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This paper reports that Goos—Hénchen (GH) shifts occurring on a symmetrical metal-cladding waveguide are

experimentally identified. It was found that there exists a critical thickness of the upper metal layer, h.,, above which

negative shift is observed and reversely, positive shift occurs. Both positive and negative GH shifts near critical thickness

do not vary dramatically and can achieve maximum with submillimeter scale, which is different from simulated results

by using stationary-phase method. It also shows that this critical thickness, h¢r, can be obtained at the position for

zero reflectivity by setting the intrinsic damping to be the same as the radiative damping. The GH effects observed

near critical thickness are produced by extremely distortion of the reflected beam profiles, which limits the amplitude

of GH shift and further the sensitivity of GH optical sensor based on the symmetrical metal-cladding waveguide.
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1. Introduction

The Goos-Hénchen (GH) shift, which refers to
the lateral shifts of beam position when light beam
totally reflects from a boundary between two semi-
infinite dielectric media, was first experimentally
demonstrated by Goos and Héanchen.["'? In the case
of two layers structure (one interface), the magni-
tude of GH shift is of the order of incident wave-
length. To enlarge the magnitude, various structures
and materials have been proposed theoretically!3—8!
and experimentally.[919 Recently, it was recognised
that the beam shifts reflected from a symmetrical
metal-cladding waveguide (SMCW) structures can be
extremely enhanced. This large shift is due to cou-
pling of the incident energy to a guided wave.l® Such
interesting effects have shown wide applications in op-
tical communication'*'? and optical sensing.['3:14]

Large GH shifts can achieve optical sensors with

(14]

high resolution. Theoretical analysis shows that

there exists a critical thickness of upper metal layer,

her, above which negative shift is observed and re-
versely, positive shift occurs. Up to now, experimen-
tally measuring GH shifts near h., has been largely
ignored, which is very important for GH optical sen-
sor based on SMCW.

In this paper, the critical thickness of upper metal
layer, h., is examined experimentally. Furthermore,
we also deduce the analytical expression of h¢, by set-
ting the intrinsic damping to be the same as the ra-
diative damping. The value of h., obtained from theo-
retical calculation fits on the experimental result very
well. Then beam shifts from SMCW (GH shifts) near
her were observed. The extreme GH shift for SMCW
can achieve around 1 mm. We also find that the abso-
lute GH shifts change slightly when A is close to crit-
ical value. The trend of experimental results is sim-
ilar to the simulated results by using Gaussian-beam
model and different with results from stationary-phase
method. This is because reflected beam is strongly
distorted and suppressed when the thickness of upper
metal layer is close to h¢p, which limits the amplitude
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of GH shift and further the sensitivity of GH optical
sensor based on SMCW. The present insights on the
maximum GH shift contribute to enhance the resolu-

2. Experiment

The structure of SMCW is illustrated in Fig.1.
A dielectric slab with submillimeter scale (thickness
d, dielectric constant e;) is sandwiched between two
gold films. The upper metal layer (thickness h, di-
electric constant €2) is coupling layer and the bottom
metal layer (dielectric constant £2) serves as both sub-
strate and reflecting panel. When a laser beam casts
on the upper layer by free space coupling, a large
part of energy couples into the guiding layer, which
results in the attenuated total reflection (ATR) dips.
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Fig.1. Schematic diagram of the SMCW.
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tion of displacement sensor and solution sensor with
SMCW.

By adjusting incident wavelength to let the component
of wave-vector along the propagation direction coin-
cide with the propagation constant of guided wave,
the GH shift can be largely enhanced. This phe-
nomenon can be explained by the reason that SMCW
can strongly confine energy of guided wave in the

guided layer. [15,16]

