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Surface plasmon-polariton resonance at diffraction
of THz radiation on semiconductor gratings
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Resonance diffraction of THz hidrogen cyanide laser radiation on a semiconductor (InSb) grating is studied both
experimentally and theoretically. The specular reflectivity suppression due to the resonance excitation of the THz
surface plasmon-polariton is observed on a pure semiconductor grating and on semiconductor gratings covered with
a thin dielectric layer. The dielectric coating of the grating results in the resonance shift and widening depending
both on the layer thickness and dielectric properties. A simple analytical theory of the resonance diffraction on ra-
ther shallow gratings covered with a dielectric layer is presented, and the results are in a good accordance with the
experimental data. Analytical expressions for the resonance shift and broadening are essential for the resonance
properties understanding and useful for sensing data interpretation of the agents deposited on the grating surface.

PACS: 42.25.Fx Diffraction and scattering.
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The terahertz band (0.3-10 THz) is a very promising
frequency range of the electromagnetic spectrum due to a
wide variety of possible applications such as imaging,
nondestructive evaluation, biomedical analysis, chemical
characterization, remote sensing (including detection of
agents associated with illegal drugs or explosives), com-
munications, etc [1-3]. Therefore, in spite of the lack of
cheap and compact THz sources and detectors, fundamen-
tal and applied researches in the THz area are a problem of
today.

Imaging and sensing capabilities of the THz radiation
can be substantially enhanced by employing the surface
plasmon-polariton (SPP) owing to its high field concentra-
tion near a metal-dielectric interface. SPPs are transverse
magnetic waves that propagate along the boundary be-
tween the conducting and dielectric media and are coupled
to the collective oscillations of free electrons in a conduc-
tor [4]. In the visible and IR ranges metals are usually con-
sidered as standard SPP supported media. In contrast to

this, in the THz region metals behave as approximately
perfect conductors that results in a weak SPP localization
within the adjacent dielectric and a huge free path length.
Actually, the terahertz SPP at a flat metal loses its surface
nature and its existence calls into question.

Meanwhile, many semiconductors possess optical prop-
erties allowing efficient THz SPP excitation, propagation
and manipulation without any additional treatment [5-8]. It
is due to the fact that the dielectric permittivity of these
semiconductors in THz is analogous to that of metals in the
visible spectrum range. So, all effects observed in optics
and associated with SPP, in particular, total suppression of
the specular reflection [9,10], resonance polarization trans-
formation [11-13], enhanced transmission through optical-
ly thick structured metal layers [14,15], and its counterpart,
suppressed transmission through optically thin structured
metal films [16-19], can be realized in the THz region with
application of SPP. An additional advantage of semicon-
ductors as plasmon-polariton supporting media is related to
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the fact that their optical parameters can be controlled by
optical excitation or thermal action [20-22].

A majority of recent THz experiments are carried out by
using the common terahertz time-domain  setup
[5,6,23,24,26] with a pulse broadband THz source. The typ-
ical full angle divergence of the THz beam is ~ 0.1 rad and
the spectral resolution of the setup is ~ 6...18 GHz [23-26].
At the same time, the spectral half-width of the SPP reso-
nance on a shallow (b/d <0.1, where b is the grating
depth, d is the period) semiconductor grating is usually
about <5 GHz, and the angular half-width of the resonance
is ~0.01 rad. Evidently, a more collimated THz beam and
better spectral resolution of the experimental setup are need-
ed for detailed study of the SPP resonance's fine structure,
and the THz laser is the most suitable tool for this purpose.

In this article we investigate the resonance diffraction
of the HCN (hydrogen cyanide) laser radiation (the wave-
length A = 336.6 um) on the InSb grating (dielectric per-
mittivity at room temperature [27] € = —87+37.8i, where
i stays for the imaginary unity). The quality of the conical
laser beam is characterized by the spectral width 30 kHz;
the full angular width (approximately Gaussian-profiled) is
=0.01 rad (= 0.9 deg).

