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Analysis of Membrane Support Structures
for Integrated Antenna Usage
on Two-Dimensional
Photonic-Bandgap
Structures

Andrew L. Reynolds, Harold M. H. Chong, lain G. Thayne, John M. Arnold, and Peter de Maagtber, IEEE

Abstract—The study of the transmission of electromagnetic substrate (high dielectric constant) that has good radiation effi-
waves through a photonic crystal with various membranes ciency and can be easily integrated with the active circuit. One
placed over the surface is presented in this paper. A difference in ot yhe nroplems that has been encountered is the fact that planar

performance is observed even for a membrane thickness that is ¢ dielectri bstrat | int bstrat
unable to support guided substrate modes through total internal antennas on dielectric substrates couple power Into substrate

reflection. The transmittance has been investigated for two crystal modes and, since these do not contribute to the primary radi-
orientations, assuming normally incident external plane waves on ation pattern, substrate mode coupling is generally considered
a finite thickness two-dimensional (2-D) photonic crystals both as a loss mechanism.
with and withouta membrane. The angular transmission response 1 i axactly to overcome this where a photonic bandgap
is characterized by scanning the incidence angle of the impinging L L
plane wave to cover all available angles within the 2-D periodic (PBG) crystal can f'“‘?‘ its application. There.are severgl methods
plane of the structure. for accurately analyzing the electromagnetic properties of PBG
crystals. Photonic crystals have received considerable attention
during the last decade with the realization that they can control
the electromagnetic radiation by forbidding propagation.
Pioneering work by both Yablonovitch [1] and John [2] in the
|. INTRODUCTION late 1980’s demonstrated this property in periodic microwave
INCE their discovery and first demonstration in the lat§iructures. These same principles are now being applied even
1980’s, interest in photonic crystals has grown explosivel@t optical frequencies. The theoretical models that are most
Looking at literature, it is clear that the emphasis is placed mdt@mmonly used range from those that calculate the band struc-
and more on applications and detailed modeling instead € and mode patterns within a photonic crystal as .obtained
demonstrating feasibility. One of the applications for photonising the plane-wave method [3] and Green's functions [4],
crystals is in the field of (sub)millimeter-wave antennas. [5] to derivation of the reflection and transmission coefficients
A new generation of scientific space-borne instruments hi§m the transfer matrix method (TMM) [6], [7]. Excellent
been projected, the frequency range of which may even extéd@feement with experiments has been achieved with these
above 3 THz. methods, reinforcing the role that theoretical analysis can play
As the frequency increases, a planar structure that integrafe$he design and pre-experimental phases. As most analysis
the antenna, mixer, local oscillator, and all peripheral circuitij€thods assume infinitely sized crystals, caution must still be
onto one single substrate becomes an attractive option. exercised. However, the TMM allows the transmission and
While conceptually simple, in practice, itis challenging to ddéeflection coefficients to be obtained for a finite thickness

velop and test an integrated planar antenna on a semiconduBfitonic crystals. _ _
Photonic crystals often have large air spaces between the peri-

odic elements that cannot provide support for the suspension of
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Fig. 1. 2-D crystal orientation, Whereis the periodic spacing of the bars in thalirection,” is the mid point—point separation of the bars in thdirection.
The membranes have been applied only to the first layer of bars in both lattice configurations.

of manufacture, while maintaining rigidity, set a limit regardingvhich possess a full three-dimensional (3-D) PBG. The 2-D

the minimum thickness of the membrane. Thus, although théd®BG crystals studied in this paper have= 1275 ;m and

retically such systems scale perfectly with frequency, it is beh-= 780 nm, the silicon bars have dimensions 3490 ;;m

eficial to prototype such systems at the highest frequency pas+the z- and z-directions, respectively. Finally, the definition

sible and limit the scaling factor to orders of a few. of TE (TM) polarized waves is noted as those which have their
In this paper, the TMM is used to theoretically investigaté/ -field (E-field) confined to therz-plane, that is to say, the

the effect of placing membranes on the surface of finite-thicks-field (H -field) parallel to they-axis (see Fig. 1).

