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Optimization of enhanced terahertz transmission through arrays of subwavelength apertures
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A detailed study of enhanced transmission of terah€Ftz) radiation through arrays of subwavelength
apertures structured imtype silicon is presented. The enhancement is attributed to the resonant tunneling of
surface-plasmon polariton$SPP’g that can be excited at THz wavelengths in doped semiconductors. We
investigate the dependence of the transmission as a function of aperture size and sample thickness. The
transmission increases significantly as the aperture size is augmented and as the array thickness is reduced. The
data confirm the tunneling character of the SPP phenomenon. Transmission efficiencies larger than unity for
aperture sizes well below the cutoff wavelength are achieved.
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l. INTRODUCTION of silicon gratings'® The transmission was investigated as a
function of the grating’s lattice constant and a significant
The discovery of enhanced transmission of light throughenhancement for wavelengths up to seven times larger than
thin metal gratings of sub-wavelength holes by Ebbesefhe aperture size was reported. This unprecedented transmis-
et al! sparked renewed and strongly growing interest in thesion enhancement sets the basis for the development of new
underlying science and possible applications of surfacedevices such as, e.g., high-throughput and high spatial reso-
plasmon related phenomefi@. The optical transmission at lution filters and focusing elements for THz imaging sys-
wavelengths above the cutoff defined by the aperture sizEms. Moreover, the approach of using semiconductor grat-
can be enhanced by several orders of magnitude leading {89s opens the way to tunable devices. The tuning can be
the extraordinary result of transmission efficiencies large@chieved by controlling parameters such as the carrier den-
than 1 (when normalized to the relative area of the sity which directly influences the generation and propagation
apertures®’ This enhanced transmission is successfully ex0f SPP’s via the material's dielectric function.
plained in terms of resonant tunneling of surface-plasmon In this paper, we investigate two different routes to opti-
polaritons(SPP'3.5"  Incident light can excite SPP’s on the Mize the transmission through arrays of subwavelength ap-
metal due to the periodic structure whereby radiation is col€rtures manufactured fromdoped silicon. In particular, we
lected from an area larger than the aperture. The SPP’s tunngudy the transmission through arrays with varying aperture
through the aperture and are recoup]ed into free_space radia-lze and grating thickness while the lattice constant remains
tion at the opposite interface. As shown by Lertal,'? it fixed. The size of the largest aperture is chosen such that the
is also possible to enhance and collimate the transmissiof&jor part of the wavelength spectrum used in the measure-
through a single aperture of subwavelength dimensions in Elents is well above the cutoff wavelength. The thicknesses
metallic film. To obtain this enhancement and collimationare chosen to ensure that unstructured samples are opaque to
effect, it is required that both sides of the film are periodi-the incident radiation, i.e., no radiation is transmitted directly
cally structured®** This extraordinary transmission of light through the grating material.
through subwavelength apertures is expected to find numer-

ous applications in fields such as near-field microscopy, pho- Il. TERAHERTZ TIME-DOMAIN SPECTROSCOPY
tolithography, high-density optical data storage, and optical '
displays. The transmission measurements presented here are carried

The large permittivity of metals at lower than optical fre- out with a THz time-domain spectroscopy setup. A pulse
guencies was believed to be a limitation for the scalability oftrain derived from a mode-locked Ti:sapphire femtosecond
the enhanced transmission phenomenon. However, daser is split into excitatiopump and detection(probe
pointed out in Ref. 13, the corrugation of the surface givegulses. The excitation pulses impinge on an InGaAs surface
rise to an effective impedance or permittivity for surfacefield emitter which leads to the emission of coherent, pulsed
modes. This favors the establishment of SPP’s and enablddHz radiation via acceleration of photogenerated electron-
enhanced transmission through metal gratings across an ehele pairs in the semiconductor surface fiidhe radiation
tended part of the electromagnetic spectrum. Furthermoreemitted into the specular reflection direction is collected and
the scalability to lower frequencies is favored by use of semifocused onto the sample with a pair of off-axis parabolic
conductors instead of metals. Doped semiconductors showmirrors. Another pair of parabolic mirrors guides the trans-
metallic behavior at teraher{ZHz) frequencies with permit- mitted radiation onto a photoconductive antenna which is
tivities similar to those of metals at optical frequencies andgated by the probe pulses. This enables the time domain
therefore allow the excitation of SPP’s in this frequencydetection of the coherent THz field amplitude by scanning
range. the time delay between pump and probe pulses with a mo-

