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Enhanced transmission of THz radiation through subwavelength holes
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We present measurements of the transmission of terahertz radiation through periodic arrays of holes made in
highly doped silicon wafers. The size of the holesX7® pm, is significantly smaller than the radiation
wavelengthh =500 um. Sharp resonances and enhanced transmissions are observed. This unusual transmis-
sion is attributed to the resonant tunneling of surface-plasmon polaritons that can be excited on doped semi-
conductors at terahertz frequencies.
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In 1998 Ebbesemet al. reported intriguing measurements cies dissipation becomes more important. In the microwave
of the optical transmission through thin-film metal gratifigs. regime the permittivity of metals is essentially imaginary.
In this and subsequent workg it was nicely demonstrated For gold —e€'/e”=0.16 atA=300 um (w/2w=1 THz);
that the optical transmission through subwavelength holes iwhereas—e’/€”"=0.02 atA =3 mm (w/27=100 GHz). It
metal films can be enhanced by several orders of magnitudéas been experimentally demonstrated that a small value of
Although the explanation for this enhanced transmission ighe ratio between the real and the imaginary parts of the
still under debaté;° most of us agree that it is due to the permittivity leads to a lower enhancement of the SPP’s as-
grating assisted generation of surface-plasmon polaritonsisted transmission through gratings and to broader reso-
(SPP’3, the tunneling of these SPP’s through the holes andhances than if this ratio is largeHowever, significant en-
the subsequent coupling of the SPP’s into radiation on th&ancement of the transmission can be obtained even for
other side of the filnf:*~*This enhanced transmission may small values of—€'/€". As it was pointed out by Malrtr
find a wide number of applications in fields such as near-fieldoreno et al?! the corrugation on the surface leads to an
microscopy, photolithography, high-density optical data storeffective impedance or permittivity for surface modes. This
age, and optical displays. After the recent demonstration ogffective impedance favors the establishment of SPP’s and
terahertz (THz) near-field imaging using subwavelength leads to the enhanced transmission. Also the skin depth or
apertures; high throughput subwavelength structures are ofthe absorption length of the electromagnetic wave might be
great interest for the development of sensitive THz imagingvery small in materials with low values of €'/€”, which
systems® These systems will be used to probe inorganicreduces the effect of the dissipation and enhances the estab-
nanostructures or individual cells. lishment of SPP’s.

To date all the experiments on enhanced transmission Our samples are made of doped silicon. Due to the dielec-
through gratings of subwavelength holes have been done &ic properties of doped semiconductors SPP’s can be excited
optical frequencie$’ The transmission characteristics of di- at terahertz frequencies. We have measured the zero-order
chroic filters and subwavelength gratings on gold structuregransmission, i.e., the transmission of an incident wave nor-
have been studied by Winnewisset al!® and by Filin mal to the sample surface, through square two-dimensional
et al,'® respectively. These results could be explained usingratings of holes. The size of the holes 70X 70 um, re-
solely classical diffraction theory and significant transmis-mains constant for all samples; the thickness of the grating
sion was obtained only at frequencies above the cutoff frethole depth and the lattice constarat, were varied. These
guency defined by the cavities. In this article we present thetructures exhibit a resonant transmission at wavelengths
first measurements of enhanced THz transmission througimuch larger than the hole size. The measured transmission
gratings of subwavelength holes. As it is demonstrated beefficiency is up to nearly two orders of magnitude larger than
low, we have structured gratings in doped Si with the approthe expected classical diffraction transmission.
priated doping and dimensions to excite SPP’s and generate a The initial material used for our experiments were com-
resonant transmission at frequencies well below the cutoff. mercially available Si wafer&, doped with phosphorus with

