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Radiation from a dipole embedded in a multilayer slab

S. R. J. Brueck,* ,† V. A. Smagley,† and P. G. Eliseev
Center for High Technology Materials, University of New Mexico, Albuquerque, New Mexico 87106, USA

~Received 21 March 2003; published 12 September 2003!

An analytical solution for the radiation emitted from a dipole embedded in an arbitrary, planar dielectric film
stack is presented. The calculation uses a rigorous Hertz-vector formalism to treat the electromagnetic bound-
ary conditions. The radiation fields are then evaluated in a far-field approximation to get the radiated fields far
from the dipole. Both two-dimensional~2D! emission into bound modes of the dielectric stack and three-
dimensional~3D! emission into radiation fields above and below the stack are evaluated. These solutions are
explored for two simple cases: a InGaAs slab symmetrically clad with up to four high-contrast (Al2O3 /GaAs)
Bragg mirror pairs and semi-infinite air spaces, and a similar asymmetric structure with a GaAs substrate on
one side. The symmetric structure supports both 2D bound and 3D radiation fields. The asymmetric structure
only supports 3D radiation fields since there are no strictly bound modes, but ‘‘leaky’’ modes appear that are
very similar to the bound modes in the symmetric structure except that the radiated power ultimately is
transmitted into the substrate in a very highly directional beam. This calculation is applicable to a wide range
of solid-state photonic devices, including vertical-cavity and edge-emitting lasers, spontaneous light-emitting
diodes, and photodetectors.

DOI: 10.1103/PhysRevE.68.036608 PACS number~s!: 41.20.2q, 42.25.2p, 42.55.2f, 42.82.2m
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I. INTRODUCTION

The coupling of an electric dipole with electromagne
fields in solids is fundamental to solid-state light emitti
and detecting devices~LEDs, lasers, displays, photodete
tors, etc.!. In a uniform infinite medium the dipole radiatio
fields are very well known. The study of these radiati
fields in the presence of metallic and dielectric interfaces
been a recurring topic in electromagnetism. Sommerf
@1,2# made seminal contributions to the solution that prov
the basis of the work presented here. He was concerned
issues of long-wavelength radio wave propagation over
surface of the earth and addressed the single interface p
lem of a dipole above a lossy dielectric. As is very w
known @3,4#, the addition of a second interface, e.g., a dip
embedded within a dielectric slab, adds significant compl
ity to the problem, since the radiation is now distribut
between three-dimensional~3D! radiation out the sides of th
slab and the two-dimensional~2D! bound modes supporte
by the slab. With the development of multilayer structur
with very high, and precisely tailorable, reflectivities, such
vertical-cavity lasers, resonant cavity LEDs, and photode
tors, there is a need for a more detailed understanding o
distribution of the radiation between these components
the corresponding angular and thickness/wavelength de
dencies. Both approximate analytic treatments@5,6# and nu-
merical solutions@7# have appeared in the literature. R
cently, two equivalent detailed analytical treatments for
simple slab case have been reported@4,8#. Both of these
treatments presented fully analytic results for the radiat
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into both the 2D bound modes and the 3D radiation mo
and investigated in detail the dependence on dielectric c
trast and slab thickness.

The purpose of this paper is to extend these results@4# to
arbitrary multilayer dielectric structures and to investigate
particular the impact of high-reflectivity Bragg mirrors o
the dipole radiation. The analysis is extended to asymme
cases, including mode-free cases that support ‘‘leaky’’ mo
that are not bound in the strict sense, but rather build
significant intensity within the multilayer structure and ul
mately radiate their power into 3D radiation within the su
strate.

Section II presents the Hertz vector formulation and int
duces a significant algebraic simplification by introduci
both electric and magnetic Hertz vectors. Section III prese
the closed form analytic results for arbitrary multilayer stru
tures. Detailed investigation of the results for a symme
structure with high-reflectivity Bragg reflectors is present
in Sec. IV A. A related asymmetric structure with a hig
index substrate is analyzed in Sec. IV B. Finally, conclusio
are presented in Sec. V.

II. HERTZ VECTOR FORMULATION

A. Geometry of the problem

The geometry of the problem is shown in Fig. 1. A dipo
is embedded in an arbitrary film stack taken as infinite in
(x,y) directions. Thez direction is perpendicular to the
films. The dipole is oriented at an angleud from thez direc-
tion in the (x,z) plane. The layer stacks above and below t
dipole have arbitrary numbers of layers with arbitrary re
tive dielectric constants (k i5ni

2) and thicknesses (Li). The
total physical thicknesses of the top and bottom cladd
layers from the position of the dipole to the edge of t
outermost layer areLt-tot andLb-tot . For the sample calcu
lations presented below, the inner cladding layers~shaded!

,
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BRUECK, SMAGLEY, AND ELISEEV PHYSICAL REVIEW E68, 036608 ~2003!
have identical dielectric constants,k t15kb15k5n2, and an
equal thickness,Lt15Lb15L that is varied in the calcula
tion. The thickness of the layer containing the dipole is d
noted asL0 .

B. Hertz vector formalism

In our previous paper@4# we used the Hertz vector for
malism introduced by Sommerfeld@1# to evaluate the radia
tion from a simple dielectric slab structure. Lukosz@9,10#
has developed an alternate formulation of the Hertz ve
source terms that has the significant advantage that
boundary conditions are uncoupled for the TE and TM rad
tion from a horizontal dipole. This dramatically simplifie
the algebra of the calculation; the final results are identi
Lukosz’s formulation is briefly described here and is fo
lowed in the evaluations of the radiated power.

Lukosz@9,10# has shown that the electromagnetic field f
any orientation of the dipole can be represented by two sc
functions,f(xW ) andc(xW ), which are thez components~per-
pendicular to the layers! of an electric and a magnetic Her
vector, respectively,

PW (E)~xW !5„0,0,f~xW !…,

PW (H)~xW !5„0,0,c~xW !…. ~1!

Both scalar functions satisfy the homogeneous Hemh
equation in source-free regions, viz.,

~¹22k i«0k0
2!f~xW !5~¹22k i«0k0

2!c~xW !50, ~2!

FIG. 1. Geometry of the problem. A radiating dipole oriented
an angleud in the (x,z) plane is embedded in the center of a infin
slab of material of relative dielectric constantk0 and thicknessL0 .
The slab is bound with arbitrary film stacks ending in top and b
tom semi-infinite media of relative dielectric constantk t and kb .
For the example calculations, the shaded inner cladding thickne
L are identical and variable. The total physical thicknesses of
upper and lower claddings from the position of the dipole to
edge of the semi-infinite media are indicated byLt-tot andLb-tot .
03660
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where«0 is the free-space permittivity,k i5ni
2 is the relative

dielectric permittivity of the medium, andk05v/c is the
magnitude of the free-space photon wave vector. The fie
are given by

EW ~xW !5 iv¹W 3PW (H)~xW !1~k«0!21¹W 3¹W 3PW (E)~xW !,

HW ~xW !52 iv¹W 3PW (E)~xW !1~m0!21¹W 3¹W 3PW (H)~xW !. ~3!

where«0 andm0 are the free-space values of the electric a
magnetic permeabilities, respectively.

