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Abstract: We demonstrate an effective method for fabricating large area periodic two-dimensional

semiconductor nanostructures by means of single-pulse laser interference. Utilizing a pulsed

nanosecond laser with a wavelength of 355 nm, precisely ordered square arrays of nanoholes

with a periodicity of 300 nm were successfully obtained on UV photoresist and also directly

via a resist-free process onto semiconductor wafers. We show improved uniformity using a

beam-shaping system consisting of cylindrical lenses with which we can demonstrate highly

regular arrays over hundreds of square micrometers. We propose that our novel observation of

direct pattern transfer to GaAs is due to local congruent evaporation and subsequent droplet

etching of the surface. The results show that single-pulse interference can provide a rapid and

highly efficient route for the realization of wide-area periodic nanostructures on semiconductors

and potentially on other engineering materials.

Published by The Optical Society under the terms of the Creative Commons Attribution 4.0 License. Further

distribution of this work must maintain attribution to the author(s) and the published article’s title, journal

citation, and DOI.

1. Introduction

Sub-micron periodic and quasi-periodic structures have shown enormous potential in the fields

of nanophotonics [1,2], plasmonics [3,4], bioengineering [5], magnetic storage [6], nanofluidics

[7], etc. In particular, ordered arrays of semiconductor nanostructures (nanoholes, nanopillars,

nanoislands) are of great significance for the realization of optoelectronic devices with enhanced

performance. For example, silicon nanohole arrays with sub-wavelength periodicity display strong

optical antireflection and light trapping effects within solar cells over a broad wavelength and wide

angular range [8,9], whilst periodic two-dimensional III-V semiconductor nanostructures are able

to precisely confine light propagation in three dimensions [10]. Arrays of nanoholes/nanoislands

can also serve as templates for site-controlled quantum dot and nanowire growth [11–14]. To

fabricate these nanostructures, many advanced techniques have been developed including electron

beam lithography [15], ion beam lithography [16], nanoimprint lithography [17] and interference

lithography [18]. However, amongst all these possibilities, laser interference lithography (LIL)

[19–21] has a considerable advantage in the simplicity of a mask-less single-step exposure

process which could be highly cost-effective for the high throughput fabrication of periodic

micro- and nanostructures over a large area (∼mm2 to cm2). LIL utilizes the interference of

multiple coherent laser beams to produce one-, two- or even three-dimensional periodic features.

A wide variety of interference patterns can be obtained by manipulating the beam configuration,
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e.g., the number of laser beams, the angle of incidence, azimuthal angle, polarization and the

phase difference [18].

Multi-beam LIL is commonly applied by means of a timed CW laser exposure of a photosensitive

layer and then the transfer of the pattern by chemical development and etching. However, the

interference pattern may be disturbed by configurational movements due to thermal instability

or even airflows. Pulsed laser interference negates many of these issues, but there has been

remarkably little work on photoresist exposure using short pulses. Ellman et al. [20] reported the

use of pulsed laser interference to produce holes on positive photoresist layers. However, the

structures were in a relatively small area and have only sub-micron periodicity (850 nm) which is

in the range of conventional optical lithography and arguably not a major advancement. Perhaps

the closest to our approach is that of single-pulse multi-beam interference lithography applied to

the formation of large area photonic crystals in thick SU-8 polymer films [22]. However, the

dimensions in this case are still on the large size compared to state-of-the-art semiconductor

device processing. To that extent, we are about to report feature sizes down to sub-100 nm

levels and a pattern pitch of 300 nm using our approach. It would also be advantageous as

part of any fabrication process to dispense with the intermediate photoresist step and perform

direct laser interference patterning (DLIP) [23–25] onto materials surfaces. Many excellent

works have demonstrated the direct fabrication of one-dimensional or two-dimensional micro-

and sub-micron structures on metals [23], polymers [24] and ceramics [25] typically by femto-

or pico-second lasers with high peak powers, but in some cases with nanosecond lasers. In

terms of semiconductor research, it has been demonstrated that one can directly pattern silicon

surfaces using such an approach [26–29]. All these experiments were performed in air and

the resulting nanostructures such as gratings and nanohole arrays are generated mainly by

materials deformation or ablation. With regard to the patterning of III-V semiconductors, such

as GaAs, nanoholes have been created on a SiO2/GaAs surface via DLIP [30]. However, this

process requires an intermediate SiO2 deposition step which appears to act to some extent as

the pattern transfer medium. It does not leave a clean GaAs surface and even if removed by

chemical etching may leave contamination or defects. Moreover, the generated nanoholes show

a pattern heterogeneity only over a relatively small area and exhibit only sub-micron (>600

nm) periodicity. For the achievement of ultra-flat processed semiconductor surfaces and for the

kind of dimensional control needed in the semiconductor industry there are limitations in the

usefulness of previously published approaches. To advance the industrial application of LIL, the

reproducible formation of large area patterns with nanoscale periodicity and without photoresist

or other transfer medium would be a significant step.

