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Radiation from a dipole embedded in a multilayer slab
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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-dimension&PD) 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-contra€i(&aAs)

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.
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[. INTRODUCTION into both the 2D bound modes and the 3D radiation modes
and investigated in detail the dependence on dielectric con-
The coupling of an electric dipole with electromagnetictrast and slab thickness.
fields in solids is fundamental to solid-state light emitting  The purpose of this paper is to extend these re$dltto
and detecting deviced_EDs, lasers, displays, photodetec- arbitrary multilayer dielectric structures and to investigate in
tors, etc). In a uniform infinite medium the dipole radiation particular the impact of high-reflectivity Bragg mirrors on
fields are very well known. The study of these radiationthe dipole radiation. The analysis is extended to asymmetric
fields in the presence of metallic and dielectric interfaces hasases, including mode-free cases that support “leaky” modes
been a recurring topic in electromagnetism. Sommerfeldhat are not bound in the strict sense, but rather build up
[1,2] made seminal contributions to the solution that providesignificant intensity within the multilayer structure and ulti-
the basis of the work presented here. He was concerned wifhately radiate their power into 3D radiation within the sub-
issues of long-wavelength radio wave propagation over thétrate.
surface of the earth and addressed the single interface prob- Section Il presents the Hertz vector formulation and intro-
lem of a dipole above a lossy dielectric. As is very well duces a significant algebraic simplification by introducing
known[3,4], the addition of a second interface, e.g., a dipoleboth electric and magnetic Hertz vectors. Section Ill presents
embedded within a dielectric slab, adds significant complexthe closed form analytic results for arbitrary multilayer struc-
ity to the problem, since the radiation is now distributedtures. Detailed investigation of the results for a symmetric
between three-dimension@D) radiation out the sides of the structure with high-reflectivity Bragg reflectors is presented
slab and the two-dimension&D) bound modes supported in Sec. IVA. A related asymmetric structure with a high-
by the slab. With the development of multilayer structuresindex substrate is analyzed in Sec. IV B. Finally, conclusions
with very high, and precisely tailorable, reflectivities, such asare presented in Sec. V.
vertical-cavity lasers, resonant cavity LEDs, and photodetec-
tors, there is a need for a more detailed understanding of the
distribution of the radiation between these components and Il. HERTZ VECTOR FORMULATION
the corresponding angular and thickness/wavelength depen-
dencies. Both approximate analytic treatmd®t$] and nu-
merical solutions[7] have appeared in the literature. Re-  The geometry of the problem is shown in Fig. 1. A dipole
cently, two equivalent detailed analytical treatments for thés embedded in an arbitrary film stack taken as infinite in the
simple slab case have been reporfdg8]. Both of these (x,y) directions. Thez direction is perpendicular to the
treatments presented fully analytic results for the radiatiorfilms. The dipole is oriented at an anglg from thez direc-
tion in the (x,z) plane. The layer stacks above and below the
dipole have arbitrary numbers of layers with arbitrary rela-
*Also at Department of Electrical and Computer Engineering,tive dielectric constantsii=n?) and thicknessesl(). The
University of New Mexico, Albuquerque, New Mexico 87131, total physical thicknesses of the top and bottom cladding

A. Geometry of the problem

USA. Email address: brueck@chtm.unm.edu layers from the position of the dipole to the edge of the
TAlso at Department of Physics and Astronomy, University of outermost layer aré o; andLy ;. For the sample calcu-
New Mexico, Albuguerque, New Mexico 87131, USA. lations presented below, the inner cladding layestsaded
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K wheregy, is the free-space permittivity; = ni2 is the relative
dielectric permittivity of the medium, andly=w/c is the
magnitude of the free-space photon wave vector. The fields

are given by
Lt-tot
K , E(X)=iwVXIIH(X)+ (keg) VX VXIIE(X),
g, o L i . o o
“ 7 ° TZ»X H(X) = —ioVXIT®(X)+ (ug) VX VXM (). (3)
Kb1l L
L, wheree, andu are the free-space values of the electric and

magnetic permeabilities, respectively.
From Egs.(1) and (3) it is straightforward to show that
¢(X) corresponds to a TM wave an@d(xX) describes a TE
K, wave; since these are orthogonal there is no coupling be-
tween them. In the Sommerfeld basis, there is only an
FIG. 1. Geometry of the problem. A radiating dipole oriented atelectric Hertz vector with components both in thdirection
an angledy in the (x,z) plane is embedded in the center of a infinite and in thex direction; the boundary conditions at interfaces

slab of material of relative dielectric constaty and thickness ;. are coupled which algebraically complicates the general so-
The slab is bound with arbitrary film stacks ending in top and bot-|ytion for an arbitrary film stack.

tom semi-infinite media of relative dielectric constaqtand «y, .

For the example calculations, the shaded inner cladding thicknesseé

L are identical and variable. The total physical thicknesses of the™

upper and lower claddings from the position of the dipole to the To begin the calculation, it is necessary to express the

edge of the semi-infinite media are indicatedly andLp. . field of a dipole, located at the origin in an infinite medium,
in a superposition of TE and TM plane waves. Then the

have identical dielectric constants, = xp; = k=n?, and an boundary value problem for each indep_endent plane wave
equal thicknessl,;=Lp;=L that is varied in the calcula- Can be directly solved by standard thin-film electromagnetic

tion. The thickness of the layer containing the dipole is de/nethods; finally the results are transformed back to real
noted ad_. space using the techniques developed by Sommerfeld
[1,2,17.

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

Expansion of the dipole field into TE and TM plane waves

B. Hertz vector formalism

In our previous papef4] we used the Hertz vector for-
malism introduced by Sommerfe|d] to evaluate the radia-
tion from a simple dielectric slab structure. Luko$,10]
has developed an alternate formulation of the Hertz vector

boundary conditions are uncoupled for the TE and TM radiathe corresponding directions. The total radiated power for

tion from a horizontal dipole. This dramatically simplifies this dipole in an infinite medium is given by the well-known
the algebra of the calculation; the final results are identicalyegyt[12]

Lukosz’s formulation is briefly described here and is fol-

einikor
7_7)'()_()): pom(sin Bdéx+ COSGdéZ), (4)
i

lowed in the evaluations of the radiated power. K4 Re(n)|p |2
Lukosz[9,10] has shown that the electromagnetic field for = 2 (5)
any orientation of the dipole can be represented by two scalar 12mnoeg

functions,(X) and ¢(X), which are thez componentgper-

pendicular to the layeyf an electric and a magnetic Hertz Where 7= /uq/&o. In the following, radiated powers are

vector, respectively, shown normalized to this value. The corresponding Fourier
transform of the infinite-medium Hertz vector is

