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The exciton linewidth has been calculated in semiconducting quantum-well structures as a func-
tion of the width of the well when the electron-hole pairs which are bound into the exciton are scat-
tered by polar optical phonons. The linewidth for this scattering mechanism is found to increase as
the width of the well decreases; therefore confinement of the exciton in a quantum-well structure
will increase the linewidth of the exciton peaks when the exciton is scattered by polar optical pho-
nons. The dominant contribution to the linewidth comes from processes in which the exciton is ion-
ized into a free electron-hole pair by the absorption of a polar optical phonon. The numerical value
we calculate for the linewidth is in good agreement with the experimentally observed value in

GaAs/Ga,;_,Al, As quantum-well structures.

I. INTRODUCTION

With the advance of crystal growth techniques such as
molecular-beam epitaxy (MBE), it has become possible to
grow high-quality superlattice and quantum-well struc-
tures.! These structures have become of great interest be-
cause of their enhanced mobilities when they are modula-
tion doped’~* and the appearance of strong exciton
peaks>® which persist even at room temperature.””® These
excitonic effects have been observed in the optical absorp-
tion of these quantum-well structures,”~® in their photo-
luminescence,”!° and in Raman scattering.!! The study
of these exciton effects has evoked considerable interest
because of the physical insight they provide about the op-
tical properties of materials and their possible technologi-
cal applications in low-power optical switching and
signal-processing devices.!>~1> As a result of this interest,
theoretical calculations have been performed to under-
stand the contribution of the excitons to the optical ab-
sorption in quantum-well structures!® and the effect of the
confinement on the exciton binding energy.!”~!° Calcula-
tions have taken account of the effect of screening? and
the application of strong electric fields?! on the exciton
binding energy. Work has also been done on the effect of
the confinement of the bound electron-hole pair on the
binding of excitons to impurities.?>?*

In recent experiments,”® evidence has been put forward
which indicates that the exciton linewidth in a quantum-
well structure does not change from its value in a bulk
semiconductor. At certain photon energies, there is
resonant absorption of light due to the creation of exci-
tons. The photon energy at which this resonant absorp-
tion takes place is determined by the energy gap between
the conduction and valence bands in the semiconductor
and the binding energy of the exciton relative to the bot-
tom of the conduction band. This exciton absorption
peak is broadened because of the interaction of the exciton
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with acoustic and optical phonons and with various other
imperfections in the crystal. However, theoretical
work?*~?" indicates that for some mechanisms, the
scattering of carriers should be greatly enhanced by their
confinement in a quantum-well structure. Since the
linewidth of the exciton will be determined by the scatter-
ing of the electron-hole pairs which are bound together
into the exciton by various scattering mechanisms in the
semiconductor,22~3! it is of some interest to calculate the
exciton linewidth in a quantum-well structure. Knox?®
has presented a theoretical calculation of the exciton
linewidth using first-order perturbation theory. The
linewidth of the exciton can be directly related to the exci-
ton lifetime due to the interaction of the bound electron-
hole pair with various imperfections in the semiconductor.
This in turn can be calculated using time-dependent per-
turbation theory to find the transition probability between
some initial state of the exciton and all final states for
which the transition is allowed by the selection rules and
energy conservation. Several authors have used this ap-
proach to calculate the contribution to the exciton
linewidth due to scattering of the electron-hole pair from
optical and acoustic phonons®** and from other point
imperfections in the semiconductor.?! In polar semicon-
ductors such as GaAs, a major contribution to the exciton
linewidth is due to the interaction of the exciton with po-
lar optical phonons. Alperovitch ez al.?® have performed
calculations of the exciton linewidth for this mechanism
in bulk semiconductors. Singh and Bajaj*? have calculat-
ed the contribution to the excitonic photoluminescence
linewidth due to statistical potential fluctuations caused
by the alloy components in an alloy semiconductor.
Iwanura et al.’® have experimentally studied the linewidth
by means of luminescence measurements and attributed
the main contributions to the linewidth to interaction with
polar optical phonons and to inhomogeneous fluctuations
in the width of the well. Lee, e al.’* have investigated
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both theoretically and experimentally the luminescence
linewidths in GaAs quantum wells at temperatures below
150 K and found the dominant contributions to the exci-
ton linewidth at low temperatures are due to interaction
with acoustic phonons and ionized impurities.

