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Using terahertz spectroscopy, we measure the normal-incidence transmission coefficient of photonic crystals
consisting of a periodic lattice of air holes in a silicon slab. Sharp resonant features are observed in the trans-
mission spectra due to coupling of the leaky photonic crystal modes, called guided resonances, to the con-
tinuum of free-space modes. The resonances show considerable sensitivity to the structural parameters of the
slab, including the slab thickness. By varying each crystal parameter systematically, we study the dependence
of the resonances on the geometry of the photonic crystal slabs. Even small changes in a parameter such as the
slab thickness, for example, can lead to dramatic changes in the optical spectrum. We also compare the trans-
mission spectrum of a photonic crystal slab with a hexagonal lattice to that of a slab with a square lattice. In
most cases, the experimental results match very well with numerical simulations based on the finite element
method. © 2008 Optical Society of America

OCIS codes: 160.5298, 300.6495.
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. INTRODUCTION
hotonic crystals are materials with a periodically modu-

ated refractive index in one or more dimensions [1]. They
ave been studied extensively due to their potential to
anipulate the propagation of electromagnetic waves in a

ariety of novel ways [2,3]. In particular, photonic crystal
labs have attracted a great deal of attention because
hey provide a route toward the development of optical ar-
hitectures for integrated photonic circuits [4]. A photonic
rystal slab has a two-dimensional lattice structure in the
lane of the slab and uses index guiding to confine light in
he third dimension.

In the band structure of a photonic crystal slab, the
odes that lie below the light line are strictly confined in

he plane of the slab. These in-plane modes, called guided
odes, have been exploited to implement various photo-

ic devices [5–11]. In contrast to the guided modes, the
hotonic crystal modes that lie above the light line can
eak out of the plane of the slab. These discrete leaky

odes, called guided resonances, couple to the continuum
f free-space modes to produce sharp resonant features in
he out-of-plane transmission spectrum of the photonic
rystal slab [12–14]. The resonant features exhibit an
symmetrical line shape [15], characteristic of the well-
nown Fano resonance phenomenon observed in con-
ensed matter systems due to interference between dis-
rete and continuum states [16,17].

Guided resonances have been the topic of much recent
esearch. Several studies have exploited the leaky modes
n photonic crystal slabs to realize efficient light emitting
evices [18–20]. The Fano resonances in photonic crystal
0740-3224/08/040633-12/$15.00 © 2
labs have been used to demonstrate mirrors and polar-
zation splitters [21] and also to describe high transmis-
ion through sharp bends [22]. It has been shown that by
arying the distance between a pair of closely spaced pho-
onic crystal slabs, the guided resonances can be tuned to
esign optical switches, displacement sensors, and optical
lters [23–25]. Reports on the observation of guided reso-
ances in asymmetrical photonic crystal slabs are very
romising because of the ease of fabrication of such struc-
ures [26]. Some studies have analyzed the characteristics
f guided resonances in crystal lattices with a structural
isorder [27,28]. The dependence of guided resonances on
he angle of illumination was studied in photonic crystal
labs at visible, near-infrared, and terahertz frequencies
29–31]. A recent theoretical study used electron injection,
lectric field, and temperatures to control the Fano reso-
ance shift in photonic crystal slabs [32]. More recently,
rillet et al. used air-hole photonic crystal slabs to study

he properties of guided resonances as a function of the
ole radius [33]. However, a systematic study of the varia-
ion of the optical spectra as a function of structural pa-
ameters is still lacking.

In this paper, we present experimental and theoretical
tudies of guided resonances in terahertz photonic crystal
labs as a function of various crystal parameters. The
hotonic crystal slabs are fabricated by etching an array
f holes in silicon. For most of the data presented in this
aper, normal-incidence transmission spectra are ob-
ained using terahertz time-domain spectroscopy [34,35].
s the crystal parameters such as the hole radius, the lat-

ice periodicity, and even the slab thickness are changed,
008 Optical Society of America
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he resonant features in the transmission spectrum vary
ignificantly. A comparison between the transmission
pectra of photonic crystal slabs with hexagonal and
quare lattices of holes is also presented. The observa-
ions show that the guided resonances are very sensitive
o the lattice geometry of the crystal.

Our results also highlight the excellent correspondence
etween experimental measurements and numerical cal-
ulations based on the finite element method (FEM). Such
greement is notable, particularly for photonic bands ly-
ng above the light line, because these bands are very dif-
cult to compute accurately for the case of a two-
imensional slab of finite thickness using plane wave
xpansion methods [36]. In our case, careful comparisons
re possible because the photonic crystals are fabricated
ith essentially no structural disorder and negligible sur-

ace roughness effects [28].

