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Abstract
State-of-the art models for statistical properties within the nanowire ensembles consider influx of
precursors, reflection and surface diffusion of adatoms. These models predict a delay in the nanowire
growth start and the evolution toward an asymmetric length distribution. We demonstrate here the
effect of desorption of the nanowire material, which has not been considered so far in studies of the
nanowire length distributions. We show that at the very beginning of growth the length distribution
should be asymmetric due to the slow nucleation of nanowires. At longer times, the length
distribution acquires a symmetric Gaussian shape due to the increased weight of desorption. The
width of this distribution is larger than Poissonian and increases for higher ratio of desorption over
deposition rate. Our model is consistent with the length evolution of organized self-catalyzed GaAs
nanowires. We outline that desorption of the nanowire material should be minimized to achieve
arrays of highly identical nanowires. These results are relevant for a wide variety of material systems.

Keywords: self-catalyzed III–V nanowires, length distribution, group V desorption, growth
modeling

(Some figures may appear in colour only in the online journal)

1. Introduction

Semiconductor nanowires (NWs), particularly NWs of III–V
compounds, are widely considered as fundamental building
blocks for nanoscience and nanotechnology [1–3]. Many
applications require the highest possible degree of size
homogeneity within the ensembles of III–V NWs in terms of
both diameter and length. Narrowing the size distributions of
these nanoobjects is also interesting from the fundamental
viewpoint, with far-reaching generalizations [4]. III–V NWs
are usually obtained by the vapor–liquid–solid (VLS) method
[5], with either gold [5] or a group III metal (gallium) [6, 7] as
the growth catalyst. The ability of gallium droplet to either
swell or shrink under low or high V/III flux ratios, respec-
tively [8–12], allows for the fine tuning of NW diameter,
including its self-regulation to a very narrow range [9, 10].

The accurate prediction of the nanowire length distribu-
tion (LD) is much more complex. It is well-known that self-
catalyzed III–V NWs growing at a time and size-independent
rate v=const without desorption should have the Poisson
LD [13], which is why it is common to compare the measured
LDs to the Poisson distribution. There is only one effect
leading to a sub-Poissonian narrowing of the NW LD [4],
which is associated with a limited number of group V atoms
dissolved in the droplet and called nucleation antibunching
[14, 15]. All other processes, including (i) a nucleation delay
of NWs emerging from the substrate [16], (ii) secondary
nucleation of group III droplets [16, 17], (iii) surface diffusion
of group III atoms [18, 19], and (iv) shadowing effect [20]
contribute to broadening of the LDs. Process (iii) does not
strongly affect the LDs of self-catalyzed III–V NWs because
their axial growth rate is determined by the kinetics of group
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V species [6, 8–10]. For self-catalyzed III–V NWs grown in
organized arrays on patterned SiOx/Si(111) substrates with
gallium pre-deposition [11, 12, 21], process (ii) is disabled,
while process (iv) is unimportant for short enough NWs.
Therefore, the main factor for broadening the LDs is the
nucleation delay [4, 16]. Synchronized nucleation of GaAs
NWs obtained by different techniques has recently enabled to
achieve sub-Poissonian LDs [20, 22]. For long nucleation
delays, the LDs acquire a broad asymmetrical shape with a
long left tail for NWs which have emerged later [4, 16].
Without nucleation antibunching, this asymmetry and
broadening is described by the single parameter
a = <v v 10/ [16], which shows how the growth rate of the
very first NW monolayer (ML) (v0) is delayed with respect to
upper MLs (v).

