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Exciton-phonon interaction effects in quantum wells
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Properties of excitons interacting with interface optical phonons and confined longitudinal optical phonons
in semiconducting compound quantum wells are investigated theoretically. By using the nonseparable trial
wave function the exciton binding energies and the interaction energies of excitons with every phonon mode in
two typical quantum-well structures, GaAs/AlAs and CdSe/ZnSe, are calculated as a function of the well
width. Some interesting features of the exciton-phonon interaction system in quantum wells are found and
discussed. The theoretical result gives a reasonable explanation of the agreement of some simple exciton
theories with experiment§S0163-182@7)03228-1

In recent years the investigation of the property of exci-tant work in order to understand the optical and electronic
tons in quantum well{QW’s) has become an important properties of QW structures, also in view of their applica-
topic of the condensed-matter physics. Most of the wbrks tions to new devices.
that studied the exciton state in a QW considered mainly the In this paper we report an investigation of the interaction
confinement effects of the well potential, including or not theof the exciton with 10-phonon and confined LO-phonon
finite-barrier potential, valence-band mixing, nonparabolicitymodes in polar semiconductor QW's. The aim of the present
of the dispersion relation, mass and dielectric constants mig2aper is to give a clear picture of the polaronic effects on
match, etc. Qualitative and quantitative results of the excito?W exciton states by a rigorous variational calculation. The
binding energy in QW’s were reported in agreement withresults are shown to be valid throughout the entire well width
experimental results. There are many wérkthat consider ~ range, corresponding in the thin and thick limits to two- and
exciton-phonon interaction effects in QW’s by using the bulkthree-dimensional situations, respectively. Two typical QW
phonon approximation. Some authors found that the postructures, GaAs/AlAs and CdSe/ZnSe, are put into the cal-
laronic effects on the binding of the Wannier exciton in aculation: one is a Ill-V polar compound QW with a weak
QW are rather noticeable and increase with decreasing wefiolaronic effect and other is a II-VI polar compound QW
thicknes$€~8 It was soon pointed by one of the presentWith a strong polaronic effect. Some interesting features of
authorg that the polaronic effects in a QW are not as large aghe exciton-phonon system in QW's are found and discussed.
those in Refs. 6—8, in which the large polaron self-energy Since we are interested only in the exciton-phonon inter-
shifts of the electron and hole subbands are neglectedction problem, the simple models of the QW and the exci-
Koinowt? presented a theory of excitons in QW's based onton will be chosen in this paper. The Hamiltonian of an ex-
the Bethe-Salpeter equation. He found that in the limit of theCiton interacting with optical phonons in a polar
thin layer the interaction of excitons with LO phonons Semiconductor QW is expressed as
caused a decrease in the exciton binding energy of the order p2 p2 o2
of 18%. This theoretical result is different from other au- sz _JIIJr iJrV(Z_) % H_+H, (D
thors’ results. T [2my  2m;, ! er P

Very recently some improved theort&s'® have been in-
troduced to study the exciton-phonon interaction in QW's.

By including interface opticallO) phonon effect, Gu and . . ;
co-workerst®16 and also Chutet all’ have studied the |0 MeNtum, position, and effective band mass of the particles.
! PiH and p are two-dimensional vectors in they plane.

and LO phonon effects on excitons in polar semiconducto . S : : .
QW's, but the interaction expression of 10 phonons with aV(z]-) is the _|nf|n|te-he|ght square well b_arner potentlal_ for
charge carrier was extended directly from the surface phonofy® e_Iectron K_: 1) anij hole {=2). The width of the QW is
theory, which is not entirely the correct picture for the Qw W (=2d). r=r,—r,=(p,2) is the relative position of the
cases. Xie and Ch&hhave studied the ground state of both electron aljd holee,, is the optical dielectric constant of the
heavy- and light-hole excitons in a GaAsiGgAl, As Qw.  Well material. o _
Based on the work of Mori and Andd,they took all the The free phonon Hamiltoniard,, and the exciton—
phonon modes into account, namely, the four branches of I@Ptical-phonon interaction Hamiltoniat; are given by
phonons, the confined LO phonon, and the half-space LO

phonon. But, unfortunately, some miscalculations are found Hon= > > hwg(k)a)zaygs, 2)

in their paper, which made the expressions and also the nu- Bk

merical results in their paper not entirely correct. Up to now,

the roles of the phonons, especially 10 phonons, in the QW _ OV, oLy o(Z)exn(iK- p)ay .+ H.C
exciton state have not been very clear. A detailed study of ! % ; ; [0}Viglica(2)) explik- pj)agtH.C,

the exciton-phonon interaction in a QW remains an impor- 3

wherej=1 and 2 refer to the electron and hole, respectively.
P=(Pj,Pj2), r=(p;,z), and m=(m;;,m;,) are the mo-
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Wherealﬁ(akﬁ) is the creationannihilation operator of an The ground-state enerdy, and its binding energ§,, of
optical phonon with frequencyw,(k) and wave vector the exciton-phonon system in a QW are calculated, respec-
(k,kg). Here B denotes the mode inde@=m refers to the tively, by the process of

confined LO phonon in the well material ag= (o,p) to

the 10 phonon. The indeg(= +,—) refers to the symmetric

and antisymmetric 10-phonon modes anmf= +,—) to the Eg=minE(N) =min(W|H| V), (8)
high- and low-frequency IO-phonon modes, respectively. A A

