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Interaction and dephasing of center-of-mass quantized excitons in wide ZnSe/gaMgg gsS€
guantum wells
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We investigate the interaction and dephasing of the excitons in wide ZnSg#ay, (eSe quantum wells by
spectrally resolved, femtosecond four-wave mixifgyVM). Polarization-dependent measurements indicate
that excitation-induced dephasing is the dominant FWM process. The biexcitons of the center-of-mass quan-
tized heavy and light hole excitons are observed, showing binding energies of 3.5 meV. We determine the
exciton scattering cross sections with incoherent and coherent excitons. The coherent cross section is found to
be larger than the incoherent cross section, which is attributed to a stronger Pauli repulsion for coherent
excitons. The exciton interaction rates with acoustic and optical phonons are deduced by their temperature
dependencies. The acoustic-phonon scattering is found to be strongly reduced in the investigated wide wells
due to the reduced accessible phonon wave ves@163-182808)00803-7

I. INTRODUCTION EID FWM process by polarization-dependent measurements.
The exciton-exciton scattering rate is obtained by density-
Degenerate four-wave mixingPWM) provides a power- dependent experiments. The exciton interaction with acoustic
ful tool to study coherent electronic relaxation processes irand optical phonons is studied by temperature-dependent
bulk semiconductors and quantum-w@lW) structures. The measurements, showing a strong optical-phonon interaction
physics underlying the FWM process is described in a simpl@nd the suppression of acoustic-phonon scattering.
way by the optical Bloch equatiot$. However, an explicit
consideration of the Coulomb interaction .and the fermionic Il. SAMPLE CHARACTERIZATION
nature of the electrons and _holes necessitates the_use of the AND EXPERIMENTAL DETAILS
semiconductor Bloch equatio$SBE). The complexity of
the SBE can be reduced using extended OBE'’s, modeling The investigated ZnSe QW samples were grown pseudo-
selected terms of the SBE, e.g., local-field effedt§E),>  morphically on (001 oriented GaAs by molecular-beam
excitation-induced dephasin@ID),*"® biexciton formation ~ epitaxy®’ The two-dimensional(2D) growth mode was
(BIF),”® or similar exciton-exciton interactiorfs’ These ex- monitored byin situ reflection high-energy electron diffrac-
tended OBE reproduce most of the various observations ition (RHEED), which was also used to determine the growth
FWM, including quantum beat phenometal® scattering rate via RHEED oscillations. The samples consist of a 16
processes of excitons with free carriétsl’ with ~ nm-(20 nm wide ZnSe single QW sandwiched between 23
excitons'®?!and with phonon&?~24 nm-thick Zn, 3MMg, oeSe barrier layers, respectively. The Mg
So far, these coherent phenomena have been mainly stugontent of the barriers was determined by x-ray diffraction.
ied in high-quality 111-V multi-QW structured:1®2223Re-  The samples are of high optical and structural quality, as was
cently, major progress in the quality of wide-gap 1I-VI semi- €xamined by transmission, photoluminesce(fek), photo-
conductor structures has been made in search of blue-greégflection spectroscopy, by high-resolutiéHR) transmis-
semiconductor lasefS.Since wide-gap 11-VI QW's possess Sion electron microscopy, and HR x-ray diffractith.
a high exciton oscillator strength and a strong third-order Systematic PL studies on pseudomorphically grown
nonlinearity?® they are well suited to study coherent tran- Zn; _,Mg,Se/ZnSe SQW structures with different well
sient phenomena by FWR/:2127=32Als0, the high biexci- widths and Mg contents yield a conduction-band offset pa-
ton binding energy enables the spectral discrimination of théameterQ.=0.13+0.13° whereQ. is defined as the ratio of
BIF contribution®3* the conduction-band offset to the total band offset in an un-
In this paper, we report on subpicosecond FWM studiestrained situation. The strain shifts the band energies, leading
on center-of-mass(COM) quantized excitons in wide to a strained Q. of approximately 0.3, so that the
ZnSelZr oMo oSe single QW's(SQW’s). The use of ZnSe/Zp oMggoeSe QW's show a type-l band alignment.
SQW's excludes propagation effettsand interference The PL spectra of the investigated 16- and 20 nm SQW's
effects between QW& We observe pronounced obtained &2 K are given in Fig. 1. The barrier heavy-hole
guantum beat$QB’s) between the different exciton states exciton X, appears at an energy of 2.859 eV. The COM
below the continuum. All excitons show a comparablequantized ZnSe 4 heavy-hole excitons 1, 12h, 13h, and
dephasing time. BIF is observed for the lowest heavy-holéhe light-hole exciton lllwere identified by comparison with
and light-hole excitons. We evaluate the contribution of thecalculated exciton energies using the model of Mathieu,

