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We report, to the best of our knowledge, the first realization of an electrically-biased, resonant-cavity
metallic photonic-crystal (PC) emitter. The PC device is electrically-biased and is driven out of thermal
equilibrium. The PC emission exhibits a strongly nonlinear input-output power characteristic at the
resonant peak wavelength, A ~ 1.7 ym. Particularly, at lower bias, the emission power shows an
exponential growth over 3 orders-of-magnitude. At higher bias, the growth slows down and shows a
linear dependence on input power. This observed output/input characteristic may arise from non-
equilibrium injection of hot electrons, the excitation of localized surface plasmons at the interior
surfaces of the PC and photon emission to optical passband modes of the PC/ resonant cavity

structure.

Thermal radiation of a metallic object has been a subject of great interest
since the pioneering work of M. Planck'. Recently, thermal radiation
modification by complex photonic-crystal (PC) structures’® has attracted
attention due to its potential energy applications in thermo-photovoltaics’™
and tunable infrared light sources. Planck’s Law of thermal radiation suc-
cessfully predicts the broadband emission spectrum of a hot object under
equilibrium'. Planck’s Law also sets the upper limit of radiation intensity at
any given temperature (T) and wavelength (A). Recently, some intriguing
experiments show that radiation from a metallic PC can deviate from the
Planck’s Law in the far-field, i.e. non-Planckian behavior'"". For example,
the metallic PC radiation can have a narrow band characteristic and its peak
intensity exceeds the blackbody (BB) limit at the resonant frequencies.
Furthermore, the metallic PC radiation can exhibit a large optical non-
reciprocity”, indicative of a non-equilibrium process. In 2004, it was shown
that the observed non-Planckian behavior®'"" cannot be explained classi-
cally under equilibrium assumption'’, where the calculation treats the
emitting source as a random fluctuating current. Subsequently, in
2006-2007, two independent quantum mechanical pictures of thermal
radiation from a metallic PC were proposed'>'. Both formulations suggest
the occurrence of non-Planckian radiation under non-equilibrium condi-
tions. The paper by Kaso and John further predicts the occurrence of optical
nonlinearity, i.e. a nonlinear input-to-output power characteristic from a

metallic PC'*”. To confirm the intriguing non-equilibrium, nonlinear
behavior and to obtain an accurate measurement of the input and output
power, we build an electrically-biased metallic PC device.

In this paper, we report the realization of an electrically-biased tungsten
(W) PC light-emitting device. An electrical biased scheme makes it possible
to introduce hot electrons directly to the tungsten filament, providing slight
non-equilibrium excitation to the light-emitting filament. An electrical-
biased W-PC device is also easier to operate through a direct current
injectionm. In this work, we performed DC bias of the W-PC device at a
series of input power and measure its emitted radiation spectra and output
power. The measured output power at resonant wavelength regime,
A~1.7 pm, is found to increases nonlinearly and even exponentially versus
the input electrical power. The observed nonlinearity in the input-output
power characteristic of our W-PC device may arise from the injection of hot
electrons" ', the excitation of localized surface plasmons™* at the interior
surfaces of our W-PC structure and, finally, photon emission to optical

passband modes of the PC/ resonant-cavity structure'*"”.

