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Scattering of hot excitons due to optical phonons in quantum wells:
Multiphonon resonant Raman process
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The hot-exciton scattering rate by optical phonons is calculated in the framework of the envelope-function
approximation in narrow quantum wellQWs). The exciton-phonon Fdich-type interaction is considered
and the contributions of the confined phonons and interface modes to the total scattering rate are discussed in
terms of the in-plane exciton kinetic energy and quantum-well width. To take into account the full symmetry
of the optical phonons a phenomenological approach is employed in which the mechanical and electrostatic
matching boundary conditions are fulfilled at QW interfaces. It is shown that the main contribution to the
scattering rate comes from intrasubband transition assisted by phonons with even electrostatic potential state.
The experimental observation in short period GaAs/AlAs superlattices on the phonon symmetries and their
relative intensities of multiphonon resonant Raman process is qualitatively explained in terms of the relative
role of the confined and interface optical phonons on the exciton scattering rate.
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I. INTRODUCTION resonant Raman proce@d4PR) in narrow QWs. Hot-exciton
relaxation and resonant Raman scattering due to combination
An exciton with kinetic energy higher than the thermal of bulk LO phonons have been measured in GaAs/AlGaAs
temperature of the medium is called a hot exciton. This conmultiple QWs by Cleot et al* In Ref. 15, Mowbrayet al.
cept has been introduced in the past when multiphonon L@eported multiphonon processes in short-period GaAs/ AlAs
lines have been observed in resonant Raman scattering gsuperlattices at laser energies above the type-l band gap. The
bulk semiconductor materialéssee Ref. 1 and references corresponding Raman spectra for the second- and third-order
therein. For polar semiconductors, when the exciton energyprocesses from GaAs phonons show structures involving the
is greater than a longitudinal optical phonon, the scatteringombination of confined and interface optical modes. Their
rate is governed by the Hnbichlike mechanism playing the relative intensities do not follow the expected products of the
main role in the intraband exciton relaxation time. In the pasbbserved first-order Raman intensity. As it is shown in Fig.
and for the bulk semiconductor case, transition probabilities(a) for the case of third-order process of 10-GaAs mono-
of hot excitons interacting with longitudinal and acousticlayer samples, the combined intensities of ,L@nd LQ,
phonons have been carried out in Refs. 2—4. The dependenplonons are comparable to the intensities due to Saue.
on exciton kinetic energy, effective electron and hole masseg§ he relative intensities of the secon@ot shown and third-
and on the excitonic quantum numbers were obtained, shoverder processes due to the combination oftd@nfined pho-
ing the conditions that favored the hot-exciton contributionnon are weaker than that obtained with L@nd interface
to the multiphonon Raman process in semiconductors. phonons as it is observed in Figibl for the 6 GaAs mono-
The importance of hot-exciton relaxation via optical- layer. These results show that the relative intensities of the
phonon emission in quantum well@Ws) has been stressed MPR scattering process are very sensitive to the quantum
by photoluminescence experimetftsand by time-resolved well width. We need to emphasize that the reported MPR
Raman scattering measuremehtsilso, the relative role of ~processes correspond to the scattering light coming from the
confined phonons and interface modes in time-resolved resghrect gap of the GaAs, that is, the exciton relaxation ob-
nant Raman spectroscopy experiments is pointed out in Reg$€rved in the Raman spectra of Fig. 1 comes fromIthe
8. Today, there are several theoretical studies of carrier rg?oint of the Brillouin zone.
laxation times in QWSs considering the main mechanism due The connection between the MPR process with excitonic
to electron-LO-phonon interactiofe.g., Ref. 9 and refer- transitions follows when the excitonic cascade model is in-
ences therein In Refs. 10-12 the exciton linewidths in Vvoked to explain the main features of the scattered figit.
quantum-well structures due to bulk LO phonons have beeAccording to this model, the Raman intensitf) of a
obtained considering different approach for the excitonidNth-order N=n;+---+ny) phonon process is propor-
states. Calculations taking into account scattering to highetional to the indirect exciton creation probabililly,fynl), by
subbands and to the continuum excitonic states as a functiafie light after the emission of orig, phonon, to the exciton
of the QW width are reported in Refs. 12 and 13. . - (ni)l
In this paper, we will focus on the hot-exciton scattering-c"jlscade scattering prObab'““whﬁaw
rate calculation due to the confined phonons and interfacB2+ - - - +Ny-1 phonons, and finally to the indirect annihi-
optical modes and their contribution to the multiphononlation probabilityA(a“NN) assisted by_nN phonon. That is,

, with emission of
1
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andH, is considered as a perturbation to the Hamiltor{@n
given by

