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We present the first experimental investigation of ultrafast optical switching in a three-dimensional
photonic crystal made of a Si-opal composite. Ultrafast (30 fs) changes in reflectivity around the
photonic stop band up to 1% were measured for moderate pump power (70 wJ/cm?). Short-lived
photoexcited carriers in silicon induce changes in the dielectric constant of Si and diminish the
constructive interference inside the photonic crystal. The results are analyzed within a model based on a

two-band mixing formalism.
DOI: 10.1103/PhysRevLett.91.213903

Three-dimensional (3D) photonic crystals are mate-
rials with a periodically modulated index of refraction on
the scale of the wavelength of light, and can be used to
realize a complete photonic band gap and as a basis for
new photonic devices [1-4]. This leads to an interest in
the ultrafast, nonlinear optical properties of such mate-
rials. As has been predicted recently [5,6], the 3D pho-
tonic crystal must be switchable on a femtosecond time
scale by hot carriers generated in a semiconductor.
Recently, ultrafast switching has been realized in 1D
[7] and 2D [8] Si-based photonic crystals. Experimental
switching in 3D photonic crystals was studied on the
nanosecond time scale [9,10].

Here, we present the first experimental results of fem-
tosecond pump-probe experiments in a 3D photonic crys-
tal in the region of the photonic stop band (PSB). To
demonstrate the ultrafast optical switching we chose
Si-embedded opals: opals are known to be the model
objects in studying PSB effects [11,12], and silicon is
very suitable for a dynamic experiment, because of its
weak but noticeable absorption in the near-infrared re-
gion, its high index of refraction, and its short carrier
lifetime. Moreover, Si-opal structures can be integrated
in optical circuits [2].

Our sample is composed of close-packed 230-nm di-
ameter SiO, spheres forming an ordered fcc polydomain
opalescent matrix. The filling factor of silicon in opal
voids was close to 100%. The first-order PSB of the
sample is localized around 800 nm. The scanning elec-
tron microscopy [13] studies showed that the size of a
single domain ranges from 30 to 100 wm. The sample
was cut out in a 0.5-mm thick plate, with the surface (area
of 10 mm?) almost parallel to the (111) surface. Further
details of growth and optical properties of the sample can
be found in Ref. [13]. The stationary reflectance spectra
were measured with a halogen lamp, a spectrometer, and
a charge-coupled device. The collimated 2-mm diameter
beam from the lamp was sent along the same optical path
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as a probe laser beam (Fig. 1). The difference in the propa-
gation direction of the Bragg-diffracted beam and the
specular beam allowed us to distinguish the effects from
the 3D opal structure and the ordinary surface reflection
of the sample. In the first configuration the specular beam
was blocked, and only the Bragg-diffracted light was
collected over a solid angle of 3.5 X 10~ 2. In the second
configuration a diaphragm of 2-mm diameter selected the
specular beam and suppressed the Bragg light. Because of
structural defects in the opal lattice [14—17] the Bragg
light emerges as a cone extending over several degrees
depending on the point selected at the sample surface.
In Fig. 2 the symbols show the measured stationary
reflectance spectra for the two configurations. The Bragg-
diffracted spectrum R, peaks around A = 790 nm and
has a width of 66 nm, in agreement with earlier studies of

probe beam

Si-opal (111) y

FIG. 1 (color online). Diagram illustrating the beam paths of
the incident probe, the specular, and the Bragg diffracted
beams. Inset schematically shows the faceted sample surface.
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FIG. 2. Measured (symbols) and calculated (solid lines) spec-
tra of specular reflection (R) and Bragg diffraction efficiency
(R,). Experimental data are normalized to the maximum of the
R, theoretical curve. Vertical arrows point the calculated posi-
tions of the photonic band edges when the imaginary part of
dielectric constants is neglected.

similar samples. The origin of the peak is attributed to
the PSB [13]. The specularly reflected light R, has a
higher intensity, but does not exhibit the PSB structure.

The transient reflectivity was measured using a special
setup that suppresses interference during the temporal
overlap between the pump and probe pulses. The beam
from a 15-fs Ti-sapphire laser (FEMTOSOURCE) with a
repetition rate of 75 MHz was split by a standing wave
acousto-optic modulator (AOM) operating at 35.5 MHz.
Thus the first-order diffracted beam, acting as the probe,
was strongly phase modulated relative to the zero-order
(nondiffracted) beam, acting as the pump. The pump and
the probe beams were made cross polarized, which fur-
ther suppresses interference. To compensate for the chirp
induced by the AOM crystal, both pump and probe beams
were reflected 16 times from mirrors with a negative
dispersion, leading to an overall 30-fs time resolution.
The parallel probe beam was passed via a computer-
controlled delay line with 1-um precision. The pump
and probe beams (4 and 2 mm diameter, respectively)
were focused on the same 85-um spot at the sample
surface at a near-zero angle of incidence using a para-
bolic mirror. The surface energy densities of the probe
and pump pulse on the surface were 5 and 70 uJ/cm?,
respectively. The reflected probe light was picked up
by a beam splitter, passed through the spatial filter, and
focused on a photodiode. Scattered pump light was re-
jected by a polarizer. The absolute nonlinear changes
in the reflected probe intensity AR(f)/R were extracted
by standard double modulation techniques and a cali-
brated lock-in amplifier operated at the sum fre-
quency (~1 kHz).