Recently, enhanced transmission of THz radiation throughorized translation stage. By detecting the electromagnetic
arrays of subwavelength apertures was demonstrated by ufeld amplitude rather than the time averaged intensity, the
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=110 um is shown. A higher magnification image of one of
the apertures is shown in Fig(d.

IV. RESONANT TUNNELING OF SPP’S

The transmission through the samples is measured at nor-
mal incidence of the THz radiation. In this configuration and
for a square lattice, the resonant wavelengths for the excita-
tion of SPP’s are approximately given %y
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wherea, is the lattice constank; is the permittivity of the
grating materiale, is the permittivity of the dielectric sur-
rounding the grating, andm are integer mode indices. Due

to the square symmetry of the gratings the resonances are
twofold degenerate, i.eN"m=\™".

The periodic surface corrugation also leads to the genera-
tion of modes diffracted into the plane of the grating surface.
This gives rise to the formation of pronounced minima in the

FIG. 1. (a) SEM micrograph of a square grating with subwave- fransmission spectra which are known as Wood's anorlﬁaly.
length holes as manufactured by the procedure outlined in the texFor normal incidence and a square lattice the corresponding
The size of the apertures and the lattice constant are determined Wavelengths are approximately givenlf)y
the width and the spacing of the cuts, respectivédy.Magnifica-

tion showing a single aperture. ao
m f
. 3 . ) )‘Wrgod_ |2+ m2 62' (2)
complex Fourier transform of the time-domain data directly

provides the amplitud_e and phase spectrum of the broadba'?igecause the samples are fabricated frordoped silicon
THz pulse. A comparison of the obtained frequency SPECry ith a carrier concentration i~ 108 cm-*—leading to a
with and without a sample in the beam path thus allows th?)ermittivity of e,~—18 at 1 THz in a straightforward
d_etermination of the sample’s spectral transmission propefs rude-type calcullation—and the surrounding dielectric is air
ties. The usable spectral range of the setup extends from 2( e., e,~1), the SPP wavelengths given by Ed) wil

to ?bOUt Io'tfl THZ Zrolétl)_lto 70??' relsp%ct;;/elz/r.] TTe spec-l differ only slightly from the wavelengths at which Wood’s
tral resolution Is z(as_ etermined by the tempora anomaly occurs. It is thus likely that the minima of Wood'’s
scanning length of 50 pswhich relates to approximately anomaly partially overlap with the SPP resonances.

6 um in terms of wavelength. Specific investigations of the role of the permittivities
and e, in the optical wavelength regime can be found in
Ill. SAMPLE FABRICATION Refs. 19-21. As mentioned above, the lattice constgetin
be varied by changing the spacing between consecutive cuts.
A detailed study of the dependence of the resonant wave-
length on thdattice constanin the THz frequency range is
esented in Ref. 15. In the following we focus on the de-
%:endence of the resonant transmission characteristics on the
sizeof the subwavelength apertures and on tiieknessof
the grating structures.

