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Optical Analogue of Electronic Bloch Oscillations

Riccardo Sapienza,>I< Paola Costantino, and Diederik Wiersma
European Laboratory for Nonlinear Spectroscopy and INFM," 50019 Sesto Fiorentino (Florence), Italy

Mher Ghulinyan,i Claudio J. Oton,§ and Lorenzo Pavesi

Department of Physics, University of Trento and INFM," 1-38050 Povo (Trento), Italy
(Received 11 August 2003; published 23 December 2003)

We report on the observation of Bloch oscillations in light transport through periodic dielectric
systems. By introducing a linear refractive index gradient along the propagation direction the optical
equivalent of a Wannier-Stark ladder was obtained. Bloch oscillations were observed as time-resolved
oscillations in transmission, in direct analogy to electronic Bloch oscillations in conducting crystals
where the Wannier-Stark ladder is obtained via an external electric field. The observed oscillatory
behavior is in excellent agreement with transfer matrix calculations.
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A quantum particle in a periodic potential (a crystal) is
described by Bloch waves, which are delocalized in space
and exhibit an energy spectrum characterized by conduc-
tion bands and energy gaps. If such a particle is acceler-
ated by a constant external field, its velocity will increase
until it reaches the Brillouin band edge where the energy
band dispersion leads to a net reduction of the particle
velocity. The particle velocity reaches zero at the band
edge and then changes sign. This phenomenon is known
as electronic Bloch oscillations [1,2]. Bloch oscillations
were predicted by Bloch and Zener already in 1928 [1],
which led to several controversies that continued for over
60 years [3]. One of the issues was the counterintuitive
result that an external stationary field could lead to an
oscillating current. The first confirmation of the Bloch-
Zener model came as the observation of a Wannier-Stark
ladder when an external stationary field was applied to a
crystal [4]. The Wannier-Stark ladder is the frequency
domain counterpart of time-resolved Bloch oscillations
and consists of the formation of equidistant energy levels
in the electron band structure. Electronic Bloch oscilla-
tions in regular crystals are difficult to observe because
electrons lose their coherence on time scales much faster
than the expected Bloch oscillation period. The advent of
semiconductor superlattices [5] partially solved this prob-
lem since the oscillation period in these systems is much
faster [6]. Time-resolved Bloch oscillations were then
indeed observed on superlattice systems [7,8].

There exist fascinating analogies between electron
transport and transport of optical waves in dielectric
structures [9]. Ordered (periodic) dielectric systems are
called photonic crystals and can exhibit a photonic band
gap in analogy with the electronic band gap in semi-
conductors [10]. Quasiperiodic dielectric systems like
Fibonacci quasicrystals can also be realized [11] and
exhibit interesting time-resolved transport properties
[12]. In disordered systems the optical counterpart of
weak localization [13], Anderson localization [14], short
and long range correlations [15], and universal conduc-
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tance fluctuations [16] have all been observed. These are
various examples of wave phenomena where interference
effects play a crucial role both in the optical and the
electronic cases. Often these processes are easier to study
with light because the coherence time of an optical wave
packet is usually much longer than that of an electronic
wave packet. This naturally raises the question whether it
is possible to mimic the effect of an electric field in
photonic systems and observe the optical counterpart of
electronic Bloch oscillations.

The optical equivalent of a Wannier-Stark ladder has
been discussed theoretically [17], and different photonic
systems have been proposed to observe Bloch oscillations
of light waves [18,19]. In pioneering experiments on two-
dimensional dielectric systems, spatial Bloch oscillations
have been observed [20]. These experiments intrinsically
rely on a two-dimensional structure, however, since the
light wave follows an oscillatory path in space due to
lateral confinement [19]. Optical superlattices have been
proposed as a potentially ideal system to observe Bloch
oscillations for light waves, using a refractive index gra-
dient parallel to the light propagation direction as the
optical equivalent of an external force (the static electric
field in the electron case) [21].

In this Letter we report on the experimental observa-
tion of time-resolved optical Bloch oscillations. This ob-
servation was performed in time-resolved transmission
experiments on optical superlattices. A linear gradient in
the optical thickness was used to provide longitudinal
confinement of the optical wave packet by tilting the
photonic band structure, in direct analogy to the electron
case. We confirm experimentally that the oscillation pe-
riod depends linearly on the optical thickness gradient. We
calculate the expected behavior of the system via a stan-
dard transfer matrix model and find very good agreement
between theory and experimental observations.

