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Exciton—LO-phonon interaction in zinc-compound quantum wells
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The properties of optical phonons and excitons in four zinc-compound quantum wells, in which the well
layers are made of ternary mixed crystals, are investigated theoretically. The optical phonon frequencies and
the electron—LO-phonon coupling constants of the well materials are calculated by using a mixed crystal
theory. The interface optical phonon energies and dispersion relations, the exciton binding energies and the
exciton—LO-phonon interaction energies are calculated as functions of the well width and the concentration
The effects of the mixed crystal on the exciton—optical-phonon interaction in the quantum wells are discussed.

Exciton—LO-phonon interaction is considered very im-(BTB) QW’s. The Hamiltonian of an exciton in the well
portant in the electronic and optical properties of quantuninteracting with optical phonons is expresseft'ds

wells (QW'’s). The investigation of the exciton—LO-phonon 2 2
) <YV S , . : Pii  Pg
interaction in QW's has been attracting much attention and H= —+ —=+V(z) { +Ver(p,2)
has been studied by many authbr8 All the studies have 1=en (2my - 2my,
given us much useful information about the properties of
excitons in QW’s, but there still exist substantial problems. > > ﬁwﬂ(k)alﬁaklg
B 'k

For example, although most of the experiments have been
carried out in II-VI and 11l-V QW's that have been composed

of mixed crystals, the “two-mode” effect of the mixed crys- + 2 E {Vk/a[l—k/a(ze)eik"’e
tals on the excitonic properties of the QW’s has not been Bk
investigated theoretically up to now, to the best of our —Lkﬁ(zh)eik'l’h]akﬁ-}- H.cl. )

knowledge. Almost all the published theoretical works use
the effective phonon approximatibifor simplicity. In fact,
the electric and optical properties of the mixed crystals ar

somewhat different from those of binary crystals, especiallyPIH and p, are two-dimensional vectors in they plane

m_the phenomena_relatlrjg with the LO phono_ns in the QW’SV,(ZQ is the QW potential experienced by the electron or the
It is necessary to investigate the effect of mixed crystals Ohole. The finite square QW model is used in present paper.

the excitonic properties of the QW’s in detail in view of y, _, 7y is the Coulomb potential between the electron and
recent extensive experimental studies on the light emittinge nole. The width of the QW iV (=2d). r=ro—ry,

mechanism of the II-VI wide gap compounds QW's® =(p.z) is the relative position between the electron and the
Very recently we have proposed a theory of electron—-LO+,g1e. |n Eq.(1) alﬁ(akﬁ) is the creatiorannihilation opera-
phonon interaction in mixed crystafsand a polaron theory tor of an optical phonon with frequenay (k) and wave
in QW’s composed of mixeq crys.ta%.ln the present paper yector (,kg). From our previous studyRef. 17 on po-
we extend our work to excitons in the QW’s composed ofj3rons in mixed crystal QW's, it is known that in a BTB QW
mixed crystals and study the property of the exciton—LO-there are two slab-LO-phonon modes in the well layer, one
phonon interaction systems in the mixed crystal QW’s. Somealf-space LO phonon mode in the barrier layer, and six
interesting features of the exciton-phonon system in mixednterface optical(I0) phonon modes near the interfaces of
crystal QW’s are found and discussed. the QW. The expressions afz(Kk), Vg, andL s have been
We consider a sandwich structure that involves layers ofjiven in Ref. 17.
mixed materials. The axis is chosen perpendicular to the  We use the same variational method as Ref. 6 to study the
heterointerfaces. The well layédenoted as 1) is in the re- excitonic properties of some zinc-compound QW's that have
gion of |z|<d, and is made of an B, ,C type ternary been extensively studied for the green-blue light emitting
mixed crystal. The barrier layefdenoted as 2) is in the diodes and lasefs!®*® In the present paper
region of|z|>d and is made of a binary semiconductor. This Zn, _,Cd,Se/ZnSe, Zp_,Cd,S/ZnS, Zn_,Cd, Te/ZnTe and
kind of QW structure is noted as binary/ternary/binaryznS,_,Se /ZnS QW’s are put into numerical calculation.

