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Influence of the dielectric environment on the radiative lifetime of quantum-well excitons
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Due to the large mismatch in the refractive index of semiconductor material and air, time-integrated and
spectrally resolved four-wave mixing experiments reveal strong influence of the cladding layer thickness, its
refractive index, and the reflectivity of the sample-air interface on the radiative dephasing time of excitons in
single quantum wells and multiple quantum well structures. A cladding layer thickness ofl/2 andl/4 enhances
and decreases, respectively, the radiative contribution to the exciton linewidth and causes radiative shifts to
higher and lower energies, respectively. All our experiments are well described by solutions of the semicon-
ductor Maxwell-Bloch equations.
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I. INTRODUCTION

The coherent dynamic response of femtosecond exc
excitons in semiconductor quantum wells~QW’s! is deter-
mined by a variety of dephasing mechanisms. Scattering
other quasiparticles~phonons, excitons, free electrons,
holes! ~Ref. 1! can be suppressed by choosing appropr
experimental conditions such as low temperatures and e
tation densities. Dephasing due to minor sample quality,
scattering by defects, interface roughness, or alloy fluc
tions, should have been reduced by the modern growth t
niques in the last decade. Surprisingly, the values repo
for T2 times of two-dimensional~2D! excitons in GaAs
QW’s seemed to be limited to less than 10–15 ps in spite
remarkable improvements of sample quality. Only recen
it has been shown that radiative recombination can provid
remarkable contribution to dephasing in high quality QW
in accordance with theoretical predictions for the radiat
lifetime of 2D excitons published in several theoretic
papers.2–4 In MQW Bragg structures, photon mediated co
pling between excitons residing in neighboring QW’s lea
to strong enhancement of the radiative recombination rat
that radiative processes dominate the loss of phase cohe
in such structures.5,6 It turned out that dephasing times d
pend strongly on the number of QW’sN and the effective
barrier thicknessd* .7,8 Even for a SQW, it has been pre
dicted that the sample geometry plays an important role s
it determines the interaction of the coherent exciton polar
tion with its own reemitted radiation field.9

In this paper, we show that the radiative lifetime and t
transition energy of coherent 2D excitons are not inher
properties of the quantum well, but depend on its posit
inside the sample, especially on its distance from the sam
surface, the reflectivity of the sample-air interface, and
PRB 610163-1829/2000/61~7!/4801~5!/$15.00
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the refractive index of the cladding layer. This effect
caused by radiative recombination of the exciton and refl
tion of the emitted light at the sample-air interface. T
phase difference between reflected light and the coheren
citon polarization in the QW and therefore the distance fr
the QW to the sample-air interface play an important role
the cladding layer thickness is such that reflected light is
phase with the coherent exciton polarization, then the
flected light stimulates radiative emission, which leads to
shorter radiative lifetime and faster dephasing. If the
flected light has a phase difference ofp to the exciton polar-
ization, then additional polarization is created and the eff
tive dephasing is slower. In reflectivity measurements
SQW’s, it has been shown that depending on the effec
cladding layer thicknessd1* the exciton resonance can b
both emissionlike ford1* 5ml/2 and absorptionlike ford1*
5(2m11)l/4 ~m integer!.10 The same strong influence o
the cladding layer thickness on reflectivity line shapes occ
for MQW Bragg structures.11 In principle, the reflection from
the backside of the sample has also to be taken into acco
But in our case, the substrates are absorbing. Besides
cladding layer thickness, the reflectivity of the sample-
interface determines the magnitude of the changes of ra
tive dephasing and exciton energy. Therefore, under Br
ster’s angle, the polarization direction of the exciting las
pulses becomes critical for radiative dephasing due to
polarization dependence of the reflectivity. In the followin
we exploit this polarization dependence for proving the h
radiative contribution to excitonic dephasing and for co
firming the theoretical value for radiative dephasing in t
2D limit as a lower limit for real QW excitons. Furthermor
we show that also for MQW’s these considerations rem
valid.
4801 ©2000 The American Physical Society
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II. EXPERIMENTAL TECHNIQUES AND SAMPLES

