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Radiative lifetime of quantum confined excitons near interfaces
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Using a nonlocal susceptibility and Green’s-function approach, lifetime calculations for quantum confined
excitons are carried out beyond the dipole approximation. The radiative lifetimes close to a metal surface are
shown to strongly depend on the excitonic confinement length.
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It is a well established fact that the radiative lifetime of
atomic emitter depends on the dielectric properties and
geometry of its macroscopic surrounding.1,2 A typical ex-
ample is the lifetime variation as a function of the distance
the emitter from the surface of its host material.3,4 This effect
is caused by the interface induced modification of the e
tromagnetic field at the position of the emitter due to
mirror image. Usually, for a atomic emitter, the optical wav
length is much larger than its extension, and therefore,
dipole approximation is applied. Theoretical calculations
this regime including surface effects agree very well w
experimental data.3–5 In spite of its success for the descri
tion of atomic systems sandwiched within different refract
index,6 the dipole approximation must be questioned
nanoscopic systems. Here, the spatial extension of the s
tures may not always be neglected in comparison to
wavelength of light. Typical examples are excitons~Cou-
lomb correlated electron-hole pair in semiconductor!, which
are quantum confined on a length scale of several ten
hundreds of nanometers.7–9 Already calculations focused o
excitonic excitations in a homogeneous host medium,
neglecting surface effects, have shown that the radiative
time can vary over several orders of magnitude by chang
the localization length of the excitonic wave functions co
pared to the emission wavelength.7,10–12 However, the ap-
proximation of a homogeneous hostmedium having no s
face is often not the situation found in experiments aiming
the investigation of single quantum confined excitons.
discussed in many recent papers, aiming at application
quantum computing and entanglement,8,13,14 typical surface
sensitive methods, such as near-field microscopes and
tures in metalized surfaces, have to be used to addres
single excitons.8,15 In these situations, the investigated ex
tons are typically situated within a wavelength near the s
face.In this paper, we demonstrate that for such a near-fi
situation the dipole approximation may yield—depending
the interface materials—even qualitatively different results
comparison to the full solution of the wave equation
quantum confined excitons at interfaces.

The paper is organized as follows: First, the se
consistent formulation of the problem in terms of the ex
tonic dipole density and the optical fields is given. Seco
the excitonic susceptibility and the relevant Green’s-funct
tensor for the electromagnetic fields are used to derive
radiative lifetime. Third, typical examples, such as the infl
ence of different interface materials and the influence of
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emitter-interface distance are discussed. In Fig. 1, the c
figuration of the investigated system is sketched. An int
face atz50 spreads infinitely inx and y directions and di-
vides the region 1 of the dielectric constant«1 from the
region 2 of«2. The quantum confined GaAs exciton within
potential of radiusR is located at the positionz5z0 in the
region 1, parallel to the interface and centered at the origin
the x andy coordinates.

The induced electric fieldE(r ,v) satisfies the wave equa
tion in the region 1:

2¹2E~r ,v!1“@“•E~r ,v!#2e1

v2

c0
2

E~r ,v!

5m0v2P~r ,v!, ~1!

whereP(r ,v) is the excitonic polarization andc0 is the light
velocity in vacuum. As a solution of Eq.~1!, the electric field
produced by the exciton in this region is the sum of tw
electric fields, one of which is electric field emitted direct
from the exciton and the other the reflected field from t
interface:

E~r ,v!52v2m0E $G0= ~r ,r 8!1G1= ~r ,r 8!%•P~r 8,v!d3r 8,

~2!

where G= 0,1(r ,r 8) are the 333 Green’s function tensors
~GFT! for the direct field~0! and the reflected field~1!. To
evaluate Eq.~2!, the polarization must be known. In the lin
ear optics, the polarization in material can be written as

FIG. 1. Configuration of the system.
©2003 The American Physical Society07-1
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P~v,r !5e0E x~r ,r 8,v!Eex~r 8,v!dr 8, ~3!

wherex(r ,r 8,v) is the nonlocal susceptibility of the mate
rial and Eex(r 8,v) an arbitrary external light source. T
solve the self-consistently formulated problem of t
radiation-matter coupling, Eqs.~1!–~3!, the susceptibility
and the GFT’s must be derived.

