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Polaronic effects on excitons in quantum wells
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A theory of exciton-phonon interaction in quantum wells is presented. Bound states of excitons in polar
guantum wells are investigated by using an improved variation method. The interaction with both interface and
confined longitudinal-optical phonons are included in consideration. A general expression of the bound-state
energy of the exciton in a quantum well is obtained. The theoretical result is shown to be valid throughout the
entire well-width range. Based on the theory, general properties of the exciton—optical-phonon coupling sys-
tems in quantum wells are discussed in detail. Some interesting futures of the system are concluded.
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[. INTRODUCTION shifts of the electron and hole subbands were neglected in
Refs. 12-14.
A semiconductor quantum wellQW) composed of a In recent years, the confined LO-phonon and the surface-

sandwich structure with two different materials has a quaneptical (SO-phonon models were introduced to study
tum confinement effect both on charge carriers and phonongxciton-phonon interaction in QW24 These approxima-
The quantum-confinement effect makes the electronic antions are better than the bulk phonon approximation, but are
optical properties of QW’s quite different from those of bulk not entirely correct pictures of the QW cases. The optical-
materials. For an example, the enhancement effect of thehonon modes and the interaction Hamiltonian of the elec-
exciton binding energy shows that the exciton states exhibitron (hole) with the phonons in QW structures have been
relatively high stability in QW’s. In recent years the investi- investigated in detail by several study grodps:’ It was
gation of the exciton property in QW heterostructures haéound that the phonon modes are very different from those of
attracted much attention in condensed-matter physics. the bulk cr_ystal_s be_cause of the quantum confinement effect
In the past decade, quantum size effects on charge carrieP8 the lattice vibration. In a double heterostructpre made of
were studied extensively by experimental and theoretical’© binary crystals, there are three types of optical phonons
physicistsi 1% and some second-order effedtaich as the interacting with charge carrier¢i) symmetric and antisym-

effects of excited subbands, the valence-band mixing, nonr_netric interface optical(l0) phonons, (ii) confined LO

parabolicity of the dispersion relations, mass and dielectricghor.]ons in the weII,_ andii) half—space LQ phonons |,n the
) . ; arrier. Works studying polaronic effects in polar QW’s con-
constants mismatch, etowere also included in the works.

From the view of elementary excitation in solid-state phys_S|dered the effects of different types of the optical phonons in

. . . . ) he QW’s. Xie and Chefl studied the ground state of both
ics, the exciton-phonon interaction also has considerable efieavy- and light-hole excitons in a GaAs/GaAl ,As QW
fects and cannot be neglected in the study of transport ang,qeq on the work of Mori and And§ they toék all thé

OptICElil| properties of most of the QW systems. Von Lehmenyhonon modes into account. Unfortunately, some important
et al™" found that exciton—LO-phonon interaction plays anierms which represent the features of the quantum confine-
important role in determining the spectral characteristics anghent effects on the exciton-phonon interaction system were
magnitude of the low-temperature absorption. A calculatioromitted in their algebraic calculations, which made the ex-
of the absorption coefficient based on the two-dimensionapressions and also the numerical results in their paper not
Frohlich interaction shows agreement with the experimentakntirely correct. The role of phonons, especially 10 phonons,
data. in the QW exciton state has not been very clear up to now.
As the simplest model, the bulk phonon approximation Very recently we investigated polaronic effects on exciton
was used by many authors to study the exciton-phonon instates in GaAs/AlAs and CdSe/ZnSe QWRef. 29 by in-
teraction in QW'st*=2! The published results were very dif- cluding the different optical-phonon modes into consider-
ferent due to different theoretical methods. Some authors retion. By using a nonseparable trial wave function, the exci-
ported that the polaronic effect on the exciton binding energyon binding energies and the interaction energies of the
is rather noticeable, and increases with decreasing the watixciton with every phonon mode in two typical QW's have
thickness:?~**but some authors found that the polaronic cor-been calculated as functions of the well width. The features
rection causes a decrease to the exciton binding energy inaf the exciton—optical-phonon interaction have been dis-
GaAs/Ga_,Al ,As QW!® One of the present authdrs cussed.
pointed that the key point is that large polaron self-energy In the present paper we extend our work to general QW's
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and study the general property of exciton—optical-phononV(z) for j=e (j=h) is the barrier potential experienced by
interaction systems in polar semiconductor QW's in detail.the electror(hole). The width of the QW iV (=2d). V(z))
The subband effect and the anisotropy mass effect of théor j=e (j=h) is the self-polarization potential from the
electron and hole are incorporated into our theory. The aininteraction of the electrohole) with its image charge dis-
of the present paper is to introduce our theoretical treatmerttibution, where the summation indexruns from—c to <.

in detail, and give definite expressions of the bound-stat&/_ ,(p,z.,z,) is the Coulomb interaction potential of the
energy and the average virtual phonon number of the QWélectron-hole pair evaluated by the image charge method.
exciton-phonon system. For theoretical completeness we=r,—r,=(p,z) is the relative position between the elec-
show that our theory can be reduced to the published excitofton and the hole¢ is a measure of the mismatch of dielec-
theories in the three-dimension@D) and ideal 2D limits, tric constants at the interfaces,; (e..,) is the optical di-
and also to the free-polaron theory in the limiting case where|ectric constant of the we(barriep material.

the electron and hole are separated completely. Based on the The free-phonon HamiltoniaH oh is given by

theory, a series of numerical calculations is made for typical

QW cases. The general properties of exciton-phonon interac-

tion systems in polar QW’s are discussed and concluded. Hon=2> > hwﬁ(k)alﬁakﬁv (2.6
The characteristic and relative importance of every phonon Fk

mode on the exciton state as a function of the well width ar‘?/vherealﬂ(akﬁ) is the creatiorannihilation) operator of an

clarified from the theoretical results. Some very interestingbmicm phonon with frequencyw (k) and wave vector
features of the exciton-phonon system in polar semicondu k,k). B=m refers to the confined LO phonon in the well

tor QW's are found and discussed in the paper. We believ aterial with frequencyw, ; and wave vectok,=mm/2d.
that our works will be helpful to understand the optical and,o positive integerm is limited by the Brillouin-zone

electronic properties of the QW structures. boundary, that ism,,,=int(W/a). a is the lattice constant
of the well material 8= (o,p) refers to the 10 phonon. The
IIl. HAMILTONIAN indexp(= +,—) refers to the symmetric and antisymmetric