The fabrication of large area 2D nanostructures with a periodicity down to a few hundred

nanometers through single-pulse DLIP is still a challenging task. To the best of our knowledge,

the fabrication of nanohole arrays on semiconductors with a periodicity as small as 300 nm by

single-pulse nanosecond laser interference has not been presented to date. Therefore, it is of great

commercial and scientific interest to produce semiconductor nanostructures with small lattice

pitches using a single laser shot. Large incident angles are needed in order to obtain a small

interference pitch and in this case the laser spot on the surface of the sample becomes highly

elliptical due to the projection of the gaussian beam on the highly angled surface. This leads to the

problem of beam alignment when using multiple beams and accordingly a heterogeneous energy

distribution within interference pattern, thus hindering the realization of large-scale patterning.

In this paper, we describe the optical arrangement and implementation of a single-pulse

four-beam nanosecond laser interference system. To compensate for beam projection effects, a

beam-shaping approach using cylindrical lens pairs has been introduced. Nanohole arrays with a

periodicity as small as 300 nm were obtained on the surface of both a commercial photoresist

layer in air and directly on an epitaxial GaAs wafer in vacuum. We attribute the direct pattern

formation on the GaAs wafer to surface decomposition followed by self-etching. This approach
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shows the capability for direct, rapid and high-throughput patterning on semiconductor surfaces

via single-pulse nanosecond laser interference, paving the way toward a single-step in-situ

fabrication of semiconductor nanostructures.

2. Pulsed laser interference lithography on UV photoresist

We first developed a bench-top LIL experimental system in order to verify the single pulse

approach and investigate the use of beam-shaping techniques. The experiments were performed

using a four-beam interference configuration, as illustrated in Fig. 1(a). A flash-lamp pumped

Nd:YAG laser (Innolas Spitlight) in spatial mode TEM00 (Gaussian intensity profile) operating

at the third harmonic wavelength of λ=355 nm, with a pulse width of 7 ns, a repetition rate of 5

Hz and a beam diameter of 5 mm served as the laser source. The laser beam was split into four

sub-beams with identical intensity and optical path by three 50:50 beam splitters (BS1-3). After

that, the four sub-beams were reflected by four symmetrically placed UV mirrors with azimuthal

angles of 0°, 90°, 180° and 270°, and then recombined on the center of targeted sample surface

at an incident angle of θ=58° in order to obtain the desired pattern periodicity of about 300 nm.

A half-wave plate and a Glan-laser polarizer were utilized in the path of each beam to control the

laser energy and polarization directions of four beams. The polarization states of four beams are

set to TM mode. To achieve a single pulse exposure, an external shutter was used to pick a pulse

from the 5Hz laser repetition by a timed opening based on the laser Pockels cell trigger signal.

Fig. 1. (a) Schematic configuration of the four-beam laser interference optical setup with

large an incident angle. BS1-BS3: 50:50 beam splitters; M1-M7: high reflective UV mirrors.

(b) The enlarged diagram of the beam-shaping system as marked with a red dashed box

shown in (a). Schematics of beam shape transformation due to the 58° incident angle and the

corresponding alignment situations (c) without and (d) with the use of beam-shaping system.

In the optical path before BS1, a beam shaping system consisting of cylindrical lenses as

presented in Fig. 1(b) was used to precondition the beam shape. A plano-concave cylindrical
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lens of focal length f=−100 mm and a plano-convex cylindrical lens of focal length f= 200 mm

was selected to obtain a magnification of 2. This uniaxial magnification along the horizontal axis

pre-compensates the spot distortion generated by the non-perpendicular incident angle. Figure

1(c) shows a diagram describing the laser beam projection without the use of beam-shaping

lenses and the corresponding overlapping area at the targeted surface. Even if the beams are

well-aligned, they cannot completely overlap due to the elliptical beam shape. Also, several

areas around the main interference spot are irradiated with non-desired two-beam interference.

