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Silicon Microspheres for Super-Planckian Light Sources in

the Mid Infrared

Roberto Fenollosa,* Fernando Ramiro-Manzano, Moises Garin, and Francisco Meseguer

Silicon microspheres with a diameter in the range of 2-3 micrometers
constitute photonic nanocavities that emit light through their Mie resonances
when heated at high temperatures. At 500-600 °C these microresonators
show a particular mid-infrared (MIR) emission dominated by the lowest order
modes. Such resonances feature a large free spectral range, about 600 cm~',
and a high proximity to the critical coupling condition. In fact, resonances
with high-quality factor, around 160 are found. It corresponds to the limit of
detection of their measuring setup, being 600 the theoretical value. Most
importantly, several modes emit light above the calculated black body limit
because they feature an optical absorption cross-section larger than their
geometric one. All these characteristics set silicon microspheres as very
promising zero-dimensional materials for developing micrometric and

body (Planck law) corrected by the emissiv-
ity factor, e, according to the following equa-
tion:
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In addition, there is reciprocity between
the emission and absorption of light by
virtue of Krichoff law,>*! i.e., at a certain
wavelength, a good emitter is a good ab-
sorber.

From a fundamental point of view and
for some technological applications it is in-

sub-wavelength light sources in the MIR.

1. Introduction

Thermal emission is a fundamental physical phenomenon oc-
curring in every day’s life. It consists of the radiation of light by
an object by virtue of its temperature. Usually, such radiation
is emitted to all directions of space and it extends to a broad-
band spectral range peaked, for instance, around 10 micrometers
of wavelength, 4, for a body at 25 °C. The rise of temperature,
T, increases substantially the total radiation intensity and shifts
the emission peak towards shorter wavelengths, according to the
Stefan-Boltzmann and Wien laws!!?! respectively. The thermal
emissive power at a certain 4 of a bulk body equals that of a black
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teresting to tailor such a broad emission

spectrum into a more defined one with

desired characteristics.l’} A key feature is

the spectral bandwidth, i.e., the temporal
coherence. A certain degree of control in this regard can be
very useful, for instance, for improving the efficiency of de-
vices in the field of solar thermophotovoltaics,l® for radiative
cooling,”) and for nondispersive gas sensing.®*°! In principle,
narrow-band thermal emission could be achieved by heating a
gas of molecules because they would emit light mainly at those
frequencies corresponding to their bond vibration. Consequently,
the wavelength of emission could be tuned to a certain point
by modifying the gas composition. However, this is technologi-
cally unpractical, and therefore other strategies have been applied
such as the use of different solid-state equivalents like rare-earth
oxides!'”! and low dimensional (1D and 2D) structures with quan-
tum confinement.['"12] These approaches have provided thermal
emissions with narrow features mainly in the visible and near-
infrared (NIR) ranges. Additionally, calculations have shown that
a thin layer of SiC could yield narrow emission in the reststhralen
band, around 10 micrometers of wavelength.[!*]

A more fruitful approach is to design the material geometry
with the purpose of converting the broad spectral emissivity into a
scenario of narrow and discrete frequency bands. In this way and
with the help of nanotechnology, several developments have been
proposed: one of the solutions consists of the introduction of
multiple quantum wells in a photonic crystal. As a consequence,
thermal emission consisting of a single peak with a quality factor
(Q) of 100 was achieved around 1000 cm~'.['*] Other approaches
have focused on metamaterials for engineering compact gas sen-
sors whose light source provides a narrow mid-infrared (MIR)
emission.[>1>1¢] Finally, the utilization of the optical resonances
of micrometer size bodies with an appropriate geometry has
proven to be very useful for achieving narrow peaked thermal
emissions. This is the case of an optical antennal'’! based on
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cylindrical SiC whiskers, that yielded a peaked emission with a
Qof 27.

