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Theory of unconfined excitons trapped by a quantum well
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The energy levels and optical properties of unconfined excitexsitons made of electron-hole pairs in the
barrier materiglinteracting 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,Ga; _,As/GaAs quantum well based on this mechanism and compare our results with the experiment
performed by Reynoldst al. [Phys. Rev. B43, 1871(1991)]. [S0163-18286)07547-9

[. INTRODUCTION large the binding energy can be. To study the interaction of
the unconfined exciton with the quantum well we hereby
In the last two decades a great deal of effort has beeperform a variational calculation to find the energy levels
devoted to the study of confined excitons in quantum well&and wave functions for low-lying exciton states, taking into
(QW) and superlattices Recently, Reynoldst al?> demon- ~ account the coupling of relative motion and the c.m. motion.
strated the direct coupling of heavy-hole excitons inThe calculation is done with the use of two sets of trial wave
|nXGa17XA5/GaAS quantum wells with exciton states de- functions. The first Se(COﬂfined-eXCiton baS)SWh|Ch de-
rived from the GaAs barrier. They observed that the photoscribes the confined exciton states, includes an ellipsoidal
emission due to heavy-hole exciton is enhanced substantial§Xciton wave functioriwith an anisotropy factor adjusted to
when the excitation energy is resonant with the GaAs-barriefodel the transition from the 3D to 2D limitmultiplied by
exciton, indicating a direct coupling between the two. Al-the subband envelope functions. The secondcset. motion
though in Ref. 2, this exciton state is identified as the GaAdasis, which describes the c.m. motion of the unconfined
bulk exciton, we will show in this paper that it is more ad- exciton states, includes a spherical 3D exciton wave function
equately described by an unconfined exciton trapped by th@ultiplied by Gaussian-like functions of the c.m. coordinate
quantum well. Here and henceforth, we shall refer to thdn the z direction.
excitons derived from the barrier material of the quantum We found that for a given well depth, there are multiple
well system as the “unconfined” excitons in order to distin- domains of the well width\(V), within which a QW-trapped
guish them from the confined excitofise., excitons associ- exciton state exists. To qualitatively describe such a trapped
ated with confined subband states in the wéfor confined exciton state, we define a critical well widi,, at which
excitons that are quasi-two-dimensior@D), the electron the energy of thenth confined excitor(obtained within the
and hole are confined to the well material so the center-ofconfined-exciton basjscoincides with the energy of a free
mass(c.m) motion along thez axis (growth axi$ can be barrier exciton. FOWW<W,, thenth confined exciton is con-
neglected; whereas for unconfined excitéinee or trappeyj ~ Sidered unbound within the confined-exciton basis. However,
which are three dimensionéD) in nature, the electron and including the c.m.-motion basis lowers the energy of the
hole are not confined to the well material, so their c.m. mo-State and the exciton becomes bound; thus, the mixed state is
tion along thez-axis should be taken into account. Unlike the now more adequately described by a QW-trapped exciton.
case of excitons in bulk, the Hamiltonian cannot be separatedihe trapping energy is usually smaller than the exciton bind-
into the relative motion and the c.m. motion due to the presing energy. When the well width is further reduced to less
ence of the quantum-well potential. Similar treatment can béhan W3(<W,), even including the c.m. motion basis will
used for excitons in very shallow quantum wells in which thenot produce a bound state. ThLMA/R,Wn) defines the do-
confined and unconfined excitons can hardly bemain in which thenth QW-trapped exciton exists. The sig-
distinguished* nificance of these QW-trapped excitons is that they can serve
Recent work by Griffithset al® revealed that the uncon- as a coupling medium in the photoluminescence excitation
fined excitons may play a role in the photoluminescencdPLE) measurements. This is because they have an extended
spectrum. The interesting feature in their PL data is a pealength for the c.m. motion, thus a large oscillator strength,
(or a dip, depending on the pumping poyvat the position and at the same time they can couple strongly with the low-
just below the barrier bulk exciton energy. This feature isest confined exciton via a phonon emission process. We will
speculated as a barrier bulk exciton trapped by the quantushow that it is the QW-trapped exciton that provides the
well. However, it remains unclear whether an unconfinedmuch enhanced signal observed in the PLE spectrum re-
exciton can become bound to the quantum well, and howported by Reynoldet al?
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ll. GENERAL THEORETICAL METHOD eters used, and, is decided according to the width of the
We shall consider the LGa, ,AsiGaAs strained quantum well. In our calculations, we ubkg=11. The exci-

