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Theory of unconfined excitons trapped by a quantum well

Guozhong Wen,* Peiji Zhao,† and Yia-chung Chang
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~Received 19 July 1996!

The energy levels and optical properties of unconfined excitons~excitons made of electron-hole pairs in the
barrier material! interacting with a quantum well are studied via a variational method within the effective-mass
approximation. The interplay of the relative motion and center-of-mass motion is examined carefully. The
coupling of the unconfined excitons with the confined exciton via the emission of an acoustic phonon is
examined. The effect of such coupling can produce much enhanced signals in the photoluminescence excitation
~PLE! measurements. spectra. We perform simulation of the absorption and PLE spectra of an
In xGa12xAs/GaAs quantum well based on this mechanism and compare our results with the experiment
performed by Reynoldset al. @Phys. Rev. B43, 1871~1991!#. @S0163-1829~96!07547-9#
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I. INTRODUCTION

In the last two decades a great deal of effort has b
devoted to the study of confined excitons in quantum w
~QW! and superlattices.1 Recently, Reynoldset al.2 demon-
strated the direct coupling of heavy-hole excitons
In xGa12xAs/GaAs quantum wells with exciton states d
rived from the GaAs barrier. They observed that the pho
emission due to heavy-hole exciton is enhanced substant
when the excitation energy is resonant with the GaAs-bar
exciton, indicating a direct coupling between the two. A
though in Ref. 2, this exciton state is identified as the Ga
bulk exciton, we will show in this paper that it is more a
equately described by an unconfined exciton trapped by
quantum well. Here and henceforth, we shall refer to
excitons derived from the barrier material of the quant
well system as the ‘‘unconfined’’ excitons in order to disti
guish them from the confined excitons~i.e., excitons associ
ated with confined subband states in the well!. For confined
excitons that are quasi-two-dimensional~2D!, the electron
and hole are confined to the well material so the center
mass~c.m.! motion along thez axis ~growth axis! can be
neglected; whereas for unconfined excitons~free or trapped!,
which are three dimensional~3D! in nature, the electron an
hole are not confined to the well material, so their c.m. m
tion along thez-axis should be taken into account. Unlike th
case of excitons in bulk, the Hamiltonian cannot be separa
into the relative motion and the c.m. motion due to the pr
ence of the quantum-well potential. Similar treatment can
used for excitons in very shallow quantum wells in which t
confined and unconfined excitons can hardly
distinguished.3,4

Recent work by Griffithset al.5 revealed that the uncon
fined excitons may play a role in the photoluminescen
spectrum. The interesting feature in their PL data is a p
~or a dip, depending on the pumping power! at the position
just below the barrier bulk exciton energy. This feature
speculated as a barrier bulk exciton trapped by the quan
well. However, it remains unclear whether an unconfin
exciton can become bound to the quantum well, and h
540163-1829/96/54~24!/17779~6!/$10.00
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large the binding energy can be. To study the interaction
the unconfined exciton with the quantum well we here
perform a variational calculation to find the energy leve
and wave functions for low-lying exciton states, taking in
account the coupling of relative motion and the c.m. motio
The calculation is done with the use of two sets of trial wa
functions. The first set~confined-exciton basis!, which de-
scribes the confined exciton states, includes an ellipso
exciton wave function~with an anisotropy factor adjusted t
model the transition from the 3D to 2D limit! multiplied by
the subband envelope functions. The second set~c.m. motion
basis!, which describes the c.m. motion of the unconfin
exciton states, includes a spherical 3D exciton wave func
multiplied by Gaussian-like functions of the c.m. coordina
in the z direction.

