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Abstract. A theoretical investigation of cavity QED effects in semiconductor microcavities
containing quantum wells is presented. A model Hamiltonian is used to derive equations of
motion for the quantum photon and exciton fields in the cavity. Quantum effects such as
squeezing and antibunching are predicted in the light field going out of the cavity under
irradiation by a coherent laser field, if exciton—phonon scattering is weak enough.
Exciton—phonon scattering is shown to destroy the nonclassical effects and to yield excess
noise in the output field.
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1. Introduction oscillator, which is easily diagonalized in two eigenstates,

leads to a linear equation of motion and, as such, cannot
Semiconductor microcavities offer several new attractive modify the quantum properties of the field. In the case of
features and have been the subject of numerous publicationgavities containing atoms, the specifically quantum features,
since the demonstration of the possibility to reach the strong that are revealed by the generation of nonclassical states of
coupling regime in such systems [1]. Strong coupling is the field in the cavity [8, 13, 14], arise from the coupling of
observed when the cavity mode is nearly resonant with the field with the atomic dipole, which is basically nonlinear.
a narrow optical transition of the active medium. If the In the case of semiconductors, the interaction with
coupling frequency corresponding to a single photon is larger the field occurs via excitons, which are often modelled
than the relaxation frequencies of the medium and of the as harmonic oscillators. However, semiconductors exhibit
cavity, the so-called vacuum Rabi splitting is observed. The nonlinear properties due to Coulomb interaction and Pauli
degeneracy between the cavity resonance and the mediunexclusion between carriers and to band filling [15]. For
resonance is lifted and two lines appear in the reflection or these nonlinearities to be of interest for quantum optics,
in the transmission spectrum of the system. Semiconductorthey have to give rise to coherent effects. In spite of
guantum wells exhibit narrow absorption lines corresponding numerous nonradiative relaxation processes that cause a
to excitonic resonances. The large oscillator strengths of fast decay of coherences, semiconductors have already been
these resonances make it possible to achieve the strongshown to generate coherent nonlinear effects [16], such as
coupling regime and to observe vacuum Rabi splitting. The dynamical Stark shift [17]. Furthermore, recent experiments
strong coupling between the exciton and the cavity can have demonstrated the possibility to modify the quantum
equivalently be interpreted in the cavity polariton model fluctuations and to generate squeezing in semiconductors
[2-4]. [18].

While the quantum properties of the light field going In this paper, we use a model Hamiltonian that includes
out of microcavities containing atoms in the strong coupling a nonlinear interaction between excitons to deal with the
regime have been investigated by several authors in thesystem. Relaxation and dissipation effects are accounted for
context of QED [5-8], semiconductor microcavities have in a phenomenological way in the equation of motion. This
been the subject of very few studies in this respect allowsusto predict quantum effectsin the lightfield going out
[9,10]. It is the purpose of this paper to present Of the semiconductor microcavity. The model is not meant
theoretical predictions concerning QED effects observable in to describe accurately all the interactions taking place in the
semiconductor microcavities in the strong coupling regime. semiconductor. Nevertheless, we expectthatit gives the main

At this point it must be noted that the presence of strong features of the observable quantum phenomena.
coupling is not a quantum feature in itself since it appears in
the coupling of two classical oscillators such as pendulums 2. Model for the interaction
or in the coupling of a cavity with a set of classical dipoles
[11,12]. As a matter of fact, it is well known that the linear We consider a microcavity made of two highly reflecting
coupling of the electromagnetic field with another harmonic planar mirrors spaced by a distance which is of the order
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of the wavelength. A thin layer of semiconductor quantum The microcavity is irradiated by a coherent field from
well parallel to the mirrors is placed in the middle of the a laser of frequencw,. One mirror of the microcavity is
microcavity (or at an antinode of the field). The discussionis perfectly reflecting, whereas the other one, having a small
limited to a two-band semiconductor. The electromagnetic non-zero transmission coefficient, is the coupling mirror,
field can excite an electron from the filled valence band to through which the light is coupled in and out. Using
the conduction band, thereby creating a hole in the valencethe Hamiltonian and including the relaxation processes,
band. The electron—hole system possesses bound states, thie can derive evolution equations for the time-dependent
excitonic states, analogous to the hydrogenic states, or moreelectromagnetic field and exciton field operators inside the
precisely to the positronium bound states. We will only cavity:
consider the first of these bound states, the 1s state. R
The interaction between a semiconductor quantum well dﬁ —
and the field in a microcavity can be modelled by the coupling dt
of two harmonic oscillators, together with some excitonic N
nonlinearity. The Hamiltonian of the coupled system is — = —(yp +i8)b —iga —iab'hb + \/2y,b"  (2b)
written as dr