Surface-plasmon polaritons propagate on interfaces bea doping concentration dfi=10" cm® and a thickness of
tween dielectrics and metals. Defining the permittivity of 2280 wm. To obtain thinner wafers they were polished with a
material as the imaginary quantig(w)=¢€'(w)+i€"(w); Logitech PM5 polishing machine. Thinner wafers than
dielectrics are materials with a positive€ (w), while for 100 um were too fragile to be further processed. The grating
metalse’ (w) is negative. The imaginary part of the permit- of holes was structured with a Disco DAD 321 wafer saw.
tivity €”’(w) is related to dissipation. In metaé$(w) is pro-  The thickness of the sawing blade, which defines the lateral
portional to the inverse of the collision time of the electronssize of the holes was/=70 um. Cuts with a depth of half
or, in other words, is inversely proportional to the lifetime of the wafer thickness and a separatioragfwere done on one
the electronic collective oscillation defining the SPP’s. Theside. After that, similar cuts but perpendicular to the previous
permittivity of most metals is such that at optical frequenciesones were done on the other side of the wafer. This proce-
—€'(w)>€"(w). For instance,—€'/€”"=12.96 in gold at dure provides a square grating of ¥@0 wm holes with a
A=1um (w/27m=300 THz)?° However, at lower frequen- lattice constang, in thex andy directions. In the lower inset
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FIG. 1. (Color onling Terahertz time domain pulses. Gray line, FIG. 2. Terahertz spectra normalized by their maxima. Dotted
reference measurement. Black line, zero-order transmission throudine, reference spectrum or instrumental response. Solid line, zero-
a square grating of holes with dimensions=-70x 70 um, lattice  order transmission spectrum through a grating of holes with dimen-
constantag=400 um and thicknessi=100 um. This measure- sionsw=70x70 um, thicknessd=100 um, and lattice constant
ment is magnified by a factor of 50. The zero-order transmission ofilg=400 um. The transmission spectrum of a grating with the same
a similar grating but with a thickness=280 um is displayed in  hole dimensions and lattice constant but with a thicknessl of
the upper inset. The lower inset shows a photograph made with arr 280 um is plotted in the inset. These spectra are obtained by
optical microscope of a grating wittag=300um. The dark Fourier transforming the time domain amplitudes of Fig. 1.
squares on this photograph are the holes.

accelerated in the semiconductor depletion layer acting as

of Fig. 1 an image of a hole grating taken with an opticaldipoles that emit broadband THz pulses. This THz radiation
microscope is shown. is collected, guided with parabolic mirrors through the ana-

The choice of doped semiconductors for the excitation ofyzed sample and the transmitted radiation focused onto a
SPP’s at THz frequencies is justified by their permittivity, detection photoconductive anterffaThis antenna is based
which is well described by the Drude motfl on an Auston switch® which is a piece of semiconductor
with a subpicosecond carrier lifetime, in our case low-
temperature grown GaAs, placed in between two metal con-

2 2_-1
e(w)=€,— “p +i @pT , (1)  tacts. The second Ti:Sapphire beam is incident on this pho-
w’+7 2 w(w’+r?) toconductive switch, generating carriers. These carriers are

driven by the THz electromagnetic field producing a measur-

wheree., is the high-frequency permittivity; is the average able current which is proportional to the THz field amplitude
collision time of the electrons and,= JUN€&?/e;m* is the  incident on the antenna during the carrier lifetime. By vary-
plasma frequency. The semiconductor doping concentratioimg the path length difference between the Ti:Sapphire beam
is given byN, while e is the fundamental chargeg is the  used to generate the THz radiation and the beam employed to
vacuum permittivity, andn* is the electron effective mass. activate the Auston switch, the time dependent electromag-
With Eq. (1) it can be calculated that far doped Si with  netic field is detected with subpicosecond resolution.
N=10"%cm 3, ¢'=-18.1, ande"=91.8 at 1 THz. The A typical THz pulse transmitted through air is plotted with
relatively large value ok” in Si is due to its low electron a gray line in Fig. 1. This measurement is the instrumental
mobility . The electron mobility is related to the averageresponse whose spectrum is plotted in Fig. 2 with a dotted
collision time of the electrons by = re/m*. We have cho- line. The spectrum is obtained by calculating the Fourier
sen silicon for our experiments for the following reasons: ittransform of the pulse. The transmission through a grating of
can be obtained with ease, it is not toxic, and it can be easiljioles with a lattice constant a@fy=400 xm and a thickness
structured. However, gratings made with semiconductoref d=280 um is plotted in the inset of Fig. 1. This grating
with high-mobility electrons, such as InSb, InAs, and GaAs,was structured on a Si wafer without reducing its thickness
are expected to exhibit sharper resonances and larger eimadvance. As can be appreciated there is a large pulse dis-
hancements in their THz transmission than the ones prepersion which is related to the narrowing of the spectrum.
sented further in this article. The spectrum is plotted in the inset of Fig. 2. There is a

For the analysis of the transmission through the silicorpronounced peak around 2.1 THz. This frequency corre-
gratings we used time domain THz spectroscti#). This  sponds to the cutoff frequency of the square cavities with
technique is based on using a femtosecond Ti:Sapphire lasdimensionsv=70x 70 um defined by the holes. Below the
beam split into two in order to excite and detect THz radia-cutoff frequency, i.e.\>2w, no propagating mode can be
tion. One of the beams is incident on a piece of InGaAs tcsustained by the cavity and the transmission drops to a very
photoexcite electrons from the valence band to the condudew value. However, this situation changes radically when
tion band. The electrons and corresponding holes are thethe thickness of the grating is reduced. The black line in Fig.
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_FIG. 3. Transmission efficiency through square gratings of holes  FIG. 4. Dependence of the resonance wavelength with the grat-
with dimensionsv=70x70 um. The lattice constant of both grat- ing lattice constant. The squares correspond ta(1@ resonance,

ings isag=400 um and the thickness are 280m (dotted ling and  while the circles are thél,1) resonance. The lines are linear fits to
100 um (solid line). The black arrows indicate th@,0) and(1,1) the data.

