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Semiconductor nanowires offer additional properties and more flexibility for many potential applications.
However the precise control of their growth is very challenging and much more complex than for two-
dimensional layers. Here, we present a method which provides detailed information on their formation. The
method is implemented with In�P,As� nanowires grown by Au-catalyzed molecular beam epitaxy. Controlled
and periodic modulations of the incident vapor phase are generated. Due to these modulations, the nanowires
show small and short oscillations of composition along their growth axis. These oscillations furnish a time
scale which is recorded in the nanowire solid phase. The instantaneous growth rate and the total length of the
nanowire at any time of the growth are accessible. The experimental data are fitted with models. The adatom
diffusion lengths on the different surfaces and the chemical potentials in the adsorbed and liquid phases are
extracted. It appears that the vapor flux intercepted by the nanowire sidewalls is the dominant contribution to
their elongation. We discuss which contribution allows one initiating their growth from the catalyst drop.
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I. INTRODUCTION

Semiconductor nanowires �NWs� have shown promising
characteristics in many fields.1–5 Their synthesis is presently
investigated by several growth techniques including laser ab-
lation, vapor phase epitaxy and molecular beam epitaxy
�MBE�. For most applications, the breakthrough of NWs will
depend on the possibility to control their length, diameter,
composition, and doping with sufficient accuracy. A major
challenge is to form NWs which include heterostructures of
chosen dimensions. This kind of objective requires a precise
knowledge of the growth kinetics which appear much more
complex for NWs than for standard two-dimensional �2D�
layers. NW growth involves several specific mechanisms of
varying significance depending upon the growth technique in
use. First, in catalyst-assisted growth, precursor decomposi-
tion depends on the local surface chemistry. Second, at least
two different surface orientations coexist during NW growth:
the substrate surface and the NW sidewalls. These distinct
surfaces intercept and collect the vapor flows under different
angles. Third, the adatoms diffuse on these surfaces with
different characteristic lengths. Fourth, the energy barrier for
solid phase nucleation varies at the different surfaces and
interfaces of the catalyst/NW/substrate system. The combi-
nation of these effects can lead to growth rates which are not
constant with time, even at constant incoming precursor
flows. In particular, the NW elongation with time �the axial
growth rate� was observed to be sublinear6 or superlinear.6–8

Although these various phenomena have already been exam-
ined, they are not all satisfactorily described, understood and
quantified. The present work provides an experimental con-
tribution which allows one to determine finely the chronol-
ogy of growth of individual NWs and to derive values of
important growth-related parameters.

Most experimental studies evaluate the kinetics of NW
growth from postgrowth measurements of final NW lengths
at several given growth times.6–8 This is far from satisfactory
since such measurements can hardly record the transient and
nonlinear behaviors that have been predicted by several

models.7–9 More precise information can be derived from the
use of markers consisting of thin layers of a chemically dif-
ferent material inserted in the NW.10,11 However, fine varia-
tions of growth rate are difficult to measure in this way and
the insertion of the marker itself can alter the growth kinet-
ics. Conversely, in situ transmission electron microscopy
experiments12 accurately record instantaneous growth rates
and changes of NW or droplet morphologies but they are
currently limited in terms of growth methods and material
systems �group IV semiconductors�. In this work, we pro-
pose and demonstrate a simple method to investigate finely
the growth of a single NW. Our study, which focuses on
molecular beam epitaxy �MBE� of III-V compounds, shows
that NW elongation is highly nonlinear with time. This be-
havior reflects the crucial role of the sidewall facets that
intercept the incoming vapor fluxes. Existing models are
adapted to fit our experimental data and to evaluate impor-
tant parameters.

