PHYSICAL REVIEW B VOLUME 61, NUMBER 7 15 FEBRUARY 2000-I

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 thickna#2 ahd\/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.

[. INTRODUCTION the refractive index of the cladding layer. This effect is
caused by radiative recombination of the exciton and reflec-
The coherent dynamic response of femtosecond excitetion of the emitted light at the sample-air interface. The
excitons in semiconductor quantum we(lRW'’s) is deter- phase difference between reflected light and the coherent ex-
mined by a variety of dephasing mechanisms. Scattering bgiton polarization in the QW and therefore the distance from
other quasiparticlegphonons, excitons, free electrons, or the QW to the sample-air interface play an important role. If
holeg (Ref. 1) can be suppressed by choosing appropriatehe cladding layer thickness is such that reflected light is in
experimental conditions such as low temperatures and excphase with the coherent exciton polarization, then the re-
tation densities. Dephasing due to minor sample quality, i.eflected light stimulates radiative emission, which leads to a
scattering by defects, interface roughness, or alloy fluctuashorter radiative lifetime and faster dephasing. If the re-
tions, should have been reduced by the modern growth techtected light has a phase differencemfo the exciton polar-
niques in the last decade. Surprisingly, the values reportegation, then additional polarization is created and the effec-
for T, times of two-dimensional2D) excitons in GaAs tive dephasing is slower. In reflectivity measurements on
QW's seemed to be limited to less than 10-15 ps in spite 05Qw's, it has been shown that depending on the effective
remarkable improvements of sample quality. Only recentlyyjaqging layer thicknessl? the exciton resonance can be
it has been shown that radiative recombination can provide Both emissionlike ford* =mx/2 and absorptionlike fod?

remarkable contribution to dephasing in high quality QW’s — . 10 .
in accordance with theoretical predictions for the radiative_(szrl.))‘/4 (m mtggeb. The same §tro_ng influence of
lifetime of 2D excitons published in several theoreticalthe cladding layer thickness on reflectivity line shapes occurs

paper€~* In MQW Bragg structures, photon mediated cou- for MQW _Bragg structure&® In principle, the reflect_ion from
pling between excitons residing in neighboring QW’s leadsthe b_ack5|de of the sample has also to be taken into z_;\ccount.
to strong enhancement of the radiative recombination rate sgut in our case, the substrates are absorbing. Besides the
that radiative processes dominate the loss of phase cohererfd@dding layer thickness, the reflectivity of the sample-air
in such structured® It turned out that dephasing times de- interface determines the magnitude of the changes of radia-
pend strongly on the number of QWM and the effective tive dephasing and exciton energy. Therefore, under Brew-
barrier thicknessi* .”® Even for a SQW, it has been pre- ster’s angle, the polarization direction of the exciting laser
dicted that the sample geometry plays an important role sincpulses becomes critical for radiative dephasing due to the
it determines the interaction of the coherent exciton polarizapolarization dependence of the reflectivity. In the following,
tion with its own reemitted radiation fiefdl. we exploit this polarization dependence for proving the high

In this paper, we show that the radiative lifetime and theradiative contribution to excitonic dephasing and for con-
transition energy of coherent 2D excitons are not inherenfirming the theoretical value for radiative dephasing in the
properties of the quantum well, but depend on its positior2D limit as a lower limit for real QW excitons. Furthermore,
inside the sample, especially on its distance from the samplee show that also for MQW'’s these considerations remain
surface, the reflectivity of the sample-air interface, and orvalid.
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Il. EXPERIMENTAL TECHNIQUES AND SAMPLES the semiconductor Bloch equations in Hartree Fock approxi-
In order to investigate the coherent dynamics of exciton mation whiIe.MaxweII’_s eqt_Jations are solved to dgterm_ine
in SOW's and MOW Bragg structures, we used degenerat?ahe self—con'S|stent optical field. The externally applied flgld
' i5 renormalized by the retarded time derivatives of the in-

duced interband polarizations within the different QWis
from a mode-locked Ti:sapphire laser, providing 100 f:l\_/IQW’s, these po_Iar_ization cpntributions to the_ local electric
' ! field lead to a radiative coupling between the different QW's.