In order to investigate the coherent dynamics of excito
in SQW’s and MQW Bragg structures, we used degene
four-wave mixing~DFWM! techniques. The optical pulse
for resonant excitation of the excitonic transition were tak
from a mode-locked Ti:sapphire laser, providing 100
pulses with an average power of 800 mW at a repetition
of 76 MHz. With an external pulse shaper, we limited t
bandwidth of the pulses to 2.4 meV in order to prevent
multaneous generation of the light-hole exciton or free c
riers. The pulse length was thus extended to 800 fs. L
energy pulses~5 pJ, focused to a spot size of 70mm! with
wavevectorsk1 and k2 were used for DFWM in the two
pulse self-diffraction geometry. Time-integrated~TI! mea-
surements of the signal diffracted in direction 2k22k1 were
performed with a slow photodiode as a function of the de
t12 between the two excitation pulses. For spectrally
solved ~SR! experiments, we used a 0.75 m double mon
chromator with a resolution of 0.1 meV. The samples w
held at a temperature of 8 K in a helium cryostat.

In order to prove the influence of sample-air interfa
reflection on excitonic dephasing, we turned the sample
Brewster’s angle and compared DFWM signals genera
with two laser beams that were polarized either paralle~p
polarization! or perpendicular~s polarization! to the plane of
incidence. Since there should be no reflection in thep polar-
ization, we expect an influence of the surface reflection o
for the s polarization. The different reflectivities of the tw
polarizations result in different exciton densities. For co
pensation, we doubled the laser intensity in thes polariza-
tion, which provides an approximately constant exciton d
sity of about 108/cm2 in each case.

We used two samples grown by molecular-beam epita
One consists of two different GaAs SQW’s, a 15 nm Q
and a 20 nm QW, separated by a 30-nm-thick Al0.3Ga0.7As
barrier. Since the exciton energies in these two QW’s
separated by 8.3 meV, we can consider them to be inde
dent from each other. Brewster’s angle taken into acco
the effective distance from the sample surface isd1*
50.33l and d1* 50.53l for the 15 nm QW and the 20 nm
QW, respectively.

The second sample is aN510 GaAs/Al0.3Ga0.7As Bragg
structure with 20 nm well width. The 94.5-nm-thick~Al-
Ga!As barriers yield a QW separation very close tol/2 in the
material at 8 K. It turned out6 that the QW spacing is slightly
abovel/2. By increasing the angleaext between the bisecto
of the two laser beams and the growth direction of
sample, the effective well separationd* is reduced asd*
5d cos(aint /A«) with sinaext5nGaAssinaint . The Bragg
condition (d* 5l/2) is fulfilled at aext549°.6 Since we
mounted the samples under Brewster’s angle (aext574°),
the effective well separation of the Bragg sample is ab
d* 50.49l. The effective thickness of the cladding lay
amounts tod1* 50.24l.

III. THEORY

For modeling of the resonant interaction of an ultrash
light pulse propagating through a SQW or a MQW, the o
tical response of the interband polarization is calculated fr
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the semiconductor Bloch equations in Hartree Fock appro
mation while Maxwell’s equations are solved to determi
the self-consistent optical field. The externally applied fie
is renormalized by the retarded time derivatives of the
duced interband polarizations within the different QW’s.5 In
MQW’s, these polarization contributions to the local elect
field lead to a radiative coupling between the different QW
The semiconductor Maxwell-Bloch equations~SMBE! are
iteratively solved up to third order in the electric field usin
the slowly varying envelope approximation and all contrib
tions to the detected DFWM signal are picked out. In ord
to include the influence of sample disorder, a configurat
average of the nonlinear response is performed.12,13

The dephasing timeT2 of a QW exciton comprises radia
tive (g rad) and nonradiative (g0) contributions. In the
exciton-pole approximation, the radiative dephasing rate
the 2D limit can be calculated by the dipole matrix eleme
m, the wavelength of the exciton transition in the mediuml,
the refractive indices of the QWnQW and the barrier materia
nbar, and the overlap of the electron-hole wave function a
cording to8,9

g rad
2D5

4p2m2

l

nQW

nbar
uw1S

2D~0!u2. ~3.1!

With the longitudinal-transverse splitting DLT

58pm2uw1S
3D(0)u2 ~Ref. 14!, we can expressg rad

2D in experi-
mentally accessible quantities:

g rad
2D5

pDLT

2l

nQW

nbar

uw1S
2D~0!u2

uw1S
3D~0!u2

. ~3.2!