1) =(0,04(X)),

- N 1
nEK)= Po 5 —5——(SiN 648, + COSH4&,)
R eokiky K = k;
(%)= (0,04(X)). 1)
=P (K)(sin 648+ cosbe,), (6)

Both _sca!ar functions satis_fy the_ homogeneous HemholtzvherekyK is the transform coordinate. This expression can
equation in source-free regions, viz., be put in a more suitable form for the planar geometry of the
problem by carrying out the inverse transform in théirec-

- . tion and expressing the remaining integrals in cylindrical co-
(V2= kigok) ¢(X) = (V2= kisokg) ()=0, (2 ordinates,
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Po (=K - B It is a standard multiple-interface thin-film matrix-analysis
<D(P-Z)=—_f —e "I (Np)NAN problem to solve for the Hertz potential everywhere. The
KiJo 7 result is
Po J'OO k0 . ~
=5 | e FHO NN, (@) = k
21 )i 0 ¢g:2p: f y—OHé()\TJ))\d)\
17-%"%0

whereko\ is the radial transform coordinafe.?= &2+ 7?

with ko€ (ko7) the x(y)-directed transform coordindtep «
=kop andZ=kqz are the dimensionless radial and vertical

spatial coordinates, and

e~ 70LoRP(1+ e~ 70L0RP)
e

1—e 270LoRPRP

~Y0Z

e 70boRP(1+e 70M0RP) ~
®) + B p— er?+e 2| (11)
1— e~ 270LoRPR

Y=\ — K —— —iny,
A—0

where the sign of the square root is chosen to ensur]:aOr the slab regior{subscript 0, and
Re(y)>0 for convergence of E(7). J, is the zeroth-order P = K
Bessel function andH} is the Hankel function of the first ¢}’=—°j —OHé()\ﬁ))\d)\
kind of zeroth order. The second form of this expression will 2k ==y
be useful for evaluation of the complex integrations since the
integration extends along the entixeaxis.

The scalarsp and for the unbounded medium are found
in terms of® by equality of thez components of the electric
and magnetic fields from Eg$3) and(6), giving

TPe™ v0ko2(1+ e~ 70LoRp)

1—e 270LoRPRP

e @ Lt

= k
¢X=—2p°f —HINP)AdA
- Kp ¥ =*%p
¢(§,n;z)=<b(>\;2)(0080d1ig—?sinﬂd) (93 - ~
A TPe ™ 7002(1 + e~ 70LoRP)

1—e 270oRPRP

et 7b(2+ib—to1) (12

and

for the top[above the slab and top film sta¢kubscriptt) ]
, (9b)  and bottombelow the slab and bottom film sta¢kubscript
b)] semi-infinite outer cladding regions. In these expres-
sions, ko 'L _or andkg 'L, o are the total physical thick-
nesses of the top and bottom cladding layers from the posi-
tion of the dipole to the edge of the outer cladding regions as
shown in Fig. 1. The Hertz potential within the film stacks is
readily evaluated from these results. Here Ris and T's
refer to the magnetic field reflectivity looking from inside the
slab from the multilayer togbottom) stacks for a TM wave
propagating upwardgdownwards in the slabRP(Rp) and
the T's are the corresponding transmissions through the en-
fire film stacks. In the limit of a single dielectric interface at
the top of the slab these reduce to the familiar results for a
TM-wave incident from the slab towards the top dielectric
(and similar expressions for the bottom interface

¢(§,77;z)=d>(>\;z)( no)\—ﬂzsin 04

where the ) sign in Eq.(9a) is appropriate in the upper
half plane ¢>0) and the (+) sign in the lower half plane
(z<0). For a vertical dipole (sif3=0) there are only TM
waves(only a singlescalar functiong (&, ;z) is required;
for a horizontal dipole (sify=1) there are both TM and TE
waves [both scalar functions¢(¢,7;z) and (&, 7;z) are
required. The source terms for a horizontal dipole (8jn
=1) depend on the transverse transform coordinéfes
which results in a dependence of the radiated fields on th
polar anglep where =0 is the radial direction parallel to
the dipole.

Ill. EVALUATIONS OF THE RADIATED FIELDS

AND POWER Rp_, K1Y0™ Ko

t o

A. Boundary value problem and evaluation of the Hertz KeYot KoYt

potential; vertical dipole (cosf;=1) 5
o . Ky Kt Yt
The boundary conditions fos at an interface between TPIK—(l—R{’F P (13
media 1 and 2 arf9] 0 tYoT KoYt

b1= by Comparing this result with Eq(10) of Ref. [1] for a

simple dielectric slab, the only changes &tgthe substitu-
tion of the multilayer refection/transmission coefficients for
their single interface value$2) the separate identification of
top and bottom reflection and transmission coefficients re-

1agy 1 o,

K 97 r, 97 (10
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quired for this generalized asymmetric calculation; &84
setting the dipole position to the center of the slab=Q
from Ref.[1]) since any shift of the dipole position can be
accommodated by adding additional filnwith the same
dielectric constant The bracketed terms have simple physi-
cal interpretations. There are two contributions to the fields
in the top region, one direct transmission from the upward
directed plane waves of the dipole and a second reflected
from the bottom slab interface. The resonant denominator
accounts for the multiple reflections within the slab. The ze-
ros of this denominator correspond to poles of the integrand
and, thus, the radiation into 2D bound waveguide modes.
There are branch cuts in theplane as a result of the mul-
tivalued v;’s. Integration around these branch cuts gives the
3D free-space radiation. The inverse transform will be dis-
cussed following the presentation of the boundary value so-
lutions for the horizontal dipole in the next section.

B. Boundary value problem and evaluation of the Hertz
potential; horizontal dipole (cos@y=0)

For a horizontal dipole, botkb and ¢ must be evaluated.
Since the boundary conditions are uncoupled, the solution
proceeds straightforwardly using the source terms in(Eq.
for 4= /2. The boundary conditions af6]

Pr1=a, Y1=1,
19¢y 1 dd, Yy
0 w2 oz ez (14

This decoupling of the boundary conditions for the two sca-
lar functions is a major algebraic advantage of the Hertz
vector representation introduced by Lukd€d. The solu-
tions again are obtained by straightforward thin-film analysis
based on the boundary conditions Ef4) and the source
terms Eq.(9),

PHYSICAL REVIEW E68, 036608 (2003

for the slab, and

y Po = 1 1om
Y =—mo| —sineHy(Np)dA
2 "

Toe™7002(1 + e ToboRY) ;
t b
X G Li-tot)

-2 1 SPS
1—e 270LoRER;

w_ "1Po (= 1y~
o= ko COSHA(NF)dA
2Kt -
Tpefvozo/z(l_e*)’ozoRp) 5
X ‘ b e @ L)),

1—e 270LoRPRP

(163
y Po » Ko 1om
Yp="—"mo| —singHy(Np)d\
Y
TSe~ 70L02(1 -+ YoLoRS 3
x> ( _ t)e+7b(2+'—b—tor),
1—e” 270LoRER?
H iPo = Lovm
bp=— ko coseHy(Np)dh
2Kb -®
TPe~ 70L0/2(1— e~ oLoRP _
X b ( — t)e"'?’b(i‘*'l-bftot)
1—e 27LoRPRP
t
(16b)

for the top and bottom semi-infinite outer cladding regions.
In these expressionRy ,, T; |, are the electric field reflectivi-

y Po = 1 1m
bo=—mno| —singHy(A\p)dA
2 Y
e 70LoRP(1+e” 70boRp)
X — efyoz
1—e 27LRER?

e~ 70LoRY(1+ e~ Y0hoR?)

