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All-Dielectric Silicon Nanoslots for Er’* Photoluminescence Enhancement
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We study, both experimentally and theoretically, the modification of Er** photoluminescence properties
in Si dielectric nanoslots. The ultrathin nanoslot (down to 5-nm thickness), filled with Er in SiO,, boosts
the electric and magnetic local density of states via coherent near-field interaction. We report an experi-
mental 20-fold enhancement of the radiative decay rate with negligible losses. Moreover, via modifying
the geometry of the all-dielectric nanoslot, the outcoupling of the emitted radiation to the far field can be
strongly improved, without affecting the strong decay-rate enhancement given by the nanoslot structure.
Indeed, for a periodic square array of slotted nanopillars an almost one-order-of-magnitude-higher Er’*
PL intensity is measured with respect to the unpatterned structures. This has a direct impact on the design
of more efficient CMOS-compatible light sources operating at telecom wavelengths.
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I. INTRODUCTION

Since the pioneering work of Purcell, it is well known
that the radiation properties of an emitter can be controlled
by its photonic environment [1]. In the weak-coupling
regime, according to Fermi’s Golden Rule, the radiative
decay rate is proportional to the matrix element that con-
nects the excited state with the ground state and the local
density of photonic states (LDOS) [2]. In recent years,
a huge effort has been directed to the quest of engineer-
ing the radiative properties of an emitter to obtain novel
and increasingly efficient photonic sources. With this aim
in mind, the design of the photonic environment down
to the near field proves fundamental for the control of
the radiative decay rate through the modification of the
LDOS [3—7]. Indeed, the realization of antennas and cavi-
ties (either metallic or all-dielectric) with dimensions much
smaller than the emission wavelength has attracted grow-
ing interest in the field of nanophotonics, as a path to emis-
sion engineering. The coupling of emitters with plasmonic
nanostructures has been deeply investigated, showing the
possibility of achieving high Purcell factors for emitters
in close proximity [8—16]. Nevertheless, the occurrence of
a nonradiative energy transfer toward the metallic nanos-
tructures limits the efficiency of the amplification process,
decreasing the quantum efficiency of the emitting system
[17,18] and raising serious limitations for cutting-edge
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applications such as quantum technologies. More recently,
all-dielectric nanoantennas and nanocavities have received
increasing interest due to the possibility of obtaining elec-
tric and magnetic field enhancements through Mie reso-
nances with negligible absorption losses [19—24]. While
the enhancement factor due to Mie resonance is usually
limited to 1-10, recently inverse [25], mode-matching
[26], and coherent [7] innovative designs of dielectric
nanostructures have shown that Purcell enhancements up
to 3 orders of magnitude are possible, and in a broad spec-
tral range. Nevertheless, due to technological difficulties in
the choice and the processing of the materials suitable for
this purpose, the predicted decay-rate variations are still
very challenging to reach experimentally [27—29].

Despite the recent progress in the enhancement of
nanostructured silicon light emission [30,31], due to the
indirect band gap, Si-based light sources are still extremely
inefficient. Nevertheless, the distinctive optical properties
of silicon in the near infrared (NIR) (i.e., a high refrac-
tive index with negligible absorption) make the material
attractive in the field of nanophotonics and optoelectron-
ics [20,32,33]. In this framework, the combination of an
emitting layer made of erbium-doped silica embedded in
a silicon nanostructure may represent an ideal CMOS-
compatible nanocavity for light amplification at telecom
wavelengths [34,35]. Indeed, Er-doped silica-based mate-
rials are of strategic interest in the field of optoelectronics
due to the sharp Er’" radiative emission at A = 1540 nm, a
wavelength that matches the minimum absorption window
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of silica and that is transparent for silicon [32,36]. Nev-
ertheless, the long lifetime of the *I;3 /2 excited state (of
the order of milliseconds) makes the Er’* emission sen-
sitive to nonradiative recombination and concentration-
quenching processes [37,38]. Therefore, the increase of
the Er** radiative decay rate is of fundamental impor-
tance for improving the luminescence efficiency and, thus,
the design of novel photonic devices based on Er-doped
materials, including on-chip optical amplifiers [39,40],
light-emitting diodes (LEDs) [41], lasers [42,43], and
single-photon sources at telecom wavelengths [28,44]. In
addition to the technological importance, the mixed elec-
tric dipole (ED) and magnetic dipole (MD) transition of
the Er’* radiative emission makes it an interesting probe
for the investigation of the selective electric and magnetic
LDOS modification in dielectric nanostructures, which
could open up new routes for the control of the radiative
properties of quantum emitters by engeneering both ED
and MD resonances [5,45].