We found that for a given well depth, there are multip
domains of the well width (W), within which a QW-trapped
exciton state exists. To qualitatively describe such a trap
exciton state, we define a critical well widthWn , at which
the energy of thenth confined exciton~obtained within the
confined-exciton basis! coincides with the energy of a fre
barrier exciton. ForW,Wn , thenth confined exciton is con-
sidered unbound within the confined-exciton basis. Howev
including the c.m.-motion basis lowers the energy of t
state and the exciton becomes bound; thus, the mixed sta
now more adequately described by a QW-trapped exci
The trapping energy is usually smaller than the exciton bi
ing energy. When the well width is further reduced to le
thanWn

0(,Wn), even including the c.m. motion basis wi
not produce a bound state. Thus (Wn

0 ,Wn) defines the do-
main in which thenth QW-trapped exciton exists. The sig
nificance of these QW-trapped excitons is that they can se
as a coupling medium in the photoluminescence excita
~PLE! measurements. This is because they have an exte
length for the c.m. motion, thus a large oscillator streng
and at the same time they can couple strongly with the lo
est confined exciton via a phonon emission process. We
show that it is the QW-trapped exciton that provides t
much enhanced signal observed in the PLE spectrum
ported by Reynoldset al.2
17 779 © 1996 The American Physical Society
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II. GENERAL THEORETICAL METHOD

We shall consider the InxGa12xAs/GaAs strained
quantum-well systems, in which the strain splitting of t
heavy and light hole makes the valence-band mixing ef
negligible. Neglecting valence-band mixing,6 we can write
the exciton Hamiltonian within the effective mass appro
mation as

Hex52¹1
22s t¹r2

2 2s l¹z2
2 1V1~z1!1V2~z2!2

2

r 12
,

where we have used the atomic units in which distance
measured in effective bohr,a*5e0\

2/mee2 and energy is
measured in effective Rydberg,R*5e2/2e0a* (e0 is the
static dielectric constant!. s t5me/mt

h ands l5me/ml
h denote

the ratio of electron effective mass (me) to the heavy-hole
effective mass along the transverse (x,y) and longitudinal
(z) directions. The subscripts 1 and 2 refer to the elect
and hole, respectively.V1(z1) andV2(z2) are the quantum
well potentials for the electron and hole.

To take into account the coupling of c.m. motion wi
internal motion the exciton trial wave function is expand
in terms of two sets of basis functions: Set one~confined-
exciton basis! includes products of the confined excito
wave functionfcx(r 8) and quantum-well subband envelop
functions for the electron and hole, viz.,

Cnm
~1!5fcx~r 8! f n~z1!gm~z2!,

where fcx(r 8)5e2Ax21y21mz2/ax. ax describes the exciton
radius andm describes the anisotropy of the exciton wa
function. Bothax andm are treated as variational paramete
The envelope functionsf n(z)@gm(z)# are eigenfunctions of a
single-particle Hamiltonian for an electron~hole! confined in
a quantum-well potential:

He~h!52S ]

]zD
2

1Ve~h!~z!.

It has been shown that this set of trial functions describes
confined exciton states in quantum wells adequately.7,8 Set
two ~c.m. motion basis! includes the products of a spheric
barrier exciton wave function@fbx(r )# and Gaussian func
tions describing the center-of-mass motion, viz.,

Cd
~2!5fbx~r !e2dZ2,

whereZ is the center-of-mass coordinate in thez direction,
and fbx is the barrier bulk exciton wave function, whic
takes the form of the ground-state wave function of hydrog
atom. Twenty different values ofd, which cover a large
physically reasonable range, are used.

For ease in computing the Hamiltonian matrix elemen
all envelope functions and exciton wave functions are w
ten as linear combinations of a set of Gaussian functions.
example, f n can be written asf n(z)5(bCn(b)e

2bz2 for
even-parity states andf n(z)5(bCn(b)ze

2bz2 for odd-parity
states. Then using a standard variational technique, we
solve this equation. The exponentsb are chosen to be a
‘‘even-tempered series,’’ i.e., b( i )5e0ep

i2Nm , where
ep54.0 a.u.,Nm5Nt/211,Nt is the total number of param
ct

-

is

n

.

e

n

,
-
or

an

eters used, ande0 is decided according to the width of th
quantum well. In our calculations, we useNt511. The exci-
ton wave function,fcx(r 8) is expanded in terms of fou
Gaussian-type orbitals with known coefficients,9 viz.,

fcx~r 8!5e2Ar21mz2/ax5(
i51

4

Aiax
23/4e2a i /ax

2
~r21mz2!,

with a i50.1233, 0.4552, 2.0258, 13.7098 andAi50.0756,
0.1874, 0.1620, 0.0947 fori51, 2, 3, 4. fbx(r ) is just
fcx(r ) with ax optimized for the barrier exciton.

