Quantum Electronics 47 (1) 65-70 (2017)

©2017 Kvantovaya Elektronika and Turpion Ltd

SURFACE ELECTROMAGNETIC WAVES
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Reflection of terahertz monochromatic surface plasmon-polaritons

by a plane mirror

V.V. Gerasimov, B.A. Knyazev, A.K. Nikitin

Abstract. Using a free electron laser developed in Novosibirsk, we
have studied the reflection of monochromatic (4 = 130 wm) surface
plasmon-polaritons (SPPs) from a plane mirror attached to a
waveguiding surface. It is found that 100 % SPP reflection occurs not
only in the perpendicular position of the mirror relative to the sur-
face, but also when the mirror is deflected from the normal by the
angle a being smaller than the limiting angle a* proportional to the
SPP wave vector. When the mirror is deflected by the angle greater
than a”, SPPs on a perfectly smooth surface must transform into a
bulk wave, while, in the experiment, the SPP reflection coefficient
decreases gradually to zero with increasing a, which is a manifesta-
tion of dispersion of the wave vector of monochromatic SPPs, caused
by their scattering on the inhomogeneities of a real surface.

Keywords: terahertz radiation, surface plasmon-polaritons, reflection
of evanescent waves, surface electromagnetic waves, Drude model.

1. Introduction

Currently, the terahertz (THz) range of optical radiation is
being intensively explored [1—-3]. Along with introscopy, the
main directions of the THz technology development include
spectroscopy of polymer, organic and biological objects pos-
sessing absorption lines in the THz range, which correspond
to the rotational and vibrational degrees of freedom of mole-
cules [4], as well as the application of THz radiation in com-
munication networks and devices for the acquisition and
processing of information [5, 6].

One of the most effective methods of IR spectroscopy of
thin-layer objects and information technologies is the method
of surface plasmon-polaritons (SPPs), in which the source
radiation is transformed into the evanescent p-polarised wave
guided by a conductor surface (metal) with negative dielectric
constant [7,8]. However, a mechanical transfer of SPP
spectroscopy methods from the mid-IR range to the THz fre-
quency range turns out impossible due to a number of THz
SPP peculiarities: their propagation length reaches thousands
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of the wavelength A, the depth of field penetration into the
medium (air) amounts to hundreds of A, the SPP refractive
index at the ‘metal—air’ interface exceeds unity only by
1073-107*[9], the contribution of radiation losses to the SPP
damping is considerable [10], and THz SPPs are capable of
overcoming the centimetre-long gaps between the guiding
surfaces [11].

The main obstacles complicating the use of THz SPPs
generated by continuous laser radiation are powerful illumi-
nation of the photodetector by parasitic bulk waves (BWs)
emerging in the process of diffraction of the source radiation
on the coupling element, and also in diffraction of the SPPs
themselves on the surface bends, and, in addition, by scatter-
ing SPPs on the surface inhomogeneities (roughness and for-
eign inclusions) [12].

Diffraction illumination is a reason of low efficiency of
THz time-domain spectroscopy (TDS) when studying THz
SPPs [13—15]. A slight difference in phase velocities of harmonic
components of broadband SPPs, and also the parasitic BWs
from the coupling element and the SPP track, lead to a low
resolution of such measurements, which greatly complicates
the quantitative estimation of the SPP characteristics and
their dispersion.

The most significant results in the study of the THz SPP
nature on a flat surface and their peculiarities have been
achieved with the use of free electron lasers (FELs) generating
intense, smoothly frequency-tunable, monochromatic THz
radiation [10,11,16,17]. In particular, the end-fire coupling
method has been adapted for the THz frequencies, a cylindrical
transformation element capable of effective cut-off of para-
sitic BWs has been proposed, the field distribution above the
track and its dependence on the dielectric coating thickness
have been measured, the phenomenon of the THz SPP dif-
fraction on a rectangular edge of the sample has been stud-
ied, the THz SPP capability to overcome the centimetre-long
gaps between the guiding substrates has been revealed, and
also the presence of powerful losses of the THz SPP radiation
has been established.