In the present work, we investigate, both experimen-
tally and theoretically, the modification of the Er** radia-
tive decay rate and the photoluminescence (PL) intensity
in silicon planar and pillarlike nanoslots. For the planar
geometry, we report an approximately 20-fold enhance-
ment of the Er*" radiative decay rate on a 5-nm-thick
Er-doped silica film between two silicon layers. Almost
perfect agreement is observed between the experimental
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FIG. 1.

findings and the classical dipole-oscillator (CDO) model
first proposed by Chance et al. [46], which describes the
lifetime variations of an emitter in close proximity to
planar interfaces. The far-field efficiency of the planar
nanoslot is also calculated, pointing out that, although the
probability of Er** radiative decay turns out to be more
than one order of magnitude higher, most of the emitted
radiation is coupled to guided modes in silicon and just a
small fraction of it emerges in the far field. To this respect,
we show that an increase of the Er’* emission properties
can be obtained via modifying the geometry of the silicon
nanoslot. A periodic square array of nanopillars with the
Er-doped layer sandwiched between two 200-nm-thick sil-
icon nanodisks is nanofabricated: due to the modified slot
geometry, the coupling of the emitted radiation out of the
photonic structure turns out to be strongly increased, with
an enhancement of about one order of magnitude of the
Er** photoluminescent intensity in the far field, without
significantly affecting the radiative decay-rate acceleration.

II. METHODS

A. Sample nanofabrication

The magnetron cosputtering technique is used to deposit
erbium-doped silica (Er:SiO,) thin films with different
thicknesses ranging from 5 nm to 90 nm on silicon sub-
strates. A sketch of the samples is shown in Fig. 1(a).

Sample synthesis. (a) A sketch of the S_x_Si samples. (b) Transmittance spectra: the dark gray line indicates the experimen-

tally measured data; red and blue curves are calculated from tabulated dielectric functions of monocrystalline and amorphous silicon,
respectively; the green line indicates the transmittance spectrum calculated with an effective medium approximation, where /' = 0.8
is the filling fraction of the monocrystalline component. (c) A sketch of the S_x_Pillar samples. (d) A 20°-tilted SEM image of the
two-dimensional (2D) square array of silicon slotted nanopillars (i.e., sample S_10_Si).
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A metallic erbium target (diameter 2 in., thickness 1/4 in.,
purity 99.99%, by K. J. Lesker) is mounted on a dc source,
while a silicon-dioxide target (diameter 2 in., thickness 1/8
in., purity 99.9%, by K. J. Lesker) is placed on a radio-
frequency (1f) source. The depositions are performed at a
pressure of 5 x 1073 mbar, in a slightly oxidizing atmo-
sphere (95% Ar + 5% O,) in order to obtain stoichiometric
Si0, layers. Both sources are tilted by about 25° to head
toward the center of the sample holder, which is kept under
rotation to ensure the homogeneity of the deposited films.
The power of the two sources is set to keep theEr concen-
tration below the concentration-quenching limit ([Er] <
1% at.) [37,47]. Before the deposition, the silicon sub-
strates are cleaned in a “piranha” solution (3:1—concen-
trated H,SO4: 30% H,0;) for 1 h and rinsed in ultrapure
water. Thickness and roughness of the deposited films are
determined by atomic-force-microscopy (AFM) measure-
ments with a NT-MDT Solver-Pro AFM in noncontact
mode. Rutherford backscattering spectrometry (RBS) is
used to determine the Er concentration [Fig. S1(a)] and
to exclude the presence of contaminants in the Er:SiO,
layer. After the Er:SiO;-thin-film deposition, the sam-
ples are annealed at 850 °C for 2 h in vacuum (P ~ 5 x
107> mbar) to recover the matrix defects and to activate
the Er'" luminescence at A = 1540 nm (*I;32 — *Iisp2
transition) [48].

