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Goos-Hanchen Shifts Around the Resonance Angle of a Prism
Waveguide Structure
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Abstract: Goos-Hanchen (GH) shifts of 633 nm polarized light through a pm-order isosceles triangle
prism waveguide structure with Kretschmann-Raether configuration were simulated and analyzed. When
the thickness of gold film is 45 nm, the maximum positive beam displacement, obtained using a
Stationary-Phase Analysis (SPA), is about +120 pm at the incident angle of 44. 1°; and it is +3. 37 ym
using COMSOL Multiphysics5. 1 (CM) at the incident angle of 44. 1°. The beam displacements, obtained
using CM and SPA around the resonance angle, are all positive, although the enhancement effect from
CM is much less than that of SPA. These results are useful for designing high sensitivity sensors based
on GH shift measurement.
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shift, was experimentally demonstrated by Goos and
Hinchen in 1947". The GH shift depends on the

polarization state of the incident beam, i.e. , GH shift

Introduction

When a light beam undergoes the Total Internal

Reflection (TIR) from a dielectric interface, between
an optically dense medium and an optically thin
medium, the reflected light beam is laterally shifted
away from the incident beam by a very small amount.

This phenomenon, known as the Goos-Hinchen (GH)

in the plane of incidence is different depending on
whether light is TM-polarized or TE-polarized. The
Fresnel formulae have been used to derive theoretical
methods, including energy conservation models™ and

«[3]

stationary phase models™", and to calculate the optical
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beam displacement in the incident plane for TM and TE
polarization states. However, the magnitude of GH

shift for TIR

wavelength, the smallness of which can impede its

is about the order of the optical

direct measurement and application™. To enhance GH
the

method is

shift and make measurement easier, beam was

but this
convenient for the application of GH shift. In addition,
the GH shift can be enhanced for TIR by a single thin-
film for TM and TE polarized lights”’ or for TM
polarized light at the metal surface due to the Surface
Plasmon Resonance (SPR)™" . SPR is a charge-density

oscillation that may occur between two media with

reflected multiple times, not

dielectric constants of opposite signs, such as a metal
and a dielectric™®’. SPR can be generated when TM
polarized light is launched into a prism coated with a
thin-film metal, and the reflected light has a GH shift
along the metal interface. The GH shift on the SPR is
attributed to the phase changes of the reflected light™’.
Ref. [ 9] has explicated GH shift of a pm-order
Kretschmann-Raether configuration embedded in an
the

difference time-domain method. For example, when

optical waveguide structure by using finite-

the thickness of the gold film is 50 nm, the accurate
GH shifts of +1.0
—0.75 pm are respectively obtained on the SPR with

positive and negative and
the incident angles of 47. 5° and 44. 4° at a wavelength
of 632. 8 nm.

In this paper, for a pm-order prism waveguide
structure with Kretschmann-Raether configuration, the
critical thickness of 45. 8 nm is found for gold film.
When the thickness of the gold film is 45 nm, the
maximum positive beam displacements of about
4120 pm is obtained around the resonance angle of
44.1° by using a Stationary-Phase Analysis (SPA), at
a wavelength of 633 nm. We use the COMSOL
Multiphysics5. 1 (CM) for simulating and analyzing
GH shift around the resonance angle in more detail.
The maximum positive
+3.37 um is found at an incident angle of 44. 1°. The

beam displacements are positive around the resonance

beam displacements of

angle, these results are in good agreement with that of

Ref. [6].
1 Goos-Hanchen shift

The fundamental principle geometry of a prism
enhanced GH shift at SPR is shown in Fig. 1",
where P is the isosceles prism with gold film deposited

the

reflection ray for a prism without a gold film at the

on its bottom; dash line is the geometrical
bottom, the solid lines with arrows represent the light
paths; the gold thin film (with complex permittivity

€, —¢,, T1ie,;) with thickness d is the interface between

prism P (permittivity e, ) and the sample (dielectric
medium with permittivity e, , where e, <e, ); the s is
the enhanced beam displacement and A is GH shift.
Prism P, the gold film, and the dielectric medium are
assumed to be nonmagnetic (y, =1). In general, the
GH shift occurs in the positive lateral direction along

the interface in the incident plane.

Fig. 1
We assume that TM-polarized light is normal to

Schematic diagram of the three-layer system

surface AB of the isosceles prism P onto its bottom at
the incident angle, §>>arcsin(n,/n, ), where 0 is equal
to base angle « of prism. The vector k;, which denotes
the propagation of TM-polarized light, is in the plane
of the diagram shown in Fig. 1. Let E,, be the electric
vector of the incident TM-polarized light. E
the P-gold
penetrates through the gold film and excites Surface
Plasmon Waves (SPWs) at the outer boundary of the
gold film""*'. The optical excitation of a SPW results in
the SPR. while GH shift (A) is greatly enhanced. The
GH shift can be detected by changes in the reflect
electric field (E-field) E,,. As shown in Eq. (1), the

vector E,, propagating in the direction of vector k, are

is totally

ip

reflected at interface, evanescently

all E-fields in the reflected wave at the interfaces of P-
gold and gold-sample, and it is the product of the
complex reflection coefficient (7;) and the incident E-
field E*.