In this context, we reported some time ago about the ther-
mal emission of silicon microspheres.!'8] They yielded emission
spectra with well-defined peaks that originated from Mie reso-
nances, and a Q of 400 was measured in the NIR range (700 to
2000 nm). This achievement was remarkable and of technologi-
cal interest because the NIR range includes some biological and
telecommunications windows. However, theoretical calculations
showed that such structured spectral emission continued to the
MIR (2 to 20 um) with more exciting features and promising op-
portunities. To start with, silicon microspheres were expected to
show in this range a sub-wavelength character producing strik-
ing phenomena such as emission above the Planck limit. On an-
other hand, the MIR corresponds to that wavelength range where
the chemical print of most species appears, and it includes at-
mosphere transparency windows (3-5 and 8-14 um). Therefore,
improvements in this range could have important consequences
in areas such as chemical detection and radiative cooling. More-
over, the development of photonic chips in the MIR is still at the
starting stages, and MIR light sources at the micrometer size
level, with the appropriate performance are scarce and very ex-
pensive. Consequently, new strategies in this regard could be of
special interest. Finally, from an experimental point of view, the
measurement of thermal radiation of a micrometer size body is
much more challenging than the measurements in the VIS or
NIR ranges and, as we will see below, has required the develop-
ment of appropriate interferometry tools that could be helpful for
other scientists working in similar areas. Hereafter, we report on
the thermal emission of silicon microspheres in the MIR.

2. Results and Discussion

2.1. Microspheres Morphology and Bespoke FTIR Measurement
System

Silicon microspheres were synthesized by chemical vapor depo-
sition using di-silane gas as a precursor, and appropriately crys-
tallized afterward (see Methods).[""] Therefore, they have a poly-
crystalline nature.[°! Figure 1 shows an SEM image of several mi-
crospheres. Because of their high sphericity, smooth surface, and
high refractive index they behave as photonic nano-cavities, able
to trap light efficiently in a very small volume. The image illus-
trates the small contact point between the microspheres and the
substrate. This is a key feature for achieving high temperatures
with relatively low laser irradiation intensities because it helps
reducing the heat release to the substrate by conduction.[*®]
Thermal emission measurements of micrometer-size bodies
in the MIR are very challenging because of the small emitted
intensities and the requirement of isolating those target signals
from the MIR emission of the surrounding environment. For
that purpose, we developed a bespoke Fourier transform infrared
spectrometer (FTIR) (Figure 2) with a lock-in detection system. In
particular, the heat source, that is based on a blue laser, is modu-
lated at a certain frequency. This modulation affects only to those
signals originated from the sphere because first, the source is fo-
cused on it and second its fast dynamics allows to respond to that
frequency.'®! As a consequence, the isolated signal of the mod-
ulated amplitude of the target sphere is synchronously acquired.
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Figure 1. SEM image showing a side view of as-synthesized poly-
crystalline silicon microspheres.

In addition, a feedback control is implemented for stablishing a
precise wavelength accuracy (see Methods).

2.2. Mie Theory Based fit of Thermal Emission Spectra

The measured thermal emission spectra in the MIR of two poly-
crystalline silicon microspheres are shown in Figure 3a,b (black
curves). They have different diameters (Table 1) that were deter-
mined by fitting their optical scattering at 90 degrees in the visi-
ble and near-infrared ranges.['?] We call them as M1 and M2 from
now on.