. EXPERIMENT
schematic of the experimental setup is shown in Fig. 1.

ingle-cycle terahertz pulses are generated and detected
sing photoconductive antennas. To measure the normal-

ncidence transmission spectrum, the photonic crystal
lab is placed perpendicular to the beam path. The tera-
ertz radiation is focused into the crystal by a polyethyl-
ne lens, and a similar setup is used to collect the trans-
itted radiation. The spot size of the terahertz beam on

he sample is roughly 8 mm, so many holes are illumi-
ated. Using this technique, one measures the transmit-
ed electric field as a function of time. The complex trans-
ission coefficient of a sample is given by the ratio of the
ourier transform of a pulse transmitted through the
ample to that of a reference. The reference is the freely
ropagating pulse measured without the sample in the
eam path. This also permits a direct measurement of the
pectral phase of the transmitted radiation relative to
hat of the reference pulse [31]. By measuring the tera-
ertz pulse over a 555 ps window, a frequency resolution
f 1.8 GHz is obtained in the measurements. To obtain a
igher spectral resolution, we used a spectrometer based
n a backward-wave oscillator (BWO) source as described
n Subsection 5.D.

The photonic crystal slabs consist of a hexagonal array
f circular air holes in silicon. A slab with a square lattice
f holes was also fabricated for a comparison of the trans-
ission spectra. The holes are etched all the way through

ig. 1. Schematic of the experimental setup. The terahertz ra-
iation propagates in the direction perpendicular to the plane of

he photonic crystal slab. The terahertz beam spot size is �8 mm.
he silicon slab using deep reactive ion etching [35,37,38].
ilicon of very high resistivity ���10 k� cm� is used be-
ause of its low absorption and frequency-independent re-
ractive index �n=3.418� in the terahertz regime [39].
ach photonic crystal slab is characterized by three pa-
ameters, the hole radius r, the lattice parameter a, and
he slab thickness t. Figure 2(a) shows one of the samples,
ith r=150, a=400, and t=300 �m. In all measurements
resented in this paper, the electric field is polarized
long the �-K direction of the hexagonal lattice, although
dentical results are obtained for the �-M orientation as
ell. For the slab with a square lattice, the electric field is
olarized along the �-X direction.
As the feature sizes in the fabricated crystals are on the

rder of several hundred micrometers, it is possible to fab-
icate essentially perfect crystals using standard litho-
raphic and etching techniques. For example, a careful
nalysis of the variation in hole diameters across an
1 cm area of a wafer reveals a �±0.3% variation [28],
here this uncertainty �±1 �m� corresponds to the reso-

ution of our optical imaging system and is therefore an
pper bound. This high sample quality is important for
uantitative comparisons with numerical simulations.
Figure 2(b) shows the normal-incidence transmission

pectrum for the sample shown in Fig. 2(a). The spectrum
onsists of sharp resonant features superimposed upon a
moothly varying background. The smoothly varying
ackground is due to the Fabry–Perot oscillations that
rise because of the finite slab thickness. They appear as
n oscillatory transmission below 0.4 THz. The sharp fea-
ures in the spectrum above 0.4 THz are signatures of the
eaky photonic crystal modes that are excited due to
ormal-incidence illumination of the crystal. The widths
f these resonant features represent the lifetimes of the
odes. These linewidths are determined by the details of

he photonic band structure, which in turn depends sen-
itively on the structural parameters of the slab. They can
e as narrow as only a few hundred megahertz (see Fig.
5 below) or as broad as several tens of gigahertz. The
verall spectrum is the superposition of the Fabry–Perot
scillations and the leaky photonic crystal modes. We see
hat the experimental results match very well with the fi-
ite element simulations, confirming that the fabricated
rystals are of essentially perfect quality.

. NUMERICAL MODELING
he theoretical transmission spectra shown throughout

his paper are obtained using simulations based on the
EM. This technique has been successfully used to ana-

yze various photonic crystal properties [31,40,41] as well
s other phenomena in the terahertz range [42,43]. The
ccuracy of the FEM is closely related to the quality of
iscretization of the model geometry. Finer discretization
f the structure produces more accurate solutions but also
equires large amounts of computer memory. Therefore, it
s important to construct a model geometry that not only
epresents the structure accurately but can also be simu-
ated using the available computational resources. The
ashed rectangle in the bottom picture of Fig. 3 depicts
he smallest unit cell of the photonic crystal slab with a
exagonal lattice. By defining the boundary conditions
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ppropriately, this symmetrical rectangular part can de-
cribe the two-dimensional periodicity in the plane of the
lab. The top picture in Fig. 4 shows the computational
omain that was constructed to calculate the normal-
ncidence transmission spectrum. The thickness of the
nit cell is specified as t, the slab thickness. Depending on
he crystal being simulated, the hole radius r and the lat-
ice parameter a are appropriately defined in the model.
he refractive index of the hole and the silicon are as-
igned as 1.00 and 3.418, respectively. Air regions of cross