The overlap of the 2D and 3D exciton wave function
8/pa0

2 and 1/pa0
3, respectively, with the Bohr radius of th

exciton a05(nQW
2 m0 /mr)a0

H (m0, electron mass;mr , re-
duced exciton mass;a0

H50.529 Å!. Inserting the values cor
responding to GaAs in Eq.~3.2! (\DLT50.08 meV,l
5818 nm/nbar, mr50.06 m0, nQW53.63,nbar53.44), one
obtains the radiative dephasing timeTrad

2D5(g rad
2D)21

512.0 ps. The theoretical radiative linewidth in the 2D lim
amounts to 0.11 meV. Since foruw1S(0)u2 in real samples
with finite QW width uw1S

3D(0)u2,uw1S(0)u2,uw1S
2D(0)u2,

Trad
2D represents a lower limit of real radiative dephasi

times.
Equation~3.2! calculatesg rad for a bare SQW and doe

not take into account any effect of surface reflection. As h
been shown in Ref. 9, the effective radiative decay rate o
2D exciton observed in an experiment is

g rad* 5g radF11r cosS 4p
d1*

l D G , ~3.3!

whereg rad is the radiative dephasing rate for the bare Q
and r is the reflection coefficient at the sample-air interfac
According to Fresnel’s equations and for incidence of
exciting laser beams on a semiconductor-vacuum interfac
Brewster’s angle, i.e., foraext1a int590°, r becomes 0 forp
polarization and2cos 2aext for s polarization yielding

g rad* p5g rad ~3.4a!
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and

g rad* s5g radF12cos 2aext cosS 4p
d1*

l D G . ~3.4b!

g rad* s is depicted versusd1* in Fig. 1~a! for GaAs~Brewster’s
angleaext574°). The shortest and longest lifetimes are e
pected ford1* 5ml/2 and (2m11)l/4 ~m is an integer num-
ber!, respectively, whereas ford1* 5(4m61)l/8 the influ-
ence of the surface should be negligible. Also the cladd
layer thicknesses of our two SQW’s and the Bragg sam
with the corresponding effective radiative decay rates fos
polarization are drawn in Fig. 1~a!. The effect should go in
opposite directions for the two SQW’s.

In addition to the variation of radiative lifetimes, a slig
radiative energy shift of the 1s exciton depending on the
cladding layer thickness is predicted.9 At Brewster’s angle,
the shifts forp ands polarization are

Dv rad
p 50 ~3.5a!

and

Dv rad
s 52g rad cos 2aext sinS 4p

d1*

l D . ~3.5b!

For GaAs, the results obtained by using this formula
depicted in Fig. 1~b!. As can be seen, shifts into opposi
directions are predicted for the two SQW’s.

It should be noticed that only the radiative dephasing r
g rad is affected by surface reflections. From TI-DFW
curves, one can deduce the homogeneous linewidth 2\ghom
that additionally contains the nonradiative contributiong0,

ghom5~T2!215~Trad* !211~T0!215g rad* 1g0 . ~3.6!

Therefore, only in high quality QW’s with a smallg0 com-
pared tog rad, an effect of surface reflection is observable

IV. RESULTS AND DISCUSSION

From Fig. 1~a!, we extract the prediction that for a
samples we should find differences betweens and p polar-
ization in the effective radiative dephasing rate and thus
the decay times of TI-DFWM signals. For the 20 nm QW
the effective radiative dephasing rate should be higher fs
polarization, whereas for the 15 nm QW and the Bra

FIG. 1. Effective radiative dephasing rate~a! and radiative en-
ergy shift~b! in dependence on cladding layer thickness in terms
l for laser beams withs polarization and incidence at Brewster
angle~GaAs,aext574°).
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sample it should be lower. Figure 2~a! shows normalized
TI-DFWM signals of the 20 nm SQW recorded at Brewste
angle withs ~dotted line! and p polarization~solid line! of
the exciting laser beams. The signal decay for thes polariza-
tion is clearly faster than for thep polarization. The TI-
DFWM curves of the 15 nm QW, in contrast, show an o
posite behavior@Fig. 2~b!#: for thes polarization the decay is
slower than for thep polarization. The difference in the de
cay times is not as pronounced as for the 20 nm QW, and
decay of the coherent exciton polarization is faster than
of the 20 nm QW. This can be explained by minor quality
the 15 nm QW: the luminescence linewidth is 0.45 meV a
thus a factor of 1.6 larger than the linewidth of the 20 n
QW.