A silicon overlayer (210 & 10 nm thick, measured by
AFM) is deposited on the top of half of each sample by
magnetron sputtering. In this case, a 2 in. Si target is
mounted on the dc source and the deposition is done at
a power P = 100 W, in a pure-argon atmosphere to avoid
Si oxidation during the deposition. In this way, for each
Er:SiO; thickness, two different areas on the same sample
are obtained: one with the Si overlayer and the other with-
out (air overlayer). In the following, the samples are named
according to the thickness of the Er:SiO; film and the
overlayer material: for example, the sample S_30_Si has
a 30-nm-thick Er:SiO; film with a Si overlayer deposited
on top of it. The samples are further cleaned in a “piranha”
solution and annealed at 850 °C for 2 h in vacuum (P ~
5 x 1073 mbar) to promote silicon densification and crys-
tallization and to recover the defects at the Si/SiO,; inter-
face. X-ray diffraction (XRD) measurements show that the
Si films are in an amorphous phase in the as-deposited
samples but they become polycrystalline after the anneal-
ing, with a grain size of about 10 nm [see Fig. S1(b)]. To
characterize the transmittance properties of the deposited
Si overlayer, an additional sample is prepared by sput-
tering the Si thin film on a transparent substrate (SiO;
slab by Heraeus). The transmittance spectrum is measured
using a JASCO V670 spectrophotometer and compared
to those calculated considering monocrystalline (e.;) and
amorphous (g,,) tabulated Si dielectric functions [49]. The
experimental data can be fitted considering an effective
dielectric function [50]: eer; = f €ci + (1 —f )eq s, Where

f = 0.8 is the monocrystalline Si filling fraction [see Fig.

1(b)]. Such an effective medium is consistent with a poly-
crystalline silicon film, where the amorphous component
of the effective dielectric function is necessary to take
into account grain boundaries and defects present in the
sputtered and annealed layer. After the thermal anneal-
ing at 850°C, a reduction of about 5% of the Si-film
thickness is observed, which results in £" = 200 &£ 10 nm.
This is due to the densification and the amorphous-to-
polycrystalline phase transition of the silicon thin film
during the high-temperature annealing [51].

On two selected samples with Er:SiO, layers of thick-
ness 10 nm and 60 nm, respectively, with the Si overlayer,
an area of 1 x 1 mm? is patterned with a square-lattice
array of nanopillars by means of electron-beam lithog-
raphy (EBL) and reactive ion etching (RIE) [Figs. 1(c)
and 1(d)]. In the following, the two samples are named
S_10_Pillar and S_60_Pillar. The deposited silicon thin
film, the Er:Si0O, layer, and the Si substrate are etched in a
single RIE process (pure CF4 atmosphere) to obtain mul-
tilayered pillars with heights # = 410 nm and 4 = 460 nm
for the S_10_Pillar and S_60_Pillar samples, respectively.
Thus, the Er-doped layer is in the middle of each pillar,
with a 200-nm-thick Si layer on top and below it. The
square-lattice parameter is ¢y = 800 nm, while the pillar
diameter is d = 660 nm.

B. PL measurements

Time-resolved PL measurements are performed at room
temperature using as the excitation source a picosecond
pulsed mode-locked Nd:YAG laser (Leopard by Contin-
uum——pulse duration 18 ps, repetition rate 10 Hz) coupled
with an optical parametric amplifier (TOPAS by Light
Conversion), which allows us to tune the laser wavelength
in the (420—-2400)-nm range. The excitation wavelength is
set at Aex = 520 nm to match the *Iys), — 2Hjjpp Er'™
absorption transition, where the Er’* excitation cross
section in silica is a maximum within the visible and NIR
range [52]. The pulse energy is £ ~ 0.5 mJ and the angle
of incidence is 30° with respect to the normal to the sample
surface. The PL signal is collected normally to the sample
surface with a converging lens (NA = 0.26) and focused
on the entrance slit of a single grating monochromator
coupled to a N,-cooled photomultiplier tube (Hamamatsu
R5509-72). Time-resolved PL analyses are carried out by
fixing the detected wavelength at 1540 nm and collect-
ing the PL-intensity decay as a function of time with a
digital oscilloscope (Tektronix TDS 7104). PL spectra are
recorded in a confocal configuration, exciting the samples
with the & = 488 nm line of a multiline cw argon laser (i.e.,
in resonance with the *I;5/, — *F7/, Er*T absorption tran-
sition), mechanically chopped at 10 Hz. The incident beam
is focused onto the sample through a microscope objec-
tive (60x, NA = 0.85, by Newport) that is used also to
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collect the emitted PL signal at 1540 nm. The incident pho-
ton flux is ¢ = 9 x 10! cm™2s~!, much lower than the
PL-intensity saturation conditions for Er** in SiO, [53].
A dichroic mirror (transmittance cut-on at 650 nm) is used
to separate the excitation beam from the PL signal, which
is recorded by means of a single-grating monochromator
with the NIR N,-cooled photomultiplier tube coupled to a

lock-in amplifier triggered by the chopper frequency.