0163-1829/98/5@)/1791(6)/$15.00 57 1791 © 1998 The American Physical Society



1792 WAGNER, SCHATZ, MAIER, LANGBEIN, AND HVAM 57

energy [eV] energy [eV]

2.8 2.82 2.84 2.86 2.80 2.81 2.82
T T T T T T T T T T T o
11h Zn,. Mg, ,Se/ZnSe SQW ] g 2
20nm % -
...... E =
= g
[T o
=}

PL intensity

C. 1 1 1 L 1 PR A | 1 1 1 1 1 1
444 442 440 438 436 434 432
wavelength [nm]

delay [ps]

FIG. 1. PL spectra of the investigated 16- and 20-nm AL - e V
Zny.9AMdg 0eS€/ZnSe SQW structures at excitation at 3.5 eV with ' 2 S
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Lefebvre and Christdl® The low-energy PL, around 2.802 FIG. 2. FWM intensity from the 20-nm SQW ii1) configu-

eV does not appear in photoreflection and absorption and istion. () FWM spectrum at zero delay and the spectrum of the
attributed to a donor bound exciton transition, presumablyeflected excitation pulséb) FWM intensity vs energy and delay
due to impurities from the Mg source. These assignments ar@me 7 in a contour plot on a logarithmic scale over three decades.
supported by time-resolved PL experiments.

In the FWM experiments, the sample was excited by arpey are exactly in phase at all resonances, which is a sig-
frequency-doubled, mode-locked Ti-sapphire laser providing,5tre of QB'S

100 fs pulses of 22 meV spectral width at a repetition rate of e gifferent contributing FWM mechanisms can be
76 MHz. The two-pulse degenerate FWM was performed iyiscriminated by the FWM polarization dependence. The
backscattering geometry, which is for SQW's as efficient ag-\y\ trace at the 11 exciton is displayed in Fig. 3 for
in tra9§m|sspn geometry. The focus diameter of th.e p“|se§olinear(ﬁ) and cross-lineaf]—) polarized excitation. At
at 1k” intensity on the sample was gn. The FWM signal  egative delay times, the conventional FWM process is in-

was detected time-integrated and spectrally resolved by gtive, and the observed FWM signal is caused by the LFE,
combination of a spectrometer and an optical multichannef|p o BIF357 In the LFE and EID cases. the first-order

analyzer as a function of the time delaybetween the two  ,q\arization enters twice into the signal generation process;

incident pulses. The sample was kept in a helium bath crymerefore a decay twice as fast compared to positive delay
ostat allowing for temperature-dependent measurements. If

not otherwise mentioned, the experiments were carried out at

atemperature of=5K. (tH
------------ (1) polarization

L \ — theory
. FWM MECHANISMS ‘

The FWM spectrum obtained from the 20 nm SQW at
zero delay time is shown in Fig.(&® for colinear polarized
(17) excitation together with the spectrum of the reflected
excitation pulse. The excitation energy was centered at 2.818
eV in order to avoid continuum contributions but simulta-
neously excite the 1, 12h, 13h, and 11 states. The vari-
ous exciton resonances are active both in reflection and
FWM. In Fig. 2b), the dependence of the FWM spectrum on
the delay time is displayed. The FWM decay time of 0.7 ps
is comparable for all excitonic resonances. Assuming a ho-
mogeneous broadening of the resonances, a dephasing time
of T,=1.4 ps is deduced. The corresponding homogeneous
linewidth of 0.95 meV, given by, =h/(7T5,), coincides
with the spectral line width of 1.0 meV measured in the
FWM spectra. The linewidth can thus be ConSiStentIy €X-  FIG. 3. FWM trace at the Hl exciton energy fo11) (dashed
plained by a homogeneous broadening mechanism. The Sine) and(1—) (dotted line configuration. The excitation was cen-
multaneous coherent excitation of the various exciton stategred at 2.816 eV. The thick full line is a calculated trace based on