2

Hp: - ?{[(pe_ph)2+(ze_ Zh)z]il/2

—|pe—pnl 1}
(4)

where e is the dielectric constantmg(my), re=(pe,Ze) [Ih
=(pn,zn) ], andVy(ze) [V(z,)] are the effective mass, the
coordinates, and band offset for the electfbole), respec-
tively. The exciton wave functioW o, (r,r) of the Hamil-
tonianH, can be taken in separable form given by products
of the two-dimensional exciton wave functioh(R,p) and
the electron and hole subband wave functiapgz) (i
=¢,h)

Vexdle:rn) =Y (R,p) de(Ze) dn(zp). (5

The exciton in-plane motion is described by the electron-
hole pair center-of-mass coordinake= (mgp.+ mﬂph)/M
(M=m+ mﬂ) and the in-plane relative coordinate of the

FIG. 1. Third-order Raman GaAs phonon spectra from Ref. 15€lectron and the holp=p,— py,. The wave functionsp(z)

(a (10,10 and(b) (6,6) [GaAs, AlAs| monolayers. Arrows indicate

and eigenenergie€, are given elsewher¥. The two-

the position of overtones and combinations of confined LO phononglimensional exciton wave function in polar coordinates can

and interface modes.

N—2 (M)
[ (ngtng++ny)  p(N1) Y%
“ \isi W

ASY. @)

ai

Here, the excitonic state is labeled lay and the phonon
symmetry byn;, and (\/Vai)*l is the total-exciton lifetime in

the statea which it is mainly determined by thE-X exci-

be separated into a center of mass motion with wave vector
K, a radial part, and an angular part given by

1 1
V(R,p)=—=€" "Ry m(p) =",

Vs Vam

m=0,=1,+2,...,

©6)

and Sis the QW area. For bound exciton states the corre-
sponding normalized eigenfunctions are obtained as

tonic transition(the GaAs/AlAs QW has an indirect gap in follows:*®

the X point). According to Eq.(1), an explicit calculation of
wm ,(Ex) as a function of the QW width, exciton kinetic

a—a

energyEy , and phonon mode,, will bring a further under-

standing of MPR process in QWs as we will discuss below.

Il. MODEL AND FUNDAMENTAL EXPRESSIONS

To describe the scattering-rate process we assume a
Wannier-Mott exciton model in a quantum well with nonde- where

generate electron and hole isotropic bands. In the framework
of the envelope-function approximation, for narrow quantum
wells and in the adiabatic approximation, where the three-

dimensional excitonic Bohr radiuag is larger than the

_ 2p ™
RN,m(p):NN,me pllag(N+1/2)] m
2p
XF —N+|m|,2|m|+1,m};
|m|<N,N=0,1, ..., (7)
(N+|m)!
Nm= \/[(2m)!]2a§(N+1/2)3(N—|m|)!77’ ®)

electron-hole pair mean value along the growth direction, thé(«,3;2) is the confluent hypergeometric function, and the
eigenvalues and eigenfunctions of the quantum-confined exdound exciton energies, are

citons are described by the Hamiltonian

H(rearh):Ho(reyrh)+Hp(rearh)a 2
with
1 1
o™ pE( 2me(ze) o) " ph( 2my(zy) p“)
o2
T +Ve(Ze) +Vi(zn), ()

Ry
SN:_(N~I—TZ)2’ N=0,1,.... (9)
The total energy of Hamiltonia(®) is found to be
2?2
E=Eg+En+Eq TentAES, "5 (10)

with E4 being the gap energyAEe ™ is the three-
dimensional Coulomb correctiolR, = u€?/2#i%€? is the ef-
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FIG. 2. Excitonic correctioldE7 " given by Eq.(11) for the
ne=n,=1 (solid lines and ne—lnh—z (dashed linesexcitonic
branches in GaAs/AlAs QW as a function of the widthThe N

=1 andN=2 (m=0,1) internal excitonic states are considered.

fective Rydberg constant, andthe reduced mass in the€Y

plane. TheAE ¢, ™ value as function of QW width can be
found from the Ham|lt0n|ar(4) in first-order perturbation

theory. In the adiabatic approximation, where Faxis con-
finement is stronger than for theéY direction, i.e., if the

Bohr radius is larger than the QW width, the electron holewhereb,,
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d=1.4 nm. As can be seen in Fig. 2, the contribution of
AEpe ™ to the exciton energyy is very small in the range
1.6 nm<d<7 nm an in principle can be disregarded.

