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Spontaneous emission from a dielectric slab
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The electromagnetic field in a dielectric slab bounded by two dielectric half spaces with arbitrary refractive
indices is quantized by computing the complete set of orthonormal electromagnetic modes. The zero-point
fluctuations of the electromagnetic field are determined as a function of position. The dependence of the rate of
spontaneous emission of thin dielectric films on the thicknesses of the films and the refractive index of the
substrate is studied and compared with experimental re$8lt€50-29478)01505-4

PACS numbse(s): 42.50.Ct, 32.80-t, 03.70+k

[. INTRODUCTION thermore, the excitation should be localized so that the
change in the environment only affects the luminescence
The atomic spontaneous emission rate can be expressedthrough the change in the photon modes. The required local-
terms of the zero-point fluctuations of the electromagnetidzation can be realized by using organic molecules or rare-
field at the position of the atom. The local zero-point field earth ions as luminescent species[16] the EG" ion was
fluctuations depend on the photon density of states and octhosen as the luminescent species because of the long life-
the electromagnetic field strengths of the modes. Because thiene of the emission under certain conditiddg]. In toluene
electromagnetic fields of the modes depend strongly on the lifetime of 0.730 ms and a quantum yield of more than
configuration and on the electromagnetic properties of th®5% was observed upon excitation at 351 nm and emission
materials, the spontaneous emission rate can be either iat 611 nm. The transition corresponding to this emission is
creased or decreased, depending on the electric and magnetiectric dipole allowed.
properties of the atom’s environment. In this paper we will apply quantum electrodynamics to
The possibility of modifying the spontaneous emissioncalculate the zero-point fluctuations of the electromagnetic
rate by changing the environment was first pointed out byfield and the spontaneous emission rate from a nonabsorbing
Purcell [1] in 1946. Since then experimental verifications dielectric film bounded by two nonabsorbing dielectric half
under various conditions have been published. When frespaces of arbitrary refractive indices. The model will be ap-
atoms are placed inside a cavity the spontaneous emissiguiied to the electron-hole recombination in GaAs slabs stud-
rate has been demonstrated to differ from the value in fregéed in[15] and to experiments ifil6] for the E¢* complex.
space[2—4]. This has also been verified experimentally for Because in those experiments the films are thin and the sub-
certain condensed phase systems inside a cgbAt§]. Spon-  strates thick, the configuration is that of a dielectric slab
taneous emission near a dielectric interface has been studi@dunded by two halfspaces filled with a dielectric and with
experimentally[9-11] and theoretically{12,13 and good air, respectively. The quantization of the electromagnetic
agreement between calculations and measurements was dleld requires that the complete set of spatial electromagnetic
tained. Snoekt al. [14] measured the radiative transition modes that exist in the configuration is determined. These
rate at 1.54um of erbium ions implanted in a thick glass modes must be orthonormalized with respect to the scalar
layer covered by a range of transparent liquids. Rigorougproduct corresponding to the electromagnetic energy density.
computations showed that the effect of the liquid on theFor the dielectric film the set of modes is well knoy&0]. It
emission rate of Bf is fully described by the zero-point consists of radiation modes pertaining to plane waves that
field fluctuations as a function of the distance to the inter-are incident from either dielectric half space for both or-
face. In[15] Yablonovitch et al. studied the spontaneous thogonal polarizations. In addition, guided modes of either
emission due to the recombination of electron-hole pairs irpolarization may exist. These modes are evanescent in both
the more complicated configuration of a GaAs slab boundedielectric half spaces. The claim of Yablonovitehal. [15]
by two dielectrics of lower refractive indices. that the guided modes do not affect the spontaneous emission
In [16] the emission rate was measured of &' Eaom-  rate of the electron-hole recombination due to reabsorption
plex inside thin dielectric films of various thicknesses, whichdoes not apply to the experiment of the3Ewomplex be-
were spin coated onto substrates of different refractive indicause the absorption of the emitted luminescence is negli-
ces. The region above the slab was in air. In order to be ablgible. In fact it is found that when guided modes exist they
to observe the change in the spontaneous emission rate,cantribute considerably to the spontaneous emission of the
decay process dominated by radiative decay is preferred, i.eEu*" complex. We will list the radiation and guided modes
the luminescence quantum efficiency should be high. Furin Secs. Ill and IV, respectively. The electromagnetic field
will be quantized in Sec. V. In Sec. VI formulas for the
spontaneous emission rate and the zero-point field fluctua-
*Present address: Max-Planck-Instititr fiestkaperforschung, tions will be derived. In Sec. VIl the spatial dependence of
Grenoble High Magnetic Field Laboratory, B.P. 166, F-the field fluctuations will be examined and compared with
38042 Grenoble Cedex 9, France. results previously published by Khosravi and Loudds]
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for a symmetric configuration. Our results for this special z
case agree with those in that paper provided that there are no
guided modes. However, when guided modes exist, our re-

sults are different due to the fact that the normalization and 3
the density of the guided modes were not correctly computed z=d/2
in [18].

In Sec. VIII we will compare computed and measured ny y
spontaneous emission rates for several films and for several X
refractive indices of the substrate. It should be mentioned z=-df2
that local-field effects on a molecular scale may be very im- n,

portant in determining the spontaneous emission €.

But since we are only interested in the emission rate of the FIG. 1. Dielectric slab of a thicknessand Cartesian coordinate

film relative to the bulk value, the spatial electromagneticsystem k,y,z).

modes do not have to be corrected for local field effects. ) o ] ]
Some of the substrates for which the decay rate of th€ent in thez direction. The plane wave can be written in a

Ew®* complex was measured have non-negligible absorptiotfnique way as a linear combination of two orthogonally po-

at the emission wavelength of 611 nm. The influence of théarized plane waves, namely, a TE- 8rpolarized wave,

absorption in the substrate on the emission rate is most pra¥hose electric field vector is parallel to the,¥) plane, and

found for the thinnest films, causing large differences be@ TM- or P-polarized plane wave for which the magnetic

tween theoretical and measured rates. The model used in tHigld vector is parallel to this plane. It will be convenient to

paper does not apply to absorbing dielectrics. Absorption calfitroduce the following two unit vectors corresponding to the

only be incorporated by introducing the medium explicitly in €lectric field vector of the two polarizations:

a microscopic model in which a reservoir modeled by a con- K

tinuum of harmonic oscillators is added to the Hamiltonian. R y

The term of the Hamiltonian that couples the electromag- 1(k,S)= TR ke, (2.2

netic field and the reservoir represents the damping of the Y 0

polarization. Field quantization in a homogeneous dielectric

based on a microscopical model of Hopfi¢ll] is consid- R 1 kyk,

ered in[22,23. The spontaneous emission in an infinite ab-  1(k,P)= TP PCTIO™ kyk,

sorbing dielectric medium was shown to be modified only by x Ry Tifz xRy —(k)2(+ kf,)

the real part of the refractive index. Recently, Yeung and (2.3

Gustafson[24] computed the lifetime of an excited atom

near an absorbing dielectric surface using the microscopi¥Ve have

model. The computation of the spontaneous emission for an

atom in a dielectric slab will be even more complex than the 1(k,9)-1(k,S)* =1, 1(k,P)-1(k,P)*=1, (2.4
computation in[24] and we will therefore not attempt to . . . . .
model absorption in this paper. It would, however, be inter- 1(k,S)-1(k,P)=0, 1(k,5)-1(k,P)*=0, (2.5

esting to check whether the microscopic Hamiltonian model

correctly predicts the measured lifetimes for the dielectric\’\’h("‘re the asterisk denotes complex conjugation. Then an

film with absorbing substrates. S-polarized plane wave is given by

E(r)=A expik-1)1(k,S), (2.6)
Il. NOTATIONS

Consi . . . (|k,| 2+ K2+ Kk2)12
onsider an electromagnetic plane wave in a medium that H(r)=A(eo/ o) 2 z x Y

is translation invariant in th& andy directions of a Carte- K

sian coordinate systenx(y,z). Let the medium have a con- (2.7
stant real refractive inder. The time dependence of time
harmonic fields will be given by the factor expiwt), where
>0 is the frequency. This factor will usually be omitted
from the formulas. Lek=(k,,ky,k,) be the wave vector of E(r)=A exp(ik- )ik, P) 2.9
the plane wave so that v '

exp(ik-)1(k,P),

whereA is the amplitude of the electric field strength. Simi-
larly, for TM- or P-polarized waves we have

kn?