In order to verify Eqs.~3.4!, we analyze the TI-DFWM
signal of the 20 nm QW. According to Eq.~3.4b!, we expect
for the effective cladding layer thicknessd1* 50.53l a larger
radiative dephasing rateg rad* s51.8g rad for the s polarization.
In general, the measured decay timestdec of TI-DFWM sig-
nals are equal toT2/2 andT2/4 for homogeneously and in
homogeneously broadened transitions, respectively.15 In the
case of the 20 nm QW, the slope of both curves rises
increasing time delays. This occurs typically in the interm
diate regime, where the inhomogeneous broadenings inh is
comparable to the homogeneous linewidth 2\ghom: initially,
the signal decays withT2/2 and then the slope evolves co
tinuously intoT2/4 for larger delays. Inp polarization, we
thus measureT2

p510 ps, whereas dephasing fors polariza-
tion is remarkably faster (T2

s56.4 ps). Considering the high
quality of the 20 nm QW—its luminescence linewid
amounts to 0.29 meV—we can assume a rather small no
diative contributiong0 to the total dephasing rateghom. A
lower limit for g0 of high quality QW’s has been provide
by the dephasing time of subradiant modes of a Bragg st
ture T2

sub538 ps.13 From Eq.~3.6!, we then calculate an ef
fective radiative dephasing timeTrad* s57.7 ps and Trad* p

513.6 ps for thes and p polarizations, respectively, which
agrees well with the expected factor of 1.8 between
dephasing rates of the two polarizations from Eqs.~3.4!. For

f

FIG. 2. TI-DFWM signals of SQW’s at Brewster’s angle fo
laser beams polarized parallel~solid curves! and perpendicular~dot-
ted curves! to the plane of incidence:~a! 20 nm QW, ~b! 15 nm
QW, ~c! and ~d! corresponding calculations.
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the chosen values ofT2 and T0, however, we have to tak
into account relative errors of about 10% due to the diffic
determination ofT2 in the intermediate regime between h
mogeneous and inhomogeous broadening and to the ass
tion of T0 . For the true radiative dephasing rate of a SQ
we then obtain 1/g rad51462 ps.

An analysis of the TI-DFWM curves of the 15 nm QW
provides similar values, if one considers the minor qua
compared to the 20 nm QW, which results in faster deph
ing times. The larger inhomogeneous broadening gives
to the approach oftdec5T2/4 and to a stronger nonradiativ
contribution (T0'13 ps) to dephasing.

The calculated TI-DFWM curves in Figs. 2~c! and 2~d!
show the same behavior as discussed above and agree
well with the experimental curves. For the 20 nm QW,
inhomogeneous linewidths inh50.29 meV and a nonradia
tive dephasing rate ofg050.017 meV/\ (T0538 ps) have
been chosen. The parameters for the 15 nm QW weres inh
50.45 meV andg050.058 meV/\ (T0511.3 ps).

For a perfect Bragg sample withN QW’s, the radiative
dephasing rateg rad

Bragg amounts toN times the radiative
dephasing rate of a SQWg rad. Therefore, one expects stron
ger influence of the surface reflection and larger differen
between the two polarizations for the Bragg sample than
the SQW’s. As we have shown in previous papers,5–7,12,13,16

the TI-DFWM signal of a Bragg structure containing a ce
tain amount of disorder or being slightly detuned from t
Bragg conditiond* 5l/2 is first dominated by a fast supe
radiant mode and at later times by slower subradiant mo
Superposition results in approximately biexponentially d
caying TI-DFWM signals. The fast decay time of the sup
radiant mode rests upon exciton recombination stimulated
photons sent out from neighboring QW’s, whereas the s
radiant mode is mainly determined by nonradiative deph
ing processes. Since the influence of surface reflection on
radiative dephasing rate is a mere radiative effect, we o
expect a significant change in the superradiant mode.

TI-DFWM curves of our Bragg sample in Figs. 3~a! and
3~c! show a qualitatively different behavior during the first
ps depending on the polarization direction of the excitat
pulses. While a superradiant decay can be observed for tp

FIG. 3. TI-DFWM ~a! and SR-DFWM~b! signals of a 10 QW
Bragg structure at Brewster’s angle for laser beams polarized
allel ~solid curves! and perpendicular~dotted curves! to the plane of
incidence. Calculated TI-DFWM~c! and SR-DFWM~d! curves.
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polarization, the creation of a superradiant mode is s
pressed for thes polarization due to the strong reflection
the sample-air interface leading to a relative phase of ne
p (d1* 'l/4) of the optical field coupled back into the Brag
structure. The long-time behavior of the TI-DFWM trac
show almost the same behavior fors andp polarization since
it is dominated by subradiant modes with small radiat
broadening compared to the superradiant mode and eve
the SQW.12,13