For completeness, we give a short review of the Hamil/O-pPhonon modes, and(=+,-) to the high- and low-
tonian at first. A general QW made of two binary polar ma-fréquency 10-phonon modes, respectlg/(ze%.l The dispersion
terials is considered. For academic purpose the infinitéelation of the frequencw,; is given by>2"
square-well model is used in this work. Theaxis is taken as
the growth direction. The system of an exciton in the well > _ 2 2 2
interacting with optical phonons is expressed within the @=p(Kd= 2(ep1+ €p2) (Lepawiy+wra) +epa( i,
framework of effective-mass and non-degenerate-band ap-

proximations as + 0t 1= {[epa(0f 1~ 0F)) + e 0, — 0Ty ]?
. ( P2 P2 +aeprepa(0f;— o) (0F - 0i)}D),  (2.7)
H= >+ +V(z)+V(z
oL2my o 2my, (7)) +Velz) with
+Ven(p,Ze,zy) +Hpnt Hi, () €. (kd)=(17e e, 2.9
with
e-o(kd)=(1xe *e,,, (2.9
0, [zl<d
V(z)=1 Iz]>d (i=eh), (22 where the subscript=1 and 2 refers to the well and the
' ! barrier, respectivelye; is the static dielectric constan, ;
2 In| (w7i) is the longitudinal-(transverse- optical-phonon fre-
Vy(z))= € § (j=eh), quency of the material indicated by
7 2€.1770 |zj—(—1)”zj+nV\4 The exciton—optical-phonon interaction Hamiltonian
(2.3  takes the form of
Ve.n(p,Ze2Zpn)
© © ) 5 | Hi:% ; 2 [aijBLkB(Zj)quik‘pj)akﬂ"rH.C.],
e e
=— - ¢ , (2.10
€xal €170 p?+[ze— (—1)"zp+ NW]?
(2.4 where
-1, j=e
_ Ex1 €2 0;= . (2.11
g 6°C1+ 6002, (25) ! 11 J:ha

where j =e,h refers to the electron and hole, respectively.which shows that the electron— and hole—optical-phonon in-
P;=(Pj|.Pj2), rj=(p; z), andm=(m;;,m;,) are the mo- teractions have opposite effects. The coefficish and
mentum, position, and effective band mass of the particled.,45(z;) are well understood. For confined LO phonons it
Pj; and p; are two-dimensional vectors in they plane. takes the forms of



V . ﬁle 4’7762 12 21
k=1 2dSe; K2+ K (212
Lim(zj) =sinky(zi+d)] (j=e,h), (2.13

1

wheree; '=€,'— €5*, (i=1,2).S stands for the area of the

interface. The coefficient of IO phonons takes the forms of

v '(ﬁw"p Wez)llz 2.14
kop~ oo | .
P Se,p kK
costkz)
Lk,a+(Zj)=m, (2.15
sinh(kz,)
Lk,a—(Zj)ZWkd]), (2.16
with
6p1§10p+ Ep2§20p
T ; 2.1
Cop 1+pe2kd 219
wEi_w% 2wip'fi .
igp(kd)=1 ——— > (i=1,2. (218
Ti~ Wep) @Ti€0i

The coefficient oV, ,, is essentially the same as our previ-
ous papersl*2put the physical meaning of the definitions of
Egs.(2.19, (2.17), and(2.18 is clearer than that used pre-
viously.

Ill. VARIATION TREATMENT
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results of the exciton-phonon interaction system in the whole
range of the well width, as seen later.
The translation relations are given as the following:

UTakBU:akﬁ+§]: FkBJ(I’J), (33)

UTaEBU:aEﬁJrzj: Fig(ri, (3.9

UTPU=P; =32, 2 ﬁk[ Eﬁj(_z, ka')
J
"H:kﬁi(? F;ﬁj’)]_% > hk{Fygals
+Figidah (3.5

i
UtP,U=P,+ 5% ; 1Kt figi o giLip(Zi) Ika(Z)

xexrlik-(p;—pj) 1= wp frpiLip(Z)) Ikp(Z)

xexd —ik-(pj—=p;) ]}
+i2ﬁ ; fikg{fieg; Ia(Z)) eXRiK- ppayg

—fig dkp(z)exp —ik-p)atst (i’ #j), (3.6

where the notatiod, 5(z;) is defined as

In this paper we use a reasonable variational method to
study the exciton-phonon interaction problem. Based on the

Lee-Low-Pines(LLP) variational theory* the phonon state
of an exciton-phonon coupling system is considered as
coherentlike statdJ(F)|0), where|0) is the zero-phonon
state.U(F) is a unitary transformation operator, which is
defined as

U(F)zexp(EB Ek‘, 2 Figi(rpatg—H.c|, (3.0

Fkﬁj(rj):kaijﬁ(Zj)qu_ik'pj), (32)

wheref,z; is a variational parameter, which will be subse-

quently determined by the minimization condition of the en-

ergy. It should be stressed that the phonon dtgt€) |0) has

19

Jks(Z) =Kg 7z Lis(z)). (3.7

a

Since there is translational symmetry in the direction,
we can divide thex-y motion of the exciton into center of
mass motion and relative motion. The position and momen-
tum of the center-of-mas@gelative motion are denoted by
R|(p) andP|(p)), respectively. The corresponding center of-
mass and reduced mass are notedvgsand w, respec-
tively.

