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Energy transfer of excitons between quantum wells separated by a wide barrier
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We present a microscopic theory of the excitonic Stokes and anti-Stokes energy-transfer mechanisms be-
tween two widely separated unequal quantum wells with a large energy misfatahlow temperature€T).
Several important intrinsic energy-transfer mechanisms have been examined, including dipolar coupling, real
and virtual photon-exchange coupling, and over-barrier ionization of the excitons via exciton-exciton Auger
processes. The transfer rate is calculated as a functidhasfd the center-to-center distanddetween the
wells. The rates depend sensitively Brior plane-wave excitons. For localized excitons, the rates depend on
T only through theT dependence of the exciton localization radius. For Stokes energy transfer, the dominant
energy transfer occurs through a photon-exchange interaction, which enables the excitons from the higher-
energy wells to decay into free electrons and holes in the lower-energy wells. The rate has a slow dependence
ond, yielding reasonable agreement with recent data from GagGkl ,As quantum wells. The dipolar rate
is about an order of magnitude smaller for ladyée.g.,d=175 A) with a stronger range dependence propor-
tional to d~*. However, the latter can be comparable to the radiative rate for sinallg.,d<80 A). For
anti-Stokes transfer through exchange-tyfpeg., dipolar and photon-exchangateractions, we show that
thermal activation proportional to expQ/kg T) is essential for the transfer, contradicting a recent nonactivated
result based on the Fater-Dexter's spectral-overlap theory. Phonon-assisted transfer yields a negligibly small
rate. On the other hand, energy transfer through over-barrier ionization of excitons via Auger processes yields
a significantly larger nonactivated rate which is independernt dhe result is compared with recent data.

[. INTRODUCTION assuming large trans-barrier GaAs clusters in the
Al,Ga, _,As barrier? However, the statistical rate based on
Energy transfer of excitons between deep semiconductsuch a model is expected to decay rapidly within this
quantum wells and quantum dots separated by thick barriefsaper we present several important intrinsic mechanisms of
is not only an academically interesting phenomenon butnergy transfer. Dipolar coupling, real and virtual photon-
plays a fundamental role in optoelectronic devices based oexchange coupling, and over-barrier ionization of the exci-
artificially structured semiconductors, such as quantum-welions through exciton-exciton Auger processes are examined.
(QW) and quantum-dot lasers and light-emitting diodes. The dominant Stokes energy transfer occurs through the
While energy transfer inside a single QW has been extendecay of excitons in the higher-energy QW into free
sively studied in the past? interwell energy transfer has electron-hole pairs in the lower-energy QW, as proposed by
received considerably less attention. Recently, surprisinglffSK.2> However, we find that photon-exchange interaction
large low-temperaturéT) Stokes and anti-Stokes energy- yields much faster transfer rates than the dipolar ratedfor
transfer rates have been observed by Tomita, Shah, and80 A investigated by TSK. The radiative rate depends very
Knox® (TSK) and Kimet al* between two widely separated slowly ond, decaying logarithmically at large. For plane-
GaAs/ALGa, _As QW’s using time-resolved photolumines- wave excitons, this rate is small at 0 K, quickly reaches a
cence excitationfPLE) and photoluminescencéL) spec- maximum at a very lowTl, and decreases rapidly wifh at
troscopy. For Stokes transfer, the observed transfer rate frofiigher T's. For localized excitons, the rate depends sensi-
a 50-A QW to a 100-A QW with an energy mismatah tively on the localization radiug. It depends onT only
=60meV was in the range »310°-1x10°sec! for  through¢ and is independent of if ¢ is insensitive toT at
samples with a center-to-center distadeef 175-375 A and low T's. The predicted rates are in reasonable agreement
at T=4-80K. Anti-Stokes transfer from a wide to a narrow with TSK’s data. Photon exchange is recognized as a viable
QW proceeded at a much slower rate {2@®Psec’).®  energy-transfer mechanism for optically active impurities in
These rate$W) were too large and showed too little depen-insulators> Dipolar coupling yields rates smaller at least by
dence ond to be explained by a standard carrier tunnelingan order of magnitude fat=175A and with a stronged ™ *
model withWoexp(—ad) (« is a constant(Ref. 4 or dipo-  dependence. However, the dipolar rate can be larger than the
lar coupling withwWeed =4.3 Surprisingly, samples with larger radiative rate at a short distanée.g.,d<80A). The calcu-
d showed faster anti-Stokes transfer rates than those witlated rate vanishes &t=0, reaches a maximum, and then
smallerd.® For Stokes transfer, however, the observed rateslecays at a highef. This T dependence of the dipolar
were nearly independent af. In this paper, we present a Stokes energy-transfer rate for plane-wave excitons conflicts
theoretical explanation for the principal characteristics ofwith the recent result of TSK’s dipolar rate, which is finite at
these intriguing data. 0 K and decreases monotonically as a functionTofThe
The anomalously large energy-transfer rates were also olphysical significance of this discrepancy will be discussed
served by Kimet al. and explained by carrier tunneling by later.
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For anti-Stokes transfer through exchange-tyeg., di- depths and the widths of the QW. The creation and destruc-
polar and photon-exchangeoupling, we show rigorously tion operatorsa;rre andag_ (azrh anda, ) creates and de-
that thermal activation proportional to expd/kg T) is nec-  siroys an electron in the conductigmalence band at the
essary, in general, to overcome the energy mismaigh  nositionr(r,) in the Wannier representation. The quantity
—&1¢,= A between the initia(QW1) and final(QW2) QW's  R=a,l ¢+ ayry, is the position vector of the center of mass,
contradicting the TSK’s nonactivated rates based on thavherea,=mg/M, ap=m,/M, M=mg+mjy,, andmg(my)
Forster-Dexter’'s spectral-overlap thedty.Here K is the is the electronhole) mass. A vectog=(qy,q,) is decom-
wave vector for the center-of-mass motion. The phononposed into components paralle}] and perpendicularg,)
assisted rate is calculated for photon-exchange and dipol4® the QW plane. We defing=|q| andq,=|q,| as the ab-
transfer, yielding a negligibly small rate and an activaled solute magnitudes of the vectors.

dependence proportional to exphi/kgT). On the other Converting ther , summation into integration
hand, energy transfer through over-barrier ionization of the 1
excitons via two-exciton Auger processes is shown to yield a E = | d¥,, o=enh 2.2

significantly larger nonactivated rate which is independent of T
d. In this two-exciton collision process, one exciton becomes ) o - ) .
annihilated nonradiatvely, imparting its energy to the othefVe obtain the normalization conditiongj’,K;|j,K;)
exciton and separating it into a free electron-hole pair over- 51,1’5KHKH’ and
the barrier. These carriers relax subsequently to form exci-
tons in the other QW. This rate is large enougéhen the 2 2
exciton density is not too smalto explain the recent data. f d r”f dzef dz|Fj(ry ze.z0)|*= 1, 23
e i M a0 0% 1098 or 1., wherer, 11y The ovetap of the confe
pared to al=275 A sample can be explained if one assumesment wave unctlo_ns betwe_en t e two .QWS IS heg ected.
. , A localized exciton at siteR, in the jth QW is repre-
a shorteré (e.g., rougher interfacg®r a larger exciton den-
sity for the 375-A sample. sented by
This paper is organized as follows. In Sec. Il we present a
basic formalism and give the wave functions of the plane-
wave and localized excitons and free electron-hole pairs. The
Stokes energy-transfer rate is calculated in Sec. Il using XF (Fa—n,Ze—2Zi ,Zn—2)al @ |0)
dipolar and photon-exchandge., radiativé interactions. In JRTel ThinZe S 57 CorSurgl B/
Sec. IV we establish a useful field-theoretic formalism for (2.4
exciton transfer by expressing the rate in terms of a correla-

tion function, which is then evaluated using a standard diayvhere the normalized center-of-mass wave fUNCE(R,)

gram expansion technigue. We show here that anti-Stokes a_pproximated by a Gaussian function with a localization
transfer through a trans-barrier exchange mechanism such 5%d|us§,

dipole-dipole or photon-exchange coupling is always acti- 1

vated for largeA (much greater than level widthsAnti- G(R))= —=exp —R¥ ). (2.5
Stokes transfer rate is studied in Sec. V in terms of over- §\/;

barrier ionization of the excitons through exciton-exciton
Auger processes and also using dipolar and radiativ

