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shift is of the order of one wavelength, which impedes 
its direct observation in a single reflection. Recently, the 
enhancement of GH shift has attracted much attention 
of researchers and large lateral shift has been realized in 
different structures for its potential applications in inte-
grated optics, optical storage and optical sensors. Many 
methods are utilized to realize an enhanced GH effect 
such as leaky guided mode generation in a thin dielectric 
layer [3], a Kretschmann configuration with long-range 
surface plasmon resonance (SPR) [4], magneto-optic 
enhancement in prism waveguide coupling structure [5] 
and multilayered waveguide with hyperbolic metamateri-
als (HMMs) [6].

HMM is a kind of metamaterial [7, 8] which have 
become a topic of significant research interest in recent 
years [9–11]. It is formed by stacks of alternating, sub-
wavelength thin metallic and dielectric layers which can 
be regarded as an effective uniaxial crystal. HMMs based 
on semiconductors with InGaAs/AlInAs multilayers show 
negative refractive index in mid-infrared region [12]. In 
2012, Naik et al. [13] proposed a HMM in the near-infrared 
spectral range at about 1.9 μm using ZnAlO/ZnO. HMMs 
operating at telecommunication wavelengths using heavily 
doped ZnGaO as plasmonic component are demonstrated 
by Kalusniak et al. [14] which have attractive applications 
in imaging below the diffraction limit with telecommunica-
tion light. For simplicity, we call this kind of HMM with 
ZnGaO/ZnO multilayer as semiconductor metamaterial 
(SMM).

In this paper, we first investigate the GH effect in a prism 
waveguide coupling structure with SMM and explore its 
application as a highly sensitive biosensor. Based on simu-
lation results, GH effect in three different waveguides and 
their performances as a refractive index sensor to detect 
glycerol concentration in water are analyzed.

Abstract  We investigate Goos–Hänchen (GH) effect in 
a prism waveguide coupling structure with semiconduc-
tor metamaterial (SMM) of ZnGaO/ZnO multilayer and 
explore the possibility as a biosensor. The GH effect in 
three different waveguides and their performances as a 
refractive index sensor to detect glycerol concentration in 
water are analyzed. The SMM brings a periodic property 
of GH shift peaks which is not found in other waveguides. 
It is also verified that setting coupling layer of the prism 
waveguide coupling structure as sensing area is an effective 
method to significantly increase the sensitivity to refractive 
index variation. A schematic diagram for the biosensor con-
figuration is designed, and the sensitivity distribution for 
different glycerol water index is given. Calculation results 
show that in the proposed biosensor the maximum sensi-
tivity reaches 3.2 ×  106 μm/RIU and resolution reaches 
1.6 ×  10−7 (around 1.33306) with high sensitive position 
sensitive detector.

1  Introduction

Goos–Hänchen (GH) shift is a lateral shift of the reflected 
light beam that occurs from the position predicted by 
geometrical optics when a light beam is totally reflected 
at a dielectric interface [1, 2]. In an ordinary case, the GH 
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2 � Principle and theoretical analysis

The proposed prism waveguide coupling structure is shown 
in Fig. 1, which consists of prism, coupling layer, guiding 
layer and substrate. The refractive index of each layer is ni 
(i = 1, 2, 3, 4), and the thicknesses of coupling layer and 
guiding layer are d2 and d3, respectively.

Here we choose the SMM as the guiding layer which 
has an anisotropic permittivity of

According to the dispersion relation of SMM, we can 
get [14]

where εZnO = 3.7 and ρ = dZnGaO(dZnGaO + dZnO)
−1. The 

permittivity of ZnGaO is described by Drude’s dielectric 
function

in which ωp is the plasma frequency and Γ  is elec-
tronic damping rate. Here we choose �ωp = 1.88 eV and 
Γ = 112 meV. The SMM consists of 20 pairs of ZnO/
ZnGaO with an individual layer thickness of dZnO = 45 nm 
and dZnGaO = 40 nm. The total thickness of SMM is 1.7 μm.

