp = μAl, p + μCl, p − μACs, p and ΔμBCp = μBl, p + μCl, p − μBCs, p denote the
235chemical potential differences for pure binaries. All these
236chemical potentials are expressed in thermal units. With neglect
237of small corrections, the interaction terms ψk are determined by
238χC and independent of χA and χB. This will be discussed in more
239detail below. With the known lA0, lB0, or the initial liquid
240composition y0 = lA0/ltot0 and the total number of atoms A and B in
241liquid ltot0 = lA0 + lB0 at nucleation, the ML growth kinetics and
242depletion of group V atoms A and B in liquid in each ML growth
243cycle (including refill) are fully described by eqs 7 and 8.
244According to the in situ TEM data56,57,69,70,73 and theoretical
245considerations,55,60,61,63,72−74 the ML progression before the
246stopping size is much faster than refill from vapor. This
247corresponds to vAτA ≪ 1, vBτB ≪ 1 in eqs 7 and 8. Using this
248time-scale hierarchy, we can use lA ≅ lA0 and lB ≅ lB0 in eqs 7,
249meaning that partial ML evolves quasi-instantaneously in the
250absence of any refill before reaching the stopping size

= +i x l l l x l x( ) ( ) ( )s A B A eq B eq
0 0

, , 251(10)

252This generalizes the result of ref 72 for ternary ML. In this
253case, the stopping size depends on the ML composition x. More
254precisely, the stopping size is affected by the composition of the
255NW “core” that forms in the fast ML growth stage. If the
256stopping size at a given composition x is larger than the ML size
257(is(x) > iML), the whole ML grows quasi-instantaneously. In the
258opposite case of is(x) < iML, partial ML evolves quasi-
259instantaneously only before reaching the stopping size, where
260the liquid supersaturation drops to zero. In the absence of
261material supply from the truncation (as in WZ GaAs
262NWs69,70,72−74) further ML growth occurs much slower at the
263rate of refill. The liquid phase stays at equilibrium before the ML
264completion, and then rises to the initial level at nucleation. After
265that, the whole ML growth cycle is repeated. This picture is well-
266known for binary VLS III−V NWs.63,72−74 However, such a
267hierarchical ML growth was never considered for ternary MLs.
268In what follows, we study this process in detail and reveal the
269influence of the group V depletion on the compositional trends
270in VLS IIIVxV1−x NWs.
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271 The growth and compositional modeling based on eqs 7 and 8
272 requires knowledge on the characteristic growth times τA and τB
273 entering eq 7, or at least their ratio cl = τB/τA. The constant cl
274 describes different transport of atoms A and B through liquid,
275 and enters the existing kinetic models for the NW composition
276 in the stationary approach.19,47−49,54 Unfortunately, however,
277 the quantities τA, τB and cl remain largely unknown. Direct
278 measurements of the characteristic times τk is difficult even using
279 in situ TEM monitoring of binary NW growth, because the ML
280 progression is too fast to be quantified.56,69,73 Some models
281 earlier assumed that cl = 1.19,54 It is clear that the characteristic
282 growth times are proportional to the diffusion coefficients of
283 group V atoms A and B in an Au-group III melt: 1/τA ∝ DA, ef f/
284 ΩL

2/3, 1/τB ∝ DB, ef f/ΩL
2/3. Let us consider the macroscopic

285 Stokes−Einstein formula for Dk, ef f (ref 78):

=D
k T

r6k eff
k

,
B

286 (11)

287 where T is the absolute temperature, kB is the Boltzmann
288 constant, η is the liquid viscosity, and rk is the radius of a diffusing
289 spherical particle. If we apply this relation for atoms, η depends
290 only on χc and is not affected by atoms A and B due to their
291 negligible amount in liquid. Then, the only difference in the
292 diffusion coefficients is due to different atomic radii of group V
293 atoms rk, which equal 0.148 nm for As, 0.134 nm for P, and 0.161
294 for Sb.79 These values are very close, which justifies the
295 assumption of cl≅ 1. In what follows, we will use this assumption
296 corresponding to

= =A B297 (12)

298 in eqs 7. The case cl ≠ 1 is more complex and will be studied
299 elsewhere.

3. GROWTH CYCLE OF TERNARY MONOLAYER
300 In the fast ML growth stage, which occurs for the whole ML at is >
301 iML or for partial ML before reaching the stopping size at is < iML,
302 eqs 7 and 8 at τA = τB = τ and vkτ ≪ 1 for both atoms A and B are
303 reduced to
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305 These equations describe quasi-instantaneous growth of the
306 numbers of pairs AC and BC in partial ML to their maximum
307 values lk0 − lk, eq, and the corresponding depletion of a catalyst
308 droplet with its atoms A and B in the absence of refill. WhenW is
309 independent of the island size i (W = 1),72 eqs 13 are analytically
310 resolved:
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312 In this model, the numbers of pairs AC and BC in solid
313 exponentially increase to lk0 − lk, eq, whereas the numbers of
314 atoms A and B in liquid exponentially decrease to their
315 equilibrium values lk, eq, with a characteristic time constant τ.
316 Using eqs 13 and 14 in eqs 4 for x and 5 for x̅, it is seen that the
317 local and average composition of partial ML before the stopping
318 size equal each other:
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320The composition-dependent equilibrium functions lk, eq(x)
321are given by eqs 9. The composition-dependent stopping size is
322given by eq 10. For any ML size i, the numbers of AC and BC
323pairs equal iA = xi, iB = (1 − x)i, with i = is(x)[1−exp (− t/τ)].
324The total number of group V atoms in liquid decreases as lA + lB
325= lA0 + lB0 − i, and tends to the x−dependent equilibrium value
326lA, eq(x) + lB, eq(x) at the stopping size. WhenW in eqs 7 depends
327on the island size i (for example, W ∝ i1/2 if the binary growth
328rates are proportional to the island perimeter47,75), the ML
329growth kinetics becomes more complex. However, the prefactor
330W cancels in the ratio of diA/dt over di/dt in eq 4 for x.
331Consequently, we have x = x̅ given by eq 15 provided that τA =
332τB.
333When the stopping size for a given composition is smaller than
334the ML size, the fast ML growth stage occurs for 0 ≤ i ≤ is(x).
335After reaching the stopping at the moment of time t1 ∼ τ, further
336ML growth requires refill from vapor. The slow ML growth stage
337occurs at the time-independent lA = lA, eq(x) and lB = lB, eq(x).
338This growth is described by eqs 8 at dlA/dt = dlB/dt = 0:
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340Using these binary growth rates in eq 4 leads to a time-
341independent solution for x, which is, however, different from the
342average composition x̅. This will be discussed in detail later on.
343Integration of eqs 16 at x = const yields the linear increase of the
344ML size with time
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346The ML growth is completed when i reaches the ML size iML
347at the moment of time t2:
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349The slow ML growth stage occurs for is(x) < i ≤ iML and ends
350at the moment of time t2.
351After the ML completion (i = iML), the ref ill stage is described
352by eqs 8 at diA/dt = diB/dt = di/dt = 0:
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354with the initial conditions lk(t = t2) = lkeq(x). The solutions for the
355liquid composition are given by