The transformed HamiltonianH*=UTHU is very
lengthy, but one can distinguish them clearly by zero-, one-,
and two-phonon contributions. Since we are only interested
in the state involved in the optical absorption, we Bet 0
in the following. The correlation between the virtual phonons

a direct relation with the exciton wave function in the presentemitted and absorbed by the particles will be neglected in the

theoretical methodr,4(r;) is a function of the coordinates
of the electron and hole. The value ffs; depends on the

following calculation, since it is very weak in the weak and
intermediate coupling cases, as proved by LLP earlier. This

average effect of the exciton state as well as the phonoapproximation was used successfully in the exciton-phonon

states. The inclusion df, 5(z;) in Fg(r;) greatly enhances

interaction systems by many authdfs$® Then the zero-

the mathematical difficulties, but it can give good theoreticalphonon part of the transformed Hamiltonian is given as



1752 RUISHENG ZHENG AND MITSURU MATSUURA 57

2
jz
2m;,

. p? EQN)=(P[H[W)=(¥,,_, KOJUTHU[O)| W, )

+V(Zj)+VS(ZJ')

+Ven(piZe,zn) + 2
: =(Wni 1, H5 [ Wni, 1) =Eo(N) +Es

DD {ﬂLﬁ (z)+ ik%\]ﬁ (Z')]lfk 12 52K2 72K2
7 % T | 2my) T 2my, TR Al +§ ; ; (EAkﬁjﬁLﬁinﬁj]“kﬁﬂz
+% ; ﬁwﬂ(k)(; |fkﬁj|2Liﬁ(zi) +§B: Ek: hwﬁ(k){z |figil *Agi+ T gef kanCugp
+ FEpefipnbip(20)L gz Xk p) |
_ +fk,3ef:3hctﬁ}+2 > (2 0;VisfigiAxg
+frge ;ﬁthB(Ze)Lkﬂ(Zh)qu_|k'P)] Bk U

+VkﬁfkﬁthB—VkﬁkaeC’k‘ﬁ+H.c. , (312
+% zk: (2 6 VigTisiLics(2)
! with the following abbreviations:
+ Visfranles(Ze) Lis(Zn) eXplik - p) 02
_ Eo(7\):<‘1’ Aol 57— T Ven(piZe,zn) | Wh >
~Vigfgelip(ZLigzmexe —ik-p) +He|. (3.9 B

The trial wave function of the exciton can be physically E—
chosen in many forms, and can also contain variational pa- —S | = Mle'n

P2
Efﬁ$+wm+wmﬂbmw»,

jz

rameters. The subband effect of the electron and hole and (3.19
also the ground or low-lying excited internal state of the
exciton can be put into consideration in the function. It is Avgi={¥n |LE5(21)|‘I’n| L, (3.19
convenient to use the variational wave function rerh et
Bicgi = (Wi, 1,1 966(2) Wi, 1), (3.16
Wi 1,(PZe:Zn N) =Ny 1 dn(r M) i (Ze) ¥ (zh), : M T e My
3.9 Cup=(Wn., 1| Lkp(Ze) Lip(zn)expik-p)|[ W, 1),
where the constard, | is determined by orthonormaliza- (3.179

tion conditions, and is a set of variational parameters that whereEgy(\) is the binding energy of a bare exciton in the
will be determined by the procedure of minimizing the en-QW. Eg represents the subband energy of the electron and
ergy of the systemg,(r,\), in which \ is placed, is the hole in the dielectric QW. Since this energy is a simple func-
exciton wave function with the quantum numberUsually, tion of the well width and is canceled out in the results for
the hydrogenlike wave function is chosen as the candidatthe exciton binding energy:®* it need not be considered
for the envelope functionyy (z) and ¢y (z,) are the sub- further, and will not be mentioned again in the rest of this

band wave functions of the electron and hole moving in the?@Per. By using the variational conditiaf{(W|H|W)/5f;
QW in the subbands, and |, respectively. It has been =0, the parametef,; is determined as
showri®3637that the effect of the self-polarization potential

V«(z;) (j=e,h) can be satisfactorily accounted for by a shift ~ QupePrpn— QupnGip (3.18
in the subband energy, without significant modification of kKbe™ b p —|Gygl? :
! . kel kgh kB
the subband wave functions. So that the function
Z Z,,) can be written b
¢Ie( e) ¢Ih( h) y _QthPkBe_ QkﬂeG’kc,B (3 19)
kgh=— . .
e g Pk,BePth_|G‘kﬁ|2
hi,(Z) ¢|h(zh)—sm(%(ze+d) sm(ﬁ(zﬁd) ' Here we have defined the following notations as
(3.10
Qupe=— Vig(Arge— Cip), (3.20

The total trial wave function of the system is assumed to
be a product of the exciton wave function and the phonon Qkﬂh=V[§B(Ath—C§B), (3.2)
wave function; it take the form of
712k? 12K
TY=U(F)|0)| W, ). (3.11) Prgi={hog(K)+ o—t Aggit 5By (j=8,h),
deulh 2m;) 2m;,

il
(3.22
Then the energy of exciton-optical phonon system is given
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Inserting Eqs(3.18 and (3.19 into Eq. (3.12, then the Bkge=Bisn=Bugs. 4.3
general expression of the bound-state energy of the exciton-
phonon interaction system is given in a very abbreviated :B:Ckﬁ' (4.4
form:

It is helpful to introduce dimensionless units, where en-
— i i _ ergy is in units ofh w1 and lengths in units of the electron-
E=min E(\) m;n[ Eo(N) 2/3: ; (PkgePign polaron radiusR,[ = (#/2mew ;)*?]. Some dimensionless
, , , notations are defined as
~|Gigl® ~H(Pigel Qupnl >+ Pigsnl Qugpel

q=k(A/2mew 1), (4.5
_ * * _ Ak
QkpeQipnCis Qkﬁerﬁthﬁﬁ- (3.29 Gy Capwglwis, 4.6
The binding energy of the exciton-phonon coupling sys- wg Mg , )
tem is defined as the difference of the bound-state energy of Kag=| ;~* m__”q qB+ qBBqﬁ (j=eh).
the exciton and the sum of the polaron self-energies of a free . (4.7)

electron-polaron and a free hole-polaron in the same QW.

