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Surface plasmon mediated transmission of subwavelength slits at THz frequencies
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We present measurements and a numerical modeling that elucidate the role of surface plasmons in the
resonant transmission of a subwavelength slit in a conducting material. By using THz time domain spectros-
copy, we determine the Fabry—Pérot transmission resonances for a single slit formed from a wafer of a
semiconductor with a surface plasma frequency in the THz frequency range. We measure large redshifts in the
resonant frequencies close to the surface plasma frequency, which are 50% lower than the resonance frequen-

cies expected well below the surface plasma frequency. This is an effect attributed to the coupling of plasmons

on the adjacent surfaces of the slit.
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The resonant transmission of radiation through a sub-
wavelength slit in a screen of a conducting material has re-
cently been the subject of considerable theoretical'™ and
experimentalé’8 work. For some time, it has been known that
narrow slits in metals at low frequencies support Fabry—
Pérot (FP) resonances, where an approximately half-integer
number of wavelengths are quantized along the length of the
slit. These quantized modes give rise to transmission
resonances’ of frequency vgp given by
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where [ is the length of the slit and # is an integer. For a slit
in a slab of a perfect metal (a material with infinite conduc-
tivity at all frequencies), it has been shown that Eq. (1) pro-
vides an accurate estimate of the resonant transmission fre-
quencies, provided that the slits are very narrow compared to
the wavelength of the transmitted radiation.>!°

However, for the case of narrow slits in real conductors
with finite conductivity, the modes within the slits are
coupled surface plasmons (SPs), and one obtains very large
redshifts!:> from the resonant transmission frequencies pre-
dicted by Eq. (1). Resonant slit cavities are featured in many
photonic structures, many of which have potential applica-
tions in sensing or spectroscopy.>!!2 It is, therefore, impor-
tant to understand the role of SPs in influencing the resonant
behavior of this fundamental system.

Here, we present measurements and a numerical modeling
that elucidate the role of SPs in the transmission of subwave-
length slits in conducting materials. By using THz time do-
main spectroscopy (THz-TDS), we determine the behavior
of FP transmission resonances for slits formed in wafers of
indium antimonide (InSb), which has a surface plasma fre-
quency (wgp) of approximately 1.7 THz (10.7 X 10'? rad/s).
For narrow slits in the InSb, we find that near the surface
plasma frequency, resonances are redshifted by more than
50% from the values predicted by Eq. (1). This frequency
shift is more than 2 orders of magnitude larger than the shifts
reported in metals at low frequencies.” By measuring the
phase delay of the transmitted radiation, we demonstrate that
the coupling of SPs on the surfaces within the slit modifies
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the effective index of the mode within the cavity and, hence,
the frequency of resonant transmission. This effect becomes
significantly stronger for frequencies approaching the surface
plasma frequency.

Semiconductors have remarkably tunable dielectric func-
tions. We choose a semiconductor with a surface plasma fre-
quency in the THz range, so that the THz dielectric function
is similar to that of metals at visible-ultraviolet frequencies.
The dielectric function e(w) of InSb in this frequency region
can be approximated by using the Drude model,

2
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e(a)) = €lattice ~ W + iwy.

In this model, €, is the zero frequency permittivity of
the semiconductor, w, is the plasma frequency of the con-
ductor, and vy is the scattering frequency. In Fig. 1(a), we plot
the room temperature dielectric function for typical InSb wa-
fers by using Drude parameters from the literature,'? with
'y%O.SXlOlz rad/s and wpz40><1012 rad/s. Below, we
will refine the values of the Drude parameters for the
samples of InSb used in our measurements.

Figure 1(a) shows the large change in the dielectric func-
tion of InSb across the THz frequency range. The surface
plasma frequency for a conductor-air interface is defined'* as
the frequency at which €.,=—1 and represents the high-
frequency cutoff for a SP mode propagating on that
interface.'> The imaginary component of the dielectric func-
tion for InSb, which determines loss, is relatively small in
this frequency range. In order to obtain wgp in the THz
frequency range, other common semiconductors must be
heavily doped. For example, to obtain wgp=2.0 THz for
n-doped  GaAs,'  ®,=45x10" rad/s and =39
X 10'? rad/s. Similarly, for n-doped silicon!” with wgp
=0.7 THz, the Drude parameters are w,=17X 10'% rad/s
and y=5.2X10'? rad/s. In general, higher scattering rates
will lead to SPs with shorter propagation lengths for a given
surface plasma frequency.

