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Abstract. A theoretical investigation of the quantum noise in the light reflected by a microcavity
containing a semiconductor quantum well is presented. Squeezing is predicted when scattering
processes have a low efficiency. Exciton—phonon scattering is shown to destroy the non-classical
effects and to yield excess noise in the output field.

1. Introduction

Inrecentyears, the optical properties of microcavities containing semiconductor quantum wells
have been the subject of detailed investigations. Up to now interest has been focused mostly
on the spectral properties of the reflected, transmitted and emitted light, and on non-linear
optical properties [1]. Quantum properties of the reflected or emitted light have been much
less studied. Quantum effects such as squeezing and antibunching of the outgoing light have
been predicted and observed in microcavities containing atoms [2]. Because of the similarities
between atomic and excitonic resonances, it can be argued that a semiconductor microcavity
should also give rise to such effects. Two main features are necessary: first, modifying the
quantum statistical properties of light requires a coherent non-linearity in the system; second,
the non-classical features must not be destroyed by spurious fluctuations linked to the relaxation
processes present in semiconductors. In spite of numerous non-radiative relaxation processes
that cause a fast decay of coherences, semiconductors have already been shown to exhibit
coherent non-linear effects [3], such as the dynamical Stark shift [4]. Furthermore, recent
experiments have demonstrated the possibility of modifying the quantum fluctuations and of
generating squeezing in semiconductors [5].

In this paper, we present a theoretical study of the quantum fluctuations of the light going
out of a microcavity containing one semiconductor quantum well. Our model assumes a non-
linearity arising from the exciton—exciton interaction [6]. In contrast to previous treatments [7],
we consider incoming fluctuations that are not only zero-point fluctuations, but also fluctuations
related to the existing relaxation processes, as required by the fluctuation-dissipation theorem.
Calculations are performed using realistic parameters found in the present-day state-of-the-art
semiconductor microcavities. We show that at low temperature when interaction with phonons
is small, reduction of the quantum fluctuations of the reflected light is expected.

Engineering of the quantum fluctuations of light in semiconductor materials would
open the way to compact quantum devices, such as noiseless sources of light, thresholdless
lasers or highly efficient all-optical switches. The understanding of quantum properties of
semiconductor microcavities is thus of great importance.
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2. The model

We consider a microcavity containing a semiconductor quantum well embedded between two
highly reflecting planar mirrors separated by a distance of the order of the wavelength. The
discussion is limited to a two-band semiconductor. The electromagnetic field can excite an
electron from the filled valence band to the conduction band, thereby creating a hole in the
valence band. The electron—hole system possesses bound states, the excitonic states. We will
only consider the lowest of these bound states, the 1s state.

Neglecting the spin degrees of freedom, we can write an effective interaction Hamiltonian
for the coupled exciton—photon system in the cavity as [6, 8, 9]

H = Zk:ﬁwk&;&k + XK:Ea)Kézl;K + Xk:}_lgk(&;l;k + I;Zflk)

— At oAt A
+ Z ZhaKK'QbeK’bK+QbK'—Q

KK 0
* < YD hdkggbibibrsoin—o+ h-C->
KK 0
N ENPPN At At A
+ Z,BKK’beK’(CK—K’ + CK’*K) + (Z Vkja,Tj + hC) (1)
KK’ kj

As the exciton and photon modes are quantized along the direction normal to the
microcavity, we consider the lowest-order mode in this direction, and the sumg @avet
K run for the momenta in the cavity plane only. The first two terms correspond to the energies
of the photons and of the excitons, whégeandby are respectively the annihilation operators
of a photon of in-plane momentutrand of an exciton of in-plane momentutn andw; andwy
are the frequencies of the corresponding cavity and exciton modes. The third term corresponds
to the exciton—photon coupling with a strength Due to the translational invariance in the
plane of the semiconductor layers, excitons with a wave vektar this plane can only be
coupled with light having an equal in-plane wave vedtet K.

The term in the second line describes the exciton—exciton scattering due to Coulomb
interaction, while the term in the third line represents the saturation of the photon—exciton
interaction. The first term in the fourth line describes the exciton—phonon scattering, where
¢ is the phonon annihilation operator. The second term represents the coupling between the
electromagnetic field modes inside the cavity, and outside the cavity,;, the latter being
considered as a reservoir.