To determine the nonlocal susceptibility, the equation
motion of the dipole density in a two-band model~conduc-
tion, valence band! is used.11,12A GaAs quantum well~QW!
with ideal confinement inz direction and providing a poten
tial in the xy plane (r i) via interface fluctuations is consid
ered. For a cylindrical interface fluctuation, this yields t
formation of a quantum disc~QDc!. For a QDc larger than
exciton Bohr radius, the exciton motion is quantized via
center-of-mass coordinate. The corresponding wave func
can be expanded in the product of the eigenfunctioncn(r i)
in the in-plane confinement potentialV(r i), here assumed to
be a two-dimensional parabolic potential,16 and its time-
dependent amplitude functionãn(t):

P~r ,v!5(
n

$w1s
2d~0!dcvãn~ t !cn~r i!1c.c.%d~z2z0!.

~4!

The equation of motion for the amplitude functionan(v) in
frequency domain is given as

van~v!5vnan~v!2
w1s

2d* ~0!dcv

\
•E cn* ~r i!

3$Eex~r i ,v!1E~r i ,v!%dr i , ~5!

wherew1s
2d(r i) is the 1s eigenfuction of the exciton for the

relative motion,vn is the eigenfrequency of the exciton
the staten, anddcv5^cue0r uv& is the dipole matrix elemen
over the elementary cell. The usual dipole approximati
valid for a QDc considerably smaller than the spatial var
tion of the light field~here, wavelength of light! is given by

E cn* ~r i!@E~r i!1Eex~r i!#dr i

>@E~r i50!1Eex~r i50!#E cn* ~r i!dr i . ~6!

For a larger extension of the QDc, the spatial integral in
~5! has to be fully calculated. Using Eqs.~3!–~6!, the lateral
part of the nonlocal susceptibility can be written as

x~r i ,r i8 ,v!52(
n

uw1s
2d~0!u2udcvu2

e0\~v2vn1Sn!
cn* ~r i!cn~r i8!,

~7!

whereSn5Sn
se1Sn

intf andSn
se are the radiation self-energie

see Eq.~8! for the homogeneous medium, andSn
intf for the

radiation self-energies induced by interface, see Eq.~9!. In
the following, we use GFTSs in Eq.~2! for an array of di-
electric layer with arbitrary optical constants that have be
already derived.17 These GFT’s are sum of two tensors f
16130
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the s- ~perpendicular to the incident plane! and the
p-polarized ~parallel to the incident plane! electric fields
multiplied by the corresponding Fresnel reflection or tra
mission coefficients. In the numerical simulations, it is a
sumed that the QDc is polarized parallel to thex axis and
only the heavy-hole excitons will be discussed. In addition
Eq. ~7!, only the diagonal parts of the self-energiesSn
5dnmSnm are taken into consideration because the non
agonal parts were negligibly small in our calculations. T
parameters used in the numerical calculations are liste
Ref. 19.

Equations~2!–~6! form a closed set and can be solved f
several situations of interest. First, to understand the res
where an interface is incorporated, we first generalize
solution for the radiation lifetime of QDc exciton groun
state7 in homogeneous medium to a multilevel system~i!.
Second, we investigate the influence of an interface on
radiation lifetime of the QDc ground state~ii !.

