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A method for fabricating a micro-optical structure based on sample rotation and two-laser-beam interference is pro-
posed. The rotation process is analyzed using the coordinate transformation in matrix presentation and the theoretical
expressions of the optical field distributions corresponding to different sample rotations. By rotating the samples and
changing the laser wavelength, various special micro-optical structures can be obtained, such as equally spaced concen-
tric rings and irregular trapezoidal lattices; these structures are demonstrated by simulating the corresponding optical field
distributions. The proposed approach may be developed into a low-cost laser interference lithography technology for the
fabrication of various micro-optical structures.
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1. Introduction
Micro-structures have numerous applications, such as in

photonic crystals,[1] grating structures,[2] and biosensors.[3]

In fact, several micro- and nano-structure fabrication
methods have been developed to date, including nano-
imprinting, ion-beam lithography (IBL), electron-beam lithog-
raphy (EBL),[4] x-ray lithography,[5] and atomic force mi-
croscope lithography.[6] However, these technologies have a
great number of disadvantages in terms of cost, efficiency, and
the complexity of the manufacturing process.[7–10] Recently,
surface plasmonic lithography[11–13] has been widely studied,
as this technique allows fabrication of sub-wavelength struc-
tures. In the previous works by the present authors,[14–16]

waveguide-mode interference lithography was proposed and
presented; this technique can be used to fabricate sub-
wavelength gratings with different periods. However, as re-
gards to micro-structure fabrication, including periodic one-
dimensional (1D) and two-dimensional (2D) structures, the
most commonly used method is laser interference lithography
(LIL).[17–22] For example, Jiang et al. fabricated 1D and 2D
superhydrophobic graphene surfaces by means of two-laser-
beam interference;[23] Xuan et al. obtained periodic triangle
truncated pyramid arrays using an LIL system;[24] and moth-
eye structures were fabricated on silicon via six-laser-beam in-
terference lithography by Xu et al.[25]

In general, two-laser-beam interference can be used to
fabricate simple periodic 1D micro-optical structures. For

more complex structures, additional laser beams may be
required;[26,27] however, this may complicate the optical de-
vices and increase the operation difficulty. Thus, improve-
ments to the LIL technology and cost performance are also
required.[28] Recently, Wang et al. fabricated a 2D-lattice op-
tical structure by rotating a sample by 90◦ after the initial ex-
posure to expose it for a second time.[29] Furthermore, Has-
sanzadeh et al. proposed the fabrication of a large number of
interesting microstructures, such as equally spaced concentric
rings,[30] using multi-exposure LIL based on the rotation of a
Lloyd’s mirror interferometer. However, it is difficult to rotate
that type of interferometer, and the lithography principles and
rotation process involved in the proposed approach have not
been widely examined.

In this paper, we propose the use of two-laser-beam inter-
ference with two different kinds of photoresist-sample rotation
methods for the fabrication of varieties of micro-optical struc-
tures with latent application. Based on the coordinate transfor-
mation in matrix presentation[31] and the principle of interfer-
ence of two coherent light beams,[32] a theoretical expression
of the optical field distribution is obtained. Hence, via numeri-
cal simulation, optical field distributions are simulated to indi-
cate the lithography results of different sample rotation mech-
anisms. In particular, by simulating multi-exposure with two
kinds of laser at different wavelengths, we obtain unequal pe-
riodic 2D structures, i.e., a quasi-rectangular lattice and an ir-
regular trapezoid lattice.
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2. Theoretical analysis
Figure 1 presents a schematic of the proposed micro-

optical structure fabrication lithography method, which is
based on sample rotation and two-laser-beam interference.
Here, a He–Cd laser is assumed as the laser source. The He–
Cd laser is typically used in LIL,[17] because it can emit lasers
of two different wavelengths, i.e., 325 nm and 442 nm. In
addition, the emitted laser can be easily converted from one
wavelength to the other, while the beam propagation direction
and the position in space remain unchanged. A shutter is used
to control the exposure and a beam splitter is used to divide
a single laser beam into two coherent parts. The sample is
placed on a rotation stage.

It can be assumed that the two coherent light beams that
emerge from the beam splitter are plane waves and can be
modeled as

𝐸1(𝑟1, t) =𝐸01 e i(𝑘1·𝑟1−ωt+ϕ1), (1)

𝐸2(𝑟2, t) =𝐸02 e i(𝑘2·𝑟2−ωt+ϕ2), (2)

where 𝐸01 and 𝐸02 are the electric field amplitudes, 𝑘1 and 𝑘2

are the wave vectors, ϕ1 and ϕ2 are the initial phases, and 𝑟1

and 𝑟2 are the position vectors of the two beams, respectively.
Furthermore, ω is the angular frequency of the waves and t is
time. Thus, 𝐸1(𝑟1, t) and 𝐸2(𝑟2, t) represent the electric fields
of the two beams.
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mirror 2

beam expandershutterlaser
beam splitter

sample
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z

y

Fig. 1. (color online) Schematic of lithography setup for micro-optical
structure fabrication based on sample rotation and two-laser-beam in-
terference.