+ el el ,

—2y0LopSpPS
1—e 2%0LoRSRS

ipo [
$o="—

2K0 -

ko COS@HS(AD)dN

e~ 70LoRP(1—e” 70LoRP) ~
X = e Yo*
1—e 270-oRPRP

e VoLoRP(l_e* 'VOLORE) _ ~
— — eyoz( = )e_ ol
1—e 27oRPRP

(19

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

2y
Yot

s_ Yoo N
Yoot

Ti=1-R{= a7

In Eqg. (15), the minus sign in the parentheses is appropriate
forz>0 and the plus sign fa&t<0. As mentioned above, the
polar anglep, defined relative to the orientation of the dipole

in the slab, arises from the presence of the transverse trans-
form coordinategé,») in the source terms for the horizontal
dipole.

The physical interpretation of these equations is similar to
that for the vertical dipole. Now the coupling is to both TE
and TM radiation and bound modes. The zeros of the de-
nominators correspond to the bound mod& for 1
—e 27LRPRP=0; TE for 1—e 270M0RFR?=0). In each
numerator there is a term that corresponds to the radiation
directly incident from the dipole and a second term from the
radiation reflected from the opposite interface. For the poten-
tial within the slab there are upward and downward reflected
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waves and the source terms. For the potential in the halfmode index () [7JP’|E’yJ-()\)|)\:kIp]. The corresponding indi-

spaces the numerators correspond to transmission from the.s o the reflection coefficients are suppressed for conve-
source at the center of the slab. The denominators accoUffence.
for the multiple reflections, and include all near field terms; £ this result. the next step is to evaluate the fields and

no approximations to the full electromagnetic calculationy, jntegrate across the mode profile to get the radiated power
have been made to this point. These approximations will bgit the result for the central slab containing the dipole,
made in the branch cut integrals, which are evaluated by the

method of steepest descents that is only valid (faany . 37k, |k|p'|4
wavelengthsfrom the source point, and in the evaluation of PyTM= 2
the contributions from the poles using the asymptotic limits & k1) Veo '
of the Hankel function, again valid many wavelengths from
the source point. There are branch cuts corresponding to each
of the thin film layers. In the half-spaces above and below

, . Sinh(¥8;Lo/2)
[l oyl ?+|do, 2] ——,—

. Yol
the structure, only the integral around the branch cut corre- X ) - , (2
sponding to that specific medium contributes to the radiation e, sin(ypLo/2)
fields; the other branch cuts contribute only to the near fields +[Co,dg; +Cg doy] o
and thus are excluded from the subsequent analysis. Yol

where the summation is over all mode$),( v5,= 7§

+iyf), and the coefficientg,, anddy, are the complex
The apparatus of a complex analysis can now be appliedmplitudes of the upward and downward directed fields in

to the remaining integrals. As noted above, there are contrieach layer at the center of the slab. From Bd)

butions due to integration around the branch ciasrre- 1 ~ ~

sponding to 3D radiation into the semi-infinite half-spaces Co,|=§(1+ ng$770,ILO+ Rgsymewmm)

above and below the structorand due to poles of the de-

nominatorg2D bound modés The manipulations have been 1 o

presented for a single interface in great detail in IREf] for = —(1+RPe 0ito),

C. Evaluation of the inverse transform

a single interface and in Ref4] for the simple slab case. 2
Only the final results will be presented here. 1 ~ ~
do, :§(1+ ngr@* Yo)Llo— Rgsyr@* Yo0iLo)
1. Vertical dipole
. . _ l ~
_ 2D_ bpund mode_sFor the vert|ca_l dipole, the Hert_z poten — Z(1+RPe" ygvlLo)' 22)
tial within the slab is evaluated using the asymptotic limit of 2
the Hankel functiorf H3(z) — —ie?y2/7z] and taking the
residues at the zeros of the denominator, Similar expressions need to be evaluated over the entire film
o stack, including the top and bottom semi-infinite regions, and
$2°=poko S 8_7Teik|"73 ki summed to get the total 2D radiated power.
0= Pof | kPp KoYbyODP 3D radiated energyThe calculation proceeds by substi-

. tuting the integral expression for the Hankel function
X[(1+RP e Yoto)cosh yhZ)
Y ’ 1 4 (7 2y~ 124,—y?/2 [ 2
b Ho(z)=—e"? | (4iz—y?) Y Vdy~e?/—,
+ Rgsyme_ 7oibo sink( 78,{2)], (18) ™ 0 imz
(23)
where the denominator is expanded around the rokfts (

where the subscript is the mode indef the TM (p super-
scrip) modal dispersion relation, viz.,

where the last approximation is valid in the radiation zone,
many wavelengths from the dipole. Then the Hertz potential
in the semi-infinite cladding regions can be evaluated by

o 2y pop o dD, 0 b integrating around the branch cut by the method of steepest
Di=1-e 7LoRyRi~(A—ki ) Tk pEO‘_kI ) 6D descents with the result for the top half-space:
ki o~ o~
(19 pokoe MR 1—RP  [1+e'MobocsOIRp(4)]
t= =
and ’ﬁ Ko 1-— e?inolo cos(ﬂ)R{J( 0) Rg( 9)
RP — RP+ RE R RP— Rg 20 % @i (Ng cosd—ny 0050)10/2, (24)
sym 2 4 asym 2

whereR is the dimensionless radial distance coordinatés
The superscript on the's takes note of the fact that they are the propagation angle inside the slab for an external angle of
evaluated at the roots of the TM dispersion relation and the [ cos 9=1—(«,/x;)sir? 6] and the reflection coefficients
subscripts on theys refer to the layer indexjj and the are evaluated at the external angle
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For the radiated power, normalized to the power radiated by the dipole in an infinite medium, the final result is