From Eqs.~1! and ~3! it is straightforward to show tha
f(xW ) corresponds to a TM wave andc(xW ) describes a TE
wave; since these are orthogonal there is no coupling
tween them. In the Sommerfeld basis@1#, there is only an
electric Hertz vector with components both in thez direction
and in thex direction; the boundary conditions at interfac
are coupled which algebraically complicates the general
lution for an arbitrary film stack.

C. Expansion of the dipole field into TE and TM plane waves

To begin the calculation, it is necessary to express
field of a dipole, located at the origin in an infinite medium
in a superposition of TE and TM plane waves. Then t
boundary value problem for each independent plane w
can be directly solved by standard thin-film electromagne
methods; finally the results are transformed back to r
space using the techniques developed by Sommer
@1,2,11#.

The infinite-medium real-space electric-Hertz vector c
responding to a dipole is simply

pW ~xW !5po

einik0r

4p«0k i r
~sinudêx1cosudêz!, ~4!

wherepo is the dipole moment, (êx ,êy) are unit vectors in
the corresponding directions. The total radiated power
this dipole in an infinite medium is given by the well-know
result @12#

Pinf5
ko

4 Re~ni !upou2

12ph0«0
2 , ~5!

where h05Am0 /«0. In the following, radiated powers ar
shown normalized to this value. The corresponding Fou
transform of the infinite-medium Hertz vector is

PW `
(E)~KW !5

po

«0k ik0
2

1

K22k i
~sinudêx1cosudêz!

[F~K !~sinudêx1cosudêz!, ~6!

wherek0K is the transform coordinate. This expression c
be put in a more suitable form for the planar geometry of
problem by carrying out the inverse transform in thez direc-
tion and expressing the remaining integrals in cylindrical c
ordinates,
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F~r,z!5
po

k i
E

0

` k0

g i
e2g i uz̃uJ0~lr̃ !ldl

5
po

2k i
E

2`

` k0

g i
e2g i uz̃uH0

1~lr̃ !ldl, ~7!

where k0l is the radial transform coordinate@l25j21h2

with k0j (k0h) the x(y)-directed transform coordinate#, r̃
5k0r and z̃5k0z are the dimensionless radial and vertic
spatial coordinates, and

g i5Al22k i ——→
l→0

2 ini , ~8!

where the sign of the square root is chosen to ens
Re(gi).0 for convergence of Eq.~7!. J0 is the zeroth-order
Bessel function andH0

1 is the Hankel function of the firs
kind of zeroth order. The second form of this expression w
be useful for evaluation of the complex integrations since
integration extends along the entirel axis.

The scalarsf andc for the unbounded medium are foun
in terms ofF by equality of thez components of the electri
and magnetic fields from Eqs.~3! and ~6!, giving

f~j,h;z!5F~l;z!S cosud7 i
jg i

l2 sinudD ~9a!

and

c~j,h;z!5F~l;z!S h0

h

l2 sinudD , ~9b!

where the (2) sign in Eq.~9a! is appropriate in the uppe
half plane (z.0) and the (1) sign in the lower half plane
(z,0). For a vertical dipole (sinud50) there are only TM
waves~only a singlescalar functionf(j,h;z) is required!;
for a horizontal dipole (sinud51) there are both TM and TE
waves @both scalar functionsf(j,h;z) and c(j,h;z) are
required#. The source terms for a horizontal dipole (sinud
51) depend on the transverse transform coordinates~j,h!
which results in a dependence of the radiated fields on
polar anglew wherew50 is the radial direction parallel to
the dipole.

III. EVALUATIONS OF THE RADIATED FIELDS
AND POWER

A. Boundary value problem and evaluation of the Hertz
potential; vertical dipole „cosudÄ1…

The boundary conditions forf at an interface betwee
media 1 and 2 are@9#

f15f2,

1

k1

]f1

]z
5

1

k2

]f2

]z
. ~10!
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It is a standard multiple-interface thin-film matrix-analys
problem to solve for the Hertz potential everywhere. T
result is

f0
V5

po

2k1
E

2`

` k0

g0

H0
1~lr̃ !ldl

3Fe2g0L̃0Rb
p~11e2g0L̃0Rt

p!

12e22g0L̃0Rb
pRt

p
e2g0z̃

1
e2g0L̃0Rt

p~11e2g0L̃0Rb
p!

12e22g0L̃0Rb
pRt

p
eg0z̃1e2g0uz̃uG ~11!

for the slab region~subscript 0!, and

f t
V5

po

2k t
E

2`

` k0

g t

H0
1~lr̃ !ldl

3FTt
pe2g0L̃0/2~11e2g0L̃0Rb

p!

12e22g0L̃0Rb
pRt

p Ge2g t( z̃2L̃ t2tot),

fb
V5

po

2kb
E

2`

` k0

gb

H0
1~lr̃ !ldl

3FTb
pe2g0L̃0/2~11e2g0L̃0Rt

p!

12e22g0L̃0Rb
pRt

p Ge1gb( z̃1L̃b2tot) ~12!

for the top@above the slab and top film stack~subscriptt)#
and bottom@below the slab and bottom film stack~subscript
b)# semi-infinite outer cladding regions. In these expre
sions,k0

21L̃ t2tot andk0
21L̃b2tot are the total physical thick-

nesses of the top and bottom cladding layers from the p
tion of the dipole to the edge of the outer cladding regions
shown in Fig. 1. The Hertz potential within the film stacks
readily evaluated from these results. Here theR’s and T’s
refer to the magnetic field reflectivity looking from inside th
slab from the multilayer top~bottom! stacks for a TM wave
propagating upwards~downwards! in the slabRt

p(Rb
p) and

the T’s are the corresponding transmissions through the
tire film stacks. In the limit of a single dielectric interface
the top of the slab these reduce to the familiar results fo
TM-wave incident from the slab towards the top dielect
~and similar expressions for the bottom interface!

Rt
p→ k tg02k0g t

k tg01k0g t
,

Tt
p5

k t

k0
~12Rt

p!5
2k tg t

k tg01k0g t
. ~13!

