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The phase delay of a light beam transmitted through (S¥)gi@ultilayers withm=2,4,6,8 is measured by
white-light interferometry based on a fixed Mach-Zehnder interferometer coupled to a scanning Michelson
interferometer. Results for photonic band and group velocity dispersion are obtained in a wide frequency
spectrum and compare successfully with the predictions of electromagnetic theory. In particular, a strong
slowing down of the group velocity at the band edges and superluminal propagation within the gap are

demonstrated.
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[. INTRODUCTION wide frequency spectrum: this represents the optical analog

of the phase-sensitive determination of photonic bands dem-

Photonic crystals—namely, materials with a periodic di-onstrated in Refs. 3 and 4. The derivative of the phase with
electric constant—were introduced in 1987 by Yablonovitch respect to the frequency leads to the group velocity, which is

and Johrf. Soon afterwards, the first samples were fabricatedound to have strong frequency dispersion, and to reach su-
in the microwave spectral range and the photonic band disperluminal values within the photonic gap. The method is

persion was measured by phase-sensitive techniques thgjitable to be applied to photonic crystals of higher dimen-
yielded the wave vector in the sample at each givergignalities.

frequency’** These experimental determinations were of
great importance for comparison with calculations of photo—Ing a single interferometer have been repottetf, in par-

nic bands by means of the vectorial plane-wave meftfod. ticular, the photonic dispersion has been determined for Fi-

A current challenge is to fabricate and investigate photol?OnaCCi structure® The photonic band dispersion of 3D

nic crystals in the near-infrared and visible regions. Sever?})hotonic crystals close to the band edge has been studied in

techniques for measuring the photonic band dispersion ha Refs. 16 and 17 by means of interferometry in the frequency

been devised. In-plane transmission in two-dimensiG2ia) ; X )
waveguide-embedded photonic crystals has been used gé)mam. The presgnt appargtu; with two interferometers and
et|me—doma|n Fourier analysis is closest to that of Refs. 18

map the photonic bands from Fabry-Perot fringes within th | )

sample’ Another technique for measuring 2D photonic gnd 19; however, in these papers a.subplcosecond laser pulse
bands in a wavegui@é relies on the observation of sharp 1S used as a source. As a.res.ult, using an ultrashort pulse can
structures in reflectance from the surface, which arise froni¢@d to the phase dispersion in a relatively narrow frequency
coupling of the incoming radiation field to photonic modes.Window'® but finds a most natural and powerful application
The same variable-angle reflectance technique can be applié@f time-resolved experiments: indeed, time-resolved inter-
even if no waveguide is prese:Wtand in this case the pho- ferometric studies of colloidal photonic crysﬂ‘%and of 1D

tonic dispersion parallel to the crystal surface is measuredribonacci multilayer¥ yielded useful information on pulse
The band dispersion can also be determined from the refraclistortion and slowing down of wave packets close to the
tion of a light beant! Although these techniques are very band edge. On the other hand, the present approach based on
useful, the phase-sensitive metAddemains the most direct cw white light is most suited for a frequency-resolved deter-
and conceptually simplest way to determine the photonianination of phase delay and group velocity in a wide spec-
band dispersion in the direction of light propagation. tral range.

In this work we report on a measurement by means of The paper is organized as follows. In Sec. Il a short de-
white-light interferometry of photonic bands and group ve-scription of the samples and of transmittance spectra is pre-
locity in 1D Si/SiO, photonic crystals—i.e., distributed sented. Section Il gives an account of the white-light inter-
Bragg reflectordDBR’s). The experimental technique relies ferometric technique. In Sec. IV we present the physical
on a fixed white-light Mach-Zehnder interferometer coupledresults for photonic bands and group velocity, together with a
to a scanning Michelson interferometer and allows measurcomparison with a theoretical treatment. In Sec. V we sum-
ing the phase delay of a light beam through the sample in anarize the main results.