The polaron energy can be calculated by the same theoretical Inserting the above expressions into Ej24), and trans-

method as we used in Refs. 31 and 32. forming the sum ovek into an integral form
If the form of the trial wave functionp,(r,\) has been

chosen, then one can use the expression and relating abbre- S Smow| 1

viations given above to calculate the bound-state energy and ; :mf 2mkdk= s f q dg, (4.9

the binding energy of the exciton-phonon interaction system

in a polar semiconductor QW by a standard numerical variawe then obtain the ground-state energy of a QW exciton-

tional method. The quantum-confinement effect, polaronighonon system in unit di ) 4,

effect, subband effect, and nonisotropic band mass effect on

the exciton states can be studied based on our theory. Eg=min [E(N) + EexLo(N) + Eexio(M) ], (4.9
The average phonon number of the virtual phonons ab- A

sorbed and emitted by the exciton is defined by

Nph=<\1'§ Ek: alﬁakﬁ v

where&y(N\) is the ground-state energy of a bare exciton in
the QW, & o(N) is the interaction energy of the exciton

> (3.25  with the confined LO phonons, arfi, o(\) is that of the
exciton with the 10 phonons. They are defined by

Performing the unitary transformation, then the average vir- ) s 2
tual phonon number can be given in an abbreviated form, . = w melf2 p” p7) melfp® z°
0 MR g M 3 n 2] g N p3 2

NphI% Ek: {EJ: |figil °Argi+ T gefkp2Crp « gnl

r Krgo Vp2+[ze— (—1)"z,+nW]?

met wze) met Tz
Mey o\ 2d | M, o\ 2d

+ fkﬁefﬁﬁhc;ﬁ] : (3.26
w4

AT

IV. GROUND STATE

Since the ground state is very important in experiments,
we give more detailed expressions of the ground-state energy
and the average virtual phonon number of the QW exciton- &y oA aeldz f dg——~
phonon system in this section.

In the ground state both the electron and the hole are in
the lowest subbands, and the internal state of the exciton is

——
+qm

> (Aqm_ Cqm)z(que+ quh+ 2Cqm)

the hydrogenlike & state, so that the trial wave function of Kamd<qmh—Cam ’
the ground state is chosen as 4.11)
- N p( r E(wze) S(ﬂTZh) @1 c
= ex co co . op €1
L LLL 2d 2d Eexi0(N) = ae12 f d ( P—
W1 €gp
This type of trial wave function is simple, but it can give A —C 1K +2G
reasonable results throughout the entire well-width range, (Aaop~ Caop) “(Kaopet Kaopn q"p),
and has been used successfully by many authdmsthis KgopeKgoph™ qu-p
case, sincéj;=1;,=1, we thus find 4.12

Axge=Arpn=Axg (4.2 with
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2 [ me* \¥? polaron in the QW. Based on this fact, the binding energy of
K= — ; , (4.13 the exciton-phonon system can be calculated self-
€21\ 2f%w 4 consistently in this paper by
1 mje4 12 Eb:Ep_min E()\) (53)
a;i=— (j=e,h; 1=1,2. (4.19 A
I €j 2ﬁ3w|_i :
By the same process, the average virtual phonon number of B.1—0 limit
the ground state can be calculated, and is given by If the radius of the exciton is much smaller than the po-
laron radius, as it is the cases nf=z, and p=0 in the
Nph= Nex-Lo™ Nex10, (4.19  theoretical treatment, then from the definitions of E&s15

and(3.17—(3.21) we find thatC, ;= A ;s andf, g =0. In this
limit the polaronic effects are compensated for completely
2 because of the opposite polarization effects of the electron
2 q (Aqm_ Cqm)
Nex-LO: ael_E dq and hole.
d*w q2+q2m (quequh_ Cém)2

with

s (Al (Kqmet C )24 (Ko + C )2] C. Ideal 3D limit

L ame s am gmht =am If the well width is much larger than the polaron radius
—2Cqm(Kgmet Cqm) (Kgmht Cqm)}, (416 and the exciton Bohr radius, the quantum-confinement effect
and the 10-phonon effect will disappear and the present

0 € (Aqu—Cqu)2 theory will reduce to bulk exciton—LO-phonon interaction

Nexio=aer >, | dg o e —~2 2 theory. This is seen in the following by the limit analysis

op L1 ®op (anpeanph Gq(rp) method:
X{Aqepl (Kgopet Gaop) >+ (Kgoph T Ggop)?] (a) For the 10 phonons: It is easy to confirm thag, and

€,p 9o to finite values, and
- 2anp( qupe+ anp)( anph+ anp)}- (4-17)

lim Ay,p=0, (5.9
V. ANALYSIS A
It is important academically for theoretical works dealing lim By, =0, (5.9
with QW problems to give correct approaches in 2D and 3D doee
limit cases, which are judgments of the justice to the theory. lim Cy,,=0 (5.6)
op ’ .

In this section we intend to analyze the validity of the present

theory in the whole well-width range from the ideal 3D limit

to the ideal 2D limit, and also to show the relationship of thewhich yield the effects of the exciton-IO-phonons interaction

present theory to the published polaron and exciton theorie$0 be zero:
In order to compare with other authors’ published theo-

d—oo

ries, we also use the isotropic mass approximation, that is, (:[TOEex-IO: 0. 5.7
m;=m;;=m;, and study the limiting property of the
exciton-phonon interaction system in the ground state. (b) For the confined LO phonon,
A. r—oo limit dlim An=13, (5.9
From Eq.(3.17), it is seen that the paramet€f; depends
very much on the overlap probability of the electron and lim Bypm=3, (5.9
hole. When the electron and hole are separated enough, the d—o
value of Cy 4 goes to zero. With a very simple calculation, . . _
the displacement amplituddgg; and the energy(\) are lim Cy=2( W 15/ exp(iK - 1)|¥yg), (5.10

d—o

reduced, respectively, to

wherem= 1,2 in the case df,.=1,=1, K=(k,k.,). Then the

=2 — Vi Ak displacement amplitud&,.,; is reduced as

kBj * 1s 1s
__0jvqm(1_qu)(qui+qu) (i#j=eh)
amj— 1s\2 T
T—>°C |Vk Ak |2 quequh_(qu)
EMN = Ep=-2 3 3~ (52 (5.11
I Bk kBj
where
The properties of polarons in infinite and finite QW’s were

