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Exciton binding energies in polar quantum wells with finite potential barriers
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A theoretical method for studying the properties &f dnd 2 excitons in polar quantum wells with finite
potential barriers is presented. Exciton—optical-phonon interaction together with an image-charge effect and
discontinuity of the band masses are included in the theory. Exciton binding energies and exciton—LO-phonon
interaction energies of GaAs/GgAl,As and Zn_,Cd,Se/ZnSe quantum wells are calculated numerically.
Our theory gives correct results throughout the entire well-width range of the finite-barrier quantum wells. The
properties of the 4§ and 2 excitons are found very different in quantum wells. The theoretical results of the
energy difference betweers And 2 exciton states of heavy-hole excitons in these quantum-well structures are
compared with the experimental data directly. The property of the excitons in polar quantum wells are dis-
cussed in the present papgs0163-18208)03640-9

[. INTRODUCTION separable trial exciton wave functions for the relative
coordinate-dependent part in their calculations. It should be
Exciton binding energy is a very important parameter de{pointed out that the separable wave function is able to yield
termining optical and electronic properties of the man-made&easonable results for a thin QW with infinite-high barriers,
layer materials. Exciton stability depends on the ratio of ex-but is not a reasonable candidate of the exciton wave func-
citon binding energy to longitudinal-opticdlO) phonon en-  tion in a finite QW. The reason is simply that the exciton
ergy hw o, and on actual strength of the exciton-phononwave function penetrates extensively into barrier area in a
coupling. Since exciton binding energies are greatly enthin-well limit. According to recent investigatiort$; 8 it is
hanced in quantum well@QW's) by quantum confinement also realized that the phonon models and the exciton-phonon
effect, exciton states in QW’s are more stable and even exishteraction Hamiltonian in Refs. 15 and 16 are not entirely
at room temperature. In recent years, the exciton is considsorrect pictures. Xie and Ch&hstudied the ground state of
ered a potential candidate for laser mechanisms, and hawmth heavy- and light-hole exciton in a GaAsiGgaAl,As
been extensively investigated experimentally and theoretiQW by taking all the phonon modes into account. Unfortu-
cally. Following the early theoretical works of Millat al.>  nately, their theoretical results had been found not entirely
Bastardet al,? and Matsuura and Shinozukawhere the correct.
simplest model calculations for an exciton in a QW were From previous theoretical works we expect that the fol-
shown, many authors calculated exciton binding energies itowing effects have obvious effects on an exciton state in a
finite QW’s*~ 1! In these works some detailed phenomenapolar quantum well(1) The finite barrier-potential effect due
such as effective band mass and dielectric-constant mismat¢b the discontinuity of conduction- and valence-band edges is
between the well and the barrier materials, valence-bandh a dominant role in the cases of shallow or narrow QW's.
coupling, nonparabolicity of the dispersion relations, sub<(2) The exciton—optical-phonon interaction plays a very im-
band interference, and so on, were taken into considerationportant role in exciton states since most practical QW’s are
Also, recently some authors presented improved theoreticalomposed of polar compound8) The image charge effect
investigations by including image charge efféct! It is  due to the discontinuity of dielectric constants across the
found that the exciton binding energy in a dielectric QW isinterface greatly affects the exciton binding energy. A syn-
significantly enhanced by the image charge effect even at thetic investigation of these effects on the excitons in QW's
well width much larger than the exciton Bohr radius. is important to understand the optical and electronic proper-
Exciton-phonon interactions in quantum wells were alscoties of QW'’s, also in view of their application to photoelec-
studied by many authors. Chun, Won, and'Psiudied LO  tronic devices. To our knowledge, up to now, such an inves-
phonon effect on exciton binding energy in tigation has not been published.
GaAs/Ga_,Al,As. By using a perturbation variational tech-  There is a practical problem of comparing theory with
nigue, they investigated the dependence of ground-statexperiment for exciton binding energy in QW's. The pub-
binding energy on the well width and found that the correc-lished experimental results of exciton binding energies in
tion due to the polaron effect is quite significant. With alll-V (Refs. 1, 20, and 21and II-VI (Refs. 22-24 polar
different exciton-phonon interaction Hamiltonian, Moukh- semiconductor QW'’s are sometimes very different from each
liss, Fliyou, and Sayouff studied the same problem by em- other. The reason may be the difficulty of determining the
ploying a variational method. Both Refs. 15 and 16 usednset of the continuum states accurately. The most reliable
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measurements come from low-temperature photolumineswith
cence or magnetoabsorption experiments on high-quality
QW samples, where two clearly resolved peaks are identified Mjw |Zj|Sd . )
as Is and X exciton states. These measurements give di- iv= (i=ehv=l2) 23
rectly the values ofE,s— E;4|. Since the ratio o ;/Ey in

a QW is neither four nor another constant, it is importantand

practically to study the & exciton state in QW’s and calcu-

late the energy differend&,,— E,4| theoretically. It seems a V(z:) :{
better way to compare directly the exciton binding-energy !
difference|E,— E;¢ with a corresponding reliable theory,
and then based on the theory to determine the exciton bin
ing energy of the ground state more accurately.

