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Generation of Large-area Arrays of Aperiodic
Functional Micro/nano Structures Using Phase
Shift Interferometry
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Abstract—Phase shift interferometry (PSI) derived from
interference technique as greater surface characterization
technique based on the interference information recorded during
a controlled phase shift. This research shows the development of
micro/nano structures using phase shift interferometry. (PSI) is
the process of developing the complex pattern structure using
variable phase angle between two or more beams aligned to
obtain functional aperiodic arrays. We have designed and
modelled the PSI and simulated through MATLAB in 2D and 3D
pattern structures. The PSI was performed in two process
analysis. First, without PSI referring normal interference
technique. Second, with PSI referring position of laser beams in
quadrant-based alignment. The obtained results show the
minimum feature structure was measured as 12 nm. This feature
size developed under phase shift interferometry (PSI) produces
minimum feature size compared to the existing interferometry
technique. This study gives the promising increased fabrication
area could develop large area arrays structures.
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I. INTRODUCTION

ERIODICALLY patterned surfaces not only have unique

characteristics, but also serve as intelligent surfaces that
can selectively affect various functionalities in biomaterials,
surface engineering, photonics and sensor systems applications
[1-5]. Several methods for designing and producing such
micro- and nano-functions have been studied and applied (e.g.
lithographic nano-printing, laser writing, and optical
lithography). However, in a single process step only a few of
these are suitable for the manufacture of periodic structures on
different materials. One of the more recent developments in
surface texture within the micro- and sub-micrometer scale [8]
is phase-shift interferometry. The design of patterned
structures and miniaturization in size play a vital role in their
realization and fabrication in this technique. The method
provides an excellent opportunity to build structures on both
planar and non-planar surfaces with minimal feature size less
than 20 nm. Unlike other methods, PSI greatly enhances large-
area output (up to several cm2/s) using single or multiple laser
pulses, unlike other surface patterning methods. Consequently,
it provides an efficient route to large-scale development. The
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detailed explanation is derived and modelled mathematically.
The intensity distribution of the interfering laser beams can be
defined as below for a multi-beam interference pattern [12-14]:

2.E,
J=1

Where E; is the main component of the light wave field, the
speed of light is ¢, and vacuum permittivity is €o. The intensity
measurement is very important for phase shifting
interferometry. (1). Since the laser beams has the wavelength
the spatial period also needed to be calculated which is the
distance between the consecutive corresponding points of same
phase on the wave (2). A similar line such as periodic
distribution is obtained in the case of a pattern of two-beam
interference and its spatial length (both) is indicated by [15]:
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Where A is the laser's wavelength and A is the angle between
the two lasers. Consequently, for a given wavelength with a
resolution down to half the wavelength (A/2), which
corresponds to an angle (a) of 180 between the interfering
beams, the periodic modulation of the interference pattern can
be controlled. PSI is concerned with the use of interference
patterns generated from two or more coherent laser radiation
beams as a tool for structuring materials. In this research
paper, Section. 2 describe the alignment of four-beams,
Section 3 deals with PSI mathematical modeling. In section
4.the experimental outcomes and their discussions are
discussed. Section 5 is about conclusion.

II. PHASE-SHIFT INTERFEROMETRY

The interference patterns may be laser beam lines or dot arrays
or matrices. The intensity distribution of the interference
patterns shows structures with a sub-wavelength light pitch
that intervenes. It is possible to grow feature sizes down to a
fraction of the laser wavelength by using such radiation to
interact with materials. Fig. 1 exhibits the scheme of a phase
shift interferometry system. This technology provides a way
for nano patterns to be periodic and quasi-periodic patterns,
which are spatially consistent across large areas.
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Fig. 1. Scheme of a phase-shift interferometry system

PSI is highly advanced in nanolithography because of its high
efficiency, large work areas and low cost of structuring nano-
scale material compared to ion beam lithography (IBL) or
electron beam lithography technology (EBL). The benefit of
LIL in terms of scanning probe lithography (SPL) technology
is the non-contact projection mode with a long working
distance and intense operation. Because we are based on
several beams, light wave superposition occurs as the core
concept in phase shifting. The general form of N-beam
interference can be described as the overlapping of electric
field vectors of N laser beams. (Ei, E», Es, ...... , EN). Its
formulation can be represented as (3)

. N _, N
:ZEm:Z pmcos (kn,.r, £22vt+¢,) &)
m=1 m=1

Where Am (m =1, 2, ..., N) is the amplitude, pm (m = 1,2,

N) is the unit polarization vector, k=2my is the number of
waves, nm (m =1, 2, ..., N) is the unit vector in the direction of

propagation, rm is the vector of position, v is the frequency
and om (m =1, 2, ..., N) is the phase constant. When N is
allocated to 4 the patterns of interference can be dot arrays.
Fig. 2 exhibits the 4-beam laser interference theory [3].

