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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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[. INTRODUCTION coherence-induced modifications of optical properties, but
also as a prototypical example of a cooperative phenomenon:
Semiconductor quantum dot®D’s) are nanostructures in this respect it differs from other coherent interactions such
which allow confinement of carriers in all three spatial as Rabi oscillations, the ac Stark effect, and photon anti-
directions!~3 resulting in discrete, atomiclike spectra and bunching, which are essentially single-atom effects. Light-
strongly enhanced carrier lifetimes. Such remarkable featuresatter coupling plays a crucial role in SIT: its theoretical
make QD’s similar to atoms in many respects, and suggestnalysis not only requires considering the material response
the exploitation of optically induced quantum coherence andn the presence of the driving light pulse, but also the back
correlation$°to drastically alter their nonlinear optical prop- action of the macroscopic material polarization on light
erties. Indeed, much recent work has been devoted to optpropagationthrough Maxwell’s equationsIn fact, it turns
cally induced effects in QD’s reminiscent of few-level sys- gut that this light-matter interplay leads above a given
tems: experimentally, coherent-carrier control of excitars  threshold to a self-modulation of a laser pulse with arbitrary
photon antibunchinlf’ has been demonstrated, while theo-pyise shape. This is not the case in other coherent phenom-
retically, coherent population transfequantum-information ena such as photonecf?! where the modification of the
processing,! or the measurement of single scatterfigs gyiernal field acting on each dipole that is produced by all

has been pr_oposed. . . ?ther dipoles can safely be ignored.
Observation of optical coherence effects in ensembles o Quite generally, SIT is observable in any inhomoge-

QD's is usually spoiled by inhomogeneous line broadenin i . - i
due to dot-size fluctuations, with typical broadenings compzﬂqeOUSIy broadened few-level system with sufficiently long

rable to the level splittings themselves. To overcome thiéived states. More specifically, for a laser pulse of duratign

problem, within the last couple of years a number of experi-the condition

mental techniques was developed to allow the observation of
single quantum dots, thereby establishing the rapidly grow-
ing field of single-dot spectroscopy

It should be emphasized, however, that inhomogeneous
line broadening leads to decoherence effects which are sub- , . .
stantially different from those induced by homogeneous?_'as, to be fulfilled, wherd g is the tyi)lcal hOmOgeneous
broadening”* A light pulse propagating in a medium of in- fetime of the two-level system, and@* =1/6" is a time
homogeneously broadened QD's excites all the QD resgdSsociated to the inhomogeneous level broaderiidy.
nancesin phase where—at variance with the homoge- Thus, Q.D ensembles with their large mhomogenepus line
neously broadened QD—each QD has a coherent timBroadenings and the long relevant coherence firmesideal
evolution. However, the phase varies from dot to dot, thugandidates for a solid-state implementation of SIT. To the
leading to interference effects, which in most cases preverfiest of our knowledge, no work has been devoted yet to the
the observation of the coherent radiation-matter interactionstudy of SIT in semiconductor QD samples.
A striking exception is the phenomenon eElf-induced It is the purpose of the present paper to theoretically in-
transparency(SIT),**5~1°a highly nonlinear optical coher- vestigate self-induced transparency for an ensemble of semi-
ence phenomenon which directly exploits inhomogeneousonductor quantum dots. Here, the situation is more involved
level broadening. as compared to atoms, because a strong light pulse cannot

In their pioneering work McCall and Hahh'®first dem-  only excite single electron-hole paifsxcitons but also mul-
onstrated that there exists a specific temporal pulse shape fople pairs(multiexcitons. In this paper we will first develop
which the light pulse entering a material of inhomogeneouslya general theoretical framework suited for the description of
broadened two-level systems propagates without sufferinight propagation in QD samples including exciton and biex-
significant losse$"self-induced transparency; this was in-  citon transitions. Parameter estimates and numerical results
deed observed experimentally for atomic ensembles. SIT ifor prototypical dot samples will be presented, which will
important not only as a demonstration of gquantum-demonstrate the feasibility of SIT in this class of materials.
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5} O O O pling to the light can induce transitions froid(e)) to single
O O O O

and multiexciton states. Owing to conditigh), for a light
frequencyw, tuned to the ground-state exciton transition the
O O O O QD states can be restricted to the spin-degenerate single-
L exciton ground statelx(e)) with frequencyw,(€) =€, and
the biexciton ground stafe (€)) with frequencyw, (€). For