512 . ol —RP ingLg cos 9P i(ng cos®—n, cosh)Lg /2| 2
oy 3|k f [1-RP(0)][1+e"0o*RE(0)Je | <3 oo .
4 Ko 0 1— e2|n0L0 cosﬂRtp( 0) Rg( 9) ‘
|
with a similar expression for the power radiated into the 37 kP ‘2
bottom half-space with the obvious interchange>p). As p2D.H= >
expected, this result is identical to that for the simple §tb 4ARg k3?1 5D|s‘
with the substitution of the film-stack reflectivities for those _
of the simple dielectric interface and the generalization to an sinh( ygjLo/Z)
asymmetric cladding structure. [|Co,||2+ |do,||2]T
% Yol ~
2. Horizontal dipole sin(y§Lo/2)
, , _ +[codf+cgdj ] ——,—
A horizontal dipole couples to both TE and TM radiation. o o vo!
The calculations are very similar to those presented above ’
and only the results are given here. 1 o~
2D bound modesFor TE coupling COJ:E(l_ RPe™"0jto0),
1 ~
W22 H =sinepq 7]02' 87 eikf}i doj=— 5(1— Rbe” ”,Lo). (29

k5° ' D¢

X[(1+ ngn{e— nglto)cosr( 52 3D radiation into top half-spaceFor TE coupling

+RSaym ToIL0sIn ¥3,2) ], (26 " sing [ €| 1+ RgelMotoces?
' ¥t = PoKomo— — | T —=
sing\ nR/ 1—R{Rje*Motocos?
2 -
p2D.H _ 3w E IS ‘ % @i (N cos®—ng cosé)Lg /2 (30)
TE " 4Rdng) 9 | 6Dj| ’
. T 3 ng\ (w2
sinh(yg)Lo/2) p3DH_"pd t f
[|Co,||2+|do,||2]T TEt g N/ Jo
% Yol
~ . . 2
sin( 7811L0/2) 1+ RgemoLo cos _ 3
+ [CO,I d3| + Cg|do,|] —i,,, x| TS _ @l (ng cos¥—ng cosh)Lq /2
’ ’ Yo, 1— RtSRgeZinOLO cosY
. Xsin(#)dé. (3D
— S_~
COJ:§(1+RtSe "oito), For TM coupling
’ COSH COSp einR -1+ Rﬁeinoﬁocos”}
1 s ST ®t = Poko - _ T =
doj=7 (1+Rge™"0i"0). (27 sing nR/ 1—RPRpe?Motocos?
X ei(no cosd—n; cosa)~Lo /2, (32)
For TM coupling
a5 H 3 N¢ /2
PTM',tzgR — Jo
2D,H ik’ 1 o

> 8w
=COosep = € ~
° o ' klpf) 5Dlp —1+ RgeinoLo cos®d ~ 2
X ntT{J ei(no cosd¥—ng cosd)Lq /2

X[(1- R, e~ "oito)sinh( y§;2) 1— RPRPe?ndko o
P ~
—REgyne 70to coshi¥§,2)] (28) X cog(6)sin(6)d6. (33
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Vertical Dllpole Horizontal leole
toal horizonta ] 38 FIG. 2. Radiated from a dipole embed
total vertical . 2. Radlated power from a dipole embed-

ded in a slalitop) and in the same slab with four

2DTM

-~ = —_—
\\J/ZDTE\\I ~/

with GaAs (n=3.495) spacers of thickneds.
For the slab, the semi-infinite outer claddings are
air (n=1); for the mirror stacks ar&/4 pairs of
Alb,O; (n=1.76) and GaAs, again with semi-
infinite air outer claddings. See text for detailed
discussion.

\ZD ™

2

e
§ 3D TM (X100) DM (X10) z, L mirror stacks(bottom). The results for a vertical
& /\ " ~_ ' dipole are shown in the left panels and for a hori-
- / \ / \ 3D TM (X2) a r _ :
2 b/ e/ N N 3D TE ] zontal dipole in the right panels. In each case the
£, : -,:JA\ — 4}_—.— 75 n 11.76 3.495 dipole is embedded in a thif10-nm-wide
& i ia"/veﬁ' _ i total horizontal i : InGaAs (n=3.55) section clad top and bottom
b=
S
®
E
[<]
=z

3D TM (X15) ;oM DTE o

1 ~ P
i J/l . I/lL __,-J\L _,E(_\—ISK

1 0 1
Normalized Cladding Thickness, nL/)

4 Mirror Pairs

with equivalent expressions for the radiation into the bottomwell, symmetric GaAs inner cladding layersi< 3.495)
half space. whose thicknesses are equal and are varied in the calculation,

Again, it is instructive to compare these expressions for aymmetric \/4 Al,O5/GaAs (=1.76/3.495) mirror pairs
horizontal dipole with the equivalent expressions derived fOI’(resu|ts for zero to four mirror pairs are presenteahd air
the Symmetrica”y Clad Slab W|th Sommerfeld’s Hertz VeCtor(n: 1) upper and lower outer C|adding ha'f-spaces_ The Spa_
a_pp'roacr[df]. For the TE coupling the resul;s are again Verytia| index profile is shown as an inset in Fig. 2. These index
similar with the ~straightforward substitutions of the y4)yes are appropriate to a wavelength of 980 nm:; results are
multilayer reflectivities, the more careful tracking of reflec- %hown normalized to the wavelength in the GaAs layers.
tion coefficients necessary for nonequivalent surfaces, and g cajcylated radiated power, normalized to the radiated
epower in an unbounded InGaAs medium as a function of the
GaAs inner cladding thickness for a simple sldbp, no
mirror stack$ and for a slab bound on each side by four
irror stacks(bottom is shown in Fig. 2 for both a vertical
pole source(left) and a horizontal dipole sourdgight).
or the vertical dipole source, all of the radiation is into TM
bound and radiation modes. For the air-clad slab, the 3D
radiation shows strong Fabry-Peresonances for slab thick-

