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Theory of optical spectra of polar quantum wells: Temperature effects
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Theoretical and numerical calculations of the optical absorption spectra of excitons interacting with
longitudinal-optical phonons in quasi-two-dimensional polar semiconductors are presented. In 1I-VI semicon-
ductor quantum wells, exciton binding energy can be tuned on and off resonance with the longitudinal-optical
phonon energy by varying the quantum well width. A comprehensive picture of this tuning effect on the
temperature-dependent exciton absorption spectrum is derived, using the exciton Green’s function formalism at
finite temperature. The effective exciton-phonon interaction is included in the Bethe-Salpeter equation. Nu-
merical results are illustrated for ZnSe-based quantum wells. At low temperatures, both a single-exciton peak
and a continuum resonance state are found in the optical absorption spectra. By constrast, at high enough
temperatures, a splitting of the exciton line due to real phonon absorption processes is predicted. Possible
previous experimental observations of this splitting are discussed.
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[. INTRODUCTION ~30 meV in the bulk. Therefore, three regimes can be ex-
pected in 1I-VI low-dimensional structure$l) Ex>w, g,
Low-dimensional semiconductor structures provide many2) Ex<w, o, and (3) Ex~w, o, to which we will refer
surprising properties that have never been observed in bulikom now on aghe resonant regimeCaseg1) and(2) have
materials. One of the most interesting properties of II-VIbeen extensively considered: for the first case, a single LO-
semiconductor-based nanostructures is the observation phonon absorption cannot dissociate the exciton into the
well-resolved heavy- and light-hole exciton peaks in the abelectron-hole continuum. Furthermore, the exciton Bohr ra-
sorption spectra, even at room temperafuitchas been pro- dius is smaller than the polaron radius, and consequently the
posed that the lasing mechanism in highly excited II-VI€lectron-hole pair is weakly influenced by phonons; i.e., they
guantum We”iQW’s) Corresponds to a coherent recombina_interact thrOUgh a Coulomb interaction screened by the static
tion of excitons:* It is therefore expected that excitons re- dielectric constantHence, the coupling of excitons with LO
main stable in the presence of high carrier densities, thuBnonons via the Fidich interaction can be substantially re-
playing an important role in the operation of blue-green di-duced; y|eld|_rlg7_téj strong exciton absorption, even at room
ode lasers. However, the potentialities of II-VI compoundtemperatu.ré' ' .For t_he second case, the eIe(.:tron-'hoIe
heterostructures to obtain reliable excitonic devices depengoljlomb interaction will be screened by the lattice vibra-

. . O .
strongly upon the strength, the width of the resonances, an'%(éns and other excitatior’st® Therefore, the exciton should

the nature of the exciton scattering processes at room tem): easily lonized, affecting the optoelectronic properties of
t Indeed f1h . tteri hani ¢ tt)he semiconductor system.
perature. Indeed one of the main scattering mechaniSms 10 b r,q 1hirq case at finite temperature, to the best of our

considered is the interaction of excitons with Iongitudinal—knowbdg& has been ignored in theoretical studies. In the
optical (LO) phonon's’a, a problem of an enormous interest | of vanishing temperature, previous works on II-VI het-
from both the experimental and theoretical point of views. erostructures show that the exciton—LO-phonon interaction
A major difference between IlI-V and II-VI semiconduc- \yeakens with decreasing well width and predict a small fea-
tors is the hlghly polar character of the latter. As a ConSetyre in the exciton continuum spectrum, the so-called
quence, the coupling of charge carri¢etectrons and hol¢s  exciton—LO-phonon quasibound state. It is explained
with LO phonons is stronger in 1I-VI than in lll-V com- pased on the large Hntich coupling between excitons and
pounds. A convenient measure of the coupling strength is theo phonons in those compounds. Similar but weaker effects
dimensionless Fidich constanta. The electron-phonon nave also been reported for I1-VI bulk systefds'*Clearly,
complex represents a quasiparticle, called a polaron, whicthere is a lack of theoretical works on exciton—LO-phonon
in the weak-coupling limita<1 as appropriate for GaAs complexes in the resonant regime at high enough tempera-
(@=0.06), slightly renormalizes the electron properties.tyres (77 K<T<330 K) for such materials.
-Vl compounds like ZnSe should be described by an The main goal of this work is to study the exciton absorp-
intermediate-coupling theory since for this last compoundion line shape in the resonant regime as a function of tem-
«@=0.43, about an order of magnitude larger than in GaAsperature At high temperatures peak splitting is predicted,
Besides that, the exciton binding enerBy in II-VI QWS corresponding to exciton—LO-phonon absorption processes.
can be made comparable to or even greater than the LQn the resonant regime both of these split peaks have roughly
phonon energyw o (here and in the followingi=1) by  the same oscillator strength. Therefore, this new feature
varying the well width. In particular, for ZnSe, the binding should be considered for understanding the structure and dy-
energy of the bulk excitorEx’~20 meV, while in two di-  namics of the optical response of II-VI QW8 Broadening
mensions, E3°=4E3"; the LO-phonon energy isw o  and splitting of the exciton peak at the lower band edge in
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III-V bulk systems have been report&tiand they have been whereEP(K) represents the parabolic dispersion relation for
explained as a consequence of the increasing of the phon?p