To describe the exciton-phonon interaction we follow a
unified treatment that takes into account the full matching
boundary conditions: mechanical and electrodynaichis
phenomenological treatment involves the coupling between
the longitudinalL) and transversdll) polarization modes as
a consequence of the coupled differential equations for the
phonon-displacement field and electrostatic potentiap.
This model, particularly useful to describe Raman
proces$’-?? yields confined quadi- and confined quasi-
modes, while some of these modes exhibit interface charac-
ter. The interaction Hamiltoniani$

He p= E

Ck . _
—J[ o (Z )e'CI'Pe—(p (Z )e'qph
e \/v[ n,.o\<e Np.d h ]

xby q+H.c., (13)

0 is the phonon creation operator with wave vec-

mean value in th&Y plane is bigger than the electron-hole tor q and frequencyw, . V=Sdis a normalization vol-
p’

pair mean separation along t@eaxis and the excitonic cor-

rection can be approximately given by

AERe "= (N,m;ng,ny[Hp|np ,ne;m,N)

2

—5—[(nelz2Ine) +(np| B np) - -
2€rym

-1, (1D

where the mean electron-hole
=(N,m|r|m,N) can be cast as

separatiommy

(N+1/2)(N+|m)!T (y+3)N!

'Nm=2ap

ume, andCg is the Frdnlich coupling constant given by

Cr=e\2nho (e, — €y ), (14)

where w, is the LO phonon frequency.. is the high-
frequency dielectric constant, arg is the static dielectric
constant. The Fidich-type exciton-phonon interactiqid3)

has been expressed as a product of factors for motion per-
pendicular and parallel to the QW axis. The functm qlis

proportional to the electrostatic scalar potential obtained as
solution of the eigenvalue problem and shows a definite par-
ity. We need to remark that the potential given in Refs. 19,23
has several misprints. The correct expressions are written

Cm!I(N=|m)!(y+N=1)!7 below.
\/ N N(N—1) N(N—1)(N—2) (A) Odd-potential states
X 1+12—+30 ,
y vyt y(ytD(v+2) on o(2)
np,q
(12)

sin(2.2/d) — S e~ asinh( 2 ,2/d)] 74,
I2|<d/2,
Soe_zﬂq‘zl/d2/|2|,

y=2|m|+1, I'(x) represents the Gamma function, and the
functions (n|z?|n) are reported in Ref. 18. The numerical
results for the three-dimension&D) excitonic correction

AEpe ™ in GaAs/AlAs QW are shown in Fig. 2 as a function

| d
lulf?

IZ|=d/2,

15
of the guantum well widthd. The first two excitonic ) . ) ) ) (19
branches f,=1, n,=1 andn,=1, n,=2) and different with the following dispersion relation:
internal quantum numberd,m are considered. As can be
seen in the figure, the 3D exciton corrections decreass asrg BL) [ 72+ 773](77LCOS77L+ 7SN L)
decreases causing the exciton to become more 2D. For thé3
QW width d smaller than a certain valug,, the AE,™ X (74C087rSinh g+ 77sin 7rcoshyg)
correction grows rapidly because the carrier becomes less
confined and the adiabatic approximation is not longer valid.  =[ 7+ 751(7qC0S7r— 7SN 77)
In the case of GaAs/AlAs QW, the lower value dffor . .
which the excitonic branch X (m.cosmsinh 7= 7748iN 7, cOShng), (16

<=1, ny=2 exist corresponds
to d=1.4 nm. Moreover, the excitonic correction given by where 8, and 87 are two parameters describing the qua-
Eg. (11 is sustained under the approximatid,m|(zZ  dratic dispersion of thé andT phonons in the bulk, respec-
+27)|m,N)<r{ ,, and our calculations have been limited to tively.
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(B) Even-potential state W(np) (KK
h

. r ren!
N,m;ng,np—N’,m’;n/ ,n

cog2n z/d)—Cle " 2m LN ke
7L L :7% [(K,N,m;ng,ny|He_p[n},,ng;m’ N’ K")|?

@np'q(z)= e X cosh2n4z/d)/ 7, |z|<d/2,
u -
Coe 2724, |z|=d/2, a7 522 12K2
o W_W+ﬁw”pvq+E”é_E”e+E”{._E“h
with the following dispersion relation:
n’.n/ .
) +8N/—8N+AENe,’mh,—AEE?n:h . (19
(ﬂ [ 7+ ng)(ngcosmL— nusinmg,) .
Bt o We consider the case of low temperature wheggl

