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Binding energies of excitons in polar quantum well heterostructures
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We present a calculation of the variation of the binding energy of a heavy-hole exciton in a highly ionic
guantum well structure, as a function of well width using a variational approach. We include the effects of
exciton-phonon interaction and of mismatches between the particle masses and the dielectric constants of the
well and barrier layers. The effect of exciton-phonon interaction is described in terms of an effective potential
between the electron and the hole, derived by Pollmann anohéyJ. Pollmann and H. Btner, Phys. Rev.

B 16, 4480(1977] using an exciton—bulk optical-phonon Hamiltonian. We find that the values of the exciton
binding energies we calculate agree very well with those obtained using a more rigorous but a complicated
approach due to Zheng and Matsu{ira Zheng and M. Matsuura, Phys. Rev5B, 10 769(1998] in which

they consider an exciton interacting with the confined-longitudinal optical phonons, interface phonons, and
half-space phonons. Our method has the advantage of being considerably simpler, more efficient to use and is
much easier to generalize to include the effects of external perturbations such as electric and magnetic fields.
We compare the results of our calculations with the available experimental data in a few ionic quantum well
structures and find a very good agreement. We show that for an appropriate understanding of the experimental
data in ionic quantum well structures one must properly account for the exciton-phonon interaction.
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. INTRODUCTION ZnO/MgZn;_,O MQW'’s have clearly shown the quantum
confinement effect and excitonic transitions up to(REf. 6

Quantum well heterostructures based on wide band-gaand, recently, Makino and co-worké&rsave reported RT ex-
materials, such a&Cd,Zn0O/(Mg,Zn)O, Zn(Cd,Se/Zn(S,Se,  citonic stimulated emission in ZnO/M@Zng gD MQW
and (In,GaN/(Al,Ga)N, are important for their potential ap- heterostructures and measured thresholds below 22 kiv/cm
plications in the fabrication of optical and electro-optical de-for well widths in the range 7—47 A, with a minimum of
vices operating in the green-ultraviolet region of the electro-11 kW/cn? for the 47 A thick QW.
magnetic spectrum. Besides, (€d,Zn0O/(Mg,Zn)O and Therefore a proper understanding of the effective
Zn(Cd,Se/Zn(S,Se based quantum wellQW) heterostruc-  electron-hole interaction in these heterostructures is very im-
tures the radiative recombination of excitons can play arportant since it is necessary for the correct interpretation of
important role in lasing-emission proces$@<Exciton tran-  the optical data as well as for improving the tailoring of the
sitions have higher oscillator strengths and more peaked dematerial properties, in view of their many device applica-
sity of states than those corresponding to free carriers. Itions. In fact, due to the strongly polar nature of these sys-
addition, the energy distribution of optical gain is muchtems, some effects usually neglected in IllI-V semiconductor
larger than that for the free-carrier recombination. Thus éheterostructures, such as exciton-phonon interaction, become
lasing process based on excitonic recombination is expectathportant and not accounting for these effects properly can
to have a higher gain and a lower threshold. In particular, ifead to a lack of accuracy in the interpretation of experimen-
ZnO based heterostructures, excitons can be responsible fai data.
optical processes at temperatures significantly higher than Various calculations of the exciton binding energies have
the room temperatur@RT), since the exciton binding energy been presented to interpret experimental data obtained in
in bulk ZnO is 59 me\ These strongly polar heterostruc- ZnCdSe/ZnSe QW heterostructuf@$® leading to different
tures have recently attracted a great deal of intéréSgince  levels of agreement according to the choices of physical pa-
they could be a valid alternative {én,GaN/(Al,Ga)N QW  rameters and the completeness of the models used for the
heterostructures where excitons do not play an important rolealculations. We will show that accounting for the exciton-
due to smaller values of the exciton binding energies and thphonon interaction improves this agreement and reduces un-
presence of strong built-in electric fields throughout thecertainty in the values of physical parameters.
structure!”*® In fact, the improved quality of epitaxial In this paper we present a calculation of the binding en-
growth techniques for ZnO based semiconductor alloys havergy of a heavy-hole exciton as a function of well width in a
recently led to the fabrication of high quality multiple quan- highly ionic quantum well structure. We follow a variational
tum well (MQW) heterostructures with very godah-plane approach and include the effects of the exciton-phonon inter-
lattice matcH. 716 The use of ScAIMgQ (SCAM) as a sub- action and of the mismatches between the particle masses
strate, rather than sapphire, has greatly improved the propeand the dielectric constants between the well and the barrier
ties of epitaxial ZnO and Mgn; _,O films in terms of sur- layers. The effect of the exciton—longitudinal opticalO)
face flatness, crystal quality, electron mobility, and opticalphonon interaction is described by means of an effective po-
spectra, due to excellent lattice matchfhifleasurements of tential between an electron and a hole as derived by Poll-
photoluminescence (PL) and absorption spectra in mann and Btine?'?2 using the exciton—bulk-longitudinal
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optical-phonon Hamiltonian. The effect of the dielectric mis-where (=e,h) denote the electron and the holg, andvy,
match on the binding energy of the exciton is calculatedare the conduction- and valence-band offsets, respectively.
following the approach used by Kumagai and Takagafra. With the origin taken at the center of the quantum well of
We show that the values of the exciton binding energies wehicknessL and positioning the well in th&—y plane, the
calculate agree very well with those obtained by consideringosition coordinates of the particles are given by the vectors
an exciton interacting with confined-LO phonons, interfacer. — (5., z). The total effective Hamiltonian of the system,
phonons, and half-space phondfisOur method has the taking into account the mass-mismatch and dielectric-
great advantage of being considerably simpler than the morgjismatch effects, can be expressed in terms of the relative
rigorous but complicated approach of Zheng and Matstiura o i vectorr = re—rn=(p,z) and the particle coordi-
and is much easier to generalize to include the effects o ates as