To describe the hybridization of the unconfined excito
with the confined excitons, the total exciton wave function
expanded in the combined basis denotedcN :

cN5Cnm
~1! for N51, . . . ,Np ,

cN5Cd
~2! for N5Np11, . . . ,Np120,

whereNp is the total number of pairs of electron-hole pro
uct functions included in the calculation. We write

Cex5(
N

F~N!cN .

Now the Schro¨dinger equation reads

HexCex5ECex.

Projecting this equation on̂cNu gives

(
N8

^cNuHucN8&F~N8!5E(
N8

^cNucN8 &F~N8!.

Note that our bases are nonorthogonal, i.
S(N,N8)5^cNucN8&ÞdN,N8 in general, so we need to solv
a generalized eigenvalue equation.

III. ABSORPTION COEFFICIENT AND PLE

After defining the confined-exciton basis~labeledI ) and
the c.m. motion basis~labeledD), we now expand the exci
ton wave function as

Cex
i 5(

I
G~ I !uI &1(

D
G~D!uD&

with uI & being the confined-exciton states:

uI &5(
nm

F~nm!unm&.

The oscillator strength for thei th exciton state is given by

f i5Cz^0ue–puCex
i & z2

5CPcv
2 U(

I
G~ I !aI1(

D
G~D!acU2,

wherePcv5^Ucue–puUv& is optical matrix elements betwee
zone-center Bloch states (Uc andUv) for the conduction and
valence bands:
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aI5fcx~0!(
nm

F~nm!E dz fn~z!gm* ~z!,

ac5fbx~0!
1

AAD

E dze2dz2.

Note that in evaluating the above integrals, we have
z15z25Z and r50 (r is the radial coordinate for the in
plane relative motion!.

The absorption coefficient is given by

a~\v!5C(
i
f id~\v2Eex

i !.

The experiment that directly probes the properties of
unconfined exciton is the photoluminescence excitation m
surement. In typical PLE measurements, one scans the
dent photon energy from slightly above the lowest-lying e
citon ~LE! line to any desired higher energy, and measure
observed photoluminescence at the LE line as a functio
the incident photon energy. When the excitation energy
high, the excited electron-hole pairs usually relax to the
state via the multiphonon emission process, which is diffic
to model accurately. Here, we consider a system in which
first excited state is an unconfined exciton state whose
ergy is close enough to the LE state such that the sin
phonon emission process dominates. In this case, the
experiments probe the direct coupling strength of the unc
fined exciton and the LE state mediated by an acoustic p
non.

The PLE spectrum for the case of direct coupling can
calculated by the perturbation theory similar to that for c
culating the resonant Raman spectra~keeping only the mos
dominant terms!, and we have

I ~E!5uRf i~E!u2

5(
qz

U(
a,b

^0uêi•pua&^auHex-phub;1q&^buês•pu0&
~Ei1 iG2Ea!~Es1 iG2Eb! U2

3d~Ei2Es1\vq!,

whereE(Es) andêi( ês) are the energy and polarization ve
tor, respectively, of the incident~scattered! photon.u0& de-
notes the ground state of the solid,a andb label the possible
excitonic excitations of the solid~intermediate states!, 1q in-
dicates a phonon of momentumq is created. Here we only
consider the phonon-emission process, since the inci
photon energy is always higher than the energy of the s
tered photon.Hex-ph denotes the exciton-phonon interactio
andvq denotes the phonon frequency associated with w
vectorq[(qi ,qz). G is a phenomenological broadening p
rameter describing the finite lifetime of the intermedia
states. Due to the conservation of in-plane momentumqi
must be equal to the difference of the in-plane wave vec
for the scattered and incident photons. The momentum c
servation in thez direction is broken due to the presence
the quantum well; thus, we sum over all possible values
qz in the above equation. Here, we are interested in sha
et
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quantum wells, so the quantum confinement effect
phonons is small, so we can approximate the phonon mo
by those of the host material.

