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Abstract: We have theoretically investigated the Goos—Hénchen (GH) shift of the TM-
polarized beam reflected from a graphene-on-dielectric surface near the Brewster angle. Itis
shown that even a single-layer graphene allows for notable variation of the GH shift. The GH
shift can be enlarged and switched from positive to negative or vice versa. Importantly, the
GH shift depends on the Fermi energy, and thus, it can be electrically controlled through
electrical or chemical modification of the charge carrier density of the graphene. Further-
more, the relationship between the GH shift and the electron—phonon relaxation time and
the number of graphene layers is clarified.

Index Terms: Goos—Héanchen (GH) shift, graphene, pseudo-Brewster angle.

1. Introduction

The Goos—-Hénchen (GH) effect was discovered by Goos and Hanchen [1] and theoretically
explained by Artmann in the late 1940s [2]. It is highly desirable in many applications, e.g., optical
waveguide switch [3], optical temperature sensing [4], and high-resolution surface plasmon sensors
[5]- Hence, the GH effect has received extensively attention in recent years; the research on GH
effect extends from total reflection regime to different circumstances such as multilayered structures
[6], absorptive media [7], [8], photonic crystals [9], and negative-index metamaterials [10]. Besides,
it is known that the tunability of the GH shift is intrinsically important for the applications in the optical
devices; some methods have been put forward to make the GH shift tunable. For instance,
Pfleghaar et al. [11] observed the transition of the lateral shift of a probe light beam totally reflected
by changing the detuning of the probe beam; Wang et al. [12] presented a proposal to manipulate
the GH shift of a light beam via a coherent control field, which is injected into a cavity configuration
containing the two-level atomic medium; and Ziauddin et al. [13] reported a coherent control of the
GH shift in a fixed configuration or device via superluminal and subluminal wave propagation. Zhao
and Gao [14] investigated the temperature-dependent GH shift for an electromagnetic wave
reflected from a metal/dielectric composite material, etc.

Vol. 5, No. 3, June 2013 6500108



IEEE Photonics Journal Shift of Light Beam Reflected From a Surface

Graphene

Fig. 1. Schematic diagram of the lateral shifts of the reflected beams from graphene-on-dielectric
surface (TM polarization). The incident and reflected beams are schematically represented by their
respective beam axes.

Recently, graphene, a single atomic sheet of graphite, has attracted intensive scientific interest
owing to its incredible physical properties. It shows great potential applications in nanoelectronic
devices and optoelectric devices with ultrahigh electron mobility and ultrafast relaxation time for
photo-excited carriers [15]-[17]. Different kinds of novel photonic and optoelectronic applications
have been presented, such as optical modulator [18], broadband polarizer [19], transformation
optics [20], and light emission devices [21]. More importantly, the conductivity properties of
graphene can be tuned simply by adjusting the gate voltage, and this could provide an effective
route to achieving electrical tunable plasmons [22], bandgap [23], [24], etc.

There are some papers that discussed the quantum or electronic GH effect in graphene [25]-[28].
Beenakker et al. investigated that the GH effect at a p-n interface in graphene depends on the
pseudospin degree of freedom of the massless Dirac fermions and found a sign change of GH shift
at the critical angle for total reflection [25]. Wu et al. demonstrated theoretically that a strain-induced
gauge field can lead to valley-dependent transport phenomena, e.g., the Brewster angles and the
GH effect [27]. Song et al. reported giant GH shifts for electron beams tunneling through graphene
double-barrier structures [28]. Recently, Chen et al. gave a brief overview of the electronic GH shifts
in semiconductor and graphene-based nanostructures, including single and double barriers and
superlattices [26]. However, only a few papers discussed the optical GH effect in graphene. For
example, Martinez and Jalil introduced the current into the electromagnetic boundary conditions
and discussed the GH shift at the interface of two media of different permittivity, with graphene at
their interface. It was found that the presence of surface charge at the graphene interface
significantly altered the GH shift for the TE polarization, while in the TM polarization case, the
charge and current could have opposing effects on the GH shift [29]. Different from this work, in this
paper, we will investigate theoretically the GH shift of the TM-polarized beam reflected from a
graphene-on-dielectric surface near the Brewster angle. It is found that the GH shift can be
electrically controlled by changing electrical or chemical modification of the charge carrier density of
the graphene. Moreover, we also point out that the GH shift depends on the electron—phonon
relaxation time and the number of the layers of the graphene sheet. Therefore, electrical tunability of
GH shift from the graphene-on-dielectric surface could potentially open a new possibility of SPR
imaging detection, biosensor, flexible optical-beam steering and alignment, and optical devices in
information processing.

