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Ultrafast switching of photonic density of states in photonic crystals

Patrick M. Johnson, A. Femius Koenderink,* and Willem. L. Vos*
Van der Waals-Zeeman Instituut, Universiteit van Amsterdam, 1018 XE Amsterdam, The Netherlands

~Received 29 November 2001; published 14 August 2002!

It is shown theoretically that the photonic density of states~DOS! 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-
quency 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; pe
odic composite materials with typical length scales t
match the wavelengthl of light.1 The optical properties o
photonic materials are determined by a spatially varying
fractive index, analogous to the periodic potential for
electron in a crystal. Large spatial variations of the refract
index cause a strong interaction between light and the c
posite structure. A major goal of the field is the realization
three-dimensional~3D! structures that possess a photon
band gap.2,3 At frequencies inside the band gap, the dens
of states~DOS! vanishes. This should completely inhib
spontaneous emission of sources inside the photonic crys2

In the presence of weak controlled disorder, Anderson lo
ization of light is also predicted.3 In this case, a photon ma
be trapped at a point defect that serves as a cavity with a
quality factor.4

Here we investigate switching the DOS in photonic cry
tals. In contrast with a number of recent proposals5–7 we
show that extremely large changes in the DOS and ultra
~100 fs! time scales can be simultaneously achieved. S
control opens the door to a number of fundamental stud
and applications. An excited atom with a transition frequen
in the band gap could suddenly experience a finite DO
allowing the emission of a photon. The ability to quick
open and close a gap may also allow photons to be enc
near defect cavities for a specified period of time. An
trafast switchable photonic DOS is of fundamental inter
and may be compared and contrasted with the switch
DOS in electronic systems. The ability to control emissi
and store light is also useful for applications involving las
and optical information processing.

Experimentally, fast control over the optical properties
the photonic crystal can be achieved by changing the c
plex index of refraction (n81 in9) of one or both of the
constituent materials. Such a time-resolved control techni
can be judged by at least four factors:~1! the magnitude of
the induced relative change inn8, which determines the de
gree to which a band gap is modified,~2! the degree to which
induced absorption is minimized, gauged byn9, ~3! the time
scale over which switching occurs, and~4! the degree of
uniformity of the change in a 3D material. In this pap
optical pumping of free carriers in semiconductor photo
crystals via two photon absorption is presented as an i
0163-1829/2002/66~8!/081102~4!/$20.00 66 0811
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means of controlling the properties of a 3D photonic crys
in time. It is shown that with a careful choice of materia
pump frequency, pump intensity, and pulse width, th
switching technique is optimal with respect to all four of th
criteria given above.

It is important to note that photonic band-gap switching
distinct from the switching of Bragg diffraction and con
comitant stop gaps.8–12 At a given frequency in a stop gap
propagation is inhibited for a limited range of wave vecto
but the corresponding change in DOS is usually sma13

While switchable Bragg diffracting materials may produ
effects such as optical limiting and bistability,14–17 only
switching of 3D structures allows complete control over t
DOS.

To change the refractive index contrast, the solid ba
bone of the photonic crystal is excited with a short optic
pulse to create a free-carrier plasma via two photon abs
tion. For the purposes of calculation, the backbone is
sumed here to be crystalline GaAs in an fcc inverse o
structure, though free-carrier excitation is easily achieved
any semiconductor material.18–20 Recent results suggest th
the complex index of refraction of excited free carriers in
semiconductor agrees well with the Drude model.18,20 Thus
the optical properties of the excited electrons are determi
by the plasma frequencyvp , and the electron and hole mo
mentum relaxation timeste,h . The optimum excitation
maximizes the change inn8 in order to obtain the larges
change in the DOS, and minimizes the increase inn9 to
prevent photons from being absorbed. This is achieved
moderate free-carrier densities with probe frequencies on
order ofvp . The effects of such an excitation are shown f
GaAs in Fig. 1.21,22 An optically excited carrier density o
N54.831019 cm23, i.e., vp51.631015 Hz, gives a large
change inn8 from 3.36 to 3.08 in the telecom band atl
51500 nm~Fig. 1!. Dramatic optically induced changes i
n8 on short-time scales were empirically demonstrated
recent work on bulk GaAs.19