<ﬁwnp,q (kg is the Boltzmann constanfind the phonon

emission Stokes process is the main process. It is clear that
=[77$+ nS](nTcosnTJr 7¢SiN77) obtaining scattering probability considering the phonon-
) ] absorption process is straightforward if the phonon occupa-
X (msinmp coshyg+ nqcosmysinhzg). (18 tion numberN(q) =[e"“n.a/%sT—1]"1 is introduced on the
right-hand siddrhs) of Eq. (19) and# ®n_ g is substituted by
In Eq. (15) and Eq.(17), |u|? represents the norm of the —ﬁwnp,q- In the adiabatic approximation the wave function
. . . . ey +
vibrational amplitude. The definition of the terr5 , C',  Eq. (5) and the exciton-phonon Hamiltoniga3) permit us
[ull?, and other parameters can be found in the Appendix. tg write the matrix element in Eq19) as
The sinusoidal and cosenusoidal functions appearing in
Eqg. (15 and Eq.(17), respectively, are the contributions of K N.mn. n.lH n’ n’m' N K’
the confined phonons to the electrostatic potential, while the (KONom;ne | He —plng e ;m’,N', K7
hyperbolic and exponential functions come from the inter- Ce .
face phonons and are due to the dielectric mismatch between =—=06k/ k—d| H,r’nm (Qh)<ne|gonp alne) Sny.n!
the interfaces. It is important to realize that the modes may W
be predominanthyL, or predominantlyT, or present certain N . ,
character of “interface” modes, depending on wave vegtor ~Inm (Qe) <nh|‘P”p ol 5%’”(’5]' (20
which is contained in Eq16) and Eq.(198). . . .
The phonon dispersions for a structure of GaAs/AlAswhereQpe=m| (me)agq/M. The first(second term in the
with 2.8, 2.0, and 1.7 nm well width are shown in Fig. 3. Therhs of Eq.(20) is due to the phonon emission by the electron

branches are labeled § andT, (n,=123...)accord- (hole) with matrix elementd N & (Qu)[IN#" (Qe)] in the

ing to their longitudinal and transverse characteqat0. XY plane and(ng/¢n olng)({(nhlen ¢Inp)) along the Z

The modes that show a strong dispersion as a function of thgxis The transition-mpatrix elementg/'m/ are given in the
: ,m

in-plane wave vectoq are those with the strongest electric- . - . .
field component and also the strongest interface characte'?‘.ppendlx' Substituting Eq20) into Eq. (19) and carrying

For the 2.8 nm and 1.7 nm QW width the two interfaceOUt the sum oveK’ one can find the scattering rate as a
branches ére andT rﬁodes while in the case of Fig(t8 function of the absolute value of the exciton wave vedtor

l l ’
these correspond th; and L, modes. The upper mode is
purely antisymmetric I{;) while the lower interface mode W
(T, and L, in Fig. 3 is symmetric. Asq#0, the upper

X (rcosnrsinhng— ngsin nrcoshyg)

(np)

. n! ’
N,m,ne,nh—>N’,m',ne,nh

(lower) interface phonon has solely contribution from anti- Cﬁ o 27 N’
symmetric (symmetrid modes. In the figure anticrossings = omid)y dQQJO do|INm" (Qn)
can be observed between those states with the same symme-
try. These anticrossings of the confined and interface X(Nel@n olNL)Sn o
phonons have been observed in GaAs/AlAs multiple QWs, prd h
where the interface roughness scattering induces the neces- N * NS 128(F 21
sary phonon wave vectét. N (Qe) <nh|<Pnp,q|nh> ne,ne| (f(a.61)), (21)
where
Ill. SCATTERING RATE
. . - o h*q®  h’Kq
The scattering probability per unit time of an excitonina f(q,6;)= oM Tcosal+hwnp gt En—En + Ené
: ! R

QW from the initial K, N, m; n., n, to finalK’, N’, m’;

ne, Ny states due to the interaction with optic phonon is n..n

Ne.N
given by _Enh+8N/_8N+AEN’ym’_AEN,mh’ (22)
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300 [ (a) 2.8nm GaAs/AlAs QW - with 0, is given by
L, b l
VI (E)f-(Ex)
285 tanf,(Ey) =2— . (25)
. ] =2 B0+ T (B0
1
270 From the energy and quasimomentum conservation laws it
- i follows that the scattering probability"» is different from
g 300 (1) 2.0;1m ' ' ' ] zero if the exciton kinetic ennergEKn>nﬁwn T En ’_Ene
> L . +Ey —Ep +en— sN+AENe,mh, AE " In Fig. 4, we il-
% 28L5 - - lustrate the content of Eq24), showmg the types of one-
g 27¢' phonon Stokes scattering processes included in the scattering
8 3 ; rate. Each exciton band is characterized by single electron
c 255 — e 1 and hole quantum numbersi{,n,) and the total quantum
v B — : . : : numberN: two excitonic bands are shown including disper-
300 I-(c) 1.7nm § sion due to center-of-mass motion as in Ef§0). For an
28'; [ ] exciton excited to the initial state labeled A in the Fig. 4, and
T ] in the adiabatic approximation used here, only two processes
27'51 o oeeeee e ] will occur: (a) intrasubband scattering, with phonon potential
e : state of even parityrn(,=2,4,...) andn,=ng=1 andnj
2 . =n;,=1; (b) inter- mtrasubband scatteringnixed process
2 4 & 8 given by n.=n,=1 but n,#n}, and vice versa. Here, if