The experimental setup for measuring GH shifts
near he. is shown in Fig.2. For fabricating an
SMCW, an upper gold film (e9=-28+j1.8 at wave-
length 860 nm) was sputtered onto the surface of a
glass slab (d = 0.38 pum, ¢; = 2.278). A 3000 nm-
thick gold film was sputtered at the back side. A
collimated light beam, after passing through TE-
passed-polarizer, irradiates the upper metal layer of
the SMCW. At first we use a photodiode to detect
the reflected beam. Then, operating angle (0=7.93°)
for maximum GH shift can be selected when the reflec-
tivity of the light near the certain dip of the spectrum
reaches the maximum. After the angle is fixed, photo-
diode is moved out of the light path and the reflected
beam directly incidents on the position sensitive de-
tector (PSD). Precise wavelength is controlled by a
temperature cell.
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Fig.2. Experimental setup for measuring GH shifts.
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Figure 3 represents the measured beam shifts S as
a function of wavelength for various thicknesses of up-
per gold films h from 27 nm to 34 nm. Positive shifts
are obtained when h=27.8, 29.1 and 29.9 nm, and neg-
ative shifts occur when h = 33.5, 31.7 and 31.2 nm.
Then the critical thickness, h.,, can be obtained from
29.9 nm to 31.2 nm from the experiment. In Subsec-
tion 3.1, we will deduce the analytical formula of the
critical thickness, h¢,, which will be compared with
experimental results. In addition, when the thickness
h is a little bit less than h.;, positive displacements
can reach more than 800 pm, i.e., maximum positive
shifts for h = 27.8, 29.1 and 29.9 nm are 724, 847 and
563 pum, respectively. When the thickness h exceeds
the critical value, negative shifts, which can reach
above 100 pm, do not change dramatically. The max-
imum negative shifts for h = 33.5, 31.7 and 31.2 nm
are —176, —181 and —153 pm, respectively. In Subsec-
tion 3.2, we will use the stationary-phase method and
Gaussian-beam model to simulate GH shifts for com-
parison and discuss the difference between theoretical
and experimental results in detail.

L 29.1 nm 4

L / v, 29.9 nm4

F 31.2 nm-

L ‘w‘ 31.7 nm
™~

858.85 858.90 858.95 859.00 859.05 859.10
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Fig.3. Contrastive graph of experimental results of GH
shifts S versus incident wavelength with various h.

3. Discussion

3.1. The determination of critical thick-
ness

In this subsection we will derive the critical thick-
ness, he,, for zero reflectivity. Firstly, we use the

weak coupling condition to deduce the analytical ex-
pressions of intrinsic damping and radiative damping.
Then by setting the intrinsic damping to be the same
as the radiative damping, the expression of critical
thickness, h;, for zero reflectivity is obtained.

Figure 4 shows four types of metal cladding
waveguides. Figure 4(a) is a structure of three-layer
metal cladding waveguide without considering intrin-
sic damping, which comes from metal loss, and radia-
tive damping. Figure 4(b) is a structure of three-layer
metal cladding waveguide only with considering in-
trinsic damping. By using three-layer waveguide the-
ory, for TE mode, we can express the propagation
constant, 342, of guided modes for three-layer metal
cladding waveguide without considering the metal ab-
sorption as

™

da "
g M

de1d? — (moA)2, (1)
where ) is incident wavelength and myg is mode order.
Comparing Fig.4(a) with Fig.4(b) under the condition
of |ear| > e9; at visible and near infrared wavelength
(e2r and eq; are real and imaginary parts of dielec-
tric constant (g5 = €9, + jegi)), we can obtain that
metal loss only affects the imaginary part of propaga-
tion constant in three-layer metal cladding waveguide.
Then the intrinsic damping, Im(3°), can be written as

e ik2 H4a 2
In(8) = il @)
with
K1t =\ kger — (B4)2, (3)
ay® =/ (6%)? — kfear, (4)
and
det = d + 2/a5?, (5)

where a3 is the absorption constant of the cladding
layer, k1? is the vertical guiding wave vector of three-
layer metal cladding waveguide without considering
the metal absorption, and d.g is the effective thick-
ness, kg = 27/X is the wave-number in vacuum, [
is the eigen-propagation constant of the guided mode
for three-layer waveguide with semi-infinite-thick cou-
pling layer (see Fig.4(b)).
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Fig.4. (a) Three-layer metal cladding waveguide with eo = €2, and h — oo; (b) three-layer metal

cladding waveguide with e2 = 2, + jea; and h — o0; (c) symmetrical metal cladding waveguide

with €2 = €2; and h # oo; (d) symmetrical metal cladding waveguide with e2 = o + jeg; and

h # oo.

Figure 4(c) is a structure of SMCW only with considering radiative damping. Comparing Fig.4(c) with

Fig.4(a) by using weak-coupling condition, which is satisfied with four-layer system,[!”) we can express the

radiative damping, Im(A34) as

dag*(

)" exp(—2a3"h)

Im(Aﬂrad) _

with
1/2

ngt = (Kes — (8)°) (7)
where A3 represents the difference of the eigen-
propagation constant between three-layer waveguide
and free space coupling system (see Fig.4(d)). Be-
cause the radiative damping is inversely proportional
to the exponential function of h as shown in Eq.(6),
the radiative damping can be adjusted by changing
the parameter h.

The critical thickness, A, for zero reflectivity can
be determined by setting Eq.(6) to be the same as
Eq.(2), and simplified as

ho = 2 2, (8)

Itk n

where n and x are the complex refractive indexes of
metal (n + jk = (g2)'/?).
that h¢, is determined by metal permittivity and inci-

From Eq.(8) we can see

dent wavelength. This property implies that h., only

(77 + FP) () + (@577 de

(6)

depends on the intrinsic damping. By using the pa-
rameters €5 = —28 4+ j1.8 and A = 859 nm, we can
obtain he, = 31 nm. The simulated result calculated
by Eq.(8) fits on the experimental result very well.

