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We report the fabrication of periodic one- and two-dimensional nanostructures on semiconductor 
surfaces utilizing in-situ single-pulse direct laser interference patterning during molecular beam epi-
taxial growth. A Nd:YAG laser operating at 355 nm wavelength with a pulse duration of 7 ns is used 
to produce periodic gratings or nanoislands with a submicron periodicity on the growing InAs/GaAs 
surfaces. By means of four-beam interference patterning, ordered square arrays of quantum dots with 
a lattice pitch of 200-300 nm are obtained. This in-situ technique offers a new way to control the 
quantum dot nucleation sites and it constitutes a technological advance to realize periodic III-V sem-
iconductor nanostructures with impact in optoelectronics and quantum information processing. 
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1. Introduction
The development of micro- and nanofabrication technol-

ogies is at the research frontline of the semiconductor device 
revolution. Periodic semiconductor structures with feature 
sizes as small as hundreds of nanometers exhibit peculiar 
optical and electronic properties and have attracted increas-
ing interests in the fields of photonics, optoelectronics, and 
bioengineering [1-3]. For example, nanopatterns on solar 
cells and light emitting diodes show excellent antireflection 
property and enhanced optical performance [4,5]. Site-con-
trolled low-dimensional semiconductor nanostructures such 
as quantum dots (QDs) and nanowires (NWs) has emerged 
as importance candidates for novel photonic devices and 
quantum information technologies [6-8]. Specifically, single 
quantum dot arrays are highly desirable for the integration 
of individual QDs into photonic cavities or other quantum 
circuits. Densely ordered arrays of QDs with periods of few 
hundred nanometers have shown great potential for long-
range quantum correlations in quantum computation [9], and 
high density three-dimensional QD arrays are ideal for QD 
lasers [10]. 

Techniques such as electron-beam lithography [11] and 
focused ion-beam lithography [12] followed by chemical 
etching have been commonly implemented to fabricate sem-
iconductor nanostructures; however, their relatively high-
cost equipment, the need for multiple processing steps and 
low throughput limit the application of industrial mass fab-
rication. Furthermore, as these are ex-situ methods, defects 
or contamination at the atomic scale could be introduced be-
cause of the multiple processing steps. Over the last decades, 
laser-based optical methods including direct laser writing 
(DLW) [13,14], laser interference lithography (LIL) [15,16] 
and direct laser interference patterning (DLIP) [17-19] have 
been demonstrated to be attractive technologies for fast, 

cost-effective and high-throughput realization of one-, two- 
or three-dimensional periodic micro/nanostructures. Among 
them, DLIP utilizes the interference of two or more laser 
beams, presenting a parallel, photoresist-free structuring ap-
proach which allows one to directly pattern the sample sur-
faces in a single processing step. Many excellent works 
show that DLIP is capable of patterning a wide variety of 
materials including metals, ceramics, polymers and semi-
conductors [18-23], and more recently it has shown great po-
tential in the epitaxial growth and fabrication of III-V semi-
conductor nanostructures [24-27]. 

In this paper, we demonstrate an in-situ DLIP approach 
to structure epitaxial semiconductors grown by molecular 
beam epitaxy (MBE). Periodic one-dimensional (1D) grat-
ings and two-dimensional (2D) nanoislands can be created, 
and on the basis of nanoisland arrays, we are able to fabricate 
highly ordered arrays of InAs QDs. These results show that 
single-pulse DLIP is a powerful technique for the direct, fast 
and high-throughput fabrication of semiconductor 
nanostructures. 

2. Theoretical analysis and simulations
Multi-beam interference can be described as a superpo-

sition of coherent light waves. The intensity distribution can 
be described as the superposition of the electric field vectors. 
The electric field vector of the mth beam can be expressed as 

 (1) 

where Am is the amplitude,  is the unit polarization vector, 

is the wave vector, is the position vector, and is the 

initial phase. In Eq. (1) , and  can be written as 
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(2) 

(3) 

 (4) 
where k=2π/λ is the wave number, λ is the wavelength of 
the laser, θm represents the angle of incidence, ϕm is the azi-
muthal angle, ψm is the polarization angle. The intensity dis-
tribution of N-beam interference field in the z=0 plane can 
be calculated by  

 (5) 

Fig. 1 3D MATLAB simulation results of (a) two-beam interfer-
ence with azimuth angles of ϕ1=0° and ϕ2=90°, and polarization 
angle of 0°, and four-beam interference with different polarization 
angles of (b) 90° (TE), (c) 0° (TM) and (d) 58°.  