external perturbations such as electric and magnetic fields.

We compare the results of our calculations with the available K2 9 1
experimental data in several ionic quantum well structures Heg= - ——+Vi°°”f(z|)
- - iZeh 2 9z; mi(z;) 9z,
and find a very good agreement. And finally we comment '
briefly on the validity of the approximations made in our 5219 o
ions. ————p—+ )+ :
calculations 20 90" op Vikr(p,Ze,zn; ) +Vpp(r;ae)
Il. THEORY + Eserl( e, an;8ex). 3

The Hamiltonian of an electron-hole pair created in aThe position dependences of the electron mass and the hole
quantum well, describing the excitonic state in interactionmass along the direction are defined through their corre-
with the phonon modes of the polar medium, within thesponding values in the wefv) and the barrietb) regions,
framework of effective-mass and decoupled valance-band w
approximations, can be expressed as composed of three m', |z[<L/2 _
parts; the exciton part containing kinetic energy, Coulomb M(ZD=\mP, |z|>Lr2 (=8&h). 4
interaction, and quantum well confinement potentials of the
ele_ctron fan;i the ?_ollg, p_hr?non part descr]:blngf_thed Hﬁrﬂ"h is the reduced mass corresponding to heavy-hole bands in
tonian of phonon field with components of confined, ha '(t]he plane perpendicular to theaxis. Both u and m (j
space, and interface modes, and finally the part correspond- n

- : - : . =w,b) can be expressed in terms of the well-known Lut-
ing to the interaction of the exciton with those phonon mOde%inger)band param?etéﬁs% of the well and barrier materials
expressed in the form of well-known Hriich interaction '

Hamiltonian, 1 1 1 - “
—=—t—(vit72),
H=He,t Hpnt Heycon: (1) pomy o omg 72
Detailed explicit form of the above Hamiltonian is given in 1 1 _
several works such as the one by Zheng and Matsifirae —=—(¥\—29%) (j=w,b), (6)
Hamiltonian that will be used in our calculations, however, is mj, Mo

a formally simpler one which describes the effects of :
exciton-phonon coupling through an effective interaction po-Wheremo s the fre_:e-elect_ron mass.
The Coulomb interaction between the electron and the

;ennetlral bceévxfrie:bnu:ir(l)iselesc:ar;:\ :Qdetf?eectri]\?éeHzr:giltpgg?ggnxh?;ﬁiole is modified in a quantum well due to penetration of their
oy ' electric fields through a dielectric discontinuity. In the pres-

describes the excitons in bulk ionic media and successfull)énCe of two media with different dielectric constants each
explains the measured values of the exciton binding energiesh ind diff larizati .
2122 © charge induces a different polarization, which leads to a

In polgr ".‘ate”a's IS d(_anv.ed by Polimann andt@er: Fharge distribution at the interface. When a layer is sand-
Investigating the quantitative agreement between the results.

