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Role of the shadowing effect in the growth kinetics of III−V nanowires by

molecular beam epitaxy
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A model for III-V nanowire (NW) growth in molecular beam epitaxy (MBE) is developed, which describes the

NW growth by surface diffusion of adatoms influenced by the shadowing effect. It is shown that the shadowing

effect strongly influences the growth kinetics in dense ensembles of NWs. A new solution for the NW length as a

function of its radius and deposition thickness is obtained. A comparison is given for theoretical and experimental

lengths of InP NWs grown on either adsorbing or reflecting substrates.
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Nanowires (NWs) of semiconductor compounds III−V

(III−V NWs) are promising in view of creating

new−generation nanoheterostructures for photonics and

nanoelectronics, including those on silicon and other

lattice−mismatched substrates [1–4]. Due to efficient

relaxation of elastic stresses, the III−V NWs may be

grown on silicon substrates without formation of mismatch

dislocations [5,6], contrary to planar layers or nanois-

lands [7]. The III−V NWs are often synthesized by the

method of molecular beam epitaxy (MBE) according to

the vapor−liquid−crystal (VLC) mechanism when either

Au [8] or Ga [9] is used as a catalyst. The MBE method

allows growing III−V NWs without a catalyst according to

the selective epitaxy (SE) mechanism [10]. The VLC and

SE mechanisms are sometimes combined within one and the

same sample depending on the NW radius and deposition

conditions [11].

The MBE growth of the III−V NWs on unprocessed

substrates where Au droplets are created by thermal

annealing proceeds due to direct impingement of the

semiconductor material into a droplet and to surface

diffusion of the III−group adatoms [12–15]. In the case

of MBE growth on processed substrates when the Au

or Ga droplets are deposited in a regular array of the

oxide mask openings, the III−V NW formation mechanism

is temperature−dependent. At high temperatures, the

most probable mechanism is reflection (reemission) of the

III−group adatoms from the oxide mask surface [16–18]. At
low temperatures, the mechanism of diffusion−controlled

growth or a combination of two mechanisms is not excluded.

In both cases, an important role is played by the shadowing

effect [16,18,19] that consists in blocking a part of the

substrate surface and lateral surface of the considered NW

by adjacent NWs during MBE. In work [18], we have

proposed an analytical model of the NW growth influenced

by the shadowing effect and reemission flux during MBE

on reflecting substrates. The goal of this study was to

construct a model of the NW diffusion−controlled growth

influenced by the shadowing effect at all the growth stages,

which distinguishes our approach from the earlier proposed

models for growing solitary NWs [12–15].
The geometry we consider is illustrated in Fig. 1. All

NWs have the same cylindrical shape R in radius and L in

length. The size dispersion will be considered in a separate

publication. Possible effects associated with secondary Ga

droplet nucleation are neglected. The droplet contact angle

at the NW vertex is β . The case of β = 0 corresponds

to the absence of a droplet during SE. The NW surface

density is N = 1/(cP2), where P is the pitch of regular

array of openings in growing on the processed surface,

c is the geometric factor. The NW growth is controlled

by the III−group element flux v = v0 cosα [nm/s], where

v0 is the total flux, α is the beam angle with respect to the

surface normal. The III−group atom desorption from all

the surfaces is assumed to be absent. Effective deposition

thickness H = vt is proportional to the growth time t .
Similarly to papers [12,13,15], we consider the case of

NWs with constant radius R = const and constant−volume

droplets (β = const). Thus, the model is applicable to any

III−V NWs with lengths shorter than the III−group adatom

diffusion length on the lateral surface in the absence of radial

growth [12,13,15,18].
Based on the material balance condition, we have

H = NπR2L + H2D(1− NSc). (1)

The first term is the NW volume per unity sur-

face area, while the second one is the volume of a

quasi−two−dimensional (2D) layer growing between NWs;

the 2D layer mean thickness is H2D. The Sc area free of

the 2D layer is Sc = π(R + λs)
2, where λs is the surface
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Figure 1. Illustration to the NW ensemble geometry.

diffusion length of the III−group adatom. Possibly, the

growth of the 2D layer takes place also in the diffusion

ring [14] when Sc = ϕπ(R + λs)
2, where ϕ is the fraction

of adatoms coming from the diffusion ring to the NW vertex.

Differentiating (1) with respect to time, obtain

v = NπR2 dL
dt

+ v2D(1− NSc), (2)

where v2D is the 2D layer growth rate. If the diffusion

collection takes place from the entire substrate surface

(Sc = 1/N), the rate of the NW vertical growth and NW

length relevant to it are maximal and equal to [16,18]:

(

dL
dH

)

max

=
1

NπR2
=

cP2

πR2
,

Lmax =
H

NπR2
=

cP2H
πR2

. (3)

In a more realistic case, when the diffusion collection

occurs only from a part of the substrate surface, the

following NW growth stages may be distinguished.

Stage 1 corresponds to v = v2D when shadowing does

not affect the 2D layer growth. In this case, we obtain

based on (2) that dL/dH = Sc/(πR2) and

L = ϕ

(

1 +
2λs

R
+

λ2s
R2

)

H. (4)

This growth stage lasts as long as the growth rate

dL/dH = Sc/(πR2) is higher than the rate of growth due

to direct impingement into the droplet and adatom diffusion

from the NW lateral surface (see relation (6) given below).

