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Abstract Multiple-beam surface plasmon holographic nano-
lithography based on a hemispherical prism coupling configu-
ration is numerically studied in this paper. The proposed
configuration is systematically analyzed and optimized for
the purpose of achieving five different two-dimensional Brav-
ais lattices by means of adjusting the spatial distribution of
three incident beams properly. Furthermore, it is shown that the
variation in the relative phase between incident beams can give
rise to rich periodic patterns when overlapping more than three
beams for surface plasmon holographic nanolithography.

Keywords Surface plasmon - Multiple-beam holographic
nanolithography - 2-D Bravais lattices

Introduction

Holographic lithography has been proved to be a powerful,

cost-effective, and promising technique to fabricate various
periodic and quasi-periodic structures without requiring any

Q. Liang - W. Yu (IX)

State Key Laboratory of Applied Optics,

Changchun Institute of Optics, Fine Mechanics and Physics,
Chinese Academy of Sciences,

Changchun, Jilin 130033, China

e-mail: yuwx@ciomp.ac.cn

Q. Liang
Graduate University of Chinese Academy of Sciences,
Beijing 10039, China

T. Wang - H. Liu - W. Xu * R. Piao

Opto-electronic Technology Center,

Changchun Institute of Optics, Fine Mechanics and Physics,
Chinese Academy of Sciences,

Changchun, Jilin 130033, China

Y. Fu (<)

School of Physical Electronics,

University of Electronic Science and Technology of China,
Chengdu 610054, Sichuan Province, People’s Republic of China
e-mail: yqfu@uestc.edu.cn

fine periodic masks. Laser holographic lithography, also
called laser interference lithography, as a large-area, mask-
less, and noncontact nanofabrication technique, has been
well developed recently to obtain one-dimensional grating
lines, two-dimensional (2-D) array of square lattices, nano-
wires, naofins or nanowires with oval cross sections [1-5],
and three-dimensional photonic crystals [6—12]. These
nanostructures were put forth in high demand for a wide
range of applications including surface relief gratings, bio-
sensors, large-volume photonic crystal templates, photonic
crystal waveguides, high-density data storage, nanoelec-
tronic devices, and integrated circuits. However, this con-
ventional holographic lithographic method is unable to
fabricate high-resolution structures due to the optical dif-
fraction limit. By introducing near-field optical lithography
technique, the diffraction limit can be broken and super
resolution can be achieved. Evanescent wave interference
lithography, as one of the near-field interference lithograph-
ic methods, can provide high resolution but has the intrinsic
disadvantages including short exposure depth, low contrast,
and others to limit its practical applications [13—16]. How-
ever, by exciting surface plasmon waves resulting from the
coupling of light to collective free-electron mode at metal/
dielectric interface, the evanescent field can be strongly
enhanced with the improved resolution as well. Surface
plasmon interference nanolithography (SPIN), as a promis-
ing near-field nanolithography technique, has shown its
distinctive superiority in unlimited resolution and thus been
rapidly developed recently. Periodic nanolines and nanodot
arrays with a sub-30-nm resolution fabricated by means of
SPIN technique have been demonstrated numerically and
experimentally recently [17-24].

To meet the requirements of high-resolution periodic
patterns in various fields, such as biosensors, metamaterials,
photonic crystals, magnetic data storage, and field emitter
arrays, surface plasmon holographic nanolithography based
on prism coupling is studied in the paper so as to achieve a
variety of 2-D photonic crystals template with high revolu-
tion and aspect ratio.
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Theoretical Analysis
Basic Configuration and the Principle of SP Holography
Surface plasmons (SPs) are coherent electron oscillations that

exist at the interface between conductors and dielectrics. The
dispersion relation for the surface plasmons is given by [25],

ks =k
p 0 7
En T Ed

(1)

Where ky and kg, are, respectively, the wave vectors of
the incident light and the surface plasmons. sin is the real
part of the dielectric constant of metal, and ¢4 is the dielec-
tric constant of the dielectric medium. The wavelength of
the surface plasmons can be written as,
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where Ag and A, are, respectively, the wavelengths of the
illumination light and the surface plasmons. By choosing
proper dielectric constants of the metal film and dielectric
medium, as well as the illumination wavelength, the wave-
length of the SP wave can be much smaller than that of the
incident light; thus, the resolution of SP holography can be
significantly improved in comparison with the traditional
laser holography. Meanwhile, the period of the SP interfer-
ence pattern depends on the wavelength of the incident light
and the material chosen.