This picture is, however, incomplete, because many
experimental LDs, for example, in the case of self-catalyzed
GaAs NWs, show a different shape in the initial growth stage
[20, 21]. This shape is more symmetrical than the α-dis-
tribution given in [16], but much broader than the Poisson
LD. Consequently, in this work we study ‘desorption’ of the
nanowire material [23–27] as an additional source for
broadening the NW LDs and derive a more general analytic
LD. We introduce this desorption by considering a probability
that the last monolayer (ML) of a NW disappear; which is a
stochastic process symmetric to nucleation of MLs. Deso-
rption of the NW material can manifest through different
kinetic processes, such as desorption of arsenic [23, 24, 27] or
cadmium [25] atoms from a catalyst droplet, desorption of
arsenic adatoms from the NW sidewalls [24], or the reverse
diffusion of group III atoms from a catalyst droplet onto the
NW sidewalls [26]. The NW grows when the desorption rate
is lower than the arrival rate of the NW material, and decays
otherwise. In this terminology, desorption of the NW material
is equivalent to ‘negative’ growth considered earlier in [26].
In the particular case of self-catalyzed III–V NWs, the NW
MLs can be erased by lowering or even turning off the
material fluxes, where arsenic atoms most probably desorb
directly from the gallium droplet and the excess gallium
atoms may diffuse down to the substrate. These considera-
tions are consistent with the general growth theory, in which a
probability of decay (removing the NW MLs in our case) is
considered which equalizes the growth rate (adding the NW
MLs) at equilibrium [3]. Therefore, the term ‘desorption of
the NW material’ will be used in what follows to describe the
VLS systems which are able to dissolve the NW MLs and
desorb the excess material through the catalyst droplet.

We show that the shape and width of the new LD is
controlled by the two parameters α and β, describing the
nucleation delay and desorption, respectively. The modified
LD may change its shape from very asymmetrical at the very
beginning of growth to the precisely symmetrical Gaussian,
whose width is much broader than the Poissonian and is
determined by the desorption rate. With this LD, we are able
to fit experimental data on short self-catalyzed GaAs NWs
[21], which would be impossible with the α-distribution.

2. Model

Let us consider self-catalyzed III–V NWs or, more generally,
NWs whose axial growth rate is given by the difference
between the length-independent deposition rate v (the prob-
ability of adding the NW ML per unit time) length-indepen-
dent desorption rate vdes (the probability of removing the ML
per unit time). Introducing the dimensionless variable t = vt,
which equals the deposition rate v multiplied by the growth
time t, the discrete distribution over the lengths s measured in
MLs obeys the system of rate equations (REs)

t
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Here, b = v vdes/ is the desorption fraction, the major factor
influencing the shapes of the NW LDs. It will be considered
time-independent in what follows, however, the general-
ization for b b t= ( ) with saturation at a certain value for
large t does not significantly change the LD shapes.
According to the above discussion, equation (1) means that
the population of NWs having the length s increases by
adding one ML of semiconductor material to NWs of length
-s 1 and removing 1ML from NWs of length +s 1, and

decreases when1ML is added to or removed from NWs of
length s. Axial NW growth occurs when b < 1, b = 1 cor-
responds to the equilibrium vapor flux which equalizes the
desorption flux, while b > 1 yields negative NW growth by
evaporation through a catalyst droplet [26].

In the continuum limit (s 1 ), these discrete REs are
reduced to one Fokker-Planck equation of the form
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Following the general method [28, 29], we first obtain
Green’s function of equation (2) tF s, ,( ) which corresponds
to the delta-like initial condition at zero time, t = =F s, 0( )
d s .( ) The exact result for Green’s function is given by the
Gaussian
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2 ( ) Considering the case of positive NW growth
(b < 1), the ratio s b bá ñ = + -s 1 10

2
0 ( ) ( )/ / is larger than

unity and increases for larger b. The Poisson case with
s tá ñ = =s P P

2 and s á ñ =s 1P P
2 / is recovered only in the

absence of desorption (b = 0). Therefore, desorption of
group V atoms from the droplet decreases the mean length
and increases the variance of Green’s function with respect to
the Poissonian VLS growth [4, 13]. Clearly, Green’s function
is symmetric around á ñs .0 These results become even more
obvious if we introduce the new variable x in equation (2)
according to b t= -x 1 ,( ) for which the regular growth rate
equals 1 and the multiplying factor of the second derivative
term gives the variance b b+ - x1 1 .[( ) ( )]/
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The NW LD should now be obtained by convolution of
Green’s function with the nucleation rate tJ ( ) according to
[26]

òt t t t t= ¢ ¢ - ¢
t

f s d F s J, , . 4
0

( ) ( ) ( ) ( )

Finding the NW nucleation rate in systems with deso-
rption is not as straightforward as in the case b = 0, because
the population of droplets tf0 ( ) is influenced by removing
MLs from NWs of length =s 1. Numerical tests show,
however, that in the interesting case of slow nucleation
(a 1 ) the exponential decay [4, 16]

t a= at-J e 5( ) ( )

provides a good approximation. This feature is explained by
the fact that at is the slow variable and hence the corresp-
onding exponential mode is the longest.

