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Growth kinetics of III-V nanomembranes influenced by the re-emitted flux

of group III species
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A growth equation for III−V nanomembranes (NMs) fabricated on patterned substrates with one-dimensional

array of trenches is derived considering the re-emitted flux of group V species. It is shown that the NM height

increases with the pitch of trenches and for narrower trenches. Overall, the growth kinetics and the resulting

morphology of III-V NMs on reflecting substrates is very different from those on adsorbing substrates, which

should be carefully accounted for in the growth experiments.
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Nanomembranes (NMs) of III−V (III−V NMs) semi-

conductor compounds and heterostructures based on

them [1–7], which are grown by selective area epitaxy

(SAE) on various substrates with one-dimensional (1D)
trenches in an oxide mask, are used in fundamental research

into low-temperature transport and have a wide range of

promising applications in opto- and nanoelectronics. An

NM growth theory needs to be developed in order to

control and adjust the morphology of NM arrays directly

in the process of SAE. Current models of the NM forma-

tion process [7,8] are rather poorly developed compared

to the growth theory of III−V nanowires (NWs) ob-

tained by SAE [2,9] or in the
”
vapor−liquid−solid“growth

mode [10–14]. The aim of the present study is to extend

the theoretical model of growth of an individual III−V NM,

which was proposed in [8], to include an ordered array of

NMs with a preset distance between them (pitch P) and the

re-emitted (or desorbed) flux of group III species reflected

from the mask surface and adjacent NWs [14–17] taken into

account.

Since NM width W and its height H measured from the

oxide mask surface are much smaller than the diffusion

length of group III adatoms on the top and side faces of

a rectangular NM, the general expression for the height

growth rate of an individual NM [8] under enrichment in

group V species is

(

dH
dt

)

dir

= v

(

8 +
2H
W

ε

)

. (1)

Here, index dir denotes the direct flux without re-emission

(this effect will be considered below). Quantity v is the

rate of deposition of group III atoms from the gas phase

(nm/s), 8 6 1 is the coefficient characterizing desorption

from the top NM face (thus, v8 is the two-dimensional (2D)
growth rate on this surface), and ε 6 1 is the coefficient

of
”
transmission“ of adatoms of a group III element that

migrate from the side faces of an NM to its top face.

Quantity ε is related to the rate constants of transitions of

adatoms from the side faces of an NM to its top face and

back and to the lifetimes of adatoms on these faces [7,8,13].
It is assumed in what follows that ε > 0. Growth rate (1)
of a 1D NM is equivalent in this case to the growth rate of

vertical NWs [9–13], wherein quantity 2Hε/W characterizes

the diffusion contribution. Diffusion from the mask surface

is neglected in expression (1) [7,8,13], which is valid for

vapor-phase epitaxy (VPE) [16]. Selective area growth by

molecular-beam epitaxy (MBE) is characterized in a similar

way, but one needs to take the directional nature of a gas

flux at MBE into account [15].

It is evident that a dependence on pitch P is lacking in

model (1). It is assumed in what follows that re-emission of

group III element atoms is the key mechanism of material

exchange between an NM array and the mask surface.

These atoms are first reflected from the surface and then

get deposited onto the NM surface [14–17]. It follows

from material balance considerations that desorption flux

vdes satisfies equation

v =
1

P
d
dt

(W H)dir + vdes . (2)

The length of a 1D NM array is considered to be infinite,

and edge effects are neglected. In accordance with (2),
overall flux v to the surface is equal to the sum of a change

in the NM array volume due to the direct flux and the

desorption flux from all surfaces [15–17]. Assuming that

NW width W is constant and using (1), we obtain the

following from (2):

vdes = v

(

1−
Pnm

P

)

, Pnm = W8+ 2Hε 6 P,

vdes = 0, Pnm > P. (3)
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It is taken into account here that the desorption flux goes

to zero at the time point when effective collection length

Pnm of group III adatoms becomes equal to pitch P . At

Pnm > P , an NM array consumes completely the gas flux

to the surface. The overall NM growth rate in the vertical

direction is equal to the sum of rates of growth from direct

and reflected fluxes:

dH
dt

=

(

dH
dt

)

dir

+

(

dH
dt

)

des

,

(

dH
dt

)

des

= vdes
Pnm

W
.

(4)
It is taken into account in expression (dH/dt)des for the

rate of growth from the reflected flux that desorbed group

III element atoms raise the density of gas that surrounds

uniformly the NM array in VPE. It then follows from (1)
and (3) that

dH
dt

= v
Pnm

W

(

2−
Pnm

P

)

, Pnm 6 P,

dH
dt

= v
P
W

, Pnm > P, (5)

where the effective collection length is defined in (3). Thus,
the rate of vertical MNM growth first increases linearly

with H and then reaches saturation at level vP/W , which

corresponds to the gas flux to one NM. Equation (5) at

Pnm 6 P may be made dimensionless:

dy
dx

= y(2 − y), (6)

where y = Pnm/P 6 1 and x = 2εvt/W . The integration of

(6) with an initial condition corresponding to H(t = 0) = 0

yields the key result of the present study:

H =
P
ε

1

1 + (2P/W8− 1) exp(−4εvt/W )
−

W8

2ε
,

H 6
P −W
2ε

,

H =
P −W
2ε

+
P
W

v(t − t∗), (7)

where t∗ is the time point when the NM height reaches

critical value (P −W )/2ε.
According to (7), the NM growth law at the first stage

is more complex than an exponential one. An exponential

height increase follows from (1) with the re-emitted flux

neglected. H becomes a linear function of time as soon as a

critical height is achieved. This growth pattern resembles

the temporal evolution of vertical NWs without radial

growth [15,16], but has different dependences on W and

P that are typical of 1D geometry. Figure 1 shows the

dependences of NM array height H on effective thickness at

fixed NM width W = 160 nm and pitch P varying from 400

to 1200 nm. Figure 2 presents the same dependences at

fixed pitch P = 800 nm and NM width W varying from 100

to 220 nm. Calculations were performed in accordance

with expressions (7) at 8 = ε = 1, which corresponds to
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Figure 1. NM height as a function of effective deposition

thickness vt at fixed NM width W = 160 nm and various values of

pitch P (indicated). Formulae (7) with 8 = ε = 1 were used for

calculation.
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Figure 2. NM height as a function of effective deposition

thickness vt at fixed pitch P = 800 nm and various values of NM

width W (indicated). Formulae (7) with 8 = ε = 1 were used for

calculation.

SAE at elevated supersaturation of the gas medium without

desorption of group III element atoms from the NM surface.

As was expected, the NM height increases with increasing

pitch P and decreasing NM width W . Dependences H(t)
become more linear at small P , since the flux of group III

element atoms reaches saturation earlier. An intensification

of growth at smaller lateral dimensions (in the present case,

smaller NM width) is typical of diffusion growth of vertical

structures [8–13].

The constructed model allows one to simulate the kinetics

of growth and the morphology of NMs in a rectangular

geometry that is the most common one for SAE on surfaces

with the (111) crystallographic orientation [8]. It was

demonstrated that the NM height is a nonlinear function
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of time and increases with increasing distance between

NMs and decreasing NM width. It should be taken into

account in growth experiments that the kinetics of growth

of NMs on masked substrates and their morphology differ

greatly from the corresponding parameters on adsorbing

substrates. A separate publication on the intriguing issue

of generalization of the obtained results to the case of more

complex NM geometries, which are observed in SAE on

surfaces with the (100) crystallographic orientation [7], is
planned for the future.
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