Previous white-light determinations of the phase delay us-

0163-1829/2004/691)/1151077)/$22.50 69 115107-1 ©2004 The American Physical Society



M. GALLI et al. PHYSICAL REVIEW B 69, 115107 (2004

a5 ¢ F ] 25 relevant and increases with due to increasing total poly-Si
] thickness; beyond 3 eV, the transmittance intensity reduces
20 / 2.0 practically to zero for all samples.

[ - ] The calculated 1D photonic band dispersion is shown in
= 1_5' -_—\_31.5 Fig. 1b). This is obtained from the well-known secular
> f T equation for a 1D periodic structufre
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[ (109 (x109  (x10} 1t ] where k is the Bloch vector along the multilayer axid,
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10° 10" 10° 10" 10%10° 10* 10*10° 0.5 04 03 02 01 0.0 =L;+L, is the period, andLi’ Nj, and kj_niwlc (J

kd/on =1,2) are the thickness, refractive index, and wave vector in
the layerj, respectively?* The frequency dependence mfs
FIG. 1. () Transmittance spectra for samples with a differenttaken into accountexcept for the optical phonon resonance
numberm of periods and(b) calculated photonic bands for the of Sj0O, around 0.15 ey, The calculated photonic gap posi-
infinite multilayer. Transmittance spectra are horizontally shifted bytjions match very well theél minima. It can be seen that

Transmittance

the values reported in parentheses for clarity. photonic gaps of even order are very narrow: indeed they
should disappear for &/4 DBR in the case of no material
Il. SAMPLES AND TRANSMITTANCE SPECTRA dispersion.

Si/Si0, multilayers were grown in a low-pressure chemi-
cal vapor deposition system on a 4-in. Si@afer. Repro- IIl. WHITE-LIGHT INTERFEROMETRY

ducible and uniform layers were obtained b_y a procegsing The phase shift of the light transmitted through the
approach based on a three-step procetftieFirst, poly-Si myltilayer samples is obtained experimentally by means of
was deposited on a SjOwafer at 620 °C and with SiH  yhjte-light interferometry in the time domain. This technique
pressure of 280 mTorr. Then, the poly-Si layer was thinnedyas heen successfully applied in the past years to study the
to about 230 nm by wet oxidatioin H,, O;) at 975 °C.  (ispersion characteristics of transparent media with high
This etching procedure resulted in an additional growth Oftemporal and spectral resolutiéf:* however, the use of a
140 nm ofa-SiO, on the poly-Si layer. Further enlargement sjngle interferometer in these works resulted in the determi-
of the SiQ layer was then obtained by deposition of 500 nation of the group delayi.e., the derivative of the phase
+15 nm SiQ (using tetra-ethyl-orthosilicate, at 718 °C). ith respect to frequengyfrom a fit to the measured phase
These three steps were repeated to obtain (SY{@ulti-  data. Similar remarks can be made for the frequency-domain
layers with number of periodm=2, 3, 4, 6, 8 and with interferometric studies of Refs. 16 and 17, which focus on
nominal layer thicknesses of 229 nm and 658 nm for poly-Sthe photonic dispersion close to the band edge. In the present
and SiQ layers, respectively. These values correspond tQyork, the use of a double-interferometer configuration leads
A4 DBR's—i.e., with the thickness of each layer being in-to a direct and precise determination of the phase dispersion
versely proportional to its refractive index. and also of the group velocity.

The experimental transmittan¢€) spectra of (Si/Sig), The experimental setup, which has been thoroughly dis-
multilayers withm=2, 4, 6, and 8 are shown in Fig@ on  cussed in Ref. 25, consists in a modified Mach-Zehnder in-
a semilogarithmic scale. All the samples exhibit similar fea-terferomete(MZI) coupled to a commercial scanning Mich-
tures which are typical of the optical response of a 1D phoelson interferomete¢SMI, model Bruker IFS 66/5 White
tonic structure. In particular, two major minima iwhich  |ight from a tungsten-halogen lamp is sent to the MZI in
correspond to the principal stop bands are observed at 1.1gkder to produce two identical light beartigereafter referred
and 1.81 eV, respectively. These can be classified as odgp as the “sample” and “reference” beamwith a given
order gaps—i.e., stop bands that lie at the Brillouin zonegptical path differenceAL. If a sample of thicknes® is

edge. Additionally, weaker transmission minima correspondinserted in one arm of the MZI, the phase difference between
ing to gaps of even order—i.e., stop bands at the center ghe two arms can be written as

the Brillouin zone—are also observed at 0.67 and 1.39 eV.