Assume that the sample is fixed on the x–y plane. Figure 2
shows the propagation of two laser beams emerging from the
beam splitter in the x–z plane. Thus, 𝑘1 and 𝑘2 are perpen-
dicular to the y-axis and the propagating angles (θ) of the two
beams relative to the z-axis are identical. We set ϕ1 = ϕ2 = 0.
Thus, the electric fields along the x-axis on the sample surface
can be expressed as

E1(x, t) = E01 e i(kxsinθ−ωt), (3)

E2(x, t) = E02 e i(kxsinθ−ωt), (4)

where k = 2π/λ . The superposition of the electric fields of the
two individual plane waves gives

E(x, t) = E1(x, t)+E2(x, t). (5)
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Fig. 2. (color online) Schematic of two-laser-beam interference on the
sample surface, where 𝑘1 and 𝑘2 are the wave vectors and θ is the in-
cidence angle.

The irradiance of the electromagnetic wave is given by
I ∝ 𝐸∗ ·𝐸. Thus, the spatial distribution of the total optical in-
tensity of the two waves interfering on the sample is expressed
as

I(x) = I1 + I2 +2
√

I1I2 cos
(

4π sinθ

λ
x
)
. (6)

To simplify the calculation process, we suppose I1 = I2 = 1;
thus, the intensity distribution can be expressed as

I(x) = 2
[

1+ cos
(

4π sinθ

λ
x
)]

, (7)

with the period of I(x) being

Λ =
λ

2sinθ
. (8)

For a sample, two exposure methods are available. In one
approach, N exposures are performed with N− 1 sample ro-
tations. In the other approach, the shutter retains opening and
the sample is continuously exposed while being continuously
rotated. By utilizing the coordinate transformation in matrix
presentation,[31] the optical field distribution after the n-th ro-
tation can be obtained, such that

( xn yn In ) = ( x y I )

 cosαn sinαn 0
−sinαn cosαn 0

0 0 1

 , (9)

where ( xn yn In ) is the coordinate matrix of the optical field
distribution after the n-th sample rotation and αn is the rota-
tion angle relative to the first exposure. The initial optical field
distribution is represented by ( x y I ). For N exposures, the
total distribution can be expressed as

I(x,y) =
N

∑
n=1

In(x,y,αn). (10)

For the second exposure method, we assume that the an-
gular velocity of the rotation is ω0; hence, the rotation angle
can be expressed as a function of time, i.e., α = ω0t. Conse-
quently, when the sample is rotating, the field distribution can
be expressed as

I(x,y, t) = 2
[

1+ cos
(

4π sinθ

λ
(xcosω0t− ysinω0t)

)]
. (11)
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If the total exposure time of the rotation process is T , the
total optical field distribution can then be expressed as an inte-
gral

IT (x,y) =
∫ T

0
I(x,y, t)dt. (12)

3. Numerical simulation results
Based on the equations obtained above, we employ a nu-

merical simulation to obtain the field distribution for a given
rotation/exposure configuration, so as to theoretically demon-
strate the corresponding micro-optical structure that could be
fabricated in practice. A standing wave optical field distri-
bution is formed via the interference of two coherent lasers
according to Eq. (7); thus, a periodic 1D structure can be fab-
ricated utilizing two-laser-beam interference. As an example,
we use λ = 325 nm and θ = 10◦ in the simulation. The stand-
ing wave optical field distribution simulation results obtained
for these parameters are shown in Fig. 3(a). Based on this
distribution, a 1D grating with a period of 935.8 nm can be
fabricated.

Although the optical field distribution obtained from two
coherent lasers is 1D, by exposing the photoresist sample and
applying different rotation methods, we can fabricate numer-
ous 2D micro-optical structures. As noted above, one ap-
proach is to expose the sample N times with N − 1 sample
rotations. If we rotate the sample by 90◦ and expose it for a
second time with the same exposure dose, a 2D dot array pat-
tern can be recorded on the photoresist sample. This case can
be simulated using Eqs. (9) and (10), and the corresponding
optical field distribution is shown in Fig. 3(b). A magnified
segment of Fig. 3(b) is shown in Fig. 3(c); it is apparent that
the dots of the array have a quasi-square shape. Furthermore, if
the sample is subjected to three exposures under the same dose
with a 60◦-rotation after each exposure, a periodic hexagonal
structure is obtained (Fig. 4(a)). From Fig. 4(b), a magnifi-
cation of part of Fig. 4(a), it is apparent that there are six tri-
angles outside this hexagonal structure. However, the optical
field intensity of these triangles is very low compared to the
hexagon. This difference is demonstrated by the 3D intensity
distribution of one period shown in Fig. 4(c).

