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"Equal contribution

This work presents an experimental investigation of the temperature dependence of spectral and
total emissivity of microstructured highly doped silicon, a class of Black Silicon (BSi) surfaces, which
behaves as an ultra-broadband and ultra-black behavior, nearly a perfect blackbody up to a
wavelength of 10 pm. We make a comparison with a flat surface of similar silicon taken as a reference.
Direct infrared (IR) emissivity measurements were performed under normal incidence across 2—-20 pm
spectral range and at temperatures between 100 °C and 350 °C, using a newly developed experimental
setup. While previous studies have demonstrated the excellent absorptivity of BSi at room temperature,
our results confirm that BSi maintains near-unity emissivity up to a wavelength of 10 pm even at high
temperatures. Notably, the total hemispherical emissivity is found to increase slightly from ~0.95 at
150 °C up to ~0.98 at 350 °C. These values significantly exceed by far those of the flat Si reference
samples. The results are further compared with absorptivity measurements at room temperature
obtained from FTIR spectroscopy and with literature data. This study provides a comprehensive
temperature resolved and spectrally resolved emissivity properties for highly doped BSi, establishing
its suitability for advanced thermal applications such as thermophotovoltaic emitters, thermal infrared

light sources, and radiative cooling.
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I. Introduction

Meta-materials for thermal radiation control and conversion have been a very active field of research
during the past decade in relation with several applications such as thermoelectrics, photovoltaics, and
thermophotovoltaics (TPV), as well as in managing the thermal properties of electronic devices, thermal
rectification, and radiative cooling for extensive thermal regulation [1-5]. Such meta-materials are often made
of ordered structures such as 1D or 2D periodic structures, photonic crystals, multilayers, resonant cavities,
and surface gratings among others. In this contribution, we focus on randomly sub micro-structured silicon
surfaces alternatively known as black silicon (BSi). BSi [6—8], has attracted significant attention due to its
ease of fabrication, system integration compatibility, and scalable cost-effectiveness qualities that leverage
silicon's numerous use in the microelectronics industry [9, 10]. BSi, with its micro- and nanostructured
surface, has a primary function of minimizing reflectivity owing the smooth transition of the effective
refraction index at the interface between the incidence medium and the silicon volume. Consequently,
depending on the doping concentration, the silicon volume can fully absorb the trapped incident light. This
synergetic action of surface structuration and doping eventually ensures extremely high absorptivity and
emissivity extending to the mid-infrared spectral range [11, 12].

In previous work, we have extensively investigated the optical properties of BSi fabricated using
cryogenic deep reactive ion etching (Cryo-DRIE) [13]. Our latest studies have focused on how surface
morphology, doping level, doping profile [11, 12], as well as surface functionalization [14], influence the
material’s radiative behavior. Both modeling and experimental work have demonstrated that increasing the
doping concentration enhances absorptance across the near- to far-infrared spectrum, while optimizing the
aspect ratio, especially through deep conical nanostructures, improves isotropic absorption [11, 12, 15, 16].
These parameters offer multiple degrees of freedom to tailor the spectral emissivity or absorptivity to specific
application needs.

We have also explored the potential of BSi in various thermal radiation harvesting applications, such
as solar steam generation, radiative cooling, and dew water collection, where the material typically operates
at or near room temperature [4, 5, 17-19]. However, in applications like TPV selective emitters or infrared
radiation sources for spectroscopy, the material is required to perform at elevated temperatures. This shift in
operational conditions highlights the need for experimental characterization of BSi’s emissivity at higher

temperatures to evaluate its full potential in these advanced applications.



Emissivity is the key thermal property that governs heat transfer in these applications. It describes a
material’s ability to emit thermal radiation relative to an ideal blackbody (BB). Emissivity is typically
determined using either direct or indirect measurement methods [20]. The indirect method involves projecting
a radiation beam onto a sample and measuring both reflectivity (p) and transmissivity (7) to deduce
absorptivity (a). Then using Kirchhoff's law, which states that spectral directional absorptivity (a) and
emissivity (€) are equivalent for a material at thermal equilibrium, € is calculated [21]. Conversely, the direct
method calculates emissivity based on the ratio of thermal radiation emitted by the sample to that from a BB
reference source under the same conditions.

