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Abstract. Beam incidence conditions in the formation of two-, three- and four-beam laser interference patterns
are presented and studied in this paper. In a laser interference lithography (LIL) process, it is of importance to
determine and control beam incidence conditions based on the analysis of laser interference patterns for system
calibration as any slight change of incident angles or intensities of beams will introduce significant variations of
periods and contrasts of interference patterns. In this work, interference patterns were captured by a He-Ne laser
interference system under different incidence conditions, the pattern period measurement was achieved by cross-
correlation with, and the pattern contrast was calculated by image processing. Subsequently, the incident angles
and intensities of beams were determined based on the analysis of spatial distributions of interfering beams. As a
consequence, the relationship between the beam incidence conditions and interference patterns is revealed. The

proposed method is useful for the calibration of LIL processes and for reverse engineering applications.
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1 Introduction

Laser interference lithography (LIL), as a powerful method for the fabrication of periodic
micro and nano structures, is attracting extensive attentions for many applications [1, 2].
Besides the merits of high efficiency and low cost, LIL is developed to break through the
limited area yielded by electron beam lithography (EBL) or focused ion beam lithography
(FIBL) and fulfill the large-area fabrication. LIL is also a flexible method capable of
producing various sub-wavelength fringe and dot structures in the cases of two-, three- and
four-beam laser interference [3-8]. Recently, researchers reported that a wide variety of
applications were achieved by LIL. Guo et al. employed two-beam laser interference

technology to pattern graphene oxide and hierarchical nanostructures were formed for the
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production of a high performance humidity sensing device [9]. Guo and his co-worker
reported that large-area microlens arrays were fabricated via a single step by laser interference
ablation [10]. Jin et al. used two-beam LIL to fabricate metallic electrodes and enhanced the
absorption in organic solar cells [11]. Castro-Hurtado et al. reported that the tungsten oxide
(WO») thin films were modified by three- and four-beam laser interference lithography and
the nanostructures with the feature sizes of 150-160nm in diameter were achieved. In the
conclusion, they pointed out that the outstanding nanostructured films could be used as
sensing layers for the detection of hazardous gases such as NO, and H,S [12]. It can be seen
from literatures that numerous efforts have been devoted to the fabrication of devices and
functional materials based on the micro and nano structures by LIL. But, both theoretically
and experimentally, the beam incidence conditions play a critical role in the determination of
period and contrast in the formation of interference patterns.

It is known that the period of interference can be controlled by changing the incident
angles of beams or the radiation wavelength [13]. For practical applications, the wavelength is
first selected so that the period depends on the incident angles. Meanwhile, the influences of
polarized angles, azimuth angles and number of beams are also extremely important for
obtaining desired interference patterns since the spatial distributions of interfering beams are a
function of the mentioned parameters. In the case of two-beam laser interference, different
incidence conditions introduced by the polarization vectors result in different contrasts [14].
In the case of three-beam laser interference, the modulation period is produced in the coplanar
incidence conditions, and in the case of four-beam interference, there are three different types
of patterns produced by polarization modes [15]. To determine the relationship between the
beam incidence conditions and interference patterns, a series of steps, including image
acquisition, processing and analysis based on the theory of physical optics, were taken to
achieve high precision measurement and offer an effective way for the calibration of LIL

Processes.
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In the previous approaches, apart from direct measurement and Hough transform
methods [16-18], mean-square-difference algorithm was employed to determine the period
and slope of oblique fringes [19]. It was demonstrated that the methods had the advantages of
averaging noise and nano-scale accuracy to measure two-beam interference patterns [20].
However, there has been no published work on three- and four-beam interference
measurements to determine the beam incidence conditions.

In a LIL process, any slight change of incident angles or intensities of beams will
introduce significant variations of periods and contrasts of interference patterns, thus, it is
essential to determine and control beam incidence conditions based on the analysis of laser
interference patterns for system calibration. In this work, a He-Ne laser interference system
was set up to obtain various interference patterns configuring different beam incidence
conditions. Cross-correlation was applied to the calculation of periods and the pattern contrast
was calculated by extracting the maximum and minimum grey-scale values from selected
image patches or regions and averaging every contrast value of the whole region. Two-beam
incidence conditions, three-beam coplanar and non-coplanar incidence conditions and four-
beam incidence conditions have been studied, and the calculations have been carried out
systematically. The incident angles or intensities of beams are determined subsequently.