Four gratings produced successively by the standard
lithographic process from a single 0.8 mm thick InSh wa-
fer were under consideration. Namely, the first experiment
was performed with the initial grating (without removing
the photoresist). The following experiment was performed
with the second grating resulting from the first one after
subsequent etching, so this grating had deeper grooves.
The third grating was obtained by subsequent etching of
the second one. As a result, all three gratings where of
equal period, d = 254 pum, but were of different grooves'
depth and width. Specifically, in all cases the grooves were
of semi-elliptic profile with the semi-axes (a,b) equal to
(53.5um,10 um), (65um,20 um), (71.5um,24 um),
spectively. Here 2a denotes the groove width, see Fig. 1,
and the depth, b, is counted from the semiconductor sur-
face. Finally, the fourth grating came out from the third
one after removing the residual photoresist layer so that its
period was the same as for other gratings, and its profile
parameters, (a,b) = (71.5um, 24 um), coincide with those
for third grating.

The laser beam was p-polarized. Its intensity distribu-
tion was nearly Gaussian with the initial radius of 6.7 mm.
The incidence plane was perpendicular to the grating's
grooves and all diffracted beams also were in the incidence
plane and are p-polarized, see Fig. 1.

The diffraction geometry was chosen so that the reso-
nance takes place in the ~1* diffraction order. In this case
the only propagating diffraction beam is the specular re-
flected one. Owing to this, the radiative losses are minimal,
resulting in maximizing the resonance strength and mini-
mizing the resonance widening mostly caused by radiative
losses.
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Fig. 1. (Color online) Geometry of the diffraction problem and the
grating profile.

The experimental results are presented in Fig. 2. The
well-marked suppression of the specular reflectivity is
observed in a close vicinity of the Raylelgh angle, 0g,
sinBg = A/(/e;d) -1, where the -1% diffraction order
transforms from the propagating wave (6 >6g) to the
inhomogeneous (0 <6g) one. Here A is the vacuum
wavelength, €, stays for the dielectric permittivity of the
upper medium (air in our case). Under these conditions
O =19°. For all gratings the observed reflect|V|ty mini-
ma correspond to the inhomogeneous ~1% diffraction or-
der that proves resonance SPP excitation. Note, that the
reflectivity minima for the gratings with the residual pho-
toresist are grouped near 0 =18, while for the fourth
(pure) grating, with the same profile and period as the
third one has, the reflectivity lies aside, at 0 =18.5°, It is
clear that this difference is due to presence of the photo-
resist on the grating surface. Besides the resonance shift,
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Fig. 2. (Color online) Experimental dependence of the specular
reflectivity on the incidence angle. The grating parameters are
indicated in the legend. The three initial curves correspond to
the gratings with the residual photoresist. The fourth curve (red
square markers) corresponds to the pure grating with the re-
moved photoresist.
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the photoresist layer increases the resonance width. The
resonance width also increases with the grating depth.

A simple explanation of experimental results follows
from the analytical theory [7,8,12,13]. Let a plane p-po-

larized wave, H =e, exp[ik(ogX+Bgz)] (with o =sins,
Bo =cos6, k=.feo/c, where ¢ denotes vacuum light

speed, ® is the monochromatic wave angular frequency, k
is a wavenumber in the upper halfspace, 6 stays for the an-
gle of incidence, see Fig. 1), is incident onto a periodically

profiled  surface, z ={(x), &(x)= zCn exp(ingx),

g =2n/d, where d is the grating period. Then the ampli-
tudes h, of the diffracted waves, h,exp [ik(o,x—B,2)],

with o, = 09+ +ng/k, B =+1—02, where the square
root branch is chosen so that Re, Im (3,,) =0 for real-valued
o, are

he = (1+R)Vro/A;, Ay =by +T, (1)

1+R 1 VMV

hN —R6N0+—VN0+ VNr +2M hl” (2)
by by VLY

where by, =Bpn+& R=(Bg—-&)/(Bg+&) is the Fresnel

reflection coefficient from a plane interface, the quantities
=ik(l-o,0,)Cm_n are proportional to the n—m

- 2
rr‘ZN¢r|VNr| Iby.
The indexes r and N,M correspond to the resonance (in

our case r =-1) and nonresonance diffraction orders, re-
spectively (N,M e Z\r, Z stays for the set of integers),