II. EXPERIMENTAL

Our method relies on small periodic modulations of the
incident vapor fluxes, produced on purpose. The amplitude
and the time period of the flux modulation are fixed experi-
mentally and chosen to produce small but detectable changes
in the NW composition along the growth direction. The
growth kinetics is determined by counting the number of
monolayers formed during each time period of the modula-
tion. We used this method recently to study the nucleation
statistics at the liquid catalyst/solid NW interface.13 Obvi-
ously, for III-V compounds, a ternary alloy at least is neces-
sary to obtain the composition modulation. Here, the method
is implemented on InP1−xAsx NWs grown at 420 °C by Au-
catalyzed MBE on �111�B oriented InP substrates. Our
growth conditions produce NWs of wurtzite structure which
grow in the �0001� direction without stacking faults. As4 and
P2 fluxes are evaporated from solid sources and a periodic
modulation of the incident As4 :P2 flux ratio is produced. The
flux modulations may be obtained either by directly modu-
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lating the sources or indirectly. In the present study, we use
the second method: the modulation is obtained at constant
source fluxes, by exploiting the geometry of the MBE
growth chamber, namely, the fact that the molecular beams
are not perfectly uniform on the wafer area. When the sub-
strate is rotating, the NWs situated close to its periphery
experience a small modulation of the incoming fluxes during
one substrate rotation. The flux modulation amplitude varies
along the wafer radius, from 0 at the wafer center to about
15% of the average flux at the edge of a 2 in wafer. The NWs
presented here were sampled at 5 mm from the edge.

Several important conditions must be met in order to
transfer the flux modulation to an axial modulation of the
NW composition. First, several monolayers must grow
within one modulation time period. We chose a time period
of 3.6 s corresponding to the growth of about 10 to 30 mono-
layers. The corresponding length �3–10 nm� is sufficiently
small to probe finely the growth kinetics. Second, we must
avoid a complete damping of the flux modulation upon trans-
ferring atoms into the liquid drop, which acts as a reservoir.
In this respect, the high solubility of group III atoms in the
catalyst is not favorable. Modulating the group V flux is
expected to be more appropriate since P and As are much
less soluble in the catalyst. On the other hand, the modula-
tion must be small enough to minimize the resulting pertur-
bation on NW growth kinetics.

The NWs analyzed in the following have uniform diam-
eter, close to the size of the catalyst particle. This morphol-
ogy indicates that nucleation at the NW sidewalls is negli-
gible. Hence, the present experiments probe the sole axial
growth. The InP1−xAsx NWs grown with modulated beams
were removed from their substrate, deposited on a thin sili-
con nitride membrane and imaged by high angle annular
dark field �HAADF� scanning transmission electron micros-
copy �STEM�. This technique is very sensitive to composi-
tion variations.14 The images were obtained in a 200 kV field
emission gun JEOL 2200FS microscope, equipped with a
spherical aberration corrector for the probe. The probe had
the following characteristics: 50 pA current, 0.1 nm size, and
30 mrad semiangle. The inner and outer collection angles of
the HAADF detector were 100 and 170 mrad, respectively.
The image of a NW segment of 45 nm diameter is presented
in Fig. 1.

The faint contrast along the growth axis reveals that the
composition of this NW has indeed been modulated. The
modulation of the HAADF intensity profile integrated over
the whole diameter is superimposed �Fig. 1�a��. A fast-
Fourier-transform �FFT� filtered HAADF image with the cor-
responding intensity profile is also shown �Fig. 1�b��. The
oscillation amplitude is about �0.7% of the total HAADF
intensity. The corresponding variation �x of the As concen-
tration x was determined by energy dispersive x-ray spec-
troscopy �EDXS� to be about �0.03 around the mean value
of 0.66. An estimate based on Rutherford scattering indicates
that the observed HAADF intensity oscillation amplitude is
consistent with this composition excursion.

The distance between two concentration extrema equals
the increase of NW length during one time period. Therefore,
it is straightforward to determine the instantaneous growth
rate at each oscillation. The complete chronology of the NW

growth is thus accessible. In the present experiments, since
the foot of the NW gets buried by the layer growing between
the NWs and since the NWs get cleaved before TEM exami-
nation, the bottom part of the NW is not observed. However,
counting the oscillations from a reference point deliberately
introduced in the growth sequence allows one dating the ex-
act time at which each oscillation was formed. This proce-
dure was applied to a 21 nm diameter NW. The entire NW,
from the cleaved end to the catalyst particle, was monitored
by using six HAADF overlapping images precisely posi-
tioned with respect to each other by superimposing any re-
markable detail common to two of them. The HAADF inten-
sity profiles were treated with a FFT bandpass filter in order
to reduce noise and to extract the positions of the oscillation
maxima. We finally obtained the dependence with time of the
NW height counted from the cleaved end, as presented in
Fig. 2.

