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Abstract:  Giant positive and negative Goos-Hanchen shift more than
5000 times of the operating wavelength is observed when a beam is totally
reflected from a substrate decorated by a dielectric grating. Different to the
former studies where Goos-Hanchen shift is related to metamaterials or
plasmonic materials with ohmic loss, here the giant shift is realized with
unity reflectance without the loss. This is extremely advantageous for sensor
applications. The Goos-Hanchen shift exhibits a strong resonant feature at
the frequency of guided mode resonance, and is associated to the energy
flow carried by the guided mode.
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1. Introduction

When a beam experiences a total internal reflection, a lateral shift exists between the reflected
and the incident beams (see Fig. 1(a)). Named after its discoverers Goos and Hanchen [1],
this effect is in striking inconsistency with the prediction of geometric optics. For decades,
the phenomenon has been a research topic attracting considerable amount of efforts for its
intriguing physical nature. It gained renewed attention in recent years when plasmonic materials
and metamaterials are involved. Specifically, the negative GH shift on a plasmonic [2, 3] or
metamaterial [4, 5] surface is among the mostly discussed problems. Sensor schemes based on
GH shift has also been proposed [6, 7], and have led to sensors of biochemical [8, 9], thermal
[10] and wavelength monitoring [11] applications. These engineering applications bring further
interests beyond scientific curiosity to this phenomenon. The sensitivity in these sensors are
directly related to the amount of GH shift, thus to achieve a large GH shift (positive or negative)
is of practical interests. Designs of metamaterial waveguides that support a “frozen mode”, a
waveguide mode that has no net energy propagation, are proposed by making use of the negative
GH shift.

Mathematically, the shift is caused by the fact that different angular components of the in-
cident beam experience different phase loss at the reflection. However, it took a long time for
people to gain a deep understanding to the physical nature of the phenomenon [12-14]. The
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GH shift had been generally understood as to account for the penetration of the evanescent field
to the other side of the interface [15]. However, this interpretation faced difficulty in explaining
the negative GH shift. In [16], the GH shift is related to the lateral energy flow carried by the
evanescent wave beyond the interface of the total internal reflection. Whether the GH shift is
positive or negative depends on the direction of this energy flow: when it is in the same di-
rection of the projection of beam propagation direction on the interface, the shift is positive.
Otherwise, negative GH shift happens. This explanation gives an intuitive understanding to the
phenomenon, and can perfectly explain the negative GH shift on plasmonic and metamate-
rial interfaces. In a serial of theoretical works by Tamir [13, 17], the relationship between the
GH shift and the leaky mode of multilayer and periodic structures are studied. Experimental
works demonstrating his theory were carried out much more recently, but mostly on acoustic
waves [18-20].

On the other hand, the leaky modes on dielectric gratings have found interesting applications
in integrated optics [21-25]. In these studies, a Fano type resonance in the spectrum of the re-
flection coefficientis observed and used. Around the resonance, the magnitude of the reflection
coefficient goes to 0 (total transmission), then 1 (total reflection), when the incident electro-
magnetic wave couples to the leaky mode. Because of the guided wave nature of the leaky
mode, the resonance is commonly named guided mode resonance (GMR) under the context of
dielectric gratings [22, 26]. This resonant feature has been used in broad band reflectors [25],
sensors and filters [27, 28], planar lenses and cavities [29, 30], etc. In this paper, we study the
possibility to use the GMR to achieve giant GH shift. Here, the leaky modes are excited in a
way different to the former studies on GMR. The incidence comes from the substrate side of the
grating at an angle greater than the critical angle of the substrate, and will be totally reflected
from the surface of the substrate decorated by the dielectric grating (refer to Fig. 1(a)). When
the incidence couples to the leaky mode of the grating, strong energy flow inside the waveguide
exists, thus giant GH shift could be realized. When the leaky mode is a negative propagating
one (i.e. the energy flow is anti-parallel to the wave vector of the mode), negative GH shift is
expected.