Uo

o

J:Ra)=vo 2 G(R;~Ra)
e''h

gquations (2.1, (2.4, and the normalization conditions

phonon-assisted processes. The paper is summarized in Sg@.‘ld'
VI with discussions. 2\mé
(1.Klj",Ray= L exp(—iK;-R,—36°KD) 5, ;.
1. BASIC FORMALISM (2.6)

In this section a basic exciton formalism is presented.
Partially employing the notations of Takagahathge quasi-
two-dimensional2D) ground (1s) exciton state with a wave
vector K, for the in-plane center-of-mass maotion in thi
QW is represented as

To obtain a numerical estimate of the transfer rate, we
use, for the envelop functioR;(r,,z.,z,), a product of the
2D exciton radial wave functioR(r;) and the quasi-2D con-
finement functionF;(ze,z),

vo Fi(ry,ze,zn) =F(r)Fj(ze,zn), (2.79
|j:K||>:fr2r e I RIF (rg =T Ze— 2, Zh—Z)) where
e''h
xal a,. |0), 2.1 2v2
Crg vrh| > ( ) F(FH)Z \/_ efer/aB, (2.7b)
’7TaB

whereQ =L3=Nu, is the sample volume,, is the unit-cell
volume, N is the total number of the unit cell) signifies . . .

the ground state with an empty conduction baodand a Fi(Ze:20) = bej(Ze) fnj(2n), @79
filled valence band«), andz is the z coordinate at the andag=«%?/(ue?) is the bulk exciton Bohr radius. Heye
center of the QW. The envelop functidf) depends on the is the reduced mass andis the average dielectric constant.
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The functionsF(r), ¢¢j(z), and ¢pj(z) are normalized. e? . .
The approximation in Eq2.7h is employed for an order of C(R;\Ry) =~ 3[D1- D= 3(R-D1)(R-D7)], (3.2

magnitude estimate of the rates. This approximation is ad-

equate for narrow QW’s_. For Wide_QW’s, the reSl_JIt can bejn the dipole approximation. Her&=(R,,R,), R=R/R,

improved 231/9 employing variational expressions for Dj=fd3r¢}*v(r)r¢jc(r) is the transition dipole, ane,(r)

F(ry.Ze 2y). : . _ is the Wannier function with=0 at the center of the cell. A

A free_ electron-hole pair moving with wave vectors 5 version of Eq(3.1) was also studied by TSK.

Key Ky V\_"th the center—of-_mass motion wave vector and The Hamiltonian in Eq(3.139 allows an exciton in QW1

the relative wave vectdk, is represented as to be annihilated, exciting an exciton in QW2. A free
vy ' _ electron-hole pair stat€2Kj k;) can be created in QW2

[j,K k)= I > eKirRigTiky (rei=rh) mstgad of an exciton. The Hamiltonian for this process is
Te:Th obtained by replacing F(r;,ze,z,)—L ' exp(—ik|

XF|(ze~7, -Zh_zj)aZreaurh|0>v 2.8 -r)F2(ze,2zp) in Eq. (3.13, yielding

where kg = aK;—k, and kg =anK,+k,. Equations(2.1) (2K Ki[Hed 1K)
and(2.8) yield

:L‘léKH,KH’fdzf dz'C(K;,R,)

XF3(z',2')F1(0,2,2). (3.3

(Kl Kk

=35 /8 | d?r | dzo| dze ki n
L 0Ky K] 9L’ I OZ | Oz
The quantityC(K, ,R,) is theK; component of the inter-
xF}*(r\\,ze,zh)Fj(ze,zh). (2.9 action energy between a dipol®, in QW1 and a sheet of

. . dipolesD, in QW2 at dicular dist d I
In the quasi-2D approximation in E¢2.73, the overlap in IpolesD, In QW2 at a perpendicular distanB and equals

Eq. (2.9 reduces to -
929 C(K;,R,) = (7D 1D2e? x)K e Kl (g ),

KKK —15 8 o | d2rie ki nE*(r)) .
(KK k)= L 9K K90 I (r D(¢y,) =[cog2¢y — ¢p) +cosp],
_ 8vy2magd ) 2.10 Whered)KH (¢p) is the angle betweeld; andD, (D, andD,)
L(kjag+4)¥2 %" ' in the QW plane. The expression in Eg§.4) vanishes in the
limit K,— 0 contradicting the result of TSK: The interaction
lIl. STOKES ENERGY TRANSFER energy of a single dipole with a shegir line) of uniform

dipoles vanishes as well knowWAThe derivation of Eq(3.4)
In this section we study the Stokes energy-transfer rateg given in Appendix ALl

through dipolar and photon-exchange coupling and compare Employing the quasi-2D approximation introduced in Eq.
them with the data of TSK. The dependence of the ratd,on (2.7g and inserting Eq(3.4) in Egs. (3.1 and (3.3, we
T, and¢ is studied. The energy transfer occurs from narrowobtain
QW1 to wide QW2. The ground sublevel of QW2 lies below
that of QW1 byA. 8D;D,e?
(2K|[Hed 1K )= a2 P(ex)d, ,K”’Ku<e’KH|RZ‘>,
A. Dipolar energy transfer B (3.59
1. Dipolar coupling between the wells

Dipolar coupling arises from the electron-electron interac- <efKH\RZI>:f dzJ' dz’F§(z’,z’)Fl(z,z)e’KMZ’Z"d|,
tion HamiltonianH.. between the two QW'’s. Suppressing

the ground-state labdj’,0) from |j,K;;j’,00=|j,K;) and (3.5D
employing Eq.2.1), the transfer matrix is derived extending and

Takagahara's resutt

2\27D,D,€? R
ZEKH’Kﬁf de dz'C(K;,R,)F3(02',2")F(0.z,2), = T@(d)KH)&KH’KH’K”(e il z|>,

. where (exp(—K||RJ)) is the average over the electron and
C(K; ,RZ)ZJ d’Re"RIC(R),R,), (3.1b  hole distribution. For an order of magnitude estimate, a rect-
angular distribution over the well widthis; and b, is em-
whereR,=z—2z'—d with |z|,|z'|<d and ployed, yielding (=K,d),
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TABLE I. Sample parameters for the GaAs§AGa, ;As quantum wells employed in the text.

Electron massn, 0.06",
Hole masam, 0.14m,
Total massM 0.207M,
Band gapE, 1.52 eV
Refractive indexn 3.68

Dielectric constani

3D exciton binding energ¥gj
Dipole momentD,=D,
Energy mismatch

LO phonon energy

12.4
4.06 meV
55A
60.0 meV
36.2 meV

sinh(tb,/2d) sinh(tb,/2d)
tb,/2d th,/2d

(e MR =e7t5(t), S(t)=

(3.7)
The quantityd)(¢KH) is to be squared and averaged 0¢Qr”
later, yielding

1 (2= ) T
EJO D (¢ )"depy + ¢D—’¢D+§)=2- (3.8

The transfer rate includes the contribution from the perpen-

dicular D,.L D; given by the second term in E¢3.9).3
2. Direct energy transfer from localized to plane-wave
exciton states

A direct transition from|1K;) to [2K|) is impossible
because momentunK(=K,;) and energy cannot be con-

served simultaneously. Momentum conservation can be re-

laxed for localized initial exciton states, yielding

2
W= —=2 K2K{[Hed LRa)S(E;—A), (3.93

WhereEKH=ﬁ2Kf/2M2. Here we ignore the energy distribu-

tion of the localized excitons. The energy of localized exci-

tons with ¢ is of the order ofi?/26?°M?=1.8 me\<A for

£=100A and is neglected. This rate is evaluated using Egs.

(2.6) and (3.5 and(3.8) and equals

W:(KAg)ZWOe—(KA@Z(e—KA\RZ|>2, (3.9b

where W,=5127M(D,D,e?/ ka3)?/#3=2.14x 10" sec*

for ag=144.5A. The parameters employed are summarized

in Table 12 In Eq. (3.9b, (2K, )22M=A, yielding K
=1/17.5 A for A=60meV. Therefore{exp(—K,|R/)? is of
the order of expf 2dK,)=2.06x 10 ° for d=175A, yield-
ing a negligibly small rate for al§ for larged and A.