In,—ny| is even the phonon potential is an even function,
while for [n,—n}| equal to an odd number, the phonon po-

FIG. 3. Dispersion of the GaAs optical phonons of tap2.8  tential states need to be odd giving a zero electron contribu-
nm, (b) 2.0 nm, and(c) 1.7 nm GaAs/AlAs quantum well. The tion to the scattering probability. This is illustrated in Fig. 4,
phonons are labeled as longitudifi) and transverséT) according ~ Where single-phonon inter-intrasubband scattering are shown
to its character aj=0. Interface phonon branches are those show-by arrowsA—B, A—C, defining the correspondingmin
ing strong dispersion as a function @fand are indicted by, Ly, andq, .4 for these processes. The exciton intrasubband tran-
andT, in (a), (b), and(c), respectively. The anticrossing bf, and  sitions (A—B’,A—C’) are coupled to the symmetric part of
T, modes neag=5x10> cm™ ' is clearly seen irb). L, andT;  the phonon potential, while the exciton intersubband scatter-
modes present the same parity respect to center of the QW. ing (with mixed character or nptcouples to the symmetric

or antisymmetric part of the Fhiich Hamiltonian interac-

andé, is the angle between vectdfsandg. The energy and tion. All such inter and intrasubband processes need to be
momentum conservation laws restrict the absolute value dhcluded, taking account also of the restrictions on allowed
the phonon wave vectog within the range ofqm, and  pairs (e,n,), (ng,ny) due to conservation of energy and

q (16°cm™)

dmax, Which are solutions of quasimomentum that is included in EQ4). The total exci-
ton scattering rate characterized by the quantum nuriber
=0; n.=1, n,=1 and kinetic energy, and due to the
fo(Ex)=05=2 QO (ﬁwn qtEn —En, interaction with an optical phonom, can be written as
+En’_En +8N’_8N):0’ (23)
(Np) (Np) (np)
" " Woil K)= W011ﬁ011(EK)+NZ¢OW021 N’ll(EK)
with the conditiongmin=0, qo=qag, andEx=#%2K?/2M is
the exciton kinetic energy. After the integration with respect Ne#Ng OF Ny # Ny
to 6; and summation ovem andm’ in Eq. (21), we obtain + > Wg?g)l v o (EK)- (26)
N’ #0 ST e T
(Np) (Ey) )
Ning.np—N’;n/ n/t =K The first term on the rhs of the above E86) represents
the intraband scattering probability without changes of the
_ M [ € Amax ddoedo internal stateN=0 of the exciton band.,=1, n,=1. The
=20, agud E_m_l G V2 (E)f_(Eg) second term is the exciton intraband scattering accompanied

by transitions fromN=0 to other internal quantum states
N’#0, while the last term gives the intersubband contribu-

i(m’—m)o N’ m’ ! . . - ; .
X 2 | TMAIN A (Qn){Nelen qlne) Fny tion to the exciton lifetime in the branah,=1,n,=1 with
m,m . . .
internal quantum numbex=0 and kinetic energ\Ey . In
—_e i’ m)91|N m’ (Qo)* <nh|¢,n q|nh>5n n |2, the next section, we study the dependence of the scattering

rate on the in-plane kinetic energy, and on the phonon
(24 staten,, .
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E

K

() ,n}) (A1)

K

FIG. 4. Schematic representation of allowed scattering processes. See text, Sec. Il, for discussion.

IV. DISCUSSION AND CONCLUSIONS XY plane. In Fig. 5 we show the dependencewg.]g)l_>O.1 L

For the numerical calculations of the scattering rate wedn Ex for the excitonic ground transitioN=0—N=0 and a
select the GaAs/AlAs parameters given in Table I. The holdQW width d=4.2 nm. In the inset the corresponding GaAs
effective masses are described by the Luttinger parameterghonon dispersion is represented. The calculation presents
where the in plane hole masses are equainfo=m,/(y, the heavy<{solid lineg and light-hole(dashed linescontri-
+v,) while along theZ direction mi=my/(y,+27,).2*  bution along the quantum-well growth direction correspond-
The sign+(—) corresponds to lightheavy character of the ing to thel, L4, andLg phonon modes. Since we are deal-
mass along th& direction (heavy or light character on the ing with intraband transitionsng=n,=1 for the final and

