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Center of mass quantization of excitons in Zp_,Cd,Se/ZnSe quantum-wells
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Absorption and photoluminescence studies of, Zi€Cd,Se/ZnSe quantum wells, with well thicknesses at
the crossover between two- and three-dimensional exciton behaviors, show clear evidence of quantization of
the exciton-polariton center-of-mass motion. A thin-slab variational wave function model is used to reproduce
the energy and the dispersion of the center-of-mass s{&8%63-182696)06131-0

I. INTRODUCTION sion of the quantized states with the theoretical polariton
curve.

An increasing number of spectroscopic studies is focusing
on the optical propertigs of exc_itons in ZnXCd)ESe/ZnSe Il. EXPERIMENT
guantum wellfQW's), since the first demonstration of blue-
green lasers based on such structdre&xcitons in these The samples examined were grown by solid source mo-
materials are found to play an important role in determininglecular beam epitaxy on GaA§01) substrates, in the form
the properties relevant to optoelectronic devices, such as lasf ten QW periods consisting of ZndCd, ;,:Se/ZnSe. After
ing and nonlinear absorption, because of the large excitothermal removal of the native GaAs oxide, a @B
screening threshold and strong thermal stability even at room-GaAs buffer layer was grown at 580 °C. The sample was
temperaturé:® then cooled under As flux and prepared for the deposition at

In this paper, we report evidence of quantization of290 °C of 1.5um ZnSe buffer layer to relax the lattice mis-
the exciton-polariton center-of-mas$CM) motion in  match with the GaAs. The multiple quantum wé&llQW)
Zn,_,Cd,Se/ZnSe QW's. This study has a twofold interest.was then fabricated at 250 °C with a growth interruption of
First, evidence of quantization of CM motion has been pre-30 sec at each interface. Details on the metodology em-
viously reported in binarylll -V (Refs. 6,7 and I1-VI  ployed can be found elsewher&:*

QW's 21 but, to our knowledge, has never been observed in  In this work, we concentrate on three samples having well
ternary alloy QW'’s. Indeed, center-of-mass quantization iswidth values of 7 nml(,,=2.5az), 11 nm (,,=3.4ag), and
widely considered as an indication of high crystalline perfec-20 nm (L,,=5ag), and a constant ZnSe barrier width of 20
tion and homogeneity within the QW's, with a substantialnm. The large barrier thickness results in decoupled quantum
polariton character of the free exciton. Second,the investiwells in the whole structure. With such structural parameters,
gated Zn _,Cd,Se/ZnSe heterostructures have a well thick-the MQW'’s are grown pseudomorfically on the ZnSe buffer
ness covering the intermediate region between two- anthyer, with a substantial compressive strain within the quan-
three-dimensional exciton behaviors, allowing a preciséum wells that reflects the large in-plane lattice mismatch
study of the excitonic properties as a function of the quanti{0.7%9 of the Zn,gdCdjq;Se alloy relative to the binary
zation potential. buffer.

We measured the photoluminescerieé) and absorption For transmission measurements, the heterostructures were
spectra in quantum wells with well width values ranging processed as described in Ref. 4 to selectively remove the
from 2.5 to 5 times the exciton Bohr radiag. The quantum GaAs substrate. Absorption spectra from the remaining self-
wells excitons are described within the effective-mass apsupporting films, comprised of the §g4Cd, 1.5 MQW and
proximation using a variational envelope functfohThis  the ZnSe buffer, were obtained by focusing light through the
model is able to reproduce the energy positions of the exciwindows opened within théll -V substrate. Optical absorp-
ton resonances in the absorption spectra, providing the wetlon and photoluminescenddL) measurements were per-
width dependence of the CM states upnie 3. The varia- formed by mounting the samples on the cold finger of a
tional treatment employed in this work provides the quan-closed-cycle He cryostat, operating in the range 10 K — 300
tized values of the exciton-polariton wave vector within theK. The PL measurements were performed through resonant
Zn,_,Cd,Se/ZnSe QW's. This allows an independent con-excitation in the QW region, using the 4579.36 A line of an
firmation of our explanation, by comparing tEgk) disper- Ar* laser in backscattering configuration and 5 mwW of
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L . . ° FIG. 2. Absorption(a) and luminescencé) spectra from dif-

