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Self-induced transparency in semiconductor quantum dots
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We present a theoretical analysis of self-induced transparency in a sample of inhomogeneously broadened
semiconductor quantum dots. A general theoretical framework accounting for mutual light-matter interactions
in the presence of single and biexciton transitions is presented. Numerical results demonstrate that intense light
pulses can propagate in realistic state-of-the-art dot samples without suffering strong losses.
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I. INTRODUCTION

Semiconductor quantum dots~QD’s! are nanostructure
which allow confinement of carriers in all three spat
directions,1–3 resulting in discrete, atomiclike spectra an
strongly enhanced carrier lifetimes. Such remarkable feat
make QD’s similar to atoms in many respects, and sugg
the exploitation of optically induced quantum coherence a
correlations4,5 to drastically alter their nonlinear optical prop
erties. Indeed, much recent work has been devoted to o
cally induced effects in QD’s reminiscent of few-level sy
tems: experimentally, coherent-carrier control of excitons6 or
photon antibunching7,8 has been demonstrated, while the
retically, coherent population transfer,9 quantum-information
processing,10,11 or the measurement of single scattering12

has been proposed.
Observation of optical coherence effects in ensemble

QD’s is usually spoiled by inhomogeneous line broaden
due to dot-size fluctuations, with typical broadenings com
rable to the level splittings themselves. To overcome t
problem, within the last couple of years a number of expe
mental techniques was developed to allow the observatio
single quantum dots, thereby establishing the rapidly gro
ing field of single-dot spectroscopy.13

It should be emphasized, however, that inhomogene
line broadening leads to decoherence effects which are
stantially different from those induced by homogeneo
broadening:14 A light pulse propagating in a medium of in
homogeneously broadened QD’s excites all the QD re
nances in phase, where—at variance with the homoge
neously broadened QD—each QD has a coherent t
evolution. However, the phase varies from dot to dot, th
leading to interference effects, which in most cases prev
the observation of the coherent radiation-matter interact
A striking exception is the phenomenon ofself-induced
transparency~SIT!,4,15–19 a highly nonlinear optical coher
ence phenomenon which directly exploits inhomogene
level broadening.

In their pioneering work McCall and Hahn15,16 first dem-
onstrated that there exists a specific temporal pulse shap
which the light pulse entering a material of inhomogeneou
broadened two-level systems propagates without suffe
significant losses~‘‘self-induced transparency’’!; this was in-
deed observed experimentally for atomic ensembles. SI
important not only as a demonstration of quantu
0163-1829/2002/65~16!/165322~6!/$20.00 65 1653
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coherence-induced modifications of optical properties,
also as a prototypical example of a cooperative phenome
in this respect it differs from other coherent interactions su
as Rabi oscillations, the ac Stark effect, and photon a
bunching, which are essentially single-atom effects. Lig
matter coupling plays a crucial role in SIT: its theoretic
analysis not only requires considering the material respo
in the presence of the driving light pulse, but also the ba
action of the macroscopic material polarization on lig
propagation~through Maxwell’s equations!. In fact, it turns
out that this light-matter interplay leads above a giv
threshold to a self-modulation of a laser pulse with arbitra
pulse shape. This is not the case in other coherent phen
ena such as photonecho,20,21 where the modification of the
external field acting on each dipole that is produced by
other dipoles can safely be ignored.

Quite generally, SIT is observable in any inhomog
neously broadened few-level system with sufficiently lon
lived states. More specifically, for a laser pulse of durationto

the condition

Tmat@to@T* ~1!

has to be fulfilled, whereTmat is the typical homogeneou
lifetime of the two-level system, andT* 51/d* is a time
associated to the inhomogeneous level broadening\d* .
Thus, QD ensembles with their large inhomogeneous
broadenings and the long relevant coherence times6 are ideal
candidates for a solid-state implementation of SIT. To
best of our knowledge, no work has been devoted yet to
study of SIT in semiconductor QD samples.