of original Hamiltonian(1) and of Pollmann-Buner (PB) Wwiched by a material with a smaller dielectric constant, the
Hamilgt]onian based on bulk-phonon approximation is amongiields produced by the charge distributions at the interfaces
o orce the electron and the hole into the middle of the central
the motlvatlor_ls of the present study. TO account for the qu".:ml_ayer modify their Coulomb field and enhance their interac-
wm well c_qnflnement potential we V\.”” emplqy an approp- ion. To describe this effect we adopt the approach presented
ately modified form of the PB effective Hamiltonian. by Kumagai and Takagaha(&T).23 who studied in detail

The heterostructure is made up of two different polar . . ;
. - S . the effects of the dielectric confinement on the electron-hole
semiconductors having distinctive material parameters an . . . . . .

oulomb interaction, treating the dielectric mismatch by

band-gap energies. Assuming a type-1 band alignment, thmeans of the image charge method. Using this technique

elec.tron an(_j the hole in thg quantum well experience f'n'teihey calculated the effective Coulomb potential throughout
barrier confinement potentials of the form

the quantum well heterostructure, describing the actual field
0 L/ by introducing a number of virtual charges whose positions
conf .\ _ | |z]< . and charge values satisfy the continuity of the macroscopic

Vi (ZI)_ (I_e!h)! (2) . - -
vi, |z|>L/2 electric field across the boundaries. In the case of a quantum
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well, due to the presence of two interfaces the resulting po- A
tential consists of a series of infinite terms, whose complete R=/—— (i=eh,pw), (9)
expressions are given in Ref. 23 and represented in Hamil- 2mf oo

{hat 1 £6.03 the direct Sotioms nteraction term s aready “NTevt0 1 the frequency of the ispersionless longitucina
contained in the PB potential, and hence is excluded l‘rort?pt'caI phonons. Izhe remaining coefficients have the follow-
V1. The relative importance of the effect of the dielectric ing explicit forms:

mismatch depends on the argument (ef— eg)/(egu eg) A2=1+R%a2 (i=e,h)
of Vir, which vanishes if the static dielectric constants of ' b Y
the well and barrier materialg}, (j=w,b), are assumed to B2=1+C2 C2=R2/a2
be equal. ’ we
As mentioned above the PB effective potentiak(r;ae,) h=1+ (m,* R/mMrag)? (j#i=eh),

together with the self-energy term describes the polaronic

effects on the exciton ground state. The expression of the _ I Xk 2 | ~Aod
potential was originally derived for bulk media assuming an h,= = (mg/mp +mj /me )C*+ C/B7,
isotropic hole mass, and has a spherically symmetric form as 192,212 .

a function of the relative distance between the electron and gi=Ai(1-3Ri/az)”  (i=eh),

the hole. The other argumeat, is called the exciton size, 5 L2 22

and its value depends on the particular form of the exciton 9,=C(4+3C7+ C/B"— 2Acd.— 2Andy)/B,

wave function. In principle, the effective Hamiltonian of po-

laronic exciton can be rederived with the relevant wave func- di=(1+A;Bym{/M)/(Ai+Bym/M)  (j#i=e¢h).

tion and the appropriate symmetry of the quantum well sys- (10
tem. However, such a calculation turns out to be more o ) o )

tedious and complicated than dealing with the original The effective interaction Hamiltonian defined above has

Hamiltonian of the problem. Therefore we choose to keegd" explicit and crucial dependence on the quarity. It is

the form of the potential as derived for bulk, but let the & measure of the size of the exciton, and its value is deter-

quantum well confinement to act through the paramater mined variationally. The PB effective Hamiltonian was de-

by its generalized redefinition. The material parameters apfved for a bulk semiconductor using & one parameter hydro-

pearing in the PB potential are taken as those of the wef@€nic trial wave functiontp,,(r) =Nexp(-r/\), wherex is

material, such as the electron mass=m?, and the value & variational parameter. Consequently, the value of the exci-

of the hole mass is taken as the weigh,ted average of it©" radius used in the effective Hamiltonian has a bulk limit
i — -1_

values along the and transverse directions, which can be V€N bY dex=(Wpuid Lr[Whyi0 =X In the present case,

expressed simply in terms of the Luttinger parameter agnowever, the variational trial wave function we use also con-

m* =my/~" .28 With these approximations the PB potential tains one—pqrtlple electron and hole envelope functl_ons_, and
an extra variational parameterto account for the cylindri-

and the self-energy terms are expressed as
%y P cal symmetry of the quantum well geometry:

e e |C" mihe . o W(re,rn,r)=N ¢e(Ze) Pn(zn)
Vee(lae)=— = ——| o~ & e
€r €r|B Xexp( — \p?+ 0X(ze—2)2IN). (11
m) hy, AR C3r /R In the above,N is the normalization constantg;(z)
Ame M h”+283a e e (i=e,h) are the one-particle ground-state solutions of the
ex

part of Hamiltonian(3) regarding the motion along the
(7) direction. To account for the confinement effects we simply
generalize the definition of the exciton size using the new
wave function,ac\,o)=(W|1/r|W) 1. As expected, such
a form will lead to the correct bulk limit for wide quantum
wells for which ¢;(z) are almost constant, and the anisot-
dropy parameter tends to one.