2 Fundamental Theories
2.1 Principle of LIL
A general form of N-beam laser interference can be considered as the superposition of

electric field vectors of N beams (E,,E,,E,, ... and E, ) and the mth vector can be written as
E, = A, P cos(k, T, —@-t+5,). (1)
In the electric field vector, k_and p,,can be expressed by

k  =k(sind), - cosg, -T +sind, -sing, - ] —cos6), -K), 2)

Page 3 of 15



B, =—(cosf, -cosg, -cosy,, —sing, -siny, )i
—(cos@, -sing_-cosy, +cosg, -siny, )], 3)

—(sind, - cosy/m)lz
where A, is the amplitude, p,,is the unit polarization vector, k_is the vector in the propagation
direction, T, is the position vector, @ is the frequency 9,,is the initial phase, kK = 27[/ A, Als
the wavelength, 6, is the incident angle, ¢, is the azimuthal angle, and v is the polarized

angle.

In the interference area, the intensity distribution can be expressed as

2 N L
I(r) — — ZZAn ﬁm . A1 ﬁn e[i(km’kn)”rb‘m’sn] ] (4)
n=1

N
m=1

N —
2 E,
m=1

It has been demonstrated that the polarization vector plays a key role in the formation of
interference patterns [14]. Thus, two-, three- and four-beam laser interference formulas with
proposed beam incidence conditions are derived from Egs. (1)-(4), which are discussed in the
following sections.

2.2 Image processing algorithms

In order to determine the period of the interference patterns, two patches of interference
patterns are selected as the fixed and reference image patches. It can be calculated that the
fixed patch matches with the reference patch by means of the cross-correlation coefficient
which represents the similarity numerically. The schematic of this algorithm is shown in Fig.
1(a). The correlation coefficient, p,, , between two matrices from the two image patches X

and Y is defined as:

p, = V) E[X =i MY = )], 5)

OxOy OxOy

where E is the expected value, cov is the covariance, p, and g, are the mean values of X and
Y, and o and o are the standard deviations.
According to the theory of optics, the interference contrast is defined as
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-1 ..
K — max min . (6)
| + 1

where lnax and lni, are the maximum and minimum interference intensities. For the
calculation of contrast, the pattern is divided into N patches or regions. The pattern contrast
can be calculated by extracting the maximum and minimum grey-scale values in every
selected patches or regions firstly and then averaging the contrast values of the whole image.

Fig. 1(b) illustrates the schematic of this algorithm.

]
by > 0
[ Fixed patch ]

) @ Reference patch v "
X o W .
| 1= O

X W Max O Min
@ ®)

Fig. 1 The schematic of image processing algorithms. (a) Principle of determining the period by pattern

correlation; (b) Principle of determining the contrast.

3 Experimental Details

In the experiment, the He-Ne laser (CVI Melles Griot, 25-LHP-213) with the wavelength
of 633nm and output power of 0.5mw was used for the LIL imaging system. The laser source
takes advantages of good beam quality and 30cm coherent length. To perform real-time
imaging, a CCD camera (PiontGrey, CMLN-13S2M-CS) replaces the exposed sample and a
20x Calilean beam expander is fixed before the camera as the period of interference is far
smaller than the CCD pixel size.

The scheme of four different experimental setups is shown in Fig. 2. The main laser
beam was divided into two, three or four coherent beams by beamsplitters and high-reflective
mirrors. Half-wave plates and polarizers were used to control the power and polarized angles

precisely.
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a
(@) HR HR,

Fig. 2 Schematic set-up for (a) Two-beam laser interference; (b) Non-coplanar three-beam laser interference; (c) Coplanar
three-beam laser interference; (d) Four-beam laser interference. HR;, HR,, HR;, HRy, and HRs are the high-reflective
mirrors, BS;, BS, and BS; are the beamsplitters, H;, H,, H;, Hy and Hs are the half wave plates, P;, P, P3, P4 and Ps are the

polarizers and BE is the 20>< Calilean beam expander.

4 Results and Discussions
4.1 Two-beam interference

In the two-beam laser interference, a periodic fringe pattern is produced with the incident
angles of 9, = 0, = 0, the azimuthal angles of ¢ =0°and ¢, = 180°, and the polarized angles of
v, =w, =90°, the intensity distribution can be expressed by