Comparing this result with Eq.~10! of Ref. @1# for a
simple dielectric slab, the only changes are~1! the substitu-
tion of the multilayer refection/transmission coefficients f
their single interface values;~2! the separate identification o
top and bottom reflection and transmission coefficients
8-3
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BRUECK, SMAGLEY, AND ELISEEV PHYSICAL REVIEW E68, 036608 ~2003!
quired for this generalized asymmetric calculation; and~3!
setting the dipole position to the center of the slab (a50
from Ref. @1#! since any shift of the dipole position can b
accommodated by adding additional films~with the same
dielectric constant!. The bracketed terms have simple phy
cal interpretations. There are two contributions to the fie
in the top region, one direct transmission from the upw
directed plane waves of the dipole and a second refle
from the bottom slab interface. The resonant denomina
accounts for the multiple reflections within the slab. The
ros of this denominator correspond to poles of the integr
and, thus, the radiation into 2D bound waveguide mod
There are branch cuts in thel plane as a result of the mu
tivaluedg i ’s. Integration around these branch cuts gives
3D free-space radiation. The inverse transform will be d
cussed following the presentation of the boundary value
lutions for the horizontal dipole in the next section.

B. Boundary value problem and evaluation of the Hertz
potential; horizontal dipole „cosudÄ0…

For a horizontal dipole, bothf andc must be evaluated
Since the boundary conditions are uncoupled, the solu
proceeds straightforwardly using the source terms in Eq.~9!
for ud5p/2. The boundary conditions are@9#

f15f2 , c15c2 ,

1

k1

]f1

]z
5

1

k2

]f2

]z
,

]c1

]z
5

]c2

]z
. ~14!

This decoupling of the boundary conditions for the two s
lar functions is a major algebraic advantage of the He
vector representation introduced by Lukosz@9#. The solu-
tions again are obtained by straightforward thin-film analy
based on the boundary conditions Eq.~14! and the source
terms Eq.~9!,

c0
H5

p0

2
h0E

2`

` 1

g0

sinwH0
1~lr̃ !dl

3F e2g0L̃0Rb
s~11e2g0L̃0Rt

s!

12e22g0L̃0Rb
sRt

s
e2g0z̃

1
e2g0L̃0Rt

s~11e2g0L̃0Rb
s!

12e22g0L̃0Rb
sRt

s
eg0z̃1e2g0uz̃uG ,

f0
H5

ip0

2k0

E
2`

`

k0 coswH0
1~lr̃ !dl

3F e2g0L̃0Rb
p~12e2g0L̃0Rt

p!

12e22g0L̃0Rb
pRt

p
e2g0z̃

2
e2g0L̃0Rt

p~12e2g0L̃0Rb
p!

12e22g0L̃0Rb
pRt

p
eg0z̃~7 !e2g0uz̃uG ~15!
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c t
H5

p0

2
h0E

2`

` 1

g t

sinwH0
1~lr̃ !dl

3
Tt

se2g0L̃0/2~11e2g0L̃0Rb
s!

12e22g0L̃0Rb
sRt

s
e2g t( z̃2L̃ t2tot),

f t
H5

2 ip0

2k t

E
2`

`

k0 coswH0
1~lr̃ !dl

3
Tt

pe2g0L̃0/2~12e2g0L̃0Rb
p!

12e22g0L̃0Rb
pRt

p
e2g t( z̃2L̃ t2tot),

~16a!

cb
H5

p0

2
h0E

2`

` k0

gb

sinw H0
1~lr̃ !dl

3
Tb

se2g0L̃0/2~11e2g0L̃0Rt
s!

12e22g0L̃0Rb
sRt

s
e1gb( z̃1L̃b2tot),

fb
H5

ip0

2kb

E
2`

`

k0 coswH0
1~lr̃ !dl

3
Tb

pe2g0L̃0/2~12e2g0L̃0Rt
p!

12e22g0L̃0Rb
pRt

p
e1gb( z̃1L̃b2tot)

~16b!

for the top and bottom semi-infinite outer cladding region
In these expressions,Rt,b

s ,Tt,b
s are the electric field reflectivi-

ties for TE polarized waves incident from the slab on t
respective interfaces. In the limit of a simple dielectric inte
face these reduce for the top interface to

Rt
s5

g02g t

g01g t
, Tt

s512Rt
s5

2g t

g01g t
. ~17!

In Eq. ~15!, the minus sign in the parentheses is appropri
for z̃.0 and the plus sign forz̃,0. As mentioned above, th
polar anglew, defined relative to the orientation of the dipo
in the slab, arises from the presence of the transverse tr
form coordinates~j,h! in the source terms for the horizonta
dipole.

The physical interpretation of these equations is simila
that for the vertical dipole. Now the coupling is to both T
and TM radiation and bound modes. The zeros of the
nominators correspond to the bound modes~TM for 1

2e22g0L̃0Rb
pRt

p50; TE for 12e22g0L̃0Rb
sRt

s50). In each
numerator there is a term that corresponds to the radia
directly incident from the dipole and a second term from t
radiation reflected from the opposite interface. For the pot
tial within the slab there are upward and downward reflec
8-4
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RADIATION FROM A DIPOLE EMBEDDED IN A . . . PHYSICAL REVIEW E68, 036608 ~2003!
waves and the source terms. For the potential in the h
spaces the numerators correspond to transmission from
source at the center of the slab. The denominators acc
for the multiple reflections, and include all near field term
no approximations to the full electromagnetic calculati
have been made to this point. These approximations wil
made in the branch cut integrals, which are evaluated by
method of steepest descents that is only valid far~many
wavelengths! from the source point, and in the evaluation
the contributions from the poles using the asymptotic lim
of the Hankel function, again valid many wavelengths fro
the source point. There are branch cuts corresponding to
of the thin film layers. In the half-spaces above and bel
the structure, only the integral around the branch cut co
sponding to that specific medium contributes to the radia
fields; the other branch cuts contribute only to the near fie
and thus are excluded from the subsequent analysis.

C. Evaluation of the inverse transform

The apparatus of a complex analysis can now be app
to the remaining integrals. As noted above, there are co
butions due to integration around the branch cuts~corre-
sponding to 3D radiation into the semi-infinite half-spac
above and below the structure! and due to poles of the de
nominators~2D bound modes!. The manipulations have bee
presented for a single interface in great detail in Ref.@11# for
a single interface and in Ref.@4# for the simple slab case
Only the final results will be presented here.

1. Vertical dipole

2D bound modes. For the vertical dipole, the Hertz poten
tial within the slab is evaluated using the asymptotic limit
the Hankel function@H0

1(z)→2 ieizA2/pz# and taking the
residues at the zeros of the denominator,

f0
2D5p0k0(

l
A8p

kl
pr̃

eikl
pr̃

kl
p

k0g0,l
p dDl

p

3@~11Rsym
p e2g0,l

p L̃0!cosh~g0,l
p z̃!