2. Analysis

We consider a binary 1D grating of thicknésperiodA and duty cycld™, defined as the ratio

of the width of high index partd) to the period, i.el’ = a/A (refer to Fig. 1(a)). The two

parts of the grating have relative permitivitiessgfandeg (g, > g), respectively. The grating

sits on a substrate of relative permittivity. The permittivity of the cover is;. We first study

the dispersion property of the eigen modes propagating towaxdtirection, and the results

for a silicon grating on a Si@substrate &, = 1212, g = 1, & = 2.09, & = 1) with duty

cyclel = 0.93, thicknes$ = 110nmand period\ = 430nm are shown in Fig. 1(b). Software
package MEEP, a numerical electromagnetic solver based on the finite-difference time-domain
algorithm is used to achieve the dispersion property. Bdthe only electric field component

is parallel to the grating grooves) apdthe only magnetic field component is parallel to the
grating grooves) polarized modes are studied. The dispersion curves show typical features of
a periodic waveguide. For thepolarization, the lowest band is below the light line of the
substrate, thus is confined to the grating structure and has no propagating components. In this
band the mode is a conventional, positive mode (i.e. the power flow is at the same direction
of the wave vector, here i$X direction). A gap shows up at the edge of the first Brillouin
zone, above which lies the second band that is a negative propagating mode (energy flows
towards—xX direction). The lower part of this band is still below the light line of the substrate.

As the operating frequency increases, the mode goes above the light line of the substrate when
it begins to leak energy into the substrate, and finally above the free space light line when the
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mode leaks to both sides. In the former studies of GMR for reflector and filter applications, it
is usually the part above the free space light line that is used. Since GH shift is studied at total
internal reflection, we are interested in the part between the two light lines when incidence is
from the substrate side.
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Fig. 1. (a): Schematic of a dielectric grating and the GH shift under a total intenal reflec-
tion. Duty cycle is defined a6 = a/A. (b): Dispersion curve for guided mode £and p
polarization for a grating of\ = 0.43um, ' =0.93,t = 0.11um, e, = 1212, =& =1

(free space)gs = 2.09 (SiQy). The two dashed lines are the light lines of the free space
(ko = kx) and the substratdq = kx//€s), respectively.

Whereas the GH shift is defined for the incidence of a Gaussian beam, its numerical value at
the limit of large beam size (compared to the wavelength) can be evaluated as [15]

_ 1 do_ do
~ kcosfdB  dk

here@ is the angle of incidence of the Gaussian beam (i.e. the angle between the interface
normal and the axis of the beark)is the wavenumber inside the medium of the incident side,
while ky = ksin8. @ is the phase of the reflection coefficient for a plane wave incidence at angle
9, at the same frequency. In Eq. (1) and throughout this papes, ‘&htime variation of the

fields is assumed. To study the GH shift, we first consider the reflection coefficient for a plane
wave incidence from the substrate side with various incident angle (i.e. vadgpughe inci-

dence is o polarization with the electric field perpendicular to the plane of incidence. Through
the paper, we sele&p andky so that inside the substrate only tH& érder diffraction (the di-

rect reflection) is propagating, while all higher order diffraction modes are evanescent, while
in the air both the B and higher diffraction orders are evanescent. The free space wavelength
of the incidence is Bum, corresponding tdg/(217/A) = 0.287. The phase of the reflection
coefficient fork, between the two light lines (887~ 0.414x 271/, or 438° < 8 < 90°) is

shown in Fig. 2(a) as a solid line. We notice that the magnitude of the coefficient remains 1
because of the total internal reflection. To get these results, a customized program based on
rigorous coupled wave analysis (RCWA) [31, 32] is used. plot, we notice that the curve of the
reflection coefficient phase exhibits sharp increases of alnmat arouncky = 0.38 x 211/,

or 8 = 67.0°. From the dispersion results shown in Fig. 1(b), we notice thatghis exactly