ness two-dimensional (2-D) periodic photonic crystals, and ex-

perimental data at millimeter-wave frequencies is presented to IV. MEMBRANES IN |SOLATION

verify the findings.
bt g The application of a membrane on the top surface of a

PBG crystal may lead, through external excitation, to substrate
modes within the membrane. The cutoff frequencies for sub-
The TMM as described by Bekt al. [6] and Pendry [7] strate modes within a membrane, without considering the PBG
for analyzing the reflection and transmission characteristics erfystal, are well known and are described by the following [16]:
stacks of layers that are 2-D periodic in the plane of the layers
has been implemented. The transfer matrix relates the electric fo=—
and magnetic fields between the two interfaces of this stack in 2hy/e—1
the third finite dimension, which can be used to formulate asc%ﬁerefc is the cutoff frequency of the modeis the speed of

tering matrix. Subsequent cascading of the scattering matri Eﬁtin vacuumy: is the order of the modé, is the thickness of

for each layer allows the transmission and reflection coefﬁcier{ . . : .
o : : . . the membrane, andis the dielectric constant of the waveguide
to be calculated. Dissimilar scattering matrices are included into

: . - . . constituent material.
the transfer matrix routines, as outlined in [6], allowing us t6~ " . .

: Given the intended operation frequency of the system, pre-
easily add the membrane onto the surface of the PBG CrySta}allUtions can be taken to ensure that the membrane will not sup-
The boundary condition that no inward propagating wave exista . . . P
in the half-space beyond the stack not illuminated by the illu |—Ort any totally internally reflected (TIR) waves giving rise to

) : . . . . rgéjided modes within the membrane.
nating plane wave is applied. This is sufficient to determine t

L - : . While there is no real angle that will allow a substrate or
transmission coefficient of the plane wave, which exits from the . X 2 .
. e ... quided mode to be excited within an isolated membrane from an
stack propagating parallel to the incident plane-wave directi

along with the amplitude and phase of all the associated diffra I medium, wheni the membrane IS placed upon a PBG crystal,
tion orders. It may form_a grating c_oupler: Grating coypler_s can _be thought
of as effective waveguides with an effective dielectric constant
and thickness. The dielectric constant lies between the values
of embedding medium and the larger dielectric constant of its
The influence of two membrane materials (silicon andonstituent materials, i.e., air, dielectric bars, and membrane.
kapton, i.e.g,. = 11.7 ande,. = 3.7, respectively) is examined Guided waves can be excited as the wave vector within the ef-
as a function of membrane thickness. The membrane is pladective guide is larger than for air allowing the first-order diffrac-
over the illuminated surface of a 2-D PBG crystal consistintpn orders (excited in the transverse direction to the normally
of dielectric bars of silicon. Fig. 1 shows the 2-D latticencident plane wave, thgz-direction in Fig. 1) to exist before
configurations used, the normal incidence condition definirtge onset of conventional diffraction. As the PBG region for
the crystal orientatioh" X andI"M [10]. A generall'M lattice the crystals is in the range of 90-100 GHz, a silicon membrane
with every second row displaced by a fractional part of ththickness in excess of some 4p81 would be required to sup-
lattice constant: can be interleaved [10] to form the layer byport theTM; guided mode at 100 GHz. A grating coupler con-
layer or woodpile crystal [11]-[15]. Our structure interleavesisting of a single layer of bars with dimension of 39t and a
to form the woodpile as suggested by Ozhbatyal. in [12], membrane with thickness of 1Q0m, totaling 490:m, will re-
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Fig. 2. GammaX lattice: measured and theoretical TM response. Top, middle, and bottom plots correspond to the TM transmission response for a crystal
thickness’L = 2h, 4h, and8h thick. Plots on the left, dashed—dotted, dotted, and solid lines correspond to the no-membrane gas&apBn membrane

and 100 m silicon membrane, respectively. Plots on the right, dashed—dotted, dotted, and solid correspond to the theoretical response for the ncasgmbrane ¢
25-um kapton membrane, and 1@@n silicon membrane, respectively.

sult in an “effective waveguide.” As the effective dielectric conto 110 GHz, defined by the range of operation of the vector
stant will be less than that of silicon and the effective width afetwork analyzer (VNA) used in the experiments. A 1080-
the guide will be less than 49am, the initial layer of bars and silicon membrane and 2bm kapton sheet were independently
membrane will, therefore, not support a parasitic guided modaalyzed on the surface of both th& - andI'A{-oriented 2-D
at 100 GHz. lattices for varying thickness of the underlying PBG crystal.
Full two-port S-parameters of the structures were measured
in the 67-110-GHz frequency range using an Anritsu 360B
VNA. The VNA has short WR-10 waveguide sections at the
test ports to which standard gain horns were connected. The
Theoretical and experimental analysis of the 2-D crystat®orn separation was around 80 mm, with the membrane/PBG
with and without membranes has been carried out from 8%ucture between.