Ese( @e s @ ;860 = — (@elet anQn— aug,u)ﬁwLOa 8

where e* = (1/e— 1/eg) 1, €y and €. respectively, being

the static arld optical dielectric constants in the well and “\ye shoyid also note that in this treatment of the effective

—* H H i —m* . . . .

Am:mh m is the mass *d|ffer*enie. Defininf=me  glectron-hole interaction, the renormalization of the electron
+my as the total mass, amd, =mem;, /M as the reduced ang hole masses to polaronic masses is not required as
mass, dimensionless charge-phonon coupling constants, agfown by Pollmann and Bumer in their work’? The as-

the characteristic polaron radii for the electron, the hole, andymption that the above form of the effective potential which

the reduced mass are given by is derived for bulk is not significantly modified in the pres-
ence of an external confinement has been successfully used
e? to describe the measured diamagnetic shifts in the case of a
aj=——", polaronic exciton in a magnetic fiefd,where the magnetic
2e"Rifiw o field provided the means of confinement in that case.
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The ground-state energy of the system is obtained byomb interaction from a dynamically screened to a statically
minimizing the expectation value of the effective Hamil- screened one in the leading ordétowever the terms in
tonian, Eq.(3), with respect to the variational parameters, Vpgas well as the self-energy expression, EB), are essen-

tial to describe the detailed and nontrivial interaction of the
Eo=min(¥|Hex(N, )| V). (120 two charges with opposite polarization fields around them.
Mo The crucial parameter that determines the form of the effec-
Since the phonon field and the coupling of the exciton to thdive interaction is the ratio of the effective exciton sig to
phonons are included in the Hamiltonian, the variationalthe polaron radiiR; . It is instructive to check the limiting
ground-state energl, is an upper bound to the energy of cases of this ratio in an ionic material. In the limits of weak
the polaronic exciton including the appropriate renormaliza-@nd strong binding it is easy to show that
tion effects due to phonons.

Exciton binding energy is defined in reference to the en-  lim  Egg= —(aet ap)ho o  and lim  Eger
ergy of the state corresponding to uncorrelated electron and 2ex/Ri—* 3ex/Ri—0
hole polarons in the quantum well, -0 (15)
__sub sub ol ol . ..
Eg=Ee "+ Ep +EL"+ER"—Eo, (13 For large exciton radii the total self-energy approaches the

sub i _ ) ..sum of the two individual self-energies of the free polarons.
where B/ (i=e,h) are the ground state subband_energles% the opposite limit for very small exciton radii the total
of the electron and the hole, calculated as the solutions of th ) ; o
Hamiltonian which is given as the first term Bt (3). For self-energy of the exciton vanishes because the polarization
o .
the polaron self-energies in a quantum well, as an approXiglouds of the electron and the hole cancel each other. In
mation we use their corresponding bulk valuegP® general, and under the influence of the confinement potential,
’

_ ) 3 : the partial cancellation of the polarization fields is well de-
= —aifiwyo. Itis well knowrt® that the confined polarons scribed by Eq.(8). Similarly, in these extreme limits the

n cht have 'somewhat lower self-energies, thereforg th%f'fective potential gets the following asymptotic forms:
binding energies we calculate are expected to have slightly

larger values for the intermediate values of the quantum well 5 /R R
width. im vV (r)__e__e_(mhe h—mge™"Te)
The PB description of the exciton-phonon interaction in . r_.. Pe egr  er (mp—my)

an ionic medium brings about significant improvements over
some simplified approaches which describe the polaronic exand
citon as the interactions of two quasiparticles, an electron-

