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We have investigated the propagation of terahertz (THz) surface plasmon polaritons (SPPs) on
gratings formed by grooves structured in silicon wafers. These gratings exhibit a stop gap where
SPPs are Bragg scattered. We observe a strong effect of the groove depth on the characteristics of
the stop gap. To quantify the scattering strength of these structures we obtain the SPP attenuation
length by measuring the transmission as a function of the number of grooves. We also determine the
effective refractive index of the Bragg gratings using two different approaches: by measuring the
transmittance through the gratings at different angles of incidence and from the phase of the
transmitted THz pulses. The two approaches give results in good agreement. © 2007 American

Institute of Physics. [DOI: 10.1063/1.2409895]

I. INTRODUCTION

Surface plasmon polaritons (SPPs) are electromagnetic
waves coupled to the oscillation of free charge carriers at a
conductor-dielectric interface,] which have a field amplitude
strongly confined to the surface. SPPs are thus very sensitive
to the properties and structure of the surface, being widely
used for spectroscopy of interfaces and sensing.2 The two-
dimensional character of SPPs makes it possible to confine
electromagnetic radiation below the diffraction limit, offer-
ing unprecedented possibilities for subwavelength 0ptics.377
A key aspect in surface plasmon optics or plasmonics is the
control of the propagation of SPPs. A wealth of optical com-
ponents for SPPs such as mirrors, beam splitters, couplers,
and waveguides can be achieved by structuring the surface of
the conductor.* ™ One possibility is a periodic modulation of
the surface, which leads to Bragg scattering and the suppres-
sion of the transmission of SPPs in a range of frequencies
known as the stop gap. Recently, the propagation of optical
SPPs through gg,raltings&11 and two-dimensional photonic
(:1rystals12714 has been experimentally investigated and simple
plasmonic circuits have been demonstrated.'” At terahertz
(THz) and microwave frequencies, the absolute value of the
permittivity of metals is very large, which leads to a weak
field confinement of the SPPs to the surface and a poor scat-
tering of surface plasmon at inhomogeneities. According to
low order perturbation theories,* " the normalized gap
width for Bragg gratings on metal surfaces has a small value
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at THz frequencies. Consequently, low frequency surface
plasmon optics has been less thoroughly investigated than
optical plasmonics. Semiconductors have a much lower per-
mittivity than metals in the THz range, thus being more suit-
able for the excitation and confinement of low frequency
SPPs modes to the surface”’ and for low frequency surface
plasmon optics. In Ref. 16 the optical studies on the propa-
gation of SPPs through Bragg mirrors were extended to low
frequencies by demonstrating the propagation of THz SPPs
on semiconductors and the very efficient Bragg scattering
with gratings of grooves structured on semiconductor sur-
faces.

In this article we explore the dependency of the THz
stop gap on the groove depth, observing an asymmetric
broadening and deepening of the gap for deeper grooves. We
quantify the scattering strength of the gratings in terms of the
SPPs attenuation length, by measuring the transmission of
SPPs through gratings with different number of grooves. We
also determine the effective refractive index of the grating
for SPPs in two different ways: by measuring the conical
transmittance of SPPs through the grating and from the phase
of the transmitted SPPs pulses at normal incidence. The two
methods give results which are in good agreement.

This manuscript is organized as follows: In Sec. II we
describe the fabrication of the gratings and the experimental
setup. The measurements of the propagation of SPPs through
gratings with different groove depths are presented in Sec.
III. In Sec. IV we show measurements of the scattering
strength of the gratings by measuring the transmission
through similar gratings with different number of grooves.
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The determination of the effective SPPs refractive index is
presented in Sec. V. Section VI contains the conclusions.

Il. SAMPLES AND SETUP

Gratings were structured on n- and p-doped silicon wa-
fers with doping concentrations of N=~10"® cm™ and
10" cm™3, respectively. The real part of the permittivity of
these materials at 0.3 THz is e =—18 for the n-doped Si and
g=~-=52 for the p-doped Si. These values of the permittivity
were derived assuming validity of the Drude model for semi-
conductors in the THz frequency range.22 The gratings were
structured by dicing parallel cuts with a programmable wafer
saw. The metallic character, i.e., the negative real part of the
permittivity of doped semiconductors at THz and microwave
frequencies makes them suitable to sustain SPPs. Moreover,
the much lower absolute value of their permittivity compared
to that of metals at low frequencies results in a much shorter
decay length for the SPPs perpendicular to the surface into
air.' The SPPs are therefore more strongly bound to the sur-
face and show a higher sensitivity to the surface structure. A
very efficient scattering of SPPs with inhomogeneities in an
otherwise flat semiconductor surface is thus expected.23