Lo pean = A7 + A7 —2AA cos[k sin6, +sin8,)x]. @)
It can be seen from Eq. (7) that the period of the interference pattern is d=A4/2sinf in the case
of the symmetrical two-beam incidence. Fig. 3(a) is the fringe pattern obtained by the CCD
camera. The pixel number of phase shifts is 29.577 in Fig. 3(b). The pixel size of the CCD is
3.75um, and the measured period of the interference pattern is 5.546um. In the experiments,
the incident angles were set as 6, =6, =3.3° | which resulted in the period of 5.498um

theoretically. It is found that the offset between the designed angles and the measured angles

is 0.03°. Moreover, with the calculation of the contrast, the intensity of each beam can be
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determined. The maximum and minimum grey-scale values are extracted from the 96x128
pixels patches which shift in the whole interference pattern. The final value is obtained by
averaging all the contrasts with the shifting step of 10 pixels from the row and column

directions. According to Egs. (6) and (7), in this case, K can be written as

__2AA

Ktwo—beam - m 5 (8)

and the calculation result is 0.87. It can be concluded that the amplitude of one beam is 1.7

times higher than that of the other one.

(2)
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Fig. 3 (a) The CCD image of the two-beam laser interference; (b) Corresponding correlation coefficients as a
function of phase shifts.

4.2 Three-beam interference in the non-coplanar incidence condition

In the cases of three-beam laser interference, there are generally two different
configurations corresponding to coplanar and non-coplanar incidence conditions. The triangle
distribution pattern is generated by the non-coplanar incidence condition while the dual-
grating pattern is generated by the coplanar incidence condition, as shown in Fig. 4. In the
non-coplanar incidence condition, the three beams have the same incident angles of

6,=6,=0,=0, and the azimuthal angles of 30°, 150° and 270°. In the coplanar incidence
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condition, the incident angles of three beams are 6, =0, =6 ,0,=6¢" (0" >0), and the

azimuthal angles are, ¢ = ¢; = 0°and ¢, =180°.

5 =

Fig. 4 2D simulations of three-beam interference distributions. (a) Non-coplanar incidence condition; (b)

Coplanar incidence condition.

According to Egs. (1)-(4), when the polarized angles are 0°, the equation of the three-
beam interference in the non-coplanar incidence condition is expressed as

Ithree—beam = Al2 + AZ2 + A32 +A- A1A2 COS(k\/g sin@- X)

+A-A1A3cos(k§sin0-x+k%sin9-y)a ©)
+A-AZASCOS(kgsiHH-X—k%sine-y)

where A = 2sin” @ — cos® 6. It can be seen that the period in the x direction is
d, =24//3sin6, (10)
and the period in the y direction is

d, =24/3sin0. (11)

This means that the period in the x direction is+/3 times larger than the other one, which
shows a good correspondence with the simulation in Fig. 4(a). Thus, the three-beam laser
interference method is able to generate the triangle or hexagon distribution pattern.

The triangle pattern shown in Fig. 5(a) was obtained experimentally. Fig. 5(b) indicates
that the respective pixel numbers of phase shifts in the x and y directions are unequal.
According to the results of the correlation coefficient calculations, the measured period in the

x direction is d,=7.854um and that in the y direction is dy=4.401um. The relationship of the
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ideal pattern is d, /d, =+3and the experimental relationship isd, /d, =1.785. It is demonstrated

that the misalignment of the azimuthal angles causes a minor offset of 0.74° between the
designed angles and the measured angles. Unlike the two-beam interference, the contrast of
the three-beam interference in the non-coplanar incidence conditions is determined by the
amplitude of each beam and has an effect on the incident angles. The contrast in this case is

expressed as

Kthree—beam :A' A1A22+ AIA;‘} - A;ZA} . (12)
A+A+A

To calculate the contrast, the incident angle needs to be determined first. As Fig. 5(b)
and Eq. (10) suggested, the incident angle is 5.3° so A =0.9744 . Meanwhile, the contrast is
calculated by the image processing method which is used in the two-beam interference and
the result is 0.9706. Thus, it is demonstrated that the amplitudes are almost equal with each

other.

L0
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28

Correlation coefficients in y direction

0.6
0 20 40 60 80 100 120 140 160 180 200
Pixel number of phase shifts

Correlation coefficients in x direction

Fig. 5 (a) The CCD image of the three-beam laser interference in the non-coplanar incidence condition; (b)

Corresponding correlation coefficients in x and y directions as a function of phase shifts.