Very recently, we presented a theoretical method for in
vestigating the properties of exciton—optical-phonon interac
tion systems in polar semiconductor QWRefs. 25 and 26
in detail. The subband effect, the image charge effect, an : . )

Ven(p,2e,2,) is the electron-hole Coulomb interaction

the anisotropy mass effect are incorporated in the theory. B AU -
otential in the QW system. Its expression can be evaluated

using an improved variational method and nonseparable tri 7 C .
exciton wave functions for the relative coordinate-dependenty the image charge method and has been studied in detail
Kumagai and TakagahataThe expression can be given

art, we obtained expressions of bound-state energy and o ° X ‘
P P gy in the form of infinite series and is very lengthy in the case of

average virtual phonon number of an exciton-phonon inter®"' '™ )
action system in an infinite polar QW. It was shown that our® finite QW. When both the electron and the hole are in the

theory is valid in whole well-width range from thin-well to Well: for example, the electron-hole potentiél.n(p,ze,2y)

0, |z]=d (=eh) 2.4
j=e,h), .
i |ZJ|>d
vhere j=e,h refers to the electron and hole, respectively.

= (Pj»Pj2), r;=(pj,z) and m=(m;,m;,) are the mo-
mentum, position, and effective band mass of the particles.
Pjj and p; are two-dimensional vectors in they plane.
V(z)) for j=e (j=h) is the barrier potential experienced by
the electron(hole). The width of the QW isW(=2d).

wide-well limits. Based on this theory, we did a set of nu-1S given by

merical calculations. General properties and some interesting o In| o2

features of the exciton-phonon system and also the reIativeV (p\Ze,21) = — 2 §e

importance of every phonon mode on the exciton state were " &'F %/ =~ = €Np?+[Ze— (—1)"z,+nW]2’
discussed and concluded in the paper. (2.5

In the present paper we extend our theory to finite polar .
QW’s and present a theoretical method for calculating thé"”th
exciton binding energies of ground state and excited states. e —¢
Effects of the finite-potential barrier, exciton-optical phonon = u, (2.6)
interaction, and image charge are included in our theory. An €1t €
expression of the exciton binding energy with only oneynere the subscript=1 and 2 refers to the well and the
variational parameter is_obtai.ned. 'I_'wo typical QW structuresbarrier’ respectivelyey, (e..) is the static(optica) dielec-
that have been extensively investigated, GaAs/GAILAS ¢ constant of the material indicated by Here we do not
made of Ill-V: compounds and Zn,CdSe/ZnSe made of \yrite the full expression of the potential again, and refer to
II-VI compounds, are put into numerical calculations. Basedgret 12 |t has been pointed out that the self-polarization

on the present theory and the numerical rfasults, we discUgshergy of the electrothole) can be satisfactorily accounted
the properties of the excitons in polar QW’s. A more accu-, by a shift in the subband energy, without significant

rate calculation by including the valence-band complexityyqgification of the subband wave functiols2* Since such
will make the study run into new complications and is NOtgpitts are canceled out in the results of the exciton binding

considered in the present paper. __energies, the self-polarization energy will be not included in
We describe the theory in Sec. Il and present numericahis work.

results in Sec. Il Di_scussions and comparigons with gxperi- The free-phonon HamiltoniaH, is given by
ments are included in Sec. lll. The conclusions are given in
Sec. IV.
Hon= > ; fwg(K)a) s, (2.7
Il. THEORY b
Wherealﬂ (ayp) is the creatiortannihilation operator of an

Within the ~framework of effective-mass and gptical phonon with frequencywg(k) and wave vector
i L N P
nondegenerate-band approximations, the Hamiltonian of aﬂﬁkﬁ)- The two-dimensionak2D) vector k denotes the

exciton interacting with optical phonons in a finite QW com- . ~ve vector in thex-y plane. 8=m refers to the confined
posed of two polar compounds is expressed in three parts % phonon in the well material with frequenay,, and the

H=He+HptH. (2.1)  wave vector along theaxisky,=mm/W. g=z describes the
half-space LO phonon in the barrier range with frequency
The free-exciton Hamiltonian is written as w|» and wave vectorl(,k,). 8= (o,p) refers to the inter-
p2 p2 face optical(I0) phonon. The 10 phonon is the vibration in
- i, iz , thex-y plane and;=0. The indexp (=+,—) refers to the
He ; 2my, * 2ij+V(ZJ) TVen(pize:20), symmetric and agtisymmetric IO phonon models, and

(2.2 (=+,—) to the high- and low-frequency IO phonon modes,
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respectively. The dispersion relation of the frequengy,
has been given in our previous paper.