Crystal Growth & Design pubs.acs.org/crystal Article

https://doi.org/10.1021/acs.cgd.4c01338
Cryst. Growth Des. XXXX, XXX, XXX−XXX

D

pubs.acs.org/crystal?ref=pdf
https://doi.org/10.1021/acs.cgd.4c01338?urlappend=%3Fref%3DPDF&jav=AM&rel=cite-as


= +

= +

Ä

Ç

ÅÅÅÅÅÅÅÅÅÅÅ
i
k
jjjjj

y
{
zzzzz

É

Ö

ÑÑÑÑÑÑÑÑÑÑÑ
Ä

Ç

ÅÅÅÅÅÅÅÅÅÅÅ
i
k
jjjjj

y
{
zzzzz

É

Ö

ÑÑÑÑÑÑÑÑÑÑÑ

l
l

th
t t

t
arcth

l x

l

l
l

th
t t

t
arcth

l x

l

( )
,

( )

A

A s A

A eq

A s

B

B s B

B eq

B s

,

2 ,

,

,

2 ,

,
356 (20)

357 Here, the characteristic times tk and the maximum numbers of
358 atoms A and B in liquid lk, s equal
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360 At lk = lk, s, the incoming fluxes of group V atoms vk are
361 compensated by their desorption from liquid. The refill stage
362 continues from the moment of time t2 to tML. At the end of the
363 ML growth cycle (ML growth and refill), the liquid must resume
364 its initial composition at nucleation. Therefore, we have
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366 showing that the maximum contents of group V elements A and
367 B in liquid are reached at tML − t2 ∼ tk.
368 It is convenient to present the ML growth kinetics in terms of
369 the ML coverage θ = i/iML, which changes from 0 to 1 in the ML
370 growth step.72 The coverages θk = ik/iML correspond to AC and
371 BC binaries in ternary ML. The stopping size becomes θs(x) =
372 is(x)/iML, and the presence or absence of the stopping effect at a
373 given NW composition depends on whether θs(x) < 1 or θs(x) >
374 1. The effective coverages in liquid become θk, l = lk/iML, with θk, l0

f1 375 = lk0/iML as the initial coverages at nucleation. Figure 1 shows the
376 time-dependent θk, θ and θk, l for a ternary NW withW = 1, tML =
377 8 s, τ = 0.05 s, θA, l

0 = 0.1 ML, θB, l
0 = 0.4 ML, θA, l

eq = 0.02 ML, θB, l
eq =

378 0.08 ML, vA/iML = 0.4 ML/s, vB/iML = 0.1 ML/s, tA = 2 s and tB =
379 3 s. The curves are obtained from eqs 14 in the fast ML growth

380stage, (16) in the slow ML growth stage, and (20) in the refill
381stage. With these model parameters, the stopping size θs(x)
382equals 0.4 ML. Partial AxB1−xC ML as a whole, as well as its
383binary fractions AC and BC, evolve quasi-instantaneously to the
384stopping size. The fast ML growth stage ends up at 0.2 s after
385nucleation. The follow-up slow ML growth continues at the
386rates of refill, with negligible desorption. This stage ends up at
3871.45 s after nucleation. The longest stage in this example is refill,
388because the effective liquid coverages at nucleation θA, l

0 and θB, l
0

389are very close to the stationary values θA, s = lA, s/iML and θB, s =
390lB, s/iML. The composition of partial ML equals 0.2 before and 0.8
391after the stopping size. This example shows that the composition
392of IIIVxV1−xNWs with a stopping size is generally expected to be
393inhomogeneous across the NW axis. This is not exactly a core−
394shell structure, because MLs in WZ III−V NWs start from the
395triple phase line at the NW perimeter80 or even at the edges of
396hexahedral NW.69 This effect will be discussed in more detail
397below.

4. LIQUID−SOLID DISTRIBUTIONS
398According to the results of the previous section, the liquid−solid
399distribution y(x) connecting the composition of solid NW x and
400the liquid composition y is relevant only in the fast ML growth
401stage. Indeed, partial ML is fed from liquid only in the fast
402growth stage. As discussed in ref 72 for binary III−V NWs, the
403numbers of group V atoms in the droplet are proportional to the
404droplet volume (R3), whereas the ML size is proportional to R2.
405Hence, the stopping effect is more probable in thinner NWs, and
406at lower initial group V concentrations in their droplets. Without
407any stopping effect, the fast ML growth stage continues before
408the ML completion, and the liquid−solid distribution is relevant
409for any ML size. However, in NWs with a stopping size, partial
410ML grows directly from vapor at i > is. The liquid phase simply
411stays at equilibrium in the slow ML growth stage and has no
412influence on the NW composition. The latter is affected only by
413the vapor fluxes vk and probably by desorption from equilibrium
414liquid, which is the same as desorption from solid.
415Furthermore, our eq 15 shows that the solid composition in
416the fast ML growth stage depends only on the initial numbers
417(or initial concentrations) of atoms A and B in liquid lA0 and lB0 (or
418χA0 and χB0). This is not surprising because, in the absence of refill,
419the liquid and solid compositions are related by