An optical superlattice can be obtained in one dimen-
sion by stacking two types A and B of dielectric multi-
layers. In particular, we used the following sequence:
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BABABABAB (AA); BABABABAB (AA), ... (AA)
BABABABAB. This structure is a series of m coupled
microcavities (AA),, where the BABABABAB substruc-
ture functions as a Bragg reflector. The refractive indices
of layers A and B were taken, ny = 1.4 and ng = 2.1, to
obtain good optical contrast between the layers. The
physical thickness of each layer was chosen such that
the optical thickness 6 = n X d, with n the refractive
index and d the physical layer thickness, was equal to
A/4. This way each cavity has the minimum required
thickness to be resonant at A. Taking thicknesses that are
multiples of d would provide similar results but require
growing thicker samples. The optical coupling between
the microcavities is tuned by changing the reflectivity of
the Bragg reflectors and causes the formation of extended
photonic states, in analogy to the electronic coupling of
separate quantum wells in a superlattice. When identical
microcavities are coupled, degenerate mode repulsion
arises. Each degenerate optical resonance splits up and a
photonic miniband forms. Because of the periodicity of
the structure the photonic minibands are separated by
photonic band gaps in which propagation is prohibited.

To obtain Bloch oscillations, the one-dimensional
translational symmetry of the system should be broken.
This is done by introducing a gradient in the optical
thickness of the layers, given by Aé = (6, — 6,,)/6,,.
This gradient is the optical counterpart of the external
electric field used in electronic superlattices. The gradient
changes slightly the resonance of each microcavity while
preserving the mode coupling, which results in a spatial
tilting of the minibands and the photonic band gaps. In
this way, the extended photonic states are turned into a
discrete sequence of energy levels with level spacing AEp,
which is the optical equivalent of the Wannier-Stark
ladder.

Transfer matrix calculations can be used conveniently
to calculate the scattering states map of the light distri-
bution inside our system. In Fig. 1, the light intensity
distribution is compared for the two cases Ad = 0 and
14%. The linear gradient in the optical thickness induces,
to first order, a linear miniband tilting. The resonance
of the first microcavity is given by E(z;) = hc/28,, with
¢ the vacuum velocity of light. The variation of the
resonance energy from layer 1 to layer m is AE(zy, z,,) =
E(z;) — E(z,,) and can be written in terms of the gra-
dient as

AE(ZI’ Zm) — 1 —-1
E(Zl) 1+ A6

This describes a linear tilt and compression of the band.
For a narrow miniband, E(z;) can be considered constant
within the band and the Wannier-Stark states are equi-
distant. In Fig. 1(b) one can clearly see how the miniband
(between the white dashed lines) and surrounding pho-
tonic band gaps (dark regions) are tilted. The Wannier-
Stark states are visible as bright horizontal lines that
extend between the two tilted photonic band gaps. Such
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FIG. 1 (color online). Scattering state calculation of the dis-
tribution of the energy spectrum inside an optical superlattice
composed of ten coupled microcavities. The parameters used in
the calculations correspond to samples used in the actual
experiment. (a) Flat band situation, A6 = 0. (b) Tilted band
situation, Ad = 14%. The dashed lines indicate the theoretical
tilting of the miniband as obtained from Eq. (1). Above each
panel the coupled microcavity structure is schematically
shown; the gray scale refers to the refractive index variation
along the depth in the sample (darker = larger n).

a system is expected to exhibit optical Bloch oscillations
of period Ty = h/AEy, where h is the Planck constant.
The samples were realized using controlled etching
of silicon [22,23]. The refractive index of porous sili-
con depends on the porosity, which in turn depends on
the current density used in the electrochemical etch.
This allows the production of dielectric multilayers by
modulating the current and hence the local porosity dur-
ing the etching process. The electrochemical etch pa-
rameters determine the thickness and refractive index of
each layer. We used (100)-oriented p*-type Si wafers
(resistivity 0.01 Q cm). The electrolyte was prepared
mixing 30 vol % aqueous HF (48 wt.%) with ethanol. A
current density of 50 mA/cm? was used to obtain the low
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refractive index A layers (ny = 1.4, etch duration 5.9 s)
and 7 mA/cm? for the high refractive index B layers
(ng = 2.1, etch duration 21.5 s), where A = 1.55 um.
By alternating these two currents we created samples
formed by ten coupled microcavities as described before.
The total sample consisted of 110 layers.

The samples were made freestanding by detaching
them from the silicon substrate with a high current pulse
at the end of the etch (400 mA/cm?, 1 s). The exchange of
the electrolyte was improved via etch stops after each
layer and the use of a magnetic stirrer. Moreover, the
natural refractive index drift was compensated by chang-
ing the etching times of the layers. The duration of the
etch stops controls the refractive index gradient and hence
the variation A in the optical thickness of each layer. We
produced samples with different gradients in the range
from Ad = 2% to 14%. In Fig. 2 we report the trans-
mission spectrum for a sample with gradient A6 = 10%.
One can clearly see the occurrence of a Wannier-Stark
ladder as a series of narrow transmission peaks.

