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Terahertz time-domain study of a pseudo-simple-cubic photonic lattice
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A pseudo-simple-cubic photonic crystal lattice was fabricated in silicon. The phase-shift spectra and the
amplitude spectra of the transmitted electromagnetic wave are studied by Terahertz time-domain spectroscopy
measurements. The phase shifts between Fabry-Perot modulation peaks are clearly observed. Our results
are in good correspondence with transfer-matrix calculations. The dispersion curves were qualitatively ex-
tracted from the frequency dependence of the phase shifts. The gradient of the phase shift becomes large at
the band-gap edges. This suggests that the group velocity is correspondingly small near the Brillouin-zone
boundary.
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I. INTRODUCTION infrared (FTIR) experimental observations of a pseudo-
simple-cubic lattice composed of air rods with square- and
The possible suppression of spontaneous emission in peircular-shaped rods made of silicon. The lattice constant of
riodic dielectric structures, also called photonic crystals, waghat sample was 0.53 mfrin that paper, we speculated that
first proposed in a paper by Yablonovitheurther intense samples four to eight periods thick would be sufficient for
research on photonic crystals has subsequently uncovered ifUPPressing spontaneous emission because the transmission
teresting applicationd.The techniques for calculating the N the band-gap region was reduced by a factor of more
dispersion in infinite structures are well developed. Calculathan 100. , o _
tions were published by OhtaRahut methods have subse- In our earlier FTIR studi€€ the transmission amplitude

quently been used by many groups to study the so-calle§Pectra are not s_ufficient_to understand the dispersion spec-
photonic band structure; for a review of three-dimensionaf@ Pecause the information about the phase of the waves is
lattices see Ref. 4. lost. Amplitude information is sufficient for identifying the

One motivation for recent investigations is to establish®@1d gaps and together with band-structure computations it

parameters for the existence of a photonic band gap, i.e., &" identify the origin of the total reflection,_e.g., atrue band
frequency range where no propagating electromagnetic mod#®P Or an uncoupled mode. However, to find the band dis-

exists. This can be achieved by means of the proper choice G€rsion we need the phase of the electromagnetic wave. This
the lattice structure and the dielectric constants. This frelnformation is provided by time domain spectroscopy, which

quency region is called a photonic band g&BG). Since  Was previously used for two-dimensional photonic crystal

electromagnetic modes with frequencies in the absolute gap%IUdies? Once the dispersion curves are found, they provide
are totally absent, spontaneous emission is forbidden in sit21d estimate the group velocity. .
ations where the band gap overlaps the electronic band edge. N the following sections, the experimental setup and the

The inhibition of spontaneous emission can improve the perdata analysis are described. The sample geometry and mate-

formance of many optoelectronic devices such as semicorial parameters are used in.ou.r simulations of the dispersion
ductor lasers with high efficiency. For these purposes, devefPectra and of the transmission spectra. Details about the
opment of a lattice with the gap frequency at visible angsa@mple size feat'ures in the data and the polarization depen-
near-infrared region is inevitably important. However, thosedence are examined.

lattices are technically very difficult to fabricate at present.

_ In this c_onnection, one of t_hg_authors has copropqsed a Il EXPERIMENTAL DETAILS
simple cubic(SCO) structure exhibiting a full PBG.A modi-
fied geometry using the SC symmetry may be possible to For the present paper, a photonic crystal was fabricated in
fabricate by molecular-beam epitaxy and lithography techsilicon. The sample symmetry was a distorted simple-cubic
niques. Recently, Wadet al.” reported a comparison of the lattice that we call a pseudo-simple-cubic lattice. It is com-
transmission spectrum profiles between results of theoreticglosed of square air rods with one bevel plane. The photonic
matrix transfer technique calculatiSrend Fourier transform band structure was determined by THz time-domain spec-
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the experimental setup for generation and detection of THz
radiation is shown in Ref. 10. A mode-locked Ti:sapphire
laser pumped by a cw-Ar ion laser produces 80-fs full width
at half maximum(FWHM) light pulses at a wavelength of
~780 nm and a repetition rate of 82 MHz. The femtosecond
pump pulses are focused by an objective lens on the biased
gap of the photoconductive antenna fabricated on a low tem-
perature grown GaAs substrate.