=
+

x y
l x

l l i

( )A eq

A B

,
0 0

420(23)

421This relationship follows directly from eqs 13, with y = lA/(lA +
422lB) as the current liquid composition at the ML size i. Therefore,
423the standard view on the liquid−solid distributions of ternary
424III−V NWs at a time-independent (or size-independent) liquid
425state45−49,54 must be refined in the following way. The relevant
426liquid−solid distribution in the fast ML growth stage connects
427the initial liquid composition at nucleation y0 = lA0/(lA0 + lB0) and
428the ML composition in this stage x. This distribution is easily
429obtained from eq 15:

= +
+

y x
x l x xl x

l l

(1 ) ( ) ( )A eq B eq

A B
0

, ,
0 0

430(24)

431Using eq 23, the deterministic liquid−solid distribution
432connecting the liquid composition at the ML size iwith the same
433solid composition x is obtained in the form

Figure 1. Growth cycle of ternary ML in an AxB1−xC NW with a
stopping size of 0.4 ML and spatially inhomogeneous composition x of
0.2 before and 0.8 after the stopping size. The binary ML coverages θk
and the full ML coverage θ are shown by solid lines. The effective liquid
coverages θk, l are shown by dashed lines. Separation of the ML growth
cycle into the fast ML growth stage until the stopping size, slow ML
growth stage until the ML completion, and even slower refill stage is
clearly seen.
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435 This distribution becomes equilibrium at i = is(x):

= =
+

y y
l x

l x l x

( )

( ) ( )s eq
A eq

A eq B eq

,

, ,436 (26)

437 This result is anticipated, because the stopping size is reached
438 when liquid is at equilibrium with solid.
439 Using eqs 9 for x−dependent lk, eq(x), the obtained
440 expressions can be presented in the standard nota-
441 tions.45−49,51−54 The stopping size given by eq 10 becomes

= + [ + ]i x l l xe x e( ) ( ) 1 ( (1 ) )s A B l
x

l
x0 0 (1 )2 2

442 (27)

443 Here, the parameter Γl is inversely proportional to the liquid−
444 solid binary supersaturation for AC pairs, and βl is the parameter
445 related to the affinity, or thermodynamic stability of AC over BC
446 pairs in liquid:

=
+

= +e e
( )

,l
A B C

l0 0

AC
p

A C
AC
p

BC
p

A B

447 (28)

448 Equations 24 to 26 take the form

= +

= +
+
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y x g x

y x
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(2 1)
449 (29)

450 Here, the kinetic function g(x) is given by

= [ ]g x x x e e( ) (1 ) x
l

x(1 )2 2

451 (30)

452 The kinetic liquid-distribution of VLS IIIVxV1−xNWs in eq 29
453 for y0 is the same as in refs 47,54 at cl = 1, but applies only to the
454 initial liquid composition. The total number of group V atoms in
455 liquid at nucleation, or their total concentration χA0 + χB0 entering
456 the obtained liquid−solid distributions cannot be determined by
457 considering the liquid−solid growth alone. Its determination

458requires additional treatment of the refill stage, and will be
459discussed in the next section.
460 f2Figures 2 show the evolution of the liquid−solid distributions
461of self-catalyzed InPxAs1−x NWs at 450 °C. The curves are
462obtained from eqs 27 to 30 with ω = 0.485 and βl = 52.981,82 at a
463fixed Γl of 0.01 and two different θA, l

0 + θB, l
0 =0.8 and 2.2. This

464corresponds, for example, to thin and thick NWs with otherwise
465identical parameters. In the first case, the stopping size is smaller
466than unity for all x. Consequently, the initially kinetic liquid−
467solid distribution transitions to the equilibrium shape at the
468stopping size. In the second case, the stopping size is larger than
469unity for all x, which is why the distributions are close-to-kinetic
470for all θ from zero to unity. This justifies the earlier assumption
471of a time-independent liquid composition,45−50,54 but only for
472NWs without the stopping effect.

5. VAPOR−SOLID DISTRIBUTIONS
473According to the results of the previous section, the NW
474composition after the stopping size is determined by eq 16 for
475the growth rates of binaries AC and BC, which contain no
476characteristics of atoms A and B in liquid. Using these
477expressions in eq 4, it is easy to obtain the vapor−solid
478distribution in the form

= + >
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p
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p

2 2

479(31)

480The analytic form of this vapor−solid distribution is similar to
481the liquid−solid distribution given by eqs 29 and 31. However,
482the kinetic function f(x) is different from g(x). The “super-
483saturation” parameter Γg and the affinity parameter βg contains
484the total flux vA + vB and the desorption rates of A and B atoms
485rather than interactions of different atoms in liquid. The
486characteristics of liquid remaining in the parameter Γg (χC and
487ψC) depend only on the percentage of Au in the droplet. In
488particular, ψC ≅ 0 at χC ≅ 1 for self-catalyzed VLS growth.
489The vapor−solid distributions of VLS IIIVxV1−x NWs before
490the stopping size should be determined from the liquid−solid
491distribution given by eq 29 for y0, where the unknown liquid

Figure 2. Liquid−solid distributions of self-catalyzed InPxAs1−x NWs at 450 °C at different ML coverages θ (a) with and (b) without the stopping
effect (solid lines). The composition-dependent stopping size, shown by black dashed lines, is smaller than unity in (a) and larger than unity in (b) for
all x. The kinetic liquid−solid distributions at nucleation (θ = 0) are the same in both cases. The liquid−solid distribution in (a) reaches the equilibrium
shape at the stopping size, while the curves in (b) are quite similar for all θ from 0 to 1, and far from the equilibrium shape (red dashed line).
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492 composition y0 and the total concentration of group V atoms χA0
493 + χB0 should be expressed through the vapor fluxes of atoms A
494 and B and their desorption rates.47−49 This should be done using
495 eq 22 at the end of the ML growth cycle. Determination of the
496 duration of the whole ML growth cycle tML in these expressions
497 requires, however, some additional considerations, such as the
498 nucleation rate on the top facet in the mononuclear growth
499 regime,73−75 or group III based NW growth rate.48,49 Regardless
500 of the nature of tML, our model contains two distinct VLS growth
501 regimes of IIIVxV1−x NWs.
502 In regime 1 with negligible desorption rates, the characteristic
503 times tk are much longer than tML:

t
t

t
t

1, 1ML

A

ML

B504 (32)