In the following two sections, results using these expresnesses near L~ (2j+1)A/2, j=0,1,.., and much
sions are presented for two related vertical-cavity structureSyeaker resonances for even numbers of half-wave reso-
First, we consider a slab bound by two symmetric quartefances. This alternation arises from the factoring of the reso-
wavelength mirror stacks with air on both sides. The poweiant denominator for this symmetric case and the cancella-
is radiated into both bound modes and 3D radiation. In th%on of one set of resonances by the numerator |n(Ea)
second case, the same structures are atop a GaAs substratge horizontal dipole has a similar set of resonances but now
again with air cladding the top surface. Now there are nogt even numbers of half-waves and the cancellation for odd
bound mOdes, but there are Hleaky" modes with field distri- numbers of ha'f-waves' for both the TE and TM radiation
butions very similar to the bound modes, but whose energxomponents. These resonance conditions are a direct conse-
leaks into radiation modes in the substrate. Absorption haauence of the boundary conditions in E¢k0) and(14). The
been set to zerdall indices taken as pure real quantilies TM radiation boundary conditions for a vertical dipole re-
interface roughness has been neglected, and the structureggire that the Hertz potential be zero at the edges of the inner
taken as infinite within the plane. Addltlona”y, the deOle C|adding as the magnitude of the reﬂectivity approaches
radiation has been assumed to be at a continuous single frgnjty, whereas the TE and TM boundary conditions for a
quencyw, without any dephasingT() or decay T;) events.  horizontal dipole force the derivative of the potential to zero
The impact of all of these assumptions is to allow the coherat the same locations. The high symmetry of a dipole located
ent addition of fields over many transits of the multilayerin the precise center of the slab results in these alternating
structure, e.g., to investigate very high finesse resonancegesonance selection rules; more complex behavior is found
This allows beautiful examples of resonance effects; howfor a dipole displaced from the center of the slab. For the 2D
ever, due consideration of these I|m|t|ng effects must bQJOUﬂd modes, the vertical dipole exhibits a strong suppres-
taken in applying this analysis to the interpretation of experisjon of the radiation for very thin slabs &\/n) while the
mental results. radiation is more pronounced for the horizontal dipole at
these thicknesses. In both cases, the total radiated power
rises approximately to that for the dipole in an infinite me-

The slab structure consists of a thif0 nm InGaAs dium as the inner cladding thickness is increased; the slightly
guantum well o= 3.55) with the dipole in the center of the lower value 1) than in an infinite InGaAs medium is be-

slab. The TM results are significantly simpler in this formu-
lation, particularly for the Hertz potential and the 3D radia-
tion contributions. In the previous treatment, based on th
Sommerfeld formulation, the possible algebraic simplifica-d-
; X S i
tion was only recognized for the bound mode contrlbutlonsF

IV. RESULTS

A. Slab with DBR mirrors—bound modes and radiation
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cause the normalization is to the dipole in the higher index 5 . . d T d —
InGaAs, but the majority of the bound mode radiation is i 4 mirror pairs
confined to the GaAs layers. Each of the contributions to the ar ——— - =
total radiated power has been multiplied by various factors to - 8 mirror pairs 4 2
make them visible in the figure. As is well known, for the 5 3f 2 mi A =
. . T . . [ mirror pairs 158
vertical dipole, only very weak radiation into the air spaces is g N / 1%
observed (3x100). More interesting is the result for the % _/ 1 mirror pair ] :E’
horizontal dipole, where most of the radiation is into the TE 8 e
mode; the 2D TM radiation is multiplied by 10, while the 3D % / slab - no mirrors ]
TM radiation contribution to the total power is multiplied by e 0 ' et . ' ' ]
2. 5 [ — ]
The impact of the mirror pairs on the distribution of N . 4 mirror pairs ®
power between the individual radiation components is sig- g e T H
nificant, whereas the total radiated power is only modestly S 3 ;__Qé\_jii Mrs\_‘ a
impacted. For a vertical dipole, there is a noticeable increase - 2 mirrorpairs | 8
in the radiated power into the 2D TM mode for very thin 2L . §
slabs. This is a result of the increased mode volume due to [ 1mirrorpair 175
the mirrors(see the left side of Fig.)2For the air-clad slab, 1 — 3T
only the lowest-order mode is propagating fon;2 <\ N slab - no mirrors ]

while for the four-mirror-clad slabs, there are six propagating

modes even fot. =0. For both dipole orientations, the 3D
radiation is significantly increased at the alternating half-
wave resonances, and suppressed away from these reso-F|G. 3. Evolution of the total radiated power for a symmetric
nances. For a horizontal dipole at the first two resonancestructure as the number of mirror pairs is varied. The curves are
the total radiated power is slightly larger-(L5%) than that offset for clarity; in each case the dashed line represents the power
for a dipole in an infinite medium corresponding to a de-radiated by the dipole into an infinite InGaAs medium.

crease in the radiative lifetime. The 3D radiation is strongly

peaked at the even integral resonances for both the TE anghirs; and|R|?>=0.995, F=628, four mirror pair9. The

TM components. Away from these resonances, essentially adllight shift of the resonance away froomR/A=1 is due to

of the radiated power is in the 2D bound modes. As thethe optical thickness of the InGaAs quantum well. As ex-
number of mirror pairs is increased, more of the energy is
shifted into the TM radiation, although it remains a signifi-

o

1
Normalized Cladding Width, nL/A

c c T T .
cantly smaller fraction of the total power than that radiated '§ 100 4 One mirror pii'f b‘
into the TE mode. There is a more equal balance of radiated € 10F Two mirror/ | +
power between TE and TM for the 3D radiation. Y 1fF 7 ,\ﬂ\mi 1
The evolution of the total radiated power as the number of 2 041 .-'—//;/ \‘\,_\ -5
mirror pairs is shown more clearly in Fig. 3. Results are e 001 — \\\\;
shown for both verticaltop) and horizontalbottom) dipoles a E . . 3
. . — 0.001 F Three mirror pairs
for the slab case and for one through four mirror pairs. The g E  Four mirror pairs/ 3
curves are offset for clarity. In each case, the radiation from H 0'0003_4 ' 0'_5 ' 0.6
a dipole in an infinite medium is shown as the associated = nL/i,

dotted line.

For a vertical-cavity laser, the radiated power for a hori-
zontal dipole in the normal direction, perpendicular to the
layers, is of particular interest. The maximum intensity into
the normal direction occurs when the TE and TM powers are
equal, just at the leading edge of the resonances of Rgpe
also Fig. 5B. Figure 4(top) shows the normalized forward
direction emission for a horizontal dipole as a function of the F
slab thickness for the five cases of a slab and one through 01l
four mirror pairs. The angular variation at the peak is also 0 1
shown in Fig. 4(bottom). The variation with slab thickness ¢ (radian)

shows the expected Lorentzian line shape from the expan- FIG. 4. Vertical emissiortnormal to the layer structurénto 3D

sion of the resonant denominator at an increasing cavity fIFadiation modes for a horizontal dipole embedded in a symmetri-

nesse- as the reflectivity increases with the _nur_nber of Mir-cally clad slab as a function of the inner cladding thicknésg)

ror pairs. (The calculated normal emission power gnq the angular variation for the peak vertical emisgioottom,
reflectivities and correspondirfg's are|R|?=0.31,F~2.5,  poth with the number of mirror pairs as a parameter. As expected,
slab; |[R|?=0.75, F~11, one mirror pair;|R[?=0.93, F the increasing finesse of the resonance with increasing numbers of
~43, two mirror pairs;|R|?=0.982, F~173, three mirror  mirror pairs is reflected in both plots.