Typical pump-probe signals are presented in Fig. 3
for the specular [ARy(¢)/R,, dashed line] and Bragg-
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FIG. 3. Temporal evolutions of transient changes in specu-
lar reflection (dashed line) and Bragg diffraction efficiency
(solid line). Inset shows the signal measured with 30 fs time
resolution.

diffracted case [AR,(t)/R,, solid line]. The inset of
Fig. 3 displays an expanded time trace of ARy(7)/Ry.
Both signals exhibit switching in less than 30 fs, limited
by the time resolution of our experiment. The subse-
quent decay is multiexponential with time constants 7; ~
0.5+ 0.2 ps and 7, ~5 = 2 ps. We note that the mea-
sured time constants vary over the sample surface by
no more than 50%.

The most important experimental result is the large
difference between the relative amplitudes of the tran-
sient signals, AR,(f)/R;, = —(1.2+0.2) X 1072 and
ARy(t)/Ry = —(9 =2) X 107*. This effect, observed
for all points studied at the sample surface, leads us to
the conclusion that pump light induces large ultrafast
changes in PSB properties of our 3D Si-opal photonic
crystal. Evidently, these pump-induced changes in the
optical properties of the photonic crystal should depend
on the pump-probe wavelength. For this reason, we car-
ried out experiments in the PSB spectral range with a
tunable 170-fs Ti-sapphire laser (MIRA) using the same
setup but without a spatial filter. The dependence of the
amplitude of the obtained transient signal A(Ry + R;)/
(Rg + R;) on the pump-probe wavelength is shown in
Fig. 4 as symbols. Unfortunately, the high noise level of
the intensity of this laser introduces quite sizable errors.
However, in the spectral region which was available in
the laser tuning range we clearly observed that the
photoinduced signal is not constant but rises upon enter-
ing the PSB.

The measured temporal evolution of AR(z) (Fig. 3)
has a complicated shape. The pronounced peak around
zero time delay is the contribution from instantane-
ous Kerr effect [18]. The subsequent evolution of AR(z)
is controlled by photoexcited electrons and holes in sili-
con. The presence of free carriers changes the complex
dielectric constant of Si, eg; = &§; + igf;, that, in turn,
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FIG. 4. Calculated (solid line) and measured (symbols) spec-
tra of the photoinduced relative changes in the total reflection.
Dashed line shows the calculated relative changes in the specu-
lar reflection.

changes the mean dielectric constant € and, correspond-
ingly, modifies the photonic density of states of the pho-
tonic crystal. The shape of AR(r) (Fig. 3) is similar to the
signals obtained in nanocrystalline Si films [19] and
amorphous Si films [20,21] and was attributed to the
energy relaxation of free carriers.

In order to explain the observed reflection and diffrac-
tion phenomena, we developed a quantitative model. The
model is based on the two-band mixing formalism [22]
that analyzes surface effects in photonic crystals and
considers Bloch modes involving electromagnetic plane
waves with only two wave vectors K and K — G. Here, G
is the reciprocal-lattice vector for the [111] direction,
with |G| = 27/L,; and L,,; being a lattice period along
the [111], and K is the Bloch vector satisfying the con-
dition (K-G) = |G|?/2 near the L point of the first
Brillouin zone.

Only three terms survive in the dielectric function,

e(r) = € + gge®" + g_ge 0. (1)

Here € = (1 — f) + &,f + ig", with &, the dielec-
tric constant of SiO, spheres, f = 0.74 the relative vol-
ume of the pores filled with Si, and € the imaginary part
of € due to elastic light scattering at imperfections of the
opal. Further, g and e_g are the appropriate Fourier
coefficients, which characterize the spatial modulation of
e(r) along the [111] direction. It is clear that |gg|
|Re(eg; — &,)|. Solution of Maxwell’s equations for
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transverse electromagnetic waves yields the dispersion
equation
2 = |8G|2

BRI (”
where n = KA/27 and g = GA/27 with A being the
wavelength of light in vacuum.

We chose the 7 axis coincident with the inner normal to
the surface of the photonic crystal (Fig. 1). Further, x and
z define the plane of incidence and G, = 0. Naturally, the
tangential component of the incident wave vector is equal
to that of the transmitted Bloch wave vector K, i.e., n, =
sinf, where 6 is the angle of incidence.

