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Interaction between confined phonons and photons in periodic silicon resonators
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In this paper, we demonstrate that phonons and photons of different momenta can be confined and interact
with each other within the same nanostructure. The interaction between confined phonons and confined photons
in silicon resonator arrays is observed by means of Raman scattering. The Raman spectra from large arrays of
dielectric silicon resonators exhibited Raman enhancement accompanied with a downshift and broadening. The
analysis of the Raman intensity and line shape using finite-difference time-domain simulations and a spatial
correlation model demonstrated an interaction between photons confined in the resonators and phonons confined
in highly defective regions prompted by the structuring process. It was shown that the Raman enhancement is
due to collective lattice resonance inducing field confinement in the resonators, while the spectra downshift and
broadening are signatures of the relaxation of the phonon wave vector due to phonon confinement in defective
regions located in the surface layer of the Si resonators. We found that as the resonators increase in height and
their shape becomes cylindrical, the amplitude of their coherent oscillation increases and hence their ability to

confine the incoming electric field increases.
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I. INTRODUCTION

Due to the need for low-cost, clean, and sustainable energy
sources to replace the shrinking supply of fossil fuels, consid-
erable efforts have been made in pursuit of the highly efficient
photovoltaic effect in silicon (Si), which is a material known
for its ease of fabrication. Indeed, this is not an easy struggle
because of the high reflectivity and indirect electronic band
structure of Si. The high reflectance of the incoming radiations
from the Si surface drastically reduces the number of photons
that contribute to the photovoltaic generation of electricity, and
the Si indirect electronic band structure disfavors the electron
photoexcitation from the maximum of the valence band to
the minimum of the conduction band. In fact, the electron
excitation from the maximum of the valence band to the
minimum of the conduction band in crystalline Si requires the
assistance of phonons to make up for the momentum mismatch
between the maximum of the valence band and the minimum of
the conduction band. Therefore, the significant enhancement
in the efficiency of the photovoltaic effect in Si requires re-
duction in lossy light processes and coupling between trapped
photons and phonons confined in low-translational-symmetry
structures where the total momentum needs not be conserved
in order to excite electrons from the maximum of the valence
band to the minimum of the conduction band [1].

The surface structuring has shown potential in reducing
the reflectance and enhancing the interaction between light
and matter. As such, there have been reports on significant
reflectance reduction over a wide spectral range through
surface structuring in the form of periodic or random arrays
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of micron-sized pyramids or rods [2—11]. On the other hand,
Raman light scattering measurements have revealed evidence
of phonon confinement in nanosized crystalline zones in
highly defective crystals whereby the phonon selection rule
is relaxed [12,13]. Thus, micron-sized structures are required
to reduce the reflectance of incident photons whereas nano-
sized crystallites are needed to relax the requirement of total
momentum conservation and enhance the probability of the
electron transition from the maximum of the valence band to
the minimum of the conduction band.

Itis well known now that plasmonic nanoresonators forward
scatter normally incident light towards the substrate on which
they are attached [14]. Although this process enhances the cou-
pling between light and matter, it is much too lossy to confine
photons. However, when identical plasmonic nanoresonators
are arranged into a two-dimensional lattice such that the
lattice period is comparable to the wavelength of the normally
incident light, the fields scattered by the individual nanores-
onators combine together to give rise to a field in the plane
of the nanoresonator lattice [15,16]. If that field is spectrally
close to the resonance frequency of the individual plasmonic
nanoresonators, doubly degenerate hybrid light-plasmon col-
lective modes (known as plasmonic lattice resonance modes)
occur, inducing highly coherent plasmonic oscillations at all
the lattice points [17]. This makes all the nanoresonators
oscillate in a coherent fashion. This coherent oscillation of the
nanoresonators causes the field scattered by one nanoresonator
to be absorbed by the others [16], and consequently the
electric field is confined in the nanoresonators. Similar to
localized plasmon resonances in plasmonic nanoresonators,
localized Mie resonances in dielectric resonators induce for-
ward scattering and coupling of normally incident light into
the substrate beneath the resonators [18—20], and localized
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Mie resonances at two-dimensional lattice points induce highly
coherent oscillations in the dielectric resonators, which leads
to strong field confinement in the dielectric resonators [21,22].