investigated in our previous pap&rd?with the same theo- Q=(q,qy), (5.12

retical method, it is understood th&f, is just the sum of the
self-energies of a free electron-polaron and a free hole- Vgm= Vim/ (hw 1), (5.13
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Kami=| 1+ H?Qz) (i=eh), (5.14 a0
1s _ . (b) For the 10 phonons, from the expressions in Secs. Il
Ggm={(V 15/exp(iQ-1)[W¥yg). (319 and IV, one can obtain the following limit values at the-0
Inserting Eq.(5.11) into Eq.(3.24 and transforming the sum limit:
overm into an integral form by
Wy =W, ©W_4=0T1, OFf_T0T2, ©O__ZwW]7,
1 1
a; :;j ddm, (5.16 €,,=€, €_,=0, €, ,_=0 € _=0,
then the ground-state energdy, is given in dimensionless Axo+=1, Bys+=0,
units 2\3[ (22 3
i Cror=Ce*=|<| || ] +a?
gg:mm[go()\)"'gex—LO()\)]a (5.17 Ko+ q N A
N
with Keeping the above expressions in mind and doing stan-
dard limit analysis, then the ground-state energy of the QW
me1(2 1\ « me 1l « exciton-phonon system at the 2D limit is given by
50()\)=<\If1 [——(———) -V, >=————,
lw Mo Ao R me 1 2k 2k "
(5.18 Eg=min| = T Ny £ oM |
Eex- LO()\)___f fq dq dqn "
w2
Is Is Eex-10(N) aez(w_)
que+ K h+ 2Ggh, (5.19 L1
s Kls )2 . 152 15, 1o ls 1s
amdqmn~ (Ggm (1-Cy)7| Kget Ky h+2—C
If we compare Eq(5.11) with Eq. (4.4) in Ref. 34, in which X J dg '2' ,
the interaction of Wannier excitons with LO-phonon field in K Lsk 1s jcls)
polar semiconductors was investigated in detail by a varia- w g 9
tion calculation, it is found that the two equations are really (5.24)
the same except for the differences of some definitions. Our ’
theory gives correct result in the wide well-width limit. where
(c) From Egs.(5.19—(5.19, one can easily obtain the
following limit values. K1S— <2+ ﬂq (i=eh). (5.29
When there are no phonon effecta (=0), then \ w1

=2(mg/u)/ k for minimizing the energy, and the bare exci- ) .

ton energy is given a&,= — (u/my) k2/4 in the unitf o, ;. (c) One can see clearly that the above expressions give

This result is equal tdEg — —R.. whereR. is the effective correct theoretical results in the 2D limit case. Two special
g Y Y

Rvdbera enerav defined b results are the following.
y g gy det y When the electror(hole)—10-phonon interaction is ab-

4 sent, i.e.,a.»,=0, then the minimum value of the bare exci-

e
Ry=#. (5.20  ton energy is given as
€xqht
. MKZ | 2 /.LKZ 1+§ 2
When phonon effects are considered and the electron and Eg=— 1+ Z g =— - 1T§
hole are separated enough from each other, then, by simple € n#0
analytical calculation, we find k2 €,q)2
=_ (il) (5.26
lim Eex-LO= —(ae1+ ahl)ﬁle. (52]) Mg \ €x2

d—w

in the unitf w ;. Obviously, this result is equal to the exci-
This is the sum of the self-energies of a free electron-polaroton energy in a dielectric QW in the 2D limit, that is,

and a free hole-polaron in weak- and middle-coupling cases.
ae (apy) is just the Fralich electron(hole)—LO-phonon

2
€x1
coupling constant in the well material. Eg=—4R ( ) ' (5.27

€x2
The factor (..;/€.,,)? is contributed by the image charge
distributions. If the effect of the image charge is not put into
(a) For the confined LO phonons, sinog,,,= int(W/a),  consideration, or the dielectric constant of the well is equal
if W<a thenm=0 and the confined LO phonon disappears,to that of the barrier, theg, is reduced to the conventional
then we have 2D exciton binding energy- 4R, . Remembering the defini-

D. The ideal 2D limit
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tion of Ry, it is found thatRy(eocllewz)2 is just the Rydberg effective band mass of the electron to that of the hole.

energy of the barrier material. Since the contribution of thee..; /€g; is hot an independent parameter, which can be de-

image charges increases with decreasing the well width, theermined by

factor (e.;/€.,)?> gives a maximum correction to the

guasi-2D exciton binding energy. This factor can be used to

estimate the importance of the image charge in narrow &1

QW's. €01
When the electronthole)—IO-phonon interaction is in-

cluded and the electron and hole are separated from eadince e..; /€5, must be positive and not larger than 1, the

other and move freelyy—c and G;°~0, then by simple parameters involved in the right-hand side of E62) are

m —-1/2
+ —e” . (6.2

=1—q. | —
et ﬁwl_l( mpy,

analytical calculation we find restricted by this physical condition.
The lattice constant of the well materia, is chosen as
im Eex.i0= = (7/2)(aep+ an)fiwo. (528  0.1R,. Other choices will have very little influence on the
d—0 interaction energy contributed by confined LO phonons in

This result is in agreement with the polaron theory in thethednarlrovg v;/ell r.angde tt))eqaus/e the ncl;mpl?r Oftth?fl‘? [t)rrllonon
infinite QW case$™38 It should be noted that this result is MCY€ IS determined by int¢/a), and will not affect the
guahtatlve property of the exciton-phonon coupling system.

not completely the same as the self-energy of a surfac The infl £ ch teristi : "
electron-polaron and a hole-polaron in the barrier material. € Influénces ot characteristic parameters on propertes

: : : f exciton-phonon systems in QW’s are calculated numeri-
The reason is that,, (ay,) defined by Eq(4.14) is not the 0 o :
Frohlich coupling constant of the electrghole) in the bar- cally, and are shown in Figs. 1-6. The average virtual pho-

rier material because the band mass used in the definition [ numbeiNy, reflects the co_uplmg strength of the particle
not the mass of the electrghole) in the barrier material. with the phonons. The numerical results of the present paper

From the above analysis it is shown that our theory carpnoW that the variation oNp, is similar 0 Eey(o+10) In
yield correct theoretical results in 2D and 3D limits analyti- mqst .Of b cases except for. the parame&gg/wu. The
cally. It is very important academically to have a theory Variation of Ny, with Ry /fiw, is plotted in Fig. Ta) as an
which is valid in the whole range of the well width from example of the normal cases, and thahof with w /w4
ideal 2D limit to 3D limit cases. is plotted in Fig. Th) to show the special character of the
studied system. Typical values of the paraméfease used
in the numerical calculations, and listed in the figures and

VI. NUMERICAL CALCULATION AND DISCUSSION captions. The exciton binding energy, the exciton-phonon

As an application of the present theory, properties ofinteraction energy, a_nd the average virtual phonon number
exciton-phonon systems are investigated numerically in thi§® plotted as functions of the well width. The quantum-
section. This quantitative investigation will give us a generalconfinement effects on the properties of the exciton-phonon
knowledge of exciton-phonon interaction in QW's. system in every case can be seen clearly in the figures.