The exciton—LO-phonon interaction Hamiltonian takes

the form of

Hizg ; {Viggl Lig(ze) explik- pe)

—Lyg(zn)exp(ik- py)lagz+H.cf, (2.9

The coefficientsV,z andLy4(z;) (j=e,h) of the confined
LO phonons take the form of

Vo i hog/ 1 1)\ 47e? Y2 .
ol 2ds| ey el 0 29

Lim(z) =sikn(z;+d)]16(d=[z]) (j=eh),
(2.10

whereS stands for the area of the interfagix) is a stage
function with 6(x)=1 when x>0 and 6(x)=0 when x

=0. The coefficients of the half-space LO phonon take the

form of

1/2

Vo =i ho o/ 1 1)47792 -
< Bsle, wleng @M

LiAz)) =sirlk,(|z|-d)]16(|z]—-d) (j=eh),
(2.12

whereD is the barrier width. The coefficients of 10 phonons
takes the form of

v ,(hw(,p 1+pe 2k wez)l’z (2.13
=i —_— . .
K.op S 6pl§l(7p+6p2§20‘p k
eXF{_k(ZJ_d)]y ZJ>d
Lo+ (z))={ coshikz)/coshkd), —d=z=d
exd k(z;+d)], z<—d,
(2.19
eXF{_k(ZJ_d)]y ZJ>d
Lo (z) =1 sinh(kz)/sinh(kd), —d=z=d
—exdk(z;+d)], z<—d,
(2.15
with
w? — w2, 2w2 €
fiﬂ,(kd):( | 5 (i=12), (216
W7~ Osp/  OT{€Qj

wherew; (w7;) is the longitudinaltransversgoptical pho-
non frequency of the material indicated hyThe total trial
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U(f):exp{g ; 2 [fupilis(z))

xexp(—ik-p)al;—H.cl}, (2.18

wheref,z; will be determined later by the variational condi-
tion.
\Ifn,|ly|2(p,zl,zz) is assumed as a product of the exciton

wave function for the relative coordinate-dependent term and
subband wave functions of the electron and hole in the QW.
The effects of finite confinement, subbands of the electron
and hole, and the internal excited states of the exciton are
included in the function. Usually the following variational
wave function is used:

Wi ,(P21,22, M) =Np 1 1, &1 M) (21) ¥,(Z2),
(2.19

nl,.l, IS determined by the normaliza-
tion condition. ¢,(r,\) is the exciton wave function of the
relative motion with the quantum number For the k and

2s exciton states the wave functions are chosen as, respec-
tively,

where the constaritl

d)ls(r!)\):exq)\lr)v (22@

Pos(r ,N)=(1—Ar)exp(\or), (2.21)

where\; and )\, are variational parameters, which will be
determined numerically by minimizing the energy of the sys-
tem. A is determined by the orthogonalization condition.
t1,(z1) and ¢, (z,) are the wave functions of the electron
and hole moving in the finite QW in the subbahdandl,,
respectively. In the assumption of this papgr(z;) and

#,(z2) can be written by

cogk,id)e ki~ |z]>d
i (z)= ! !
: cogkj;z)), |zj|<d
j=eh; 1=135... (222
and
(2 sgr(zj)sin(k;d)eki(4l-9), |z|>d
(z))=
i sin(k);z)), |zj|<d
j=eh; 1=246..., (223

where the wave numbets; andkj; are related to the sub-

wave function of the exciton-phonon system is a product oband energye;; with
the exciton wave function and the phonon wave function,

and it takes the forms of

W) =U(H)[0)[ W 1) (2.17)
The phonon state is assumed as a coherentlike SEHtH0),
where|0) is the zero phonon stat(f) is an unitary trans-
formation operator, which is defined as

1/2
2m; K
|j=(—'ﬁzf J) , (2.24
1/2
;[ 2mp(0;~E))
k”:( . th =) (2.29
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~ According to Bastard's work] the subband wave func- Ansi=(W 1 1 ILES(Z) [Py, 1), (2.30
tion should satisfy the boundary conditions quj(z,-) and
(c?lmj/z?Zj)/ij, which are both continuous on the interface 7#2K2 ,
(z;==d), which gives Bkgi= < Vi, [ﬁwg(k)+ E] Lis(2Z))
My 12 [dlyg(z)\?
kptank;d)=——k', 1=1,35..., (2.26 A V-5 2
lj 1j myp + 2m,| oz Wi,/ (2.30
m; .
kijcot(k;;d)=— m_Jj\Zk'/j , 1=246.... (227 Cup=(Wni,1,lLkp(z0) Lip(z)explik-p) | Wy 1),

2.3
The subband enerdy,; is determined by numerically solv- (2.32
ing the transcendental equatiof.26) and (2.27) for the Grs=hws(K)Crg, (2.33
finite square wells. By the same variational method as shown p b p
in Ref. 26, the energy of the exciton-optical phonon system _ _
is given by oy P P Y Qupe=—Vika(Akge—Cip)r  Qupn=Vis(Arsn— Cip),