The choice between these methods largely depends on the experimental setup and specific application
needs. An advantage of the indirect method is that it enables measurements of « at lower temperatures, as it
does not rely on measuring the thermal power emitted by the sample itself. The direct method is typically
chosen for high-temperature materials, where the signal-to-noise ratio is more favorable, enabling a clearer
differentiation between the sample's emitted radiation and that reflected from ambient conditions [22, 23].
However, direct measurements near ambient temperatures remain challenging due to significant noise at
wavelengths below 4 um caused by weak signal energy [24, 25].

Accurate evaluation of the emissivity of flat silicon and BSi under realistic operating conditions
requires direct measurements at elevated temperatures. However, many previous studies on silicon-based
meta-materials have been restricted to narrow temperature and spectral ranges along doping levels, limiting
their relevance for real-world applications [11, 26-29].

Previous work in the field includes the transmission spectra measurements by Macfarlane et al., who
studied flat silicon in the 0.95-1.35 um range over temperatures from -272.8 to 142°C [30]. Similarly, Sato
investigated the spectral emissivity of lightly doped n-type flat silicon (resistivity of 15 Q-cm), covering 0.4—
15 um wavelengths and temperatures between 270 and 520 °C [31]. Sato’s results were then used by P. J.
Timans, who measured flat silicon absorption in the 1.1-1.6 um range for temperatures up to 800 °C [32].
Meanwhile H. Rogne used isothermal electron beam heating with in situ optical measurements to study the
spectral emissivity of lightly doped flat silicon between 345-723 °C and 1-9 pum wavelengths [33]. Further
studies revealed absorption/emissivity temperature dependence at specific IR wavelengths (1.152, 1.3, 1.55,
1.7, 3.4, and 10.6 um) [34-36].

A broader parametric exploration was conducted by Ravindra ef al., who combined experimental and
simulation approaches to assess emissivity as a function of wavelength for highly doped flat Si (resistivity of

0.02-0.005 Q-cm), over 1-12 um and 183-947°C [29]. In a separate study, Ravindra et al. [37] also



investigated highly-doped flat Si surfaces coated with SiO. and SisNa layers using a spectral emissometer
covering 0.8-20 pm and 20—-1000 °C. They observed that emissivity initially increases with oxide thickness,
then decreases, with the peak thickness remaining temperature-independent for a given wavelength. Later,
Marcio Constancio Jr. et al. estimated temperature-dependent effective emissivity of lightly doped Si
(resistivity of 4360 Q-cm) from its cooling curve at -191°C [38].

Focusing specifically on microstructured silicon, P. G. Maloney ef al. measured IR transmittance and
hemispherical-directional reflectance from 2.5-25 um for highly doped BSi (resistivity of 0.005 Q-cm)
manufactured using femtosecond laser irradiation in SFs or Cly, calculating spectral emissivity from a 200 °C
IR source [26]. The resulting microstructures featured spike heights of up to 40 pm. Their results showed that
BSi already outperforms low-doped flat Si in emissivity at 200 °C, with maximum values of nearly 0.9
dropping to 0.73 beyond 10 um. Furthermore, Feng et al. investigated another low-doped BSi type produced
also via femtosecond laser irradiation in SFe. With spike heights of 8 pm, they measured spectral emissivity
from 2.5-25 pm between 100 °C and 400 °C. Their results showed that BSi maintains an emissivity close to
0.96 at 100 °C, slightly decreasing beyond 8 um but remaining above 0.9 across along most of the measured
spectral range [27].

In this work, we experimentally investigate the temperature dependence of the spectral emissivity of
highly-doped BSi fabricated using Cryo-DRIE [13], in the 100-350 °C range and over wavelengths from 2 to
20 pum. To this end, we developed a dedicated experimental setup capable of performing direct spectral normal
emissivity measurements from room temperature up to 600 °C, across a broad spectral range from 2 to 20 um.
While several previous studies have addressed the emissivity of silicon-based metamaterials, the impacts of
surface morphology (related to fabrication methods) and doping levels on the radiative properties of BSi
remains insufficiently explored particularly at elevated temperatures. This work aims to fill that gap by
providing direct, temperature-resolved and spectrally resolved emissivity data for both microstructured and
flat silicon, contributing to a better understanding of their potential for high-temperature radiative

applications.

