
Polariton-Induced Transparency in Multiple Quantum Wells Probed
by Time Domain Brillouin Scattering
Marek Karzel, Anton K. Samusev, Tetiana L. Linnik, Mario Littmann, Dirk Reuter, Manfred Bayer,
Alexey V. Scherbakov,* and Andrey V. Akimov*

Cite This: https://doi.org/10.1021/acsphotonics.4c01357 Read Online

ACCESS Metrics & More Article Recommendations *sı Supporting Information

ABSTRACT: The interference of the incident light reflected from
the surface of a medium and from a picosecond strain pulse
propagating through it results in temporal oscillations of the
reflected intensity. This phenomenon, called time-domain Brillouin
scattering, enables us to gain information about the optical field
inside the medium. The oscillation amplitude decreases with
increase of the distance from the strain pulse to the surface if the
incident light is strongly absorbed, while it remains constant if the
medium is transparent. Here we exploit time domain Brillouin
scattering to probe the optical field inside a multiple quantum well
layer for light strongly coupling to excitons and forming polaritons.
At low excitation density, we observe conventional Brillouin
oscillations whose amplitude is small when the strain pulse is
positioned far from the surface due to the strong absorption of polaritons in the vicinity of the exciton resonance. At elevated optical
density, the absorption disappears, the medium becomes transparent, and the amplitude of the oscillations does not depend on the
distance of the strain pulse from the surface. We explain this effect of polariton-induced transparency by the increase of the
incoherent exciton density generated as result of polariton scattering. Finally, the increase of the exciton density leads to transition of
the exciton gas to a collective state, resulting in collapse of the polariton state and propagation of the incident light in the medium
without absorption.
KEYWORDS: polaritons, multiple quantum wells, picosecond ultrasonics, Brillouin scattering

■ INTRODUCTION
The propagation of high-intensity optical pulses in a medium
with an optical resonance leads to a number of nonlinear
phenomena among which is the initially strongly absorbing
medium becoming transparent.1,2 There are several well-
known coherent and noncoherent mechanisms responsible for
such optically induced transparency. Among them are the
phenomena of self-induced transparency3,4 and saturable
absorption,5 discovered 50 years ago and intensively studied
until today.6−8 Optically induced transparency is widely used
nowadays in laser technology for optical pulse shaping and
compression,9 for the generation of optical solitons,10 and for
slow light effects.11−13 Typical experiments for studying
optically induced transparency include measurements of the
intensity and temporal shape of the light transmitted through a
dispersive medium. With such an experimental approach,
important information about the optical field and resonant
excitation inside the medium remains masked and may be
predicted only theoretically. Probing of the optical field inside
the resonant medium is a challenging task that requires
development of advanced experimental methods.

Here, we report experiments on optically induced trans-
parency in a multilayer nanostructure with an optically active
exciton resonance by probing the optical field inside the
nanostructure with picosecond strain pulses and detecting the
time domain Brillouin scattering (TDBS).14−16 TDBS is the
phenomenon where the electromagnetic wave reflected from
the surface of the sample interferes with the wave reflected
from the strain pulse propagating in the sample with sound
velocity, s, toward the surface or away from it. The distance x
between the strain pulse and the surface changes linearly with
time leading to alternating conditions for destructive and
constructive interference. As a result, the changes in the
reflected light intensity ΔR(t) possess oscillations in time, as
shown in Figure 1a, which demonstrates the typical
experimental scheme for studying TDBS. Generally, the
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waveform ΔR(t)/R0 (R0-the reflected intensity without the
strain pulse) of these oscillations may be described as