—(ya +18,)a — igh +/2y,a™ (2

wheret is a dimensionless time normalized to the round
H = Tiweand aHiwe b b+hg (aTb+bTa) +honbTHThb. (1) trip time 7. in the cavity,y, andy, are the dimensionless
decay constants of the field in the cavity and of the exciton,
The first two terms correspond to the energies of the j.e. the cavity field and exciton decay rates normalized to
cavity field and of the excitonic fieldi andb are respectively  1/z.. The other parameters, ands,, the detunings of the
the annihilation operators of a photon and of an exciton in cavity and of the exciton frequencies from the frequesagy
the cavity,w.., andw.,. are the frequencies of the cavity of the incoming laser fielda™), g the exciton to photon
resonance and exciton resonance. coupling constant and the nonlinear coupling constant are
The third term corresponds to the exciton—photon also normalized to Az
coupling, the strength of which is proportional g9. The

last term describes the nonlinearity arising from Coulomb 80 = (@Weav — 0L) T, 3p = (Wexe — @L)Te (39)
interaction between excitons and from Pauli exclusion effects
and may be modelled by a Kerr-type excitonic nonlinearity 8= 81T o =207 (3b)

[15]. The other nonlinear term appearing at the same orderThe fieldsa” and 5 are the incoming electromagnetic
in the fields and due to saturation effects will be neglected gnd exciton fields (coherent or thermal fields). The mean
here. It can be shown that it gives rise to small corrections ya|ues of the field intensities will be expressed in numbers of
compared with the previous one [19]. particles per unittime. As we have chosen the unit time to be
Due to the translational invariance in the plane of the cavity round trip time, these mean values are numerically
the semiconductor layers, excitons with a waveved@r  equal to the average numbers of particles in the cavity.
in this plane can only be coupled with light having an The decay constant, of the field in the cavity is related
equal wavevectok;. On the other hand, in the direction o the amplitude reflection coefficienof the coupling mirror
perpendicular to the layers, the exciton modes are quantizedpy » = 1 — y,. Since the cavity has a high finesseis
as well as the cavity modes. Subsequently, we can considercose to one, which implies that the amplitude transmission
the interaction of a cavity mode with one exciton mode only, coefficientr is much smaller than one and verifies: \/2y,.
giving rise to strong coupling. We shall assume that all the The decay constany, of the exciton is due to
other exciton modes form a thermal reservoir that is weakly two processes: the electron-hole radiative recombination
coupled to the modes of interest. occurring on defects of the quantum well (that do not conserve
This Hamiltonian is similar to the one studied in [20] k) and the decay towards other exciton modes (modes with
leading to the prediction of quantum effects in propagation different values ofk). The coupling with other exciton
without a cavity. On the other hand, there has been amodes mainly occurs through the acoustic phonons. In this
broad literature describing squeezing in cavities containing process, an exciton in the mode of interest s annihilated while
a nonlinear medium close to the bistability threshold, in the an exciton in a reservoir mode is created and a phonon is
weak coupling regime [21-24]. The squeezing properties of created or annihilated [26]. We neglect the relaxation due
the field going out of a cavity containing atoms in the strong to direct collisions between excitons in the mode of interest
coupling regime were investigated in [13, 25]. and excitons in the other modes, which is less efficient at the
Here we compute the squeezing spectra and the secondexcitonic densities considered here [27—29]. Let us note that
order correlation function of the output field of a microcavity when the coupling through phonons decreases (for example at
containing excitons, for which the nonlinearity is different very lowtemperature, orif some phonon modes are forbidden
from the atomic one and necessitates a specific treatmentin the quantum wells [30]), the redistribution of exciton
We emphasize the case of very strong coupling (where thepopulation from the resonant mode to all other modes is less
vacuum Rabi splitting is much larger than the cavity and efficient and scattering between excitons in different modes
material decay rates), which is often encountered in such[27] decreases accordingly.
systems and has not been investigated in detail previously.  We solve the problem in the framework of the input—
Moreover, we study the effect of the presence of a thermal output formalism [31], where the evolution of the fields for
reservoir of excitons coupled to the system. the electromagnetic and exciton modes is computed using
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equations (2) while the output field is related to the intracavity 3. Mean fields
and input fields by [32]:

rout Y nin We first rewrite equations (2) for classical values of the fields,

™ =/2y,a — a". 4) suppressing the fluctuating terms, and we solve them in the
steady state regime in order to study the mean values of the
electric field. The results of the calculation are presented for
cases in which the exciton is resonant with the cavity. Due to

the strong coupling, the degeneracy between the cavity and
Let us note that equations (2) can alternatively be the exciton resonances is lifted and two symmetrical peaks

considered as Langevin equations for the two fields, where 8PPEA! in the vgriation of the electromagnetic and ex.citon
the fluctuating part of the termg2y,a'" and/2y,b" are fields as a function of_the laser frequency. When nonl|r_lear
the Langevin forces associated with the reservoirs for the Processes are taken into account, changes are found in the
electromagnetic field and for the excitons. shape of the peaks.

The incoming electromagnetic field” is the laser Figures 1 and 2 show the variation of the intracavity
coherent field, which is a classical field together with electromagnetic field intensity with laser detuning when
quantum fluctuations equal to the vacuum fluctuations. The exciton and cavity are in resonance, respectively for
exciton field inside the cavity is coupled with a reservoir, moderately strong coupling and for very strong coupling. We
represented by the fluctuating fiefé". We consider two have taken equal cavity and exciton widths = y, = 0.25g
cases, the first where the reservoir is at zero temperdiitire,  in the first case ang, = y, = 0.05¢ in the second case. The
is then the vacuum field, and the second where the reservoirphoton—exciton coupling coefficieptis equal to 2« 10-2in
is a thermal bath the temperature of which depends on theunits of the inverse round trip time in the microcavity. In the
experimental conditions. Thus for the electromagnetic field, same units, the nonlinear coefficiantwas evaluated from
we have [15] to be 15 x 10~ for an active area of.@ mn¥.

a™ =a"+éa" Q) The intracavity electromagnetic field intensities are

wherea'" is the classical mean value of the field and where its €xPressed in units ofsaturatingintensityo. /o is defined as

fluctuationssa’” have a zero mean valyga’”) = 0. Their the intracavity electromagnetic intensity yielding a density of
correlation functions are given by excitons of 18 excitons cn2 over the active area of Dmn¥

in the absence of nonlinear effects. The latter value is usually

Equation (4) indicates that the outgoing field is the sum
of the inside field transmitted through the coupling mirror
and of the input field reflected by the mirror (the reflection
coefficientr has been replaced by 1 in this equation).

~in ~int oy ’
<‘Sa, (t)da , () =8 B ) , (6a) considered as the limit of the low-density case [34], where our
sa"t(nsa (1)) = (sa" (1)sa™" (1)) treatment is expected to be valid. Beyond this value, higher-
= (8a""Y(n)sa™t(t)) = 0. (6b) order effects in the exciton—exciton interaction take place

and free-carrier screening eventually bleaches the excitonic
oscillator strength.

bin — shin ) Figure 1) shows the variation of the intracavity field
intensity in the moderately strong coupling regime and in
with (b™") = 0. The correlation functions @b™" are given a case where the maximum intensiy in the absence of
by nonlinear effects id,, = 1.6Ip. It can indeed be seen
BH™ ()b (1)) = (L +(n)d(r — 1) (8a) that in spite of a small asymmetry between the two peaks,
Nint o Rim , the calculated spectrum is compatible with experimental
(86" ()0 (1)) = (n)8(t — 1) (8b) observations. The value of the intensity in figuré)lis
<81;in(t)55m(t/)) _ (Séi’ﬁ(t)ééi’”(t')) -0 (8c) four times a.sllarge,lm = 6.41p, and one of the peaks
starts to exhibit a steep edge, that has never been observed
(n) is the mean number of excitations in the thermal bath. We experimentally. This resultis unrealistic since it corresponds
assume that the coupling occurs mainly with the reservoir of tg excitations for which the excitons are saturated. Actually,
nonradiative excitons whose energy differs from the energy experiments showed that in such cases the bleaching of

of the studied mode bAE, via absorption or emission of  he oscillator strength causes the strong coupling effect to
phonons [4,30]. The phonons needed to match the energyyisappear [34, 35]

differenceA E have a mean occupation numkey:

For the exciton field, the incoming field has a zero mean value

In figure 2 we show the case of very strong coupling and
1 two values of the input intensity. The value of the intracavity
= SXpAE/KT) — 1 © field in figure 2¢) is below saturations,, = 0.5/, while in
figure 2p) it is I,, = 2I,. The shape of the curves in these
For the cases of intere®E is of the order of half the  cases are again compatible with experimental observations.
vacuum Rabi splitting, corresponding toE/kT = 1 for For the calculation of the squeezing effects, we will focus on
T ~ 25Kt. the case of weak nonlinear effects, in which the peaks are
) i - . ) o not too much changed from their shapes in the absence of
T If the damping associated with direct exciton—exciton collisions is small

compared with other damping rates, the noise associated to this damping camon”neafitM i.e. we will use the experimental parameters of
be shown to be also small using the derivation of Walls and Milburn [33].  figures 1), 2(a) and 2p).
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Figure 1. (a) Intensity! of the cavity mode as a function of the laser detuning (normalizgdl tehen the cavity is resonant with the
exciton and for a nonlinear parameter= 1.5 x 10~°. The other parameters are as follows: logges y, = 0.5 x 10-2, exciton—photon
couplingg = 2 x 1072; maximum intracavity intensity in the absence of nonlineaiify= 1.6/,. (b) The same asaj with a stronger
excitation,/,, = 6.41,.

v /I
A0 y 0
(a) 0‘5" (b) 2:
0 AN _ l 0 J . .
-1 0 1 8 -1 0 1 3

Figure 2. IntensityI of the cavity mode as a function of the laser deturfifgormalized tag) when the cavity is resonant with the exciton
with the same parameters as in figure 1, but in the very strong coupling regime: jpsses = 0.1 x 10~2, maximum intracavity intensity
in the absence of nonlinearity, = 0.51, for (a) and1,, = 21, for (b).

4. Modifications of quantum fluctuations and similar equations for the complex conjugates. These
equations can be written in a matrix form as
We will deal here with the case in which the electromagnetic

and exciton fields have large average values compared with :fz,r[[w ]] ; sz[[w ]] ; fl;:,r[[w]]
. . X . . . a'|lw a’'|w a w
the fluctuations. We can then linearize equations (2) using —iw shlw] | = 5b[w] +T 55 [1] (13)
nt ht nint
() = ao + 34(0) (10a) 8b'[w] 3b'[w] 8b'"w]
whereD is the drift matrix
b(1) = bo +8b(1) (10b) wtin 0 Ig 0
. D= O s+ 2iaer by (14)
whereag andbg are the (classical) mean values derived in 0 —ig —iabg? o — 18, — 2ice|bo)?

the previous section anéfi(r) and 5h(r) are the quantum  andT is the transmission matrix

fluctuations of the field inside the cavity that we are going to

compute. T = Diag [\/ﬂ V2Va 2y, \/27,,] ) (15)
We will use the Fourier transforms of the fluctuations

defined as The solution of equations (12) is then given by

S%MZ/w““”f (112) [afo]] = Glw] T[54 [w] (16)

_ where pa[w]] and [847[w]] are the column vectors appearing
sa'w] = /S&T(t)e"’” dr (11b) in equation (13) and representing the fluctuations of the inside
fields and of the input fields and whet¢w] can be calculated
where w is a dimensionless frequency normalized to the from
inverse round trip time in the cavity. (Glo]) ™! = —iwld — D[w] a7
Linearizing equations (2) and taking their Fourier

! where Id is the identity matrix.
transform, we obtain:

Using equation (4), the outputfield fluctuations are given

e o . by
—iwdalw] = —(ya +18,)8a[w] —igsblw] soutg T _ranin .