. T Py
. . 9 ; -type particles p=electron or hoIe)cE (cy) is the corre-
density 9f states. However, the exciton spllttmg n thls IaStsponding creation (annihilation operator with two-
system is vaguely visible for two reason$} the Frdlich ' . PN ] )
coupling is roughly one order of magnitude lower than indimensional wave numbes, b (bg) is the creatlor(anﬂ-
II-VI heteroestructures, andli) the resonance between the hilation) operator for LO phonons with momentun®|

exciton binding energy and LO-phonon energy cannot be- g2+ g2)2(q is the phonon wave vector component par-
achieved. B_y contrast, in our systems these last two POINtgye) o thexy plang, M is the particle-phonon interaction
are met, yielding to an enhancement of the oscillator rix el 2 dVS‘h' the b lectron-hole C
strength. Therefore, the exciton splitting should becomd"d!* €lément, andV, = IS the bare electron-nole L.ou-
omb matrix element, with the dielectric constagtreplaced

clearly visible in 1I-VI heterostructures. 17.18 : ;
In the present work a theory of exciton—LO-phonon com-PY €= Herein, €, and e are the low- and high-

plexes using a Green's functigGF) formalism at finite tem- frequency limits of the dielectric function, respectively.
perature is developed. Using this formalism the linear optical

absorption for 1l-VI-based QW's is obtainé#® Most of A. First-order self-energy corrections

previous theoretical works employ the variational formalism

to obtain exciton propertie’s; 22with severe limitations to fit Due to the large electron- and hole-LO phonon couplings,

the whole absorotion spectrum. A crucial difference betwee each carrier interacts with its self-induced polarization in the
P P ' olar semiconductor, the so-called polaron. Therefore, the

the present work and previous studies is that the QF meth arrier energy must be modified by self-energy corrections
employed here allows us to include all the information abomgiven by'32¢

both bound and continuum exciton states, going clearly be*
yond the usual variational treatments. As a consequence, the 1
whole absorption spectrum, instead of just ground-statesp KO)=— = V(G.i O K—G.0—i

properties, can be determined. Although there are a few the—E (k) E (@.1v)Gp(k=a, )

oretical calculations of the linear optical absorption using the o
GF formalism!®!117they do not explore the joint effects: ap0id f d?q F(Q) No
Lesrggehr:rtgrslgvr\lg anVc\)/mWIdth va_rlatlo_ns. The _GF formalls_m 277(2m;§)1’2 q q Q+wLo—Ep(k—ﬁ)
prehensive picture of light absorption,
treating quasiparticles and their interactions on the same No+1 1
footing. —], 2
The article is organized as follows: Section Il gives a brief Q-0 0—EP(k=q)

survey of GF formalism as applied to the exciton—LO- .

phonon problem; in particular, self-energy and vertex contriwhereV(q,iv) represents the LO-phonon-mediated effective
butions as well as the effective nonlocal dynamical electronelectron-electron interactiog,g is the freep-particle propa-
hole potential are described. In Sec. Il the numericallygator, No=1/(ef“.o—1) is the phonon population, angé
calculated absorption spectra for ZnSe/ZnSeS QW'’s are dis= 1/kgT. The Fermi factors in Eq2) are set to zero, because
cussed. In Sec. IV vertex and self-energy contributions to thenany electron effects are ignored heFgx) denotes the
optical absorption are separately considered . Finally, Sec. ¥tructure factor of the infinite QW,

summarizes the main conclusions of this work.

Il. THEORETICAL MODEL F(a)= fo dzfo dz' ¢(2)p* (206" W2 g(2") p* (2'),

Using a Frdilich Hamiltoniarf® an electron-hole pair con- 3)
fined in an infinite barrier potential QW of width (z direc- . . . Lo
tion) is considered. In this work only the lowest electron andWlth ‘;/’(Z_) th.e smgle—partlcle wave func'tlon in the QW
heavy-hole subbands are taken into account. Extension @OWth direction andy, is the Frailich coupling constant for
include multisubband effects is straightforward. Each par_each kind of particle. The first term in the square brackets in

