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Observation of energy transfer at optical
frequency to an ultrathin silicon waveguide
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Energy transfer from a submonolayer of rhodamine 6G
molecules to a 130 nm thick crystalline silicon (Si) wave-
guide is investigated. The dependence of the fluorescence
lifetime of rhodamine on its distance to the Si waveguide
is characterized and modeled successfully by a classical
dipole model. The energy transfer process could be regarded
as photon tunneling into the Si waveguide via the evanes-
cent waves. The experimentally observed tunneling rate
is well described by an analytical expression obtained via
a complex variable analysis in the complex wavenumber
plane. ©2020 Optical Society of America
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Energy transfer between an organic light absorber and proxi-
mal inorganic semiconductor such as silicon (Si) is attracting
the attention of researchers [1,2]. The combined merits of
organic and inorganic materials offer the possibility to fabricate
optoelectronic devices with unprecedented properties [3]. The
incident radiation on the organic absorber could be funneled
into the inorganic material via energy transfer. Energy transfer at
optical frequencies to a nearby waveguide has been investigated
theoretically [4,5] and experimentally [6]. The observed energy
transfer viaa Forster-type resonance energy transfer for distances
close to the waveguide surface (up to 10 nm) has been studied
using quantum dots [6]. In this Letter, we focus on coupling
to the evanescent waves for medium distances (10-50 nm)
with the use of molecular dipoles, allowing a finer distance
resolution. We have termed this evanescent coupling process
as “photon tunneling,” [7] and we present a detailed distance
dependent study and theoretical model to fit our resules. We
analyze in the complex wavenumber plane the time-resolved
fluorescence resulting from energy transfer from a submono-
layer of rhodamine 6 G molecules to an ultrathin Si waveguide.
This leads us to propose a novel photon management technique
which allows the detection of photon tunneling into individual
waveguide modes.

As shown in Fig. 1, all the samples (size of 15 mm 15 mm)
were fabricated on a Si-on-insulator (SOITECH) substrate.
The thickness of the Si device layer and the silicon dioxide
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(8iO3) box layer was 130 5 and 1934 5 nm, respectively.
A variable thickness spacer layer between rhodamine and the
Si device layer was SiO; film deposited by plasma-enhanced
chemical vapor deposition (PECVD, Oxford Instruments
PlasmaPro80). The rhodamine submonolayer was obtained
by spin-coating of a few drops of dilute alcohol solution of rho-
damine 6 G (3 1074 mol/L) on the substrate with the speed
0f 3000 round per minute for 60 s [8]. To improve the stability
of rhodamine, a final capping layer of polymethyl methacrylate
(PMMA) with a thickness around 70 nm was deposited on
all the samples by spin-coating of a few drops of 2% anisole
solution of PMMA (MicroCHEM NANO 950PMMA). The
thickness and refractive index of the SiO, spacer layer and the
PMMA capping layer were characterized by spectroscopic
ellipsometry using a Horiba UVISEL phase-modulated ellip-
someter. PMMA was chosen due to its similar refractive index
with the SiO; spacer layer in the concerned spectral range,
thereby providing a homogeneous optical environment for the
rhodamine molecules.

Fluorescence lifetime was measured by a time-resolved
fluorescence spectrometer (PicoQuant FluoTime 300) which
employed the time-correlated single photon counting (TCSPC)
technique. The excitation source was a 512 nm diode laser
(PicoQuant LDH-P-C-520) working at a 40 MHz repetition
rate. Fluorescence emission was collected by a high numerical
aperture collecting lens, passed through a 532 nm long-pass
edge filter (Semrock LP03-532RE-25) and captured by a sin-
gle photon detector module (PicoQuant PMA-C 192-N-M)
equipped with a grating monochromator (Bentham MSH300).
This monochromator was set at 600 nm, i.e., fluorescence emis-
sion was monitored at this wavelength to avoid reabsorption
or inter-molecular energy transfer, which would complicate
the analysis of energy transfer to Si. Fluorescence decay curves
were collected by TCSPC via the TimeHarp 260 module. The
obtained decays were fitted with the sum of two exponential
functions after deconvolution of the instrument response func-
tion, which was obtained by measuring the scattering decay
curve of the pulsed laser at the excitation wavelength. The longer
lifetime was attributed to rhodamine, whereas the shorter one
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Fig.1. Sample structure of energy transfer from submonolayer rho-
damine to an ultrathin Si waveguide.