The red curves correspond to the fits of the experimental data
to Equation (1), considering the emissivity equals the absorption
efficiency (q,,) of the microsphere,[?!] provided by Mie theory,
where g, is the optical absorption cross-section divided by the
projected geometric area (A = x ?), r being the sphere radius.
The main fitting parameter is the temperature (Table 1), which
not only appears in the black body term but it also influences the
optical constants of the silicon particle and thus the emissivity
itself. Additionally, two parameters, not shown in the table, were
used to account for the normalization and offset of the experi-
mental data. The rise of temperature produces mainly an incre-
ment in both the real, n, and the imaginary, k, parts of the refrac-
tive index and in turn of g, .. While the increase in » shifts the
resonances towards longer wavelengths!??! (thermo optic effect),
the increment of k shifts in the same way the position of the elec-
tronic band gap.!"® In the calculations, we have assumed that the
main contribution to the increase of k comes from the increment
of free carriers!?>?°! (FC from now on). The contribution of lat-
tice vibration that should appear for silicon in the range from 6
to 25 pum has been disregarded because at the working tempera-
tures of the experiments it is considered to be shadowed by the
strong presence of the FC.[2l The Supporting Information con-
tains additional details about the assumptions considered in the
calculations. The results show a fairly good agreement between
theory and experiments, which allowed us to associate the peaks
with Mie resonances. In order to identify which resonance corre-
sponds to each peak calculations including a single multipole of
the Mie series!?!l were performed. The resonances have been in-
dicated in the figure with the usual nomenclature for Transverse
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Figure 2. Schematic of the experimental setup for thermal emission measurements on individual silicon microspheres. A blue laser focused on the
microsphere works as a heat source by taking advantage of the absorption of light by silicon at that wavelength. Visible light (not shown) scattered at
90° by the microsphere and a visible camera helps positioning a 36x Cassegrain objective (see scattering pattern in the inset). Mid-infrared light emitted
by the microsphere is guided by two parabolic mirrors to an interferometer consisting of two retroreflectors, one of them movable by a step motor, and a
ZnSe beam splitter. At the same time, light coming from an HeNe laser is introduced in the interferometer for calibration purposes of the retroreflector
displacement. Light emitted by the microsphere is focused on a MCT detector by a 15x Cassegrain objective at the output of the interferometer while
the HeNe laser light is guided to a Si detector. Both lasers are modulated by a chopper at 630 Hz, and the corresponding signals acquired by using two
lock-in amplifiers.

Wavelength (um) Table 1. Diameter values (®) and fitted temperatures of studied silicon

10 8 6 4 microspheres.
~ | (a) m1
2 Microsphere Name ® (nm) T(°Q)
S | ®=2080nm
2| T=660°C M1 2080 + 5 660 = 13
c
g M2 3730 £ 5 560 + 10
Wavenumber (cm™1)
Magnetic (a’s) and Transverse Electric (b’s) modes.[”’] In some
Wavelength (um) .
20 15 10 5 cases, for instance for a,; and b, , resonances of M1, the asso-
0) l\l/|2 ' ' ciated peak is too weak to produce an appreciable feature in the
3 373 by, @21 be.1 spectrum and they have not been specified. Nevertheless, they
S| ®=3730m : . s :
>| 125600 should contribute to the total emission. A more detailed expla-
g nation of the resonance identification procedure as well as mea-
k= surements performed on other microspheres can be found in the
500 1000 1500 2000 Supporting Information.

The measured spectral range contains the lowest number
modes in the studied microspheres. Although such types of res-
onances had already been measured by optical transmission, 28!

Wavenumber (cm™)

Figure 3. a) Measured thermal emission spectrum (black line) of a silicon

microsphere with 2080 nm in diameter. The red curve corresponds to the
fit of the experimental data to Equation (1) with a fitted temperature of 660
°C (MTin Table 1). The blue line is the calculated emission of a black body
that has an area equal to the geometric projected area of the microsphere.
The modes associated to each peak are indicated. b) Same as (a) but for a
3730 nm in diameter microsphere with a fitted temperature of 560 °C (M2
in Table 1).
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this is the first time they are measured via thermal emission. No-
table features of the resonances are their high proximity to the
Q matching condition and the large free spectral range (FSR),
i.e., the distance between consecutive modes. The Q matching
condition or critical coupling is very important for obtaining a
strong emission and it is achieved in thermal emission to free
space when Q4 = Q,,, Where Q4 and Q,,; correspond to the
quality factor associated to intrinsic radiative curvature losses and
to those losses produced by the material absorption respectively.
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Figure 4. Calculated quality factor associated with absorption, Q,, (blue
and red lines), and with intrinsic radiative curvature losses, Q,,4 (blue and
red dots) for several modes of M1 and M2 respectively. They are close to
the critical coupling condition (Q,,q = Qabs)-
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Figure 5. The zoomed spectral zone corresponding to modes as ; and by
of M2. The Q-values obtained by fitting the experimental (black line) and
theoretical (red line) spectra to a curve consisting of the summation of
two lorentizans are indicated beside each peak.

