IOP PUBLISHING

JOURNAL OF OPTICS A: PURE AND APPLIED OPTICS

J. Opt. A: Pure Appl. Opt. 11 (2009) 114011 (11pp)

doi:10.1088/1464-4258/11/11/114011

Theoretical and experimental investigation
of radiative decay rates in active slot

waveguides

C Creatore'?, L C Andreani’, M Galli?, M Miritello’, R Lo Savio®

and F Priolo’

! Dipartimento di Fisica, Politecnico di Torino, Corso duca degli Abruzzi 24,

1-10129 Torino, Italy

2 Dipartimento di Fisica ‘A Volta’, Universita degli Studi di Pavia, via Bassi 6,

1-27100 Pavia, Italy

3 MATIS CNR-INFM and Dipartimento di Fisica e Astronomia, Universita di Catania,

Via S Sofia 64, 1-95123 Catania, Italy

E-mail: creatore @fisicavolta.unipv.it

Received 30 January 2009, accepted for publication 21 April 2009

Published 16 September 2009
Online at stacks.iop.org/JOptA/11/114011

Abstract

We present a quantum-electrodynamical formalism to study the spontaneous emission from
dipoles embedded in a non-absorbing and lossless multilayer dielectric structure. In this model
the electromagnetic field is quantized by a proper choice of a complete and orthonormal set of
classical modes and the analytical expressions for the emission rates are obtained within the
framework of perturbation theory. We apply our model to investigate the 1.54 um transition of
Er**-doped SiO» thin layers acting as active material in planar slot waveguides in
polycrystalline silicon. The theoretical results show that a strong reduction of the radiative
lifetime does occur in the slot waveguide. Furthermore, by using the theoretical analysis
together with photoluminescence measurements, we estimate also the radiative efficiency which
is found to be only slightly reduced with respect to the value for Er** in a bulk of SiO,. These
results are important for future realization of silicon-compatible active optical devices and show
the relevance of our model to study the spontaneous emission processes in multilayer structures.

Keywords: active silicon waveguides, theory of spontaneous emission, theory and experiments

(Some figures in this article are in colour only in the electronic version)

1. Introduction

Since the pioneering work by Purcell [1] it is well known
that the modifications in the electromagnetic (e.m.) boundary
conditions induced by the material surrounding an excited
atom can considerably affect its rate of spontaneous emission
(SE). Such an effect can be explained either within classical
electromagnetism, in terms of a self-driven dipole due to the
reflected field at the dipole position, or in the framework of
quantum electrodynamics, as emission stimulated by zero-
point fluctuations of the e.m. field, both descriptions yielding
the same results as long as the coupling between the atom and
the field is weak. In such a weak coupling regime, the SE
rate can be derived within first-order perturbation theory by
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applying Fermi’s Golden Rule, and is proportional to the local
coupling of the atomic dipole moment to the allowed photon
modes, i.e. to the local density of states (LDoS) [2]: when the
LDoS vanishes, then the SE process is inhibited while, whereas
an increase in the density of states occurs, the rate of SE can be
enhanced over the free space value.

Extensive literature is available dealing with the analysis
of SE from various emitters (such as atoms, molecules or
electron—hole pairs) embedded in dielectric environments of
varying complexity. In a homogeneous medium with dielectric
constant &, Glauber has shown [3] that the SE rate relative to
the free space value is enhanced (reduced) when ¢ > 1 (<1).
One of the most studied configurations is the single dielectric
interface [4-11] as it is the simplest model system where
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experimental and theoretical analysis can be performed in
order to get the basic understanding necessary to investigate
more complex structures. In more complicated systems both
the technology and the theory needed are more demanding, but
the expected effects turn out also to be more interesting. For
instance, among multiple dielectric layers structures, planar
microcavities have been intensively studied during the last few
years [12—15], due to their ability to considerably affect the
density of states and thus to strongly modify the emission
into a particular mode, which is of crucial importance for the
development of novel light-emitting devices.

In this work we study the spontaneous emission process
in a generic non-dispersive and lossless multilayer dielectric
structure and derive the SE rates by applying a fully
quantum-electrodynamical formalism. Our aim is twofold:
(i) to develop a model suitable for different configurations,
thus taking into account all the possible modes (and the
related SE rates) which can be excited in the examined
structure and (ii) to get a quantitative insight into the
modifications of the atomic radiative processes which occur
in realistic structures such as active silicon-based optical
waveguides. Such structures, which nowadays can be tailored
according to different geometries—from simple waveguides to
multilayer-like configurations—are characterized by an high-
index contrast and are able to confine and guide light very
efficiently in nanometer-size spatial regions as a result of
total internal reflection. These waveguiding and confining
properties, together with the low propagation losses typical of
silicon and the good compatibility with complementary metal
oxide semiconductor technology, make them very appealing
for the future development of highly integrated multifunctional
optoelectronic and photonic devices (see, e.g., [16-18]
and the review works by Kenyon [19] and Polman [20]).
Recently, slot configurations have been proposed to improve
the waveguiding/confining properties of silicon-based optical
waveguides [21, 22]. In this novel structure a very thin (a few
tens of nanometers thick) layer (slot) of low-index material is
bounded by two high-index material regions (typically silicon)
which form the core of an optical waveguide. The high-index
contrast interfaces at the slot are able to concentrate the e.m.
field in very narrow spatial regions (<), thus leading to an
enhancement of the radiation—matter interaction. Also, due to
the increase of vacuum e.m. field fluctuations, an enhancement
in the spontaneous emission rate is expected to occur, similarly
to what happens with the well-known Purcell effect [1] for
an emitter in an optical cavity. A theoretical study [23] of
the emission properties of a planar slot waveguide doped with
erbium ions, as well as the experimental evidence [24] of the
enhanced light-matter coupling, have already been reported.
Here we present a detailed study of the modifications induced
in the 1.54 um transition of Er**-doped SiO, layers acting
as the active material in deposited polycrystalline silicon slot
waveguides. A combined analysis based on time-resolved
PL measurements and our model is consistent with a strong
increase of the radiative decay rate in the slot waveguide,
when compared with values obtained investigating three other
configurations. Furthermore, we estimate that the radiative
efficiency is marginally reduced with respect to the value of
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Figure 1. Schematic view of the multilayer dielectric structure. The
semi-infinite lower (0) and the upper (M + 1) cladding layers with
dielectric constants &y and €, 1, respectively, surround a stack of M
dielectric layers, each one being d; thick and characterized by an
average dielectric constante;, j =1,..., M.