(1.1 0.5 ns, similar for all rhodamine-Si distance) was attrib-
uted to PMMA [9]. Chance, Prock, and Silbey (CPS) developed
a classical model for molecular fluorescence near interface [10].
The excited fluorescent molecules were modeled as forced and
damped electric dipoles. The normalized damping rate (inverse
fluorescence lifetime) of an electric dipole emitting near a single
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where bygp and bygp represent the damping rate of a vertical
electric dipole (VED) and a horizontal electric dipole (HED),
respectively, normalized to the damping rate without the pres-
ence of the interface. g is the fluorescence quantum yield of the
molecule, £, and #;, are the in- and out-of-plane wavenum-
bers in region i and defined by £7 %5 7, d is the distance

between the dipole and the interface, and 7} and » M are the
Fresnel reflection coefficients for the transverse electric (TE)
and transverse magnetic (TM) waves at the interface between
region 1 and region 2, respectively. For dipole emission near a
thin waveguide, these two reflection coefficients are given by
Airy ssummation:
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where 7;; represents the Fresnel reflection coefficient for the
TE/TM waves at the interface between region i and region j,
and ¢ k. r the phase retardation for light traveling through
the thin waveguide with thickness z. For an isotropic distri-
bution of dipole orientations, the damping rate is given by
biso  (bvep 2bnep)/3.

The dependence of fluorescence lifetime of rhodamine
on its distance to the Si waveguide surface is illustrated in
Fig. 2. The measured fluorescence lifetime can be well fitted
by the CPS model for a HED, i.e., Eq. (2), using the following
refractive index for Si and SiOj: n; 73  ng0, 1.458,
ny ng  3.940 0.0207 [11]. The horizontal dipole orienta-
tion for rhodamine 6 G molecules rest on flat substrates has been
revealed by the previous angular fluorescence intensity [12] and
fluorescence lifetime investigations [13].
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Fig. 2. Comparison of the fluorescence lifetime with a CPS model

for different dipole orientation configurations.
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Fig.3. Power spectrum of a HED emitting near the Si waveguide.

Ford and Weber [14] introduced a power spectrum 4P/dk,
to define the total power P dissipated by the dipole emitter via
P fo dk, (dPJdk,). Since P is the product of photon energy
and the dipole damping rate, dP/dk,, is directly proportional to
the integrand of the dipole damping rate given by Eq. (1) or (2).
The radiated power in the far field can be obtained by integrat-
ing dP/dk, in the range 0 < k, < k1. The power transferred
to Si can be calculated in the range 419 < £, < k9. Note that
this part of energy is evanescent in region 1, but propagating in
region 2. We have termed this evanescent coupling process as
“photon tunneling,” through the potential barrier which con-
fines photons inside the high refractive index material by total
internal reflection [7]. The power spectrum of a HED emitting
near the structure shown in Fig. 1 is plotted in Fig. 3. There are
four distinct peaks in the range £, > k19. We find that these
peaks correspond to the waveguide modes supported by the Si
waveguide, after we solved the dispersion relation (as shown in
Fig. 4) of the structure shown in Fig. 1 numerically.

Equation (3) has singularities when the denominator
approaches zero. These singularities (slightly off the real axis)
are the poles in the complex plane of the in-plane wavenum-
ber, which physically corresponds to the waveguide modes
supported by the Si waveguide. Analytical expressions were
obtained to approximate the tunneling rate to these modes. We
first expand the denominator of Eq. (3) in the vicinity of the pole
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Fig.4. Dispersion relation of the Siwaveguide.

in the complex in-plane wavenumber plane; then we perform a
contour integral along a semicircle with an infinitesimal radius
around that pole. The photon tunneling rate for the VED and
HED are found to be
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where M and NN are the number of TM and TE modes
supported by the waveguide, gty and frum are given by
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where ¢; is the dielectric constant of region i which, when
omitted in Eqs. (6) and (7), yields g1 and f7g. The tunneling
rates given by Eqs. (4) and (5) are the summation of exponential
functions which correspond to the contribution of the individ-
ual waveguide modes. Equation (5) is calculated numerically
and compared with the observed tunneling rate (obtained by
subtracting the far field emission rate into the total damping
rate) in Fig. 5. The solid curves signify the contribution of each
waveguide mode. It is depicted that the modeled tunneling rate
fies well with the observed data.

Energy transfer from a molecular emitter to an ultrathin Si
waveguide is demonstrated in this Letter. The excited molecules
transfer their excitonic energy to the underlying Si wave-
guide via photon tunneling. This is different from the Férster-
type resonance energy transfer, which is only observed for
emitter-Si distances less than about 5 nm [1,2]. Through a
complex variable analysis, analytical expressions have been
found to successfully approximate the observed tunneling rates.
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Fig. 5. Comparison of modeled and observed photon tunneling
rates.

The emission transition dipole of the excited rhodamine mol-
ecule is parallel to the surface of the Si substrate, consistent with
previous angular fluorescence intensity measurements.

The energy transfer efficiency is an important factor in
comparing different power dissipation channels of the excited
molecules. Based on the ratio between the photon tunneling
rate and the rate of fluorescence emission, the energy transfer
efficiency is estimated to be 80% in our experiment. Ultimately,
the coupling efficiency has to include reverse tunneling, based
on which the molecules couple the power out of the waveguide
via the evanescent waves. We would like to revisit this topic in
a subsequent publication. The above experiments and theo-
retical analysis are important to the design and optimization of
hybrid optoelectronic devices based on a photon management
technique that allows the evanescent coupling of photons into
individual waveguide modes.
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