3. Energy transfer from plane-wave excitons
to free electron-hole pairs

An exciton |1,K,) decays into a free electron-hole pair
[2K| k) with a rate

2m
W= 7[‘3[ dEK”e‘BEKu
><< S, 2K KiIHed LK )P ooy —A")
Ky Ky

A

(3.10

where s, =/°kf/2u, B=1kgT, A'=A—Eg(>0), Eg is
the exciton binding energy, andfdE e #E is the Boltz-
mann average over the initial states. The angular brackets
denote the angular average over the directioiK of In this
process, the center-of-mass energy is conserved. The extra
energyA’ is dissipated into the relative motion of the elec-
tron and hole.

Inserting Egs(3.6)—(3.8) in Eq. (3.10, carrying out the
k| summation, we find

d
W=Wp gi §T)9< f_T) ,
(3.113
g(t)= JO x3e X625 tx)2dx,
_32’77/.L 62D1D2 2
Wo il 1) = 73 | kagéy | (3.11b

=1/ " —462A M=0.20Mg), (3.11
&r= MKeT T (M=0. ), (3.110
whereT is in degrees Kelvin. Using the parameters in Table
|, we estimateW, 4,=2.87< 10°T sec *. The rate is plotted
in Fig. 1 as a function ofl for d=175, 375A and forb,
=50A, b,=100A as well as fob;=b,=0. It is seen there

12 T T T T 6

d =80 A (2D QW's)

Y
o

’sec)

2]

o

d =175A (2DQw's) -

(L.088,01) eley Jojsuel | sax0lg sejodiq

Dipolar Stokes Transfer Rate (10

Temperature (K)

FIG. 1. Dipolar Stokes transfer rate for plane-wave excitons
from a 50-A QW to a 100-A QW separated by=175 and 375 A
with a 60-meV energy mismatch. The dotted and dash-dotted
curves are for the 2D limit.



PRB 62 ENERGY TRANSFER OF EXCITONS BETWEEN QUANTUM . .. 13645

12 - » B. Photon-exchange energy transfer

1. Exciton-photon coupling

10 The electrons see the photon field through the

Hamiltoniart?

d=175A (2D QW's)

8- e
th——m—OCA'p,
d=175A
23 1112
A:|2 2mCh [b eik~r_b'f e—ik~r]'~
& | Qoo Ak Ak €k

4o : (3.14

wherep=(mg/i#) [ (r)[r,Hole(r)d3r, ¥(r) is the field
_________________ operator’, b/, (b,,) creates(destroy$ a photon with mode

- Nk, frequency w,=Ke=kc/n, polarizationd,,, and &

=n? (n is the refractive constantH, is the single-particle

Dipolar Stokes Transfer Rate (1O7sec1)
T

0 T T T T T T T 1 . .
60 80 100 120 140 160 180 200 Hamiltonian. o ) ) )
. The exciton-photon coupling is obtained inserting Eq.
Localization Radius £ (A) (2.1) into Eq.(3.14),

FIG. 2. Dipolar Stokes transfer rate for localized excitons from (J.ONy i+ 1[Hgrl . K Ny
a 50-A QW to a 100-A QW separated by=175 and 375 A with a 2 12
60-meV energy mismatch. The dotted curve is for the 2D limit. _ eElL 2mChA(Ny+1)

he Qewyy Ky kg

that the effect of the well width is small. The rate vanishes o _
linearly with T for T—0 becauseC(K,R,) <K, for K,—0 X @~ 'kzZ] %k'DjJ e '?F(0,z,2)dz,
in contrast to TSK’s result. The calculated rates fbr
=175A (375A) are about one ordéiwo order$ of mag- (3.15

nitude smaller than TSK'’s data, which are insensitivadto hereN.. is the phot i b is th
andT. However, the rate for a much shorter distance is much/1€r€ Ny 1S the photon occupation number aky is the

_ : - ffective gap energy.
léigse(; 25 shown by the dash-dotted curve on the right axis fof The Hamiltonian for the creation of a free electron-hole

pair through absorption of a photon is similarly obtained by

4. Energy transfer from localized excitons inserting Eq.(2.8) into Eq.(3.14 and equals

to free electron-hole pairs S .
b (J.K K[ Ny Hpr 0Ny + 1)

The results displayed in Fig. 1 show a rapidependence
in contrast to TSK’s data. We now show that thelepen- _ ﬁ
dence is absent for localized excitons. The rate for localized ~ hc
excitons equals

27Ny +1) Y2

Qewyy

’
LY

xeikzzigk-DfJ e*?F¥(z,zdz. (3.1
2 L ) ,
W= sz K2K{ ki [Hed1Ra)"oex + By =A"). Note thatk| represents the in-plane wave vector for the rela-
o (3.12  tive motion of the electron and the hole, whités the pho-
ton wave vector. The expression in £§.16) is independent
Ignoring the distribution o, W is evaluated using Eq2.6)  of k| . The range dependence of the photon-exchange inter-
and Eqs(3.6)—(3.8) for largeA’, action is introduced through the phase factors exk(z) in
Egs.(3.195 and(3.16) as will be seen later.

d
W= WO,dip(g)g(E)’ (3.13 2. Energy transfer from Iocalize_d excitons
to free electron-hole pairs

which has the same form as in E@.11) except that; is A Ioc.allized exciton in QW1 decays into a free e[ectron—
replaced by¢. The rate is plotted as a function &in Fig. 2 hole pair in QW2 through photon-exchange interaction by a
for d=175,375A and forb,=50A, b,=100A, andb, tWO-Step process at a rate

=b,=0. The rate becomes maximum at ab&&t140 A for

d=175A. The maximum occurs at a larger for d WZZ_” > | Tial?8(er+Eq/—A") (3.17)
=375A (not shown in Fig. 2 These rates are of the same Rl ’ '

order of magnitude as those shown in Fig. 1 and are too e

small to explain the data. where
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(3.18

T12,a: % E

Here,N, =0 andI is the exciton damping. Thematrix in

h(l))\k_lr

whereK?=K|?+k2 andK'2=K?+k,?.

Eq. (3.18 describes a process where a photon is spontane- Inserting Eqs(3.20—(3.24 in Eq. (3.19, we find
ously emitted from an exciton in QW1 and reabsorbed in

QW2, exciting a free electron-hole pair. Becaubg, is
independent ok , thek; summation in Eq(3.17) can be
carried out immediately, yielding

L4 ) ,
W= 4772ﬁ3fd2KH|T12,a|20(A —Eq), (319

where 6(x) is the unit step function.
Inserting Egs(2.6), (3.15, and(3.16 in Eq. (3.18), we
find

8\/_§EeDD2 _./ g2 12 ,
T12a W KH'Rae 3 KII IZQ(K” ,d),
(3.20
\/;aBE * )
K ,d)= gf dk,e'kd
QK| === | dk,

fszl(Oz z)e *2[dZ' Fy(z',2')e*#
(Eq—ATVK| 2+ KE—iT) VK[ ?+K?

(3.21

XP(Kj Ky,

where

(M&)E@&JJW@Mk Dy),
(3.22

and I5 D;/D;. The dominant contribution to thie, inte-
gratlon in Eq (3 21) arises fromfiw, <Ey4, namely from
k<&, whereé,=#T/Ey=353A forn=3. 6813 Therefore,
the phase factors in tha Z' integrations in Eq(3.21) are
roughly unity becauséz|<b;<&,, |z'|<b,<¢y, yielding
unity for thez' integration. Employing a quasi-2D approxi-
mation in Eq.(2.7): F1(0z,2)=2(2/7)Y%F(z,2)/ag, we
simplify Eq. (3.2 as

Q(K/ ,d)= J:dkzcos{kzd)

1 1
X +
((Eg/ﬁ?;—\/K|;2+ k2—iT/7T)  JK[?+K2

XPy/ Ky (3.23

The angular integration id>KHr, in Eq.(3.19 yields, when
summed oveD,|ID, andD;1 D,

_f ¢K“‘ P(K] k) P(K] k)=

O rad

W= f dx 0(£%1 &5, —x)e ™™
X[ |1o(xd?/£2)|%+ |1 (xd?/ £%)]?], (3.25
(0= foo 7" cosz 1 N 1
X
n x+27° 2 d ’
‘2 Jxrz c TPy
’ (3.26
where  Wo o= 32mu(E4e?D1D,)% (h5c%cag), &,
=%%/(2MA") and y=Td/#T=(I'/Ey)(d/£)<1. For

GaAs, ¢y =18.1A forA= 60 meV. Using Table |, we esti-
mateWy o= 3.64x 10° sec *. The rate in Eq(3.25 is inde-
pendent ot ,b, for bl,b2< &g