4 O O O O such a level schem@(z,t) then reads
O O O Pz0=NZ [ g(eddMopsote.z

+ My (e)prx(€,z1)]. (5

@,
OO OO OO OO Hereg(e) is the normalized frequency distributia] is the
uniform dot density, p,o(€,z;t) =(x(€)|p(z,t)|0(€)) and
O
O O O px(€Zt)=(\(€)|p(z,t)|x(€)) are the interband-

polarization elements of the density matyikz,t) in the ro-

y ; *
, tating frame, andM,(€) =e(0(e)|r|x(€))- €5 and M, (¢)
X
| - O o O O =e(x(e€)|r|\(€))- € are the dipole elements for the exciton
Z O O O O and biexciton transitions, respectively, which we assume to
O O O O be parallel to each othee(is the electron charge

[ The time evolution of the density matrix of a specific
dot is determined by the Liouville—von Neumann master

FIG. 1. Schematic representation of the model structure. It isequation which, within the rotating-wave approximation
formed by stacked layers of J6a, _,As QD’s (with different sizeg readd222 ' '

embedded in a GaAs host material, and is irradiated from the left-
hand side by an intense laser beam propagating in the layer planes dp

i
alongz. a:_%(Heﬁp_PHgﬂ)"_rin[P]- (6)

Il. THEORY The effective HamiltoniarH .q=Hy+Hg accounts forH,,
the single-exciton and biexciton stat@scluding a homoge-

A proper theoretical description of the mutual radiation-
prop P neous lifetime broadening described by the phenomenologi-

matter interaction requires the simultaneous solution of Max

well's wave equation cal damping constants, andI’, , which we assume to be
independent ofe), and Hg, the light-dot coupling. More
2 2 2 specifically, we obtain for a given
( 2_ &_) = 4_77 (9_ 2)
c? ot? c? at? Ty
. _ N _ Ho=52 || Ax(€) =i~ |Ix(e))(x(e)]
together with an equation describing the evolution of the QD X

system under the action of the electromagnetic fiald use

cgs units throughout The intense laser beam propagating + Ax(e)—i£)|)\(e)>()\(e)| , (7a)
alongz (see Fig. 1is described by 2
~ it t— A
E(zt)=é(zpe " Autec, B Hr=5 2 [Qolx(©X0(e)]+Qudh(@)(x(e)|1+cc,
X
where u is the polarization vectorp, the center-of-pulse (7b)

frequency, and, =nw, /c the wave vector, witlt the speed i )
of light, andn the semiconductor refractive index. The inter- With Ax(€)=e—w_, andA,(€)=w,(€) —2w_ the exciton

band polarization and biexciton detunings, ard,q(z,t) =&(z,t)M,q(€)/A and
O\ (z,t)=E&(z,t)M,(€)/h the (time- and coordinate-
P(z,t)=P(z,t)e ("X e+ c.c. (4) dependentexciton and biexciton Rabi frequencies, respec-

. _""' . * . - _ .
is determined by all possible interband transitions occurring}'ve'y [£(z,t)=E&(z,t)u- € ]. Finally, the in-scattering term

in the QD ensemble, witley the polarization vector. In Egs. T

(3) and(4) Z andP are the envelope parts of the electromag- Lin[p]l = 2 [Txpx0(€))(0(€)| + ?APM|X(6)><X(€)|]
netic and polarization fields, respectively. Since different X )
dots have different sizes, their energy levels are also dot-size

dependent. Before arrival of the light pulse all quantum dot®nsures that in Eq(6) the trace of the density matrix is
are assumed to be in their respective ground st@tég)),  preserved under the time evolution.

where the dot-size-dependent exciton enesdyas been in- The small variation of(z,t) over a wavelength and dur-
troduced to label dots with different sizes. However, cou-ing an optical period allows us to simplify Maxwell's wave
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TABLE I. Material and dot parameters used in our simulations.discussion of the two extreme cases of a pure two-level
scheme and a maximally coupled three-level one; different