The measured height of the NW displays a nonlinear be-
havior which will be discussed in Secs. III and IV. Before
that, we comment two particular features. First, in this
growth experiment, we stopped the flux modulation for 12
time periods. Consequently a short segment of the NW does
not present regular composition oscillations. As mentioned
above, the corresponding region, indicated in Fig. 2, may
serve as a time reference. Second, at some point during
growth, the nominal As4 :P2 ratio was changed abruptly from
1:5 to 3:3 while the total average group V flux was kept
constant. Thanks to the former time reference, this event can
be accurately dated, as shown in Fig. 2. The impact of this
large change of flux ratio is strong and immediate: as seen
from the change of slope in Fig. 2, the growth rate was
suddenly reduced by a factor 2. This behavior contrasts much
with the case of conventional MBE growth of two-
dimensional �2D� layers, for which the growth rate is fixed
by the sole group III elements.

a

b

FIG. 1. �Color online� Modulation of composition in an
InP1−xAsx nanowire segment grown with a modulated As4:P2 flux
ratio. HAADF STEM image of the nanowire segment observed

along the �2̄110� zone axis. The scale bar represents 20 nm. �a� The
HAADF signal is integrated over the whole diameter and the profile
is plotted along the growth axis. �b� Fast-Fourier-transform filtered
HAADF image and corresponding profile.
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III. MODELS

We now analyze the experimental dependence of the NW
height. Several models7–9 have predicted nonlinear effects in
NW axial growth. These models consider three material
flows contributing to NW growth: �i� direct impingement on
the drop, �ii� direct impingement on the sidewalls followed
by diffusion to the drop, �iii� impingement on the substrate
surface and diffusion to the drop along the sidewalls. The
growth rate is then determined by solving a balance equa-
tion. For III-V alloys, this procedure can be applied to each
component. In MBE, the problem is simpler for the group III
species which are elemental in the vapor or physisorbed
states. Moreover, in a large range of growth temperature,
their desorption rate from the substrate is negligible as com-
pared to the incoming flux. In their present development, the
models considered are limited by the implicit assumption
that the liquid drop state is stationary. Since the NW growth
rate is not constant, this stationary condition cannot be
strictly verified: droplet composition and supersaturation
evolve as growth is pursued. Nevertheless, it is instructive to
apply these models to evaluate, in a first approximation, the
respective importance of contributions �i�, �ii�, and �iii�.

A. Phenomenological model

We first analyze our experimental data with a model
adapted to our experimental conditions from those developed
by Tchernycheva et al.7 and Plante and LaPierre.8 The bal-
ance equation is solved for the In atoms and their re-
evaporation from the InP�As� surfaces at 420 °C is ne-
glected. We consider J, the beam flux of In atoms impinging
on the sample �J=3.96 nm−2 s−1� at an angle � with respect

to the substrate normal ��=32.5°�. We call R the NW radius
�R=10.5 nm for the NW of Fig. 2� and L2 the mean sub-
strate area per NW �the reverse of the NW surface density�.
The catalyst droplet has a contact angle � with respect to its
horizontal base plane. The sample under study has a low NW
density �L=300 nm�, hence shadowing between NWs is
negligible.

The total number of group III atoms impinging on the
sample area L2 per unit time is T=L2J cos �. The part of
these atoms which is intercepted by the catalyst droplet on
top of the NW writes A=a�R2J where a is a dimensionless
geometrical factor depending on angles � and �. Approxi-
mate expressions for this parameter were used in previous
works.7–9,15 Here we take the exact expression of a deter-
mined by Glas16 �in the present case, its value is very close
to sin−2 ��. We consider that this part A is fully incorporated
into the NW and we shall see that it plays an important role
in NW growth initiation. Since A depends on �, it is impor-
tant to evaluate the contact angle during growth. For the NW
under study, postgrowth measurements at room temperature
indicate that � is about 100° and that the drop composition,
determined by EDXS, is In0.33Au0.67. During growth, the
drop must contain more In along with small amounts of As
and P to insure the supersaturation of these constituents. On
the other hand, we assume that the amount of Au in each
droplet is unchanged when cooling the sample. According to
our thermodynamical calculations,17 assuming that As and P
represent about 2% of the drop composition during growth,13

an In concentration of about 60% leads to a supersaturation
in the liquid phase of about 300 meV per III-V pair,17 a
reasonable value consistent with the observed NW growth
rate.13 Taking into account the drop inflation necessary to
accumulate these extra atoms, the contact angle � during
growth would then be close to 120°. This latter � value is
used hereinafter.