leads to pronounced oscillations in delay tifflég. 2(b)]. a four-level OBE including EID using Eq$2) and (3).

FWM intensity

delay time [ps]
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FIG. 4. Relative FWM intensitysquares at the 1h exciton 3 / \ .
energy atr=200 fs as a function of the angég, between the linear / \\ (6's")
polarizations of the excitation pulses obtained from the 16 nm | | / N
SQW. The dashed line is a fit usingggg. [ — o T

times is expected for negative delay times, as observed in the wavelength [nm]

experiment. Since EID vanishes in tg—) configuration,
while LFE and BIF are not affected, the strong decrease, : + : ; o

. . ’ elay in(17), , and configuration. The excitation was
of the FWM signal going from the(11) to the (1—) cenéreg;f 2(_;6’)6\/. o) g
configuration shows that EID is the dominant FWM process

in the (1) configuration. The dependence of the FWM ghq\n in Fig. 6 for the 20 nm SQW. The biexciton binding

intensity on the angled;, between the linear polarization energies of the 1 and 11 biexcitons, denoted a$X1 and
directions of the excitation pulses is then expectedyys are determined {8,y x= 3.5+ 0.5 meV.

to bé

FIG. 5. FWM spectra from the 16-nm SQW at 0.8 ps negative

A more detailed analysis of the BIF signal and its relative
importance to the FWM signal shows that the BIF FWM
signal exceeds the LFE, but is weak compared to the EID

2
1(0y5)SIN( 0y +| 1+ _ Jep c0(6y), (1) contribution?* Accordingly, we modeled the FWM by the
¥2(nx=0) ' solution of optical Bloch equations for a homogeneously

broadened four-level system similar to Ref. 2, that are ex-
tended only by EID. The third-order response can be solved
analytically in the perturbative regime, and the calculated
Fourier transformed third-order polarization reads for posi-
tive delay,

due to the variation of the spatial exciton density modulation
The relative FWM signal intensit( 6;5)/1(90°) observed at
the 11 exciton from the 16 nm SQW at a delay time of 100
fs is shown in Fig. 4. A fi{dashed lingof Eq. (1) to the data
using the determined valueg,(ny=0)=0.7 ps? yields a
EID cross section ofogp=97x10°s™%. The dephasing
time T, is not affected by the polarization configurations 4
(see Fig. 3 This again confirms the dominant homogeneous
broadening of the excitons, since in inhomogeneously
broadened systems an increased dephasing with increasing 4
angled,, is expected? The observed predominant homoge-

PE (@, 7>0)xexpi o)

20,;;M{[M?) expiQf7)]
(D_Qil

i,j>1

0;;MA[M? expliQ}7)]

neous broadening is attributed to the high-crystal quality
and to the large width of the investigated QW structures
leading to weak interface roughness and barrier alloy scatter-

+|0'E|D_Z
ihj>1

ing. and for negative delay,

The BIF contributes to the FWM signal for positive and

negative delay time. It can be discriminated by the SpeCtl’aFFVilM(va<0)

splitting of a part of the signal by the biexciton binding en-
ergy below the exciton energy. Figure 5 shows the FWM
spectra atr=— 0.8 ps for(11), (—) and cocircular §* o)
configuration, obtained at the 16 nm QW. The BIF-induced
signal, denoted aXX, is equally strong in(17) and (T—)

4

ociUEID_E

i,j>1

0;; M7y expli Q3 7)[M?) expliQ);7)]

(0—Qy)? '

(0= Qiy)?