In this paper, we will use a similar approach to obtain
the contribution to the exciton linewidth when the bound
electron-hole pair is scattered by polar optical phonons in
a quantum-well structure. The contributions to the
linewidth which we will consider involve the scattering of
the exciton by polar optical phonons from the initial exci-
ton ground state in which the exciton is created without
any center-of-mass motion to a final state in which the ex-
citon either has been promoted to an excited state with
center-of-mass motion due to its interaction with the po-
lar optical phonons, remains in the ground state but with
a gain of center-of-mass motion, or is ionized into a free
electron-hole pair by the absorption of an optical phonon.
The latter process can occur since the energy of a polar
optical phonon in GaAs, which is 36 MeV, is much
greater then the binding energy of the exciton even when
the latter is enhanced by the confinement of the electron-
hole pair in a quantum-well structure. There are other
mechanisms, such as fluctuations in the layer thick-
nesss,>>3¢ which can contribute to the exciton linewidth in
quantum-well structures but these mechanisms should be
temperature independent and would play an important
role at low temperatures while phonons would be expected
to give the dominant contribution to the exciton linewidth
at higher temperatures. In Sec. II, we will present our
formalism for calculating these contributions to the exci-
ton linewidth and our numerical results for the effect of
the confinement on the linewidth, while in Sec. IIT we will
present a discussion of these results.

II. CALCULATION OF EXCITON LINEWIDTH

In this paper we will follow the same approach as Al-
perovitch, et al.? in calculating the exciton linewidth.
For the case of interaction of the electron-hole pair with
polar optical phonons, they have obtained the following
expression for the linewidth:

Top=Ne(e,'—€5 iy
X3 [dqq7 vs5@) |
f

XS(Ef(q)—E1,(0)— iy ) , (1

where
v 15(q)= fd3r V,(r)[ explim,q-1/m)
—explim,q-t/m)]¥,(r) . (2)

Here N is the number of thermal phonons, which is given
by the Bose-Einstein factor, €3 and € are the static and
optical dielectric constants, respectively, w; is the optical
phonon frequency, m, and m, are the electron and hole
masses, m =m, +my, and f represents the quantum num-
bers of the final state of the exciton. Here, ¥,(r) is the
part of the exciton wave function in the relative coordi-
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nates of the electron-hole pair, the integration over the
center-of-mass coordinates having given the selection rule
that the final state of the exciton must have a center-of-
mass momentum #q.

For an electron-hole pair which is confined to move in
a quantum well, the problem cannot be separated into rel-
ative and center-of-mass coordinates in the direction per-
pendicular to the plane of the well although such a
separation can take place in the plane of the well. This is
because both the electron and hole are separately confined
by the potential barriers in the direction perpendicular to
the plane of the well. In our calculations, we will use a
wave function of the type used by Bastard ef al.'’ in a
variational calculation of the binding energy of excitons in
a quantum well. This wave function has cylindrical sym-
metry with respect to the plane of the well and gives bind-
ing energies in agreement with those obtained using a
somewhat better trial wave function for narrow quantum
wells. This wave function is of the form

| a)=(2/L)sin(wz, /L)cos(mz;, /L)exp(iK-R)d,(r), (3)

where L is the width of the well, z, and z, are the elec-
tron and hole coordinates in the direction perpendicular to
the plane of the well, K is the center-of-mass momentum
of the electron-hole pair, and R and r are the center-of-
mass and relative coordinates of the electron-hole pair in
the plane of the well.

For an electron-hole pair interacting with polar optical
phonons in a weakly polar material like GaAs, there are
many different final states to which the transition can
take place. For example, in an optical transition, the
electron-hole pairs are created with equal and opposite
momentum so that the center-of-mass momentum of the
exciton is zero. The exciton can then gain center-of-mass
momentum by absorbing an optical phonon. This can
occur with the exciton either remaining in its ground 1s
state, as far as the relative motion of the electron-hole pair
is concerned, or the exciton can be promoted to one of its
excited states. In this case, the relative part of the wave
function is hydrogenic in form for both the initial and fi-
nal states while the center-of-mass part of the wave func-
tion differs in the final state, being of the plane-wave
form with vector q. Since the energy of the optical pho-
nons, which is 35 meV in GaAs, is larger than the binding
energy of the exciton in either the bulk or in the quantum
well, transitions can also take place in which the final
state is in the continuum, i.e., the exciton is disassociated
into a free electron-hole pair. In this case, the final-state
wave function is a product of plane waves for the electron
and hole in the plane of the quantum well. It is these
kinds of transitions that we will consider in our calcula-
tions of the exciton linewidth due to the interaction with
polar optical phonons. For the first type of transition, in
which the final state is one in which the exciton does
remain in a bound state with only a change in the center-
of-mass motion, we will consider situations in which the
final state is a s state, 2s state, 2p state, or 3s state. For
the case where both the initial and final states are 1s
states, our relative wave function used is