ticle interacts with bulk LO phonons assumed dispersionIeSAT:q' 2 represents the ab;orption O.f p_honons, hkhedte sec
The total Hamiltonian describing the exciton—LO-phononond one is e}ssomated with the emission of phqnons. Notice
complexes is written as that absorption processes can occur only at different from

zero temperatures.
= PP P Th=
H p§|:2 EP(k)cy Ck+wL0%: beQ B. Exciton—LO-phonon vertex corrections
One of the most interesting aspects of the problem is that
CETcgfd(b@erié) polarons do not interact instantaneously. Therefore, the real
electron-hole interaction, in general, is nonlocal in space and
time. This nonlocality effect is very important in polar semi-
+ ngh(q)CEdeE,CEi&CE, (1)  conductors, modifying dramatically the bare interaction. In
kK’ .q order to account for the effective dressed electron-hole Cou-

1
+ > ME—
2 Mg
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lomb interaction, vertex and self-energy corrections must be R 1
taken into account on an equal footing. The vertex correc- V&/i(k,k', Q)= — > [GAKQ—ivy)+GA—K,ivy)]
tions are expressed 'dg® v i),

. 2m N XIEMK—K"iva—iv))[GAK ,Q—iv]
150G =S 5 F(@)DLo(Give), (@ itk LG "
% 470, +Gp(—K"ivp)]. 5)
where y=e?w o[ 1/e..— 1ley] and DLO(Q,ivm) represents
the LO-phonon propagator. By summing over the Matsubara frequencies an explicit
The effective electron-hole nonlocal interaction within expression for the effective electron-hole nonlocal interac-
Shindo’s approximatiof is tion results as

NoéoowLo 1 i -,
1+ — = +(kek")
260 | Q—-E%K)—E"K)+ w0

VEf(K, K, Q)= Vg (k—k")

No+1) e o 1
+( 0 ) LO

= = + (K=K’
2€o (Q—E%k)—E“(k')—wLo( )

1 . (6)

From this last expression it becomes obvious that at differential. Therefore, peaks &y=* w| o in the absorption spectrum
from zero temperatures the effective potential shows singuare expected. Within the static single-pole exciton approxi-
larities atQ =E®(K) +E"(k’) — w_o . These singularities in- Mation and Fourier transforming E¢6) to real space a
crease the exciton—LO-phonon scattering closeEjo for modified Coulomb electron-hole interaction is found, the so-
smallk values, due to the enhancement of the phonon densit§@lled Haken potentidf: Therefore, the full expression for
of states in the lower and upper band edges. Equéfpis  the effective potential in Eq6) goes beyond the usual static
similar to that found for the three-dimensional case, wheré@nd zero-temperature effective potential.

first-order corrections to the single-particle self-energies

have been included in the effective electron-hole Coulomb .

interaction screened by an electron-hole plasfiBhe sec- C. Bxciton—LO-phonon GF

ond and third terms in the square brackets, @y.represent Since the creation of electron-hole pairs by the absorption
the modification of the bare Coulomb potential by phononof photons is more efficient in semiconductors of direct gap,
effects. These terms describe the dynamical screening of trenly electron-hole pair states with zero center-of-mass mo-
electron-hole interaction and take into account the interbanchentum are considered. A systematic way of deriving the
scattering of electron-hole pairs by absorption or emission oéxciton-phonon complex properties starts by considering the
phonons. Some previous theoretical wrs*>assumed the two-particle correlation functiof’®"25 After a long but
static single-pole exciton approximation by replacifly  straightforward algebra a Bethe-Salpeter equation for the in-
— ) —Ey both in the carrier self-energy and effective poten-teracting electron—hole—LO-phonon GF is obtained:

- - 1 Lo L Lo
g(k,k’,ivn,Q)zgo(k,k’,ivn,QHE X GOUKK v IR =K vy =i v G(K" K iv), ), (7)
k”ykmyin’-.

with
Ok i
[iv,—E&K)— 38Kk Q—ivy)][iv,—ENK) —SN(—K,iv,)]

GOUKK'iv,,Q)= (8)

The terms in the first set of parenthesis term in the denominator represent the inverse of the dressed by phonons electron

propagator and the terms in the second set the analogous one for a hole. After summikg thesfollowing closed dressed
two-particle GF is obtained:

= O Sl 1 0 = _h e = . . = -
G(K,ivn ) =GO(Kivy, 0)+5G (Kivg, Q) 2 IEUK=K iva—iv))G(K',iv),0). 9)

yo
k,IVn
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.““--.,,“ ;I'hi)s last relation is easily probed by using E(®, (6), and
3 P 13).
K %
N ] LN Broadening effects, coming from other sources different

from LO-phonon scattering, are included phenomenologi-

cally by takingQl=w+i6. The coupled equation&), (6),

and (11) describe thewhole excitorLO-phonon complex
L TN __©___ ®) spectrum with both discrete and continuum exciton states

taken into accountTemperature effects are considered, both

in the self-energy and vertex corrections. By solving numeri-

cally these equations, the linear absorption spectrum, given

“—— H by the imaginary part of the exciton GF equatidd), as a
= Go + Go :EV (©) function of QW width and temperature can be obtained.
l [ L]