505 In this case, the group V concentrations at nucleation are
506 much smaller than their stationary values: lA0 ≪ lA, s, lB0 ≪ lB, s. In
507 such a regime, both group V fractions in liquid increase linearly
508 with time in the refill stage, with negligible desorption.
509 Therefore, we have lA0 = lA, eq(x) + vA(tML − t2), lB0 = lB, eq(x) +
510 vB(tML − t2). Negligible desorption in the refill stage allows one
511 to omit the desorption terms in eqs 16 to 18, which apply to a
512 shorter ML growth stage after the stopping size. Then the ML
513 formation time t2 and the total duration of the ML growth cycle
514 including refill are given by

=
+

=
+

t
i i x

v v
t

i
v v

( )
,ML s

A B
ML

ML

A B
2

515 (33)

516 This result is not surprising, because in the regimes with
517 negligible desorption (for example, at a low temperature of
518 ∼400 °C for self-catalyzed binary GaAs NWs72), the ML growth
519 cycle is simply determined by the incoming fluxes of group V
520 atoms. At nucleation (t = 0 = tML), we have Zis(x) = lA0 − lA, eq(x),
521 (1 − Z)is(x) = lB0 − lB, eq(x), and hence

= +
+

y Z
Z l x Zl x

l l

(1 ) ( ) ( )A eq B eq

A B
0

, ,
0 0

522 (34)

523 Comparing this result for y0 with eq 29, we obtain

=Z x524 (35)

525 In regime 1, this result applies uniformly for any ML size
526 regardless of the presence or absence of the stopping effect. This
527 can be understood as follows. No group V atoms can be lost from
528 a catalyst droplet in the fast ML growth stage before the stopping
529 size or up to the full ML. Without desorption, no group V atoms
530 can be lost in the slow ML growth stage after the stopping size if
531 it exists. After the ML completion, no group V atoms leave the
532 droplet by desorption in the refill stage. Consequently, the
533 composition of IIIVxV1−x NW is entirely determined by the
534 incoming fluxes of atoms A and B, as given by eq 35. This vapor−
535 solid distribution is not affected by the values of lA0 and lB0 at
536 nucleation, and is totally independent of the liquid state.
537 Regime 2 with high desorption rates occurs when the
538 characteristic times tk are much longer than tML:

t
t

t
t

1, 1ML

A

ML

B539 (36)

540 This regime corresponds to slow NW growth rates.
541 Nucleation of MLs occurs at group V concentrations that are
542 very close to their stationary values:
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544The total concentration of group V atoms at nucleation and
545the parameter Γl in the liquid−solid distributions depend on the
546effective vapor composition Z as follows:

+ = + +
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548Here, the two important parameters of our theory, φ and Γc,
549are given by
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551Clearly, the parameter φ equals the ratio of the characteristic
552desorption rates of atoms B over atoms A from liquid with a
553given percentage of Au. It is noteworthy that βg = (φβl)2

554according to the definitions of these parameters. The parameter
555Γc is inversely proportional to the vapor−solid supersaturation
556for binary AC compound.
557Using eqs 37 and 38 in the liquid−solid distribution for y0 =
558lA0/(lA0 + lB0), eq 29 is reduced to

+ =Z Z
Z g x

x
1

( )c

559(40)

560This is equivalent to the quadratic equation for Z , which has
561the solution

=

=
+

+
+

+

Z P x

P x
x g x

x x
x

x x
g x

x x

( ),

( )
(1 ) ( )

(1 ) (1 )

1
( )

(1 )

c

c

2

2 2 2 2 2 2

2 2

2 2 2
562(41)

563The stopping size given by eq 27 can be presented as a
564function of the solid or vapor composition:
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565(42)

566No characteristics of atoms A and B in liquid are left in these
567expressions. Therefore, in VLS IIIVxV1−x with high desorption
568rates, the stopping size depends only on the vapor composition
569and the fraction of Au in liquid.
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570 Let us now consider the typical values of the control
571 parameters of the vapor−solid distributions Γc, Γg and φ. With
572 neglect of small corrections containing concentrations of group
573 V atoms χA and χB, the interaction terms in the chemical
574 potentials entering eqs 31 and 39 are reduced to52

(1 )C CAu C
2

575 (43)

+

+

+

( )(1 ),

( )(1 ),

( ) ( )(1 )

A AC C AAu CAu C C

B BC C BAu CAu C C

A B AC BC C AAu BAu C
576 (44)

577 Here, ωik denote the temperature-dependent interaction
578 parameters of atoms i and k in liquid. In particular, ψC ≅ 0, ψA
579 ≅ ωAC, ψB ≅ ωBC, and ψA − ψB ≅ ωAC − ωBC for self-catalyzed
580 VLS growth of at χC ≅ 1. Hence, the control parameters are
581 expressed through the well-known values of binary chemical
582 potentials ΔμACp , ΔμBCp and interaction parameters in liquid,
583 tabulated as functions of temperature in the CALPHAD
584 database.81,82 The desorption fluxes vkdes are calculated by
585 equating the chemical potentials of two group V atoms k = A,B in
586 liquid to the chemical potentials of group V dimers in vapor.75

587 Using the data of refs 81,82 for the temperature dependences of
588 ΔμACp and ωik and ref 49 for vAdes and vBdes, one can plot the
589 parameters Γc, Γg and φ versus temperature at the given fluxes vk
590 of atoms k = A, B and C. In calculation of the desorption fluxes,
591 we take into account that vkdes = 2σ5

desπR2Ik d2

des, with σ5
des = 2/[1 + cos

592 (δ)] and Ik d2

des as the desorption fluxes from unit surface area of the
f3 593 droplet.49,75 Figure 3 shows the temperature dependences of the

594 control parameters for self-catalyzed GaPxAs1−x and InPxAs1−x
595 NWs. In these calculations, we used the expression

= +

F
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I
e

1 2
c

des
B
des

C C53

5
AC
p

B A C2

596 (45)

597 with F53 = (vA + vB)/vC as the effective total V/III ratio, assuming
598 F53 = 2 and 2σ5

des/σC = 0.2 to account for higher surface diffusivity
599 of group III adatoms.49,83 The parameter φ was calculated from
600 eq 39 at vBdes/vAdes = IBd2

des/IA d2

des. The parameter Γg was obtained using

601 =c g .