On the other hand, the structuring of the Si surface in the
form of periodic micron-sized resonators over a large area
triggers the development of nanosized crystallites embedded
in regions with high structural defect densities in the surface
layers of the resonators. In these short spatial correlation
zones, the phonon selection rule may be broken due to
phonon confinement [23,24]. The tips of tiny Si nanowires also
present potential short spatial correlation zones for breaking
the phonon selection rules [25,26].

It follows from the discussion above that dielectric res-
onators periodically arranged over a large area with periodicity
comparable to the incident photons wavelengths could have
the potential to simultaneously confine the incident photons
and generate confined phonons in their surface layers. In other
words, dielectric resonators at lattice points can ensure the
interaction between long-living confined photons and nano-
sized crystallites in which the phonon selection rule is broken.
In this contribution, we first demonstrate that Si resonators
at lattice points with periodicity comparable to the normally
incident light wavelength efficiently confine the incoming
light, which can interact with phonons confined in short
correlation length crystals prompted by the structuring process.
Then, we demonstrate the shape and size of Si resonators
that best confine the incoming electric field and ensure its
interaction with nanosized crystallites for high-efficiency Si-
based optical devices. Raman spectroscopy has demonstrated
a high potential for the evaluation of the confinement of the
electric field [19,22]. In addition, the analysis of Raman line
shape can be carried out to yield quantitative determination
of the spatial correlation length in the measured material
[1,12,13,27-29]. Therefore, we use Raman spectroscopy to
evaluate the confined electric field and measure the crystallites’
sizes in the surface layers of the Si resonators.

II. EXPERIMENTS

Resonators in the form of pillars and truncated cones were
fabricated in Si by reactive ion etching (RIE) using a ZnO
hard mask by a special technique called MUZ [30]. While
ZnO can be easily dissolved chemically, it is difficult to dry
etch. To define the mask patterns, interferential lithography
using a 355-nm laser source was used. A square lattice with
circular patterns of a period of 600 nm was created by a double
exposure of the sample, whereby the diameter of the features
could be controlled by changing the exposure time. The array
lattice parameter was chosen that was close to the wavelength
of the laser line used in the Raman measurements to stimulate
optical resonance effects. Thereafter, Si etching was conducted
in a Plassys MU400 reactor using a SF¢/O, gas mixture. A
selectivity of about 100 was demonstrated with Si using ZnO
as a hard mask [30]. The height of the resonators could be
controlled by varying the etching time.

Three sets of samples were obtained. The first set consists
of two samples (samples Sg ; and Sg ») in which the resonators
have almost the same height. However, the resonators of the
first sample are conelike, whereas the resonators of the second
sample are pillarlike. The second set consists of three samples

FIG. 1. Scanning electron micrographs (SEMs) of periodic arrays
of Si resonators of different sizes and shapes.

(samples Su.1, Sm.2, and Sy .3). The height of the resonators
in this set is greater than that of the resonators in the first set.
The samples in the second set, like in the first set, differ only
in that the shapes of their resonators are different. The third
set consists of three samples (samples S i, Si 2, and Sp3).
The resonators in this set are the highest, and again the only
difference between the samples is the shape of their resonators.
Thus, within the same set, the only difference between the
samples is the ratio of the diameter at the top of the resonators
to the diameter at the bottom of the resonators. With the present
arrangement of the samples, we will be able to investigate the
effect of the resonators’ height and shape on the confinement
of the electric field and its interaction with phonons confined in
nanosized crystallites. In Fig. 1, we present scanning electron
micrographs (SEMs) of four different arrays as an illustration
of the diversity of the Si resonators investigated in this work.
In Table I, we present a detailed structural description of all
the samples investigated.

Raman measurements were performed in the backscattering
configuration using a 532-nm laser line from an Ar-ion laser.
Very narrow slit widths, extremely low power, and long
integration time were adopted to avoid spectrum distortion
by sample heating and phenomena related to interaction of
light with electrons. An 850-mm focal-length spectrometer
with 1800 groves/mm holographic grating was used in the
measurements.