The SP holographic nanolithography studied here is per-
formed on the basis of the Kretschman’s attenuated total
reflection principle [25, 26], where surface plasmons can be
excited when the p-polarized light satisfies the following
dispersion relation,
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(3)

where k, represents the wave vector of the incident light
projected on the plane parallel to the surface of the metal. £
is the dielectric constant of the prism, and 0, is the surface
plasmon resonance angle.

In our simulation, the wavelength of the incident light is
365 nm. The dielectric constants of the prism, metal, and
photoresist are 3.7605 (N-LASF31A glass), —19.459+
3.606i (Al) [27], and 3.0109 (S1813), respectively. Surface
plasmon resonance angle at the interface of the prism and
the metal surface by theoretical calculation is 76.7°. Thus,
the wavelength of the surface plasmon is about 193 nm.

A schematic diagram of surface plasmon holographic li-
thography configuration is shown in Fig. 1. This configuration
is composed of a hemispherical prism coated with a thin metal
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Fig. 1 Schematic diagram of SP holographic nanolithography
configuration

layer and a photoresist coated on the substrate. We choose
hemispherical prism for the sake of the flexibility of tuning the
spatial distribution of the incident beams and the relative
phase differences among these different incident beams in
the practical application.

Electric field distribution of multiple-beam surface plasmon
holographic lithography

By solving the Maxwell’s curl equations, the distribution of
the electromagnetic field of the surface plasmon holographic
interference patterns in the photoresist layer can be obtained.
When the p-polarized plane wave propagates along the X-
direction, there is no Y electric component. Thus, both the
electric and magnetic field in the photoresist can be de-
scribed as follows,

(EXsSP7Hy75P7Ez,Sp) = (E3x,H3y,E3z)€i(kXx_k3’wt) (4)

where k, is the wave vector component along X-direction
below the metal film, and &3, is the wave vector component
along Z-direction in the photoresist layer. They can be
written as [25],

(5)
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Since €3 > 0 and|5;n| > &4, ks, is imaginary, and it can be
expressed as k3, =—ik, here k is a real number. Hence [18, 21],

H3y(x,z) = |H3y|e_ik3ﬂeikxx
= ’H3y‘esz cos(kyx — f)

(7)
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where |H3,| is the field amplitude in the photoresist layer.
It can be seen from Egs. (8) and (9) that the amplitude of

E, s and E, , components exponentially decays due to the

item of exp(—|k||z|), and the amplitude ratio is given by,

!
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The field component E, ¢,(x,y,z) should dominate over
the Ey ¢(x,z,f) component to provide sufficient intensity
contrast because there is a phase difference of 7 existing
between Ey ,(x,z,t) and £, s,(x,z,z), which will give rise to a
shift of a half-period in space between these two electric
components. Furthermore, when the incident light propa-
gates along Y-direction, there is no X electric component,
and the electromagnetic field in the photoresist is similar.
Therefore, the intensity of the multi-beam surface plasmon
interference in the photoresist layer can be described as,

Iz,sp X (‘Ez.sp,l + Ez,sp,2 +...+ Ez,sp,n‘)2 (1 1)

The intensity distribution of multiple noncoplanar beams
interference can be described as [12],

I = ZE[2 +22EiEJCOSQUcos[(l_c'i —l@) Pt @ — ¢Oj}7
1
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where E;, l_c',-, and ¢, are the plane wave’s amplitude, wave
vector, and initial phase, respectively, ¢, is the angle be-
tween l_c', and /_c;, and 7 is the position vector.

For SP holography, the wave vector Espof the SP waves
are all lying at the interface of the metal film and the
photoresist layer (within X-Y plane), and thus they are al-
ways coplanar. Note that the incident angle of each beam is
set as the excitation angle of the surface plasmon resonance.
Different azimuth angles of the incident light will directly
result in different directions of the SP waves. And hence, the
SP interference pattern can be controlled by means of

modulating the field amplitudes, the spatial distributions,
the wave vectors, and the phases of the incident light beams.