initial state$ the exciton-phonon interaction with odd modes

TABLE I. Parameters used in the present paper. is forbidden and the main contribution correspond tolthe
mode. In the figure it can be seen thatis almost nine and
Parameters GaAs AlAs two times weaker thah, and Lg modes, respectively. To
Eq(eV) 1.5192 3.113% explain'the.above' results we need to look back at thg phonon
wr (cm™ Y 273.8 dispersion in the inset of th_e figure. The andL, confmeo!
B, 179 phonpns are almqst flat while the presents a strong(.er'dls-
B 177 persion as a function of t_he phonon wave nundpand it is, _
m./m 0.066% 015 in addlpon, the symmetric QW phonon thc_";lt has a_predoml-_
elho ' ' nantly interface character. The electrostatic potential associ-
e 6.85 3.45 ated to thelLg mode gives strong exciton coupling by Fro
Y2 2.1¢ 0.68 lich interaction in intrasubband transitions. The modes with
€o 12'52 10'06f Iargest@np,q component in Eq(24) are those that have the
ZOE (%) 1%':(; 8.1 largest interface contribution, explaining why the scattering
AEC(%) 35% rate associated to tHe; mode in Fig. 5 is stronger that the
v L, confined phonon.
aFrom Ref. 27. Figure 6 shows the dependence of the total scattering
"From Ref. 19. probability WS'® (Ey) =Sy, o1 W, (Ex) on Ey
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018 " T T tering rate of then,=4 mode has to be almost four times

weaker than for the,=2.

: 2951 4.2nm GaAs/AlAs QW | Let us comment on the effect of the carrier effective
0.16 ' = 90F : 4 7] masses on the scattering rate. First, the confinement is a
g ] function of the hole masses along tHeaxis; second, the
0147 > 2851 _ ] hole-phonon matrix element depends on the hole masses

Z .80 I through thth=mE/Man factor and the range of values
0121 3 e 1  dmin=0=0max is a function of the in plane electron-hole
e mass; third, the scattering probability value strongly depends
010 " Lo 7 on the in-plane density of states. Fig. 6 shows that the total
1  scattering probabilitpw/"

O;Q?l(Ek) for the case of the light-
hole mass along th2 direction (heavy-hole character in the
XY plane) is stronger than the heavy-hole exciton one, and
that the relative intensity between several phonon branches is
only a function of the phonon dispersion which itself de-
pends on the QW width. It is important to note that for the

case we consider of isotropic effective masses mget m'

the intra-band transitioki\lﬁ)'l’)0 is identically zerc?

In conclusion, we have performed an analysis of the ex-
citon scattering rate in narrow QWSs. The relaxation of hot
excitons accounts for the emission of confined and interface
Exciton Kinetic Energy (meV) optical longitudinal phonons due to the “Rfich-like
exciton-phonon interaction. The results obtained show a dif-
ferent behavior of the scattering probability as a function of
center-of-mass exciton kinetic energy. Dashed lifsid lines the well width and in-plane exciton kinetic energy. The value

n .

correspond to the light-holéheavy hol¢ mass along the QW of Wt()j)o is not equal to zero fOEK>h"’np’0 (for the case of
growth direction withd=4.2 nm. The inset shows the GaAs pho- intra-subband transition increases with increasind=x
non dispersion. The,, L,, andLg phonon modes according to the reaching a maximum, and begins to fall according to the law
notation followed in inset have been considered in the caIcuIationE}Zl/Z.25 The relative strength of the different phonon modes

is proportional to the ratio of the square of their overlap
and different quantum-well widths. Figure(8) corresponds  integral of the functionp,, , with initial and final electron
to a QW widthd=2.8 nm while(b) and(c) to d=2.0 and  gnq hole subband states in the QW. Théhfiolh Hamil-
1.7 nm, respectively. In the calculation, we present th§gnian(13) presents a definite parity, and the antisymmetric
heavy hole(_solld lines and light hole(dashed Ilne)g.along part of the potentialp, 4(z) (L1,Ls mode$ couples to the
the Z direction forn,=2 and 4 and the two main peaks exciton in inter-subbgﬁd transitiorié our casen,#n’y)

h h

observed in the figures are due fb=0—N=0 andN=0 ith . f ; having diff ith
“N=1 excitonic transitions. It can be seen that for with exciton wave functions having different symmetry wit
' respect to the center of the well. For a given phonon state,

=2.8 nm thel, mode is almost two time stronger than thg inter-subband transitions are less efficient proce§sesur

L, one, while the opposite IS observed when the QW width '%alculation one order de magnitude smaller than the case of
re_duged FOd:Z'O nm, that is thé., confined phonon con- intra-band transitionon the exciton relaxation time in com-
trlbgtlon IS Weaker than the, mo'de. quq=1.7 hm the parison with the intra-band probability. The intra-subband
gxmt_on scattering rate due =4 is negligible[not shown scattering rate is accompanied only by symmetric phonon
in Fig. 6(c)] but T, becomes the stronger ones f&i states [,,L,...).