1)
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the one when the guided mode at this frequency is excited. According to Eq. (1), the drastic
increase of phase witky indicates a negative GH shift of giant magnitude. The curve of GH
shift vsky is given in the same plot as a dashed line. As we can see, a sharp dip in the curve of
GH shift is observed at the sarkgvalue when the phase exhibits a steep increases. At its max-
imum magnitude, the GH shift reaches a value-860um, about 240 times of the free space
wavelength. The frequency dispersion of the GH shift for incidence at afjxisdalso studied

and is shown in Fig. 2(b). Herlg, = 0.38 x 211/A\ is used, a value corresponding to the one
when GH shift achieves maximum magnitude in Fig. 2(a). As expected, the GH shift exhibits
an obvious resonance peak, and the resonant frequency corresponds to that of the GMR. Such a
resonant property has wide applications for sensors. We point out that, in our design, the giant
negative GH shift is achieved when the magnitude of the reflection coefficient maintains unity.
This is to the sharp contrast of some former studies when large negative GH shift is achieved
at the cost of resonant ohmic loss with a reflectance towards O [7]. A large reflectance means
better signal to noise ratio in sensor applications, thus is of great engineering importance.
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Fig. 2. (a): Phase of the reflection coefficient and GH shiftygor an incidence of Hum
free space wavelength from the substrate. (b): GH shifgvior an incidence from the
substrate side witl = 0.38 x 21/A. The kg where the magnitude of the GH shift is
maximized corresponds to the GMR frequency of the skme

The field distribution inside and out of the grating at the resonance of GH shift is also checked
to demonstrate explicitly the relationship between the resonant behavior of GH shift and the ex-
citation of GMR. The results are shown in Fig. 3, where the color indicates the instantaneous
distribution ofE,. The result in Fig. 3(a) is achieved at the conditiorb(dm free space wave-
length, kx = 0.38 x 211/A\) when GH shift is of the negative value of maximum magnitude.
Notice that the incidence comes from the substrate Qy from the lower left side. In the color
plot, we notice that strong field around the grating is excited with a field strength much stronger
than that of the incidence, which is identified as the guided mode of the grating. What is more
interesting is the energy flow. Thecomponent of the Poynting vector on a line paralleyto ~
while going through the center of a grating period (refer to the white dashed line in the color
plot of Fig. 3(a)) is plotted as a function gfand is placed next to the field plot. Notice that,
around the grating (& y < 0.11 um), S shows an obvious dip of negative value. Far away
from the grating inside the substrate, the field is a plane wave that is standyndjriection
while propagating towardsx, thus a positives, is observed (see the inset of Fig. 3(b)). How-
ever, the maximum magnitude of negatfyeinside the grating is about 500 times larger than
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Fig. 3. Instantaneous distribution of electric fidkd (the color plot). The plot for the
distribution of thex component of the Poynting vectoB along the white dashed line
is placed nearby. For the same system of Fig. 2.4tuin free space wavelength, with
kx = 0.38x 211/ (negative GH shift of maximum magnitude, (a)),ler= 0.29x 217/A
(positive GH shift of 033 um, 3b)

the positiveS, 1000nm away from the grating. This is consistent with the explanation of GH
shift in [16] where the negative GH shift is attributed to the negative energy flow beyond the
reflection interface. For comparison purpose, we also give the results at a condition far from the
GMR when a mediocre positive GH shift of3Bum is observed. This is shown in Fig. 3(b). As
we can see, no obvious field enhancement inside the grating can be observed, and the energy
still flows to the+x direction inside the grating. The relationship between the GMR and the
giant GH shift is most obviously seen in Fig. 4(a), where the GH shifkg@ndk in the range
inside the solid rectangle in Fig. 1(b) is shown. In this plot, the color is the GH shift, while the
crosses are the eigenmodes on the dispersion curve inside the solid rectangle in Fig. 1(b). As
we can see, the position of giant negative GH shift overlaps well with the guided mode of the
grating.

The results shown above are for incidence of slpolarization. Thep polarization shows
similar results, as we see in Fig. 4(b). Again we study the part of the dispersion curve that is
between the light lines of the free space and the substrate (dashed rectangle in Fig. 1(b)) where
the incidence from the substrate can be totally reflected. Similar observation to thatof the
polarization is made: GH shift exhibits a large negative value when the guided mode is excited.
The maximum of the GH shift is, for this design case, even larger than that eptiarization:
a negative shift as large as 570fhis observed, more than 5000 times of the uOfree space
wavelength at the frequency.