Fourier harmonic of the grating,

€ = /e, /e is the relative surface impedance, ¢ is the die-

lectric permittivity of the semiconducting medium. The
quantity I', in the denominator of Eq. (1) takes into ac-

count scattering of the resonance diffraction order, h,,
into the nonresonance ones, hy, and vice versa,

hy —N=r_yp SN _p @3)

It is supposed that T, is a finite quantity owing to rather
fast decrease of the profile Fourier harmonics, {,, with
[n| increase, so the corresponding series converges. Gen-
erally speaking, T", depends on the angle of incidence 6.
But this dependence in the close resonance vicinity is
weak, the relative variation is no more than 5% within the
resonance width even for the deepest grating for which
[T, | achieves its maximal value. Therefore, for estima-
tions we can take T', at the Rayleigh angle, 6 =6y =19°.

The resonance condition resulting in | h, > maximiza-
tion and consequent | hy > minimization is Im A, =0, or,
explicitly, 8 = 0, with

+Tw/1+ Im@E+T,) } 4

0,5 = arcsin {—

Jerd
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Emphasize, Eq. (4) predicting the resonance position for a
plane wave with the resonance shift taken into account,
give us the value that is in a good agreement with the ex-
perimental point for the clean (fourth) grating, cf. red (sol-
id) curves in Figs. 2 and 3.

The full resonance width at the half-height can be ob-
tained from Eq. (1) and in terms of the incident angle is

AO=2Re (E+T,)|Im(E+T,)|/cos®. (5)

According to Eq. (5), A8=0.72° for the clean (fourth)
grating, while the experimental value is A8 =1.15". Evi-
dently, in the experiment the resonance experiences broad-
ening caused by the incident beam angular divergence that
is of order 80 =0.9°. The latter value is comparable with
the plane wave resonance width.

Note here that the dispersion relation of the SPP at a
plane surface of highly conducting medium, |e|>1, is
0%pp =k (1-E%), E=E(0), Where Qgpp = Ggpp (®) is
the complex-valued in-plane component of the SPP
wavevector. For low losses, & <« |&’"|, the real part of
Ogpp Prevails essentially the imaginary one, i.e., the SPP
path length, L =2m/(Im dgpp), is much greater than the
wavelength A =2n/(Reqgpp)=A, L >A. It can be
strictly obtained from the above general solution of the
inhomogeneous problem, Eq. (1), together with the reso-
nance condition, Eq. (4), corresponding to the scattering
matrix pole, that the periodic corrugation results in a spe-
cific renormalization of the surface impedance,

E-E=E+T. (6)

This renormalization leads to the shift and broadening of
the SPP resonance as compared to those for a plane sur-
face: the deeper the groves the greater the resonance shift
and width. It is just the renormalized impedance,
E=E+T,, stays in the denominator in Eq. (1). In turn,
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Fig. 3. (Color online) Dependence of the specular reflectivity on
the incidence angle: theoretical results for a plane wave.
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namely the renormalized impedance enters the SPP disper-
sion relation for profiled interfaces. It should be noted that
ReTl', >0,ImTI', <0, that is their signs coincide with
those of the surface impedance, Re & >0, Im§ <0.

To explain the resonance shift and broadening due to
the residual photoresist, consider that the photoresist co-
vers the grating by a thin continuous layer. Supposing that
the effects of the covering thin layer and corrugations are
independent, we can use the dispersion relation for the SPP
at a plane surface with a thin layer [4]. Simple considera-
tions show that the effect of the layer with some dielectric
permittivity €, and small thickness ¢ as compared with
the radiation wavelength, k¢ <1, can be described by
changing the relative surface impedance of the conductor
adjacent to the semiinfinite dielectric, &, by some effec-
tive impedance value, &, i.e, one has to perform the fol-
lowing substitution

£ 5E=E+G, G= -i(l—e—z)(l—i)ke. )

€ %)

This expression is valid under the conditions |e|> g,

|e5/e —1| k¢ < 1. There are no other limitations on e,
value, the ratio €,/e can be rather arbitrary. Noteworthy,
for e, >¢; the dielectric layer effects in the same direc-
tion as the corrugations do as faras ReG >0, ImG <0,
i.e., their signs coincide with those of ReI', and ImTI,
respectively.