Er’*t in a bulk of SiO,, so that radiative recombination is still
the dominant decay mechanism in these active slot waveguides.

This paper is organized as follows. In section 2 the
modes supported by the multilayer dielectric structure (leaky
and guided modes) are listed and described. In particular we
show that, when dealing with radiation emission problems,
a basis for leaky modes characterized by a single outgoing
component is more suitable than the standard one generally
used. In section 3, by using a second-quantized form for the
atom—field interaction Hamiltonian and perturbation theory, we
derive the analytical expressions for the SE rates as a function
of the dipole position. In section 4 we show the theoretical
and experimental analysis of the 1.54 um transition of Er’*-
doped SiO, layers acting as active material in deposited
polycrystalline silicon slot waveguides and in three other
configurations, namely after deposition on SiO; and crystalline
Si (c-Si) substrates and embedded in an oxide bulk. A short
summary of the results is given in section 5.

2. Model system and field modes

We are interested in the evaluation of the SE rate from a dipole
embedded in a system like the one depicted in figure 1, i.e. a
stack of M dielectric layers which are parallel to the xy plane
and assumed to be infinite along the x and y directions. Each
layer has a thickness of d; (j = 1, ..., M) and the lower and
upper cladding layers (layers O and M + 1, respectively, in
figure 1) are semi-infinite. All the M + 2 layers are assumed
to be lossless, isotropic and homogeneous along the vertical
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(z) direction. The overall dielectric constant e(r) = &(p, z)
is thus a piecewise constant function in the z direction, i.e. we
use £; = €j(z), j = 0,..., M + 1. Hence, since the whole
system is homogeneous in the xy plane the field modes will be
factorized as E(r, H)[H(r, 1)] = e tkivE(z)[H(z)], where
k= k”l;” = (ky, ky) is the in-plane propagation vector. The
classical modes supported by such a structure and needed to
set up a quantum theory for the spontaneous emission are the
solutions of the following eigenvalue problem:

1 w?

Vx|—VxH|=—H, (D)
e(r) c?

which results from the homogeneous Maxwell equations for

the electric and magnetic fields E, H with harmonic time

dependence exp(—iwt), and the condition V - H = 0 being

fulfilled. The modes form a complete and orthonormal set, i.e.

H(r) =) ¢, H, @), )
y

/ HY(r) - H, (1)dr = §,,,. 3)

The electric field eigenmodes, which can be obtained from
E(r) = {[ic]/[we(r)]}V x H(r), are also orthonormal [25]:

/8(1‘)EZ(1‘) -E,(r)dr =4,,. 4

In a lossless multilayer dielectric structure, the complete and
orthonormal set of classical modes consists of an infinite
number of leaky modes and a finite number of guided (or
trapped) modes. Leaky modes can be either fully or partially
leaky. The former modes, similar to free space modes, radiate
in both the lower and upper cladding, while the latter ones
radiate only in the cladding with the higher refractive index and
propagate out of the smaller index cladding layer as evanescent
waves with exponentially decreasing amplitude. Guided
modes are in-plane traveling modes, trapped (confined) by the
highest refractive index layer (if there is any) and characterized
by an evanescent field profile across the z direction.

While guided modes are uniquely specified by the
Maxwell equations with the proper continuity conditions
across the dielectric boundaries, leaky modes are not, since
their asymptotic behavior (z — =400) has to be characterized,
such a characterization being not unique.

Usually the basis of leaky modes is described in terms of
the triplets incident-reflected—transmitted waves, with waves
incoming towards the multilayer stack either from the lower
or from the upper cladding layer (see figure 2(a)). This
set of modes, also known as Carniglia and Mandel modes
(as they originally introduced such a classification [25]),
has been widely employed to specify the leaky states in
structures like dielectric waveguides [26, 27] or planar
dielectric microcavities [13, 28]. Such a choice, however, is
not the most convenient when dealing with radiation emission
analysis. As shown in figure 2(a), both the reflected and the
transmitted components (the pairs {r;, t,} or {r,, t;}), which
belong to two different modes, contribute to the total emission
in a given direction. Hence, quantum interference between

(@) (b

Figure 2. The leaky modes in a multilayer dielectric structure.