>50 meV. AS.'” the case of Fig. 5, the phonon mode that These results together with Ed.) predict that MPR spec-
has a predominantly interface character presents a strong, i, yher_point have to be composed mostly by combina-
coupling with exc.ltons by. the I-hkch |n.teract|on via the tions of even modes in completely correspondence with Ra-
largest electrostatic potentlahp,q. According to the phonon - - spectra shown in Fig. 1. For samples with 10-GaAs
dispersions shown in Fig. 3. We see that the symmetric QWnonolayer width combination such as 3 2L,+L,, and
phonon areL, andT; for d=2.0, and 1.7 nm, respectively, |_,+ 2L, are observed in the GaAs phonon spectra. In the
explaining why the scattering rate assisted byltheohonon  case of the 6-GaAs monolayer well width, only the combi-
in Fig. 6b) andT; in Fig. 6(c) are stronger than or equal to nation ofL, and interface GaAs modesl(3, 2L,+IF, etc)

that due to theL, confined mode. In the case af  are reported. Spectra of Fig. 1 correspond to excitation ener-
=1.7 nm thelL, phonon mode is more confined with an gies above the type-I band gap of 125 and 122 meV for the
almost flat dispersion relatiojsee Fig. &)]. For the range (10,10 and(6,6) samples, respectively.A theoretical esti-

of g values where the phonons are flat thelffich interac-  mation of the relative intensities for the even modes can be
tion is proportional to g2+ qz2 with g,=np7/d (n, obtained from Eq(1). Taking into account that the total ex-
=1,2,...)™ Hence, the contribution to the intraband scat-citon scattering rateV, , in a given statex is constant, the

Scattering Rate (W™ x10"s™)

100 200 300 400 500

FIG. 5. One-phonon assisted exciton intrasubband scatterin

ratengg)’lﬂo;l’1 in a GaAs/AlAs QW as a function of the in-plane
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T T T T T T T T T 0.05 — T T T T T T T T T
(a) GaAs/AlAs QW | (¢) d=1.7nm
0.08 - d=2.8 nm T
0.04 - 4
-.-’; "0
o 0.06| . ©
o -
o * 003 -
2 5 -
?o 5&
V; p E L:
< 004 - P 2
= E 0.02 |+ -
o o : §
(o] [=
£ =
= 2
2 0.02 fi'? g
g - " @ 0.01
@
100 200 300 400 500 100 200 300 400 500
Exciton Kinetic Energy (meV) Exciton Kinetic Energy (meV)
0.10 — T T T T T T T T T T
(b) d=2.0 nm
~ 0.08 [ .

FIG. 6. Total scattering probability\/f)r;"i)'l as a function of in-
plane exciton kinetic energy for in GaAs/AlAs QW fdm) d
=2.8 nm,(b) d=2.0 nm, andic) d=1.7 nm. Heavy-holdlight-
hole) contribution along th& direction is represented by solid lines
(dashed lines The phonon modes follow the notation of Fig. 3.

o
o
o

Scattering Rate (W™ x10"s”
. A,
o
4

0.02
1 " 1 . 1 N 1 N [l
100 200 300 400 500
Exciton Kinetic Energy (meV)
relative intensities for B,, Lo+L,+L,, andL,+IF+L, |(3n2) Wg;]i),lﬁo;l,l(EK)

process are given by

(o +1F+ny) A IF :
| Wo:1,1-0;1,2(Ex)
0:1,1-0;1,1

[T gty o dna) , A direct evaluation OWg?i),lﬂo;1,1(EK)/W<()T‘{),1H0;1,1(EK) and
WO;l,lﬂO;l,l(EK) taking into account the light-hole contribution for the 10 and

G W (B

115314-8



SCATTERING OF HOT EXCITONS DUE TO OPTICA. . .