The dispersion relations of the frequeney(k) and the in-

teraction coefficienV, zL4(z;) are well understood and the

readers who are interested in it can refer to the Refs. 20-23. Ep=E(A—%*)—Eg, (9)
0,=1 and 6,=—1 show that the electron— and hole—
optical-phonon interactions have opposite signs. where E(A— ) (noted asE,) is just the sum of the free

The above Hamiltonian is so complicated that the accupolaron energies of the electron and hole in the same QW.
rate eigenfunction and eigenvalue are almost impossible to The heavy-hole excitons in two typical QW structures,
find. Therefore, some approximation method must be usedzaAs/AlAs and CdSe/ZnSe, have been studied numerically.
In this paper we adopt an improved variational methéd2®  GaAs and AlAs are 1ll-V compounds in which the polaronic
which has been used extensively to study the exciton-phonogffects are very weak and the effective exciton Bohr radii are
interaction problem in QW’s. The trial wave function is as- very large. CdSe and ZnSe are of II-VI compounds in which

sumed to take the form the Frdnlich interactions are relatively strong and the exciton
radii are small. The two QW structures have been exten-
|T)=U|0)| Wey, (4)  sively studied both experimentally and theoretically. The

material parameters are listed in Table I. Quantitative inves-
tigations on the typical QW structures will give us a general
knowledge of the QW exciton-phonon interaction problems.
Although our theory can give correct theoretical results in
the two-dimensional limit, it should not be compared directly
= . . —ik-p)al.—H.c. with experiments since the infinite barrier approximation is
v exp( 2,8: Ek: EJ: s Lial2) xRk pj)agg—H.e. . not reasonable in this case. As we have discussed in Ref. 22,
(5) if the probability of the particle penetrating into the finite-
height barrier region is much smaller, the perfect carrier con-
finement approximation is reasonable. The conduction-
(valence} band discontinuities are 1.3 el¥.23 eV} (Ref.
27) for the GaAs/AlAs QW and 0.826 el.23 eV\j (Ref. 25
5(‘I’|H|‘I’>/5fkﬁj —0, 6) for the CdSe/ZnSe QW, respectively. After quantum-

where|0) is the zero-phonon staté) is a unitary transfor-
mation operator, which is defined as

fipj is the variational parameter, which will be determined
by the variational condition

mechanical calculations we found that the probability of the
and |W,,) is the exciton wave function in the QW and is electron and hole moving out of the finite square QW's is
chosen as less than 0.01 in the range of the well width larger than one
polaron radius. Thus we can say that our calculations in this
paper give reasonable results in the range of the well width
r T T larger than one polaron radius. The polaron radius is defined
Vo= NeXD( - ;) COS( ~ 54 COS( - E22>’ (7)) py Rp=(fi/2mew )Y2 which is 39.75 A in the GaAs/AlAs
QW (Ref. 24 and 33.23 A in the CdSe/ZnSe QW/respec-
whereN is determined by normalization conditions axds  tively.
a variational parameter that will be determined by the proce- In Fig. 1 we plotted the binding energies of the exciton-
dure of minimizing the ground-state energy of the systemphonon systems in the GaAs/AlAs and CdSe/ZnSe QW's as
The trial wave functioniV' ., not separable in spatial coordi- a function of the well width. The energies of the exciton
nates can give out reasonable energies throughout the entingthout an interaction with phonon and with dielectric con-
well width rangé and has been used extensively by manystantse, ande., are calculated by the same trial wave func-
authors. tion W,; the corresponding binding energies are denoted as

TABLE I. Material parameter®, andwy are in units of meV andn, andm,, are in units of the mass of
a free electrone is the Frdnlich coupling constant of the electron.

Substance € € on o7 mg my, a
GaAs 13.18 10.89 36.25 33.29 0.067 0.62 0.068
AlAs? 10.06 8.16 50.09 44.88 0.150 0.76 0.126
cdsé 9.3 6.1 26.54 21.50 0.13 0.45 0.46
Znsé 8.33 5.9 30.48 25.65 0.171 0.60 0.432

®Reference 24.
®m,, from Ref. 25, others from Ref. 26.