ASERBEAMT

Fig. 2. Intensity distribution of multi-beam alignment

There are three criteria for interacting with the laser beams.
First, the same intensity (A,) should apply to four beams.
Second, Laser beam 1 and laser beam 3 shall be in the same
plane and at the same angle of incident to the sample plane.
This principle applies to the other two beams, as well. Third,
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the plane in which the laser beamsl and 2 are in must be
perpendicular to the plane in which the other two beams are
in. On beam incidence with symmetrical incidence angle, the
distribution of intensity is derived as:

=2x(4,) {(2 +cos(2kxsin 8) + cos(2ky sin 6)+ 2 cos(k(x — y )sin @)+ 2 cos(k(x + y)sin 9))}
“)

III. MODELLING OF PSI

A light source is positioned at the point ‘p’ distance of the
slit’s separation is ‘d’, and some distance away a projection
screen is placed from sources Si, S> and S3. Assuming that the
distance is much greater than the distance between the two slits
from the source to the screen i.e., L>>d shown in Fig. 3 In
order to achieve maximum interference on the screen, the first
path difference is Ar, =dsin @ and second difference is

Ar,=2dsin@and phase difference is given by first phase

difference Ag = )y dsind, and second phase difference,
=27 2507
2dsin@ .

Ap, =271 2
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Fig. 3. Three beam phase shift interferometry alignment

By using above diagram, the separation of slits will be able to
see clearly from source to screen. The three-beam
interference which consist three slits. The distance of the slits
are ‘d’ and length from source to screen is ‘L’, the three
sources meeting at the point ‘P’ at distance from ‘O’ to ‘P’ is
‘Y’. Let the three waves from the slits are Suppose source of
light passes through three slits, each separated by a distance d
from its neighbor.

E = E, sin(at) ®))
E, = E,sin(wt + ¢) (6)
E, =E;sin(wt +2¢) @)

(®)

sina +sinb = 2005(

Adding the equation (5) and (7)

E, +E, = E,sin(at) + E, sin(awt + 2¢) &)
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E, + E, = E,[sin(t) + sin(at + 2¢)] (10)

E, +E, =2E, cos ¢sin(wt + ¢) (11)

E =2E, cos ¢sin(at + §) + E, sin(at + §) (12)
E = E,(1+2cos ¢)sin(et + §) (13)

Hence from the equation (14) it is theoretically derived and
the intensity calculation for multiple beams supports the
principle of phase-shift interference.

IV. RESULTS AND DISCUSSION

Phase-shift interferometry (PSI) produces the promising results
on tunability factors over the lithographic interference system.
It is observed that the mathematical modelling of PSI records
the intensity factor depends on and beam phase angle that
produces different asymmetric structures on MATLAB
simulation. Also, the dependent factors include slit separation
(d), length from source to screen (L) and wavelength of each
beam (A). We have simulated the PSI in different parameter
studies in varying slit separation (d), length (L), wavelength
(M) and phase angle of each beam (). we have simulated and
generated the phase shift interference through MATALAB and
obtained 2D, 3D and 2D-FFT patterned structures for the
wavelength (L) as 750 nm, varying slit separation (d) as 0.0125
um and 0.0225 um, length as from source to screen (L) as 2
mm. The generated patterned structures compare both with PSI
and without PSI. The comparison study shows, the varying slit
separation gives the promising result over the generated
periodicity. For the slit separation 0.0125 pum produces the
periodicity value for without PSI as 0.148 pm and with PSI
producing 0.013 pm. In the same way on increasing the slit
separation to 0.0225 pm produces the periodicity for without
PSI as 0.11 pum and with PSI producing 0.012 pm. Hence the
interferometry of the phase shift rules over the focal length on
varying slit separation and controls over the periodicity of the
beams. Fig. 4-11 concludes lesser the slit separation between
the beams produces the minimum periodicity range and
produces various pattern structures with shapes in 2D-FFT.
The simulation results show with and without PSI affecting the
nature of interference and having linear line shapes with
intensity distribution across the beam.

Pattern generation for phase shifting interference for wavelength
() = 750 nm, slit separation (d) =0.0125 pm, length (I) =2 mm (with and
without PSI)

Fig. 4. 2D pattern generation- Without PSI

™

Fig. 5. 3D pattern generation- Without PSI

Fig. 6. 2D FFT generation- Without PSI

Fig.7. 2D pattern generation- With PSI
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Fig. 8. 3D pattern generation- With PSI

Fig. 9. 2D FFT generation- With PSI
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TABLE
VARIATION IN PERIODICITY FOR DIFFERENT WAVELENGTH

Wavelength (nm) Periodicity (um)
550 0.11
650 0.13
750 0.15
850 0.16
950 0.17
1050 0.18

Table I plots on varying wavelength producing periodicity
pattern in nm range. Thus, it shows the relation between
wavelength and generated periodicity. The simulated laser
beam with varying wavelength from 550 nm ~1050 nm was
performed and corresponding periodicity for with PSI was
calculated. The calculated value resumes the prominent results
showing as the wavelength of the beam decreases the
periodicity value also decreases. Hence the tabulation shows
wavelength of the beam is directly proportional to the
generated periodicity. Varying the wavelength also leads to the
formation of complex pattern structures and increased depth of
focus. We could see the linear rise between wavelength and
periodicity concludes as wavelength increases the periodicity
increases and vice versa is shown in Fig. 10.
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Fig. 10. Variation in periodicity for different wavelength