(a) The standard set of modes based on the triplets
incident-reflected—transmitted waves; {i;, 1, t;} for waves incoming
from the lower cladding, {i,, r,, t,} for waves incoming from the
upper cladding. (b) The set of modes specified by a single outgoing
component and two incoming waves (towards the stack):

{Xo, Wo, X1} for states outgoing in the lower cladding,

{Wars1, Wo, X1} for states outgoing in the upper cladding. The
notation is valid for TE-polarized modes; for TM polarization one
replaces W — Y and X — Z.

these two different outgoing modes has to be explicitly taken
into account in the definition of the local density of leaky
states [29, 30] and the calculation of the emission in either the
upper or the lower cladding layer turns out to be problematic.
To avoid this subtle interference problem and calculate in a
simple way the fraction of emission in either the upper or the
lower cladding layer or, in general, the SE patterns, we use a
set of leaky modes specified by a single outgoing wave. Within
this basis, the single outgoing component comes together with
two incoming waves propagating towards the structure, as
shown in figure 2(b) with the triplets {Wjy;41, Wo, Xpr41} and
{Xo, Wo, Xy+1} for states outgoing in the upper and lower
cladding layers, respectively. The total emission signal is thus
completely specified by one outgoing mode only—either by
the component labeled as W), for leaky modes outgoing in
the upper cladding or by the component X, for states outgoing
in the lower cladding—and interference terms never arise. It is
worth noticing that this set of modes can be obtained from the
Carniglia and Mandel modes previously discussed (which is
specified in terms of the incoming waves) after application of a
time-reversal (TR) operator [23]. Since the algebraic properties
are invariant under time-reversal operations, this new set is
also orthonormal and complete. In the following a detailed
description of both guided and leaky field profiles is given.

2.1. Leaky modes

As previously discussed, the basis of leaky modes used in
our model is defined by a single outgoing component and
two ingoing ones. In each of the M layers the field is a
superposition of two counter-propagating modes. The modes
are defined by their propagation wavevector k = (k, ¢), with
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the z component ¢ in each of the M + 2 media being

0,
q;=\/¢i—3 —kj;

2 j=0,....M+1. (5)

With &, = Z x ky we denote the unit vector orthogonal to both
Ky = kyk; and Z and set z; = —dy/2,z; = zj_1 + d;_; with
j=2,...,M + 1. For TE polarization the field profiles are
TE eM? e
Ey (0. 2) = —=ié E (k). 2), (6)

SV

ikj-p

VvV

where V is a normalization box volume which disappears in
the final expressions and the time dependence e ™! is implicit.
The expressions for the amplitudes E™, H]" and H " are as
follows:

C R A
H (p, 2) = IZ[HIE(kua D2+ HiP ke, k], (D)

W1 eil/M+1 (z—zm+1)

—i z—z
+ Xpqie qm+1( M+I)’

Wjeilij(z—zj—d/ﬂ)

Z>2ZM+1

ETE(k”, z7) = (8)

+ Xje—iqj(z—z,'—d//Z)’
7j <z <zj+d;

Woeiqo(zfm) + Xoe*iqo(zfz.)’

ky [WMHeiq’”*‘ (z—zm+1)

+ XM_He_i‘IMH(Z—ZMH)]’

k”[Wjeiq/(zfzrd//Z)

+ Xje*iq/(Z*Z/*d_f/z)]’ 9)
z; <z<zj+d;

ky [Woelto&—e

+ Xpe 0],

<2z

T > IM+1

H "k, z) =

<17
i [XM+le*1‘1M+1(Z*ZM+1)
_ WM+lei’iM+l(Z_ZM+l)]’
g)LX e

— Wjeiq_f(zfz.f*d//z)]’

2> 2ZM+1

H"(ky, 2) = (10)

zj<z<zj+d
qo[Xoefiq”(Z*Z‘)
_ Woei%(z—zl)].

The amplitudes for leaky modes outgoing in the lower (upper)
cladding (see figure 2(b)) are found taking Wy 1 = 0 (Xo =
0) in (8)—(10) and through the normalization condition (3)
which yields Xo = 1//e0 (Wy 1 = 1//ep11); all the other
amplitudes are then obtained by applying a standard transfer-
matrix theory. It is worth noticing that the normalization
condition for leaky modes (leading to the values given above
for the amplitudes X, and Wy41) is determined by the
cladding regions only: when L > d, L being the width of
the normalization box in the z direction and d the thickness of
the waveguide core (or the thickness of a stack of layers for a
generic multilayer structure), the contributions from the core
(stack) are of the order O(d/L) and thus negligibly small if

<2

compared to the contributions from the semi-infinite cladding
regions.

When the dielectric constants of the upper and lower
claddings are different and the conditions for total internal
reflection are matched, the modes become partially leaky.
Without loss of generality, we now assume &y > &py.
In this case, when w(\/emy1/c) < kj < w(4/o/c), the
emission occurs in the lower cladding layer only and the field is
evanescent in the upper cladding, the z component ¢+ being
purely imaginary. The field amplitudes can still be obtained
through the same conditions given above for the fully leaky
modes, but taking Wy = 0 and replacing g1 with its
complex conjugate in (8)—(10).

The field profiles for TM-polarized modes are

eik\l'/’m
H (0, 2) = Wlek‘.HTM(k“, 2), (11)
™ hr ¢ ™ 2 ™ r
EM(p,2) = i—I[EM K, 92+ E[M Ky, 9k, (12)
J

vV
with amplitudes given by
Yasl eil/M+1 (z—zm+1)

—i -z
+ Zye qm+1( M+I)’

Yjeilij(z—zj—d//z) + Zje—il/j(z—zj‘—d/ﬂ)’

> ZM+1

H™(ky, 2) = (13)
z; <z <zj+d;

Yoo 4 Zge i)

ky [YM+leiqM+] (z=zm+1)

+ ZM+le_i’iM+l(Z_ZM+l)]’

Z>IM+1

<171

kLY Cme

EMky, z) = (14)

Zj<z<zj+dj
k“[yoeiqo(zfz]) + Zoefiqo(zle)],

<2z

—i Z=ZM+1)
gus1lZyyre qm+1(Z=2p41

_ YM+leilIM+1(Z*ZM+|)]
Z>2IM+1
qj[Zje—il/j(z—Zj—d//2)

I (ky, 2) _ Y],eiqj(z—z,'—d//Z)], s

Zj<z<zj+dj
qo[zoe—iqo(z—m) _ Yoeiqo(z—m)l

Z<2Z.