R t R C t f t( )/ ( )sin(2 )0 B= + (1)

where the Brillouin frequency f B, the phase φ and the envelope
function C(t) are governed by the dielectric properties of the
medium and the spatial shape profile of the propagating strain
pulse η(x − st).14−16 For the experimental scheme shown in
Figure 1a, C(t) is close to a symmetric function with respect to
t = 0, i.e., the time when the strain pulse hits the surface. The
time intervals t < 0 and t > 0 correspond to the strain pulse
propagating toward the surface and backward away from it
(after reflection at the surface), respectively. In the simplest
case of a homogeneous medium where the permittivity of the
medium ε does not depend on x and t and also, when the
permittivity is almost constant in the spectral range of the
incident light, C(|t|) is an exponentially decaying function with
the time constant td = (αs)−1, where α is the optical absorption
coefficient: α = 4πκ/λ ( Im= { } and λ is the optical
wavelength). In this case the oscillation frequency14−16

f sn2
B = (2)

where n Re= { }.
The waveform C(t) of the TDBS signal becomes more

complicated if ε is a function of time t and distance x.
Moreover, if the optical wave is not monochromatic, the
dispersion of the medium ε(E) (E is the photon energy)
becomes important.17 Then, the resulting waveform of the
TDBS signal governed by these dependencies allows us to get
information about the optical field and, finally, about the
complex dielectric properties inside the medium. Nowadays,
TDBS and related experimental techniques are widely used to
probe internal interfaces,18,19 buried defects,20 the speed of
chemical reactions21 and the optical field in multilayers22 with
nanometer depth resolution. In the present work, we exploit
TDBS signals to extract information about the optical field

inside a multilayer nanostructure in the nonlinear regime when
optically induced transparency is dominant.

■ RESULTS AND DISCUSSION
In the experiments performed at T = 10 K we use GaAs/
(Al,Ga)As multiple quantum wells (MQWs) with the exciton
resonance at E0 = 1.5307 eV. In the MQWs, light with photon
energy E in the vicinity of the exciton resonance is converted
to a polariton which is an electromagnetic wave coherently
coupled to the exciton resonance.23,24 The term “polariton”
was introduced in 1958 for bulk semiconductors in the
pioneering work of Hopfield25 and in MQWs using this term is
valid as long as the dispersion of electromagnetic wave differs
from being linear. Polaritons in MQWs have been studied in
detail in high-resolution Brillouin scattering experiments.26−28

For light incident normal to the plane of short period MQWs,
the system may be described as a bulk medium with the
effective permittivity ε23,24,26−28

Ä

Ç
ÅÅÅÅÅÅÅÅÅÅ

É

Ö
ÑÑÑÑÑÑÑÑÑÑ

E
E

E E i
( ) 1b

LT

0
= +

(3)

In our sample the background dielectric constant εb = 11.2, the
longitudinal-transverse splitting ELT = 0.13 meV and for low
excitation density the nonradiative dephasing rate Γ = Γ0 = 0.7
meV are obtained from measurements of reflectivity spectra.
The MQWs are excited by the optical pulses from a
femtosecond laser after passing the beam through a tunable
narrowband optical filter whose central wavelength is varied in
the vicinity of the polariton resonance (see Methods). The
duration of the excitation pulse for the intensity is τe = 1.1 ps at
the level e1/ . The polaritonic features of the studied MQW
are clearly seen in the dependence of TDBS frequency on the
excitation wavelength.17

The strain pulses η(x) are generated by 100 fs laser pulses
exciting a 100 nm thick Al film deposited on the surface
opposite to the MQWs layer. The spatial profile of the strain
pulse shown in Figure 1a is taken from earlier studies reported