1Rasym
p e2g0,l

p L̃0 sinh~g0,l
p z̃!#, ~18!

where the denominator is expanded around the roots (kl
p ,

where the subscript is the mode index! of the TM (p super-
script! modal dispersion relation, viz.,

Dl
p512e22g1L̃0Rb

pRt
p'~l2kl

p!
]Dp

]k U
k

l
p
[~l2kl

p!dDl
p

~19!

and

Rsym
p [

Rt
p1Rb

p

2
, Rasym

p [
Rt

p2Rb
p

2
. ~20!

The superscript on theg’s takes note of the fact that they a
evaluated at the roots of the TM dispersion relation and
subscripts on theg’s refer to the layer index (j ) and the
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mode index (l ) @g j ,l
p [g j (l)ul5k

l
p#. The corresponding indi-

ces on the reflection coefficients are suppressed for co
nience.

From this result, the next step is to evaluate the fields
to integrate across the mode profile to get the radiated po
with the result for the central slab containing the dipole,

P̂V,TM
2D 5

3pk0

Re~k1!A«0

(
l

ukl
p8u4

udDl
pu2

3F @ uc0,l u21ud0,l u2#
sinh~g0,l

p8L̃0/2!

g0,l
p8

1@c0,ld0,l* 1c0,l* d0,l #
sin~g0,l

p9L̃0/2!

g0,l
p9

G , ~21!

where the summation is over all modes (l ), g0,l
p 5g0,l

p8
1 ig0,l

p9 , and the coefficientsc0,l and d0,l are the complex
amplitudes of the upward and downward directed fields
each layer at the center of the slab. From Eq.~18!

c0,l5
1

2
~11Rsym

p e2g0,l L̃01Rasym
p e2g0,l L̃0!

5
1

2
~11Rt

pe2g0,l
p L̃0!,

d0,l5
1

2
~11Rsym

p e2g0,l L̃02Rasym
p e2g0,l L̃0!

5
1

2
~11Rb

pe2g0,l
p L̃0!. ~22!

Similar expressions need to be evaluated over the entire
stack, including the top and bottom semi-infinite regions, a
summed to get the total 2D radiated power.

3D radiated energy. The calculation proceeds by subs
tuting the integral expression for the Hankel function

H0
1~z!5

4

p
eizE

0

`

~4iz2y2!21/2e2y2/2dy'eizA 2

ipz
,

~23!

where the last approximation is valid in the radiation zon
many wavelengths from the dipole. Then the Hertz poten
in the semi-infinite cladding regions can be evaluated
integrating around the branch cut by the method of stee
descents with the result for the top half-space:

f t5
p0k0eintR̃

R̃

12Rt
p

k0

@11ein0L̃0 cos(q)Rb
p~u!#

12e2in0L̃0 cos(q)Rt
p~u!Rb

p~u!

3ei (n0 cosq2nt cosu)L̃0/2, ~24!

whereR̃ is the dimensionless radial distance coordinate,q is
the propagation angle inside the slab for an external angl
u @cos2 q[12(kt /k1)sin2 u# and the reflection coefficient
are evaluated at the external angleu.
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For the radiated power, normalized to the power radiated by the dipole in an infinite medium, the final result is

P̂TM
V 5

3

4
Uk t

k0
U5/2E

0

p/2U@12Rt
p~u!#@11ein0L̃0 cosqRb

p~u!#ei (n0 cosq2nt cosu)L̃0 /2

12e2in0L̃0 cosqRt
p~u!Rb

p~u!
U2

sin3 udu ~25!
he

se
a

n.
o

with a similar expression for the power radiated into t
bottom half-space with the obvious interchange (t⇔b). As
expected, this result is identical to that for the simple slab@4#
with the substitution of the film-stack reflectivities for tho
of the simple dielectric interface and the generalization to
asymmetric cladding structure.

2. Horizontal dipole

A horizontal dipole couples to both TE and TM radiatio
The calculations are very similar to those presented ab
and only the results are given here.

2D bound modes. For TE coupling

c0
2D,H5sinwp0h0(

l
A8p

kl
sr̃

eikl
sr̃

1

dDl
s

3@~11Rsym
s e2g0,l

s L̃0!cosh~g0,l
s z̃!

1Rasym
s 2g0,l

s L̃0 sinh~g0,l
s z̃!#, ~26!

P̂TE
2D,H5

3p

4 Re~n0! (l
U kl

s

dDl
sU2

3F @ uc0,l u21ud0,l u2#
sinh~g0,l

s8 L̃0/2!

g0,l
p8

1@c0,ld0,l* 1c0,l* d0,l #
sin~g0,l

s9 L̃0/2!

g0,l
p9

G ,

c0,l5
1

2
~11Rt

se2g0,j
s L̃0!,

d0,j5
1

2
~11Rb

se2g0,j
s L̃0!. ~27!

For TM coupling

f0
2D,H5coswp0k0(

l
A8p

kl
pr̃

eikl
pr̃

1

dDl
p

3@~12Rsym
p e2g0,l

p L̃0!sinh~g0,l
p z̃!

2Rasym
p e2g0,l

p L̃0 cosh~g0,l
p z̃!# ~28!
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P̂TM
2D,H5

3p

4 Re~k0
3/2!

(
l
U kl

p

dDl
sU2

3F @ uc0,l u21ud0,l u2#
sinh~g0,l

p8L̃0/2!

g0,l
p8

1@c0,ldj ,l* 1c0,l* dj ,l #
sin~g0,l

p9L̃0/2!

g0,l
p9

G ,

c0,j5
1

2
~12Rt

pe2g0,j
p L̃0!,

d0,j52
1

2
~12Rb

pe2g0,j
p L̃0!. ~29!

3D radiation into top half-space. For TE coupling

c t
H5p0k0h0

sinw

sinu
S eiktR̃

ntR̃
D Tt

s
11Rb

sein0L̃0 cosq

12Rt
sRb

se2in0L̃0 cosq

3ei (n0 cosq2nt cosu)L̃0 /2, ~30!

P̂TE,t
3D,H5

3

8
ReS nt

n0
D E

0

p/2

3UTt
s

11Rb
sein0L̃0 cosq

12Rt
sRb

se2in0L̃0 cosq
ei (n0 cosq2nt cosu)L̃0 /2U2

3sin~u!du. ~31!

For TM coupling

f t
H5p0k0

cosu cosw

sinu
S eintR̃

ntR̃
D Tt

p
211Rb

pein0L̃0 cosq

12Rt
pRb

pe2in0L̃0 cosq

3ei (n0 cosq2nt cosu)L̃0 /2, ~32!