ig. 2. (Color online) (a) Top view of the photonic crystal slab
150, a=400, and t=300 �m. The scale bar is 300 �m. (b) Norma

a). The open circles are experimental results while the solid cur

ig. 3. Top, FEM model for the hexagonal lattice photonic crys-
al. The electromagnetic radiation propagates in the direction in-
icated by the arrow; t is the slab thickness. Bottom, hexagonal
attice with high-symmetry directions marked. The dashed rect-
ngle is a cross section of the smallest unit cell used in the FEM
imulations.
ections similar to the unit cell are placed before and after
he unit cell. Accurate results are obtained for the rel-
vant frequency range when the thicknesses of these air
egions are at least four times that of the unit cell. The
op and bottom boundaries of the whole model are defined
s perfect electric conductors while the side boundaries
re defined as perfect magnetic conductors. This ensures
hat the electromagnetic energy within the model is not
ost due to absorption. It also establishes the symmetry of
he unit cell required for an accurate description of the in-
lane periodicity of the photonic crystal slab. The whole
tructure is discretized using a mesh of 20 �m in size,
hich results in a model with roughly 600,000 mesh ele-
ents. The arrow shown in the computational domain

Fig. 3) indicates the direction in which the electromag-
etic radiation propagates. The electric field is polarized
long the �-M direction of the hexagonal lattice, although
imilar results are obtained for the �-K polarization. (The
odel geometry for the square lattice photonic crystal is

escribed in Section 6.) The normal-incidence transmis-
ion coefficient is obtained by taking the ratio of the inte-
rated power at the output plane to that at the input
lane. One can also calculate the phase at the output
lane and obtain the relative phase by subtracting the
hase of the reference (model with no sample in the beam
ath) from that of the sample. For a frequency resolution
f 2 GHz over the spectral range of interest
0.1–0.7 THz�, a typical model runs in �22 h on a dual-
rocessor workstation equipped with 16 Gbytes of RAM.
lthough computationally cumbersome, this method pro-
ides an extremely accurate simulation of the experi-
ent.

. LINE SHAPE ANALYSIS
he spectrum shown in Fig. 2(b) consists of sharp reso-
ant features superimposed upon a smoothly varying
ackground. The smoothly varying Fabry–Perot oscilla-
ions that form the background are more obvious at lower
requencies below the frequency of the first guided reso-
ance at �0.44 THz. The spacing between the successive
inima (or maxima) in the Fabry–Perot oscillations is

a hexagonal lattice of air holes. The crystal parameters are r
nce transmission spectrum of the photonic crystal slab shown in
btained from simulations based on the FEM.
with
l-incide
ve is o
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overned by the thickness and the average refractive in-
ex of the slab. The sharp features in the spectrum above
.44 THz are manifestations of the guided resonance
odes of the photonic crystal slab. These discrete guided

esonance modes couple to the continuum of the free-
pace modes to produce transmission line shapes with a
ano profile [14]. The transmission line shape of the
uided resonance is asymmetrical in nature and can be
ritten as [15,31]

tGRj
��� =

� − � · �j���

1 + i�j���
, �1�

here �= �ñ−1� / �ñ+1� is the amplitude reflection coeffi-
ient calculated using the average refractive index �ñ� of
he photonic crystal slab. For a hexagonal lattice of air
oles in silicon with r=150 and a=400 �m, the average
efractive index of the slab is ñ=2.497 [Eq. (6)]. � is the
mplitude transmission coefficient such that �2=1−�2.
he normalized frequency, �j, for the jth resonance is
iven by

�j��� =
� − �j

	j
, �2�

here �j and 	j are the resonant frequency and the line-
idth of the jth resonance, respectively. The overall trans-
ission is the superposition of the Fabry–Perot response

nd the transmission due to the individual guided reso-
ances:

t��� = tFP��� + tGR1
��� + tGR2

��� + tGR3
��� + ¯ , �3�

t��� = tFP + �
j=1

N � − � · �j���

1 + i�j���
. �4�

ach resonant feature in the experimental transmission
pectrum can be described by an appropriate choice of two
arameters, �j, the resonant frequency, and 	j, the corre-
ponding linewidth. Table 1 shows the best-fitted values
f �j and 	j for the first seven guided resonances in the
pectrum shown in Fig. 2(b). The Fabry–Perot response is
alculated using the known thickness of the slab �t
300 �m� and the frequency-independent average refrac-

ive index �ñ=2.497�. The overall transmission spectrum

Table 1. Resonant Frequencies „�j… and the Corre-
sponding Linewidths „�j… of the First Seven

Guided Resonances Shown in Fig. 2(b)a

�j 	j

esonance (THz) (GHz)

0.43918 0.05
0.49858 0.08
0.54358 4.00
0.55617 1.00
0.59377 10.0
0.62097 0.65
0.65957 1.20

aThese values are used to obtain the normalized frequency parameter � j �from
q. �2�� for each resonance, and subsequently, the transmission spectrum �from Eq.