(Ike >+ kG kg

kZ+KZ+ kS =k?n?, (2.1 H(r)=—A(eo/ ug)*? )1,2exp(ik-r)?(k,5).
where k= w(eyuo)*? is the wave number in vacuum. The 2.9
componentsk, andk, are assumed real bit=(k?n?—k? Figure 1 shows the configuration that we will study in this
—kZ)¥2is purely imaginary whekZ+kZ>k?n?. We choose paper. A dielectric film of thickness and of real refractive
the branch of the complex square root such that the cut i;dex n; is bounded by two dielectric half spaces of real
along the negative real axis and such that whés positive  refractive indicesn, and n;. The electric permittivities of
a'? is positive and ¢ a)Y?=+ia'2 Hencek, is positive  the dielectrics are;, €,, andes; all materials are nonmag-
imaginary wherk2+ k§> k?n? and the wave is then evanes- netic. The Cartesian coordinate systemy(z) is chosen
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reflection and transmission coefficients are given by

- I(12_ k22
t 12 klz+ kZZ,

n r
1 / \] 2 and

FIG. 2. lllustration of the definition of the reflection and trans- klz/nf_ kzz/n§
mission coefficients, andt;,.

2ky, o
t,=1+ rlzzm for S polarization, (2.12
z z

o=,
12Ky, InT+ Ky, /05

with its origin in the middle plane of the film and with tlze 2

i i i i 2K1,/n7 o
axis perpendicular to the interfaces. For given igaandk, tio= 14— , , for P polarization.
we will use the notation ki, /nT+ky, /05

(2.13
ki;=(k’nf—ki—k)¥? for j=1,23, (210
. . . Ill. RADIATION MODES
where the branch of the square root is again as described
above. Furthermorekj+ and kj_ are the wave vectors given We will first describe the radiation modes that can exist in
by the configuration of Fig. 1. We distinguish between modes
that are incident from medium 2 and modes that are incident
k"= (ks Ky Kiz), K =(ke,Ky,—Kj;). (21D  from medium 3 and betwee® andP polarizations.

Because of the convention that the time dependence of the A. Modes incident from medium 2
fields is assumed to be given by exp@t), it follows that
whenk;, is real,k;r andk; are wave vectors of plane waves
that propagate in the positive and the negativdirections, k§+ K2< kzng, (3.1)
respectively. Wherk;, is imaginary, these plane waves de- y
crease exponentially in the positive and negatigirections, wherek= w(eouo)Y? there areS- and P-polarized electro-
respectively. magnetic fields in the structure consisting of plane waves and
Finally, we recall that for a plane wave impinging on the standing waves of whick, andk, are the components of the
interface between two dielectrics with refractive indicgs  wave vectors in the andy directions. The electric field of
and n, incident from dielectric 1 as shown in Fig. 2, the the S-polarized mode is given by

For every frequency and everyk, ,k, satisfying

AT exp(iks -r)i(ks ,S) for z=d/2, (3.2
E(r)=14 A[U exp(ik; -1)i(k; ,S)+V exp(ik; -r)i(k; ,9)] for —di2<z=d/2, (3.2b)
Alexpiky -1)i(ks ,S)+R explik, -r)i(k, ,S)] for z<—d/2, (3.20
[
where depend exponentially anin medium 1 or medium 3, respec-

_ tively. When the factoA is chosen such that
_ taexXpi(ky,—ky,)d/2]

11 e 2ik,d] | 3.3 N (L)W ;
_(277)372 kZZ ’ ( 7)
o taif 10T (3K k) 012)] 5 o
1—rqrexd 2ik,,d] ' it follows that for everyk, k,, andk, satisfying Eq.(3.1),
) with E being the electric field of the corresponding
T Laatar®XH (21, ~ Kop ~ Kap) /2] (35  SPolarized mode, we have
1—rr19exd 2ik,,d] ’ '
€ ~ ~ ~ ~
. —F.F* — — — —
Re L2 NR2KG)  d), (36 jfj o & AT RIALTIATO)

1_ rlzr 136XF[2Ik1Zd]

with the reflection and transmission coefficients defined bywhere e denotes the piecewise constant function, which is
Eqg. (2.12. Note that whem;<n, or nz<n,, the field can equal toe; in mediumj and wheres is Dirac’s delta func-

(3.8
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Ky.Ky,k. Using Maxwell's equations and a partial integra-

tion. All radiation modes will be parametrized by the triple 1
i . - on 21
tion, it is easy to verify that Eq(3.8) implies

€ ~ ~
—E-E*+@H-H* dr
€0 €0

= 8(ky—k,) (ky— k) 8(k—k). (3.10
Mo, = ~ —~ —~ The statement that the orthonormality relation for the electric
o H-H¥dr=4d(k—ky) o(ky—ky) 8(k—k), field (3.8) implies the orthonormality conditio¢8.10) for the
0 (3.9 electromagnetic field in fact applies to all modes in the slab

geometry and we will subsequently disregard the magnetic

] —_— field and give the relevant expressions for the electric field
so that the modes correspondingktd, ,ky and tok,k,,ky  only.

are or'thonormal with respect .to the scalar product corre-  The electric field of theP-polarized mode corresponding
sponding to the electromagnetic energy density: to ky, ky, andk that satisfy Eq(3.1) is given by

( A no(KZ+ k§+ |ks,|?) "2

vy T exp(iky-r)i(ks ,P)  for z=d/2, (3.113
3
={ ny(Ki+Ki+ ke ?)M? . .
E(N=1 5 r%k| 12l [U expliki-n)i(ki ,P)+V expliky -n)i(k;,P)] for —di2<z=d/2, (3.11b
| Alexp(iks -r)i(ks ,P)+R explik; -1)i(k, ,P)] for z=—d/2, (3.110

whereU, V, T, andR are again given by Eq$3.3), (3.4), (3.5, and(3.6), but now the reflection and transmission coefficients
are those foiP-polarized plane waves, i.e., they are given(Byl3. The choice(3.7) for A again leads to orthonormality
relation (3.8) for the electric fields of twdP-polarized modes. Orthonormality relatig®.10 for the total electromagnetic
fields is then also satisfied. Furthermo8epolarized andP-polarized modes are always orthogonal.

B. Modes incident from medium 3
For all values ok, k,, andk, satisfying

kZ+k2<k?n3, (3.12

there areS- and P-polarized electromagnetic fields that are incident from medium 3 and consist of plane waves and standing
waves of whichk, andk, are the components of the wave vectors inxhendy directions. The electric fields are obtained

by interchanging media 2 and 3 and the superscriptand — in the expressions3.23a, (3.2b), (3.2¢0 and(3.113, (3.11b,

(3.119. Hence, forS polarization the electric field is given by

Alexpiks -1)i(ks ,S)+R explik; -r)i(ks ,S)] for z=d/2, (3.133
E(r)=14 A[U exp(ik; -1)i(ky ,S)+V exp(ik; -k ,9)] for —di2<z=d/2, (3.13b
AT explik, -1)i(k; ,S) for z<=—d/2, (3.139

where
_ taexXpi(ky,—ks,)d/2]
l_rl3r12exn:2iklzd] !
e taar 126XH i (3ky,—ks,)d/2)]
© 1-rygrexg ik d]

tyotaexdi(2ky,— ks, —Kks,)d/2
T— 1tz1exdi(2ky, 3'2 22) ], (3.16
1—rgr106xd 2ik,,d]

_ Iytrpexp(2iky,d)
© 1—rqgr 0exd 2ikq,d]

with the reflection and transmission coefficients given by dql2. When

(3.19

(3.19

exp( —iks,d), (3.17

B 1 k 1/2
A= w2 (K) ’ (319
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the electric fields are orthonormal in the sense of B®).
By analogy, forP-polarized modes that are incident from medium 3 the electric field is