Results

Sample and device fabrication

The sample structure used in this experiment has been reported earlier
Briefly, it consists of a micro-cavity fabricated on top of a 3D tungsten-PC
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(W-PC) on a four-inch silicon wafer. The PC-cavity structure has a cavity
resonance at A~1.7 um. The resonant mode functions as an isolated optical
passband for photon emission'"'®. The micro-cavity is formed by a SiO,
layer of thickness t.,, = 554 nm sandwiched on both sides by SiO,/Si Dis-
tributed Bragg Reflector (DBR) mirrors. The thicknesses of the SiO, and Si
are toyde = 275 and tg; = 120 nm, respectively. The 3D W-PC has diamond
lattice symmetry” and consists of six layers of alternating one-dimensional
tungsten-rods™. The 1D tungsten-rods have a height of h = 0.6 um, a rod
width of w = 0.5 pm and a rod-to-rod spacing of a = 1.5 um. The 3D W-PC
is fabricated using standard micro-electronic processing. It is built by the
repetitive deposition and etching of multiple dielectric and tungsten films.
To accomplish this goal, a comprehensive six-level stacking process was
developed. Within each layer, SiO, was first deposited, patterned and
etched. The resulting trenches were filled with tungsten and the surface of
the wafers were made flat using chemical mechanical polishing. Before
electrical testing, the microcavity W-PC sample is diced into ~2.5 x 10 mm®
long stripe and the silicon substrate thinned down to ~100 um. To allow for
electrical contact, tungsten PC layers were exposed by conducting selective
dry-etching through the top SiO,/Si DBR layers. The advantage of the dry
etching approach is that W-PC sample is supported by a ~ 100 um thick
silicon substrate and easier to handle.

Experimental testing setup

Figure 1a shows a schematic of an electrically biased W-PC light-emission-
device. Electric contacts were made directly on top of the exposed W-PC
layers. This way, electrical current can be injected directly to the inter-
connected tungsten PC-layers. When the injected current is increased,
voltage across the contacts is increases and so is the injected electrical power
(Pyn). As aresult, radiation through the top device surface (the red arrows) is
expected to increase. Figure 1b shows a photo of the W-PC sample with
100 um silicon substrate. It is mounted to Ni ribbon contact pads, blazed
into a homemade Alumina ceramic mounting stage. The Alumina mount is
thermally insulating so as to reduce thermal conduction loss and it is also
electrically insulating. For temperature monitoring purpose, a thermal
couple is mounted to the side and near the top of the Ni contact pad.
Figure 1c shows a COMSOL computed temperature profile of the sample,
Ni pad and ceramic mount for Ppy = 4Watts. We notice that temperature
gradient exists across the 10 mm long sample and, therefore, the sample is
not strictly in thermal equilibrium. The average sample temperature is
<T; > =590 K at Py =4 Watts. The highest T occurs at the middle position
(red color) and is T, =620 K. And the temperature at the thermal-couple
position near the top of the contact pads is T, = 466 K. At the moment, it is
not possible to measure the sample’s surface temperature directly by either
using a light-weight thermal couple or an IR camera'"". A similar challenge
encountered in the measurement of waveguide core has also been
reported”’. However, a COMSOL model calculation'"* can provide a
reasonable estimation of the sample’s surface temperature profile. For
example, we can check if the model is realistic by comparing the calculated
and measured temperatures at the thermal-couple position (T,) for a series
of input power (Ppy). Table 1 shows a summary of the calculated and
measured T, temperatures, which agrees with each other within 11°. The
COMSOL model detail is described in the METHOD section. Figure 1d
shows a SEM image of the 3D Tungsten-PC, integrated with the Si/SiO,
microcavity structure. Next, we present spectroscopy study of light emission
from our electrically-biased PC devices. For comparison purpose, light
emission from a thermally-excited PC device is also shown.

Figure 2a shows the measured reflectance spectrum of our W-PC
sample. The high reflectance (R > 0.95) occurs over A = 1.35-2.4 um, cor-
responding to the Distributed-Bragg-Reflector (DBR) stop band regime.
The pronounce reflectance dip at A~1.7 pm is due to the fundamental cavity
resonance of our W-PC structure. It has a spectral full-width-half-
maximum (FWHM) of 50 nm. The broader reflectance dip at A~1.15 pm
is due to the band edge resonance, having a linewidth FWHM ~ 110 nm. In
Fig. 2b, ¢, we show the spectral radiance of a thermally-excited and an
electrically-biased W-PC sample, respectively. Figure 2b shows radiance
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Fig. 1 | The electrically biased sample structure, sample mounting scheme and a
calculated temperature profile. a A schematic of an electrically biased PC light-
emission-device. Electrical current is injected directly to the metallic photonic
crystal to excite localized surface plasmons. b A photo of the W-PC sample mounted
to Ni contact wires and is supported by an Alumina ceramic mount. ¢ A COMSOL
computed temperature profile of the PC sample, Ni-contact pad and ceramic mount
for Py = 4 Watts. d A SEM image of the 3D tungsten PC and Si/SiO, DBR (Dis-
tributed Bragg Reflector) micro-cavity structures.