In the case of the corrugated surface covered with some
dielectric layer, the plasmon-polariton dispersion relation
can be obtained by independent accounting for the both
factors discussed, i.e., & —>&+T, +G. Respectively, in
the diffraction problem under examination we have to
change the resonance denominator as follows,

Ay - B +E+T, +G. (8)

Consequent transformations are to be performed in
Egs. (4), (5) as well, resulting in

rh
Jerd

AB=2Re (E+T,+G)|Im (E+T, +G)|/cos6. (10)

eres =arcsin{— +ﬁ\/1+lm (§+Fr+G)2}’ (9)

The theoretical results obtained are presented in Fig. 3
for eg=1 €, =2.6 and the layer thickness ¢=6um
(this value gives the best agreement with the corresponding
experimental data).

To make the picture transparent we present here the char-
acteristic values: & =0.021-0.101i, G =0.0008-0.071i,
and I';(6g)=0.004-0.007i;0.021—-0.019i;0.031—-0.024i
for the three successive gratings. The imaginary parts of the-
se quantities determine the resonance position, see Egs. (4),
(9). As one can see, the resonance shift caused by the thin
covering layer is greater than that owing to the corrugations.
The real parts are responsible for the losses (both active and

radiative ones caused by the diffraction) and, consequently,
determine the resonance width, see Egs. (5), (10). Although
the layer is transparent (e, is real) and does not actually
absorb the radiation, the field tightening to the grating surface
due to the layer existence results in additional grating absorp-
tion and considerable broadening of the resonance. Analyti-
cally it is manifested by the product of the real and imaginary
parts of the renormalized impedance, see Eq. (10). Thus, for
the deepest grating with the photoresist layer (the third one)
the plane wave resonance width is about 1°, as opposed to
0.7° for the clean (uncovered) grating; meanwhile in the
experiment these parameters appear to be 1.5°, and 1.15°,
respectively. The difference is caused by finite value of the
beam angular divergence.

Thus, the theory with the renormalized resonance de-
nominator successfully describes the resonance shift condi-
tioned by the covered layer and corrugations. However, the
resonance width for a plane wave is evidently smaller than
the experimental one for the restricted beam. To estimate
the latter theoretically we have to take into account the
angular spectrum of the incident beam in the framework of
the theory presented.

To illustrate qualitatively the resonance diffraction fea-
tures caused by the finite space spectrum of the incident
beam we present in Fig. 4 the results of the numerical cal-
culations for a plane beam (restricted only in xOz plane).
The beam was supposed to be p-polarized, the plane of
incidence was xOz. The beam profile was taken in the
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Fig. 4. (Color online) The space distribution of the magnetic field
for the resonance diffraction of the restricted beam on the clean
grating. The angle of incidence 6 = 18.5° is chosen so that to
result in the specular reflectivity minimum. The main picture
presents the instantaneous field distribution, and the time aver-
aged intensity distribution is shown in the inset. The model calcu-
lations where performed for a “plane” beam (i.e., restricted in
xOz plane only).
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Gaussian form with initial space width 6.7 mm and the
characteristic angular width 0.9°. The strict numerical cal-
culations were performed with COMSOL. The instantane-
ous and time averaged space dependencies of the squared
magnetic field are shown. Notice high enhancement of the
field near the interface that corroborates the SPP excita-
tion. Within the laser spot area the SPP magnitude experi-
ences increase in the propagation direction (to the left). It
can be also seen that the SPP excited propagates along the
grating outside the limits of the laser spot also. This is in
accordance with the estimation of its free path length. The
latter is of order 25\ =8.4 mm. As a matter of fact, out-
side the highlighted spot the runaway SPP is efficiently
rescattered into the specular direction. This, in turn, results
in noticeable negative displacement of the specularly re-
flected beam, the so called Goos-Hanchen effect [28,29].

In conclusion, we have investigated both theoretically
and experimentally the resonance suppression of the specu-
lar reflection of the THz laser radiation from semiconduc-
tor gratings. It was shown that covering the grating with a
thin transparent layer results in the resonance shift and
broadening. The theoretical relations obtained could be
used for studying the surface properties and agents depos-
ited on the grating surface.
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