To date, there are many preconditions for the develop-
ment of plasmonic information-analytical devices (sensors,
controllers, interferometers, refractometers, absorption and
dispersion spectrometers) and communication lines of the
THz range. However, some elements (reflectors, beam split-
ters, deflectors, focusators, controlled switchers, etc.) of the
THz plasmonic communication channels still need to be
developed and tested.

This paper presents the results of a study on reflection of
monochromatic (4 = 130 um) THz SPPs by plane mirrors
mounted on the surface of a gold sample and oriented perpen-
dicular to the surface. The requirements to the accuracy of the
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mirror installation normally to the surface in order to achieve
the 100% SPP reflection are determined. The impact of the
surface dielectric coating thickness on the reflection efficiency
and the magnitude of permissible deflection of the mirror
from the normal is investigated. The possibility of regulating
the reflected SPP intensity by the mirror tilt angle to the
sample surface is studied.

2. Brief theory

The issue of the SPP reflection from a plane interface between
the dielectric media adjacent to the SPP guiding surface has
been considered analytically in [18,19]. Voronko et al. [18]
obtained formulas for calculating reflection and transmission
coefficients, and also analytical expressions for calculating the
radiation patterns of bulk and surface waves generated by
SPPs as a result of diffraction at the interface between the
media at normal incidence. Vary and Markos [19] studied the
SPP passage across the interface of dielectric media not only
at normal, but also at oblique incidence. It was found that, at
normal incidence, the radiation losses of SPPs caused by their
scattering at the barrier can reach 40 %, while, at oblique inci-
dence, the transmittance decreases with increasing angle of
incidence and vanishes at an angle that is critical for SPPs,
whereas the reflection coefficient in this case is less than unity
due to partial conversion of SPPs into bulk radiation.

Experimental studies on the reflection of SPPs are compli-
cated by their low propagation length L in the visible range
(L ~ 104), but are simply feasible in the IR and THz ranges,
where L ~ 10°1. Experiments on the reflection of surface
electromagnetic waves (SEWs) from an aluminium foil in the
microwave range (A = 3.55 cm) by a plane mirror were con-
ducted by Bell et al. [20]. It was found that SEWSs are reflected
from a plane mirror oriented perpendicularly to the sample
surface, similar to the case of a plane wave, if the penetration
depth of their field into the ambient media exceeds 31. We
may assume that this statement remains also valid for SEWs
(which include SPPs) of the THz range, because the penetra-
tion depth of their fields into the air reaches 1004 on a metal
uncoated by a dielectric layer.

Note that Bell et al. [20] studied the interaction of SEWs
with mirrors, the reflecting face of which is adjacent to the
waveguiding surface and set normal to the optical bench. But
how high are the requirements to the perpendicularity of the
mirror installation to observe 100% reflection of SEWs? What
would happen if the mirror is tilted away from the normal?
Would this directly result in the SEW transformation into a
plane wave? At what angle to the surface such a wave would
be emitted into the ambient space? We first consider these
issues analytically, and then present the results of test experi-
ments and discuss them.

It is known that the real part k' of the SPP wave vector k is
greater than the wave number & = 21t/A of a plane wave in the
air, which defines the nonradiative nature of SPPs [7,8]. The
ratio k/ky = k is called the complex refractive index of the SPP,
while the real part Re(x) = k'is simply the SPP refractive index,
since the quotient of the speed of light and «'is equal to the SPP
phase velocity. If any object (edges of a screen or a diffraction
grating on the sample surface, irregularities or inhomogeneities
on the waveguiding surface, etc.) is located within the SPP
field, the SPP wave vector gains an increment Ak as a result of
the wave diffraction on that object. If the condition

|k'— AK'| < ko (1)

is fulfilled, where Ak’is the real part of Ak, the SPPs are trans-
formed into a plane wave emitted into the ambient medium
(typically, air) at a certain angle to the sample surface.

