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4 ABSTRACT: It is well documented that the concentrations of Liquid-solid distributions o

s highly volatile group V atoms in liquid droplets catalyzing the before and after stopping size Vapor-solid distributions
6 vapor—liquid—solid growth of III-V nanowires decrease in the 10 ———— L e e e S e
7 quasi-instantaneous process of monolayer progression and can > '_"i‘;"‘ﬂ;i:;eesu) % |

8 even drop to equilibrium at a stopping size. This effect has far- % —o0=0,00), equitbrium __£=""| & 08 gzlggg:g

9 reaching implications in the nanowire morphology, crystal phase, =% ___-- - 2 oe]

10 and nucleation statistics but was never considered in the §,, _,.-""— <

11 compositional modeling of ternary nanowires. Here, we present E S ]

12 the first attempt of such modeling for wurtzite III—V nanowires o °*| 8 o7

13 based on group V intermix. We show that the liquid—solid oo & ool

=4
5}

o . . . . 02 04 06 08 1.0 “0.0 0.2 04 06 08 1.0
14 distribution of such nanowires starts from the kinetics shape at InP fraction in InP,As., NW P fraction in vapor z

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 InP,As,_,, GaP,As,_,, and InSb,As,_, 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 catalyzed””*' GaP,As,_, NWs grown by different techniques 46
are well-fitted by the one-parametric Langmuir-McLean (LM) 47
formula.”’ The vapor—solid distributions of Au-catalyzed 4s
InSb,As,_, were found strongly dependent on the total V/III 49

23 Nanomaterials of different types offer much wider opportunities
24 for bandgap engineering with widely tunable compositions
25 compared to epi-layers.’ In particular, II[-V ternary nanowires

26 (NWs) and heterostructures based on such NWs”* > allow for flux ratio,”” and fitted by the model of Biefeld"" with modified so
27 highly mismatched material combinations that can be grown on parameters. 51
28 Si substrates.”™” This property is extremely promising for novel These studies stimulated extensive theoretical research, s2
29 optoelectronic devices including lasers®” and sources of reviewed in refs 45,46. According to the current view,"’ ™" the s3
30 nonclassical light.'"”"> Most freestanding III-V NWs are stationary liquid—solid distributions are close-to-equili- s4
31 grown using the vapor—liquid—solid (VLS) method"’ with a brium'”*'~** for VLS 11—V NWs based on group III intermix, ss
32 liquid droIplet (Au or a group III metal in the self-catalyzed VLS and kinetically limited'”>* for VLS IIIV,V,_, NWs. This s
33 approach' ). VLS III-V ternary NWs and NW heterostructures important difference is due to extremely low concentrations of s7
34 can be based either on group III'*~"” or group V**~** intermix group V atoms in liquid in comparison with group III atoms that ss
35 (interchange). The latter case is much more complex due to high lead to group III rich conditions for liquid—solid growth.47’50 9
36 volatility of group V atoms causing their undetectable amounts The stationary vapor—solid distributions of VLS IIIV,V,_, 6

37 in liquid. The stationary compositions of VLS III-V ternary
33 NWs based on group intermix (IIIV,V,_, NWs for brevity)
39 under time-independent material fluxes and interfacial profiles -
40 in NW heterostructures under alternating fluxes were exper- Rec?we‘l: September 27, 2024
41 imentally studied in different material systems including Revised:  November 9, 2024

© InbeASI_x,20_23 GabeAsl_x,24_28 IanAsl—x729_34 and Accepted: November 19, 2024
43 GanAsl_x.%_42 Among the most important experimental

44 findings, it was shown that the vapor—solid distributions of

45 Au-catalyzed InP,As,_, NWs,>® Au-catalyzed® and Ga-

NWs, obtained in refs 48,49, circumvent the uncertainties in 61
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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
6s existing models for the liquid—solid and vapor—solid distribu-
66 tions of VLS II1—V ternary NWs* ~**!=>% yse one simplifying
67 assumption on the time-independent concentrations of different
68 elements in liquid during the liquid—solid growth of ternary NW
690 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.”>~**
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,”**” sub-Poissonian nucleation statis-
78 tics,>>*® and length distributions®"®* 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-
8s tems.”*"°® The effect was confirmed by in situ growth
86 monitoring of NW growth inside a transmission electron
g7 microscope (TEM),*~"" and has far reaching implication in the
88 VLS growth and properties of III—V NWs ®~7* 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
9s growth cycle, reaching its maximum after the ML completion
96 and minimum at nucleation.’®*””® 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.””’" 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 IIIV,V,_, 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.”” Consequently, the liquid—solid distribution
119 of VLS IIIV,V,_, NWs 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

)

—_

—_

—

growth before the stopping size is not affected by vapor. The 125
NW composition in this stage depends only on the initial liquid 126
composition at nucleation. Relating the latter to the vapor fluxes 127
of group V atoms, we are able to derive the vapor—solid 128
distribution of VLS IIIV,V,_, NWs, which is reduced to a simple 129
analytic shape under some reasonable assumptions. On the 130
other hand, slow ML growth after the stopping size is 131
independent of the liquid state, which remains at equilibrium 132
before the ML completion. Therefore, the vapor—solid 133
distribution in the slow ML growth stage is determined by the 134
vapor fluxes and desorption from equilibrium liquid. This 135
difference naturally leads to spatial inhomogeneity of the 136
composition across the NW axis. The model is validated against 137
the available compositional data on InSb,As,_,,” InP,As,_.*" 138
and GaP,As,_, NWs*>*7*%* NWs catalyzed by different 139
droplets and grown by different epitaxy techniques. The most 140
important result of the work is the first theoretical study of
hierarchical growth of ternary MLs in VLS NWs, which can be 142
translated to ternary NWs based on group III intermix, other 143
material systems, catalyst-free growth techniques and different 144
geometries of binary or pseudobinary nanostructures. 145

—

—

—_
=
=

2. GROWTH MODEL

Consider a VLS ternary A B;_.C NW, with atoms A and B 146
belonging to group V and atoms C belonging to group IIL 147
Spherical cap droplet resting on the NW top has the radius Rand 148
contact angle ¢. The droplet volume is given by Vg, = (wR®/ 149
3)¥(5), with ¥(5) as the known geometrical function of the 150
droplet contact angle & (ref 72 The number of III-V pairs in a 151
NW ML is given by iy = CR*h/Qg, with C as a shape constant 152
(for example, C = x for cylindrical NW) and Qg as the 1s3
elementary volume per III—V pair in solid. A ternary NW is 154
grown from a catalyst droplet fed by the total atomic fluxes of 1ss
elements A, B and C, denoted v,, vz and v, respectively. The 156
numbers of atoms A and B in liquid equal I, and Iy, respectively. 157
The effective vapor composition Z and fraction of atoms A in 1s8