L Four mirror pairs

100
F\Three mirror pairs

10

Two mirror pairs 4
One mirror pair

Relative Emission
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3 02 : : : : the round-trip resonance condition in the denominaftBrss.

g § |0 AlBl E IF Gl (31) and (33)] that must move away from normal as the

o 0. i | lllc \‘D\ +\| |'_ thickness is increased. The explicit dependence in B13.

o 0-% S T and(33) is on the thickness of the central slab medium con-

@ .45 0.50 0.55 0.60 . . . L . . .

Normalized Cladding Thickness, nL/ taining the dipole, Wh.ICh is fixed in this F:alc_ulann._The_

10— T T T dependence on the thickness of the cladding is contained in
10°C A ™ - the phase of the reflection coefficients. This lowest order

10° round trip resonance condition is simplynd,asC0SUgand

[T —— —

s ) + 2N1nGaasCOSI nganst 2¢(6)=N/27r, which clearly exhibits
\ 710 the dependence ofig,as, the angle of propagation in the
K 10° inner cladding, orlL.. The final phase terng(6) represents
- t t + } : +

D
N " N | |
I

10°

10°
10°
107

the phase shift in the reflector stack beyond the inner clad-
ding. The external angléis related todg,as by the Fresnel

10° condition NgaasSiNYgaas=sing for the present case of a
- 110° semi-infinite air fi,=1) outer cladding. The change in the
E 10° external angle for a given change linis amplified by the

10’ E GaAs refractive index. For case D, corresponding roughly to
10°F i e the middle of the thickness region with substantial radiation,
(L A, PP the peaks for TE and TM radiation occur at different angles
F . and the TE peak is significantly sharper. This is because of

i T 1 the lower TM reflectivity related to Brewster’s angle for TM

10 ———————F—F— 10° radiation incident on a single interface. The splitting is due to

Normalized Angular Distribution of 3D Radiation

10°F G i phase shifts as the angle is increased. This trend is continued
o ] for case E, just before the cutoff of the TE radiation. The
10 ——— " angular peak in the TE emission is closer@. For a further

0 (radian1) increase in the inner cladding thickness_, the peak shift; be-
yond the angle for total internal reflection and the emitted
FIG. 5. Angular variation of the 3D radiation from a horizontal power shifts from 3D radiation out the sides of the structure

dipole in a symmetrically clad slab with four mirror pairs as the to 2D modes propagating within the structure. This same
inner cladding thickness is varied. The top panel shows an extransition is more gradual for the TM radiati¢case F con-
panded view of the integrated TE and TM 3D radiation in the Vi- gistent with the more gradual onset of the 2D TM emission
cinity of the first-resonance inner cladding thickness. The angulayyith inner cladding thickness seen in Fig. 2. Finally, case G
traces(A though G show the evolution of the angular dependence;s o 5 thickness beyond the significant 3D emission region
of the emission as the inner cladding thickness is varied in thi%here the total 3D power is weak and again does not show
region. any strong angular dependence.

pected, the angular variation of the emission at the peak of ) . )
each of these resonances narrows significantlyFan- B. Active region and mirrors on substrate—No bound modes
creases. We now make a change in the structure, replacing the
As the inner cladding thickneds increases beyond this bottom semi-infinite air cladding with a semi-infinite GaAs
resonance, the peak of the 3D emission shifts to steepeladding. This simple change greatly modifies the calcula-
angles for both TE and TM radiation, and the total 3D radi-tion, but of course the results should not be dramatically
ated power increases dramatically. The top panel of Fig. Slifferent since, at least as the number of mirrors is increased,
shows an expanded view of the total integrated 3D radiatethe dipole should not “see” the substrate refractive index.
power emitted from both surfaces around the first peak reThe major change in the calculation is that there are no
gion (nL/A~0.5) for the four-mirror-pair case for a horizon- bound modes in this structure, in the sense that the zeros of
tal dipole. From the symmetry of this geometry, the samethe dispersion relation all correspond to “modal” indices that
power is emitted from both surfaces. The angular depenare lower than the GaAs substrate refractive index for the
dence of the radiated power is shown for various valuds of entire thickness regio. investigated. Thus the radiated
(A through G as indicated in the top panel. Case A is beforepower is either emitted out the top surface, or “leaks” from
the resonance; the radiated power is quite small and does nifte film stack into the GaAs substrate. As before, some of the
show a pronounced angular dependence. Case B is the maxyiewer is radiated into the upper air space. Mathematically,
mum of the normal-direction emitted power shown previ-having the substrate index higher than the solution to the
ously in Fig. 4. Notice that this peak normal emission corre-dispersion relation puts the poles on a different sheet of the
sponds to a very small fraction of the power radiated fromRiemann surface of the inverse transform integr@ng., the
the dipole. Case C is just past the sharp increase in the 3Begative sign must be taken for the square root correspond-
emitted power for both TE and TM radiation. There is a peaking to the substrate propagation constant whereas a positive
in the angular dependence, for both TE and TM radiation, asign was taken in the true bond mode Jas®that the poles
a small angle away from normal. This peak can be traced tdo not contribute to the inverse transform integration.
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Vertical Di'pole Horizontal I:')ipole
Total

1l— Total ™~

3.55 FIG. 6. Radiated power from a dipole embed-
ded in an asymmetric film structure with air up-

N~ — e — per and GaAs lower outer claddings. The top pan-
Bottom TE Top TE (X10) els are for a simple InGaAs/GaAs structure, the

Botom TE T (X10) .
Top (X100) LL%’_\/' N bqttom panels include three ﬂglgaAs N4
——————— i mirror pairs. In each case the dipole is embedded
Total Bottom TE n 11';76 3.495 at the center of a thir_1 InGaA_s region_. The left
Total E F , panels are for a vertically oriented dipole; the
— 0~ — = — = — right for a horizontal dipole. The only emission is
r/\ \f\ 7 into 3D radiation for these cases. There are no
Top (X50) Top TE (X2.5) Bottom TM strictly bound modes, however, for the three
f [ Top T™ (X2.5) mirror-pair case; there are “leaky” modes largely
IL /\ N #/\ >L\\ *—JEJL\ y \L\ confined to the film stack but with radiation that
0 1 0 1 leaks into the substrate.
Normalized Cladding Thickness,nL/A

S~

Slab - No Mirrors

Normalized Radiated Power
[—]