Figure 1. (a) Scheme of the experiment for measuring TDBS signals. (b) Main polaritonic properties of the GaAs/AlGaAs MQWs in vicinity of the
exciton resonance as a function of photon energy E: (upper panel) refractive index n(E); (middle panel) reduced photoelastic constant determining
the sensitivity to strain; (lower panel) absorption coefficient for intensity α(E); the dashed line in the lower panel is the Gaussian intensity
spectrum of the excitation pulse when its center corresponds to the exciton resonance at E = E0. (c) Measured (black lines) and simulated (red
lines) TDBS signals for low fluence excitation at the center (E = E0, middle panel) and wings (upper and lower panels) of the exciton resonance;
blue line in the middle panel is calculated TDBS signal when the spectral width of excitation is much smaller than the width of the exciton
resonance. For relative amplitudes see vertical bars.
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elsewhere.29 We present the experimental and theoretical
results for the excitation density of 60 μJ/cm2 on the Al film.
This corresponds to the estimated strain pulse amplitude of ∼5
× 10−6, the spatial width between the main positive and
negative strain peaks in the pulse is ∼50 nm. However, at low
temperatures T there is an uncertainty in estimating the exact
values for amplitude and duration of the strain pulse (see
Methods and Supporting Information S2). The pulse is
propagating through the GaAs layer and further the MQWs
structure with longitudinal sound velocity (in the MQWs s =
5.04 km s−1). In the experiments, we measure the relative
changes of the reflectivity ΔR(t)/R0 as a function of the delay
time t, which defines the position of the strain pulse when the
picosecond laser pulse excites the MQWs. We define t = 0 as
the moment when the center of the strain pulse reaches the
surface. Correspondingly, the strain pulse is propagating
toward this surface for t < 0 and back from the surface toward
the substrate after reflection for t > 0. The measurement time t
is controlled in experiment by a variable delay line in the path
of the optical pulses that excite the Al film.

The dielectric properties of the MQWs which govern the
TDBS signal for linear optical response (i.e., low fluence) are
presented in Figure 1b. The upper panel in Figure 1b shows
the real part of the refractive index n E E( ) Re ( )= { } which
has the typical shape for a system with a two-level optical
resonance. The middle panel in Figure 1b shows the reduced
photoelastic constant dn(E)/dη which governs the reflectivity
of the polaritons due to the strain pulse and correspondingly
determines the amplitude of the TDBS signal.30 This
dependence shows a negative peak at the photon energy
matching the energy of the exciton resonance at E = E0 with a
value governed by the deformation potential in GaAs Ξ = dE0/
dη = −10 eV.31 The solid line in the lower panel of Figure 1b
shows the absorption coefficient α(E) calculated from eq 3.
The dashed line in the lower panel in Figure 1b is an example
of the measured spectrum of the excitation pulse with the
central wavelength corresponding to the energy of the exciton
resonance E0. The spectrum fits well with a Gaussian profile
with the spectral width σ = 1.3 meV on the level e1/ . The
dependences shown in Figure 1b govern the main features of
the TDBS oscillations given by eq 1.

The black lines in Figure 1c show the TDBS signals
measured at low excitation fluence J = 100 nJ/cm2 for three
excitation wavelengths λ. This value of J corresponds to the
linear excitation regime when the dielectric properties of the
MQWs are not affected by the pulse, and the temporal profiles
ΔR(t)/R0 do not depend on the excitation fluence for fixed E.
The TDBS signals last from t = −160 ps up to t = 160 ps which
is close to twice the time of strain pulse propagation across the
MQW structure 2L/s = 310 ps. The middle panel corresponds
to the signal measured at the exciton resonance E = E0 and the
two other ones show the signals measured when E is located in
the higher or lower spectral wings of the exciton resonance. All
signals show typical TDBS oscillations with the frequency f B ∼
42 GHz which varies slightly with the excitation wavelength
following the dependence of n on E (see eq 2 and upper panel
in Figure 1b). The fast Fourier spectrum of TDBS signals also
show high-frequency lines due to folded acoustic phonons in
the MQWs.17 In our experimental scheme and studied MQWs
the intensity of these spectral lines are ∼100-times smaller than
at f = f B due to the relatively long strain pulse and will not be
considered further in the present work. In agreement with the

dependences of the sensitivity to strain (middle panel in Figure
1b), the ΔR(t)/R0 measured at E = E0 demonstrates the
maximum amplitude around the turning point (t = 0)
compared to the signals measured at E = E0 ± 2 meV (note
the different scales in the panels). In the general case, the
envelope function C(t) of the TDBS signal is not exponential
because the spectral width σ of optical excitation is not much
smaller than the width ∼2Γ0 of the exciton resonance.
However, we may describe the decay of C(|t|) by the mean
decay time td measured when C(t) reaches the 1/e level and
then bring into consideration the effective absorption
coefficient t s( )d