2

3

The four considered levels are the initially occupied

configuration, showing that the BIF process is not affectedground state and the three exciton$1111l, and 1%. The

by EID, as expected in third-order perturbation thebty.
vanishes in the¢* o) configuration, since 111 biexcitons
can only be formed with opposite spins. Wherhldnd 11

resonance energies;; and dephasing rateg;; given by
Q1= wj;—ivy;; are determined from the FWM spectrum
[Fig. 3@]. For simplicity, the dephasing rateg; = v;1(nx

excitons are simultaneously excited biexcitons formed by=0)+ony used in the EID process were taken to depend

both exciton species become visible(ir—) configuration as

only on the total exciton densityy= (n,;+ Nnz;+ny,,) of the
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FIG. 6. FWM spectra from the 20-nm SQW at zero delay in the /. m h t
(1—) and (1) configuration. The excitation was centered between ﬁ’] nconheren
the 11 and 11 exciton energies at 2.815 eV. The biexcitonic tran- 1.00 O coherent
sitions are labeled. scattering
created 1k, 111, and 13 excitons. The oscillator strength 0.8 — e, )
ratios M3,:M3,:M2, were taken to 3:1:0.6 from the experi- 0 10 20 30 40 50
mental reflection data. The EID parameter,, was deter- . ) s =
mined from the FWM intensity ratio betweén) and(T—) exciton density [10” cm”]

configuration. Furthermore, the spectral shape of the excita-
tion was considered by the factasg obtained from experi-
mental data as described in Ref. 28. The calculated FW
trace at the 1A exciton, which is proportional to
|PS\ (w2172, is plotted in Fig. 3(thick full line). It shows
good agreement to the experimental data for positive delaygively bonded to a sapphire disk. The determined interaction
while for negative delay the signal is slightly underestimatedparameters ofy'=(2=0.6)x 10 ' meV cn? and yy=(7

FIG. 7. Homogeneous linewidth corresponding to the measured
IVciiephasing times as a function of the exciton density for incoherent
and mainly coherent scattering conditions for the 16-nm SQW. The
dashed curves are fits according to 4.

due to the neglect of BIF and LFE. +2)x10 ! meV cnt differ significantly. Theories treating
the coherent scattering process in closed form are not avail-
IV. EXCITON-EXCITON SCATTERING able so far. The higher value of the coherent scattering pa-

rameter compared to the incoherent scattering is, however,

In order to investigate the exciton scattering rate with in-qualitatively explained by the increased repulsive interaction
coherent as well as with coherent excitons, densityhy Pauli exclusion, since the coherent excitons are concen-
dependent measurements were performed in the colinear pgated in a smallek space compared to the nearly thermali-
larization configuration. The excitation was tuned to mostlyzed incoherent excitons.
excite 1h excitons. For the scattering with incoherent exci-  The low-density and low-temperature homogeneous line
tons, a background density of HExcitons is created by a width T',,(ny=0) is about 1 meV, and is attributed partly
prepump pulse applied 20 ps before the first FWM pulseto the extrinsic interactions of excitons with donor impurities
The FWM pulse intensities were kept constant and low comin the well. Recent FWM measurements on similar QW
pared to the prepump intensity. The scattering with mainlystructures also indicate the presence of free electrons in the
coherent excitons was studied in the two-beam configurationwell originating from barrier impuritie$donors. These free
changing the intensity of the excitation pulses equally. In thiselectrons lead to an intensity-independent electron-exciton
case, the character of the exciton-exciton scattering changegattering rate, which contributes to the background homo-
from coherent to incoherent with increasing delay time in thegeneous linewidth! Additionally, the radiative damping,
FWM experiment. The homogeneous line width%,,  which can be estimated to about 3*3sadds to the dephas-
=h/(7T,) obtained from the signal decay times are plotteding.
in Fig. 7 as a function of the exciton density for both experi-  With an exciton binding energy d,x~22 meV and an
mental situations. In both cases we find a linear increase adxciton Bohr radius ofiy~4.3 nm, obtained from Ref. 40, a
I'hom With increasing exciton densitifig. 7), which is fit by  dimensionless parametgk?® = 12D/ (a2 X E,y) can be de-