Table 1 | Measured and Calculated T

In(A) Pn(W) Ta(tc) Ts (t.c.)_ <Ti>_
Experiment Calculation Calculation

1875 32W 454K 443K 549K

2.00 40W 470K 466 K 590 K

2075 51W 492K 498K 654 K

data of the thermally excited sample (i.e. sample heated by a thermal
heater'?) taken at three temperatures: T = 633, 683 and 723 K. Note that the
method for determining the absolute spectral radiance has been presented
earlier"”. For reference purpose, the spectral radiance of a blackbody (BB) is
also shown. We would like to make three points. First, the W-PC radiation
(the black curve) exhibits a peak-emission at A~1.7 pm. As T is increased
from T =633 to 723 K, the peak-radiance increases accordingly. However,
the peak-wavelength is pinned at A~1.7 um. This is in sharp contrast to that
predicted by Wien’s displacement law for an equilibrium thermal
radiation”. Secondly, we note that the peak-wavelength matches the fun-
damental cavity reflectance dip, shown in Fig. 2a. This agreement indicates
that the photon emission arises from the influence of the underlining
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Fig. 2 | The measured reflectance spectrum and radiation spectra for both
thermally and electrically biased cases. a The measured reflectance spectrum of our
W-PC sample with a ~ 100 um thick silicon substrate. b The measured spectral
radiance of a thermally excited PC-sample, taken at three sample temperatures:

T =633, 683 and 723 K. ¢ The spectral radiance of an electrically biased W-PC, taken
at three input power, Ppy = 3.2, 4.0 and 5.1Watts.

resonant cavity W-PC band structure. Also, the peak-emission linewidth is
FWHM =41 nm, which is slightly narrower than that of the cold cavity
FWHM = 50 nm. Thirdly, we compare the spectral radiance of our W-PC
to that of a blackbody (the blue curve) at T =723 K. At off-the-resonance,
e.g. A=1.45 and 2 pum, the W-PC radiance is weaker than the BB one by ~3
and 5 times (the downward blue arrow), respectively. Yet, on resonance at
A~1.7 um, the W-PC radiance is 7 times stronger than the BB radiance (the
upward blue arrow). Here, we observe a simultaneous enhancement/ sup-
pression of radiation on and off the resonant mode at A~1.7 pm. This finding
seems to suggest a spectral redistribution of thermal radiation energy on-
and off-the-resonance in our W-PC sample. So, thermal radiation at off-the-
resonance regime is suppressed by the DBR stop-band, leading to a redis-
tribution of energy into the resonant-mode regime. At the resonance, the
7-times enhancement of W-PC radiance over BB further indicates that the
sample’s emission process is non-equilibrium". A similar behavior of
energy redistribution holds true for data taken at the other two tempera-
tures, T = 683 and 633 K. Next, we examine PC radiation data taken from an
electrically-biased device.

Figure 2c shows spectral radiance of an electrically biased W-PC, taken
at three input power, Ppy=3.2, 4.0 and 5.1Watts. The corresponding
measured and calculated temperatures at the thermal coupled position are