C. Analytical and numerical methods

For a two-level ED emitter in a double-interface struc-
ture [see the sketch in Fig. 1(a)], the radiative decay rate,
as a function of the distance from the interfaces (d; and
d,, with d; 4+ d, = tg;), can be estimated for the transverse
(v:) and the parallel (y,) orientation with respect to the
interfaces using the CDO model according the following
equations [32,46]:

vy, dy) 3
LRy

Yor 2

/oo P, = )F (o =)
0 F(Cil + 622, _4,2'117,3) ap
M

vy (didy) 3
vor 4

_ /oo F(d1, 7 ,))F (3,7 3)

o | F(d +do,—1,r5)
F(dA],}’II,’Z,\)F(dz,IJf’?’) (1 —u2) ldu ,
F(d +da, _7}17,2’{3) a

where u = k/k is the parallel normalized component of
the wave vector K, ;g is the intrinsic ED radiative decay
rate, F(x,y) = 1 + yexp(—2a;x), and c?l = 2w, /erdi /A
and cfz = 2m./e1dr/X\ are the normalized distances from
the upper (2) and lower (3) interface, respectively. r;;

and  are the two-layer Fresnel reflection coefficients for
s- and p-polarized light:

4i — g _ &g —&di

H a,-—i—aj’

A3)

A >
T e+ ea;

where a, = —i(e,/e; — u*)!/? is the perpendicular nor-
malized component of the wave vector k and ¢, is the
dielectric function of the nth layer.

The nominal intensity of the Ar laser impinging on the
Er:SiO; film (Zpump) is computed using EMUstack [54].
The simulations are performed at A =488 nm and at
normal incidence and at 10° with respect to the surface
normal (this can be considered a good approximation of
our experimental conditions, since the divergence of the
Ar laser beam at the sample position is estimated to be
+6°). A more comprehensive description of the EMUs-
tack simulations is reported in the Supplemental Material

[55]. The dielectric function determined from the analy-
sis of the transmittance spectra is used for the deposited Si
layer, whereas tabulated dielectric functions are used for
all the other layers [49].

III. RESULTS AND DISCUSSION

A. Radiative decay-rate enhancement

To investigate the radiative decay-rate variation in a
nanostructured thin film experimentally where the emitting
layer is confined in a sandwich of high-refractive-index
layers, a set of samples with decreasing thicknesses of the
Er:SiO; film (from 90 nm down to 5 nm) is deposited
on silicon substrates. Figure 2(a) shows the evolution of
the measured Er’* decay rate (I') as a function of the
Er:SiO, thickness. The experimentally acquired PL decay
curves are fitted with a stretched exponential decay func-
tion and the effective decay rate is calculated as described
in Ref. [53]. Nevertheless, for all the investigated sam-
ples, the stretching parameter turns out to be close to 1,
indicating a low dispersion in the decay rates of the Er’*
ions.

For the set of samples with the Si overlayer (half-black
squares), a strongly superlinear increment of the decay
rate is observed when decreasing the thickness of the
emitting layer. For the 5-nm-thick sample, the decay rate
reaches a value of 2060 + 80 s™!, i.e., a factor of approx-
imately 20 with respect to the Er’* radiative decay rate
in homogeneous silica (of about 100 s~') [4,45,56]. This
behavior can be understood considering that the refractive-
index contrast between the medium in which the emitters
are embedded (SiO,) and the two media sandwiching it
substantially increases the LDOS available for the Er’*
emitters and this variation is stronger as the separation dis-
tance between the emitters and the interfaces is reduced
[5,57]. It is worth noting that the reference samples (i.e.,
those with an air overlayer—gray squares) show a nonlin-
ear increase of the decay rate as well but by decreasing the
thickness of the emitting layer the effect is considerably
lower (a maximum decay rate of approximately 500 s~! is
obtained for the S_5_Air sample).

Since the experimental decay rate always measures the
sum of radiative (') and nonradiative (I'ng) contribu-
tions, the deconvolution of the two contributions by means
of an analytical model is crucial in order to determine the
quantum efficiency [¢ = I'g/(T'r + I'nr)] of the photonic
system. It is worth specifying that in the following we use
I" to indicate the decay rate of a distribution of emitters,
whereas y is for a single emitter placed at a certain dis-
tance from an interface. For a two-level ED emitter, the
radiative decay rate as a function of the slot thickness
(tgr) can be estimated according to Egs. (1) and (2). The
Er*™ *Ij3,, — #1152 transition has a mixed character, with
a nearly equal contribution of ED and MD components
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(a) The decay rate (I') versus the Er:SiO, layer thickness. The gray and half-black squares indicate the experimentally

measured decay rates for the S_x_Air and S_x_Si sets of samples, respectively. The solid and half-green dots indicate the calculated
radiative decay rate, while the blue triangles are the sum of the radiative and nonradiative decay rates for the two sets of samples. The
red dots show the calculated nonradiative decay rate (I'vg = I'exp — 'z calc)- The purple stars indicate the measured decay rate for the
S_x_Pillar samples. (b) The computed normalized radiative decay rate (FR = I'r/yo.r) as a function of the emitting layer thickness for
ED, MD, and mixed (i.e., 1 /2ED + 1/2MD) emitters with an isotropically averaged orientation. The emitters are embedded in a silica
layer that is enclosed between two semi-infinite silicon films. (c¢) The calculated quantum efficiency of the S_x_Si and S_x_Air set of

samples.