III. RESULTS AND DISCUSSION

In infinite crystalline materials, the Raman shift and line
shape are determined by the energy and lifetime of the optical
phonon at the center of the Brillouin zone. Impurities and
extended elastic fields (caused by internal or external stress),
however, alter the energy and lifetime of the zone center
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TABLE I. Detailed structural description of the samples and crystallites’ size distributions in the surface layers of the Si resonators. The

error on the crystallites’ sizes and size distributions is estimated to not exceed 3%. The subscripts S, M, and L refer to short, medium, and long,
respectively. An infinite spatial correlation length refers to an unconfined phonon (phonon in infinite crystal).

Ratio of the top

Resonator ~ Resonator bottom  Resonator top  diameter to the  Average spatial correlation Size distribution
Set Sample height (nm) diameter (nm) diameter (nm)  bottom diameter length (nm) skewness
I Ss.1 450 134 15 0.112 o0
Ss.2 590 453 413 0.912 6.2 0.07
I Sm.a 800 334 43 0.129 5 ~( (monodisperse)
Sm2 825 306 125 0.408 3.7 ~0 (monodisperse)
Sm.3 875 380 235 0.618 6.5 0.05
I St.1 1150 450 100 0.222 6.5 0.2
SL2 1280 650 190 0.292 4.3 ~(0 (Monodisperse)
Si3 1240 2901 159 0.546 4.1 ~0 (Monodisperse)

optical phonon, and consequently modify the Raman shift
and line shape [31-34]. In addition, the interaction between
light and matter may trigger several mechanisms that can
further distort the Raman spectrum. For instance, high laser
powers can induce high concentrations of free carrier, and
hence the induced free carriers’ continuum gas can couple
with the discrete phonon modes to give rise to the so-called
Fano resonance [35], which usually results in an asymmetric
Raman line shape [36,37]. Moreover, high laser powers can
cause a local temperature rise, which reduces the lifetime
of the excited phonons and weakens their energies. This
temperature-related phenomenon further broadens the Raman
peak and shifts it toward lower frequencies [38]. In nanosized
crystallites, additional size effects combine with the effects
described above, further distorting the Raman spectrum [39].
In fact, in nanosized crystallites, the Heisenberg uncertainty
principle imposes the relaxation of the conservation of the
total momentum, and consequently the relaxation of the
requirement that only the zone center optical phonons partic-
ipate in the Raman scattering processes. Thus, phonons away
from the Brillouin zone center contribute to the response of
the nanosized crystallite to an optical excitation. According
to the Heisenberg uncertainty principle, all the phonons whose
wave vectors are roughly equal to or smaller than the inverse of
the crystallite size contribute to the response of the crystallite
to an optical excitation [40—42]. This results in a further
downshift and broadening of the Raman peak. It follows that
the Raman shift and line shape may be determined by many
effects combined together [43].

The samples investigated in this work consist of Si res-
onators periodically arranged in a two-dimensional lattice on
a Si substrate, and the surface structuring of Si was made at
low temperature to prevent any impurity diffusion. Hence, we
do not expect any stress- or impurity-induced elastic fields
contributing to the measured Raman spectra. In order to rule out
the effect of laser heating and laser-induced Fano resonance,
we have decreased the excitation laser power successively until
both Raman peak position and broadening became independent
of laser power. It is worth noting here that we found effects of
Fano resonance and laser heating for a laser power as low
as 0.2 mW/ pum?, which is five times lower than the reported
threshold power for the effects of laser heating and Fano

resonance [44,45] in Si nanocrystals. We address the reason
behind this observation at the end of this section.