The sample under investigation consists of a slit aperture
in a wafer of undoped InSb with a DC conductivity at 77 K
of approximately 2400 S m~' and a thickness of 456 um.
The aperture is formed by cleaving a monocrystalline wafer
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FIG. 1. (Color online) (a) Drude modeled permittivity of InSb.
wgp (for which €,,=-1) is indicated. (b) Transmission of a THz
pulse through an aperture defined by mechanically variable width w
and fixed length /. (c) Time domain electric field of a THz pulse
measured in the far field after transmission through a 30 um wide
aperture; the reflected pulse, which has made one round trip of the
slit length /, is indicated. Also shown is the reference pulse, with the
amplitude scaled down by a factor of 10.

of InSb along a crystal plane using a diamond scribe. The
two interfaces are aligned parallel to each other under a mi-
croscope mounted onto micrometer translation stages so that
the width w of the slit is variable and is placed near the focus
of a conical beam in a THz spectrometer. The resulting slit is
defined by length / and width w [see Fig. 1(b)]. Under an
optical microscope, the sides of the slit are observed to be
flat to within a few microns across its length.

The transmission of the slits is measured with incident
THz radiation polarized normal to the slit. In general, the
polarization of the incident radiation must be TM with re-
spect to the planes of top and bottom slit interfaces in order
to excite SPs within the slit and observe resonant transmis-
sion; there are, however, some special cases in which TE
modes can be supported within a subwavelength slit through
the inclusion of a high index dielectric material inside the
cavity.!® Here, we only consider the case of air-filled slits
with incident radiation polarized normal to the slit direction.
All the slit sizes used are too small to support any TE cavity
modes.

THz-TDS enables us to map out the electric field of a
single-cycle THz pulse as a function of time by using a spec-
trometer similar to that reported in Ref. 19. Briefly, THz
pulses are generated through optical rectification®® of 800
nm, 50 fs laser pulses in a 1 mm thick (110)-oriented zinc
telluride crystal, which results in a THz pulse with band-
width of 0.1-3 THz. Detection is accomplished by using a
second identical ZnTe crystal by means of electro-optic sam-
pling with the 800 nm laser pulses. The resulting time do-
main electric field profile [such as that plotted in Fig. 1(c)]
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FIG. 2. (Color online) (a) Measured normalized transmission
intensities for a slit in InSb for varying slit widths w of 10-90 um.
Numbered peaks label the order of the corresponding FP-like trans-
mission. (b) Example of a finite-element-modeled (Ref. 21) spec-
trum through an InSb slit at w=40 um.

can be converted to the frequency domain by means of a fast
Fourier transform, yielding the complex electric field as a
function of frequency, E(w)=Ae'®. Because the measure-
ments are fully time resolved, it is possible to extract both
the amplitude A and the phase ¢ of each frequency compo-
nent. Normalized transmission intensities are found by divid-
ing the spectral intensity transmitted through the sample by a
free-space reference intensity, i.e., T(®)=(A ) >/ (Aep) . We
also calculate the effective refractive index of the slit by
using the phase shift between reference and sample spectra
(A P= ans— Prer) through the relation ngpreive=n0+Adc/ wl,
where n, is the index of the reference medium (in this case
air, no=1) and [ is the length of the slit.