If such an object represents a plane mirror, the reflecting
face of which is adjacent to the sample surface and contains a
normal, according to the law of conservation of momentum
(plasmon-polariton momentum is p = 2rnk/h, where / is the
Planck constant), Ak’ = 2k’, the SPPs retain their nature and
propagate along the sample in the opposite direction after
interaction with the mirror. Placing a mirror at an angle of
B # 90° with respect to the track only leads to a change in the
propagation direction of the reflected SPPs.

The process of SPP interaction with a mirror deflected
from the normal to the sample surface at an angle a depends
on the magnitude of this angle. For convenience of explana-
tion, we may rotate not the mirror, but the sample itself by
the angle ¢ (Fig. 1). Let us expand the SPP wave vector
into two components relative to the mirror: k, = kcosa and
k, = ksina. At a certain angle «, the equality k, = kycosy holds
true, where y is the propagation angle of a wave generated by
the SPPs as a result of interaction with the mirror. The dif-
ference between the angles y and « is explained by the fact
that the y-components of the vectors k and k, are the same
by virtue of the law of conservation of momentum, but the
absolute values of these vectors are different (|k| > |ko|).
Thus, depending on the magnitude of the angle «, two dif-
ferent outcomes of the SPP interaction with the mirror are
possible: at k, > kycosy the reflected radiation retains the
SPP nature, while at k, < kycosy the SPP is transformed
into a plane wave, which is radiated into the air at a certain
angle y > « relative to the normal to the reflecting face of the
mirror.

=Y

Sample

Figure 1. SPP transformation into a plane wave upon SPP reflection by
a plane mirror deflected from the normal to the sample surface by the
angle a.

We may express the SPP refractive index «' through the
angles ¢ and y measured at the time moment when the surface
wave generates the plane wave. To this end, we make use of
the equality of y-component of the vectors k and k:

k, =k’sina = kysiny, 2)
whence
,_ siny
K= Sina 3)
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In view of the complexity of measuring both angles, we
derive an approximate formula for calculating « ' via the value
of the angle a at which the beam of monochromatic SPPs
incident on the mirror is transformed into a bulk wave. Since
the value of k' in the THz range for the metal—air interface
does not exceed 1.001 and the angles & and y are small, for-
mula (3) implies that the difference between these angles does
not exceed 10", so we can put @ ~ . In this approximation,
the projection of the SPP wave vector k on the propagation
direction of a plane wave generated on the mirror is equal
to ky. Then (see Fig. 1), ko/k’ ~ cos2a. Hence, we obtain
an approximate formula for calculating the maximum angle
Amax for mirror deflection from the normal, at which the sur-
face monochromatic wave interacting with the mirror is not
converted into a plane wave:

Amax ~ [arccos (kolk’)]/2. 4)

3. Experimental setup

The experimental setup is shown in Fig. 2. The beam of
p-polarised radiation modulated with a chopper at a fre-
quency of 15 Hz, generated by the Novosibirsk FEL, was
directed onto an optical table in the form of a train of 100-ps
pulses with a frequency of 5.6 MHz and an average power of
~10 W. In the experiments, we used the radiation with 1 =
130 um having the linewidth of *1 um (AA/A ~ 1%).

Lock-in
amplifier

Cylindical mirror

Figure 2. Experimental setup (MBFPA is a microbolometer focal plane
array; A, B are MBFPA positions).

To transform the radiation from the FEL into SPPs and
back (SPPs into a bulk wave), the end-fire coupling method
was applied [21], in which the segments of glass cylinders
(R = 60 mm >> 1) were used as the matching elements (the
‘coupling elements’), with their curved surfaces covered by an
opaque layer of gold, on which, in turn, a layer of ZnS with
a thickness of 2 um was applied [17].

Experiments were performed with two sets of samples
having different quality of surface preparation: in set No. 1,
the glass plates measuring 15.0x3.5x1.0 cm, optically polished
faces of which (15.0x3.5 cm) were covered with a 0.3-um-
thick opaque layer of gold, were used as the substrates; set
No. 2 was comprised of duralumin parallelepipeds measuring
15.0x3.0%x2.0 cm, their faces (15.0x 3.0 cm) were polished by
cloth and covered with a 1.0-pum-thick layer of gold. The gold
coatings of the samples of both sets were covered by a zinc
sulphide layer having a thickness up to 2 um.