More interesting and complex structures can be fabri-
cated by exposing and rotating the sample continuously. As
an example, we simulate the total optical field distribution
for the case in which the sample is continuously rotated with
α = 180◦, λ = 325 nm, and θ = 10◦. An equally spaced con-
centric ring structure is obtained. Figure 5 shows the simulated
results for the 2D and 3D optical field distributions. The inten-
sity distribution along the center line of Fig. 5(a) is shown in
Fig. 5(c). From the x-values of the crests and troughs, it can be

determined that the loop width is approximately 936 nm, while
the radius of the center round is 568 nm. From the graph of
the distribution function and the 3D figure of the field distri-
bution (Fig. 5(b)), it is apparent that the optical field of the
rings decreases progressively. Further, the field at the center is
extremely strong compared to that at the surrounding area.
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Fig. 3. (color online) (a) 2D optical field distribution for single exposure
of two-laser-beam interference. (b) 2D optical field distribution for double
exposure and 90◦-rotated sample. (c) Magnified segment from panel (b).
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Fig. 4. (color online) (a) 2D optical field distribution for triple exposure,
with the sample being rotated by 60◦ after each exposure. (b) Magnified
segment from panel (a). (c) 3D optical field distribution of one period.

As shown in Eq. (8), the period of the standing wave
optical field distribution (Λ ) is proportional to λ . There-
fore, by changing λ , we can fabricate micro-optical structures
with vertical Λ values different from the horizontal ones. To
achieve this, the sample is first exposed to the 325-nm laser,
before being rotated by 90◦. The laser wavelength is changed
from λ1 = 325 nm to λ2 = 442 nm, keeping θ = 10◦ as be-
fore. The sample is then exposed for the second time. The
results of this procedure are shown in Fig. 6(a). It is obvious
that the field distribution is similar to that shown in Fig. 3(b);
however, the dots in Fig. 6(a) have a quasi-rectangular shape,

with Λ values of 935.8 nm and 1272.7 nm, whereas the dots
in Fig. 3(b) are quasi square.
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Fig. 5. (color online) (a) 2D optical field distribution for continuous
exposure, with the sample being continuously rotated by 180◦. (b) 3D
optical field distribution. (c) Optical field distribution along the x-axis.
The numbers on the crests and troughs are the x-values.

Furthermore, by exposing the sample four times with 45◦

sample rotations after each exposure (λ1−4 = 325 nm, 442 nm,
325 nm, and 442 nm, respectively), a more interesting struc-
ture can be obtained, as shown in Fig. 6(b). The distribu-
tion corresponds to an irregular quasi-trapezoidal lattice, but
it is centrosymmetric. If we change the rotation and exposure
method further, for example, by changing α or λ , additional
micro-optical structures can be fabricated.
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Fig. 6. (color online) (a) 2D optical field distribution for double ex-
posure with different laser wavelengths (325 nm and 442 nm), where
the sample rotation angle is 90◦. (b) Quadruple exposure, where the
wavelength of each exposure is 325 nm, 442 nm, 325 nm, and 442 nm
respectively. The sample is rotated by 45◦ after each exposure.

Various kinds of micro-optical structures can be fabri-
cated using the proposed method, and the structure parameters
can be controlled effectively by changing the laser-beam inci-
dence angle and wavelength. The structures discussed above
constitute selected examples of the various possibilities only.

4. Conclusion
We have proposed a method of fabricating micro-optical

structures by employing sample rotation and two-laser-beam
interference. By rotating and exposing a sample in different
ways using the suggested interference device, a wide variety
of micro-optical structures can be fabricated, such as hexagons
and equally spaced concentric rings. By exposing the sample
to lasers with different wavelengths, some irregular periodic
optical structures can also be obtained. It is hoped that the
proposed lithography method can be used for the fabrication of
different kinds of micro-optical structures. Further, the micro-
structures simulated in this study can be applied to numerous

micro-optics fields. For example, the 1D grating can be used
as a diffraction grating, the periodic hexagonal structure can
be employed as a photonic crystal, and the spaced concen-
tric rings can be used as a zone plate. Hence, the proposed
technology will have considerable applications in the fields of
micro- and nano-optics, because of its simple operation, low
cost, and high output.
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