ferent Zn,_,Cd,Se/ZnSe MQW'’s rigidly shifted to align the free-
exciton spectral features. The vertical dotted line denotes the HH
Energy (eV) n=1 center-of-mass eigenstate, while vertical arrows indicate the
n=2 andn=3 states. The calculated normal-incidence absorption
FIG. 1. Comparison between photoluminescence spéstiia@l  spectrum of the 7-nm-wide well sample is also shown for compari-
line) and optical absorption(dotted ling from ten periods ggn [dashed line in(@]. The spectrum was computed using the
Zn;_,Cd,Se/ZnSe multiple quantum wellsSMQW'’s) with yariational wave functions of Eqd). Inhomogeneous broadening
Lw=11 nm. PL spectra displaced upward correspond to increasingas taken on the order of 1 meV, while the absorption continuum
excitation intensitieslo=5 mW on the samp)e Luminescence sig- \as neglected in the calculations.
nals in the low-energy tail of the free-exciton absorption resonance

are extrinsic in nature, as demonstrated by the saturation under hig | he ob .  all ited | |
excitation intensity. The Raman lin®] of the laser is also present. allows the observation of all excited levels. We should men-

Numbers label the quantized center-of-mass states of the heavy hdi@" that the discrete spectral features 1 and 2 in Fig. 1 can-
exciton polariton. not be ascribed to well width fluctuations, as the expected
monolayer splitting is about 1 meV at this well width. In the

maximum power on the sample. The emission spectra weré2Me way, they cannot be attributed & 2p, ... exciton
detected with a 0.85-m double monochromator and a coolegtates or to the light hole exciton, because of the much larger
GaAs photon counter. Optical absorption spectra were ob€"€rgy splitting expected. Figuresa? and 2b) show the
tained using the mechanically chopped light of a tungsterf§XiStence of these high-energy resonances at various well
halogen lamp, the same monochromator and detector used Y§dths, both in absorption and luminescence. The spectra

the PL measurements. The overall spectral resolution of thBave been rigidly shifted in order to align the heavy hole
measurements was always better than 0.2-meV. (HH) n=1 feature, diagonal dashed lines through the data
and arrows indicate the experimental position of the states

Il RESULTS AND DISCUSSION varying the well thickness. There is a good overall consis-
: tency between the energy positions of the center-of-mass
In Fig. 1, we show the PL spectfaolid line) from the  States observed in the absorption and luminescence spectra.

11-nm-wide quantum wells recorded at a temperature of 1dhe energy splitting between CM states is found to de-
K and for increasing excitation intensity. For comparison, wecrease with the well width. Similar experiments on
also show the absorption spectrum from the same sampiéni-xCdySe/ZnSe QW’s with 23% of cadmium content did
(dashed ling The intensity dependence of the PL spectranot show any CM state, due to the strong spectral broadening
exhibits a saturation of the two low-energy features at 2.65%aused by compositional fluctuations.

and 2.659 eV, indicating the extrinsic nature of these transi- In what follows, we present a quantitative analysis of our
tions. This is confirmed by the absence of correspondingXperiments. The theory of excitons in thin layers distin-
features in the absorption spectrum, which is expected tguishes two regimes for the exciton behaviors, according to
reflect more closely the intrinsic joint density of states of thethe relative values of the well width,, and the exciton Bohr
QW’s. The quantized states of CM motion of the exciton, argadiusag. WhenL,, is smaller than the transverse extent of
marked by vertical arrows and labeled by 1 and 2 in the PLthe exciton wave functionl(,<Z2ag), quantum confinement
spectra of Fig. 1. These features have a direct counterpart @rimarily affects the individual electron and hole wave func-
the optical absorption spectrum, spanning over about 1¢ions. This is the so-callestrong confinement regimgwo-
meV, which is less than the LO-phonon enef@t me\) in  dimensional regimein which the confinement energy of car-
the ternary alloy constituting the well. Under this condition, riers22/mL? is larger than the exciton binding energy.

the fast LO-phonon-assisted relaxation into the lowest level In thicker wells (so-called thin-film regime with

is forbidden. The main remaining relaxation mechanisms aré,,>2 ag) quantum confinement affects the exciton enve-
radiative electron-hole recombination and nonradiative retlope function, whereas negligible effects are expected on in-
combination via longitudinal acousticllA) phonons. Due dividual carriers. In this case, the center-of-mass motion of
to the typical lifetime of these channels, on the order of 100he exciton becomes quantiz&d? resulting in a quantized
ps for e-h recombination and Jsec for LA-phonon relax- exciton momentum#k) along the growth direction. This is
ation, the radiative recombination is the most favorable andhe regime that we expect to recover in the MQW'’s investi-
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gated(2.5a5<L,,<5ag). To get a quantitative explanation normalization coefficientX represents the CM wave vector
of our experimental spectra, we have to consider the couef the excitons,Z=z.m./M g+ 2zym, /M, is the exciton
pling between the exciton and the radiation field giving risecenter-of-mass position along theaxis, 1P is the varia-