Figure 4 shows Q,, . in blue and red lines for M1 and M2 respec-
tively. They were calculated from the following equation:(2°-31]

2 n

Qs =7~ )
where « is the absorption coefficient. As expected, Q,,. shows
lower values for M1 than for M2 because of its higher tempera-
ture that gives rise to a larger absorption coefficient. On the other
hand, Figure 4 indicates with dots Q,,4 values for those modes
which are near the critical coupling condition. They were ob-
tained by fitting the theoretical scattering spectra, assuming there
is no absorption, of each mode to a Lorentzian curve in order to
extract the center position and the width of the corresponding
peak. Finally, the measurable total Q of a resonance is:(3?!

1_1 .1
Q Qxad Qabs

where we disregard any losses related with residual surface inho-
mogeneities and contaminants.

The FSR reached a value around 600 cm™ for the first two
modes of M1, and their widths are about 100 cm™, yielding Q’s
in the order of magnitude of 10. Nevertheless, resonances with
much higher Q could be found at larger wavenumbers. Figure
5 shows the zoomed area of Figure 3b corresponding to modes
a5, and by, of M2. The fit of the experimental spectrum (black

G)
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line) to the superposition of two Lorentzian curves yielded Q val-
ues of 150 and 160, respectively. They are, however, limited by
the resolution of our setup, which is in this case about 11 cm™.
In fact, their theoretical counterparts have Q’s of 570 and 600,
respectively (see Supporting Information).

Although such high Q resonances are far from the critical cou-
pling condition, a more optimum coupling could be achieved, for
instance, by placing the emitting microsphere at a certain dis-
tance from a waveguide,!*}] although at the expense of reducing
the total Q, or by tuning the temperature and the microsphere
diameter. This would be an important step toward the realiza-
tion of MIR sources in integrated devices. In this sense, mono-
lithic on-chip schemes such as those based on semi-isolated sili-
con microspheres should be remarked.(** In addition, it has been
shown that thermal emission could be substantially enhanced in
the near field.I>>%! This is, however, out of the scope of this work
and it constitutes a current research goal.

2.3. Super-Planckian Emission

The most striking feature for both microspheres, M1 and M2 is
that there are several modes radiating above the Planck limit (also
called as super-Planckian emission) which has been indicated by
the blue curves in Figure 3a,b. This is a theoretical result based on
the fact that the optical absorption area is larger than its projected
geometric area,l?¥1i.e., q,, >1. On the other hand, it should be
stressed that this result does not violate the Planck law which
assumes that the radii of curvature of the surfaces under con-
sideration are large compared with the wavelengths of the rays
considered. In any case, the emission above the Planck limit oc-
curs in all dimensions of space, thus setting silicon microspheres
as a promising platform for undertaking further experiments in
this field. To our knowledge, there have been few reports in this
regard, all of them concerning 2D[3¥40] or 1D[1741] gystems.
Because super-Planckian emission occurs whenever g, > 1
and the temperature is the main factor determining the absorp-
tion (predominantly via free carriers), a given resonance could
radiate above or below the Planck limit depending on the micro-
sphere temperature. Nevertheless, other methods such as the in-
troduction of dopants could be utilized as well for tuning the ab-
sorption. Another criterion for predicting whether a resonating
mode will reach super-Planckian emission consists of consider-
ing the scattering efficiency (g,,) of the microsphere assuming
no absorption losses, i.e., by setting the imaginary part of the
refractive index, k, to zero. Then, calculations have shown that
Qabs = Gsca(k = 0)/4 at Q-matching condition.!?! Therefore, the
Planck limit will be surpassed for those resonant peaks where
gy, > 4. Figure 6 shows the calculated scattering efficiency for
a silicon microsphere with diameter equal to that of M1 (® =
2080 nm) at zero absorption in an extended spectral range. The
dashed red line specifies the limit above which a resonance is, in
principle, a candidate for achieving super-Planckian emission. It
can be achieved by many resonances which have been indicated
in the figure. However, the maximum g, . is expected for the low-
estnumber and order ones, specially for b, ; which has a relatively
low Q. Other higher number modes which are placed at shorter
wavelengths could, in principle, yield super-Planckian emission
as well. However, they have a much higher Q, and therefore a
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Figure 6. Calculated scattering efficiency, g,.,, of a silicon microsphere
with a diameter of 2080 nm (equal to that of M 1) at zero absorption. The
dashed red line indicates the limit above which a resonance can yield emis-
sion above the Planck limit as long as it is at Q-matching condition. These
resonances have been indicated beside their corresponding peak.
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Figure 7. Calculated sphere diameter (black line) that maximizes the ab-
sorption efficiency, q,p, (red line) at the temperature of the M1 experiment
(660 °C). It is achieved in several spectral sections through different indi-
cated resonances. The dashed line specifies the sphere diameter of M1
(2080 nm). The intersections with the continuous black line, indicated by
the blue arrows, correspond with resonances b, ; and b; ; of Figure 3aand
they indicate that maximized emission has been achieved at those spectral
positions.

