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It is shown theoretically that the photonic density of stap®©S of three-dimensional semiconductor
photonic crystals can be dramatically changed on ultrafast time scales through two photon excitation of free
carriers. Calculations for GaAs inverse opals show that the photonic band gap exhibits a large shift in fre-
qguency and a change in width with an appropriate excitation pulse. At certain frequencies, the DOS can be
switched from a high value to zero, from zero to a high value, and from a high to zero to a high on 100-fs time
scales, independent of the relaxation time of the semiconductor. This technique allows for ultrafast control of
spontaneous emission and trapping of photons.
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There is a fast growing interest in photonic crystals; peri-means of controlling the properties of a 3D photonic crystal
odic composite materials with typical length scales thatin time. It is shown that with a careful choice of material,
match the wavelength of light.! The optical properties of pump frequency, pump intensity, and pulse width, this
photonic materials are determined by a spatially varying reswitching technique is optimal with respect to all four of the
fractive index, analogous to the periodic potential for ancriteria given above.
electron in a crystal. Large spatial variations of the refractive Itis important to note that photonic band-gap switching is
index cause a strong interaction between light and the condlistinct from the switching of Bragg diffraction and con-
posite structure. A major goal of the field is the realization ofcomitant stop gap$:*?At a given frequency in a stop gap,
three-dimensional3D) structures that possess a photonicpropagation is inhibited for a limited range of wave vectors,
band gag-3 At frequencies inside the band gap, the densitybut the corresponding change in DOS is usually sfall.
of states(DOS) vanishes. This should completely inhibit While switchable Bragg diffracting materials may produce
spontaneous emission of sources inside the photonic cfystagffects such as optical limiting and bistabilif;*” only
In the presence of weak controlled disorder, Anderson localswitching of 3D structures allows complete control over the
ization of light is also predictedlin this case, a photon may DOS.
be trapped at a point defect that serves as a cavity with a high To change the refractive index contrast, the solid back-
quality factor? bone of the photonic crystal is excited with a short optical

Here we investigate switching the DOS in photonic crys-pulse to create a free-carrier plasma via two photon absorp-
tals. In contrast with a number of recent proposdlsve  tion. For the purposes of calculation, the backbone is as-
show that extremely large changes in the DOS and ultrafastumed here to be crystalline GaAs in an fcc inverse opal
(100 fg time scales can be simultaneously achieved. Suchtructure, though free-carrier excitation is easily achieved in
control opens the door to a number of fundamental studiegny semiconductor materidl-2° Recent results suggest that
and applications. An excited atom with a transition frequencythe complex index of refraction of excited free carriers in a
in the band gap could suddenly experience a finite DOSsemiconductor agrees well with the Drude motfel Thus
allowing the emission of a photon. The ability to quickly the optical properties of the excited electrons are determined
open and close a gap may also allow photons to be encagéy the plasma frequenay,, and the electron and hole mo-
near defect cavities for a specified period of time. An ul-mentum relaxation timesre,,. The optimum excitation
trafast switchable photonic DOS is of fundamental interestnaximizes the change in’ in order to obtain the largest
and may be compared and contrasted with the switchablehange in the DOS, and minimizes the increasen’into
DOS in electronic systems. The ability to control emissionprevent photons from being absorbed. This is achieved at
and store light is also useful for applications involving lasersmoderate free-carrier densities with probe frequencies on the
and optical information processing. order ofw, . The effects of such an excitation are shown for