2. Model and Method

We illustrate the geometric problem in Fig. 1. Media 1 and 2 are characterized by permittivity values
g1 and ey, respectively. In the following analysis, we assume that medium 1 is vacuum (¢4 = 1) and
medium 2 is dielectric (2 = 2.25). Artmann has proposed the stationary-phase method [2] to
calculate the GH shift, who recognizes that the light beam is a collection of plane waves of slightly
different transverse wave vectors. After the total internal reflection, these component waves will
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undergo different phase changes and sum to form a reflection beam with a lateral shift. In our
structure, as shown in Fig. 1, a light beam (TM polarization) of angular frequency w is incident from
a medium at an angle 6 on the interface of medium 2. The electric field of the plane-wave
component of the incident beam is denoted by E;,(z) = Epexp(jkiz), where k; = kyéy + kz1 €2,
kx = ki sing, and k1 = ky cos 0; k1 = kg./21 is the wave vector in medium 1 and k, = w/c. The field
is assumed to be uniform in the y-direction. The GH shift of TE polarization is usually much smaller.
However, for the TM polarization, when the light beam reflected from a weakly absorbing semi-
infinite medium, a large GH shift can be observed due to the abrupt change of phase across the
Brewster dip (the angle of minimum reflection).

If the graphene layers are absent, the reflection coefficients for incident beams are obtained as

Kz1/e1 — kzo/e2

r(f,w) = 1
(6,) Kz1/e1+ kzo/e2 )
for TM waves, and
kz1 - k22
rl,w) =——-— 2
(0,w) PR 2

for TE waves, where ko = ko\/c2 — &1 Sin® 0.

Then if the graphene layers are coated on medium 2, the reflection coefficients should be
modified as [30], [31]

_ kz1/e1 — Kz /eo + G6(Kz1/e1)(Kza/€2)

r(0,w) = Kz1/e1 + kzo/eo + 6(kz1/e1)(Kz2/22)

@)

for TM waves, and

Kz1 — kzo — koo
rlf,w)=———— 4
( w) Kkz1 + kzo + koo ( )
for TE waves, where ¢ = o/cow, and o is the surface conductivity of graphene sheet. Within the
random-phase approximation (RPA) and at zero temperature, the surface conductivity of graphene
in the local limit reduces to [32]-[34],

hw — 2EF
hw — 2EF

_e®EF i e?

i
(T(w) = Wm+ﬁ G(hw - 2EF) +;|Og

} 5)

where w is the frequency of incident light, and e and h are universal constants related to the electron
charge and reduced Planck’s constants, respectively. Er and 7 are the Fermi energy (or chemical
potential) and electron—phonon relaxation time, respectively. 6(x) is the Heaviside step function. The
first and second terms on the right side of (5) stem from the intraband and interband contributions,
respectively. Fermi energy Er can be straightforwardly obtained from carrier density n,p in a
graphene sheet; Ef = hvg/7hap, where v = 10% m/s is the Fermi velocity of electrons. Here, carrier
density nop can be electrically controlled by an applied gate voltage, thereby leading to a voltage-
controlled Fermi energy Er and the voltage-controlled surface conductivity o(w); this could provide an
effective route to achieve electrical control GH shift in graphene-on-dielectric surface.
In general, the reflection coefficients can be expressed as

r(0,w) = |r(0,w)|explig (6, w)] (6)

where ¢,(6,w) is the phase of the reflection coefficient. According to the stationary-phase method
[2], for the incident beam with a sufficiently large beam waist (i.e., the beam with a narrow angular
spectrum, Ak < |k|), the lateral shift of the reflected beam is [2], [6], [7]

A dgr
27 df -

D(0,w) = (7)
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Fig. 2. (a) The dependencies of the optical conductivity of graphene sheet on the wavelength at the
different Fermi energy, the dashed line and the solid line are the real part and imaginary part of optical
conductivity, respectively; (b), (c), and (d) are the dependence of the reflectivity, GH shift, and reflection
phase on the incident angle, respectively. Here, 7 = 100 fs, the Brewster angle 65 in the absence of the
graphene has been indicated, and the pseudo-Brewster angles shifts to larger incident angle due to the
effect of the graphene.