4�� shown in Fig. 4.
s obtained from Eq. (4) by substituting Eq. (2) and using
=7. For the choice of fitting parameters shown in Table

, the line shapes predicted by the simple analytical
odel of Eq. (4) agree reasonably well with the experi-
ental line shapes (see Fig. 4).

. DEPENDENCE OF THE RESONANCES ON
HE STRUCTURAL PARAMETERS
o harness the full potential of the guided resonances for
arious applications, it is important to characterize their
roperties. Several studies have analyzed the guided
esonances in photonic crystal slabs as a function of the
ngle of illumination [29–31]. Theoretical as well as ex-
erimental studies have shown that the linewidths of the
esonances can be controlled by varying the radii of the
oles [14,33]. While there are theoretical predictions on
ow the guided resonances would change as the lattice
arameter and the slab thickness are varied [30,44], ex-
erimental demonstrations have not been reported. We
tudy the properties of guided resonances in photonic
rystal slabs for a systematic change in each crystal pa-
ameter, the hole radius r, the lattice parameter a, and
he slab thickness t.

. Effect of Change in the Hole Radius r
igure 5 shows the transmission spectra of three photonic
rystal slabs, each with a different hole radius r. The lat-
ice parameter a and the slab thickness t are identical for
ll the samples, a=400 and t=300 �m. The photonic crys-
al slabs have a hexagonal lattice of holes, and the hole
adii of the samples in Fig. 5 are (a) 180, (b) 150, and (c)
25 �m. The corresponding r /a ratios are 0.45, 0.375, and
.3125, respectively. It is evident that the resonances shift
o lower frequencies as the radius is decreased. As the r /a
atio decreases, the average refractive index of the slab
ncreases [see Eq. (6)]. An increase in the average refrac-
ive index of the slab moves the photonic bands to lower
requencies. As a result, the resonances in the transmis-
ion spectra appear at lower frequencies. Another clearly
vident feature is that the decrease in the hole radius
auses the resonances to be sharper, signifying an in-
rease in their lifetime within the slab. This is expected
ince all resonances asymptotically become true guided
odes as the hole radius approaches zero. Similar effects
ave been discussed in previous papers [14,30,33].

ig. 4. (Color online) Same as Fig. 2(b) except that the solid
urve is obtained from an analytical expression [Eq. (4)], using
he parameters given in Table 1.
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. Effect of Change in the Lattice Parameter a
igure 6 shows the transmission spectra of three photonic
rystal slabs, each with a different lattice parameter a.
he hole radius r and the slab thickness t are identical for
ll the samples, r=150 and t=300 �m. The photonic crys-
al slabs have a hexagonal lattice of holes, and the lattice
arameters of the samples in Fig. 6 are (a) 575, (b) 480,
nd (c) 400 �m. The corresponding r /a ratios are 0.26,
.3125, and 0.375, respectively. Figure 6(c) is the same as
ig. 5(b). As the lattice parameter decreases, the reso-
ances shift to higher frequencies for reasons similar to
hose mentioned in connection with Fig. 5.

From Figs. 5 and 6, it is clear that if the slab thickness
s kept constant, then the shift in the spectral positions of
he guided resonances due to a change in either the hole
adius or the lattice parameter can be partially under-
tood by examining the corresponding change in the aver-
ge refractive index, or equivalently, the r /a ratio. Sub-
ection 5.C combines the results of Figs. 5 and 6 to
nalyze the variation in the positions of the guided reso-
ances as a function of the r /a ratio.

. Effect of Change in the r /a Ratio
igure 7(a) summarizes the observed shift in the posi-

ions of the first three guided resonances as a function of
he r /a ratio. The positions of the resonances for each
ample are extracted from Figs. 5 and 6. The shift in the
osition of each resonance is approximately linear with
espect to the r /a ratio as depicted by the linear fits. For
/a=0.45, the position of the first resonance is not shown.
lthough present in the calculated spectrum [Fig. 5(a)],

his resonance is not observed in the experimental spec-
rum, possibly because its linewidth (�1 GHz as per the
alculation) is less than the resolution of the measure-
ents. Figure 7(b) shows the filling fraction of the hex-

gonal lattice of holes �
 � and the average refractive in-

ig. 5. (Color online) Variation of guided resonances with the
ole radii r. Normal-incidence transmission spectra of photonic
rystal slabs with (a) r=180, (b) r=150, and (c) r=125 �m. The
attice parameter and slab thickness are identical for all the
amples, a=400 and t=300 �m. The open black circles are ex-
erimental results while the solid curves are results of FEM
imulations. The theoretical spectrum in (c) matches well with
he experimental spectrum when t=296 �m is used in the
imulation.
h

ex of the photonic crystal slab �ñ� as a function of the
/a. The curves are obtained from the relations


h =
2�

�3
� r

a	
2

, �5�

ig. 6. (Color online) Variation of guided resonances with the
attice parameter a. Normal-incidence transmission spectra of
hotonic crystal slabs with (a) a=575, (b) a=480, and (c) a
400 �m. The hole radius and slab thickness are identical for all

he samples, r=150 �m and t=300 �m. The open circles are ex-
erimental results while the solid curves are results of FEM
imulations.