3.2. Reflected field of a Gaussian beam
from an SMCW structure

The experimental results shown in Fig.3 show
that both positive and negative shifts do not change
dramatically near critical thickness h¢,. For compar-
ison, we also use the stationary phase method and
Gaussian beam model to simulate GH shifts (with
the same parameters for the experiment as shown in
Fig.3), as shown in Figs.5(a) and 5(b), respectively.
All the other parameters are the same as those in
Fig.3. According to stationary phase method, when
the thickness of the upper metal layer, h, approaches
to her, that is, the reflectivity becomes zero and the
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radiative damping is the same as the intrinsic damp-
ing, the GH shift S should be infinity. However, in
Gaussian-beam model, GH shifts remain finite and
can achieve 1200 pm.

(a)
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Fig.5. Theoretical calculation of GH shifts versus inci-
dent wavelength with various h by using (a) stationary
phase method and (b) Gaussian-beam model (the waist
radius for Gaussian simulation is assumed to be 800 pm).

From Fig.5(b), we can clearly see the difference of
the GH shift between the stationary phase model and
experimental results. Therefore, here, we calculate the
field distribution of the reflected beam with different
h by using the Gaussian beam model. Considering an
incident beam of Gaussian shape

mww—0%¢ém/Awmmumw@ (9)

we get the Fourier spectrum of the incident beam

A(B),

where w, = wgsecly, wy is the beam width at the
waist. The field of the reflected beam is given by

e,z = 0) = ;/ﬂmmmwmeﬂ<n)

Var
The integration above is extended over the interval
(—ky, ky), where k, is the wave vector in the vacuum.

The calculated beam shift can be obtained by finding
the location where |, (z, z = 0)| is maximum.[®!
Figure 6 shows the field distribution of the re-
flected beam with different h by using the Gaussian
beam model. The lateral shift is determined by the
location of the major peaks at the situations when
almost all the field is focused on the peak and the re-
flected beam profile is close to Gaussian profile. When
h is equal to the critical thickness, i.e., h=31 nm, a
double peak occurs and the amplitude of left-hand
peak is the same as that of right-hand peak. Further-
more, the peaks are smaller than that of the highest
When h gradually de-
creases, the radiative damping starts to enhance and

peaks for the other curves.

exceeds the intrinsic damping. At this time, right-
hand peak increases and left-hand peak decreases.
The location of the right-hand major peaks are at the
side of > 0 and gradually move to the left side. The
energy of beam starts to transfer from left-hand peak
to right-hand peak. In this case, GH shift decreases
and becomes positive. On the contrary, when h in-
creases and exceeds the critical thickness, the radiative
damping is smaller than the intrinsic damping. Under
such condition, the left-hand peak starts to increase
with the decrease of the right-hand peak. Meanwhile,
the location of the left-hand major peaks is at the
side of x < 0 and gradually shifts to the position of
x = 0. In this case, GH shift is negative and the ab-
solute value of GH shift decreases with increasing the
thickness of the upper metal layer, h.
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Fig.6. Field distribution of the reflected beam with vari-
ous h (the waist radius for Gaussian simulation is assumed
as 800 pum).

Therefore, when the GH shifts are located at the
points with zero reflectivity, the reflected beam is ef-
fectively suppressed and distorted. The trend of the
change of experimental results agrees with the numer-
ical results very well. In addition, when the thickness
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of the upper metal layer, £, is 29.1 nm and 29.9 nm, as
seen in Fig.3, GH shifts, S, have a bipolar feature; i.e.,
an initial negative dip and a subsequent positive peak.
This may be due to the multi-reflectivity effect. More
detailed comparison between theory and experiment
calls for further study.

4. Conclusion

The lateral beam shifts of the reflected beam
from SMCW near the critical thickness of upper metal
layer have been studied theoretically and experimen-
tally. There exists the critical thickness of the upper

metal layer on SMCW, above which negative shifts
occur, and inversely positive shifts are observed. It is
worth to be mentioned that the extreme GH shift from
SMCW can achieve about 1 mm. We find that the
GH shifts do not change dramatically at this critical
condition. This is because reflected beam is strongly
distorted and suppressed when the thickness of upper
metal layer is close to h.,. Taking advantage of this ex-
perimental and theoretical study, invaluable informa-
tion of GH shift from SMCW has been obtained. The
present insights on the maximum GH shift contribute
to enhance the resolution of displacement sensor and
solution sensor with SMCW.
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