For the measurements we used a THz time-domain
spectrometer.24 For the generation and detection of THz ra-
diation we used the femtosecond (fs) pulses of a Ti:sapphire
laser which were split into two beams. One of these beams,
the excitation beam, generated THz radiation on a surface
field emitter, which consisted of a piece of InGaAs glued to
a gold mirror. Due to the pulsed excitation of carriers by the
fs-second laser the carrier density changes rapidly, generat-
ing a broadband THz pulse in the frequency range from 100
GHz up to 2.5 THz. The emitted THz radiation was colli-
mated and focused onto an aperture to generate SPPs. 2
The aperture was formed by the surface of the sample and a
razor blade edge placed at a distance of 300 um above the
surface. As reported in Ref. 25 the optimal height for the
blades is on the order of the wavelength of the incoming
radiation. In the THz frequency range this means a value of
h=300 pum. Although aperture coupling has a poor effi-
ciency, its major advantage is the broadband excitation of
SPPs. The generated SPPs propagated 2 cm over the sample
and were coupled back into free space electromagnetic radia-
tion at a second aperture. The outcoupled radiation was de-
tected by a photoconductive antenna, which was gated by the
second beam of the fs laser. By varying the path length be-
tween the optical generation and detection beams, the ampli-
tude of the THz field was detected in the time domain. The
solid curve in Fig. 1(a) shows the THz field of a SPP pulse
that has propagated over 2 cm on a flat surface. It is impor-
tant to note that this technique allows the detection of both
the amplitude and the phase of the THz pulses.

lll. STOP GAP DEPENDENCE ON THE DEPTH OF THE
GROOVES

When a SPP encounters an inhomogeneity at the surface,
such as a groove, it is scattered. The strength of the scatter-
ing depends on the size of the inhomogeneity, i.e., the depth
and width of the groove. If instead of one groove we have a
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FIG. 1. (a) THz transients of SPPs propagating 2 cm on the surface of an
n-doped silicon wafer. The solid curve corresponds to the propagation on a
flat silicon surface and the dotted curve corresponds to SPPs on a Si surface
that is structured with a grating. The grating consists of 30 grooves with
lattice constant of @=442 um and groove depth d=100 pwm.

periodic array of grooves or grating, interference of SPPs
scattered at the different locations will lead to the formation
of a stop gap or a frequency range where SPPs are Bragg
reflected and the transmission through the grating vanishes.
The dotted curve in Fig. 1(a) represents a THz transient for
SPPs propagating over a grating of 30 grooves. The lower
amplitude compared to the pulse on a flat surface (solid
curve in the same figure), and the oscillatory component at
longer time delays are the result of the scattering of SPPs by
the grating.

To investigate the dependence of the stop gap with the
depth of the grooves we used p-doped Si gratings. We mea-
sured the SPP transmission through gratings of 30 grooves
with a grating period of 442 um. The groove width was
221 um. In Fig. 2(a) we show the transmittance, i.e., the
power spectrum of the pulses transmitted through the grat-
ings normalized by the spectrum of SPPs propagating on a
flat surface, as a function of frequency for samples with dif-
ferent depth of the grooves: 30 um (open up-triangles),
90 um (circles), 150 um (open squares), and 220 wm
(down-triangles). For low frequencies the transmittance is
close to one for all grove depths, as SPPs are not affected by
the grating. The lower edge of the stop gap can be identified
by the sharp decrease in the transmittance. At these frequen-
cies, SPPs are Bragg scattered and the transmission through
the grating is inhibited. The transmittance rises for higher
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FIG. 2. Transmittance as a function of frequency of SPPs propagating
through gratings of grooves with different depths structured on p-doped Si
wafers. The curves in (a) are measurements for groove depths of 30 um
(open up-triangles), 90 wm (circles), 150 wm (open squares), and 220 um
(down-triangles). The transmittance calculated numerically for gratings with
the same parameters, i.e., without any adjustable parameter, are shown in

(b).
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FIG. 3. Width of the SPPs stop gap as a function of the groove depth. The
circles show the experimentally determined width while the solid curve
represents a calculation.