—

liquid are defined according to 159
Z=—"A 4= la
vy + vy L+ 1 (1) 160

Considering that the vapor phase mainly consists of group V' 161
dimers A, and B,, at least in the case of molecular beam epitaxy 162
(MBE),****7" the arrival rates of atoms A and B are given by v, 163
= 20,1, 7R*y(5) and vy = 2051, 7R*y(5). Here, I, are the vapor 4,
fluxes of k = A, B dimers, y(5) is a geometrical function of the 165
droplet contact angle,%’w’75 and 6, summarize the effects of (i) 166
possibly different adsorption coefficients of k = A, B species on 167
the droplet surface,””*”*” (ii) different re-emission of group V 16s
species from the surrounding surfaces,”” and (iii) different 169
surface diffusion of atoms A and B from the NW sidewalls to the 170
droplet over a short distance.”””” As a result, the fraction of 171

—

_ =

atoms A in vapor z is related to the effective vapor composition Z 172
by the LM equation™ 173
IAZ V4 Oy
z = = y Cg = —_—
Io+1;, Z+(1-2) o3 ) 174

where the kinetic coefficient ¢, describes different transport of 175

atoms A and B into the droplet. Obviously, z = Z only when ¢, = 176
1. The concentrations of atoms A and B in liquid are given by 177

https://doi.org/10.1021/acs.cgd.4c01338
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I 1 7R’
X = Z—k, L = Q_T‘P(é) const, k = A, B )

178 tot
179 where € is the effective elementary volume per atom in liquid.
180 The total number of all atoms in liquid L, =l + Iy, + I, + [z = I
181 + I, (with I and 1, as the numbers of group I1I atoms C and Au
152 atoms in the droplet, respectively) can be considered time-
183 independent due to y, < 1 and yp < 1.

184 In what follows, we consider time-dependent I, 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) i, and
187 igin 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

—

di,/dt _di dia iy .
—a =iy +ip

101 th/dt + dtB/dt di’ (4)
192 as in the kinetic models of refs 45—50,54. Here, di;/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 (y, < yc, x5 < xc).!” The total number of III—V
197 pairs in partial ML i changes from i 2 0 at nucleation (due to a
198 small critical size consisting of only a few III-V pairs®>”®) to iy
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

=—/dzdlA=ii= iy

i iy + g (5)
203 and is different from x in the general case. From eqs 4 and §, it is
204 easy to obtain

dj:l[(l_f dlA

_dig| _ x-%
0s At

dt | i (6)

=

202

206 showing that the solid composition is spatially homogeneous
207 only when x =% for any i.

208 Our growth model generalizes the approach of ref 72 to the
209 case of VLS ternary IIIV,V,_, 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 [, and the equilibrium numbers of atoms k = A,
213 B in liquid ]

k, eq:
diy
dt - TA( Aeq)
d.
- _( B el )
214 dt ! (7)

215 Here, the function W(i, R, §) depends on the mechanisms of
216 material transport from liquid to solid, but should be the same
217 for atoms A and B.*”** The characteristic times 7, and 75 may
218 be, however, different due to different diffusion coefficients of
219 atoms A and B in liquid.*”~*”** The numbers of atoms A and B
220 in liquid change with time due to ML growth, refill at the rates v;
221 and desorption from the droplet surface:

2
di di I
B B, e |
it dt o

2
dlB _ diB des 21/13[ ZB ]
_° —vge =
Lot (8) 122

dt dt
The equilibrium quantities [ ,, are x—dependent due to 223

binary interactions between dissimilar AC and BC pairs in 224
. s+

solid: 225
—Auf —y,—y
() =l e
A,eq X) = tor xe )
C
¢ Mg u. >
_ wx
lB,eq(x) - ltot (1 - x)e
L (9) 26

with yo =2 1 — y,, = const. The functions y; in the above 227
equations describe the interaction terms in the chemical 228
potentials of group V atoms A, B and group III atoms C in 229
11qu1d ﬁlven by = P + In y, +yry, ,uB = ph? + In yp + i, and 230
U= pe? + In yc + we. The quantities . denote the chemical 231
potentials of pure k = A, B and C liquids, and pgf are the 232
chemical lpotentlals of solid binaries AC and BC. The quantities 233
Aphic = ui? + pb? — s and Aphe = ph? + ub? — pé denote the 234
chemical potential differences for pure binaries. All these 235
chemical potentials are expressed in thermal units. With neglect 236
of small corrections, the interaction terms y; are determined by 237
c and independent of y, and yp. This will be discussed in more 238
detail below. With the known [, %, or the initial liquid 239
composition y, = I3/1%,, and the total number of atoms A and B in 240
liquid I, = I} + I} at nucleation, the ML growth kinetics and 241
depletion of group V atoms A and B in liquid in each ML growth 242
cycle (including refill) are fully described by eqs 7 and 8. 243

According to the in situ TEM data 3637,6970.75 and theoretical 244
considerations,”>**°"**”>~7* the ML progression before the 245
stopping size is much faster than refill from vapor. This 246
corresponds to 1,7, < 1, v373 < 1 in eqs 7 and 8. Using this 247
time-scale hierarchy, we can use I, = I and Iy = I3 in eqs 7, 248
meaning that partial ML evolves quasi-instantaneously in the 249
absence of any refill before reaching the stopping size 250

i(x) =10+ 1

This generalizes the result of ref 72 for ternary ML. In this 252
case, the stopping size depends on the ML composition x. More 253
precisely, the stopping size is affected by the composition of the 254
NW “core” that forms in the fast ML growth stage. If the 255
stopping size at a given composition «x is larger than the ML size 256
(i(x) > iy ), the whole ML grows quasi-instantaneously. In the 257
opposite case of i(x) < iy, partial ML evolves quasi- 258
instantaneously only before reaching the stopping size, where 259
the liquid supersaturation drops to zero. In the absence of 260
material sugyly from the truncation (as in WZ GaAs 261
NWs®7%72=7 farther ML growth occurs much slower at the 262
rate of refill. The liquid phase stays at equilibrium before the ML 263
completion, and then rises to the initial level at nucleation. After 264
that, the whole ML growth cycle is repeated. This picture is well- 265
known for binary VLS III-V NWs.°*”>~"* However, such a 26
hierarchical ML growth was never considered for ternary MLs. 267
In what follows, we study this process in detail and reveal the 268
influence of the group V depletion on the compositional trends 269
in VLS IIIV,V,_, NWs. 270

- lA,eq(x) - lB,eq(x) (10) 251

https://doi.org/10.1021/acs.cgd.4c01338
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271 The growth and compositional modeling based on eqs 7 and 8
272 requires knowledge on the characteristic growth times 7, and 73
273 entering eq 7, or at least their ratio ¢; = 73/7,. The constant ¢
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.'”*’~**** Unfortunately, however,
277 the quantities 7,, 73 and ¢ remain largely unknown. Direct
278 measurements of the characteristic times 7, is difficult even using
279 in situ TEM monitoring of binary NW growth, because the ML
280 progression is too fast to be quantified.’**”’* Some models
281 earlier assumed that ¢; = 1."”°* 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: 1/7, < D, eff/
84 Q3 1/175 Dy, o/ Q?3. Let us consider the macroscopic
285 Stokes—Einstein formula for Dy, o (ref 78):

kT
k,e =
286 g 671 (11)