T, = 454, 470, 492 K, and T,™ = 443, 466, 498 K, respectively. These
two sets of temperature agree which each other within 11 K. Also, the
sample’s average temperature, calculated from COMSOL model, are
<Tj>=549, 590 and 654 K, respectively. Similar to the thermal-excited
sample case, the electrically-biased sample has a peak-radiance at A~1.7 pm.
Nonetheless, its spectral linewidth is narrower, FWHM = 34 nm, than either
the thermal-excitation case of FWHM =41 nm or the cold-cavity case of
FWHM = 50 nm. We now compare the PC and BB spectral radiance (the
blue curve) at <T;>=654K. At off-the-resonance regime, the W-PC
radiance is ~2 times higher (the upward blue arrow) than the BB one at
A =2 pm and ~12 times higher at A = 1.45 um. This finding is contrary to
that observed in the thermal-excitation case. Furthermore, on resonance at
A =1.72 um, the W-PC radiance is ~48 times higher than the BB radiance.
This observation shows that the W-PC emission is strongly enhanced on-
resonance and also weakly enhanced at off-the-resonance regime. Note that
this comparison make sense only if the sample temperature is accurate and,
particularly, not under-estimated. At the moment, there is no good way to
place a temperature probe on the sample surface, without disturbing its
surface temperature. However, from COMSOL calculation, the highest
surface T occurs at the middle section of the sample and reads T = 684 K at
Pin = 5.1Watts. For reference purpose, the BB spectral radiance at T = 684k
is also plotted (the blue dotted curve). Comparing to the BB radiance at
T =684 K, the W-PC radiance is still 6x, 28x and 1.2x higher than the BB
radiance at A = 1.45, 1.72 and 2 um, respectively. Similar finding holds true
for W-PC radiance taken at <T; >=654 and 590 K, respectively. As the
sample temperature is not well-defined in our electrical-bias case, the
observed enhancement of radiation power over that of a blackbody is not
termed “super-Planckian” for our electrically biased PC device. Also, this
observation suggests that the picture of thermal energy redistribution is not
valid in the case of electrically-biased configuration. Especially, the strong
photon emission at the resonance might not be dominated by thermal
heating of the W-PC sample, but rather, by other excitation mechanisms
relating to the nature of electrical current injection.

Figure 3 summarizes the ratio of the PC- and BB-spectral radiance,
where the ratio is defined as: PC radiance (A, T) / BB radiance (A, T).
Ordinarily, in the case of thermal equilibrium, the ratio is called spectral
“emissivity”. However, since the heated W-PC device is not under equili-
brium condition and the temperature of the W-PC sample is not uniform
across the sample, so we called it the “effective emissivity”. Figure 3a shows
the effective emissivity of the thermally excited W-PC sample. The blue
dashed line indicates “unity” ratio and is the blackbody limit. Again the peak
resonance occurs at A ~ 1.7 um. The peak position shows a slight red shift
from A\ = 1.681, 1.686 to 1.690 um as temperature is increased from T = 633,
683 and 723 K, respectively. On resonance, the ratio is ~7 times (700%)
higher, indicating an enhanced emission. At off-the-resonance regime, the
ratio is less than one which indicates a suppressed emission. As mentioned
earlier, our PC emission is under the influence of the 3D W-PC band
structure and has a more directional emission”. This directional emission
may contribute to about 60% emission enhancement at A~1.7 pm. So, out of
the 700% enhancement, about 60% of it is from directional consideration of
PCstructure and the rest from energy redistribution into the resonant mode.
Figure 3b shows the effective emissivity of the electrically-biased W-PC
sample. Again, the blue dashed line indicates “unity” ratio. The peak posi-
tion also shows a slight red shift from A =1.717, 1.722 to 1.726 yum as T is
increased from 549, 590 and 654 K, respectively. On resonant peak, the ratio
is ~48 times higher, indicating a large enhancement of emission. Off the
resonance and at the longer-A regime (e.g. A =2 pm), the ratio is slightly
higher than one and starts to approach the BB limit. Off the resonance and at
the shorter-A regime (e.g. A = 1.4-1.5 pm), the ratio is 6-10 and shows a
larger deviation from the BB limit. This deviation may be due to fact that it is
in the vicinity of another band edge resonance at A ~ 1.2 pm. To conclude,
we note that the picture of modification of thermal radiation makes sense for
the thermally-excited PC device. This is when the W-PC sample is heated
thermally by a heating filament (thermal bath). And, the W-PC sample and
the heating filament is in close contact and under quasi-equilibrium
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Fig. 3 | A summary of the ratio of spectral radiance between our PC and the BB,
where the ratio is defined as: PC radiance (A, T) / BB radiance (A, T). a The
radiance ratio of the thermally excited PC device. The blue dashed line indicates
“unity” ratio and is the blackbody limit. b The radiance ratio of the electrically biased
PC device. Again, the blue dashed line indicates “unity” ratio.