The SPPs were reflected using a 40x40 mm plane mirror
placed on the waveguiding faces of the sample at its free short
rib. The mirror was installed perpendicular to the surface
faces in a plane oriented at an angle of § = 45° relative to the
SPP track. The mirror possessed two rotation axes: the first
coincided with the lower rib of its reflecting face adjacent to
the sample, which allowed us to vary the angle « of the mirror
tilt relative to the normal to the sample surface; the second
axis was directed along the normal to the sample surface,
which ensured the possibility of varying the angle « relative
to the direction of the SPP propagation. The reflected SPP
beam was directed to a cylindrical output element and, at its
free rib, was transformed into a bulk wave.

The BW intensity, which is proportional to the SPP inten-
sity, was measured by an opto-acoustic Golay cell connected
to a synchronous SR-830 amplifier. For power control of the
input FEL beam, a beam splitter and a pyroelectric MG-33
receiver were used. The real-time recording of the BW inten-
sity distribution was performed using an uncooled micro-
bolometer focal plane array (MBFPA). The array manufac-
tured at the Rzhanov Institute of Semiconductor Physics (SB
RAS) contains 320 %240 bolometers with a size of 51 um (the
total matrix size is 16x 12 mm), sensitive to THz radiation,
and allows recording of 30 frames per second [22]. The noise
equivalent power (NEP) of a single bolometer at 4 = 130 um
is about 2x 10°1° W Hz 12,

4. Results and discussion

To verify the possibility of the THz SPP reflection by a plane
mirror, we have conducted the calculations using the Drude
model for the dielectric constant of a metal and the measure-
ments of the depth 6 of the SPP field penetration into the air
for both sets of samples with the use of a setup described in
[17]. The results of these studies are shown in Fig. 3. Firstly,
we note good agreement between the results of measurements
and calculations, indicating the applicability of the Drude
model in the THz range. Secondly (and this is important for
the SPP reflection by mirrors), the value of 6 for the samples
with a ZnS layer having a thickness d < 0.5 um exceeds 34,
which corresponds to the condition formulated in [20] for the
applicability of the reflection law to SEWs.

§/mm
10 &
F 0 Polishing by cloth
N A Optical polishing
L — Calculation by the Drude model
1k
0.1

1
0 0.5 1.0 1.5 dfum
Figure 3. Dependences of the penetration depth 6 of the SPP field into
the air for the ‘Au — ZnS layer of the thickness d — air’ structure; the
solid curve shows the calculation using the Drude model; circles and
triangles — experiment.
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To measure the intensity profile of the bulk radiation
emerging from the SPP interaction with a plane mirror, we
used the MBFPA placed at the sample end in position A (see
Fig. 2). Herewith, the second matching element designated
to transform the SPP back to the bulk wave was absent. The
results of measurements performed with the sample covered
by a ZnS layer of thickness 0.15 um, at normal and tilted
positions of the mirror relative to the waveguiding surface,
are shown in Fig. 4. It is seen that at ¢ = 0, the recorded radi-
ation is concentrated near the surface and corresponds to a
typical SPP diffraction pattern on the rectangular end of the
sample [17]. At @ = 120" > @,y in the region where a BW
from the reflected plasmon should exist, the intensity is very
low, while a maximum is observed far away from the sample
plane, which corresponds to a plane wave generated as a result
of the SPP interaction with a reflective face of the mirror.
These intensity distributions visibly demonstrate that the
SPPs retain their nature in the interaction with a mirror ori-
ented perpendicular to the sample surface; in this case, the
absence of a bulk wave makes it possible to assert that the
SPP reflection coefficient is close to unity. On the other hand,
when the mirror is deflected from the surface normal by the
angle greater than a,,,, virtually the entire SPP energy is con-
verted into the energy of a plane wave.