I1. Materials and methods

A. Black Silicon fabrication

For this study, Cryo-DRIE was used for the fabrication of BSi. The process uses a SF¢/O2 chemistry
at a temperature of -110°C where SFs is the etching gas and O is used as a catalyst for the passivation of the

etched walls. High aspect ratio structures are thus formed without the use of photolithography masks [16].



Adjusting etching/passivation times optimizes topography. Hence, the process parameters were chosen based
on best practices established in the literature [11, 12, 17] to achieve height and lateral dimensions of 5 pm
and 0.3 um, respectively. The fixed parameters are the source power of 1000 W, the pressure of 2 Pa and the
bias voltage of 10 V.

Highly doped (100)-oriented single-crystalline silicon substrate (47, 0.001 Q-cm, ~5 % 10" cm™ N-
type) were used to suppress transmission (7) of infrared radiation throughout the sample. An example of the

resulting microstructured surface is shown in Figure 1-a.
B. Reference Blackbody fabrication

Accurate direct emissivity measurements require a suitable blackbody (BB) reference source, chosen
based on temperature range, spectral coverage, and integration flexibility. Commercial cavity BB sources
often demand complex setups, especially at low to intermediate temperatures because of low signal to noise
ratios. As an alternative, high-emissivity materials offer easier integration and reduced measurement errors
due to their ease of integration. Indeed, they can be adapted and integrated in various setups ensuring identical
geometry and optical path when compared to the samples under study. In this work, we fabricated homemade
BB reference using 1000 um-tall vertically aligned carbon nanotubes (VACNTSs) grown by CVD. Their
excellent emissive properties stem from both the intrinsic optical behavior of CNTs and their light-trapping
morphology [39]. Additionally, they have been successfully used in previous studies [40, 41]. The VACNTs
CVD process was performed on a silicon substrate, and it involves a preliminary formation of iron oxide
nanocluster as the seed for CNT growth on a low-doped Si substrate (resistivity of 1-20 Q-cm) [42]. A SEM

example of the resulting CNT sample is shown in Figure 1-b.

(b)

Figure 1 : (a) Schematic representation of a microstructured silicon surface along with a cross-sectional SEM image.
(b) Cross-sectional SEM image of the BB reference CNT sample.



To further validate the suitability of our CNT-based sample as a blackbody reference, we performed
additional measurements of both reflectance and transmittance using FTIR spectroscopy (see Figure S1 in the
Supplementary Information). These measurements confirm that the transmittance of the vertically aligned
CNT layer is negligible (7 = 0) across the entire spectral range of 2-20 um, consistent with the expected
behavior of thick, densely packed VACNTs. The reflectance, p, was measured to be below 2%, resulting in
an absorptivity exceeding 0.98, in agreement with previous reports [39—41]. Furthermore, we evaluated the
angular dependence of the CNT absorptivity, @, and confirmed that it remains high and spectrally flat even at
oblique incidence (Figure S2), supporting the assumption of near-ideal blackbody behavior. In addition, these
CNT-based samples exhibit spectrally flat, broadband absorption (o= 0.98) up to 20 pm (Figure 3) and remain
stable up to 350 °C. These results justify the use of the CNT sample as a reliable reference for our direct
emissivity measurements.

Three samples were studied in this work: (i) highly doped (HD) BSi with a resistivity of 0.001 Q-cm
and a nanostructure height of approximately 5 um, (ii) highly doped (HD) flat silicon Si with the same
resistivity of 0.001 Q-cm, and (iii) a BB reference sample consisting of a vertically aligned CNT layer,

1000 pum tall, grown on a low-doped (LD) silicon substrate with a resistivity ranging from 1 to 20 Q-cm.
C. Direct emissivity measurement setup

The experimental setup developed in this study is based on a Fourier-transform infrared (FTIR)
spectrometer (PerkinElmer Spectrum 400) equipped with a deuterated triglycine sulfate (DTGS) detector
operating at room temperature and a KBr beam splitter, enabling spectral coverage from 2 to 20 um. Each
spectrum is obtained by averaging 10 scans to improve signal reliability with a resolution of 4 cm™. Samples
are heated using a vertical heating stage (PIKE Technologies S-100R), which offers precise temperature
control up to 600 °C under primary vacuum conditions. The stage features a dual-layer water-cooling system
that ensures accurate surface temperature regulation and minimizes convective effects. The heating stage is
equipped with a KBr window, which are transparent in the mid-infrared range (2—20 pm) and thus do not
significantly affect the measured spectral emissivity within our range of interest. Importantly, all
measurements, sample and CNT blackbody reference, were conducted under identical conditions using the
same 20 mm stage aperture and through the same window path, ensuring that any influence from the window
is effectively canceled out when computing the sample emissivity relative to the reference. The key feature
of this setup is that the reference is positioned in the same location as the sample, ensuring that the optical

path of the radiation from the BB exactly matches that of the sample measurement.