Further parametric analyses are carried out to study the factor
affecting the interference on phase-shift. Variation in
periodicity for different slit separation between the beams was
studied. The simulated laser beam with varying slit separation
distance from 1.25 mm ~75 mm was performed and
corresponding periodicity for with PSI was calculated. The
calculated value resumes the prominent results showing as the
slit separation from source to beam decreases the periodicity
value also decreases. Hence the tabulation shows slit
separation from source to beam is directly proportional to the
generated periodicity. Varying the slit separation also leads to
the formation of complex pattern structures and the shape
function is shown in Table II and Fig. 11

The variation in periodicity for different length to perform
symmetry phase shift interference. The simulated laser beam
with varying length from 4 mm — 200 mm was performed and
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corresponding periodicity for with PSI was calculated. The
calculated value resumes the prominent results showing as the
length of the beam from point to screen decreases the
periodicity value also decreases. Hence the tabulation shows
length of the beam is directly proportional to the generated
periodicity. Dynamic positioning of the laser beam and tuning
the length leads to generation of micro/Nano structures on
large area.
Table 11

VARIATION IN PERIODICITY FOR DIFFERENT SLIT SEPARATION

Slit separation

(mm) Periodicity (um)
1.25 2.1
20 5
35 8
50 10
75 20
TABLE III

'VARIATION IN PERIODICITY FOR DIFFERENT LENGTH

HD VD=0
4 0.33
10 0.356

25 0.63

120 0.77

200 2.07
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Fig. 11. Variation in periodicity for varying slit separation

CONCLUSION

The phase shift interferometry technique can be an alternative
solution to the normal interference technique (PSI). The
interference technique uses intersection angle between the
beams but in phase shift interferometry technique uses angles
for each individual beam to control over the topology of the
pattern structures.

From Table 1V, it is clear that the referenced papers have
designed and simulated patterns with wavelength that ranges
between 10 nm-1064 nm and obtained a periodicity of about
20 nm-10 pum. But they failed to focus on the size
optimization. In the research paper by Adrien Chauvin, he has
reported the periodicity of 1um for a wavelength of 350 nm.
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TABLE IV
COMPARISON OF DIFFERENT REFERENCE PAPER’S RESULTS
Authors Wavelength (nm)  Periodicity (nm)
Andreas Winter 300 500
Adrien Chauvin 350 I
Swagato Sarkar 405 15
Shuzo Masui 450 140
Jun Wu Orce | 500 273
Seyedeh Mahsa Kamali 532 482
Chiara Valsecchi 1064 575, 675
Min Jin Kang 1064 I
*Qur Research Paper 750 12

The author Min Jin Kang has reported the periodicity of
about lum for a wavelength of 1064 nm. But whereas we
could attain the periodicity of about 18 nm for a wavelength of
1050 nm. The author Chiara Valsecchi has reported the
periodicity of about 575 nm and 675 nm for a wavelength of
1064 nm. But whereas we could attain the periodicity of about
18 nm for a wavelength of 1050 nm. The author Seyedeh
Mahsa Kamali, has reported the periodicity of about 482 nm
for a wavelength of 532 nm. But whereas we could attain the
periodicity of about 11 nm for a wavelength of 550 nm. The
author Andreas Winter has reported the periodicity of about
500 nm for a wavelength of 300 nm. The author Swagato
Sarkar, has reported the periodicity of about 15 nm for a
wavelength of 405 nm. But whereas we could attain the
periodicity of about 11 nm for a wavelength of 550 nm. The
author Shuzo Masui, has reported the periodicity of about 140
nm for a wavelength of 450 nm. But whereas we could attain
the periodicity of about 11 nm for a wavelength of 550 nm.
The author Jun Wu Orc I has reported the periodicity of about
273 nm for a wavelength of 500 nm. But whereas we could
attain the periodicity of about 11 nm for a wavelength of 550
nm as shown in Fig.12.We have designed the PSI and
performed minimal feature size to generate micro/nano
patterns structures and obtained a periodicity of about 12 nm
with the slit separation between the beams as 0.0225 pm with
the applied wavelength of 750 nm is shown in Fig. 13. Hence
the phase shift interferometry concludes that PSI can produce
minimal periodicity feature size than normal interference
technique. From the above depicted results, the use of
micro/nano structure through PSI can be widely used in silicon
surface, micro patterning, nanowire manufacturing, Nano-
ribbon, hole arrays, anti-reflection film-based hybrid-polymer
nanostructures and 2D/3D photonic structures, graphene oxide-
based humidity sensing system and hybrid plasmonic structure.

Fig.12. Periodicity of about 11 nm for a wavelength of 550 nm-Light scribe
Technology

Fig. 13. Periodicity of about 12 nm for a wavelength of 750 nm-Light scribe
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