In this case, fully leaky modes outgoing in the lower (upper)
cladding have Yy 11 = 0 (Zy = 0) and the normalization
condition (3) yields Zg = 1 (Yp41 = 1) for the amplitude of
the outgoing component. Similarly as done for TE-polarized
modes, all the other coefficients are straightforwardly found
after a standard transfer-matrix calculation. For modes which
are partially radiating in the lower cladding (and evanescent in
the upper cladding), one takes Yy;+; = 0 and replaces gu+1
with its complex conjugate in (13)—(15).
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2.2. Guided modes

A multilayer dielectric structure like the one depicted in
figure 1 is able to support a set of guided modes if the relation
£j = Emax > €0, Em+1 holds for at least one of the inner layers

(j = 1,..., M) of the stack. Since guided modes are in-
plane propagating modes, they will be labeled by a joint index
n = (kj, o), kj = kyk being the in-plane wavevector and o

the mode index (>1). Also, by g, we denote the z component
of the guided mode wavevector:

Gjpn= 1/e:‘,-(a)i/cz) — kﬁ.

where @, = wyq is the frequency of the ath guided mode. In
the upper (j = M + 1) and lower (j = 0) cladding layers
qj. becomes purely imaginary, g;, = ix;, with x;, =

j=1,....M,  (16)

/kﬁ —¢j(@?%/c?), and thus the field ocexp(ig;,z) decays
exponentially along the z direction. In the following we give
their explicit form, obtained through a generalization of the
standard theory for slab waveguides (see, e.g., [31, 32]).

For TE polarization the modes are given by

ke o,
E (0, 2) = ﬁiT“ek“ETE(k..,z), (17)
eikH‘P R N
H{"(0, 2) = —=[H "k}, 22 + H["(ky, k1, (18)

NG

where S is a normalization surface which cancels in the final
expressions and E™", H[" and H " are as follows. The field
amplitudes for TE-polarized guided modes are

- z—2
AM+1/Le A1, ( M+l)’

T > IM+1
Ajﬂeiqm(zfz.f —d;j/2)

E™(ky, 2) = (19

+ Bjue—iqm(z—z,'—d/ﬂ)’
z; <z<zj+dj

BOMGXO”(Z_Z‘), 7 <71

l'AM+1Mk”e*XMHu(Z*ZMH)’
T > IM+1

iky[A; eltnE2imdi/2)

+ B ),
z; <z<zj+d;

l'BoMk”eXO“(Z_Z‘),

HEky, 2) = (20)

<2z

— -z
AM-H;LXM-Hu_e X415 C M+|)7

T > IM+1
. —iqju(z—z;—d;/2)
lCIj,u_[Bj,u_e qjn i—d;/

H (k. 2) = :
iy 2) A e/

2

z; <z <zj+d;

_ BOMXOMGXO“(Z_ZI), <7

where S is a normalization surface which cancels in the
final expressions for the emission rates and the magnetic
field is found by application of the Maxwell equation

H(r) = —{(ic)/(w)}V x E(r). The M + 2 coefficients
in the expressions (19)—(21) are obtained through a standard
transfer-matrix calculation together with the orthonormality
condition (3) (see [23] for details)

TM-polarized guided modes are given by

ik -p
HY(p,2) = fék”HTM(k.., 2), (22)
ETM ik -p

K (p,2) = f

with

c . ~
w—[EEM(kn, Dz + EMKy, 2kl (23)
i

- z—2
CM-H;Le A1, ( M+l)’

> IM+2

Cj Meiqm(zfz‘,- —d;/2)

H™ (K, 2) = (24)

+ Dj'ue—iliju(z—zl»_dj/z)’
zj <z <zj+d;
DO,ueXOH(Z—Zl)’ c <z
(i/8M+1)CM+1 Mk”e_XMH”(Z_ZMH)’
Z > IM+1
(i/gj)k”[Cj,u_eiq/”(zfzj*dj/Z)
+ Dj'ueiiq-’.“(zizj 7d/,/2)]’
Zj<z<zj+dj
(i/SO)DoMk”exw(me)’

EMky, z2) = (25)

<71

(1/8M+1)CM+1 L XM M67XM+I;L(Z*ZM+1)7

2> IM+1
(i/6))q; D e i E2= 4/
EMUy,2) = | — C; peitnG=a=4i/2), (26)
zj<z<zj+d;
(1/£0) Doy x0 e,

<71

where the electric field is obtained as E(r) = {[ic]/[we(r)]}V x
H(r). As for TE-polarized modes, the M + 2 coefficients in the
above expressions are derived within the transfer-matrix theory
together with the normalization integral (3).

3. Spontaneous emission rates

In this section the spontaneous transition rate of an excited
atom embedded in a non-uniform dielectric medium (like
the multilayer structure depicted in figure 1) is studied in
a quantum-electrodynamical framework. We assume that
the interaction between the excited two-level system and the
e.m. field in the dielectric medium is not too strong, so that
the transition between two states can be studied within the
framework of perturbation theory. A detailed description of
the canonical quantization of the e.m. field in a non-uniform
medium [¢ = &(r)] is given in [23] and references therein,
while here we recall the main results and provide the analytical
expressions of the SE rates.
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The starting point is an atom located at position z, which
is initially in the excited state |x) (with energy fiw,) and
undergoes a spontaneous dipole transition to its ground state
|g) (with energy /iw,) by emitting a photon of energy fwy =
hw, — hw,. In the electric dipole approximation and near
the atomic resonance (w ~ @), the atom—field interaction
Hamiltonian for such a process is given by [33]

Hy o~ (6,d+6_d") -E(r, 1), @7
where 6_ = |g){(x| (6, = Ix){g|) is the atomic down- (up-)
transition operator, d = d,, = (x|d|g) = |d|&4 is the dipole

matrix element, d = ef being the atomic dipole operator of the
atom located at r and E(r) is the electric field operator:

E(r, 1) = iZ(Znhwkn)'/z
k,n

X [ B (D)e 7" — & B (r)e@’]. (28)

In the expression given above &En (ax,) are Bose creation
(destruction) operators of field quanta with energies fwy,
satisfying the usual commutation relations, 7 is a generic index
labeling the eigenmode Ey, and the following orthonormality
condition holds [3, 25, 34]:

/V e(nEg, (r) - Exy ()dr = Sk 8y - (29)
In the initial state |i) of the combined atom-radiation system
there are no photons and the atom is in the upper (excited) level,
i.e. [i) = |0) ® |x); in the final state | /) one photon is emitted
in any mode of the e.m. field of frequency wy, and the atom
is in the lower (ground) level, | f) = |1k,) ® |g). By applying
Fermi’s Golden Rule (see, e.g., [35]) the spontaneous emission
rate ' = ['(r) of an atom located at position r is given by
(30)

2 . 2
e =3 Z‘<f|HyA|i> 8(; — wj),
f

where fiw; and /i f are the energies of the initial and final state,
respectively. By insertion of (28) in the above expression, and
using the commutation rules for ay, and &ltn, the spontaneous
decay rate then is

Z | B (1) + 84| @8 (@0 — Win)-

k,n

(€29}

As discussed in section 2, an excited dipole embedded in
a multilayer dielectric structure can decay either as a leaky
or a guided eigenmode and, for both decay channels, two
contributions to the total emission rate can be distinguished:
(i) the emission rate I'j due to the decay of horizontal dipoles,
i.e. in-plane oriented dipoles (¢4 = X or ¥), which couple to
both transverse electric (TE) and transverse magnetic (TM)
polarized fields, and (ii) the rate I"; due to the decay of vertical
dipoles (84 = Z) which couple to TM-polarized modes only.
Hence, for the realistic case of randomly oriented dipoles,
the total emission rate averaged over the polarizations can be
written as I' = (2/3)["y + (1/3)I" . Furthermore, since the
dielectric function e(r) = &¢(z) = ¢; is homogeneous in each
layer, the spontaneous emission rate will be expressed as a
function of the z coordinate only. In the following part of this
section we provide the exact expressions for the SE rates into
leaky and guided modes.

3.1. Emission rates into leaky modes

As discussed in section 2.1, the leaky modes are specified
by the propagation vector (K, g) of the outgoing component.
Hence, in (31), k = (k, ¢) and n = (p, j) is a double index
specifying the parameters of the final state, namely the field
polarization p = TE, TM and the cladding layer j in which
the emission occurs, j = 0 for emission in the lower cladding
and j = M + 1 for emission in the upper cladding. The leaky
mode dispersion w = w, (k) is given by w, = \/Ls—/ (kﬁ + 3172
and for each propagation wavevector k = (k, ¢) the following
relation holds:

2

w.
2 2 14 .
kp<kj=eim.  J=0M+1

(32)
i.e. the emission occurs within the light-cone in the {w, kj}
space and £; = &g (gy41) if the emission occurs in the lower
(upper) cladding. By replacing wy, = w, in (30), the emission
rate into the leaky modes I' = I'(z) can be written as

472|d|*wy

I'(z) = -

Jlea.ky ((,()(), Z)7 (33)

where the TE- and TM-polarized fields EEf(p,z) and

Elr(p,z) are given by (6) and (12), respectively, and

Jrad (o, 2) is the LDoS:

2. D

p=TE, TM j=0, M+1

/ EY (p,2) - &l

(34)

Jieaky (w0, 7) = (27 )?

X Pj (k”, a)) dk”.

In (34) p;(kj, w) is the one-dimensional (1D) photon DoS at a
fixed in-plane wavevector k|, for leaky modes outgoing in the

medium j:
2wy a)é (1)12,
Pk, ) = 2 - 8 (; 2
2 _ oK
LT 014 7 5 ) (35)
2mc , ok ’
“o &j
where L = V/§ is the width of the normalization box in

the z direction (which disappears in the final expression of
the SE rate) and O[®(x) = 1(=0) if x > 0(x < 0)]
is the Heaviside function. It is worth noticing at this point
that, by using (34) with the basis of leaky modes discussed
in section 2.1, the definition of the LDoS is unambiguous: for
each outgoing mode (j = 0 or M + 1) the LDoS is defined
by one mode component only and the difficulty related to the
interference between components of different modes is thus
avoided. Furthermore, due to the Heaviside function in (35),
emission into partially leaky modes occurs only in the cladding
with the higher refractive index, as it has to be. After the
introduction of spherical coordinates in the (kj, ¢) space:

k| = (k; sinf cos ¢, k; sin 0 sin ¢),
0 €[0, /2],

¢ €l0, 2],
(36)
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the single contributions to the total emission rate I' = I'(z) due
to the decay of horizontal and vertical dipoles can be derived:

|d|2503 3/2
FTE( ) _ 0 &
2hc? j=O,ZM+1 !
/2
X f |E™ (k) = k;sin6, z)|*sin6 d6, (37)
0
d[*wo 32
FTM( ) _ = g
2hcle(2)]? j:%,,:ﬂ !
/2
x / |EM(ky = k;sin6, 2)|* sin6 do, (38)
0
d[*wo 32
e = ——=o >
hele(2)P jZOZM:H J
/2
X / |E (k” =kjsin6, 2)|* sinf db, 39)
0

where the field amplitudes ETE, ETM and E™ are given
by (8), (15) and (14), respectively.