1= . From the measured signals presented
in Figure 1c we get α̅ ∼ 2 μm−1 at E = E0 and smaller values α̅
≪ 1/L at the wings of the exciton resonance. Such relation
between α̅ at the resonance and the wings is consistent with
the absorption α(E) being larger at E = E0 (see the lower panel
in Figure 1b).

The red curves in Figure 1c are the ΔR(t)/R0 calculated
using the transfer matrix method taking into account the
Gaussian spectrum of excitation. Good agreement between the
temporal shapes of the measured and simulated dependences
ΔR(t)/R0 is clearly seen by comparing the red and black curves
in Figure 1c. The amplitudes of the measured and calculated
signals are of the same order of magnitude. The amplitude in
the calculated signals is approximately half that of the
measured signals which can be explained by the uncertainty
in strain pulse shape and amplitude. We also present the results
of a simplified model calculation assuming long monochro-
matic excitation pulse (σ ≪ Γ). The signal calculated with this
assumption for E = E0 is shown by the blue line in the middle
panel. It is seen that such simplification leads to an increase of
the amplitude at t ∼ 0 and a decrease of the mean decay time
down to t 47d ps. In this case, the agreement with the
experimentally measured ΔR(Δt)/R0 is not as good as for the
Gaussian excitation pulse, but qualitatively the simulated
signals show the same features such as maximum amplitude at t
∼ 0 and short decay time td when E = E0. At the spectral wings
the differences between the results of the simplified approach
(σ ≪ Γ, not shown in Figure 1c) and the Gaussian excitation
pulse (σ ∼ Γ) are not significant. For a more detailed
theoretical modeling of the TDBS signals detected in the
MQW layer at low excitation fluence we refer to earlier
studies.17

Now we turn to the main results of the present work which
concern the TDBS signals measured at elevated fluences J.
Figure 2 presents the results for resonant excitation E = E0.
The signals ΔR(t)/R0 measured for four values of J from J =
0.5 nJ/cm2 up to J = 2000 nJ/cm2 are shown in Figure 2a. At
the lowest fluence ΔR(t)/R0 (see the topmost curve in Figure
2a) demonstrates the typical features of a TDBS signal
described when presenting the results for the linear regime in
Figure 1c. For J = 300 nJ/cm2 the mean decay time of the
oscillation amplitude becomes longer with t 166d = ps and the
amplitude of the oscillations at t ∼ 0 decreases. The increase of
J to 750 nJ/cm2 and further up to 2000 nJ/cm2 results in
signals ΔR(t)/R0 without any visible amplitude decay
t( 1 ns)d > and to dropping of the amplitude around t ∼ 0
to value of about 20% relative to the amplitudes measured for J
< 250 nJ/cm2. This experimental result allows us to draw the
main conclusion of the present work: the mean decay time td
of the TDBS oscillations increases with increasing J which
corresponds to a decrease of the effective absorption
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coefficient α̅ when exciting at the exciton resonance E = E0.
This has to be interpreted as experimental demonstration of
polariton-induced transparency, a conclusion that needs to be
validated by a model that explains the transformation of
absorption and other dielectric properties of the studied MQW
structure at high fluence.