The rate in Eq(3.25 is the sum of the nonresonant and
resonant contributions, i.e\W=W,t+W,s. Here W, is
form the principal part of Eq(3.26 while W, is from the
imaginary part given by

O rad
Wres

J dx O(£4 €3, —X) 0(£4 £5—X)

xexcosz(% \/(5/59)7—x>

(é1£9)°

%@Qﬁﬁf%®m&wﬂﬂ

(3.29

Here smally is inserted to avoid a weak logarithmic diver-
gence W, reduces toNV,.s= Wy radcos?(d/f ) for €&, €n
and to Wies=Wy, rat{ln[(§2/§g+ 7)/7]+2}§2/(2§g) for &g
>¢ ¢, ,d. The real part of the integral in E¢3.26) is cal-
culated excluding the regidx — x| <y around the singular-
ity point xs. We usel’=0.01 meV corresponding to the life-
time of about 100 pse(Ref. 3 for the numerical analysis
presented below. This value correspondsyte3.26x 10 ©
for d=175A. The rate increasdgecreasesby about 25%
when v is reducedincreaseflby an order of magnitude.
Figure 3a) displaysW,es, W,,s, andW as a function of
for d=175A. W, and W, are equally important and
have maxima neaé~ &y, wherefiw, (withk~& 1)~E,.
W is insensitive tad as shown in Fig. @) as a function of
(lower axig for d=175, 275, 375 A and also in Fig. 4Wis
independent ofl for T-independent and is in the range of
TSK’s Stokes transfer rate datahown as a function of
(upper axi$ in Fig. 3(b). The calculatedV is also plotted as
a function ofd in Fig. 4 for ¢=150, 400, and 1500 AW has
a very slow dependence oth in agreement with TSK’s
data. W, vanishes nead=w¢,/2=554A for large ¢
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FIG. 5. Photon-exchange Stokes transfer rate as a function of
the temperature for plane-wave excitons from a narrow to a wide

) QW separated byl=175 and 375 A with a 60-meV energy mis-
FIG. 3. Photon-exchange Stokes transfer rate for localized excCiqatch. The symbols indicate the data from T$Ref. 3.

tons from a narrow to a wide QW separated(ayd= 175 and(b)
d=175-375A with a 60-meV energy mismatch. Contributions

from the resonant and nonresonant processes are showa.in W= Z—W,Bf dEx e~ PEk,
Temperature-dependent ddsymbolg of TSK (Ref. 3 are shown h I
in (b) in the upper axis.
’ 2 A
=1500> £,=353 A (not shown in Fig. #as predicted by X< Z T K K [#a(ei —A )> , (3.289
Wies— Woyradcos?(d/gg) and creates a shallow maximum for ki K K,

W neard=350A as seen in Fig. 4. It is possible from Figs.
3 and 4 that samples with a largdrcan have faster rates
depending ort.

where theT (K| ,K, ) is obtained by replacingfl R,,N,)
with |1,K; Ny in T1,4 in Eq. (3.18. The Boltzmann aver-
age is taken over the initial enerdyj in Eq. (3.28. The
3. Energy transfer from plane-wave excitons unit step functiond(¢%/¢5,—x) in Egs.(3.29—(3.27) is not
to free electron-hole pairs necessary and should be replaced by unity. Otherwise, the
The transfer rate from a plane-wave exciton state in QWZate in Eq.(3.28 reduces to Eq¥3.25—(3.27) except that
to a free electron-hole pair in QW2 can be obtained from thes replaced withé defined in Eq(3.1109, namely,

formalism in Sec. Il B 2. The rate is given by
Wo,rad _

W= 222 e e oI+ T

20 ™ 0

Photon-Exchange Stokes Transfer Rate (3.29

For the numerical results shown in Figs. 3 and 4, the cutoff

15 / ---------- factor 0(§Z/§i,—x) in Eqg. (3.295 has a negligible effect be-
£=400A

m@ - causegzlgi, is very large. Therefore, the rates displayed in
2 Figs. 3 and 4 can be directly translated infedependent
£ rates by equating= £&r=462/TY2A, whereT is in degrees

g £= 1500 A Kelvin. The energy transfer rate is shown as a functioi of
2 / in Fig. 5 ford=175 and 375 A. The rapid decay with rising
©

|_

T is consistent with the steep decay with decreagibglow
........ the maximum in Fig. 3 in view of=&;=462T2A. We
\ can also deduce from Fig. 3 that the rate has a maximum
£=150 A near é&=390A, namely near 1.4 K in Fig. 5. The rapid
: : : : . T-dependent decay at highis due to the fact that the photon
200 400 600 800 1000 energy in the denominators of E®.23 becomes large. Fig-
ure 6 displays thel dependence of the rate a4, 10, and
50 K.
FIG. 4. Photon-exchange Stokes transfer rate as a function of The radiative rate in Figs. 4 and 6 decays very slowly for
the well-to-well separatiod for localized excitons from a narrow to  extremely larged. We show in Appendix B that the
a wide QW with a 60-meV energy mismatch for the exciton local-asymptotic behavior depends on the sample shape. The rate
ization radius¢=150, 400, and 1500 A. saturates to an asymptotic value independerd of a long

(5]
|

Weli-to-well Distance d (A)
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Photon-Exchange Stokes Transfer Rate
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FIG. 6. Photon-exchange Stokes transfer rate as a function cﬁ’

the well-to-well separatiod for plane-wave excitons from a narrow
to a wide QW with a 60-meV energy mismatch fbr=4, 10, and
50 K.

sample wherel is much larger than the radii of the QW'’s. In
the opposite limit, the rate slows down logarithmically.

S. K. LYO

tk
I

(a) (b)

FIG. 7. Basic diagrams for the correlation function defined in
g. (4.3 for the exciton transfer rate. The solid lines are dressed
exciton propagators and the wavy line a phonon propagator. The
arrows indicate the direction of momentum and energy flow. The
bubble diagram(a) yields the result in Eq4.5 and the one-rung
diagram(b) the interference term in E¢4.6).

fer rate from QW1 to QW2 and the second term the back

However, the rate is limited by the photon mean free path ifransfer. To ensure that QW1 is occupied and QW2 is empty
there are other optical-absorbing centers present in the sy#litially, we let Q—c. The expression in Eq4.2) can be

tem.

IV. FIELD-THEORETIC FORMALISM FOR EXCITON
TRANSFER

A. Formalism

In this section we express the transfer rate in terms of a
correlation function, which allows a rigorous and systematic

rewritten as

2
W= —Im

7 Ho,—Q+i0),

B ~ ~
Floy)= JO du ert(evHte UMty 4.3

calculation of the rate by using a standard diagrammatic

technique. The total Hamiltonian is the sumtbf andH,

H=J_§k) (ejk—p)Rj+H', (4.13

H=t+t". (4.1b
The first term ofH is the energy of the exciton which is
either atj=1 or atj=2 with the occupation numbei;,
=0 or 1. The chemical potential; at sitej is introduced to
project out the initial unphysical occupation of site 2 later.
The second terntH’ describes the rest of the systdmg.,
phonon$ and its interactions with the exciton. The operator
tT transfers an exciton from QW1 to QW2 ahdrom QW2

to QWL1.

The transition rate is given to the lowest orderfiby
2 «
W= =2 [e FEl(m[tTn)]?
hZ nm

—e AEm(n|t|m)[?]8(E,—En+Q), (4.2

whereH|n)=E,|n), Q=pu,—pu,, andZ is the distribution
function forH. The first term in Eq(4.2) describes the trans-

where w,=2mir/B is analytically continued to slightly
above the real axis. Herds an integer. The angular brackets
in Eq. (4.3 signify the thermodynamic average. The current
correlation function in Eq(4.3) can be evaluated systemati-
cally applying a standard temperature-ordered diagram ex-
pansion techniqu&:!®

B. Application to anti-Stokes transfer of plane-wave excitons

The above result is useful for studying the effect of damp-
ing and scattering for anti-Stokes transfer. Since there is only
one exciton in the system, we can employ a Fermion repre-
sentation and writdh, = c/,c;x wherek=K,, cf,, cj. are
creation and destruction operators aht =tk ChCuy-
Here ty =(2K|H{1K,) represents dipolar and photon-

exchange coupling. We assume that the exciton interacts
with phonons and other static scattering centerg., surface
roughness, impuritigs