(2.39
E=(W[H[W)=(¥n,, 1,[{OUF)[H[UF)[0)[ ¥y, 1)) where E, is the bare-exciton energy, i.e., the energy of an
exciton in the QW without exciton-phonon interaction. The
=Eo+ > >, E Bkﬁj|fkﬁj|2+2 > {f% gef konGis parameterf, ;; has been determined by the variational con-
Bk ] Bk dition &(W|H| W)/ 5f,4=0, which yield$®
+frge Egheﬁﬁ}_% ; {Qupefkpr+ Quanfisn QupeBrsn— QuanGis
e B seBuan—|Gigl?
+ QkgefkgeT Qkpnfrsnt (2.28 kpe=kph kB (2.39
with the following abbreviations: B QuanBrege— QkBeGEB
p? By seBr sn— | Gl
Eo:<‘1’n,|1,|2 o5 T Ve-n(piZe,zn) kpeZlpn Tkp
al Insert Eq.(2.35) into Eq.(2.28, and the general expression
p2 of the bound-state energy of the exciton-phonon interaction

+2

Znijz +V(z]-)] ‘\pnvllyl2>, (2.29 system is given in a very abbreviated form:

E:

Bigel Qunl >+ Bignl Qigel >~ QupeQksnCGiks— QkpeQupnCigs
Eo—2 > :

(2.36
B K BigeBisn— |Gl

In Eq. (2.36 only one variation parametek( or \,) thatis lence band will be shown later in this section. For lack of
related to the practical QW structure is needed to be detephysical parameters of ternary mixed crystals, the ternary
mined by the numerical variation method. The second ternrmaterial parametelPAlfxBxC can be derived from binary pa-
in Eq. (2.39 is just the contribution of the exciton—LO- rametersP,. and Py by linear interpolation relation:
phonons interaction. As the same analysis as in our previous
paper? it is proved that we can use E.36) to calculate
the 1s and 2 exciton binding energies and the exciton—LO-
phonon interaction energy and also the contributions of ev-
ery phonon mode in finite polar QW'’s. The linear interpolation scheme is a useful tool for estimat-
ing some physical parameters of alloy compounds. The
physical parameters of the binary materials studied here are
lll. RESULTS AND DISCUSSIONS listed in Table I.
Two extensively studied QW structures, GaAs/ First, a calculation of the GaA_s/ @aAlAS system as a
Ga_,Al As and Zn_,Cd.Se/ZnSe, are put into numerical t_yp|cal examp_le of -V systems is presented. Since _the op-
nt|cal phonons in Ga_,Al,As exhibit a two-mode behavior, it

calculations to show quantitative properties of excitons in; ) L
polar QW's. In order to compare the present results witl Sa usual_way to use the (_affecnve .phonon approximation.
he effective phonon energies are giverfy

other theoretical works and experimental data, we use th
isotropic effective-mass approximation in the calculation.
The calculation including the anisotropic effect of the va- ho =36.25+1.8X+17.1%*—5.11x> (meV),

Pa, B,c=(1=X)PactxPgc.



PRB 58 EXCITON BINDING ENERGIES IN POLAR QUANTUM ... 10773

TABLE I. Physical parameters of some binary materials. Hegds the mass of a free electroajs the
lattice constant, anéty is the energy band gap.

€ €, o, (MeV) fwr (MeV) my (Mmg) my, (M) a (A) Eq (eV)
GaAs* 13.18 10.89 36.25 33.29 0.067 0.62 5.6533 1.424
AlAs?  10.06 8.16 50.09 44.88 0.150 0.76 5.6611 2.168
Cdse®  10.16 6.2 25.93 20.47 0.11 0.44 6.052 1.9
ZnSe® 7.6 5.4 31.39 26.43 0.13 0.57 5.668 2.82

%Reference 28.
bReference 35.

fiwr=33.29+10.70+0.03%*+0.86¢¢ (meV). The most reliable experiment of the exciton binding en-
ergy is the photoluminescence experiment on the high-
The energy band-gap discontinuity at the interface is giveiuality QW sample, where two clearly resolved peaks are
by AEy=1.155+ 0.3%% (eV).?® The potential-well identified as $ and 2 exciton states. The value of
heights v, and vy, are assumed to be 60% and 40% of|Ezs—Eas is directly measured from the distance of
AE, ,%% respectively. the two peaks. The first observation of the discrete peaks in
As shown in Fig. 1 the 4 and % exciton binding ener- the low-temperature  photoluminescence spectra of
gies of GaAs/Ga_,Al,As QW's increase with increasing the GaAs/Ga_,Al,As QW's was made by Dawscet al.™ Two
aluminum concentrationsin the barrier. The quantum con- Yyears later, well-resolved hlgher excited states of excitons in
finement effect is significant for theslexciton but much less 225"3&1 GaAs/Ga_,Al,As QW's were observed by Reynolds
significant for the  exciton with its smaller binding energy. €t al”" Itis believed that these experiments are accurate and
This fact can be explained qualitatively based on the simplé€liable. Since the present theory can calculate the energy
infinite QW theory? As well known, the exciton energy lev- difference of the § and 2 excitons, it is possible to com-
els are given bRy/nz in the 3D limit andR, /(n— H2inthe  Ppare our theoretical results directly with the experiment data.
2D limit, whereR, [= u,e%/2#2€2,] is the Rydberg energy Our theoretical results and some published experimental data
andn=12 \7Vhen the well width is changed from infi- &€ plotted in Fig. 2 with lines and points, respectively. If the
15y . 32 .
nite to zero the & exciton binding energy varies froR, to uncertainty, aboutt0.35 meV; of the experimental data
AR. ie. E2P/E3P=4 However. at the same time. the 2 Caused by the uncertainty of thel monolayer in the well
excyit,or.1 l;),indlisng ésnerg.y only vari,es froR /4 to 4R /9’ ie width is well understood, then it is considered that the agree-
E20/E30 = 16/9, which is much smaller than tha'z of, t.he.s, 1 Mment of our theory with the experiments is very good in