much lower-temperatures would be required in order to increase
Q,1s and be able to achieve the Q-matching condition. This could
hinder, however, the detection because of the low emitted power.
The spectral position of the Mie modes is determined by the
microsphere diameter. This is the reason why the resonances of
M1 (with a diameter smaller than that of M2), are blue-shifted
with respect to those of M2. Therefore, at a given temperature
and wavelength there is expected to be a microsphere diame-
ter that maximizes q,,, and thus the emission intensity. Fig-
ure 7 shows these calculations in an extended wavelength range
(black and red curves respectively) for the temperature of M1 ex-
periment (660 °C). Both curves have a discontinuous behavior
thus dividing the calculated values into several sections because
the maximum g, is achieved through different indicated reso-
nances. The dashed black line specifies the sphere diameter of
M1 (2080 nm). The figure shows clearly that this is not an ap-
propriate diameter for maximizing the emission neither with a
b, ; nor with a b, ; resonance although in both cases the emis-
sion occurs above the Planck limit (see Figure 3a). The emission
is maximized, on the other hand, at b,, and b;, resonances at
those wavenumbers coinciding with the intersections (indicated
by the blue arrows) between the dashed and the continuous black
lines with an intensity of about 1.5 times that of the black body.
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Based on the equivalence between g, and the emissivity, Fig-
ure 7 shows that the maximum achievable surpass of the Planck
limit at 660 °C is 2.3 approximately and it can be reached around
800 cm™! with a sphere diameter of 3300 nm using b, reso-
nance. Other systems, like those based on plasmon resonances
for instance, could in principle surpass the Planck limit to a
higher extent. Calculations from the literature have shown that
Qaps €an reach values near 4 and even 14 for gold nanospheres
and nanorods respectively.[*?] However, the wavelengths where
this could be attainable correspond to the VIS and the NIR
ranges. Therefore, temperatures much higher than those used
here, probably near the melting point of the nanoparticles, would
be required, thus hampering the experiments. On another hand,
in general, plasmon resonances of metal nanostructures are usu-
ally much broader than the Mie modes of silicon microspheres,
thus emission peaks would probably be much less defined.

3. Conclusion

The thermal emission spectra of silicon microspheres in the mid-
infrared show well-defined peaks that were associated with Mie
resonances. They have notable features, namely a large FSR, a
high proximity to the Q-matching condition, the appearance of
high Q-modes, and the possibility of radiating above the Planck
limit in the three dimensions of space. That makes them a very
promising platform for undertaking fundamental studies of heat
transfer by thermal radiation and for developing light sources in
the mid-infrared.

4. Experimental Section

Synthesis of Silicon Microspheres: Silicon microspheres were synthe-
sized in a closed reactor with controlled conditions of temperature and
pressure. Di-silane, the precursor gas, was introduced in the reactor at a
pressure of 15 kPa and heated at 420 °C for 30 min. The as-synthesized
microspheres were composed by amorphous silicon and they were sub-
mitted to a slow crystallization treatment['27] at 800 °C. Single micro-
spheres from the supporting substrate (based on silicon) utilized for the
synthesis and crystallization processes were picked up by micromanipula-
tion means and positioned on a glass substrate for the thermal emission
measurements. We ensured that they were well separated from each other
(typical separation distance was several tens of micrometers) in order to
avoid any interference effect between them.