This corresponds to the NW length shorter than the first

critical length L1:

L < L1 =
ϕπcotan α

2ξ

(R + λs)
2

R
−

χπR
2ξ sinα

. (5)

Stage 2 of the NW growth may be described by an

equation conventionally used in modeling the kinetics of

solitary NW formation [12–15]

dL
dH

=
2ξ tanα

πR
L +

χ

cosα
, L(H = H1) = L1. (6)

Here ξ is the fraction of adatoms coming from the NW

lateral surface to its vertex [14], χ is the geometric function

depending on angles α and β [20]. Effective deposition

thickness H1 matches with the NW length L1. Solution of

relation (6) provides the exponential law of NW elongation

defined as follows [13–15]:

L =

(

L1 +
χπR

2ξ sinα

)

exp

[

2ξ tanα

πR
(H − H1)

]

−

χπR
2ξ sinα

.

(7)
Stage 2 lasts as long as v2D > 0. Termination of the 2D

layer growth means total blockage of the towards−surface

flux by growing NWs due to the shadowing effect. From

this, obtain the second critical shadowing length L∗ and the

Stage 2 range of NW lengths

L1 6 L 6 L∗, L∗ =
cotanα

2ξNR
−

χπR
2ξ sinα

. (8)

Notice that the L∗ value (at ξ = 1) coincides with that found

in [18].
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Figure 2. Dependences of the NW length L on the effective deposition thickness H, calculated via relations (4)−(9) at fixed α = 35◦,

β = 125◦, λs = 25 nm, ϕ = ξ = 0.3, c = 1, P = 300 nm at three different NW radii R (a); at fixed R = 25 nm and different combinations

of parameters ϕ and ξ (b); at fixed R = 25 nm and three different values of P(c); at fixed R = 25 nm, P = 300 nm and three different

diffusion lengths λs(d). The maximal diffusion length 144 nm corresponds to the diffusion collection of material from the entire surface

and substrate, maximal NW length, and linear−in−time law of its elongation.

Stage 3 corresponds to the NW growth with the maximal

rate (3) beginning from length L∗ and effective deposition

thickness H∗:

L = L∗ +
H − H∗

NπR2
= L∗ +

cP2(H − H∗)

πR2
, L > L∗. (9)

This linear−in−time growth law is of the universal character

and is valid for both the adsorbing and reflecting substrates

because of the total blockage of the substrate surface and

NW lower part [18].
Fig. 2 presents the L dependences on H calculated via

relations (4)−(9) at fixed α = 35◦, β = 125◦, λs = 25 nm,

ϕ = ξ = 0.3, c = 1, P = 300 nm for three different NW

radii: R = 15, 25 and 50 nm. Dependences L(H) are two

straight lines at small and large H interconnected by an

exponential curve at intermediate H values. At the given

H , the NW length increases with decreasing NW radius

[12–15]. Fig. 2, b shows that the NW length increases

with increasing ϕ and ξ . Fig. 2, c demonstrates the length

increase with increasing inter−NW distance P; thereat, the
exponential section of the L(H) dependence increases at

large P due to the increase in the shadowing length. Finally,

Fig. 2, b shows that the NW length increases with increasing

λs . The maximal value of λs corresponds to the material

diffusion collection from the entire substrate surface and

maximal NW length.

Fig. 3 presents experimental measurements of the

length of the Au−catalytic InP NW with constant radius

R = 12 nm versus H [17]. This NW was grown by

the chemical beam epitaxy on the masked InP(111)B
surface with a regular array of openings at α = 45◦

and cP2 = 30 625 nm2. Theoretical curves show that the

reflecting surface model provides a better agreement with

the experiment than the diffusion−controlled growth model.

Hence, the first growth mechanism is more probable. The

same conclusion was made in [16] for Ga−catalytic GaP

NWs grown by MBE in regular arrays of openings in the

SiOx mask on Si(111). Along with this, the curves show
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Figure 3. Experimental dependence of the length of the

Au−catalytic InP NW with the constant radius of 12 nm obtained

in [17] (symbols). Curve 1 represents the results of modeling

the NW growth on a reflecting substrate [18], curve 2 was

obtained based on relations (4)−(9) given in this paper at α = 45◦,

β = 90◦, ϕ = ξ = 1, λs = 28 nm and cP2 = 30 625 nm2, curves 3

and 4 correspond to the maximal (at Sc = 1/N) and minimal (at
λs = 0) rates of the diffusion-controlled growth on an adsorbing

substrate.

that the NW length during the diffusion−controlled growth

under the same conditions may be either larger or smaller

(depending on the diffusion length λs) than in the case of

the In flux reflection from the surface.

Thus, a model of the NW diffusion−controlled growth

influenced by the shadowing effects was created for the

first time, and new expressions were derived for the NW

length as a function of the effective deposition thickness,

inter−NW distance, and NW radii. The obtained results

may be useful for describing and controlling the III−V NW

morphology by, e. g., varying the inter−NW distances during

their growth on masked surfaces.
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