2

polaron, and a hole-polaron, through a screened Coulomb _ e?
potential. Appropriate particle mass values to be used in this lim Vpg(r)=———. (16)
model are the polaron masses given by 3ex/Ri =0 €l

mP=m(1+x/6) (i=eh), (14) For extremely small sizes of the exciton, the effective Cou-

lomb interaction becomes dynamically screened where the
where coupling constants; are defined in Eq(9), and the polaronic effects diminish entirely. With these reasonable
Coulomb interaction potential is taken as screened by thémits, PB Hamiltonian gives a successful description of the
static dielectric constant, corresponding to the first term irpolaronic excitong? In the present study the main effect of
Vpg, EQ. (7). Since the mutual interaction effects of the op- the confining potential is to modify the charge densities of
positely charged polarons are totally ignored, the correspondsoth the electron and the hole, decreasing the relative dis-
ing polaronic self-energy of the exciton is assumed to be théance between them; which in turn makes the effective
sum of the self-energies of the individual polarofs,;  electron-hole interaction potential to be less screened
=—(ae+ ap)fioo. In the following, exciton binding ener- through the PB term.
gies as calculated using this “shallow exciton model” will

also be pre_sented for comparison purposes. Such simp_le IIl. RESULTS AND DISCUSSION
models are in fact accurate enough for weakly polar materi-
als like GaAs. We have calculated the variation of the heavy-hole exci-

In more ionic materials, however, the Coulomb interac-ton binding energyeg as a function of well width_ in sev-
tion between the electron and the hole as well as their poeral ionic quantum well structures. The values of the various
laronic self-energies become significantly modified, so that ghysical parameters used are given in Table I. In Fig. 1 we
more elaborated description such as that provided by PBisplay the variation of the exciton binding energy as a func-
effective Hamiltonian is required. Let us briefly review the tion of well width in Zn, ¢Cd, ,Se/ZnSe quantum wells. The
details of how PB potential provides a successful descriptiosolid curve represents the results of our calculation including
of exciton-phonon interaction, first in the bulk limit. The first dielectric mismatch effect. We find, as expected, that the
term in the effective interaction potenti@) is in the form of  value ofEg increases as the well width is reduced, reaches a
static screening. As compared to the original form of Hamil-maximum and then drops rather sharply. This behavidzpf
tonian (1), the elimination of phonon coordinates to obtain with L was first observed and explained by Greetal >
an effective electron-hole interaction transforms the CouOpen circles represent the results of Zheng and Matétiura
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TABLE |. Values of the various physical parameters used in our calculation. All mass values are for
corresponding band masses of the particles without polaronic corrections and are expressed in units of the
free-electron massn? and m? are the isotropic conduction-band masses in the well and barrier regions,
respectively.m‘h‘ is the heavy-hole mass of the well material in the plane parallel to the quantum well,
whereas the hole masses along #hdirection in the well and barrier regions are denotednyyandm?,
respectively. The conduction- and valence-band offsetandv,,, and the LO-phonon energies of the well
material are given in millielectron volt. All other symbols are defined in the text.

i w b w b w w b
Well/Barrier my m2 o oml omy om) e € e ve un hep

ZnyCh,Se/ZnSé  0.114 0.122 0.453 0.453 0.504 8.62 572 7.60 294 74 29.2
ZnoelCtha:Se/ZnSe  0.131 0.136 0.323 0.816 0.813 896 573 880 230 98 29.7
ZnoCth,Se/ZnSe  0.132 0.136 0.324 0.815 0813 892 573 880 171 73 30.1
ZnOIMgy 2Ny 70¢ 024 024 078 078 078 81 40 81 424 106 72.0
ZnO/IMgy 1 ZnoeO€ 024 024 078 078 078 81 40 81 168 42 720
GaN/Al, Gay N © 020 024 080 080 101 98 54 94 425 283 920

3Reference 24.
bReferences 19, 20.
‘Reference 11.
dReference 41.

who consider the interaction of excitons with confined-LO electric mismatch on the values Bf is quite significant in
phonons, interface phonons, and half-space phonons, and ttiés quantum well structure.

effect of dielectric mismatch. We find an excellent agreement In Fig. 2 we display the variation of the exciton binding
between our results obtained using PB potential and thosenergy as a function of well width in a Z@d, ,Se/ZnSe
calculated by Zheng and Matsuura. In Fig. 1 we have alsgluantum well structure using our full calculatiosolid
plotted the variation oEg with L as obtained using only PB curves and a static screened Coulomb potentidashed
potential(dot-dashed ling and static screened Coulomb po- curves for Cd concentrationgx) of 31% and 23%. Our
tential with polaron mas&lashed ling First, we find that the ~ choice of the physical parameters are shown in Table I. In
values ofEg obtained using static screened Coulomb potenthis case the Luttinger parameters of the well layer are cal-
tial are considerably lower than those obtained by PB poterculated by linear interpolation between those for ZnSe (
tial, thus emphasizing the importance of including the effect= 2.45,y,=0.61) by Holscheret al™" and those for CdSe
of exciton-phonon interaction in the calculation of the exci-(¥1=2.527,=0.65) by Fuet al*! The use of these param-

ton binding energies. Second, we note that the effect of di€ters leads to the hole masses which are almost identical in
the well and barrier layers.