exciton. In the finite-well case we believe tHed2/ESS will Wldlﬁ_;/:vizll ;avr\]/?ae;ot the & and 2 exciton—optical-phonons
be smal!er than 16/9 and c_Ioser to 1. Ttm@(_citon binding interaction energy in a GaAs/Gahl, As QW as a function
energy Is a s_mooth funct|o.n Of the weII_W|dW and the of the well width. In order to see the relative importance of
barrier-potential height, which is proportional to the alloy

trati B Nzina th lculated dat btai every phonon mode, the contributions of the confined LO
concentratiorx. By analyzing the calculated data, we obtain phonon, the half-space LO phonon, and the 10 phonons are
a simple equation for estimating thes 2xciton binding en-

b . _ also plotted in the figure, respectively. It is shown that the
ergy Es in the GaAs/GaL Al As QW contribution of the half-space LO phonon is reduced very

quickly to zero with the well-width increase. When the well-

Egs (meV)=1.7+1.4x—(1.2+3.6x)10 % W(A) width is larger than 50 A, the half-space LO phonon is really
12 Ty rorrror Ty e Trrrrrror
(30<W=300 A and 0.£&x=0.05).
GaAs/Ga; Al As ]
~ 10K — x=0.40 4
20prrrrre AR ARARRRRRN T ] z X = x=0.30
] : x=0.40
o | GaAs/Ga, xALAs ] g O & x=037
2 15p x=0.6 ] = 8 A : x=035 1
= [ , Vv : x=0.35
2 5
810 = 6
5 -~
(=1}
;g r 2 Al | NI A A | A A Loooo 0419
S st - © 10030 300400
N N 25 1 Well Width (A)
0(; """" 00 300 300 4;)0 FIG. 2. Comparison of theoretical and experimental values of
Well Width (A) the energies difference between ths dnd X exciton states in

GaAs/Ga_,Al,As quantum wells. The experimental points corre-
FIG. 1. Binding energies of the sland X excitons in  spond to], Ref. 30 k=0.40); O, Ref. 1 x=0.37); A, Ref. 31
GaAs/Ga_,Al,As quantum wells as functions of the well width. (x=0.35); V, Ref. 30 ¢=0.35).
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12 60
E’ 10+ S 50F
L L E
5 8 Es0;
5 | B f
=1 ™ = E
SN AN 1 o 30k
g 4 X 1 220E
e "I \‘\ ;5 E
: S s
é 2—\\'}. S . & 10f
A ié) o .T‘.\..—.'TZ'(T)ST'.".“.‘:—.'—.-5-00 (‘0
. 10 200 300
16 Well Width (A) Well Width (A)
......... S e —
S 14 (b) 2s GaAs/Gag gAly 4As FIG. 4. Binding energies of the sland X excitons in
qé B ] Zn; _,Cd,Se/ZznSe quantum wells as functions of the well width.
= 12
!
3 o ] obvious effect on the qualitative properties studied in the
& 8_-/,/"\\ P 7 present papeu, andvy, are assumed to be 80% and 20% of
& 6 ] AEg, % respectively.
g A T ] The calculated exciton binding energies of
g VS e Zn,_,Cd,Se/ZnSe QW's are plotted in Fig. 4. Very different
S . from the situation of GaAs/Ga,Al,As QW'’s, the relation-
I T S v —T ship of the binding energy with the Cd concentration in the
Well Width (A) wide-well case is qualitatively different from that in the