pulses with an average power of 800 mW at a repetition ratel_h , .
. L e semiconductor Maxwell-Bloch equatioGSMBE) are
of 76 MHz. With an external pulse shaper, we limited theiteratively solved up to third order in the electric field using

fiers. The uglse lenath was thugs extended to 800 fs LOW'Eions to the detected DFWM signal are picked out. In order
: P 9 ) " to include the influence of sample disorder, a configuration
energy pulses5 pJ, focused to a spot size of Z0n) with average of the nonlinear response is perforited
wavevectorsk; and k, were used for DFWM in the two L : N -
pulse self-diffraction geometry. Time-integrat€@l) mea- The dephasing timé&; of a QW exciton comprises radia

. . TR tive (vad and nonradiative ¥g) contributions. In the
Sg:(for?rigtj vc\’/ft;h: :Ilg\?val gg{g%?;%% 'gsdg(fasggt?éi lc()fl tvr\ll:rgela exciton-pole approximation, the radiative dephasing rate in
P b Ythe 2D limit can be calculated by the dipole matrix element

712 between the two excitation pulses. For specirally re-lu, the wavelength of the exciton transition in the medinm

solved(SR) e_xpenments,_ we used a 0.75 m double MONO416 refractive indices of the QW and the barrier material
chromator with a resolution of 0.1 meV. The samples were .
. . Npar, and the overlap of the electron-hole wave function ac-
held at a temperaturef 8 K in a helium cryostat. . 9
. o cording té"
In order to prove the influence of sample-air interface
reflection on excitonic dephasing, we turned the sample to
Brewster's angle and compared DFWM signals generated

with two laser beams that were polarized either pardjpel

polarization or perpendiculafts polarization to the plane of With the longitudinal-transverse splitting A,

incidence. Since there should be no reflection inglplar- 2| 3D/ (2 2D :
ization, we expect an influence of the surface reflection only_877’“ |15(0)]° (Ref. 14, we can expresg,g in experi

for the s polarization. The different reflectivities of the two mentally accessible quantities:
polarizations result in different exciton densities. For com-
pensation, we doubled the laser intensity in thpolariza-
tion, which provides an approximately constant exciton den-
sity of about 16/cn? in each case.

We used two samples grown by molecular-beam epitaxyThe overlap of the 2D and 3D exciton wave function is
One consists of two different GaAs SQW'’s, a 15 nm QW8/ma3 and 1kraj, respectively, with the Bohr radius of the
and a 20 nm QW, separated by a 30-nm-thick 8a -As  exciton ao=(n2QWmO/mr)aQ (mg, electron massm,, re-
barrier. Since the exciton energies in these two QW’s ar@juced exciton massy =0.529 A). Inserting the values cor-

separated by 8.3 meV, we can consider them to be indeperﬁesponding to GaAs in EQq(3.2 (%#A.1=0.08 meV,\
dent from each other. Brewster's angle taken into account=g18 NMhpg, M, =0.06 My, Now=3.63,Np=3.44), one

the effective distance from the sample surface d§  gptains the radiative dephasing tim@22=(y22) 1

=0.33\ andd7 =0.53 for the 15 nm QW and the 20 nm =120 ps. The theoretical radiative linewidth in the 2D limit

2,2
20_ 47 u” Now
Yrad N Noar

|922(0)|2 (3.

2D
42D mALT Now | ¢7s(0)?
rad— .
2N Noar |p75(0)]?

(3.2

QW, respectively. _ amounts to 0.11 meV. Since fdp,5(0)|? in real samples
The second sample isM=10 GaAs/Ab {Ga 7As Bragg  with finite QW width |¢32(0)|?<|¢15(0)|2<|¢22(0)|?,
structure with 20 nm well width. The 94.5-nm-thidRl- 128 yepresents a lower limit of real radiative dephasing

GaAs barriers yield a QW separation very close@ inthe  {jmes.
material at 8 K. It turned ofithat the QW spacing is slightly Equation(3.2) calculatesy,,q for a bare SQW and does

above)/2. By increasing the anglee, between the bisector 4t take into account any effect of surface reflection. As has

of the two laser beams and the growth direction of theyeen shown in Ref. 9, the effective radiative decay rate of a
sample, the effective well separatiaf is reduced asl* 2D exciton observed in an experiment is