55 T T T 45 : : :
Zn, Cd Se/ZnSe |

= 50 40
2 Zn Cd, Se/ZnSe ]
£ e - 35
< 45
S g 30
£ 40 & 250
=) ! 2 (a)
5 35} A
L 2
= 30 2 40
L i3]
5 c 35}
o 25 2
i % 30
L
L - : - B x=0.23 '
0 100 200 300 400 b | | (b))
Well Width (A) 0 20 40 60 80 100
Well width (A)

FIG. 1. Variation of exciton binding energy as a function of well
width in a Zn, Cd, ,Se/ZnSe quantum well. The solid curve is ob-  FIG. 2. Variation of exciton binding energy as a function of well
tained using PB potential and including dielectric mismatch effectwidth in Zn, _,Cd,Se/ZnSe quantum wells fok=0.31 and x
Open circles represent the results of an equivalent calculation by 0.23. The solid curves represent our full calculations. The dashed
Zheng and MatsuuréRef. 24. The dot-dashed and dashed curvescurves are obtained using the shallow exciton model. The experi-
are obtained using PB potential and static screened Coulomb potemental data are represented by circles-0.31, Ref. 19, squares
tial, respectively, without the dielectric-mismatch effect. (x=0.23, Ref. 20, and a triangle X=0.21, Ref. 32
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In Fig. 2 symbols represent experimental data by De Nar- 120
dis et al® (x=31%, circle3, Cingolaniet al?® (x=23%, 110} (@) 3
squarey and Pulset al3? (x=21%, triangle. The results of 100} ZnOMg Zn, O |
our calculations fox=21% are not presented since the de-
viations from the results fox=23% are always less than 1
meV throughout the presented range of well widths. De Nar-
dis et al!® and Pulset al3? determine the values of the ex-
citon binding energies from the difference between the spec-
tral positions of the & and X exciton states, since they
studied the absorbtion as a function of magnetic field and
were able to resolve thes2state at high magnetic fields.
Cingolaniet al,?° on the other hand, determined the values
of the exciton binding energies as the difference between the
spectral position of thed state and the exciton continuum. It
should be pointed out that the experimental determination of
the electron and the hole masses actually refers to the po-
laron masses™ of the particles. Therefore we have calcu-
lated their band masses from the polaron masses reported in
the literature using the relation given in E@4), and derived FIG. 3. Variation of exciton binding energy as a function of well
the hole masses from Luttinger parameters. Values of th@igth in zno/Mgzn, ,O quantum wells forx=0.27 and x
various physical parameters reported in literature for CdSe-p.12. The solid and dashed curves are obtained using PB and

and ZnSe materials are strongly dependent on the experitatic screened Coulomb potentials, respectively. The symbols rep-
mental techniques used for their determination. This leads teesent the experimental data by Setral. (Ref. 12.