It is the purpose of the present paper to theoretically
vestigate self-induced transparency for an ensemble of s
conductor quantum dots. Here, the situation is more invol
as compared to atoms, because a strong light pulse ca
only excite single electron-hole pairs~excitons! but also mul-
tiple pairs~multiexcitons!. In this paper we will first develop
a general theoretical framework suited for the description
light propagation in QD samples including exciton and bie
citon transitions. Parameter estimates and numerical res
for prototypical dot samples will be presented, which w
demonstrate the feasibility of SIT in this class of materia
©2002 The American Physical Society22-1
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II. THEORY

A proper theoretical description of the mutual radiatio
matter interaction requires the simultaneous solution of M
well’s wave equation

S ¹22
n2

c2

]2

]t2D E5
4p

c2

]2

]t2
P ~2!

together with an equation describing the evolution of the Q
system under the action of the electromagnetic field~we use
cgs units throughout!. The intense laser beam propagati
along ẑ ~see Fig. 1! is described by

E~z,t !5 Ẽ~z,t !e2 i (vLt2kLz)u1c.c., ~3!

where u is the polarization vector,vL the center-of-pulse
frequency, andkL5nvL /c the wave vector, withc the speed
of light, andn the semiconductor refractive index. The inte
band polarization

P~z,t !5P~z,t !e2 i (vLt2kLz)ed1c.c. ~4!

is determined by all possible interband transitions occurr
in the QD ensemble, withed the polarization vector. In Eqs
~3! and~4! Ẽ andP are the envelope parts of the electroma
netic and polarization fields, respectively. Since differe
dots have different sizes, their energy levels are also dot-
dependent. Before arrival of the light pulse all quantum d
are assumed to be in their respective ground statesu0(e)&,
where the dot-size-dependent exciton energye has been in-
troduced to label dots with different sizes. However, co

FIG. 1. Schematic representation of the model structure. I
formed by stacked layers of InxGa12xAs QD’s ~with different sizes!
embedded in a GaAs host material, and is irradiated from the
hand side by an intense laser beam propagating in the layer p
alongz.
16532
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pling to the light can induce transitions fromu0(e)& to single
and multiexciton states. Owing to condition~1!, for a light
frequencyvL tuned to the ground-state exciton transition t
QD states can be restricted to the spin-degenerate sin
exciton ground statesux(e)& with frequencyvx(e)5e, and
the biexciton ground stateul(e)& with frequencyvl(e). For
such a level schemeP(z,t) then reads

P~z,t !5N(
x
E g~e!de@M0x~e!rx0~e,z;t !

1Mxl~e!rlx~e,z;t !#. ~5!

Hereg(e) is the normalized frequency distribution,N is the
uniform dot density,rx0(e,z;t)5^x(e)ur(z,t)u0(e)& and
rlx(e,z;t)5^l(e)ur(z,t)ux(e)& are the interband-
polarization elements of the density matrixr(z,t) in the ro-
tating frame, andM0x(e)5e^0(e)ur ux(e)&•ed* and Mxl(e)
5e^x(e)ur ul(e)&•ed* are the dipole elements for the excito
and biexciton transitions, respectively, which we assume
be parallel to each other (e is the electron charge!.

The time evolution of the density matrixr of a specific
dot is determined by the Liouville–von Neumann mas
equation which, within the rotating-wave approximatio
reads12,22

dr

dt
52

i

\
~Heffr2rHeff

† !1G in@r#. ~6!

The effective HamiltonianHeff5H01HR accounts forH0,
the single-exciton and biexciton states~including a homoge-
neous lifetime broadening described by the phenomenol
cal damping constantsGx and Gl , which we assume to be
independent ofe!, and HR , the light-dot coupling. More
specifically, we obtain for a givenz

H05\(
x

F S Dx(e)2 i
Gx

2 D ux(e)&^x(e)u

1S Dl(e)2 i
Gl

2 D ul(e)&^l(e)uG , ~7a!

HR5
\

2 (
x

@Vx0ux~e!&^0~e!u1Vlxul~e!&^x~e!u#1c.c.,

~7b!

with Dx(e)5e2vL , and Dl(e)5vl(e)22vL the exciton
and biexciton detunings, andVx0(z,t)5E(z,t)Mx0(e)/\ and
Vlx(z,t)5E(z,t)Mlx(e)/\ the ~time- and coordinate-
dependent! exciton and biexciton Rabi frequencies, respe
tively @E(z,t)5 Ẽ(z,t)u•ed* #. Finally, the in-scattering term

G in[r] 5(
x

[Gxrxxu0(e)&^0(e)u1
Gl

2
rllux(e)&^x(e)u]

~8!

ensures that in Eq.~6! the trace of the density matrix i
preserved under the time evolution.