4.3 Three-beam interference in the coplanar incidence condition
When the azimuthal angles of three beams are in the same plane, a dual-grating structure
pattern is produced. In the experiment, the initial laser beam was divided into three beams

with the azimuthal angles of ¢ =¢,=0° and ¢, =90° , the polarized angles of

9
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w, =y, =y, =90°, and the incident angles of 6, =0, =0 and 6, =6" (8" > 0). In this case,

the intensity of interference | is expressed as

three—beam

It'hree—beam = A12 + A22 + A32 _2A1A2 COS(2k Sine’ X)
+2A A, cos[(sinf —sin@ )X — (cosf —cosd)z] . (13)
—2A,A cos[(sind +sind )X+ (cosd—cos)z]

Eq. (13) indicates that the intensity of interference is a function of the coordinates in the x and
z directions. Generally, the interference is deemed to occur in the xy plane. This means that
the value of z is zero, so there are three interference terms in the x directions. They are

expressed as

A
' 2sin®
d-——* . (14)
sin @ + sin 6
%:%
sin @ —sin 6

In practice, 9" and 6 are approximately equal with each other, consequently, d; and d,

are approximately equal, and d; is larger than them (d, =d,, d; >>d,). Thus, it is the reason

that the interference pattern exhibits dual periods. Fig. 6 shows the experimental result. From
the curve in Fig. 6(b), the periods are calculated as d;=3.5625um, d,=3.1875um and

d;=27.5625um. According to the values and Eq. (14), the incidence conditions can be

determined, and they are & =5.1°and 9" =6.3°+0.3°.
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Fig. 6 (a) The CCD image of the three-beam laser interference in the coplanar incidence condition; (b)

Corresponding correlation coefficients as a function of phase shifts.

In this case, the contrast is expressed as

Kt'hree—beam = A1A22+ A1€‘3 i A;ZAS . (15)
A+A A

and the calculation result is 0.734. The decrease of contrast could be caused by the unequal
amplitudes of each beam.
4.4 Four-beam interference

The four beams follow a symetrical configuration with the azimuthal angles of 0°, 90°,
180° and 270°. The polarization angles of four beams were 90°. It can be seen in Fig. 7(a) that
a two-dimensional grating pattern and periodic dots are produced in this case and the
maximum intensities distribute along both x and y axes. The formula of the four-beam laser

interference can be expressed as

| tourbeam = A + A2 + A2 + A? —2A A, cosk  sin6, +sin6;)x] (16)
—2A,A, cos[k sin@, +sinb,)y]

As Eq. (16) suggested, the intensity distribution of the four-beam interference is
equivalent to the two exposures of two-beam interference by rotating the substrate with 90°.
When the incident angles are 6, =6, =6, =6, =6, the periods in the x and y directions are

dy =dy =4/2sin6. Fig. 7(b) shows the captured image of four-beam interference and the

11

Page 11 of 15



measurements of phase shifts are illustrated in Fig. 7(c). The resulting periods in the x and y

directions are 5.8121um and 5.7192um, respectively. According to Eq. (16), the incident
angles can be concluded that 6, =6,=3.17",and 8, =6, =3.12° . With the help of

theoretical and image analysis, the deviations of 93nm and 0.05° have been determined.

Qeossssssssns
T T TTITTTYY
T T TTTYTTY
T T TTTTTYY

° e o =
= = = =

=S S
Correlation coefficients in y direction

=5

Correlation cocfficients in x dircction

0.
0 20 40 60 80 100 120 140 160 180 200
Pixel number of phase shifts

Fig. 7 (a) 2D intensity profiles of the four-beam interference simulation; (b) The CCD image of the four-beam

laser interference; (c) Corresponding correlation coefficients as a function of phase shifts.

4.5 Potential applications

It has been demonstrated that the proposed method is a powerful tool for analyzing
almost all types of beam incidence conditions in LIL. Furthermore, the imaging system can
also be integrated into an LIL system to achieve real-time imaging and lithography. The
schematic of the innovative system is shown in Fig. 8. Additional beamsplitter mirrors or
prisms are utilized to set up the imaging system, keeping the original optical path unchanged.

Once the relationship of the incident angles between the LIL and imaging systems is
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determined, real-time and dynamic calibrations can be achieved, which is an important

application in LIL processes.

, Photoresist

Real-time imaging system

Fig. 8 Schematic of the real-time imaging and lithography system.

5 Conclusions

In this work, beam incidence conditions are investigated theoretically and experimentally.

It is demonstrated that beam incidence conditions have a significant impact on the period,
contrast and formation of interference patterns. To determine the beam incidence conditions,
the periods and contrasts of interference patterns are measured by means of image processing
with subpixel accuracy and subsequently the incident angles and intensities of beams are
calculated based on the theoretical analysis of spatial distributions of interfering beams. The
relationship between the beam incidence conditions and interference patterns is revealed. The
proposed method is useful for the control and calibration of LIL processes, and for reverse
engineering applications.
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