The Theoretical Analysis of all Five 2-D Bravais Lattices
Formed by SP Holography

There are five Bravais lattices in two dimensions, and they
are square, hexagonal, centered rectangular (rhombic), rect-
angular, and oblique. The propagation vectors 1?1, 1?2 and /}'3
for three noncoplanar laser beams used to generate five 2-D
Bravais lattices by holography are illustrated in Fig. 2a. For
convenience, we use spherical coordinate system here. 6, is
the polar angle, and ¢, is the azimuth angle. The resulting
lattices formed by maximum intensity points are illustrated
in Fig. 2c. d; and a, are the primitive vectors that span the
lattice, @ and b are the real-space lattice constants along d;
and d, directions, and + is the angle between the primitive
vectors. The lattice constants of 2-D Bravais lattices gener-
ated by this technique can be expressed as [11],

A

a=laf= |sin O(cos ¢, — cos ¢,)| (13)
b= las] = - (14)
- 2|sin O sin ¢, sin((¢; + ¢,)/2)]
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where A is the wavelength of the incident beams, and the
polar angles have the relation of 6;=60,=605=0, the azimuth
angles have the relation of ¢,—_¢s3.

For the SP holography, it is noted that the wave vectors
kyp of the SP waves are coplanar as illustrated in the Fig. 2b.
Hence, in Egs. (13) and (14),0 = 7, sin 6 = 1, and the lattice
constant can be described as,

Asp

a=l@l= |cos ¢ — cos ¢, | (16)
= Asp

b= 1l = g sin((0r + 62)72) an

y =cos ! <ala'ba2) = 4 J2r¢2 (18)

In practice, the wavelength Ay, of the SP wave and the
desired lattice parameters a, b, and y are often known, so the
azimuth angles can be found using the following three
expressions,
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Fig. 2 a The spatial 7 4
distribution of three
noncoplanar propagation
vectors for laser holography, b
the spatial distribution of three
SP wave vectors for SP
holography, and ¢ the resulting
lattice

tan ¢, = &yb (19)
cosy — L

91=2y—¢, (20)

3= —¢» (21)

A summary of the required azimuth angles and the result-
ing lattice constants of five 2-D Bravais crystals formed by
SP holography can be seen in Table 1.

Results and Discussions

The finite-difference and time-domain (FDTD) algorithm
is employed to numerically analyze multiple-beam SP
holographic nanolithography. Perfectly matched layer
boundary condition is used along the z-axis, and Bloch
boundary condition is used along the other axes. Z-axis
is taken as the decay direction, and the origin point
(z=0) is set at the metal/photoresist interface. Further
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analysis reveals that the field enhancement and the
contrast of the SP interference pattern are affected by
the thickness of the metal film and the incident angle of
the light. When the thickness of the metal film and the
incident angle are optimized to make the reflectance
reach zero, the maximum incident light will be effec-
tively coupled into collective free-electron mode at met-
al/dielectric interface; thus, surface plasmons are excited
and the transmission can be enhanced significantly [25].
In this work, both the thicknesses of the metal film and
the photoresist layer are optimized to find out the SP
resonance angle fgp. The simulation results shown in
Fig. 3a, b indicate that when the Al thickness is
~20 nm and the photoresist thickness is around
300 nm, the reflectance reaches nearly zero, and the
optimum 6Ogp is around 76° accordingly, which is in
accordance with the theoretical analysis. Comparing
with Fig. 3a and b, it is apparent that the thickness of
the metal film has more significant effect on the reflec-
tance than that of the photoresist layer. As can be seen
from Fig. 3a, the thickness of the metal film should be
chosen carefully as thicker or thinner of metal film will
affect the reflectance dramatically. Here, the optimum

Table 1 Required azimuth angles and the resulting lattice constants of five 2-D Bravais crystals formed by SP holography