287 where T is the absolute temperature, kg is the Boltzmann
288 constant, 77 is the liquid viscosity, and r is the radius of a diffusing
289 spherical particle. If we apply this relation for atoms, 7 depends
290 only on y, and is not affected by atoms A and B due to their
201 negligible amount in liquid. Then, the only difference in the
202 diffusion coeflicients is due to different atomic radii of group V
293 atoms r, 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 ¢;= 1. In what follows, we will use this assumption
296 corresponding to

—_

207 AT WBTT (12)

298 in eqs 7. The case ¢; # 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 i, >
301 iy or for partial ML before reaching the stopping size at i; < iy,
302 eqs 7 and 8 at 74 = 73 = 7and 1,7 < 1 for both atoms A and B are
303 reduced to

=t

di, W, diz, W,
; = 7(ZA Aeq)) E 7(3 - lB,eq)7
304 Iy = lﬁ L 11(3) — i (13)

305 These equations describe quasi-instantaneous growth of the
306 numbers of pairs AC and BC in partial ML to their maximum
307 values I} — I «p and the corresponding depletion of a catalyst
308 droplet with its atoms A and B in the absence of refill. When Wis
309 independent of the island size i (W = 1),” egs 13 are analytically
310 resolved:

ik = (l]? - lk,eq)(l - e_t/r)l

lk = ll? - (ll? - lk,eq)(l - e—f/T)l k= A, B (14)

311
312 In this model, the numbers of pairs AC and BC in solid
313 exponentially increase to I} — I «p Whereas the numbers of
314 atoms A and B in liquid exponentially decrease to their
315 equilibrium values I ,,, with a characteristic time constant 7.
316 Using eqs 13 and 14 in eqs 4 for x and § for %, it is seen that the
317 local and average composition of partial ML before the stopping
318 size equal each other:

lg - ZA eq(x)

(x)+l

B,eq(‘x) (15) 319

The composition-dependent equilibrium functions I, Eq(x) 320
are given by eqs 9. The composition-dependent stopping size is 321
given by eq 10. For any ML size i, the numbers of AC and BC 322
pairs equal iy = xi, ig = (1 — x)i, with i = i,(x)[1—exp (— t/7)]. 323
The total number of group V atoms in liquid decreases as [, + Iy 324

=I5 + I3 — i, and tends to the x—dependent equilibrium value 325
I, og(3) + 1 eq(x) at the stopping size. When Win eqs 7 depends 326
on the island size i (for example, W o i'/? if the binary growth 327
rates are proportional to the island perimeter'””), the ML 32s
growth kinetics becomes more complex. However, the prefactor 329
W cancels in the ratio of di,/dt over di/dt in eq 4 for x. 330
Consequently, we have x = ¥ given by eq 15 provided that 7, = 331
Tp. 332

When the stopping size for a given composition is smaller than 333
the ML size, the fast ML growth stage occurs for 0 < i < is(x). 334
After reaching the stopping at the moment of time ¢, ~ 7, further 335
ML growth requires refill from vapor. The slow ML growth stage 336
occurs at the time-independent I, = I, .,(x) and Iy = I ,,(x). 337

Aeq

This growth is described by eqs 8 at dl,/dt = dlp/dt = 0: 338

2

dlA des 2y, lAfeq(x)

— =y — vy e —,

dt ltot
2

diB des 21//(113,6‘1(96))

— =y —vge Bl -

dt Ztot (16) 339

Using these binary growth rates in eq 4 leads to a time- 340
independent solution for x, which is, however, different from the 341
average composition . This will be discussed in detail later on. 342
Integration of eqs 16 at x = const yields the linear increase of the 343
ML size with time 344

L eg(%) ’
x
i=ix) + |v, — viesezwf*[—A'zq ) + v

ltot

des 21//[ B;q( )] ( _ tl)

tot (17) 345

The ML growth is completed when i reaches the ML size iy; 346

at the moment of time £,: 347
h—tt= o — 1)
: e Vo — d“ ZWA(ZA eq(x)/ltot) + Vg — vgesesz(lB,eq(x)/ltat)z
(18) 348
The slow ML growth stage occurs for i,(x) < i < i and ends 349
at the moment of time ,. 350
After the ML completion (i = iy ), the refill stage is described 351
by eqs 8 at di,/dt = diy/dt = di/dt = 0: 352
) 2
d’A _ des 2uyr, ZA
— =y — vy =,
dt Lot
2
lB _ des 2up, ZB
l_ = VB - VB 4 l_
tot (19) 155
with the initial conditions [,(t = t,) = I{(x). The solutions for the 3s4
liquid composition are given by 355

https://doi.org/10.1021/acs.cgd.4c01338
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! t—t La,eq(%)
A = th 2 4 arcth[—A' 1 ,
Las ta

A,s
! t—t I eq(%)
li =th ; 2 4 arcth[B’q—
356 B B Bys (20)

357 Here, the characteristic times #, and the maximum numbers of
358 atoms A and B in liquid J, ; equal

1 1 des 1 1
— v, _ des y,
— A/ VpVy €, — = ——4/Vgvp e’B,
tA tot tB tot
J—
v v
— A W — — B -u
las= ltot\/ € A=ty g =y [—-e P = vy
Va Vg
359 (21)

360 At [ = I , the incoming fluxes of group V atoms v, are
361 compensated by their desorption from liquid. The refill stage
362 continues from the moment of time ¢, to ;. 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

1° ty — t T eq(%)
i=thM+arcth{k'q ,k=A,B
k,s

t
365 k ks (22)

366 showing that the maximum contents of group V elements A and
367 B in liquid are reached at ty; — £, ~ f.

368 Itis convenient to present the ML growth kinetics in terms of
369 the ML coverage 6 = i/iy;;, which changes from 0 to 1 in the ML
370 growth step.”” The coverages 0, = i;/iyy correspond to AC and
371 BC binaries in ternary ML. The stopping size becomes ,(x) =
372 i(x)/ipy, and the presence or absence of the stopping effect at a
373 given NW composition depends on whether 0,(x) < 1 or 6,(x) >
374 1. The effective coverages in liquid become 6, ;= I/iyy;, with 92‘ .
375 = I)/ipy as the initial coverages at nucleation. Figure 1 shows the
376 time-dependent 6, @ and 0, ;for a ternary NW with W= 1, ty; =
377 85,7=0.05s,63 ;=0.1 ML, 63 ;= 0.4 ML, 6 ;= 0.02 ML, 6 , =
378 0.08 ML, v,/ipy = 0.4 ML/s, vg/iyy = 0.1 ML/s, t, =2 sand tg =
379 3 s. The curves are obtained from eqs 14 in the fast ML growth

1.0
— 0, —0g
0.8 — :
m===0pm===0g,

0.6

0.4

Coverage (MLs)

.-

0.2

0.0 T T T T T T T

Figure 1. Growth cycle of ternary ML in an A B,_.C 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 6,
and the full ML coverage 6 are shown by solid lines. The effective liquid
coverages 0, ; 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.