. . ; - ton wave function,¢.,(r') is expanded in terms of four
guantum-well systems, in which the strain splitting of the aussian-tve orbitals with known coefficieftei
heavy and light hole makes the valence-band mixing effec? yp e

negligible. Neglecting valence-band mixifgye can write

4
the exciton Hamiltonian within the effective mass approxi- bo(r') =€ \/p2+uzz/ax:2 Aa; e ai /a§<p2+,¢z2),
mation as =

2 with «;=0.1233, 0.4552, 2.0258, 13.7098 aAp=0.0756,
Hex:—Vf—atvgz—a|V§2+V1(zl)+V2(zz)—r—, 0.1874, 0.1620, 0.0947 for=1, 2, 3, 4. ¢p,(r) is just
12 dex(r) with a, optimized for the barrier exciton.

where we have used the atomic units in which distance is To describe the hybridization of the unconfined excitons
measured in effective bohg* = e,n%/mfe? and energy is With the confined excitons, the total exciton wave function is

measured in effective Rydber@®* =e?/2¢,a* (e, is the  expanded in the combined basis denofgd
static dielectric constahto;=m®/m!' ando,=m¢/m" denote

_gp _
the ratio of electron effective massnf) to the heavy-hole '//N—‘I’ﬁm)] for N=1,... Np,
effective mass along the transversey() and longitudinal 2

(2) directions. The subscripts 1 and 2 refer to the electron Yn=V¥  for N=Np+1,... Ny+20,

and hole, respectively/,(z;) andV,(z,) are the quantum
well potentials for the electron and hole.

To take into account the coupling of c.m. motion with
internal motion the exciton trial wave function is expanded
in terms of two sets of basis functions: Set dgenfined- Vo= FIN)Yy.
exciton basis includes products of the confined exciton N
wave functiong.,(r') and quantum-well subband envelope
functions for the electron and hole, viz.,

W= o1 n(20)Im(Z2),

2221 52, . .
where ¢g(r')=e YTy uZla 5  describes the exciton
radius andu describes the anisotropy of the exciton wave

whereN, is the total number of pairs of electron-hole prod-
uct functions included in the calculation. We write

Now the Schrdinger equation reads
HexWex=EWgy.

Projecting this equation ofyy| gives

function. Botha, andy are treated as variational parameters. > (UnIHIoNOF(N)=EX (| ) F(N').
The envelope function,(z)[ gm(2)] are eigenfunctions of a N’ N’
single-particle Hamiltonian for an electr¢hole) confined in - Note  that our bases are nonorthogonal, i.e.,
a quantum-well potential: S(N,N")=( | thn:) # S n¢ In general, so we need to solve
2 a generalized eigenvalue equation.
Heny= _<E +Vem(2).

IIl. ABSORPTION COEFFICIENT AND PLE

It has been shown that this set of trial functions describes the
confined exciton states in quantum wells adequdtBlget
two (c.m. motion basisincludes the products of a spherical
barrier exciton wave functiofgy,(r)] and Gaussian func-
tions describing the center-of-mass motion, viz.,

After defining the confined-exciton badisbeledl) and
the c.m. motion basiabeledA), we now expand the exci-
ton wave function as