P̂TM,t
3D,H5

3

8
ReS nt

n0
D E

0

p/2

3UntTt
p

211Rb
pein0L̃0 cosq

12Rt
pRb

pe2in0L̃0 cosq
ei (n0 cosq2nt cosu)L̃0 /2U2

3cos2~u!sin~u!du. ~33!
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FIG. 2. Radiated power from a dipole embe
ded in a slab~top! and in the same slab with fou
mirror stacks~bottom!. The results for a vertical
dipole are shown in the left panels and for a ho
zontal dipole in the right panels. In each case t
dipole is embedded in a thin~10-nm-wide!
InGaAs (n53.55) section clad top and bottom
with GaAs (n53.495) spacers of thicknessL.
For the slab, the semi-infinite outer claddings a
air (n51); for the mirror stacks arel/4 pairs of
Al2O3 (n51.76) and GaAs, again with sem
infinite air outer claddings. See text for detaile
discussion.
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with equivalent expressions for the radiation into the bott
half space.

Again, it is instructive to compare these expressions fo
horizontal dipole with the equivalent expressions derived
the symmetrically clad slab with Sommerfeld’s Hertz vec
approach@4#. For the TE coupling the results are again ve
similar with the straightforward substitutions of th
multilayer reflectivities, the more careful tracking of refle
tion coefficients necessary for nonequivalent surfaces,
the automatic placement of the dipole in the center of
slab. The TM results are significantly simpler in this form
lation, particularly for the Hertz potential and the 3D rad
tion contributions. In the previous treatment, based on
Sommerfeld formulation, the possible algebraic simplific
tion was only recognized for the bound mode contributio

IV. RESULTS

In the following two sections, results using these expr
sions are presented for two related vertical-cavity structu
First, we consider a slab bound by two symmetric qua
wavelength mirror stacks with air on both sides. The pow
is radiated into both bound modes and 3D radiation. In
second case, the same structures are atop a GaAs sub
again with air cladding the top surface. Now there are
bound modes, but there are ‘‘leaky’’ modes with field dist
butions very similar to the bound modes, but whose ene
leaks into radiation modes in the substrate. Absorption
been set to zero~all indices taken as pure real quantities!,
interface roughness has been neglected, and the structu
taken as infinite within the plane. Additionally, the dipo
radiation has been assumed to be at a continuous single
quencyv, without any dephasing (T2) or decay (T1) events.
The impact of all of these assumptions is to allow the coh
ent addition of fields over many transits of the multilay
structure, e.g., to investigate very high finesse resonan
This allows beautiful examples of resonance effects; ho
ever, due consideration of these limiting effects must
taken in applying this analysis to the interpretation of expe
mental results.

A. Slab with DBR mirrors—bound modes and radiation

The slab structure consists of a thin~10 nm! InGaAs
quantum well (n53.55) with the dipole in the center of th
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well, symmetric GaAs inner cladding layers (n53.495)
whose thicknesses are equal and are varied in the calcula
symmetric l/4 Al2O3 /GaAs (n51.76/3.495) mirror pairs
~results for zero to four mirror pairs are presented!, and air
(n51) upper and lower outer cladding half-spaces. The s
tial index profile is shown as an inset in Fig. 2. These ind
values are appropriate to a wavelength of 980 nm; results
shown normalized to the wavelength in the GaAs layers.

The calculated radiated power, normalized to the radia
power in an unbounded InGaAs medium as a function of
GaAs inner cladding thickness for a simple slab~top, no
mirror stacks! and for a slab bound on each side by fo
mirror stacks~bottom! is shown in Fig. 2 for both a vertica
dipole source~left! and a horizontal dipole source~right!.
For the vertical dipole source, all of the radiation is into T
bound and radiation modes. For the air-clad slab, the
radiation shows strong Fabry-Pero´t resonances for slab thick
nesses near 2n1L̃;(2 j 11)l/2, j 50,1,..., and much
weaker resonances for even numbers of half-wave re
nances. This alternation arises from the factoring of the re
nant denominator for this symmetric case and the cance
tion of one set of resonances by the numerator in Eq.~25!.
The horizontal dipole has a similar set of resonances but n
at even numbers of half-waves and the cancellation for
numbers of half-waves, for both the TE and TM radiati
components. These resonance conditions are a direct co
quence of the boundary conditions in Eqs.~10! and~14!. The
TM radiation boundary conditions for a vertical dipole r
quire that the Hertz potential be zero at the edges of the in
cladding as the magnitude of the reflectivity approach
unity, whereas the TE and TM boundary conditions for
horizontal dipole force the derivative of the potential to ze
at the same locations. The high symmetry of a dipole loca
in the precise center of the slab results in these alterna
resonance selection rules; more complex behavior is fo
for a dipole displaced from the center of the slab. For the
bound modes, the vertical dipole exhibits a strong supp
sion of the radiation for very thin slabs (L!l/n) while the
radiation is more pronounced for the horizontal dipole
these thicknesses. In both cases, the total radiated po
rises approximately to that for the dipole in an infinite m
dium as the inner cladding thickness is increased; the slig
lower value (,1) than in an infinite InGaAs medium is be
8-7
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BRUECK, SMAGLEY, AND ELISEEV PHYSICAL REVIEW E68, 036608 ~2003!
cause the normalization is to the dipole in the higher ind
InGaAs, but the majority of the bound mode radiation
confined to the GaAs layers. Each of the contributions to
total radiated power has been multiplied by various factor
make them visible in the figure. As is well known, for th
vertical dipole, only very weak radiation into the air spaces
observed (3D3100). More interesting is the result for th
horizontal dipole, where most of the radiation is into the T
mode; the 2D TM radiation is multiplied by 10, while the 3
TM radiation contribution to the total power is multiplied b
2.

The impact of the mirror pairs on the distribution
power between the individual radiation components is s
nificant, whereas the total radiated power is only mode
impacted. For a vertical dipole, there is a noticeable incre
in the radiated power into the 2D TM mode for very th
slabs. This is a result of the increased mode volume du
the mirrors~see the left side of Fig. 2!. For the air-clad slab
only the lowest-order mode is propagating for 2n1L<l
while for the four-mirror-clad slabs, there are six propagat
modes even forL̃50. For both dipole orientations, the 3
radiation is significantly increased at the alternating ha
wave resonances, and suppressed away from these
nances. For a horizontal dipole at the first two resonan
the total radiated power is slightly larger (;15%) than that
for a dipole in an infinite medium corresponding to a d
crease in the radiative lifetime. The 3D radiation is stron
peaked at the even integral resonances for both the TE
TM components. Away from these resonances, essentiall
of the radiated power is in the 2D bound modes. As
number of mirror pairs is increased, more of the energy
shifted into the TM radiation, although it remains a signi
cantly smaller fraction of the total power than that radia
into the TE mode. There is a more equal balance of radia
power between TE and TM for the 3D radiation.