) Ill. ABSORPTION SPECTRUM
FIG. 1. (a) Dressed by phonons carrier propagator, &9. (b)

Diagrammatic contribution to the effective electron-hole interac- In order to illustrate the behavior of the exciton—LO-
tions dressed by LO phonons, Eg). (c) Green’s function equation phonon complexes in both the resonant and nonresonant re-
for the exciton and LO phonon, E®). gimes in lI-VI semiconductor QW's, the absorption spectrum
for ZnSe/ZnSeS heterostructures is calculated. The following
with parameters are used in the numerical calculatioms:
:0.1Gn0, mh=0.6mo, 60:8.8, Ew:5.6, and [OT 6]
G(K,ivy, Q)= GKK vy, Q). (100 =318 meV?_The results should be reliable for well widths
K a=<100 A, given that only the lowest electron and highest
) ) i hole subbands are considered. Typically the broadening of
Using the vertex corrections, Ed4), in the Bethe- ¢ exciton peakd) due to impurities, interface roughness,
Salpeter equatiof®) and performing the frequency summa- 4cqystical phonons, strain, etc., is roughly the bulk effective
tion, the exciton—LO-phonon GF is Rydberg energy Ry=22.4 meV for ZnSg® In order to
stress the LO-phonon effects the broadening is reduced to
6=Ry/2, which was kept fixed for the entire range of tem-
R . peratures and QW widths. Bulk LO phonons, i.e., unaffected
X2 VEKK,Q)G(K',Q), (1) by the well width, are assumed.
k!

G(k,Q)=G%Kk,0)—G°Kk,Q)

with A. Continuum resonant state

First, the exciton absorption in the continuum part of the
GO(IZ,Q)z 2 gO(E,E”iyn’Q) spectrum is considered. Results for different temperatures
K'ivy 0 K=T=330 K are discussed. In Fig. 2 the absorption
spectra, as a function of photon energy for two different well
B 1 widths a=30 A [Fig. 2@)] anda=80 A [Fig. 2b)] are
CO-ESK)—EN—K)—A, (K,Q)’ plotted. Results in Fig. (&) correspond to a quasi-two-
dimensional(quasi-2D case while results appropriate to a
quasi-3D case are shown in Figb2 The low-temperature

G(k,Q)=% G(kiivn.Q2), (12 results provide us with an important test of the present for-

malism: the exciton effect is quite significant as should be

where expected. Besides that, and more important, an additional
1 peak atw, o is present. This feature can be explained by the

i 0C (i 0 [ fact that the first-order carrier self-energy corrections show a
Aen(k,0) B % [Gek, Q=ivn) +Gp(—k ivy)] logarithmic divergence due to phonon emission. If vertex

R R corrections were not included, the height of this peak would
X[S8(k,Q—iv,)+3"(—k,iv,)]. (13 be reduced. Additionally, multiphonon contributions, being
_ _ . very weak(they scale like~ a"),*® should smooth the reso-
The diagrammatic representations of E@, (4), and(9)  pant state line shape but do not destroy it. It is worth noting
are shown in Fig. 1. In order to treat vertex and self-energynat the resonant state is still present as a weak shoulder at
corrections on an equal footing, at any temperature, the folhigh enough temperatures. However, this peak does not cor-
lowing relation(Ward identity must be held: respond exactly to the so-called quasibound stat@ aEy
+ w 0.7 In order to recover this last feature, the present
Agn(k, Q)= [VS}'}(IZ,IZ’,Q)—VS‘“(IZ— k")]. (14)  formalism could be modified by making the standard static
K’ pole approximation for both the self-enerdyg. (2)] and the
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4.0 ' ' ' ' exciton-phonon interactiofiEq. (6)], i.e., by replacingQ)
—0—Eyx. As a consequence of this modification, the
—— T=0K . i )
(a) a=30 g ____________ T=80K exciton-phonon interaction develops a strong peak at the ex-

----T=200K citon binding energy, in agreement with previous theoretical
R works®%2*However, although the present formalism is ca-
h i pable of reproducing well-known results by using such a

30 b
phenomenological approach, the main interest in the present
work is related to a systematic perturbative calculation with-
. out such kind of procedures. A full self-consistent treatment
Exciton peak . .
must be done in order to place the quasibound-state peak
position at the correct energy, i.eEx+w o. As is well
20 b

known, such a treatment implies that the self-energy should
be calculated in terms of the full Green’s function which in
turn depends on the self-energy. This kind of calculation has
been reported for the three-dimensional case in Ref. 14
where a real-space static Haken potential has been used.
Nevertheless, dynamic effects in the effective Coulomb in-
teraction have not been taken into account. By contrast, the
present formalism is as a first-order approximation where the
Ward identities are fulfilled and a dynamical effective inter-
action, for the exciton-phonon problem, is included. How-
ever, a full dynamical self-consistent calculation is out of the
scope of the present work.