2 2 V=2 G+ G(A)A)
W= py(r)e” %, i T

whereZ is the center-of-mass coordinate in thelirection,  With |1} being the confined-exciton states:
and ¢y is the barrier bulk exciton wave function, which
takes the form of_ the ground-state wave function of hydrogen 1y= 2 F(nm)|nm).
atom. Twenty different values o6, which cover a large nm
physically reasonable range, are used.
For ease in computing the Hamiltonian matrix elements, The oscillator strength for thieh exciton state is given by
all envelope functions and exciton wave functions are writ-

ten as linear combinations of a set of Gaussian functions. For f,=Cl(0|e-p|¥L[?
example, f, can be written asfn(z)=2ﬁCn(,8)e‘5Zz for 2
even-parity states an‘qt(z)=E[,Cn(,8)ze*322 for odd-parity =CP;, Z G(')aﬁr; G(A)a| ,

states. Then using a standard variational technique, we can
solve this equation. The exponensare chosen to be an \yhereP,,=(U|e-p|U,) is optical matrix elements between

“even-tempered series,” i.e., ,B(i):eoe',;Nm, where  zone-center Bloch statet){ andU,) for the conduction and
ep=4.0 a.u.N,=N¢/2+1, N, is the total number of param- valence bands:
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a,= <z’>cx(0)%1 F(nm)f dzf(z)g}y(2), Conduction Band
1 INA
ac= ¢bx(0) _f dze 522- InGaAs GaAs
VA,

Note that in evaluating the above integrals, we have set
z,=2,=Z and p=0 (p is the radial coordinate for the in- S —e
plane relative motion AVin

The absorption coefficient is given by

AV,

Valence Band

a(hw)=C, f;8(hw—EL).
i FIG. 1. Diagram for band edge lineup of,@a; ,As/GaAs
quantum well.

The experiment that directly probes the properties of the
unconfined exciton is the photoluminescence excitation megduantum wells, so the quantum confinement effect on
surement. In typical PLE measurements, one scans the indthonons is small, so we can approximate the phonon modes
dent photon energy from slightly above the lowest-lying ex-Py those of the host material.
citon (LE) line to any desired higher energy, and measure the For acoustic-phonon scattering, the exciton-phonon inter-
observed photoluminescence at the LE line as a function ciction Is
the incident photon energy. When the excitation energy is
high, the excited electron-hole pairs usually relax to the LE
state via the multiphonon emission process, which is difficult
to model accurately. Here, we consider a system in which the .
first excited state is an unconfined exciton state whose en- —b,(af+a_q)e'd 2}, 1
ergy is close enough to the LE state such that the single- . . .
phonon emission process dominates. In this case, the PL ith ba:.DU/DC' vyhere D¢(D,) is the acoust!c-phonon—
experiments probe the direct coupling strength of the uncon_eformat_mn potential constant for the conduct(@algnc&)
fined exciton and the LE state mediated by an acoustic ph(Pand'M s the mass of the iorN is the number OT unit cells
non. in the samplgwq is the frequency of_the acous'uc.phonor?.

The PLE spectrum for the case of direct coupling can be The mgtnx element for the exciton-phonon interaction
calculated by the perturbation theory similar to that for cal-can be written as
culating the resonant Raman spedkaeping only the most _
dominagnt terms and we have P Png oy <a|Hex‘pH’8>_7(q)|“'ﬁ(Q)’

where y(q)=iD q(#/2MNwg) "2 The integrall , 4(q) is
I(E)=|R¢(E)? defined by
:2 2 <0|'A5i‘p|a><a|Hex—th/8;1q><:8|%s'p|0> 2
o |aB (Ei+iF—Ea)(Es+iF—EB)