The basis for our phenomenological model is the non-
radiative scattering of the polaritons described by the
dephasing rate Γ (see eq 3) which at low exciton density
and low temperature (Γ = Γ0) is governed by various defects
and inhomogeneities in the MQWs.32 Actually Γ may include
contribution from the inhomogeneous broadening of the
exciton resonance but this does not change significantly the
dependences in Figure 1b and TDBS signals in Figure 1c (see
also Supporting Information S5). As result of the dephasing,
energy is transferred to incoherent excitons which have a
lifetime of τa ∼ 1 ns.33 It is well-known that in quantum wells,
Γ increases with increase of the exciton density N34−40 and at
some threshold exciton density Nt ∼ 1016 to 1017 cm−3, the
exciton gas undergoes the Mott transition and further the
transition to an electron−hole plasma.36−40 For N > Nt, the
MQW layer stops behaving as a resonant two-level system and
the propagating polariton transforms into a conventional
optical wave propagating in a nondispersive medium with ε ∼
εb. In the simulations, we model the dependence of Γ on
exciton density N as a linear function34,35 at low N and as rapid
exciton damping when N approaches the threshold value Nt

N N N N( , )0 t= + + (4)

where the phenomenological function describes the exciton
gas phase transition and collapse of the polaritons at N > Nt
(for details see Methods). The value of ΔN characterizes the
width of the phase transition. Further, we present the results of
modeling for Nt = 1016 cm−3. We assume that the phase
transition has a very abrupt threshold, ΔN = 2 × 1014 cm−3,
which is in agreement with THz experiments.39 It will be
shown that the coefficient β is not very important for
qualitative conclusions, but based on earlier studies34,35 we
cannot ignore the linear part in eq 4 and take β = 10−17 meV/
cm3. The model dependence of Γ on N is shown in the inset of
Figure 2c.

In the model, it is essential to consider the temporal
evolution of the optical Gaussian excitation pulse I(τ) with the
duration τe ∼ 1 ps. Then the density of generated excitons
N(x,τ) and, correspondingly, polariton dephasing rate are
dependent on the distance from the surface x and time τ. It is
worth mentioning that the time τ is the momentary time of the
excitation pulse I(τ) and is different from the delay time t,
which defines the spatial position of the strain pulse in the
MQWs. During excitation, the incoherent exciton density
N(x,τ) increases and at time τ = τ̃ after the excitation pulse
( )e a it reaches the quasi-stationary level N̅(x). At
low J, when nonlinear effects are not important, we have

( )N x R J
eE( ) (1 ) e x

0=
(5)

where E is taken in eV and R0 is the reflectivity of the incident
beam. At high fluence, when Γ(x,τ) and correspondingly ε(x,τ)
(see eq 3) depend on τ and x, the dependence of N̅ on J
becomes nonlinear. The details of our calculations are
presented in Methods and Supporting Information S1. The
main assumption of the simulations is that the scattering of
polaritons to incoherent excitons happens immediately. We
also do not account for the spectral width of the optical
excitation. These assumptions, which allow for reasonably
time-efficient calculations, do not guarantee good quantitative
agreement with the experiment, but we believe that the model
adequately describes the nonlinear effects on a qualitative level.

The calculated dependences of N̅ on J near the surface (x =
0), in the middle (x = L/2) and at the inner edge (x = L = 778
nm) of the MQW layer are presented in Figure 2c. The ratio

1N x L
N x

( )
( 0)

<=
= reflects the effective absorption α̅ of polaritons

while they are propagating through the MQWs layer. It is seen
that in the linear regime, when J ≤ 100 nJ/cm2, α = 4.4 μm−1

which corresponds to a quite strong polariton absorption. For
higher J the absorption decreases, Ñ(x) possesses a nonlinear
dependence on J, and finally at J = 400 nJ/cm2, Ñ(x) becomes
almost homogeneous and saturates at a level ∼Nt along the
whole MQWs layer. This behavior confirms that the used
model qualitatively describes the effect of polariton-induced
transparency.