Experimentally, fast control over the optical properties inGaAs in Fig. 121*2 An optically excited carrier density of
the photonic crystal can be achieved by changing the comN=4.8x10" cm™3, i.e., w,=1.6X 10" Hz, gives a large
plex index of refraction 1f’ +-in”) of one or both of the change inn’ from 3.36 to 3.08 in the telecom band &t
constituent materials. Such a time-resolved control technique- 1500 nm(Fig. 1). Dramatic optically induced changes in
can be judged by at least four factof4) the magnitude of n’ on short-time scales were empirically demonstrated in
the induced relative change i, which determines the de- recent work on bulk GaA¥
gree to which a band gap is modifi€@) the degree to which Consider two possible experiment&t) Light sources
induced absorption is minimized, gaugedrdy (3) the time  such as excited atoms are embedded near the center of a
scale over which switching occurs, arid) the degree of photonic structure with a width of 20 lattice spacings, suf-
uniformity of the change in a 3D material. In this paper, ficiently thick to show a band gap near its cerfteEfficient
optical pumping of free carriers in semiconductor photonicsources with emission lines in the band gap will be frozen in
crystals via two photon absorption is presented as an idedheir excited state over time scales long compared with the
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FIG. 1. Drude model predictions far’ andn” for crystalline 0 Time/ps
GaAs before(solid) and after(dashed the free-carrier plasma is
excited. The excitation described here requires@l 1J pulse to FIG. 3. DOS per unit volume vs timgarger plot3 with incident
excite a (20 um)® region. optical excitation pulsegnarrower plots for the three frequencies

of interest marked by dashed lines in Fig.«2c=0.818(a), 0.873
lifetime in vacuum. After excitation of free carriers, the DOS (b), and 0.850(c). The pulse parameters are described in the text.
is increased from zero to large values, allowing emission of
photons to occukFig. 2). Because the absorption length is the DOS has been calculated for a nonabsorbing fcc close-
sufficiently long, light can escape from the photonic crystalpacked inverted opal with relevant refractive indices and is
to be detected(2) An air-filled defect is made inside a pho- shown in Fig. 4% The DOS has been calculated for each
tonic crystal. Light is sent into this cavity at frequencies forvalue of the index of refraction assuming an infinite photonic
which the DOS is finite. Then the DOS is switched to a lowcrystal. We find that changing the refractive index of the
value [Fig. 3(c)]. Photons localized in the cavity cannot GaAs backbone by excitatiof. Fig. 1) has two effects on
propagate through the bulk of the surrounding crystal anythe photonic DOS. The reduced index contrast between
more, and are trapped for a duration of the order of theGaAs and air results in a slight narrowing of the band gap.
absorption time of the semiconductor, or longer, considering he change in the effective index of refraction of the photo-
that the largest energy density will be inside the cavity rathenic crystal causes in essence a rescaling of the frequency axis
than the semiconductor. At this point, the DOS is switchedof the DOS. Indeed, rescaling the frequency axis by the
up and the photons are allowed to escape. square root of the volume averaged dielectric constant

For a quantitative prediction of the effects of excitation, roughly aligns the gross features of the curves. At three key

frequencies, marked with dotted lines in Fig. 2, the DOS as a

6F " T " function of the index of refractiop(n’) is linearly interpo-
3} m/\’\/\ m lated for 3.08n’'<3.36, the relevant range ab
ol . ] =1500 nm. The index of refraction as a function of time
% 0.0 05 710 fRee - .
o U — 4 : n’(t) is calculated assuming two photon absorption in the
T 6- @y (o} /‘1 . GaAs backbone due to the pump pulse. In this way, the DOS
5 7)0 i 2 , as a function of timep(n’(t)) is obtained under quasistatic
2 do \ D/EK : l &\ conditions for 200—300 fs excitation puls@sg. 3.
'§ Ll S it i X &j' Several switching effects can be expected at ultrafast time
5 sl b : 9 scales. Figure 3 curvéa) shows that at frequencies within
o o Yo% i Ij‘:l:|:| i P the band gap of the unexcited state, the DOS is dramatically
8 N bbi bt S |:FF increased for experimentally reasonable pulse energies of
AA o 1 ~0.1 wJ injected into a region of (2Qum)3. The peak in-
oL, A\AIW,AA? HEGeSatieeass tensities, fluences, and energies are below the damage thresh-
0.80 0.85 0.90 olds for bulk GaAs® The DOS is increased from nearly zero
w/c in units 2n/a to a value beyond the DOS of a corresponding homogeneous

dielectric, thereby maximizing the relative change. For ex-
cited atoms in the photonic crystal, such an event implies
frequency region of interest in the vicinity of the band gap iSthat the environment is suddenly switched from inhibiting