% 1/2 )
Hex_phzch(—ZMNw ) % a{(af+a_gemn
q

L@ [ WAL (€1 bW (1, )0

X 8(Ei—Eg+fiwy), 2

whereE(E,) and¢ (e,) are the energy and polarization vec- IV. RESULTS AND DISCUSSION
tor, respectively, of the incideriscattereyl photon.|0) de-
notes the ground state of the solidand 8 label the possible

excitonic excitations of the solidntermediate statgslq in-  gyherience substantial strain. The net effect of strain is to

dicates a phonon of momentuenis created. Here we only jncrease the band gap relative to the unstrained value and

consider the phonon-emission process, since the incidepfnqye the degeneracy of the heavy- and light-hole bands at
photon energy is always higher than the energy of the scaje - hoint. Following Ref. 10, we obtain the barrier heights
tered photonHe,.,n denotes the exciton-phonon interaction, ¢4, «onduction and valence band:

and o denotes the phonon frequency associated with wave

vectorg=(q,q,). I' is a phenomenological broadening pa- Ay =76.8 meV, AV,,=41.1 meV, AV,=—3.17 meV.
rameter describing the finite lifetime of the intermediate

states. Due to the conservation of in-plane momentgm, This band edge lineup is shown in Fig. 1. For the electron
must be equal to the difference of the in-plane wave vectorand heavy hole, GaAs layers act as a barrier, while
for the scattered and incident photons. The momentum conn,Ga; _,As layers act as a well. Since the light hole is
servation in thez direction is broken due to the presence of expelled from the well region, the effect due to the light hole
the quantum well; thus, we sum over all possible values ofvill be neglected in the present calculation. The parameters
g, in the above equation. Here, we are interested in shallowsed in our calculation are listed in Table I.

We first consider IRGa; _,As-GaAs quantum wells with
x=0.1. Due to lattice constant mismatch Ga; _,As layers
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TABLE |. Parameters used in current calculation. The exciton states derived from the second conductoie)
subband and even-quantum number h@enduction sub-
GaAs InAs band would be optically allowed, but they are not bound for
m (mg) 0.067 0.023 the well widths_ considered here, although the second heavy-
M (M) 0.62 0.60 hole subband is barely bpund for>50 A. As expected, the
m (mo) 0.074 0.027 energy of the lowest exciton _Ievel approaches the GaAs free
¥y (Myh) 765 19.67 exciton energy as the well width approach_es zero.
¥, (Mg Y 241 8.37 The exciton energy levels cal_culated by including both _the
va (oY) 3.28 9.29 confined-exciton anq c.m. mo_tlon bases versus well width
E, (meV) 1519 418 (W) are also shown in Fig. &olid curv_eé;. Addl_tlonal states
a (A) lattice constant 5.6533 6.0584 resulting from including the c.m.-motion basis are found to
y 12.35 14.6 cluster around-3.93 meV, the ground-state energy of the
a (eV) (defect potential 71 59 GaA; bulk exciton. If infinite number of c.m. motion basis
b (eV) (defect potential 17 18 funcgons were used, we would expect a continuum spectra
C,, (104 dynicn?) 11.88 8.33 starting at—3.93 meV. _ _
C,, (101 dyn/cn?) 5.38 453 We note that the effect of the c.m. motion basis on the