=d cos@im/\/g) With  Sinae= NgaasSina;:. The Bragg

condition @*=\/2) is fulfilled at ae=49°° Since we d*
mounted the samples under Brewster's angle & 74°), Vid™ ym{lﬂ 005(477— , (3.3

the effective well separation of the Bragg sample is about A

d*=0.49\. The effective thickness of the cladding layer yynere y,., is the radiative dephasing rate for the bare QW
amounts tady =0.24. andr is the reflection coefficient at the sample-air interface.
According to Fresnel's equations and for incidence of the
exciting laser beams on a semiconductor-vacuum interface at
Brewster’s angle, i.e., fotg,t+ ajny=90°, r becomes 0 fop

For modeling of the resonant interaction of an ultrashortPolarization and-cos 2, for s polarization yielding
light pulse propagating through a SQW or a MQW, the op- .
tical response of the interband polarization is calculated from Yiad= Yrad (3.49

lll. THEORY
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FIG. 1. Effective radiative dephasing ra@ and radiative en- 3 §
ergy shift(b) in dependence on cladding layer thickness in terms of 3 E
\ for laser beams witls polarization and incidence at Brewster's ;' 10° 20 nm SQW 15 nm SQW
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FIG. 2. TI-DFWM signals of SQW'’s at Brewster's angle for
(3.4b laser beams polarized parallsblid curve$ and perpendiculaidot-
ted curves to the plane of incidencgia) 20 nm QW,(b) 15 nm
QW, (c) and(d) corresponding calculations.

d*
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viais depicted versudy in Fig. 1(a) for GaAs (Brewster's

angle aq,=74°). The shortest and Iongest Iifetimes are ex'sample it should be lower. Figure@ shows normalized
pected ford} =m\/2 and (2n+1)\/4 (mis an integer num-  T_.pFWM signals of the 20 nm SQW recorded at Brewster's
ben, respectively, whereas fa] =(4m=1)\/8 the influ-  angle withs (dotted ling and p polarization(solid line) of
ence of the surface should be negligible. Also the claddinghe exciting laser beams. The signal decay forgpelariza-
layer thicknesses of our two SQW'’s and the Bragg sampleion is clearly faster than for the polarization. The TI-
with the corresponding effective radiative decay ratessfor DFWM curves of the 15 nm QW, in contrast, show an op-
polarization are drawn in Fig.(d). The effect should go in posite behaviofFig. 2(b)]: for the s polarization the decay is
opposite directions for the two SQW'’s. slower than for thep polarization. The difference in the de-
In addition to the variation of radiative lifetimes, a slight cay times is not as pronounced as for the 20 nm QW, and the
radiative energy shift of the slexciton depending on the decay of the coherent exciton polarization is faster than that
cladding layer thickness is predictedit Brewster's angle, of the 20 nm QW. This can be explained by minor quality of

the shifts forp ands polarization are the 15 nm QW: the luminescence linewidth is 0.45 meV and
thus a factor of 1.6 larger than the linewidth of the 20 nm
Aowb =0 (3.59 QW.

In order to verify Egs.(3.4), we analyze the TI-DFWM
signal of the 20 nm QW. According to E¢3.4b), we expect
x for the effective cladding layer thickned$ =0.53\ a larger
A W= ~ Yrad COS ey sin( 47TT) : (3.5D  radiative dephasing ratg}= 1.8y, for the s polarization.
In general, the measured decay tingg. of TI-DFWM sig-
For GaAs, the results obtained by using this formula arenals are equal td,/2 andT,/4 for homogeneously and in-
depicted in Fig. b). As can be seen, shifts into opposite homogeneously broadened transitions, respectivelly.the
directions are predicted for the two SQW's. case of the 20 nm QW, the slope of both curves rises for
It should be noticed that only the radiative dephasing raténcreasing time delays. This occurs typically in the interme-
vrad 1S affected by surface reflections. From TI-DFWM diate regime, where the inhomogeneous broadenifgis
curves, one can deduce the homogeneous linewifith,g, comparable to the homogeneous linewidfmZ,,: initially,
that additionally contains the nonradiative contributigy) the signal decays witfi,/2 and then the slope evolves con-
tinuously intoT,/4 for larger delays. Irp polarization, we
Yhom=(T2) "1=(T59 "'+ (To) "=75agt ¥0. (3.6 thus measur@®=10 ps, whereas dephasing feipolariza-