The simulated two-beam and four-beam interference pat-
terns are shown in Fig. 1, using the laser wavelength of 355 
nm, the incident angle of 58°, and the azimuthal angles of 
ϕ1=0°, ϕ2=90°, ϕ3=180°, ϕ4=270°. The amplitudes of all 
beams are assumed to be identical and the initial phases are 
all zero. The period of the interference pattern is decided by 
the wavelength of the laser beam λ and the angle of inci-
dence θ, which gives Λ=λ/√2sinθ. In case of TE polarization 
mode (Fig. 1(b)), the period Λ=λ/2sinθ. By adopting these 
parameters  an interference period of around 300 nm can be 
produced, which is desirable for the fabrication of state-of-
the-art periodic semiconductor nanostructures.  

3. Experimental
3.1 Integration of laser interference with MBE

The molecular beam epitaxy system (MBE-
Komponenten Octoplus 600) used is a typical small vertical 
geometry chamber. It has four symmetric anti-reflective op-
tical vacuum viewports facing upwards from the lower half 
of the MBE system towards the substrate at an angle of in-
cidence of 58° for laser interference. Using such an arrange-
ment, a lattice pitch Λ=209 nm for the TE polarization state 
and Λ=296 nm for other polarization states can be achieved. 

The overall optical arrangement, without the chamber, is 
shown in Fig. 2(a). Laser interference was realized using a 
flash-lamp pumped Nd:YAG laser (Innolas Spitlight), oper-
ating at a wavelength of 355 nm (M2<1.3), generated from a 

third harmonic from a 1064 nm laser, with a pulse duration 
of 7 ns. The beam diameter on the sample surface is around 
5 mm with a gaussian intensity distribution. The output laser 
beam was split into four beams by three dichroic beam split-
ters. The polarization state and laser energy of each beams 
were controlled by means of a half waveplate and a Glan-
laser polarizer. An external shutter was used to pick a single 
pulse from the 5 Hz pulse train for the experiments. It is im-
portant to note that although the laser system can provide a 
single pulse, the stability of the pulse energy requires ther-
mal equilibrium to be achieved, which is not established for 
at least a few hundred pulses. It is therefore necessary to run 
the laser in a continuous pulsed mode and select pulses when 
stability is reached, which typically takes ~1-2 mins. 

Fig. 2 (a) Schematic configuration of the four-beam DLIP-MBE 
setup. The insect is an image of the four superimposed beams on 
the surface of an InGaN test wafer. (b) Optics platform with optical 
components attached to the MBE system sub-frame. (c) A beam 
steering mirror attached to the optical viewport. 

Optical components such as mirrors and beam splitters 
are built up on platforms (see Fig. 2(b)) which are attached 
to the MBE sub-frame, whilst the light is guided into the 
MBE system through viewports by means of mirrors at-
tached to the ports (see Fig. 2(c)). The final alignment pro-
cess involves guiding four beams to the centre of a 2-inch 
wafer held on the substrate stage of the MBE system and 
pointing downwards. For the purposes of viewing the UV 
beams we were able to observe blue luminescence from an 
InGaN/GaN quantum well wafer with a Si CMOS camera.  
3.2 MBE growth patterning 

All the samples were grown on 2-inch epi-ready GaAs 
(100) wafers by MBE. Following native oxide desorption, a
500 nm-thick GaAs buffer layer at a substrate temperature
of 600 °C was grown, at the end of which the substrate tem-
perature was lowered to 500 °C. The resulting buffer layers
generally show wide monolayer terraces with a high degree
of atomic flatness. Deposition of around 1.6-1.8 monolayers
(ML) of InAs on this surface is sufficient to nucleate InAs
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QDs.  Without patterning, we observe the random nucleation 
of QDs with a density ~100 dots/μm2.  

For the DLIP approach, single-pulse direct laser interfer-
ence patterning was applied with a UV laser fluence in the 
range of 10-30 mJ/cm2 immediately after the deposition of a 
1 ML InAs layer. The InAs growth rate is 0.079 ML/s 
throughout. We have chosen 1 ML since this is below the 2D 
layer to 3D dot transition and the InAs layer would be ex-
pected to remain relatively flat. Then, depending on the par-
ticular experiment, a further 0.6 ML may be grown on top of 
the patterned layer to induce QD nucleation. Following the 
InAs deposition the samples were quenched and taken out 
from the MBE chamber for surface structural characteriza-
tion by atomic force microscopy (AFM). The patterned area 
extends over a region ~3 mm diameter at the centre of the 
wafer where the four projected beams overlap. 