To improve measurement accuracy, the aperture of the diaphragm (Thorlabs ID50Z/M - Mounted
Zero-Aperture Iris) was set to 30 mm and positioned between the sample and the collection optics (off-axis
parabolic mirror, Thorlabs MPD269-G01, with a reflected focal length of 152.4 mm), effectively reducing
background radiation and enhancing the signal-to-noise ratio. All optical components are enclosed within a
blackout chamber with near-maximum mid-infrared absorptivity, effectively minimizing stray reflections and
emulating blackbody behavior within the measurement environment. A top view schematic of the
experimental setup developed in this study is shown in Figure 2. The red doted beam represents the infrared
emission of the BB measured by the FTIR spectrometer.

FTIR Spectrometer Parabolic mirror

Mirror

....................................

' :!. Adjustable

H / aperture

-f-Aperture ii  Sample or
i ! Beam / BB
—_— i i splitter

H

Coolant inlet
19]1N0 Jue|00)

Sample heater

Figure 2 : Direct spectral normal emissivity measurements setup developed and used in this work.

The measured emissivity was compared to absorptivity values obtained at room temperature using
FTIR spectroscopy (PerkinElmer Spectrum 3 equipped with a PIKE Technologies 10SPEC and an integrating
IR sphere), where the spectral directional absorptivity a(4) was calculated as (1) =1 — p" (1) — " (1)
with p™ (1) and 77 (Q) are respectively the spectral hemispherical reflectivity and transmittivity. According to
Kirchhoff’s law, spectral emissivity €(4) is equal to spectral absorptivity a (1) at thermal equilibrium for each
wavelength and incidence angle. Therefore, in this study, we use the notation a(4) for the indirect
measurements and €(4, T) for the direct high-temperature measurements, to reflect the different experimental
methods and conditions. The labels “absorptivity” and “emissivity” simply refer to the measurement
technique (indirect vs. direct) and temperature (room temperature vs. elevated temperatures), not to distinct
physical properties.

A theoretical calculation of the spectral absorptivity of silicon with a resistivity of 0.001 Q-cm was

also made in order to compare and validate our measurements. This approach, detailed in the work of Sarkar



et al. [12], is based on the Drude model, with additional adjustments to derive absorptivity from the imaginary

part of the refractive index.
D. Calibration and emissivity calculations

Emissivity is the ratio of the spectral and directional radiative intensity L;(4, 8, Ts) emitted by a sample
at a given temperature Ty, to the spectral intensity Lgg (4, Ty) of a blackbody at the same temperature, as given
by Planck’s law, as
Ls(4,6,T;) (1)
Lgp(4,Ty)

By definition, emissivity ranges from 0 to 1. We consider normal incidence (6 = 0) in the first place.

€(1,0,T,) =

The main challenge of the direct method is to distinguish the contribution of the sample in the effective
spectral intensity. The raw spectral signal of the BB resulting from a FTIR measurement is linked to the
spectral intensity L(A, Tgp), the calibration function R(4) and the background signal S}, (1) can be written as
follows:

Sep(A, Tgp) = R(A)egp(A)Lpp(A, Tpp) + Spe(4) (2)

where S (4, Tgg) is the raw signal of the BB at a temperature Tgg, €g5(4) is the emissivity of the BB
(assumed to be equal to the absorptivity a(4)), Lgg (4, Tgp) is the Planck’s law at the same temperature and
Spg(A) is the background signal. The measured effective spectral intensity of the sample is composed of that
emitted by the sample, ambient radiation reflected by the sample and the background radiation. Hence, the
sample spectral signal can be expressed as

Ss(A,Ts) = RD[es(4, TOLs (A, Ts) + ps(A Tsur ) €sur (4, Tsur ) Lsur (4, T )] + Spg (1) 3)
with S (4, T;) the raw signal of the sample at Ty and measured by the FTIR, €,(4, Ty) the emissivity of the
sample, Lg(4, Ts) Planck’s law at the same temperature, p, (4, Ty,,-) the specular reflectivity of the sample
(measured by the indirect method at room temperature), €, (4, Tgyr) and Lg,,- (4, Tsyrr) the emissivity and
Planck’s law at the temperature of the surrounding background, respectively, and Sj,,(4) the background
signal. In this study, the experimental setup is enclosed in a black chamber which is assumed to be a blackbody
with €g,,, = 1.