6
2 1
= |
=) |
= 5r !
= & 1 Diffracted g
g o4r 3 SPP profile H
g ] | H
T & ;
! #
| {
2r \ § Plane wave
| i profile
|
Laipkis BT i .
-5 0 5 10 15 20 25 30 z/mm

Figure 4. Radiation intensity distribution measured using a micro-
bolometer array (placed at the end of the sample with a 0.15-um-thick
ZnS layer) after the SPP interaction with a plane mirror; solid curve —
the mirror is perpendicular to the sample surface (¢ = 0), the dotted
curve —a = 120".

The coefficient of SPP reflection from the mirror in its
normal orientation to the sample surface (¢ = 0) was deter-
mined as follows. To measure the intensity /. of the reflected
SPP, the matching element and the Golay cell were placed in
position A (see Fig. 2), while to measure the intensity /,; of the
transmitted SPP — in position B (in the latter case the mirror
was removed from the sample surface). To ensure identical
SPP damping along the sample surface in both measuring
schemes, the mirror position along the x axis was chosen so
that the distances travelled by the reflected and transmitted
SPPs to the corresponding ends of the sample were the same.
As a result of measurements, it was found that I,; ~ I, and
hence the SPP reflectivity R = I,.¢/I;; from the mirror was
close to unity. Thus, when the mirror tilt angle ¢ = 0, virtually
100% reflection of SPPs takes place.

To measure the dependence of the reflected SPP intensity
on the mirror tilt angle «, the cylindrical matching element
and the Golay cell were placed in position A. The results of
experiments, when the mirror is placed at a distance x ~ 50
mm for both sets of samples, are shown in Fig. 5. The axis of
ordinates represents the reflectivity R = I/1;, where I, is the
signal intensity at ¢ = 0, which corresponds to 100% SPP
reflection. Unfortunately, the working time allocated to FEL
users is limited and, at a large amount of work, multiple mea-
surements of relevant dependencis are impossible. According
to our estimates, the measurement error of R at a separate
point constitutes 10%, which is stipulated mainly by the FEL
radiation power instability.
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Figure 5. Experimental dependences of the SPP reflection coefficient R
on the angle « of the mirror deflection from the normal to the sample
surface with a top layer of ZnS of different thickness d for the samples
on optically polished glass substrates (a) and the samples on duralumin

substrates polished by cloth (b).

Analysis of families of the curves obtained leads to the
following conclusions:

— the SPP reflectivity does not drop to zero at a certain
angle @, as it follows from formula (4), but decays gradu-
ally, which indicates the spread of values of the SPP wave
vector (uncertainty of the angle a,,, caused by 1% linewidth
of FEL radiation does not exceed 1'),

— the gradient AR/Aa depends on the quality of surface
processing: for a set of samples No. 1 with high-quality opti-
cal polishing of substrates, the dependences R(a) are much
narrower than those for a set of samples No. 2 polished by
cloth;
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— the dependences R(«) for the samples with a specified
quality of surface processing are broadened with increasing
coating thickness d, i.e., with increasing SPP wave vector [17];

—in reality, the SPP reflectivity decreases starting from a
certain angle a* < a,,,,, the magnitude of which is propor-
tional to the ZnS layer thickness;

— the mirror deflection from the normal in the direction
opposite to the direction of the original SPP propagation
(positive values of the angle @) leads to the same effects as
with the mirror deflection in the direction of the SPP propa-
gation (negative values of angle «), but the recording of the
reflected SPPs in this case is complicated by the appearance of
bulk radiation (on the mirror) illuminating the array.

We should note several possible practical applications of
the THz SPP reflection by plane mirrors. First, the depen-
dence of reflectivity on the mirror tilt angle can be used for
the real-time control of the SPP intensity. Second, the depen-
dences of the angular width R(a) and the gradient AR/Aa on
the substrate surface processing quality allows one to judge
about the surface state of optical products.

In addition, a gradual decrease in the reflectivity R with
increasing angle « indicates that the SPP wave vector on a
real surface is not unambiguous. It has a certain spectrum of
values that can be estimated by the formula

k'~ kylcos2a = kylcos[2(a* + Aa)], ®)

where ¢ is the maximum mirror tilt angle at which the inten-
sity of reflected SPPs is equal to their intensity at @ = 0; and
Ac is an additive to ¢* due to the metal surface roughness and
presence of inhomogeneities therein. This spectrum width
depends on the surface quality: the more inhomogeneities
(foreign inclusions, graininess of the metal structure, ‘mecha-
nical’ roughness) contains the surface, the wider is the SPP
wave vector spectrum.