~i! The radiative lifetime of a excitonic multilevel system
in an homogeneous semiconductor host medium is con
ered. The radiative self-energy of the QDc in the staten in
homogeneous medium is defined as

Sn
se5CE E dr i8dr icn* ~r i!•G0= ~r i,z0,r i8z0!•cn~r i8!, ~8!

whereC5vn
2m0udcvu2uw1s

2d(0)u2/\ and G0= (r ,r 8) is the GFT

of the homogeneous GaAs background withe15e2512.5.20

Recent results7,21 are verified by calculating the radiativ
lifetime of the excitonic ground state. In Fig. 2~a!, the life-
times thomo51/Im@Sn

se# of the ground and the first excite
excitonic state are plotted as a function of the QDc radi
The results show radiative lifetimes from the picosecond
nanosecond range.7 As the size of the QDc increases, th
lifetime of the ground state decreases down to a fixed va
approximately the lifetime of the bare QW in GaAs.21 The
qualitative behavior of the radiative lifetime can be e
plained as follows: The wave vector of the emitted lightk
can be decomposed into its lateral andz component, so tha
k5(ki ,kz5Ak22ki). For realkz , we have a propagating
field and for imaginarykz an evanescent field. Evanesce
fields occur forki.k5Ae v/c0, i.e., for QDc with a lateral
dimensionR with ki>R21.Ae v/c0. Similarly, the radia-
tive self-energySn

se, Eq. ~8!, can be decomposed into tw
parts. The imaginary part ofSn

se is the contribution of the
propagating modes of the field (kz,(v/c0)AeGaAs) which is
the inverse radiative lifetime, while the real part is that of t
evanescent modes of the field (kz.(v/c0)AeGaAs) which has
no contribution to the emission. In the case of the QDc b
ied in GaAs, so-calledcutoff wave number kc between both
contributions is given bykc5(v/c0)/AeGaAs(eGaAs512.5).
In Fig. 2~b!, the wave number resolved radiative contrib
tions f (ki)@ Im(Sn

se)5*dki f (ki)# of the ground state~00! is
plotted for increasing radii (R520, 130, 500 nm! of QDc as
a function of the normalized wave numberx5ki /k0(k0
5v/c0). As the radius of the QDc increases, the spatial
certaintyDr i5DxDy for excitons increases, while the mo
mentum uncertaintyDki5DkxDky for excitons decreases. I
7-2



RAPID COMMUNICATIONS

RADIATIVE LIFETIME OF QUANTUM CONFINED . . . PHYSICAL REVIEW B68, 161307~R! ~2003!
FIG. 2. ~a! The radiative lifetime of the first two optically active states as the function of the QDc radius and~b! The radiative
contributions to the lifetime of the ground state~00! as a function of the normalized wave numberx5ki /k0 for diverse radii of the QDc.
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this process, the radiative contributions are enhanced by
excitonic momentum distributionuc(ki)u2 which becomes
more dominant for wave numbers belowkc , corresponding
to increased emission. That means, for increasingR, a con-
version of evanescent to radiative modes takes place. F
R5130 nm, the lifetime is determined basically by th
waves with the wave numberski smaller thankc , saturating
to the ideal QW limit (ki50). The small oscillation of the
radiative lifetime of the first excitonic state results from t
characteristics of the wave function which oscillates arou
the origin.

~ii ! Next, the radiative lifetime of a QDc below a surfac
is considered, compare Fig. 1. Here, the full electric field
the QDc is the sum of the self-interaction and the reflec
fields from the interface. The radiative self-energySn

intf in-
duced by the interface is defined as

Sn
intf5CE E dr i8dr icn* ~r i!•G1= ~r i ,z0,r i8;z0!•cn~r i8!.

~9!