marked with a solid underscore. The frequency is given in units o§pontaneous emlssmn to enhancing it. The ,DOS, returns to
2mc/a wherea is the lattice parameter of the photonic crystal and "€&rly zero at times longer than the relaxation time of the
¢ the vacuum speed of light. Bottom: DOS in the region of the bandS€Miconductor. Figure 3 curve) shows that at frequencies
gap atn’ = 3.36 (triangles, 3.22(circles, and 3.08squares Upon above the band gap in the unexcited state, the DOS can be
excitation of the crystal, the refractive index contrast decreasesswitched from a high value ténearly zero. Consequently,
causing the band gap to shift to higher frequencies and to narro@mission by excited atoms inside the crystal becomes sud-
slightly. Three frequencies of interest are highlighted by dashedlenly inhibited. Figure 3 curvéc) shows the situation for a
lines, w/c=0.818(a), 0.873(b), and 0.850c). The DOS vs time at  frequency just above the unexcited-state band edge when
these frequencies are shown in Fig. 3. two excitation pulses separated by 1 ps impinge on the pho-

FIG. 2. Top: DOS per unit volume vs frequency for an fcc
inverted opal with a backbone refractive indeX of 3.36. The
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tonic crystal. The first excitation pulse switches the DOS=20 um while the energy per pulse, set by the pulse width
from a high to near zero value. The second excitation puls@t, determines the maximum excited free-carrier density. As-
switches the DOS back up to a high value. In this way, asuming a Gaussian pulse profile and a maximum carrier den-
photonic band gap can be opened and closed within a picGsity of N=4.8x 10" c¢cm 2, the pulse parameters alBeak
time of the backbone. o S can be reduced by lowering the pulse energy since each pulse
The effects of absorption, extinction, and finite size can b&ycites half of the total free carriefig. 3. The parameters
treated as perturbations to our calculati6hdhe excited here have been chosen with the goal of minimizidor the
fr,?ef car_riers induce absorpti_on as gauged by the incre,ase tﬂven penetration depth. A larger penetration depth and thus
n m,, F'%J;ll- F(?,r af m(,)(,jf V\."th complex fr(_—:tque_noy:w more spatially uniform excitation can be achieved by in-
Flo’o" “=(n"/n")w gives the damping fime. Here creasingét and decreasing at constant pulse ener
n’/n"=1340 sincen”=0.0023 atA=1500 nm?? In bulk 9 peak P nergy.
The pump beam must also be chosen such that its center

GaAs, w" 1=1.1 ps corresponding to a distance of O'lofre ency is sufficiently far from photonic band gaps to al-
mm or ~80 lattice spacings for the photonic crystals de- quency 1S sutliciently P ! gap

scribed here. The damping time bulk GaAs will be the low for pen_etrgtion into the material. The uniformity an.d size
minimumpossible damping time for a mode in the photonic©f the excitation can be further enhanced by pumping the
crystal since any given mode will be distributed over bothCryStal from several sides simultaneously, see, e.g., Ref. 35.
the GaAs and air in the crystal. The absorption length of a The induced changen’/n’ compares favorably with
given mode in a photonic crystal is given hy=v4/o" (_)ther techniques such asll|qU|d-cryst.aI reorientation and non-
whereu, is the group velocity® Extinction due to random linear effects. The ordering and alignment of birefringent
scattering can also be described throumjhand experimen- materials such as liquid crystals, ferroelectric, or ferromag-
tally is found to be~3 orders of magnitude smaller than netic materials can be controlled by temperature or electric
in inverse opalé’ The increase of the DOS in the gap due toand magnetic fields to tune band gaps, as proposed
absorption and extinction can be approximated from the retheoretically’® Several groups have recently tuned photonic
lation p(w)=A(w"/w.)/ o' lw, wherew, is the frequency Bragg conditions thermalf? and with electric fields! With