exciton states derived from the first heavy-hole subb@ad
beled HI) is small, indicating that the confined-exciton ba-
Figure 2 shows low-lying energy levels of confined exci- sis with .optimum paramgters is adequate for getting the
tons (dashed linesas functions of the well widtW calcu- Hin series correctly. This means that the quantum-well
lated by using the confined-exciton basis ofwith opti-  trapped exciton state does not couple with thenHkries
mized parametemx andﬂ)_ All energies are measured with Strongly. On the other hand, for the exciton states associated
respect to the GaAsI{ point) band gap, which is taken as With the first conduction subband and higher heavy-hole sub-
Ec=1519 meV. All exciton energies decrease with increasbands(Cln serieg, the inclusion of the unconfined exciton
ing well width since they basically follow the band-to-band basis has an appreciable effect when the binding energy of
transition energies. Here, we only include the basis functionthe confined exciton is small. This is because the heavy-hole
in which either the conduction or heavy-hole subband is conmass is much larger than the electron effective mass, so the
fined. Forw<50 A, only one conduction and one heavy- c.m. motion wave function for the quantum-well trapped ex-
hole subband are confined. However, the exciton states deiton resembles the heavy-hole envelope function and it
rived from unconfined conductiotheavy-hol¢ subbands couples strongly with Q1 excitons.
can become bound as long as they are paired up with one We can now qualitatively describe the trapping of a bar-
confined heavy-holéonduction subband. The physical ori- rier exciton by the InGa;_,As QW as follows. When the
gins of these exciton states are indicated in the figure. H1Clvell width W increases from zero, the barrier exciton, which
denotes the lowest confined exciton derived from the firsis trapped by the quantum well, immediately turns into the
heavy-hole and conduction subbandsn@ienotes the exci- confined H1C1 exciton, since for any finite width there exists
ton state derived from the first conduction and title heavy-  a confined statéfor both the electron and holewhenW
hole subbands, while Hildenotes that derived from the first further increases to around 8 A, another exciton state be-
heavy-hole anaith conduction subbands. Note that only odd comes trapped. Since the total wave function must remain
numbers ofn are shown here, since the even number onesrthogonal to the lower-lying exciton statén this case,
correspond to odd-parity states that are optically forbiddenH1C1) and the c.m. motion resembles the heavy-hole enve-
lope function, this state gradually turns into the C13 exciton
state asW goes beyond 15 A(Recall that here we only

0 consider the exciton states with overall even parity. If odd-
parity states are also of interest, there will be another
-10 quantum-well trapped exciton occurring at smalérand it
will turn into the C12 exciton). The next QW-trapped exci-
% ton (QWTE) occurs at aroun®=14 A and turns into the
ffzo C15 exciton aW~18 A. We define the trapping energy as
o the difference in energy between the dashed and solid curves.
E—so The strongest trapping occurs at the onset where the confined
E exciton becomes bound. For this case, the maximum trap-
40 ping energies are approximately 2, 1, and 0.9 meV for the
C13, C15, and C17 excitons, respectively.
Next we consider IpGa; _,As-GaAs quantum wells with
—50 the well width fixed at 17 A(corresponding to 6 M}, but

0 10 20 30 40 50 60 P . .
Well Width (A) with different In mole fractiorx. The low-lying energy lev-

els of excitons obtained with and without the c.m. motion

FIG. 2. Exciton energy levels of jnGayAs/GaAs quantum basis as functions of the In mole fractior)(are shown in
wells vs well width. Dashed lines: confined-exciton basis only.Fig. 3. Again, the trapping of unconfined excitons occurs
Solid lines: both confined-exciton and c.m. motion basis. when the well depth is barely deep enough to bind an exciton
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0 quantum-well system considered here. The center of the
: confining potential well and that of the single quantum well
are assumed to coincide. The absorption spectfdashed
—1or curve displays three peak structures corresponding to the
= H1C1 exciton, the QW-trapped exciton, and the free barrier
g-R0 | exciton, respectively. Since we used a variational method,
- the continuum states are not modeled properly, so the ab-
?_30 i sorption due to the continuum states is missing. We found
& that the oscillator strength of the QW-trapped excifpaak
structure at 1.5147 eMs stronger than the H1C1 excitdby
—40 about a factor 1)6 According to Rashba’s theofy,the os-
cillator strength of a trapped exciton is proportional to the
~50 volume covered by the c.m. motion of the exciton. This in-

0 005 01 015 02 025 dicates that the volume covered by the c.m. motion for the
In mole fraction, x . . .
QW-trapped exciton is at least 1.5 times that of the H1C1
FlG 3 Exciton energy |evels Of lJGal,XAS/GaAS quantum eXCItOH fOI’ thIS qual’ltum We” NOte that |f the c.m. mOtIOﬂ
wells vs the In mole fractionx). Dashed lines: confined-exciton part is ignored, the QW-trapped exciton would turn into the
basis only. Solid lines: both confined-exciton and ¢c.m. motion basisconfined C13 exciton, which should have almost zero oscil-
lator strength due to thAn=0 selection rule normally ap-

associated with the first conduction subband and a higheRlied to confined excitons in quantum welfsThe fact that
lying heavy-hole subband The maximum trapping energie¥/e get larger oscillator strength than the H1C1 exciton here
are around 1-2 meV. indicates that the state is more adequately described by a