The small variation ofE(z,t) over a wavelength and dur
ing an optical period allows us to simplify Maxwell’s wav
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equation by performing the usual rotating-wave and slow
varying envelope approximation:4,23

S ]

]z
1

n

c

]

]t D E~z,t !>2S 2pvL

nc DIP~z,t !. ~9!

The mutual interaction between radiation and matter
lies on the fact that in Eq.~9! the polarization plays the role
of the source for the electromagnetic~e.m.! field; meanwhile
the e.m. field acts on the material system inducing the m
roscopic polarization~4!.

III. RESULTS

Next, we turn to the discussion of how an intense lig
pulse propagates in a sample of inhomogeneously broad
quantum dots. Our main emphasis will be focused on t
points: first, the identification of those parameters determ
ing the observation of SIT in a QD sample and second,
question of how the multiexciton QD level scheme modifi
the usual two-level description of SIT.
In order to refer to a specific situation we will consider pr
totypical dot parameters~summarized in Table I!. Figure 1
schematically depicts the proposed dot structure which
formed by stacked layers of InxGa12xAs QD’s embedded in
a GaAs host material, corresponding to samples curre
grown by molecular-beam epitaxy by several groups;24 an
intense laser beam irradiates the sample from the left-h
side and propagates in the layer planes alongz. This setup is
chosen in anticipation of possible experimental realizatio
where it might be more advantageous to place a few layer
QD’s inside a waveguide structure rather than to grow Q
layers as a volume material. We point out, however, that
samples are currently grown by several different techniqu
so that other types of QD’s such as, e.g., dots grown
chemical self-aggregation techniques3 might be suited for ex-
periment as well.

We shall make the usual assumption that light with we
defined circular polarization~helicity! creates electron-hole
pairs~excitons! with well-defined spin orientations.2,23 Thus,
for circular polarizationu1 we recover an effective two-leve
system consisting of the ground stateu0& and one exciton
state~because both the second exciton stateuxs2

& and the

biexciton stateul& can only be excited by photons with op
posite helicity u2); in contrast, linearly polarized ligh
couples together all statesu0&, uxs1

&, uxs2
&, andul&. These

simplified optical selection rules are chosen to allow us

TABLE I. Material and dot parameters used in our simulatio

Description Value Units
Dot densityN 831015 cm23

Inhomogeneous broadening\d* ~FWHM! 25 meV
Biexciton bindingEb(e) 22 meV
Exciton lifetimeGx

21 100 ps
Biexciton lifetimeGl

21 50 ps
Optical matrix elementsM0x , Mxl 2310217 esu cm
Semiconductor refractive indexn 3.3
16532
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discussion of the two extreme cases of a pure two-le
scheme and a maximally coupled three-level one; differ
situations, such as the one depicted in Fig. 1~which approxi-
mately corresponds to linear polarization!, are not expected
to lead to qualitatively different results and will thus not b
discussed explicitly.

Size fluctuations in the QD ensemble are accounted fo
assuming a Gaussian distribution for the exciton resonan

g~e!5
1

A2ps
expF2

~e2vL!2

2s2 G ~10!

centered around the mean dot frequencyvo5vL ; the vari-
ances is chosen to reproduce an inhomogeneous exc
and biexciton level broadening full width at half maximu
~FWHM! of \d* 525 meV, which corresponds to exper
mentally observed broadenings. In order for a pulse to pro
gate in a medium as if it were transparent, the radiati
matter interaction should be restricted to a time interval t
is short compared to the phase memory time of the reso
material~i.e., to the homogeneous broadening time!, and si-
multaneously that is large with respect to the inhomogene
broadening time 1/d* , see Eq.~1!, thus ensuring the sam
absorption coefficient for all Fourier components in t
pulse. Since typical lifetimes in QD’s are of the order
several tens of picoseconds,6 this condition can be satisfie
using laser pulses with a duration of a few picosecon
~throughout our simulations we assume 1/Gx5100 ps;
1/Gl550 ps). The radiative lifetime in semiconductor QD
is related to the dipole momentM through the relation25,26

t5
3

4n

\c3

M2v3
. ~11!

