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Abstract:  We evaluate the spontaneous emission rate (Purcell) enhance-
ment for optically-doped metal-dielectric—-semiconductor light-emitting
structures by considering the behavior of a semiclassical oscillating point
dipole placed within the dielectric layer. For a Ag-SiO,-Si structure
containing emitters at the center of a 20-nm-thick SiO», layer, spontaneous
emission rate enhancements of 40 to 60 can be reached in the wavelength
range of 600 to 1800 nm, far away from the surface plasmon resonance;
similar enhancements are also possible if Al is used instead of Ag. For
dipoles contained in the thin oxide layer of a Ag—SiO»-Si-SiO; structure,
the emission exhibits strong preferential coupling to a single well-defined
Si waveguide mode. This work suggests a means of designing a new
class of power-efficient, high-modulation-speed, CMOS-compatible optical
sources that take full advantage of the excellent electrical properties and
plasmon-enhanced optical properties afforded by MOS devices.
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1. Introduction

A host of diverse applications, from optical computing to telecommunications to biosensing,
will be enabled once silicon-based photonics is wedded monolithically to electronics [1]. Al-
though there has been tremendous progress with respect to Si-based photonic components
such as waveguides, modulators, and detectors [1, 2, 3], the persistent absence of an efficient,
high-modulation-frequency, CMOS-compatible, on-chip light source has thus far prevented re-
searchers from attaining this Holy Grail. An intense worldwide research effort toward a Si-
based laser has been ongoing since the early 1990s, but despite a report of net optical gain in Si
nanocrystals [4], Si photonic chips still must rely on external lasers (“photonic batteries”) [1, 3]
or wafer-bonded I11-V lasers [5]. This lack of success can in part be traced to the slow decay
rate and concomitant low gain cross-sections of the most popular Si-compatible emitters (e.g.,
rare-earth ions and Si nanostructures in SiO»). Moreover, light sources exhibit a large mismatch
between electronic and photonic length scales: from an electronics viewpoint, thin devices are
desirable for effective charge injection at low bias, while from a photonics viewpoint, thicker
devices are preferred to increase mode overlap with the active, light-emitting region. It is there-
fore of great interest to consider phenomena which can enhance the light-emission process in
thin optical structures congruent with CMOS electronics.

As a key building-block of the integrated electronics industry, the metal-oxide—semi-
conductor (MOS) structure is fabricated using mature Si processing technology and has been
studied exhaustively with respect to its electrical properties. In stark contrast, its optical prop-
erties have largely been ignored, as the top metal gate is generally considered too reflective or
absorbing for optical applications. Interestingly, it is well documented that an increase in the
spontaneous emission decay rate of dipolar emitters, such as fluorescent molecules or quantum
dots, can be attained by placing them near metal surfaces [6]. When close to the metal surface,
new decay pathways open up for the emitter, including decay into surface plasmon-polariton
(SPP) modes. SPPs are electron density waves propagating along metal—dielectric interfaces
which exhibit a strong coupling to electromagnetic fields (“light”). In conventional solid-state
lighting devices, the excitation of SPPs is suppressed as much as possible: the SPP energy is
typically dissipated in the metal, lowering device efficiency.

Recently, several attempts have been made to recover the energy coupled to SPPs by using
nanostructured metals in light-emitting devices. This can increase the out-coupling efficiency,
decrease the radiative lifetime of emitters, and modify the angular distribution of the emission
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[7, 8, 9]. Particularly pronounced changes in decay rates were recently predicted for metal—
dielectric-metal (MDM) waveguides that support highly confined SPP modes [10]. The high
dielectric contrast between the different layers in MOS structures also gives rise to highly-
confined transverse magnetic (TM) modes; this is a direct consequence of the required continu-
ity of the normal component of the dielectric displacement, D , = €Ej, at any interface. Large
increases in the decay rate of emitters embedded in the low-index oxide can thus be expected
in these structures as well. The possibility to realize optically-doped MOS sources on Si may
have tremendous potential based on ease of fabrication. Furthermore, efficient coupling to Si
waveguides is straightforward if such sources are realized using silicon-on-insulator (SOI) tech-
nology. A schematic of a simple, on-chip light source applying this principle is shown in Fig. 1.
This figure clearly shows the enhanced fields inside the oxide for a single supported TM mode
and illustrates the possibility of coupling to a SOl waveguide. Although light sources based on
MOS structures containing erbium [11, 12] or Si nanocrystals [13] in the oxide layer have been
demonstrated, the reports have focused on the electrical behavior of the devices; to the authors’
knowledge, evaluating metal—dielectric-semiconductor (MDS) light-emitting structures for de-
cay rate enhancement has not yet been considered. The design of a device such as shown in
Fig. 1 would involve analysis of the spontaneous emission rate enhancement, mode-coupling
efficiencies, and charge-carrier injection; in this paper, we focus only on the first of these as-
pects.