E,=rE,=pec "E, (D
where §,,= 61,(A. 0, n,» d) denotes the phase term, A
is the optical wavelength, n, is the refractive index of
the sample (where n, = ¢,'?), d is the gold film
thickness and p, = p, (1, 8, n,, d) is the amplitude.
The complex reflection coefficient is comprised of both
o and 8y,

For the three-layer configuration shown in Fig. 1,

the complex reflection coefficient », at point G, on the

basis of multilayer electro-magnetic theory" ', can be
expressed as
7 T rsexp (i2k,,d) s
r= - =p e’ (2)
1+7r, « ryexp (i2k,,d)

where 7, and r,; are the reflection coefficients at the P-
gold and gold-sample interfaces, respectively. &, is the

reflection phase change at point G. For TM-polarized
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light
_ (ku/&)* (kﬂ./s/ )
Pk Jed) Tk Je)

where k, =k —k. . b=k e, (i=1.2.3),k,=
k Je, sin 0, ks,

pnexp (ig,) s & = 2m/A is the wave number in the

i=1,2 and j=2,3 3)

r

= u, + v, i, = ppexp Cig )y 1y =

vacuum. From Egs. (2) and (3), we can obtain the
reflectance R and the phase change ¢;, from the
following expressions-"
R=|r, ["=[phe "+t pe "+ 2p,p;c0s (¢ —
ot 2u,d) 1/ [ +pl ot e 2 201,005
cos (o T ¢ +2u,d) ] 4)
tan &), = [(023 (1 *pfz )sin (2du, +¢.) o1 (™! —

e sin g 1/L o (14 oly) cos (2du, +¢,) +

o1 (e Fplse D cos ¢, | (5)
We note that the total reflection of the incident beam
into prism P is not only due to the gold-sample
interface, since the P-gold interface also affects the
reflection. Thus, the GH shift of the totally reflected
beam is defined as a lateral displacement of the beam,
relative to the position predicted by geometrical
reflection along the first interface, as is depicted in
Fig. 1. As shown in Fig. 1, the beam displacement
(s) at SPR is given by
1 ds,
k, do

where £, is the wave number in prism P, § is the

s=Acos = — =0, (6)

incident angle at points G, Oy is the resonance angle at
points G, and §), is the phase difference between the
reflected and incident light at point G.

2 Simulation results and discussion

Simulations are performed using the Kretschmann-
Raether configuration and Eqs. (4), (5), and (6).
Fig. 2 shows the dependence, on the incident angle, of
the reflectivity and phase shift of TM-polarized
components of reflected light, where ¢ = 2. 2944 (K9
glass), e, = — 10. 92 +1il. 49 (gold), e, = 1. 00025
(air). The thickness of the gold film is 45 nm and the
optical wavelength is 633 nm.

We notice in Fig. 2 that the reflectivity and phase
shift for TM-polarized light excitation have an abrupt
change around the resonance angle. The resonance
angle for minimum reflectivity is 44. 1°. The absorption
curves of the reflectance and phase changes depend on
the thickness of the gold film. Correspondingly, for
TM-polarized light excitation, the enhanced beam
displacement at the resonance angle, at different
thicknesses of gold film, are shown in Fig. 3, the other
parameters are the same as that used in Fig. 2. We
notice that the beam displacement at resonance angle

are positive at thicknesses of gold film of 43 nm,

44 nm, and 45 nm. While the thicknesses of gold film

are 47 nm and 48 nm, the beam displacement become

negative,
o 475
Reflectance
--------- Phase shift
0.8 1
Q
% 0.6 4325 @
E 2
5 <
T 04 10
02 1"
. ) . , 100
42 43 44 e 46 Y

Incident angle/(°)

Fig. 2 Reflectivity and phase shift of TM-polarized
light vs. the incident angle
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Fig. 3 Dependence of the beam displacement of TM-

polarized light on the incident angle
Fig. 4 shows the dependence of the reflectivity on
the thicknesses of gold film at the wavelength of
633 nm, the other parameters are the same as that
used in Fig. 2. As shown in the figure, the thickness
critical

for a reflectivity minimum indicates the

which the
[6]

condition at negative direction beam

displacement appears This thickness is also well
known as optimal thickness for excitation of the surface
(6]

plasmon'™ , where the resonance absorption is just

1.0

0.8

o
e

<
~

Reflectivity

o
o

Min:(45.8,0.0002) 1

0
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Thickness/nm

Fig. 4 Dependence of the reflectivity of TM-polarized
light on the thicknesses of gold film
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balanced by radiation damping and internal damping.

We notice in Fig. 4 that the critical thickness is
approximately 45. 8 nm at the resonance angle of
44.1°. Furthermore, by comparing Figs. 3 and 4, we
notice that the much larger beam displacement can be
expected when the thickness is close to the critical
thickness. In this study, we consider the resonance
characteristic of the gold film of thickness 45 nm for
TM-polarized light.