A second part of the incoming atoms �ii� is intercepted by
the NW sidewalls and we assume that a fraction b of these
can diffuse to the catalyst droplet and effectively contributes
to NW elongation. This contribution writes B
=2bRHW�t�J sin �, where HW�t� is the apparent NW height
emerging at time t from the 2D layer which grows between
the NWs. The third contribution to NW elongation stems
from the collection of adatoms from the substrate surface
followed by their migration to the drop. As in Ref. 8, we
assume that these atoms are collected from a ring of width l
and area A surrounding the NW, hence C=AJ cos �, with
A=�l�l+2R�. The NW elongation results from the sum of
the three contributions:

dHT�t�
dt

=
�

�R2 �A + B + C�

= J��a + b
2

�R
HW�t�sin � +

A
�R2cos �� �1�

where HT�t� is the total NW length measured from a fixed
reference, namely, the initial substrate-NW interface, and �
is the volume per group III atom in the solid III-V com-
pound. We consider that the atoms which do not participate
in the NW elongation are incorporated at the substrate sur-

360 420 480 540 600
0

100

200

300

400

3:3

N
an

ow
ire

le
ng

th
(n

m
)

Growth time (s)

1:5

As
4
:P

2

gas phase ratio

Flux modulation
stopped

FIG. 2. �Color online� Chronology of growth of a single
InP1−xAsx nanowire. The length of the nanowire shown in the inset
�scale bar: 50 nm�, is measured from its cleaved edge and plotted as
a function of the absolute growth time, as deduced from the com-
position oscillations along its axis. The different colors correspond
to different overlapping HAADF images. During the growth experi-
ment, the flux modulation was stopped for 12 time periods. The
corresponding region, where composition oscillations are missing,
serves as a time reference. At 355 s, the nominal As4 :P2 flux ratio
was changed abruptly from 1:5 to 3:3.
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face and form the 2D layer which hence grows at the rate

dH2D�t�
dt

=
�

L2 − �R2 �T − A − B − C� 	 J� cos �

−
�R2

L2

dHT�t�
dt

, �2�

where, in the second equality, we have kept only the terms of
lowest order in �R /L�. Equation �2� describes the fact that
NWs grow to the detriment of 2D growth. For simplicity,
previous works7–9 have considered a constant 2D growth rate
equal to J� cos �. The correction included in Eq. �2� easily
amounts to several percent of this nominal growth rate, even
at the modest NW density and small NW radius considered
here. In most realistic cases, this correction cannot be ne-
glected. The 2D layer buries progressively the bottom of the
NW. Therefore, the height of the emerging part of the NW is
HW�t�=HT�t�−H2D�t� and, using Eq. �2�, its variation with
time writes:

dHW�t�
dt

=
dHT�t�

dt

1 +

�R2

L2 � − J� cos � �3�

Combining Eqs. �1� and �3� gives a differential equation
which is solved to fit our experimental data �Fig. 2�. For both
growth conditions �low and high As4:P2 ratio�, we have two
adjustable parameters, namely b and A �or l, since R is
fixed�. The first part of growth �low As4:P2 ratio� can be
very well fitted with b=1 and l=0.5 nm. This means that all
the In atoms collected by the sidewalls are transferred to the
drop and participate in NW axial growth, while the collection
of substrate surface adatoms contributes very marginally to
NW elongation �l is very small�. In the second part of growth
�high As4:P2 ratio�, b must be taken less than 1. Since In
desorption is negligible, this indicates that part of the ada-
toms collected by the NW sidewalls now diffuse to the sub-
strate. This part corresponds to the adatoms intercepted by a
NW portion of length �1−b�HW and, for sake of consistency,
we must have C=0. In these conditions, the model cannot fit
the data satisfactorily �see Fig. 3�a� and Table I�. However,
the fit is much improved if we allow contribution C to be
negative. The former expression of C is then replaced by
−A�J sin � where A�=2Rh is now the cross-sectional area
of the lowest portion of NW of height h from which adatoms
flow to the substrate. Accordingly, HW is replaced by HW
−h in the expression of B. This means that the flow of ada-
toms from the sidewalls to the substrate now corresponds to
the effective collection height h+ �1−b��HW−h�=bh+ �1
−b�HW while the flow to the catalyst corresponds to b�HW
−h�. An excellent agreement is obtained for the second part