3.2. Emission rates into guided modes

Guided modes travel along the dielectric planes with
propagation wavevector kj, hence in (31) one takes k = k|,
while n = (p, o), @ is the guided mode index introduced in
section 2.2. The spontaneous emission rate as a function of the
2D LDoS for guided modes Jg; is

47%|d|2wo

I'(z) = n

ng.li (C!)(), Z)’ (40)
where the fields EEf(p z) and Ek” (p, z) are given by (17)
and (23), respectively, the sum extends over all the o guided

modes and Jg; (wo, ) is given by

2.

p=TE, TM «a

gul(a)O, 7) = / IEkW(p, Z) . §d|2 dk”.

(41)
Integration over k; in (40) yields the following expressions for

the single contributions I'[*, '™ and T'[™:

@n)?

|d|271a) k&
i) = 0 Z|ETE<I<” =k, )| —Z (42)
™ () — |d|*7c? E™ (ki — k¥ 2 kg 43
| (Z)‘;-TOZ' M=k P @)
|d|?27 ¢? N
r™Me )-—DETM(k..—kO,zn S, (44)

ha Yo

where ETE, ETM and E™ are given by (19), (26) and (25),
respectively. In the expressions given above, kg = ki (w = wo)
and v§ = (dwya/ dk||)wk”a,w0 are the in- plane wavevector and
the group velocity of the ath guided mode calculated at the
dipole emission frequency wy, respectively. The wavevectors
kg as functions of the frequencies are the poles (which are
real ones for guided modes) of the transmission amplitude
t = 1/ Ty of the whole dielectric structure, 7 being the total

V4 P ot ET 5105 oa e s

SiO,
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............. E I Si 02 ..............
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(©)

Figure 3. Schematic of the sample structures. Er-doped silicon oxide
films ds = 20 nm thick on silicon oxide (a), on silicon oxide and with
a 550 nm thick SiO, layer on its top (b), on a crystalline silicon
substrate (c) and embedded in the core of a slot waveguide (d), with
di =19 umand d, = d; = 110 nm.

transfer matrix for the multilayer structure considered. Notice
that the total emission from planar dipoles is T’y = I'[* + '™,
while the emission from perpendicular dipoles is '} = I'™.
In an unpolarized experiment on randomly oriented dipoles,
the average decay rate 'y, = (2/3)I+(1/3)I" is measured.

4. Analysis of the 1.54 um transition in Er3t-doped
SiO; layers

In this section we apply the model previously described to
study in detail the photoluminescence (PL) decay rate of
the 4113/2 — 4115/2 transition around 1.54 pum in Er’t-
doped SiO; planar slot layers acting as the active material in
deposited polycrystalline silicon waveguides. As discussed
in section 1 the lifetime of erbium ions can be drastically
modified as a result of the confinement effects occurring in
these structures. For a quantitative evaluation of this effect,
we have analyzed the decay rates of Er-doped SiO, layers
of the same thickness in three other configurations, namely
after deposition on SiO, and Si substrates and embedded in an
SiO; bulk. Furthermore, by combining the radiative SE rates
obtained from the quantum-electrodynamical formalism with
time-resolved PL measurements, we are also able to evaluate
the non-radiative decay rates and the radiative efficiency.

4.1. Structures and measurements

A schematic of the cross section of the four investigated
structures is depicted in figure 3. Er-doped silicon oxide thin
films, about dg = 20 nm thick, have been deposited by reactive
co-sputtering from SiO, and Er,O; targets. The depositions
have been realized in a reactive atmosphere (90% Ar and 10%
0,) by keeping the substrate heated at 300°C. The films
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are located on a 1.9 um thick thermal SiO, layer (structure
(a)), within bulk-like SiO;, (structure (b)) by depositing a
550 nm thick SiO, layer on top of structure (a), on a (100)
crystalline silicon (c-Si) substrate (structure (c)) and within
the silicon core of a slot waveguide (structure (d)). The slot
waveguide consists of the sequence of Si(110 nm)/Er:SiO,
(20 nm)/Si(110 nm) layers deposited on top of a 1.9 um thick
silicon dioxide layer thermally grown on a silicon substrate.
The silicon layers have been realized by sputtering an Si
cathode in a pure Ar atmosphere without heating the substrate.
Structures (a) and (b) also lie on a Si substrate (not shown
in figures 3(a) and (b) for the sake of clarity). After the
deposition all the films have been annealed at 900 °C for
1 h in a nitrogen atmosphere. The Er content, measured by
Rutherford backscattering spectrometry, is constant within the
thin SiO, layers, with a concentration of 7.6 x 10'> cm™3 for
all the samples.

Time-resolved PL at room temperature was performed
by pumping with the 488 nm line of an Art laser, the
laser beam being chopped through an acousto-optic modulator
at a frequency of 11 Hz. The laser was focused on the
sample’s surface at an angle of 60° and then the emitted light
was collected in the normal direction for all four structures
here examined and depicted in figure 3. The modulated
luminescence signal, unpolarized, was first spectrally resolved
by a single grating monochromator set at 1535 nm with a
resolution of 6 nm, detected with a Hamamatsu infrared-
extended photomultiplier tube, and then analyzed with a
photon counting multichannel scaler with an overall time
resolution of 30 ns. It is worth noticing that the PL decay
rate is independent of the detection direction. This can be
easily understood in terms of the expression giving the number
of dipoles n(¢) decaying at a certain time ¢ after the initial
excitation, i.e. n(t) = npe . The measured decay rate
Tt = 1/ i just the time constant of such a process
and is, of course, independent of the decay direction of the
excited dipoles. In the case of structure (d) (slot waveguide)
supporting guided modes, the total SE rate is the sum of the
contributions due to emission into guided and leaky modes,
ie. Iot = Igui + ey, but again, detecting the PL signal
either from the top or from the waveguide edge, yields the
same result in terms of decay rate Tyoq = 1/ I'yo;. The choice of
surface emission geometry for time-resolved PL measurements
is therefore appropriate in order to compare and reveal the
trends when going through structures (a)-(d), as we now
discuss.