resonances. The dashed arrow marks the cutoff wavelength of the

cavities defined by the square holes. ratio for good metals at optical frequencies, a significant en-
o hancement of the transmission is observed. As discussed

1 represents the transmission of a THz pulse through a gragpove, this might be attributed to the effective permittivity

ing with a,=400 um and thicknessi=100 um. As can be introduced by the corrugation of the surface and to the small

appreciated in the spectrum of this measurement, plottegkin depth in doped St

with a solid line in Fig. 2, there are spectral resonances at The wavelengths for the excitation of SPP’s on square

0.64 and 1.15 THz. These frequencies correspond to vacuugatings with normally incident radiation are approximately
wavelengths of 47Qum and 260um, i.e., wavelengths 6.7 given by

and 3.7 larger than the hole dimensions. It is important to
mention that the amplitude absorption length of Si with the ag | €16,
€+ €

doping concentration used in the experiments- &5 um at A= Zim

THz frequencies. This absorption length is much smaller
than the thickness of the wafers, being optically thick. Nowherea, is the lattice constang; is the permittivity of the
THz radiation is thus transmitted through the Si. metal-like material,e, is the permittivity of the dielectric,
The effect of the hole depth in the subwavelength transandl,m are integer mode indices. The1,m=0) and the
mission has been experimentally investigated by Degirorf1,1) resonances are indicated with arrows in Fig. 3. It is
et al.” Consistently with our measurements the transmissiofimportant to point out that the polarization of the THz beam
at the resonant wavelengths decreases with the hole depthwas linear along the direction. Due to the procedure em-
the wafer thickness. This is an expected result since the emloyed to define the grating in the Si wafers, the samples are
hanced transmission at these wavelengths is associated to thgymmetric along thei andy directions, i.e., in each side of
tunneling through surface-plasmon polaritons formed orthe samples there are lines patterned along only one direc-
both sides of the gratintf. tion. We checked the reproducibility of the measurements for
The zero-order transmissions normalized by the referencdifferent orientations of the samples relative to the polariza-
are plotted in Fig. 3. The dotted line corresponds to theion of the incident THz radiation. Within the experimental
sample with a thickness of 28@m, while the solid one to accuracy of our setup we did not see differences either in the
the 100um sample. For the long-wavelength resonance ( resonant wavelengths or in the transmitted amplitudes.
=470 um), the transmission normalized by the area occu-Therefore, thg1,0) and(0,1) resonances are assumed to be
pied by the holes or transmission efficiency reaches the exdegenerate and we do not distinguish them further. Higher-
traordinarily large value of 70%. Classical diffraction theory order resonances thaf,1) were not observed.
predicts that the transmission through holes with dimensions To test the linear dependence of the resonance wavelength
w<\ scales as~(w/\)*.%° Based on this theory and as- with the lattice constanfEq. (2)], we measured the zero-
suming that, due to the small absorption length of doped Siprder transmission through several samples with lattice con-
only THz radiation incident on the holes might be transmit-stant in the range 200—4Q@m. The resonance wavelength
ted, a transmission efficiency of roughly 1% is predicted. Asis plotted versus the lattice constant in Fig. 4; where the
in previous optical experiments/ the anomalous large squares and circles correspond to thed) and (1,1) reso-
transmission efficiency may be attributed to the resonant tunrances, respectively. The solid lines in Fig. 4 are linear fits to
neling of surface-plasmon polaritons. In spite of the fact thathe experimental data. The slope of the fit to the) reso-
the ratio— €’/ €” at THz frequencies of the Si used in these nance has the value 0.80.17, while for thg(1,1) resonance
experiments £ €'/€"=0.2) is low compared to the same the slope is 0.6:0.2. As anticipated by Eq2), the variation

@
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of the resonance wavelength with the lattice constant is an these structures and to tunnel them through subwave-

factor of /2 larger for the(1,0) resonance than for thd,1). length holes. This observation paves the way for using sub-
In conclusion, we have measured the enhanced transmigravelength apertures for the development of sensitive THz

sion of THz radiation through gratings of subwavelengthimaging systems.

holes. This anomalous transmission is attributed to the reso- )

nant tunneling of surface-plasmons polaritons. Our gratings We gratefully acknowledge L. MarttMoreno and F. J.
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