There are many physical parameters in the present prob- In ord_er to give a clear picture of t_he po_Iaronlg effect, the
lem. In order to discuss the essential property of the problerﬁafe exciton binding energy with _optlcal dielectric constants
we use the isotropic mass approximation and study thé=-1. the sum of the polaron energies of a free electron, and a
ground state only. In this case the system is characterized g€ hole interacting with the phonons are also plotted in the

the following fundamental physical parameters: igures with thin lines. The bare exciton binding energy is
calculated independently by minimizing E¢.10. The sum
W, Mg, My, €01, € s €005 €y D1 DT, D2, W72, 8. of the polaron energies contributed by the confined LO or/
and 10 phonons is calculated by E@4.11) and(4.12 with
Since there is the well-known Lyddane-Sachs-Teller relaC,,=0 andC,,=0, as we discussed in Sec. V. The sum of
tionship average virtual phonon numbers of an electron-polaron and a
hole-polaron are also plotted in Fig. 7 for comparison. For
wii\? € . the convenience of the readers, the exciton binding energy is
o] € =12, (6.3) plotted in units of exciton Rydberg ener@y,, the length in

units of the exciton Bohr radiuag (=%2€.,,/ue?), the in-
and the system is studied in dimensionless units, that is, theraction energy of the exciton with phonons and the polaron
energy is in units ofiw ; and lengths in units of the polaron energy in units ofiw ;, and the corresponding length in
radiusR,, there are eight independent parameters. Based amits of the polaron radiuR,, respectively.
the analysis of the feature of practical QW's we use the Figure 1 shows the influence of the Coulomb binding

following characteristic parameters: strength of the electron-hole pair on the property of the
exciton-phonon coupling system in the whole range of the
R M. © 2 €.0 € well width. According to Ref. 35 three typical values of
y
W! _! ael, _1 _! _1 _l a" i 1 1 i
ho My’ O €x1 € Ry/fiw 4 are used in the numerical calculations, which are

Ry/fw 1=0.2, 1.0, and 10.0. It is clearly seen that the Cou-
HereR, /i w4 represents the strength of the Coulomb bind-lomb binding strength has a significant effect on the property
ing energy of an electron-hole pair in unit of the LO-phononof the exciton-phonon system. The stronger the Coulomb
energy, andag, is the Frdilich electron—LO-phonon cou- binding, the weaker the exciton—optical-phonon interaction.
pling constant of the well materiain,/m,, is the ratio of the The effects of the Coulomb binding strength is from two
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FIG. 1. Influence of the strength of the Coulomb binding, FIG. 2. Influence of the Fidich electron—LO-phonon coupling

Ry/hw 4, on (@) the exciton binding energy(b) the exciton—  constant of the well materiaky,;, on (&) the exciton binding en-
optical-phonon interaction energg;) the exciton—LO-phonon in- ergy, (b) the exciton—optical-phonon interaction enerdy) the
teraction energy, an@l) the exciton—10-phonon interaction energy. exciton—LO-phonon interaction energy, afd) the exciton—IO-
The solid lines stand foR,/fiw ;=0.2, the dashed lines for phonon interaction energy. The solid lines stand dg{=0.1, the
Ry/fiw 1=1.0, and the dotted lines fdR, /% w_,=10. The other dashed lines fore;=0.4, and the dotted lines fate;=1.0. The
physical parameters are set a§;=0.4, m./m,=0.5, w /w4 other physical parameters are setRyg7%w ,=1.0, mg/m,=0.5,
=1.0, €.5/€,,=1.0, andeg,/€,.,=2.0. The thick lines stand for o ,/w 1=1.0, €,,/€,,=1.0, andey,/€..,=2.0. The thick lines
the exciton-phonon system. The thin dot-dashed linéajrstands  stand for the exciton-phonon system. The thin dot-dashed lita@ in
for the bare exciton binding energy. The thin lineqli—(d) stand  stands for the bare exciton binding energy. The thin ling®)r(d)
for the sum of the polaron energies of a free electron-polaron and stand for the sum of the polaron energies of a free electron-polaron
free hole-polaron in the same cases as for excitons with the san@nd a free hole-polaron in the same cases as for excitons with the
line types. same line types.

facts: (i) The electron and the hole which compose the exci
ton have opposite polaronic effects, as shown in E24.0

and(2.11). If the two particles are forced close to each other,
the interaction of the two particles with optical phonons will
cancel each othefii) The strength of the Coulomb binding bin
has a direct relation with the ratio &;,/ag,