For acoustic-phonon scattering, the exciton-phonon in
action is

Hex-ph5 iD cS \

2MNvq
D 1/2(

q
q$~aq

†1a2q!e
iq•r1

2ba~aq
†1a2q!e

iq•r2%, ~1!

with ba5Dv /Dc , whereDc(Dv) is the acoustic-phonon
deformation potential constant for the conduction~valence!
band,M is the mass of the ion,N is the number of unit cells
in the sample,vq is the frequency of the acoustic phonon

The matrix element for the exciton-phonon interacti
can be written as

^auHex-phub&5g~q!I a,b~q!,

where g(q)5 iD cq(\/2MNvq)
1/2. The integral I a,b(q) is

defined by

I a,b~q!5E Ca* ~r1 ,r 2!~e
iq•r12bae

iq•r2!Cb~r1 ,r 2!dr1dr2 .

~2!

IV. RESULTS AND DISCUSSION

We first consider InxGa12xAs-GaAs quantum wells with
x50.1. Due to lattice constant mismatch InxGa12xAs layers
experience substantial strain. The net effect of strain is
increase the band gap relative to the unstrained value
remove the degeneracy of the heavy- and light-hole band
theG point. Following Ref. 10, we obtain the barrier heigh
for conduction and valence band:

DVc576.8 meV, DVhh541.1 meV, DVlh523.17 meV.

This band edge lineup is shown in Fig. 1. For the elect
and heavy hole, GaAs layers act as a barrier, wh
In xGa12xAs layers act as a well. Since the light hole
expelled from the well region, the effect due to the light ho
will be neglected in the present calculation. The parame
used in our calculation are listed in Table I.

FIG. 1. Diagram for band edge lineup of InxGa12xAs/GaAs
quantum well.
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Figure 2 shows low-lying energy levels of confined ex
tons ~dashed lines! as functions of the well widthW calcu-
lated by using the confined-exciton basis only~with opti-
mized parametersax andm). All energies are measured wit
respect to the GaAs (G point! band gap, which is taken a
EG51519 meV. All exciton energies decrease with incre
ing well width since they basically follow the band-to-ban
transition energies. Here, we only include the basis functi
in which either the conduction or heavy-hole subband is c
fined. ForW,50 Å, only one conduction and one heav
hole subband are confined. However, the exciton states
rived from unconfined conduction~heavy-hole! subbands
can become bound as long as they are paired up with
confined heavy-hole~conduction! subband. The physical ori
gins of these exciton states are indicated in the figure. H1
denotes the lowest confined exciton derived from the fi
heavy-hole and conduction subbands. C1n denotes the exci-
ton state derived from the first conduction and thenth heavy-
hole subbands, while H1n denotes that derived from the firs
heavy-hole andnth conduction subbands. Note that only o
numbers ofn are shown here, since the even number o
correspond to odd-parity states that are optically forbidd

TABLE I. Parameters used in current calculation.

GaAs InAs

mc* (m0) 0.067 0.023
mhh* (m0) 0.62 0.60
mlh* (m0) 0.074 0.027
g1 (m0

21) 7.65 19.67
g2 (m0

21) 2.41 8.37
g3 (m0

21) 3.28 9.29
Eg ~meV! 1519 418
a (Å) lattice constant 5.6533 6.0584
e` 12.35 14.6
a ~eV! ~defect potential! 27.1 25.9
b ~eV! ~defect potential! 21.7 21.8
C11 (10

11 dyn/cm2) 11.88 8.33
C12 (10

11 dyn/cm2) 5.38 4.53

FIG. 2. Exciton energy levels of In0.1Ga0.9As/GaAs quantum
wells vs well width. Dashed lines: confined-exciton basis on
Solid lines: both confined-exciton and c.m. motion basis.
-

s
-

e-

ne

1
t

s
n.