c‘Nherel=e,h refer to the electron and hole, respectively.
P=(Py,Py), n=(p,z), andm=(m;,m;) are the mo-
entum, position, and effective band mass of the particles.
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TABLE I. Physical parameters used in the calculations. All data 0.6 oGS 0.8 S 0.4 T AT 0.6 s
are taken from Ref. 2Qv, andwy are in units of meVm, andm;, osh A8 Mo b GAe osh e ]
are in units of the free electron massis the lattice constant in =~ & o A o6l {03k 1 o
. . . . 2 La o La
units of A. Eq is the energy band gap in units of eV. g0.4 1 w 0.4 .
(3)00.3- 4 04p 4 02 403k
€p €5 | wT me mh a Eg g
0.2l . 02}
ZnSe 7.6 54 314 264 0.13 057 5668 282 § 0.2 | SR o
ZnTe 967 728 256 219 013 06 610 239 % o ] w“ 0.1r
Ll
ZnS 8.0 51 432 343 034 176 5410 3.78 0=z B Wy 1 s ]
CdSe 10.16 6.2 259 205 0.12 045 6.052 1.83 X X X X
CdTe 102 71 21.0 174 0.09 0.72 6.482 161 FIG. 2. C ion d g  the el LO-oh
cds 845 532 373 300 014 051 5825 2 . 2. Concentration dependence of the electron—LO-phonon

coupling constants.

The physical parameters used in this paper are listed in Tabf@ystal and the others are one-mode mixed crystals. In the
. The lattice constants, the band gaps, and the electron arRfe-mode mixed crystal the electron—LO-phonon interaction
hole band masses of the mixed crystals are estimated by tti contributed mainly from thé.a phonon mode. For the
linear interpolation scheme due to the lack of definite knowl-ZM-xCdS crystal the contribution from theb mode is
edge. The ratios of the conduction-band offset to thevery small and can be neglected. But for the, ZfCd,Se
valence-band offset are assumed as 0.8:0.2, 0.7:0.3, 0.7:0@)d Zn _,Cd,Te crystals thé.b mode phonons give obvious
and 0.2:0.8 for the Zn,CdSe/ZnSe, Zp ,CdS/ZnS, cpntnbuuons to the_ polaronic effects in a part of the compo-
Zn,_,CdTe/znTe, and Zn§ ,Se /ZnS QW's, respectively. Sition range, despite that these two crystals are one-mode
We have calculated the same problem with different barriefixed crystals.
parameters and found that excitonic properties of the QW’s The mixed crystal effect changes completely the feature
are not sensitive to the barrier parameters if the well width i€ the 10 phonon in the mixed crystal QW's. Figure 3 dis-
not too narrow and the parameters are in a reasonable rangdays the dependence of the I0-phonon energy with the con-
In order to give a complete understanding of the mixedcentrationx in the case of the wave vectkr0. All of the
crystal effects, we show at first the properties of the mixedSix I0-phonon modes are plotted in the figure and show very
crystals in the wells of the QW's based on our theoretica/different features. In order to show the importance of each
calculationst® The optical-phonon frequencies of the mixed I0-phonon mode, we have calculated the electron—IO-
crystals are plotted in Fig. 1. The results show that there arBhonon coupling strength,,;(k), which is defined similar
two LO and two TO phonon frequencies in the mixed crys-to «j by replacinge, j and €;; with 10-phonon frequency
tals theoretically. The strength of each LO-phonon mode inand corresponding effective dielectric constant, respectively.
teracting with carriers is reflected in the Blich electron-  Since the 10-phonon energies disperse with the wave vector

phonon coupling constant, which is defined’as k, the coupling strengtla,;(k) (p=+,—; j=1,2,3.) also
o has dispersion relation witk. The dependence af,,;(k)
mee? ) with the concentratiorx and k reflects the feature of the
Ll:(#) , j=1a1b. ) electron—10-phonon interaction in the QW’s. Figure 4 dis-
2h ijelj(ij)

plays the dependence of the electron—1O-phonon coupling
The Frdnlich coupling constants of the mixed crystals arestrength with the wave vectde in the case ok=0.8. Be-
calculated and the results are plotted in Fig. 2. This figurecause only the long-wavelength optical phonons have a large
shows clearly the dependence of the coupling constants witiffect on the changed particles we can presume onlwthg