~ o~

Three Mirror Pairs

Figure 6 shows the total radiated power for a simple slabts of the emission with inner cladding thickness are more
case(top), with just a buried InGaAs layer, and for three gradual and less well defined for this case. The TM emission
mirror pairs(bottom). Results are shown for both a vertical is larger than the TE, the opposite of the symmetrically clad
dipole (left) and a horizontal dipoléright). As there are no slab case.
bound modes, there are no 2D contributions; the calculation The angular dependencies of the emission out théainp
proceeds only from Eq$31) and(33) and their bottom sur- clad) surface are shown in panels A through G. Panel A is for
face counterparts. For a vertical dipole, the results are verinner cladding thicknesses smaller than those that correspond
similar to those for the symmetrically clad slab with air onto the peak emission. The emission is relatively weak and
both sides. There are somewhat larger differences for a horfeatureless. Panel B corresponds to the peak of the normal
zontal dipole. The roughly factor of two decrease compare@mission. Notice that this peak occurs for a thickness further
with the equivalent figure for the symmetrically clad geom-up the knee of the emission than was the case for the sym-
etry is due to the counting of the radiated power out of bothmetrically air-clad slak{Fig. 5B). Nonetheless, the emission
top and bottom surfaces in Figs. 2 and 5, whereas the top angl weaker in the present asymmetric case. In comparable
bottom surface radiated powers are shown individually inunits, the emission at normal for the air-clad case with three
this figure. There are differences in the details of the emismirror pairs was 60, both top and bottom; in this case it is 11
sion dependence on inner cladding thickness that will be
discussed in conjunction with Figs. 8 and 9. The total hori- — v T T

zontal dipole emission does not exhibit the sharp transitions 4 4
between 2D and 3D emission that characterized the symmet- / Three mirror pairs | o
ric air-clad slab, but the overall dependence of the emission =" 1%
on the inner cladding thickness is similar. The total emission [ Two Mirror Pairs ] O
at the peak aroundL/\~0.5 is larger than for the similar . 2F 18
symmetric air-clad three-mirror-pair case. There is also a sig- $ [ One mirror pair | E
nificant change in the distribution of energy between TE and & 1 J =
TM emission, the TM emission being more pronounced in 9 Slab - no mirrors
this substrate geometry. 5 F ' : ' : ' '

Figure 7 shows the progression of the total emitted power E af I\M

: : : : : L T~ ]

as a function of the inner cladding thickness with the number T [ Three mirror pairs | o
of mirror pairs as a parameter. The curves have been offset N 18
for clarity. The radiated power for a dipole in an infinite 8 Two Mirror Pairs ]
medium is shown as the dashed line associated with each 'zo' 2 g
curve. [ One mirror pair 8

An expanded view of the first top surface emission region 1 E 5
for a horizontal dipole, in the vicinity omL/A~0.5, is i Slab - no mirrors *
shown in the top panel of Fig. 8. This should be compared o l—— ) ) )
with the comparable panel in Fig. 5 for the symmetrically 0 1

air-clad slab. Again, the overall results are similar, but there
are some noticeable differences. The overall shapes are in-
verted, in Fig. 5 the TE power increases slightly as the inner FIG. 7. Evolution of the total radiated power for an asymmetri-
cladding thickness increases up to a very sharp cutoff whilgally clad slab with an air upper and a GaAs substrate lower clad-
the TM power decreases and shows a much more graduding. The curves have been offset for clarity; in each case the
cutoff. In Fig. 8 the TM power increases while the TE powerdashed line represents the power radiated by the dipole into an
decreases as the inner cladding thickness increases. The liinfinite InGaAs medium.

Normalized Cladding Width, nL/
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NEOERER , - external angle relative to the internal angle as was found for
[ __I_. the previous symmetrically clad structure is also found in

1E ]
i | m | ] these cases.
I [ i S In contrast to the relatively orderly behavior of the top

e
-

3D Radiated
Power (Top)

0.0
0.45 0.50 0.55 0.60 surface emission shown in Fig. 8, the bottom surface emis-
102 Normalized Cladding Thf‘:k"elss’ nLi sion shows a much more pronounced angular dependence as
100 |- A A §hown in Flig. 9 for five differ.ent values'of the nprmalized
101 o —_— M inner cladding thlckn_ess, again for a horllzontal dlspole. Note

104 s T Ve the much larger vertical axis scale from*3@ 10 °. The

TE and TM emission angular dependencies are shown side
by side for clarity in this figure. The top pair of panels is for
the same inner cladding thickness as panel B of Fig. 8, just at
the peak of the normal emission. In addition to the angular
peak at¢=0, both the TE(left) and TM (right) emission
show additional structure. There are sharp dips, which are
10 relatively independent of inner cladding thickness and are
100 related to changes in reflectivity. A notable feature is the very
102 strong peak in the TE emission ét-1.25(labeled TE} and

104 the comparable, but significantly smaller peak in the TM
emission at¢~0.66 (TM1). These correspond to energy
transmitted into the substrate from the lowest order “leaky”

10°
102
104

104 — , — 102 mode. That is from a field distribution in the upper cladding
B F 1100 layers that looks very similar to the zero-order bound mode
| e —— T T 02 for the symmetrically air-clad structure. Compared to the

peak normal emission of 134 into the substrate, the value

Normalized Angular Distribution of 3D Radiation (Top)

2 + ‘ ; ' ! s ; 4
:zo | G' - | 10 of this emission is 5% 107! The resonance linewidth is cor-
1001 B respondingly narrow, so the normalized integrated radiated
104 e | power is~0.5 as shown in Fig. 6. As the inner cladding
0 1 3 thickness is increased, both TE1 and TM1 peaks shift to
¢ (radian) steeper angles. Since the refractive index of the substrate

(3.495 is very similar to that of the InGaAs sldB.55, the
from the top(air) surf f an asymmetrically clad slédir . amplification of the angle by refraction is small. As the inner
om fhe foplair) surtace of an asymmetrically clad sieur uppe cladding thickness is further increased, both of these peaks
and GaAs lower outer claddingsvith three mirror pairs as the . P
saturate at angles close #@2. The last pair of panels in Fig.

inner cladding thickness is varied. The top panel shows an ex: . . . .
panded view of the integrated TE and TM 3D radiation in the vi-9 is for an inner cladding thickness such that there are two

cinity of the first-resonance inner cladding thickness. The angulaPrOpagatmg leaky modes and consequently two pairs of
traces(A though G show the evolution of the angular dependenceSharp peaks, TE1 and TE2 and TM1 and TMZ: Thfase Vef}’
of the emission as the inner cladding thickness is varied in thiSharp angular dependences posed some numerical integration
region. Curve G is for a normalized inner cladding thicknesschallenges. It was easy to miss the peak in the overall inte-

nL/\~0.65, beyond the thicknesses plotted in the top curve.  grals[the bottom surface equivalents of E¢81) and(33)].
Care had to be taken to track the peaks as a function of inner

top and 134 bottom. Overall the normal emission is compacjadding thickness and integrate carefully over the peak with
rable, but much is lost to substrate emission in this asymmel very fine step size to get accurate results. This is also the
ric case. Panel C is for an inner cladding thickness near thgeason that only the three-mirror-pair rather than the four-
peak TE emission. Both TE and TM emissions show compamjrror-pair case was evaluated for the asymmetric structure;
rable peak emission angles as was the case for Fig. 5. Pangle resonances became too narrow and too peaked to deal
D is for an inner cladding thickness near the mid point of thewith within the 16-bit precision of the present computer pro-
significant top-surface emission. As was the case for thgram. Adding losses to the dielectric constant limits the peak
symmetrically clad structure, at these higher angles a splityalue, but also results in energy loss to absorption within the
ting is observed between the TE and TM peak emissionjielectric stack that must be accounted for in evaluating the
angles as a result of different phase contributions from theotal radiated energy.