The rate in Eq(4.3) is given by a bubble diagram and a
one-rung diagram shown in Fig. 7, where the solid lines are
dressed exciton propagators and the wavy line is a phonon
propagator or a single-impurity line. The bubble diagram
yieldst4-16
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27 (= ty €972V ty €974V,
W=— | dZdfy (20— 21X |tk |21k (2)p2x (2), oo =] 2z T >
ho)_w K, I I I 12+ —_A A
(4.49 s
i (2) 33 e 69

(4.4b

1
Pik(2) =" (z—Ejk )"+ Tk, (2% A full expression for the exciton-phonon interactiaf

will be given in Sec. V.
where f,(z)=exd—B(z—u;)] is the occupation function The first term of Eq(4.7) describes a process where the
(i.e., the Fermi function in the nondegenerate ljmind  ©xciton crosses the barrier through dipolar and photon-
Tk (2) is the imaginary part of the self-energy. The quantity€xchange interactiorse., viat ) to an intermediate virtual

I'jx,(2) represents damping due to exciton interactions. Thétate|2K,ng) and is then scattered to the final state by
excion st e rea part o e sltenergg absobed 2 S0 200 soring 2 prnen, o e seconder
into Ej in the spectral function in Eq4.4b. The second , PRNETN s

. . , ) o |1K| \nggt 3+ 3) inside QW1 by, 4, emitting and absorb-
term proportional tof5(2) in Eq. (4.49 is zero in the limit .5 2 nhonon and then crosses the barrier into the final state
(1—c and is dropped. o , via t. The first term of Eq(4.5) is obtained immediately

In the limit A>TI", dominant contributions arise from the "1 _ _

two nonoverlapping resonances z¢E;x and z=E, in by inserting the first term of Eq4.7) in Eq. (4.6). The sec-
Eq. (4.4, yieldin I I ond term of Eq.(4.5 fo!lows from the secon_d term of Eq.

- (448, y 9 (4.7). The cross terms in Eq$4.6) and (4.7) yield the con-
tribution shown by the one-rung diagram in Fig. 7 and are
proportional toe #* as will be shown in Sec. V. More de-
tailed study of the total one-phonon-assisted rate will be car-
ried out in the next section. An analogous analysis can be
+e PRy (Egx )], (4.5  applied to static scattering.

2
W= W% |ty |°Le” PEkiT ok (Ea,)

where  expf-Buy) =2k exp(-BEx )=Z, for a single- V. ANTI-STOKES ENERGY TRANSFER

particle occupancy in QW1. The physical origin of the ex-

pression in Eq(4.5 will be discussed later in this section.
The nonactivated result of TSK is obtained from Eg.

In this section we study exciton transfer from wide QW1
to narrow QW2. The ground sublevel of QW2 liAsabove
. _ . that of QW1. We have shown in Sec. IV that dipolar or
,(4'43 by (1) repIaC{ngfl(z).— f1(Eak) and(2) approximat- photon-exchange anti-Stokes energy transfer is proportional
ing the rest of the integration byp, (z=Ezx ). However, 5 e-55 Ag g result, the phonon-assisted rate is negligible at
this step is incorrect because the occupation function shoulgw T. We find that the dominant anti-Stokes energy transfer
also reflect the same resonandg(z)="f;(Ex )>exp  occurs through the following Auger-like exciton-exciton col-
(—,BEZKH)O‘E_BA rather thanf ,(z) = fl(ElK”)- lision processes at a sufficiently high exciton density, yield-

While the second term in Eq4.5 is proportional to ing sufficiently large rates to explain recent data.
e A% the same behavior is not apparent for the first term.
However, the first term in Eq4.5) is proportional toe~ BA A. Over-barrier ionization of plane-wave excitons

becausel) I'>x (Eqx ) =0 unlessK| is large enough to sat-  An exciton in|Ky,) in QW1 is annihilatechonradiatively
isfy E1KH>A for elastic scattering and2) FZKH(ElKH) ionizing another excitorjK,;) in the same well over the
xe~ P for damping through one-phonon absorptidriThe  barrier into a free electron-hole stdt¢| ,k; ,k;¢.k;,). Once
contribution tol' from the natural lifetime can be neglected. excited over the barrier, the carriers fall into QW2 “imme-
The physical origin of the expression given in H4.5  diately” in the time much less than the transfer time
can be understood by rederiving the full phonon-assisted rate 10~ ® sec. Phonon-assisted carrier capture is faster in the
in terms of an alternative standard perturbation method. Thearrower QW. The subscriptefers to the two excitons. The
resulting rate will be employed in Sec. V. For this purpose final unconfined free electron-hole state is described by
we consider two possible perturbation channels which con-
nect the initial statd1,K,,ng,) to the final statd2,K, ,ng A AR ) iK! Ry ik - (Faf—Tr)
+3+1) through intermediaqte states via emissibnl)‘ an?j KT K Kzeokzn) L2 2, el Rie (e
absorption(—) of a phonon. Herang, is the occupation for

le:lh

’ L t
the phonon modes, g, and energyhwg,. The thermally X F(KjeZe1Kzn,Zn) g, 8,1, |0),
averaged rate equals (5.13
20 where
W:ﬁg e PR, > |t12,i|25(E2KH’ihwsq_ ElKH)y , )
L5 K| sa* F(kzeiZe KzniZn) = dei: (Ze) b (zn) (51D
(4.6

is the product of the normalized electron and hole wave
where thet matrix is given by’ functions that propagate above the barrier in ztgrection.
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Following a similar procedure employed in Eq8.1)—
(3.3), we find

<K\1 ’kH, 'kée!
1

L2

k£h| Heel K1II 'K2ll>

5K1H+K2HvKﬁJ dZJ’ dZ’CDl(Klu’Rz)

xF(o,z,Z)f erHJ dz'F(r,,2",2")

X[F*(k,

JenZ! kg, 2 !k k)

2" )el ki eeku) ] 4 (1-2),
(5.2a

where R,=Z'-Z, Cp (R)=—e’R-D;/xR® is the

monopole-dipole interaction and

—F*(K}e,2" ;K

CDl(K\I-Rz):J d?Rye""RICp, (R)

2mie?
=— me KH.Dle*KMRz\_

(5.2b

HereR=(R,,R,) andD; is that of the initial confined state
L2
The Z, Z' integrations for the two initial exciton states in

Eq. (5.29 are sharply localized in QW1. We approximate .

CDl(K1|I ,R,) by its average over the probability distribution
of ZandZ'

2mie?

CDl(KH) = k\l' DlB(KH), B(KH) :<e*KH|Z’7z|>,

(5.3

whereB(K;)=2(x—1+e *)/x? with x=DbK, for a rectan-
gular distribution of the electron and hole densities &rid
the width of QW1. At this point, we employ the quasi-2D
approximations in Eq(2.7) for the exciton wave function in
Eq. (5.2a.

Carrying out ther; integration for the matrix element in
Eq. (5.29, we find

K

(KK ke kon Hed Ky, Koy

32
L2 5K1H +Ky ,KH'CDl(Klu)

o2 ax

XF*(Kye,Z" Ko 2" )Fg(Z2',2")
" 1
[(K| + anKyy)?ag+4]32

1
(k| — aKy)?ad+ 47172

+(1—2),

(5.9

where the subscript §” is introduced to distinguish the
ground-state confinement functiéiy(Z',z") from the over-

barrier wave function, which is assumed to be symmetric in

the electron and the hole coordinates.

S. K. LYO
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The thermally averaged total exciton-exciton ionization
rate is given by

2
N ~BEK,, f
e
hz, Kl%%n K
X E (KK Ke Kon Hed Ky Kol
K] ] e

ze'"zh

X 8(Ex, +Ex, —2Eg+Eq

_[EK‘i+8kﬁ+se(kz’9)+8h(kz’h)])a (5.9

wherefy  =2m#*NcBexp(—pBEx, )/M is the exciton oc-
cupancy Ng, is the 2D exciton densitys¢(k.o), en(k},) are

the electron, hole energies in the direction. Because
Fy(Z',2") is confined inside the QW in E¢5.4), theZ’, Z’
integrations yield negligible contributions for lardé,,
|,/ > /b, which is the momentum uncertainty in taeli-
rection. Therefore, we approximatg(k,o) +en(K.p) =Vo in

the energyd function in Eq. (5.5 for small |k.d, |k
<r/b, whereVy is the sum of the well depths in the con-
duction and valence bands. Also, the exciton energies are of
the order of the thermal energy and are neglected. The en-
ergy & function then yields(eku/z Eq—Vo—2Eg=Ej . The

!

integrations ork,, andk},, are carried out using the closure
property.