[5,45], therefore the latter also has to be taken into account
for the correct interpretation of the Er’* emission process.
For a MD emitter, the decay rate can be calculated with
the same Eqs. (1) and (2), but interchanging r;; with —7 :
[58,59]. Since the emitters in the active layer (Er:SiO,
in our case) have no preferential orientation with respect
to the interface, the isotropic configuration can the deter-
mined as yiso(d1,ds) = %V:(dl,dz) + %Vp(dl,dz) (where
v,(d,, d>) s for the transverse dipole—perpendicularly ori-
ented with respect to the interface—and y, (d,d,) is for
dipoles parallel to the interface). It is worth emphasizing
that the CDO model computes the ED and MD decay-rate
modification in terms of the electric and magnetic fields at
the dipole position reflected from the interfaces (i.e., when
the field is in phase the decay rate becomes enhanced,
while when out of phase it is inhibited [59]). Moreover,
since the equations are written for a single distance of
the emitter from the interfaces but the experimental sam-
ples actually have a homogeneous Er’* distribution in the
thickness of the active layer, the approach described in
Ref. [57] is followed to account for the boxlike distribution
of the emitter along the sample thickness. In the Sup-
plemental Material [55], the variation of the normalized
radiative decay rate [y°(d;, d>)/ vo.r] inside the nanoslot
is reported for a 60-nm-thick SiO, layer with air and a
silicon overlayer.

In Fig. 2(b), the normalized radiative decay rate (FR =
I'r/vor) of isotropically oriented ED and MD quan-
tum emitters (at Aem = 1540 nm) in SiO; (435 = 2.085)

placed between two semi-infinite Si films (81540 =12.1)
is reported as a function of the thickness of the active
layer. A Si overlayer of 200 nm can be considered opti-
cally thick in terms of the decay-rate modification, since
a further increase of the thickness produces variations
below 5% of the calculated decay rate [55]. The data show
clearly that sandwiching the emitters between two high
refractive index layers can significantly increase the nor-
malized radiative decay rate, resulting, for a film a few
nanometers thick, in an enhancement of more than one
order of magnitude [33]. Moreover, it is worth emphasiz-
ing that since the imaginary part of the silicon dielectric
function is negligible at A = 1540 nm, the modification of
the decay rate is due only to the variation of the LDOS
[32,60] and no nonradiative decay channel is introduced
in the photonic system (e.g., excitation of surface plas-
mon polaritons or lossy surface waves [56,61,62]). The
increase of the radiative decay rate of more than one order
of magnitude can be exploited to boost the luminescence
efficiency of ED and MD emitters with low quantum effi-
ciency [33]; e.g., for an emitting system with ¢ = 0.1, a
20-fold enhancement of the decay rate predicted for the
5-nm-thick sample can push the quantum efficiency up
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to 0.7, provided that the nonradiative decay rate (I'ng)
is unchanged. Moreover, such a lifetime shortening is of
great technological importance, since it can help to over-
come some important limitations of slow emitters (such as
rare-earth elements) [63]. Indeed, the increase of the Pur-
cell factor in silicon nanoslots can be exploited to achieve
gain and stimulated emission in these structures [32,64].
To compare the experimental findings with the CDO
model, the ED and MD radiative decay rate (y; z and y,’)
for erbium in silica need to be known. To this end, we per-
form an additional set of time-resolved PL measurements
on the reference samples, varying the refractive index of
the overlayer medium on top of the emitting layer [65]
(for details, see the Supplemental Material [55]) and we
obtain y ;= v = 53 =3 57!, in good agreement with
the values found in Ref. [45]. Hence, it is possible to
calculate the nonradiative decay rate in the experimental
samples, which turns out to be negligible for the sam-
ples with ¢z, > 20 nm and equal to 40, 80, and 220 s~!
for the samples with g, = 15, 10, and 5 nm, respectively
[red dots in Fig. 2(a)]. The onset of nonradiative decay
channels can be attributed to distortions of the Er’* octahe-
dral structure in the SiO, matrix at the interfaces and their
presence contributes to the total decay rate in a more pro-
nounced way for the thinnest samples: indeed, the value
of I'yr decreases when the thickness of the Er:SiO, film
is increased and becomes negligible in the thickest sam-
ples. In Fig. 2(c), the calculated quantum efficiency (g)
is reported for the set of samples with air and a Si over-
layer. Due to the rise of the nonradiative decay rate, the
thinner samples of the S_x_Air set present a drop in the
quantum efficiency, which, indeed, decreases to 60% for
the S_5_Air sample. Conversely, this effect is much less
prominent for the S_x_Si samples, where ¢ remains above
90% for the whole set, since the onset of a nonradiative-
decay probability is counterbalanced by a much stronger
enhancement of the Purcell factor. Nevertheless, the onset
of nonradiative-decay probabilities in the thinnest sample
could represent a possible limitation in terms of quantum
application, where the reduction of the quantum efficiency
could be detrimental for the optical coherence of the emit-
ters. A possible way to mitigate or even suppress such a
quantum-efficiency decrease can be to better decouple the
emitters from the interface by, for example, introducing a
thin undoped silica spacer layer between the emitting layer
and the silicon surfaces. Nevertheless, further investiga-
tions are needed to prove this approach and to optimize the
quantum efficiency of the emitting layer in the ultrathin
nanoslot. In Fig. 2(a), the comparison between the exper-
imentally measured and analytically computed (with the
CDO model) decay rates is reported (half-black squares
and half-blue triangles, respectively). An almost perfect
agreement between the two sets of values is obtained,
which confirms that the proposed nanoslot system can be
used efficiently to enhance (by up to more than one order