¢\ =(B/2m" " H)exp(—Br/2) , (4)
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where B is the variational parameter in the trial wave
function used in the variational calculation of the exciton
binding energy.!” Using this wave function in Egs. (1)
and (2), we obtain the following expression for the exciton
linewidth in a quantum well:

T op= (4Ne’mew B°/fie'L?)
xI(2m/L,2moy /') fo(2moy /#) , (5

where

I(x,y)= (7*/xy?)
X{ 14+y2/2(x%+p?)
—x°2my(x2+y?)[1—exp(—2my /x)]}  (6)
and
fo2)={[B*+(2m}iz/m?)]3"
—[B*+(2miz/m?Y)] 322 . 7

For a bulk semiconductor, the equivalent result for the
linewidth is given by

Top=(Ne?/e)2may /%) ?BCho(2may /%) , (8)
where
ho(2)={[B*+(m) /m)2) 2 —[B*+(m,/m)*2] "%} .
9
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FIG. 1. The contribution to the exciton linewidth due to tran-
sitions in which the exciton is scattered by polar optical phonons
from the 1s state without center-of-mass motion to the same
state with center-of-mass motion is shown as a function of the
well for the heavy hole exciton in GaAs. The solid line is the re-
sult using the value of the variational parameter B given by Bas-
tard et al. (Ref. 17). The dashed curves represent the results ob-
tained using the 2D and 3D values of 8. The 2D and 3D limits
of this contribution to the linewidth are also shown. The pa-
rameters used in the calculations are those characteristic of
GaAes, i.e., the optical phonon energy is 36 meV, the Bohr ra-
dius for the heavy hole exciton is 118 A and the temperature is
taken to be 300 K.
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Here, € ~'=e_'—€;' and we have used a three-
dimensional hydrogenic wave function for the calculation
of the linewidth in the bulk. Therefore, in the bulk,
B=(2/a), where a is the Bohr radius of the exciton in the
bulk while for a quantum-well structure, B lies between
this bulk value and its purely two-dimensional limit value
(4/a). In Fig. 1, this contribution to the exciton
linewidth is shown as a function of the width of the quan-
tum well. The value of the variational parameter B as a
function of well width for the 1s state is taken from the
variational calculation of Shinozuka and Matsuura.'® The
three-dimensional (3D) limit of the linewidth given by Eq.
(6) is also shown in the figure. The quantum-well results
using the wave function given in Eq. (4) fall below the 3D
results in the limit of thick quantum wells but this is just
a reflection of the fact that this type of variational wave
function only gives good agreement with the results of a
better trial wave function for narrow wells. This better
wave function was not used in our calculations because
analytic results for the linewidth could not be obtained us-
ing this wave function (Bastard’s type-II trial function'’).
However, our results do show that the confinement of the
carriers does lead to an increase of this contribution to the
exciton linewidth.

For our calculations of the contributions of transitions
to the 2s and 2p states to the exciton linewidth, we used
the quasi-two-dimensional wave functions of Shinozuka
and Matsuura'®

d(r)=(a/m""*)(1—ar)exp(—ar/2) (10)
and

b2p(1)=7*/(6m)"*r exp(—yr/2) . (1

The results we obtain for the contribution to the exciton

linewidth due to transitions to these states in a quantum
well are

Lop(15-25)= (4a*BNe*wym /3L *#e')
XIQ2mw/L,[(2m /#)(fiwoy + E 1, — E,,)]'7?)
X f1((2m /#)(Fiwp + E 1, — Es,)) (12)
and
Lop(1s-2p)= (3Newy /eAimL*)B2y*(y +B)>
X1(2m/L,[(2m /#)(#wL +E s — E,)]'7?)