of growth with b=0.93 and h=64 nm �Fig. 3�b��. Thus, in
this second growth stage, the adatoms collected by the side-
walls are shared between NW and 2D layer growth. At HW
=500 nm, the effective collection height for diffusion to the
substrate amounts to 94.5 nm.

B. Diffusion model

These preliminary conclusions are useful for implement-
ing the model of Dubrovskii et al.9 which describes more
accurately the migration of adatoms on the different surfaces,
at the expense of more unknown parameters. In this model,
the diffusion equations are solved with adequate boundary
conditions. In order to minimize the number of parameters,
we reformulate the expression of NW elongation with time
found in Ref. 9 as follows:

dHT�t�
dt

= J��a +
�2� f

�R
��1 − � f�sin ���U
HW�t�

� f
� + �2�s

R
�1 − �s�	 cos ��

U�
HW�t�
� f

�  . �4�
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FIG. 3. �Color online� Experimental NW elongation �circles�
fitted with a model adapted from Refs. 7 and 8 �lines�, with differ-
ent parameters for each As4:P2 ratio, before and after t=355 s.
Two sets of parameters are compared for the second growth stage:
�a� no collection of substrate adatoms �l=0 nm�; �b� adatom flow
from NW to substrate surface �h=64 nm�.
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In this expression, �s and � f are the adatom diffusion
lengths on the substrate surface and on the sidewalls,
respectively. k being the Boltzmann’s constant and T the
growth temperature, we have �s=exp�−�
sl /kT� and � f
=exp�−�
 fl /kT� with �
sl=
s−
l and �
 fl=
 f −
l, where

l and 
s are the chemical potentials per III-V pair in the
liquid droplet and at the substrate surface far from the NW;

 f is the chemical potential on the sidewall at the maximum
possible adatom coverage of the latter �limited by desorption
only�. The parameter 	 equals K1�R /�s� /K0�R /�s� where Ki
is the modified Bessel function of the second kind of order i.
The function U�x� is given by U�x�=sinh x+�	�cosh x−1�
and U��x�=cosh x+�	 sinh x, with �=�s�s� / �� f� f tan ��.
Eq. �1� of the former model is replaced by Eq. �4� where
modified expressions of contributions B �second term� and C
�third term� appear. Eq. �2� and �3� remain valid to express
the 2D layer and apparent NW growth rates.

We now have four adjustable parameters for each growth
stage: �
sl, �
 fl, �s, and � f. To reduce the number of free
parameters, we keep the same value of � f for both growth
stages. Although we recently showed that the group V spe-
cies can affect this diffusion length,18 in the present case � f
has little influence on the calculation, provided that it is
larger than the final NW length, as shown later. We take � f
=2 
m, a reasonable value since in our conditions, NWs up
to this length can be obtained without radial growth. Con-
cerning �s, we find that very small values �a few nm� are
necessary to fit the experiment, consistently with the low l
value obtained in the previous model. Our best fit is obtained
with �s=2 nm. This very short length is surprising at first
sight, but it can be understood as a limitation of adatom
diffusion by atomic steps. Indeed, the epilayer between the
NWs has an ample surface roughness and the widths of the
terraces between the atomic steps can be as small as a few
nm. In these conditions, changing the group V flux is also
expected to have little impact on the substrate surface diffu-
sion. For that reason, we use the same value of �s for both
growth stages. On the other hand, the abrupt change of
As4 :P2 flux ratio is expected to modify significantly the
composition and the chemical potential of the catalyst drop-
let. Accordingly, we adjust two sets of chemical potential
differences, valid before and after this change. We find
�
 fl=270 meV and �
sl=18.2 meV for the first part of
growth, indicating net flows of adatoms diffusing from the
sidewall facets and from the substrate surface to the droplet.