The emitted THz radiation is collimated and focused by a
pair of off-axis paraboloidal mirrors with a focal length of
150 mm and an effective diameter of 30 mm=5.0) onto
our photonic crystal specimen. The transmitted radiation is
collected and focused by another pair of off-axis paraboloi-
dal mirrors with the same focal length and diameter onto a
photoconductive sampling detector, which is also designed

FIG. 1. Schematic of a pseudo-simple-cubic lattice composed o hotoconductive antenna. Therefore. the incident and
parallel square air rod in silicon. The top and bottom of the sampleas a p_ ogcod. U.C ea e. a. ele ore, the (;] ent a |
are perpendicular to thE—2Z direction and the sides are perpen- tran_s_mltte radiation apprO)_(lmate aplane wave at the sample
dicular to thel'— M direction. position. The photoconductive detector is gated by a focused

femtosecond probe beam pulses that are extracted from the

troscopy(THz-TDS) measurements. It provides the completePumped laser by a beam splitter. The wave form for the THz
information about the wave: the phase-shift spectra, as weRulSe is obtained by using an optical delay line to offset the
as the amplitude spectra. From the frequency dependence @yerlap of the probe pulse with the THz signal. The dc pho-
the phase shift, the dispersion curves of electromagnetifocurrent is driven by the THz field after the probe pulse
wave in the photonic crystal were qualitatively obtained. ~ induces carriers in the antenna; it is measured by an amme-
A photonic crystal of pseudo-simple-cubic lattice com- t€r- The optical setupforTH_z radiation is placed in an evacu-
posed of square air rods was fabricated in silicon. The scheated box to reduce absorption by water vapor.
matic of the specimen is illustrated in Fig. 1; it was con-
structeq. by the following process. First, using a 0.40-mm- IIl. ANALYSIS AND DISCUSSION
thick Silicon flat (100) plate, square cone holes were made
through a plate using a wet-etch method; 169 holes were The transmission spectra propagating along biothZ
made in a 1% 13 pattern with a lattice constant of 0.40 mm. and I'—M directions and for orthogonal polarizations are
Then, 13 parallel grooves, whose depth and width are 0.2fbund by Fourier transforming the THz-TDS data. The com-
mm, were cut into the opposite side of plate with a numeri-plex transmission function of the dielectric array is obtained
cally controlled diamond saw. The center-to-center distanc®y dividing the complex Fourier transform of the wave form
between adjacent grooves is also 0.40 mm. Grooves alongith the specimen in place by the complex Fourier transform
the indicatedx andy directions also intersect over the holes of the reference wave form without a specimen. The trans-
etched in thez direction. mission function contains both amplitude and phase informa-
The air rods along the axis are not simple square rods tion, and represents the electromagnetic propagation proper-
because they are partially replaced by square cone. The platies of the photonic crystal. The phase of the detected signal
was cut into a rectanglular shape with 42820 mnf; its  with the specimen was subtracted from the phase of the sig-
faces make an angle af/4 with respect to the andy axes.  nal without the specimen. The result is the net phase differ-
Ten identical plates were machined and holes were aligneéince between the phase of the electromagnetic wave propa-
with the aid of an optical microscope. The plates weregating through the photonic crystal and that propagating in
stacked and fixed into the position with varnish. The specithe free space.
men was constructed with (001), (110) and¥10) crystal A common band gap was observed in both theZ and
plane, where along thed01) direction, i.e.,z axis there are I'—M directions around 10 ciit. In Fig. 2a), the solid line
ten unit cells whereas along tH@10) direction there are shows the transmission intensity spectrum ForZ direc-
eight unit cells, which enable us to measure the transmissioion. It should be noted that the opaque region exists from
spectra both alon§'—M ((110) as well asI'—Z ((001)) 6.5 cni!to 10.2 cm?, which corresponds to the photonic
directions. band gap between the first band and the second band shown
As previously mentioned, the specimen is a quasi-simplein Fig. 3. The band structure is calculated by a plane-wave
cubic lattice because the specimen mixed the square air ro@xpansion method with 729 plane waves. Uncoupled modes
of 0.29 mm edges along theandy axes(see Fig. ], with  occur when the symmetry of the eigenmode in the crystal is
the square rods partially replaced by square cones perpeiicompatible with the symmetry of the incident wave?
dicular to them. The air volume filling factor is approxi- uncoupled modes are assigned by symmetry as shown in Fig.
mately 0.82. The dielectric constant is 11.4 in the frequency3. The transmission depends on the band symmetry and the
region of our experiments. polarization of the incident radiation. The transmission re-
The field amplitude after passing through the photonicgion below 6.5 cm? corresponds to the first band and that
crystal is measured by a sampling technique. The detail ofom 10.2 cm* to 15.9 cm* corresponds to the second
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FIG. 3. Photonic band structure of the pseudo-simple-cubic lat-
tice composed of parallel square air rods in silicon. The following
parameters were assumed: the lattice constant is 0.40 mm, the cross
section of the rod is 0.290.29 mn#, and the dielectric constant of
silicon is 11.4. The bands are labeled by the assignment of the
symmetry of the band’s eigenfunctions. The baBds B,, andE
can couple to external plane-wave radiation. Ehband is doubly
degenerate. The modes labeledandA, are incompatible with the
symmetry of the incident plane wave.