condition. However, for the electrically-biased W-PC sample, the picture of
thermal radiation modification may not apply. This is evident from the
W- PC emission enhancement over broad wavelength regime (a large
enhancement on resonance at A~17um and an intermediate
enhancement off-the-resonance) and also over a wide temperature range
(T = 549-654 K).

To illustrate the non-equilibrium nature of our observed W-PC
radiation, in Fig. 4, we summarize the peak spectral radiance versus
temperature for the thermally-excited (blue dots) and electrically-biased
(red squares) W-PC sample. The blackbody radiance (black dots) at
A = 1.7 um is also shown for reference purpose. When the W-PC sample
is thermally excited, its peak radiance is higher than the BB radiance by a
moderate 6-7 times for temperature ranging from T = 510-700 K. This
data shows that, under thermal excitation, W-PC radiation deviates
from the typically BB behavior in equilibrium. As reported earlier, the
source of non-equilibrium might come from the heating filament (heat
bath), which has a slightly higher temperature than the W-PC’s surface
temperature'’. Furthermore, when the W-PC sample is electrically
biased, its peak radiance is higher than the BB radiance by 30-50 times
for T = 500-700 K. So, under electrical excitation, W-PC peak radiation
deviates much more significantly from the typical BB behavior. And so,
for the electrically biased case, temperature might not be a good para-
meter to characterize the status of energy excitation. From the spectral
characteristics shown in Figs. 2 and 3, and from the temperature
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Fig. 4 | A comparison of the peak spectral radiance versus temperature for the

thermally excited (blue dots), the electrically biased (red squares) PC sample and the
blackbody (black dots) at A = 1.7 um.

dependence shown in Fig. 4, we may conclude that the observed W-PC
radiation exhibits significant deviation from the standard, equilibrium
BB spectral behavior. To further illustrate such a non-equilibrium
behavior, we will next show a systematic study of W-PC emission over a
larger biased range. Also, instead of examining the “radiance versus
temperature” relationship, we will next study the “Ppy-versus-Poyr”
dependence of the electrically biased W-PC sample.

Figure 5 shows the measured radiation spectra of an electrically biased
W-PC device for input power ranging from Py = 1.3-5.1 W. The spectra
are taken using a FTIR spectrometer in the near-infrared wavelength.
Figure 5a shows the spectral plot in a linear scale for Pry = 2.8-5.1 W. The
inset (to the left) shows a photo of the mounted W-PC device. The inset, to
the right, shows a schematic of the optics to collect radiation from inside the
optical dewar to the FTIR spectrometer. When the input power is increased
from Ppy =2.8-5.1 W, the corresponding peak spectral intensity (arbitrary
unit) increases rapidly from I = 0.055 to 1.95. Hence, when Py is increased
by less than 2 times, the corresponding output intensity is increased by ~40
times. This data illustrates the occurrence of a strongly non-linear input-
output intensity characteristic in our W-PC device. To better resolve the low
intensity data and to further illustrate the non-linearity, in Fig. 5b, we plot
the spectra in a semi-logarithmic scale. In this plot, the emission spectrum at
Piv = 1.3 W can be resolved and the peak intensity is as low as I =0.0002.
This time, when the input power is increased from Pry = 1.3W- 5.1 W, the
output optical power is increased from I =0.0002 to 1.95. So, while Py is
increased by about 4 times, the corresponding output optical power is
increased by ~10,000 times, or 4 order-of-magnitudes. This data demon-
strates a strong optical non-linearity taken place in our electrically biased PC
light emitter.