The PL decay curves at 1.5 um give a direct measurement
of the decay rate of the first excited multiplet (*I;32) of Er¥*
and are shown in figure 4: all of them are characterized by a
single exponential behavior, and the lifetimes were determined
to be T = 1298 £ 0.03 ms, t° = 10.37 £ 0.03 ms,

¢ = 4.02 4+ 0.03 ms and ¢ = 1.336 £ 0.008 ms for Er-
doped SiO; deposited on SiO,, embedded in SiO,, deposited
on c-Si and embedded within the slot waveguide, respectively.
With respect to I'* the measured decay rate I' = 1/t is thus
enhanced by a factor T’/ = 1.25, I'°/T"* = 3.23 and
I'Y/T'* = 9.71. The lifetime 7° of the Er-doped SiO, film
embedded in SiO, (structure (b) in figure 1), i.e. the bulk

_@ Er:ISiO2 onSiO, ]
_(® Ersio, in bulk Si0,]
_(©  ErsSio, on c-Si

_ (@)  Ersio,in slot
T2=12.98+0.03ms |
TP=10.37 £+ 0.03 ms

T¢= 4.02+0.03 ms
T9=1.336 + 0.008 ms

Normalized PL Intensity (a.u.)

(d)

: Wiln | ..um M n“l

Time (ms)

0,

—

Figure 4. Erbium PL intensity decay curves (in log scale) for the
structures depicted in figure 3. The intensities are normalized to their
corresponding maxima.

lifetime, is similar to the value of 9.5 ms reported in [36] for
films synthesized by e-beam deposition and of about 15 ms for
thermally grown silicon oxide layer [20, 37].

The decrease in the observed lifetime ¢ relative to t?
is consistent with the effect of the dielectric mismatch at
the Si/SiO, interface which results in a concentration of the
e.m. field in a narrow spatial region across it and thus to
an enhancement of the radiative spontaneous emission rate.
However, to properly address the issue of the modified lifetime
of Er**, both the radiative (I'y,q) and the non-radiative (Iyraq)
recombination rates need to be estimated, since the measured
decay rate I' = 1/7 = I'taqg + ['nrag Sums up both contributions.

4.2. Radiative and non-radiative decay rates

In a generic dielectric multilayer structure, the total radiative
decay rate [';,q results from the emission into leaky and guided
modes (if any), ['1,g = Flzgky + Fmd, the latter being supported
by the slot waveguide only (structure (c)) among the structures
here considered and shown in figure 3.

The radiative SE rates I'jag = 1/74 can be easily
calculated within the quantum-electrodynamical formalism
described in section 3 through (37)—(39) and (42)—(44) with
the same parameters (thicknesses and refractive indices) of
the four considered structures and for the realistic case of a
randomly oriented Er*t emitter in an SiO, layer. It is worth
noticing at this point that, since the Er’* ions are always
embedded in the same SiO, dielectric material, local field
effects (see, e.g., [38] and references therein) are not relevant
and thus have not been involved in the present theoretical
analysis. The radiative decay rates are found to be in the
following ratios: Ffad /Ty = 1.4, Thy/Tiq = 2.4 and

md /Tiq = 8.9. As expected, a significant increase of the
radiative decay rate occurs in the slot waveguide (I'¢ /T2, =
8.9): in this case the high-index-contrast which develops at
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Figure 5. The normalized (with respect to the vacuum emission rate
I') radiative spontaneous emissions rates I'r,g = (2/3)) + (1/3)I",
for a slot waveguide calculated as a function of the dipole position
z/A (A being the emission wavelength). The black and red lines refer
to the normalized emission rates into guided and leaky modes,
respectively. The refractive index of Si is taken to be n = 3.48 and
that of SiO, (both undoped and Er-doped) is n = 1.45.

the Er:SiO,/Si interfaces of the slot leads to a strong field
confinement for TM modes, due to the discontinuity of the
z component of the electric field, and thus to an enhanced
radiative emission as a result of the increase of the local
density of optical states. Such an enhancement is mainly due
to the emission into guided modes as is clear from figure 5
which shows the separate emission rates into leaky and guided
modes (see the black and red lines) calculated as a function
of the Er*t position (z/A) in the slot Waveguide (structure (d)
in figure 3), with a calculated ratio I" f’;; / Fiigky ~ 9 when
the erbium ions are placed in the slot region. These results
are thus consistent with light confinement effects which have
been recently observed in similar active slot waveguides [24]
where an enhancement of TM- over TE-polarized guided
mode emission was demonstrated. In figure 6 we show the
calculated dispersion of guided modes supported by the slot
waveguide here considered (structure (d) in figure 3) and the
related SE rate (see the inset) as a function of the erbium
energy: it can be seen that the emission properties of erbium
are basically independent of the wavelength within its main
emission spectrum (depicted in figure 6 with the shadowed
region corresponding to the energy range (0.80-0.81) eV). It
can be interesting to establish the maximum enhancement of
radiative rate that can be obtained in these slot waveguides: as
the slot width goes to zero, the ratio T4,/ I'? ; grows towards
the limiting value (esi/esi0,)> = 33.25 (es; and esio, being
the dielectric constants of Si and SiO,, respectively) for TM
polarization and =~ 12 when averaged over polarizations. Thus
the ratio Frad / T'%4 averaged over polarizations tends to ~16.
For the present case of a 20 nm thick slot layer, the theoretical
ratio is I md /iy = 8.9, but a thinner slot layer would not

0.9 / %

0.8 =7 7
----- ™ ,I'

07 r TE ,'
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— ) M—‘
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Figure 6. The dispersion of guided modes supported by the slot
waveguide with a core of thickness d = d, + ds + d;5 (see structure
(d) in figure 3). Blue-dashed and red-continuous lines refer to
TM- and TE-polarized modes, respectively. The shadowed region
around 0.8 eV shows the main erbium emission spectrum
(0.8-0.81) eV. The light lines of Si and SiO, are also shown. Inset:
the normalized SE rates into guided modes as a function of the
erbium emission energy; the average emission

Cae = (2/3)(C[F + ™) 4 (1/3)T ™ and the emission rates
' =T1"and I‘TM =M 4 I'™ into TE and TM modes,
respectively, are shown.

necessarily yield better results for radiative lifetime reduction,
both because the emitter’s luminescence would be even weaker
and non-radiative processes due to interaction with defects at
slot interfaces would be enhanced.