stage, (16) in the slow ML growth stage, and (20) in the refill 3s0
stage. With these model parameters, the stopping size 6,(x) 3s1
equals 0.4 ML. Partial AB,_,C ML as a whole, as well as its 382
binary fractions AC and BC, evolve quasi-instantaneously to the 383
stopping size. The fast ML growth stage ends up at 0.2 s after 384
nucleation. The follow-up slow ML growth continues at the 385
rates of refill, with negligible desorption. This stage ends up at 386
1.45 s after nucleation. The longest stage in this example is refill, 387
because the effective liquid coverages at nucleation 6} ;and 63 | 3ss
are very close to the stationary values 0, = I, /iy and 0 ;= 389
Iy /iy The composition of partial ML equals 0.2 before and 0.8 390
after the stopping size. This example shows that the composition 391
of IIIV,V,_, NWs with a stopping size is generally expected to be 392
inhomogeneous across the NW axis. This is not exactly a core— 393
shell structure, because MLs in WZ III—-V NWs start from the 394
triple phase line at the NW perimeter™ or even at the edges of 395
hexahedral NW.*” This effect will be discussed in more detail 39
below. 397

4. LIQUID-SOLID DISTRIBUTIONS

According to the results of the previous section, the liquid—solid 398
distribution y(x) connecting the composition of solid NW x and 399
the liquid composition y is relevant only in the fast ML growth 400
stage. Indeed, partial ML is fed from liquid only in the fast 401
growth stage. As discussed in ref 72 for binary III-V NWs, the 402
numbers of group V atoms in the droplet are proportional to the 403
droplet volume (R?), whereas the ML size is proportional to R”. 404
Hence, the stopping effect is more probable in thinner NWs, and 405
at lower initial group V concentrations in their droplets. Without 406
any stopping effect, the fast ML growth stage continues before 407
the ML completion, and the liquid—solid distribution is relevant 408
for any ML size. However, in NWs with a stopping size, partial 409
ML grows directly from vapor at i > i. The liquid phase simply 410
stays at equilibrium in the slow ML growth stage and has no 411
influence on the NW composition. The latter is affected only by 412
the vapor fluxes v and probably by desorption from equilibrium 413
liquid, which is the same as desorption from solid. 414

Furthermore, our eq 15 shows that the solid composition in 415
the fast ML growth stage depends only on the initial numbers 416
(or initial concentrations) of atoms A and B in liquid I3 and I (or 417
21 and x3). This is not surprising because, in the absence of refill, 418

the liquid and solid compositions are related by 419
1 A, eq(x)
X=y - ———
B+l —i (23) 420

This relationship follows directly from eqs 13, withy =1,/(I, + 421
Ip) as the current liquid composition at the ML size i. Therefore, 422
the standard view on the liquid—solid distributions of ternary 423
III—V NWs at a time-independent (or size-independent) liquid 424
state™~*”>* must be refined in the following way. The relevant 425
liquid—solid distribution in the fast ML growth stage connects 426
the initial liquid composition at nucleation y, = I3/(I4 + I3) and 427
the ML composition in this stage x. This distribution is easily 428
obtained from eq 15: 429

(1 = @)l o (%) — ly ()
o+ 1 (24) 430

Y =%+

Using eq 23, the deterministic liquid—solid distribution 431
connecting the liquid composition at the ML size i with the same 432
solid composition x is obtained in the form 433
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Figure 2. Liquid—solid distributions of self-catalyzed InP,As,_, NWs at 450 °C at different ML coverages  (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 (6 = 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 € from 0 to 1, and far from the equilibrium shape (red dashed line).

(1 = )l o () = iy ()

=x+ ,.0<i<i(x)
Y i
434 (25)
435 This distribution becomes equilibrium at i = i;(x):
lA,eq(x)
)}S — J]E _ —_—_——_——YFM}
436 1 lA,eq('x) + lB,eq(x) (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 [ ,(x), the obtained
440 expressions can be presented in the standard nota-
441 tions.~*17>% The stopping size given by eq 10 becomes

i) = (3 + DI = T 4 (1 = 2)e™)]
442 (27)
443 Here, the parameter I} is inversely proportional to the liquid—
444 solid binary supersaturation for AC pairs, and f3; is the parameter
445 related to the affinity, or thermodynamic stability of AC over BC
446 pairs in liquid:

Al
¢ ﬁl = eAM/fC_AM}é)C_'—WA_WB

L= “0 , o0y !
447 Ut + 2 )% (28)

448 Equations 24 to 26 take the form
¥ = x + Iig(x),
g(x)

=x+[—"
’ i/ + 1)
Y=y, = d
G _ w(2x—1)
449 x+ (1 — x)e 09
450 Here, the kinetic function g(x) is given by
451 g(x) = x(l - x)[ea}(l—x) _ ﬂlewx] o)

452 The kinetic liquid-distribution of VLS IIIV,V, _, NWs in eq 29
453 for y, is the same as in refs 47,54 at ¢; = 1, but applies only to the
4s4 initial liquid composition. The total number of group V atoms in
4ss liquid at nucleation, or their total concentration x4} + ¥ entering
456 the obtained liquid—solid distributions cannot be determined by
457 considering the liquid—solid growth alone. Its determination

requires additional treatment of the refill stage, and will be 4s8
discussed in the next section. 459

Figures 2 show the evolution of the liquid—solid distributions 460 £2
of self-catalyzed InP,As;_, NWs at 450 °C. The curves are 461
obtained from eqs 27 to 30 with @ = 0.485 and ;= 52.9°"** at a 462
fixed I'; of 0.01 and two different 9%} | + 603 =0.8 and 2.2. This 463
corresponds, for example, to thin and thick NWs with otherwise 464
identical parameters. In the first case, the stopping size is smaller 465
than unity for all x. Consequently, the initially kinetic liquid— 466
solid distribution transitions to the equilibrium shape at the 467
stopping size. In the second case, the stopping size is larger than 468
unity for all x, which is why the distributions are close-to-kinetic 469
for all @ from zero to unity. This justifies the earlier assumption 470
of a time-independent liquid composition,*>”** but only for 471
NWs without the stopping effect. 472

5. VAPOR—-SOLID DISTRIBUTIONS

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

Z=x+ Fgf(x), i>i(x),

f(x) =x(1 - x)[erm(l—x)z — 'Bg(l _ x)mexz])

vies e_ZA”:C_ZWC
Fg = ) , ﬂg =
vy + g X

1)des
B eZ(A”XC —Apuge)

des
Va (31) 479

The analytic form of this vapor—solid distribution is similar to 480
the liquid—solid distribution given by eqs 29 and 31. However, 4s1
the kinetic function f(x) is different from g(x). The “super- 4s2
saturation” parameter I'; and the affinity parameter /3, contains 4s3
the total flux v, + vz and the desorption rates of A and B atoms 484
rather than interactions of different atoms in liquid. The 4ss
characteristics of liquid remaining in the parameter I’y (yc and 4s6
wc) depend only on the percentage of Au in the droplet. In 4s7
particular, . = 0 at y- = 1 for self-catalyzed VLS growth. 488

The vapor—solid distributions of VLS IIIV,V,_, NWs before 489
the stopping size should be determined from the liquid—solid 490
distribution given by eq 29 for y,, where the unknown liquid 491
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492 composition y, and the total concentration of group V atoms y3
493 + x5 should be expressed throu§h the vapor fluxes of atoms A
494 and B and their desorption rates.””~*’ 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 t,; 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,””~ " or group I1I based NW growth rate."”*” Regardless
s00 of the nature of t,;, our model contains two distinct VLS growth
s01 regimes of IIIV,V, , NWs.