With this relation, the lateral shift of the reflected beam for the absorption materials is given by [8]

A1 dim[r(0)] dRelr(6)]
_ﬂ—r(eﬂz{,‘?e[r(@)]ide — 1 [r(@)]ide }

(8)

The light beam is incident from an optically thinner medium to an optically denser medium, and the
total reflection condition cannot be satisfied; hence, the GH effects do not occur. If the monolayer
graphene is coated on the dielectric, then the GH shift occurs near the Brewster angle for a TM-
polarized beam due to an abrupt change of phase across the Brewster angle, opposite to that in
total internal reflection. Compared with the TM polarization, the GH shift for the TE-polarized beam
is tiny and therefore will not be considered in this paper. In the absence of the graphene, the
Brewster angle 65 = tan™" (v/€2), which has been indicated in Figs. 2—4. Lai and Chan [7] showed
that a large negative GH shift exists near the Brewster angle for a weakly absorbing semi-infinite
medium; Wang et al. [8] theoretically showed that the negative GH shift of TE- and TM-polarized
reflected beams from the weakly absorbing dielectric slab can be very large near resonance angle.
However, in these investigations, the GH shift cannot be manipulated in a fixed configuration or
device. The situation will be changed if we introduce the electrically controlled graphene into the
fixed configuration.

3. Results and Discussions

We discuss the GH shift with a communication wavelength A = 1550 nm. Fig. 2(a) is the calculated
optical conductivity of graphene sheet at the different Fermi energy; the dashed line and the solid
line are the real part and the imaginary part of optical conductivity, respectively. It is indicated that
the optical conductivity is dependent strongly on the Fermi energy. The imaginary part of the optical
conductivity /Im(o) exhibits some complex behavior: It has a dip near the wavelength Ay, for
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Fig. 3. (a) The dependencies of the optical conductivity of graphene sheet on the wavelength at the
different relaxation time, the dashed line and the solid line are the real part and imaginary part of optical
conductivity, respectively; (b), (c), and (d) are the dependence of the reflectivity, GH shift, and reflection
phase on the incident angle, respectively. Here, Er = 0.2 eV, the Brewster angle g in the absence of
the graphene has been indicated, and the pseudo-Brewster angles shifts to larger incident angle due to
the effect of the graphene.

hw = 2EF, and at this dip, Im(c) can become negative; \gjp shifts to shorter wavelength with the
increasing Fermi energy Er. The real part of the optical conductivity Re(o) is large if A < Agjpp, and it
almost disappears if A > Agjp. The electrically tunable optical conductivity will provide us a method to
manipulate the reflectivity, GH shift, and phase, as shown in Fig. 2(b)—(d), respectively. First, we
can find from Fig. 2(b) and (d) that the Brewster angles occur even when the graphene exhibits
absorption behavior; the Brewster angle in the low-loss dielectric is called a pseudo-Brewster angle.
Obviously, pseudo-Brewster angles shift to larger incident angle due to the effect of the graphene.
However, reflectivity still has a tiny value near the pseudo-Brewster angles due to the nonvanishing
imaginary part of the reflectivity caused by the complex optical conductivity. Also, the reflectivity has
been greatly enhanced by increasing the Fermi energy [see Fig. 2(b)], which is induced by the
increasing Im(o) at A = 1550 nm. Meanwhile, the angle for the minimum reflectivity (Brewster
angle) shifts to smaller incident angle. Significantly, we find that the GH shift can be large negative
near the Brewster angle; here, D ~ —100\ has been obtained for Er = 0.2 eV, as shown in
Fig. 2(c). However, increasing Fermi energy Er can depress the negative GH shift. It is should be
noted that GH shift becomes positive at Er = 0.4 eV; this phenomenon is quite unique, and we can
realize the switching of GH shift from negative to positive or from positive to negative easily by
tuning the Fermi energy, chemical modification, or the applied voltage. These novel behaviors of the
GH shift can be explained by the relation of the reflection phase and the incident angle, as shown in
Fig. 2(d); here, the slope of the reflection phase on the incident angle decreases with increasing
Fermi energy Er, which leads to the decrease in the absolute value of the GH shift. From Fig. 2(a),
we can see that Im(o) is positive for Er = 0.2, 0.6, and 1.0 eV at A = 1550 nm, and Im(o) is
increasing with increasing Fermi energy Efr; hence, we always have a positive Im(r) near the
Brewster angle and a change of Re(r) from positive to negative across that angle. The phase
¢:(0) =tan~"|Im(r)/Re(r)| is monotone increasing with the incident angle and is limited in the
range [0, w]. Hence, the positive slope d¢,/df can be obtained, which leads to the negative GH
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Fig. 4. The dependence of the reflectivity (a), reflection phase (b), and GH shift (c) on the incident angle
at the different number of layers, respectively. Here, Er = 0.2 eV and 7 = 100 fs, the Brewster angle g
in the absence of the graphene has been indicated, and the pseudo-Brewster angles shifts to larger
incident angle due to the effect of the graphene.