The exciton states derived from the second conduction~hole!
subband and even-quantum number hole~conduction! sub-
band would be optically allowed, but they are not bound
the well widths considered here, although the second hea
hole subband is barely bound forW.50 Å. As expected, the
energy of the lowest exciton level approaches the GaAs
exciton energy as the well width approaches zero.

The exciton energy levels calculated by including both
confined-exciton and c.m. motion bases versus well wi
(W) are also shown in Fig. 2~solid curves!. Additional states
resulting from including the c.m.-motion basis are found
cluster around23.93 meV, the ground-state energy of th
GaAs bulk exciton. If infinite number of c.m. motion bas
functions were used, we would expect a continuum spe
starting at23.93 meV.

We note that the effect of the c.m. motion basis on
exciton states derived from the first heavy-hole subband~la-
beled H1n) is small, indicating that the confined-exciton b
sis with optimum parameters is adequate for getting
H1n series correctly. This means that the quantum-w
trapped exciton state does not couple with the H1n series
strongly. On the other hand, for the exciton states associ
with the first conduction subband and higher heavy-hole s
bands~C1n series!, the inclusion of the unconfined excito
basis has an appreciable effect when the binding energ
the confined exciton is small. This is because the heavy-h
mass is much larger than the electron effective mass, so
c.m. motion wave function for the quantum-well trapped e
citon resembles the heavy-hole envelope function and
couples strongly with C1n excitons.

We can now qualitatively describe the trapping of a b
rier exciton by the InxGa12xAs QW as follows. When the
well widthW increases from zero, the barrier exciton, whi
is trapped by the quantum well, immediately turns into t
confined H1C1 exciton, since for any finite width there exi
a confined state~for both the electron and hole!. WhenW
further increases to around 8 Å, another exciton state
comes trapped. Since the total wave function must rem
orthogonal to the lower-lying exciton state~in this case,
H1C1! and the c.m. motion resembles the heavy-hole en
lope function, this state gradually turns into the C13 excit
state asW goes beyond 15 Å.~Recall that here we only
consider the exciton states with overall even parity. If od
parity states are also of interest, there will be anot
quantum-well trapped exciton occurring at smallerW and it
will turn into the C12 exciton.! The next QW-trapped exci
ton ~QWTE! occurs at aroundW514 Å and turns into the
C15 exciton atW'18 Å. We define the trapping energy a
the difference in energy between the dashed and solid cur
The strongest trapping occurs at the onset where the confi
exciton becomes bound. For this case, the maximum t
ping energies are approximately 2, 1, and 0.9 meV for
C13, C15, and C17 excitons, respectively.

Next we consider InxGa12xAs-GaAs quantum wells with
the well width fixed at 17 Å~corresponding to 6 ML!, but
with different In mole fractionx. The low-lying energy lev-
els of excitons obtained with and without the c.m. moti
basis as functions of the In mole fraction (x) are shown in
Fig. 3. Again, the trapping of unconfined excitons occu
when the well depth is barely deep enough to bind an exc
.
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associated with the first conduction subband and a hig
lying heavy-hole subband The maximum trapping energ
are around 1–2 meV.

Figure 4 shows the calculated absorption and PLE spe
of a InxGa12xAs-GaAs quantum well withW517 Å and
x50.05. We choose this quantum well in order to comp
our results with the experiment performed by Reyno
et al.2 In Ref. 2, the intended In mole fraction wasx50.1.
However, we found that in order to match the observ
H1C1 exciton energy, we have to usex50.05. If we use
x50.1, the H11 exciton energy would be 20 meV below t
GaAs band gap~see Fig. 3!. This discrepancy could be du
to the uncertainty in thex value in the experiment or th
valence-band offsets assumed here. A constant band gap
added to all exciton levels, so the location of the free Ga
exciton~at 1.515 eV! matches the experiment. Since the to
oscillator strength of the barrier exciton depends on
sample size and the penetration depth of the incident ph
~both are of the order of 10 000 Å!, we therefore add a con
fining potential, which has a height of 10 eV~for both elec-
trons and holes! and width of 10 000 Å to the single