to the exciton polaritot? in the well. The fundamental equa- tional parameter which corresponds to the depth of the tran-
tion of the exciton-photon interaction, which gives rise to thesition layer (of the order ofag for our mg/m; ratiol’)
polariton dispersion curveE(k), is obtained by the semi- z=z,—z, is the relativee-h position in z direction, and
classical theory of nonlocal response by equating the photon=|r.—r,| is the relative electron-hole coordinat€,
dispersion law to the dielectric function with spatial F,,, F.,, andF, are general even and odd functionszof

dispersiont® related to the excited states of the exciton. Their analytical
) - expression is obtained from the fulfillment of the boundary
N 4 magkg _ hec K2 B conditions and is reported in Ref. 9, while the other symbols

oo E%—E2+Bk2+iyE E2 " involved in Eg.(4) have the usual meaning.

The effect of the image charge on carriers due to dielec-
where ., is the dielectric constant, 7, is the oscillator  tric discontinuity at the interface is negligible in our samples,
strength E, is the free exciton energyd=7%°Eq/Mexc With  pecause of the reduced cadmium content in the well. For a
My the total effective exciton masg,is the exciton broad- given L,,, the effective well widthL . increases with the
ening,k is the polariton wave vector. When the polariton is quantum numben of the eigenstate, because excited states
excitonlike with wavelength\ ,, and the potential well is  experience a smaller potential dethgreater exciton pen-
infinite, the interference condition which originates standingetration in barrier is expected with increasiny
waves corresponds to the quantization condition, From the no-escape boundary conditions, we obtain the

quantization of the center-of-mass wave ved{or

aa
k.=n—, n=1.23, ... (2)

Lest Ketan KEL4/2)+ Ptani PL/2) =0,

for thg ce_nter-of-mass wave vector, V\(hereef represents the tanK°Ly2) tanhPLy/2)
guantization length of the exciton motion and corresponds to 5 - =0,
the extension over which the exciton wave function is appre- Kn P

ciably different from zerd? The continuous polariton curve . . .
y P for even and odd wave functions, respectively. The continu-

E(k) transforms into a series of discrete points. In the exci- . . .
tonlike branch, the polariton curve can be approximately ey OUS polariton curve takes discrete values in correspondence

v X . f the K,,’s given by Eqs.(5).
h 0 n 54 :
pressed by the exciton dispersion, Starting from the variational wave functions, we compute

72 o \2 the normal-incidence optical response of the sySteitiud-
Er°=Ey+ W(L_ n. (3)  ing polariton effectgdotted curve in Fig. R

exc eff In the simulation of the absorption spectra, we tegk=
This simple model strictly holds for large well widths and in 8.85,M e, = 0.740In,” the aq bulk value is obtained from
the adiabatic approximatiorL(,>10ag), when the center- the expression of the longitudinal-transverse splittig
of-mass and the-h relative motions are decoupled. In our =27aq Egle.. (taking E 1 from Ref. 18, while for narrow
case(2.5ag<L,,<5ag), this model can only give a qualita- Wells thea, value accounts for the increasing of the oscilla-
tive description of the behaviors of the quantized states in théor strength with reducing well width. Furthermore, we as-
optical spectranamely, the well width dependence of the sume that the light hole subbands do not mix with the heavy
energy splitting between peaksbecause the quantization hole, due to the large strain-induced splitting of about 40
lengthL ¢ is comparable to the depth over which an effec-meV?*
tive coupling of the CM ande-h relative motions takes The theoretical calculations reproduce nicely the energy
place, namely, the tfansition layer” In order to reproduce positions of the first center-of-mass staf¢sg. 2@)]. A
the experimental quantization effects, we have to resort to amall inhomogeneus broadenifiymeV) has been assumed
more refined ‘thin-slab’ model, in which the quantum wells in the calculations, whereas the absorption continuum due to
excitons can be described within the effective mass approxithe motion of the exciton in the plane of the well has been
mation by the variational envelope functio%sncluding neglected.