shift. In addition, increasing the Fermi energy Er decreases the slope of reflectivity phase and leads
to the weakness of the GH shift. However, at EF = 0.4 eV, Im(o) is negative at A\ = 1550 nm, which
makes the reflectivity have the negative Im(r); however, Re(r) still changes from positive to
negative. Hence, the phase ¢,(¢) is monotone decreasing with the incident angle and is limited in
the range [0, —=]. The negative slope d¢,/d0 leads to the occurrence of the positive GH shift.

From the analyses made above, it is clear that the GH shift can be controlled by the suitable
adjustment of the applied voltage. Thus it is a very useful and powerful way to manipulate the GH
shift. From (3), we find that the relaxation time 7 is an important parameter because the actual value
of the optical conductivity of graphene is strongly dependent on 7. Hence, the GH shift is also
sensitive to the relaxation time 7. Fig. 3(a) shows the optical conductivity as a function of the
wavelength; the dashed line and the solid line are the real part and the imaginary part of optical
conductivity, respectively. Fig. 3(b)—(d) gives the reflectivity, GH shift, and reflectivity phase as a
function of incident angle for various values of 7 at the fixed Fermi energy Er = 0.2 eV, respectively. It
is obvious that the GH shifts are influenced strongly by the relaxation time . If 7 = 0, Im(o) is always
negative, which leads the positive GH shift. Im(c) increases as 7 increases, gradually becomes the
positive value in most wavelengths, and leads to the negative GH shift, as shown in Fig. 3(c). Here,
GH shift can be switched from positive to negative by controlling the relaxation time 7. The negative
GH shift can be enhanced to D =~ —400\ for 7 = 1 fs and be reduced to —100) for - = 10 and 100 fs.
It cannot be reduced further even if we increase the relaxation time greatly. Fig. 3(b) and (d) shows the
corresponding changing of the reflectivity and phase for different relaxation times, which can be used
to explain the behaviors of the GH shift. However, it is difficult to vary the relaxation time  in real
prepared graphene sample; hence, the dependence of the GH shift on 7 is not related to the tunability
of the GH shift for the fixed configuration.

For the few-layer graphene, the individual graphene sheet can be considered as a noninteracting
monolayer; the optical conductivity of the few-layer graphene can be calculated as No [35], [36],
where N is the number of the layers. Then we can discuss the influence of the number of layers on
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the GH shift, as shown in Fig. 4. It is apparent that increasing the number of layers of graphene can
enhance the reflectivity due to the increased Im(r) and Re(r), as shown in Fig. 4(a). The slope of
the phase of the reflected light beam is also decreasing [see Fig. 4(b)], and this will lead to the
decreases in the GH shift, as shown in Fig. 4(c). As a consequence, the number of the graphene
sheets N plays an important role in determining the GH shift near the pseudo-Brewster angle.

4. Conclusion

In this paper, we have investigated theoretically the GH shift of the TM-polarized beam reflected
from a graphene-on-dielectric surface. It is found that the large negative GH shift occurs near the
Brewster angle. Important is that the GH shift can be electrically controlled through electrical or
chemical modification of the charge carrier density of the graphene. Specially, the GH shift can be
switched from positive to negative or vice versa. Moreover, we also point out that the GH shift
depends on the electron—phonon relaxation time and the number of the layers of the graphene
sheet. The electrical tunability of GH shift from the graphene-on-dielectric surface could potentially
open a new possibility of SPR imaging detection, biosensor, and flexible optical-beam steering and
alignment, etc.
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