For the fabrication of the gratisga 3 in.n-doped silicon
wafer with an initial thickness of 27@m and a carrier con-
centration ofN=10® cm 2 is used. As a first step in the
preparation process the wafer is cut into square pieces
15X 15 mnt with a dicing saw(Disco DAD 321). The thick-
nessd of these pieces is reduced to 1pn<d<270 um
with a tolerance of about-5 um. Samples thinner than
100 um are not mechanically stable enough to be further
processed. After reducing the thickness, the apertures are
fabricated by use of the dicing saw again: parallel cuts with To determine the transmission dependence on the aperture
separationa, and depthd/2 are made on one side, the size four different gratings with apertures of side length
sample is then turned over and rotated by 90°, and perpen=45, 70, 110, and 13@m, fixed thicknessd=100 um,
dicular cuts are made on the reverse side. This procedursnd lattice constard,=400 um were used. Figure 2 shows
leads to an array of square apertures with lattice consgant the measured transmission spectra as function of wavelength
The size of the apertures is determined by the width of thérom 120 to 700um, or, in terms of frequency from 2.5 to
cutting bladew, ranging fromw=45 to 130um. The lattice  about 0.4 THz. The spectra are normalized with respect to a
constant of all samples in this study is kept constarhat reference measuremeff. Sec. I).
=400 um. In Fig. 1(a), a scanning electron microscope pic- The data show the overall increase of the relative trans-
ture of a grating structure withag=400um and w  mission as the aperture size is increased from 45 to130

A. Dependence of the transmission on the aperture size
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FIG. 3. Transmission spectra as function of wavelength for dif-
ent grating thicknessabs=270, 190, 150, 120, and 1Qom and
Sperture sizav=110 um.

FIG. 2. Transmission spectra as function of wavelength for AP%q,
ertures withw=45, 70, 110, and 13@m. The thickness id
=100 um for all samples. The numbers in brackets denote the SP

mode indices. . .
to the otherwise opaque sample is only 12%, the actual trans-

mission efficiency is 110%. Thus, more radiation is transmit-
For an aperture size of 130m (dashed line in Fig. Rand  ted through an aperture than actually impinges onto it. Simi-
110 um (dash-dotted linea pronounced peak at a wave- |arly, for an aperture size ofv=110um the transmission
length of about 50Qum is obtained. This peak can be as- efficiency is found to be 100%. Far= 70 um the efficiency
signed to the1,0)-SPP resonance and is labeled accordinglyis roughly 45%. Even though less dramatic than for the
with the respective mode indices, if1). Higher-order reso- |arger apertures this value still signifies enhancement. Stan-
nances also seem to appear at shorter wavelengths but falard theory for a single subwavelength aperture predicts
within the half-wavelength cutoff range for the respectivetransmission efficiencies of the order of only 1%. The greater
aperture sizes. For an aperture size ofuf@ this behavioris  than unity transmittance for the largest aperture is in agree-
strongly attenuated while for 46m hardly any spectral fea- ment with values reported in the optical wavelength regime
tures are visible. for a square array with subwavelength hdteddowever,

At wavelengths of approximately 400, 280, 230, 200, andThio et al.” found the normalized transmittance in a square
180 um minima occur in the spectra in agreement with Eq.|attice to depend on the lattice constant only and not on the
(2) for Wood's anomaly. In contrast, th@,0)-SPP peak oc- size of the apertures. This discrepancy might again be due to
curs at a wavelength much longer than to be expected frorthe aforementioned difference between the type of apertures
Eq. (1). Also, the position of the largesf,0) peak(dashed and holes used in the respective investigations.
line in Fig. 2 appears to be shifted towards longer wave-
lengths with respect to the other peaks, as indicated by the
slanted arrow. This shift may be attributed to two effects:
The first one being merely a side effect of Wood's anomaly The dependence of the spectral transmission characteris-
which truncates the SPP resonance whereby a feigned shiftii€s on the grating thicknesd is investigated with five
produced. The second one is the dependence of the SPP dggmples withd=270, 190, 150, 120, and 1Qom. All
persion relation on the surface corrugation. This dependencg@mples have the same aperture si@e=(10 um) and lat-
is discussed in Ref. 11 and a similar shift is predicted for arfice constant §,=400 um). The normalized transmission
array of subwavelength holes in a silver film at optical wave-spectra are shown as function of wavelength in Fig. 3. The
lengths. vertical scale on the right-hand side shows the actual trans-