In order to be able to compare the Raman shift and line shape
recorded from the structured samples with those recorded from
a bare Si substrate, we multiplied the measured Raman spectra
by constants to make them all of the same intensity. The
obtained spectra will be referred to hereinafter as normalized
Raman spectra. In Fig. 2, we illustrate normalized Raman
spectra of some structured samples together with the Raman
spectrum of a bare Si substrate. All the spectra are recorded
by using a laser power of 0.1 mW/um? and long integration
time to avoid any effect of Fano resonance and laser heating.
Compared to the Raman spectrum of the bare Si substrate,
the spectra of the structured samples present a broadened and
downshifted Raman peak. Since we have ruled out the effects
of laser heating and Fano resonance, we confidently attribute
this to phonon confinement. In other words, we attribute the
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FIG. 2. Normalized Raman spectra of structured samples and a
bare Si substrate. To guarantee a reasonable comparison between the
Raman shift and line shape of structured samples and those of a bare
Si substrate, the measured spectra were multiplied by constants to
make them all of the same intensity.
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FIG. 3. As measured Raman spectra from the investigated struc-
tured Si substrates and a bare Si substrate. The position of the Raman
peak of the bare Si substrate at 520.8 cm™! is highlighted to illustrate
the downshift of the Raman peaks corresponding to the structured Si
substrates.

observed softening and broadening of the Raman resonance
to nanosized crystallites embedded in highly defective Si in
the surface layers of the resonators induced by the structuring
process. This hypothesis is supported by previously reported
Raman and thermal measurements demonstrating the presence
of defect-induced confined phonons in large arrays of Si
resonators [23,24,46].

In Fig. 3 we present the “as measured” Raman spectra.
Besides the broadening and downshift of the Raman peak,
Fig. 3 shows that the resonators induce a remarkable Raman
enhancement. If the Raman spectra in Fig. 3 were corrected for
the areal density of the resonators, the Raman enhancement
would be of orders of magnitude. As mentioned above, the
phonon confinement breaks the conservation of the total
momentum and allows all the phonon modes whose wave
vectors are equal to or smaller than % (where D is the size of
the crystallites in which the phonons are confined) to contribute
to the sample’s response to an optical excitation. This would
indeed imply a Raman enhancement of the order of D3 if we
consider a phonon dispersion in a three-dimensional Brillouin
zone. However, on the other hand, the Raman scattering
efficiency is proportional to the interaction volume, which is
roughly equal to D?. Therefore, we believe that the observed
Raman enhancement is not due to the phonon confinement
effect. It is also known that isolated nanosized crystallites,
or nanosized crystallites embedded in an amorphous medium
with a very different index of refraction n, can show Raman
enhancement due to electromagnetic resonances induced by
local field effect and surface phonon modes [47-54]. However,
since crystalline and amorphous Si have similar refraction
indices, the Raman enhancement observed in our experiments
cannot also be attributed to local field inducing electromagnetic

resonances and surface modes contributing to the measured
Raman spectra. Nonetheless, it has been demonstrated the-
oretically and experimentally that, similar to localized plas-
mon resonances in plasmonic nanoresonators, localized Mie
resonances in dielectric resonators at the points of a two-
dimensional lattice induce highly coherent oscillations in the
dielectric resonators, which leads to strong field confinement
in the dielectric resonators [21,22]. We believe that this is
the only reasonable explanation of the Raman enhancement
observed in our experiments. Therefore, we can conclude from
the normalized Raman spectra illustrated in Fig. 2 and from
the “as measured” Raman spectra illustrated in Fig. 3 that
large arrays of Si resonators could ensure interaction between
confined phonons and confined photons. In what follows, we
shall examine the effect of the resonators’ shape and size on
the phonon and photon confinement.

A. Effect of the resonator shape in the first set of samples
(resonator heights ranging between 450 and 590 nm)

The Raman spectra of the samples of the first set (sam-
ples Ss 1 and Ss») and finite-difference time-domain (FDTD)
simulations of the electric field distribution on the surfaces
of samples Sg; and Sg, are shown together in Fig. 4. The
FDTD simulations clearly show that the electric field is
weakly confined in the conelike resonators in sample Sg 1, and
consequently the zone center optical phonon in the Si substrate
beneath the resonators would have a major contribution to
the overall optical response of sample Sg ;. Therefore, the
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FIG. 4. Finite-difference time-domain (FDTD) simulations of the
electric field distribution in the samples of the first set, and the Raman
spectra corresponding to the samples of the first set. The dashed lines
in the FDTD simulations indicate the interface between the resonators
and the Si substrate. The solid lines in the FDTD simulations indicate
the resonators’ shape. A scale of 500 nm is introduced to visualize the
resonators’ size. The symbols indicate the measured Raman spectra.
The solid lines indicate the calculated Raman spectra using the spatial
correlation model.
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Raman spectrum taken from sample Sg ; does not differ much
from that taken from a bare Si substrate. It exhibits neither an
appreciable Raman enhancement nor a downshift and broad-
ening. However, a stronger field confinement can be noticed
in the pillarlike resonators in sample Ss,. Therefore, the
corresponding Raman spectrum exhibits Raman enhancement
(a signature of field confinement in the resonators) and a
downshift and broadening (a signature of phonon confinement
in the resonators). Thus, in the first sample set, interaction
between confined photons and confined phonons is observed
only in pillarlike resonators.