ig. 7. (a) Shifts in the positions of the first three resonances as
function of r /a (extracted from Figs. 5 and 6). (b) (left) Varia-

ion of the filling fraction of the air holes and (right) the average
efractive index of the photonic crystal slab as a function of the
/a value of the hexagonal lattice. The dashed vertical lines de-
ict the r /a values of the samples whose transmission spectra
re shown in Figs. 5 and 6.
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ñ = ���Si  
Si� + ��h  
h�, �6�

here �Si=11.68, �h=1.00, and 
Si=1−
h. The dashed
ertical lines are the r /a ratios of the different samples
hose transmission spectra are shown in Figs. 5 and 6
nd correspond to r /a=0.26, 0.3125, 0.375, and 0.45.
Using the linearly fitted curves in Fig. 7(a), the shift in

he first three resonances can be quantified with respect
o small changes in the r /a ratio. Table 2 summarizes the
hifts in the positions of the resonances and the corre-
ponding changes in 
h and ñ for small changes in the
rystal parameters. The first row in Table 2 shows that a
% change in the r /a value from 0.3125 shifts the reso-
ance positions by 2% –3%. It also changes the filling
raction of the holes by �4% and the average refractive
ndex of the slab by �1%. If the hole radius is r
125 �m and the lattice parameter is a=400 �m (such

hat r /a=0.3125), then a 2% change in the hole radius
keeping the lattice parameter constant) would produce
he same shifts in the resonance positions as shown in the
rst row of Table 2. However, if the hole radius is 150 �m,
hen a 2% change in the hole radius would produce
lightly different shifts in the positions of the resonances
s shown in the second row of Table 2. Instead of the hole
adius, if the lattice parameter is changed by 2%, then the
hifts in the resonance positions would again be slightly
ifferent (third row of Table 2).
In all cases, a 2% change in either the r /a ratio, the

ole radius, or the lattice parameter shifts the positions of
he resonances by 2% –3%. In absolute terms, Table 2
uggests that a 5–8 �m change in either the hole radius
r the lattice parameter will shift the first three reso-
ances by 10–12 GHz. It will also produce a 4% change in
he filling fraction of the holes and change the average re-
ractive index of the slab by �2%. These results indicate
he degree of sensitivity of the guided resonances to the
rystal parameters.

In Fig. 7(a), all the three resonances have two data
oints corresponding to r /a=0.3125. These data points
re obtained from the two crystals that have different in-
ividual hole radii and lattice parameters but identical
/a values [Fig. 5 and Fig. 6(b)]. Figure 8 shows a direct
omparison between these two spectra. Despite having
he same value of r /a and the same slab thickness, the
esonances in the transmission spectra of these two crys-
als do not occur at the same frequencies but show a sub-
tantial difference in the spectral positions. Also, the fea-
ures in the transmission spectra are not identical. We

Table 2. Shifts in the Positions of the First Three
Radius, and the

Shift in Resonance 1
(GHz)

Shift in

% change in r /a, from 0.3125 10.07
(3.0% change) (2.2

% change in r, from 150 �m
a=400 �m�

12.10
(2.7% change) (2.2

% change in a, from 400 �m
r=150 �m�

11.86
(2.8% change) (2.2

aThese values are extracted from the best-fitted linear curves shown in Fig. 7�a�. C
f the photonic crystal slab are obtained from Eqs. �5� and �6�.
an begin to understand this observation by noting that
he t /a ratios are different for the two crystals. Evidently,
hanges in the value of the slab thickness (normalized
ith respect to the lattice parameter) can produce

hanges in the spectral positions of the guided resonances
ven for crystals with the same r /a values. The r /a ratio
till predominantly governs the resonant features since
he two crystals display a similar number of resonances
ithin the same bandwidth. It should be noted that the

lab thickness of the two samples is identical, and the dif-
erence in the t /a value is due to different lattice param-
ters of the crystals. To study the effect of change in slab
hickness on the guided resonances, photonic crystals
hat differ only in the slab thickness were fabricated.

