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Quantum Theory of Nonlinear Semiconductor Microcavity Luminescence
Explaining “Boser” Experiments
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Photoluminescence experiments from semiconductor quantum wells inside a microcavity are reported
which exhibit a thresholdlike transition already below lasing. A fully quantum mechanical theory for
an interacting system of photons and Coulomb-correlated quantum well electrons and holes inside a
microcavity is presented. The experimental results previously attributed to bosonic condensation are
explained consistently in terms of fermionic electron-hole correlations. [S0031-9007(97)04762-5]
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Light matter interaction effects in semiconductor micr
cavities have been actively studied since the manifesta
[1] of excitonic normal mode coupling (NMC) in the non
perturbative regime. Such interactions in atomic [2] a
molecular [3] cavity systems are rather well understo
on the basis of models related to discrete level syste
A similar approach for semiconductors describes the o
cal properties with excitonic bound states using a boso
approximation [4,5]. Thus the full electron-hole Coulom
interaction in the many-body Hamiltonian is approximat
by including only some aspects of the interband attr
tive part.

Recent experiments show that the photoluminesce
(PL) properties of semiconductor microcavities conta
an unexpected transition [6]: When the cavity mo
is energetically above the exciton, the intensity of t
higher energy PL peak exhibits a thresholdlike behav
eventually overtaking the lower energy PL peak. T
pronounced effect has been widely proclaimed as
example of “boser action” [6] being related to Bo
condensation [5]. Our own experiments reproduce
striking behavior. However, we go further and show th
NMC is collapsing as the PL crosses over, eliminating
condensation hypothesis.

To clarify the “boser problem” from a theoretical poin
of view, one needs a quantum theory for the microcav
luminescence that does not make a bosonic approxima
for the Coulomb-correlated electron-hole pairs. Clea
such a fully quantum mechanical analysis of an int
acting photon-semiconductor electron-hole system po
a considerable challenge to current theories. A w
established approximation scheme exists in the semic
sical regime, where the major difficulties arise from t
consistent inclusion of the carrier-carrier Coulomb int
action effects [7,8]. The simplest self-consistent appro
mation scheme leads to the Hartree-Fock semicondu
Bloch equations for which systematic improvements ha
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been published and analyzed [9–13]. These theories h
been used successfully, e.g., to explain the density dep
dent saturation of the microcavity normal mode couplin
resonances [14], as well as the ultrafast pulse propaga
dynamics and the associated excitation induced deph
ing [15].

In this Letter, we present a major extension of previo
theories by developing a fully quantum mechanical an
ysis of the interacting electron-hole photon system th
includes both attractive and repulsive Coulomb effec
This theory, evaluated for studying the microcavity P
reproduces consistently the following observations:
the transitions from NMC to weak coupling, the PL re
mains double peaked, then becomes single peaked,
then lases. Since electrons and holes are treated corre
as fermions, we can check for the validity of a bosonic a
proximation finding that it is already clearly inappropriat
for excitation levels below the “boser transition.”

The field is quantized using an expansion into emp
cavity modesuq associated with a photon destruction op
eratorbq, whereq ­ sqjj, qd is the wave vector. Since the
luminescence detection outside the cavity is performed
the normal direction, it is sufficient to analyze only th
modesqjj ­ 0. The coupling of the light to the semi-
conductor electron-hole pairs is described by the dipo
interaction Hamiltonian [16]. The Coulomb interactio
between electrons and holes is included by the stand
two-band many-body Hamiltonian [8].

We denote the fermion operators for conduction and v
lence band electrons with momentum̄hk by ck and yk,
respectively. To obtain the quantum form of the sem
conductor Bloch equations, we follow the standard pr
cedure [8] and evaluate the Heisenberg equations for
microscopic polarization̂Pk ­ y

y
kck, the carrier occupa-

tions n̂c
k ­ c

y
kck, n̂y

k ­ y
y
kyk, and, additionally, also for

the photon operatorbq. The resulting operator equation
can be written as
© 1997 The American Physical Society



VOLUME 79, NUMBER 25 P H Y S I C A L R E V I E W L E T T E R S 22 DECEMBER1997
ih̄
≠

≠t
P̂k ­ sec

k 2 ey
kdP̂k 1 mcyskd scy

kẼck 2 y
y
kẼykd 1

X
k0k00

V sk0 2 kd

3 fyy
kscy

k01k002kck00 1 y
y
k01k002kyk00dck0 2 y

y
k0 scy

k00ck01k00 1 y
y
k00yk01k002kdckg , (1)

ih̄
≠

≠t
n̂c

k ­

24mcyskdyy
kẼck 2

X
k0,k00

V sk0 2 kd 3 c
y
k0scy

k00ck01k002k 1 y
y
k00yk01k002kdck 2 H.c.