Secondary peak

Absorption (arb. units)

=
(=3

0.0 ==
-4

2.0 T T

B. Exciton peak split

30 At high enough temperatures, a new result is evidtr:
exciton peak is splitin order to clarify this fact, the inset in
Phonon energy | Fig. 2(b) shows the theoretical bare exciton binding energy
10 (solid line), i.e., without LO-phonon effects, and the LO-

1 phonon energydotted ling as a function of the QW width.

1500 For a narrow well width, Fig. @), the exciton binding en-
ergy is larger than the LO-phonon energy. In this case, the
number of states into which the exciton can scatter is van-
ishingly small and consequently the effective exciton-LO
phonon coupling is reduced.

Both peaks can be easily identified: one of them corre-
sponds to the main exciton peak which is redshifted as the
a=80R temperature is increased; the other one, with a very asym-
metrical shape, has an energy position centered at
with respect to the onset of the continuum part of the spec-
trum. Similarly to the continuum resonant state, the asym-
metrical line shape of this new peak should be smoothed by
including higher-order LO-phonon processes.

Voo Now, in the resonance regime, where a crossing of
T N exciton-binding LO-phonon energies occurs, is to be consid-
|- - R e A ered. In Fig. 2b), as the temperature rises from 0 to 330 K,
0~0_4.'#ﬂ o 20 4 o . the main exciton peak is quasi-3D-like and shifts to higher
(w-E-E,-E VR energies. By contrast, th_e s_ecqndary peak preserves a con-
4 stant energy position which is fixed only by the LO-phonon
energy. Its intensity becomes smaller and its linewidth broad-
FIG. 2. Absorption spectrum for ZnSe QW's a-=30 A (a) ens for high temperatures, due to the fact that the density of

anda=80 A (b) for different temperatures. The inset shows the PONons increases. Clearly, these features suggest that the
bare exciton binding energgsolid line) and the bulk LO-phonon ~ contribution from the phonon absorption terms in the self-
energy(dotted ling as a function of the well width. The arrow in €nergy and vertex corrections should be observable in the
the continuum part shows the exciton-phonon resonance of theptical absorption spectra. Similar but weaker peaks have
spectrum.Eq, E§, and Ej are the band gap and the zero-point been reported by Donlagic and Ostréftfor bulk 11I-V sys-
energy for electrons and holes, respectively. tems using a tight binding model. However, in this last case

@
~
1
£
~

500 1000
Well Width (A)
——-T=330K

[y
=]

7Sec0ndary peak

Exciton peak

Continunm resonance

Absorption (arb.units)
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a resonant regime cannot be achieved because the bindir 20
exciton energy is approximately one-half the LO-phonon en-
ergy. ~
As the main conclusion of this section, it can be stated 3
that when the temperature has risen, the exciton peak split § L5
ting should be clearly seen, remaining visible up To .
=330 K&In order to see this splitting the quasi-2D exciton S
binding energy must be in resonance with the LO-phononS
energy which can be achieved by varying the QW width in & Lor
[I-VI polar heterostructures. 2
When the crossing of energies occuE € w| o), the dy- &
namical effective electron-hole pair interaction becomes very § -l
large, and multiple-scattering events are domirjaee Eq. ™=~
(1D]. From the experimental point of view unexplained <
shoulders in the exciton main peak absorption have beet z
reported by Pelekanost al.” and Miyajimaet al?’ In the o _— e aan
light of the present theoretical results, those unexplained =5 Al & 20 20 b s M0 I kb L8 2D
facts might be associated with nonresolved exciton peak (@-E-E,"E")/R,
spl!tt!ng. Consequently, to observe experlmentally this peak FIG. 3. Absorption spectrum &=200 K for a ZnSe QW of
splitting, the samples should be grown in such a way that thgg1

dition i t and the ab fi t =90 A . The thin solid line represents the free electron-hole pair
resonance condition 1S met an € absorplion spectrum r%ﬁJsorption. The dotted line is the result of dressing only the free
corded above the liquid nitrogen temperatures.

