
Abstract. Four-beam laser interference is shown to stimulate
the self-organisation of periodic two-dimensional arrays of
nanoislands on the surface of GaAs/InGaAs/GaAs epitaxial
structures. (Self-organisation is here taken to mean processes
that determine the island size.) The island size distribution
has two well-deéned maxima. The smaller islands (� 5 nm)
form inside each heat-affected zone, and the larger islands
(� 15 nm), at the periphery of such zones. The island width is
a factor of 20 ë 60 smaller than the standing wave period,
which can be accounted for in terms of the elastic stress on
the surface of the epitaxial élm.

Keywords: nanoisland self-organisation, GaAs/InGaAs/GaAs epi-
taxy, spatially periodic laser exposure.

1. Introduction

Self-organisation has been extensively studied and is widely
used to produce nanostructures and improve the perform-
ance of semiconductor lasers [1] and detectors. The self-
organisation of nanostructures is also of interest in many
areas of nanosystems science and for nanotechnology
development [2].

Optimisation of the conditions for self-organisation of
nanostructures on the surface of various materials remains
the subject of intense research [3 ë 7]. An important issue in
this area is the ability to produce periodic arrays of islands
less than 100 nm in size [8 ë 13]. To this end, use is
commonly made of various masks or prepatterned sub-

strates. Pedraza et al. [13] investigated the self-organisation
of nanoislands on Si exposed to high-power UV light and
attributed it to surface wave excitation. The self-organisa-
tion of the nanostructures was achieved after more than 200
pulses with an energy density of � 1 J cmÿ2. Patella et al.
[14] reported a detailed study of quantum dot self-organ-
isation in the Si ëGe/Si and InAs/GaAs systems on êat and
patterned substrates. An interesting effect was described by
Lee et al. [15]: the formation of separate quantum dot
clusters on InAs/GaAs. The parameters of the InAs
quantum dots were controlled using `nanoholed island
templates' prepared by GaAs/GaAs droplet homoepitaxy
[15, 16]. The generation of nanoholed islands on the
substrate surface made it possible to conéne the nucleation
of quantum dots to the islands and to tune their morphol-
ogy by varying the growth conditions. An alternative
approach to conéning the growth of quantum size effect
islands on Si and GaAs single crystals was adopted by
Verevkin et al. [17]: the crystals were exposed to four high-
power coherent UV laser beams, which produced periodic
arrays of islands and pits less than 100 nm in size.

This conéguration was found to directly stimulate the
growth of islands a factor of 5 ë 10 smaller than the period
of the resultant standing wave [17]. The effect cannot be
accounted for only in terms of the dependence on the
thermal threshold of laser exposure: it persisted when the
incident energy density was increased almost twofold. If
there is only thermal nonlinearity, interference maxima ten
times smaller than the standing wave period can be obtained
when the threshold is exceeded by less than 10%. To
interpret the small island size, the assumption was made
that the observed morphological changes were contributed
by surface stress [17]. In this paper, we report surface
nanostructuring results for the GaAs/InGaAs/GaAs epitax-
ial system, which further highlight the important role of
surface stress in surface instability development.

2. Experimental and results

In our experiments, we used four types of samples on
n-GaAs (001) single-crystal substrates. After removal of the
oxide layer from the substrate surface, a GaAs buffer no
more than 100 nm in thickness was deposited at 580 8C.
Next, a 3-nm In0:35Ga0:65As layer was grown at 520 8C. The
top GaAs layer, 5, 10, 20 or 40 nm thick, was also grown at
520 8C. In all the growth runs, we used a solid-source
molecular beam epitaxy system.
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The light source was a XeCl laser (wavelength, 308 nm;
coherence length over 30 cm) delivering up to 100 mJ of
energy in a 10- to 15-ns pulse, with a near-diffraction-limited
beam. All the results presented below were obtained in a
single laser shot, using four-beam interference. The laser
beam was split into four beams by three dielectric mirrors
with 50% reêectances. The beams were recombined on the
sample surface using eight dielectric mirrors with � 99%
reêectances. The polarisation of the beams was TE ëTM in
the notation proposed by Fernandez and Phillion [18], who
also presented detailed analytical expressions and computed
standing wave intensity proéle for such systems. The proéle
is sinusoidal along the two coordinates in the sample plane.

All the nanostructuring experiments were carried out
under normal conditions (the samples were mounted ver-
tically). The morphological changes were independent of the
GaAs élm thickness to within the accuracy in our surface
topography measurements. Below, we present the UV
nanostructuring results for a 20-nm élm.