V. MEMBRANES ON A PHOTONIC CRYSTAL—NORMAL
INCIDENCE
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Fig. 3. Gammal! lattice: measured and theoretical TM response. Top, middle, and bottom plots correspond to the TM transmission response for a crystal
thickness’L = 2h, 4h, and8h thick. Plots on the left, dashed—doted, dotted, and solid correspond to the no-membrane gasekaBon membrane, and

100m silicon membrane, respectively. Plots on the right, dashed—dotted, dotted, and solid correspond to the theoretical response for the noasgmbrane c
25-um kapton membrane, and 1@0n silicon membrane, respectively.

The measurement system was calibrated using the line-a&taching the horns after calibration, but this will be relatively
flect-line (LRL) method using a Flann Microwave bronzemall compared with the internal VNA system losses whose
WR-10 waveguide calibration kit, which comprises @nfluence is removed by this calibration procedure.
quarter-wavelength offset, fixed termination, flush short Fig. 2 shows good agreement between the theoretical predic-
circuit, and through waveguide section. After calibration, thiions and measurements made on kh€-oriented lattice. As
measurement reference planes are situated at the flangeghefcrystal thickness is increased, we see a steady increase in
the short sections of waveguide at the test ports of the VNAe attenuation of the transmitted normally incident plane wave
to which the standard gain horns were subsequently attachidough the structure. For increasing crystal thickngsse ob-
Thus, 0-dB transmission loss refers to the situation when tkerve the gradual formation of the lower band edge, expected at
short lengths of waveguide at the VNA test ports are joine84 GHz and measured at 82.5 GHz for a crydiak 84, i.e.,

A small additional loss and uncertainty will be introduced bgight periods thick. Measurements were limited by-t85-dB
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Fig. 4. Perfect crystal angular transmission response. The response is shown for a crystal four periods thiclirettien. The crystal is made from silicon
bars, 340x 390,:m, with a period of 1275< 780 m in thex- andz-directions, respectively. The upper and lower band edge envelopes have been highlighted
with “4"and “x” symbols to guide the eye. The information displayed in the two plots is the same, but shown from a different perspective.

noise floor of the measurement setup. The influence of the memission through thé = 24 crystal is decreased with a 1Q0n
brane is more prominent for the thinner PBG crystals with ttelicon membrane in the 65-85-GHz region before increasing
100+:m silicon membrane than for the thicker crystals. Tranghe transmission response over the 85-110-GHz regiorn."Khe
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Fig. 5. 100xm silicon membrane response on the otherwise perfect crystal. The response is shown for a crystal four periods thickriction. The crystal
is made from silicon bars, 340 390 m, with a period of 1275 780um in thex- andz-directions, respectively. The upper and lower band edge envelopes have
been highlighted with+" and “x” symbols to guide the eye. The information displayed in the two plots is the same, but shown from a different perspective.

kapton membrane has little effect on the response for all crysiaitice, out with the measurable range for the= 24 lattice,
thicknesses. The 100m silicon membrane slightly down shiftsfrom 78 to 76 GHz for thel. = 4/ lattice and from 82.5 to
the lower band edge for all crystal thickness forkh€-oriented 81.5 GHz for thel. = 8 lattice. These values are in excellent
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Fig. 6. Difference in the TM transmission. The difference in response is shown between the no-membrane casg arsllitod+case for a crystal four periods
thick in thez-direction. The crystal is made from silicon bars, 34@90 . m, with a period of 1275« 780.m in thex- andz-directions, respectively.