Several models can be used to quantify the size of the
crystallites confining phonons in the pillarlike resonators from
the downshift and broadening of the Raman spectrum. The
most popular ones are the microscopic force model [55], the
bond polarization model [56-58], and the spatial correlation
models [41,59]. The spatial correlation models, however, have
the advantage that they are less affected by some strong as-
sumptions and approximations such as the continuum medium
approximation. Therefore, we adopted a spatial correlation
model to deduce from the downshift and broadening of the
measured Raman spectrum the crystallites’ size distribution
in the surface layers of the resonators. In the Appendix, we
detail the spatial correlation model used in this work. The
spatial correlation model was fitted to the measured Raman
spectra using the linear least-squares method with adjusting
only the parameters that determine the lognormal function
describing the crystallites’ size distribution (i.e., the most
probable size and the skewness of the distribution). The spectra
intensities were taken from the measurements. The good agree-
ment between the calculated and measured Raman spectra is
demonstrated in Fig. 4. We show in Table I the parameters of
the crystallites’ size distribution obtained by fitting the spatial
correlation model to the measured Raman spectra. The scatter
in the experimental data points dominated the uncertainties
on the measurements and on the derived crystallites’ size
distributions. They are estimated to not exceed 3%.

B. Effect of the resonator shape in the second set of samples
(resonator heights ranging between 800 and 875 nm)

The Raman spectra and FDTD simulations of the field
distribution for the samples of the second set (samples Sy 1,
Sm.2, and Syp3) are shown in Fig. 5. We recall here that the
height of the resonators in this set is greater than that of the
resonators in the first set (see Table I). The FDTD simulations
in Fig. 5 demonstrate that a noticeable amount of the incident
electric field is confined in the conelike resonators in sample
Su.1- Therefore, the corresponding Raman spectrum exhibits a
significant Raman enhancement accompanied by a downshift
and broadening. The Raman enhancement is due to electric
field confined in the conelike resonators, whereas the downshift
and broadening of the Raman spectrum is due to light inter-
action with phonons confined in nanosized crystallites in the
conelike resonators. Thus, unlike the conelike resonators of the
first set, the conelike resonators of the second set can promote
interaction between confined electric field and phonons con-
fined in nanosized crystallites. The FDTD simulations in Fig. 5
also demonstrate that the field confinement gets stronger as the
resonators become more pillarlike. The results of the FDTD
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FIG. 5. Finite-difference time-domain (FDTD) simulations of the
electric field distribution in the samples of the second set, and the
Raman spectra corresponding to the samples of the second set. The
dashed lines in the FDTD simulations indicate the interface between
the resonators and the Si substrate. The solid lines in the FDTD
simulations indicate the resonators’ shape. A scale of 800 nm is
introduced to visualize the resonators’ size. The symbols indicate
the measured Raman spectra. The solid lines indicate the calculated
Raman spectra using the spatial correlation model.

simulations are supported by the Raman measurements, which
demonstrate that the Raman enhancement gets stronger as the
diameter of the resonators at the top approaches the diameter
of the resonators at the bottom. The spatial correlation model
was fitted to the Raman spectra of the samples of the second
set using the linear least-squares method with adjusting the
parameters determining the lognormal size distribution func-
tion. A very satisfactory agreement between the calculated and
measured Raman spectra was obtained. The calculated Raman
spectra are plotted in Fig. 5 using solid lines. The crystallites’
size in each of the measured samples obtained from fitting the
spatial correlation model to the measured Raman spectra is
indicated in Table I. We found a size distribution only for the
sample having pillarlike resonators (sample Sy 3). The other
samples of the second set showed monodisperse crystallites.