Consider two possible experiments:~1! Light sources
such as excited atoms are embedded near the center
photonic structure with a width of;20 lattice spacings, suf
ficiently thick to show a band gap near its center.23 Efficient
sources with emission lines in the band gap will be frozen
their excited state over time scales long compared with
©2002 The American Physical Society02-1
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lifetime in vacuum. After excitation of free carriers, the DO
is increased from zero to large values, allowing emission
photons to occur~Fig. 2!. Because the absorption length
sufficiently long, light can escape from the photonic crys
to be detected.~2! An air-filled defect is made inside a pho
tonic crystal. Light is sent into this cavity at frequencies f
which the DOS is finite. Then the DOS is switched to a lo
value @Fig. 3~c!#. Photons localized in the cavity cann
propagate through the bulk of the surrounding crystal a
more, and are trapped for a duration of the order of
absorption time of the semiconductor, or longer, consider
that the largest energy density will be inside the cavity rat
than the semiconductor. At this point, the DOS is switch
up and the photons are allowed to escape.

For a quantitative prediction of the effects of excitatio

FIG. 1. Drude model predictions forn8 and n9 for crystalline
GaAs before~solid! and after~dashed! the free-carrier plasma is
excited. The excitation described here requires a;0.1 mJ pulse to
excite a (20mm)3 region.

FIG. 2. Top: DOS per unit volume vs frequency for an f
inverted opal with a backbone refractive indexn8 of 3.36. The
frequency region of interest in the vicinity of the band gap
marked with a solid underscore. The frequency is given in units
2pc/a wherea is the lattice parameter of the photonic crystal a
c the vacuum speed of light. Bottom: DOS in the region of the ba
gap atn853.36~triangles!, 3.22~circles!, and 3.08~squares!. Upon
excitation of the crystal, the refractive index contrast decrea
causing the band gap to shift to higher frequencies and to na
slightly. Three frequencies of interest are highlighted by das
lines,v/c50.818~a!, 0.873~b!, and 0.850~c!. The DOS vs time at
these frequencies are shown in Fig. 3.
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the DOS has been calculated for a nonabsorbing fcc clo
packed inverted opal with relevant refractive indices and
shown in Fig. 2.24,25 The DOS has been calculated for ea
value of the index of refraction assuming an infinite photo
crystal. We find that changing the refractive index of t
GaAs backbone by excitation~cf. Fig. 1! has two effects on
the photonic DOS. The reduced index contrast betw
GaAs and air results in a slight narrowing of the band g
The change in the effective index of refraction of the pho
nic crystal causes in essence a rescaling of the frequency
of the DOS. Indeed, rescaling the frequency axis by
square root of the volume averaged dielectric const
roughly aligns the gross features of the curves. At three
frequencies, marked with dotted lines in Fig. 2, the DOS a
function of the index of refractionr(n8) is linearly interpo-
lated for 3.08<n8<3.36, the relevant range atl
51500 nm. The index of refraction as a function of tim
n8(t) is calculated assuming two photon absorption in
GaAs backbone due to the pump pulse. In this way, the D
as a function of timer(n8(t)) is obtained under quasistati
conditions for 200–300 fs excitation pulses~Fig. 3!.

Several switching effects can be expected at ultrafast t
scales. Figure 3 curve~a! shows that at frequencies withi
the band gap of the unexcited state, the DOS is dramatic
increased for experimentally reasonable pulse energie
;0.1 mJ injected into a region of (20mm)3. The peak in-
tensities, fluences, and energies are below the damage th
olds for bulk GaAs.19 The DOS is increased from nearly ze
to a value beyond the DOS of a corresponding homogene
dielectric, thereby maximizing the relative change. For e
cited atoms in the photonic crystal, such an event imp
that the environment is suddenly switched from inhibiti
spontaneous emission to enhancing it. The DOS return
nearly zero at times longer than the relaxation time of
semiconductor. Figure 3 curve~b! shows that at frequencie
above the band gap in the unexcited state, the DOS ca
switched from a high value to~nearly! zero. Consequently
emission by excited atoms inside the crystal becomes s
denly inhibited. Figure 3 curve~c! shows the situation for a
frequency just above the unexcited-state band edge w
two excitation pulses separated by 1 ps impinge on the p