FIG. 3. Exciton energy levels of InxGa12xAs/GaAs quantum
wells vs the In mole fraction (x). Dashed lines: confined-excito
basis only. Solid lines: both confined-exciton and c.m. motion ba

FIG. 4. Calculated absorption~dashed! and PLE~solid! spectra
of a In0.05Ga0.95As/GaAs quantum well withW517 Å. The broad-
ening parameter (G) used is 0.1 meV.
r-
s

ra

e
s

d

as
s
l
e
on

quantum-well system considered here. The center of
confining potential well and that of the single quantum w
are assumed to coincide. The absorption spectrum~dashed
curve! displays three peak structures corresponding to
H1C1 exciton, the QW-trapped exciton, and the free bar
exciton, respectively. Since we used a variational meth
the continuum states are not modeled properly, so the
sorption due to the continuum states is missing. We fou
that the oscillator strength of the QW-trapped exciton~peak
structure at 1.5147 eV! is stronger than the H1C1 exciton~by
about a factor 1.5!. According to Rashba’s theory,11 the os-
cillator strength of a trapped exciton is proportional to t
volume covered by the c.m. motion of the exciton. This
dicates that the volume covered by the c.m. motion for
QW-trapped exciton is at least 1.5 times that of the H1
exciton for this quantum well. Note that if the c.m. motio
part is ignored, the QW-trapped exciton would turn into t
confined C13 exciton, which should have almost zero os
lator strength due to theDn50 selection rule normally ap
plied to confined excitons in quantum wells.12 The fact that
we get larger oscillator strength than the H1C1 exciton h
indicates that the state is more adequately described b
QW-trapped exciton than just a modified C13 confined ex
ton.

The oscillator strength of the free GaAs exciton is ev
larger, since the volume covered by it is larger. In fact, if w
did not restrict the range in thez direction for the GaAs free
exciton due the finite sample size, its theoretical stren
would have been infinite.

In the PLE spectrum~solid curve!, the strength of the
QWTE becomes much larger than that of the free GaAs
citon ~which appears as a weak shoulder structure at 1.5
eV!. This is because the electron-phonon coupling stren
favors the QW-trapped exciton much more. According to E
~4!, the coupling matrix element due to emission of an aco
tical phonon is proportional to the wave vectorq ~or qz ,
sinceqi50 for the case considered here!, which is inversely
proportional to the range covered by the wave function (L)
in the z direction. Thus the coupling strength is inverse
proportional toL2, which outweighs the oscillator strengt
factor. Furthermore, the coupling matrix is also proportion
to the overlap integral given in Eq.~2!, which again favors
the QW-trapped exciton, since it is more localized at t
quantum well.

We now compare our PLE spectrum with that observ
by Reynoldset al. ~see Fig. 2 of Ref. 2!. We noted that in
Ref. 2 a strong peak and a shoulder structure were obse
at 1.5147 and 1.5152, respectively. We believe that
strong peak is due to the QW-trapped exciton, while
shoulder structure is due to the free GaAs exciton. T
shoulder structure observed in Ref. 2 is stronger than the
calculated theoretically. This may due to the higher-ord
phonon emission process, which is ignored here. When
first-order coupling is weak as for the FE case, the high
order process may become important. The spacing betw
the two structures is about 0.5 meV, while our calcula
spacing is about 0.41 meV. The discrepancy may be att
uted to the interface roughness in the sample, the uncerta
in the well width and barrier height, and the fact that we ha
ignored the valence-band mixing effect6 in the calculation.

s.
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V. SUMMARY

In conclusion, we have studied the 3D bulk excito
trapped by a quantum well and coupled with the confin
excitons. The trapping occurs when the higher-lying co
fined excitons are nearly unbound, and the interaction of
confined and confined exciton states is strong. The trapp
energy is less than the binding energy of a free exciton w
a maximum around 2 meV for the case considered here.
found that the QW-trapped exciton state plays an impor
role in the PLE spectrum for very narrow or shallow qua
tum wells because it enhances the signal via direct coup
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