C. Effect of the resonator shape in the third set of samples
(resonator heights ranging between 1150 and 1280 nm)

The samples in the third set have the highest resonators. The
Raman spectra and FDTD simulations of the field distribution
for the samples of this set (samples Sy i, Sp 2, and Sy, 3) are
shown in Fig. 6. Both Raman spectra and FDTD simulations
demonstrate that the resonators of the samples in the third set
are remarkably more efficient in electric field confinement
than the resonators of the samples of the first and second
set. However, similar to the first and second set, the field
confinement gets stronger as the resonators become more
pillarlike. The measured Raman spectra of the samples of the
third set were analyzed using the spatial correlation model,
and the crystallites’ sizes in the measured samples were
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FIG. 6. Finite-difference time-domain (FDTD) simulations of the
electric field distribution in the samples of the third set, and the Raman
spectra corresponding to the samples of the third set. The dashed lines
in the FDTD simulations indicate the interface between the resonators
and the Si substrate. The solid lines in the FDTD simulations indicate
the resonators’ shape. A scale of 1000 nm is introduced to visualize the
resonators’ size. The symbols indicate the measured Raman spectra.
The solid lines indicate the calculated Raman spectra using the spatial
correlation model.

obtained by fitting the spatial correlation model to the measured
Raman spectra. The calculated Raman spectra are plotted in
Fig. 6 using solid lines, and the obtained crystallites’ sizes
in each of the measured samples are indicated in Table I.
We notice that among all the measured samples, sample Sy 3,
which is characterized by the highest pillarlike resonators, best
ensures the desirable interaction between confined photons and
confined phonons.

D. Comparative evaluation of the effect of resonators’ size
and shape on the interaction between confined
photons and confined phonons

The Raman measurements and FDTD simulations carried
out on the samples investigated in this work revealed important
information about the effect of the resonators’ shape and size
on the confinement of photons and phonons. By comparing
the FDTD simulations and the Raman enhancements shown in
Figs. 4-6, we notice that the field confinement gets stronger
as the resonator height is increased. On the other hand, by
comparing the FDTD simulations and Raman enhancements
shown in each of Figs. 4—6, we notice that the field confinement
gets stronger as the resonator shape becomes cylindrical.
Moreover, we can notice from Fig. 6 that, although the volume
of the resonators of sample Sy , is greater than that of the
resonators of sample Sy 3, the confinement of the electric field
in sample S;_, is weaker than that in sample Sy 3. These results
suggest the following. While the volume of the resonators
does not present an appreciable effect on the electric field
confinement in the resonators, the height and shape of the
resonators are key parameters determining the strength of the

field confinement in the dielectric resonators. The confinement
of the electric field augments as the resonators increase in
height and their shape becomes cylindrical. We believe that
this is because the highest cylindrical resonators can attain the
greatest oscillation amplitude, which is the prime determinant
of field confinement. As the resonators’ height decreases and
their shape deviates from the ideal cylindrical shape, the
resonators lose their ability to vibrate, and consequently lose
their efficiency in confining the incident electric field.

The resonators in the samples investigated are microsized.
They are all too large to confine phonons. Thus, when the
effects of laser heating and Fano resonance are ruled out, there
will be no reason that any of the investigated resonator arrays
induce Raman shift and broadening.

The Raman downshift and broadening are due exclusively to
phonon confinement in defective regions located in the surface
layer of the Si resonators. Phonon confinement in crystallites
of comparable average sizes was observed in all the measured
samples. This suggests that the resonators’ size and shape do
not have an appreciable effect on the spatial correlation length
in the resonators. This is due to the fact that the characteristics
of the defective regions in the surface layer of the resonators do
not depend on the resonators’ size and shape. They depend only
on the surface structuring technique. However, by comparing
the FDTD simulations in Figs. 4—with the corresponding
crystallites’ size distributions in Table I, we notice that the
skewness of the size distribution increases as the confined
electric field spreads in the resonators. This can be understood
if we realize that the damage in the resonator surface layers
induced by the structuring process is not uniform over the
resonator height. Hence, when the electric field spreads in the
resonators it interacts with phonons confined in crystallites of
different sizes.