Metal |El, Ay = 850 nm
SiO, |

Emitters |

Ry
T |

| I

Fig. 1. Schematic of a prototype CMOS-compatible light-emitting device architecture
exploiting plasmonic decay rate enhancement of emitters in a planar metal—dielectric—
semiconductor—dielectric (MDSD) structure and the possibility of coupling the emission
into a SOl waveguide. Typical electric field profiles for supported transverse magnetic (TM)
modes are shown in red.

2. Model

We investigate the behavior of an emitter in a MDS structure by considering it as a semiclassical
point dipole oscillating with angular frequency w [6]. In this approximation, the decay rate y
of the dipole is related to its dissipated power & via y = & /ho, where h is Planck’s constant
divided by 27x. In general, for a dipole in a planar structure, the total electric field E at its
position will comprise both the field emitted away from the dipole as well as the reflected field
from the various interfaces. Depending on the phase offset between these fields, the decay rate
can be either enhanced or suppressed. As a dipole approaches a metal surface, the decay rate
increases rapidly due to desirable coupling to SPP modes and unwanted coupling to absorptive
lossy surface waves (LSW) [6]. It is important to note that coupling to a well-defined SPP mode
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is advantageous, since this energy may later be coupled into useful waveguide modes.

The most general planar geometry we consider is that of a point dipole in a dielectric slab of
thickness Lp and real dielectric constant ep, sandwiched between upper and lower claddings
consisting of multilayer stacks. For a dipole with internal quantum efficiency 1 and decay rate
Yree IN @n infinite dielectric, the normalized decay rate in the layered structure may be written
w10l 1 dz

¥ oo
Yhree 1=n+n /0 Piree K| ] @

When a dipole is oriented at an angle 6 from the normal to the interfaces, the integrand in
Eq. (1) is given by

Y=

S Re
engree dkH 2 k%

1 d 31 k N 1. o o
= {q—D [cosze (kﬁri) + Esmze (kzDrSJquDrP)] } )
where ) _
[1-+r5_exp(2igpd-)] [1+rp. exp(2igpd.)]
1—rP_rB exp(2igpLp)
- _ [1+r5_exp(2igpd-)] [L+ 1], exp(2igpd.)] (3b)
I 1-r5 r§, exp(2igpLp)
o [1—rf_exp(2igpd-)] [1—rf, exp(2igpd.)]
I 1—rP_rB exp(2igpLp)

= (32)

(3c)

take into account the multiple reflections at the dielectric slab’s surfaces, kp = Zneé/z/ﬂto is
the magnitude of the wavevector in the dielectric, k| is the in-plane wavevector (propagation

constant of the mode), and qp = (k3 — kﬁ)l/ 2 is the perpendicular (out-of-plane) wavevector.

In Egns. (3), rg’i and rg’f are the effective P- and S-polarized (TM and TE) reflectivities at the
upper and lower dielectric interfaces, respectively. For a dielectric layer clad with semi-infinite
layers, rg’f and rg’f reduce to the usual Fresnel reflectivities for single planar interfaces; for

multilayer claddings, rg’i and rg’f may be calculated using the transfer matrix approach [14].