In comparison, with the help of the beam shaping system, the laser beam is converted into an

elliptical shape at the input of the interference system, so that the elliptical pre-condition offsets

the ellipticity caused by the beam projection and produces a round spot. The spot size on the

sample surface after the beam shaping was approximately ∼10 mm in diameter. A positive

photoresist (PR) AZ 1514H (MicroChemicals) was used to record the interference patterns. PR

films were spin coated onto clean 2-inch silicon wafers at a speed of 4000 rpm for 30 seconds

with a thickness of approximately 1.7 µm, followed by a soft bake on a hot plate for 1 min at

Fig. 2. SEM images of the fabricated 2D nanostructures on positive PR coated silicon

wafers without beam-shaping of (a) nanoholes and (b) nanodots; with beam-shaping of (c)

nanoholes and (d) dot-like structures. The pattern periodicity Λ=300 nm. Insets show the

corresponding enlarged images. The laser fluences used were (a) 23 mJ/cm2, (b) 33 mJ/cm2,

(c) 20 mJ/cm2, and (d) 27 mJ/cm2, respectively. (e) A 20× 30 µm2 SEM image of the

nanohole array in (c). (f) MATLAB simulation result of the four-beam interference pattern

with a lattice period of Λ=296 nm. The angle of incidence is 58° and the polarization state

of all beams is set to the TM mode.
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100°C. After that, the samples were exposed in air using single-pulse LIL with laser fluences of

20-35 mJ/cm2 used to expose the resists. The samples were developed using an AZ developer for

10-15 seconds and finally were rinsed with deionized water and dried with nitrogen. The surface

morphologies of the samples were characterized by scanning electron microscopy (SEM).

SEM images of two-dimensional square arrays of nanostructures, observed either as nanoholes

or nanodots depending on the exposure and development conditions and fabricated without (a, b)

and with (c, d) the use of beam-shaping optics is shown in Fig. 2. The fabricated structures here

tend to be relatively shallow features as a result of the thick photoresist. With exposure at lower

laser fluences of ∼20 mJ/cm2, the exposed regions (interference maxima) were dissolved into the

developer leading to hole-like structures on the surface which can be seen in Fig. 2(a) and (c).

At slightly higher laser fluences (∼30 mJ/cm2), as illustrated in Fig. 2(b) and (d), the pattern

transforms to nanodot-like structures, where the dots are located at the interference minima

regions. The obtained periodicity is around 300 nm in all samples and is consistent with the

simulation results shown in Fig. 2(f), where the lattice period Λ=
√

2λ/2sinθ. In Fig. 2(a) and

(b), we can see size variations over the imaging area, whilst the nanostructures in Fig. 2(c)

and (d) have relatively uniform size and shape, with an average size of the holes of 200 nm in

diameter and of the nanodot diameter of about 50 nm. Figure 3(e) shows that the uniformity

of the nanohole array fabricated using beam shaping optics extends over hundreds of µm2. In

terms of even larger areas (eg: mm2), the uniformity is affected by a Gaussian beam distribution

which is a natural consequence of using relatively long beam paths. Large area uniformity is also

compromised by Moiré effects [31] which originate from small variations in the individual beam

paths. Further work is underway to improve these aspects with additional optics and alternative

beam configurations. Nevertheless, these results provide important verification of the ability to

perform single shot pulsed laser exposure to form nanoscale periodic features. We are not aware

of any other techniques which could produce uniform arrays of such features over hundreds of

µm2 with a single short (7 ns) exposure process.
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Fig. 3. (a) Schematics of a four-beam DLIP configuration with the MBE system. Schematic

processes of Ga droplet etching steps. (b) As atom desorption due to interference-induced

thermal gradient on the GaAs surface. (c) The formation of liquid Ga liquid droplets on the

surface. (d) Local droplet etching results in the formation of nanohole arrays.

3. In-situ direct laser interference patterning (epitaxial GaAs wafers)

For the in-situ DLIP experiments on semiconductor substrates, another interference setup with

a similar beam configuration was built. This system is based around a modified solid-source

molecular beam epitaxy (MBE) growth system and has the optical configuration as shown in

Fig. 3(a). The MBE system allows us to expose reactive surfaces in ultra-high vacuum and to

provide stabilizing species to the semiconductor surface where necessary. It also will allow us to

perform epitaxial growth on the exposed surfaces. However, for the work described herein, the

MBE chamber is just used to prepare a clean and atomically flat GaAs surface for patterning

experiments and to stabilize that surface against decomposition with a beam of excess arsenic. We

used a flipper mirror to guide the output laser beam towards the MBE chamber. Four sub-beams

were guided upwards through four symmetrically arranged antireflection fused silica optical

viewports into the chamber and then converged on the center of the growing wafers, which allows

the direct patterning to proceed simultaneously with the sample growth processes. Each optical

beam path is identical, and the path lengths are ∼3.5 m.