2060 RUISHENG ZHENG AND MITSURU MATSUURA 56

20 “l Ll T I T T T 1 L) L) L] 1 T ¥ T ] T ) T 1 L) ¥ T A 16: 1 1 T I T T T ] T T T 1] T T T 1 T T L] ] L] T L)
~ }g GaAs/AlAs ] % GaAs/AlAs
Ea ; £ .

i ga 7
8 12 ] 5 I TITIiIiIIIInIi IS
) |4 g & P --e---- E .
g 10 . 5 ]
43 R Eex-LO m
o 8 3 g i
£ ] g

= -1 Q T
2 4 ] g ]
2 . B 2 \Eoien .
0 S T D NN NN TR T N TN N NN AN TR SN GH NN SN TN T NN BN N 1 PN (e sttt S 1—-—1—1--+—'-—.-Eé

0 200 400 600 800 1000 1200 800 1000 1200

Well Width (&) Well Width (4)

T 1 1 1 T 1 T T T i T L] T 1 T T T ]
o CdSe/ZnSe ] S CdSe/ZnSe ]
1 - o -
£ ] E ]
@ ] @ “_"-_-""":-___________-_'___'.'_-_'.'.'--'-'-‘-_-'—1'-'—’-'-'— h
G\ w1 % B
2 > ] 3 Ewto
m Ve e T 1 2 ]
g ] 5 . ]
0 SR SR S S R SR SR SR SN T SO T (PN i el 2 o Nttt [oommea—m 7

0 200 400 600 800 600 800

Well Width (3) Well Width (A)

FIG. 1. Binding energies of the excitons as a function of the  F|G. 2. Interaction energies of the exciton with phonons as a
well width in the(a) GaAs/AlAs QW andb) CdSe/ZnSe QW. The  fynction of the well width in the(@) GaAs/AlAs QW and (b)
two dashed lines labeled witk, and e.. correspond tdE(eg) and  CdSe/ZnSe QWE,,, o andEe,, o are the interaction energies of
E(e-), respectively. the exciton with LO and 10 phonons, respectiveB,.n, is the
interaction energy of the exciton with LO and 10 phonons. The
dashed lines correspond to the polaron energies of the electron and

E(ep) andE(e..), respectively, and are plotted in Fig. 1 for g_ole with LO and/or 10 phonons.

comparison. From the numerical results we see that the fe
ture of the binding energy of the exciton—optical-phonon
coupling system depends on the Rliioh coupling strengths _ . . ) ) _
of the exciton in the well and in the barrier. In the case of the The interaction energies of the exciton with various pho-
GaAs/AlAs QW, because the strength in the barrier is largefon modes are plotted in Fig. 2. In order to give a clear
than in the well, the exciton binding energy is close topicture of the role of the polaronic effects on the exciton
E(eo) as the well width is reduced, and wheh<200 A it  states, the corresponding free polaron energies of the elec-
is even little lower tharE(e,). The case of the CdSe/ZnSe tron and hole interacting with the phonons in the same QW
QW is the opposite: the binding energy goe€ia.,) as the are plotted with dashed lines. From Fig. 2 we see some gen-
well width is reduced. eral features of the exciton—optical-phonon coupling system
It is interesting that the theoretical result of the bindingin polar semiconductor QW's(i) The exciton—optical-
energy of the exciton-phonon system in the GaAs/AlAs QWphonon interaction is reduced with decreasing well width,
is almost the same dE(e;) in the thin QW case\W=600 except for the very thin well case where the infinite barrier
A). Now we understand with clear physical pictures why themodel is not a reasonable modéi) As the well width is
simplest model, in which the polaronic effect was not con-reduced to the thin limit, the importance of 10 phonons in-
sidered, used by Bastast al! and many other authors can creases drastically. The contribution is mainly from the
give reasonable results in agreement with the experiments an, . phonon branch, which is also called the ,-type
the GaAs-based QW’s. Because the exciton Bohr radiubranch because ., .— w , in thed—0 limit. Although the
[=115 A (Ref. 24] is much larger than the polaron radius perfect carrier confinement approximation is used in the pa-
and the Fralich coupling constant in the AlAs barrier is per, in the narrow QW case the ,-type IO phonon mode
much larger than in the GaAs well, the polaronic effectswill be in the dominant position and the characteristics of the
made the Coulomb interaction in the exciton in theexciton-phonon interaction will appear to be similar to the
GaAs/AlAs QW screened by the static dielectric constanfeatures in the barrier materidlii ) If we compare the bind-
completely. ing energyE, in Fig. 1 with the exciton-phonon interaction
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energyEe, on in Fig. 2, it should be realized that the exciton- ~ In summary, we have present a theoretical investigation

phonon interaction plays an important role in the excitonof the properties of the exciton—optical-phonon coupling sys-

state and affects the position of exciton peaks in the opticalem in two typical compound quantum wells, CdSe/ZnSe and

spectra of the QW structures and also the lifetime, linewidthGaAs/AlAs. The binding energies and the exciton—-10-

and so on. phonon and —LO-phonon interaction energies in the QW'’s
Feature(i) is in contradiction with some published theo- were calculated with an improved variational method. Some

retical result$™® but is consistent with the experiment re- interesting features of the exciton—optical-phonon interaction

sults. Pelekanost al?® found that there is a drastic reduction in the two typical QW structures have been found and

in the exciton-phonon coupling with decreasing well thick- giscussed.

ness in the(Cd,ZnSe/ZnSe QW's. Similar studies in the

GaAs-based systems also have reported the same but rela-

tively smaller effects as one goes from the three- to the two- R. S. Zheng acknowledges support from the Fund for Ex-

dimensional limit?® As shown in Fig. 2, our results are in cellent Young University Teachers of the State Education

qualitative agreement with the experiments. Commission of China.
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