carrier propagators by LO bulk phonons. The thick dashed line
represents the exciton absorption without including the vertex and
self-energy corrections. The dashed line displays the excitonic ab-
sorption including only the self-energy corrections for free carriers.
The main points discussed in the previous section(iare The dot-dashed line represents the excitonic absorption without
an exciton peak splitting an@) the presence of a continuum self-energy carrier effects but including the LO-phonon vertex cor-
resonant state. Up to this point, the present model describggction. The thick solid line depicts the absorption spectrum includ-
successfully these main facts. Now the two above-mentionetid both self-energy and vertex corrections.
points are to be discussed based on the characteristics of the
effective electron-hole potential and self-energy effects. The A. Self-energy contributions
fact that the self-energy is included in the free carrier GF . -~
implies that the effective electron-hole pair interaction " ©rder to understand the exciton splitting, the self-
dressed by phonons must be treated properly in order to satn€rgy effects are first considered. Clearly two peaks at
isfy the Ward identity[Eq. (14)] with clear consequences in — ©@Lo and w o are seen in the absorption spectra, Fig. 3.
the absorption spectra. In order to give an ample discussiohh€se peaks have a strong asymmetric shape due to the sin-
of the excitonic peak splitting, the effects coming from bothgularity of the self-energy. The self-energy Bt=E(k)
self-energy and vertex corrections are to be discussed sepaw_o [EQ.(2)] has a discontinuity in its real part as well as
rately. a logarithmic divergence in its imaginary part. It means that
In order to assess the validity of the present results, difthe spectral function shows a strong singular character. The
ferent contributions from self-energy and vertex correctiondine shape of the spectral function might be slightly modified
are plotted in Fig. 3. Particularly, the thick solid line shows by the inclusion of second-order contributions. It is impor-
the main result of this work, that is, the inclusion of both tant to highlight that both the resonant carrier-phonon con-
self-energy and vertex corrections for a 90 A well width andtinuum state and the excitonic peak splitting come essentially
T=200 K. With these parameters, the excitonic peak splitfrom the dressed single-particle properties enhanced by Cou-
ting is clearly seen. In order to come to an understanding ofomb interactions.
this splitting, the contribution from diagrams that violate Eq.  For comparison, results with and without self-energy ef-
(14) are also considered. fects are also shown in Fig. 3. The thin solid line denotes the
In the next section, the absorption spectra for freecase corresponding to the free electron-hole pair recombina-
electron-hole pair recombination, dressed electron-hole pation; i.e., the exciton effects, self-energies, and vertex correc-
recombination, dressed electron-hole bare Coulomb interadions are not included. At high energies the absorption spec-
tion, electron-hole bare Coulomb interaction, electron-holdrum is fully similar to a step joint density of states, as it
screened Coulomb interaction, and dressed electron-hokhould be. The dotted line denotes the case where only self-
screened Coulomb interaction are separately displayed ienergy effects are included without Coulomb interaction ef-
Fig. 3. Each one of these cases corresponds to a differefeécts. For T=200 K both absorption and emission of
diagram plotted in the right side of Fig. 3. Notice that somephonons are allowed. Emission effects of the dressed
of them do not satisfy the Ward identity, Ed.4). In spite of  electron-hole pairs on the absorption spectrum is clearly vis-
that, their study can contribute to a deeper understanding oible atw, o as a shoulder, which will increase when Coulomb
the origin of exciton—LO-phonon complexes. effects are added. However, phonon absorption effects are

/7

IV. EXCITON —LO-PHONON COUPLING
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hardly visible at— w, o due to the vanishing optical density L3 N '
of the electron-hole pair in the gap region. k=005, E 3 @)
Next, the bare Coulomb interaction as well as carrier- i 5

phonon dressed effects on the exciton absorptitmin
dashed ling are taken into account. The optical spectrum
shows that the exciton peak is redshifted due to the real pari —
of the self-energy corrections (ae+ an) w o/2, and a new
shoulder close to the exciton peak is now visible. It is im-
portant to note that both the continuum resonance and this&y P

_(DLO)

Q

new shoulder are enhanced by the Coulomb eIectron—hoIe;i os | j o \I® (T=240°K)
. . g O ] ---- VI(T=125"K) i
interaction. N i - -V (1=10°K)
B. Vertex corrections