In order to perform time-resolved transmission experi-
ments, an optical gating technique has been applied. This
involves mixing a reference beam together with the trans-
mitted signal in a 0.3 mm thick nonlinear (beta barium
borate) crystal to produce a sum frequency signal. The
probe beam is obtained from an optical parametric oscil-
lator pumped by a Ti:sapphire laser at center wavelength
810 nm (pulse duration 130 fs, average power 2.0 W,
repetition rate 82 MHz) yielding short pulses tunable
from 1300 to 1600 nm (average power 100 mW). The
reference pulse at 810 nm is obtained from the residual
Ti:sapphire beam (450 mW average power). The sum
frequency signal is detected by a photodiode, and a
standard lock-in technique is used to suppress noise. A
delay line in the reference beam allows one to tune the

0.10
—— Wannier-Stark ladder v

0.08 | - - - - Probe Gaussian pulse
5 006}
8
&
S 0.04+
=

0.02f :

v

0.00 - - . . 7
1500 1520 1540 1560 1580 1600 1620
Wavelength [nm]

FIG. 2 (color online). Transmission spectrum of a sample
with gradient A§ = 10%. The optical equivalent of the
Wannier-Stark ladder is seen as a series of equidistant trans-
mission peaks (2 nm full width at half maximum and 15 nm
spaced). The arrows refer to the expected spectral positions
of the transmission peaks obtained by transfer matrix cal-
culations. The dashed line is the wavelength profile of the
incident Gaussian laser pulse used to perform the time-resolved
measurements.

263902-3

time delay between signal and reference. In the top panel
of Fig. 3 the system response, as obtained without sample,
is plotted. The temporal resolution is 250 fs. The appara-
tus is designed such that the transmission spectrum of the
sample can also be monitored during the time-resolved
measurement by sampling a small fraction of the trans-
mitted light.

Figure 3 shows a series of time-resolved transmission
measurements for various values of the gradient A§. Our
transfer matrix calculations predict that above A§ = 7%
a Wannier-Stark ladder is formed in our samples. From
the time-resolved data we can observe that indeed oscil-
lations occur in transmission. More than eight periodic
oscillations are observed in the transmitted intensity,
with a period T that decreases as A& increases. In
addition, as the gradient increases the transmitted inten-
sity decreases, which can be understood from the in-
creased tilt of the band gap (see also Fig. 1). The
oscillations are damped with a characteristic time 7.

The main parameter ruling the dynamics of Bloch
oscillations is the oscillation period Tp. In Fig. 4 we
compare the measured T with the one extracted from
our transfer matrix model for various values of the gra-
dient. As expected, the experimentally observed values of
Ty decrease while increasing AS because the miniband
tilting gets steeper. The period depends only on the rela-
tive energy tilting from the front to the end of the sample
and not on the sample thickness. Below A8 = 7% the
increase of Ty saturates. Here the optical thickness gra-
dient is not enough to fully tilt the miniband within the
sample thickness, and the remaining oscillations are
simply due to internal reflection at the sample boundaries.
In this regime the residual variation in 7'z of a few percent
is due to a decrease in the optical coupling between the
microcavities. The experimental data are in very good
agreement with the calculated theoretical dependence of
T on optical thickness gradient (solid line).
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FIG. 3 (color online). Temporal response of the system for
various values of the gradient A§. The observed oscillations
are the optical counterpart of time-resolved Bloch oscillations.
The period of the oscillations decreases while increasing A§,
and the transmission decreases. The top panel reports the
undisturbed probe pulse without sample.
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FIG. 4 (color online). Experimentally observed oscillation
period Ty and decay time 7z as a function of the gradient
AS. The error bars are the standard deviations obtained from
various measurements on several positions on the sample and
represent therefore the effect of lateral sample inhomogene-
ities. The solid line is the predicted behavior from transfer
matrix calculations.

Another interesting observation in Fig. 4 is that the
decay time 7z by which the oscillations are damped
increases when A increases. This is a direct consequence
of the increased confinement of the optical modes in the
Wannier-Stark ladder. As the gradient gets steeper, the
reflection at the band edge becomes more efficient and
the transmission losses decrease accordingly. At large
gradient values, 75 saturates to about 1.2 ps. This satura-
tion is caused by scattering and residual absorption losses
in the porous silicon sample. Hence the total decay time
7p can be written as 75 = (7,5, + 7o) ', Where 7,50 is
the intrinsic decay time of the Bloch oscillation as due to
the release of energy from the system and 7., is the
extinction time due to absorption and scattering losses.
The solid line in Fig. 4 is obtained by taking 7., ~ 1.3 ps
which corresponds to an extinction coefficient (absorption
+ scattering) of ., ~ 100 cm™!, in agreement with
previously determined loss values [23].

In conclusion, we have observed the optical counterpart
of electronic Bloch oscillations in optical superlattices of
porous silicon. A linear variation in the optical constants
of the system along the propagation direction allows the
formation of a Wannier-Stark ladder and to observe opti-
cal Bloch oscillations resolved in time. Both the oscilla-
tion period and the damping time versus the strength of
the Wannier-Stark ladder are consistent with predictions
from transfer matrix calculations.
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