rather large uncertainties, especially in the values of the
masses and dielectric constahtd?*°—**A discussion of the values of the electron and hole masses used by Zheng and
Luttinger mass parameters of ZnSe as determined by diffeMatsuura are actually polaron masses and not the band
ent techniques can be found in Ref. 19. masses as assumed by them. They also assume that the hole
It is clear from Fig. 2 that the experimental values of themass is isotropic. In addition, they use a valueegf(7.6)
exciton binding energies for 40 A, 50 A, and 70 A well that is considerably smaller than that used by many other
widths agree rather well with the results of calculationsgroups. All these assumptions lead to considerably larger
which include exciton-phonon interaction, whereas the excivalues of the exciton binding energies. It should be pointed
ton binding energies calculated assuming a static screenenlit that in the calculations of the exciton binding energies
Coulomb interaction are too low. For a 30-A well, however, displayed in Fig. 1 we have used the same values of the
the experimental value is somewhat lower than the calcuphysical parameters as those used by Zheng and Matsuura as
lated value. The absorption spectrum measured by Cingolamie are interested in comparing the results of our calculations
et al?%in this quantum well is rather broad. The strong over-with those of their calculations.
lap between the exciton resonance and the exciton con- In Figs. 3a) and 3b) we display the variations of the
tinuum can lead to a considerable uncertainty in the determibinding energies of the heavy-hole excitons as a function of
nation of the exciton binding energy, which should be largemwell width in two ZnO/MgZn,_,O quantum well hetero-
than the=2 meV reported in their work. structures withx=0.27 and x=0.12, respectively. The
Some time ago Pelekanes al3* studied the behavior of choice of the various physical parameters used, as given in
the 1s and the 2 states of an exciton in a 90 A wide Table I, has been discussed in detail by Coli and B&j@he
Zng 7<Cdy os5e/ZnSe quantum well structure as a function ofconduction to valance-band offset ratio was used as an ad-
the magnetic field, using absorption spectroscopy. They dgqustable parameter as this value is not accurately known. A
termine a value of 31 meV for the difference between theseatio of 80/20 is used in our calculations. The circles refer to
two transitions at zero magnetic field. By adding to this valuethe experimental data obtained by Setral? using absorb-
the corresponding binding energy of the &ate they obtain tion measurements at 5 K. Their quantum well structures
an exciton binding energy of 37 meV in this structure. Thiswere grown by laser molecular beam epitaxy on SCAM sub-
value is considerably larger than that calculated for a 90 Astrates which have an excellent lattice matching with ZnO.
wide well using any of the three sets of physical parameter3he values of the well width ranged from 6.9 to 46.5 A. The
mentioned above as well as its measured value in a 70 Ahickness of the barrier layers was kept at 50 A in both sets
wide well?° The reason for this discrepancy is not clearof samples. Again the solid curves refer to the results of the
though we suspect that the transition they identify as due tgalculation including exciton-phonon interaction using PB
2s state is probably incorrect. This is due to the fact that thepotential. The effects of the mismatches of the particle
diamagnetic shift they measure for this transition is too smalmasses and the dielectric constants are not included as the
for a 2s state!® However, we find that the exciton binding values of these quantities are not known in MgZnO. The
energy calculated using the physical parameters proposed lofashed curves refer to calculations where the electron-hole
Zheng and Matsuufais close to the value determined from interaction is described by the static screened Coulomb po-
the data of Pelekanost al3* It should be pointed out that tential and the polaron masses of the electrons and holes are

Exciton Binding Energy (meV)

0 20 40 60 80 100
Well Width (A)
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70 . . . Finally, we would like to comment on the approximations

65 we have made in our calculations. We have assumed para-
bolic conduction and valance bands and thus ignored the

60H effects of nonparabolicity. Whenever known, we have used

55 anisotropic values of the heavy-hole mass. We have not in-
cluded the effects of the valance-band mixing in our calcu-

50 lations. These effects are known to enhance the values of the

45 exciton binding energies depending on the valance-band
structure®® We have used exciton—bulk-LO-phonon interac-

40 tion as formulated by Pollmann and @uer?? In the expres-

351 sions involving hole-LO-phonon interaction we have used

average values of the anisotropic hole masses.

30 Some time ago Mori and Andbinvestigated the behavior

of electron-optical-phonon interaction in single and double

Exciton Binding Energy (meV)

0 50 100 150 200 X . . .
Well Width (A) heterostructures using a dielectric continuum model. One of

the important results of their study is the sum rule of form

FIG. 4. Variation of exciton binding energy as a function of well factors which states that the sum of the contributions of all
width in a GaN/A}sGa,-N quantum well. The solid and dashed kinds of phonon modes is exactly equal to that of bulk modes
curves represent the results of PB and shallow exciton models, réf the coupling constants are assumed to be independent of

spectively, including the dielectric-mismatch effect. the modes. Reker et al® using a fully microscopic model