* oo b R B
e o o o P —-
o o o o RAA—
Basicis [ = 2 * = J il ¥ ikl ¢ & & 9 . s o .
lattices ¢ & & 9 . - * * LA S ] L S S ] . s & .
° * * L] . . 0 e e e o o
e o o o
Bravais Square Rectangular Rhombic_ Hexagonal Oblique
lattices b azby=— a=bd, YE—,— =B anee T azd, 2t et
a=b, y== 5 3 | @=8, y= re=s
constants ’ 2 - - E) 3 2 ”3
(eg a=-\,§b) & 6 (e.g b="ﬁa‘y=Z)
Required
azimuth (£,3£,—3£ (5,2_}1',_2_}1') (—E'?—N-—?—JT) (O,Z—N.—E) (—?—T,S—ﬁ,‘s_ﬁ)
angles 4 4 4 3 3 3 4 12 12 3 3 2’6" 6
Resulting | a=&=0.7074|a= A4, =193wm a=b5=10351 a=b=006674, a=1.1554, = 223wm
lattice s
constants | = 13627 &=05772, =111wm | = 200mm =12%nm b=2A, =3%6nm
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Fig. 3 SP resonance angle
calculation using the FDTD
solution: reflectance versus
incident angle. a Optimize the
incident angle and the thickness
of metal film. b Optimize the
incident angle and the thickness
of photoresist layer

thickness of metal film is about 20 nm, and a fluctua-
tion of 10 nm on the thickness will result in an increase
of more than 45 % of reflectance. If more incident light
is reflected back, it means that less collective free

Fig. 4 Electric field
distribution of three-beam SP
interference pattern generated
on the photoresist layer. The
azimuth angles of the incident
light are 0, 7/2 and 7, respec-
tively. a E field in X-Y plane. b
E, field in X-Z plane. ¢ E, field
in X-Z plane. d Normalized in-
tensity along the decay
direction
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electrons will be excited and coupled with the incident
light [25]. Therefore, it is critical to select the optimum
thickness of the metal film to achieve the maximum
enhancement of the coupled electromagnetic field.
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Effect of Spatial Distribution on the Formed Pattern

By superimposing three incident light beams with azi-
muth angles of 0, 7/2, and 7w for each beam respective-
ly, pill shape atoms arranging in the square symmetry
lattice can be achieved as shown in Fig. 4a. The period
of the lattice along the X-direction and the diagonal
direction is about 193 and 136 nm, respectively. In
addition, it is evident from Fig. 4b, c that the normal-
ized intensity of the E, component is much higher than
that of the E, component, and there is a phase differ-
ence of m/2 existing between E, component and E,
component. Thus, the total intensity is dominated by
the E, component. In Fig. 4d, [Eo]* is the intensity of
the incident light. |E[*/|Ey|%, i.e., the normalized electric
field, determines the exposure profile in the photore-
sist and exponentially decays away from the origin. It
should be noted that the interference pattern of the
experiment result depends not only on the sensitivity
of the photoresist but also on the exposure dosage
[5], and the typical threshold value of intensity adop-
ted by conventional lithography is 0.3 [20]. From
Fig. 4d, it is clear that by controlling the exposure
dosage properly [5], an effective exposure depth of ap-
proximately 200 nm can be achieved in the proposed

Square

scheme, which is almost three times of the value of the
skin depth (at which the field falls to 1/e) [20, 25]

'
Ented
7

2
em

of nanostructures by this method more controllable in
terms of the working distance.

It should be noted that though the 200-nm effective
exposure depth is relatively long, there should be no
interference effect in vertical direction as discussed in
Reference [5] due to the photoresist thickness set in our
simulation which is 300 nm. The thickness of the pho-
toresist is larger than the effective exposure depth
means that there should be no reflective electric field
intensity reflected from substrate, and therefore, the
vertical interference effect does not exist.

Furthermore, by using the required azimuth angle combi-
nations in Table 1, five 2-D Bravais lattices can be achieved.
Square, rectangle, thombic, and oblique lattices are formed
by elliptical shape atoms, while hexagonal lattice is formed
by circular photonic “atoms.” The intensity profiles of the
formed lattices are illustrated in Fig. 5a—e. In addition, the
lattice constants calculated from the stimulation result are
consistent with the theoretical analysis as well. Moreover,
due to the hemispherical prism configuration, it is rather
flexible to tune the spatial distribution of three incident

A

Lo 1
Zskin = sz b

= 78.2 nm and makes the fabrication

Fig. 5 Intensity profiles of five 2-D Bravais lattices generated by SP holography. The required azimuth angles for each case are shown at the lower
left of each pattern. a Square. b Rectangle. ¢ Rhombic. d Hexagonal. e Oblique
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Fig. 6 Four symmetric beams
SP holography. Patterns
generated on the photoresist
layer. The azimuth angles of the
incident light are /4, 37/4, S7/4
and 77/4, respectively. The
initial phases for each case are
shown at the fop right of each
pattern

beams to achieve the required azimuth angles when doing

y (e m)

(0,0,0,0)

X (1 m)

experiment. Comparing with the traditional laser holography,

the Bravais lattices obtained by SP holography have a higher

resolution and aspect ratio.