+y/2y,86" 0] (122) - Baell = o]l + Tl (18)
—iwsh[w] = —(y; +i8,)8b[w] — ig8a[w] — 2ialbo|28b[w] that is

—iab38b (] + /29,80 [w] (12b) (569 [o]] = [—1d + T Gle] T][54" [o]]. (1)
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Solving these equations allows us to calculate noise
power spectra in the output field suchsg$" andS?;

((Séout[w]saout[w/h — 27_[55'&4’[(1)]5[&) + a)’] (20a)

(8a"" w]sa™ Mw']) = 2n S¢4[w]s[w + o). (200)

For this purpose we use the noise spectra of the input fields
derived from equations (6) and (8), that are white noise

spectra due to the fact that the fluctuations of the input fields
ares correlated.

in Figure 3. Optimum squeezing (calculated at zero frequency) as
Sg,g,f[w] =1 (21a) a function of the laser detunirfig(normalized tcg), for the
parameters of figure &). The standard quantum noise

Sealow] = Stz o] = Sii;lw] =0 (21b) corresponds t§ = 1, while perfect squeezing corresponds to
in _ S = 0. Curves §), (b) and €) correspond respectively to mean
13/3*[(”] =1+(n) (21o) phonon numberg:) = 0, 0.5 and 1.
Siislel = (n) (21d) b S
Siilel = Sii ] = 0. (210) Il ©
Experiments allow us to measure the fluctuations of the T
output electric field in a quadrature defined by the phase angle T
6. The corresponding fluctuation operator is written as: il (®)
% i
Sig“t[w] — —Iﬁaaout[w] + elz?aaouﬁ[w] . (22) "v V_O \F(a) )
The noise spectrum for this quadrature is then given by T
out __ out out —2i9 qout 209 qout Figure 4. Optimum squeezing (calculated at zero frequency) as
85" [w] = Sl + Siizlo] + €7 i 0] + €7 Sii o] a function of the laser detunirfg(normalized tag), for the
) parameters of figure dJ. Curves 4), (b) and €) correspond

The optimum squeezing spectrum for a given frequency is respectively to mean phonon numbets = 0, 0.5 and 1.
obtained for a quadratugg,, such that

2+ S
Ao — _ Sz [] (24) +
] -
which implies
Sopt L] = 1+ 2[S7 [w] — (S35 [w]]]. (25)
We have calculated the curves giving the optimum noise 1

spectrum, that is, for each given noise frequency, the noise

of the quadrature that exhibits the best squeezing. Figure 3Figure 5. Optimum squeezing (calculated at zero frequency) as

shows the optimum noise at zero noise frequency as a functiond function of the laser detuniriy(normalized tc), for the

of the laser detuning = 8, = &, from exciton and cavity ~ Parameters of figure Bf. Curves &), (b) and €) correspond

resonance with the parameters of figura)1g = 2 x 1072, respectively to mean phonon numbérs = 0, 0.5 and 1.

Ya =y = 0.25¢, « = 1.5 x 10°°, I,, = 1.61p) and for

mean numbers of phonons equal to 0 (zero temperature orAnother interesting feature is that the noise reduction is also

no coupling with phonons), 0.5 and 1. It can be seen that less sensitive to the excess noise due to phonons and persists

a sizeable amount of squeezing is predicted in the absencdn the presence of small phonon numbers.

of phonons when the exciting laser is resonant with the Rabi ~ One can also plot the squeezing spectrum at a fixed

peaks. The squeezing vanishes quite rapidly as the dephasinéfiser frequency. The maximum values of squeezing are then

effects, linked to the interaction with the phonons, come into obtained for noise frequencies close to those of the Rabi

play and excess noise appears at the same frequencies. ~ resonances. These values are similar to the ones shown in
Figures 4 and 5 show the same noise spectraasin figure 3figures 3-5.