602It is seen that both Γc and Γg are extremely small for both
603material systems at their typical growth temperatures. For
604GaPxAs1−x NWs, Γc and Γg remain smaller than 0.002 at T < 640
605°C. For InPxAs1−x NWs, Γc remains smaller than 0.001 and Γg
606smaller than 0.025 at T < 500 °C. The parameters φ increase
607almost linearly with T and are also very small in the entire
608temperature domains, meaning that P atoms desorb much more
609 f4than As from Ga or In liquid. Figure 4 shows that the presence of

610Au in the catalyst droplet only enhances desorption of P atoms
611relative to As atoms. This effect persists for any temperature
612within the growth domains of GaPxAs1−x and InPxAs1−x NWs.
613The smallness of the parameters Γc and Γg means that most
614group V atoms leave a catalyst droplet by desorption from liquid
615rather than by rejection from the growing solid, at least for
616IIIPxAs1−x NWs. At Γc → 0, the vapor−solid distribution given
617by eq 41 is simplified to

=
+

Z x
x x(1 )

2

2 2 2
618(46)

619This result for the vapor−solid distribution in regime 2 with
620high desorption rates has the same form as in ref 49. However,
621the parameter φ is different, because here we consider the case of
622cl = 1, while in ref 49 this parameter was modified to (φcl)2 at cl ≠
6231. The desorption-limited vapor−solid distribution given by eq
62446 applies before the stopping size is. From eq 42, the
625dependence of the stopping coverage θs = is/iML on the ML
626composition x and the effective vapor composition Z at Γc → 0 is
627reduced to

=
+

= [ + ]
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x x

Z Z
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v v
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e

(1 )
1 ,s

tot

ML

A B
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des
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628(47)

629After the stopping size, no group V adatoms leave the droplet
630at Γg → 0. This yields Z = x from eq 31. Therefore, the
631compositions of the NW MLs, and hence the whole NW, may be
632different before and after the stopping size in regime 2. This
633 f5effect is illustrated in Figure 5 for hypothetical system with q =
6340.5 and φ = 0.2.

Figure 3. Control parameters of the vapor−solid distribution Γc, Γg and
φ versus temperature for self-catalyzed GaPxAs1−x (solid lines) and
InPxAs1−x (dashed lines) NWs.

Figure 4. Influence of the Au concentration in the catalyst droplets on
the parameter φ for GaPxAs1−x NWs at 500 °C and InPxAs1−x NWs at
450 °C.
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6. GOVERNING PARAMETER OF THE VAPOR−SOLID
635 DISTRIBUTIONS
636 In the limit of Γg → 0 and Γc → 0, desorption of both group V
637 atoms occurs only in the refill stage in regime 2. The simplified
638 vapor−solid distribution in MLs before the stopping size, or in
639 the whole NW without the stopping effect is given by eq 46. The
640 purely kinetic distribution Z = x applies for any ML size in
641 regime 1, and after the stopping size in regime 2. Regimes 1 and
642 2 occur at tML/tk ≪ 1 and tML/tk ≫ 1, respectively,
643 corresponding to negligible or high desorption rates in the refill
644 stage. We now assume that tML = iML/vc, meaning that the
645 duration of the ML growth cycle is determined by the total influx
646 of group III atoms. Strictly speaking, this approximation
647 corresponds to a time-independent droplet volume and
648 negligible loss of group V atoms by negative diffusion from
649 the droplet onto the NW sidewalls [48−50]. It should be
650 however applicable in the first approximation for our semi-
651 quantitative analysis. We introduce the effective time t5 required
652 to reach the maximum concentrations of both group V atoms in
653 liquid according to 1/t5 = 1/tA + 1/tB. Using eq 21 for tA and tB,
654 the ratio tML/t5 that regulates the occurrence of the VLS growth
655 regimes 1 or 2, can be put as
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657 Generally, this ε depends on the vapor composition, but can
658 approximately be treated composition-independent in the first

659approximation according to the last expression. Regime 1
660corresponds to ε ≪ 1 and regime 2 to ε ≫ 1.
661According to eq 48, the limiting behavior at ε ≪ 1 is observed
662at low desorption rates (low growth temperatures) and small vA
663+ vB compared to vc (low V/III flux ratios in vapor). The limiting
664behavior in the opposite case of ε ≫ 1 is observed at high
665desorption rates (elevated growth temperatures) and large vA +
666vB compared to vc (high V/III flux ratios in vapor). Furthermore,
667the ML size iML scales with the NW radius as R2, while ltot scales
668as R3 (and rapidly increases with the droplet contact angle δ).
669Hence, the ratio iML/ltot in eq 48 scales as R−1. Assuming that
670most group V atoms are collected from the droplet surface (vk ∝
671R2, vkdes ∝ R2 for k = A, B) and that vc includes the collection of
672group III adatoms from a length Λ3 at the NW top (vk ∝ R2 +
673Λ3R), we obtain ε ∝ (R + Λ3)−1. Hence, the parameter ε is size-
674dependent and decreases with the NW radius. This governing
675parameter is more complex than the effective V/III flux ratio F53
676= (vA + vB)/vC considered in the stationary models of refs 47−50
677and depends differently on temperature, material fluxes and NW
678geometry.
679Our model gives the analytic vapor−solid distributions in the
680two limiting cases of ε ≪ 1 and ε ≫ 1. The simple interpolation
681formula that yields the two limiting behaviors and approximates
682the vapor−solid distribution at any ε is given by
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684This distribution connects the solid composition x with the
685effective vapor composition Z. As discussed above, the fraction
686of atoms A in vapor z may be different from Z due to several
687factors including different adsorption coefficients of atoms A and
688B on the droplet surface,27,37,39 different diffusivities of adatoms
689A and B on the NW sidewalls,76,77 and different re-emission of
690atoms A and B.75 These effects are described by the coefficient
691cg in eq 2. Using eq 2 in eq 49, the fraction of atoms A in vapor is
692obtained in the form
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694According to our analysis, this simplified vapor−solid
695distribution applies to VLS systems with Γc ≪ 1 and Γg ≪ 1,
696that is, when most group V atoms desorb from the droplet
697surface in the refill stage. This is not guaranteed in the general

Figure 5. Spatially homogeneous composition of a VLS IIIVxV1−x NWs
at an effective vapor compositions Z of 0.2 without the stopping effect;
and spatially inhomogeneous compositions at a higher Z of 0.8 and
0.95, with different compositions of MLs before and after the stopping
size (black line).