According to the stationary-phase approach, the lateral 
beam shift is given by [15]
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, N and D∗ represent the numer-
ator and the complex conjugate of denominator of r1234. 
The reflection coefficient of the four-layer optical system 
can be written as [15]

with

where rij is the Fresnel reflection coefficient at the inter-
face of layer i and layer j; kiz is the z component of 
the wave vectors in layer i, which can be expressed as 
kiz = k0

√

εiµi − k2x , where kx is the x component of the 
wave vector and k0 is the vacuum wave vector of the inci-

dent light. As SMM is anisotropic, k2z can be written as 

k
p
2z =

√

k20ε� −
ε�
ε⊥
k2x  and ks2z =

√

k20ε� − k2x . We can get

3 � Simulation results and discussion

In the following simulation, we assume a p-polarized wave 
is injected into the prism waveguide coupling structure. We 
choose BK7 glass as the prism with a dispersion relation of

In this section, we study the GH effect in different wave-
guides to realize a biosensor with high sensitivity for glyc-
erol concentration detection.

3.1 � Prism/silica/SMM/water waveguide

We first choose a waveguide with prism/silica/SMM/
water in which λ =  1.55 μm, n1 =  1.5007, n2 =  1.444, 
ε||  =  1.154  +  0.3562i, ε⊥  =  −4.8497  +  5.6774i and 
n4 = 1.333. The reflectivity and GH shift for different cou-
pling layer thickness are shown in Fig.  2a, b, respectively. 
We can find in the proposed waveguide with SMM, the 
reflectivity shows periodic small-value peaks at different 
incident angle. It is not found in ordinary plasmonic wave-
guide in which only one reflectivity peak appears. When the 
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Fig. 1   Schematic of the prism waveguide coupling structure
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reflectivity is minimum, the incident light is coupled into the 
waveguide and guiding mode in the three-layer waveguide is 
excited. The reflectivity peak is narrowed dramatically with 
the increase of incident angle. Meanwhile, the corresponding 
GH shift is dramatically increased at a narrowed reflectiv-
ity peak. This is because a sharp peak of reflectivity means 
a rapid and strong coupling of light into the waveguide. It 
can also be regarded as a deeper penetration depth of light 
along z-axis. As GH shift peak is proportional to the penetra-
tion depth of light, GH effect can be greatly enhanced when 
sharper reflectivity appears in angular spectrum.

In order to find the light energy distribution where light 
is coupled into the waveguide, the electrical field distri-
bution of guiding mode in the z-axis of the silica/MM/
water waveguide is given in the inset in Fig. 2b in which 
d2 = 10 μm. It is easy to see that the incident light energy 
is mainly concentrated in the coupling layer. Thus, it may 
be insensitive to the refractive index change of water with 
different glycerol concentration. In addition, with the 
increase of d2 the reflectivity peak has a shift to a larger 
incident angle and the GH shift is also enlarged.

In addition, we can find the reflectivity spectrum for 
mode at around 74° degree is much sharper than that for 
mode at around 73°. This means when incident angle is 
around 74°, the incident light is coupled into the guiding 
layer more rapidly and a guiding mode is generated. The 
field distributions for these two modes are certainly differ-
ent. However, in our study, we mainly focus on the loca-
tion of energy distribution which affects the sensitivity to 
refractive index variation. Therefore, in our paper we did 
not give the field distribution for different modes.

Then, we study the spectral characteristic of GH shift 
in the proposed waveguide as SMM is strongly dispersive. 
We assume the dispersion relation of silica is described by 
Hoffman et al. [12]

(11)

n2 =

√

1+
0.696�2

�2 − 0.005
+

0.408�2

�2 − 0.014
+

0.8974794�2
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In order to illustrate the GH shift peak variation, we give 
the maximum GH shift as shown in Fig. 3. In fact, the inci-
dent angles for maximum GH shifts in Fig. 3 are different 
for different wavelength and silica thickness. In our calcu-
lation, we choose the incident angle is in a range of 73.5°–
74.5° in which the maximum GH shift is given in Fig. 3. 
Thus, in our results we only need to record the maximum 
GH shift value rather than the incident angle. In the fol-
lowing simulation, we make use of the maximum GH shift 
variation to detect the refractive index variation as shown 
in Fig. 4. In this course, we also do not care the incident 
angle at which the maximum GH shift appears. We can 
find with the increase of incident wavelength, the GH shift 
peak is dramatically decreased. The spectral curves of GH 
shift show a periodic trend which is induced by the disper-
sion of SMM. This periodic property of GH shift has not 
been found in other waveguide to our knowledge. It can be 