From the measured lifetimest51 –2 ns~Ref. 27! and as-
suming a pure radiative origin, we then takeM5M0x
5Mxl52310217 esu cm for our calculations. A uniform
density N5831015 cm23 of QD’s has been assume
throughout our simulations:27 this value is a good compro
mise between the two opposite requirements of having
Coulomb coupling or tunneling between neighbor QD’s, a
of producing a large absorption coefficient in the structu
Finally, we choose a biexciton binding energy ofEb
52 meV, irrespective of the QD size.

Figure 2 shows results of our simulations for the para
eters listed in Table I. Let us first concentrate on the res
for circular polarization, Figs. 2~a!–2~c!, i.e., for the case in
which our system behaves as an effective two-level syst
It is apparent that the area theorem of McCall and Hahn
fulfilled in this situation. We recall that this theorem asse
that, for an ensemble ofN inhomogeneously broadened two
level systems with transition dipole momentsMx0, the pulse
area, defined as

A~z!5 lim
t→`

Mx0

\ E
2`

t

d t̄E~z, t̄ !, ~12!

satisfies the equation

.

2-3
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dA~z!

dz
52

1

2
a sinA~z! ~13!

whenGx→0, with the inverse of the absorption coefficien

a5
4p2NvLMx0

2

\nc
g~vL! ~14!

providing a characteristic length scale.@The demonstration
of the theorem is easily obtained using the wave Eq.~9!
together with the material~optical Bloch! Eq. ~6!#.
For a weak incident pulse one immediately observes fr
the linearized form of Eq.~13! that A decays according to

FIG. 2. Results of our simulations as described in the text
with the parameters listed in Table I.~a–c! @~d–f!# show the tem-
poral evolution of the electric field for circular~linear! polarization,
with the initial center-of-pulse strengthsEo of ~a! and~d! 6.7 kV/cm
~areaA50.93p), ~b! and~e! 20 kV/cm (A52.79p), and~c! and~f!
33.4 kV/cm (A54.65p).
16532
exp21/2az, as expected from Beer’s law of linear absor
tion: within the framework of Bloch vectors,4,23 this decay is
due to the small rotations of Bloch vectors out of their eq
librium positions and the resulting intensity loss of the lig
pulse. However, completely new features appear whenA
>p. Most important, ifA5mp (m50,1,2. . . ) the pulse
area suffers no attenuation in propagating alongz; in fact
each Bloch vector is now rotated from its initial state throu
a sequence of excited states back to the initial one, t
taking from the light field the same amount of energy tha
given back. Moreover, areas that are even multiples ofp are
more stable than those that are odd multiples. In fact, ei
in the case of an incident pulse with initial area (2m11)p
,A,2(m11)p, or in the case with 2(m11)p,A,(2m
13)p the propagation alongz leads to a final stable area o
A52(m11)p.

We can now estimate the strength of the electric field a
the thickness of the structure required for the observation
SIT in a typical QD sample as that of Fig. 1. The center-
pulse field strength should be of the order of a few kV/cm
provide areasA;p with a pulse duration of a few picosec
onds, as required by Eq.~1!;28 the thickness of the sampl
should be of the order of a few millimeters, since for t
prototypical parameters listed in Table I the characteris
length scale isa21>0.15 mm. Experimentally, it is cer
tainly possible to grow macroscopic dot samples; furth
more, phenomena such as Rabi-type oscillations or s
induced transmission have been observed in a numbe
recent experiments in semiconductors of high
dimension.29–31

In our simulations we perform in the wave Eq.~9! and the
material Eq.~6! a real-space discretizationzi ~with a mesh of
typically 1000 points within a region of 5 mm!, and in Eq.
~6! a further detuning discretizationD i for excitons and biex-
citons, respectively~60 points in a region of65 meV).
Equations~9! and~6! are then numerically integrated in tim
by use of standard library routines. We assume an ini
Gaussian field profileẼ(z,t)5Eoexp$2@(z2vt)2/2sz

2#%, with
sz50.25 mm~corresponding to a pulse duration of 2.75 p!.
Instead of using a geometry where the light pulse enters f
a dot-free region into the active dot region, we start from
beginning with a pulse propagating in the active region a
turn on the material-light interaction quasiadiabatically ov
a time interval of 2 ps; such a quasiadiabatic turning on
necessary to suppress strong initial oscillations, and is
pected to only influence field transients at early times.