We start by considering an emitter in the center of a dielectric (D) film (d . =d_ =Lp/2) clad
by semi-infinite metal (M) and semiconductor (S) layers with (complex) dielectric constants €y
and &g, respectively. Initially, we assume that the dipole is oriented perpendicular to the layer
interfaces (6 = 0) and has unit quantum efficiency. This dipole couples most strongly to SPPs,
which exhibit an electric field distribution that is dominantly perpendicular to the metal surface.
While a complete account of the reflection of light from the D—M and D-S boundaries would
include nonlocal effects via dielectric constants exhibiting both temporal and spatial dispersion,
that is, € = e(w, k), the layers are reasonably well described as local media with € = £(®) so
long as the dipole—interface distances are larger than ~10 nm [6]. As such, we simulate a dipole
in the center of a 20-nm-thick dielectric layer and use tabulated values for ey (Ag) [15] and &g
(Si) [16]; for simplicity, we choose a dispersionless dielectric with ep = 2.25, approximating
that of SiO,. With its low loss in the visible, Ag serves as an exemplar for this discussion;
CMOS-compatible metals such as Al exhibit qualitatively very similar behavior, as discussed
later in the text.

3. Resultsand discussion

Calculated using Eq. (2), the normalized decay rate density for the semi-infinite Ag-SiO ,-Si
structure discussed above is shown in Fig. 2. The peaks in the decay rate density at each energy
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trace out the dispersion of the TM magnetic mode that provides the dominant decay pathway
(red curve). Approaching Fig. 2 heuristically, the basic physics of the MDS structure becomes
apparent. First, the red dispersion curve lies above the Si light line for the entire energy range
being considered, in contrast to the bound SPP modes found at a single Ag-Si interface [10]. As
such, the field profiles correspond to leaky SPP modes, marked by exponentially-growing solu-
tions in the Si substrate; such solutions are physical insofar as they may be regarded as spatial
transients, meaningful only for a finite distance in the Si [17]. While the interpretation of field
distributions for leaky modes is thus complicated slightly, the limiting behavior of the disper-
sion relation remains intuitive. For energies near the Ag-SiO surface plasmon energy (hawsp),
the field becomes more concentrated in the dielectric layer than at low energies (see insets): the
MDS dispersion relation’s asymptotic approach to this value mimics that of the single-interface
DM case [6]. At low energies, however, the MDS dispersion relation approaches the Si light
line, since, relative to the high-energy case, the field is drawn out of the oxide layer in favor of
the Si substrate.

kp d&°
Phree dk|
50

Ay = 1535 nm
E(X)|
\Y/

Energy E (eV)

— )
S

Normalized decay rate density

0 002 004 006 0.08 0.1
In-plane wavevector k; (nm-1)

Fig. 2. Normalized decay rate density for a perpendicular dipole located at the center of the
20-nm-thick dielectric layer in a Ag-SiO,—Si MDS structure. E-field profiles, normalized
to unit H-field magnitude at the M-D interface, are shown in the insets.

The leaky nature of these modes is also highlighted by the difference in the peak width of
the normalized decay rate density curves for the MDS and MDM structures, as illustrated in
Fig. 3a for an emitter with 1o = 1535 nm. Whereas the MDM case supports a single bound gap-
plasmon mode with a relatively well-defined propagation constant [10], the availability of leaky
modes in the MDS case broadens its peak considerably. The sharp drop in decay rate density
for the MDS plot at the maximum allowable kg; indicates the lack of de-excitation pathways
with higher in-plane wavevectors. Decay into such high-k; channels (lossy surface waves) [6],
is a purely absorptive loss mechanism, arising from the imaginary part of .

Although the focus of this paper is on the semi-infinite MDS structure, emission into
leaky SPP modes is not useful from the standpoint of on-chip light sources for integrated
photonics. We have therefore also included in Fig. 3b the normalized decay rate density
for a more viable device architecture (also see Fig. 1). This device structure could be fab-
ricated on SOI, provided that the buried oxide (BOX) layer is sufficiently thick to limit
leakage into the Si substrate [18]; in such a case, we may approximate the BOX layer by
the infinite dielectric shown in Fig. 3b. In addition to an abrupt shoulder at ksio, mark-
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Fig. 3. Decay rate density vs. k; at Ao = 1535 nm and simulation geometries for (a) the
semi-infinite MDS and MDM structures, and (b) the MDSD structure; in both cases, the
dipole is situated at the center of the dielectric layer. The inset to (b) illustrates the effect of
dipole position on the relative contributions of the surface plasmon polariton (SPP), lossy
surface wave (LSW), and far-field radiation (rad.) pathways to the overall decay rate in the
MDSD structure.