The Raman downshift and broadening are due exclusively to
phonon confinement in defective regions located in the surface
layer of the Si resonators. The characteristics of these defective
regions, which are induced by the reactive ion etching, do not
depend on the resonators’ size and shape. They depend only on
the surface structuring technique. Therefore, the observed Ra-
man shift and broadening are expected to be independent of the
resonators’ size and shape. The observed Raman downshift and
broadening are due exclusively to phonon confinement in de-
fective regions located in the surface layer of the Si resonators.

As a result, long cylindrical resonators arranged on two-
dimensional lattice points over a large area present great poten-
tial for confining an important amount of the incident electric
field and promoting the interaction between the confined
electric field and phonons confined in nanosized crystallites
in the surface layers of the resonators. Such an interaction
significantly enhances the photovoltaic processes in Si because
it strongly amplifies the number of photons interacting with Si
and does not require total momentum conservation.

E. Electric field confinement causes substantial crystallite
heating in the resonators

It is now well known that high laser powers can accumu-
late an important amount of energy in nanosized crystallites
(because of their low thermal properties), and hence distort
their Raman spectrum by strengthening the effects of laser
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FIG. 7. Raman shift and spectrum broadening versus the incident
laser power.

heating and Fano resonance. It was found that the threshold
power for the effects of laser heating and Fano resonance
in nanosized Si crystallites is about 1 mW /um? [44,45]. As
mentioned previously, in order to rule out the effect of laser
heating and laser-induced Fano resonance, we have decreased
the excitation laser power successively until the Raman shift
and line shape became independent of laser power. In Fig. 7 we
plot the measured Raman shift and spectrum broadening versus
the incident laser power. As can be noticed, the Raman shift and
spectrum broadening become independent of laser power only
for laser powers lower than approximately 0.2 mW /um?. This
implies that the effects of Fano resonance and laser heating on
the measured Raman shift and line shape vanish completely
only for a laser power lower than 0.2 mW/um?, which is
five times lower than the reported threshold power for the
effects of laser heating and Fano resonance in nanosized Si
crystallites. Based on the discussion above, we attribute the
existence of effects of Fano resonance and laser heating at such
low laser powers to the fact that the electric field confinement
in the resonators significantly increases the temperature of the
crystallites embedded in the resonators. In Fig. 8, we show
the Raman spectra of samples Sy 3 and Sp 3 (the samples
with pillarlike resonators, which showed the strongest field
confinement) measured with a laser power of 1 mW/um?
(the reported threshold power for the effects of laser heating
and Fano resonance) and a laser power of 0.1 mW/um?.
The spectra are normalized for the sake of comparison. The
spectra measured with a laser power of 1 mW /um? are heavily
distorted. A downshift and asymmetric broadening relative
to the spectra measured with a laser power of 0.1 mW /um?
can be clearly noticed. This further highlights the strength of
the electric field that can be confined in arrays of dielectric
resonators.

IV. CONCLUSION

Raman spectra from large arrays of dielectric Si res-
onators attached to Si substrates showed an appreciable Raman
enhancement accompanied by a downshift and broadening
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FIG. 8. Raman spectra of samples Sy 3 and Si 3 measured with
a laser power of 1 mW/um? and 0.1 mW/um?. The spectra are
normalized for the sake of comparison.

relative to the Raman spectrum from a bare Si substrate. FDTD
simulations demonstrated that the collective lattice resonance
induces an efficient field confinement in the resonators, which
results in an appreciable Raman enhancement. A spatial
correlation model demonstrated that the spectrum downshift
and broadening is the result of the relaxation of the phonon
wave vector, which is due to phonon confinement in nanosized
Si crystallites in the surface layers of the resonators. The effect
of the resonators’ size and shape on the confinement of photons
and phonons was investigated. It was demonstrated that, as the
resonators increase in height and their shape becomes cylin-
drical, the amplitude of their coherent oscillation increases
and hence their ability to confine the incoming electric field
increases. However, it was found that the resonators’ shape and
size do not have a remarkable effect on phonon confinement.
The results presented in this work show that large arrays of
long, cylindrical, dielectric Si resonators drastically suppress
the light scattering losses by field confinement and promote the
interaction of the confined field with confined phonons. The
results highlighted in this paper are expected to help to gain
more insight into the confinement of phonons and photons
and rationally design metasurfaces for high-efficiency optical
devices. For instance, the observed amplified photon-phonon
nonconservative interaction mechanism has great potential for
strongly enhancing the photovoltaic effect in Si.
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APPENDIX: SPATIAL CORRELATION MODEL USED IN
THE CALCULATION OF THE PHONON CONFINEMENT
IN THE SILICON RESONATORS

