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Active photonic crystals based on surface acoustic waves
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An active photonic crystalPC) based on the modulation of a one-dimensional cavity resonator by
electrically-generated surface acoustic waves is described. The high nonthermal population of
surface modes combined with the enhanced Brillouin scattering in the cavity increases the intensity
of the scattered light to values comparable to the excitation intensity. This process is employed to
switch and modulate light beams in PCs. 2003 American Institute of Physics.
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Great attention has been directed towards active photdengths away from electronic transitions, which will be the
nic crystal (PO structures, which are able to dynamically case discussed here, the elasto-optic contributiog, nor-
control the light wavelength, polarization, or propagation di-mally dominates over the electro-optic one. The second
rection using an external stimulus. These structures are tecilmechanism results from the modulation of the cavity thick-
nologically important for the realization of tunable optical nessd, by the vertical strain component,= du,/dz of the
filters, modulators, and switches. Recently, some degree @AW displacement field (cf. Fig. 1). The third is associated
tunability has been achieved by infiltrating a photonic crystalwith the modulation of the interface profiles by the SAW
containing air holes with a liquid crystal and exploring the displacement field, thus creating a structural grating for the
strong dependence of the dielectric properties of the liquidncident light.
crystal on temperature and electric fietd. The optical resonators were designed to operate at optic

In this letter, we propose and demonstrate a concept fosnd acoustic wavelengths of 960 ,< 1000 nm andh gay
active one-dimensional PCs based on the acoustic modula-5.6 ,m, respectively. In the design, one has to take into
tion of a photonic resonator, which consists ok/ optical  account the depth dependence of the SAW strain field. Nu-
cavity (C) surrounded by Bragg mirrors (BMand BMy)  merical calculations of this field in GaAs/AlAs BMs and of
illustrated in Flg 15 The resonance condition is achieved the resumng e|asto_optic Contributiaﬁneo for ||ght po]ar-
when the vertical component of the light wave vedtoris  jzed alongy yield a maximum modulation amplitude of
equal tok.=4mn./d., whered. andn. denote the thickness An./(neP;) =3.9% 10 5yWTm for A¢=1000 nm and
and the _refractive index of the cavity layer, respectively. Fordepths between 0.25,,y and 0.4%.,y. In this expression,
normal incidence, the resonance wavelength becOMEs p genotes the acoustic power flux per unit length along the
=2m/k;. The modulation by lattice vibration has been pre-gaw peam cross section. An important feature of the acous-
viously proposed as a way to achieve active wavelength tunge modulation resides in the fact that the modulation of the
ab|I|t6y7as well as the control of light propagation direction in iy nesses and of the interface profiles can be substantially
PCs™" In the present approach, however, the electromagyyger than the elasto-optic one. Indeed, approximately two-
netic fields become strongly concentrated in the cavity rthirds of the maximumn, /n, is accounted for by the strain

gion at the resonance frequency, 'whic'h significantly in'contributionuzz, thus demonstrating its dominating role. The
creases the scattering of light by lattice vibrations. In fact, g

) . h ¢ th ion for R lc#e]sonators were grown on a GaAB0l1) substrate using
gigantic enhancement of the cross section for Raman angl, ecjar-heam epitaxy. The cavity depth was selected so as
Brillouin scattering in planar cavities have been repoftd.

Here, we demonstrate the dynamic control of light propaga-

tion by Rayleigh surface acoustic wavé3AWS) generated [001]

by interdigital transducer$IDTs) deposited on top of the light R 2z 110
layer stackicf. Fig. 1). The strong acoustic and optical fields \ f V' [110]
in the cavity region enhances the intensity of the Brillouin rf \\ (4] /| X ?10
scattered light to values comparable to the one of the excit- DT v, [110]
ing beam. Finally, we show that the SAW-driven resonator % :’ j ) .BM,
acts as a compact Bragg cell with a thickness of less than 5 r SAW —C
pm, which can be configured to operate as a switch, a fre- q
guency shifter, or a modulator. BIV|1

The optical modulation by the SAW is mediated by three GaAs
mechanisms. The first comprises the conventional elasto- and
electro-optical modifications of the refractive index by thefrig. 1. optical resonator driven by SAWSs, consisting of an optical cavity

SAW strain and piezoelectric fields, respectively. For wave{C) placed between Bragg mirrors (BMind BM,). The SAWs are gener-
ated by an IDT. The optical experiments are performed by measuring the
reflectivity R. 6 and ¢ denote the polar and the azimuthal angles of inci-
3Electronic mail: mmlimajr@pdi-berlin.de dence, respectively.
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wavelength (nm) FIG. 3. Time-resolved reflectivity at the wavelengkth ;=986 nm, re-

corded under a SAW witl?,= 150 W/m using a 58 objective O to focus
FIG. 2. (a) Reflectivity R, and (b) reflectivity changeAR, induced by a  the light onto a¢y=2.6 um <Asaw/2 spot(inse?.
SAW with P;=300 W/m, recorded in the resonator in the geometry indi-
cated in the inset. andD denote the light source and detector, respectively, ] =
andR, (m=0,+1,...) themy, diffraction order. Nc- As a result, the time-averaged probabilgg\) of hav-

ing the resonance at a particular wavelengttbecomes

o . . p(\)=1[ 71— x?], where |x|=|(A=A/(AN)|<1. In
to maximizeAnc/n. . The lower Bragg mirror BM s com- this approximation, the reflectivity change becomes

posed of 15 periqu, gach cqntaining/a AlAs anq an/4 ARy(N)=[p(\)®Ro(A\)—Ry(\)], where @ denotes the
GaAs layer. The first five periods of the upper mirror BM qnyojution operator. The largest reflectivity reduction is
are identical to those in BM in the remaining five periods, s expected close to the wavelengthg=\.* A\, at the
which are located adjacent to the cavity, the thickness of thganks of the resonance curve. In contrast, the reflectivity at