Figure 4 shows the calculated absorption and PLE spectr@ W-trapped exciton than just a modified C13 confined exci-
of a In,Ga,_,As-GaAs quantum well withWV=17 A and  ton.
x=0.05. We choose this quantum well in order to compare The oscillator strength of the free GaAs exciton is even
our results with the experiment performed by Reynoldslarger, since the volume covered by it is larger. In fact, if we
et al? In Ref. 2, the intended In mole fraction was=0.1.  did not restrict the range in thedirection for the GaAs free
However, we found that in order to match the observedexciton due the finite sample size, its theoretical strength
H1C1 exciton energy, we have to uge-0.05. If we use would have been infinite.
x=0.1, the H11 exciton energy would be 20 meV below the In the PLE spectrun{solid curve, the strength of the
GaAs band gajgsee Fig. 3. This discrepancy could be due QWTE becomes much larger than that of the free GaAs ex-
to the uncertainty in thex value in the experiment or the citon (which appears as a weak shoulder structure at 1.5151
valence-band offsets assumed here. A constant band gap weg). This is because the electron-phonon coupling strength
added to all exciton levels, so the location of the free GaAgavors the QW-trapped exciton much more. According to Eq.
exciton(at 1.515 eV matches the experiment. Since the total (4), the coupling matrix element due to emission of an acous-
oscillator strength of the barrier exciton depends on thejcal phonon is proportional to the wave vectpr(or g,,
sample size and the penetration depth of the incident photoginceq; =0 for the case considered hgrevhich is inversely
(both are of the order of 10 000)Awe therefore add a con- proportional to the range covered by the wave functibj (
fining potential, which has a height of 10 &%6r both elec- in the z direction. Thus the coupling strength is inversely
trons and holgsand width of 10000 A to the single- proportional toL2, which outweighs the oscillator strength
factor. Furthermore, the coupling matrix is also proportional
to the overlap integral given in E@2), which again favors
the QW-trapped exciton, since it is more localized at the
quantum well.

We now compare our PLE spectrum with that observed
by Reynoldset al. (see Fig. 2 of Ref. 2 We noted that in
Ref. 2 a strong peak and a shoulder structure were observed
at 1.5147 and 1.5152, respectively. We believe that the
strong peak is due to the QW-trapped exciton, while the
shoulder structure is due to the free GaAs exciton. The
shoulder structure observed in Ref. 2 is stronger than the one
calculated theoretically. This may due to the higher-order

150 200 250

100

Absorption/PLE (Arb. units)

(=3
@ HiC1 phonon emission process, which is ignored here. When the
first-order coupling is weak as for the FE case, the higher-
Y508 1509 590" 1514 1518 1.516 order process may become important. The spacing between
Energy (eV) the two structures is about 0.5 meV, while our calculated

spacing is about 0.41 meV. The discrepancy may be attrib-
FIG. 4. Calculated absorpticfilashedi and PLE(solid) spectra  uted to the interface roughness in the sample, the uncertainty
of a Ing o<Gag gsAs/GaAs quantum well withW=17 A. The broad-  in the well width and barrier height, and the fact that we have
ening parameterI{) used is 0.1 meV. ignored the valence-band mixing efféan the calculation.
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V. SUMMARY with the lowest-lying exciton state. Our calculated PLE spec-

trum for a In,Ga; _,As-GaAs quantum well is in fair agree-

In conclusion, we have studied the 3D bulk excitons ent with that observed by Reynoldisal?

trapped by a quantum well and coupled with the confined"
excitons. The trapping occurs when the higher-lying con-
fineq excitons are _nearly unbound, anq the interaction of un- ACKNOWLEDGMENTS
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