frequencies but it does not reach one, which can be attributed
to radiative losses due to outcoupling of SPPs by the grating
(leaky SPPs). When we increased the groove depth the stop
gap became deeper and it widened, leading to a shift of the
band edge to lower frequencies. These effects can be under-
stood by the increase of the scattering cross section of the
individual grooves as they become larger. Although difficult
to appreciate from the measurements, the broadening of the
stop gap should be asymmetric, as first described by Barnes
et al. in Ref. 20 for optical SPPs on metallic gratings. The
energies of the modes at the band edges of the stop gap result
from the electromagnetic field and charge distribution at the
surface. As the groove depth is increased these distributions
change, leading to a shift of the lower band edge to lower
frequencies and of the upper edge to higher frequencies.
However, the shift of the upper edge is limited by the fre-
quency of electromagnetic radiation. SPPs with higher fre-
quencies are coupled to free space electromagnetic radiation
becoming leaky waves.

To validate our measurements we calculated numerically
the SPP transmission through gratings with the same param-
eters of those in Fig. 2(a). The results of these calculations
are plotted in Fig. 2(b). To calculate these curves the rigorous
electromagnetic formulation of the Green’s theorem surface
integral equations has been employed. The experimental con-
figuration is reproduced by a semi-infinite semiconductor
surface on which the SPPs are excited by the use of a sinu-
soidal grating, the period of which is tuned to couple the
beam incident at a given angle into a SPP.% The field of the
SPPs transmitted through the grating is obtained from the
electromagnetic field intensity at the position of the outcou-
pling blade. Note that all the parameters in the calculations
are known, and the good agreement with the experimental
results is achieved without any fitting variable.

We estimated the width of the gap in the same approxi-
mation as in Refs. 18 and 19, namely, restricting ourselves to
the first Bragg scattering of the SPP, but on the basis of the
formalism of the reduced Rayleigh equation obtained
through the use of an impedance boundary condition on a
plane.3o This width of the gap is represented in Fig. 3 with
the solid curve. The sharp features on the experimental spec-
tra and the radiative losses at high frequencies make it diffi-
cult to define the gap width from the experiments. To com-
pare with the calculations we defined the lower band edge as
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FIG. 4. Transmittance as a function of frequency of SPPs propagating
through gratings of grooves with different numbers of grooves structured on
p-doped wafers. The curves in (a) are measurements for 10 (open down-
triangles), 20 (squares), 30 (open up-triangles), and 40 grooves (circles). The
transmittance calculated numerically for gratings with the same parameters,
i.e., without any adjustable parameter, are shown in (b).

the frequency at which the transmittance decreases to 0.1,
except for the grating with the shallowest groves where the
transmittance decreases to less than 0.1. For this sample the
band edge was defined as the frequency of the lowest trans-
mittance. The upper frequency edge was defined as the fre-
quency at which radiative losses due to outcoupling by the
grating become dominant, i.e., 0.35 THz."**' The experi-
mental width of the stop gap is represented in Fig. 3 by the
circles. Recalling that no fitting parameters are used for the
calculations and the complex experimental definition of the
width of the gap, we found a remarkably good agreement
between theory and measurements. This agreement deterio-
rated for deeper grooves, which can be attributed to the fact
that the above mentioned impedance boundary condition un-
derestimates the scattering strength of large grooves, leading
to narrower gap widths.

IV. SCATTERING STRENGTH OF THE GRATINGS

An important parameter for characterizing the gratings is
the attenuation length L,,. The transmission of SPPs through
a grating decreases exponentially with the number of
grooves due to scattering. The attenuation length is the char-
acteristic length of this exponential decrease, defining thus
the scattering strength of the grating: A shorter L., means a
stronger scattering. To obtain L, we measured the transmit-
tance as function of the number of grooves keeping all the
other parameters constant. In Fig. 4(a) we show the transmit-
tance for 10 (open down-triangles), 20 (squares), 30 (open
up-triangles), and 40 grooves (circles). The gratings were
made of p-doped Si with a period of 442 um, a groove width
of 221 um, and a groove depth d=100+5 um. As the num-
ber of grooves increased the transmittance at frequencies
within the stop gap was reduced. The slightly different posi-
tions of the low frequency band edge are due to small varia-
tions in the depth of the grooves. We also observed that the
transmittance at high frequencies decreased with the number
of grooves as is expected from the increase of the radiative
losses. If we compare the measurements to the numerical
calculations shown in Fig. 4(b), we observe good agreement.
The attenuation length can be determined by fitting the mini-
mum transmittance at frequencies in the gap as a function of
the number of grooves by a single exponential decay. In Fig.
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FIG. 5. Transmittance of SPPs through gratings of grooves at frequencies
within the stop gap as a function of the number of grooves. The squares
correspond to gratings made of p-doped silicon and the circles correspond to
gratings of n-doped silicon. The lines are exponential fits to the
measurements.