35 , (2)

ih̄
≠

≠t
bq ­ h̄vqbq 1 iEqũp

qsP̂ 1 P̂yd , (3)
u

,
e

a
s
o

ta

n

a

,
o
t

r

-

s

c-
ct

-
d,
es
as
des

ry,
ri-
f a

e
n-

d at
m

e

r of
s,

d

l-
n
as

ed
d

till
-

ng
lit-
re-
lly
at
for
just
ked.
g
er
er
where P̂ ­
P

k m?
cyskdP̂k and mcy is the dipole matrix

element. Furthermore,≠≠t n̂y
k ­ 2

≠

≠t n̂c
k, V skd is the

quantum well (QW) Coulomb matrix element,Eq is
the vacuum field amplitude,vq ­ cq, and e

c,y
k are

the free-particle energies, respectively. In these eq
tions, Ẽ ­

R
gszdEszd dz is the effective QW field,

ũq ­
R

gszd uqszd dz, uqszd is the cavity mode function
and gszd is the QW confinement factor incorporating th
single-particle envelope functions. In Eqs. (1)–(3),
operators are always normally ordered. In the semicla
cal limit, kcy

kEckl ­ kcy
kckl kEl, our equations reduce t

the semiconductor Bloch equations [7,8,17].
The operator, Eqs. (1)–(3), serves as a general s

ing point to investigate quantum correlations in sem
conductor microcavity systems. In this Letter, we app
Eqs. (1)–(3) to analyze the microcavity PL experime
for various electron-hole pair densities. In the absence
a classical driving field, the light field and carrier polariz
tion are mutually incoherent, i.e.,kbql ­ 0 andkP̂kl ­ 0.
Hence, the lowest order nonzero quantities arefe

k ­ kn̂c
kl,

fh
k ­ 1 2 kn̂y

kl, and the correlationskby
q P̂kl, andkby

q bq0l.
To truncate the hierarchy of the resulting equations
motion, we use the dynamical decoupling scheme [7
for the four carrier operator terms and the mixed phot
carrier operator terms. This way we obtain a closed se
semiconductor luminescence equations,

ih̄
≠

≠t
kby

q P̂kl ­ s2ẽc
k 2 ẽy

k 2 h̄vq 1 EGd kby
q P̂kl

1 sfe
k 1 fh

k 2 1dVsk, qd

1 fe
kfh

kVSEsk, qd , (4)

ih̄
≠

≠t
kby

q bq0l ­ h̄svq0 2 vqd kby
q bq0l

1 iEqũqkbq0P̂H l 1 iEq0 ũp
q0kby

q P̂Hl ,

(5)

ih̄
≠

≠t
f

eshd
k ­ 2i Imfmp

cyskd kP̂kD̃lg , (6)

where ẽ
c,y
k are the renormalized single-particle ene

gies, D̃ ­
R

gszdDszd dz ­
P

q iEqũqbq 1 H.c., P̂H ­
P̂ 1 P̂y, andẼ 2 D̃ ~ P̂H . In Eq. (4), the term contain
ing the renormalized fieldVsk, qd ­ mcyskd kby

q Ẽl 1P
k0 V sk0 2 kd kby

q P̂k0l describes the stimulated emi
a-
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si-

rt-
i-
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-

of
8]
n-
of

-

-

sion or absorption and the term includingVSEsk, qd ­
mcyskdiEqũq leads to spontaneous emission, respe
tively. Both, the spontaneous and stimulated terms a
as sources for the field-particle correlationskby

q P̂kl which
enter in Eqs. (5) and (6). Note that, without the stimu
lated term containing the Coulomb renormalized fiel
NMC could not be obtained. The equations for mod
qjj fi 0 are analogous to Eqs. (4) and (5). However,
long as carrier density depletion can be neglected, mo
with differentqjj do not couple since in-plane momentum
is conserved.

Before we present a numerical evaluation of the theo
we briefly discuss the main observations from our expe
mental studies. We use a QW microcavity consisting o
3y2l GaAs spacer between symmetric 99.6% GaAsyAlAs
Bragg mirrors, with two 8 nm In0.04Ga0.96As QWs placed
at the antinodes of the intracavity field. The cavity mod
is tuned with respect to the exciton resonance by sca
ning across the tapered sample. The sample was hel
a temperature of 4 K and excited in a reflection minimu
at 780 nm by0.5 ms pulses (practically cw) with a 10%
duty cycle to reduce heating. The PL is collected in th
normal direction from a small solid angle,4p 3 1023 sr,
and imaged onto an aperture which has an area an orde
magnitude smaller than the image of the PL spot. Thu
only PL coming from the central, most uniformly excite
region is collected.

The measured PL spectra are plotted in the left co
umn of Fig. 1. We see that with increasing excitatio
power the upper energy peak overtakes the lower one
shown also in Fig. 2(a); this is the boser action report
previously [6]. Because the PL is still double peake
after the crossing, it has been argued that NMC s
exists (giving possibility to Bose condensation). How
ever, Fig. 2(c) shows that above crossover the splitti
no longer decreases with increasing intensity; the sp
ting has already reduced from the generalized Rabi f
quency value to simply the detuning. Lasing eventua
occurs very close to the position of the upper peak
crossover. Moreover, transmission spectra obtained
the same pump conditions as the PL spectra show that
above crossover the transmission becomes single pea
Also, the crossover power is more than half the lasin
threshold power (Fig. 3), which already indicates a rath
high density for boser action. Furthermore, the bos
5171
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FIG. 1. In the left column, the measured nonlinear cw P
spectra are plotted for various excitation intensities and det
ing 13 meV. The right column shows the computed results
the full theory (solid line) and a computation excluding NMC
(dashed line) for various excitation densities; the same arbitr
units are used for all densities. The maximum value of t
high energy peak is indicated by the number at the arrow. T
shaded curves are the computed excitonic absorption spectr

action region cannot show coherent emission since its
ficiency for perpendicular emission is much lower than f
lasing. For the pulsed excitation, the time-integrated P
includes significant averaging in comparison to cw spec
at constant density. Thus the double peaked region se
to last longer than in the cw case because the lower p
PL is enhanced as the carrier density decays away. [1