Two-inch epi-ready GaAs (100) wafers were prepared as follows. After surface native oxide

desorption at (∼620°C), a 1 µm-thick GaAs buffer layer was grown at a substrate temperature

of 600°C for the purposes of smoothing the as-received surface, after which the temperature

was cooled to 500°C when the growth of a final 500 nm of GaAs took place. Surfaces prepared

in this way typically demonstrate monolayer (ML) flat surfaces with occasional meandering

terraces. After this final GaAs growth, the substrates were immediately exposed by a single laser

interference pulse (7 ns) inside the UHV MBE chamber with a stabilizing As flux maintained.

Finally, the samples were subsequently quenched and taken out for characterization by atomic

force microscopy (AFM) using tapping mode in air.
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Different beam polarizations and laser fluences in the range of 20-45 mJ/cm2 have been

explored. The polarization of the laser beams determines the intensity profile of the interference

pattern and also leads to a different spatial periodicity in four-beam interference. As displayed

in the simulations, Figs. 4(a) and 4(b) show the interference patterns with the TM polarization

state, while Fig. 4(c) presents the TE polarization. The difference between Figs. 4(a) and 4(b)

is that in Fig. 4(a) all the beams are equal intensity and Fig. 4(b) shows the pattern with an

unequal laser intensity which could exist on some areas of the pattern due to different beam

overlap positions. A smaller lattice period Λ=209 nm is produced using the TE mode compared

with a period of Λ=296 nm for the TM mode. However, the TM mode exhibits much better

intensity contrast. Figures 4(d)–4(f) shows AFM images of four-beam interference patterns on

GaAs surfaces using the TM mode with different laser fluences and intensity ratios. At the lowest

fluence, in Fig. 4(d), we can just observe the formation of shallow holes at the interference

maxima with materials accumulated around these holes. We assume the formation of this type of

structure is due to surface mass transport. According to our previous photothermal model [32],

local heat is produced on the GaAs substrate due to the strong surface absorption of UV laser

energy. Consequently, the surface temperature at the interference maxima rises rapidly after the

short 7 ns pulse exposure and the surface exhibits a two-dimensional periodic thermal gradient

distribution. When their thermal energy exceeds the diffusion activation energy [32], atoms

are able to move from the interference maxima towards the minima regions. With higher laser

fluence, significantly deeper nanohole arrays (∼3-4 nm) are formed at the interference maxima

regions, as shown in Fig. 4(e). Although we can still see some material piled up on the edge of

the holes, we cannot entirely attribute the formation of holes to the mass transport of material.

We propose the following mechanism to explain the formation of these deeper nanoholes on the

GaAs surface. When the surface temperature is sufficient high (>620°C) due to a high laser

fluence, the decomposition of GaAs occurs due to the congruent evaporation of As, leaving

behind free Ga atoms on the surface which will amalgamate to form Ga-rich liquid droplets [33].

Ga droplets are well known to self-etch the GaAs surface and to create nanoholes [34,35] and the

shape of these ‘droplet etched’ surfaces is remarkably similar to our observations. When the

laser fluence is insufficient to raise the surface temperature above the congruent temperature,

the surface migration of materials is dominant. It can also be confirmed from Fig. 4(f) which

corresponds to the situation represented by the simulation in Fig. 4(b). These shallow patterns,

resulting monolayer variations in the surface height have a close relationship to the calculated

intensity profiles because they are simply formed by the mass transport of materials.

In terms of TE polarization, 1D gratings, 2D shallow hole arrays and checkerboard gratings

with a period of Λ≈210 nm can be fabricated as shown in Figs. 4(g)–4(i). There is no obvious

formation of holes, which could be attributed to the relatively lower laser energy absorbed on

the GaAs owing to the much higher surface reflectance for the TE mode [36]. It could also be

associated with the poorer intensity contrast in this case. For these reasons, shallow or ‘weak’

pattern features resulting from surface atom migration is characteristics of structures produced

using the TE mode.