As predicted from the theory faxt/4 multilayers, forbidden ) ® ®

gaps of odd order are wider than even-order ones. Thus ~ A¢(w)=¢(w)= D+ -AL=6(w)+ AL, (2)
even-order gaps have lower attenuation and are more sensi-

tive to the structural disorder present in the samples, resultvhere ¢(w) is the phase delay introduced by the sample: it
ing in less evident structures Tspectra. The amplitude and can be expressed &g w) =k(w)D, wherek(w) is the wave
shape of the stop bands are drastically modified by increasrector in the sample at the given frequency. As discussed by
ing the number of periods. For largem values they become Kop and Sprik® and shown belowA ¢(w) can be precisely
deeper and assume a steplike shape at the gap edges, indiétermined by applying Fourier-transform analysis of the in-
cating an improved rejection ratio. Finally, for energiesterferogram observed at the output of the MZI. Once the
greater than 1.5 eV, the absorption from poly-Si becomesample parametdd is known andAL is determined via a

115107-2



PHOTONIC BANDS AND GROUP-VELOCITY . .. PHYSICAL REVIEW B9, 115107 (2004

reference measurement without the sample, the phase shi’ 0012 - - — - .
¢(w) can be directly determined. At variance with Ref. 18, -
where an ultrashort laser pulse was used as a source, tF 0.008 .

analysis and method can be successfully applied also when @ - :
0.004 .
0.000 W’\/\/\’ J\/\/\/‘M
-0.004 _

broadband, incoherent white-light source is used.
-0.008

If we describe the Fourier components of the electric field
in the reference beam byA(w) and we let H(w)
=Ho(w)e'!“) pe the transfer function which describes the
sample response, then the total electric fie(d) at the out-
put of the MZI may be expressed as

Intensity (arb.un

E(t)= f:c[A(w)einr H(w)A(w)e' *tTAY9dw, (3)

-0.012 1 I 1 1 1 L
. . -100 -50 0 50 3000 3200 3400 3600
whereAL/c is the time delay between the two arms of the

MZI. The complex amplitude function&(w) andH(w) de- Time Delay (ps)
scribe both the power spectrum and the relative phase rela- o _ _
tion between the frequency components of the reference and F'C- 2 Typical interferogram for the eight-period samfriete
sample beams. The overall intensity and phase informatiol' d|ﬁgrent time scales of the two compongnighe central auto-
on 3 gven sanle can b diecy accessed by scaning UL L= ey et onk e oot v
time _delay betwegn the two beams by means of a standaspecular with respect to the zero.
Fourier-transform interferometer.

Analytically, the interferogram (7) should be obtained
by the integral of the electric fiel&(t— 7) over the whole
spectral domain of the light source:

and reference arms of the MZI. As evidenced in Fig. 2, while
the autocorrelation peak is symmetric, the right- and left-
hand-side cross-correlation peaks show a pronounced elon-
+oo . gation towards positive and negative time delays, respec-
|(T):f wE(t)E (t—7)dt tively. This reflects the dispersion characteristics of the
sample—i.e., the wavelength-dependent phase delay. The
(™ . 2 iw(r—AL/C) time separatiomt=AL/c between the satellite peaks and
. H(w)*|A(w)[%e do the central one is just the time delay between the two arms of
the MZI. This time delay can be adjusted by changixg
+oo ’ 2 iwn through a suitable delay line in the MZI. This adjustment is
+ J_w (IA(@)[*+[H(w)A(w)|*)e" dw convenient in order to separate the satellite from the central
interferograms and to achieve a better resolution for the Fou-
+oo 2 iw(r+ALIC) rier transform leading to the phase determination.
+ . H(w)|A(w)|%e do. (4) We note two important advantages of this experimental
procedure:(i) The absolute phase shift introduced by the
The second integral on the right-hand side describes the adample is obtained by subtracting the results of two succes-
tocorrelation Signal, while the first and third integrals de'sive measurements. This way any Spurious instrumental con-
scribe the cross-correlation parts of the interferogram. Byribution is canceled outii) The cross-correlation part of the
taking the Fourier transform of one of the CrOSS'COrrelationnterferogram is a|WayS measured Simu|taneous|y with the
terms and using Eq2) one obtains autocorrelation one. Therefore the time delay introduced by
— Ad(ew the sample is automatically referenced to the zero-delay
(@) =Ho(w)|A(w)[?e'44). ) point (i.e., by the central autocorrelation part of the interfero-
This equation simply yields the spectral dependence of thgram) with a high degree of accuracy. These two features,
phase difference aA¢(w)=|m|n|_(w)' The quantityd(w) together yvith the high stability and reproducibi_lity of the
= ¢(w)— (w/c)D is determined experimentally by subtract- co_mmermal SMI, lead to a remarkable accuracy in the dgte_r-
ing the phase difference measured with the safpké(w) ] mination of_ the spec_tral dependence Qf the phasfe shn‘t in
and without the samplewAL/c]; the phase delay(w) is addition to its dgrlvatlve_s. The typical time resolution is of
then trivially obtained by addingD/c. The uninteresting the orderzof 107 fs which translates into an accuracy of
phase introduced by the SjOsubstrate common to all about 10“ rad (atA=1 um) in the phase determination.
samples is measured separately on a substrate and the result
is subtracted from the phase measured on the Samples. IV. RESULTS FOR PHASE AND GROUP VELOCITY
A typical interferogram observed after passing through DISPERSION
the SMI is shown in Fig. 2. It is characterized by a central
structure and two specular and identical satellite structures In Fig. 3 we show the phase delg») measured for the
(the one for negative delays is not shown in Fig.The first m=6 andm=8 multilayers in the region of the band gap
one is given by the autocorrelation signal, while the secongentered around 1.14 eV. The phase delay is obviously larger
ones result from the cross correlation between the samplier the thicker sample. The photonic gap can be recognized
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1.5 T T T T T T T T T C B c d¢
vy Dda
The group velocity in the energy region of photonic bands
has oscillations around the valaén, wheren is an effective
refractive index. A maximum in the group velocity corre-
sponds to the excitation of a Bloch-Floquet mode in the
multilayer and also to a maximum of transmission. The os-
cillations due to the presence of Bloch modes in the finite
multilayer give rise also to finer features in the phase disper-
sion (Fig. 3 and left panels in Fig.)4The quantityc/vy has
strong peaks at the band edges, which become more pro-
nounced on increasing the number of period. These peaks
O 7 16 18 20 22 2 25 28 30 a2 reflect the flattening of the photonic bands at the Brillouin
zone edges and the consequent vanishing of the group veloc-
Phase/n (rad) ity, as implied by the photonic bands of Figbl Moreover,

FIG. 3. Measured phase deldyw) (in units of ) through the  NSIde the photonic gap around 1.1 eV the group velocity

m=6 and m=8 samples. The vertical dashed lines denote thediSpIayS su_perluminal valuéﬁorthe samples vyitfnn=6 and
phase change across the photonic gap. m=8). As is well known, this electromagnetic phenomenon