A total reflection is usually required when discussing the GH shift. This limits the incidence
to come from the substrate side at an angle larger than the critical angle, and it is the part of the
dispersion curve between the light lines of the substrate and the free space that is used. Notice
that the first band of the grating mode is a positive propagating mode and is below the light line
of the substrate. Modes in this band can not be excited by an incidence from the substrate to
achieve a positive GH shift, unless the whole structure is placed on a prism of higher refractive
index, and frustrated total internal reflection is used to excite the modes. The next positive
propagating band is the one above the second band gap (see Fig. 1(b)), and the part of this band
in between the two light lines (not shown in Fig. 1(b)) can in principle be used to achieve giant
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Fig. 4. Giant GH shift at different frequency amg. for s (a) andp (b) polarization of

the grating studied in Fig. 2 corresponds to the framed areas. In (c), we give results for
s polarization for the grating of the same design parameters of that studied in Fig. 2 but
with a perfect electric conductor (PEC) substrate, while (¢ [®larization for the same
grating design but half of the grating thickness. The crosses are the eigenmodes of the
corresponding gratings.
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positive GH shift. However, this usually happen at relatively high frequency, and care must be
taken in designing the grating so that the first and higher order diffractions are still evanescent
at this frequency.

When the incidence comes from the free space side, the grating considered in Fig. 2 and 3
gives areflectance that in general is less than 1. To achieve unity reflectance for a broad incident
angle, we can place the grating on top of a metal substrate. The metal surface is responsible for
the total reflection while the dielectric grating can help provide a giant GH shift. The principle
is similar, that is, giant GH shift exhibits when a guided mode is excited. Of course, the exact
position of the GMR is different to that of Fig.1(b). Using an incidence from the air can be
more convenient in many situations. Further more, since total reflection is promised fior any
value, incidence close to the surface nornkgh¢ 0) can be used (the case of Fig. 4(c)), so that
the guided modes in the positive propagating band at relatively high frequency can be excited
without worrying about bringing higher order diffraction modes into propagation. Positive GH
shift can then be realized. We show the simulation results for a dielectric grating on a gold
substrate in Fig. 4(c)s(polarization) and Fig. 4(d)apolarization). For the sake of simplicity,
here the metal is modeled as= —o with no ohmic loss. The GH shift is shown as the color
while the eigenmodes are marked as crosses. Besides the fact that giant negative GH shift is
again observed at the GMR, several features deserve specific mentioning. First of all, giant
negative GH shift can be observed for incidence pblarization. This is to the direct contrary
of the bare plasmonic substrate case where negative GH shift caused by surface plasmon only
happens for the polarization, while fors polarization, positive GH shift is observed. This is
another proof that the grating decoration on top of the metal surface plays the crucial role in
achieving the GH shift. Secondly, giant GH shift of positive value is indeed observed at the
third eigenmode band, a positive propagating mode above the second band gap. This is shown
in Fig. 4(c) (the first band, which is a positive mode band below the light line, is not shown in
this plot).

3. Conclusion

In conclusion, we have used the GMR on dielectric gratings to realize giant GH shift. The giant
GH shift is caused by the coupling of the incidence to the guided mode of the grating which
are leaky on the incidence side. The large power flow carried by the guided mode is responsible
for the giant GH shift. By exciting either a positive or a negative propagating mode, positive or
negative GH shiftis realized. Since the whole design is based on dielectric structure, ohmic loss
can ideally be completely avoided and a unity reflectance can be realized. This is advantageous
to many of the plasmonic material based approaches. We believe the design has great potential
in sensor applications. Notice that a large GH shift happening in a finite reflection phase range
(~ 2m) usually means a sharp resonance with the incident angle (Fig. 2(a)), the frequency
(Fig. 2(b)), the dielectric constant of the ambient environment (for example, the introducing
of an agent), and other parameters. Such sharp resonances can be used for sensing with high
sensitivity. The design also has wide application in slow light control, waveguide dispersion
engineering, etc., which are currently under study.
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