At the lowest-field strength of Fig. 2~a! ~corresponding to
Eo'6.7 kV/cm and an areaA50.93p) we observe that the
field decays exponentially withz: in propagating through the
medium, a fraction of the pulse energy is absorbed and
tained as excitation energy of the QD’s in the beginni
length of the sample. This process progressively takes a
energy from the pulse and determines its complete atten
tion after a few absorption lengths. The situation is marke
different when Eo'20 kV/cm @Fig. 2~b!#, which corre-
sponds to an areaA52.79p. The pulse loses initially some
energy over a small number of absorption lengths; with
further increase of time~see axis on the right-hand side! and

d
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penetration depth, however, it becomes compressed,
reaches the stable form of a 2p hyperbolic secant function o
time and distanceE(z,t)}1/cosh@(t2z/V)/tf# ~see dotted line
in Fig. 1 at 40 ps, indistinguishable!, with V the group ve-
locity andt f a measure of the pulse duration.32 At such high
intensities the leading edge of the pulse coherently drives
system in a predominantly inverted state; before depha
processes take place, the trailing edge brings then the p
lation back to the ground state by means of stimulated em
sion, and an equilibrium condition is reached in which t
pulse receives through induced emission of the system
same amount of energy transferred to the sample thro
induced absorption.

Further increase toA54.65p @Fig. 2~c!, with Eo
'33.4 kV/cm# results in apulse breakupinto two peaks.
Pulses with areas 2p,A,3p becoming substantially
shorter and more intense and reaching the final area ofp
with the stable hyperbolic secant shape, as well as p
breakup forA.3p, which had already been reported in th
context of SIT in atomic ensembles; the present res
strongly suggest that these features should be observable
with our QD ensemble.

For linearly polarized light more than two effective leve
have to be considered, as previously discussed. Compa
of Figs. 2~a!–2~c! with 2~d!–2~f! reveals that our findings ar
not changed qualitatively in the presence of biexciton tran
tions. Again, for higher-field strengths one observes v
stable pulse propagation, Figs. 2~e! and 2~f!, and pulse
breakup at the highest-field strength.

Finally, in Fig. 3 we plot for linear polarization the tim
evolution of the exciton Figs. 3~a!–3~c!, and biexciton, Figs.
3~d!–3~f!, populations, respectively, for a selected positi
of z52 mm and for the same field strengths as in Fig.
Figure 3~b! clearly shows the oscillations of the excito
populations from zero to their maximum values and back
zero~i.e., 2p rotation of the Bloch vector!; similarly, in Fig.
3~c! two oscillations can be resolved~i.e., 4p rotation!. Note
that the spectral width of the exciton-population transient
determined by the light-pulse durationt f . In general, the
spectral width of the light pulse is sufficiently small to a
most inhibit at zero detuning exciton-biexciton transition
since the corresponding transition energy is redshifted
compared to\vL because of Coulomb correlation effects33

~biexciton binding of 2 meV in Table I!. However, we infer
from Figs. 3~e! and 3~f! that there is a more efficien
biexciton-population channel through intermediate excitat
of off-resonance excitons; at the field strengths investiga
these biexcitons remain excited, thus leading to a sm
damping of the propagating light pulse. However, from F
2 we observe that such damping has no significant impac
the pulse propagation along distances of the order of a
a21.

IV. SUMMARY

In conclusion, we have discussed the phenomenon of s
induced transparency in a semiconductor quantum
sample with inhomogeneous level broadening. A general
oretical framework accounting for the mutual light-matt
system in the presence of single- and multiexciton transiti
has been developed. We have shown that for typical dot
material parameters SIT should be observable in state-of-
16532
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art QD samples. Numerical simulations have revealed
the qualitative behavior of SIT is not changed in the prese
of biexciton transitions, and only slightly higher-energ
losses occur through the biexciton channel. SIT in Q
samples constitutes a prototypical example for quantum
herence and for mutual light-matter coupling. It is expec
to be of importance for the implementation of optically co
trollable switches or the propagation of intense laser pu
in high-density QD samples, which might be of relevance
QD-based laser devices.
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