is not in contrast with the causality principfe®? indeed the

as the energy window in which the phase dispersion has physically relevant quantity is the velocityg of energy
pronounced change in slope, and it relates to the region dfansport, which coincides withg only when the transmis-
low transmission shown in Fig. 1. The behavior for tine  sion coefficient is unity® In fact superluminal behavior is
=8 sample in the gap is more noisy due to the very lowrestricted to an energy window of strong extinction. Never-
transmission, but the trend is the same as that ofnike6  theless, we stress that the experimental results of Fig. 4 rep-
sample. Note that thehangein phase across the photonic resent a direct determination both of slowing down of a wave
gap is the same for both samples and it equalsithin the  packet at the band edge and of superluminal propagation in
experimental uncertainty. The theory of multilayers is usu-the gap for monochromatic waves: both phenomena are of
ally developed for reflecticii?®?”and it leads to a similar considerable interest for nonlinear and pulse propagation
property—namely, that the phase of the reflection ampIitud@f“fec'tS?""35
changes byr from the lower to the upper edge of a photonic ~ Figure 5 shows the results of theoretical calculations of
gap. The present experimental results are consistent with nthe same quantities shown in Fig. 4—namely, the phase
merical calculations of the phase in transmission to be dis¢/2mm=kd/27 (left) and the inverse of the group velocity
cussed below. clvg (right). The results form=c—i.e., for the infinite

In Fig. 4 we show the experimental results for the phaseystem—are also shown. All curves take into account the
delay and group velocity for all investigated samples withmaterial dispersion of the dielectric functions. As can be no-
number of periodsn=2,4,6,8. The left panels display the ticed by a comparison between Figs. 4 and 5, the calculated
phase¢/(27m)—i.e., after dividing by the number of peri- curves correspond quite well to the experimental data. The
ods: this quantity can be identified wiktd/27, wherek is ~ small differences in the detailed behavior of the group veloc-
the wave vector of the 1D periodic system in the extendedty oscillations may be traced to lateral inhomogeneities in
zone scheme. The measurements map the wave vector frofile sample, which are partially taken into account by intro-
the second to the fifth Brillouin zone: the boundaries of theducing a Gaussian broadening. The formation of the band
Brillouin zones are shown by dotted lines on the result fordispersion and of the photonic gaps, slowing down gt
the m=8 sample, which is the closest to the ideal periodicthe band edge, and superluminal propagation in the gaps are
system. Thus the results of the phase measurement represéfitreproduced. In particular, it is interesting to notice the fine
a determination of the band dispersion for the 1D photonideatures in the phase dispersion for the finite structures,
crystal?® in analogy with previous determinations in the mi- which correspond closely to th&v 4 oscillations. In fact the
crowave spectral regioti’ The identification of the phase phase change across a photonic mode equals both ex-
delay with the band dispersion for the infinite photonic crys-periment and calculations, as expected from general scatter-
tal becomes increasingly more precise for samples withing theory.
higher number of periods. Thanks to the large refractive in- It is interesting to discuss the electromagnetic properties
dex contrast between Si and S$iQhe sample wittm=8 is  of the finite multilayer structure and the evolution towards
already seen to reproduce the band dispersion of the periodibe limit of an infinite photonic crystal. The photonic bands
system shown in Fig.(b). The most critical feature to repro- of the periodic 1D system are discretized in a multilayer with
duce is the flattening of the 1D photonic bands at the ban#h periods due to the boundary conditions on the photonic
edges: this feature becomes more pronounced in the grolpoch modes. Between two successive band daps in a
velocity curves to be discussed below. range fi— 1)7<kd<ns with integer values of] there are

The right panels in Fig. 4 display the inverse of the groupexactlym—1 values of the Bloch vectdt, which are given
velocity in units of the speed of light, which is obtained as by kd=(n—1)7+j=#/m, j=1,... m—1. The correspond-

(6)

1.4
1.3
1.2

1.1

o (eV)