[ Alexpiks -r)i(ks ,P)+R expliks -r)i(ks ,P)] for z=d/2, (3.199
Na(kKi+k3+|ky,|2)Y2 . .
ks Y ks [U exp(iky -1)i(ky ,P)+V exp(ik; -r)i(ky ,P)] for —d/2<z=d/2, (3.19b
E(r)={ nik
Na(kZ+k3+|ky,2) Y2 .
stk Y lkad T expliky -1)i(ky ,P) for z=—d/2, (3.199
\ nzk
[
whereU, V, T, andR are again defined by Eq$3.14), A. S-polarized guided modes

(3.19, (3.16, and(3.17) but with the reflection and trans- g gquation to be satisfied by the propagation congtant
mission coefficients now being given by HG.13. WhenA ¢ S-polarized guided modes [&0]
satisfies Eq(3.18 the electric fields again satisfy orthonor-
mality relation (3.8. Furthermore, S-polarized and
P-polarized modes are orthogonal. rof 128Xp(2ik,d) =1, 4.3

It is not difficult to see that two radiation modes, one
being incident from medium 2 and the other from medium 3

are orthogonal in the sense of E§.9), i.e., whenE andE
are the corresponding electric fields, then

'or, using Eq.(2.12),

Kq,(|kyy | + |k
tal"(klzd): 1z(| 22| | 32|)

_ K2, — ko, |[Ka,|
J'J'J' §E~E*dl’=0. (3.20 1z | 22“ 3z|
0

- — - Whenn;>n,=n5 the numbemM g of propagation constants
This is also true wherk,=k,, ky=ky, andk=k and the  of S-polarized guided modes is given by
polarizations are the same. As remarked above, (EQ0
implies that not only the electric fields but also the magnetic
fields are orthogonal with respect to the scalar prod8.).

4.9

2 212
(n7—n3)

kd
MS: mau 0,1+

™

n2— n2\ 12
= N/

where[£] denotes the largest integer that is smaller than or

This condition is always necessary for the existence ofdual toé. It follows from Eq. (4.5 that whenn,=n; we
guided modes but it is sufficient only when,=n; [20]. haveMgs=1 so that in that case there is at least one propa-
Guided modes are evanescent in both half spaces. Hengation constant corresponding $spolarized guided modes.
both k,, and ks, must be purely imaginary and therefore Whenn;>n3;>n,, the number of propagation constants of
(kf+ k§)1’2>k max(,,nz). It is easy to see that when S-polarized guided modes is again given by E4.5 but

(Ki+K)Y2=kn; modes cannot exist. Hence for guided With n; andns interchanged.
modes the following inequalities are satisfied: The propagation constants are ordered so that

IV. GUIDED MODES

Guided modes may exist when 1
- —arcta

max(n,,N3)<nj. (4.1

k max(n,,ng) <(ki+kj)?<kn;. (4.2 k max(n,,ng)<Bu << Br<kn;. (4.6)

The length of the projection of the wave vector on they]  \wnen for certain values of the wave numikerthe thickness
plane, 8= (ki +k3)'? is called the propagation constant of of the film and the refractive indices the lowest propagation
the guided mode. For a given value of the wave nunkbier  constantgy,, converges to the lower bourkimax,,ng),
vacuum, or equivalently for a given frequeney there is at  then in this limit the lowest guided mode is said to be at the
most a finite number of propagation constants in the intervatytoff and the numbeM g of S-polarized guided modes is
defined by Eq(4.2). The set off's is different for the two  decreased by 1.

polarizations. We will conside§ and P polarization sepa- The electric field of arS-polarized guided mode is given
rately. by
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ATgexp(ik;-r)T(k; S) for z=d/2, (4.7a
E(r)=9 Alexp(iki -r)i(k;,9)+V expliky -1)i(k;,9)] for —d/2<z=d/2, (4.7b
ATzexp(|k2_~r)|(k2‘ ,S) for z=—d/2, (4.79
|
where tained by rotating the curves shown in Fig. 3 around khe
. axis. These surfaces are conveniently parametrized land
Ta=texfdi(ki,—Kks,)d/2], (4.8 ky:
V=rzexpik,,d), 4.9 k=k§(\/|(>2<T|(§), (4.14
t . . )
Tzzrilzzexp[ —i(ky+ka,)d/2]. (410 where JkZ+k7> g5 ™" with B=5™" satisfying
The reflection and transmission coefficients are of course ,8=kf(,8)ma>(n2,n3). (4.19

those forS-polarized fields.
When the half spaces consist of the same media we havgy gSmin correspondkS™" defined by

nz;=n, and hence Eqg4.3) becomes 12exp(ZiklZd) 1. The

electric fields of the guided modes are then symmetric or S min_ ks(,BS'm"‘) 4.16

antisymmetric functions ofz depending on whether the v ey ’

propagation constant satisfiesr ;.exp(k;,d)=+1 or

rexpikyd)=—1, respectively. The S-polarized 1th guided mode exists only whep

When > pSMn or equivalently wherk>k>™n,
1 nZ kZ,+|kyk B. P-polarized guided mod
A nfd+—l ;z |K2zKag| cogky,d)sin(ky,d) | polarized guide mo-es
272 K1z K1, —[KazK3,| The equation for the propagation constag of
2 2 2 2 _12 P-polarized gu@ded mode_s is again given by Eq.S),_but
2 1z 3 1z (411 how the reflection coefficients are those for fReolarized

+ +
Kool K2,+|Kpg|? " |Kagl K3, +|Ksp|? case. Substitution of Eq2.13 into (4.3 yields

is chosen, the electric fields become normalized in the sense (K12/n5) (Kol /N3 + [Ka ] /03)

that for two S-polarized guided modes correspondingkiq tantkyd) = kle 1 |k2z||k3z|/”§”:23 @19
ky, vandk,, k,, v with electric fieldsE and E, respec-

tively, we have Whenn;>n,=n;, the numbeM  of propagation constants

of P-polarized guided modes is given by

[]] Seea-sToom %o,
(4.12 10

DISPERSION CURVE OF GUIDED MODES
L B A B

k=g8/max(n,;n,)
\

wheres,;=1 if =7 and=0 otherwise.

Let the thicknessl of the film and the refractive indices
n{, Ny, andns all be fixed. We regard the wave numbein
vacuum as a variable. Equati¢h4) has for every value df
finitely many solutions for the propagation constant and we
will regard these solutions as functions kf Bf(k), v X
=1,... Mg. Note thatM 5 depends ok. The superscripb is
now added tq3 to emphasize the polarization dependence of
the propagation constants. It follows from Eg.2) that

8

6

AT S polarized modes

LT P polarized modes

k max(n,,ns)<B3(k)<kn;. (4.13

Whenﬁf(k) reaches the lower bound, guided madis cut o] R R R
off. Furthermore,83(k) is an increasing function df. Let 10 15
k3(B) be the inverse of33(k). Four of these functions are fa

shown in Fig. 3 for certain values of;, n,, andns. In the FIG. 3. The curvek=k3(B8) andk=k"(B) for v=1,2,3,4, cor-
three-dimensional parameter spakg,k, ,k), the total set of  responding to th&-polarized and th@-polarized guided modes of
S-polarized guided modes consists of disjunct surfaces ohba slab with refractive indices;=2.0, n,=1.2, andnz=1.0.

o
w
N
o
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. =
Mp=m 0,1+ 53 , (418)

ni—n;
where the square brackets have the same meaning as {#.Bq.The nhumbeM is smaller than or equal to the numbdrg
for S polarization. It is seen that whem=n; we haveM =1, and since alsM =1 in this case, it follows that the symmetric
slab waveguide has at least two propagation constants, one correspondin@-fmkmized and the other to R-polarized
guided mode. Whem;>n3;>n,, the number of propagation constantsRpolarized guided modes is again given by Eq.
(4.18 but with n, andn; interchanged. The propagation constants ofRhRgolarized mode are ordered as in K£4.6).
The electric field of @-polarized guided mode is

kd 1 n?