Z are shown, respectively. The band gaps are open between
7.8-11.8 cm! and 9.1-11.5 cm!, respectively. A sharp
peak at 10.5 cm' is seen for theH-polarization in thel’

—M transmission data. The origin of this peak may be due to
a localized defect-mode due to imperfections in the lattice.
The common band gap alodg—Z andI'—M is open be-
tween 9.1-10.5 cimt.

We have calculated the transmittance spectra for the lat-
tice of the present structure with the same parameters, except
the number of layers, by using the transfer-matrix method.
For our purposes, we used a computer program developed by
Pendry’s group. The simulation result for propagation along
thez axis (I' — Z direction with an eight-period-thick crystal
is presented in Fig. 4. In the calculations, the lateral direction
is infinite. The solid circles correspond to the intensity spec-

pseudo-simple-cubic photonic crystal measured by THz time do-
main spectroscopya) observed along thE —Z direction(belongs

to the E representation (b) alongI’ —M with E||Z (B;), and(c)
alongT’'—M with H||Z (B,).

band. The periodic or modulated transmittance features ircio
both regions are due to the Fabry-Perot interference effectst
which are thoroughly discussed below.

The open circles in Fig. (3) shows the net phase-shift
spectrum forl’—Z direction. The row data of phase shift
include an ambiguity ofi7r radians. The phase of the second
band region above 10.2 cm has an additionalr radian
shift, because the phase slips #yacross the band gap, as
mentioned in the following section. In Figs( and Zc),
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FIG. 4. Transmittance spectra of the pseudo-simple-cubic pho-

the transmission intensities and net phase shifts measureshic crystal calculated by the transfer-matrix method alonglthe

alongI’—M direction withE parallel toZ andH parallel to
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tra of transmittance and the open circles correspond to the B. Photonic Band Gap

phase-shift spectra. In the following sections, we will discuss e opagque region of 6.5-10.2 ciobserved in trans-
the following aspects of the spectrgh) Fabry-Perot inter-  yission intensity spectrum for thE—Z direction corre-
ference,(B) photonic band gap, anC) dispersion relation  gponds to the first band gap. From the direct analysis of the
for the ' —Z direction. phase shift by THz time-domain spectroscopy, we cannot
unambiguously determine the change of phase between the
first and second branches. However, we can infer from anal-
A. Fabry-Perot interference ogy to the electronic band structure of semiconductors, in

The transmission intensity shows maxima at frequencie¥/hich the conduction band and the valence band surround
corresponding to the standing waves in the specitfabry- the fundamental gap. The gap between the first and second
Perot effeck, it is due to the interference between the elec-P@nds occurs at the Brillouin-zone boundarkatm/a. The

tromagnetic wave reflected by the front and back surfaces dfiodes are standing waves with a wavelength af @vice

specimen. By analogy to standing waves in a one_that of the lattice constant fé&e= #/a. Close to the band-gap

dimensional periodic sample, the phase difference betwee‘ﬁdges.' the standing waves are localized in different dielectric
the neighboring maxima should be This feature is seen in malileergsdne band edge, the field maxima are located at the
both observed and calculated spectra shown in Figs. 2 and (A:'énter of the higle (i.e., high-dielectric constantayer, and

The influence of the interference is also observed in the spec- o
trum of the phase shiftFig. 4. That is, the phase shift re- Fiear the other edge, it is located at the center of éolayer.