502 In regime 1 with negligible desorption rates, the characteristic
503 times #, are much longer than t,;:

—_

t t
Mo, M«
504 ta 5 (32)

s0s  In this case, the group V concentrations at nucleation are
s06 much smaller than their stationary values: [} <[, , [3 < .. In
507 such a regime, both group V fractions in liquid increase linearly
so8 with time in the refill stage, with negligible desorption.
509 Therefore, we have I3 = 1, ,,(x) + va(tar — 1), [y = I (%) +
s10 vg(tyr — &) Negligible desorption in the refill stage allows one
511 to omit the desorption terms in eqs 16 to 18, which apply to a
s12 shorter ML growth stage after the stopping size. Then the ML
513 formation time ¢, and the total duration of the ML growth cycle
s14 including refill are given by

iy — ix) . i
’ vy + g (33)

t, =
s1s vy + g
si6  This result is not surprising, because in the regimes with
517 negligible desorption (for example, at a low temperature of
s1s ~400 °C for self-catalyzed binary GaAs NWs'*), the ML growth
s19 cycle is simply determined by the incoming fluxes of group V

520 atoms. At nucleation (t = 0 = ty; ), we have Zi(x) = I} — I, (%),

s (1= 2)if(x) =y — I eq(x), and hence
(1 - Z)ZA,eq(x) - ZlB,eq(x)
Hh=2+ 0, 10
522 ZA + ZB (34)

523 Comparing this result for y, with eq 29, we obtain
s Z=x (39)

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
s31 it exists. After the ML completion, no group V atoms leave the
s32 droplet by desorption in the refill stage. Consequently, the
533 composition of IIIV,V,_, 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 IS and I3 at
536 nucleation, and is totally independent of the liquid state.

s37  Regime 2 with high desorption rates occurs when the
538 characteristic times #; are much longer than ;:

b > 1, b > 1
539 tA tB (36)

s40  This regime corresponds to slow NW growth rates.
541 Nucleation of MLs occurs at group V concentrations that are
s42 very close to their stationary values:

lo -1 = vy + vg
A T FAs T Mot des
Va

eNZ, I =1y,

vy +

Vg _
=1, y Beyl—Z
es
VB

(37) 543

The total concentration of group V atoms at nucleation and s44
the parameter I'; in the liquid—solid distributions depend on the s4s

effective vapor composition Z as follows: 546
0 0o |Vat g U HJZ + 1 = Z
)(A+){B— 7 € (¢ Z + I—Z),l—;
VB
I

WNZ +1 -2 (38) 4

Here, the two important parameters of our theory, ¢ and I',, s48

are given by 549
des
¢ _ VB Y=y,
- des ’
Va

des D=y~

1%
[L=¢]T, = B
\/>g vy + v X (39) 550

Clearly, the parameter ¢ equals the ratio of the characteristic ss1
desorption rates of atoms B over atoms A from liquid with a ss2
given percentage of Au. It is noteworthy that f, = (pB)? ss3
according to the definitions of these parameters. The parameter ss4
I', is inversely proportional to the vapor—solid supersaturation sss

for binary AC compound. 556
Using eqs 37 and 38 in the liquid—solid distribution for y, = ss57
/(15 + %), eq 29 is reduced to 558
JZ - Tg(x
INZ +NT=Z = PNZ —Tg(x)
x (40) ss9
This is equivalent to the quadratic equation forv/Z, which has séo
the solution 561
Z = P(x),
1 — x)plg(x
P(x) = (2 2)¢ 8 )2 + > f 5
"+ ¢7(1 - x) VxT+ ¢T(1 - x)
g’ (%)
1-= 2 2
x"+ (1 - x) (41) 0
The stopping size given by eq 27 can be presented as a s63
function of the solid or vapor composition: 564

v+ v, _ | #P(x .
is = ltw\/ﬁe 78 ¢ ( ) _ 1—;(1 _ ZX)E(U(I x)}
Vg i X
v+ v
= ltot\/Te_WB ONZ + 1 -Z — I xe?(17%)
B

2
+ ﬂl[l - x]e“’x
(42) s

No characteristics of atoms A and B in liquid are left in these s66
expressions. Therefore, in VLS IIIV,V,_, with high desorption s¢7
rates, the stopping size depends only on the vapor composition sés
and the fraction of Au in liquid. 569
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570 Let us now consider the typical values of the control
s71 parameters of the vapor—solid distributions I';, I'; and ¢. With
572 neglect of small corrections containing concentrations of group
573 V atoms y, and yj the interaction terms in the chemical
574 potentials entering eqs 31 and 39 are reduced to””

575 Ve = wCAu(l - )(c)2 (43)
Y = o + (pp — wCAuXC)(I - J(c);

Wk + (g, — CUCA,)(C)(I - }(C);

IR

¥s

Yy — W = (@nc = wBC))(C + (O4a, — @pa,)(1 = )(C)
576 (44)

577 Here, w; denote the temperature-dependent interaction
578 parameters of atoms i and k in liquid. In particular, y = 0, y,
579 2 Wy W = Wpe and Wy — Wi = w,c — Wy for self-catalyzed
580 VLS growth of at yc = 1. Hence, the control parameters are
s81 expressed through the well-known values of binary chemical
s82 potentials Auh, Auhe and interaction parameters in liquid,
583 tabulated as functions of temperature in the CALPHAD
ss4 database.*"*> The desorption fluxes vf* are calculated by
s8s equating the chemical potentials of two group Vatoms k=A,B in
586 liquid to the chemical potentials of group V dimers in vapor.”®
587 Using the data of refs 81,82 for the temperature dependences of
sss Apc and @y and ref 49 for v& and v, one can plot the
589 parameters I, I';and ¢ versus temperature at the given fluxes v;
590 of atoms k = A, B and C. In calculation of the desorption fluxes,

so1 We take into account that vies = 20‘51“777R21i:5, with 6% =2/[1 + cos
592 (6)] and Idfs as the desorption fluxes from unit surface area of the
593 droplet.”””® Figure 3 shows the temperature dependences of the

0.05

o o o

o o o

N} @ =
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Figure 3. Control parameters of the vapor—solid distribution I, I'; and
@ versus temperature for self-catalyzed GaP,As,_, (solid lines) and
InP,As,_, (dashed lines) NWs.