at the edge of the gap amdis a geometrical factor of order liquid crystals, large refractive index variations up to
unity.?® Inserting the bulk GaAs value fas” gives the upper én’/n’~0.1 are feasible, but typical time scales are limited
boundp~0.01p,.cuuminside the band gap. Recent work on to the millisecond to microsecond range. Nonlinear optical
the effects of finite size suggest that even 5 unit-cell spacinggechniques incorporating the optical Kerr effect can produce
into the photonic crystap(w) <10 3p,acuum (Ref. 23 and  changes in the index of refraction at ultrafast time scales.
cavities can have @ of better than 10 (Ref. 28 inside the  However, the achievable changerifis at least an order of
band gap. Thus absorption, extinction, and finite size promagnitude less than that achieved via free-carrier absorption.
duce small effects compared to those induced by the largRevertheless, optical Kerr switching may prove to be

change inn’. o . complementary to free-carrier excitation for ultrafast switch-
The rise time of the switching will be ultrafast since elec- jhg stydies.

trons are excited on a femtosecond time sééité? The du-

. fthe low ind f itation ie d ined b The quasistatic approach followed here gives a first de-
ration of the low index state after excitation is determine Yscription of the dramatic changes expected in the DOS or
the relaxation time of the carriers, which depends on th

) . . ocal DOS. The actual experimental situation is expected to
degree of disorder in the semiconductor and the nature of thlge richer. For instance, an important time scale is given by

semiconductor band gap. Relaxation times range from 10 PRei .
. . . .~ "the inverse of the frequency widthf of the band gap. Here,
in amorphous S{Ref. 10 to ns in GaAs to microseconds in 1/(AT)=160 fs, which is less than the pump pulse duration,

crystalline Si and G&*?° The free-carrier relaxation time S AN
here is assumed to be much longer than the 3-ps time scale fffNce the quasistatic approximation is expected to capture

Fig. 3. We expect that relaxation times are relatively short i€ €ssential physics of switched local DOS, while much
structured materials such as photonic crystals. An advantagd'©"ter pump pulses would give rise to new effects. Another
of short relaxation times is that the whole switching procesdnteresting issue is the relevant time scales for the frequency
can be repeated quickly. of a photon in a defect cavity to adjust to the shifting band
To uniformly excite free carriers, light must penetrate agap and to what extent similar considerations apply to ex-
substantial distance into the photonic crystal before beingited atomic resonances near a gap. These time scales may
absorbed. Such long penetration depths can be achieved bgpend on the size of the defect and the spacing of defect
using two photon absorptiof. In the absence of other mode frequencies. Future finite difference time-domain
processed? the penetration depth for a bulk material is given calculations® perhaps including the carrier dynamics, could
by dpyik=1/(Blpead Where B8 is the nonlinear absorption help to resolve such questions in detail.
coefficient and ¢, is the peak intensity of the pump beam. It is interesting to briefly compare the physics of modify-
At a pump wavelength ok =1.06 um, =26 cm/GW for ing an electronic DOS to switching the photonic DOS. In
GaAs>33* The penetration depth for the structured materialelectronic systems, the DOS is usually tuned by an external
d,c can be estimated at 4 times larger thardy, since  potential. This potential breaks the translational symmetry of
GaAs makes up at most 26% of the volume fraction. Withthe electron cloud and raises the energy by a constant value.
these parametersl,.,c may be chosen such thal,. In order to calculate the physical effects, the Fermi level of
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the electronic system must also be considered. In contragipnic crystals, hence a switchable photonic DOS may be pos-
the switching of the photonic DOS described here involves &ible in the near future.

uniform change in the index of refraction with no change in _ )
the lattice symmetry. To first order this rescales the photon We thank Henry van Driel, Peter Nemec, and Eli
energy axigFig. 2. Furthermore, since photons are bosons,Yablonovitch for discussions, and Ad Lagendijk for general
occupation of levels need not be considered. Since the déupport. This work is part of the research program of the
gree of uniformity of the excitation may be controlled by “Stichting voor Fundamenteel Onderzoek der Materie
tuning the pump intensity, other effects such as photoni¢dFOM)” which was financially supported by the “Neder-
Bloch oscillations might be observable. Efforts are currentlylandse Organisatie voor Wetenschappelijik Onderzoek
underway in our group to fabricate 3D semiconductor pho{NWO).”
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