The spectral shift of the resonances as whole can be aglission efficiency which is obtained by relating the mea-
cribed to the following reasons: The expression for the resosured relative transmission to the fraction of the sample area
nance wavelength for square arrays of subwavelength holegccupied by aperturescf. Sec. IV A.
as given by Eq(1) is of approximative naturAlthough our The overall transmission increases as the grating thick-
samples form square arrays of subwavelength apertures, thess is reduced from=270 to 100um. The first SPP reso-
apertures themselves are opened by perpendicular cuts on thance is obtained fod=100, 120, 150, and 19Am at a
top and bottom side of the sample. This leads to half-opemvavelength of about 50@m. The thickest grating o
apertures(see Fig. 1 rather than actual holes as obtained, =270 um, solid line does not show any spectral features at
e.g., by drilling. Thus, the applicability of Eq1) to our this wavelength within the detection limit of our experiment.
structure is limited and a more refined theory is needed. AnAgain, Wood's anomalies are present at 400 and
other possibility for the spectral shift is, as outlined before,200 um. The general increase of the transmission occurring
interference with Wood’s anomalies. for all samples below a wavelength of 220n is a manifes-

Nonetheless, the exceptional, above cutoff transmittanctation of the cutoff wavelength determined by the
is clearly evident. Th¢1,0) resonance for an aperture size of 110 um-aperture size.
w=130 um peaks at a relative transmission of about 13%. Again, the transmission enhancement is clearly visible
Since in this case the area taken up by apertures with respewith transmission efficiencies ranging from 17% far

B. Dependence of the transmission on the grating thickness
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for wavelengths above cutoff, i.e., in a regime where no
propagating modes are supportegd.is the wavelength in the
unbounded medium and is the size of the aperture. With
No=Agp=500um and w=110um a value of Lyeor
=39 um is obtained from Eq(3) which matches the experi-
mental value derived from our measurements fairly well.
This once more underpins the nonpropagating behavior in-
side the apertures and thus the tunneling mechanism of the
SPP-enhanced transmission.
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90 120 150 180 210 240 270
Grating thickness (um) The extraordinary transmission of radiation through ar-
. ) rays of subwavelength apertures was investigated at THz fre-
FIG. 4. Amplitude of the(1,0)-resonance peak as function of quencies. These arrays can be easily manufactured from
grating thickness on a I(.)garithm.ic scale. The horizontal error bar‘?lighly doped silicon wafers with a dicing saw. We studied
correspond to the variation in thickness of abeuh um, the ver-  the characteristic transmission behavior by systematically
tical error bars reflect the noise level of the measurement. varying the aperture size and thickness of the grating struc-
tures. The observed maxima and minima in the measured
=190 um to almost 100% ford=100 um. Most remark-  transmission spectra are attributed to resonant tunneling of
ably, the transmission at the SPP resonance wavelengpp's and Wood's anomalies, respectively. Transmission ef-
(Agps=500 um) for the thinnest grating is almost the sameficiencies exceeding unity for wavelengths well above cutoff
as for wavelengths well below the cutoff. In Fig. 4 the peakare found for certain aperture sizes and grating thicknesses
amplitude of the(1,0) resonance is plotted as function of whereby a guiding principle for future structure design is
grating thickness on a logarithmic scale. The dependence isrovided. Our measurements generally confirm results ob-
found to be rigorously exponential in close resemblance tqained at optical frequencies and thus prove the generality of
experimental observations and theoretical studies at opticahe extraordinary transmission effect based on resonant tun-
wavelengthgRef. 22 and Ref. 11, respectivelyThe charac- neling of SPP’s. Consequently, with the right choice of ma-
teristic decay length extracted from a fit to the datd ig, terials and dimensions, no principal limitation for other
=44(=1) um. The exponential decay reflects the evaneswavelength regimes should be encountered. The unique
cent, i.e., nonpropagating nature of the SPP mode. transmission properties observed here are foreseen to be ex-
For comparison, a rectangular waveguide in a perfect conploited for, e.g., novel high-throughput and high spatial reso-
ductor can be assumed as a simplistic model for our strudution and focusing devices for THz imaging systems.
ture. Classical waveguide theory predicts a decay lendth of
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