We deal with the case of only one photon mode irradiating the microcavity, for which we
will assumek = 0. Because of the in-plane momentum conservation in the exciton—photon
interaction, this cavity mode is only coupled with one exciton mod& o£ 0. We will be
interested in the case of strong coupling between excitons and photons in this mode, which
leads to remarkable properties of microcavities [10]. All of the other exciton modes form a
reservoir that is weakly coupled to the mode of interest.

The interaction between the exciton and the photon modes of interest can then be modelled
by the coupling of two harmonic oscillators, together with an excitonic non-linearity coming
from the terms in the second line of equation (1) with= K’ = Q = 0. The Hamiltonian of
the coupled system can be written as

H = Rweqy@ '@ + Rwecb b +Tig(@'h + ba) + hab bbb + H,y. 2)

The non-linear term describing saturation effects will not be treated here. It can be shown
that it gives rise to small corrections as compared to the previous one [11]. Thedigrm
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contains all of the other terms of equation (1) and gives rise to relaxation of the main exciton
and photon modes. The quantum theory of damping can then be used to derive the dissipation
terms and fluctuation terms associated with; [12, 13].

The problem of the determination of the quantum optical properties of the outgoing field
has some similarities with the one of a cavity containing atoms. The squeezing properties of the
field going out of a cavity containing atoms in the strong-coupling regime were investigated in
reference [14]. Here we will compute the squeezing spectra of the output field of a microcavity
containing excitons, for which the non-linearity is different from the atomic one. This case
was not investigated in detail previously. Moreover, we will study the effect of the presence
of a thermal reservoir of phonons coupled to the system.

The microcavity is irradiated by a coherent field from a laser of frequencyOne mirror
of the microcavity is perfectly reflecting, whereas the other one, having a small non-zero
transmission coefficient, is the coupling mirror, through which the light is coupled in and out.
Including relaxation processes, one can derive from the Hamiltonian (2) evolution equations
for the time-dependent electromagnetic field and exciton field operators inside the cavity:

da

dr = _(ya + I(Sa)& - Igl; + 2yuain (3)
dl; iSVh — i0d i hThL in
E = —(yp +18p)b —iga — 2iab'bb + \/2y,b (4)

wherer is a dimensionless time normalized to the round-trip tiie the cavity,y, andy, are

the dimensionless decay constants of the cavity field and of the exciton, i.e. the cavity field and
exciton decay rates normalized tgrl, 8, = (Weuy — W) T @NAS, = (W, — w )T are the
dimensionless detunings of the cavity and of the exciton from the frequg&nafthe incoming

laser field. The exciton-to-photon coupling constaaind the non-linear coupling constant

have also been normalized tgzl. The fieldsa™ ands™ are the incoming electromagnetic

and exciton fields, the characteristics of which will be discussed below.

The relaxation of the field in the cavity is related to the last term in equation (1). The
decay constang, is linked to the amplitude reflection coefficienbf the coupling mirror by
r = 1—1y,. Since the cavity has a high finessés close to 1, which implies that the amplitude
transmission coefficientis much smaller than 1 and verifies= /2y,.

We will solve the problem in the framework of the input—output formalism [15] where
the evolution of the fields for the electromagnetic and exciton modes is computed using equ-
ations (3), (4) while the output field is related to the intracavity and input fields by

a® = \/2y,a —a". (5)

Equation (5) 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).

The relaxation of the exciton is due to exciton—exciton scattering represented by the
terms of the second line of equation (1) and to scattering of excitons by acoustic phonons
represented by the first term in the fourth line of equation (1). The first process is a
density-dependent process, while the second one is mainly sensitive to temperature. At low
enough temperature and with good-quality samples, we assume that we can neglect all other
relaxation processes. The contribution of these two processes to the decay cpnstamt
be calculated from the interaction Hamiltonian [16, 17]. Let us note that the electron—hole
radiative recombination, occurring only with photons having K, is accounted for by the
cavity—exciton coupling term.

