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This paper describes a multi-reflected mode based on a narrow waveguide to enlarge the interferential area of

surface plasmon polaritons (SPPs). A reasonable thickness of metal film is coated under the waveguide, the incident

angle and the waveguide thickness are optimized in order to effectively increase interferential area. This is a key point

for research into the Goos–Hänchen shift to optimize the waveguide thickness. Finally, the SPP interferential field

is simulated with the finite-difference time-domain (FDTD) technique to prove the optimized results, and indicates

that not only is the interferential area enlarged, but the high contrast is also maintained. Furthermore, the mode can

fabricate some specific interferential patterns by adding some modulating techniques to the waveguide. So the mode

has potential application in the fabrication of sub-wavelength patterns.
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1. Introduction

The interferential technique based on surface

plasmon polaritons (SPPs) has been a hotspot in

high-resolution lithography. Compared with extreme

ultra-violet lithography[1] and the x-ray regime,[2,3]

we find that SPP lithography has many advantages

in fabrication, such as its simple scheme, high ef-

ficiency and low cost etc. At present, the surface

plasmon (SP) resonant interference nanolithography

technique[4] and SP interference nanolithography have

been used to successfully fabricate a sub-100-nm in-

terferential pattern.[5] However, both techniques are

only suitable for small-area interference and need the

fabrication of a mask grating with very fine periods.

A simple but practical scheme based on the atten-

uated total reflection (ATR) coupling mode was de-

signed to avoid fabricating the mask grating, and ap-

plied to large-area fabrication in our past work.[6,7]

But the mode cannot excite large-area interference if

the calibre of the incident beams is not large enough.

Moreover, it is disadvantageous to form a special in-

terferential pattern because it is difficult to modulate

incident lights or interferential field.

In this paper, a multi-reflected mode is designed

based on a narrow waveguide to compensate for the

above-mentioned faults. Two incident light beams

are reflected many times in the waveguide and form

large-area SPPs interference. Furthermore, it is well-

known that the waveguide takes on high flexibility,

and some specific patterns can possibly be obtained

by modulated techniques, such as waveguide variation

or adding a mask on the waveguide surface. The op-

timization of the incident angle and the waveguide

thickness is extremely important in order to gain a

pattern of high quality in the mode because they de-

termine the consistency of the phase and intensity at

the interface between the waveguide and the metal

film, and our work in this article focuses on a discus-

sion of the two factors. At the end of this article, the

SPP interferential field in the waveguide is simulated

with the finite-difference time-domain (FDTD) tech-

nique, which indicates some perfect results.
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2. Analysis of the SPP interfer-

ence based on ATR

In our past work, a scheme based on the ATR

coupling mode was designed and analysed to get large-

area interference,[6,7] and the mode is shown in Fig.1.

The device comprises prism, metal film, photoresist

and substrate. If the incident beams are TM waves,

two SPP waves are excited under the metal film and

form a sub-wavelength interferential pattern. Then,

after the processes of exposure, development and fixa-

tion, the pattern can be transferred into the photore-

sist.

Fig.1. The ATR mode of the SPP interferential lithogra-

phy.

The exposure is the result of a chemical reaction

in the photoresist caused by the electric field E.[8,9]

Therefore, it is necessary to analyse the electric field

distribution in the lithography. In the lithography, the

relation between electric field E and magnetic field H

is expressed as

Ey = Hx = Hz = 0,

E2 = E2
x + E2

z = µH2
y/ε, (1)

where µ is the magnetic conductivity and ε is the di-

electric coefficient. Hy is more convenient to use than

Ex and Ez in the calculation and simulation because

the electric field E includes two components Ex and

Ez, and the magnetic field H only includes the com-

ponent Hy.

The behaviours of the SPP interference are sim-

ulated with an FDTD technique. The parameters in

the simulation are shown in Table 1. The SPP reso-

nance is excited when the thickness of the silver film

is 40 nm and the incident angle is 62◦, as in the SPP

interferential pattern shown in Fig.2. Figure 2(a) is

the distribution of the interferential field. Figure 2(b)

is the amplitude of Hy at the SPPs transmitting 5 nm

vertically. It can be seen that the period of the inter-

ferential fringe is 128 nm, which shows that the critical

dimension is 64 nm. Also, the pattern quality is very

high in the middle of the figure.