4. Results and discussions
For samples with 1ML InAs, following single pulse pat-

terning various surface features can be obtained. An AFM 
image of the fabricated periodic line-like structures with a 
period of around 300 nm is shown in Fig. 3(a), and its cor-
responding line profile is provided in Fig. 3(d). Two-beam 
interference with the configuration parameters presented in 
Fig. 1(a) was used with a laser fluence approximately 25 
mJ/cm2. At the interference maxima areas, one can clearly 
observe deep (black) lines with an average depth of 0.7 nm 
(~2 ML) and besides these lines we can see the formation of 
about 1 ML-high mounds, which we attribute to be the mi-
gration of materials from the interference maxima. The pat-
terns shown in Fig. 3(b) and (c) were generated from four-
beam interference with different polarization states, for 
which the utilized laser fluence was 31 mJ/cm2 and 15 
mJ/cm2, respectively. The polarization state will affect the 
reflectance of the light on the GaAs surface and the interfer-
ence intensity contrast as revealed in the simulation results. 
Fig. 3(b) demonstrates hole-like structures with a feature pe-

riod as small as 210 nm, which is consistent with the simu-
lation result shown Fig. 1(b). The holes are relatively shal-
low around 2-3 ML depth. By changing the polarization di-
rection, nanoisland-like structures with a period of 300 nm 
can be produced as presented in Fig. 3(c). The average 
height and diameter of these islands is ~1 nm (3-4 ML) and 
~80 nm, respectively. The formation of nanoislands we be-
lieve is owing to the accumulation of migrating atoms driven 
by thermal gradients under the influence of four-beam inter-
ference. A detailed description of the laser-induced adatom 
surface diffusion mechanism can be found in previous work 
[26,28]. Surface atoms can be able to move from interfer-
ence maxima “hot” regions to interference minima “cold” 
regions. Consequently, the nanoislands will be formed in the 
“cold” regions. 

The formation of periodic nanoislands after the single-
pulse DLIP is capable of controlling the nucleation sites of 
InAs QDs. As can be seen in Fig. 4(a), after applying more 
InAs, small QDs start to nucleate at edges of the nanoislands. 
By depositing the InAs amount to around 1.75 ML, as dis-
played in Fig. 4(b), more QDs occur around the nanoislands. 
Therefore, the existence of nanoislands provides the prefer-
ential nucleation sites for QDs. By optimizing the growth 
conditions, such as to reduce the InAs coverage to 1.5-1.6 
ML or decrease the InAs growth rate, InAs QD arrays with 
single or double dots per site can be obtained with a period 
of 300 nm, as shown in Fig. 4(c) and (e). The area of the 
fabricated periodic QD arrays can reach several hundreds of 
square micrometers. Similarly, as presented in Fig. 4(d), QD 
arrays with a period of about 200 nm can also be produced 
by changing the laser polarization direction to TE and the 
InAs coverage here was ~1.65 ML. For comparison, Fig. 4(f) 
shows an AFM image of randomly nucleated InAs QDs with 
the InAs coverage of 1.6 ML, which is typical of epitaxially 
self-assembled QDs without pre-patterning. These results 
indicate that a single nanosecond laser pulse with relatively 
low fluence is able to control the growth of semiconductor 

Fig. 3 3×3 μm2 AFM images of fabricated periodic nanostructures on 1 ML InAs layers patterned by (a) two-beam interference and four-
beam interference with polarization angles of (b) 90° and (c) 58°. (d-f) The corresponding line profiles of these structures along the direc-
tions as marked with blue dotted line in (a-c). 
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nanostructures and can be very effective for laterally order-
ing the QDs. It is also important to note that in-situ DLIP is 
direct and contamination-free technique that does not re-
quire further chemical processing steps and enables a rapid 
fabrication with a single laser shot. 

Fig. 4 3×3 μm2 AFM images of (a, b) InAs QDs nucleate at edges 
of nanoislands. The fabricated QD arrays with a period of (c) 300 
nm and (d) 200 nm. (e) A 3D AFM image of the optimized single 
dot arrays. (f) Non-patterned region of randomly distributed InAs 
QDs. 

Conclusion 
In this study, in-situ single-pulse direct laser interference 
patterning has been shown to be a fast and effective ap-
proach for the direct fabrication of periodic arrays of semi-
conductor surface nanostructures. Various structures were 
obtained including 1D gratings and 2D nanoislands by ma-
nipulating the interference parameters. Square arrays of 
InAs quantum dots with a period of 200 nm or 300 nm were 
achieved on GaAs substrates. This direct and high through-
put in-situ technique provides a simple way of fabricating 
sub-micron resolution semiconductor nanostructures that is 
highly compatible with vacuum based epitaxial growth. 
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