Figure 1 presents an atomic force microscopy (AFM)
image of the GaAs/InGaAs/GaAs surface after exposure to
four laser beams with an average energy density of
� 1:5 J cmÿ2. Note that, in that experiment, the bisectors
of the angles between the beams propagating in the same
plane of incidence were not normal to the sample surface,
which caused the intensity of the interference maxima to
vary by a factor of two [18] along the diagonal from top left
to bottom right in Fig. 1. Therefore, with a single laser shot
we were able to observe surface topography changes at a
local energy density varied by a factor of two. Two features
of the laser exposure results warrant attention. The area
modiéed by a single interference maximum is nearly
rectangular in shape, while the heat-affected zone has a

circular shape. Another important point is that this zone
contains many islands, whereas there are no islands in the
unexposed areas.

Figure 2 shows AFM images of the élm at a magnié-
cation higher than that in Fig. 1. It is worth noting here that
the epitaxial élm differs in morphological changes from
single crystals [17] and amorphous élms [19 ë 22]. In the case
of crystals, a single island is formed near an interference
maximum, with a hole in the immediate region of the
maximum, which points to a material displacement process.
Four-beam processing of amorphous élms creates a hole at
each intensity maximum, surrounded by an elevation, as in
the case of an explosion. The AFM image in Fig. 3 was used
to obtain statistical information about the island size. It is
well seen that the islands produced in the peripheral part of
the interference maximum (7 ë 20 nm in diameter) differ
markedly in size from those closer to the centre (3ÿ 8 nm).
The corresponding island size distributions are presented in
Figs 4 and 5. The density of the peripheral islands is
� 1010 cmÿ2 and that of the inner islands is estimated at
5� 1010 cmÿ2.

3. Discussion

Based on the present results, we make a number of
assumptions as to the physics of island formation. Note
érst of all that, under the conditions of our experiments,
there is no ablation (no material removal from the surface
being processed), and surface structuring is due to material
displacement over the surface. The island width is a factor
of 20 ë 60 smaller than the standing wave period. Such
dimensions cannot be accounted for only in terms of
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Figure 1. (a) AFM image of the GaAs/InGaAs/GaAs structure after
exposure to four coherent XeCl laser beams; (b) height proéle along the
solid line in the image.
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Figure 2. AFM images of different areas on the surface of the GaAs/
InGaAs/GaAs structure, illustrating different island conégurations.
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thermal processes: similar islands grow when the incident
laser êuence is increased twofold. As in the case of single
crystals [17], taking into account the effect of surface stress

is crucial for understanding the islanding behaviour of
epitaxial élms. We believe that the island formation in our
experiments can be interpreted in terms of Stranski ë
Krastanow growth.

It is well known that the surface of single crystals (as well
as that of epitaxial élms) is under mechanical stress. The
surface stress arises from the fact that the bulk and surface
atoms differ in environment, and is higher at a better surface
quality of single crystals. The stress vanishes at surface
defects which are generated during crystal growth and
processing. Surface defects may include any known struc-
tural defects. Therefore, the length scale of stress variations
depends on crystal quality and may be comparable to the
sample size, as observed in studies of silicon single crystals
[17].

The main source of surface stress in epitaxial élms is also
well known: lattice mismatch between the élm (CI �
6:0584

�
A in InAs) and the substrate (CG � 5:6534

�
A in

GaAs). The length scale of stress variations is therefore
determined by the beating between two periodic functions
with periods CI and CG. Under the simplest assumptions as
to the minimum beat period, we obtain 2CICG=(CI ÿ CG).
This estimate gives � 170

�
A. In our experiments, the

composition of the epitaxial élm was In0:35Ga0:65As. Its
lattice parameter can be evaluated under the assumption
that C is a linear function of indium concentration. The beat
period is then � 510

�
A. This value is in astonishing

agreement with the experimentally determined island spac-
ing (Fig. 3), providing further evidence that surface stress
had a signiécant effect on the nanostructuring of the
epitaxial élms in our experiments. We are thus led to a
stronger assumption: the variation in island spacing is due
to local indium concentration êuctuations.

4. Conclusions

We proposed and tested an effective approach for
producing periodic two-dimensional arrays of sub-20 nm
islands on the surface of epitaxial élms. The process can be
used to grow multilayer epitaxial structures with correlated
quantum dots.

The described approach to the growth of periodic arrays
of sub-20 nm islands may become an alternative to the use
of various masks as a means of spatially conéning the
nucleation of quantum-size structures.
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Figure 3. (a) AFM image of an area around an interference maximum;
(b) height proéle along the solid line in the image.
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Figure 4. Size distribution of the peripheral (larger) islands.
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Figure 5. Size distribution of the inner (smaller) islands.
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