Using equations (3) and (5) in (4), after some calculations
we get the final result for the NW LD in the form
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as the regularized complimentary error function. This LD is
controlled by the two parameters a and bdescribing the
effects of the nucleation delay and desorption, respectively. It
easy to show that the fully formed LD (for which

t= f s 0, 0( ) ) preserves the normalization
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The mean size and variance of the LD are given by
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At b = 0, the LD is reduced to the one-parametric
a-distribution obtained earlier in [16]. Of course, equation (8)
for the mean length makes sense only when á ñs is positive,
which requires that t a> 1 ./ This is consistent with the fact
that equations (7) and (8) apply only in the large time limit
where the NW nucleation is fully completed.

3. Results and discussion

According to equation (8), the mean size of the two-parametric
LD can be presented as b aá ñ = á ñ - -s s 1 ,0 ( )/ where á ñs 0

is the mean size of Green’s function and the second term
describes the additional delay of growth due to slow nucleation.

The total variance equals s s b a= + -1 ,2
0
2 2 2( ) / where s0

2

is the variance of the symmetric Green’s function, and the
second term describes the asymmetry and the additional
broadening of the LD due to slow nucleation. For small enough
a, the a-dependent terms in the mean size and variance can be
dominant for very short NWs. In a later growth stage, however,
the á ñs 0 and s0

2 terms become much greater than the a-terms,
because both mean size and variance of Green’s function are
proportional to the growth time t. This corresponds to a
transition from the initially asymmetric LD, influenced by the
nucleation delay, to a broad and symmetric Gaussian LD whose
width is controlled by desorption of the NWmaterial and can be
much larger than in the Poisson case. Therefore, our two-
parametric function can describe broad and symmetric NW
LDs, while the a-distribution remains asymmetric for a much
longer time.

These properties are demonstrated in figures 1 and 2.
Figure 1 shows the time evolution of the LDs at b = 0 and
b = 0.6 for the same a = 0.05. It can be seen that the LD
shapes are quite similar at the very beginning of growth due
to slow nucleation. NWs grow much slower in the presence of
desorption, which is why they reach a mean length of ∼65
MLs after τ=80 at b = 0 and only after τ=175 at
b = 0.6. The LD shapes at a fixed mean length of 65 MLs
become very different—the one at b = 0 remains asymmetric
toward a much longer left tail, while the one at b = 0.6 is
symmetric around the mean size, but broader than without
desorption. Figure 2 shows how the asymmetric LD at b = 0
is transitioned to the symmetric Gaussian with increasing b at
a fixed mean length of 200 MLs.

Figure 1. Time evolution of the NW LDs given by equation (6) at
b = 0 for t= 40, 60 and 80 (dashed lines), and at b = 0.6 for t=
40, 60, 80 and 186 (solid lines). NWs grow much slower in the
presence of desorption (b = 0.6). Their LDs are asymmetric at the
beginning due to slow nucleation (at a = 0.05), and quite similar to
the ones in the absence of desorption (at b = 0). The mean length of
∼65 MLs is reached at t = 80 for b = 0, and at t = 175 for
b = 0.6. The resulting LD shapes, shown by bold lines, are very
different—the LD at b = 0 remains asymmetric, with a long tail for
shorter NWs, while the LD at b = 0.6 is perfectly symmetric, but
broader than the one at b = 0.
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Figure 3 show a comparison of our model with the
experimental data on the LDs of Ga-catalyzed GaAs NWs in
the initial stage of their growth. These NWs were grown by
molecular beam epitaxy (MBE) in patterned arrays of 45 nm
diameter holes in ∼10 nm thick thermal oxide on Si(111)
substrates. The initial droplets were obtained by gallium pre-
deposition onto the patterned surface. For this series of
samples, the gallium atomic flux corresponded to a GaAs
planar growth rate of 0.1 nm s−1, and the As4 partial pressure
was fixed at 2×10−6 Torr. The substrate temperature during
growth was 635 °C. More details can be found in [21] and
Methods. At this high temperature, desorption of arsenic
atoms is expected to be very significant [3, 23]. Therefore, we
fit the experimental length histograms by our two-parametric
LD which accounts for the arsenic desorption.