narrow-well case. When the width is larger than about 90 A
FIG. 3. 1s (a) and 2 (b) exciton—optical-phonon interaction the 1s exciton binding energy is decreased by increasing the
energies in GaAs/GaAloAs quantum wells as functions of the concentratiorx, but in the very narrow-well case the situa-
well width. The solid line is the interaction energy of the exciton tjop is the opposite. This interesting phenomenon also occurs
with all optical phonons, the dotted, dashed, and dash-dotted lineg). the 25 exciton. The 2 exciton binding energy of the
are the contributions of the confined LQ phonon, the half-space LOan,XCct(Se/ZnSe QW’s shows a smooth and small change
phonon, and the 10 phonons, respectively. in the wells. Based on the calculation a useful equation to
estimate the 8 exciton binding energy Egs of
no interaction with the excitons. Comparing Fig$a)3and  zn,_,Cd,Se/ZnSe QW's is given by
3(b), we found that the total 2 exciton—optical-phonons in-
teraction energy increases monotonously with decreasing the Egs (meV)=7.9+0.16x— (3.1+ 14.0)10 3 W(A)
well width, and is always larger than that of the éxciton.
The larger exciton—optical-phonon interaction of the excited (30<W=300 A andx=0.05.
state arises from the smaller cancellation of the polaron ef-
fects of the electron and the hole due to the larger exciton The comparison of the theoretical resultd B§;— E;4| in
radii as in the case of bulk crystafs®* Zn,_,Cd,Se/ZnSe QW's with the experimental data is
By analyzing the calculated data in detail we find that theshown in Fig. 5. The experimental data [&,s— E;4 of
inclusion of the image charge potential increases obviouslyn, _,Cd,Se/ZnSe QW'’s has rarely been published since the

the 1s exciton binding energy in a GaAs/GaAl,As QW difficulty of making the high-quality QW structure. The only
with x>0.2. This fact improves the agreement of the theory

witrj&the experiment in the cases of the well width larger than 50— T O
50 A. b ]
Next we pay attention to the Zn,Cd,Se/ZnSe QW sys- 4 0§ Zn,5Cd,Se/ZnSe 3
tem as a typical example of 1I-VI systems. As pointed out by SN 02— x=0.2
Cingolani et al.?® most of the required parameters are not E :

very well known for ZnSe, CdSe, and their ternary alloys. — 30k

Theoretical and experimental studies used rather different =

values of the parameters. In the present calculation we use & F

the parameters that are used by many other authors. The = 20t

parameters of Zn ,Cd,Se are evaluated by linear interpola- ;

tion from the ZnSe and CdSe parameters. Since there is a 10(; ........ T — S E— 00
strain effect, the conduction- and heavy-hole-valence-band Well Width (A)

offsetsv, andv,, of the Zn _,Cd,Se/ZnSe QW are complex
functions of the well width and the Cd concentrationin FIG. 5. Comparison of theoretical and experimental values of
this work we do not discuss the details and use a simpléhe energy difference between thes and 2 exciton states in

linear relation of AE;=92(x (meV). This approximation zn,_ ,CdSe/ZnSe quantum wells. The experimental pdihtis
has little effect on the quantitative properties, but has naaken from Ref. 22X=0.25-0.3).
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60 parameters for analyzing the quantum-size effect of the ex-
950'_ citon binding energy. In the case of a simple infinite-barrier
g QW model? whether I1I-V or II-VI QW’s, E?/R,—1 when
540 W/ag— large;E2Y R, increases monotonously with decreas-
g 3l ing W/ag, andEjJ/R,—4 whenW/ag—0. If the exciton-

Lg | | phonon interaction and the image potential are also included
% 20k . . in the problem, as studied in detail in our previous p&per,
£ -h.'\};’\ 1 the dependence cEfb/Ry uponW/ag becomes complex. In
E 10-\\‘,: e 7 the present paper the finite-barrier effect is also considered
N e ] together with other effects, so that the dependence becomes
© 100 200 300 much complex. As shown in Figs. 1 and 4, if the QW is very
T IVIVe':lll Wldth (.P,‘) ......... narrow or the barrier height is very low because of the small
~ ] alloy concentratiorx, the exciton wave function penetrates
% soL ® 2s ZngsCdo4Se/ZnSe | into the finite barrier, obviously, and then the value of
§ e y EES/Ry will become a more complex function of physical
2 60 T - parameters of the QW structure. In these caSk$R, can-
g I ] not be estimated simply based on the simple model. On the
g 40f/ N - other hand, in the case of the larger concentration where the
§ | ,:'“\\ ] barrier height is larger and the penetration effect is very
g 201 | S . small, the quantum size dependence has no essential change
= e ] from the simple infinite-barrier model. For example, it can be
00~ S T —TT R 200 found from Figs. 1 and 4 that wheW/ag=1, E5/R,
Well Width (X) =2.02 for GaAs/GgeAloAs QW (ag=110 A and