In this section the contributions from both the bare Cou-

lomb interaction and vertex corrections to the absorption 136 10 2.0 3.0
. . . . s

spectrum are discussed. In Fig. 3 the thick dashed line rep- k*ay

resents the typical exciton peak with a 3D characteg=
—1.43 RYy). For this case the binding exciton energy is close
to —w_ o. Now, if the self-energy is not included but the j
vertex corrections ar@lot-dashed ling the electron-hole in- k=005a, (b)
teraction is weakened by the phonon screening and conse

quently the exciton peak moves to the continuum part of the
spectrum. Shoulders at w, o and w, o disappear, confirm-

ing that these features come essentially from self-energy con-
tributions. Therefore, both self-energy and vertex corrections &|>|‘
must be taken into account. These corrections are shown as &
thick solid line in Fig. 3. The exciton peak is redshifted, and &

o

Vv

i P e v’ (T=240°K)

the resonances &= * w o are enhanced by the multiple ff 05 L - vi(T=125'K)
. £ 0,

electron-hole scattering. TV

The temperature-dependent effective electron-hole poten-
tial V:}*}(k,k’,ﬂ), averaged over the polar angle betwden

andk’, is plotted in Fig. 4 as a function of the magnitude of
one wave vectok’. Due to the long wavelength of the op- 00 05 10 15 20 25 30

tical phonons, the effective interaction will be more efficient k*ay

at smallk. In order to illustrate this effedt=0.0%5 and a

40-A well width is considered. Figurega}, 4(b), and 4c),

show the effective potentigRy unit9 for Q=w, o, Q=0, al ' ' '
andQ)=—w| o, respectively. In these figures, the bare effec- ' (©
tive Coulomb interaction is also plotted for the sake of com- ~ ,| ****% —
parison (thick solid line. The bare Coulomb potential is e
peaked at K=k’) weighted by the structure factor and a ok ——- V(I=10°K)

similar singularity is found for arbitrar§). In Fig. 4a) the
presence of two singularities beldw=k’ can be seen. These
singularities, coming from the terms in the first square brack-
ets in Eq.(6), reflect the fact that at different from zero
temperatures the absorption of real phonons by electron-hole s
pairs is allowed and must be considered in order to satisfy = o4 |
the Ward identity, Eq.(14). Decreasing the temperature,

08

0.6

(K,Q=—w,,)

these singularities disappear but the third term in@ystill 02 |

remain, enhancing in this way the continuum resonance state

in the spectra. For a static case, Figb}4 only one extra 00,5 m 20 0 20
singularity is found. In Fig. &) it can be seen that the ef- k'*a,

fective electron-hole potential is similar to the bare Coulomb

interaction withe,, replacinge,. Clearly, these results reflect

the nonlocal character of the effective Coulomb interaction FIG. 4. Effective dynamical nonlocal electron-hole Coulomb
and the importance of the vertex corrections at skalhl-  potential as a function ok’ for different temperatures ag) Q
ues. Therefore, it is expected that by Fourier transforming=w o, (b) Q=0, and(c) Q= — o o for k=0.0%; and well width
Vg}'}(k,k’,Q) to real space the local Haken potential shouldof a=40 A.
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be modified?® The degree of this nonlocality depends on the
energy separation oft*(E+w o) !, with u the exciton
reduced mass.

Experimental results in a related QW systéEnCdSe/
ZnSe present an anomalous plateau in the full width at half
maximunt- as a function of the well width. It is tempting to
associate this anomalous behavior with the peak splittings
predicted in the resonance region. However, this last systen*'2
is in some sense different from the ZnSe-based QW calcu- =
lated here, because in that case the QW compound is an allo.gy
and disorder effects must also be taken into account. This ¥
same GF formalism was applied to GaAs QW'’s, but due to >~
the weak polar character of this last material, the main results &
mentioned above could not be seen, confirming the necessit
of a highly polar material to observe them.

C. Well width and temperature effects

Now the optical spectra for different well widths and tem-
peratures are discussed. By varying the well width the bind-
ing exciton energy can be tuned from above the phonon en-
ergy to the resonance region. Figure 5 shows the absorptiol
spectrum aff=80 K [Fig. 5(@] andT=200 K (Fig. 5b).

By increasing the well width, the intensity of the excitonic
peak decreases, due to the weakness of the effective electrol
hole Coulomb interaction. However, the splitting of the ex-
citonic peak is still evident. Foa=80 A well width the
intensities of both peaks are roughly the same. This is a
consequence of the fact that vertex corrections and self-
energy are treated on an equal footing, even at finite tem-
perature. The self-energy and vertex corrections cause
small redshift respect to the bare exciton peak of the order
o o(aet ap) 2. For Ex>w g it is expected that self-
energy corrections are not very important. This is clear from«
Fig. 5 fora=40 A where the main contribution comes from
the symmetrical exciton peak, while the secondary peak is
weaker and it is located on the high-energy side of the main
peak. By contrast, for a QW width @=80 A, a resonant
exciton-binding LO-phonon energy crossing occlsse in-

set in Fig. 2Zb)], the splitting is evident with the two peak
positions exchangetthe secondary peak on the low-energy
side of the main peakbut their intensities are still similar.
This splitting is possible because at this temperature there i
an important population of phonons which can be absorbec
by the electron-hole pair, which explains why this effect has
not been observed at low temperatures. It is worth noting thai
in both cases and for any well width the continuum reso-
nance is always seen as a consequence that LO-phonon emi
sion is allowed as it has been previously repotted.

