HTML AESTRACT * LINKEES

APPLIED PHYSICS LETTERS VOLUME 85, NUMBER 7 16 AUGUST 2004

Enhanced transmission of microwave radiation in one-dimensional metallic
gratings with subwavelength aperture
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We report a theoretical and experimental demonstration of enhanced microwave transmission
through subwavelength apertures in metallic structures with double-sided gratings. Three different
types of aluminum gratingsinusoidal, symmetric rectangular, and asymmetric rectangular shaped
are designed and analyzed. Our samples have a periodicity of 16 mm, and a slit width of 2 mm.
Transmission measurements are taken in the 10—37.5 GHz frequency spectrum, which corresponds
to 8—30 mm wavelength region. All three structures display significantly enhanced transmission
around surface plasmon resonance frequencies. The experimental results agree well with
finite-difference-time-domain based theoretical simulations. Asymmetric rectangular grating
structure exhibits the best results wittb0% transmission at 20.7 mm, enhancement factor 25,

and +4° angular divergence. 2004 American Institute of Physidg®©OI: 10.1063/1.1783013

Extraordinary transmission through subwavelength aperback face and it is connected to a rotating arm to measure
tures has inspired great interest since the work of Ebbesen angle dependence of the far-field radiation. Theoretical cal-
all They reported orders of magnitude enhancement in opeulations are done using finite-difference-time domain
tical wavelengths, through subwavelength hole arrays due tmethod based simulations. We model our structure by using
the coupling of light with surface plasmoriSP9. Surface  Drude dispersion model, i.e.,

plasmons are nonradiative electromagnetic waves on the me- 2
tallic surfaces and can couple with photons by surface ()= 1__“’9_, (1)
corrugationsZ. Recently enhanced transmissidrand beam- w(o-io,)

ing of light” through a single aperture by periodic surface

- ; where «,=3570 THz is the plasma frequency and,
corrugations around the aperture were shown experimentally

19.4 THz is the absorption coefficient for alumindi.

and studied theoretically. Also enhanced transmission Figure Xb) shows the experimental and simulation re-
thrqugh subwavelength hole arrays was shown at THz,i of transmission spectra of reference sanpletal plate
radiation. with a 2 mm width slif and sample A. The experimental

_ Similar studies were carried out at microwave frequen+yegits are in good agreement with our theoretical calcula-
cies by Hibbinset al. recently. Using grating structures, they yong For the single slit case, two peaks are calculated at
have demonstrated the COUP#E‘QQ of microwave radiation 101 3 and 24.3 GHz. These peaks correspond to the slit wave-
SPs by reflection measurements.They have also presented ¢ ije resonancedsMeasured peaks are slightly blueshifted:

microwave transmission enhancement through a subwavey 15  and 26.5 GHz. Transmission peaks corresponding to
length slit without grating® Very recently, Lockyeaet al.

have reported enhanced transmission at microwave frequen- .

: : h
cies through circular subwavelength aperture surrounded by Z-1-3
periodic concentric groové@. Enhanced microwave trans- mm
mission in one-dimensional grating structures with subwave- — ==
length slit apertures was not reported previously. In this g A (a)
work, we experimentally and theoretically demonstrate trans- 0.4
mission enhancement of microwave radiation through a sub- (b)
wavelength slit by adding grating on both surfaces of the
metallic structure.

Schematic description of the first sampggample A is
drawn in Fig. 1a). The sample consists of a slit and periodic
sinusoidal grating on both surfaces around the slit. Alumi-
num is used as metal. Slit thickngs®) and slit width(a) are
8 and 2 mm, respectively. Period of gratifg,) is 16 mm
and groove deptkh) is 4 mm. The experimental setup con- ‘
sists of an HP 8510C network analyzer and two horn anten- 0.0-+— - 7 - - . T

o : 12 16 20 24 28 32 36
nas to measure the transmission amplitude. Horn antennas Frequency (GHz)
are in TM mode so that electric field is perpendicular to the
slit and gratings. Radiation is normally incident upon theriG. 1. Schematic of sample A witky=16 mm,a=2 mm,w=8 mm, and