Description Value Units  sjtuations, such as the one depicted in Figwhich approxi-
Dot density\/ 8x10®  cm™? mately corresponds to linear polarizatipare not expected
Inhomogeneous broadenifg* (FWHM) 25 meV to lead to qualitatively different results and will thus not be
Biexciton bindingE,(€) -2 meV discussed explicitly.
Exciton lifetimeT', * 100 ps Size fluctuations in the QD ensemble are accounted for by
Biexciton lifetime '} * 50 ps assuming a Gaussian distribution for the exciton resonances
Optical matrix element# g, M, 2x10° Y  esucm
Semiconductor refractive index 3.3 1 XF{ (e—wy)? (10

9(e) \/ﬁoe 20°

equation by performing the usual rotating-wave and slowly,

arying envelope approximatich® entered around the mean dot frequengy= o, ; the vari-
varyi % ximatiott.

anceo is chosen to reproduce an inhomogeneous exciton

and biexciton level broadening full width at half maximum
IP(z,1). (9) (FWHM) of A6* =25 meV, which corresponds to experi-
mentally observed broadenings. In order for a pulse to propa-
gate in a medium as if it were transparent, the radiation-
matter interaction should be restricted to a time interval that
is short compared to the phase memory time of the resonant
material(i.e., to the homogeneous broadening tiend si-
cr'nultaneously that is large with respect to the inhomogeneous
broadening time 1¥*, see Eq.(1), thus ensuring the same
absorption coefficient for all Fourier components in the
. RESULTS pulse. Since typical lifetimes in QD’s are of the order of
several tens of picoseconfishis condition can be satisfied
iing laser pulses with a duration of a few picoseconds
t

TwWL
nc

n o
-
dz cdt

2
E(Z,t)s—<

The mutual interaction between radiation and matter re
lies on the fact that in Eq9) the polarization plays the role
of the source for the electromagneteem) field; meanwhile
the e.m. field acts on the material system inducing the ma
roscopic polarizatiori4).

Next, we turn to the discussion of how an intense light
ulse propagates in a sample of inhomogeneously broaden . :
P propag P g y roughout our simulations we assumel'#100 ps;

quantum dots. Our main emphasis will be focused on tw T — he radiative lifetime i cond ,
points: first, the identification of those parameters determin:1 2 =50 ps). T e radiative lifetime in semicon u_ctorzeQDs
related to the dipole momeM through the relatiof?

ing the observation of SIT in a QD sample and second, th&
question of how the multiexciton QD level scheme modifies
the usual two-level description of SIT. 3 fic’
In order to refer to a specific situation we will consider pro- " an M203
totypical dot parameterssummarized in Table)l Figure 1
schematically depicts the proposed dot structure which i$From the measured lifetimes=1—-2 ns(Ref. 27 and as-
formed by stacked layers of J6a _,As QD’s embedded in  suming a pure radiative origin, we then talé=M,,
a GaAs host material, corresponding to samples currently=M,, =2x 101" esucm for our calculations. A uniform
grown by molecular-beam epitaxy by several grotfhan density N=8x10" cm 2 of QD's has been assumed
intense laser beam irradiates the sample from the left-hanghroughout our simulation%" this value is a good compro-
side and propagates in the layer planes albnihis setup is  mise between the two opposite requirements of having no
chosen in anticipation of possible experimental realizationsCoulomb coupling or tunneling between neighbor QD’s, and
where it might be more advantageous to place a few layers aff producing a large absorption coefficient in the structure.
QD’s inside a waveguide structure rather than to grow QDFinally, we choose a biexciton binding energy &,
layers as a volume material. We point out, however, that QD=2 meV, irrespective of the QD size.
samples are currently grown by several different techniques, Figure 2 shows results of our simulations for the param-
so that other types of QD’s such as, e.g., dots grown bysters listed in Table I. Let us first concentrate on the results
chemical self-aggregation techniqdiesight be suited for ex-  for circular polarization, Figs.(@—2(c), i.e., for the case in
periment as well. which our system behaves as an effective two-level system.
We shall make the usual assumption that light with well-1t is apparent that the area theorem of McCall and Hahn is
defined circular polarizatiorthelicity) creates electron-hole fulfilled in this situation. We recall that this theorem asserts
pairs (excitong with well-defined spin orientatiorfs>* Thus,  that, for an ensemble of inhomogeneously broadened two-
for circular polarizatioru, we recover an effective two-level |evel systems with transition dipole momemts,, the pulse
system consisting of the ground sta@® and one exciton  area, defined as
state (because both the second exciton state ) and the

biexciton statg\) can only be excited by photons with op-
posite helicity u_); in contrast, linearly polarized light
couples together all stat¢8), [, ), [X, ), and|\). These

simplified optical selection rules are chosen to allow us thesatisfies the equation