Equations (3), (4) can be considered as Langevin equations for the two fields, where
the fluctuating parts of the termg2y,a™ and./2y,b™ are the Langevin forces associated
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with the reservoirs for the electromagnetic field and for the excitons. The minimal values of
these fluctuating terms correspond to the zero-point fluctuations (or vacuum fields) imposed by
guantum mechanics. Additional fluctuations may arise from the specific scattering processes.
While non-classical optical effects have been predicted by several authors in the case of vacuum
incoming fluctuations [7], we evaluate the squeezing and modifications of quantum fluctuations
when incoming fluctuations related to actual dissipation processes are included. As a model
case, we will concentrate on the fluctuations coming from phonon scattering.

The incoming electromagnetic field is the laser coherent field, which is a classical
field together with quantum fluctuations equal to the vacuum fluctuations. Thus we have
a™ = a" +8a" wherea™ is the classical mean value of the field and its fluctuatégifshave
a zero mean value. The only non-zero correlation function of the fluctuations is

(8a™ (1) 8aM (1)) = 8(t — 1. (6)

The exciton field inside the cavity is coupled with a fluctuating figld= s5™ that has
several contributions associated with the various relaxation processes. Here, we will only
consider the term coming from phonon scattering, which can be treated as the coupling with a
thermal bath, as shown below. The fluctuating terms associated with exciton—exciton scattering
and their correlation functions have been computed in reference [13]. Their contribution to
the output noise can be calculated from [18]. It is usually smaller than the one coming from
exciton—phonon scattering and will be treated elsewhere.

As can be seen from the first term in the third line of equation (1) describing exciton—
phonon scattering, an exciton in the mode of intebéstnnihilated while an exciton in another
mode is created and a phonon is created or annihilated, the energy and momentum conservation
being ensured by the phonon. This term can be treated by considering that the excitons interact
with a thermal bath [13,19], the temperature of which depends on the experimental conditions.
The only two non-zero correlation functions are then given by

(86" (1) 86™ (1)) = (L + (n))8(t — t') @
(86T (1) 8™ (")) = (n)8(t —1). (8)

(n) is the mean number of excitations in the thermal bath. We assume that the phonon-
mediated coupling of the excitdirmode occurs mainly with the ensemble of non-radiative
excitons whose energies differ from the energy of the mode studied by an energy of the order of
the vacuum Rabi splitting £ [20,21]. The phonons capable of matching the energy difference
AE have a mean occupation number

1
At zero temperaturd = 0 we have(n) = 0. The only non-zero correlation function is
given by equation (7) and corresponds to zero-point fluctuations of the system.
To calculate the fluctuations of the outgoing light field, we will linearize equations (2), (3)

in the vicinity of the operating point. To do so, we first compute the mean values of the fields.

3. Mean fields

In order to study the mean values of the electromagnetic and excitonic fields, we rewrite
equations (3), (4) for classical values of the field, removing the fluctuating terms, and we solve
them in the steady-state regime:(ds = db/dr = 0). The equations are

(Va + i8a)a + Igb = 2yaain (10)

(yp +i8,)b +iga = 2iab*b2. (11)
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In the linear casex( = 0), they yield simple analytical expressions for the mean intendities
and], of the fields:

I, 2y (v7 +8) (12)
I™ (82 + YaVb — 8405)2 + (Vulp + ¥V584)?

I 2,82

b Va8 (13)

I (82 + Va¥h — 84802+ (VaBs + Vb3a)?
wherel™ = |a™|? is the incoming laser field intensity. The intensi§ of the reflected field

aout — \/ﬂa 4" (14)
is given by

1M (82 = Ya¥h — 8a85)° + (Vady — 1h8a)®

I (@24 Ya¥p — 8a8p)2 + (Vb + V68a)?