. Effect of Change in the Slab Thickness t
igure 9 shows the transmission spectra of three photonic
rystal slabs, each with a different slab thickness t. The
ole radius r and the lattice parameter a are identical for
ll the samples, r=150 and a=400 �m. The slab thick-
esses of the samples are (a) 300, (b) 275, and (c) 250 �m.
s the slab thickness decreases, the resonances move to
lightly higher frequencies. This is because a decrease in
he slab thickness increases the decay length of the

ances for a 2% Change in the r /a Ratio, the Hole
ice Parametera

nance 2 Shift in Resonance 3
(GHz)

Change in 
h
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nding changes in the filling fraction of the air holes and the average refractive index

ig. 8. (Color online) Normal-incidence transmission spectra of
hotonic crystal slabs with (a) r=125, a=400 �m and (b) r=150,
=480 �m. These are the same as Figs. 5(c) and 6(b), respec-

ively. The r /a value and the slab thickness are identical for the
wo samples, r /a=0.3125 and t=300 �m. The open circles are ex-
erimental results while the solid curves are results of FEM
imulations.
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uided resonance mode, lowering its effective refractive
ndex [44]. As the guided resonance mode leaks out from
he center of the slab, it decays exponentially along the
irection of the incident radiation. If the slab is thinner,
hen the decay length in the air region outside the crystal
s longer. The effective index experienced by the mode is
herefore smaller, causing it to shift toward slightly
igher frequencies.
The spectral positions of the resonances can be ex-

racted from Fig. 9. Figure 10 shows the shift in the posi-
ions of the first seven resonances as a function of the slab
hickness. In general, the resonant frequencies shift to-
ard slightly higher values as the slab thickness is de-

reased. The observed exceptions are the third and the
eventh resonances for the 275 �m thick slab, although
hese resonances follow the expected trend in the calcu-
ated spectra. Such small differences between the experi-

ent and the calculations are not very surprising
27,30,33]. The observed spectral positions of these two

ig. 10. Shift in the position of the first seven resonances as a
unction of the slab thickness t (extracted from Fig. 9).

ig. 9. (Color online) Variation of guided resonances with the
lab thickness t. Normal-incidence transmission spectra of pho-
onic crystal slabs with (a) t=300, (b) t=275, and (c) t=250 �m.
he hole radius and lattice parameter are identical for all the
amples, r=150 and a=400 �m. The open circles are experimen-
al results while the solid curves are results of FEM simulations.
esonances deviate from the expected positions by only a
ery small amount since the rate of shift in the spectral
ositions of the resonances is very small (on average
3.6 GHz per 10 �m change in the thickness). Another

eature that is evident from Fig. 10 is that the resonant
requencies shift at different rates as the slab thickness is
aried. Although the average rate of shift in the resonant
requency is very small, the resonances at higher frequen-
ies tend to shift by larger amounts for similar variations
n the slab thickness. Overall, an increase in the slab
hickness moves resonances to lower frequencies, causing
ore resonances to appear within the same bandwidth.
imilar theoretical predictions were made in an earlier
aper [30].
The coupling strength of a resonance mode can drasti-

ally change as the slab thickness is varied. Figure 11
hows the variation in the guided resonances as a func-
ion of the slab thickness for samples with r=150 and a
480 �m. In both the experimental as well as the calcu-

ated spectra, the second resonance, clearly evident in the
hickest and thinnest slabs just below 0.4 THz, is missing
n the 275 �m thick slab. This observation suggests that a
hange in the slab thickness (to 275 �m) modifies the
lectric field distribution of the second mode in such a
ay that it does not couple to the external radiation
odes at the frequency, where the resonance should be

xpected �0.382 THz�. The electric field patterns of the
odes are known to strongly influence their coupling

trengths [30,33,45]. Figure 12 shows the electric field
atterns of the second resonance for the three crystals
hose transmission spectra are shown in Fig. 11. These

wo-dimensional plots are obtained from the FEM models.
he color indicates the strength of the in-plane electric
eld, and the arrows denote the local field direction. For
labs with thicknesses of 300 and 250 �m [Figs. 12(a) and
2(c), respectively], this mode has most of the energy con-
entrated in the air region, facilitating the coupling of the
odes to the external radiation field. In contrast, the sec-

nd mode for the 275 �m thick slab [Fig. 12(b)] has most
f its energy concentrated in the dielectric region. This
act evidently inhibits the coupling of this mode to the ex-
ernal field so that it is not observed in the transmission

ig. 11. (Color online) Same as Fig. 9 but for samples with r
150 and a=480 �m. Slab thicknesses are (a) t=300, (b) t=275,
nd (c) t=250 �m.
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pectrum. It is difficult to make a quantitative statement
bout the relationship between the degree to which a
iven mode is excited by an external incident field and the
oncentration of that mode in the air region, because
ther considerations (such as the symmetry of the mode)
re also relevant. Nevertheless, the trend illustrated in
igs. 11 and 12 is quite general.
Other subtle differences in the spectrum can also ap-