To analyze the experiments, Eqs. (4)–(6) are solv
numerically starting from zero correlations. Assumin
that f

eshd
k is a constant quasiequilibrium Fermi-Dirac dis

tribution, we only have to evolve Eqs. (4) and (5) t
the steady state. We compute the PL spectrum wh
is proportional to the flux passing the detectord

dt kby
q bql.

Carrier scattering is included via the dephasing rateg

whose density dependent value is computed with an
dependent quantum kinetic calculation [13,14]. For sta
dard material parameters corresponding to the experim
we obtain the results in the right column of Figs. 1 an
2. Clearly, our fully quantum mechanical theory is ca
pable of reproducing the experimental observations.
demonstrate that our computed results do not rely
the bosonic nature of the excitation and condensation
fects, we have plotted in Fig. 2(b) the expectation val
of the commutator between two exciton operators [8
B ­

P
k c0skdyy

kck and By, wherec0skd is the Fourier
5172
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FIG. 2. Measured microcavity PL peak intensities (a) an
peak energies (c) vs cw excitation intensity for the hig
energy peak (solid line) and the low energy peak (dashed lin
corresponding to Fig. 1. Results of the microscopic theory a
shown in (b) and (d). The circle denotes the highest excitati
where the low energy peak can be resolved. Inset to (b) sho
the calculated expectation value of the Bose commutator
carrier density.

transform of the1s-exciton wave function. This commu-
tator equals unity in the Bose limit and has to be ve
close to unity in order to reasonably approximate excito
as Bosons. However, our results inevitably show that, f
the elevated carrier densities at which the PL peaks cro
the commutator varies between 0.7 and 0.3, i.e., far b
low the ideal bosonic value of 1. Hence, at crossover
the PL peaks, the density is so high that the transiti
from nonperturbative normal mode coupling to perturb
tive weak coupling is almost complete, clearly excludin
the possibility of Bose condensation effects and the app
cation of simple bosonic models.

To explain the true microscopic origin of the bose
action, we compute the PL spectrum where we artificia

FIG. 3. Peak PL intensity vs pump power for14.2 meV
detuning and 100 fs pulses exciting above the cavity stop ba
The transition from normal mode coupling (NMC) to wea
coupling occurs in the boser action regime.
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switch off the unrenormalized stimulated field term
mcyskd kby

q Ẽl, thus effectively decoupling PL and NMC
The results for various carrier densities are plotted
Fig. 1 as dashed lines. We obtain double peaked em
sion, where one peak is always at the excitonic resona
and one is at the empty cavity mode. Without NMC
the effect of spontaneous emission is basically that
a classical emitter inside a detuned cavity. Increasi
the emission intensity leads to a dramatic increase of
emission at the cavity mode, but only to a weak increa
of the emission at the frequency of the detuned emitt
The frequency of the detuned emitter remains close to
zero density exitonic resonance even for densities wh
the excitonicabsorption (shaded curves in Fig. 1) peak
has been completely bleached.

The coupled set of Eqs. (4)–(6), including the stim
lated field term, is necessary to explain the experimen
results. Since the high energy peak of the PL is en
getically close to the unrenormalized semiconductor ba
gap, it is strongly suppressed for low excitation densiti
and therefore the low energy peak dominates. For hig
carrier densities, the semiconductor absorption is gra
ally bleached (Fig. 1), reducing the suppression of t
high energy luminescence, eventually allowing the hig
energy peak to grow considerably. Since both effec
increased spontaneous emission and decreased sem
ductor absorption, strengthen the high energy peak,
heights of the two PL peaks cross. Consequently, bo
action is explained as nonlinear semiconductor dynam
of an interacting electron-hole system without “boson
effects.” After the peak crossing, NMC is gone since th
excitonic absorption resonance is bleached. However,
PL is still double peaked because of the detuned emi
situation discussed above [19].

In summary, a many-body treatment for the couple
system of quantum well carriers interacting with th
quantized light field in a semiconductor microcavity ha
been presented. The experimentally observed nonlin
PL characteristics are reproduced and explained wit
the framework of transitions from normal mode couplin
to weak coupling double peaked emission (instead
boser [6]) and lasing. The full quantum theory outline
here allows us to study not only luminescence a
lasing properties in detail but also to investigate high
order photon correlations in semiconductor microcav
systems.
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for suggesting the study of Boson commutation relati
for exciton operators.
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