Figure 6 shows the dependences R(«) measured at various
lengths x of the SPP path along the sample coated by a ZnS
layer with a thickness of 0.45 pwm. It is seen that with increasing
length of the path x, the dependence becomes flatter. This
may indicate that with the SPP propagation on a real surface,
the spectrum of the SPP wave vectors broadens due to an

0.8
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02F x=130mm a
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Figure 6. Reflection coefficient R of the SPPs on a layer of gold covered
by a layer of ZnS with a thickness of 0.45 um as a function of angle a of
the mirror deflection from the normal to the sample surface, measured

at various lengths x of the SPP path.

increased distance of the wave interaction with inhomo-
geneities.

The measured dependences R(«) allow us to estimate the
spectrum of the SPP refractive index «' (or the real part of the
wave vector k'). It follows from formula (4) that the SPP
refractive index is

K'=k'lky ~ 1/cos 20, (6)

Now, without regard to any particular waveguiding structure,
let us construct the dependence k'(Cty,y) (Fig. 7). The region
above the curve «'(a,y) corresponds to the existence of radia-
tion in the form of SPPs reflected by the mirror, while the
region below this curve corresponds to a transformation of
the incident SPP beam into the BW emitted into the air at an
angle lesser than 2a,,,,. For example, in the ‘metal—air’ struc-
ture (d = 0), the SPPs retain their nature in the reflection from
a mirror deflected from the normal by an angle lying in the
range 0 < a < af,,« ~ 42’ (which corresponds to k' = 1.0003,
given the fact that the refractive index of air is 1.00027 [23]).
In the presence of a dielectric layer on the metal (d > 0),
the upper boundary of this range is increased to the value
Amax > @2, which is determined by the value of «' for the
SPPs in the ‘metal—dielectric layer—air’ structure.
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Figure 7. Calculated dependence of the SPP refractive index &' on the
angle a ., of the mirror deflection from the normal to the surface, at
which the SPP with a given «'is transformed into a plane wave emitted
from the track into the air.

Comparing, in accordance with Fig. 7, each value of the
angle « in Fig. 5 with a certain value of k', one can easily
determine the entire range of the «' values. For example, we
can assert that in the samples of set No. 2 (duralumin sub-
strates), the refractive index of the SPP Fourier components
was in the range of 1.0003—-1.028 (the SPP reflection coeffi-
cient for d = 2.0 um was different from zero at a < 400"),
whereas in the samples from set No.l (polished glass sub-
strates), the maximum value of «'for a sample with d = 0.7 um
at @ < 200’ only reached 1.007, typical value for the SPPs in
the mid-IR range.

It may be assumed that this uncertainty of the wave vec-
tor, caused by the SPP scattering on the inhomogeneities of a
real surface, is the reason of large radiation losses of SPPs not
only in the mid-IR [24,25], but also in the THz ranges [10].
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5. Conclusions

Thus, as a result of our research, it is established that similar
to plane waves, surface plasmon-polaritons of the terahertz
range are reflected by mirrors. Moreover, the 100% SPP
reflection is also retained when the mirror is deflected from
the surface normal by a slight angle, which increases with
increasing SPP refractive index. At larger mirror deflection
angles, the SPP reflection coefficient gradually decreases to
zero due to partial conversion of the surface waves into the
bulk waves. A smooth decrease in the SPP reflection coeffi-
cient depending on the mirror deflection angle indicates that
the wave vector of a monochromatic SPP at a real interface is
not a strictly defined value, but varies in a certain range which
increases with increasing surface inhomogeneity. The reason
for such an uncertainty is the SPP scattering by inhomogene-
ities, leading to the broadening of the Fourier spectrum of the
SPP wave vector. We believe that this scatter of the wave vec-
tor values is the reason of large radiation losses of THz SPPs.
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