After 4.5 min of GaAs deposition, the NWs have just
started from the holes and their LD is slightly asymmetric.
Within our model, this asymmetry corresponds to slow
nucleation with a = 0.02 in equation (6). After 7.5 min of
GaAs deposition, the LDs become symmetric, but much
broader than the Poisson LDs. The best fits for the exper-
imental LDs at 7.5 min and 15 min are obtained for the same
a = 0.02 and b = 0.9 0.02. The best fit for 10 min sample
corresponds to b = 0.72 0.02. These b values show that
∼72%–90% of deposited arsenic atoms re-evaporate from the
gallium droplets. This effect leads to a very significant
broadening of the LDs with respect to the Poissonian growth
without desorption. According to [21], increasing the As4
pressure from 2×10−6 Torr to 2.5×10−6 Torr and further
to 3×10−6 Torr at the same temperature results in a faster
axial growth rate and gradual narrowing of the NW LDs. This
result is clearly explained by our model, because increasing
the influx of arsenic atoms v yields the corresponding
decreases of the b = v vdes/ at @v const.des Quantitative stu-
dies of this effect will be presented elsewhere.

Let us now discuss the parameter robustness and the
relevance of our two-parametric distribution against other
factors which may affect the NW LDs. First of all, there is a
large variation in the b values obtained from the fits for
4.5 min (b = 0.4) and longer (b = -0.72 0.9) growth
times. The b variation can be reduced by fitting the histogram
at 4.5 min by equation (6) with a = 0.13 and b = 0.6,
corresponding to the dashed curve in figure 3(b). This curve
corresponds to an almost symmetric Gaussian distribution,
which is also the case for longer growth times. On the other
hand, further decreasing the a parameter with the simulta-
neous decrease of b yields more asymmetric LDs which are
not seen in the experiment, as demonstrated by the dashed
curve in figure 3(d) at a = 0.002 and b = 0.6. These
examples show that the measured LDs are actually insensitive
to the a values, with the LD width being controlled primarily
by the b parameter. The b values range approximately from
0.6 to 0.9 for different samples grown under very similar
MBE conditions. All the LDs can be reasonably well fitted by
the normal Gaussian distributions [see, for example,
figure 3(b)], to which our two-parametric LD is transitioned
for longer growth times (see figure 1). In any case, the fits are
very sensitive to b so that it is impossible to fit the LDs for
4.5 min and 10 min samples with b @ 0.9 or the LDs for
7.5 min and 15 min samples with b = 0.6.

This spread in the b values for different samples can be
due to several reasons. Local fluctuations in the group V rates
normally enlarge the distribution. However, in our MBE
system, the spatial inhomogeneity of the arsenic flux is less
than 0.1% and this effect should be almost negligible. More
importantly, our simplified model is restricted to the case of
time and radius-independent v and v ,des while the real
adsorption-desorption rates may depend on the NW contact
angle which changes in the initial stage of growth [21].
Nucleation of MLs within the holes is expected to be different
from developed NWs. Although the MBE growth conditions
for the considered samples are similar, they were obtained in
different growth runs and on different substrates. According
to [30], the chemical potential of arsenic atoms in the droplet
is strongly affected by the presence of silicon coming from
the substrate. The effect is so strong that GaAs NWs cannot
grow at all when the silicon concentration is too high. The
growth rate of our NWs may also be influenced by silicon
atoms, whose concentration may change quite substantially
from sample to sample. This depends, for example, on the
fraction of clean silicon surface in the hole relative to the
oxide surface [30]. Large variation in the widths of both
length and diameter distributions observed in [21] can be
attributed to the influence of the silicon atoms on the
nucleation and growth of self-catalyzed GaAs NWs. All these
effects require a separate study which will be presented
elsewhere. Given these tolerances and noisy character of the
measured length statistics, the variation of b from 0.6 and 0.9
is entirely possible and clearly demonstrates the effect of
desorption on the NW LDs.