2 2\1/2 1
—(n7—n arctal

(nf—n3) '{_zns

r n k2+k2+ k 2\1/2 ~
A 2K ry1§k| ) Taexpliks -r)i(ks ,P) for z=d/2, (4.199
E(r)={ Alexpik; -r)i(k; ,P)+V explik; -nik; ,P)] for —d/i2<z=d/2, (4.19b
n k2+k2+ Kk 2)1/2 .
1K rfgk| 2 Toexplik, -1)i(k, ,P) for z=—d/2, (4.199
\

whereT3, V, andT, are given by Eqs(4.8), (4.9, and(4.10, with the Fresnel coefficients being given by E2.13. When
n,=n4 the electric fields of the guided modes are either symmetric or antisymmetric functiandepfending on whether
r1.exp(ky,d)=+1 or r,expikd)=—1, respectively.

When
1 N2 k2,/n%+|KopKagl/(n2n2 k2 /n? k2 /n? 2
PR R PP Sl OISO WU L S . S
2mV2 K1z K1,/n1—[kazKa l/(N3N3 Koz (K3/N1+ Koo *IN3) | Kg,| (K2, /0% + | kay|2/N%)
(4.20

is chosen, orthonormality conditidd.12) is satisfied. It can =S or A=P) and by the indexu, which specifies the me-

be shown that the electric fieldand hence also the magnetic dium from which the radiation mode is incidefite., u=2

fields) corresponding to two guided modes of different or-or u=3). The electric fields of the radiation modes are thus

thogonal polarizations, and the electric fields correspondinglenoted byE,, , .

to a guided mode and a radiation mode of either polarization The guided modes are labeled ky= (k, k), \, and,

are orthogonal. _ where v is the index of the propagation constant of the
As in the S-polarized case, the propagation constants argided mode. The electric field of a guided mode is denoted

regarded as functions of the wave number in vackuemd  py - .

denoted byB; (k). Letk; () be the inverse of, (k). Four The orthogonality relation€3.8), (4.12) for the modes can

of these functions are shown in Fig. 3 for a particular slabhe summarized as follows:

Then, as in thes-polarized case, the total set Bfpolarized

guided modes in three-dimensionak,(k, k) parameter
space consists of surfaces given by f f f e_OE"lMﬂl' B, 01 = 8(K1 = K2) O\ 13, Oy iy
51
k=K (\VKZ+K2), (4.21) (5.1a
P,min \,: _ pP,min : : - —
where\/kX2+ ky2>BV with 8= B, satisfying f f f —Eny E’fx o dr=5(xc= K2) Sy B
0 2ha¥2
B=KE(B)max(ny,ny), (4.22 (5.1b
We define €
_— — . * =
kP,min: kP(lBP,min)- (423) f f f €o EKl)\lvl EKZ}‘Zru'Zdr 0. (510)

Then therth P-polarized guided mode exists provided that The set of electromagnetic fields of the radiation and the
B>pB5Mn or equivalently thak> k" ™" guided modes is a complete orthonormal set of eigenfunc-

tions of Maxwell’s equations in the space of all paiEsH)
of transverse square integrable vector fields, equipped with
the scalar product defined by the left-hand side of BdL0.
The radiation modes are labeled by the triple By definition transverse fields satisfy
k=(Ky,ky,K), where k=w/c is the wave number in
vacuum, by the index, which specifies the polarizatioi V-(eE)=0, V-H=0. (5.2

V. FIELD QUANTIZATION
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[ [ A A ot At
A mathematical proof of the completeness has been given by [8 80, 1=[a, &l 1=0, (5.30
Weder[25]. 1Mv1 Trohov; kih vy Crohovy
Leta,,, andaf, , be the destruction and creation opera-
i iati O A 3 —7a— At —ral At
tAoTrs corresponding to the radiation modes andall,gtu and [a,{lxlyl,akzxzﬂz]—[aml,,l,akzxzﬂz]—[aKlel,akzxzﬂz]
a, , be the corresponding operators for the guided modes.
These operators satisfy the commutation relations =0. (5.3¢

[ g @hp ] = (k1= K2) O\ 3,00, (5:33 The transverse electric field operator is
A— AL — S — . . .
[a"l)‘l"l’akz)\zvz]_a(l(l K2)6}‘1>‘25"1V2’ (5.3b E(r,t)=E~(r,t) +E*(r,t), (5.4

A A —ratf At —
[a"l)‘lﬂl’a"z)‘zﬂz]_[a"ﬁ‘l#l ’a"z)‘zﬂz]_o’ (5.3 where

. 3 fow\? -
eao=is S [ j(k2+k2)1,2<kn (2—0) E (XD~ 00)] - i Ik A
x Ky w

A=SP a=2

” hw
+' -
IA;,P ;1 f fﬁ>ﬁ§'m‘”<260

andE(r,t) is the adjoint ofE* (r,t). In the second integral to the right of E®.5 we used the notatiog= (k>2<+ kf,)l’z; the
integration with respect tk,, k, extends over the exterior of the cirge= B ™ with g2™" being defined by Eq¢4.15 and
(4.22. On this circle thex-polarizedith guided mode is cut off.

When Egs(5.1) and(5.3) are used it follows that the contribution of the transverse electric field operator to the Hamiltonian
for the total electromagnetic field is given by

112
Eau(Nexp(—iot)],—cgaadkdky, (5.9

1fffé E *d—l ifff # al, a ldkdkdk
2 eE(r.)-E(rY) T2, % 2 (K2+k2)Y2<kn @lo=o Banudinut 5] Ay
1 - apoa 1
t3,2, V; f fﬁwtvmmﬁwbcki(ﬁ) a0+ 5|dkdky. (5.6

The contribution to the Hamiltonian of the magnetic field where|i) and|f) are the initial and final states of the com-

operator is identical to that of the electric field operator.,;;naq atom-radiation system aride;, is the electric-dipole
Hence the total Hamiltonian of the electromagnetic field is.

; e interaction part of the complete Hamiltonian of the atom-

given by the well-known superposition of the number opera- "~ " L :

tors of all electromagnetic modes. radiation system. In the initial state of the electromagnetic
field no photons are present. In the final state there is one
photon in the mode with parameteta\, .. Because the tran-

VI. SPONTANEOUS EMISSION RATE AND ZERO-POINT sition rate is much smaller than the transition frequency, the

FIELD FLUCTUATIONS Lorentzian line is extremely peaked. Hence, in a good ap-

Suppose that an atom makes a spontaneous dipole trangitoximation only modes of energy identical to the transition
tion from a state2) to a statgl) thereby emitting a photon of energy contribute to the transition.
energyfwgy. The spontaneous emission can occur in any According to Fermi's “golden rule,” the total spontane-
mode of the electromagnetic field of frequenay,, or  ous emission rate is obtained by integrating &ql) over all
equivalently of wave numbeko,=wq/c in vacuum. The the final states. Suppose that the dipole moment of the atom
transition rate into a particular electromagnetic mode withis parallel to one of the axes of the Cartesian coordinate
parametersc ., say, and with wave numbérin vacuum, system and lef bex, y, or z. Let E! be thejth component

is given by[26
¢ y126] of the transverse electric field operator. Then the total spon-
2 S taneous emission rate of an atom at positiomhose dipole
WKHHED“M (ko—k), ©.)  moment is parallel to th¢ axis is([18])
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1 2mé?

=% |D122F)(2), (6.2

wheree is the electron chargd),, is the dipole matrix element of the atomic transition, and

3
. o .
F(z)= fff —|E! 25(ko— k) dk, dk,dk
(2) );%,P;ZZ (k§+k§)1/2<kn# 260| K)\,u(r)| (0 Ydky y

+ > 2 f f 22 IEL (1)[28(ko—KA(B))dk,dK, (6.3
ASSP =1 p>pymn 2€q MY

where in the integrand of the first term to the right=ck whereas in the integrand of the second teom ck(8). The
function F/ clearly depends only on the coordinatand is independent of andy. Note that without the delta function in the
integrands, Eq6.3) is thejth component of the zero-point electromagnetic field quctuat{Othj(r)2|0>. HenceF!(z) is the
contribution(per wave numberof all modes of wave numbés, to thejth component of the zero-point field fluctuations. We
will refer to F1(z) as thejth component of the zero-point field fluctuations in the understanding that only the contributions of
the modes of wave numbég are meant.