‘property can also be seen in Figa) In the present paper,
corresponding t&Ry/fiw ,=0.2, 1.0, and 10.0, the ratio of
R,/ag are 0.447, 1.0, and 3.16, respectively.
It is seen from Fig. (c) that the strength of the Coulomb
ding does not affect the polaron energy of a free electron
and a free hole interacting with confined LO phonon, since
Rp/aB=(Ry/ﬁw|_1)1/2. (6.3 th?s interaction energy in the d_imensionless units is deter-
mined only by the Frblich coupling constant, but the Cou-
ag/R, is a criterion of the relative distance between the eleciomb binding strength strongly affects the exciton—confined-
tron and hole. If the exciton Bohr radiag is smaller than  LO-phonon interaction. On the other hand, as shown in Fig.
the polaron radiu},, the exciton—optical-phonon interac- 1(d), the Coulomb binding strength affects both the free-
tion will be canceled. Conversely, df is larger tharR,,, the  electron(hole)—10-phonon interaction and the exciton—10O-
exciton—optical-phonon interaction will be complete. Thisphonon interaction obviously. The reason is that the 10 pho-
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FIG. 3. Influence of the ratio of the electron band mass to the FIG. 4. Influence of the ratio of the LO-phonon frequency of
hole band massn./my,, on(a) the exciton binding energyb) the  well material to that of barrier materialy » /w1, on(a) the exciton
exciton—optical-phonon interaction energfg) the exciton-LO—  binding energy(b) the exciton—optical-phonon interaction energy,
phonon interaction energy, arid) the exciton—IO-phonon interac- (c) the exciton—LO-phonon interaction energy, ddpthe exciton—
tion energy. The solid lines stand for,/my= 1.0, the dashed lines 10-phonon interaction energy. The solid lines stand g5/ w| ;
for mg/m,=0.5, and the dotted lines fan,/m,=0.1. The other =0.5, the dashed lines fas ,/w ;=1.0, and the dotted lines for
physical parameters are setRg/fiw 1=1.0, #1=0.4, 02/ w 4 o 2/w ;=2.0. The other physical parameters are seRahiw,
=1.0, €,5/€,1=1.0, andep,/€,.,=2.0. The thick lines stand for =1.0, @¢=0.4, mg/my=0.5, €,,/€,,=1.0, and ep/€.,,=2.0.
the exciton-phonon system. The thin dot-dashed linéairstands  The thick lines stand for the exciton-phonon system. The thin dot-
for the bare exciton binding energy. The thin lineqlm—(d) stand  dashed line ina@) stands for the bare exciton binding energy. The
for the sum of the polaron energies of a free electron-polaron and #hin lines in(b)—(d) stand for the sum of the polaron energies of a
free hole-polaron in the same cases as for excitons with the sanfese electron-polaron and a free hole-polaron in the same cases as
line types. for excitons with the same line types.

three values otxe; (=0.1,0.4,1.0) are chosen in the calcu-
lation corresponding toRy/fiw ;=1. The electron-LO-
phonon coupling constant plays a determinate role in the
interaction energies contributed by the confined LO phonon.
YThe interaction energy increases in proportior. On the
other hand, the variation ok, has a small effect on the
interaction energies contributed by the 10 phonons. Since the
modes of the confined LO phonons is determined by
int(W/a), and decreases linearly with decreasing well width,
and also since the 10 phonon has no direct relation with

the change ofa,; does not affect the properties of the

non parameters ob,, and €,, relate withe..,/ey;, and
€.1/€py is related withR, /4w, by Eq.(6.2).

It should be noticed that Fig.(d) gives a relative relation
of the exciton binding energies with the bare exciton bindin
energy because the energies are in unitRpof andR, is a
variable parameter in this case.

The influence of the electron—LO-phonon coupling con-
stant of the well materiak,, is shown in Fig. 2. Since there
is the inequality

R 12 exciton-phonon systems and the free polarons in the QW’s in
e <| 2 1+ _€ } ’ (6.4 the 2D limit. .
hoiy My, Figure 3 shows the influence of the electron-hole mass
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FIG. 5. Influence of the optical dielectric constant mismatch of FIG. 6. Influence of the ratio of the static dielectric constant to
well material with barrier materiale.., /€1, on (8) the exciton the optical dielectric constant of barrier materia),/€.., on (a) the
binding energy, andb) the exciton-optical phonons interaction en- exciton binding energy, antb) the exciton-optical phonons inter-
ergy. The solid lines stand far..,/€..;=0.6, the dashed lines for action energy. The solid lines stand feg,/e..,=1.0, the dashed
€,2/€,,=0.8, and the dotted lines fab ,/w ;=1.0. The other lines for ey,/€.,=2.0, and the dotted lines fary,/€..,=10. The
physical parameters are set Bg/fiw 1=1.0, ag;=0.4, me/my other physical parameters are set Rg/fiw 1=1.0, @e=0.4,
=0.5, w 2/w 1=1.0, andeg,/€,,,=2.0. The thick lines stand for m,/m,=0.5, w »/w 1=1.0, ande.,/€,1=1.0. The thick lines
the exciton-phonon system. The thin lines(a& stand for the bare stand for the exciton-phonon system. The thin dot-dashed life in
exciton binding energies, and the thin lineqlin for the sum of the  stands for the bare exciton binding energy. The thin linegbin
polaron energies of a free electron-polaron and a free hole-polarostand for the sum of the polaron energies of a free electron-polaron
in the same cases as for excitons with the same line types. and a free hole-polaron in the same cases as for excitons with the

same line types.

ratio m./m;, on the properties of exciton-phonon coupling

systems and polarons in QW's. It is seen that the excitofpers of the free polarons is decreased, as shown in Hig. 7
binding energy is affected obviously by the the mass ratiothe two opposite effects make the influencewgh /w ; on

For a fixedR, /7w ;, the correction by the mass ratio origi- the exciton and free polaron states small, and it almost dis-
nates from the different polaronic coupling strength of theappears in th&v>2R, range.

electron- and hole-polarons with different mass ratios. It is In Fig. 5 three typical values of the parametgg /€., are
somewhat beyond our expectation that the dependence of tlsosen in the calculations..,/e,.;= 1.0 refers to a QW with
polaronic effect of the 10 phonons upon the mass ratio ig10 dielectric mismatch. It is shown that the dielectric mis-
completely different from that of the confined LO phonons.match greatly influences the properties of the exciton in the
The mass ratio has obvious effects on the interaction enedielectric QW. Because of the image potential the exciton
gies of the exciton and the charged particles with the conbinding energy is enhanced by decreasiég/e..;. On the
fined LO phonons, but has very little effect on that with theother hand, since the free-polaron energy increases with de-
IO phonons except for very narrow well cases. The differentreasinge..,/ €..1, but the exciton-phonon interaction energy
characters of the confined LO and IO phonons are clearlalmost has no change at the same case, the polaronic effect
shown in this case. reduces the exciton binding energy with decreasing/ €..;.

