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We report on the observation of time resolved Bloch oscillations of light waves in optical superlattice
structures. The structures are series of coupled microcavities, which are grown in porous silicon with high
control of optical parameters. A controlled linear gradient of refractive index along the growth direction
was maintained to tilt the photonic band gap of the superlattice. This is in perfect analogy to the tilted
electronic miniband structure of a semiconductor in an electric field. In this way an optical Wannier-Stark
ladder of equidistant optical modes was formed. Their frequency separation defines the period of the pho-
ton Bloch oscillations. The experimental results are in excellent agreement with transfer matrix calcula-
tions. The observed phenomenon is the optical counterpart of the well known electronic Bloch oscilla-
tions.
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1 Introduction

In 1928 Bloch and Zener predicted that an electron which moves in a semiconductor crystal in the pres-
ence of an external static electric field, may suffer a reflection from the energy band edge: its velocity will
reach zero at the band edge and change the sign [1]. Therefore an oscillatory motion in the space and time
was expected to result. As a consequence, an oscillating electric current should be produced in the crystal
by DC voltage. This phenomenon is known in the literature as electronic Bloch oscillations (eBO).

The observation of a Wannier-Stark ladder (WSL), which is the frequency domain counterpart of the
time resolved eBO, gave one of the first confirmations of the existence of eBO [2]. A WSL of equidis-
tant energy levels in the electronic band structure is formed when the crystal is exposed to external sta-
tionary electric field. However, it took the scientists more than 60 years to observe eBO for the first time
in semiconductor superlattices [3]. This long delay in the experimental observation was explained by the
fact that electrons lose their coherence in a time much shorter than the expected period of the eBO. Ordi-
nary crystals had to be replaced and specifically designed structures were needed to decrease the ex-
pected oscillation period. Semiconductor superlattices are periodic structures where the periodic poten-
tial gives rise to the formation of energy minibands. The larger the potential period is, the smaller the
Brillouin zone, and therefore the shorter the electronic oscillations in time are. Superlattice presents a big
translational period as compared to that of a usual crystal, and thus eBO are mush faster, in particular
faster than dephasing processes.

* Corresponding author: e-mail: mghool@science.unitn.it Tel.: +39 0461 882030, Fax: +39 0461 881696

© 2005 WILEY-VCH Verlag GmbH & Co. KGaA, Weinheim



3284 M. Ghulinyan et al.: Bloch oscillations in porous silicon superlattice structures

The observed fascinating analogies between electron transport and the transport of optical waves, like the
optical counterpart of weak localization [4], Anderson localization [5], short and long range correlations
[6], universal conductance fluctuations [7], naturally raise the question if it is possible to mimic the ef-
fect of electric filed and observe Bloch oscillations for photons in specifically designed photonic crystals.
The existence of optical counterpart of WSL has been discussed theoretically [8] and various photonic
systems have been proposed and studied experimentally to observe Bloch oscillations of light [9]. How-
ever, the observation of Bloch oscillations of optical waves resolved in time remained an issue until
recently. Optical superlattices, which are the photonic analogue of semiconductor superlattice structures,
were proposed as potentially ideal systems to observe them [10]. The role of the electric field here is
played by the optical path gradient along the multilayer growth direction.

In this work we report on the experimental observation of time resolved optical Bloch oscillations (0BO)
[11]. This observation was performed in ultrashort pulse time-resolved transmission experiments on
optical superlattices, made of porous silicon (PS).

2 Experimental results

2.1 Optical superlattice design

A one dimensional optical superlattice structure can be realized by stacking two PS dielectric layers A
and B with different refractive indices in a way to form identical cavities separated by Bragg reflectors.
Therefore, they are essentially coupled microcavity structures (CMC) [12]. In these structures 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 quan-
tum wells in a semiconductor superlattice. Figure 1a shows the electric field intensity distribution inside
a CMC system calculated using the standard transfer matrix calculations.

To obtain optical Bloch oscillations (0BO) one has to introduce a gradient in the optical thickness of the
layers. This gradient will result in a spatial tilting of the miniband (Fig. 1b) and formation of an optical
Wannier-Stark ladder (0WSL). The latter is expected to be observed as a series of narrow equidistant
transmission peaks with the frequency separation of the peaks that defines the period 7, of the oBO. The
linear change of the optical thickness introduces, to first order, a linear tilt of the miniband [13].
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Fig. 1 Scattering state calculation of the distribution of the energy spectrum inside the multilayer. The parameters
used in the calculations correspond to samples used in the actual experiment. Panel a) flat band situation, AS = 0%.
Panel b) tilted band situation, A5 = 14%. The dashed lines indicate the theoretical tilting of the miniband. Above
each panel the coupled microcavity structure is schematically shown; the grey scale refers to the refractive index
variation along the depth in the sample (the darker the larger n).
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2.2 Sample preparation