of magnitude) the radiative decay rate of suitably cou-
pled quantum emitters. It is worth emphasizing that this
approach is not restricted to emitters in the NIR spectral
region (such as Er’* emitters) but can also be extended
to the visible region, provided that a high-refractive-index
contrast between the medium embedding the emitters and
the two surrounding layers is realized (with a negligible
imaginary part of the dielectric function in order not to
quench the emitter luminescence). For example, GaP has
recently attracted increasing interest due to its high refrac-
tive index (i.e., n > 3) and the band gap of 2.24 eV that
makes it transparent in a wide spectral range in the visible
[7,27].

B. PL-intensity enhancement

Besides the effect on the emission efficiency, the Si-
nanoslot geometry also produces changes in the intensity
of the PL emission. Figure 3(a) reports the evolution of
the photoluminescence intensity, /p;, at A = 1540 nm as
a function of the slot thickness for the S_x Si set of
samples. For an incident photon flux, ® = I,ymp/Av, far
from the saturation condition, the Er** PL intensity can be
expressed as [66]

IpL = Kqpog:Ceter ]puﬂ, “4)
hv

where K is the collection efficiency of the experimental
setup, Av is the pump photon energy, lpump is the inten-
sity of the pumping beam, ¢ is the quantum efficiency, og;
is the Er** excitation cross section at A = 488 nm, Cg, is
the Er>* concentration in silica, and zg, is the thickness of
the emitting layer. B is the so-called far-field efficiency,
defined as = I'pg/ 'k, in which I'gr the probability of
emission of radiation in the half-space above the sample
[60,62]. Although the PL measurements are performed far
from the saturation condition [53], it is interesting to note
that /pp does not increase linearly with the number of opti-
cally active erbium ions (i.e., the Er:Si0O, thickness). Since
K, Cg; and og; can be assumed constant and the quan-
tum efficiency varies just slightly for the whole S_x_Si
set of samples [¢ > 0.9; see Fig. 2(c)], the nonlinear trend
of Ipy, is mainly determined by the variation of the far-
field efficiency (f) and the intensity of the pumping beam
impinging on the Er:SiO; layer (/oump) as a function of the
sample thickness.

The CDO model can be used to predict how the power
emitted from the electric and magnetic dipoles is coupled
in and out-of the photonic structure [60] and thus to cal-
culate the probability that the emitted radiation will couple
with modes that are radiating in the far field (I'gg). In the
inset of Fig. 3(b), a plot of the dissipated power density
[i.e., the integrand of Egs. (1) and (2)] is reported as a func-
tion of the normalized in-plane wave vector (¢ = k; /k) for
ED and MD emitters with an isotropic configuration and
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(b) The calculated far-field efficiency (8) for the S_x_Si samples. The inset shows the dissipated power density (logarithmic scale)
versus the normalized in-plane wave vector, u, for ED and MD emitters in the middle of a 10-nm-thick SiO; film surrounded by a
semi-infinite and 200-nm-thick Si layer. The vertical dashed lines indicate the critical values of u for the emitted radiation to propagate
in air and in silicon. (c) The average incident power on the Er:SiO, layer as a function of the sample thickness (upper panel) and
the normalized PL intensity, /p. norm (s€€ text), for the S_x_Si set of samples (lower panel). (d) Er** PL emission spectra in the
(1450-1700)-nm-wavelength range for the S_10_Si and S_10_Pillar samples under identical excitation conditions. The inset shows
the PL decay curves at A = 1540 nm of the two samples are compared to that of Er** in SiO, (green dashed line).