5 we have plotted this minimum transmittance for the grat-
ings made of p-doped Si (squares) and of n-doped Si
(circles). The lines in Fig. 5 are exponential fits to the data,
from which we obtain L,;=2.67+0.02 mm for p-doped Si
and L,;=2.30+£0.03 mm for n-doped Si. The shorter attenu-
ation length for n-doped Si means a stronger and therefore
more efficient scattering. o

The scattering of SPPs by a single groove is stronger for
frequencies closer to the plasma frequency vp.32 At these
frequencies the absolute value of the permittivity becomes
small and SPPs are more strongly confined to the surface.
The plasma frequency in semiconductors is determined by
their doping concentration and the effective carrier mass. In
our samples we have v,=7.4 THz for p-doped Si and v,
=2.8 THz for n-doped Si. For n-doped Si the plasma fre-
quency is thus closer to the stop gap frequency, in accor-
dance with the stronger SPP scattering observed for this ma-
terial. We should mention that the plasma frequency of
metals is much larger, typically a few hundred THz, which
leads to a less efficient scattering at low frequencies.

V. EFFECTIVE REFRACTIVE INDEX

The effective refractive index n.g describes the phase
velocity of SPPs propagating on an inhomogeneous medium.
We present here two methods to determine the SPPs effective
refractive index of THz gratings. One method involves mea-
suring the shift of the stop gap band edge for SPPs incident
on the grating at different angles. The second method is a
direct measurement of n.g from the phase information con-
tained in the transmitted THz pulses.

In the case of normal incidence of SPPs on a grating, the
wave vector of the SPPs k and the reciprocal lattice vector G
of the grating are parallel. The Bragg condition is given by
k=nG/2, where n is an integer, i.e., for normal incidence of
SPPs on the gratings the wave vector has to be a multiple of
half the reciprocal lattice vector. For non-normal incidence
we have to consider the projection of the SPPs wave vector
onto the reciprocal lattice vector. This projection is given by
k'=k cos B, where 3 is the angle formed by the SPPs wave
vector and the reciprocal lattice vector of the grating. There-
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FIG. 6. Transmittance as a function of frequency for SPPs propagating on
gratings of (a) p-doped and (b) n-doped Si for different angles of incidence.
The gratings consist of 30 grooves with lattice constant a=442 um and a
groove depth d=100 um. The gratings are tilted an angle 6 with respect to
the direction of incidence of the SPPs.

fore, for conical (non-normal) propagation the modulus of
the wave vector must be larger than for normal incidence to
fulfill the Bragg condition, i.e., the band gap shifts to higher
frequencies. For non-normal incidence, refraction of SPPs at
the grating boundaries becomes important. If we assign to
the whole grating an effective refractive index n.g, SPPs in-
cident at an angle 6 on the grating are refracted. The SPPs
propagate thus at a different angle [ inside the grating. This
angle is given by sin B=1/n. sin 6. The position of the gap
at an angle of incidence 6 is thus given by

1

V /=’
V1 = (sin Glngg)?

(1)

=

where v, is the position of the gap for normal incidence. By
measuring the gap for different angles of incidence we can
thus determine the effective refractive index of the grating.

We have measured the propagation over a grating of
p-doped Si turning the grating from 6=0° up to #=45°. The
grating consisted of 30 grooves with a lattice constant a
=442 pm and a groove depth d=99 um. The transmittance
as a function of frequency for a selected number of angles 6
is shown in Fig. 6(a). Another series of measurements was
done with a grating of n-doped Si with a groove depth of
d=97 pum. The other parameters were the same as for the
p-doped grating. Figure 6(b) shows the transmittance of the
n-doped sample as a function of the frequency for selected
angles 6. For both samples the gap shifts to higher frequen-
cies for increasing angles as it was expected.