When polar coordinates are introduced in thg,k,) plane:

ky=pB cose, k,=p sine, (6.9
Eq. (6.3 becomes
. 8 2m (oo an hw X
}-J(Z):)\:SP ,ME:Z JO JO jo 2_60|EJK}\/J,(r)|2|K=(ﬁ coso,B 5;in<p,k)5(k0_k)lgdﬁdkd‘l—7
* 2m © ﬁw .
] —
+>\:S,P ];1 fo fﬁﬁ'mi” 2¢q E;)\,,(r)|2|:<:(ﬁ cose,B sin¢)5(k0_kt(,3)),3d,3d¢ (6.9

3
2m kOn/J, hwo ) 5
= E f f 2_€0|EJK)\,“(")| |K=(,8cos<p,ﬁsin<p,k0),8dﬂd¢

e i=2 Jo Jo
2@ hwo ; d,B)\
_ Y1k 2|— ) A Py
+)\=S,P 2:1 jo 2es Eq (D |K=(ﬁ]):(k0)COS(p,ﬂ:‘/(k0)Sln(p)BV(kO) dk(ko)dQD- (6.6
g min_

Note that the constrairi¢, ™"<k, makes the last sum in Eq. over the guided modes changes continuously with The
(6.6) over v finite. It should furthermore be noted that when integral over the radiation modes to the right of E6.6)

for somev and\ it happens thakozkﬁ(ﬂﬁ'm'"), the sfunc-  evidently also depends cqntinuously &P and we hence
tion d(ko—k)\(3)) is concentrated at the boundary of the conclude that the zero-point field fluctuations depend con-
integration interval in the inner integral of the second term tofinUoUsly onko and in particular that th¢”’ do not jump at
the right of Eq.(6.5. Physically this means that the- the birth of a guided mode. In a similar way it follows that
polarizedth guided mode is at a cut off. It can be shown the zero-point field fluctuations also depend continuously on

that the evaluation of this inner integral is nevertheless no he other physical parameters that characterize the system
: : Lo %]\'mi ) uch as the refractive indices and the thickness of the film.
ambiguous because in the linkg| k;(8,"™") the amplitudes  The gerivative of Eq(6.7) with respect to these parameters

(4.11, (4.20 of the guided modes vanish and hence thegges not vanish, however, at the birth of a guided mode and

function therefore the derivative of the field fluctuations with respect
j - to these parameters will in general be discontinuous at the
B (DI*[k=(8 cose.p sin g » (6.7 pirth of a guided mode.

. ) ) . . ) The integral overk for the three componenis=x,y,z in
which occurs in the integrand of the inner integral, vanlshe;q_ (6.6) can be computed explicitly. Because the expres-
also. In particular, ;/vh(ikn% is increased continuously from a sjons that are obtained are rather complex, we will omit
value smaller thak;, (3, ™) to a value larger than this num- them. The results for the andy components are identical as
ber, a guided mode is born along the way and an additionghey should be.
term appears in the final sum over guided modes to the right For the mean of the three components,
of Eq. (6.6). But since the amplitude of the electric field of a
guided mode vanishes at the birth of the mode, the total sum F2)=i[FXN2)+FY2)+F4z)], (6.9
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the result of the integral ovep yields a rather concise for- _

mula. The quantity/(z) is the zero-point field fluctuation of |E,(M(r)|2: EJ: |E'K)\M(r)|2
a randomly oriented atom at depttand is therefore of spe-

cial interest. It is easy to infer from the formulas for the and

electric fields of the modes in Sec. Ill and Sec. IV that for |E;M(r)|2=2 |ELA (r)|2
. i R J KAV
k=(B cosg,Bsinpky) and k=[B}(ko)cose,B)(k)siN¢]  are independent op. Hence we may take=0 in these
the squared amplitudes sums. It then follows from Eq6.6) that
|
2 23: kon, g )
Fz)=— f B (M| = d
(2) 3 Xe 2 ) 260| (D17 (8,0ky)BAB
2 hwg, _ N dﬁ);
+ 3 & 1;1 2_60|EK)\V(r)|2|K=(ﬂt(ko),0)ﬁv(k0) W(ko)- (6.9
KM

The remaining integrals with respect gohave to be computed numerically.
Consider now the zero-point field fluctuations in a homogeneous dielectric with a refractivennd8y substitutingn,
=nz=n, into the expressions for the radiation modes listed in Sec. lll, we find

Aexpiiky -r)i(ky \) for u=2, N=SP, «k=(kyky,k), (6.104a
Evnu(n)= -
Aot A expliky -Di(kp\) for w=3, A=S,P, k=(ky.k,.K), (6.10b
|

where Z+k5)?<kn; and where with F(z) being defined by Eq(6.8). In the following the
symbolsF! and.F will always refer to spontaneous emission

1 k |2 rates relative to the free-space value as defined by(Bds)

AZW ke (6.1)  and(6.15), respectively.

Finally, the mean relative spontaneous emission rate rela-
ﬁ%;e to free space of the total film is obtained by computing

to ensure that the modes are orthonormal. Hence the radi . .
mean of Eq(6.15 over the thickness of the film.

tion modes reduce to plane waves. In a homogeneous spa
guided modes obviously do not exist. By substituting Egs.

(6.103, (6.10b, and (6.1)) into Eg. (6.6) we find for the

components of the zero-point field fluctuations in a homoge- VIl. POSITION DEPENDENCE OF THE ZERO-POINT
neous dielectric of refractive indax, : FIELD FLUCTUATIONS

Fr¥=FV=F*=n1Fiee (6.12 In this section we will briefly consider the dependence
of the zero-point field fluctuationgelative to the value in

where F;.. denotes the vacuum field fluctuatiotis free  free spack We will compare our results with those pub-

space: lished previously in18] and will therefore restrict the ex-
amples to symmetric slab waveguides.
4 wg The refractive index of the two half spaces is taken equal
ﬁreezm. (6.13 to 1. In Figs. 4 and 5 th& andz components of the zero-

point field fluctuations are shown as functions &/ @ for
three choices of the refractive index of the slab, namely,
=4.0,n;=2.0, andn;=1.5. The thickness of the slab i
=0.1\y, where\, is the emission wavelength. For all three
choices ofn, there is one guided S-polarized and one guided
P-polarized mode. As follows from E¢6.6), the zero-point
field fluctuations consist of two separate contributions,
namely, that of the radiation modes and that of the guided
while for a randomly oriented atom the relative transitionmodes. These contributions are also shown in Figs. 4 and 5.
rate is It is seen thatF*(z) and F*(z) approach the bulk value in
free space at large distances from the slab.
F(2)] Firee (6.15 A second example is shown in Figs. 6 and 7. This case

For an atom at depth inside the slab having a dipole
moment parallel to thgth coordinate axis the spontaneous
emission rate relative to the value in vacuum is

FN2) Foreer (6.14
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FIG. 4. X component of the zero-point field fluctuatior%z)
(relative to the value in free spgcas a function of 2/d and the
contribution of the radiation and the guided modesAYz) for FIG. 5. Z component of the zero-point field fluctuatio§z) as
three refractive indices of the slab. The refractive index of the halfy f,nction of 2/d and the contribution of the radiation and the
spacegz|>d/2 is 1 and the thickness of the slab is 0.1 times thegyiged modes toF%(z) for three refractive indices of the slab. The
emission wavelength. refractive index of the half spacég >d/2 is 1 and the thickness of

the slab is 0.1 times the emission wavelength.