Figure 6 summarizes the power-in versus power-out characteristic of
our W-PC sample at the peak emission regime in both the linear (blue dots)
and logarithmic (red squares) scales. The inset shows a schematic of the
optics to collect optical radiation. Given that W-PC emission is directional
to within +20°%, this collection optics is sufficient to collect all the emitted
power from the W-PC sample. The optical power is obtained using a cali-
brated power meter, having a detecting size of 10 x 10 mm®””. The bandpass
filter is placed in front of the power meter to allow power collection over the
emission regime, A\ = 1600-1800 nm. The bandwidth of A\ =200 nm is
narrow enough to eliminate any unwanted radiation from the optical dewar
and the background. Yet, it is wide enough to collect power over the entire
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Fig. 5 | Spectral intensity of light emission at a series of electrical bias-current (I).
a Radiation spectrum of an electrically biased PC sample, plotted in a linear scale. The
input electrical power is from Pry=2.8 W to 5.1 W. b The same radiation intensity
spectrum, plotted in a semi-logarithmic scale for Py = 1.3 W to 5.1 W. The radiation
intensity at A = 1.7 um increases by four-order-of-magnitudes (from 2 x 10™* to 1.95)
when Ppy is increased by only four times, i.e. from Ppy=1.3 W to 5.1 W.

peak spectral regime for all biases, Py = 1.3W-5.1 W. In the linear plot (blue
dots), the output power shows an initial quick turn-on at low input power
and then a linear growth at higher input power, Pry>5W. The linear
dependence at high input power regime yields a slope: S = APoyr(mWY
AP1(W) =3.75. In the semi-log plot (red squares), Poyr shows an initial
exponential growth over 3 order-of-magnitudes (the straight, red dotted
line) at low input powers, 0 < Py <2 W. The exponential dependence is
fitted to an empirical function: y = Q, X e**. Here, “y” and “x” represent
the input (Pry) and output (Poyr) powers, respectively. From the fitting, we
find Qy(mW) 2 1.0 x 107 and a; = 5.57 W, respectively. An exponential
dependence in the Py-versus-Poyr relationship is indicative of optical gain
in the emitted radiation. It may arise from hot electrons injection into upper
energy levels of the W or W-oxide nano-dots, which are randomly dis-
tributed at the interior surface of W-PC structure. Subsequently, those hot
electrons could make transition into lower energy levels and produce
radiation into the passband mode at A~1700 nm. At higher input power,
Py >5W, the exponential growth slows down and the dependence
becomes linear. This may be due the occurrence of additional loss
mechanism such as a stronger electron-phonon coupling, when the sample
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Fig. 6 | The optical output power (Pour) versus electrical input power (Pyy)
characteristic of an electrically biased PC sample. The data is plotted in a linear-
scale (blue dots) and also a logarithmic scale (red dots). While Pyy is increased by
~13 times (from 0.5 W to 6.6 W), Poyr is increased by ~10 million times (i.e. from
~1 nW-10 mW).

is under higher bias and at higher average temperatures. Additionally, from
Fig. 6, we note the output radiation power at A = 1600-1800 nm for our
device is relatively low as compared to the input electrical power. In the
future, this may be improved by reducing the device’s thermal mass by
removing the thick 100 um silicon substrate and leaving behind only the
cavity/W-PC thin film of ~4 um thick.

Discussion

A possible explanation of the observed optical non-linearity in a cavity-
PC structure may be found in a 2007 theoretical paper by Kaso and
John'®. The stated criteria are: (I) the occurence of an isolated passband
in the structure; (IT) the existence of nonlinear oscillators; and (IIT) the
system is under external, non-equilibrium pumping. In our cavity-PC
sample structure, the A ~ 1.7 um resonance acts as an isolated optical
passband for photon emission. Also, in our sample, inhomogeneously
broadened nonlinear oscillators'® may arise from discrete energy levels
of the W and/ or W-oxide nano-dots'’* due to rough tungsten surface
of the W-PC structure”. With a sufficient density of non-linear
oscillators coupled to LSR and under external pumping, Kaso and John
theoretically found that non-linear Bloch waves can be excited within
the passband of the metallic PC and exhibits a laser-like input pumping
and output amplitude characteristic'®. The photonic-crystal band
effects and PC passband mode play a crucial role in these observations
by providing optical feedback. This is the most novel aspect of the
overall process. Hot electrons and plasmonic resonances are how the
photonic crystal modes are pumped with photons to eventually cause
stimulated emission. Our experimental observation provides for a
direct evidence of a non-linear response from an externally pumped 3D
W-PC structure.