the concentratiom. In fact, if one wants to make a judgment mode gives a large contribution to the polaronic effect of the
on whether a mixed crystal is a “two mode” or “one mode” QW's. From Fig. 3 we see that the phonon energy of the
mixed crystal, the best way is to see the variation of thew.,3; mode in the case df—0 is equal to the LO-phonon
Frohlich coupling constants with the concentratisnOur  energy of barrier material and is independent of the concen-
results show that the ZRS,Se, crystal is a two-mode mixed tration x. This interesting feature which resulted from the
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present theory is common for any BTB type QW. It should ‘g F
be noticed that, although , 3(k—0)=w/, is held, the prop- 3 g
erty of thew 3 10 phonon is different essentially from the £ £
w| » bulk phonon mode. The origin and the location as well , , 10 . .
as the dispersion relation of tlae, ; mode are different from 0 éé’?u Wid ch(% 300 0 ‘1;3211 Wid ch(% 300
the LO phonon in the barrier. One should be careful in the
analysis of the phonon spectrum of the QW's. FIG. 6. The total interaction energy of the &xciton with LO

Since the ground state and the lowest excited state afghonons as a function of the well width.
important in experiments, we give theoretical calculations of
the 1S and 2S excitons in the present section. In these cal-mum. However, the 3-exciton binding energies do not
culations the subband states of the electron and the hole ashow obvious variation with the well width and almost re-
assumed in the lowest subband states. Figure 5 shows thatimain constants in the QW's. Since the published data of
all cases $exciton binding energies are in the range ofcarrier masses and exciton binding energies for zinc-
17-46 meV for wide wells of 200 A, and approach graduallycompound quantum wells are very different, it seems too
the values of bulk excitons with increasing the width further.difficult to present a theory that gives results in agreement
Even if the width is much larger than the exciton Bohr radii with all experiments at present.
(30 A-54 A), a small width dependence of the binding en- The 1S-exciton—optical-phonon interaction energies in
ergies is found. This fact is due to the quantum confinementhe zinc-compound QW'éwith x=0.2, 0.4, 0.6, and 0)&s
that has effect on the excitons even when the well width isa function of the well width are shown in Fig. 6. From this
ten times larger than the exciton ratflilt is noticed that the ~ figure we understand that the variations of the interaction
1S-exciton binding energies have maximum values when thenergies with the concentrationare very different for the
well width is about 20 A-30 A, the larger the band offset theQW’s. The common feature is that the interaction energies
smaller the well width where the binding energy is maxi-are decreased with decreasing the well width, and have mini-
mum values when the well width in the range of 20 A-30 A
if x is not too small. In the exciton-related lasing mechanism
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s Zny(Cd,Se/ZnSe = Zn,Cd,S/ZnS in zinc-compound QW€ it is essentially important for the
% 1 e ices| BT exciton stability that the exciton binding energy is larger than
§40 Zeoll the LO-phonon energy. From Fig. 5 we understand that the
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of the zinc-compound QW's are fabricated in the range of 2Ghe well material of the ZnS ,Se/ZnS QW is a “two-
A-30 A. We think this result is helpful for the design of the mode” mixed crystal, the contribution of thela mode is
laser structures of the zinc-compound QW's. decreased from its maximum value to zero with increasing
In order to investigate the importance of every phonome concentration from 0 to 1. At the same time, tHelb is
mode in the exciton-phonon interaction, we have calculatet,reased from zero to its maximum value. The two-mode
the contribution to the total interaction energy from eVerYpahavior of the QW’s composed of mixed crystal will appear

phonon mode, two typical results are plotted in Fig. 7. It Sin the optical experiments, such as the luminescence spec-
seen that the half-space LO phonons and the IO phononff,urn and the Raman spectrum

have effects on the exciton only in the very narrow well case.
With increasing the well width the contribution of the slab- R.Z. and T.T. acknowledge financial support from the
LO-phonon to the interaction energy increases and goes tdapan National Project “The Light for the 21st Century”
the bulk value in the limit off —. The importance of the based on the MITI/NEDO/JRCM system. M.M. acknowl-
slab-LO-phonon mode is determined by the concentration edges financial support from the Ministry of Education, Sci-
This property can be seen clearly from Figs. 2 and 7. Sincence, Sports and Culture, Japan.
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