The wave numbek; for the electron-hole relative motion
in the denominators of E(q5.4) is much larger tharKy,
because k‘{>Ekﬁ' This allows us to expand the two terms in

the large square brackets of E¢.4) to the first order in
K. We then obtain after a lengthy algebra

W=Wo ol £7) fomxe*XBW/fT)de

1
"3

% 2
fo \&exs(&/gT)dx} : (5.6)
where W jon( £7) = (96m)*Ne(€?D 1 /x)?E Y/ £5E5 Y, and
Eg is the bulk exciton binding energy. For the parameters in
Table I,N,=5X10"cm 2 andE} = 1.09 eV corresponding
to GaAs/ApGay,As, we estimate Wy on(é1)=1.25T
x 10*sec’ ! whereT is in Kelvin. The T dependence of the
exciton ionization rate is plotted in Fig. 8 for=100 and 50
A. The theoretical rates are in the range of TSK’s observed
data. Note that the date for=375 A show faster rates than
those ford=175-275 A.

B. Over-barrier ionization of localized excitons

In this case we replace the initial exciton stdt€s,) and
|K5) in Eq. (5.5 by localized state$R;) and|R,). Final
free electron-hole statd¥; k| k.. k) are the same. The
rate in Eq.(5.5) is replaced with

> X

(K K| e kon Hed R1, R
R2 K|k ek

ze'"zh

_277

W=7

X 8(Eq—2Eg—[Ex/+ e T ee(kzo) +en(kn) ).
(5.7
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FIG. 8. Over-barrier ionization rate of plane-wave excitons ¢

through Auger-like two-exciton processes from a QW with 50

: FIG. 9. Temperature-independent over-barrier ionization rate of
(dotted curvg and 100 A(solid curve. Symbols represent TSK’s

localized excitons through Auger-like two-exciton processes from

anti-Stokes rate data from samples wlitk 100 A (Ref. 3.

The matrix element in Eq5.7) can be evaluated from Eq.
(5.4) (after expanding the latter to the first ordern, as
before using the transformation in E¢2.6). Because mo-
mentum conservation restrict§; to K <2/¢ in Eq. (5.7)
and ¢ is of the order ofb or larger, we neglecEKﬁ in the

energy 6 function. We also approximatec(k,e) +en(kyp)
=V, as before. The energ§ function then yieIdSSKHrzEg
_VO_ 2EBE E; .

The rate in Eq.(5.7) is then evaluated without further
approximation, yielding

W=Wo o €) f:xe*xm&/g)zax

1
+ Z , (5.8

© 2
j &eXB(&/g)dx]
0

where Wo jon( £) = (96m) *Ne (€7D / k) *Ef ¥ 7 £2E5 %, This
result is identical to Eq(5.6) if ¢ is replaced by¢;. Using
the parameters in Table INe=5%10""cm™? and Ej
=1.09eV (corresponding to GaAs/pLtGa 7As), we esti-
mate Wy or( §) =2.67x 10°¢ " 2sec ' where ¢ is in A. The
calculated rate in Eq5.9) is plotted in Fig. 9 as a function
of ¢ (lower axig for a 2D exciton densityNg=>5
X 10'°cm 2 and is independent @f. The rate is in the range
of TSK’s datd which are shown as a function dfin the
upper axis.

C. Phonon-assisted exciton transfer

50-A (dotted curve and 100-A(solid curvé QW’s Symbols repre-
sent TSK’sT-dependent anti-Stokes rate dépper axi (Ref. 3.

The initial and final states are assumed to be plane-wave
exciton states for simplicity. The electron-phonon interaction

is given in thejth QW by*

(.Kj] He—ph“ aKH>:Vj,sqeiqZZj 5K‘;7KH ,qH(bsq+ bZ,—q):
(5.93

Vj sq=EcqHj(@n0;.9,) — E,qHj(— aeq,0,), (5.90

Hj(QII er):j derJ dZeJ dz,
X|Fi(ry,2e,2y)|%€ (%) (5,90

The quantityV; ¢, was introduced in Eq4.7) and= ¢, E,q

are the electron-phonon coupling constants. Becalde

larger than the LO phonon energyn,=36.2 meV, LO pho-
nons play a dominant role. L& ;== ,q=E|oq, Where

q q

I

LOg Pt

Eo 1 27Thw062>1/2 1 1 1
Q€' '

€

(5.10

In the quasi-2D approximation of EQR.7), we find

64p;(Q,)

HJ(QHan)Zw, pJ(QZ):f dZ¢j(Z)26iQZZ.

(5.11

Here, symmetric QW’s will be assumed with rga(Q,) for
simplicity. Inserting Eqs(5.10 and(5.11) in Eq. (5.9b, we

In this section we study one-phonon-assisted Stokes arfihd
anti-Stoke rates through dipolar and exchange interactions.

The anti-Stokes rate equals expA) times the Stokes rate.

Visa=Vi(appj(a)/d, V,(aq)=64Z0A(qy),
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1
(Cl’ﬁ(ﬁaé—{— 16)3/2 (agqfaé+l6)3’2 ,

(5.12

A(q)=

whereV,(q,) is a function ofq; only.

The one-phonon-assisted anti-Stokes rate is given after

inserting Eqs(5.12 and(4.7) in Eq. (4.6) by

- 7BE , 2 2 2 2
ﬁZlAz% e K”K,E(“ [|tK”| p1(dy) +|t|<”| p2(d,)
=

—Pl(qZ)Pz(Qz)(t;ﬁtKHeiqzd+ c.c)llVy(ap/al?
X (nq+ % + %)5KII7K” 'quﬁ(EKH/ + A ihwo_ EK”)’

(5.13

whereq is replaced by—q, for the emission process. We
approximate p;(q,)?= &7/(qZ+ 512) with a correct limit
pj(0)2= 1 and a widths;~ m/b; . 8 We also employ a simi-
lar approximation forp4(q,) p»(q,) with a width &'. It turns
out that the second and third terms in E§.13 are negligi-
bly small ford>b; .

S. K. LYO
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Phonon-Assisted Dipolar Stokes Transfer Rate

Transfer Rate (10%sec™

Temperature (K)

FIG. 10. LO-phonon-assisted dipolar Stokes transfer rate for

The dominant rate arises from the absorption procesplane-wave excitons from a 50-A QW to a 100-A QW separated by

(lower sign in Eq. (5.13. Approximatingnq=e‘ﬂ’“"0, car-
rying out theK, andg, summations, we obtain

e PAQM 1
T R3ZAT % 2—%6_5EK“'[|tK‘;|2m(qH)+|tKH|2772(q||)
Il
_(t;ﬁtKuJFC-C-)77'(Q\\)efq””’(q”)d]VH(qH)z . (514

Ky

whereq,=K; —K; and EKH +hwo=A+ EK‘;. This process is

available only to those high-energy excitons in QW1 which
can reach the QW2 exciton band with one-phonon absor

tion. In Eq. (14), 7:(q)) = 72(q;)=»"(q,)=1 for narrow
QW’s with 6;>(q. In the opposite limit,;(q,) = 6;/q, and

7' (q,)=46"/q,. The analysis has been general so far. Fo

large A, we ignoreEK‘i~kBT<A—hwo at low T's and ap-
—hwo)lh?]1Y2=1/27.8 A in Eq.(5.14.

1. Dipolar phonon-assisted exciton transfer

For the dipolar exchange interaction we use the expres- Ex*

sion in Eq.(3.59 for ti,s obtaining from Eq(5.14)

wilbe—pa ,
= 2 & PR (KT e NI
I K/

I
+ KK IR 2, (K — K[ KT ' (KT ) (e iR
x(e~Ki IRdyg =K n'(K)d (5.153

2
A(KF)?% (5.15b

2m64M wK} <e3D1D2

hZAZe_r Kaé

L0~

Using e’f1=0.012 for GaAgRef. 19 and Table I, we esti-
mateW"B=3.87x 10° sec *. The second and third terms in

d=175 and 375 A withA =60-meV energy mismatch. The dashed
curve is for the 2D limit. The anti-Stokes rate is obtained by mul-
tiplying the Stokes rate by exp(BA).