We have grown the optical superlattices by controlled electrochemical etching of heavily doped p-type
(100)-oriented Silicon. The structures had the following section BABABABAB (AA), BABABABAB (AA),
- (AA),, BABABABAB, where m=10 cavities (AA), are coupled through the BABABABAB Bragg reflec-
tors. The refractive indices of layers A and B were defined to be n,=1.4 and n,=2.1. The physical thick-
ness of each layer was chosen such that the optical thickness d = n x d, with n the refractive index and d
the physical layer thickness, was equal to A /4 (A, is the central wavelength).
The structures were made free-standing by applying an anodic electropolishing current pulse at the end
of the growth, which detached the structures from the substrate [12]. The availability of free standing
samples is essential to maintain almost excellent control over the growth parameters and further simpli-
fied time resolved transmission measurements with no contribution from the silicon substrate. Particular
care was taken to control the anodization conditions which might drift as the total sample thickness in-
creases. The exchange of the electrolyte was improved via etch stops applied after each layer growth and
the use of a magnetic stirrer. Moreover, the natural refractive index drift was compensated by changing
the etching times of the layers. The process is known to provide excellent control over the layer proper-
ties allowing the growth of single microcavities with quality factors of more than 3300 (see, e.g. [12]).
The one dimensional translational symmetry of the system was broken by introducing a gradient in the
optical thickness of the layers. This was achieved by changing the duration of the etch stop current,
which controlled the refractive index and hence the variation Ad in the optical thickness of each layer.
We produced samples with gradient values in the range from Ad = 2 to 14 %, values that were extracted
from the best fit parameters to the transmission spectra.
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Fig. 2 Transmission spectra of the CMC structures with differ- Fig. 3 Temporal response of the system for vari-
ent gradients of the optical thickness of the layers (A, =1.55 ous values of the optical path gradient AS. The
um is the central wavelength). Spectrum (a) corresponds to  period of the oscillations and the total transmis-
non drifted sample (spatially flat miniband), while (b), (c), (d) sion decrease while increasing Ad. The top panel
show the occurrence of the optical Wannier-Stark ladder with ~ shows the undisturbed probe pulse without sam-
equidistant resonances: the energy separation of the states ple.

increases with the increase of the miniband tilt.
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In Fig. 2 the transmission spectra of CMC structures with different gradients of the optical thickness are
shown. The top panel represents the miniband structure of a non-drifted sample (Fig. 2a). An increase in
the drift over a certain value (see the next subsection) results in the occurrence of oWSL: the bigger is
the drift value, the larger is the energy separation of the Wannier-Stark states. The resonances become
thinner and less intense for the large drift values (Figs. 2b,c,d). This fact is the clear signature of the
more and more tilted miniband, which also means higher tunnelling barrier for photons to escape and be
transmitted.

2.3 Time-resolved transmission measurements

Time-resolved transmission experiments were carried out using an optical gating technique. This in-
volves mixing a reference beam together with the transmitted signal in a 0.3 mm thick non-linear crystal
(- BBO, £ Barium Borate) to produce a sum frequency signal. The probe beam is obtained from an
optical parametric oscillator (OPAL) 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 wavelength (average power 100 mW). The reference pulse at 810 nm wavelength 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 to tune the time delay between signal and reference and thus to scan the signal pulse in time.

In the top panel of Fig. 3 we plot the system response without sample from which we determine that the
temporal resolution of our system is smaller than 250 fs. The apparatus is designed such that the trans-
mission spectrum of the sample can be monitored during the time-resolved measurement by sampling the
transmitted light.

From the time-resolved data we have observed that oscillations occur in transmission, with a period 7,
that decreases as Ad increases (Fig. 3). Both our calculations and experiment show that the optical WSL
in our structures is formed above a threshold of gradient (~7%). Optical thickness gradient values below
7% are not sufficient to fully tilt the miniband within the sample thickness. One can see that the transmit-
ted intensity decreases as the gradient increases, which is due to the increased tunnelling barrier for an
oscillating photon, as a result of an increased tilt of the photonic miniband (Fig. 1b). In Fig. 4 the meas-
ured periods of the Bloch oscillations are compared to the ones calculated through transfer matrix. The
experimental data are in excellent agreement with the theoretical prediction. Below the critical gradient
value of 7% the occurring oscillations are due to the reflection of light from the sample boundaries,
therefore changing the gradient in this range does not influence the oscillation period. At larger values of
gradient the oBO period decreases linearly with the increase in the miniband tilt, as expected for Bloch
oscillations.
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The 0oBO decay with a characteristic time t, which saturates at large gradients. This is a sign of the in-
creased confinement of the optical modes in the WSL: as the energy band tilt gets steeper and steeper,
tunnelling out of the sample becomes more and more difficult, and the transmission losses decrease ac-
cordingly. These intrinsic losses are not the only one present in the structure, as light in PS suffers also
from external losses. At large gradient values t, saturates to 1.26 ps, which is caused by scattering and
residual absorption losses in the PS sample. One can consider that T, ' = 1.+ Ty , Where T, is the
intrinsic decay time of the Bloch oscillation and T is due to absorption and scattering losses. The solid
line in Fig. 4 is obtained by taking t.«=1.3 ps which corresponds to an extinction coefficient (total losses,
absorption + scattering) of o, = 100 cm™', in agreement with previously determined loss values [12].

3 Conclusions

We have observed the optical counterpart of electronic Bloch oscillations in optical superlattices. A lin-
ear variation in the optical constants of the system along the propagation direction allows to form an
optical Wannier-Stark ladder and to observe Bloch oscillations of photons resolved in time. Both the
oscillation period and the damping time versus the strength of the oWSL are consistent with predictions
from transfer matrix calculations. The structures were realized through highly controlled electrochemical
etching of silicon. This work demonstrates that PS is a suitable candidate for studying different wave
phenomena in one dimensional photonic structures of various design.
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