sample. Receiver antenna is 30 cm away from the samples=4 mm. (b) Measured transmission spectrum of sampletifick solid
line), reference samplghin solid line), simulated transmission spectrum of
sample A(dashed ling reference samplédotted ling. Inset shows the
3Electronic mail: sbiyikli@fen.bilkent.edu.tr enhancement factor obtained with sample A.
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the slit modes are very low when compared to the SP reso-
nant peaks in grating samples. For sample A, two transmis-
sion peaks are measured at frequencies 15.6 and 31.6 GHz,
with amplitudes of 0.41 and 0.11, respectively. Theoretical
simulations predict slightly redshifted similar transmission
peaks: 37% at 15.2 GHz and 17% at 31.1 GHz. Coupling of
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b,
falalsl 7"
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incident radiation to the surface plasmon waves on the grat- 0
ing structure is given by £
e 0.4- g
ksp=Neko Sin 02 NKg. () 2 g
&2 0.3 v e
In this equationksp is surface plasmon wave vectary is £ o
refractive index of dielectrichereny=1 for air), kg is inci- £ 0.2. Frequency (GHz)
dent wave vectorf is the incidence anglé\ is an integer, =
and kg=2m/\g is grating wave vector wherk is grating 0.1 (b)
period. SP wave vector is calculated by .i
Eme oo 20 24 28 32 36
med
ksp= ko et eg’ 3) Frequency (GHz)

whereen,, andey denote the permittivity of metallic and di- FIG. 2. (a) Schematic of sample B withy=16 mm,a=2 mm, b=2 mm,
electric media, respectively. For microwave frequencies perW=8 mm, anch=4 mm.(b) Measured and simulated transmission spectrum

mittivity of metals are really higi~10°), compared to the
permittivity of air; sokgp is close tokg in this range. Since
the radiation is normally incident to the grating, coupled
wave vector should be the multiples lof. In our sample\,

is 16 mm and coupled frequencies are expected to be abol
c/\g=18.75 GHz and integer multiples. However, in our ex-
periments and simulations, coupled frequencies shifted t

of sample B(solid line and dashed line, respectivelinset shows the mea-
sured enhancement factor for sample B.

this sample, again the period of grating, groove depths, and
skit width are the same. Groove widths are equal to the slit
width, 2 mm [Fig. 3@)]. The results of this structure are
more promising—that the transmission peak is higher and nar-
Power [Fig. 3b)]. Resonance frequency is at 14.5 GHz,

Ir%v; rljr_?guiﬁ\r/‘ecsflastf’ts;'gﬁggnguer;%rt]he r:;t%rga\tl:l%ntgg d which is very close to the resonance frequency of sample B.
' g 9 9p ' Transmission efficiency is-50%, which is larger than the

32 mm grating period. Since the period is doubled, the fIrS{heoretically predicted peak transmission efficiency. The en-

resonant frequency should be half of the resonant frequenq;(ancemem factor is higher, about 25, and confined to the

of the sample with the 16 mm period. In transmission spec- .
trum, peaks at 7.9 GHN=1), 156 GHZN=2), and resonant frequency. When we compare with other structures,

o h fi f les A B that
23.8 GHZN=3) are observed as expected. A detailed inves enhancement figures of samples A and B are broader so tha

S f the | f . iod will b d’enhancement occurs within a broader frequency range. How-
g?sa(;{:/(\jt:]e?e the impact of grating period will be presented o\ o \yith asymmetric square grating, enhancement is con-

fined to a certain frequency determined by the period. Hence

Enhancement is calculated according to the referencg,;q type of asymmetric grating is more useful for applica-
sample. A maximum enhancement factor-€20 is achieved < \wvhere wavelength selectivity is important.

around the first resonance frequency, which is shown in the
inset of Fig. 1b).

In optical wavelengths Lezeat al. showed experimental il i T "B“—u I
results for transmission through a single aperture and a single w
slit surrounded by surface corrugatich§hat corrugation Jl Il TSI (AT Il Jl
was a symmetric rectangular grating. We try this kind of A 2 (a)
grating(sample B instead of sinusoidal grating in the micro-
wave regime. The period of the grating, grating depth, slit
width, and slit thickness are the same as our first sample. 0.5 £ »

Groove widths(b) are 8 mm, half of the periofFig. 2a)]. c E”

Transmission spectrum of sample B is seen in Fig).2 2 041 f:f“

There are two resonance peaks—the first one is at 14.6 GHz =~ 2 £

with transmission efficiency of 45%. The dashed line shows E 031 X

the results of simulation that is in good agreement with the & 0712 14 16 18" 20
R A = 0.2- Frequency (GHz)

experimental values. When compared with sample A, -

transmission efficiency of sample B is higher and redshifted 5

about 1 GHz. A broader transmission peak is measured with )

this sample. Enhancement is above 20, which is similar to 0.0

sample A.
In a recent theoretical paper which explains the experi-

mental results of Ref. 5, different grating structure with the

same period was used. In that structure, groove widths arg

12

16 20

Frequency (GHz)

24

28

IG. 3. (@ Schematic of sample C withy=16 mm,a=2 mm, b=2 mm,
\ﬁ: 16 mm, andh=4 mm. (b) Measured and simulated transmission spec-

the same as the slit width. We also try this asymmetric rectyym of sample Qsolid line and dashed line, respectivelfEnhancement

angular structure in the microwave regingample G. In

factor for sample C is shown in the inset.