located in the middle of a 10-nm-thick slot between a semi-
infinite and a 200-nm-thick silicon layer. The two vertical
dashed lines indicate the critical values of u for the emitted
radiation to propagate in air and in silicon (1 = nai/nsio,
and u = ng;/nsio,, respectively). For both kinds of dipole,
most of the emitted power is directed toward the silicon
substrate or coupled to guided modes in the upper Si layer
[32]. Indeed, integrating the dissipated power density from
u = 0 to u = naj/nsio,, it is possible to calculate the far-
field decay rate (I'rp) and consequently the far-field decay
efficiency (8 = I'rr/ 'r). For the whole set of S_x_Si sam-
ples, B turns out to be below 0.06 and decreases with
the thickness of the Er:SiO, film [see Fig. 3(b)], indi-
cating that just a small fraction of the emitted radiation

can be collected in the half-space normal to the sample
surface.

Furthermore, the electric field of the incident beam
inside the Er:SiO; film is simulated using EMUstack [54,
55]. From the computed fields at A = 488 nm, the average
pumping beam intensity, (/ump), inside the Er:SiO, film is
calculated according to Eq. (S3) in the Supplemental Mate-
rial [55] and is reported in the upper panel of Fig. 3(c).
The pumping intensity is modulated by the interference
between the transmitted and the reflected beams inside
the SiO; layer: the destructive interference turns out to be
stronger for the 60-nm-thick silica layer and decreases con-
siderably as the thickness of the emitting layer is decreased
[see Fig. S6(a) of the Supplemental Material [55]]. The
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maximum average incident intensity is obtained for the
S_5_Si sample, turning out to be approximately 5 times
higher than the value computed for the 60-nm-thick sam-
ple. The values of (/,ump) simulated with an inclination of
the incident beam of 10° from the normal to the surface of
the sample do not differ considerably from those simulated
at normal incidence, indicating that the divergence of the
pumping beam (£6°) has a negligible effect on the average
power inside the Er:SiO; layer. Finally, to have a better
insight into the /p trend reported in Fig. 3(a), it is worth
comparing the average pumping intensity at A.x = 488 nm
with the PL intensity at 1540 nm normalized to the thick-
ness of the emitting layer and to the quantum and far-field
efficiencies: Ipp norm = IpL/(te:8q) [upper and lower panel
in Fig. 3(c), respectively]. The trend in the two plots is
very similar, indicating that the nonlinear trend of the PL
intensity for the S_x_Si set of samples is mainly dictated
by the changes in the intensity of the incident beam caused
by interference in the multilayered structure.

Since silicon has a negligible absorption at A =
1540 nm, the fraction of the emitted power that does not
emerge from the top surface is not dissipated inside the
structure and could be collected, for example, from the side
of the sample [64]. Nevertheless, a possible drawback of
this approach could be that the polycrystalline silicon thin
film may induce high propagation losses (of the order of
50 cm~!) [64], thus limiting the efficiency of the collec-
tion process. A possible way to overcome the low far-field
efficiency but maintain the radiative decay-rate enhance-
ment could be to confine the emitting layer in a fully
three-dimensional (3D) dielectric nanostructure [7,20,22].
In this way, the high-refractive-index contrast that drives
the LDOS variation is preserved but the modified geom-
etry can be used to redirect the emitted radiation toward
the far field, limiting the propagation of the light in the
silicon layers [67]. To verify this approach, two selected
samples (S_10_Si and S_60_Si) are patterned with a bidi-
mensional square array of cylindrical slotted nanopillars.
The emitting layer (an Er-doped silica nanodisk) is placed
in the middle of each pillar, with a 200-nm-thick Si layer
on top and below it. In this way, multilayered pillars are
produced with heights of # = 410 nm and 460 nm for the
S_10_Pillar and S_60_Pillar samples, respectively [see the
sketch in Fig. 1(c) and the SEM image in Fig. 1(d)]. We
choose to pattern the samples with a dense array of nanos-
tructures in order to keep the emitting surface per unit area
(the Er:SiO, filling fraction in the unit cell is § = 0.52)
as high as possible. In the following, the two samples are
named S_10_Pillar and S_60_Pillar.