Time domain transmission through a slit in InSb is shown
in Fig. 1(c). We first observe an initial THz pulse that is
directly transmitted through the slit, followed by a smaller
time-delayed pulse—this is a reflected pulse that has made
one round trip of the slit. In Fig. 2(a), we plot the normalized
intensity transmission spectrum as a function of frequency.
The numbered transmission peaks in these figures indicate
quantized FP peaks that result from cavity reflections. It
should be noted that the first mode is at the very limit of the
lowest measurable frequency for the THz spectrometer and,
as such, has a higher level of experimental error. Note that
the observed peaks considerably shift from values predicted
by Eq. (1). The first five FP modes are clearly observed, and
the higher order peaks are seen to broaden and decrease in
amplitude as they approach the surface plasma frequency.
Measured transmission spectra agree well with those ob-
tained from finite-element modeling?! of the system. An ex-
ample of the modeled spectra is shown in Fig. 2(b). To obtain
the best agreement between measurements and the model,
we vary the InSb Drude parameters. The best fit is
obtained with w,=46X 10'? rad/s and scattering frequency
y=0.63 X 10'? rad/s. We take the lattice permittivity €, ice
to be??> 15.7. These values are comparable to published
values'>?? of InSb Drude parameters. Any small deviation
among reported values is readily accounted for by the varia-
tion in impurity density between InSb samples.

113411-2



BRIEF REPORTS

1.0 -~
0.8: A *
O_Gt/k-—t A 2nd mode
0.4
T I ' ! !
~ VWO,
208 L e ww——
S o.e—_m
e 0.4 —
z I ! ! ! '
5 1.0 - - -
g 0.8 —ov—o—— ——=
5 0.6—_/‘/‘/( ® 4th mode
3 0.4
= | l ' ' !
o)
& 10 e
g 08__’ v M N
s 0.6 7 v 5th mode
0.4
T I ' ! !
0.0 0.1 0.2 0.3 0.4

Normalised slit width (w/xfp)

FIG. 3. (Color online) Plot of normalized resonance frequencies
Vmode/ VEp, against normalized slit widths w/A\gp for modes 2-5 in
an InSb slit. The solid lines are the results of finite-element model-
ing, the markers are the results of measurements. The dashed lines
represent the results of finite-element modeling of a slit with the
same dimensions formed in aluminum.

On changing the width of the InSb slit aperture, it is clear
from the transmission spectra in Fig. 2(a) that the resonance
peaks shift to lower frequencies as the aperture width is de-
creased. In order to show the degree to which the frequency
of each resonance moves, we plot the position of each reso-
nance peak as a function of slit aperture size in Fig. 3. The
frequency of the peak position (v,,.4.) iS normalized to the
corresponding FP frequency given by Eq. (1). We plot
Vmode/ Vep- The slit width is scaled by the FP transmission
wavelength (wg;/Npp), giving a fully normalized plot that
shows the fractional change in resonant frequency against the
width of the slit compared to the resonance wavelength. Fig-
ure 3 shows that the frequency of all the transmission reso-
nances decreases for the smallest slit widths, with measure-
ments indicating shifts of around 50% from the frequencies
predicted by Eq. (1) for slits of w/App=0.02. The plot also
illustrates a change in behavior between modes dependent on
their proximity to the surface plasma frequency. Higher order
modes, with resonances closer to wgp, drop in frequency for
slit widths that are a much larger fraction of the resonance
wavelength. For example, the second order mode starts to
decrease in frequency for normalized slit widths of w/Ngp
<0.16, whereas the fifth order mode drops in frequency for
slits of w/\gp<<0.4

For the transmission of a slit in a conducting material,
there are two effects that give rise to shifts in the resonant
frequencies from those predicted by Eq. (1). First, it is
known that the boundary conditions at the slit entrance and
exit lead to a phase shift between light propagating inside the
slit and the free-space radiation on either side of it—an ana-
lytical formulation is given by Ref. 10. This effect, which is
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FIG. 4. (Color online) (a) The measured effective index of InSb
slits with aperture widths w of 10—70 um. The effective index of
the 10 and 20 um slits rapidly increases, approaching the surface
plasma frequency. (b) Theoretically calculated values of the effec-
tive index of InSb slits of varying widths w. (c) The calculated
propagation length of the coupled SP inside the InSb slits for vari-
ous slit widths w.

important even for slits in highly conducting materials (i.e.,
those materials with surface plasma frequencies considerably
higher than the frequency of the incident light), results in
decreasing resonance frequencies for increasing slit
widths.>!0 This effect explains why v,04./ Vep does not tend
toward 1 for large slits in Fig. 3. A second effect arises from
coupling of SPs on the internal interfaces of the slit,’>%3
which gives rise to an increase in effective index for the
cavity mode, and, therefore, to a decrease in resonance fre-
quency for decreasing slit widths. Approximate analytical
expressions for this effect (which are valid in the case of w
<< \) are given by Refs. 23 and 24. It is clear from Fig. 3 that
the coupling of SPs has a pronounced effect on v,,,4./ Vgp for
narrow slits.