The wave function of a Raman active phonon mode of wave
vector (q in an infinite crystal can be written in the form

D(qo,r) = u(qo.r) exp(—iqor), (AD)

where u(qq,r) is the amplitude of the wave function having
crystal periodicity. According to the spatial correlation model,
it becomes

W(qo,r) = O(r,D)P(qo.r) = ¥'(qo,"u(qo.r),  (A2)

in afinite crystal of size D, where ®(r, D) is the phonon weight-
ing function describing the strength of phonon confinement in
the finite crystal (here we assume a finite spherical crystal).
The function W'(qp,r) in Eq. (2) can be expanded in a Fourier
series and written in the form

Vi = [ Carpestiand's, a3
where the Fourier coefficients C(qg,q) are given by
1 , i
C(q.9) = — f W'(qo.q) exp(—iqr)d’r.  (A4)
(27)

The importance of Eq. (4) stems from the fact that it
demonstrates that while the Raman spectrum from an infinite
crystal is determined by a phonon wave function, a phonon
wave packet formed by a superposition of eigenfunctions with
wave vectors q centered at qg determines the Raman spectrum
from a finite crystal. In principle, the introduction of the phonon
weighting function breaks the translational symmetry and
imposes that the integral in Eq. (4) extends from —oo to +oo.
However, if the size of the finite crystal under consideration is
at least one order of magnitude greater than the lattice constant,
the bulk phonon dispersion can be adopted within the spatial
correlation length model, and the integration can be performed
over the wave vectors within the Brillouin zone only. Upon
using Eqgs. (1)—(4), it can be found that if the first-order Raman
spectrum from an infinite crystal is given by

1 ir
Iinf(w) X — ) 1 2
T [w(qo) — @]* + (5T)

the first-order Raman spectrum from a finite crystal is given
by

I(w) / IC(qo,9)1*L(w,q) - d°q, (A6)

where I' is the zone center optical phonon damping, w(qp) is
the zone center optical phonon frequency, and L(w,q) is given
by

1 ir
L(w,q) = ;.[ 5 -
o(q) —w]” + (QF)

It can be clearly noticed from Eqs. (5) and (6) that the Raman

scattering from an infinite material is a process in which the

total momentum is conserved (it involves the contribution of

only q = 0 phonons to keep the total momentum conserved).

However, the Raman scattering process from a finite crys-

tal does not require momentum conservation and involves

contribution from optical phonons away from the Brillouin

zone center. In order to account for a possible distribution of

crystal sizes in the resonators, we express the first-order Raman
spectrum as

(A7)

I(a))cxf0 F(D)[/IC(qo,Q)IzL(w,Q)~d361}dD- (A8)

It has been demonstrated that a lognormal function best
describes the size distribution of Si nanocrystals embedded in a
given matrix [60—62]. Therefore, we write the size distribution
F (D) in the form of a lognormal function as

= 2
P = L (_[MD A9)

202

where D is the most probable size and o is the skewness of the
size distribution.

Several attempts have been made to establish a universal
form for the phonon weighting function ®(r, D). The most
physically accepted forms are that of Faraci et al. [63-65]
and that of Roodenko et al. [66]. In our calculation, we
adopt the form of the phonon weighting function established
by Roodenko ef al. because it has the advantage of easier
numerical implementation. In order to express w(q) with taking
into account the anisotropy of the phonon dispersion in silicon,
we use the method of Paillard ef al. [67], which is based on
the Brout sum rule to accurately average over different phonon
branches in high-symmetry crystallographic directions [68].
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