The radiative and non-radiative contributions to the total
emission rates can be evaluated by combining the measured
PL decay rates and theoretical ratios 8¢ defined as

d d

y =Ty /T 45)
The procedure is the following. The emission rates 1" W and
nmd for Er-doped SiO, in bulk SiO; (structure (b) in ﬁgure 1)
have been first determined. This can be done by solving the
coupled equations for the variables Frdd and Fiirad =17 4 given

by
= 1—‘ad + 1—‘nmd IBb

b ~ TP
F = 1—‘rad + 1—‘nrad 1—‘rad + l—‘nrad’

+ l—‘nm ?
rad d (46)

where I'*? = 1/7t*P are the SE rates obtained from the PL
measurements, B is given by (45), and we have assumed
ra ,~ I’ . ie. the non-radiative processes in structures (a)
and (b) being approximately the same. This assumption is fully
reasonable, since the non-radiative recombination processes in
SiO; are due to short-range Forster energy transfer between
the Er’™" transition and the resonant hydroxyl groups [20] and

thus have the same efficiency in both structures (a) and (b).
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By solving (46), the radiative efficiency for Er:SiO; in SiO,
bulk has been determined to be ¢ = T2, /(T + T2 ) =
0.74, a value very close to that given in [37] for similar
structures. Once Ffud has been determined, the radiative
structures (a), (c¢) and (d) are found
by using the ratios given in (45). Then,

- acd
emission rates '3 for
as P29 = g

c.d Fb
rad rad

the non-radiative rates Fﬁ;;f can be obtained as the differences

between the experimental decay rates ['>%¢ = 1/7%%4 and the

theoretical radiative ones, i.e. T*S! = Taed — paed,

The measured decay rates and the calculated radiative and
non-radiative contributions are all shown in figure 7. First, it
can be clearly seen that, as the average refractive index at the
Er-doped SiO; layer increases (see the structures from left to
right), so does the radiative decay rate of the Er’* transition
and a strong lifetime reduction does occur when the layer is
embedded within the slot waveguide. Furthermore, the non-
radiative decay rate increases as well in the Er-doped SiO, on
c-Si and in the slot waveguide structures ((c) and (d) in figure 3)
as a result of the interaction of the Er*™ transition with surface
defect states at the SiO,/Si interfaces and to Auger quenching
with free and bound carriers in silicon. This effect has been
thoroughly studied in the past, see, e.g., [39-41]. Notice that
the non-radiative decay rate in structures (c) and (d) can be
distributed quite inhomogeneously within the Er-containing
slab, so that the effective non-radiative decay rate is an average
over the active layer thickness. In spite of these complications,
the radiative quantum efficiency is estimated to be about 62%
in structure (d), this latter value being only slightly smaller than
in bulk SiO,. Hence, the radiative recombination is still the
dominant process in the slot waveguide.

5. Conclusions

We have described a quantum-electrodynamical formalism
which is particularly suitable to study the spontaneous
emission in generic lossless and non-dispersive multilayer
dielectric structures. The analytical expressions for the local
density of states and spontaneous emission rate into leaky and
guided modes have been derived as a function of the excited
dipole position in the considered structure. By describing
the leaky modes with a basis specified by a single outgoing
radiative component, the total emission rate as well as the
emission in the upper/lower claddings or, more generally,
the SE patterns, can be calculated in a straightforward
way, avoiding all the difficulties related to the treatment of
interference terms which arise when the standard (Carniglia
and Mandel) basis is used.

This model has been applied to study in detail the decay
rate of the 1.5 wum transition of Er**-doped SiO, layers
embedded in Si-based waveguides. We have shown that,
when a tiny layer of doped SiO, is embedded within the
core of a silicon-based optical waveguide (slot waveguide
configuration), a strong reduction of the radiative lifetime of
Er** occurs. This result can be regarded as the analog of
the Purcell effect in an optical cavity and can be a major
step towards achieving gain and stimulated emission in Er-
doped silicon-based slot waveguides. Moreover, by combining
the theoretical results and time-resolved PL measurements,
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Figure 7. Erbium photoluminescence decay rates (in log scale).
Black continuous line: the measured decay rates 'y = IMiag + irag-
Blue dashed and red dash-dotted lines: the radiative and
non-radiative rates, respectively, evaluated using the measured PL
decay rates and the theoretical ratios ¢ = I'>*/'? .. The error
bars for the experimental decay rates (black continuous line) are
those associated with the lifetimes derived from the PL decay curves
(see figure 2). The uncertainties in the radiative and non-radiative
rates have been obtained by applying error propagation.

we have also estimated the non-radiative contributions to
the total decay rate, which has been found to be strongly
increased when the Er:SiO, layer is deposited on a silicon
substrate and embedded in the slot waveguide. This is
probably due to recombination with surface defects at the
SiOy/silicon interface and to Auger quenching. However, since
the estimated radiative efficiency is about 62% in the slot
waveguide, radiative recombination is still the dominant decay
mechanism thanks to the increase of radiative decay rate in the
slot that more than compensates the increase of non-radiative
decay rate.
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