Therefore, only in high quality QW’s with a smafl, com- tion is remarkably fasterT3=6.4 ps). Considering the high

pared t0y,., an effect of surface reflection is observable. duality of the 20 nm QW—its Iuminescence linewidth
amounts to 0.29 meV—we can assume a rather small nonra-

diative contributiony, to the total dephasing ratg,,,. A
lower limit for y, of high quality QW’s has been provided
From Fig. 1a), we extract the prediction that for all by the dephasing time of subradiant modes of a Bragg struc-
samples we should find differences betwesand p polar-  ture T3"°=38 ps! From Eq.(3.6), we then calculate an ef-
ization in the effective radiative dephasing rate and thus irfective radiative dephasing timd}3=7.7 ps and T};h
the decay times of TI-DFWM signals. For the 20 nm QW, =13.6 ps for thes and p polarizations, respectively, which
the effective radiative dephasing rate should be highesfor agrees well with the expected factor of 1.8 between the
polarization, whereas for the 15 nm QW and the Braggdephasing rates of the two polarizations from E§s4). For

and

*

IV. RESULTS AND DISCUSSION
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FIG. 3. TI-DFWM (a) and SR-DFWM(b) signals of a 10 QW  polarization, the creation of a superradiant mode is sup-
Bragg structure at Brewster's angle for laser beams polarized papressed for thes polarization due to the strong reflection at
allel (solid curves and perpendiculafdotted curvekto the plane of  the sample-air interface leading to a relative phase of nearly
incidence. Calculated TI-DFWMc) and SR-DFWM(d) curves. 7 (d¥ ~\/4) of the optical field coupled back into the Bragg

structure. The long-time behavior of the TI-DFWM traces
the chosen values of, and T,, however, we have to take show almost the same behavior ®andp polarization since
into account relative errors of about 10% due to the difficultit is dominated by subradiant modes with small radiative
determination ofT, in the intermediate regime between ho- broadening compared to the superradiant mode and even to
mogeneous and inhomogeous broadening and to the assuntpe SQW!**3
tion of T,. For the true radiative dephasing rate of a SQW, This behavior can also be seen in the SR-DFWM curves
we then obtain 1y,,4—=14+2 ps. of the Bragg structurgFigs. 3b) and 3d)]. The broad back-

An analysis of the TI-DFWM curves of the 15 nm QW ground due to the superradiant mode in fh@olarization
provides similar values, if one considers the minor qualityvisible in the low-energy part of the spectrum vanishes for
compared to the 20 nm QW, which results in faster dephasthe s polarization. As we have shown previouslythe sub-
ing times. The larger inhomogeneous broadening gives riseadiant modes manifest theirselves in SR-DFWM as a dip in
to the approach of4.=T,/4 and to a stronger nonradiative backward direction and a spike in forward direction. Per-
contribution (Ty~13 ps) to dephasing. forming our experiments in backward diffraction geometry,

The calculated TI-DFWM curves in Figs(@ and 2d) we observe in Fig. @) that the dip in the spectra remains at
show the same behavior as discussed above and agree quiie same energetic position, whereas the center of the spec-
well with the experimental curves. For the 20 nm QW, antrum is shifted towards higher energies for thgolarization.
inhomogeneous linewidtlr;,,=0.29 meV and a nonradia- The energy shift was predicted by E¢8.5), and the direc-
tive dephasing rate of,=0.017 meV# (T,=38 ps) have tion of the shift to higher energies was depicted in Fig. 1.
been chosen. The parameters for the 15 nm QW weje The analysis of the superradiant mode in thpolariza-
=0.45 meV andy,=0.058 meV# (Ty=11.3 ps). tion, which is homogeneously broaderédjields with T,