Fig. 2   The reflectivity and GH 
shift for different d2 in prism/
silica/SMM/water waveguide

Fig. 3   The spectral characteristic of GH shift
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explained as the periodic resonance of SMM for different 
wavelength brings periodic coupling of light into the wave-
guide. Thus, periodic GH peaks appear in the spectrum. In 
addition, the increase of d2 also brings an enhancement of 
GH effect. This means a larger coupling layer thickness 
confines the light energy better in the waveguide. When 
light is coupled into the waveguide, the guiding mode can 
propagate a relative longer distance. Thus, when the cou-
pling layer thickness increases, the GH shift peak also 
increases at the same incident wavelength.

In the following, we make use of glycerol water to 
replace pure water in the prism waveguide coupling struc-
ture to realize a refractive index sensor. The maximum GH 
shift variation with the increase of glycerol water index is 
shown in Fig. 4. We can find a refractive index change of 
0.2 only brings a GH shift peak variation range of <1.5 μm 
when d2  =  11  μm. This value still decreases with the 
decrease of coupling layer thickness. Such a small variation 
of GH shift peak in a relative large change of glycerol water 
concentration is obviously not suitable to be applied as a 
biosensor. Therefore, we should take measures to improve 
the sensitivity of the prism waveguide coupling structure as 
a refractive index sensor.

3.2 � Prism/air/MM/water waveguide

In this section, we replace the silica layer with air 
to concentrate light energy in water. We also choose 
λ = 1.55 μm, n1 = 1.5007, n2 = 1.0, ε|| = 1.154 + 0.3562i, 
ε  =  −4.8497  +  5.6774i and n4  =  1.333. The reflectiv-
ity and GH shift for different coupling layer thickness 
are shown in Fig. 5a, b, respectively. The inset in Fig. 5b 
shows most of the coupled incident light is distributed in 
the water layer when d2  =  10  μm which may bring an 
enhancement of sensitivity to the refractive index variation. 
Compared with Fig.  2, the incident angle corresponding 
to GH shift peak is dramatically reduced. This phenom-
enon can be explained as the effective refractive index of 
guiding mode is affected by the waveguide parameters. It 
is known that when the incident light is coupled into the 
waveguide, the guiding mode is excited. When the coupling 
layer is replaced by air, the guiding mode index and effec-
tive propagation constant are also reduced. According to 
the phase-matching condition, the propagation constant is 

Fig. 4   The maximum GH shift distribution in for different d2 in 
prism/silica/MM/water prism/silica/SMM/analyte for different wave-
guide refractive index of glycerol water when d2 is different

Fig. 5   The reflectivity and GH shift for different d2 in prism/air/SMM/water waveguide
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always equal to k0n1sinθ. Thus, the reduction of propaga-
tion constant brings a decrease of critical incident angle. 
Therefore, the GH shift peak appears at a smaller incident 
angle. In addition, we can find with the same SMM thick-
ness the maximum GH shift is increased by over twice than 
that in Fig. 2.

The spectral characteristic of GH shift for different d2 
in prism/air/MM/water waveguide is almost the same as 
in Fig.  3; thus, we do not mention it anymore. Then, we 
replace the pure water by glycerol water in the above wave-
guide to explore the sensitivity of the proposed structure 
as a biosensor. The maximum GH shift distribution for 

different refractive index of glycerol water when d2 is dif-
ferent is shown in Fig. 6. We can find although the maxi-
mum GH shift is greatly enlarged in this case, the sensi-
tivity of the structure as a refractive index sensor is even 
weakened than in Fig. 4. With an increase of glycerol water 
index, the GH shift peak variation range is about 0.4 μm 
for d2 =  9 μm. Even for d2 =  11 μm, a refractive index 
change of 0.2 only brings a GH shift variation of <1.0 μm. 
Therefore, the proposed structure is also not suitable for a 
highly sensitive biosensor.