G1= (r ,r 8) is the GFT in the presence of the interface.17 Equa-

tion ~9! is applied to a semiconductor-vacuum interface18 and
a semiconductor-metal interface. All calculated lifetimes
normalized with respect to the lifetimes in homogeneous
vironment without interface. Figure 3~a! shows the lifetimes
as a function of the distance from the vacuum-semicondu
interface for different QDc size. To highlight the results, t
calculated lifetimes are compared with those of the dipo
like emitter, i.e., dipole approximation in Eq.~6! and the
ideal QW case. The calculated lifetimes oscillate depend
on the distance to the interface. These well known osci
tions result from the interference of emitted and back
flected waves which accelerate or decelerate the emissio3–6

The response of the small QDc can be approximated by
ideal dipole emitter. As the QDc becomes larger, the lifeti
oscillations increase, finally, the lifetime of the QDc co
verges to the QW lifetime. For the vacuum-semiconduc
interface, there is no qualitative, only quantitative differen
in the behavior as a function of the radius. Next, the lifetim
of the QDc in the aluminum-semiconductor interface syst
are depicted in Fig. 3~b!. Such metal coatings can be used
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near-field optical situation.15 The dielectric constant of alu
minum (eAl5263.61 i47.3) is taken at the band gap o
GaAs. For the Al-semiconductor interface, the lifetime of t
dipolelike emitter shows a qualitatively different behavio
compared to the larger QDc’s in the near-field (distan
,50 nm) of the interface. Whereas the radiative decay of
ideal dipole is enhanced close to the metal surface, the Q
shows the opposite behavior if the radius is increased.
enhancement of the radiative decay of a pointlike dip
close to the metal interface had been already reported.3,4,22,23

If the dipolelike emitter is close to~below 1/4 of the emis-
sion wavelength! the surface, the emission is enhanced
the resonance between the emitter and the surface-plas
polariton~SPP! propagating along the surface.3,22–25This ef-
fect is reproduced for the dipolelike emitter and—to som
extent—for small QDc’s close to the surface. However, w

FIG. 3. ~a! Normalized lifetime of QDc as a function of th
distance to the vacuum-semiconductor interface and~b! to the Al-
semiconductor interface.
7-3
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increasing size the QDc exciton exhibits an opposite tre
the radiative decay is suppressed up to a factor of 10
comparison with the ideal dipole case.

To understand this inverted behavior close to the surfa
the momentum distributionf (ki)@ Im(Sn

intf)5*dki f (ki)# for
two QDcs (R530, 130 nm! are plotted as a function of th
normalized wave numberx5ki /k0 in Fig. 4. The investi-
gated QDc is separated by 1 nm from the interface, to p
nounce the observed effect. No contribution to the radia
decay abovekc can be found in the case of the QDc wi
R530 nm for the vacuum-semiconductor interface. He
the radiative decay results from positive contributions
f (ki) belowki>3.5k0 similar to Fig. 2~b!. The negative con-

FIG. 4. Contribution to the decay rate of QDc (R530, 130 nm!
at Z051 nm as a function of the normalized wave numberx
5ki /k0 for Al semiconduction interface.
-
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tributions result from surface reflected fields, which redu
the radiation emission. For the case of the met
semiconductor interface, an additional resonance atki
53.9k0 can be found, this absorbing contribution resu
from the metal-semiconductor surface plasmon.24 Further-
more, due to the strong metallic response the surface-indu
reflection ~negative contribution! increases. These contribu
tions become larger as the QDc grows and the contribu
from the resonance with the surface plasmon becom
smaller. The enhancement of the radiative decay via the r
nance with the SPP is smaller than its suppression by
back-propagating reflected field that is out of phase with
radiative wave emitted directly from the QDc.

In conclusion, the radiative lifetimes of quantum confin
excitons in the near-field distance from an interface dep
strongly on the dielectric properties of the interface. For d
sipative interfaces, such as metal-semiconductor interf
and QDc of increasing size, the contribution from the re
nance with the surface-plasmon polariton to the radiative
cay is negligibly small, compared with the contribution
the reflected field from the interface. These effects canno
predicted within the dipole approximation for nanoscop
structures.

Future work should include the difference between
background refractive indices of the quantum disc and
host medium which is a further correction to the reson
interaction discussed here~Ref. 2!.
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