In summary, we report the successful realization of an electrically-
biased W-PC light emitter. The emission is under the influence of the
underlining cavity W-PC structure, is a non-equilibrium emission and
exhibits a strongly nonlinear output/input power characteristic at
A~ 1.7 um peak emission wavelength. At low input power regime, the
output/input relationship shows an exponential dependence over three
orders-of-magnitude. At higher input power, the exponential growth of
output power slows down and the output/input curve shows a linear
dependence. This study demonstrates, for the first time, a non-equilibrium
and nonlinear light emission from an electrically-biased W-PC emitter. It is
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a remarkable observation that, unlike standard thermal emitter, our
photonic-crystal emitter can exhibit qualitatively different behavior with
small deviations from equilibrium.

Methods

Methods for Thermal Flow Modeling

COMSOL Multiphysics software (version 5.2a) was used to compute the
temperature distribution across the sample. Because the device contains
features with dimensions of different scale (ie. W-rods with a
width = 500 nm, and a total W-PC sample size of ~3 x 10 mm?), the com-
putation is performed in two parts. The first part simulates a 70 x 70 um’
section of the Si/SiO, DBR (Distributed Bragg Reflector) and W-PC on the
silicon substrate using a finer mesh to accommodate a minimum feature size
of 500 nm. The thermophysical properties of different materials (Si, SiO,,
W), such as thermal conductivity, densities, heat capacity, electrical con-
ductivity and emissivity, were obtained from the built-in database of the
COMSOL software. Also, the thermal contact resistance between adjacent
layers is considered negligible compared to the bulk thermal resistance of the
corresponding layers. Since this is a three-dimensional model, it considers
any thermal spreading or constriction resistance. The second part of the
computation includes the 100 pm-thick silicon substrate, the Ni bonding
pads, and the Alumina ceramic sample mount, assuming a sample area of
3 x 10 mm”. This is accomplished using the Joule heating module in the
COMSOL software. Here, the PC filament resistance is set to be 1 ohm. The
Ni lead thickness 0.15 mm, with a Ni emissivity of 0.6, and a ceramic
emissivity of 0.10 and the applied voltage varied from 1-2.26 Volts. The
radiation loss through the sample surfaces is given by the Stefan-Boltzmann
Law: M, = ¢eo,T, where & is the material emissivity and o, =
5.67 X 10~ 2watt/(cm®K*) is the Stefan-Boltzmann constant. The domi-
nant conduction loss is due to heat flow from the hot metallic PC-filament
through its electrical contacts to the room-temperature sample mount
assembly/dewar. To simplify the modeling, the sample mount/dewar is
treated as a thick, uniform copper plate with dimensions of
60 x 60 x 10 mm® and bottom temperature of 320 K. Other conduction
losses, such as those through the ceramic posts that hold the electrical leads
and contacts, are negligible by comparison and are ignored. The primary
loss mechanisms considered in the model include radiation and conduction
losses. For an input power of 4 W, conduction loss accounts for 53%,
radiation loss for 45%, and the remaining 2% is attributed to computational
error. Because the sample is placed inside a high vacuum dewar pumped to
107°-1077 torr, the convection loss is also negligible and is not included in
the modeling”. Under these conditions, we were able to estimate the tem-
perature profile across the 3 x 10 mm’ top sample surface. The computed
results are shown in Fig. 1c. Finally, Table 1 shows the comparison between
the predicted and measured temperatures of the sample’s top surface. Since
the predicted and the calculated values show good agreement for multiple
cases, we believe that our computational model is reliable, and it can be used
to convey our results more clearly.

Data availability

No datasets were generated or analysed during the current study.
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