Figure 2. Measured (a) and simulated (b) TDBS signals for resonant excitation E = E0 and various fluences J. (c) Calculated dependences of the
exciton quasi-stationary density Ñ at time τ̃ after the excitation pulse ( )e a on the excitation fluence J for three distances x from the surface
of the MQW layer; the inset shows the model dependence of Γ on the exciton density N (see eq 4). (d) Measured (squares) and calculated (solid
line) dependences of the root-mean-square (RMS) amplitude of the TDBS signal on the excitation fluence.
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For modeling the TDBS signals, we use a transfer matrix
formalism substituting the calculated dependence of ε(x,τ) for
each J. The simulated results for several J and E = E0 are shown
in Figure 2b. Comparing the experimental and simulated
TDBS oscillations (Figure 2a,b respectively), we find that there
is good qualitative agreement in the dependence of the decay
rate td and correspondingly α̅: for low J the oscillations are
clearly decaying with the increase of |t| while at high J this
decay is hardly seen due to optically induced transparency.

In parallel with the decrease of absorption we observe the
decrease of the oscillation amplitude with increasing J. For the
analysis, we use the root-mean-square (RMS) amplitude

A R t R t( )/ d( )
t t t

t1
0

2

2 1 1

2= [ ] , (t2 = −t1 = 200 ps). The

experimental and calculated dependences A(J0) are shown in
Figure 2d. At low fluence, A is almost independent of J while at
J > 100 nJ/cm2, a decrease of A with increasing J takes place.
The decrease of A starts at approximately the same fluences for
the measured and simulated signals. The disagreement in the
absolute values of A is due to the model simplifications
described above. Qualitatively the decrease of A with
increasing J is consistent with the model where Γ increases
with J. Indeed, the increase of Γ leads to broadening of the
exciton resonance and decreasing of the sensitivity at E = E0
(see the middle panel in Figure 1b).

Now we turn to the dependences of the TDBS signals on the
photon excitation energy E in the nonlinear regime (J = 500
nJ/cm2), presented in Figure 3. Five signals are shown for
selected values of E, indicated by the vertical bars in Figure
3b,d. The TDBS oscillations in the experimental (Figure 3a)
and theoretical (Figure 3c) signals 2, 3, and 4 do not show
significant changes in the amplitude with t, which means that
the absorption is small due to polariton-induced transparency
in the MQWs. The theoretical signals 2 and 4 show an unusual
increase of the oscillation amplitude with the increasing |t|.
This behavior indicates that the sensitivity to strain dn(x,τ)/dη
increases with x (it is higher in the depth of the MQW layer
than at its open surface), in accordance with our model. At the
spectral wings, signals 1 and 5 do not differ much from the case
of the linear regime because there the absorption is already low
at low power.

Figure 3b,d show the experimental and simulated depend-
ences, respectively, of the RMS amplitude, A, on the photon
energy E. The black circles (Figure 3b) and corresponding line
(Figure 3d) show A(E) for the low J = 2 nJ/cm2,
corresponding to the linear regime. The red squares (Figure
3b) and corresponding line (Figure 3d) demonstrate A(E) for
J = 500 nJ/cm2 when the polariton-induced transparency has
gained full strength. The striking difference between A(E) at
low and high fluences is observed at E ∼ E0. At low fluence, the
spectral profile A(E) behaves conventionally following the
dependence of dn(E)/dη on E (see Figure 1b) with the
maximum at E = E0 in a full agreement with earlier studies.17

At high fluence, there is a dip at E = E0 while the maxima of A
are observed shifted by ±0.7 and 0.8 meV in the measured and
simulated dependences, respectively. Varying the parameters in
eq 5 we show that the dip can be simulated only when taking
into account the abrupt exciton phase transition at N ∼ Nt.
Any power function of Γ on N leads only to a decrease of A
without a dip at E = E0. Qualitatively there is a balance
between the depth dependent absorption of polaritons and
their survival in MQWs which provides the resulting amplitude
of TDBS signal. It is clear that the fluence threshold is reached
earlier for the excitation at the exciton resonance which leads
to the strong decrease of the sensitivity to strain relatively to
the case when exciting at the wings of the resonance. For the
dependence of A(E) calculated for various parameters we refer
to Section S4 in the Supporting Information.