Ry=4.7 meV), andEklyRy=2.48 for Zny Cd, ,SelZnSe

FIG. 6. 1s (a) and Z (b) exciton—optical-phonon interaction QW (ag=42 A andRy:18_1 meV), whereg and Ry are
energies in ZpgCdy ,Se/ZnSe quantum wells as functions of the calculated based on the data of Table I. These values of

well width. The solid line is the interaction energy of the exciton E?s/Ry are very close to 2.17, the value Eﬁs/Ry of the

with all optical phonons, the dotted, dashed, and dash-dotted Iine§1mp|e infinite-barrier QW mod@lin the sameW/a.=1
are the contributions of the confined LO phonon, the half-space LQ:ase B

phonon, and the 10 phonons, respectively. Next we pay attention to the well thickness corresponding

to the maximal exciton binding energy, which is by no way

data are taken from Ref. 22 with the alloy concentration obvious for GaAs/Ga ,Al,As and Zn_,CdSe/ZnSe
=0.25-0.3. It is shown that the theoretical result is in agreeQW'’s, although the exciton Bohr radii are very different. As
ment with the experiment. The calculated binding energy ohad been analyzed in our previous paffehe quantum con-
the quasi-2D exciton in the ZnCd, sSe/ZnSe QW with well ~ finement effect and the image potentighen €;..> €,..)
thickness W=90 A is about 38 meV, a value that is larger will increase the exciton binding energy as the well width is
than the LO phonon energy of the well material. reduced. In the infinite QW case, these two effects will make

The 1s and X exciton—phonon-interaction energies in the binding energy increase monotonously to the largest
Zny (Cdy sSe/ZnSe QW'’s are plotted in Figs(ab and §b)  value at the 2D limit. In the opposite case, the penetration
with solid lines, respectively. The contributions from the effect of the exciton to the barrier region in a finite QW will
confined LO phonon, the half-space LO phonon, and the |@lecrease the binding energy in thinner well cdsBsThe
phonon are plotted separately in the figure. Since the dielessompetition of the three effects makes the characters of the
tric constant of the barrier is close to that of the well, the 10excitons in thinner well cases, so that, if there is a maximum
phonon oscillation strength is relatively small and the contri-of the binding energy, it is caused essentially by the penetra-
bution of the 10 phonon is also relatively small. The contri- tion effect. The exciton Bohr radius has no direct effect to
bution of the image potential is also small because of théhe width corresponding to the maximal binding energy. In
same reason. Comparing Figs. 3 and 6, we see that theality, for both of the QW structures studied here, the
exciton—phonon-interaction energy in 1I-VI QW's is much smaller the alloy concentrationthe lower the potential bar-
larger than that in 11I-V QW'’s. rier, so that the stronger the penetration effect, the larger the

It is seen from the figures that all of our theoretical resultswell thickness corresponding to the maximal exciton binding
have features expected physically in the entire well-widthenergy. This is clearly seen in Figs. 1 and 4.
range: for very wide QW's all the results are close to the The ratio of the LO phonon energyw, ; to the exciton
corresponding 3D values of the well material and the contriRydberg energfR, is often used to estimate qualitative prop-
bution of the confined LO phonon is important; for very erties of exciton-LO phonon interaction systems. As dis-
narrow QW'’s the results are close to the 3D values of theeussed by many authotS the effective dielectric constant
barrier material and the half-space LO phonon becomes imeg¢s for the LO-phonon mediated screening of e inter-
portant; in the intermediate region the quasi-2D behavior ofction in an exciton is given by, or €, according toR,
the exciton is described correctly. <hwy orR>%w, . Itis believed that the polaronic effect

It is well known that the exciton Rydberg energy and is very large in the former case and is small in the latter case.
the exciton Bohr radiuag(=72¢..; / u,€%) are characteristic GaAs is a lll-V material with very small exciton Rydberg
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TABLE Il. The data ofy, and vy, are from Ref. 7. The heavy- 15— R e S AmEs
hole masses of GaAs and AlAs are calculated frgjrand y,. The I 1
masses of Ga ,Al,As are obtained by the linear interpolation re- S0 GaAs/GapALAs ]
lation from the masses of GaAs and AlAs. The masses are in the g r x=0.6
unit of the free-electron mass. :;BIO_

8 L
Y1 Y2 My My, 5 [/
25
GaAs 6.85 2.1 0.112 0.377 5 Tt
AlAs 3.45 0.68 0.242 0.478 g
Ga _,Al,As 0.112+0.13  0.377+0.10X §
......... [T EE NN N
© f00~""""30 300400