Additionally, we perform measurements on the BB at two different temperatures to extract R(4) and
Spg(A). Subtracting Eq. (2) for the two measurements at Ty..r 1 and Ty, leads to the calibration function

R(A) given by :



R(A) = Spp (A: Trer 1) — Spp (A: Trer 2) (4)
egp(4) [LBB (A» Trer 1) — Lgp (A, Trer 2)]
By grouping equations (2) and (3), one can obtain the expression of the spectral emissivity of the
heated sample as
(4, Ty) (5)

_ Ss (A' Ts) - SBB (A' TBB) + R(A) €pB (A)LBB (A' TBB) — Ps (A' Tsur)R(A)ssur (A' Tsur)Lsur (ﬂ., Tsur)
R(DLs(A, T)

Furthermore, to evaluate the thermal radiative properties of our samples, we computed the total
hemispherical emissivity €”(T) at different temperatures. This quantity represents the ratio of the total
radiative power emitted by a surface to that of an ideal blackbody at the same temperature, integrated over
the entire spectrum. Because our measurements provide the spectral emissivity €(1) as a function of
wavelength and not angle, and assuming the surfaces behave as Lambertian emitters (i.e., emissivity is
independent of emission angle), we applied the standard formulation where the directional dependence
integrates out [25]. The total hemispherical emissivity was therefore calculated using the following

expression:

Jm% (1)L (A, Tpp)dA (6)
Eﬁ (T) — min

Amax
[ Ly (4, Tag)dA

where A,,,;,, and 4,,,,, correspond to the lower and upper bounds of the spectral range measured by the FTIR
spectrometer. The numerator represents the radiative power emitted by the sample, and the denominator
corresponds to the radiative power emitted by a blackbody. This approach allows us to derive a single
emissivity value at each temperature, representative of the material’s radiative behavior over the thermal IR

spectrum and is commonly used when angle-resolved and spectral-resolved emissivity data is not available.

E. Uncertainty estimation using Monte Carlo simulation

To evaluate the uncertainty in both spectral and total hemispherical emissivity, we used a Monte Carlo
approach that accounts for the combined influence of measurement and model uncertainties. This method is
particularly suited to complex, nonlinear equations like those used here, where analytical error propagation
falls short. The spectral emissivity (A, T) was calculated using several inputs (Eq. 5), including experimental
signals from the sample and blackbody reference, the known emissivity of the reference, the measured
reflectivity, and Planck’s law. Each input was varied randomly within realistic uncertainty bounds: 1% for

FTIR signals (S;(4,Ty), Sgg(4, Tgg), ps), 5% for the reference emissivity (€gg measured indirectly), and



+5 °C for sample temperature (which affects the Planck spectral radiance calculation). For each temperature,
10,000 simulations were run to generate perturbed emissivity curves, which were then integrated using the
Planck-weighted method to obtain a distribution of total emissivity values. The uncertainty was taken as the
standard deviation of this distribution, offering a robust, physically consistent estimate that reflects all major
sources of experimental variability. A detailed breakdown of the input parameters used in the Monte Carlo
uncertainty analysis, including their uncertainty bounds and qualitative impact on the spectral emissivity
calculation, is provided in the Supplementary Information (Tables S1 and S2).

I11. Results and discussion

In this section, we present and analyze the results of the spectral emissivity measurements carried out
on both flat and microstructured silicon samples. The goal is to assess the influence of temperature, surface
structuring, and doping on their radiative behavior across the near- to mid-infrared range. The following
figures highlight the evolution of emissivity with temperature, comparison with reference materials, and
correlation with absorptivity at room temperature. All measurements were performed under normal incidence,

and uncertainties were estimated using a Monte Carlo approach (as described in Material and Methods).
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Figure 3: Spectral normal emissivities measured for both BSi (green stars) and flat Si (blue stars) at 350°C are compared to the
corresponding indirect values of their normal spectral absorptivity. The solid blue line represents the theoretical simulation of the
spectral absorptivity of silicon with a resistivity of 0.001 Q-cm. The orange hexagon marks indicate the spectral absorptivity of the

highly emissive CNT blackbody reference sample obtained with the indirect method. The measured emissivities are compared to



reference data from Zhe Li et al. [43] (black diamonds, HD Si), P.G. Maloney ef al. [26] (black triangles, HD BSi), and G. Feng et
al. [27] (black squares, LD BSi). The shaded areas represent the uncertainty range for each sample at this temperature, as calculated
using the Monte Carlo model.