The results presented in Figures 2 and 3 clearly show how
TDBS probes the effect of polariton-induced transparency at
high fluence. The decisive physical reason for the observed
phenomenon is the exciton phase transition and corresponding
collapse of the polaritons at high fluence. The phenomeno-
logical model used in our work unambiguously demonstrates
the effect of polariton-induced transparency at high fluence,
and highlights the fundamental physics processes responsible
for the observed phenomenon. The simplifications of our
model do not allow us to get the exact quantities like the
threshold fluence for exciton phase transition, width of the
phase transition, and amplitude of TDBS signal. However, the
model allows us to make the qualitative conclusion about the

Figure 3. Measured (a) and calculated (c) TDBS signals for various photon energies E around the exciton resonance. The values of E are indicated
by the vertical bars in (b,d) where the measured and calculated dependencies of the RMS amplitude of the TDBS signal on photon excitation
energy are shown for high (J = 500 nJ/cm2) and low (J = 2 nJ/cm2) excitation fluences. Lines, which connect the symbols in (b), are guides for the
eye.

ACS Photonics pubs.acs.org/journal/apchd5 Article

https://doi.org/10.1021/acsphotonics.4c01357
ACS Photonics XXXX, XXX, XXX−XXX

E

https://pubs.acs.org/doi/suppl/10.1021/acsphotonics.4c01357/suppl_file/ph4c01357_si_001.pdf
https://pubs.acs.org/doi/10.1021/acsphotonics.4c01357?fig=fig3&ref=pdf
https://pubs.acs.org/doi/10.1021/acsphotonics.4c01357?fig=fig3&ref=pdf
https://pubs.acs.org/doi/10.1021/acsphotonics.4c01357?fig=fig3&ref=pdf
https://pubs.acs.org/doi/10.1021/acsphotonics.4c01357?fig=fig3&ref=pdf
pubs.acs.org/journal/apchd5?ref=pdf
https://doi.org/10.1021/acsphotonics.4c01357?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as


decisive role of the exciton phase transition in the observation
of optically induced transparency.

Finally, we reveal a new effect of optically induced
transparency in a resonant medium with polaritons and
study the absorption of polaritons by measuring the Brillouin
oscillations, which result from the interaction of the polaritons
with the picosecond strain pulse. Based on the earlier
experimental studies of polaritons in MQWs we perform
modeling of polariton dynamics and show the decisive role of
exciton phase transition in the experimentally observed
transparency effect. The studied phenomenon complements
the family of optically induced transparency effects. It has
features common with saturable absorption,1,5,41 but in our
case, the full transparency involves the transition into a
noncoherent exciton gas instead of equalizing the population
of the ground and excited states. Studying optically induced
transparency by TDBS is prospective for understanding the
excitation density and optical field inside the nanostructures.
To that end, a comprehensive theoretical model should be
developed to provide the comparison of the measured and
simulated signals on a quantitative level. Currently, such
comparison in nanophotonic devices has been done only for
low densities in the linear excitation regime.17 From the
experimental point of view, the spatial resolution may be
improved by using spatially shorter strain pulses42 and higher
frequencies of the TDBS oscillations.43

■ METHODS
Sample Fabrication. The studied structure was grown by

molecular beam epitaxy on top of a 100 nm GaAs buffer and a
semi-insulating (100) GaAs substrate. The structure consists of
30 pairs of GaAs/Ga0.67Al0.33As with thicknesses of 17.5/8 nm.
The top layer is covered by a single 8 nm layer of Ga0.67Al0.33As
and finally with a 5 nm layer of GaAs. The total thickness of
the polaritonic layer is L = 778 nm. For the experiments, the
substrate was polished down to 105 μm thickness, and an Al
film of 100 nm thickness was deposited on its backside by
magnetron sputtering for the generation of picosecond strain
pulses. The sample was mounted on a metallic coldfinger in
the vacuum chamber of a flow Helium cryostat.
Optical Excitation of Polaritons in MQWs. The laser