Table 1. The parameters in the simulation.

parameters values

incident wavelength/nm 441

refractive index of the prism 1.94325

refractive index of the photoresist 1.53

dielectric constant of silver −8.9170 + 0.2320i

Fig.2. The SPP interferential patterns: (a) the interfer-

ential field; (b) the amplitude of Hy at the SPPs trans-

mitting 5 nm vertically.

3. SPP interference modulation

by a waveguide

The SPPs can be modulated flexibly by a waveg-

uide to fabricate special patterns. In order to enlarge

the SPP interferential area, a multi-reflected mode is

designed based on a waveguide, as shown in Fig.3.

The device comprises the rectangular waveguide, the

metal film, the photoresist and the substrate, and the

refractive indices are n1, n2, n3 and n4, respectively.

The air refractive index is n0. Two TM waves are

irradiated from two sides of the waveguide and are

reflected time after time. As a result, two large-area

SPP fields are excited at the interface between the

Fig.3. The waveguide mode of the SPP interference.

metal film and the photoresist. Thus the SPP inter-

ferential area is largely broadened. This is shown in

our simulation.
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3.1.The optimization of the incident an-

gle and the waveguide thickness

Although the waveguide mode can be applied to a

large-area fabrication, many parameters must be opti-

mized. The thickness of 40 nm silver film is an optimal

parameter.[6,7] Besides, two parameters are important:

one is the incident angl,; the other is the waveguide

thickness. In the following the two parameters will be

calculated and analysed in detail.

Firstly, it is well known that resonance of the

SPPs is sensitive to the variation of the incident an-

gle. The relation between the incident angle and the

reflective index is simulated by the FDTD technique,

shown in Fig.4. The parameters in the simulation are

the same as the above-mentional ATR mode. The re-

fractive index of the waveguide is equal to the prism,

and the thickness of the silver film is 40 nm. The

reflective index reaches a minimum value (approx-

imately 19%) when the incident angle is 62◦ (the

resonant angle), and it increases rapidly with the an-

gle being shifted. If the incident angle is the resonant

angle in the waveguide mode, the second reflection

cannot excite the SPP waves whose intensity approx-

imately equals the excitation of the first reflection,

and thus large-area interference cannot be generated.

Therefore, the resonant angle cannot be chosen as

the incident angle in the waveguide mode. The en-

ergy of 75% is reflected after one reflection if the

incident angle is 60◦, and the light field is shown in

Fig.5. The evanescent waves under the metal film

are still enhanced to a certain extent. Estimated

by the attenuation of the energy, the SPP waves can

Fig.4. The relation between the reflective index and the in-

cident angle.

be perfectly excited by three or four reflections at the

interface between the waveguide and the metal film.

The incident angle is temporarily selected in our de-

sign.

Fig.5. The light field distribution of the incident angle

60◦.

Secondly, the waveguide thickness in the mode

must be optimized because it influences the quality of

the large-area interference. A random thickness prob-

ably causes an inconsistent intensity and phase at the

interface between the waveguide and the metal film,

which cannot make the interferential pattern even.

Analysis and calculation of the Goos–Hänchen (GH)

shift[10] is very important in the optimization as it

determines the effective thickness of the waveguide.

At the interface between the waveguide and air

(n1/n0), the GH shift is expressed as[11]

ZTM
1 =

n20
n21 sin

2 θ − n20 cos
2 θ

· tan θ

k0

√
n21 sin

2 θ − n20

, (2)

where n0 and n1 are the refractive indices of the air

and the waveguide, respectively. k0 = 2π/λ, λ is the

incident wavelength, θ is the incident angle.