in the very strong coupling regime, with the parameters of These curves have been calculated for excitonic densities

figures 26) and @) respectively § = 2 x 1072, y, = of the order of 18 cm=2, with one quantum well in the

y, = 0.05g, « = 1.5x 107°, I, = 0.5y andI,, = 2, microcavity. With lower densities, the predicted squeezing

respectively). The field in the cavity is of the same order of scales down withthe nonlinear phase shift. Onthe other hand,

magnitude or smaller than in the previous figure. However, if one wants to increase the squeezing, it may be difficult

the reduced cavity width causes an enhancement of theto increase the excitonic density because density-dependent

nonlinear phase shift relative to the latter. The squeezing relaxation effects neglected here will come into play. By

reaches 45% at zero temperature in the case of figure 5.increasing the number of quantum wells in the cavity, it is,
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g”(0)-1 2%(x)

10*

. 104

—10*

-10%] Figure 7. Intensity correlation functiog® (t) for the output field
as a function of (normalized tog 1) for cavity—exciton

) . . . ) resonance. Other parameters are th m in figure 6.
Figure 6. Intensity correlation functiog® (0) for the output field esonance. Other parameters are the same as in figure 6

as a function of the laser detunidgnormalized tog). Parameters

are the same as in figurea)( In the case of very strong coupling, oscillations occur at the
frequencyg that is equal to the frequency of the oscillations

however, possible to increase the nonlinear phase shift whilein the transient luminescence of the system excited by a laser

keeping the excitonic density constant in each quantum well. pulse in the same conditions. This behaviour is quite similar

These results show that quantum effects should beto the case of a microcavity containing atoms.

observed in these semiconductor microcavities at low When thermal exciton noise is introduced, an interesting

temperature or in a system decoupled from the phonons. Thefeature is obtained: the intensity correlation function is

decoupling of the lower polariton branch from the phonons now always larger than one, that is in the classical domain.

has been observed already in recent experiments [28, 36] andHowever, it retains the oscillation at the Rabi frequency. This

gives good prospect to such experiments. oscillation, as well as the excess noise peaks described in the
previous section, occurs at the resonance frequency of the

5. Intensity correlation function system, as is well known inoise spectroscodg7].

The intensity autocorrelation function is also a quantity g. Conclusion
of interest to explore QED effects in microcavities. Its

expression is given by: We have calculated the spectra of the quantum fluctuations
GOt + A + 1) _of the field going_out ofa _semiconductor microcavity and its
¢@(r) = ®)a (f T)f‘(t 0a®) (26) intensity correlation function and shown that quantum effects
(@'(ma())? such as squeezing and antibunching are predicted when

It can be computed from the quantum fluctuations derived in Fhermal hoise due to the coupling of excitons with phonons

the previous section by using the fact that the input noise is 5‘] ver);] strrr:all. We ha(\j/e obtlglneqt&g_nlflc?hnt squeelz(zm%Ner\]/en
Gaussian. It is written as: though the assumed nonlinearity is rather weak. en
interaction with phonons is present, excess noise has been

) ; o . ;
() + Re( ag (T))) 27) predicted to appear. The characteristics of this noise are

out

2
§P0)-1=—5 ( e

laol? lag|2 % linked to the dynamical behaviour of the excitons in the
_ cavity.
where the correlation functions &3 (t) are the Fourier The exploration of the noise should thus provide an

transform of the fluctuation spectra defined in equations (20): interesting insight into the coherent and incoherent effects
do _ that are involved in the build-up and the destruction
M (7) = / — S wle . (28) of quantum features. In order to predict the expected
2m phenomena accurately, a more elaborate model for the
Figure 6 shows the intensity correlation function at zero time Félaxation of the polariton is needed to deal with the case
delay in the absence of thermal noise. It can be seen thatn Which the two polariton branches are coupled in a
the system may exhibit bunching or antibunching depending different way to the phonons. Nevertheless, we feel that the
on the pump laser detuning. The magnitude of the effect Simple model presented here allows for identification of the
is small due to the fact that we assume a large number of Main features of the quantum phenomena in semiconductor
photons in the field. It must be noted that, contrary to what is Microcavities.
observed in single atomic systems (antibunching), we have a
rich behaviour which is linked to the nature of the assumed Acknowledgments
nonlinearity.
We have also studied the time dependence of the intensity This work was supported by the EC ESPRIT LTR programme
correlation function om. Figure 7 shows that® () exhibits (contract no 20029 ACQUIRE) and the EC TMR programme
oscillations at the characteristic frequencies of the system.(contact no ERBFMRXCT 96-00066).
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