GaAs layers was increased ta/8. While the larger GaAs  he resonance wavelength increases, since the modulation
thickness does not affect the optical properties, it reduces thgstunes the cavity during both SAW half cycles.

effective acoustic velocity near the surface and helps to con-  The dotted line in Fig. @) reproducesAR, as calcu-
centrate the SAW fields in this region. lated using the transfer matrix approach outlined in Ref. 7,

SAWSs propagating along thgl10] surface direction \yhich relates the amplitudes of the light field at the frequen-
were generated by aluminum split-finger IDTs deposited Ofpjes w + mwgay and wave vectork+ mksyy, in €ach layer to
top of the layer stack. The IDTs were excited by continuoughose in the neighboring layers. The results shown in Fig.
rf power levels of up to 25 dB provided by a rf generator. p(p) neglect modes wittm=3. The calculations reproduce
The fraction of the applied electrical power converted into &easonably well the spectral shape ®R,, but underesti-
SAW mode by the IDT, however, is only 32% as determinedmate the modulation amplitude. The main reason for this
using a network analyzer. The incident light was polarizeddiscordance is the fact that the calculations neglect the
perpendicularly to the SAW propagation direction and, un-modulation of the interface profiles by the SAW fields and do
less otherwise specified, focused onto a spot with diamet&iot take into account the finite size of the illumination spot
$4=40 um on the sample surface using an objective with( ¢ ~7\gs,) in the experiments, which partially relaxes
small numerical aperturef(0.055), in order to ensure a nar- wave vector conservation.
row distribution of the angles of incidence. The absolute re- Focusing the light to a spot with dimensions smaller than
flectivity of the Bragg mirrors was found to be comparablehalf of the SAW wavelength, as indicated in the inset of Fig.
(within =2%) to that of a silver mirror with nominal reflec- 3 allows us to access the time-dependent character of the
tivity of 98%. We assume, therefore, the reflectivity of the SAW modulation. The reflectivitycircles in Fig. 3 is modu-
resonator to be unity away from the resonance wavelengthjated at the SAW frequency of 537 MHz with a ratid?/ Ry,

The reflectivity R, of the resonator under normal inci- between the peak amplitude and the average value of 15%.
dence is displayed by the solid line in FigaR The calcu- The wavelength dependence SR/Ry. is displayed by the
lated reflectivity(dotted ling reproduces well the measured circles in Fig. 4. As in Fig. 2, the modulation amplitude is
quality factorQ of approximately 80@the calculated wave- maximal at the flank wavelengths_; and\ _; and becomes
lengths were slightly scaled to match the measwgd The  very small at the cavity resonance wavelength The phase
change in the normal reflectivith R, induced by a SAW  of the oscillationgsquaresat the two sides of the resonance
with P;=300 W/m is shown in Fig. ®). BothRy andAR, s shifted by 180° with respect to each other, since the cavity
were measured on the same spot using a modulation techesonance approaches these wavelengths at opposite SAW
nique in order to correct for variations in sample temperatureycles.
due to the rf excitation, which may cause shifts in the reso-  If the resonator is illuminated under a small angle of
nance frequencyARq is nonzero only within the small range incidence 6 satisfying tamd=\./(2\gay COS¢®), the wave
of wavelengths around the cavity resonance. Its spectralector conservation for Bragg diffraction is ensured with the
shape can be qualitatively understood by taking into accourfirst-order diffraction beantindicated byk; in the inset of
that the SAW modulation shifts the resonance wavelengtlirig. 5 propagating in the opposite direction as the incident

sinusoidally with an amplitudé&\ . around the center value beam. The curve in Fig. 5 displays the intensity of the first
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FIG. 4. Spectral dependence of the amplituliB and phase of the ac
reflectivity at the SAW frequency measured in the configuration of Fig. 3. Wavelength (nm)
Ry denotes the average reflectivity.
FIG. 5. Intensity of the first diffraction ordeR;) for an angle of incidence

. . . . . L 0~5° (¢=0). The right inset displays the measurement setgmand k;
diffraction orderR; recorded in this configuration in a reso- genote the wave vectors of the zero- and first-order diffracted béaonso

nator with A\;=919 nm andQ= 1300, which reaches ap- scalg. ksay is the SAW wave vector. The left inset displays optical micro-

proximately 40% of the intensity of the incident beam for agfzphs(?f the San'ﬁ fecordf]d Witk:‘ the(g P?]W(ejf DSWithCthfl?@ef pat
; _ , ing theR; beam(bright doy. The light areas are
SAW with P,=420 W/m. and ontlower parj, snowing tner,

. . . . the metallic pads of the IDT. The arrow indicates the propagation direction
The configuration of Fig. 5 turns the resonator into agf the SAW beam.

versatile and compact Bragg cell, which can be operated as a
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