As in the former model, the contribution from the substrate
surface is very small due to the combination of low �s and
moderate �
sl. Very quickly, the contribution from the side-
walls dominates largely. After the change of As4 :P2 flux ra-
tio, �
 fl must be reduced to 160 meV, which indicates that
the flow from the sidewalls to the droplet is less efficient
when P2 is replaced by As4. At the same time, �
sl takes a
negative value of −145 meV, showing that a significant part
of the atoms intercepted by the NW now migrates to the
substrate surface, to the detriment of NW growth. This be-
havior is in line with the conclusions derived from the
former model. This illustrates the crucial role of group V
fluxes which can, via their interaction with the other con-
stituents of the drop, affect the chemical potential of In in the
latter17 and redirect part of the diffusion flow of In adatoms.
With these parameters, Dubrovskii’s model describes fairly
well the experimental dependence HT�t�, and the abrupt
change in NW growth rate is well reproduced, as shown in
Fig. 4.

IV. DISCUSSION

We derive important conclusions from these results. In
our experiments, NW growth is mainly sustained by contri-
butions A and B. As the NW aspect ratio becomes significant,
contribution A tends to be marginal as compared to B. The
latter is responsible for the nonlinear variation of HT�t�: as
the NW becomes longer, it collects more material on its side-
walls and consequently grows faster. During the first growth
stage, almost all the In atoms intercepted by the NW sidewall
facets are transferred to the catalyst droplet. During the sec-
ond stage, this transfer is less efficient as a consequence of
the change of As4:P2 ratio which affects the drop chemistry.
The concentrations of As and P in the drop are modified and
their interactions with the other constituents of the liquid
phase have a significant impact on the chemical potentials in
the liquid.17 Since the As and P concentrations in the drop are
low, its composition may change rapidly. Only a few mono-
layers are grown during the corresponding transient regime
which therefore appears as a growth rate discontinuity �see
Fig. 4�b��.

Contribution C is close to zero or even negative. This
conclusion goes against the prevailing idea that collection of
substrate adatoms is necessary to explain NW growth. Let us
show that NW growth can even be initiated without this lat-

TABLE I. Parameters and standard deviations corresponding to the fit of Fig. 3 with a model adapted
from Refs. 7 and 8. b is the fraction of adatoms intercepted by the NW sidewalls which diffuses to the
catalyst droplet, C is a constant flow of adatoms from the substrate surface to the NW with the following
characteristic lengths of collection: l on the substrate if C�0, or h on the NW if C0. Standard deviations
between calculation and experiment are indicated for the first part of growth ��1� and for the full dataset ��T�.

b Sign of C
l or h
�nm�

�1

�nm�
�T

�nm�

First part of growth 1 + 0.5 1.19

Second part of growth 0.48 0 0 12.34

First part of growth 1 + 0.5 1.19

Second part of growth 0.93 − 64 1.28

GROWTH KINETICS OF A SINGLE… PHYSICAL REVIEW B 81, 235436 �2010�

235436-5



ter contribution �without excluding that this contribution can
play some role�. We consider the catalyst drop as a truncated
sphere sitting on the substrate with the contact angle �. The
sidewalls are not yet formed �B=0�, and we assume that C
=0. The drop intercepts the vapor flux aJ while the substrate
surface receives flux J cos �. Thus, if a /cos ��1, more In
is supplied to the liquid/solid interface via the drop as com-
pared to the flux impinging on the rest of the substrate sur-
face. This condition is satisfied as soon as ��

�
2 −�, which is

very likely the case in our experiments. This geometrical
effect, first highlighted by Chatillon et al.,15 is thus sufficient
to explain how NW growth starts. Note that if � is
temperature-dependent and becomes less than �

2 −� above a
certain temperature, NW formation could be hindered while
2D growth would still be possible. This could explain why
experiments show that InAs or InP NW growth cannot be
initiated at T�450 °C.7