of a GaAs/AlGa _,As quantum well structure calculated

used. As expected, the use of the screened Coulomb potentimimerical results which strongly supported the sum rule de-
leads to a significant underestimation of the exciton bindingived by Mori and Ando®’ Registet® studied the behavior of
energies as compared to those where the full electron-holeolar-optical-phonon scattering of carriers in heterostructures
interaction is taken into account. It should be pointed out thatising a microscopic model and derived a sum rule analogous
Mg,Zn; O alloy grows with wurtzite symmetry for values to that of Mori and Andd’ which is applicable to arbitrary
of x<0.5.®° The values of the physical parameters availableneterostructure geometries and nonmetallic materials. It
in literature are for MgO which always grows with zinc- should be pointed out that in spite of the general validity of
blende symmetry thus making it impossible to determine thehe above-mentioned sum rule, significant differences can
physical parameters of the alloy system by interpolation. Fi-occur between scattering ratémaginary parts of the self-
nally we have assumed that there is no strain present in thenergie$ calculated using models based on bulk phonons
well or in the barrier region as suggested in Ref. 5 and thereand those based on the phonon modes of the quantum well
fore no electric fields. However, recently Makiret all*  structures such as confined, interface, and half-space
have studied photoluminescence properties of a number ghonons because of the possible resonances between the sub-
samples of ZnO/MgZn;_,O quantum well structuresx( band energies and the phonon energies. However, the calcu-
=0.12 and 0.27) with various well widths of 7-46.5 A. lations of the real parts of the self-energies are inherently far
They find a significant presence of built-in electric fields dueless sensitive to such resonances. It is therefore not surpris-
to piezoelectric and spontaneous polarization effects only iing that the values of the exciton binding energies we calcu-
larger wells (>42.3 A) and high Mg contentx=0.27). late using PB potential agree so well with those calculated by
As shown in Figs. @) and 3b) the values of the exciton Zheng and Matsuufd using exciton interaction with
binding energies measured by Senall? agree very well confined-LO phonons, interface phonons, and half-space
with those calculated by us including the exciton-phononphonons. It is important to realize that our approach is easier
interaction and are considerably larger than those obtainei generalize to study the effects of applied external pertur-
by using the static screened Coulomb potential. bations such as magnetic and electric fields on the properties

In Fig. 4 we display the variations of the exciton binding of excitons in quantum well structures than that followed by
energies as a function of well width in GaN{AGa, N Zheng and Matsuur¥'.
guantum well structures, using the physical parameters given We shall now briefly comment on the effect of high con-
in Table 1 and conduction to valance-band offset ratio ofcentration of free carriers on the binding energy of excitons
60/40. Again the solid curve represents the results of thén quantum well laser structures based on highly ionic semi-
calculation which includes exciton-phonon interaction andconductors. Under lasing conditions we have a highly com-
the effects of mass and dielectric mismatches. Dashed cunmex many-body system with the simultaneous presence of
represents the results obtained using static screened Coulorakcitons, free electrons, holes, and free optical phonons at
potential. It is not possible for us to compare the results ofinite temperatures. A proper calculation of the exciton bind-
our calculations with the experimental data as the measurddg energies as a function of carrier density in such a system
values always include the effect of built-in electric fields dueis a formidable task. However, it is possible to make a few
to piezoelectric and spontaneous polarizations. However, it igeneral qualitative observations. During the past 20 years a
important to know the values of the exciton binding energiesnumber of groups have investigated the behavior of this
at zero field in order to determine their shifts for finite valuesmany-body system in the absence of optical phor{Bor
of the electric field. instance, de-Leon and Laikhtman have calculated the varia-
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tion of the exciton binding energy as function of free-carrierbetween the particle masses and the dielectric constants be-
concentration at finite temperature in single quantum weltween the well and the barrier layers. We describe the effect
structures. They consider three different screening modelsaf exciton—LO-phonon interaction by means of an effective
(1) static screening without phase fillin@) dynamic screen- potential between an electron and a hole as first derived by
ing without phase filling factor, and finally3) dynamic  Pollmann and Btiner using an exciton—bulk-optical-phonon
screening with phase filling factor. They find that the dy-Hamiltonian. Our calculations lead to the values of the bind-
namic screening with phase filling is very effective in screending energies of excitons which agree very well with those
ing out the effective interaction between the electron and thebtained by Zheng and Matsuura who consider an exciton
hole. The exciton binding energy goes to zero at a criticainteracting with confined-LO phonons, interface phonons,
value of the free-carrier concentration, which depends on thand half-space phonons. Our method has the great advantage
details of the quantum well structure and temperature. Asver that followed by Zheng and Matsuura of being simpler,
they do not include the effects of exciton-phonon interactiormore efficient to use and is much easier to generalize to
and the presence of real phonons, it is not clear how thaclude the effects of external perturbations such as electric
exciton binding energy will behave as a function of free-and magnetic fields. We compare the results of our calcula-
carrier concentration in such structures. The presence of fra@®ns with available experimental data in a few representative
carriers also modifies the exciton-phonon interaction inpolar quantum well structures and find a very good agree-

highly ionic quantum well structures. ment. We show that a proper accounting for the exciton-
phonon interaction in highly ionic quantum well structures is
IV. CONCLUSIONS essential for understanding the experimental data.

We have calculated the variation of the binding energy of
a heavy-hole exciton as a function of well width in quantum
well structures composed of highly polar semiconductors.
We follow a variational approach and include the effects of One of the author¢K.K.B.) would like to thank G. Coli
exciton—optical-phonon interaction and of the mismatchedor useful discussions.
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