The evolution of the total radiated power as the numbe
mirror pairs is shown more clearly in Fig. 3. Results a
shown for both vertical~top! and horizontal~bottom! dipoles
for the slab case and for one through four mirror pairs. T
curves are offset for clarity. In each case, the radiation fr
a dipole in an infinite medium is shown as the associa
dotted line.

For a vertical-cavity laser, the radiated power for a ho
zontal dipole in the normal direction, perpendicular to t
layers, is of particular interest. The maximum intensity in
the normal direction occurs when the TE and TM powers
equal, just at the leading edge of the resonances of Fig. 2~see
also Fig. 5B!. Figure 4~top! shows the normalized forwar
direction emission for a horizontal dipole as a function of t
slab thickness for the five cases of a slab and one thro
four mirror pairs. The angular variation at the peak is a
shown in Fig. 4~bottom!. The variation with slab thicknes
shows the expected Lorentzian line shape from the exp
sion of the resonant denominator at an increasing cavity
nesseF as the reflectivity increases with the number of m
ror pairs. ~The calculated normal emission pow
reflectivities and correspondingF ’s are uRu250.31, F;2.5,
slab; uRu250.75, F;11, one mirror pair;uRu250.93, F
;43, two mirror pairs;uRu250.982, F;173, three mirror
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pairs; and uRu250.995, F5628, four mirror pairs.! The
slight shift of the resonance away from 2nL/l51 is due to
the optical thickness of the InGaAs quantum well. As e

FIG. 3. Evolution of the total radiated power for a symmet
structure as the number of mirror pairs is varied. The curves
offset for clarity; in each case the dashed line represents the po
radiated by the dipole into an infinite InGaAs medium.

FIG. 4. Vertical emission~normal to the layer structure! into 3D
radiation modes for a horizontal dipole embedded in a symme
cally clad slab as a function of the inner cladding thickness~top!
and the angular variation for the peak vertical emission~bottom!,
both with the number of mirror pairs as a parameter. As expec
the increasing finesse of the resonance with increasing numbe
mirror pairs is reflected in both plots.
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RADIATION FROM A DIPOLE EMBEDDED IN A . . . PHYSICAL REVIEW E68, 036608 ~2003!
pected, the angular variation of the emission at the pea
each of these resonances narrows significantly asF in-
creases.

As the inner cladding thicknessL increases beyond thi
resonance, the peak of the 3D emission shifts to stee
angles for both TE and TM radiation, and the total 3D ra
ated power increases dramatically. The top panel of Fig
shows an expanded view of the total integrated 3D radia
power emitted from both surfaces around the first peak
gion (nL/l;0.5) for the four-mirror-pair case for a horizon
tal dipole. From the symmetry of this geometry, the sa
power is emitted from both surfaces. The angular dep
dence of the radiated power is shown for various values oL
~A through G! as indicated in the top panel. Case A is befo
the resonance; the radiated power is quite small and doe
show a pronounced angular dependence. Case B is the m
mum of the normal-direction emitted power shown pre
ously in Fig. 4. Notice that this peak normal emission cor
sponds to a very small fraction of the power radiated fr
the dipole. Case C is just past the sharp increase in the
emitted power for both TE and TM radiation. There is a pe
in the angular dependence, for both TE and TM radiation
a small angle away from normal. This peak can be trace

FIG. 5. Angular variation of the 3D radiation from a horizont
dipole in a symmetrically clad slab with four mirror pairs as t
inner cladding thickness is varied. The top panel shows an
panded view of the integrated TE and TM 3D radiation in the
cinity of the first-resonance inner cladding thickness. The ang
traces~A though G! show the evolution of the angular dependen
of the emission as the inner cladding thickness is varied in
region.
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the round-trip resonance condition in the denominators@Eqs.
~31! and ~33!# that must move away from normal as th
thickness is increased. The explicit dependence in Eqs.~31!
and~33! is on the thickness of the central slab medium co
taining the dipole, which is fixed in this calculation. Th
dependence on the thickness of the cladding is containe
the phase of the reflection coefficients. This lowest or
round trip resonance condition is simply, 4nGaAscosqGaAsL
12nInGaAscosqLInGaAs12f(u)5l/2p, which clearly exhibits
the dependence ofqGaAs, the angle of propagation in th
inner cladding, onL. The final phase termf~u! represents
the phase shift in the reflector stack beyond the inner c
ding. The external angleu is related toqGaAs by the Fresnel
condition nGaAssinqGaAs5sinu for the present case of
semi-infinite air (nt51) outer cladding. The change in th
external angle for a given change inL is amplified by the
GaAs refractive index. For case D, corresponding roughly
the middle of the thickness region with substantial radiati
the peaks for TE and TM radiation occur at different ang
and the TE peak is significantly sharper. This is because
the lower TM reflectivity related to Brewster’s angle for TM
radiation incident on a single interface. The splitting is due
phase shifts as the angle is increased. This trend is contin
for case E, just before the cutoff of the TE radiation. T
angular peak in the TE emission is close top/2. For a further
increase in the inner cladding thickness, the peak shifts
yond the angle for total internal reflection and the emitt
power shifts from 3D radiation out the sides of the structu
to 2D modes propagating within the structure. This sa
transition is more gradual for the TM radiation~case F! con-
sistent with the more gradual onset of the 2D TM emiss
with inner cladding thickness seen in Fig. 2. Finally, case
is for a thickness beyond the significant 3D emission reg
where the total 3D power is weak and again does not sh
any strong angular dependence.