Equation (2) has four roots n;, (j = 1-4) for the z
component of the n vector, each corresponding to a
Bloch-mode electric field

n

Ex(r) = AKeiKr[l + &6

mn—g)—%

where Ag is the coordinate-independent Bloch ampli-

tude, but only roots with positive imaginary parts are

physical. We are left with two y-polarized Bloch modes,
with K, and K, at a given 6.

Allowing for an incident small but nonzero tangential
wave vector component on the surface, we use the Max-
wellian boundary conditions for both zero and first-order
diffraction. We arrive at a specular reflection coefficient
R, and nonspecular, diffracted reflection coefficient R,

d
a+b

e—iGr:|y (3)

2 2

)

a—>b
a+b

0=

and R, =

with
a=Wm_+n)n_+n, +1—|g|)—n_n, — 5
b=(n_-ny+8)(1—lgh)+n-n.(n_+ny),
d =202 — 8)(nd — ¥)/sq

no.=lgl/2+ \/Ig|2/4 +Ex4lglE + el

The calculated spectra of R; and R are indicated as
solid lines in Fig. 2 for 227-nm diameter SiO, spheres and
g, = 1.98. In the calculations values for |eg| = 0.308,
e = 12.25, and €’ = 0.34 were inserted. Further, the
value for ef; = 0.49 was obtained from the absorption
coefficient at 800 nm for Si grown at low annealing
temperatures @ = 10* cm™! [23,24]. Both the central
position and the width of R; (Fig. 2) are satisfactorily
reproduced. Only the calculated specular reflectance
spectrum R, deviates from the measured one and R,
does not show the experimentally observed background.
The very general reason for these deviations, which turn
out to vary over the sample, is the spectral dependence of
the extinction due to various imperfections that causes
light to be diffracted nonspecularly, grain boundaries
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between crystal domains or transition layers that may
exist at the surface.

Transient changes AR, and AR, may also be calculated
from Eq. (4), given the photoinduced changes Aeg =
Aef, + iAef, in the dielectric constant of Si known
from the Drude model [20]:

_NeZ
and Agf;, =

_ !
. ThNer —Aey
m*ey(w* + 7,2) wT,

Ag§, = 5)
Here g is the permittivity of vacuum, m* = 0.15m, [25]
the optical reduced mass, 7, = 0.5 fs [26] the Drude
damping time, @ = 2.4 X 10'3 s7! the center frequency
of the laser, and N = @Ppyy,/fiw the density of photo-
induced carriers. We obtain Aeg; = (—6.2 + i5.3) X 1073
for our experimental conditions (Pp,, = 70 pJ /cm?).

Calculated Eq. (4) at 800 nm gives AR;/R; = —5 X
1073 and ARy/R, = —3 X 10™*. Our calculation repro-
duces the more than 1 order-of-magnitude higher photo-
induced changes in the Bragg reflectance spectra
compared to the specular light ones.

The main cause for the strong transient Bragg signal is
the high sensitivity of the photonic band structure in the
opal to photoinduced changes in the dielectric constant of
Si that fills the pores of the opal. The absolute calculated
values for AR;/R; and ARy/R, at 800 nm deviate from
the experimental values only by a factor of 2 and a factor
of 3, respectively. We attribute this to a higher optical
density of pump light in Si than assumed in the model,
due to the field localization effects [27]. In Fig. 4 we
show calculated (solid line) and measured (symbols)
spectra of the relative changes in the total reflection
AR/R = A(R; + Ry)/(R; + Ry). The dashed line shows
the calculated ARy/R,. As we mention above, the experi-
mental values of differential reflection are somewhat
higher than the calculated in the region of PSB.
Nevertheless, the calculated and measured values for
various wavelengths of the photoinduced effects (Fig. 4)
are in reasonable agreement. We finally note that the
amplitude of the photoinduced changes of the Bragg
diffraction intensity depends on the pump power density
[26]. Although the amplitude of observed changes was
low (~1%), we believe that at higher power of the optical
excitation the relative decrease of the photoinduced signal
should reach as much as 50% or higher [8].

In conclusion, we have demonstrated ultrafast switch-
ing of PSB properties in a Si-opal composite. For rela-
tively weak excitation pulses, we measured photoinduced
changes for the Bragg diffraction intensity up to ~1%,
much higher than relative changes in the specular reflec-
tance from the surface. Our results are in agreement with
a theoretical model that properly takes into account sur-
face effects and multiple scattering in the 3D photonic
crystal. Our results show a way to control the photonic
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band structure in 3D photonic crystal on a femtosecond
time scale that is promising for a variety of interesting
applications, such as switching of spontaneous emission.
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