It is important to stress that this new resonance is different
from the well-known phonon replica which corresponds to a
peak at— w o below the main exciton peak and it should be
only observable at very low temperature. By contrast, the
peak splitting predicted here corresponds to a main exciton
(symmetrig peak and a secondary peak shifted by, o

. units)

tion (arb

sorp
5

Ab

3.0

KNo20ft
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(a)

Exciton peak i

Secondary peak

-1.0

-4.0 3.0 2.0 0.0 1.0 20
(0-E-E-E)R,
(b) T=200K e
"""""" a=60 K
-——-a=80

20

Secondary peak

‘-2I.OI - I-1I.O ‘ 0.0
(-E-E-E}/R,

FIG. 5. Absorption spectrum of ZnSe QW'sB+80 K (a) and

with respect to the onset of the continuum part of the specT=200 K (b) for different well widths. The arrow in the con-
trum and it should be visible only at high enough temperatinuum part shows the exciton-phonon resonance of the spectrum.
ture. This peak splitting could be observed experimentally irg,, Ej, and E} are the band gap and the zero-point energy for

the absorption spectrum of a similar 1I-VI QWCdTe as
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ashoulder at room temperature in the resonance region, bphonon energy andii) the temperature is different from
no comment was given about(igee Fig. 3 in Ref. 7 and Fig. zero. The observation of a secondary peak, arising from pho-
1in Ref. 27. The present results suggest that a splitting of thaon absorption processes, indicates a strong exciton—LO-
excitonic peak can be observed if a systematic control of th@honon interaction in 11-VI QW's. This splitting is vaguely
inhomogeneous broadening is performed. This new peakisible in IlI-V systems, because the exciton binding energy
should be important to understand the relaxation and therman QW's is always smaller than the LO-phonon energy and

dynamic properties of excitorts. the particle-phonon interaction is weaker than in [I-VI
On the other hand, a similar peak splitting has been theasystems-
retically predicted by Castella and Wilkéisnvoking disor- Besides that striking feature, a shoulder in the continuum

der effects in the low-temperature regime. The effectivepart of the optical spectrum is obtained within the present
electron-hole interaction for that case corresponds to a statiheoretical approach. The calculated absorption spectra are in
potential yielding to elastic exciton scattering events. Bygood agreement with both experimental and previous theo-
contrast, in the present work, a fully nonlocal and dynamicaketical results. Nevertheless, the secondary peak in the
interaction is responsible for the exciton splitting. Moreover,present work is sharper and more asymmetrical as compared
inelastic exciton scattering effects have been taken into aawith the experimental data. The asymmetrical shape of the
count. secondary peak suggests that LO-phonon processes, beyond
The formalism used in this work can be extended to studyirst-order contributions, and exciton impurity scattering
the contribution arising from acoustic phonons, both conwould partially modify the line shape of this new peak. Un-
fined and interface LO phonons and finite potential QW ef-explained experimental shoulders in previous works on the
fects. Confined phonon effects in 1l-VI materials should notexciton main peak absorption could be associated with
be very important since the dielectric constants of them ar@oorly resolved exciton features. Although the present pro-
very close to each other and therefore bulk LO-phonon eneedure has been developed to treat exciton—LO-phonon com-
ergies are very similar. Hence, the assumption of the bullplexes, it can also be used to study other effects in low-
LO-phonon energy unaffected by QW width adopted heredimensional semiconductors. In particular, disorder-induced

should be a reasonable approximation. effects on the exciton absorption spectrum could be system-
atically studied. These studies could lead to a deeper under-
V. SUMMARY standing of the linear optical properties of low-dimensional

. . . . _polar systems.
In summary, the linear optical exciton absorption of quasi-

two-dimensional 11-VI systems in the presence of LO
phonons has been studied. A Green’s function formalism has
been developed which takes into account the contribution of
both discrete and continuum exciton states, at difference The author acknowledges Professor G.D. Mahan and Pro-
from other works based on the variational formalism. Forfessor L. Quiroga for a critical reading of the manuscript and
such systems, it should be emphasized that self-energy eftimulating discussions about the topic of this work. The
fects and vertex corrections must be consistently included okind hospitality of the University of Tennessee, where part of
the same footing. this work was done, and partial financial support from the
The main result of this work is the prediction of the split- Colombian Institute for Science and Technolo¢gOL-

ting of the excitonic peak when the following conditions are CIENCIAS), Project No. 1204-05-10326, are also acknowl-
met: (i) the exciton binding energy is comparable to the LO-edged.
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