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In this paper, the Goos—Hénchen shift (GHS) at the interface between air and the aluminum zinc oxide (AZO)/ZnO
hyperbolic metamaterial (AZO-HMM) is theoretically examined. The results herein show that AZO-HMM can
enhance the GHS at the interface to a value at 3 orders of the incident wavelength under special conditions, which
is much larger than conventional GHS values. Moreover, the GHS can be tuned to be negative or positive by chang-
ing the incident wavelength or the volume fraction of AZO. © 2013 Chinese Laser Press
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1. INTRODUCTION

Recently, stimulated by the prospect of potential applications
in superresolution imaging [1], nanophotonic integration, etc.,
much attention has been paid to a kind of metamaterial called
hyperbolic metamaterial (HMM). In addition to the novel
dispersion relation of HMM, the reflection of a light beam
at the interface when incident from air to HMM also has in-
teresting properties [1,2].

The Goos-Hanchen shift (GHS), as one of the reflection
behaviors, was first experimentally observed by Goos and
Hianchen in 1947 through a setup that “magnified” the magni-
tude of the shift through multiple total internal reflections
(TIRs) and was subsequently explained by the stationary-
phase theory, which was proposed by Artmann [3-5]. In
Artmann’s theory, the incident beam is expanded into plane-
wave components, each with a slightly different transverse
wave vector, which undergoes a slightly different phase
change after TIR, and, finally, the sum of all the reflected plane
waves, i.e., the reflected beam, results in a lateral shift com-
pared to a theoretical path obtained by geometrical analysis of
TIR [4]. Usually this shift is extremely small, but it could be
enhanced by coupling to a guided mode, or by exciting a pref-
erably low-loss surface electromagnetic wave [4,6]. Large
GHS is important in many potential applications, such as op-
tical switches and sensing [7,8]. However, the large losses of
conventional materials such as noble metals pose serious lim-
itations on the devices based on GHS.

AZO is one of the transparent conducting oxides (TCOs).
Recently, TCOs have attracted much attention in the field
of metamaterials due to their applications in the experimental
realization of metamaterials [9]. As one kind of new metama-
terial, they can be used for sensing, nanoslit lenses, optical
cloaking, etc. [8,10]. AZO, indium tin oxide (ITO), and gallium
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zinc oxide (GZO) are the three main kinds of TCOs. Compared
with the other two kinds, AZO has the lowest losses under the
same conditions [8].

In this paper, we analyze the GHS of light beams at the inter-
face between air and AZO-HMM. The conditions for large pos-
itive and negative shifts are given. It is also found that the
lateral optical beam shift depends on the incident angle, the
volume fraction of AZO, and incident wavelength. Our numeri-
cal results show that GHS of the order of millimeters is possible
under special condition and these phenomena are critical for
the proposed use in optical sensing, optical switching, etc.

2. THEORY

Supposing a TE-polarized wave is incident to a semi-infinite
medium surface, 1 represents air, and 2 is the medium of
two-dimensional anisotropic AZO-HMM. The anisotropic di-
electric constants of metamaterials can be expressed as

& 0 0
e2=10 ¢, 0| @D
0 0 e,

where ¢, = ¢, = ¢ is the permittivity along the parallel direc-
tion and ¢,, = ¢, is the permittivity along the normal direction
[11]. Herein we consider only nonmagnetic materials, therefore
u = 1. Monochromatic waves can be expressed as follows

E = E; exp[i(wt -k -r)], @)
H = H, exp[i(wt-k-1)], 3)

Considering the continuity of the parallel component of the
electric vector E and magnetic vector H, we have that
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Ei + E = Ey, Hyy + H,y, = H,, and the expression for the
parallel component of k; can be written as

ktx = kw tan 0 = (wZE()E'H — W9 €n€1 Sin29£” /SJ_)l/z, (4)

where E;., E,., E,, are the parallel components of the electric
field in the incident, reflection, and transmission regions, and
similar definitions are given to the case of magnetic field H, as
shown in Fig. 1.

Moreover, according to the boundary condition for the elec-
tric field at the interface E;y = E,y, Hj, = Hy,, the reflection
coefficient can be obtained as follows

(1 = n)k;, = thy, ®)

r = (ki — ki) [ (Kiz + ki) = |7 exp(ig). ©)

Similarly, the reflection coefficient for the TM-polarized
wave can be obtained as follows:

r = (k&) — ke1)/ (ki€ + Kkie1) = |7] exp(ig). )

If the phase of the reflection coefficient is obtained, the
GHS can be expressed as follows:

A = (ky cos 0)~de/do. ®)

For the metamaterial considered herein, which is con-
structed from alternate layers of AZO material and ZnO,
the effective dielectric constant of the composite metamate-
rial can be obtained by the so-called Maxwell-Garnett
effective-medium as follows [11]:

€ =feazo + (1 = f)eano,. )

£, = eaz0€a0,/[(1 —eazo +Seno,l, 10)

where f is the volume fraction of the AZO layers. The effective
dielectric constant for the composite metamaterial has a