This enables us to calculate the reflectiviRyand absorptiom = 1 — R of the microcavity.
The absorption is found to be proportional to the excitonic field intensity:

D A (16)

Jin 27/19
Thus the absorption spectrum of the microcavity gives direct access to the variatjomitf
the laser frequency. When the exciton and cavity are in resondnee §;,), the degeneracy
is lifted due to the strong coupling, and the field intensities have two symmetrical peaks. The
energy difference between the two peaks yields the vacuum Rabi splitting for the intracavity
field, A,, and for the absorptiony,:

A, = 2\/gv 82+ 2y, (Ya + vb) — v} 17)

2 4 2
Ap=2/g? - % (18)

When non-linear processes are taken into account, there is no simple analytical expression
forthe field intensities. However, itis possible to write the incoming field intensity as a function
of the excitonic field intensity:

1 (8% = 8u0p * Ya¥b — @Valp)® + (Vabp + Voba — 8actly)?
2y, g
This expression would lead to bistability for high enough values of the non-linearity. However,
this has never been observed experimentally, and the corresponding situation is unrealistic since
it occurs with excitations for which higher-order effects in the exciton—exciton interaction take
place. Actually experiments showed that in such cases, the bleaching of the oscillator strength
causes the strong-coupling effect to disappear [22, 23].

The intracavity electromagnetic field intensities will be expressed in units of a ‘saturating’
intensity Ip. I is defined as the intracavity electromagnetic intensity yielding a density of
excitons of 16 excitons cnt? over the active area of. D mn¥ in the absence of non-linear
effects. The latter value is usually considered as the limit of the low-density case [22], where our
treatment is expected to be valid. The non-linear coefficiemas evaluated from reference [6]
to be 15 x 107° for an active area of.Q mn?.

Figure 1 shows the variation of the intracavity electromagnetic field intensity (a) and the
excitonic field intensity (b) with laser detuning when the exciton and cavity are in resonance:
3, = 8. We have taken equal cavity and exciton widths,= y, = 0.05¢. The photon—
exciton coupling coefficieng is equal to 2« 10~2 in units of the inverse round-trip time in the

(15)

"= Ip. (19)
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Figure 1. Intensities/, of the cavity mode (a) and, of the exciton mode (b) as functions of the
laser detuning (normalized tog), when the cavity is resonant with the exciton. The parameters

are as follows:y, = y, = 0.05¢, 20 = 1.5 x 1072, I,, = 0.51o.

microcavity, 2x = 1.5 x 10~°, and the intracavity intensity in the absence of non-linearity is

I, = 0.5Iy. The heights of the two maxima are slightly different, but the shape of the curve is
quite compatible with experimental observations. For the calculation of the squeezing effects,
we will focus on such cases of weak non-linear effects, in which the peaks are not changed

from their shapes in the absence of non-linearity.

Ia/ IO Ib/ IO
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08 03
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g ) g
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Figure 2. Intensities/, of the cavity mode (a) and}, of the exciton mode (b) as functions of the
laser detuning, from the cavity (normalized tg), when the cavity—exciton detuninglis— 8, = g.

In figure 2, we show the variation of the intracavity electromagnetic field (a) and the
excitonic field intensity (b) with the same values of the parameters as above and away from
cavity—exciton resonandg, — 8, = g), as functions o8 = §,. The exciton-like peak of the
cavity field corresponds to the left-hand-side peak of figure 2(a), whereas the cavity-like peak

corresponds to the right-hand-side peak.
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4. Quantum fluctuations and squeezing spectra

We deal with electromagnetic and exciton fields that have large average values compared with
the fluctuations. We then write

a(t) = ap +8a(r) (20)
b(t) = by +8b(1) (21)

wpereao andbq are the classical mean values derived in the previous sectiodadndand
3b(r) are the quantum fluctuations of the field inside the cavity that we want to determine.
We use the Fourier transforms of the fluctuations defined as

8a(w) = / sa(r)e® dr (22)

saT(w) = f sat (1) dr (23)

wherew is a dimensionless frequency normalized to the inverse round-trip time in the cavity.
The frequencie® over which the fields and their fluctuations vary appreciably are of the order
of the relaxation rates and of the exciton—photon couplinggatéhich are much smaller than

the optical frequency,. We linearize equations (3), (4) and we take their Fourier transform
according to equations (22), (23). This allows us to replace the differential equations (3), (4)
by linear algebraic equations.