6-GaAs monolayers gives values of 2.7 and 117, respec-

PHYSICAL REVIEW B 65 115314

2
tively. That is, in a six monolayers sample, the MPR atlthe Z(z)= ULCO{ ZL )
point by combinations of, andL, confined phonons must
be almost forbidden. The opposite conclusion arisesdfor SLeXF( nq)+5|_ exp(— 7q) 2792
=2.8 nm case, when the combined intensities pfandL 4 C expl 70)— Cexpl — 70) co d
phonons are comparable to the intensity dueltg. 3Ve need T a T q
to remark that for the R,+ L, process we have three terms wE_ w% 2742
instead of one as in the case df 3confined phonon and the +s/ 7 o eXR(— nq)cosl‘(Tq), (A3)
total third-order Raman intensity of?-2"4)~| (L2 As we -
know from Figs. 8a) and (c), the IF modes correspond to
the T, hybrid mode. The relative intensity3"2)/| ("2*1F+n2)  and for even states
gives a value of 0.8 for thd6,6) samples. That is, the
6-GaAs monolayers favors the combinationlof with |F 272
modes with a total intensity higher with respect to,3ho- Y(2)= ’7qC°S< T)
non. These results are in complete agreement with the ex-
perimental observation of Fig. 1 explaining the observer C,_ expl( 7g) — C. exp(— 7) OS(ZnTz)
variation of the MPR light scattering on the QW widths.
Hence, the experimental observation in GaAs/AlAs superlat- ST exp(77q) Stexp(— 7a) d
tices on the relative intensities of multiphonon scattering can 02— w2 .
be explained in the framework of a MPR cascade model +c; ; ;exp(—nq)cosr(—q), (A%)
taking into account the relative role of the confined and in- wT— d
terface phonons on the hot-exciton scattering rate and on the
QW width. A more detailed theory on the present issue has to 2p 7
take into account the indirect creation and annihilation prob-  7(z)= anin( M )
ability for the type-lI GaAs exciton in terms of the phonon d
mode and QW parameters. CL expl mg) — CL exp(— 7Iq) n(ZWTZ)
7 S expt mg)+ St exp — ) d
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APPENDIX Sim= Vrgt nimsin(rum = L), (AB)
1. Exciton-phonon interaction Cf(T): \/mcos( = 9L(T))v (A7)
The norm of the vibrational amplitude is equal to
“e’+S" e 7
di2 _Setrse ® 27?_ , (A8)
=" v + 221z (A1) |
C e”—C/e
Co=——F——, (A9)
where for odd-potential states 21q
and
Y(z)= nqsm( 277"2)
d d w? i — w?
_m _ L(M 2
anfm=—= mm=z3\ "o I
S,_ exp(7g) + S exp(— 7q) m( 277TZ> BL(T)
CT exp 77q) CT exp(— 77q) d dg
2_ 2 aT
LW T o7 _[27m4z
+S/ 2—2qu - nq)sml—(T) , (A2)
W~ and w7 is the TO bulk phonon frequency.
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2. In-plane exciton-phonon matrix element

. ’ ’ . .
The matrix elementstmvr'nm represent the in-plane exci-

tonic transitions. From Eq6) and Eq.(13) it follows that
IN,'aqm’=<N|(2<—1>m’-m

ks

.

cos(m’ _ m) eeimpq cosH/Mda) |N’>,

(A10)

and 6 being the angle betwegmnandq vectors. The integra-
tion over 6 gives

IN’,m’_ _iyIm —m| m 4
N = (1) 27T<N|‘]|m’—m| Mpq IN"),  (A11)

whereJ,(z) is the Bessel function of order. Substituting
Eq. (7) into Eq. (A1l), we have

PHYSICAL REVIEW B 65 115314

A
N'm _\y2.2 N |m’
I'Nm _)\NaBNN,mNN’,m’_l !

N’

% f r|m|+\m’\+1efr(1+)\N/ANr)/2
0

XF(=N+|m[,2l/m|+1r)

XF

AN
—N’'+|m’|,2lm’|+1,—r
A.N/

><‘J|m’fm|(Q)\Nr)r (AlZ)

with A\y=(N+1/2)/2. The hypergeometric functiof(—N
+|m|,2lm|+ 1) is a polynomial inr and the integra{A12)
can be obtained making use of the iderffity

J xPHle= X3 (Bx)dx
0

dp+1
dap+1

with >0 andv>0. We thus find

(Va?+ B~ a)"
JaZ+ 32

=(—1)PHip ] (A13)

155"(Q) m=0 m==+1 m==+2
1 1
N=0 ﬁ(l_,_Qz)S/z
1 Q? -iV2  Q
N=1 2,”.\/§3' (%+Q2)5/2 67T\/§3 (;_1+Q2)5/2
1 2Q%5% - 6QRQ**H) -1 8 @
N=2 2.5 (Q2+ )2 2758 10 (@24 Zy72  2m\57 50V6 (Q%+ 55)7?
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