TE and TM reflectivities. Panel E is for a thickness near the

upper edge of the TE emission. The peak of the TE emission V. SUMMARY AND CONCLUSIONS

is close ton/2 as expected. Panels F and G are at the upper

edge of the TM emission and beyond both TE and TM emis- A fully analytic treatment of the radiation from a dipole
sion regions. Panel G is forreL/\ of 0.65, outside the range embedded in an arbitrary dielectric stack has been presented.
of the top panel, which was plotted on the same horizontal'he treatment starts from a Hertz-vector formalism intro-
scale as Fig. 5 for comparison. Since these curves are feluced by Sommerfelfil] and extended by Lucog8]. The
emission out the top surface, the same amplification of th@nalysis proceeds by finding the Fourier transform of the

FIG. 8. Angular variation of the 3D radiatidhorizontal dipole
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FIG. 9. Angular variation of the 3D radiation from the bottq@aAs substrajeof an asymmetrically clad slatair upper and GaAs
lower) with three mirror pairs as the inner cladding thickness is varied for a horizontal dipole. The various vahlga afre given in the
figure. The top panels)L/A =0.48, correspond to position B, the peak normal emission, in Figo@. The second set of paneisl/\
=0.53, corresponds to position E, the edge of the TE emission peak, in Rigp)8The third row of panelspL/A=0.79, corresponds to
a cladding thickness just before the emergence of the second top-surface emissidrigegk The final row of panelsnL/\x=1.57,
corresponds roughly to the middle of the third top-surface emission peak in Fig. 6.

dipole fields for an unbounded medium, solving the indepenhand, there are no bound modes because of the high-index
dent boundary conditions across the multilayer stack for eachuter cladding and only the 3D radiation calculation is op-
Fourier component, and transforming back to real spaceerative. However, for high reflectivities, e.g., a sufficient
This procedure provides a rigorous solution to the multilayemumber of Bragg reflector pairs, the results should be essen-
boundary conditions. Two different classes of singularitiestially equivalent since the dipole can not “see” the substrate
are present in the integrand for the inverse transform: polebecause of the high reflectivity. Instead of true bound modes,
that correspond to bound 2D waveguide modes confinethere are leaky modes that look very much like the bound
within the multilayer stack, and branch cuts that corresponanodes of the air-clad structure, but whose power is transmit-
to 3D radiation emitted from the sides of the stack into theted into the substrate after many round trips within the film
upper and lower outer cladding half-spaces. While thestack. Because of the very high reflectivities in these struc-
boundary conditions are strictly valid, approximations aretures, especially at steep angles, very sharp angular depen-
made in order to evaluate the radiated fields that are accuratiences are found for this radiated power, corresponding to
only many wavelengths from the position of the dipole, e.g.the bound modes in the symmetric air-clad case. In both
in the radiation zone away from the near fields. The resultgases, the 3D radiation into the upper low-indei) half-
are directly related to previous wofk] that investigated a space is a sharp function of the thickness of the inner clad-
simple dielectric slab geometry with the straightforward re-ding with TM and TE resonances at alternating half-wave
placement of single layer reflectivities with their multilayer inner cladding thicknesses. The asymmetric case is very
counterparts. close to that of some LEDs on solid substrates. For example,
This formalism was applied to two closely related struc-visible-emission, nitride-based quantum-well LE[1S] are
tures, both of which are germane to the design of semiconrexamples of mode-free structur¢s4]. Modes similar to
ductor vertical-cavity lasers. Both structures contain a thinguided modes but losing power due to leakage into the sub-
active region containing the dipole with symmetric inner strate are observed in such structures.
claddings and an equal numbers of Bragg reflector mirror Finally, we present the following conclusions.
pairs on both sides. In the first case, the structure is fully (1) Analytic solutions are presented using a rigorous
symmetric with an air cladding both above and below theHertz-vector formalism for dipole emission within a
stack. In the second case, the lower cladding is replaced witiultilayer dielectric structure. These solutions are suitable
a substrate with the same refractive index as the inner clader application to edge-emitting and vertical-cavity surface-
ding. These two cases illustrate some interesting points. Famitting laser§VCSELS, resonant light-emitting diodes and
the symmetrically air-clad structure, the dipole couples tophotodetectors, and other multilayer optoelectronic devices.
both the bound modes of the slab and the radiation fields iExpressions are presented as functions of a normalized opti-
the air spaces. For the asymmetric structure, on the otheral thicknesses of the various layers and can be used to ana-
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lyze either thickness or wavelength variations. waveguide modes shows a larger variation with structure
(2) Enhancement/suppression of the dipole radiation relathan does the total radiated power. For a free-standing sym-
tive to that in an infinite medium is obtained. The results arémetric structure, the addition of high-reflectivity Bragg mir-

very dependent on the structure; however, even with a ver{Prs modifies significantly the fraction of power emitted into

high finesse planar cavity, the maximum enhancement is limtN€ @r space and its inner cladding thickness and angular

ited to ~31% for a horizontal dipole at the first resonancevariations' As expected, the angular Wid.th _and inner cladding
: . . thickness tolerance of the normal-emission resonance de-
peak, e.g., for a total inner cladding thickness~afix. The

; ) . L creases with increasing mirror reflectivities.
inner cladding thickness for peak emission is close to, but (5) In the asymmetric case, with a high-index substrate

slightly longer than, the peak normal emission thickness. the pound modes of the structure evolve into leaky modes

(3) A larger fractional suppression of the dipole emissionwhose energy is radiated into the substrate. The top-surface
is found for a vertical dipole for very short inner-cladding emission for this case is similar to that for the symmetric
thicknesses lengthgn\/2. This is due to destructive inter- case. The bottorfsubstratg3D emission is characterized by
ference between the radiated and reflected fields at the posi-complex dependence at small angles corresponding to the
tion of the dipole. reflectivity coefficient for this multilayer structure, and by

(4) The distribution of the radiated power between 3Dvery intense and narrow resonance peaks at higher angles
radiation into the outer claddings and 2D radiation into thecorresponding to the leaky modes.
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