The squeezing spectra, which can be easily measured in the outgoing light with a radio-
frequency spectrum analyser connected to photodetectors, are directly related to the solutions of
the linearized equations in the frequency donsaitt(w) andsa®'(w). Indeed experiments
allow us to measure the fluctuations of the output electric field in a quadrature defined by an
angled with respect to some phase reference:

823" (w) = 7786 (w) + €783 (w) (24)
and the measured spectra are given by
So(@) = (855" (w) 820" (). (25)

The details of the calculation have been published elsewhere [26]. We will concentrate
here on the physical interpretation of the results. For any given cavity—exciton detuning, the
spectra can be calculated either for a fixed laser detuning as a function of the fluctuation
frequencyw, or at a fixed value ol as a function of the laser detuning. As the second case
is better suited to the experimental conditions, we will show the calculated specisafdr
as a function of the laser detuning. Spectra will be shown in two cases: ‘optimum’ squeezing
spectra, for which is adjusted at each point in such a way that it gives the minimal amount
of noise and intensity squeezing spectra for which the quantum fluctuations are calculated for
the amplitude quadrature of the output field.

Figure 3 shows a set of optimum squeezing spectra (left) and intensity squeezing spectra
(right) atw = 0, as a function of the laser frequenkyor cavity—exciton resonancé, = é,),
with y,, v», g andl,, as in figure 2 and three different situations corresponding to increasing
temperatures: (a) at zero temperaturg, = 0, (b) (n) = 0.2, (c) (n) = 1. It can be seen
that a squeezing of about 30% is predicted in the absence of phonon scattering, even with
the low values of the non-linearity that have been assumed. Squeezing is observable on the
intensity, even though it is lower than the optimum squeezing. Excess noise observed on
the intensity is the counterpart of squeezing: quantum fluctuations can only be reduced in
some quadrature if they are increased in another quadrature. In the presence of small phonon
interaction, squeezing can still be observed, but tends to disappear rapigly insreases.
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Figure 3. Optimum squeezing,,; and intensity squeezingy (calculated at zero-noise frequency)

as functions of the laser detunignormalized tag), when the cavity is resonant with the exciton

for the parameters of figure 1. The standard quantum noise correspahes@pperfect squeezing
corresponds t6 = —1. Curves (a), (b) and (c) correspond respectively to mean phonon numbers
(n) =0,0.2and 1.

The coupling to a thermal bath brings additional fluctuations into the system that appear as
excess noise on the output field. This excess noise is detrimental to the observation of quantum
effects. However, it is expected that the study of this noise can provide interesting information
on the relaxation processes in the semiconductor microcavity.

Figure 4 gives the same spectra as figure 3, but for a non-zero exciton—cavity detuning
(84 — 8, = g) as a function of = §,. It can first be seen that at zero temperature, squeezing
appears mostly on the cavity peak. On the other hand, excess noise is largest on the exciton
peak.

These curves have been calculated for excitonic densities of the ordémn1) with one
quantum well in the microcavity. With lower densities, the predicted squeezing scales down
with the non-linear phase shift. On the other hand, if one wants to increase the squeezing, it
may be difficult to increase the excitonic density because density-dependent relaxation effects
neglected here will come into play. By increasing the number of quantum wells in the cavity, it
is however possible to increase the non-linear phase shift while keeping the excitonic density
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Figure 4. Optimum squeezing,,; and intensity squeezin§ (calculated at zero frequency) as
functions of the laser detunirdg from the cavity (normalized tg), for the parameters of figure 2,
when the cavity—exciton detunidg — 3, = g. The standard quantum noise correspondse0;
perfect squeezing correspondsSte= —1. Curves (a), (b) and (c) correspond respectively to mean
phonon number¢:) = 0, 0.2 and 1.

constant in each quantum well.

These results show that quantum effects should be observed in semiconductor micro-
cavities at low temperature or in a system decoupled from the phonons. The decoupling of
the lower polariton branch from relaxation has been predicted [16, 24] and observed in recent
experiments [25] and indicates good prospects for such experiments.

The exploration of the noise should thus provide an interesting insight into the various
effects that are involved in the build-up and the destruction of quantum features. In order to
predict the expected phenomena accurately, a more elaborate model for the relaxation of the
polariton is needed to deal with the case in which the two polariton branches are coupled in a
different way to the phonons and to other excitons.

Acknowledgments

This work was supported by the EC ESPRIT LTR programme (contract No 20029 ACQUIRE)
and the EC TMR programme (contact No ERBFMRXCT 96-00066).