ear as the slab thickness is varied. In Fig. 11, the non-
niform shift in the resonant frequencies with respect to
he slab thickness is evident from the two resonances be-
ween 0.40 and 0.45 THz. While those two resonances can
e clearly resolved in the 300 �m thick slab, they almost
oalesce into one resonance as the slab thickness is de-
reased to 250 �m. A variation in the slab thickness also
ffects the linewidths of the resonances in different ways.
s the slab thickness is varied, the linewidth of a particu-

ar resonance can either increase or decrease depending
n how the electric field symmetry of the mode is modi-
ed. For example, the third and fourth resonances (be-

ig. 12. (Color) Electric field distributions in the planes alon
480 �m) whose transmission spectra are shown in Fig. 11. (a)
.392 THz for t=250 �m. The solid black curves depict the hole b

ig. 13. (Color online) Same as Fig. 9 but for samples with r
150 and a=575 �m. Slab thicknesses are (a) t=300, (b) t=275,
nd (c) t=250 �m.
ween 0.40 and 0.45 THz) in Fig. 11 become sharper as
he slab thickness is decreased. In contrast, the fifth reso-
ance (between 0.45 and 0.50 THz) first becomes broader
s the slab thickness is decreased from 300 to 275 �m and
hen splits into two broader resonances as the slab thick-
ess is further decreased to 250 �m. Figure 13 shows the
ormal-incidence transmission spectra as a function of
he slab thickness for samples with r=150 and a
575 �m. Again, we observe a resonance (at �0.3 THz),
hich clearly becomes broader as the slab thickness is de-

reased.
As mentioned in Section 2, terahertz time-domain spec-

roscopy also provides access to the spectral phase of the
ransmitted radiation, which can be compared to that of
he reference waveform. In the low-frequency range the
elative phase increases smoothly, although nonlinearly,
ith an increase in frequency [46]. At higher frequencies,
brupt jumps corresponding to the guided resonances are
bserved in the phase spectrum [31]. Figure 14 shows a
ortion of the phase spectra of the samples whose trans-
ission spectra are shown in Fig. 13, illustrating the

brupt jumps that arise due to the lowest two resonances.
he positions of the sudden jumps correspond to the posi-

ions of the guided resonances. Their shift to slightly
igher frequencies with the decrease in slab thickness is
onsistent with the earlier observed trend.

From the various transmission spectra, we see that the
symmetrical transmission line shapes of the guided reso-
ances manifest themselves in very distinct ways. For ex-
mple, in the lowest resonances shown in Fig. 13 (just
bove 0.25 THz), the transmission first drops to lower val-
es and then jumps to higher values as the frequency in-
reases across the resonance. In contrast, for the lowest
esonances shown in Fig. 9 (just below 0.45 THz), the
ransmission first becomes higher and then drops to a
maller value as the frequency increases across the reso-
ance. These two different variations in the transmission

ine shapes of guided resonances have been proposed for a
istable optical transfer [47] and require resonances with
ery narrow linewidths.

the slab thickness for the three crystals (with r=150 and a
5 THz for t=300 �m, (b) at 0.382 THz for t=275 �m, and (c) at

ries, and the arrows denote directions of the in-plane field.
g half
At 0.37
ounda
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For an accurate estimate of the linewidth with very
harp resonances, we analyze the transmission line
hapes of the lowest resonances shown in Fig. 9 (just be-
ow 0.45 THz) using our FEM simulation with a higher
requency resolution of 0.1 GHz. The result is shown in
ig. 15(a). These simulations reveal that the line shapes
an change dramatically as the slab thickness changes.
or the 250 �m slab, we predict a symmetrical line with a
idth of �380 MHz, corresponding to a Q factor of more

han 1100. For the thicker slabs, we observe that the line
hapes become increasingly asymmetric. This is a mani-
estation of the fact that the line shapes become sym-
etrical and the structure behaves as a narrowband re-

ig. 14. (Color online) Portion of the relative phase spectrum for
he three crystals (with r=150 and a=575 �m) whose transmis-
ion spectra are shown in Fig. 14. The symbols are experimental
esults, while the solid curves are the corresponding FEM simu-
ations. The results for t=300 and t=275 �m are vertically offset
or clarity.