Eq. (5.15 decay exponentially as:< exp(—2K*d)=exp
(—d/13.9 A) and are negligibly small for large as con-
firmed by our numerical analysis. The dominance of the first
term means that the excitons prefer to cross the barrier with
a small momentunK; to maximize|tK”r|20<exp(—2KH’d).
This is achieved by being scattered inside the initial QW
from the initial high-momentum stat&;=KJ to a low-

momentum intermediate stakg before crossing the barrier.

pL-Jsing the same argument for the bacle., Stokes transfer

from QW2 to QW1, the exciton-phonon scattering occurs in

rthe lower-energy QW1 after crossing the barrier with a small

initial momentumK .

Retaining only the first term in Ed5.159, carrying out
the K| summation and employing the approximation given
in Eq. (3.7), we find

2kgT

W=W{ge A4 m(KHg(dlEn),  (5.16

whereEKﬁzA—ﬁwo and the functiorg(t) was defined in

Eg.(3.113. The one-phonon-assisted Stokes rate due to pho-
non emission can be derived in a similar way and has the
same expression as that in E¢s.15 and(5.16 without the
activation factore #*. Comparing with Eq.(3.11), the
phonon-assisted Stokes raé*W has exactly the sam&
dependence as the dipolar Stokes energy-transfer rate from
plane-wave exciton states to free electron-hole pairs. The
factor 1 (K|') indicates(1) that phonon absorption occurs in
the initial QW1 and(2) that the rate is a faster rate for a
smaller well width as well knowr® For a numerical estimate
we take#;(K[)=1 corresponding to the narrow QW limit.
Figure 10 displays theél dependence of’*W (i.e., the
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Stokes ratgfor d=175 and 375 A forb;=100A andb,

=50A. 16}
Phonon-Assisted Photon-exchange

2. Radiative phonon-assisted exciton transfer 14 Stokes Transfer Rate
Using a similar expression to that in E¢3.18, the -
photon-exchange coupling betwe¢hK;) and |2K|) is o
given by <
16E,e%D,D ;(.G:
_ _ 9 1-2 o
tKH_JradQ(KH 1d)1 Jrad_ ﬁwcnaé (5-17) :q:)
%)
s
'_

The quantityQ(K ,d) is the same as given in E3.23) but

is different from the specific expression given in £§.21)
where the final state is the free electron-hole state. Using Eg.
(3.24 and summing oveb,ID, and D, D,, we have the
following relationships:

IHEJ_ <||Q(KH 1d)||2>KH: %[|IO(X)|2+ | I 1(X)|2]1 (5183 Temperature (K)

. FIG. 11. LO-phonon-assisted photon-exchange Stokes transfer
> (Q(K, A, =3o()+ 1)1, (5.18D  rate for plane-wave excitons from a 50-A QW to a 100-A QW
I separated by=175 and 375 A withA =60-meV energy mismatch.
Wherex=(KHd)2 and|1,(x) was defined in Eq(3.26. The The anti-Stokes rate is obtained by multiplying the Stokes rate by

quantities on the left-hand sides of E§5.18 appear in Eq. exp(-pA).
(5.14 whent is replaced byl,Q(K;,d). _ _ _
The second and third terms in E€5.14) contain terms ~Parier and with a large energy mismatsh-kgT, Eg. Sev-
proportional toll,(x*)|2 and I,(x*), respectively, where eral important intrinsic energy-transfer mechanisms have
n n L] ’ . . . . . .
x* = (K¥ d)2. These quantities are negligibly small, indicat- been examined, including dipolar coupling, real and virtual

ing that the photon-exchange interaction is small for a largghoton—exchange coupling and over-barrier ionization of the

momentum transfer. We therefore retain only the first term iSxclons via  exciton-exciton Auger processes. Phonon-

Eq. (5.14. Using Eq.(5.18 and following the same proce- assisted transfer rates were found to be too small to explain

: o . N the low-T data.
(iu{e employed for dipolar transition, we find, foz (Kj’) The two most important theoretical predictions of this pa-

per are that the photon-exchange interaction is responsible
for the long-distance Stokes energy transfer and that the

Wike (- ton-exc dominate the antiStok
_ dx e X |1 o(xd2/ £2)|2+ 1 ,(xd?/ £2)|2]. exciton-exciton Auger processes omlnate t.e. anq-Sto es
2w 0 [T St Sl rate at lowT’s. In both cases, the rate is insensitivedtd d