source for the excitation of polaritons is a tunable Ti/sapphire
laser oscillator with 76 MHz pulse repetition rate and 120 fs
pulse duration. The photon energy is tuned around the spectral
position of the polariton resonance, ℏω = 1.5307 eV
(wavelength λ = 810 nm). The laser beam is retarded by a
fixed mechanical delay line by 20 ns (traveling time of the
strain pulse through the GaAs substrate) and passed through a
tunable double liquid crystal filter (VariSpec) with a
transmission band of 0.8 nm spectral width centered at the
laser photon energy. The laser beam is focused on the front
surface of the MQW layer to a spot of 40 μm diameter,
opposite to the spot on the Al film emitting the strain pulse.
The intensity of the reflected from the sample light was
measured by a Si-photoreceiver with 500 kHz bandwidth. The
TDBS signal is measured with a 100 MHz lock-in amplifier
synchronized with a mechanical chopper, which interrupts the
laser beam exciting the Al film at the frequency of 5.5 kHz. The
time delay, t, is controlled by a 10 cm multipass mechanical
delay line. The steady-state parameters of the polariton
resonance, E0, ELT and Γ0, were obtained from a reflectivity
spectrum measured using a halogen lamp and a 0.5 m single
monochromator with a CCD-camera.

Picosecond Strain Pulses. The strain pulses are generated
as a result of pulsed optical excitation of the Al film by the
same femtosecond laser which is used for excitation of the
polaritons in the MQWs. The Al film expands and the
picosecond strain pulse is injected into the GaAs substrate.
The temporal/spatial shape of the strain pulse is calculated
based on a two-temperature model44 and was confirmed by
direct measurements in earlier works.29 However, at low
temperature (T ∼ 10 K) the diffusion of hot electrons plays an
important role for the spatial shape of the generated strain
pulse. This process depends on the polycrystalline properties
of the deposited Al film which cannot be estimated precisely.
This gives some uncertainty in the amplitude and spatial shape
of the strain pulses. This uncertainty gives the factor of 2
difference in the calculated and measured amplitudes of the
TDBS signals.

■ SIMULATIONS
The dependence Γ(N) is given by the phenomenological eq 4
(see also inset in Figure 2c), where the function describes
the phase transition of the exciton gas and may be modeled as

N B( ) 1 eN N N/ 1t= [ + ] (6)

where the threshold exciton density Nt and the width of the
phase transition ΔN are given in the main text. The coefficient
B should be taken much larger than βNt. In the calculations we
use B = 0.3 eV.

In the simulations the temporal and spatial intervals are
divided into small steps with the widths dτ and dx,
respectively. Then the changes dN of incoherent excitons
generated from the polaritons during time dτ may be written as

N x
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and I(x,τ) is the polariton intensity flux at time τ and distance
x. Near the surface, x = 0
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Substituting eqs 8 and 9 into 7 and solving numerically the
differential equation eq 7, we find N(x = 0,τ) with the initial
condition N = 0 at τ → −∞. Further we calculate I(x,τ) for the
next position x + dx as I(x + dx,τ) = I(x,τ)e−α(x,τ)dx and again
use eq 7 to calculate N(x + dx,τ). Repeating this cycle, we
finally calculate N(x,τ) for all τ and x. We have checked that
the variation of N does not change significantly the reflected
intensity R0.

To calculate the TDBS signal we use the transfer matrix
formalism and calculate the intensity of the reflected light as a
function of time τ with variable Γ(x,τ) in the presence of the
strain pulse. Then we calculate the integrated reflected
intensity across the full excitation pulse duration. Finally, we
plot the intensity reflectivity changes as a function of the delay
time t between the excitation and strain pulses.
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