(11)

. MxO t .y -
A(z)=lim—=| dt&(zt), 12
(2) fim = J,x (z,t) (12
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whenI',— 0, with the inverse of the absorption coefficient

providing a characteristic length scal@he demonstration
of the theorem is easily obtained using the wave ).
together with the material(optical
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4’ No M3,

Anc

1 2
Position (mm)

g(wp)

140

L
[
o

L
N
o

10

140

L
W
o

™
o
Time (ps)

10

140

L
[
o

L
N
o

10

13

(14

Time (ps)

Time (ps)

FIG. 2. Results of our simulations as described in the text an
with the parameters listed in Table (a—g [(d—f)] show the tem-
poral evolution of the electric field for circuldlinear) polarization,
with the initial center-of-pulse strengtifs of (a) and(d) 6.7 kV/cm
(areaA=0.937), (b) and(e) 20 kV/cm (A=2.797), and(c) and(f)

Bloch Eg. (6)].
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exp—1/2az, as expected from Beer’s law of linear absorp-
tion: within the framework of Bloch vectofs?® this decay is
due to the small rotations of Bloch vectors out of their equi-
librium positions and the resulting intensity loss of the light
pulse. However, completely new features appear when

= . Most important, ifA=m=z (m=0,1,2...) the pulse
area suffers no attenuation in propagating alangn fact
each Bloch vector is now rotated from its initial state through
a sequence of excited states back to the initial one, thus
taking from the light field the same amount of energy that is
given back. Moreover, areas that are even multiples afe
more stable than those that are odd multiples. In fact, either
in the case of an incident pulse with initial arean{2 1)
<A<2(m+1), or in the case with 20+ 1)7<<A<(2m
+3)m the propagation alongleads to a final stable area of
A=2(m+1)m.

We can now estimate the strength of the electric field and
the thickness of the structure required for the observation of
SIT in a typical QD sample as that of Fig. 1. The center-of-
pulse field strength should be of the order of a few kV/cm to
provide area®\~ 7 with a pulse duration of a few picosec-
onds, as required by Eql1);?® the thickness of the sample
should be of the order of a few millimeters, since for the
prototypical parameters listed in Table | the characteristic
length scale ise '=0.15 mm. Experimentally, it is cer-
tainly possible to grow macroscopic dot samples; further-
more, phenomena such as Rabi-type oscillations or self-
induced transmission have been observed in a number of
recent experiments in semiconductors of higher
dimensior?®~31

In our simulations we perform in the wave E§) and the
material Eq.(6) a real-space discretizatia (with a mesh of
typically 1000 points within a region of 5 mmand in Eq.

(6) a further detuning discretizatiak; for excitons and biex-
citons, respectively60 points in a region of£5 meV).
Equationg9) and(6) are then numerically integrated in time
by use of standard library routines. We assume an initial
Gaussian field profilé€(z,t) = £,exp{—[(z—vt)%202]}, with
,=0.25 mm(corresponding to a pulse duration of 2.75.ps
nstead of using a geometry where the light pulse enters from
a dot-free region into the active dot region, we start from the
beginning with a pulse propagating in the active region and
turn on the material-light interaction quasiadiabatically over
a time interval of 2 ps; such a quasiadiabatic turning on is
necessary to suppress strong initial oscillations, and is ex-
pected to only influence field transients at early times.