differs from the previous one only in the thickness of the ., parison of these figures with the corresponding ones
slab, which is now equal to the emission wavelenglh: i, 18] shows that the zero-point field fluctuations pertaining
=Xo. For n;=15 there are now thre&s- and three g the radiation modes agree with our results, but that the
P-polarized guided modes, i.eMs=Mp=3. Forn;=2.0  contributions of the guided modes differ. Thecomponent
Ms=Mp=4 and forn;=4.0 Ms=Mp=38. In all cases the of the field fluctuations is discontinuous at the surfaces of the
contribution of the radiation modes to the zero-point fieldslab due to the discontinuity of the components of the
fluctuations inside the slab is considerably smaller than thelectric fields of the modeéE, is continuous However,
contribution of the guided modes. Furthermore, near thehe jump that we find is much smaller than [ib8]. The
middle of the slab,F*(z) and F%(z) are almost equal to the differences are caused by the fact that the density of the
bulk value. guided modes as computed in E4.13 of [18] is not cor-
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FIG. 6. X component of the zero-point field fluctuatio$z) as
a function of Z/d and the contribution of the radiation and the
guided modes to7*(z) for three refractive indices of the slab. The
refractive index of the half spacég>d/2 is 1 and the thickness of
the slab is equal to the emission wavelength.

rect because the factalg)/dk to the right of Eq.(6.9) is
missing. Furthermore, Eq$2.12) and (2.15 of [18] that
correspond to thd-polarized guided symmetric and anti-
symmetric modes are erroneous.

whereas in the slab it is 1.8, 1.5, and 1.0, respectively. The
thickness of the slab id=0.1\y. In this case there are of
course no guided modes, so only the radiation modes con-
tribute. Because the refractive index in the slab is lower than
in the half spaces, the component of the electric fields of
the modes is larger on the side of the slab of the interface
than on the side of the half space. Therefore, the same holds
for F*(z). On the other hand/F*(z) is continuous and
smoothly varying. Figure 9 is analogous to Fig. 8 but with
d=\g. The jumps ofF?(z) at the interfaces are as expected
and.F*(z) is smooth. At this thickness the value of the zero-
point field fluctuations in the middle of the slab is again very
close to the bulk value.

VIIl. COMPARISON WITH EXPERIMENTAL RESULTS

We will first apply the model to a configuration of an
experiment discussed by Yablonoviteh al. [15]. It con-
cerns the spontaneous emission of light from electron-hole
recombination in thin GaAs slabs. The GaAs film is trans-
ferred onto several substrates with air or vacuum above the
film and the emission rate is measured as a function of the
refractive indexn of the substrate. The refractive index of
GaAs at the emission wavelength is 3.6.

The emission rate of the film is computed by taking the
mean over the film thickness of the zero-point field fluctua-
tions F(z) (relative to vacuum At the left of Fig. 10 the
computed meartfF of the film is shown as a function aof for
two films of thicknesses 0.25and 3\ when all modes are
taken into account in the calculation and when only the ra-
diation modes contribute. It was stated[itb] that guided
modes do not contribute to the measured spontaneous emis-
sion rate due to reabsorption in the film. It is seen in the
figure that when all modes are taken into account the emis-
sion rate is a slowly increasing function f For the thicker
film the meanZ is almost constant and equal to the bulk
value 3.6. Hence in this case the influence of the half spaces
is negligible. When the guided modes are disregarded, the
computations yield more steeply increasing functions. The
wiggles in the curves correspond to the disappearance of
guided modes. Ah=1 there are two guided modes of either
polarization for the thinner film and twenty of either polar-
ization for the thicker film. Whem is larger than the refrac-
tive index 3.6 of GaAs there are no guided modes and hence
the curves with and without guided modes then coincide.

Yablonovitchet al. postulated that for films thinner than
half the emission wavelength the emission rate will be pro-
portional ton whereas for films whose thickness is several
wavelengths the emission rate will be proportional o
+1. To verify this the functionsF/n and F/(n’+1) are
shown at the right of Fig. 10 for the thin and the thicker film,
respectively(here F is again the mean emission rate of the
film). It is seen that for the thinner film the calculations do
not confirm the hypothesis but that for the thicker film
FI(n?+1) is indeed approximately constant when the
guided modes are disregarded in the calculations.

Next we will consider the change of the spontaneous
emission of E&" ions in a thin film when the surrounding of

In the examples just mentioned, the refractive index in thehe ions is changed. Ifl6] the spontaneous emission was
film is larger than in the half spaces. In Fig. 8 the reversemeasured of a complex of an Euion with three hexafluo-
case is shown. The refractive index in the half spaces is 2.(bacetylacetonate ligands and two tri-octylphosphine oxide
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FIG. 7. Z component of the zero-point field fluctuatioft$z) as a function of 2/d and the contribution of the radiation and the guided
modes taF*(z) for three refractive indices of the slab. The refractive index of the half sgaies/2 is 1 and the thickness of the slab is
equal to the emission wavelength.

molecules as synergistic agentsu**-hfa-topg [17]. The  media with different refractive indices. Because the emission
ligand can be optically excited around 300 nm, after whichrate in such a film depends on the zero-point field fluctua-
the energy is transferred to the Euion in the D, level, tions close to the interface, this experiment indirectly verifies
followed by radiative decay to th&F; levels,i=0,...,6 ata the computed field fluctuations close to an interface. A 70-
wavelength of 611 nm. ThéD,, lifetime of the EG" hfa-  nm-thick PS film containing the Eti hfa-topo complex was
topo complex is almost completely determined by electricintermediate between a thick glass substrate and a ZnSe
dipole transitions. layer. The refractive indices of the PS film and of the glass
Thin films of 0.0M EW®* hfa-topo in polystyrenéPS of  substrate are both 1.585 at the fluorescence wavelength of
various thicknesses were spin-coated onto several substrates=611 nm. The ZnSe layer has refractive index 2.61.
with surfaces polished to an optical quality. The thicknessAbove the ZnSe layer there was either @symmetric con-
variations in a given film were less than 5%. The refractivefiguration or a 1-um-thick glass layefsymmetric configu-
index of the PS films at the wavelength of emission of 611ration, see Fig. 1)1 Because the glass and the PS film have
nm was 1.585 and absorption was negligible at this wavethe same refractive index the configuration consists optically
length. of three different media. In Fig. 12 measured and computed
The mean emission rate of a PS film relative to the bulkemission rates are shown as a function of the thickness of the
value is found by calculating the mean over the film thick-ZnSe layer. Computed emission rates obtained by neglecting
ness of the functior(z)/n,, wheren, is the refractive in- the guided modes are also shown. The most left measured
dex of the film at the emission wavelength afz) is the data in Fig. 12 correspond to the case where the ZnSe layer
transition rate of a randomly oriented atom at a depthla-  is absent(thickness is zeno The emission rate in the sym-
tive to free space. By multiplying this mean rate by the emis-metric configuration is then approximately equal to the bulk
sion rate 1f,,,=1.531 msec! measured in bulk PS, we ob- value of 1.531 msec. For both configurations the emission
tain the film’s emission rate in mset rate of the PS film is an oscillating function of the thickness
The purpose of the first experiment for the®Ewcom-  of the ZnSe layer. At large thicknesses it becomes equal to
plexes that we will discuss was to verify the computed emis1.988 msec?, which is the emission rate of a 70-nm-thick
sion rate in a thin film adjacent to an interface between twdluorescence film adjacent to the interface between two half
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FIG. 8. X andz components of the zero-point field fluctuations 2z/d
F(z) as functions of 2/d for a slab for three refractive indices of
the slab that are lower than the refractive index=2 of the half
spacegz|>d/2. The thickness of the slab is equal to 0.1 times the
emission wavelength.