Downloaded 24 Aug 2004 to 137.132.123.76. Redistribution subject to AIP license or copyright, see http://apl.aip.org/apl/copyright.jsp



1100 Appl. Phys. Lett., Vol. 85, No. 7, 16 August 2004 Akarca-Biyikli, Bulu, and Ozbay

1.0+ ' ' ' . play enhanced transmission at SP resonance frequencies. Our
—— A'FWHM -9 : . : : :
o experimental results agree well with theoretical simulations.
----- B: FWHM = 13 . e
0.8- C: FWHM - 8° The highest transmissidr-50%), enhancemen(~25), and
directivity (FWHM ~8°) is achieved with asymmetric rect-

angular grating structure.

Transmission
o
i

04 This work was supported by European Union under the
0.2- projects EU-DALHM, EU NOE-METAMORPHOSE and by
--------- Turkish Department of Defense Grant No. KOBRA-002.
0.0 : . . . : : . One of the authorée.O.) acknowledges partial support from
30 20 10 0 10 20 30 40 Turkish Academy of Sciences.

Angle
T. W. Ebbesen, H. J. Lezec, H. F. Ghaemi, T. Thio, and P. A. Wolf, Nature
FIG. 4. Normalized transmission as a function of reception angle. The mea- (London 391, 667 (1999.
surements were taken at the resonance frequency of each sample. °H. RaetherSurface PlasmongSpringer, Berlin, 1988
°D. E. Grupp, H. J. Lezec, T. Thio, and T. W. Ebbesen, Adv. M&awein-
| der t t diffracti t heim, Gen 11, 860 (1999.
n order to prevent diffraction, in our experiments, we “T. Thio, K. M. Pellerin, R. A. Linke, H. J. Lezec, and T. W. Ebbesen, Opt.
have used structures that have gratings on both sur?eiEces Lett. 26, 1972(2001).
compare the beaming effect of each grating, receiver antennét. J. Lezec, A. Degiron, B. Devaux, R. A. Linke, L. Martin-Moreno, F. J.
is attached to a rotating arm and transmission data at resg{Garcia-Vidal, and T. W. Ebbesen, Scien267, 820 (2002.
nant frequencies are recorded as a function of angle by onek: Martin-Moreno, F. J. Garcia-Vidal, H. J. Lezec, A. Degiron, and T. W.
degree increments. Figure 4 illustrates the normalized trans Ebbesen, Phys. Rev. Leta0, 167401(2003.
€g g9 F. J. Garcia-Vidal, H. J. Lezec, T. W. Ebbesen, and L. Martin-Moreno,
mission intensity as a function of the reception angle. The phys. Rev. Lett.90, 213901(2003.
measured transmission sharply decreases with increasel. G. Rivas, C. Schotsch, P. H. Bolivar, and H. Kurz, Phys. Re6&B
angle. Sample C exhibits the highest directivity with a full 201306(2003.

width at half maximum(FWHM) of 8° Samples A and B °A. P. Hibbins, J. R. Sambles, and C. R. Lawrence, J. Appl. P8§s1791
' (1999.

diSpIayEd FWHM values of 9° and 13, resPeCtiVEly 1. P. Hibbins, J. R. Sambles, and C. R. Lawrence, J. Appl. P8Ys2677

In conclusion, experimental and numerical results of mi- (2000.
crowave transmission through a subwavelength slit"A. P. Hibbins, C. R. Sambles, and C. R. Lawrence, Appl. Phys. L8it.
(~\/10) surrounded by metallic gratings on both surfaces,,4661(2002.
have been presented. Different grating structysgsusoidal, :\fhyjs Lfectlt(ygefrzélop(z';'oﬂf"”s J- R Sambles, and C. R. Lawrence, Appl.
symmetric rectangular, asymmetric rectangulaave been 13y 'y sigalas, C. T. Chan, K. M. Ho, and C. M. Soukoulis, Phys. Rev. B

designed, simulated, and measured. All three structures dis-52, 11744(1995.

Downloaded 24 Aug 2004 to 137.132.123.76. Redistribution subject to AIP license or copyright, see http://apl.aip.org/apl/copyright.jsp