. . . ) ~~ By the electromagnetic variational theorem, the low-
mains almost constant in the region with Iow—transmussmnrrequency modes concentrate their energy in the kigh-

coefficient. o _ _gion (dielectric bangl whereas the high-frequency modes
These wavelike vibrations are observed in the transmiszyncentrate their energy in the losregions (air band.

sion amplitude spectra where high transmittance is mearnerefore, the difference between the phase of mode at top

sured, that is, in the region below 6.5 Th and of the first branchdielectric bangland that at bottom of the

10.2-15.9 cm* [Fig. 2@)]. The number of transmission second branctair band must ber. It is clearly identified by

peaks corresponds to standing waves along the propagati@fe simulation results in Fig. 4 that the phase shiftswhy

direction in the photonic crystal. The phase change betweewhen tuning through the first band gap.

each standing wave s and at the Brillouin-zone boundary,

the phase changaw corresponds to one standing wave for C. Dispersion relation

each crystal plane, so when the frequency is changed from . o )

the center to the edge of the zone along a particular direction, '€ OPen circles in Fig. 4 show the phase-shift spectra.

the standing waves lead to transmission maxima. Thus, thkhe phase shift increases rapidly in the vicinity of maxima of

number of transmission maxima in the frequency region t(;[arsnizmslfus)lvc\)/rr: '?ge{;]se'typﬁggg_eslﬁ#;mslg:gg %rgt%nﬂggzrr\?e'g"gi d
each branch corresponds to the number 0 f crystal_ IOlanecsalculated. This fact indicates that the optical density of state
?bDOS is very large around the frequency of each standing

) X wave. Moreover, it should be noted that in the vicinity of
planes is ten, so that ten maxima should be counted for ead[‘)and-gap edges, the ODOS must be very I&fgghe effec-

frequency regiqn corresponding to eallch bran_ch. For the firshye refractive index of the sample,; is deduced from the
branch(dielectric band belovy 6.5 _crﬁ , _only six peaks are  \ave-numbelk by the expressiomgs;=\k/27, where\ is
seen because of the low-signal intensity throughout the rehe free space wavelength. The relationship between net

gion below 3 cm*. However, using the average width be- phase-shift¢ extracted from the experimental data and the
tween maximum peaks, which is about 0.7 €mwe infer  wave number is obtained from

that the other four peaks must exist in the frequency region

below 3 cm't, including a peak at 0 cnt. Thus, we ex- k(w)=d(w)/L, (1)

pect ten maxima in the region corresponding to the first

branch. In the region from 10.2 ¢mto 13.0 cm!, corre-  wherelL is the thickness of the specimen.

sponding to the second bran@ir band, the identification is As discussed in the Fabry-Perot section, the phase shift

more difficult. However, we can observe eight peaks and onehanges bymm if there existm crystal planes along the

shoulder in Fig. ga). The flatter dispersion curve for this direction of the incident wave. The thickness of the specimen

branch compresses the Fabry-Perot resonances into a smali&ema, so that at the zone boundary, the phase shouldbe

frequency range. The phase changes denoted by the opénthe present specimen, the number of crystal planes along

circles in Fig. Za) change by 1@ in each band. I'=Z andT"—M are 10 and 16, respectively. In Fig. 5 the
In the case of th& —M direction, the specimen has eight zone boundaryZ) alongI’ —Z corresponds to 1@ and that

unit cells, that is, there exist 16 (110) crystal planes alondM) along’—M to 16x. The frequency dependence of the

theI’—M direction. The phase should change byrlie the  phase shift observed shows good correspondence with the

first band. The open circles in Figs(b2 and Zc) show the dispersion curves estimated by the plane-wave expansion

phase shift and they change aboutrliintil the center of the method(Fig. 3) along thel’—Z direction both qualitatively

first band gap. and quantitatively E-modes.

instance, in'—Z direction, the number of unit cellgrystal
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18 IV. CONCLUSIONS
I DN R 2 = | A pseudo-simple-cubic photonic crystal fabricated in sili-
@g&“"”‘ A con was interrogated by THz-TDS. The detailed transmis-
12 (oo™ ,.w/’ N sion spectra results show a common gap for both polariza-
o TN tions in two different directions. The phase spectra agree in
~ T, magnitude and shape with corresponding theoretical expec-
[ ! tations. We also identified specific features of the Fabry-
§ 8 ‘:‘:\ Perot resonances in the amplitude and phase data. The de-
o \ I tailed analysis was in good agreement with expected results.
g i The polarization dependence of the dispersion and the mag-
= \ ; / nitude of the dispersion are in good agreement with plane-
4 \ // wave calculations. A full band gap is expected based on the
-M \ - ‘/ r~zZ plane-wave calculations and the results for specific propaga-
+B, (B/2) - 2 o tion directions and polarizations are in good agreement with
©B, (iz) N the calculations. This wide bandwidth spectroscopy provides
016 e '0 : : T T T e a detai!ed account of the electromagnetic properties of finite
PHASE SHIFT (1/) PHASE SHIFT (1/m) photonic crystals.
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