Z

Fig. 1. Schematic of reflections for TE-polarized incident waves at the
interface between an isotropic medium and an anisotropic medium.
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Table 1. Parameters of AZO Samples

Volume Number Number Number Total
Fraction of Cycles of Cycles of Thickness
Samples of Al  of Al,O3 of ZnO  Macrocycles [nm]
1 1% 1 49 5 49.5
2 2% 1 25 10 51
3 10% 1 5 40 44

formula similar to that in Eq. (1). Therefore, the dispersion
relation for light propagating within the composite metamate-
rial is written as

K2/ey + K3 /ey = w? /2. (11)

When ¢, >0 and e, <0, which is called the transverse-
positive HMM, the dispersion relationship of the metamaterial
is in a hyperbolic shape and can be used in a hyperlens with
imaging resolution beyond the diffraction limit [1,2].

3. RESULTS AND DISCUSSION

In our experiment, we used the atomic layer deposition (ALD)
method for the preparation of AZO samples. Because of con-
tinued device miniaturization, control of thin-film growth is
needed at the atomic level to fabricate semiconductor and
other nanoscale devices [12,13]. We alternatingly pulse the
precursors diethylzinc (DEZ) and trimethylaluminum
(TMA). Al is pulsed after N cycles of ZnO. We prepare three
AZO samples with different volume fractions of Al;Os,
namely, AL, 1%; Al, 2%; and Al, 10%. The thickness of one cycle
of Al,O3 is 0.1 nm and the thickness of ZnO is 0.2 nm. The
detailed parameters are shown in Table 1.

The permittivity of AZO was measured using a spectro-
scopic ellipsometer. The optical constants were extracted
using a Drude-Lorentz model [8,14]. Figure 2 shows the
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Fig. 2. (a) Real permittivity of AZO in the near-IR. (b) Imaginary per-
mittivity of AZO in the near-IR.
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Fig. 3. Dependence of GHS on incident angles for different volume
fractions of AZO (AL 2%). 4 = 1.9 pm.

dielectric constants of the AZO samples. We find that in the
near-IR range, AZO shows negative real permittivity and pos-
itive imaginary permittivity. The real permittivity of the sam-
ples declines with the rise of the volume fraction of Al under
the same incident wavelength. The imaginary part has the op-
posite trend.

The curves of the corresponding GHS and the incident an-
gle for different volume fractions of AZO-doped ZnO films are
shown in Fig. 3. The curves of the corresponding GHS and the
incident angle for different incident wavelengths are shown
in Fig. 4.

In order to study the dependence of GHS on the volume
fraction of AZO, the incident angle is fixed to be 60° and
the corresponding GHS for different volume fractions of
AZO is obtained, as shown in Fig. 5.

We use the finite-element method to calculate the snapshot
of the normalized magnetic field for AZO-HMM, which is
shown in Fig. 6. The incident wavelength 1 is equal to
1.95 pm and the dielectric constant of the AZO-HMM is equal
to (1.8810 4 0.3306¢, —0.6658 4 11.10727). By simulation, it is
obtained that Agy ~ 21.1 pm, which is approximately equal to
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Fig. 4. Dependence of GHS on incident angles for different incident
wavelengths. f = 0.37.
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Fig. 5. Dependence of GHS on the volume fractions of AZO for
different incident wavelengths and a fixed incident angle,
6 = 60°(~1.05rad). The arrow indicates the configuration used for
the numerical simulation in Fig. 6.

the theoretical value of 21.9 pm (indicated by the arrow
in Fig. 5).

By theoretical calculations, it is found that the GHS occur-
ring at the interface between the metamaterial film and air is
influenced by the incident angle 6, incident wavelength 1, and
the volume fraction f* of AZO.

As Fig. 3 shows, when 4 = 1.9 pm and f < 0.3, GHS is pos-
itive and can be enhanced as large as above 3 mm (f = 0.3);
when f* > 0.3, the GHS is tuned to be negative. In Fig. 4, when
f =0.37and A < 1.75 pm, GHS is positive and it is switched to
negative when 1 > 1.75 pm. Therefore, for the metamaterial
film constructed by AZO/ZnO, the GHS at the interface can
be continuously tuned from a large positive value to a large
negative value by changing the volume fraction or incident
wavelength, which provides promising novel applications in
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Fig. 6. (a) Snapshots of the normalized magnetic field and (b) the
normalized energy flux of the magnetic field for an incident beam
at A = 1.95 pm. The angle of the AZO-HMM slope is 8 = 60°.
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the fields of optical sensors, optical switches, etc. [7,8,15].
Additionally, the study of optical properties like GHS can also
contribute to designing better metamaterials [1,16].

4. CONCLUSION

In conclusion, the values of GHS at the AZO-HMM interface
are generally 1 order of magnitude comparable to the wave-
length. However, it is demonstrated herein that a millimeter-
scale GHS can be reached under special conditions. The GHS
is shown to be very sensitive to the incident wavelength and
the volume fraction of AZO. AZO-HMM can be used to over-
come the problem caused by large losses for conventional
metals in the design of optical devices based on the GHS
mechanism and enable many potential applications, such as
optical sensing and optical switches.
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