Table 1. Description of the Parameters in the Vapor−solid Distribution

parameter role in NW composition temperature dependence
V/III ratio
dependence

radius
dependence

desorption-
related
parameter φ

enhances fraction of more stable group V atoms that desorb less from
liquid; applies before the stopping size

increases with T for IIIPxAs1−x NWs independent independent

kinetic
parameter cg

enhances fraction of group V atoms with larger adsorption or surface
diffusion; fully controls the composition after the stopping size.

increases with T for IIIPxAs1−x NWs
according to the fits in Figure 8

unknown unknown

governing
parameter ε

regulates the weights of the desorption-limited and kinetic vapor−solid
distributions; applies before the stopping size.

increases with T increases with
V/III ratio

decreases
with R
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698 case, and should be checked for any particular IIIVxV1−x system
699 for a given set of growth conditions. The general solutions given
700 by eqs 31 and 41 with larger Γc and Γg include interactions in
701 liquid in the x−dependent rejected fluxes of AC and BC pairs.
702 Equation 41 before the stopping size also includes the affinity
703 parameter βl in liquid. We suspect that φβl ≅ 1, that is, a group V
704 atom that desorbs more from liquid (φ < 1 or φ ≪ 1) has larger
705 affinity (βl > 1 or βl ≫ 1). This is definitely true for P atoms in
706 Ga−Au and In−Au liquids during the VLS growth of IIIPxAs1−x
707 NWs.52,53 Another important assumption is the equal
708 diffusivities of atoms A and B in liquid, corresponding to cl =
709 1. Different diffusion transport of dissimilar atoms in liquid
710 modifies the constant φ.49 Even more importantly, it leads to
711 spatially inhomogeneous compositions in the “core” and “shell”
712 regions growing before and after the stopping size. Equation 50

t1 713 contains three parameters φ, cg and ε. Table 1 summarizes the
714 physical meaning, role in the NW composition and dependence
715 of these parameters on the growth temperature, V/III flux ratio
716 in vapor and NW radius.

f6 717 Figure 6 shows the vapor−solid distributions of self-catalyzed
718 GaPxAs1−x NWs at 630 °C, with φ = 0.0415 according to Figure

719 3. The kinetic parameter cg = 2.97 is taken from ref 37, where the
720 measured vapor−solid distributions of GaPxAs1−x NWs at 630
721 °C were well-fitted by the LM formula with this cg. In this
722 example, the desorption-limited behavior at large ε ≫ 1 before
723 the stopping size favors the incorporation of GaAs pairs relative
724 to GaP. Conversely, a faster transport of P atoms from vapor to
725 liquid at cg > 1 favors the incorporation of GaP pairs relative to
726 GaAs. As a result, the curves before the stopping size transition
727 from the desorption-limited regime with low GaP fractions in
728 solid at large ε to the kinetic LM shape with high GaP fractions
729 in solid. This picture applies to the whole NW if the stopping
730 size is larger than unity for all x. If, on the contrary, the stopping
731 size is much smaller than unity for all x, the vapor−solid
732 distribution is given by the LM shape for almost all regions of the
733 NW. The LM shapes of the measured vapor−solid distributions
734 of most VLS GaPxAs1−x

35,37,39,41 and InPxAs1−x
29 NWs (or NW

735 sections) can thus be explained by (i) the effective absence of
736 desorption of both group V atoms in any stage of ML growth,
737 (ii) small stopping size, after which the NW composition is
738 determined only by the material transport into the droplet, or
739 (iii) faster transfer of P atoms through liquid at cl > 1.49 The last

740explanation is ruled out in our model with cl = 1. The first two
741factors will be considered in detail in the next section.
742It should be emphasized that different compositional trends in
743MLs before and after the stopping size should hold only for WZ
744IIIVxV1−x NWs. As mentioned above, most ZB III−V NWs
745show the oscillating truncated geometry of the liquid−solid
746interface.56,57,70 In ZB NWs, the truncation provides additional
747material to complete the ML after the stopping size. Therefore,
748the composition of the MLs grown after the stopping size should
749be the same as the composition of the truncated region
750underneath. In the simplest approximation, our results before
751the stopping size describe the composition of the whole ML in
752ZB NWs, where the slow growth stage from vapor is absent. This
753approximation neglects, however, a lot of important details that
754regard the growth kinetics of the truncated interfaces in ternary
755NWs, and should be refined in the future.

7. THEORY AND EXPERIMENT
756 f7Figure 7 shows the vapor−solid distributions of Au-catalyzed
757InSbxAs1−x NWs.20 These NWs were grown by metal−organic

758vapor phase epitaxy (MOVPE) on InAs(111)B substrates at 450
759°C from TMIn, TMSb and AsH3 precursors, with 50 nm
760diameter colloidal Au nanoparticles as the VLS growth seeds.
761The total V/III flux ratio in vapor was set to 15, 27, and 56 by
762varying group V fluxes at a constant flux of TMIn. The crystal
763phase of the NWs was pure ZB, without stacking faults. The
764compositional data were originally fitted by the model of Biefeld
765for epi-layers,44 with largely reduced effective V/III flux ratios
766that accounted for surface diffusion of In adatoms from the
767surrounding surfaces.20 Later on, the same data were fitted by a
768combination of the kinetic (z = x) and equilibrium vapor−solid
769distributions, whose weights were regulated by the effective V/
770III ratio F53.