28 ey Well Width (A)
energyR,~4.7 meV;” which is much smaller than the LO

phonon energyiw; ~36 meV. So that the exciton—-LO- FIG. 7. Binding energies of the sland X excitons in
phonon interaction modifies greatly the property of the exci-GaAs/Ga_,AlAs quantum wells as functions of the well width
ton and has to be taken into consideration, in spite of th&alculated by taking into account the anisotropic hole-mass effect.
very small electron—LO-phonon coupling constaat
[~0.068(Ref. 28]. The effective dielectric constart; for My and my, listed in Table Il are much smaller than the
the screening of the Coulomb interaction in GaAs is approxiisotropic masses listed in Table I. Based on the analysis of
mately e, and the exciton binding energy is very close to theRef.26, it is predicted that the exciton binding energy and the
hydrogenic exciton binding energy with the static dielectricexciton—LO-phonon interaction energy calculated with these
constante,. The situation of the Zn ,Cd,Se/ZnSe QW is anisotropic masses will be smaller than the previous results.
somewhat different. ZnSe is a II-VI material witR, Since there is no reliable data, the further calculation is not
~17 meV (Ref. 22 anda,~0.432% SinceR,~% w,, , the  done for the Zp_,Cd,Se/ZnSe QW.
LO phonon mediate@-h interaction is complicated and the  Itis seen that Fig. 7 is qualitatively the same as Fig. 1, but
€q11 IS given by a value betwees, and e,,. The exciton—  the value is smaller than that in Fig. 1, obviously. The value
LO-phonon interaction in ZnSe is much stronger than that irof |Exs— Ey| calculated from Fig. 7 is smaller than the ex-
lI-V materials and must be taken into account. Here it isperiment value by about 1.5-2 meV. The similar smaller
found that although the ratios dfw, 1/R, of the Ill-V and ~ binding energy has also been found by Greene, Bajaj, and
II-VI materials are very different, the polaronic effect is im- Phelps; who calculated the exciton binding energy in a finite
portant in both cases. If one usk® ;/R, as the only cri- QW with the Kohn-Luttinger band parameteyg and y,,
terion of the importance of the polaronic effect, it would similar to the present work, but without the detailed po-
cause puzzlement in the understanding of the exciton—LOlaronic effect. Although the consideration of the anisotropic
phonon interaction. It is important to consider both the ratioeffects makes the calculation more complicated, the result is
hiw1/R, and the strength of electrafinole) -phonon cou- ~ Worse than the previous result with isotropic approximation.
pling as the criterion. In the connection the ratio of thelt is believed that the reason is simply the approximation
exciton-phonon interaction enerd,n to the exciton Ry- ~ Omitting _th%B off-diagonal terms of the Kohn-Luttinger
dberg energyR, reflects the importance of the polaronic ef- Hamllt(_)glan. Based on the study of Ekenberg and
fect. If E¢,pn=R,, the influence of the polarons should be Altarelli,” the off-diagonal elements also give important cor-
taken into account. Since exciton-optical interaction phonorf€ction to the exciton binding energies. Then we think that
energies shown in Figs. 3 and 6 are larger than the corrdhe presently used isotropic masses may be considered to be
sponding exciton Rydberg energies of the two QW structhe masses that have taken into account effectively the
tures, we can say that the polaronic effect is important irvalence-band complexity to some extent. It is true that an
both of the cases, in spite of the very different ratio ofaccurate method is to solve the problem by using the full
hwy IR, Kohn-Luttinger Hamiltonian, and thus take into account
In the last part of this section we discuss the anisotropid®roperly the degeneracy of the valence band and the inter-
mass effects. As shown in Eq&.31)—(2.36), our theory can band mixing, together with the finite confinement effect and
study the problems taking into account the anisotropic mas#e polaronic effect. Obviously, this is not an easy task.
effects in principle. A numerical calculation for the

GaAs/Ga_,Al,As QW is done as an example. The heavy- IV. CONCLUSIONS
hole mass can be expressed in terms of the well-known
Kohn-Luttinger band parameter‘as With a variational method we have presented a theoretical
study on the property of excitons in polar QW's with finite
Mpy=Mo(y1+72) ", potential barriers. By taking into account the effects of
exciton—optical-phonon interaction, image charge potential,
Mp,=Mo( 71— 272) "L, and discontinuity of the band masses on the interface, the

expressions of the exciton binding energy and the
wherem, is the free-electron mass. The parameter y-, exciton—-LO phonon-interaction energy in a polar QW are
and the corresponding masses used in our calculation agesented. Our theory gives valid results throughout the en-
listed in Table Il. The other physical parameters used in thigire well-width range. In the limits of thin and thick well
calculation are the same as in Table I. We notice that botlgases the three-dimensional behavior can be obtained, and in
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the intermediate region of the well width the quasi-two-portant in both case4C) The consideration of the image-
dimensional behavior of the exciton is described correctlycharge effect affects the binding energy considerably for
Two typical QW structures are put into numerical calcula-GaAs/Ga_,Al,As QW'’s (x>0.2), but only has a little cor-
tion, and the results are discussed and compared with thection for Zn_,Cd Se/ZnSe QW's since the difference of
experiments. It is found that our theoretical results are Inewl andemz is Sma”(D) The 1s exciton_phonon interaction
good agreement with the experiment. Based on the preseBhergies of both 1lI-V and II-VI polar QW’s are slowly re-
theory, we find the following(A) Very different fromthe 5 quced with the decrease of the well width until a minimum

exciton, the variation of & exciton binding energy with the yajue, and then increase in the very narrow well limit.
well width and the compound concentration is smooth and

small. It can be treated as a linear relation with the width and
the concentratiorx with good accuracy(B) The exciton—
LO-phonon interaction energies of II-VI polar QW’s are
much larger than that of 1lI-V polar QW's, but the ratios of = R.Z. acknowledges support from the Fund for Excellent
the interaction energy to the exciton Rydberg energy are notoung University Teachers of the State Education Commis-
very different from each other. The polaronic effect is im- sion of China.
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