Utilizing the phase-shift information A¢ of our measured
THz spectra, we can plot the effective index for InSb slits in
Fig. 4(a) by using the methods described above. First, for all
the traces in Fig. 4(a), we observe some small peaks in the
effective index, which correspond to peaks in the transmis-
sion spectrum [Fig. 2(a)]. These are due to the interference
on the resonance of directly transmitted light and light that
has made at least one round trip of the slit cavity. More
significantly, there is a large change in the effective index
near the surface plasma frequency. For smaller slit widths
(w=20 um), the effective index appears asymptotic to the
surface plasma frequency. This behavior can be seen in the
effective index plots for 10 and 20 wm slits that are shown
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in Fig. 4(a). For very small slits (d=20 wm), the transmit-
ted intensity above the surface plasma frequency is very
small, such that our phase measurements above wgp are er-
roneous. For larger slit widths (w=40 um), the effective
index returns to unity above the plasma frequency due to a
small intensity of nonresonant transmission.

The transmission through a conducting slit in the limit of
very narrow widths is mediated by coupled SPs on the op-
posite sides of a conductor-insulator-conductor structure.’*?>
The complex propagation constant and, therefore, the effec-
tive index of refraction and the attenuation length of this
mode can be analytically calculated. The results of these cal-
culations are plotted as a function of frequency in Figs. 4(b)
and 4(c) for different widths of the slit. Similar to the mea-
surements [Fig. 4(a)], the effective refractive index increases
as the width of the slit is reduced and as the surface plasma
frequency is approached from the low frequency side. This
increase is due to a greater penetration of the electromagnetic
field into the conductor, which also causes the concomitant
reduction in SP propagation length due to Ohmic losses. Al-
though the agreement between the experiment and the ana-
lytic model is not perfect (owing to defects inside the slit
generated by sample machining, which “smear out” the mea-
sured phase change), the calculations in Figs. 4(b) and 4(c)
fully explain the general behavior of the FP resonances when
approaching the surface plasma frequency—the rapid change
in effective index accounts for the shift in peak position,
while the change in propagation length accounts for the
broadening of the resonance peaks.

The coupling of SPs has been shown to play a role in
determining the transmission of a conducting slit aperture
even for frequencies well below the surface plasma fre-
quency of the slit material (e.g., aluminum at microwave
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frequencies’). For metals, surface plasma frequencies are
typically in the UV region of the spectrum.?? Using finite-
element modeling, we compare the behavior of resonant
transmission through our InSb slit to the behavior of an alu-
minum slit of the same dimensions across the same fre-
quency range. The normalized resonance peak positions from
this modeling are plotted as dashed lines in Fig. 3. The traces
show that the position of each resonance in aluminum slits
redshifts for very narrow slit widths. However, the shift in
aluminum resonances occurs for much narrower slit widths
than for the slits in InSb. Typically, the frequency drop is
present in aluminum slits for w/Agp=0.01. These results can
be compared to the measurements on the InSb slit, in which
the fifth mode redshifts for w/Agp=0.4. This comparison
emphasizes that near the surface plasma frequency of the slit
material, resonance shifts due to coupling of SP modes occur
for slits more than two orders of magnitude larger than the
equivalent slits in highly conducting materials.

In conclusion, we have elucidated the effect of coupled
surface plasmons on the FP-like transmission of THz radia-
tion through slits in conductors. For narrow slits, we demon-
strate that very large redshifts in the resonant FP frequencies
may be expected near the surface plasma frequency. This is
an effect that is attributed to the coupling of surface plas-
mons on the adjacent interfaces of the slit. These shifts must
be accounted for in the design of devices that make use of
resonant slit cavities, especially those with resonances close
to the surface plasma frequency of the conductor.
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