In Figs. 7(a) and 7(b) we show the spectral position of
the gap v extracted from the transmittance measurements of
Figs. 6(a) and 6(b). To define v we take the frequency at the
low frequency band edge where the transmittance drops be-
low a certain value. For p-doped Si the position is
determined by 0.1 transmittance, while for n-doped Si by
0.01 transmittance. The solid curves in Fig. 7 are fits of Eq.
(I) to the measurements. For the grating structured in
p-doped Si we find an effective refractive index of n.y
=1.05+£0.01 and a gap frequency for normal incidence vy
=(0.264+0.004) THz. The fit for the n-doped Si grating
yields n.=1.09+0.01 and vy=(0.261+0.004) THz. The val-
ues of n. close to one are expected, because at low frequen-
cies the dispersion relations of SPPs and free space electro-
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FIG. 7. Low-frequency band edge (circles) of the stop gap of SPPs as a
function of the angle of incidence for a (a) p-doped and (b) n-doped Si
grating of 30 grooves. The lattice constant is a=442 um and the groove
depth d=100 um. The solid curve is a fit of Eq. (1) to the data. The results
of the numerical calculations (based on the approach mentioned in the text,
for d=120 wm) are shown as dashed curves.

magnetic radiation are similar. The effective refractive index
of the grating structured in the n-doped wafer is larger than
that of the p-doped one, consistent with the scattering
strengths. Numerical results are also represented in Fig. 7
with the dashed curves. These results have been calculated
on the basis of the theoretical formulation of the reduced
Rayleigh equation,30 modified to incorporate oblique inci-
dence. Good agreement is obtained with the experimental
data.

The determination of the effective refractive index as
described earlier is a time consuming procedure because sev-
eral measurements at different angles are necessary. The ef-
fective refractive index can also be obtained from the phase
of the transmitted pulses through the grating at normal inci-
dence. Defining the phase difference A between the trans-
mitted and the reference pulses, the dispersion relation k()
=A@/L+2mv/c, where L is the width of the structure, can be
obtained. The analysis of the phase of our measurements
gives us the phase difference Ag(v), and allows to calculate
the dispersion relation k(v). From the dispersion relation we
can calculate the effective refractive index n.g,

Negp = k(”)i~ (2)

We can now compare the values of the effective refrac-
tive index obtained by the two methods, i.e., the conical
propagation and the phase analysis. In the analysis of the
conical propagation measurements we have defined the po-
sition of the gap as the frequency at the low frequency band
edge where the transmittance dropped below a certain value.
These  frequencies  are  (0.264+0.004) THz  and
(0.261£0.004) THz for the p- and n-doped Si gratings, re-
spectively. To compare the results we must take the value of
the effective refractive index obtained from the phase analy-
sis at the same frequency. We have summarized the values of
nqg in Table I, and it is clear that the values obtained by the
two different methods agree very well.

VI. CONCLUSIONS

We have presented a detailed analysis of the propagation
of THz SPPs through gratings of grooves structured in Si. An
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TABLE I. SPPs effective refractive index of gratings of 30 grooves struc-
tured on p-doped (N~ 10" cm) and n-doped Si (N=10'® cm). The lat-
tice constant is a=442 um and the groove depth is d=100 um. The effec-
tive refractive index is given at the frequency v, as obtained from the
conical transmission of SPPs through the gratings %" and from the phase

analysis of the THz pulses transmitted at normal incidence nPR*,

VO(THZ) ng(f)fnical nslf}ase
p-doped Si 0.264+0.004 1.05+0.01 1.042+0.003
n-doped Si 0.261+0.004 1.09+0.01 1.089+0.001

increase of the groove depth leads to an asymmetric broad-
ening of the stop gap and a shift of the central gap frequency
to lower frequencies. The experimental results are in good
agreement with the shift predicted by calculations. By chang-
ing the number of periods or grooves we have determined
the decay lengths of SPPs in the Bragg gratings or the grat-
ings scattering strength. The decay length is shorter for grat-
ings in n-doped silicon compared to the ones in p-doped Si
indicating the stronger scattering in the former gratings. We
have also shown two methods for determining the effective
refractive index of the gratings. The values calculated from
the shift of the gap for conical propagation of SPPs and the
values determined by the phase of the THz pulse are consis-
tent with each other and close to one.
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