Therefore, by adopting appropriate beam polarization and laser fluence, precisely ordered

arrays of nanoholes with a period of 300 nm can be fabricated on the GaAs surface with a

single laser pulse. As shown in Fig. 5(a), an almost clean surface with uniform nanoholes were

obtained. The corresponding 3D AFM image and cross-sectional profiles of the nanoholes are

shown in Figs. 5(c) and 5(e) respectively. The nanoholes typically have a shallow depth of

∼3 nm and an average width of ∼120 nm. At a higher laser fluence of 46 mJ/cm2, as seen in

the Fig. 5(b) we observed the formation of the same nanoholes, but also can see the formation

of many small islands or droplet-like features in between the holes. The magnified 3D image

and the line profile across the nanoholes for this higher fluence is shown in Figs. 5(d) and

5(f). The depth and width of the holes are approximately the same as those in the case of Fig.
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Fig. 4. Simulations of four-beam interference pattern with an incident angle of 58° using

different polarization states (a, b) TM mode and (c) TE mode; (b) unequal laser intensity

ratio of four beams 0.4:0.1:1:0.4. AFM images of four-beam interference pattern (Λ≈300

nm) in TM mode with different laser fluences of (d) 22 mJ/cm2, (e, f) 38 mJ/cm2, and (f)

corresponds to the simulation in (b). (g) Grating formed by two-beam interference in TE

mode, with a fluence of 28 mJ/cm2. (h, i) Four-beam interference in TE mode (Λ≈210 nm),

with different fluences of 31 mJ/cm2 and 45 mJ/cm2, respectively.

5(a). Our experiments were carried out in an epitaxy environment in which the substrate base

temperature is already at 500°C. With the additional temperature increase due to photothermal

absorption of the laser pulse, the surface temperature can easily reach several tens or hundreds

of degrees above this base temperature. In the case of Fig. 5(a), at the interference maxima

regions we believe, the temperature has exceeded the congruent evaporation temperature of

GaAs, estimated to be around 680°C [34]. However, this is only reached at the narrow maxima

regions and in other regions the temperature does not reach this threshold. A relatively small

region containing liquid Ga is formed and this etches small nanoholes. At higher laser fluence

much larger thermal gradients are created on the surface and under those conditions Ga atoms

formed through congruent evaporation may be able to diffuse from the high-temperature area

to the low-temperature area. This free Ga forms small droplets all over the surface and will

recrystallize as GaAs as the temperature is reduced. These small GaAs droplets are all over the

flat regions of the surface in Fig. 5(b).

This technique takes the advantage of material growth and laser interference patterning to

fabricate periodic arrays of semiconductor nanostructures with a small lattice pitch using relatively

low pulse energies when compared to ablation or deformation processes. In this case, we believe

that the GaAs remarkably acts as its own ‘photoresist’ and ‘etchant’. For the heterogeneous

fabrication of nanostructures, it is very beneficial to maintain the atomic smoothness and absolute

cleanliness of the sample surface by combining lateral patterning and epitaxial growth in the
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Fig. 5. AFM images of the fabricated nanohole arrays with a period of Λ≈300 nm on GaAs

(100) substrates after the single-pulse four-beam interference patterning with different laser

fluences of (a) 35 mJ/cm2 and (b) 46 mJ/cm2, respectively. (c-d) The corresponding 3D

AFM images. (e-f) The corresponding line profiles of nanoholes along the directions marked

with black and red lines in (a-b).

same vacuum environment. In addition, single pulse patterning is very favorable for growth

systems such as MBE for which it is difficult to achieve low vibration due to the use of mechanical

vacuum pumps and wafer mounting systems which do not tightly retain the wafer to allow for

thermal expansion. With a 7 ns exposure time these vibration issues become negligible. Finally,

we should state that although these observations are specific to GaAs there is no reason to believe

they could not be applied to other semiconductors or indeed to other materials based on other

thermodynamic or surface chemical changes under interference patterning.

4. Conclusions

We have presented the fabrication of two-dimensional periodic nanostructures with a periodicity

of 300 nm on semiconductor surfaces using both conventional photoresist and also directly onto

GaAs substrates by using a single-pulse exposure from an optical setup of four-beam nanosecond

laser interference in combination with a beam-shaping system. The pre-conditioning of the beam

shape prior to the interference compensates for the ellipticity caused by the beam projection and

therefore creates an improved beam spot, contributing to realizing a more uniform multi-beam

interference area. We propose that our observations of the direct patterning of GaAs are due

to a process of local congruent evaporation and self-etching. This technique shows enormous

potential for rapid, large-scale and high-efficient fabrication of two-dimensional nanohole arrays

on III-V and perhaps on other semiconductor surfaces for potential applications such as in
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photonic crystals, antireflective coatings and in the production of templates for semiconductor

quantum dot or nanowire epitaxy.
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