B. Active region and mirrors on substrate—No bound modes

We now make a change in the structure, replacing
bottom semi-infinite air cladding with a semi-infinite GaA
cladding. This simple change greatly modifies the calcu
tion, but of course the results should not be dramatica
different since, at least as the number of mirrors is increas
the dipole should not ‘‘see’’ the substrate refractive inde
The major change in the calculation is that there are
bound modes in this structure, in the sense that the zero
the dispersion relation all correspond to ‘‘modal’’ indices th
are lower than the GaAs substrate refractive index for
entire thickness regionL investigated. Thus the radiate
power is either emitted out the top surface, or ‘‘leaks’’ fro
the film stack into the GaAs substrate. As before, some of
power is radiated into the upper air space. Mathematica
having the substrate index higher than the solution to
dispersion relation puts the poles on a different sheet of
Riemann surface of the inverse transform integrand~e.g., the
negative sign must be taken for the square root correspo
ing to the substrate propagation constant whereas a pos
sign was taken in the true bond mode case! so that the poles
do not contribute to the inverse transform integration.
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BRUECK, SMAGLEY, AND ELISEEV PHYSICAL REVIEW E68, 036608 ~2003!
FIG. 6. Radiated power from a dipole embe
ded in an asymmetric film structure with air up
per and GaAs lower outer claddings. The top pa
els are for a simple InGaAs/GaAs structure, t
bottom panels include three Al2O3 /GaAs l/4
mirror pairs. In each case the dipole is embedd
at the center of a thin InGaAs region. The le
panels are for a vertically oriented dipole; th
right for a horizontal dipole. The only emission i
into 3D radiation for these cases. There are
strictly bound modes, however, for the thre
mirror-pair case; there are ‘‘leaky’’ modes large
confined to the film stack but with radiation tha
leaks into the substrate.
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Figure 6 shows the total radiated power for a simple s
case~top!, with just a buried InGaAs layer, and for thre
mirror pairs~bottom!. Results are shown for both a vertic
dipole ~left! and a horizontal dipole~right!. As there are no
bound modes, there are no 2D contributions; the calcula
proceeds only from Eqs.~31! and~33! and their bottom sur-
face counterparts. For a vertical dipole, the results are v
similar to those for the symmetrically clad slab with air o
both sides. There are somewhat larger differences for a h
zontal dipole. The roughly factor of two decrease compa
with the equivalent figure for the symmetrically clad geo
etry is due to the counting of the radiated power out of b
top and bottom surfaces in Figs. 2 and 5, whereas the top
bottom surface radiated powers are shown individually
this figure. There are differences in the details of the em
sion dependence on inner cladding thickness that will
discussed in conjunction with Figs. 8 and 9. The total ho
zontal dipole emission does not exhibit the sharp transiti
between 2D and 3D emission that characterized the sym
ric air-clad slab, but the overall dependence of the emiss
on the inner cladding thickness is similar. The total emiss
at the peak aroundnL/l;0.5 is larger than for the simila
symmetric air-clad three-mirror-pair case. There is also a
nificant change in the distribution of energy between TE a
TM emission, the TM emission being more pronounced
this substrate geometry.

Figure 7 shows the progression of the total emitted po
as a function of the inner cladding thickness with the num
of mirror pairs as a parameter. The curves have been o
for clarity. The radiated power for a dipole in an infini
medium is shown as the dashed line associated with e
curve.

An expanded view of the first top surface emission reg
for a horizontal dipole, in the vicinity ofnL/l;0.5, is
shown in the top panel of Fig. 8. This should be compa
with the comparable panel in Fig. 5 for the symmetrica
air-clad slab. Again, the overall results are similar, but th
are some noticeable differences. The overall shapes ar
verted, in Fig. 5 the TE power increases slightly as the in
cladding thickness increases up to a very sharp cutoff w
the TM power decreases and shows a much more gra
cutoff. In Fig. 8 the TM power increases while the TE pow
decreases as the inner cladding thickness increases. The
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its of the emission with inner cladding thickness are mo
gradual and less well defined for this case. The TM emiss
is larger than the TE, the opposite of the symmetrically c
slab case.

The angular dependencies of the emission out the top~air-
clad! surface are shown in panels A through G. Panel A is
inner cladding thicknesses smaller than those that corresp
to the peak emission. The emission is relatively weak a
featureless. Panel B corresponds to the peak of the no
emission. Notice that this peak occurs for a thickness furt
up the knee of the emission than was the case for the s
metrically air-clad slab~Fig. 5B!. Nonetheless, the emissio
is weaker in the present asymmetric case. In compara
units, the emission at normal for the air-clad case with th
mirror pairs was 60, both top and bottom; in this case it is

FIG. 7. Evolution of the total radiated power for an asymme
cally clad slab with an air upper and a GaAs substrate lower c
ding. The curves have been offset for clarity; in each case
dashed line represents the power radiated by the dipole into
infinite InGaAs medium.
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RADIATION FROM A DIPOLE EMBEDDED IN A . . . PHYSICAL REVIEW E68, 036608 ~2003!
top and 134 bottom. Overall the normal emission is com
rable, but much is lost to substrate emission in this asymm
ric case. Panel C is for an inner cladding thickness near
peak TE emission. Both TE and TM emissions show com
rable peak emission angles as was the case for Fig. 5. P
D is for an inner cladding thickness near the mid point of
significant top-surface emission. As was the case for
symmetrically clad structure, at these higher angles a s
ting is observed between the TE and TM peak emiss
angles as a result of different phase contributions from
TE and TM reflectivities. Panel E is for a thickness near
upper edge of the TE emission. The peak of the TE emiss
is close top/2 as expected. Panels F and G are at the up
edge of the TM emission and beyond both TE and TM em
sion regions. Panel G is for anL/l of 0.65, outside the rang
of the top panel, which was plotted on the same horizon
scale as Fig. 5 for comparison. Since these curves are
emission out the top surface, the same amplification of

FIG. 8. Angular variation of the 3D radiation~horizontal dipole!
from the top~air! surface of an asymmetrically clad slab~air upper
and GaAs lower outer claddings! with three mirror pairs as the
inner cladding thickness is varied. The top panel shows an
panded view of the integrated TE and TM 3D radiation in the
cinity of the first-resonance inner cladding thickness. The ang
traces~A though G! show the evolution of the angular dependen
of the emission as the inner cladding thickness is varied in
region. Curve G is for a normalized inner cladding thickne
nL/l;0.65, beyond the thicknesses plotted in the top curve.
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external angle relative to the internal angle as was found
the previous symmetrically clad structure is also found
these cases.

In contrast to the relatively orderly behavior of the to
surface emission shown in Fig. 8, the bottom surface em
sion shows a much more pronounced angular dependenc
shown in Fig. 9 for five different values of the normalize
inner cladding thickness, again for a horizontal dipole. N
the much larger vertical axis scale from 1010 to 1025. The
TE and TM emission angular dependencies are shown
by side for clarity in this figure. The top pair of panels is f
the same inner cladding thickness as panel B of Fig. 8, jus
the peak of the normal emission. In addition to the angu
peak atf50, both the TE~left! and TM ~right! emission
show additional structure. There are sharp dips, which
relatively independent of inner cladding thickness and
related to changes in reflectivity. A notable feature is the v
strong peak in the TE emission atf;1.25~labeled TE1! and
the comparable, but significantly smaller peak in the T
emission atf;0.66 ~TM1!. These correspond to energ
transmitted into the substrate from the lowest order ‘‘leak
mode. That is from a field distribution in the upper claddi
layers that looks very similar to the zero-order bound mo
for the symmetrically air-clad structure. Compared to t
peak normal emission of;134 into the substrate, the valu
of this emission is 53107! The resonance linewidth is cor
respondingly narrow, so the normalized integrated radia
power is ;0.5 as shown in Fig. 6. As the inner claddin
thickness is increased, both TE1 and TM1 peaks shift
steeper angles. Since the refractive index of the subst
~3.495! is very similar to that of the InGaAs slab~3.55!, the
amplification of the angle by refraction is small. As the inn
cladding thickness is further increased, both of these pe
saturate at angles close top/2. The last pair of panels in Fig
9 is for an inner cladding thickness such that there are
propagating leaky modes and consequently two pairs
sharp peaks, TE1 and TE2 and TM1 and TM2. These v
sharp angular dependences posed some numerical integr
challenges. It was easy to miss the peak in the overall in
grals@the bottom surface equivalents of Eqs.~31! and~33!#.
Care had to be taken to track the peaks as a function of in
cladding thickness and integrate carefully over the peak w
a very fine step size to get accurate results. This is also
reason that only the three-mirror-pair rather than the fo
mirror-pair case was evaluated for the asymmetric struct
the resonances became too narrow and too peaked to
with within the 16-bit precision of the present computer pr
gram. Adding losses to the dielectric constant limits the pe
value, but also results in energy loss to absorption within
dielectric stack that must be accounted for in evaluating
total radiated energy.