We show in Figure 3 a comparison between the measured normal absorptivity (indirect) at 30°C and
the directly measured normal emissivity at 350 °C for both flat Si and BSi. It also includes the numerically
computed absorptivity of the HD Si sample and the room-temperature absorptivity of the CNT BB reference
sample. As shown in Figure 3, the CNT sample (orange hexagon) exhibits the expected behavior of a near-
blackbody, with a spectrally flat absorptivity of approximately 0.98. This high and spectrally flat absorptivity
supports the validity of using CNTs as a BB reference for direct emissivity measurements. The reliability of
the setup is further confirmed by the close match between the experimental absorptivity values (blue
diamonds) and theoretical predictions (blue solid line), as well as by the agreement between our direct
emissivity measurements of HD flat Si (resistivity = 0.001 Q-cm) and the reference data reported in the
literature [43].

When comparing our HD BSi results (green stars) to the HD BSi data reported by G. Feng et al. [27]
(black squares) and P. G. Maloney et al. [26] (black triangles), a clear difference is observed. These
discrepancies can be attributed to two key factors, the doping level of the silicon substrate and the height of
the microstructures. It is also important to highlight that the fabrication techniques differ across the studies.
In our case, BSi was fabricated using Cryo-DRIE, whereas the other two studies employed femtosecond laser
irradiation in SFs or Clz atmospheres. In our study, the BSi features 5 pm-deep structures, while the reported
structures in the comparison studies range from 10 to 30 um. Both doping concentration and structural depth
in addition to more subtle morphological features have been previously identified as key parameters for
enhancing BSi absorptivity [11, 12]. Consequently, our HD BSi samples exhibit higher emissivity,
approaching unity for wavelengths below 10 pm.

Furthermore, the spectral trends observed using both direct and indirect methods are consistent across
the wavelength range. As expected, the emissivity of both BSi and flat Si increases with temperature [31, 32,
38]. The shaded areas in Figure 3 represent the uncertainty range for each sample at 350 °C, as estimated
using the Monte Carlo model. Notably, the uncertainty on the measured emissivity decreases with increasing
temperature. For BSi, the uncertainty drops from 6.01% at 150 °C to 5.79% at 350 °C, while for flat Si it
decreases from 9.37% to 8.02% over the same range. The lower signal-to-noise ratio at 150 °C explains the
increased noise in emissivity values observed at this temperature.

As shown in Figure 4, emissivity slightly increases with temperature while maintaining the same

overall spectral trends. For clarity, uncertainty ranges are not displayed in this figure; a version including



shaded uncertainty bounds is provided in Figure S3 of the Supplementary Information. Quantitatively, we
note a 120% and 30% increase in emissivity at 20 um for HD flat Si and HD BSi, respectively, between 150
and 350 °C. Additionally, the emissivity of HD flat Si increases sharply from 0.7 to nearly unity at 2.5 pm. In
all cases, BSi consistently exhibits higher emissivity than flat Si across the entire measured temperature range,
reaffirming its promise for high-temperature applications such as thermal IR emitters or thermophotovoltaic

selective surfaces.
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Figure 4: Spectral emissivities measured for both BSi and flat Si at different temperatures and compared to the corresponding
indirect values of their spectral absorptivity. The solid blue line represents the theoretical simulation of the spectral absorptivity of
silicon with a resistivity of 0.001 Q-cm.