f

d

s,
w
d

FIG. 3. DOS per unit volume vs time~larger plots! with incident
optical excitation pulses~narrower plots! for the three frequencies
of interest marked by dashed lines in Fig. 2:v/c50.818~a!, 0.873
~b!, and 0.850~c!. The pulse parameters are described in the te
2-2
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tonic crystal. The first excitation pulse switches the DO
from a high to near zero value. The second excitation pu
switches the DOS back up to a high value. In this way
photonic band gap can be opened and closed within a p
second, i.e., at a rate that isindependentof the relaxation
time of the backbone.

The effects of absorption, extinction, and finite size can
treated as perturbations to our calculations.26 The excited
free carriers induce absorption as gauged by the increas
n9 in Fig. 1. For a mode with complex frequencyv5v8
1 iv9,v9215(n9/n8)v821 gives the damping time. Her
n8/n951340 sincen950.0023 atl51500 nm.22 In bulk
GaAs, v92151.1 ps corresponding to a distance of 0.
mm or ;80 lattice spacings for the photonic crystals d
scribed here. The damping time inbulk GaAs will be the
minimumpossible damping time for a mode in the photon
crystal since any given mode will be distributed over bo
the GaAs and air in the crystal. The absorption length o
given mode in a photonic crystal is given byLa5vg /v9
wherevg is the group velocity.26 Extinction due to random
scattering can also be described throughn9 and experimen-
tally is found to be;3 orders of magnitude smaller thann8
in inverse opals.27 The increase of the DOS in the gap due
absorption and extinction can be approximated from the
lation r(v)5A(v9/vc)/Av8/vc wherevc is the frequency
at the edge of the gap andA is a geometrical factor of orde
unity.26 Inserting the bulk GaAs value forv9 gives the upper
boundr;0.01rvacuum inside the band gap. Recent work o
the effects of finite size suggest that even 5 unit-cell spac
into the photonic crystalr(v),1023rvacuum ~Ref. 23! and
cavities can have aQ of better than 104 ~Ref. 28! inside the
band gap. Thus absorption, extinction, and finite size p
duce small effects compared to those induced by the la
change inn8.

The rise time of the switching will be ultrafast since ele
trons are excited on a femtosecond time scale.18–20 The du-
ration of the low index state after excitation is determined
the relaxation time of the carriers, which depends on
degree of disorder in the semiconductor and the nature o
semiconductor band gap. Relaxation times range from 1
in amorphous Si~Ref. 10! to ns in GaAs to microseconds i
crystalline Si and Ge.18,20 The free-carrier relaxation time
here is assumed to be much longer than the 3-ps time sca
Fig. 3. We expect that relaxation times are relatively shor
structured materials such as photonic crystals. An advan
of short relaxation times is that the whole switching proc
can be repeated quickly.

To uniformly excite free carriers, light must penetrate
substantial distance into the photonic crystal before be
absorbed. Such long penetration depths can be achieve
using two photon absorption.10 In the absence of othe
processes,32 the penetration depth for a bulk material is giv
by dbulk51/(bI peak) where b is the nonlinear absorption
coefficient andI peak is the peak intensity of the pump beam
At a pump wavelength ofl51.06 mm, b526 cm/GW for
GaAs.33,34 The penetration depth for the structured mate
dpc can be estimated at;4 times larger thandbulk since
GaAs makes up at most 26% of the volume fraction. W
these parameters,I peak may be chosen such thatdpc
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520 mm while the energy per pulse, set by the pulse wid
dt, determines the maximum excited free-carrier density.
suming a Gaussian pulse profile and a maximum carrier d
sity of N54.831019 cm23, the pulse parameters areI peak

580 GW/cm2 and dt5330 fs. For the two pulse case,dt
can be reduced by lowering the pulse energy since each p
excites half of the total free carriers~Fig. 3!. The parameters
here have been chosen with the goal of minimizingdt for the
given penetration depth. A larger penetration depth and t
more spatially uniform excitation can be achieved by
creasingdt and decreasingI peak at constant pulse energy
The pump beam must also be chosen such that its ce
frequency is sufficiently far from photonic band gaps to
low for penetration into the material. The uniformity and si
of the excitation can be further enhanced by pumping
crystal from several sides simultaneously, see, e.g., Ref.