ig. 15. (a) High-resolution calculation of the line shape of the
ess for a photonic crystal slab with r=150 and a=400 �m (as in

ations. For the 250 �m thick slab, the resonance is quite narrow
ion spectra for two samples corresponding to two of the curves in
pectral resolution below 1 GHz.
ector if the corresponding direct pathway transmission
Fabry–Perot response) is 100% as described by Fan and
oannopoulos [14].
We were not able to spectrally resolve these narrow

pectral features with our time-domain spectroscopic
echnique, so instead we relied on a different spectrom-
ter to characterize these specific features. We used a
ransmission spectrometer based on a BWO operating in
he 100–180 GHz range [48,49]. A frequency tripler based
n a planar GaAs Schottky diode is used to shift the BWO
utput to the higher frequency range required for these
easurements [50]. The radiation transmitted through

he sample is detected using a Golay cell. The results for
wo photonic crystal samples are shown in Fig. 15(b). To
void standing-wave effects, the sample was tilted at a
mall angle relative to the axis of the terahertz beam.
his may explain the small frequency shift of the mea-
urements relative to the simulations as well as the slight
roadening of the resonances. Nevertheless, the measure-
ents closely resemble the corresponding simulations in
ig. 15(a), in particular the �6 GHz shift to a lower fre-
uency for the thicker slab as well as the change from a
early symmetrical to a strongly asymmetrical line
hape.

. TRANSMISSION SPECTRA OF CRYSTALS
ITH SQUARE LATTICES

he results presented in Sections 2–5 are for photonic
rystal slabs with a hexagonal lattice of air holes. A pho-
onic crystal slab with a square lattice of holes was also
abricated to study the effect of a lattice structure on the
uided resonances. The crystal parameters of this sample
re r=180, a=400, and t=300 �m. Figure 16 shows the
EM model used to calculate the normal-incidence trans-

-frequency resonance for three different values of the slab thick-
0). A frequency resolution of 0.1 GHz is used in the FEM simu-
MHz� with a Q-factor in excess of 1100. (b) Measured transmis-
hese measurements were performed using a BWO source with a
lowest
Fig. 1

��380
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ission spectrum of the square lattice photonic crystal
lab. It is similar to the computational domain of the hex-
gonal lattice crystal (Fig. 3) except for the unit cell ge-
metry. As the unit cell of the square lattice crystal is
maller in size in comparison to the hexagonal lattice
rystal, discretization of the computational domain with a
0 �m mesh size results in a model with fewer mesh ele-
ents (�400,000). The electric field is polarized along the
-X direction of the lattice, and the normal-incidence
ransmission coefficient is obtained by taking the ratio of
he integrated power at the output plane to that at the in-
ut plane.
Figure 17 shows the transmission spectra of photonic

rystal slabs with hexagonal and square lattices. Both
amples have identical crystal parameters, r=180, a
400, and t=300 �m. However, as the lattice structures
re different, the filling fraction of holes is much lower in
he square lattice (63.6%) in comparison to the hexagonal
attice (73.5%). Consequently, the average refractive in-

Fig. 16. Same as Fig. 3 but for a square lattice.

ig. 17. (Color online) Normal-incidence transmission spectra
f photonic crystal slabs with (a) hexagonal and (b) square lat-
ices. The crystal parameters are identical for the two samples,
=180, a=400, and t=300 �m. The open circles are experimental
esults while the solid curves are results of FEM simulations.
ex of the square lattice photonic crystal slab is higher,
ausing the resonances to appear at lower frequencies.

. CONCLUSIONS
n summary, the normal-incidence transmission spectra
f photonic crystal slabs with air holes in silicon have
een measured using terahertz time-domain spectroscopy
nd calculated using finite element simulations. The
ano line shapes of the resonant features in the transmis-
ion spectrum can be described by a simple analytical
odel that considers coupling of discrete and continuum
odes of the photonic crystal slab. The variations in the

pectral positions of these resonant features were studied
s a function of crystal parameters such as the hole ra-
ius, lattice parameter, and slab thickness. The transmis-
ion spectrum of a photonic crystal slab with a hexagonal
attice of holes was also compared to that of a photonic
rystal slab with a square lattice of holes.

The spectral positions of the resonances are most sen-
itive to changes in the r /a ratio, which changes the av-
rage refractive index of the slab. Observations show that
he resonances are quite sensitive to the hole radius and
he lattice parameter, and even a small 2% change in ei-
her of the parameters can shift the spectral position of
he resonances slightly and change the line shape. In con-
rast, the shifts in the positions and line shapes of the
esonances are relatively smaller, although still not neg-
igible, for variations in the slab thickness. In general, in-
reasing the slab thickness moves the resonances to
lightly lower frequencies, causing more resonances to ap-
ear within the same bandwidth. A change in the slab
hickness can also increase or decrease the lifetimes of
he modes. A comparison of the transmission spectra of
labs with identical structural parameters but different
attice structures (square and hexagonal) shows that the
ccurrence of resonant features at relatively lower fre-
uencies in the square lattice can be understood by con-
idering the effects of the average refractive index. These
esults should inspire further interest in the development
f photonic devices based on guided resonances.
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