The vertical shift is expressed as

XTM
1 = ZTM

1 cos θ. (3)

At the surface between the waveguide and the

metal film (n1/n2), the reflection coefficient is given

as[12]

R =
ETM

r

ETM
1

=
rTM
12 + rTM

23 exp(2 i kz2d)

1 + rTM
12 rTM

23 exp(2 i kz2d)

= |R| exp(i 2ψ), (4)

where

rTM
lm =

(
kzl
εl

− kzm
εm

)/(
kzl
εl

+
kzm
εm

)
,

(l = 1, 2, m = 2, 3), (5)

kzl and kzm are the z direction components of the

wave vectors, εl and εm are the dielectric coefficients

of the different layers, 2ψ is the drift phase.
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The GH shift at the interface is expressed as[11]

ZTM
2 =

1

n1k0 cos θ
· ∂ψ
∂θ
, (6)

and the vertical shift is expressed as

XTM
2 = ZTM

2 cos θ. (7)

Figure 6 illustrates the GH shifts at two interfaces

shifting with the incident angle. The range of the in-

cident angle is from 50◦ to 80◦ in the calculation, and

other parameters are shown in Table 1. In addition,

the thickness of the silver film is 40 nm. The figure

shows that the shifts are positive at the interface of

n1/n0 and negative at the interface of n1/n2, and two

shifts are both small after one reflection.

Fig.6. GH shifts shifting with the incident angle.

Supposing the waveguide thickness is d, we define

the effective thickness D as

D = d+XTM
1 +XTM

2 . (8)

After multi-reflections, if the consistent phase is gen-

erated at the interface between n1/n2, the following

relation must be satisfied:

2D

cos θ
= N

λ

n1
, (N = 1, 2, 3 . . .). (9)

From Eqs.(8) and (9), we can deduce the waveguide

thickness d as

d = N
λ cos θ

2n1
−(XTM

1 +XTM
2 ), (N = 1, 2, 3 . . .). (10)

If the diffraction is not taken into account in the mode,

then a waveguide with a thickness d calculated in

Eq.(10) can generate a consistent phase at the inter-

face between n1/n2. When the incident angle is 60◦,

the relation between d and N is shown in Fig.7.

Fig.7. The relation between d and N at the incident angle

60◦.

3.2. Simulation and analysis of SPP in-

terference

The interferential field in the waveguide mode is

simulated with the FDTD technique, and the result

is shown in Fig.8. In the simulation, N = 17, that is

d = 0.98 µm, the incident angle is 60◦, the thickness

of the silver film is 40 nm, and other parameters are

shown in Table 1. Figure 8(a) is the amplitude dis-

tribution of the interferential field. Figure 8(b) is the

amplitude of Hy at the SPPs transmitting 5 nm verti-

cally. Compared with Fig.2, we find that the SPP in-

terferential area is enlarged more than two times. The

interferential period of the pattern is approximately

129 nm, that is, the critical dimension is 64.5 nm.

Fig.8. The SPP interferential simulation: (a) the inter-

ferential light field; (b) the amplitude of Hy distribution

at the SPPs transmitting 5 nm vertically.

In order to exactly describe the pattern quality,

the contrast is defined as
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V =
H2

ymax −H2
ymin

H2
ymax +H2

ymin

, (11)

where Hymax and Hymin are the maximum and the

minimum of the amplitude in one period, respectively.

The contrasts of 1 µm to 11 µm in Fig.8(b) are cal-

culated, as shown in Fig.9. The contrasts are almost

consistent from 2.5 µm to 9.5 µm, and more than 0.98.

Fig.9. The contrast distribution at the SPPs transmitting

5 nm vertically.

4. Conclusion

A new scheme is designed for SPP interference

based on a waveguide. The incident lights are re-

flected zigzag in the waveguide to enlarge SPP propa-

gation length and form a large interference area. The

incident angle and the waveguide thickness are anal-

ysed and optimized in detail because they influence

the intensity and the phase distribution seriously at

the interface between the waveguide and the metal

film and the quality of the SPP interferential pat-

tern. Finally, a large-area interferential pattern based

on SPPs with high contrast is obtained by simula-

tion of the FDTD technique. Of course, the reflected

times in the waveguide are limited by some factors,

such as energy attenuation and diffraction. In addi-

tion, the mode has another advantage that can design

special sub-wavelength patterns by modulating tech-

niques. So the mode has potential application in the

fabrication of sub-wavelength patterns.
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