X f((2m /#)#iwoy + E1s—Ey,)) , (13)

where
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f1@)={ a+B) 1 a+BP?+(my/mP2] 3 — La+ B+ a+B)+(m, /m)z] 32
+al (a+BP—(my/m)z][ +(a+B)P+(my /m)z]~3"

—a[3(a+BY—(m,/mVz][ s (a@+B)P+(m, /m)z]~*/?)2 14

and
fr2)=z{ my[+(y + B+ (my/m)z] =37
—m [y +BP+(m./m¥2] . (15)

Here a and y are the variational parameters for the 2s
and 2p hydrogenic wave functions in a quantum well and
E\, Ey, and E,, are the energies of the exciton in the 1s,
2s, and 2p states, respectively. Using the 3D hydrogenic
wave functions for the 2s and 2p states, we get the follow-
ing results for the contribution to the exciton linewidth
due to transitions to these states:

op( 1s-25)= (Newy B2/128€')(2m)!
X (fiwy +Es—E) 1?2
X h1((2m /# ) fiwoy + E s — E»)) (16)

and

Top 1s-2p) = (Ne?BPwy /384€')(2m)!/?
X (fiwoy +E s —E,p) "1/
Xho((2m /#) fo +Es—Ep)), (17

where

hy(z)=16z{ (m;, /m)*[(9B*/16)+(m, /m)z]~>
—(me /mP[(9B*/16)+(m,/m)*z] *}?
(18)
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FIG. 2. The contribution to the linewidth due to transitions
from the 1s to 2s state is shown as a function of well width for
the same situation as that considered in Fig. 1.

and
hy(2)={ [(278*/16)—(m), /m)*z]
X [(9B?/16)+(m), /m)*z] ~>
—[(278*/16)—(m, /m)*2]
X [(9B%/16)+(m, /m)*z]~3}2 . (19)

Unfortunately, although the energies of the 2s and 2p
states of the confined exciton have been calculated,!® the
variational parameters as a function of the width of the
quantum well have not been published. Therefore, the
only comparison we are able to show here is the results for
a purely 2D exciton versus the 3D results for an exciton in
a bulk semiconductor. These are shown in Figs. 2 and 3
where we have used the values of the parameters a and y
in both the 2D and 3D limits to bracket the behavior of
the linewidth as a function of the well width. As can be
seen from these figures, the contribution to the linewidth
from transitions to these states is much smaller by many
orders of magnitude than that due to transitions to the 1s
state with center-of-mass motion. We have also calculat-
ed the contribution to the linewidth due to transitions to
the 3s state. For the quasi-two-dimensional results, we
use the 2D wave function for the 3s hydrogenic state.
The result for this case is

['= (4Ne’w y*B*m /5€¢'L%H)
XI(2m/L,[(2m /#)#iry +E 15— E35)]"72)

X f3(2m(#iwy +E ;—Es;) /#) (20)
with
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FIG. 3. The contribution to the linewidth due to transitions
from the 1s to 2p state is shown as a function of well width for
the same situation as that considered in Fig. 1.
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L3 =y +B {3y +BY+(my /m)x] >~ [y + ) +(m, /m)x] =2}
Ay ([ 5y + B —(me /m)X]L 4y + B+ (m, /m)x] =5/
—[ 5y +BP—(my /mPX][ 1y +B)+(my /m)*x] =5}
+ 37Xy +BP( [30mp/m)x — Ty + 8P 3 (y +BY +(my /m)x] 7"/
—[3(m, /m)x — 3 (y + B 5y +BY+(m, /mPx]772})? . a1

For the 3D results, we use the 3D hydrogenic 3s wave
function and obtain the result

= (Ne’w B /81€')[2m /(#fiwy + E ;— E+,)]/?
X h3(2m(#iwo +E;—Es) /%) . (22)

Our numerical calculations show that this contribution to
the exciton linewidth is also much smaller than that due
to transitions to the 1s state.