®)

nonadiabatic terms, From Fig. Za), we see that th@=3 state of the 7-nm
sample is not well resolved experimentally, due to the con-
WE(r,Z)=NcogKZ)—F.{z)cosHPZ) volution with the inhomogeneusly broadened continuum of
, the QW.
+Fed2)sinh(PZ) Jexp(—r/ag), From the calculations we obtaln.z=L,, for thick wells
o or ) (11 nm and 20 nm This means that the exciton motion is
W (r,2)=N[sin(KZ) + Fod z)sinf(PZ) substantially confined in the quantum well, as expected from

_ _ the small barrier penetratigihess than 1 nm in our samples
Fodz)COSHPZ)Jexp(~1/ag), @ and the reduced coupling between center-of-masseahd
for even (e) and odd(o) parity, respectively. It has been relative motions. In the 20 nm sample we expect to recover

show® that this description is valid for quantum wells the three-dimensional limitl(.+= 1/P), which allows the use
wider than 2.85. In Eq. (4), we assume that the exciton is of the adiabatic approximation for the exciton-polariton dis-
perfectly confined in a one-dimensional wel* andN° are  persion curve[Eqg. (3)]. In this case, indeed, we obtain
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for the eigenstates up to=3 is a confirmation of the accu-
racy of our variational description to the exciton motion in
this range of well width values. The intermediate region be-
tween the two- and three-dimensional exciton behaviors
shows a clear effect of quantization of the exciton CM mo-
tion, with a smooth transition from the thin-film regime to
the strong confinement regime. Indeed, the increasing devia-
tion of L. from thelL,, value with reduced well width dem-
onstrates the increasing importance of the transition layer
and therefore the presence of nonadiabatic effects. An addi-
tional proof that the quantization mechanism in these
samples involves mainly the exciton-polariton CM motion,
P T T T T comes from the energy-momentum dispersi(k). In Fig.

80 100 120 140 160 180 200 220 240 3(b), the theoreticalE(k) curve obtained from Eq(l) is

L, & plotted together with the experimental CM stategmbols,

as derived from the simulations of the absorption spectra
[Egs.(5)]. The increasing separation between center-of-mass
K, values, occurring in QW's of decreasing width, repro-
. duces the behaviour qualitatively expected from &).

] Finally, we would like to comment on the selection rules
of the optical transistions involving center-of-mass states. In
3 our intermediate range of thickness, the splitting between the
] guantized carrier subbands is lower than the exciton binding
: energy in the well, giving an exciton description via a varia-

] tional envelope function which accounts for the mixing of
. the various center-of-mass states. This mixing results in a
] modification of the radiative selection rules, allowing the ob-
] servation of the otherwise forbidder=2 states?
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IV. CONCLUSIONS

0.00 We demonstrated that the quantization of the center-of-

mass motion of the exciton polariton governs the intrinsic
FIG. 3. (a) Well width dependence of the center-of-mass statesEXCItONIC absorption in Zp_,Cd,Se/ZnSe quantum wells at

The symbols denote the experimental data, while continuous linef1€ crossover between the two- and three-dimensional exci-
are fitting curves reproducing tHe,? dependence of Eq3). () ~ ton behaviors. We used an accuratiin-slaly” exciton en-
Experimentalsymbol$ and theoreticalsolid lineg determinations ~ V€lope function within a variational approach to reproduce
of the lower branch of the HH exciton-polariton dispersion curve.the polariton dispersiok(k) and the well width dependence
The theoretical curves were obtained from En, and are shown Of the quantized center-of-mass states. The clear observation
rigidly shifted upward for clarity. The value df, and the energy Of quantization of the center-of-mass motion of exciton-
splitting is seen to increase with decreasing well width, as expectepolariton in shallow zZp_,Cd,Se/ZnSe quantum wells un-
from the quantum-size dependence of the quantization conditiondoubtedly indicates an important role of free excitons in de-
given in Eq.(6). termining optical absorption even in ternary alloy quantum
wells. This is rather surprising due to competing localization
L.=209 A (almost equal to_,) and 1P=39 A for the _of exciFons, which tends to suppress p.olariton effects, but. it
n=1 CM eigenstate. We also note that the-2 structure IS conflrmgd by the reduced Stokes shift between absorption
merges into the free-exciton peak, due to the small energ@nd luminescence spectraand by ~pump-and-probe
splitting between levels at this well width, thus falling into xperiments.
then=1 free-exciton broadening. Conversely, in the 7-nm-
wide well we obtainL 4= 1.3L,,, evidencing relevant nona- ACKNOWLEDGMENTS
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