1.0

0.9

0.8
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FIG. 4. Experimental results for the phase delay27m = 1o0b i : R
=kd/27 (left) and inverse of the group velocityight) for samples g 0'8 [ Bzo / tezs] o ‘
with different numbers of periods. Boundaries of the Brillouin S -stf BZ4E 1 F
zones(BZ2—BZ5) are indicated by dotted lines for the sample with 0.6 /I | | T i
— 04 L L 2 " 1 1 1
m=8. 05 1.0 15 20 25 012 4 6 8
. . . c/v
ing Bloch-Floquet modes are clearly visible as sharp maxima kd/2n g

in th_e transmissio_n spectra of Figaland in thec/vg Curves FIG. 5. Theoretical results for the phagé2m=kd/2= (left)

of Figs. 4 qnd ,a“ght pangls;. The envelope O,f the closely and inverse of the group velocityight) for samples with different
spaced OSC'"at'On,S m ,the INverse group Ye'OF'ty gOes OVer i mpers of periods and for the ideal infinite photonic crystal (
the curve for the infinite system shown in Fig(rfight bot- =). The curves in the right panels fon=2,4,6,8 have been

tom panel. Finite-size oscillations are also present but lesgonyoluted with a Gaussian line shape with a full width at half
evident in the phase dispersion curves of Figs. 4 afl@®  maximum of 4 meV.

panel3, which evolve smoothly towards the photonic band
dispersion for the periodic system shown in Fig(léft bot-  density of optical modes in Ref. 36s always finite in a
tom panel. system of finite size and for the band-edge resonance it
A very important quantity is the maximum slowing down grows proportionally tan? for largem. In a real sample, the
of the group velocity that can be attained close to the bandnaximum slowing down at the band edge is limited not only
edge (which also leads to strongly enhanced nonlinearby the finite number of periods, but also by inhomogeneous
effect$339. The Bloch-Floguet mode lying closest to a bandbroadening caused by sample imperfections. In the present
edge, also called thikand-edge resonanclas the smallest experiments the broadening parameter is found to be of the
value ofvy/c among them—1 discretized modes. The be- order of 4 meV, which is taken into account in the calculated
havior of the group velocity as a function of the number ofc/vy curves of Fig. 5 by means of a Gaussian line shape
periods has been studied by means of detailed scatteringonvolution(this is the reason why the maximuciv ; does
theory calculations® The quantityc/v4 (which is called the  not increase in going frorm=6 to m=8 period$. The ef-
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fect of inhomogeneous broadening limits the slowing downgroup velocity dispersion of 1D photonic crystals in a wide
to c/vy~7 in the present experiments, as it appears from Figspectral range. The use of a fixed Mach-Zehnder interferom-
4, etry in combination with a scanning Michelson interferom-
Concerning the superluminal velocity in the band gap, theeter results in a very precise determination of the phase delay
results of Ref. 36 indicate thafv 4 at midgap is proportional through the sample. The high experimental accuracy allows
to m~* for largem. This behavior can be simply understood us to resolve the fine details of the phase behavior and of the
as follows. The variation of the phase delay across the phgahotonic band formation in the finite multilayers investi-
tonic gap equalsr for any number of periods, as is shown in gated.
Fig. 3 and reproduced by the theoretical results of Fig. 5. Results for Si/SiQ photonic crystals validate the behavior
Assuming the phase dispersion to be linear within the gagxpected from electromagnetic theory; in particular, it is
and using Eq(6) with D=md leads to the approximate for- shown experimentally that the change in transmission phase
mula across the photonic gap equatdor samples with a different

number of periods. The results for the phase dispersion show
vg_ dAag (7 the formation of photonic bands in the extended-zone
c  mc’ scheme with fine features associated with the presence of

photonic Bloch modes confined in the finite structure. The
group velocity displays wide variations as predicted by
) : ) theory, including peculiar features like strong slowing down
vy/c=0.27m, leading to a superluminal group velocity for ¢ yhe hand edge and superluminal behavior within the pho-
m=4, in agreement with the theoretical curves of Fig. S-tonic gap. These phenomena are observed in the near-
Experimentally, the group velocity is found to become superygared and visible spectral regions. The same method can

luminal for the samples witm=6 andm=8, the lack of o ghjied in principle to two- and three-dimensional photo-
superluminal behavior fom=4 being probably due to inho-  hic crystals, as well as to filter and microcavity structures.
mogeneous broadening effects within the gap which go be-

yond the simple Gaussian line shape model.

whereAwy is the gap width’’ For the present case with
=835 nm andAwy=0.2 eV for the third-order gap we get
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