The induced changedn8/n8 compares favorably with
other techniques such as liquid-crystal reorientation and n
linear effects. The ordering and alignment of birefringe
materials such as liquid crystals, ferroelectric, or ferrom
netic materials can be controlled by temperature or elec
and magnetic fields to tune band gaps, as propo
theoretically.5,6 Several groups have recently tuned photo
Bragg conditions thermally8,9 and with electric fields.11 With
liquid crystals, large refractive index variations up
dn8/n8'0.1 are feasible, but typical time scales are limit
to the millisecond to microsecond range. Nonlinear opti
techniques incorporating the optical Kerr effect can produ
changes in the index of refraction at ultrafast time sca
However, the achievable change inn8 is at least an order o
magnitude less than that achieved via free-carrier absorp
Nevertheless, optical Kerr switching may prove to
complementary to free-carrier excitation for ultrafast switc
ing studies.

The quasistatic approach followed here gives a first
scription of the dramatic changes expected in the DOS
local DOS. The actual experimental situation is expected
be richer. For instance, an important time scale is given
the inverse of the frequency widthD f of the band gap. Here
1/(D f )5160 fs, which is less than the pump pulse duratio
hence the quasistatic approximation is expected to cap
the essential physics of switched local DOS, while mu
shorter pump pulses would give rise to new effects. Anot
interesting issue is the relevant time scales for the freque
of a photon in a defect cavity to adjust to the shifting ba
gap and to what extent similar considerations apply to
cited atomic resonances near a gap. These time scales
depend on the size of the defect and the spacing of de
mode frequencies. Future finite difference time-dom
calculations,28 perhaps including the carrier dynamics, cou
help to resolve such questions in detail.

It is interesting to briefly compare the physics of modif
ing an electronic DOS to switching the photonic DOS.
electronic systems, the DOS is usually tuned by an exte
potential. This potential breaks the translational symmetry
the electron cloud and raises the energy by a constant va
In order to calculate the physical effects, the Fermi level
2-3
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the electronic system must also be considered. In cont
the switching of the photonic DOS described here involve
uniform change in the index of refraction with no change
the lattice symmetry. To first order this rescales the pho
energy axis~Fig. 2!. Furthermore, since photons are boso
occupation of levels need not be considered. Since the
gree of uniformity of the excitation may be controlled b
tuning the pump intensity, other effects such as photo
Bloch oscillations might be observable. Efforts are curren
underway in our group to fabricate 3D semiconductor ph
h
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tonic crystals, hence a switchable photonic DOS may be p
sible in the near future.
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3152~1990!; H.S. Sözüer, J.W. Haus, and R. Inguva, Phys. Re
B 45, 13 962~1992!.

30K. Busch and S. John, Phys. Rev. E58, 3896~1998!.
31H.J. Monkhorst and J.D. Pack, Phys. Rev. B13, 5188~1976!; G.

Gilat, J. Comput. Phys.10, 432 ~1972!.
32The reduction of the penetration depth due to other absorpt

processes such as free-carrier absorption should be small a
intensities and free-carrier densities given. This is shown emp
cally, for example, from the free-carrier cross sections given
Ref. 33.

33G.C. Valley, T.F. Boggess, J. Dubard, and A.L. Smirl, J. App
Phys.66, 2407~1989!.

34A.A. Said, M. Sheik-Bahae, D.J. Hagan, T.H. Wei, J. Wang,
Young, and E.W. Van Stryland, J. Opt. Soc. Am. B9, 405
~1992!.

35D.S. Wiersma and A. Lagendijk, Phys. Rev. E54, 4256~1996!.
2-4