V. SUMMARY AND CONCLUSIONS

A fully analytic treatment of the radiation from a dipol
embedded in an arbitrary dielectric stack has been presen
The treatment starts from a Hertz-vector formalism int
duced by Sommerfeld@1# and extended by Lucosz@9#. The
analysis proceeds by finding the Fourier transform of
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FIG. 9. Angular variation of the 3D radiation from the bottom~GaAs substrate! of an asymmetrically clad slab~air upper and GaAs
lower! with three mirror pairs as the inner cladding thickness is varied for a horizontal dipole. The various values ofnL/l are given in the
figure. The top panels,nL/l50.48, correspond to position B, the peak normal emission, in Fig. 8~top!. The second set of panels,nL/l
50.53, corresponds to position E, the edge of the TE emission peak, in Fig. 8~top!. The third row of panels,nL/l50.79, corresponds to
a cladding thickness just before the emergence of the second top-surface emission peak~Fig. 6!. The final row of panels,nL/l51.57,
corresponds roughly to the middle of the third top-surface emission peak in Fig. 6.
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dipole fields for an unbounded medium, solving the indep
dent boundary conditions across the multilayer stack for e
Fourier component, and transforming back to real spa
This procedure provides a rigorous solution to the multila
boundary conditions. Two different classes of singularit
are present in the integrand for the inverse transform: p
that correspond to bound 2D waveguide modes confi
within the multilayer stack, and branch cuts that correspo
to 3D radiation emitted from the sides of the stack into
upper and lower outer cladding half-spaces. While
boundary conditions are strictly valid, approximations a
made in order to evaluate the radiated fields that are accu
only many wavelengths from the position of the dipole, e
in the radiation zone away from the near fields. The res
are directly related to previous work@4# that investigated a
simple dielectric slab geometry with the straightforward
placement of single layer reflectivities with their multilay
counterparts.

This formalism was applied to two closely related stru
tures, both of which are germane to the design of semic
ductor vertical-cavity lasers. Both structures contain a t
active region containing the dipole with symmetric inn
claddings and an equal numbers of Bragg reflector mi
pairs on both sides. In the first case, the structure is f
symmetric with an air cladding both above and below
stack. In the second case, the lower cladding is replaced
a substrate with the same refractive index as the inner c
ding. These two cases illustrate some interesting points.
the symmetrically air-clad structure, the dipole couples
both the bound modes of the slab and the radiation field
the air spaces. For the asymmetric structure, on the o
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hand, there are no bound modes because of the high-in
outer cladding and only the 3D radiation calculation is o
erative. However, for high reflectivities, e.g., a sufficie
number of Bragg reflector pairs, the results should be es
tially equivalent since the dipole can not ‘‘see’’ the substra
because of the high reflectivity. Instead of true bound mod
there are leaky modes that look very much like the bou
modes of the air-clad structure, but whose power is transm
ted into the substrate after many round trips within the fi
stack. Because of the very high reflectivities in these str
tures, especially at steep angles, very sharp angular de
dences are found for this radiated power, corresponding
the bound modes in the symmetric air-clad case. In b
cases, the 3D radiation into the upper low-index~air! half-
space is a sharp function of the thickness of the inner c
ding with TM and TE resonances at alternating half-wa
inner cladding thicknesses. The asymmetric case is v
close to that of some LEDs on solid substrates. For exam
visible-emission, nitride-based quantum-well LEDs@13# are
examples of mode-free structures@14#. Modes similar to
guided modes but losing power due to leakage into the s
strate are observed in such structures.

Finally, we present the following conclusions.
~1! Analytic solutions are presented using a rigoro

Hertz-vector formalism for dipole emission within
multilayer dielectric structure. These solutions are suita
for application to edge-emitting and vertical-cavity surfac
emitting lasers~VCSELs!, resonant light-emitting diodes an
photodetectors, and other multilayer optoelectronic devic
Expressions are presented as functions of a normalized
cal thicknesses of the various layers and can be used to
8-12
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RADIATION FROM A DIPOLE EMBEDDED IN A . . . PHYSICAL REVIEW E68, 036608 ~2003!
lyze either thickness or wavelength variations.
~2! Enhancement/suppression of the dipole radiation r

tive to that in an infinite medium is obtained. The results
very dependent on the structure; however, even with a v
high finesse planar cavity, the maximum enhancement is
ited to ;31% for a horizontal dipole at the first resonan
peak, e.g., for a total inner cladding thickness of;nl. The
inner cladding thickness for peak emission is close to,
slightly longer than, the peak normal emission thickness

~3! A larger fractional suppression of the dipole emissi
is found for a vertical dipole for very short inner-claddin
thicknesses lengths!nl/2. This is due to destructive inter
ference between the radiated and reflected fields at the p
tion of the dipole.

~4! The distribution of the radiated power between 3
radiation into the outer claddings and 2D radiation into
n

v

in

03660
-
e
ry
-

t

si-

e

waveguide modes shows a larger variation with struct
than does the total radiated power. For a free-standing s
metric structure, the addition of high-reflectivity Bragg m
rors modifies significantly the fraction of power emitted in
the air space and its inner cladding thickness and ang
variations. As expected, the angular width and inner cladd
thickness tolerance of the normal-emission resonance
creases with increasing mirror reflectivities.

~5! In the asymmetric case, with a high-index substra
the bound modes of the structure evolve into leaky mo
whose energy is radiated into the substrate. The top-sur
emission for this case is similar to that for the symmet
case. The bottom~substrate! 3D emission is characterized b
a complex dependence at small angles corresponding to
reflectivity coefficient for this multilayer structure, and b
very intense and narrow resonance peaks at higher an
corresponding to the leaky modes.
g
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