594 control parameters for self-catalyzed GaP,As,_, and InP,As,_,
595 NWs. In these calculations, we used the expression

zadesldes
r=_ L 257 —adc+w-v-w
Cc
596 E3 | ocle (45)

s97 with Fgy = (v, + vg) /v as the effective total V/III ratio, assuming
598 Fgy =2 and 26%/6 = 0.2 to account for higher surface diffusivity
599 of group III adatoms.””** The parameter ¢ was calculated from

600 €9 39 at vi*/vie = If /13, The parameter I'; was obtained using

oo1 e = ¢\/Fg'

It is seen that both I'. and I, are extremely small for both 602
material systems at their typical growth temperatures. For 603
GaP,As;_,NWs, I'. and I', remain smaller than 0.002 at T'< 640 604
°C. For InP,As,_, NWs, I'; remains smaller than 0.001 and I, cos
smaller than 0.025 at T < 500 °C. The parameters ¢ increase 606
almost linearly with T and are also very small in the entire 607
temperature domains, meaning that P atoms desorb much more 608
than As from Ga or In liquid. Figure 4 shows that the presence of 609

0.030 . . . . .
——GaP,As,,, T=500 °C
——InP,As,.,, T=450 °C

0.025

0.020 ]

S- 0.0154 E
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XAu
Figure 4. Influence of the Au concentration in the catalyst droplets on

the parameter ¢ for GaP,As,_, NWs at 500 °C and InP,As, . NWs at
450 °C.

Au in the catalyst droplet only enhances desorption of P atoms 610
relative to As atoms. This effect persists for any temperature 611
within the growth domains of GaP,As,_, and InP,As;_, NWs. 612

The smallness of the parameters I'; and I', means that most 613
group V atoms leave a catalyst droplet by desorption from liquid 614
rather than by rejection from the growing solid, at least for 615
IIIP As,_, NWs. At I', = 0, the vapor—solid distribution given 616
by eq 41 is simplified to 617

2
X

o+ ¢*(1 - x) (46) 615

This result for the vapor—solid distribution in regime 2 with 619
high desorption rates has the same form as in ref 49. However, 620
the parameter ¢ is different, because here we consider the case of 621
¢;= 1, while in ref 49 this parameter was modified to (¢c;)* at c; # 622
1. The desorption-limited vapor—solid distribution given by eq 623
46 applies before the stopping size i. From eq 42, the 624
dependence of the stopping coverage 6, = i;/iy; on the ML 625
composition x and the effective vapor composition Z atI'. — 01is 626
reduced to 627

6 = ¢ =[pvZ + J1 - Z],

17 2 2
Vi + (1 — x)

_ Lot [va + vp -

- i des
ML Va

Y
(47) 628

After the stopping size, no group V adatoms leave the droplet 629
at I, — 0. This yields Z = x from eq 31. Therefore, the 630
compositions of the NW MLs, and hence the whole NW, may be 631
different before and after the stopping size in regime 2. This 632
effect is illustrated in Figure S for hypothetical system with g = 633 f5
0.5 and ¢ = 0.2. 634
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Figure S. Spatially homogeneous composition of a VLS IIIV,V,_ . 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).

6. GOVERNING PARAMETER OF THE VAPOR-SOLID
63s  DISTRIBUTIONS

636 In the limit of 'y = 0 and I', — 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
6422 occur at ty;/t, << 1 and fy;/t, > 1, respectively,
643 corresponding to negligible or high desorption rates in the refill
644 stage. We now assume that fy; = iy;/v, 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 t; required
652 to reach the maximum concentrations of both group V atoms in
653 liquid according to 1/t5 = 1/t, + 1/t3. Using eq 21 for t, and t,
654 the ratio t; /t; that regulates the occurrence of the VLS growth
655 regimes 1 or 2, can be put as

tﬁ _ ﬂ Vv + v ( lvdeszex//A + vdes(l
A B

-

—

£ = =

tS ! tot v

iy VYA + VB( des y, des y
~ = (T e+ (Jupe's)
v
c

Lot (48)

656

657 Generally, this € depends on the vapor composition, but can
658 approximately be treated composition-independent in the first

approximation according to the last expression. Regime 1 659
corresponds to € < 1 and regime 2 to & > 1. 660

According to eq 48, the limiting behavior at € < 1 is observed 61
at low desorption rates (low growth temperatures) and small v, 662
+ vy compared to v, (low V/III flux ratios in vapor). The limiting 663
behavior in the opposite case of &€ > 1 is observed at high 664
desorption rates (elevated growth temperatures) and large v, + 665
vg compared to v, (high V/III flux ratios in vapor). Furthermore, 666
the ML size iy scales with the NW radius as R?, while I, , scales 667
as R® (and rapidly increases with the droplet contact angle 5). s
Hence, the ratio iy; /1, in eq 48 scales as R™'. Assuming that 669
most group V atoms are collected from the droplet surface (v, & 670
R?, v o R* for k = A, B) and that v, includes the collection of 671
group 11T adatoms from a length A, at the NW top (v, o R* + 672
A4R), we obtain € o (R + A;)™". Hence, the parameter ¢ is size- 673
dependent and decreases with the NW radius. This governing 674
parameter is more complex than the effective V/III flux ratio Fs; 675
= (v, + vp)/vc considered in the stationary models of refs 47—50 676
and depends differently on temperature, material fluxes and NW 677
geometry. 678

Our model gives the analytic vapor—solid distributions in the 679
two limiting cases of € < 1 and & >> 1. The simple interpolation 680
formula that yields the two limiting behaviors and approximates 681

the vapor—solid distribution at any € is given by 682
s xt eF(x)
1+e
o2
Fx) = 5———=at0 <0 <G(x)
&+ @' (1 - x) o
Z = x for any € at 8 > (x) (49) 453

This distribution connects the solid composition x with the 684
effective vapor composition Z. As discussed above, the fraction 6ss
of atoms A in vapor z may be different from Z due to several 686
factors including different adsorption coefficients of atoms A and 687
B on the droplet surface,””2”% different diffusivities of adatoms 68s
A and B on the NW sidewalls,”*”” and different re-emission of 689
atoms A and B.75 These effects are described by the coefficient 690
¢,in eq 2. Using eq 2 in eq 49, the fraction of atoms A in vapor is 691

g
obtained in the form 692

_ x + eF(x)
x + cg(l — x) + e[F(x) + cg(l — F(x))]

at0 < 0 < 9(x),

x
z=————foranyeatf > O(x
x+¢(1 - x) Y i)

(50) 693
According to our analysis, this simplified vapor—solid 694
distribution applies to VLS systems with I'. < 1 and I'y < 1, 695

that is, when most group V atoms desorb from the droplet 696
surface in the refill stage. This is not guaranteed in the general 697

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

V/III ratio radius
parameter role in NW composition temperature dependence dependence dependence
desorption- enhances fraction of more stable group V atoms that desorb less from  increases with T for IIIP,As; . NWs independent  independent
related liquid; applies before the stopping size
parameter ¢
kinetic enhances fraction of group V atoms with larger adsorption or surface  increases with T for IIIP,As,_, NWs  unknown unknown

parameter ¢,

governing

parameter £ distributions; applies before the stopping size.

diffusion; fully controls the composition after the stopping size.

regulates the weights of the desorption-limited and kinetic vapor—solid ~increases with T

according to the fits in Figure 8

increases with  decreases
V/11I ratio with R
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698 case, and should be checked for any particular IIIV,V, _, system
699 for a given set of growth conditions. The general solutions given
700 by eqs 31 and 41 with larger I, and I, 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 3 in liquid. We suspect that ¢, = 1, that is, a group V
704 atom that desorbs more from liquid (¢ < 1 or ¢ < 1) has larger
705 affinity (3, > 1 or §;>> 1). This is definitely true for P atoms in
706 Ga—Au and In—Au liquids during the VLS growth of ITIIP,As, _,
707 NWs.>>**> Another important assumption is the equal
708 diffusivities of atoms A and B in liquid, corresponding to ¢; =
709 1. Different diffusion transport of dissimilar atoms in liquid
710 modifies the constant ¢.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
713 contains three parameters ¢, ¢, and &. 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.