The Er’* emission spectra in the (1450—1700)-nm-
wavelength range for the S_10_Siand S_10_Pillar samples
are shown in Fig. 3(d), while the PL time-integrated inten-
sity for both the two nanopatterned samples is indicated
with purple stars in Fig. 3(a). Despite having half of the

emitting volume (§ = 0.52), the two nanopatterned sam-
ples exhibit a strong enhancement of the PL intensity at
A = 1540 nm. In both cases, an increase by a factor of
approximately 7 with respect to the corresponding unpat-
terned samples is observed, indicating that the outcoupling
of the emitted radiation is strongly increased by the bidi-
mensional periodic patterning of the photonic structure: in
this way, the radiation, which is otherwise confined inside
the Si films, has an additional momentum that directs the
light toward the far field (i.e., the air half-space).

The PL decay curves at A = 1540 nm for the
S_10_Pillar and S_10_Si samples are reported in the inset
of Fig. 3(d) and compared to that of Er** in silica [the val-
ues of the decay rates for both of the nanopatterned sam-
ples are indicated with purple stars in Fig. 2(a)]. Similarly
to the behavior observed on the silicon planar nanocavities,
the S_x_Pillar samples present a strong Er’* decay-rate
enhancement that is inversely proportional to the Er:SiO,
thickness: in particular, the 10-nm-thick sample exhibits
a 15 times higher decay rate with respect to the Er’*
radiative decay rate in bulk silica. For both samples, the
measured decay rate (I'gyp) turns out to be comparable
with the values obtained for the corresponding unpatterned
samples, suggesting that the designed geometry does not
substantially affect the average emitter LDOS inside the
nanoslot, which turns out to be mainly influenced by the
nanoslot geometry. Indeed, the observed decay-rate modi-
fication can be predicted to a good approximation by the
CDO model, which accounts just for a planar geometry
[Fg,l(gar ~ 0.9Tz calc; see the purple stars versus the half-
green dots in Fig. 2(a)]. Moreover, the nanopatterning of
the photonic structure does not increase the probability of
nonradiative decay and it turns out that the high quantum
efficiency of the emitting layer is also preserved for the
slotted nanopillars.

Finally, it is also worth considering how the incident
electric field is distributed inside the Er:SiO, nanodisk.
In the Supplemental Material [55], an example of the
electric field distribution obtained from EMUstack simula-
tions is shown for the two nanopatterned samples. In both
cases, no field hot spots can be observed but the normal-
ized average intensity is roughly double for the S_x_Pillar
samples compared to the corresponding unpatterned sam-
ples [see the purple stars in Fig. 3(c)]. Therefore, the
increase of the incident average intensity in the Er:SiO,
layer compensates the decrease of the emitting volume but
the enhancement of the PL intensity by almost one order
of magnitude that is observed for the S_x_Pillar samples
has to be attributed to a modification of the Er:SiO, far-
field radiation pattern. A rough estimate of the far-field
efficiency can be obtained from Eq. (4) by comparing the
measured PL intensities of the planar and pillarlike sets
of samples. For both of the S_x_Pillar samples, the frac-
tion of the emitted power directed to the air half-space
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turns out to be around 0.4. Hence, the 2D array of sili-
con slotted nanopillars can act as an efficient all-dielectric
nanoantenna that is able to strongly accelerate and direct
out of the photonic structure the light emitted by Er-doped
silica thin layers.

IV. CONCLUSIONS

We experimentally demonstrate that sandwiching an Er-
doped SiO; thin film between two high-refractive-index
layers can strongly enhance the radiative decay rate with
negligible losses. For a 5-nm-thick emitting layer, a 20-
fold shortening of the Er’T lifetime is experimentally
measured, with a quantum efficiency of about 90%. Fur-
thermore, the comparison of the experimental findings
with the CDO model shows almost perfect agreement
between theory and experiment, also confirming the mixed
ED and MD nature (with nearly equal contributions) of
the Er?T #1353 2> s /2 radiative transition. By means of
time-integrated PL measurements, we point out that most
of the emitted radiation is coupled to guided or propagating
modes in silicon and just a small fraction is able to cou-
ple out directly to the far field. Nevertheless, acting on the
geometry of the nanoslot, an increase of the far-field effi-
ciency by roughly one order of magnitude can be obtained.
This is verified in an array of pillarlike nanostructures that
exhibit almost the same enhancement in the decay rate of
the planar geometry but with a much better outcoupling of
the emission in the far field.
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