This behavior can also be seen in the SR-DFWM cur
of the Bragg structure@Figs. 3~b! and 3~d!#. The broad back-
ground due to the superradiant mode in thep polarization
visible in the low-energy part of the spectrum vanishes
the s polarization. As we have shown previously,17 the sub-
radiant modes manifest theirselves in SR-DFWM as a dip
backward direction and a spike in forward direction. P
forming our experiments in backward diffraction geomet
we observe in Fig. 3~b! that the dip in the spectra remains
the same energetic position, whereas the center of the s
trum is shifted towards higher energies for thes polarization.
The energy shift was predicted by Eqs.~3.5!, and the direc-
tion of the shift to higher energies was depicted in Fig. 1

The analysis of the superradiant mode in thep polariza-
tion, which is homogeneously broadened,13 yields with T0
538 ps an effective radiative dephasing time of appro
mately Trad

exp5Trad* p53.3 ps. With a radiative dephasing tim
of 14 ps derived above for a SQW, one would expect fo
perfect Bragg structure with 10 QW’sTrad

theo'1.4 ps. The dis-
crepancy betweenTrad

theo andTrad
exp can be explained by sampl

disorder (s inh50.5 meV) in real samples and by the fact th
our sample is about 1.6% detuned from the Bragg condit
d* 5l/2. Both effects tend to destroy the superradiant c
pling of the excitons in different QW’s and slow down th
superradiant decay of the DFWM signal.

The interaction of the coherent exciton polarization w
its own reemitted radiation field is a mere 2D phenomen
As can be seen in Fig. 4, TI-DFWM measurements on
GaAs bulk exciton show no differences in the decay tim
for p and s polarization (tdec'2.5 ps). Since 3D excitons
have no direct radiative decay channel due to momen
conversation, their radiative lifetime is much larger than
2D excitons, and their dephasing is dominated by ot
mechanisms. Thus, the coherent bulk exciton polariza
remains almost unaffected by radiation reflected from
sample-air interface. Furthermore, the excitonic excitation
bulk material is not localized. Different distances

r-

FIG. 4. TI-DFWM signals of the GaAs bulk exciton at Brew
ster’s angle for laser beams polarized parallel~solid curves! and
perpendicular~dotted curves! to the plane of incidence.
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the surface lead then to all possible phase differences
tween exciton polarization and reflected radiation so tha
average the radiative dephasing rate remains unchan
This affirms that the observed different decay times of
herent QW excitons fors andp polarization are due to a pur
radiative effect.

As to the SR-DFWM measurements of the 20 nm and
nm QW’s in Figs. 5~a! and 5~b!, respectively, we find tha
the energy shifts are very small. According to Eq.~3.5b! and
with the experimentally found Trad'14 ps (\g rad

FIG. 5. SR-DFWM signals of SQW’s at Brewster’s angle f
laser beams polarized parallel~solid curves! and perpendicular~dot-
ted curves! to the plane of incidence:~a! 20 nm QW, ~b! 15 nm
QW, ~c! and ~d! corresponding calculations.
tt
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'0.05 meV), one would expect an energy shift fors polar-
ization of about 0.02 meV to higher and 0.04 meV to low
energies for the 20 nm and 15 nm QW, respectively. Si
this is very close to the resolution of our spectrometer,
abandon an exact analysis of the shifts. However, by co
paring the measured spectra with the calculated spectr
Figs. 5~c! and 5~d!, one can see that the exciton energies
shifted in the predicted directions.

V. CONCLUSIONS

In conclusion, we have demonstrated a remarkable in
ence of the cladding layer thickness, its refractive index a
the reflectivity of the sample-air interface on radiati
dephasing of 2D excitons. TI- and SR-DFWM experimen
on high quality QW’s revealed different radiative dephasi
rates and radiative energy shifts fors- andp-polarized excit-
ing laser beams at Brewster’s angle. Analysis of our exp
mental data provides radiative dephasing times of ab
1462 ps for excitons in SQW’s. A theoretical lower limit o
real radiative dephasing times in the 2D limit is given
12.0 ps for GaAs parameters. For MQW Bragg structur
the changes in the radiative dephasing rate are enhance
cording to the number of QW’s. All our experiments are w
described by solutions of the SMBE.
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