is smaller than the mean-free paths of the photons for the
642332 M 2 Stokes transfer and if the over-barrier diffusion of the elec-
rad o rad woe - . . e
= A(K]). (5.19 trons and holes to the adjacent well is not the rate-limiting
heAK| € process for the anti-Stokes transfer. For the latter, the trans-
) o 1 fer rate is proportional to the exciton density.
The parameters in Table | yieWy, 5=3.99x 10°sec™. The For Stokes energy transfer, the dominant energy transfer
expressiore”*W in Eq. (5.19 has exactly the same form as occurs through the decay of excitons from the higher-energy
that in Eq.(3.29 except for the rate constaM/[3y. The Qw1 into free electron-hole pairs in the lower-energy QW2.
one-phonon-assisted radiative Stokes transfer rate is disthe excess energy is dissipated into the kinetic energy of the
played in Fig. 11 as a function df. The rate has the sanfe  electron-hole relative motion. Here, we assume that there are
and d dependences as the photon-exchange Stokes rate fap continuum high-energy localized exciton states in QW2
excitons to transfer into free electron-hole pairs displayed ifo enable resonant transfer. However, energy transfer is pos-
Figs. 5 and 6, except that it is smaller by a factdffs/W,  sible into various low-lying excited bound exciton states but
=1.10x 10 2. Nevertheless, it is about one order of magni-is relatively slow because it requires slow two-step phonon-
tude faster than the phonon-assisted dipolar Stokes rate platmission processes to relax the energy as demonstrated in
ted in Fig. 10. The anti-Stokes rate is smaller by a factorFigs. 10 and 11. The energy-transfer rate through the photon-
e AA. exchange interaction is much faster than the dipolar transfer
rate ford=80A. In the opposite limit, however, the latter
VI. CONCLUSIONS AND REMARKS dominates the for'mer. The dominance of thg radiative trans-
fer over a large distanog can be understood if we consider
We have studied Stokes and anti-Stokes exciton energyansfer from an initial localized exciton state in QW1 to a
transfer between two asymmetric QW’s separated by a widénal localized state in QW2 separated by a distancA&n
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analysis similar to that carried out in Sec. Ill yields a radia-the rate decreases as a function&f- 1/K;) as shown in
tive rate between these two states proportional t8.1The  Fig. 9. The rate is independent ®ffor localized excitons for
total rate can be obtained by summing over the infinite numT-independent. The calculated rate is large enough to ex-
ber of final states in the plane of the final QW?2, yielding aplain TSK’s data (Figs. 8 and 9if the exciton densities are
large rate with very slow dependence dndecaying loga- assumed to be in the range'$010 cm 2. However, theT
rithmically at larged in contrast with the rapid~ 4 depen- dependence of the rate predicted by the plane-wave exciton
dence of the dipolar rate. model seems to be more consistent with the data, suggesting
The K, component of the interaction between a singlethat the excitons in the initiakide QW may be delocalized
dipole of the initial exciton and a plane of dipoles in the final due to the relatively smaller effect of the interface-roughness
QW has a maximum aK;=K, nax and vanishes aK;=0 fluctuations.
andK,d>1 as shown in Eq3.4). This is due to the fact that One existing model proposed for the long-range nature of
the net interaction between a point dipole and a lipe the energy transfer is by Kirat al*® These authors observed
sheet of dipoles vanishé§ and that the contributions from efficient energy transfer over a large distance ranging up to
the individual distant dipoles in QW2 cancel out fird d=1500 A and attributed it to the percolation of the carriers
>1 due to rapid oscillations. As a result, tedependence through hypothetical coherent low-energy GaAs channels
of the dipolar rate for plane-wave excitons has a maximuntonnecting the two GaAs QW's through the, &b, _,As
as shown by Figs. 1 and 10. The maximum occurs at théarrier. To support this argument, they studied three different
temperature corresponding to the thermal wave numbetompositions for the barrier, namely the GaAs/AlAs digital
K max- For localized excitons, the dipolar rate has a maxi-alloy, AlAs, and the random AGa _,As alloy*?° The
mum até corresponding t@&~ 1/K; nax- former two structures showed inefficient energy transfer
TheK, component of the photon-exchange interaction hagvhile the latter showed efficient transfer. They concluded
a maximum neak ;= K\max’ saturates &, =0 and vanishes that the percolation GaAs channels exist only in a
for K,>KP"_ . The maximum occurs when the photon en-Al,Ga As barrier. Also, no significant energy transfer was
ergy becomes comparable to the gap. As a result, the radi@bserved between |Ga, _ ,As/GaAs double QW's. This ob-
tive rate is small af=0, quickly reaches a maximum at a servation is consistent with the absence of In channels inside
very low T, and decays rapidly at high&ts for plane-wave the GaAs barrier. According to the predictions of the present
excitons as shown in Fig. 5. The rate is not plotted below Ipaper, however, the observed inefficient energy transfer
K due to limited graphic resolution. For localized excitons, should follow from short which may be caused by different
the maximum rate occurs near 1/Kﬁ’gaxand decays rapidly growth and/or interface conditions. Our anti-Stokes result
to zero for ¢(~1/K;)—0. The rapidT dependence of the also relies on efficient diffusion of the carriers above the
radiative rate displayed in Fig. 5 for plane-wave excitons isbarrier if it is very wide. The model by Kinet al. can be
not consistent with TSK’s data. The rahown in Fig. 3is  tested by growing a thick layer of GaAs/AlAs digital alloys
independent of for localized excitons i€ is independent of or AlAs alloys in the middle of a regulafi.e., leaky
T. This agrees better with experiment. The excitons may inAl,Ga _,As barrier without disturbing the interfaces of the
deed be localized in the initial narrow QW, where the waveGaAs QW's. The interfaces of JGa _,As/GaAs double
functions can be localized even by small layer-thicknessQW's are rough due to In clustering, possibly yielding short
fluctuations. £ and thus the observed inefficient radiative transfer in ac-
For anti-Stokes transfer through dipolar as well as photoneordance with our theor$*
exchange coupling, we showed in Sec. IV that thermal acti- For low-energy localized excitong,is large and the en-
vation is essential for energy transfer to occur. The singleergy depends weakly o& The rate is then a thermally av-
phonon-assisted rate was calculated using photon-exchangeaged superposition of variogs The T dependence of the
and dipolar coupling, yielding a negligibly small rate at low transfer rate is determined by t§elependence of the exciton
T's and an activatedT-dependence proportional to exp energy and the distribution & which are sample-dependent
(—A/kgT). In this case, the radiative rate is much faster tharand not well known. The observdddependence can be used
the dipolar transfer rate fat=80 A, while the latter domi- to deduce the information about these parameters. According
nates the former in the opposite limit. On the other handto our result, ar-independent rate implies a sharp distribu-
energy transfer through over-barrier ionization of the exci-tion of £& There is too much uncertainty in the and the
tons via Auger-like two-exciton collision processes yielded arange dependences of the observed energy-transfer rate for a
significantly largernonactivatedrate. This rate is indepen- more satisfactory comparison with our theoretical predic-
dent ofd as long as the diffusion time of the electrons andtions. A more systematic experimental study is necessary.
holes into the adjacent QW is shorter than the ionization time&ur theory serves to provide an order of magnitude estimate
and the electron-hole recombination time. In this process, afor the rates. The anti-Stokes transfer rate through an
exciton is annihilated nonradiatively, imparting its energy toexciton-exciton Auger process depends linearly on the exci-
the other exciton, which separates into a free electron and t@n density. Since this process relies on the over-barrier ion-
hole. The basic interaction here is monopole-dipole interacization of the excitons from the lower-energy QW into free
tion. This interaction vanishes fé¢,=0 due to the opposite electrons and holes, subsequent propagatefiusion) to
signs of the charge. However, this electron-hole cancellatiothe higher-energy QW, and reformation of excitons, an
is avoided forK;#0 as seen from Ed5.4). As a result, the impurity-induced short diffusion length or separation of the
ionization rate increases as a functionkgf, namely with  electrons and holes by a dc electric field in the barrier will
increasingT at low T's as shown in Fig. 8. At the same time slow down the transfer rate for distant QW'’s. The electric
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field will also decrease the electron-hole overlap in the exci- . 1 ) N 2n
tons, affecting the rate. I(Kid ):Wj der,e”'"r HJ: d°k e«’ N
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APPENDIX A where = yr/d=r/(7€), r=#/T", and the factor ¢/r)2"
. ) , ) arises from k,/k)2" in the limit d—o. The upper limit of
In this appendix we derive E(3.4). AssumingDillX,  the quantitys is the ratio of the sample size to the distance
defining ¢k (4p) as the angle betweel;(Dz) and thex  raversed by light during the lifetime and is assumed to be
axis and integrating with respect to the angle betwReand  very small(i.e., »<1). The x integral in Eq.(B5) can be

K, we find from Eqs(3.1b and(3.2) expressed in terms of ¢igr) and sik,r) functions in the
) limit 7—0, yielding —me %" for kyr—o, where kg
e _ 71 5 . . . .

C(K,,Ry) = 7TD1D27[(2A0,0,3_ 3A50.9) ;Sgg .> Therefore, Eq(B5) can be rewritten in these limits

X C0S¢p +3A;,25C042¢k — ép) ], . rold\2n
|n(de2)=_7Tkgf ero(Kru)Tl<F) e k",
0

=!I (Kr)
Al,m,n: JO (r2+R2)n/2_dr, (Al) (BG)
z

whereJ(x) is themth order Bessel function. Insertitlg Whend is much larger than the QW radius, we expand
KR r=d+ rf/2d. Inserting this result in the exponent of E§6)
Agos=e "R, and replacing =d elsewhere, we find
—(2— —KjRy, ) )
Azo5=(2—K|Rye 3R, (A2) |n(dez):iweﬂkgdemﬁd/zkg_ (B7)

A 5=Kie KiR/3 . _ ) )
- Finally, a d-independent asymptotic ratd/=W; 4 is ob-

in Eq. (A1), we obtain the result in Eq3.4). tained when Eq(B7) is inserted in Eq(B1). Here, the con-
dition £€> ¢,/ is assumed for localized excitons.
APPENDIX B In other cases, we change the variable figno r in Eq.

. . ) . (B6), obtaining
In this appendix we study the asymptotic behavior of the

radiative rate ford—o. Insertingx=(K,£)?, we rewrite . g\ 2n
Egs.(3.295 and(3.26 as |n(de2): _Wkgf dr Jo(K, \/r—z__dz)(F) e ikgr
0

W= gzwo,rad (BS)

2 foodKHK||e7(K”§)29(1/§i/_Kf)
° Hereafter, we study only the contribution frofhy|? and
X[llo(de2)|2+||1(de2)|2], (B1) show that the rate does not vanish tbr o but approaches

a lower bound slowly. Note also thdtfr<1 in Eq.(B8) for

oy L [7 ol ke 2n(q 1 I, and the contribution fronl ;|?> does not alter this conclu-
I(Kid )=—f dk,e'? —) [_+ _—] sion. The integration in EqB8) is given byt
9D =3 )0 (kT g T k=iyid | integration in EqB8) is given by
®2 lo(K2d?) = mikge VK~ Ki/ KZ—KZ, k,>K
for localized excitons wherke= (k?+kZ)2 andk,=K, . For o(Kjjd%)=mikge ’ g i e
plane-wave excitonsg= &1 and the step functiod is to be __ —d\K2=K3) w22
replaced by unity in Eq(B1). Introducing the identity mhoe TVETINK kg kg=K
(B9)
1 (= .
(2n)? f_wdzr”e”‘(ku W= 8Ky —ky), (B3)  Inserting this result in EqB1) and going back to the origi-

nal variablex=(K,&)? employed in Egs(3.25 and(3.26),
Eq. (B2) is recast into we find
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1 ) e‘X0(§2/§2 —x) =(kg§)2 as in Eq.(3.7). The second term in EqB10) van-
W=2 £2k2W, f(‘fkg) dX_ZZL ishes as §/d)?/y for d—« and is dropped. The first term
2 9 0 EKg—x+y can be rewritten in the limiy—0 as
. X (21X~ KR gy £27 22 1 ky2et—1 k.)?
+f a " C 90(&°1 &4 %) w=§(§kg)zwo,raoe(§"g)z[ f(g v t dten &)
(¢kg)2 X— &K+ y ' 0
9 (B11)

(B10) Here ¢>£&,,. In view of the fact thaty=d/(7C) (<1), the
Here, y accounts for the Lorentzian width and prevents asecond term decreases logarithmically as a functiord of
weak logarithmic divergence at the singularity poixt while the first term is independent df
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