717 Figure 6 shows the vapor—solid distributions of self-catalyzed
718 GaP,As,_, NWs at 630 °C, with ¢ = 0.0415 according to Figure

—_
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Figure 6. Vapor—solid distributions of self-catalyzed GaP As,_, NWs
at 630 °C, obtained from eq 50 at ¢ = 0.0415, ¢, = 2.97 and different ¢
shown in the legend. After the stopping size, the distribution is reduced
to the LM shape (black line labeled “after i,”). Dashed line shows the
desorption-limited curve at € — oo.

719 3. The kinetic parameter ¢, = 2.97 is taken from ref 37, where the
720 measured vapor—solid distributions of GaP,As,_, NWs at 630
721 °C were well-fitted by the LM formula with this c,. In this
722 example, the desorption-limited behavior at large & >> 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 ¢, > 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 € 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 GaP,As,_ *>*"*?*! and InP,As,_,** 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 ¢; > 1.49 The last

—

oY)

hat

explanation is ruled out in our model with ¢; = 1. The first two 740
factors will be considered in detail in the next section. 741

It should be emphasized that different compositional trends in 742
MLs before and after the stopping size should hold only for WZ 743
IIIV,V,_, NWs. As mentioned above, most ZB III-V NWs 744
show the oscillating truncated geometry of the liquid—solid 745
interface.’**””" In ZB NWs, the truncation provides additional 746
material to complete the ML after the stopping size. Therefore, 747
the composition of the MLs grown after the stopping size should 748
be the same as the composition of the truncated region 749
underneath. In the simplest approximation, our results before 7s0
the stopping size describe the composition of the whole ML in 751
ZB NWs, where the slow growth stage from vapor is absent. This 752
approximation neglects, however, a lot of important details that 753
regard the growth kinetics of the truncated interfaces in ternary 754
NWs, and should be refined in the future. 755

7. THEORY AND EXPERIMENT

Figure 7 shows the vapor—solid distributions of Au-catalyzed 7s6 7
InSb,As;_, NWs.”” These NWs were grown by metal—organic 757

109 m w/=56

@ V=27

08l A V=1 ]
—=2.7
—=0.52

061 —¢=0.01 1

¢=0.11

InSb fraction in InSb,As, , NWs

0.0 0.2 Oj4 0j6 0.8 1.0
Sb fraction in vapor z

Figure 7. Vapor—solid distributions of Au-catalyzed InSb,As, _, NWs at
450 °C, obtained under different total V/III flux ratios in vapor shown
in the legend (symbols),”® fitted by the model of ref 48 (dashed lines)
and by eq 50 before the stopping size at a fixed ¢ of 0.11, ¢, = 1 and
different & shown in the legend.

vapor phase epitaxy (MOVPE) on InAs(111)B substrates at 450 7ss
°C from TMIn, TMSb and AsH; precursors, with 50 nm 759
diameter colloidal Au nanoparticles as the VLS growth seeds. 760
The total V/III flux ratio in vapor was set to 15, 27, and 56 by 761
varying group V fluxes at a constant flux of TMIn. The crystal 762
phase of the NWs was pure ZB, without stacking faults. The 763
compositional data were originally fitted by the model of Biefeld 764
for epi-layers,** with largely reduced effective V/III flux ratios 765
that accounted for surface diffusion of In adatoms from the 766
surrounding surfaces.”’ Later on, the same data were fitted by a 767
combination of the kinetic (z = x) and equilibrium vapor—solid 76s
distributions, whose weights were regulated by the effective V/ 769
I1I ratio Fs3.**°° The fits of ref 48 are shown by dashed lines in 770
the figure. Solid lines show the equally good fits obtained from 771
eq S0 before the stopping size (due to pure ZB crystal phase of 772
the NWs) at a fixed ¢ = 0.11, ¢, = 1 and different &. The fitting 773
values of € increase with the total group V flux v, + v in vapor 774
according to eq 48. Of course, increasing v, + vj at a fixed v¢ is 775
equivalent to increasing the total V/III flux ratio in vapor. As 776
regards the fitting value of ¢ of 0.11, it corresponds to strong 777
suppression of Sb incorporation in the desorption-limited 778
regime. The concentration of Au in the NWs is unknown, and 779
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780 may change depending on the V/III flux ratio, so the constant ¢
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.*****° The fitting value of
784 ¢, = 1 yields the linear vapor—solid distribution z = x in the
785 kinetic regime under a balanced V/III ratio.

786  Figure 8 shows a compilation of the vapor—solid distributions
787 of IIIP,As,_, NWs obtained in different works. InP,As,_, NW

—

@

refs 48,49. Considering the whole data set in Figure 8, we can see 818
two clear trends. First, the measured IIIP fraction in IIIP,As;_, 819
NWs systematically increases with temperature. Second, it is 820
systematically higher in NWs grown without Au. The s21
desorption-limited vapor—solid distributions given by eq S0 s2
before the stopping size and at ¢, = 1 largely underestimate the s23
IIIP content in NWs. The best fits are obtained with the s24

parameters summarized in Table 2. Within our model, 825t

, 101 ® Au390°C @ AU405°C @ Au,435°C

= m Au, 550°C

4 ® Ga 610°C
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Figure 8. Vapor—solid distributions of InP,As; _, NW sections on InAs
stems obtained by Au-catalyzed CBE at 390 °C, 405 and 435 °C in ref
29 (circles), GaP,As,_, NWs obtained by Au-catalyzed aerotaxy at S50
°Cinref 39, Ga-catalyzed MBE at 610 °C in ref 35 and 630 °C in ref 37,
and GaP,As,_, 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 InP,As,_, NWs at 435 °C and GaP,As,_, NWs
at 630 °C, which are obviously far from the experimental data for both
material systems.

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 InP As,_, 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 InP,As, _, sections was in the range from
794 30 to 45. GaP,As,_, 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 GaP,As,_, NWs were grown by Ga-catalyzed MBE
799 on Si(111) substrates. GaP,As,_, 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. GaP,As;_, NWs 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.
80s GaP,As,_, 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
gos radius of GaP,As,_, 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/GaP,As,_,/
812 GaP NW heterostructures.