3.3 � Prism/water/MM/air waveguide

At last we exchange the locations of water and air in the 
above waveguide to realize a sensitive biosensor. Here we 
also choose the same parameters as in Fig.  5. The reflec-
tivity and GH shift for different d2 in prism/water/SMM/
air waveguide are shown in Fig. 7a, b, respectively. In this 
case, the maximum GH shift is smaller than that in Fig. 5 
with the same d2. Compared with Fig. 5, the incident angle 
corresponding to GH shift peak becomes from about 42° 
to 62.5°. As is known to us, the effective refractive index 
of guiding mode in Figs. 5 and 6 should be identical. But 
we also find the critical angle of GH shift peak still has an 
obvious shift to larger value. This phenomenon is induced 
by different coupling layer in the two waveguides. A cou-
pling layer with small refractive index contributes more to 
the enhancement of GH shift. In addition, the light energy 
distribution in the waveguide when d2 = 10 μm is shown in 
the inset of Fig. 7b. We can find most of the coupled light 
is concentrated in the water layer which is help to improve 
the sensitivity to refractive index.

Then, we replace the pure water by glycerol water in the 
above waveguide to detect the concentration of glycerol in 
water. The maximum GH shift variation with the increase of 

Fig. 6   The maximum GH shift distribution in prism/air/SMM/ana-
lyte for different refractive index of glycerol water when d2 is differ-
ent

Fig. 7   The reflectivity and GH shift for different d2 in prism/water/SMM/air waveguide
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glycerol water index for different d2 is shown in Fig. 8. When 
the thickness of glycerol water is increased, the GH shift also 
increases which is similar to the situation in the above two 
waveguides. In this configuration, the most important dif-
ference is that the GH shift peaks show a periodic property. 
Meanwhile, the amplitude of the GH shift peak variation is 
almost unchanged for different refractive index of glycerol 
water. We can find a small refractive index change of 0.0001 
in the coupling layer may bring a GH shift peaks variation 
of more than 250 μm for d2 = 11 μm which can be further 
enlarged by the increase of sensing area thickness. In this 

configuration, the sensitivity as a refractive index sensor 
can be significantly increased compared with the above two 
waveguides. In the following, we design a possible biosensor 
diagram and estimate the sensitivity and resolution based on 
the proposed prism/water/SMM/glycerol water waveguide.

Here we set the coupling layer as the sensing area and 
design a microfluidic channel to input the glycerol water 
to be detected as shown in Fig.  9a. The glycerol water is 
injected into the measurement cavity from the “IN” port 
and then exported from the “OUT” port. When a light beam 
is incident into the prism, the reflected light is detected by 
position sensitive detector (PSD). Then, the GH shift peak 
variation induced by glycerol water with different concen-
trations can be obtained. The GH shift can be detected by 
PSD. Here we define the sensitivity as

The sensitivity of the configuration for d2  =  10  μm 
as a refractive index sensor is shown in Fig.  9b. We can 
find the maximum sensitivity of the biosensor reaches 
3.2 × 106 μm/RIU. Further calculation shows if the resolu-
tion of PSD is 0.5 μm, the proposed biosensor can detect 
even a refractive index variation (around 1.33306) as small 
as 1.6 × 10−7. This means glycerol concentration changes 
as small as 0.1 mg/dL. Compared with ordinary biosensor 
based on short-range surface plasmon excitation, the sensi-
tivity is improved by one order of magnitude [16].

4 � Conclusion

In this paper, we investigate GH effect in a prism wave-
guide coupling structure with SMM and explore the 

(12)S =
dLmax

dn2

Fig. 8   The maximum GH shift distribution in prism/analyte/SMM/
air for different refractive index of glycerol water when d2 is different

Fig. 9   a Schematic diagram of the biosensor configuration and b sensitivity as a refractive index sensor
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possibility as a biosensor. As SMM is anisotropic whose 
permittivity components are partially negative, it brings a 
high flexibility for the modulation of GH shift as well as 
the design as a biosensor. The GH effect in three different 
waveguides and their performances as a refractive index 
sensor to detect glycerol concentration in water are ana-
lyzed based on simulation results. The SMM brings a peri-
odic property of GH shift peaks which is not found in other 
waveguides. We find that setting coupling layer as the sens-
ing area can significantly improve the sensitivity to refrac-
tive index variation. We also design a schematic diagram 
for the biosensor configuration and derive the sensitivity 
distribution for different glycerol water index. Calculation 
results show that in the proposed biosensor maximum sen-
sitivity reaches 3.2 × 106 μm/RIU and resolution reaches 
1.6 × 10−7 (around 1.33306) with highly sensitive PSD.
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