agreement with the theoretical predictions. As the underlying found close to oblique incidence. The total bandgap lies be-
PBG substrate thickens, the perturbing influence of the memmeen 84-108 GHz. Fig. 5 shows the angular response of four
brane weakens, demonstrating that, as the crystal thickens, fireiods of the crystal with a 100m silicon membrane placed
PBG behavior is more dominant. over the front surface. It is obvious that this markedly alters the
Similar trends are observed with th&\/ lattice, as shown response of the structure.
in Fig. 3. The 25zm kapton membrane has little effect on the Comparing Figs. 4 with 5, there are evident differences.
transmission measurements relative to the PBG crystal withggy angles close to normal incidence, the upper band edge
amembrane present. The 1@ silicon membrane again shiftshas dropped from 130 to 120 GHz. There is also considerable
the lower band edge frequency, but shows convergent behawfgration in the higher frequency region with the effect that the
with the nonmembrane case as the crystal thickens, as was lg}ﬁper band envelope has been smoothed when compared to the
served for thd" X -oriented crystal. From the theoretical calcuperfect crystal case. It is noteworthy that the lowest frequency
lations, the attenuation for thieA! lattice per layer thickness |imit of the upper band edge is located at a slightly higher
is nearly twice as large as that of theX-oriented crystal, al- frequency, i.e., 110 GHz, when compared to the perfect crystal
though the experimental noise floor of the system prevented ¢&¥sponse of 108 GHz.
perimental verification for the thicker crystals. Membranes have However, the upper frequency limit of the lower band edge,
the interesting effect of enhancing the lower band edge gradigh| defined by the normal incidence condition &t & now
of cutoff, an effect most noticeable for both the kapton and sjlsss well defined and has marginally moved downwards in fre-
icon membranes for the = 8h I'M-oriented crystal. This is quency.
echoed in the measur_ernents, Wh'(.:h §h0w the k_apton an_d SIIICOI&ig. 6 shows the difference in the TM polarization transmitted
response curves att_almng fransmission levels in the naise ﬂ?&fel between the perfect crystal lattice and the same lattice with
before the crystal with no membrane. the 100xm silicon membrane included. The plot has been lim-
ited only to show a 10-dB deviation, areas, which have a devia-
tion larger than 10 dB, shown in white. Limiting the discussion
to the complete TM bandgap region, between 85-110 GHz, the
The angular transmission response is characterized by saaain concern is the possible existence of surface waves that may
ning the incidence angle of the impinging plane wave to covekist within the membrane in conjunction with the top layer(s)
all available angles within the 2-D periodic plane of the struof bars. Such waves are noted by a characteristic extreme drop
ture. From Fig. 4, it can be seen that the normal incidence cantransmission or peak in reflection. These effects are not seen
dition, angle= 0° sets the upper frequency limit of the lowerfor the range of frequencies studied for the silicon membrane
band edge, while the lower frequency edge of the upper baadd underlying bars implemented.

VI. MEMBRANES ON A PHOTONIC CRYSTAL—ANGULAR
RESPONSE
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For the other regions with large deviations in transmissiori11] H.S.Sozuerand J. P. Dowling, “Photonic band calculations for woodpile

within the bandgap, (the regions at 80.5 and 82.5 GHz are withip _ Structures,J. Mod. Opt, vol. 41, no. 2, pp. 231-239, 1994.
hel band ed e) the deviation assists the bandaap beha %Zr] E. Ozbay, E. Michel, G. Tuttle, R. Biswas, M. Sigalas, and K.-M. Ho,
the lower ge), viatl I gap v “Micro-machined millimeter wave photonic band gap crystalsgpl.

as it reduces the transmitted level through the crystal. There is  Phys. Lett.vol. 64, no. 16, pp. 2059-2061, 1994.

a small region that increases the transmitted level through tH&3! E. Ozbay, B. Temelkuran, M. Sigalas, G. Tuttle, C. M. Soukoulis, and
. . . . K. M. Ho, “Defect structures in metallic photonic crystala\ppl. Phys.
crystal at 87.5 GHz, but when the same region is examined in Lett, vol. 69, no. 25, pp. 3797—3799, 1996.
Fig. 5, the total transmitted level is not abov@5 dB. [14] E. Ozbay, E. Michel, G. Tuttle, R. Biswas, K.-M. Ho, J. Bostak, and
D. M. Bloom, “Terahertz spectroscopy of three-dimensional photonic
band-gap crystalsOpt. Lett, vol. 19, no. 15, pp. 1155-1157, 1994.
VIl. CONCLUSION [15] S.Y.Lin,J. G. Flemming, D. L. Hetherington, B. K. Smith, R. Biswas,
i . K. M. Ho, M. M. Sigalas, W. Zubrzycki, S. R. Kurtx, and J. Bur, “A
We have shown that the application of a membrane onto the  three-dimensional photonic crystal operating at infrared wavelengths,”
surface of a 2-D photonic crystal, while interacting with the un-  Nature vol. 394, pp. 251-253, 1998.

derlying crystal, does not seriously perturb the transmission re6l g;eEs'sCi’gigiFie'd Theory of Guided Wave2nd ed.  New York: IEEE

sponse of a thick PBG substrate, displaying that the PBG b&17] c. M. Anderson and K. P. Giapis, “Symmetry reduction in group 4 mm

havior is more dominant. For the regions that we have studied, photonic crystals,Phys. Rev. B, Condens. Maitenl. 54, no. 12, p.
7313, 1997.

the application of a membrane actually has helped to steepen
the gradient of the lower band edge cutoff frequency aiding the

PBG performance of the crystal. However, the upper frequency
limit of the experimental setup did not allow measurement of the
effect of the membrane on the upper band edge of the crys
The membranes studied, i.e., 1061 silicon and 25:m kapton,
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