ing the cutoff for SiO, radiation modes, the MDSD case exhibits a similar low loss to
LSW as in the MDS structure, with a peak of comparable sharpness to the MDM gap-
plasmon mode, albeit at lower kj; this peak corresponds to a mode with the E-field dis-
tribution shown on the left side of Fig. 1, and has a propagation of length at 1535 nm of
~20 um for this geometry.

By integrating over the peak and comparing to the total power emitted by the dipole, we
find that roughly 82% is coupled into this mode for a dipole at the center of the dielectric
layer. In the inset to Fig. 3b, the efficacy of this coupling as a function of dipole position is
illustrated: dipoles closer to the metal couple predominantly to LSWSs, with more power being
emitted into the MDSD SPP mode as the dipole approaches the Si surface. However, it is
important to bear in mind that using a local dielectric constant causes an underestimation of the
coupling to LSWs for very small dipole-metal distances (d. < 10 nm) [6], such that the effect
of quenching is likely to be stronger in this regime than predicted in the inset. This demonstrates
the importance of careful control over the location of emitters during the fabrication of devices
based on this principle. With this caveat, these results suggest that—given judicious emitter
placement—one may indeed exploit this structure simultaneously to increase the decay rate
of emitters and to couple their emission efficiently into a well-defined, specific guided-mode
channel. The significant overlap of this mode with the SOl waveguide mode shown on the right
of Fig. 1 can be used to ensure efficient coupling to a single low-loss dielectric waveguide mode
and enable a very power-efficient source. For instance, if the MDSD structure shown in Fig. 3b
is abruptly coupled to the equivalent SOl waveguide (i.e., the same structure with the metal and
oxide layers removed, as on the right side of Fig. 1), the power transmittance between lowest-
order TM modes is ~85% at 850 nm, considering the propagation constant mismatch and mode
overlap, and neglecting scattering into radiation modes.

Returning to the semi-infinite cases, we plot in Fig. 4a a comparison of the overall decay rate
enhancement, ¥, with respect to a dipole in an infinite dielectric, for the MDS, MDM, and DM
structures. Although this enhancement is strongest at the Ag-SiO , surface plasmon resonance
(A0 = 370 nm), the MDS case exhibits a strong non-resonant enhancement of ~40-60 between
600 and 1800 nm—only a factor of 2-3 smaller than that of the MDM structure; this behavior
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is nearly absent in the single-interface (DM) configuration. In particular, the enhancement at
1.5 um is ~60, suggesting that this effect could be particularly useful for Er3*, which emits
at this important telecommunications wavelength. It is important to note, however, that the en-
hancement decreases strongly with increased dielectric layer thickness [10], limiting the benefit
of this effect in thicker Er-containing MOS structures such as those reported in [11] and [12].
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Fig. 4. (a) Decay rate enhancements for DM, MDS, and MDM structures; for these three
cases, the dipole is 10 nm from the metal surface. Two plots for the MDSD case of
Fig. 3b are included for comparison: (red dashed line) perpendicular dipole at the cen-
ter of the dielectric (d- = 10 nm); (black dashed line) emitters uniformly distributed such
that d;. € [1.5,18.5] nm in the dielectric layer, averaged over all dipole orientations. Insets:
E-field profiles for g = 850 nm. (b) The effect of internal quantum efficiency (n) on the
decay rate enhancement for the MDSD structure shown in the inset (perpendicular dipole,
d; =10 nm).