48,50 The fits of ref 48 are shown by dashed lines in
771the figure. Solid lines show the equally good fits obtained from
772eq 50 before the stopping size (due to pure ZB crystal phase of
773the NWs) at a fixed φ = 0.11, cg = 1 and different ε. The fitting
774values of ε increase with the total group V flux vA + vB in vapor
775according to eq 48. Of course, increasing vA + vB at a fixed vC is
776equivalent to increasing the total V/III flux ratio in vapor. As
777regards the fitting value of φ of 0.11, it corresponds to strong
778suppression of Sb incorporation in the desorption-limited
779regime. The concentration of Au in the NWs is unknown, and

Figure 6. Vapor−solid distributions of self-catalyzed GaPxAs1−x NWs
at 630 °C, obtained from eq 50 at φ = 0.0415, cg = 2.97 and different ε
shown in the legend. After the stopping size, the distribution is reduced
to the LM shape (black line labeled “after is”). Dashed line shows the
desorption-limited curve at ε → ∞.

Figure 7. Vapor−solid distributions of Au-catalyzed InSbxAs1−xNWs at
450 °C, obtained under different total V/III flux ratios in vapor shown
in the legend (symbols),20 fitted by the model of ref 48 (dashed lines)
and by eq 50 before the stopping size at a fixed φ of 0.11, cg = 1 and
different ε shown in the legend.
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780 may change depending on the V/III flux ratio, so the constant φ
781 for the whole data set should be considered as a fitting parameter
782 that determines the composition in the close-to-equilibrium
783 regime under group V rich conditions.44,48,50 The fitting value of
784 cg = 1 yields the linear vapor−solid distribution z = x in the
785 kinetic regime under a balanced V/III ratio.

f8 786 Figure 8 shows a compilation of the vapor−solid distributions
787 of IIIPxAs1−x NWs obtained in different works. InPxAs1−x NW

788 sections of ref 29 were grown by chemical beam epitaxy (CBE)
789 on InAs(111)B substrates at three different temperatures of 390
790 °C, 405 and 435 °C. The growth started with InAs NW stems
791 and continued with InPxAs1−x sections having an average radius
792 of 30 nm and pure WZ crystal phase The total V/III flux ratio in
793 vapor during growth of InPxAs1−x sections was in the range from
794 30 to 45. GaPxAs1−x NWs of ref 39 were grown by Au-catalyzed
795 MOVPE using the substrate-free aerotaxy at 550 °C, under a
796 balanced total V/III flux ratio in vapor ranging from 0.82 to 1.64.
797 These NWs formed in the ZB phase, with low density of stacking
798 faults. Other GaPxAs1−x NWs were grown by Ga-catalyzed MBE
799 on Si(111) substrates. GaPxAs1−x NWs of ref 35 were grown at
800 610 °C under the total V/III flux ratios ranging from 10 to 12.
801 These NWs had an average radius of 70 nm and a mixed ZB/WZ
802 crystal structure. GaPxAs1−xNWs of ref 37 were grown at 630 °C
803 under the total V/III flux ratios around 50. These NWs had an
804 average radius of 30 nm and predominantly ZB crystal phase.
805 GaPxAs1−x quantum discs in GaP NWs of ref 41 were grown at
806 630 °C under the total V/III flux ratios ranging from 16 (for low
807 As/P ratios in vapor) to 32 (for high As/P ratios). The average
808 radius of GaPxAs1−x sections was 110 nm, with predominantly
809 WZ crystal phase (in contrast to the ZB phase of binary GaP
810 NWs). The data in the figure correspond to the stationary
811 compositions in the interfacial profiles across GaP/GaPxAs1−x/
812 GaP NW heterostructures.
813 These IIIPxAs1−xNWs (or NW sections) were obtained under
814 very different conditions and on different substrates, using either
815 Au−III or pure Ga droplets. The resulting radii and crystal
816 phases were also very different. The compositional data were
817 fitted by different models in the original works29,35,37,39,41 and in

818refs 48,49. Considering the whole data set in Figure 8, we can see
819two clear trends. First, the measured IIIP fraction in IIIPxAs1−x
820NWs systematically increases with temperature. Second, it is
821systematically higher in NWs grown without Au. The
822desorption-limited vapor−solid distributions given by eq 50
823before the stopping size and at cg = 1 largely underestimate the
824IIIP content in NWs. The best fits are obtained with the
825 t2parameters summarized in Table 2. Within our model,

826desorption of group V elements from liquid appears low in all
827cases, which corresponds to small ε decreasing with temperature
828from 0.09 for InPxAs1−x NWs at 390 °C to 0 for GaPxAs1−x NWs
829at 630 o C. The fitting values of cg increase with temperature
830from 0.143 for InPxAs1−x NWs at 390 °C to a high value ranging
831from 3 to 4 for GaPxAs1−x NWs at 630 o C. Consequently, all
832vapor−solid distributions are well approximated by the purely
833kinetic LM shapes, with cg ≠ 1. This observation was made in the
834original works29,37 and later in ref 48. From our eq 50, this
835property strongly suggests that (i) most P and As atoms are
836scattered from the droplet surface without entering the liquid
837phase, and (ii) this process favors incorporation of As atoms at
838low temperatures ≤550 °C and P atoms at high temperatures
839≥610 °C. The preferred incorporation of P atoms may be
840enhanced by the absence of Au in liquid. The effective absence of
841desorption may also be enhanced by a small stopping size in WZ
842NWs.29,41 Another possible explanation of the enhanced
843incorporation of P atoms, recently suggested in ref 49, is based
844on the assumption of a faster transport of P atoms through
845liquid. This required introduction of the temperature-dependent
846factor cl that strongly increased with temperature.49 Overall, our
847analysis shows that more investigations are required to fully
848understand the growth kinetics and composition of IIIVxV1−x
849MLs in NWs. Such studies should carefully reveal the possible
850spatial inhomogeneity in the NW compositions across their axis
851and, most importantly, in situ TEM monitoring of the NW
852growth. Unfortunately, no in situ TEM data on III−V ternary
853NWs are available to this end.