The diameter measurements were realized after the thermal emis-
sion experiments by optical scattering measurements in the VIS and NIR
ranges.["®! In principle, we have discarded the formation of any SiO, coat-
ing layer on the silicon microspheres surface by the laser heating because
the emission temperatures are below those where appreciable oxidation
rates occur [“3] Nevertheless, in case such a layer grew it would be equiv-
alent to a reduction of the sphere diameter because of the low refractive
index of SiO, and it would be in agreement with the diameter values ob-
tained by optical scattering. Therefore, deviations of the fitted tempera-
tures from those of the “true” values associated with this phenomenon
are not expected.

FTIR Measurements: ~ Similarly to previous experiments, 8] the micro-
spheres were placed on a glass substrate in air and they were heated by
means of a blue laser (4 = 405 nm, power 5 ~ mW). However, in order
to remove unrelated thermal contributions the measurements were real-
ized by chopping the excitation light at a certain frequency, in this case,
630 Hz, and the signal was recorded with the help of a liquid nitrogen re-
frigerated MCT detector connected to a lock-in amplifier. The small size
of the microspheres featuring microsecond response in the heating and
cooling processes,!'®] has allowed this detection scheme. The thermal
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light emitted by a microsphere is captured by a high magnification (36x)
Cassegrain objective and guided to an interferometer consisting of two
retro-reflectors, one of them movable by a step motor attached to a linear
stage micrometer platform, and a 3 mm thick ZeSe window that works as
a beam splitter (Figure 2). We used additionally the scattering at 90° of
white light and a visible camera for focusing properly the Cassegrain ob-
jective on the microsphere. An inset in the figure illustrates such dark-field
imaging. The two upper lobes correspond to the scattering at the sphere
borders while the two lower lobes are their reflected image through the
substrate. At difference with measurements performed in the visible and
near-infrared ranges, here we did not limit the image field to an area that
is tangential to the microsphere border,['®] rather we kept the iris totally
opened during the measurements. Therefore, we expect to record the sig-
nal originated from resonances in all the planes, included those crossing
the substrate. Finally, it was very important to calibrate the displacement
of the movable retro-reflector by measuring the interference pattern of a
source with a known wavelength such as a HeNe laser. For that purpose,
the obtained interferogram from the thermal emission was compared with
the interference pattern of the HeNe laser and appropriately corrected be-
fore realizing the Fourier transform for obtaining the corresponding spec-
trum (see Supporting Information).[44] All the system was driven by home-
made software.

Interferograms were acquired by scanning the movable retroreflector
around the zero retardation point. While the blue and red lasers were be-
ing chopped at a frequency of 630 Hz, the motor moved at a 3 ms per step.
The intensity originated from the sample and from the calibration laser
were averaged at 10 and 1 s, thus providing measurement points every
2.6 and 0.26 um, respectively. The maximum retardation of the interfero-
grams for M1 and M2 was +600 and +900 um. The measurements took
76.8 and 115.2 min and provided a resolution of 17 and 11 cm~', respec-
tively. Such long integration times are necessary for removing the consid-
erable noise from the small intensity signal radiated. However, problems
related with the stability of the alignment of all the system, specially those
corresponding to the blue laser and the sample prevents from achieving a
higher resolution. We are currently working to improve this point.

Fitting Process: Weighted Orthogonal Distance Regressionl*] was
used for fitting all of the emission spectra because it allows handling errors
in both x- and y-axis. We considered an error of 20 cm™" in the wavenum-
ber of the experimental data (x-axis) to account for miscalibration effects
of the spectrometer and for inaccuracies that may exist in the determina-
tion of the refractive index of silicon at high temperatures. The uncertainty
in the intensity (y-axis) was set at the square root of the number of counts.
The fitted parameter uncertainties correspond to the square root of the
diagonal covariant matrix elements resulting from the fitting process.

Supporting Information

Supporting Information is available from the Wiley Online Library or from
the author.
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