6078 G Messin et al

References

(1]
(2]

(3]
(4]
(5]
(el

(7]

(8]
El
(10]

(11]
(12]
(13]
(14]

(15]
[16]
(17]
(18]
(19]
[20]
(21]
(22]
(23]

[24]
(25]

(26]

Rarity J and Weisbuch C (ed) 19%icrocavities and Photonic BandgafBordrecht: Kluwer)

Haroche S 1992 Cavity quantum electrodynanfiesidamental Systems in Quantum Optf@snsterdam:
Elsevier) p 768 and references therein

Rempe G, Thompson R J, Brecha R JelW D and Kimbé H J 1991Phys. Rev. Let67 1727

Koch S W, Peygambarian N and Lindberg M 19B&hys. C: Solid State Phy21 5229

Mysyrowicz A, Hulin D, Antonetti A, Migus A, MasselinW T and Morkoc H 1986Phys. Rev. Let65

Fox A M, Baumberg J J, Dabbicco M, Huttner B and RyhF 1995Phys. Rev. Let74 1728

Hanamura E 1974. Phys. Soc. Japasi7 1545

Hanamura E 1974. Phys. Soc. Japasi7 1553

Hanamura E 1998licrocavities and Photonic Bandgaps J Rarity and C Weisbuch (Dordrecht: Kluwer)

Savona V, Hradil Z and Quattropani A 19%4hys. RevB 498774

Savasta S and Girlanda R 19P8ys. Rev. Let 74736

Haug H 1976Z. PhysB 24351

Nguyen Ba An 1993hys. RevB 4811 732

Weisbuch C, Nishioka M, Ishikawa A and Arakawa Y 19PRys. Rev. Let69 3314

Houdie R, Weisbuch C, Stanley R P, Oesterle U, Pellandini P and llegems MPI98 Rev. Let?Z3 2043

Eleuch H 1998TheseParis University

Louisel W H 1973 Quantum Statistical Properties of Radiatiiew York: Wiley)

Steyn-Ros M L and GardineC W 1983Phys. RevA 27310

Orozco L A, Raizen M G, Xiao Min, BrecR J and Kimkeg H J 1987J. Opt. Soc. AmB 4 1490

CarmichaéH J 1986Phys. RevA 333262

Collet M J and GardineC W 1984Phys. RevA 301386

Reynaud S and Heidmann A 198%t. Commun71209

Reynaud S, Fabre C, Giacobino E and Heidmann A 128g. RevA 401440

Tassone F, Piermarocchi C, Savona V, Quattropani A and Schwendimann PR ReB 56 7554

Ciuti C, Savona V, Piermarocci C, Quattropani A and Schwendimann PRBZ8 RevB 58 7926

Walls D F and Milburn G 199Quantum Optic¢Berlin: Springer) pp 245-52

Toyozawa Y 1958rog. Theor. Phys2053

Sermage B, Long S, Abram |, Marzin J Y, Bloch J, Planel R and Thierry-Mieg V P986. RevB 5316516

Piermarocchi C, Tassone F, Savona V, Quattropani A and Schwendimann PAg9&RevB 53 15 584

Tassone F, Piermarocchi C, Savona V Quattropani A and Schwendimann PAg26RevB 53R7642

Houdie R, Gibernon J L, Pellandini P, Stanley R P, Oesterle U, Weisbuch C, O’'Gorman J, Roycroft B and
llegems M 199%hys. RewB 527810

Nelson T R, Lindmark E K, Vick D V, Tai K, Khitrova G and GistH M 1996Microcavities and Photonic
Bandgapsd J Rarity and C Weisbuch (Dordrecht: Kluwer) p 43

Ciuti C, Savona V, Piermarocci C, Quattropani A and Schwendimann PR8¢8 Re\B 58 R10123

Houd®é R 1998 Private communication

Houdie R, Whittaker D M, Kinsler P, Fisher T A, Skolnick M S, Armitage A, Afshar A M, Stauld D and
Robers J S 1996°hys. Rev. Let/ 74792

Whittake D M 1998 Phys. Rev. LetB04781

Eleuch H, Courty J M, Messin G, Fabre C and Giacobino E 12%pt. B: Quantum Semiclass. Optl