8. CONCLUSIONS AND OUTLOOK
854In summary, we have presented the very first study of the growth
855kinetics of III−V ternary MLs and the corresponding
856composition of III−V ternary NWs taking into account the
857effect of group V depletion in quasi-instantaneous ML growth.
858The study was restricted to the case of WZ NWs based on group
859V intermix and, very importantly, identical diffusion transport
860rates of both group V atoms in liquid (cl = 1). The critical size of
861ternary nucleus was assumed negligible. The main findings can
862be put as follows. The liquid−solid distribution of IIIVxV1−x
863NWs is kinetic at nucleation, but transitions to the equilibrium
864shape at the stopping size. The kinetic shape of the liquid−solid

Figure 8. Vapor−solid distributions of InPxAs1−x NW sections on InAs
stems obtained by Au-catalyzed CBE at 390 °C, 405 and 435 °C in ref
29 (circles), GaPxAs1−x NWs obtained by Au-catalyzed aerotaxy at 550
°C in ref 39, Ga-catalyzed MBE at 610 °C in ref 35 and 630 °C in ref 37,
and GaPxAs1−x quantum discs in GaP NWs obtained by Ga-catalyzed
MBE at 630 °C in ref 41 (squares). Solid lines are the fits by eq 50 with
the parameters given in Table 2. Dashed lines show the desorption-
limited distributions of InPxAs1−x NWs at 435 °C and GaPxAs1−x NWs
at 630 °C, which are obviously far from the experimental data for both
material systems.

Table 2. Fitting Parameters of the Vapor−Solid Distributions
in Figure 8

material system, growth temperature φ cg ε
Au-catalyzed InPxAs1‑x/InP NWs, 390 °C [29] 0.0215 0.143 0.09
Au-catalyzed InPxAs1‑x/InP NWs, 405 °C [29] 0.0242 0.16 0.05
Au-catalyzed InPxAs1‑x/InP NWs, 435 °C [29] 0.0303 0.19 0.025
Au-catalyzed GaPxAs1‑x NWs, 550 °C [39] 0.0339 0.3 0.025
Ga-catalyzed GaPxAs1‑x NWs, 610 °C [35] 0.0396 2.0 0.02
Ga-catalyzed GaPxAs1‑x NWs, 630 °C [37] 0.0415 2.97 0.01
Ga-catalyzed GaP/GaPxAs1‑x/GaP NWs,

630 °C [41]
0.0415 4.0 0
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865 distribution at any ML size approximately applies only to NWs
866 without the stopping effect. Furthermore, the only liquid−solid
867 distribution that makes physical sense in the one at nucleation.
868 Modeling of the vapor−solid distribution with the technolog-
869 ically controlled parameters (temperature and material fluxes)
870 requires a relationship between the liquid composition at
871 nucleation and the vapor composition. This complex problem
872 was solved in the two limiting cases, either in the effective
873 absence of desorption or at high desorption rates of group V
874 atoms from a catalyst droplet. The intermediate regimes were
875 described using the interpolation formula with the governing
876 parameter ε. It was found that the composition-dependent terms
877 in the vapor−solid distribution appear almost negligible under
878 the typical growth conditions of GaPxAs1−x and InPxAs1−x NWs
879 regardless of their catalyst. Then, the vapor−solid distribution is
880 reduced to a simple combination of the purely kinetic and
881 desorption-limited curves, whose weights are regulated by the
882 parameter ε. The model shows that, in the regimes with high
883 desorption, most group V atoms desorb from the droplet in the
884 refill stage. Desorption is absent in the fast ML growth stage
885 before the stopping size, and almost negligible in the slow ML
886 growth stage after the stopping size. This property naturally
887 leads to spatial inhomogeneity in the NW composition, which
888 should be carefully checked in the experimental studies. The
889 model provides excellent fits to the compositional data on
890 InSbxAs1−x, InPxAs1−x and GaPxAs1−x NWs. The data analysis
891 for IIIPxAs1−x NWs leads to the LM-type vapor−solid
892 distributions in the wide range of growth conditions. This
893 observation calls for further studies.
894 The obtained results may be used in the first approximation
895 for the analysis and prediction of the compositional trends in
896 different material systems and epitaxy techniques. However, the
897 developed theory should be refined in several respects.
898 Introduction of different transport rates of group V atoms
899 through liquid (cl ≠ 1) will significantly complicate the analysis
900 and lead to a more spatially inhomogeneous compositions of
901 ternary MLs. Precise in situ measurements of the fast growth
902 stage of ternary MLs are absolutely required to access the
903 characteristics of the diffusion transport of different atoms in
904 liquid droplets, which largely influence the ML composition.
905 The stationary liquid−solid distributions of III−V ternary NWs
906 based on group III intermix were shown to be close-to-
907 equilibrium, because the liquid−solid growth always proceeds
908 under group III rich conditions.47 However, this stationary
909 picture may be modified by the depletion of group V atoms, and
910 affect the measured vapor−solid distributions of such NWs. It
911 will be interesting to study in detail the growth kinetics of single
912 ternary MLs and its influence on the composition of NWs
913 obtained by non-VLS techniques such as self-induced catalyst-
914 free growth84−86 or liquid phase epitaxy with an overpressure of
915 group V species.87 Spontaneous formation of core−shell
916 structures in catalyst-free III-nitride ternary NWs was modeled
917 using DFT and mesoscopic phase field methods.84,85 It was
918 recently suggested that spontaneous core−shell structures in
919 InxGa1−xN NWs are due to the periodically changing environ-
920 ment for rapid growth of single ternary MLs in the absence of
921 refill.86 This effect is also caused by the depletion of group V
922 atoms from the growth reservoir, and may be general for VLS
923 and non-VLS NWs based on group III intermix.86,88 Finally,
924 more investigations are required to precisely relate the initial
925 liquid composition at nucleation to the vapor fluxes of different
926 elements. This may require additional considerations of
927 nucleation of III−V ternary nuclei and nonzero critical size. It

928was previously shown that the liquid−solid distribution of
929critical ternary island is equilibrium.52,53 The equilibrium shape
930of the critical island at nucleation may be inherited, at least for
931some time, in a later stage of ML growth, but this effect is totally
932ignored in the kinetic approach. We plan to study these
933interesting problems in the forthcoming works.
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