FIG. 9. Same as Fig. 8 but now for a slab thickness equal to the
emission wavelength.
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FIG. 10. Mean zero-point field fluctuations of GaAs films bounded by air and by a substrate of varying refractive index. The thicknesses
of the film are 0.25 and 3\, with A the emission wavelength. The refractive index of GaAs is 3.6. In the left figure the fé&ashown
as a function of the refractive index of the substrate when only radiation modes are taken into account and when all modes are assumed to
contribute. In the right figureF/n is shown as a function of for the film of thickness\/4 andF/(n2+ 1) is shown for the film of thickness
3\
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TABLE I. Real and imaginary parta and « of the refractive
indices of the substrates at 611 nm. LF5 and SF59 are manufactured
air glass glass ZnSe glass by Schott Glaswerke.
Substrate n K
n=1.0 | n=2. 1.585 n=1585 | n=2.61 585 LiF 1.385 0
Fused quartz 1.465 0
Soda lime glass 1.51 0
LF5 glass 1.585 0
MgO 1.735 0
- ) SF59 glass 1.945 0
z z SrTiO; 2.44 0
_ o _ _ ZnSe 2.61 &10°°
FIG. 11. Asymmetridleft) and symmetri¢right) configurations As,Se; 32 0.11
of the experiments of_ Fi_g. 12. A_ 70-nm-thick PS fjlm doped by 334 “1x10°5
0.0IM Eu** hfa-topo is intermediate between a thick glass sub- . 392 0.024

strate with the same refractive index 1.585 as the PS film and &'
ZnSe layer with refractive index 2.61. In the asymmetrical configu-Ge 5.64 1.04
ration there is air above the ZnSe layer whereas in the symmetricat
configuration the ZnSe layer is covered by a thick glass layer.

tribution of the guided modes and from measured emission
] ) ) ] rates. Hence, the contribution of the guided modes to the
spaces filled with glass and ZnSe, respectively, with the PSero-point field fluctuations and hence also to the spontane-
film on the side of the glass. It is seen that measured angus emission rates is significant. At all thicknesses of the
computed rates agree reasonably well for the smallest threenSe layer in the symmetric configuration and at thicknesses
layer thicknesses. The calculations [ib8] show a much larger than 35 nm in the asymmetric case there are guided
stronger dependence of the spontaneous emission rate on timdes. For a thickness of 550 nm we hawg=Mp=4 in
thickness of the ZnSe layer due to the incorrect computatioboth configurations. Because of the significant contribution
of the contribution of the guided modes mentioned above. of the guided modes, the experiment of Fig. 12 verifies indi-

It is seen in Fig. 12 that when only the contribution of the rectly the calculated contribution of the guided modes to the
radiation modes is taken into account, computed emissioAero-point field fluctuations. _
rates differ considerably from the rates that include the con- At larger thicknesses of the ZnSe layer, differences be-
tween measured and computed emission rates are bigger.
This is probably due to the absorption of radiation in this
layer. Our model cannot account for absorption. According
to Table | the imaginary part of the refractive index of the
ZnSe layer at the fluorescence wavelength is not negligible.
It is well known both theoretically27] and experimentally
[9,28], that a radiating atom in the neighborhood of a me-
dium with a complex refractive index suffers significantly
from non-radiative decay. Hence the spontaneous emission
rate in the film is decreased and this effect is likely to be
more profound at larger thicknesses of the ZnSe layer.

Next we consider the mean spontaneous emission rate of
Eu®* hfa-topo doped PS films as a function of film thickness.

_:bulk value

Emission rate (msec™)

b * 2252221225 ﬁfiﬁ 1 Figure 13 shows measured and computed rates for films on

O%F  ---- asymmetri; calculoted, rodiation modes only fused quartz substrates having a refractive index of 1.465 at

o ngmetr?c; caleuloted ] 611 nm and negligible absorption. Good agreement between

P oo Symmetrics coleulated, rodiotion modes only ] computed and measured emission rates is observed at thick-
0oL T e an e nesses=30 nm. At thicknesses larger thanuin (np<d/\

Thickness (nm) of ZnSe layer =2.58), the measured and computed rates are almost equal

FIG. 12. Measured and computed emission rates of\d.&1°* to the bulk value of 1.531 mse&

) : \ : The marked points on the continuous curve in Fig. 13
hfa-topo complex in a 70-nm-thick PS film for the symmetric and fer to thick t which th b f quided d
asymmetric configurations shown in Fig. 11. The emission rate ideter to thicknesses at whic € number of guided modes

shown as a function of the thickness of the ZnSe layer. The emis(_:hanges. There are no gwd(_ed _modes fqr thlcknes_,se_s smaller
sion wavelength is 611 nm. The refractive index of the film and thet"@n 0.15um. Hence the main increase in the emission rate
substrate are both 1.585 and the refractive index of the ZnSe laydp Fig. 14 occurs at thicknesses at which there are only ra-
is 2.61. The emission rate in bulk is 1.531 mskcThe continuous ~ diation modes in the structure. The number of guided modes
and dotted curves are the calculated emission rates for the asyriicreases withd from Mg=1, Mp=0 atd=0.215um to
metric and the symmetric configuration, respectively. In additionMs=Mp=20 atd=10 um. In Fig. 14 the zero-point field

the dashed and dashed-dotted curves are the rates that are obtaifiettuations(with respect to the free space valwsge shown
when the contribution of the guided modes to the zero-point fieldas a function ofz at film thicknessd=20 nm, d=150 nm,
fluctuations are neglected. andd=500 nm. There are no guided modes for the lowest
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FIG. 13. Measured and computed emission rates of\d.g1°* 1.5k A n2=1.465 1
hfa-topo complex in PS films on fused quartz substrates as a func- r\
tion of the film thickness. The measurements are indicated by tri- : _
. ! i n3=1.000
angles. The asterisks on the curve correspond to thicknesses at 1.0 s 255
which the number of guided modes changes. The emission wave- '
length is 611 nm, the refractive indices of the film and the substrate ' !
are 1.585 and 1.465, respectively. The emission rate in bulk is g5t Lo Ae=611 nm
1.531 mseck, P d=150 nm
| |
two thicknesses, while fod=500 nm we haveMg=Mp 0.0 T RV S
=1. It is seen that the jump of the refractive index at the -5 -4 -3 -2 -1 0 1 2 3 4 5
surface of the PS film causes a jump of the zero-point field z/d
fluctuations from a relatively low value on the side of the PS
film to a relatively large value on the side of the vacuum. In 50 : — l‘}r(,z)l ——
the case of thicker films the influence of the jump is small ’ L
and the emission rate of the film approaches the bulk value. P n1=1 585
Next we will consider the influence of the refractive index N v AAN I n2=1.465 |
of the substrate on the emission rate of the film. Figure 15 !
shows measured and computed rates of thre€ Bfa-topo !
doped PS films with thicknessas=660 nm, d=170 nm, 1.0 b A n3=1.000
and d=45 nm, for several substrates listed in Table I. The Lot
curves in Fig. 15 were obtained by computations. At sub- bt
strate refractive indices larger than the refractive index of the g s} Lo Ae=611 nm |
film (nps=1.585), the zero-point field fluctuations in the P d=500 nm
film and near the substrate are relatively large. Therefore, the P
emission rate of the film is larger than the bulk value, espe- 0.0 S S S
-5 -4 -3 -2 -1 0 1 2 3 4 5

cially with thinner films. On the other hand, when the refrac-
tive index of the substrate is smaller than the refractive index

of the film, the reverse_oc_curs' Due to the Jum_p in the FIG. 14. The zero-point field fluctuatiors&(z) as functions of
component of the electric fields of the mod&gz) is rela- g for the EF* hfa-topo complex in PS films with a refractive
tively small near the substrate in the film and this causes fydex of 1.585 at 611 nm on a fused quartz substrate < d/2)
smaller emission rate. Again the effects are the strongesaving a refractive index of 1.465. The thickness of the filn is
with the thinnest films and therefore the curves in Fig. 15=20 nm in the upper figure, 150 nm in the middle figure, and 500
Cross. nm in the lower figure.
In Fig. 16,F(z) is shown for a 170-nm-thick film and for
three substrate indicesn,=1.385, n,=1.585, andn, emission rate differs little from the bulk value. The measured
=3.92, corresponding to LiF, LF5 glass, and Si, respectivelyand computed rates of all three films agree well for the lower
(see Table)l These figures clearly illustrate the influence of substrate indices. However, the lowest substrate index corre-
the jump at the interface between the film and the substratsponding to LiF is an exception. It was postulated] 16]
on the zero-point field fluctuations. that the measured rather steep decrease in the emission rate
In the case of a thickness of 660 nmugd/\y=1.71), the at the lowest refractive index is caused by the contribution of
influence of the substrate on the lifetime is small and thehe guided modes, which are only present in the case of the
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FIG. 15. Measured and computed emission rates of th& Eu
hfa-topo complex in PS films as functions of the refractive index of
the substrate for three different film thicknesses: 660 nm, 170 nm,
and 45 nm. The emission wavelength is 611 nm.

lowest refractive indiceésee Table I. But the computations
predict a monotonically smoothly increasing me&tfor in-
creasing refractive indices.

|
The measurements and computations show poor agree- 0.8 i 7
ment for larger substrate indices, especially for the 45-nm- i
thick film. This is due to the fact that these substrates absorb .| i 4
radiation at a wavelength of 611 nm. The high absorption of i
some of the substrates with relatively high refractive index 0.0 . . . L . .
can reduce the mean spontaneous emission rate of the film in 4 _3 _2  _q 1 > 3 4

spite of the fact that the high refractive index tends to in-
crease the photon density of states in the film. To verify this
guantitatively a more sophisticated model is needed in which
the absorption is incorporated on a microscopic level as sug-
gested by Hopfield21]. In particular, an extension of Ye-
ung’s analysig24] to the case of a slab geometry would be
needed.