Fig. 7 Interference profiles of
six symmetry beams by SP
holography. The azimuth angles
of the incident light are 0, 7/3,
27/3, m, 47/3, and 57/3,
respectively. The initial phases
for each case are shown at the
top right of each pattern. a
Hexagonal lattice formed with
circular photonic “atoms”. b
Hexagonal lattice formed with
benzene ring-shaped lattice
points. ¢ Six-petal flower-like
lattice structure formed with
three stronger non-circular
photonic “atoms” and three
weaker non-circular photonic
“atoms” distributed alternately.
d Six-petal flower-like lattice
structure formed with six equal
maximum intensity non-circular
photonic “atoms”
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Effect of Relative Phase on the Formed Pattern

Based on the simulation results, for the case of three-beam SP

holography, any variation of the relative phase among the
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three beams leads to similar intensity profile with only a
translational shift in the photoresist layer. However, for the
case of more than three-beam SP holography, the variation of
the relative phase generally leads to different patterns. Figure 6
shows the SP holographic patterns formed by four symmetric
beams with equal and unequal initial relative phases. From the
stimulation results, it is interesting to see that the formed dots
for the unequal initial relative phase are denser and about
fourfold of that of the case with equal initial relative phase.
In addition, the maximum intensity of the pattern in each row
or column shifts about a half of the period according to its
neighboring rows or columns. Moreover, the unequal initial
relative phase leads to a lower intensity contrast of the holo-
graphic pattern, comparing with the equal initial relative
phase. However, the period of the dot array in each column

or row in Fig. 6a is the same with that of Fig. 6b, i.e., 136 nm.

The holographic patterns formed by six symmetric beams
based on SP holography with equal initial phase and un-
equal initial phases are also studied and illustrated in
Fig. 7a—d. It is obvious that the shape of lattice points and
lattice structures are different for each case. When the initial
phases of the six symmetric beams are equal, a hexagonal
lattice with circular photonic “atoms” is formed. When the
initial phase of the incident beam is increased with an
amount of 7/6 for each beam in turn, a pattern with a
hexagonal lattice is formed as well, but each lattice point
has a benzene ring shape as shown in Fig. 7b. When the
initial phases are set as (0, 7/2, 0, 7/2, 0, 7/2), a six-petal
flower-like lattice structure is formed with three stronger
non-circular photonic “atoms” and three weaker non-
circular photonic “atoms” distributed alternately as shown
in Fig. 7c. When the initial phases are set as (0, 7, 0, 7, 0, 7),
a six-petal flower-like lattice structure is formed as well, but
all of the six non-circular photonic “atoms” have the equal
maximum intensity as shown in Fig. 7d. In addition, the
intensity contrast changes along with the relative phase
changes. However, the period of the lattices in all the above
cases always remains the same, i.e., 368 nm in X-direction
and 226 nm in Y-direction.

Therefore, by tuning the relative phase difference be-
tween incident beams, different forms of periodic patterns
can be obtained. It is also worth pointing out that by intro-
ducing two or more incident beams with multiple exposures,
more other periodic, quasiperiodic, or irregular 2-D lattices
with various shapes of lattice points based on the proposed
configuration can be obtained as well.

Conclusions
In conclusion, a technique of multiple-beam SP holographic

nanolithography with a simple configuration has been ana-
lyzed theoretically for the purpose of achieving five 2-D

@ Springer

Bravais lattices photonic crystals and other periodic patterns
with a high resolution. Different parameters including the
direction of the SP wave vector, the shape of the unit cell,
the period of the lattices, and the initial phases of the SP
waves can be controlled flexibly by means of properly
arranging the spatial distribution of the incident light beams
as well as tuning the relative phases among the incident light
beams. The simulation results are useful for the practical
design of the SP holographic nanolithography for the fabri-
cation of the nanostructures with desired profiles.
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