The NW sidewall facets consist of �2̄110� planes. At a
given time, the chemical potential on these facets has a cer-
tain profile along z, with a maximum value, 
max, situated at
altitude ẑ �
max tends toward 
 f for an infinitely long NW�.
Let us call jb and jt the diffusion fluxes of adatoms at the
bottom and at the top of the NW �counted positive if directed
upwards�. In the first growth stage, jb and jt are positive and

max is located at the bottom of the NW �ẑ=0�. In the second
stage, jb is negative and in that case the diffusion equation on

the sidewalls leads to ẑ=
� f

2 ln�
jb exp�HW/� f�−jt

jb exp�−HW/� f�−jt
�. As long as HW

is less than � f, ẑ varies slowly with HW and, if HW�� f, we
have ẑ�HWjb / �jb− jt�. For HW=500 nm, we obtain ẑ
=113.7 nm. This value is comparable to the effective collec-
tion height of 94.5 nm which was extracted using the first
model from the estimate of the portion of adatoms diffusing
from the sidewalls to the substrate. ẑ corresponds to the side-
wall altitude where the In adatom concentration is highest
and this local concentration increases as the NW grows. At
NW heights longer than those investigated here, the nucle-

ation on these �2̄110� facets likely occurs near ẑ and radial
growth can develop by step flow parallel to the facets.8

Our study is limited to stationary values of 
l, the chemi-
cal potential in the liquid. Further developments should in-
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FIG. 4. �Color online� Experimental NW elongation and corre-
sponding axial growth rate �circles� fitted with a model adapted
from Ref. 9 �lines� and a reduced number of free parameters �� f, �s,
�
 fl, and �
sl�. Different chemical potential differences are used
for each As4:P2 ratio, before and after t=355 s.
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clude its increase with time which must account for the in-
crease of NW growth rate.

V. PARAMETERS ROBUSTNESS

We examine the robustness of the set of parameters used
to fit the experimental data. As mentioned before, changing
� f has little influence on the calculation provided that its
value is higher than the NW height. This is illustrated in Fig.
5�a�. The calculation is more sensitive to �s �Fig. 5�b��. Our
best fit is obtained with a very short �s, about an order of
magnitude smaller than the diffusion length used by Du-
brovskii et al. to fit their experimental dependence of GaAs
NW length with R.19 The latter NWs were grown at 560 °C,
i.e., 140 °C higher than the present In�As,P� NWs. This
could partly explain the difference. Nevertheless, the robust-
ness of our parameters has been tested by optimizing the
chemical potential differences with different values of �s.
Table II summarizes the fitting parameters and gives the
standard deviations between calculated and experimental
data. A reasonable fit can be obtained with �s=25 nm and
significant changes on the chemical potential differences.
However, this new set of parameters does not alter the direc-
tion of adatom flows. On the contrary, if �s is set to a few
hundred of nm, it is impossible to obtain a good fit.

The influence of � is illustrated in Fig. 5�c�. The calcula-
tion is very sensitive to this parameter. As explained in Sec.
IV, � influences the initial axial growth rate which is mainly
fixed by contribution A. A change of 5° around �=120° pro-
duces a 10% variation of the initial growth rate. Since the
NW elongation is exponential-like, this modest difference is
amplified with time. Apart from the few in situ TEM obser-
vations, � cannot be measured during NW growth. Our work
points out that this parameter has to be carefully estimated to
minimize the uncertainty which affects the other parameters
of the models.

VI. CONCLUSION

Much information on nanowire growth can be derived
from the experimental method presented here. The modula-
tions of composition are similar to the rings of a tree which
inform on the chronology of its growth. Incidentally, the ra-
dial growth of a nanowire could also be investigated with the
same principle. Since the method relies on chemical compo-
sition, it can be applied to any crystalline orientation. It is all
the more sensitive when the concentration of a heavy ele-
ment is modulated in a light matrix alloy. Existing models
can reproduce fairly well the time dependence of NW elon-
gation in the particular case of our Au catalyzed MBE grown
In�As,P� NWs. Although they are presently limited to sta-
tionary chemical potentials of a single element �In in our
case�, these models allow one to derive important trends. At
variance with what is often assumed, we find that the diffu-
sion of In adatoms from the substrate surface to the NW is a
minor contribution to NW growth. The net flow of adatoms
can even follow the reverse direction, from the NW sidewalls
to the substrate surface. The beam flux intercepted by the
NW sidewalls represents the main contribution to NW
growth. The contact angle of the catalyst drop is a critical
parameter which, via its impact on the initial NW growth
rate, affects the whole growth chronology. These conclusions
evidence the high sensitivity of NW kinetics on geometrical
factors.
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