813 These ITIP,As,_, NWs (or NW sections) were obtained under
814 very different conditions and on different substrates, using either
81s 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 works™”*>*”***! and in

—_

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

material system, growth temperature @ (8 €

Au-catalyzed InP,As,_/InP NWs, 390 °C [29]  0.021S  0.143  0.09
Au-catalyzed InP,As,_/InP NWs, 405 °C [29]  0.0242  0.16 0.05
Au-catalyzed InP,As,_/InP NWs, 435 °C [29]  0.0303 0.19 0.025

Au-catalyzed GaP,As,., NWs, 550 °C [39] 0.0339 0.3 0.025

Ga-catalyzed GaP,As;., NWs, 610 °C [35] 0.0396 2.0 0.02

Ga-catalyzed GaP,As,, NWs, 630 °C [37] 0.0415 297 0.01

Ga-catalyzed GaP/GaP, As,_/GaP NWs, 0.0415 4.0 0
630 °C [41]

desorption of group V elements from liquid appears low in all 826
cases, which corresponds to small £ decreasing with temperature 827
from 0.09 for InP,As,_, NWs at 390 °C to 0 for GaP,As;_, NWs s28
at 630 ° C. The fitting values of ¢, increase with temperature s29
from 0.143 for InP,As;_, NWs at 390 °C to a high value ranging 830
from 3 to 4 for GaP,As;_, NWs at 630 ° C. Consequently, all 831
vapor—solid distributions are well approximated by the purely 832
kinetic LM shages, with ¢ # 1. This observation was made in the 833
original works*”*” and later in ref 48. From our eq 50, this s34
property strongly suggests that (i) most P and As atoms are s3s
scattered from the droplet surface without entering the liquid s3s
phase, and (ii) this process favors incorporation of As atoms at 837
low temperatures <550 °C and P atoms at high temperatures 838
>610 °C. The preferred incorporation of P atoms may be 839
enhanced by the absence of Auin liquid. The effective absence of 840
desorption may also be enhanced by a small stopping size in WZ 841
NWs.>”*!" Another possible explanation of the enhanced s
incorporation of P atoms, recently suggested in ref 49, is based 843
on the assumption of a faster transport of P atoms through s
liquid. This required introduction of the temperature-dependent 845
factor ¢, that strongly increased with temperature.”” Overall, our s4s
analysis shows that more investigations are required to fully s47
understand the growth kinetics and composition of IIIV,V,_, 848
MLs in NWs. Such studies should carefully reveal the possible 849
spatial inhomogeneity in the NW compositions across their axis 8so
and, most importantly, in situ TEM monitoring of the NW ss1
growth. Unfortunately, no in situ TEM data on III-V ternary 8s2
NWs are available to this end. 853

8. CONCLUSIONS AND OUTLOOK

In summary, we have presented the very first study of the growth ss4
kinetics of III-V ternary MLs and the corresponding 8ss
composition of III—V ternary NWs taking into account the s8s6
effect of group V depletion in quasi-instantaneous ML growth. ss7
The study was restricted to the case of WZ NWs based on group 88
V intermix and, very importantly, identical diffusion transport sso
rates of both group V atoms in liquid (¢; = 1). The critical size of s6o
ternary nucleus was assumed negligible. The main findings can s61
be put as follows. The liquid—solid distribution of IIIV,V,_, s
NWs is kinetic at nucleation, but transitions to the equilibrium 863
shape at the stopping size. The kinetic shape of the liquid—solid ss4
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distribution at any ML size approximately applies only to NWs
without the stopping effect. Furthermore, the only liquid—solid
distribution that makes physical sense in the one at nucleation.
Modeling of the vapor—solid distribution with the technolog-
ically controlled parameters (temperature and material fluxes)
requires a relationship between the liquid composition at
nucleation and the vapor composition. This complex problem
was solved in the two limiting cases, either in the effective
absence of desorption or at high desorption rates of group V
atoms from a catalyst droplet. The intermediate regimes were
described using the interpolation formula with the governing
parameter €. It was found that the composition-dependent terms
in the vapor—solid distribution appear almost negligible under
the typical growth conditions of GaP As,_, and InP As;_, NWs
regardless of their catalyst. Then, the vapor—solid distribution is
reduced to a simple combination of the purely kinetic and
desorption-limited curves, whose weights are regulated by the
parameter €. The model shows that, in the regimes with high
desorption, most group V atoms desorb from the droplet in the
refill stage. Desorption is absent in the fast ML growth stage
before the stopping size, and almost negligible in the slow ML
growth stage after the stopping size. This property naturally
leads to spatial inhomogeneity in the NW composition, which
should be carefully checked in the experimental studies. The
model provides excellent fits to the compositional data on
InSb,As,_,, InP,As,_, and GaP,As,_, NWs. The data analysis
for IIIP,As, , NWs leads to the LM-type vapor—solid
distributions in the wide range of growth conditions. This
observation calls for further studies.

The obtained results may be used in the first approximation
for the analysis and prediction of the compositional trends in
different material systems and epitaxy techniques. However, the
developed theory should be refined in several respects.
Introduction of different transport rates of group V atoms
through liquid (¢; # 1) will significantly complicate the analysis
and lead to a more spatially inhomogeneous compositions of
ternary MLs. Precise in situ measurements of the fast growth
stage of ternary MLs are absolutely required to access the
characteristics of the diffusion transport of different atoms in
liquid droplets, which largely influence the ML composition.
The stationary liquid—solid distributions of III-V ternary NWs
based on group III intermix were shown to be close-to-
equilibrium, because the liquid—solid growth always proceeds
under group III rich conditions.”” However, this stationary
picture may be modified by the depletion of group V atoms, and
affect the measured vapor—solid distributions of such NWs. It
will be interesting to study in detail the growth kinetics of single
ternary MLs and its influence on the composition of NWs
obtained by non-VLS techniques such as self-induced catalyst-
free growth®**® or liquid phase epitaxy with an overpressure of
group V species.”” Spontaneous formation of core—shell
structures in catalyst-free IIl-nitride ternary NWs was modeled
using DFT and mesoscopic phase field methods.**** Tt was
recently suggested that spontaneous core—shell structures in
In,Ga;, N NWs are due to the periodically changing environ-
ment for rapid growth of single ternary MLs in the absence of
refill.*® This effect is also caused by the depletion of group V
atoms from the growth reservoir, and may be general for VLS
and non-VLS NWs based on group III intermix.*>** Finally,
more investigations are required to precisely relate the initial
liquid composition at nucleation to the vapor fluxes of different
elements. This may require additional considerations of
nucleation of III-V ternary nuclei and nonzero critical size. It

was previously shown that the liquid—solid distribution of 928

critical ternary island is equilibrium.””*® The equilibrium shape

of the critical island at nucleation may be inherited, at least for
some time, in a later stage of ML growth, but this effect is totally
ignored in the kinetic approach. We plan to study these
interesting problems in the forthcoming works.
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