According to the configuration shown in Fig. 1, we
obtain, from Eq. (5), the dependence of the phase
shift of TM-polarized light on the incident angle in
Fig. 2, where the thickness of gold film is 45 nm. We
observe that the phase shift abruptly changes from 400°
to 175° at the resonance angle. The result illustrates
that the positive beam displacement increase at point G
for incident TM-polarized light.

The phase shift diagram in Fig. 2 illustrates the
curve of the beam displacement over the incident angle
from Eq. (6). For example, for TM-polarized light,
the beam displacement at point G in Fig. 1 as a function
of the incident angle are shown in Fig. 5, where the
wavelength is 633 nm and the gold film thickness is
45 nm, the other parameters are the same as that used
in Fig. 2.

displacement sharply increases after a SPR excitation at

In Fig. 5, we observe that the beam
the incident angle of 44, 1°. The beam displacement can
reach to an easily measurable quantity of about
+120 pm.

200

Max:(44.1,189.26)

160

120

80

Beam displacement/A

40

0
43.6

43.8 44.0 442

Incident angle/(°)

44.4 44.6

Fig. 5 Dependence of the beam displacement on the
incident angle

As shown in Fig. 5, the beam displacement
increases about 4120 ym at the incident angle of
44.1°, This is because the effect of SPA

differentiation of the phase shift with respect to the
[9.17]

is the
incident angle The CM software provides finite
element analysis, a solver, and relevant simulation
tools. Therefore, we can measure GH shifts in prism
waveguide SPR sensor devices using wave optics model
of CM. For example, for the isosceles triangle prism,

at an incident angle of 44. 1°, the optical-mode

propagations analyzed by CM are shown in Fig. 6, the

other parameters are the same as that used in Fig. 2.

a 2.88x10*

2.5

2.0

0.5

(a) Prism without a gold film v0.12

a 6.15x10*
6

(b) Prism with a gold film of 45nm v 0.25

a 6.18x10°
6

(c) Prism with a gold film of 45.6nm v 0.16

Fig. 6
The E-field intensity distributions of optical-mode

Optical-mode propagations using CM

propagations for reflected light in Fig. 6 are shown in
Fig. 7.

From Fig. 7, by comparing the position appeared
the maximum E-field intensity at prism coated with a
gold film with that of the prism without gold film, we
can obtain the beam displacements are +3. 37 pm and
+3.67 pm, at the thicknesses of gold film of 45 nm

0826001~ 4
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and 45. 6 nm, respectively. When the thickness is close
to 45. 8 nm, the beam displacement is on the increase,

but there is a great difference by comparison with effect

from the SPA.

14
——With gold-film(45.6nm,

1 2 |7 Without gold-film (4214, 13565 45
g 1.0 ¢
,Z © [(0.84581,9341.1891)
?_, 08} {
=
g 067
=
2 04r¢
3
Ho02

0
-15 -10 =5 0 5 10 15 20
Beam displacement/pum
(a) Prism without and with a gold film of 45nm
1.5
With gold-film(45.6nm ¥, (4.5164,14562.5351)
R b Without gold-film
£
2 1.0
%’ 7 [(0.84581,9341.1891),
§ ;
Q
=
>
s 05
3
&)
.fj .,

-15 -10 -5 0 5 10 15 20
Beam displacement/um
(b) Prism without and with a gold film of 45.6nm

Fig. 7 E-field intensity distributions of
optical-mode propagations
For the isosceles triangle prism, by comparing the
position appeared the maximum E-field intensity at
prism coated with a gold film of 45 nm with that of the
prism without gold film, the beam displacement
obtained by using CM, at different incident angle, are

shown in Table 1.

of radiation damping, the total flux of reflected light is
larger than the negative flux in the gold film"’, which
leads to forward surface-propagating energy along the
gold-air interface, resulting in a positive GH shift, the
maximum beam displacement of +3. 37 um is found by
using CM at an incident angle of 44. 1°. The positive
GH shifts obtained using CM are in agreement with
those obtained by the SPA around the resonance angle,
although the enhancement effect using CM was much
less than that using SPA.

3 Conclusion

In conclusion, the positive and negative GH shifts
were found when the thickness of the gold film is less
than and greater than critical thickness, respectively.
The results indicate the forward and backward surface-
propagating energy flowing along the gold-air interface
at SPR. When the thickness of gold film is less than
the critical thickness, radiation damping and internal
damping cannot be used to balance the resonance
absorption, making GH shift positive. For example,
when the gold film thickness is 45 nm, the maximum
beam displacement of +3. 37 pm is found by using CM
at an incident angle of 44. 1°. These results, obtained
using CM, is in agreement with that obtained using
SPA although the

enhancement effect using CM was much less than that

around the resonance angle,
using SPA, and indicates that the drastic phase changes
at the SPA difficult for

application in waveguide-type SPR devices, with sizes

resonance angle make

in the order of micro millimeter. These results are

important for designing high-sensitivity SPR sensors

and GH shift measurement as well as for application in

waveguide-type SPR devices, with sizes in the order of

micro millimeter.
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