Finally, for the case where the final state of the exciton
consists of a free electron-hole pair, the relative wave

function of the exciton in the final state is given by
d=explik-r)/41/? (23)

where k=(m,k, —mk;,)/m and k, and k, are the elec-
tron and hole wave vectors, respectively, in the plane of
the quantum well. Using this wave function, we find that
the contribution to the linewidth due to processes in
which the exciton is disassociated into a free electron-hole
pair by the absorption of a polar optical phonon in a
quantum well is given by

k 2
I'=(32Ne’B'orm, /me'L?h) [ " dk kf k ko) A "d¢ I(2m /L, (k? +k3 +2kkocosd)' ) , (24)

where
fkko)=(B*+4k?) 32 (B +4k2)—3" (25)
and
ko=Q2m /)VUE \, + o, —#k /2m;,) 2, (26a)
ki=0Q2m /#)VHE \;+%0 ) . (26b)

In Fig. 4, the contribution to the linewidth due to the ioni-
zation of the exciton into a free electron-hole pair is

6.9 T T T T T T T T T

N EXCITON — (e,hh)

L/a

FIG. 4. The contribution to the linewidth due to transitions
to a final state in which the exciton is ionized into a free
electron-hole pair is shown as a function of well width for the
same situation as that considered in Fig. 1.

shown as a function of the well width. In the limit of
very narrow wells, the numerical result we obtain from
our calculation approaches the value for the linewidth of
about 7 meV estimated from the experiments of Ref. 8.

To obtain the 2D limits of our expressions for the exci-
ton linewidths, we use the result

IQ27/L,[(2m /#*)#iwoy — AE)]'/?)
=(7L*/4)[2m /#)#wy —AE)]~'2  27)

as L goes to zero where AE is the energy difference be-
tween the excited states and the 1s ground state of the ex-
citon. In the purely 2D limit, this energy is 32/9R for the
transition from the 1s to 2s or 2p states and the parame-
ters a and y have the values of 4/3a. Also, in this limit,
B=4/a. Here R and a are the Rydberg unit and Bohr ra-
dius for the exciton in the bulk semiconductor. In the 2D
limit, Egs. (5) and (12)—(14) reduce to

I'(1s-1s)= (wNe?B°/2¢')

X (2may /B2 fo(2mawy /#) , (28)
I'(1s5-25)= (wNe’w a’B*/6€')(2m)'/?

X (#iwy —32R /9)~'/2

X f1(2m (fiwop —32R /9)/#) , (29)
[(1s-2p)= [37NeBy*(y +B)?/2€'1(2m) 32

X (#iwy —32R /9)~ /2

X f2(2m(#iwoy —32R /9) /%) . (30)
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For the 3s state, the linewidth in the 2D limit is given by
= (7Ne*y*B2/10€')[2m (fiwy + E 1+ E;5)]'/?
X f1(2m(fiwy +Es—E+) /%) . (31)

In the 3D limit, the energy difference between the 2s or
2p state and the 1s state is 3R /4 while B is 2/a. Our re-
sults show a definite enhancement of the exciton
linewidth with decreasing well width. The 2D values of
the linewidth are always much higher than the 3D values
which indicates that the confinement of the exciton in the
quantum well increases the exciton linewidth due to
scattering from optical phonons. We do not present here
the 2D limit’s results for the linewidth due to the ioniza-
tion of the exciton since they are not really any simpler in
form than the quasi-two-dimensional results. Here too,
this contribution due to the linewidth decreases with in-
creasing width of the quantum well.

III. DISCUSSION

Our calculations indicate that the main contributions to
the exciton linewidth due to scattering by polar optical
phonons arise from transitions to the states where the ex-
citon is ionized into a free electron-hole pair or the exci-
ton is excited into the 1s state with center-of-mass
motion. The other contributions we have calculated to
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the exciton linewidth are negligibly small by comparison
which means that it may be valid to completely neglect
contributions due to the transitions to the other excited
bound states of the exciton. The numerical results we ob-
tain for the exciton linewidth taking just these two contri-
butions into account are very close to those reported ex-
perirnentally.8 Therefore, our theoretical results seem to
be in agreement with experimental observations. Our re-
sults also indicate that the exciton linewidth due to
scattering from polar optical phonons is enhanced by the
confinement of the exciton in the quantum-well structure.
Finally, we have obtained results for the various contribu-
tions to the exciton linewidth in the limit of a two-
dimensional electron-hole gas. Our results should be valid
for very narrow quantum wells where the exciton’s
behavior is close to that for 2D excitons. However, for
wider wells, our results for the exciton linewidth drop
below their values in the 3D limit. This is because the ex-
citon wave functions we used in our calculations are only
good in the limit of very narrow wells.
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