X
_ _ cic fined that is often used in experiments. In derivig, and

Fho"‘(nX)_Fho”‘(nxfo)+yx M “ ay the electron mass ofn* =0.145m, (Ref. 43 and the
with the interaction parameteyy;' for the coherent and in- Luttinger parameters;=2.45 andy,=0.61 (Ref. 44 are
coherent exciton-exciton scattering process, respectivelyused. We find a value q@&zi'g)=4.7i 1.4 for the incoherent
The 2D exciton densityy created by the excitation pulses is exciton-exciton scattering process, which is comparable to
estimated using the measured spot size, and the exciton atre result of previous investigations on Z&8® _,/ZnSe
sorption  strength  obtained from a free-standingQW structure¥ and about twice the value found in GaAs

ZnSelZp oMgg oSe quantum-well structure that is adhe- QW’s 1522
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25¢ acoustic-phonon—exciton interaction we obtain a value of
; Ba=1+1 ueVIK. This scattering parameter is significantly
16 nm QW . smaller than for quasi-3D and quasi-2D ZnSe structures
20 nm QW / (Ba~4—10ueV/K).?*32The weak acoustic-phonon interac-
tion is attributed to the large well width, limiting the quasi-
L momentum of the scattering phonons. A scattering rate in-
) versely proportional to the well width is expected for the
,!" intrasubband scattering. Additionally, the acoustic phonons
15k ¢ in the thin sample structur@otal thickness of 62 njmmay be
also deviating from a 3D character, changing the phonon
b density of states and the interaction cross section by the pho-

_Q non reflection at the sample surface.

(o3 |

201

hom. linewidth [meV]

1ol ¥ The deduced interaction parameter with optical phonons

O p-n-gulel o BLo=51*4meV is comparable to the value in
o-e—0- O ZnS.Se _,/ZnSe QW structure¥ and significantly exceeds
the value obtained from GaAs QW'SB(o~10 meV) (Ref.

8) due to the higher polarity of the II-VI material compared
to the 1lI-V compounds.

FIG. 8. Homogeneous linewidth corresponding to the measured

dephasing times as a function of the lattice temperature for the 16-
and 20-nm SQW. The dashed curves are fits according t¢3Eq.

0 20 40 60 80 100
temperature [K]

IV. SUMMARY

We have performed transient FWM experiments to study
the dephasing of homogeneously broadened COM excitons
in wide ZnSe/Zg ¢gMgp.o0eSe SQW'’s. Pronounced quantum

The influence of acoustic- and optical-phonon scatteringpeats are observed between the various exciton resonances,
on the exciton dephasing was measured by the temperatuwhich can be described by extended OBE’s. They include
dependence of the dephasing time. Figure 8 shows the eXlID, which is found to be the dominant FWM process. Biex-
perimentally observed homogeneous linewidth as a functiogitons of the 1fh and 11 excitons show a biexciton binding
of the lattice temperaturé for the 16 nm and the 20 nm energy ofE,yx= 3.5+ 0.5 meV. The exciton-exciton interac-
SQW structure at low excitation densitiesny&~1  tion between incoherent excitons is lower than between co-
x 10° cm™?). The temperature dependence of the decay ratberent excitons. This behavior may be attributed to a higher
exhibits two different regimes. Below 40 K, the decay ratesrepulsing interaction due to the Pauli exclusion principle for
are increasing weakly with temperatufedue to acoustic- coherent excitons.
phonon scattering. At higher temperatures, a strong increase The optical-phonon exciton scattering is found to be en-
of the decay rate is observed, indicating the onset of opticalhanced due to the strong Fleh interaction in the higher
phonon scattering. The acoustic-phonon scattering parametgelar I1-VI material. The determined acoustic-phonon exci-
Bac and the optical-phonon scattering parameggg are fit-  ton scattering is very weak, a consequence of the large well

V. EXCITON-PHONON SCATTERING

ted to the data according to the relafion width.
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