The behavior of the finite MDSD case (schematized in the inset to Fig. 3b) is also in-
cluded in Fig. 4a for comparison with the three semi-infinite cases. The red dashed line is
for the situation which most closely resembles the corresponding MDS case: a perpendicu-
lar dipole located at the center of the dielectric (d; = 10 nm). It is notable that, although
the decay rate density spectra for the MDSD and MDS cases differ considerably due to the
possibility of coupling to a well-defined hybrid SPP/Si-waveguide-like mode in the former
(cf. Figs. 3aand 3b), the overall spontaneous emission rate enhancements for the two structures
are very similar. The black dashed line describes a device which would more likely be pro-
duced by a typical fabrication scheme: a finite MDSD structure (layer thicknesses as shown in
Fig. 3b) with randomly-oriented, uniformly-excited emitters distributed throughout a region
of the dielectric layer (d € [1.5,18.5] nm), rather than being confined to a plane at the cen-
ter. This situation would more realistically model a device using, for example, Si nanocrys-
tals (NCs) formed via ion implantation for the emitters. Although the SP resonance peak at
~370 nm is much higher than the case with dipoles at the dielectric center (due to the presence
of emitters very close to the metal surface), the behavior in the non-resonant regime is compa-
rable. It should be borne in mind that the fraction of power coupled into the useful SPP guided
mode is a strong function of the dipole position (see the inset to Fig. 3b). As a result, the av-
eraged enhancement shown in the black dashed plot is only representative of the overall decay
rate in the ensemble and not specifically that of the SPP mode emission. The emitters closest
to the metal would have the most rapid decay rate, but this power is inaccessible since it is lost
to absorptive quenching processes. On the other hand, while the emitters which are closer to
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the oxide-silicon interface would not experience as high decay rates, they would couple most
strongly to the useful guided mode.

So far, we have considered ideal emitters with unit internal quantum efficiency (n = 1).
In practice, however, this is rarely the case; continuing with the foregoing example, well-
passivated Si NCs can have n = 0.6 [19]. In Fig. 4b, for perpendicular dipoles at the center
of the dielectric in the finite MDSD structure shown in the inset, we consider the effect of
the emitters’ internal quantum efficiency on the decay rate enhancement: a reduction in the
quantum efficiency yields essentially a linear reduction in the decay rate enhancement for the
wavelength range shown. From this result, we see that even for non-ideal emitters, a strong
non-resonant enhancement in the decay rate is possible, further suggesting the viability of this
architecture for an on-chip light source.

From an integrated photonics perspective, it is also important to consider the behavior of
a MDS structure containing only standard materials used in integrated microelectronics fabri-
cation processes; fortuitously, replacing the semi-infinite silver layer with CMOS-compatible
aluminum yields very similar results. For a MDSD structure in analogy to Fig. 3b, approxi-
mately 79% of the emission at 1535 nm is coupled into the hybrid plasmonic/dielectric guided
mode discussed previously. Furthermore, ¥ ranges from ~25 to 55 between 600 and 1800 nm,
achieving a value of 50 at 1.5 um. We therefore suggest that, despite its somewhat greater
absorptive loss in the visible and near infrared, Al may also be used to obtain similar, sub-
stantial enhancements in emission rate across a broad wavelength range. Although this paper
focuses on the optical characteristics of the emitters, it is worth noting that careful design of the
emitter-containing layer may be necessary to yield the efficient electroluminescence required
for a viable integrated photonics component. For instance, improved charge injection through
the dielectric layer would be possible if silicon nitride rather than silicon dioxide is used for
the dielectric layer [20]. Using a higher-index dielectric would have the effect of reducing the
overall enhancement somewhat due to the smaller dielectric contrast between the layers.

4. Conclusion

We have investigated spontaneous emission enhancements in planar MOS structures by con-
sidering the response of a semiclassical oscillating dipole at the center of a 20-nm-thick silica
layer clad by semi-infinite Ag and Si layers. The decay rate density for TM modes is dominated
by leaky radiation modes into the Si substrate, with additional absorptive loss at high k| due to
the proximity of the metal. The simulations predict radiative decay rate enhancements of 40 to
60 over a broad wavelength range (600 to 1800 nm) away from the Ag-SiO ; surface plasmon
resonance. Similar behavior is observed for finite-thickness metal-oxide—silicon—oxide struc-
tures. This enables strong preferential coupling into a single, well-defined waveguide mode,
suggesting a viable pathway toward a new class of power-efficient, monolithically-integrated,
CMOS-compatible light sources for all-silicon optoelectronics applications.
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