At the lowest-field strength of Fig.(@) (corresponding to
&,~6.7 kV/icm and an areA=0.937) we observe that the
field decays exponentially with in propagating through the
medium, a fraction of the pulse energy is absorbed and re-
tained as excitation energy of the QD’s in the beginning
length of the sample. This process progressively takes away
energy from the pulse and determines its complete attenua-
tion after a few absorption lengths. The situation is markedly
different when £,~20 kV/cm [Fig. 2(b)], which corre-
sponds to an areA=2.79r. The pulse loses initially some

For a weak incident pulse one immediately observes fronenergy over a small number of absorption lengths; with a
the linearized form of Eq(13) that A decays according to further increase of timésee axis on the right-hand sjdend
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penetration depth, however, it becomes compressed, an exciton population biexciton population
reaches the stable form of arzhyperbolic secant function of 40f - : - ‘ ‘ * - ‘ ‘
time and distancé(z,t) « 1/cosh(t—2z/V)/7] (see dotted line @ A [
in Fig. 1 at 40 ps, indistinguishablewith V the group ve- 30} 1 F 90 02 04 06108 10 3

locity and 7; a measure of the pulse duratighAt such high
intensities the leading edge of the pulse coherently drives the @ 20+ 1 F ]
system in a predominantly inverted state; before dephasin¢=
processes take place, the trailing edge brings then the popt 10}
lation back to the ground state by means of stimulated emis:

sion, and an equilibrium condition is reached in which the 0
pulse receives through induced emission of the system the 40
same amount of energy transferred to the sample througl

induced absorption. 30¢

Further increase toA=4.65r [Fig. 2(c), with &,
~33.4 kV/cm results in apulse breakupnto two peaks.
Pulses with areas 2<A<3w becoming substantially
shorter and more intense and reaching the final areanof 2 10¢ 1 ]
with the stable hyperbolic secant shape, as well as pulst
breakup forA>3, which had already been reported in the
context of SIT in atomic ensembles; the present results 40 (‘c) ' ' ' ‘ (f)
strongly suggest that these features should be observable al:
with our QD ensemble. 20

For linearly polarized light more than two effective levels
have to be considered, as previously discussed. Comparisa
of Figs. 2a)—2(c) with 2(d)—2(f) reveals that our findings are
not changed qualitatively in the presence of biexciton transi- 10t
tions. Again, for higher-field strengths one observes very
stable pulse propagation, Figs(eR and 2f), and pulse
breakup at the highest-field strength.

Finally, in Fig. 3 we plot for linear polarization the time
evolution of the exciton Figs.(8-3(c), and biexciton, Figs. FG. 3. T | ut f théa—o i lati
3(d)—3(f), populations, respectively, for a selected positionE - 2. lempora’ evolution 0 a-g exciton popufation

fz=2 mm and for the same field strengths as in Fig. 2._Px(&21) and(d-f biexciton populationp,(e,zt) at a dis-
0. T 9 g tance z=2 mm, for linear polarization, and for electric-field
Figure 3b) clearly shows the oscillations of the exciton .
. . ; strengthst, of (the same as in Fig.)1a) and(d) 6.7 kV/cm,(b) and
popullatlons from Z€ero to their maximum v.aI!Jes ar_ld b_ack to(e) 20 kV/cm, and(c) and (f) 33.4 kV/cm; instead of we use
g(ecr)o t(vl\./g.bgz:j-illrzgtti?)%zncgatgg |If3elgglr\]/e:§/§ec_t,ojjlrrr(])ltlgtrilc))/,rjl,nNFoI?é hA,(€) andhA, (e) for excitons and biexcitons, respectively.

that the spectral width of the exciton-population transients is i ) )
determined by the light-pulse duration. In general, the art QD samples. Numerical simulations have revealed that

spectral width of the light pulse is sufficiently small to al- the qualitative behavior of SIT is not changed in the presence
most inhibit at zero detuning exciton-biexciton transitions,0f biexciton transitions, and only slightly higher-energy
since the corresponding transition energy is redshifted al9sses occur through the biexciton channel. SIT in QD
compared tahw, because of Coulomb correlation effetts Samples constitutes a prototypical example for guantum co-
(biexciton binding of 2 meV in Table)l However, we infer herence and for mutual light-matter coupling. It is expected
from Figs. 3e) and 3f) that there is a more efficient to be of importance for the implementation of optically con-
biexciton-population channel through intermediate excitatiortrollable switches or the propagation of intense laser pulses
of off-resonance excitons; at the field strengths investigatedh high-density QD samples, which might be of relevance for
these biexcitons remain excited, thus leading to a smal)D-based laser devices.

damping of the propagating light pulse. However, from Fig.

2 we observe that such damping has no significant impact on

the pulse propagation along distances of the order of a few ACKNOWLEDGMENTS
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