IX. CONCLUSION

We have calculated the spontaneous emission rate of
emitters located in a nonabsorbing dielectric structure con-
sisting of a slab, bounded on both sides by infinite half
spaces of arbitrary, real refractive indices. We have com-
pared our results with earlier calculations, correcting some
mistakes, and with experimental results, finding fair agree-
ment.

FIG. 16. The zero-point field fluctuatiors&(z) as functions of
TABLE Il. The pairs (Mgs,Mp) of the number of guided z/d for the EG* hfa-topo complex in a PS film with a thickness of
S-polarized andP-polarized modes for the different substrates men-170 nm and with a refractive index of 1.585 on three different
tioned in Table | and for three film thicknesses. The substrates thagubstrates. The refractive indices of the substrates are from top to
are not explicitly mentioned have refractive indices larger than in-bottom 1.385, 1.58%matched substrateand 3.92.
dex of the film, which means that no guided modes exist.

APPENDIX A: SOME NUMERICAL CONSIDERATIONS

SubstrateNussrae d=45nm d=170nm d=660nm The integrals over the radiation modes in expres$tof)
LiF, n=1.385 (0,0 (1,9 (2,2 for the components'(z) of the zero-point field fluctuations
Fused quartzn=1.465 (0,0 (1,0 1,1 have to be computed numerically. We will consider the in-
Soda lime glassp=1.510 (0,0 (0,0 (0,0 tegral forj=x, A=S, and x=2 in some more detail. By
n=1.585 (0,0 0,0 (0,0 substituting field amplitude&3.23, (3.2b), (3.29, and(3.7)

into Eq. (6.6), one finds after computing the integral over
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1 fwg (kon2 . , ko smooth by a transformation of integration variable that elimi-
872 2¢, JO | T expliks2)| Eﬁdﬁ for z=d/2, nates the square root causing the singularity. The numerical
z (A1) integration is then carried out using the Romberg integration
method. For smooth(i.e., infinitely differentiabl¢ inte-
1 hag (ks . _ Ko grands, this method converges very fgst because at every
i f |U expiky,z)+V exp —iky,2)|2—BdB new iteration the order of convergence increases by 1. After
87 260 Jo K2, specifying a desired accuracy, the method will perform as
many iterations as is required to achieve this accuracy. This
is important because with certain configurations, the inte-
K grands can be highly oscillatory and therefore choosing a
i —j 20 fixed grid beforehand is risky.
[xplikzz2) + R expl—ikzr2)| kzz'Bd/8 It should be noted that the factor

for —d/i2<sz=d/2, (A2)

1 hwg fkonz
872 2¢o Jo
for z=—d/2, (A3) 1—rqrq3exp(2ik,,d) (A4)

with U, V, T, andR being given by Eqgs(3.3), (3.4), (3.5), occurs in the numerator ofJ, V, R, and T. In the
and (3.6). To compute these and similar integrals fast andS-polarized case this factor vanishes when

accurately, singularities in the integrands should be elimi-

nated by changing the integration variable. Not only have the (k12— Kaz) (K1, Ka,)
integrands above a square root singularitygatkyn, due to (Kyp+ Kap) (Kiz+ Kay)
the occurrence dk,, in the numerator, but the derivative of

the integrand with respect {6 moreover has singularities at This happens whelk,,=0. It may also happen whek,,
B=Kkgn, and atB=kyn; due to the presence &f, andks, >0, namely, when ars-polarized guided mode is born. In
inU, V, R, andT and in the exponentials. The integrals overfact, Eq.(A5) is identical to Eq(4.3) that is satisfied by the
(Okgn,) are therefore written as a sum of integrals overpropagation constant of epolarized guided mode. When-
intervals having exactly one d{yn;, kgn,, or konz as an  ever Eq.(A4) vanishes, the integrands in Eq#\1), (A2),
endpoint. In each of these intervals the integrand is madand(A3) have to be replaced by their finite limits.

=exp — 2ik,d). (A5)

[1] E. M. Purcell, Phys. Rew9, 681 (1946. [15] E. Yablonovitch, T. J. Gmitter, and R. Bhat, Phys. Rev. Lett.

[2] R. G. Hulet, E. S. Hilfer, and D. Kleppner, Phys. Rev. LBS, 61, 2546(1988.
2137(1985. [16] G. L. J. A. Rikken, Phys. Rev. A1, 4906(1995.

[3] W. Jhe, A. Anderson, E. A. Hinds, D. Meschede, L. Moi, and [17] F. Halverston, J. S. Brinnen, and J. R. Leto, J. Chem. RHys.
S. Haroche, Phys. Rev. Lei8, 1320(1987). 157 (1964).

[4]D. J. Heinzen and M. S. Feld, Phys. Rev. Leif, 2623  [18] D. Marcuse,Theory of Dielectric Optical Waveguidd#ca-
(1987). demic Press, New York, 1974

[5] F. de Martini, G. Innocenti, G. R. Jacopbovitz, and P. Mata-[lg] H. Khosravi and R. Loudon, Proc. R. Soc. London, Se43&,
loni, Phys. Rev. Lett59, 2955(1987). 373(1992

[6] F. de Martini, M. Marrocco, P. Mataloni, L. Crescentini, and [20] G. L. J. A. Rikken and Y. A. R. R. Kessener, Phys. Rev. Lett.
R. Loudon, Phys. Rev. 43, 2480(1991)). 74, 880 (1995

[7] Y. Yamamoto, S. Machida, Y. Horikoshi, K. Igeta, and G. [21] J. J. Hopfield, Phys. Red12, 1555(1958.

Bjork, Opt. Communs0, 337 (1993). [22] B. Huttner and S. M. Barnett, Phys. Rev.48, 4306(1992.

[8] A. M. Vredenberg, N. E. J. Hung, E. F. Schubert, D. C. Jacob- 231 B. Hutt S M.B it and R. Loud Phvs. R
son, J. M. Poate, and G. J. Zydzik, Phys. Rev. Létt. 517 [23] B. Huttner, S. M. Bamnett, and R. Loudon, Phys. Rev. L&#.

(1993 3698(1992.
[9] K. H. brexhage J. Luminl—2, 693 (1970. [24] M. S. Yeung and T. K. Gustafson, Phys. Rev.54, 5227
[10] C. K. Carniglia, L. Mandel, and K. H. Drexhage, J. Opt. Soc. (1996.
Am. 62, 479(1972. [25] R. Weder,Spectral and Scattering Theory for Wave Propaga-
[ll] K. H. Drexhage’ inprogress in Optlcsedlted by E. Wolf tion in Perturbed Stratified Medi&(Springer-Verlag, New
(North-Holland, Amsterdam, 19F4Vol. XII. York, 199]).
[12] C. K. Carniglia and L. Mandel, Phys. Rev. % 280 (1971). [26] R. Loudon, The Quantum Theory of LighClarendon Press,
[13] H. Khosravi and R. Loudon, Proc. R. Soc. London, Se438 Oxford, 1983, 2nd ed.
337(199)). [27] B. N. J. Persson, J. Phys. 11, 4251(1978.

[14] E. Snoeks, A. Lagendijk, and A. Polman, Phys. Rev. L&t. [28] G. Cnossen, K. Drabe, and D. Wiersma, J. Chem. P8§s.
2459 (1995. 5276(1993.