For a perfect Bragg sample with QW’s, the radiative =38 ps an effective radiative dephasing time of approxi-
dephasing ratey2®%9 amounts toN times the radiative mately TRi=Tr5=3.3 ps. With a radiative dephasing time
dephasing rate of a SQW,,q. Therefore, one expects stron- 0f 14 ps derived above for a SQW, one would expect for a
ger influence of the surface reflection and larger differenceperfect Bragg structure with 10 QWEX~1.4 ps. The dis-
between the two polarizations for the Bragg sample than focrepancy betweemn® and T%? can be explained by sample
the SQW’s. As we have shown in previous papers:>3®  disorder @j,,=0.5 meV) in real samples and by the fact that
the TI-DFWM signal of a Bragg structure containing a cer-our sample is about 1.6% detuned from the Bragg condition
tain amount of disorder or being slightly detuned from thed* =\/2. Both effects tend to destroy the superradiant cou-
Bragg conditiond* =\/2 is first dominated by a fast super- pling of the excitons in different QW’s and slow down the
radiant mode and at later times by slower subradiant modesuperradiant decay of the DFWM signal.

Superposition results in approximately biexponentially de- The interaction of the coherent exciton polarization with
caying TI-DFWM signals. The fast decay time of the super-its own reemitted radiation field is a mere 2D phenomenon.
radiant mode rests upon exciton recombination stimulated bjAs can be seen in Fig. 4, TI-DFWM measurements on the
photons sent out from neighboring QW's, whereas the subGaAs bulk exciton show no differences in the decay times
radiant mode is mainly determined by nonradiative dephasfor p and s polarization ¢g~2.5 ps). Since 3D excitons
ing processes. Since the influence of surface reflection on theave no direct radiative decay channel due to momentum
radiative dephasing rate is a mere radiative effect, we onlgonversation, their radiative lifetime is much larger than for
expect a significant change in the superradiant mode. 2D excitons, and their dephasing is dominated by other

TI-DFWM curves of our Bragg sample in Figs(@ and  mechanisms. Thus, the coherent bulk exciton polarization
3(c) show a qualitatively different behavior during the first 4 remains almost unaffected by radiation reflected from the
ps depending on the polarization direction of the excitationsample-air interface. Furthermore, the excitonic excitation in
pulses. While a superradiant decay can be observed fqr thebulk material is not localized. Different distances to
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~0.05 meV), one would expect an energy shift §gpolar-
ization of about 0.02 meV to higher and 0.04 meV to lower
energies for the 20 nm and 15 nm QW, respectively. Since
this is very close to the resolution of our spectrometer, we
abandon an exact analysis of the shifts. However, by com-
paring the measured spectra with the calculated spectra in
1.524 Energy (eV) Figs. 5c) and §d), one can see that the exciton energies are
gy shifted in the predicted directions.

gnal
S =
0 O

S ¢
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Normalized
SR-DFWM-Si
<
kS

a0
B
B 0 0.
5 S0 V. CONCLUSIONS
=
= E 0. In conclusion, we have demonstrated a remarkable influ-
© 2 02r - 7 N 1 N\ ence of the cladding layer thickness, its refractive index and
@ 0.0 20,017 20016 0017 0,016 the ref!ectivity of th_e sample-air interface on ragiiative
(E - Eg,) (eV) dephasing of 2D excitons. Tl- and SR-DFWM experiments

on high quality QW'’s revealed different radiative dephasing
FIG. 5. SR-DFWM signals of SQW'’s at Brewster's angle for rates and radiative energy shifts ®randp-polarized excit-
laser beams polarized parallgblid curve$ and perpendiculaidot-  ing laser beams at Brewster's angle. Analysis of our experi-
ted curve to the plane of incidencga) 20 nm QW,(b) 15 nm  mental data provides radiative dephasing times of about
QW, (¢) and(d) corresponding calculations. 14+2 ps for excitons in SQW's. A theoretical lower limit of
real radiative dephasing times in the 2D limit is given by
the surface lead then to all possible phase differences bd2.0 ps for GaAs parameters. For MQW Bragg structures,
tween exciton polarization and reflected radiation so that irthe changes in the radiative dephasing rate are enhanced ac-
average the radiative dephasing rate remains unchangecbrding to the number of QW's. All our experiments are well
This affirms that the observed different decay times of co-described by solutions of the SMBE.
herent QW excitons fos andp polarization are due to a pure
radiative effect. ACKNOWLEDGMENTS
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