In conclusion, the obtained LD is controlled by the two
parameters a and b describing the nucleation delay for the very
first NW ML and desorption of the NW material (corresponding

Figure 2.Comparison of the LD shapes at a fixed mean length of 200
MLs for the same a = 0.03 and different β=0 (dashed–dotted
line), 0.4 (dashed line) and 0.7 (solid line), showing the transition
from asymmetric to symmetric LD with increasing the desorption
fraction b.
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to removal of NW MLs), respectively. The effect of desorption
becomes more important in the large time limit, and leads to a
significant broadening of the symmetric LDs with respect to the
Poissonian case. This two-parametric LD is not necessarily
restricted to self-catalyzed NWs and can be applied in a more

general case of any NWs growing in the VLS regime with
desorption of semiconductor material. Clearly, the effect of
desorption should be minimized for growing more length-uni-
form ensembles of NWs, for example, by decreasing the growth
temperature or increasing the deposition rate. In our analysis, we

Figure 3. 20° tilted scanning electron microscopy images of Ga-catalyzed GaAs NWs grown by MBE in patterned arrays on SiOx/Si(111)
(left), and their LDs (right) after 4.5 min, 7.5 min, 10 min, and 15 min of GaAs deposition, respectively. Scale bars in the images correspond
to 200 nm. After the NWs have just emerged from the substrate (4.5 min), their LD is slightly elongated toward shorter lengths due to
difficult nucleation. The best fit to this LD is obtained from equation (6) with a = 0.02 and b = 0.4. After 7.5, 10 and 15 min of GaAs
deposition, the measured length histograms become almost perfectly symmetric, and best fitted by equation (6) with the same a = 0.02,
b = 0.9 for 7.5 and 15 min samples and b = 0.7 for 10 min sample. The dashed curves show the fits obtained with the modified parameters
as discussed in the main text.
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disregarded nucleation antibunching, in which case the best size
homogeneity corresponds to the Poisson LD. According to [27],
the effect of antibunching is less in systems with desorption. We
now plan to consider an interesting interplay of the nucleation
delay, nucleation antibunching and desorption from the view-
point of the obtained results.

4. Methods

The growth substrates were 〈111〉 p-doped silicon wafers with
a resistivity of 0.1−0.5 Ω cm and with a 15 nm thermal oxide
(in a Centrotherm furnace at 950 °C). The nanoscale pattern
was predefined in a ZEP resist with electron-beam litho-
graphy. It was transferred on the oxide layer by a 6 s dry
etching using CHF3/SF6 chemistry followed by 2 s dip in 7:1
buffered hydrofluoric acid solution (BHF). Electron-beam
resist was removed by oxygen plasma. In order to ensure an
oxide-free surface in the holes, the patterned silicon substrates
were shortly dipped in a BHF solution prior to the introduc-
tion to the UHV chamber. The final thickness of oxide before
loading was 10±1 nm. After loading into the MBE cham-
ber, the substrates were annealed at 500 °C for 2 h in UHV to
ensure a pristine surface free of water and organic molecules.
The substrate were then transferred to the growth chamber,
where prior to growth they were degassed at 770 °C for
30 min to further remove any possible surface contaminants.

Measurements of the NW lengths were performed as
described in [21]. However, the measured NW lengths given
in figure 3 include the droplet heights. This accounts for
approximately the same heights of GaAs crystals grown
within the holes below the oxide surface. The NW lengths are
given in MLs, with a ML height of 0.326 nm for zincblende
〈111〉-oriented GaAs NWs used for the conversion.
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