The roles of barrier parameters in exciton-phonon sysThe polaronic effect is opposite to the image charge effect
tems, and free polarons in QW'’s, are shown in Figs. 4—6for the exciton binding energy of dielectric QW's, but the
The common feature is that these parameters have no obviacrease caused by the image potential overcomes the de-
ous influence on the contributions of the confined LOcrease due to the polaronic effect. Both the image charge
phonons because the confined LO phonons have no direeffect and the polaronic effect are important in this case, but
relation with the barrier parameters in the Hamiltonian andhe image potential effect is in dominant position.
the expressions of the energies. The changes of the polaronic The parameteey,/ .., represents the ratio of the polariz-
effects in Figs. 4—6 result completely from the 10 phonons.abilites of the barrier material in static and high-frequency

It is seen from Fig. 4 that, with increasing ,/w 1, the  cases. In Fig. 6 three typical values are usggdie.,=1 is
exciton binding energy is decreased, and the exciton—IOfor the nonpolar materiakq,/€..,=2 for typical polar ma-
phonon interaction energy is increased in the narrow welterials, andeg,/ €,.,=10 for some special polar material such
range, but the changes go to zero rapidly outside Wie as PbS, PbSe, and Pb¥elhe most interesting fact is that, if
<2R, range. The reason for this is that the 10-phonon enthe barrier is made of nonpolar material, the amplitude of the
ergy given by Eg.(2.7) is increased with increasing IO phonons and the interaction energy contributed by the 1O
w2/ w1, but, at the same time, the virtual 10-phonon num-phonons are considerably reduced, and go to zero in the 2D
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S (4) The image charge effect due to the mismatch of the
" (a) —R, 1wy =0.2 dielectric constants of the QW structures is important, and
TR ety cannot be neglected in the study of the optical and electrical
£ ’ i properties of dielectric QW’s. Although the polaronic effect
= intends to reduce the exciton binding energy by increasing
1P e i €1/ €7, @analytical and numerical calculations show that the
image potential is dominant, and increases the exciton bind-

ing energy with increasing..1 / €..».

e T T A AT (5) The weaker the polaronic effect of the barrier material,
Well Width (8,) the larger the binding energy of the exciton in the QW. If the
ST barrier material is of nonpolar material, then the exciton
(b) w2 /=05 binding energy is close to the bare 2D exciton energy in the

B ezt ] narrow QW limit. This fact shows that if we want to increase

the exciton banding energy in manmade layered materials in
— experiments, we should select weakly polar or nonpolar ma-
os5F e T terials as the barrier materials.
(6) The exciton—lO-phonon interaction energies are
small, and go to zero rapidly as the well width is increased,
4 6 3 10 and can be neglected in most of the cases, but, conversely,
Well Width (R,) the free-polaron energies contributed by the IO phonon are
very large and reduce slowly to zero with increasing width.
) Then we have a situation where the 10 phonon has a small
Ry/fiw,, on the average virtual phonon numbblig,. The param-  gffect on the exciton state, but has a significant effect on the
ete_rs used in this case are the same as in Fl@))_lnfluence of the_ exciton binding energy because the exciton binding energy is
ratio of the LO-phonon frequency of well material to that of barrier yefined as the difference between the exciton ground-state
material, w ; /w3, on the average virtual phonon numbéds,.  anergy and the polaron energies of the electron and hole.
The parameters used in the calculations are the same as in Fig. 4. (7) The ratio of the effective exciton Bohr radiag to the
T o e S ebolaron raus?, plays an mporiant o n determiing te
g P roperty of the exciton-phonon interaction system. In gen-
electron-polaron and a free hole-polaron in the same cases as for ;. . :
: : : eral, ifag/R,> 3, the polaronic effect will work completely,
excitons with same line types. p : . L .
and the corresponding exciton binding energy will be close

- . A . to the hydrogenic exciton binding energy with static dielec-
limit. Consequently the exciton binding energy will go to themc constante,. The GaAs-based QW structure is an ex-

maximum theoretical valueR, in the 2D limit case. This .
fact may be important experimentally for the increase of theample of this case. On the other hand,Rf/as>3 the

exciton binding energy of the manmade layered materials exciton-phonon interaction will be canceled to some extent
" because of the opposite polaronic effect of the electron and

hole; the corresponding exciton binding energy will be the
VII. CONCLUSION hydrogenic exciton binding energy with effective dielectric

From analytic and numerical results we can concludeOnStantee, whose value is betwees ande.. .

some general properties of the exciton—optical-phonon inter- N Summary, we have presented a theory for investigating
action in polar semiconductor QW's. the exciton-phonon interaction in semiconductor QW’s made

(1) The exciton—optical-phonon interaction has an obyi-°f Polar compounds. By using an improved variational
ous effect on the exciton binding energy. When the latticd"€thod, expressions of the bound-state energy and the aver-
parameters related to the phonons are changed, the excitgd® Virtual phonon numbers are obtained. It is proved that
binding energy receives a significant correction, especially irf1€ Present theory is valid in the entire well width range from
the narrow well cases. the 2D limit to the 3D limit. Based on the isotropic approxi-

(2) In spite of the free-electron- and hole-polaron energiedation. the ground states of exciton-phonon interaction sys-
increasing with decreasing well width in QW's, the exciton— (€Ms In QW's have been investigated numerically. Some in-
optical-phonon interaction energy is reduced little by little {€resting features of the system are found, and general
decreasing the well width, except for the vary narrow wellProPerties of the exciton-phonon coupling system in QW's
cases. are discussed and concluded.

(3) If we compare the magnitudes of the exciton—IO- O_ur me.thod is analytically simple, a_nd also quite _effective
phonon interaction energie, o (thick lineg with the sum in dlsc_ussmg problems. of two interacting fermions in boson
of the polaron energies of a free electron and a free holfields in qqantum—conflnement structures. Furthermore, 'ghe
interacting with 10 phonongthin lines in the figures, it is Procedure is easily extended to other systems, such as bipo-
clearly seen that, being very different from the confined Lo'@rons, bound polarons, and bound excitons in QW's, These
phonons, the 10-phonon—exciton interaction energy iSVOrks will be under consideration.
mostly canceled by the opposite polaronic effects of the elec-
tron and the hole. Only in narrow well cases, that Vg,
<2R,, do 10 phonons have obvious effects on the exciton R.S.Z. acknowledges support from the Fund for Excellent
state. This feature shows the short-range nature of the 1Qoung University Teachers of the State Education Commis-
phonons. sion of China.
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