Furthermore, the total hemispherical emissivities versus temperature, calculated using Equation 6, are
plotted in Figure 5. In both cases, emissivity increases with temperature, a trend also reported in other studies
on microstructured silicon [26, 31, 33, 37]. The results for flat Si are compared with reference data from P. J.
Timans [32] for HD Si (resistivity = 0.012 Q-cm), based on earlier calculations by T. Sato [31]. Interestingly,
Timans’ data indicate that emissivity remains nearly constant with temperature for HD Si, while it increases
sharply for LD Si. In contrast, our measurements show a moderate but clear increase in emissivity with
temperature for HD Si, which diverges from Timans’ findings. This discrepancy likely due from differences
in the spectral integration range, but not exclusively. Indeed, theoretical studies on temperature-dependent

absorption indicate that the underlying mechanisms differ significantly at high doping levels, which further



contributes to the observed variations [44]. Timans evaluated emissivity based on absorption measurements
between 1.1 and 1.6 um for temperatures up to 800 °C, whereas our study integrates over a much broader
spectral range, from 2 to 20 um. For HD BSi, the increase is more limited, unsurprising given its already high
emissivity at low temperatures, nearing the physical upper limit of unity.

Additionally, our BSi results are compared with the total hemispherical emissivity data for 30 pm-deep
HD BSi and 8 um-deep LD BSi reported by P.G. Maloney et al. [26] and G. Feng et al. [27], respectively.
While a similar temperature-dependent trend is observed with the results of G. Feng et al., the BSi fabricated
in our study consistently exhibits higher emissivity values. This difference is attributed to a combination of
factors, notably the morphology of the microstructures and the doping concentration. As shown
experimentally and numerically by Sarkar et al. [11, 12], the depth and shape of conical nanostructures in BSi
play a central role in achieving ultra-broadband, near-unity absorption and, by Kirchhoff’s law, high
emissivity. They report that increasing the structure depth up to ~10.3 um with a high aspect ratio (up to 30:1),
combined with high phosphorous doping (~5 % 10" cm™), results in absorptance >99.5% up to 8 pm and
>90% up to 20 um. These performance levels were linked to both the suppression of transmittance due to
high doping and wafer thickness, and to the tapered geometry that minimizes reflectance through impedance
matching. In our study, the BSi structures were ~5 um deep with similar doping levels (~5 % 10" cm™),
optimized for mid-IR operation. The enhanced emissivity observed compared to previous works likely arises
from this specific combination of moderate structural depth, which remains sufficient to suppress reflection
in the mid-IR, and high doping, which ensures minimal transmission and efficient volumetric absorption. This
synergy explains the consistently higher emissivity observed in our samples, confirming the critical influence
of both microstructure geometry and carrier concentration, as also discussed by Zhe Li et al. [43] and Sopori

et al. [45].
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Figure 5: Total hemispherical emissivity calculated using Equation 6 for both BSi (blue diamond) and flat Si (red triangle) as a
function of temperature. Si results are compared to LD (black circle resistivity = 78 Q-cm) and HD (black square resistivity =
0.012 Q-cm) Si reference samples from the study by P. J. Timas (1993) [32], based on the calculated values from T. Sato (1967)
[31]. BSi results are compared to LD BSi reference samples from the studies of G. Feng et al. [27] (black stars) and P. G. Maloney
et al. [26] (black hexagram).

Over the temperature range studied, total emissivity is strongly influenced by the spectral emissivity
behavior in the 2-20 um wavelength range, where optical absorption occurs via interactions between photons
and either free carriers or lattice vibrations. At low temperatures, the concentration of free carriers is mainly
determined by the doping level and is very low in lightly doped silicon [32, 43]. Consequently, free-carrier
absorption is minimal, and the total emissivity is dominated by a weak contribution of the lattice vibrations,
resulting in low total emissivity. As temperature increases, the thermally generated free carriers significantly
enhance absorption, leading to a sharp rise in total emissivity. In contrast, heavily doped silicon already has
a high carrier concentration at room temperature, and additional thermal excitation has little effect on its
emissivity, resulting in a relatively stable behavior across the temperature range. This enhancement is not
solely attributed to free-carrier absorption in the silicon volume but can also be linked to the excitation of
surface plasmon polaritons (SPPs) at the silicon—air interface. It is important to note that the samples measured
in this study are even more heavily doped than those investigated by P. J. Timas [32].

Consequently, in the case of BSi, its nanostructured surface geometry combined with high doping

levels enhances light absorption through multiple scattering and light-trapping effects, resulting in



significantly higher emissivity compared to flat Si. The complex surface morphology also supports strong
near-field interactions and localized electromagnetic modes, which, under specific conditions, can couple to
SPPs in the mid-infrared range. This coupling further boosts spectral absorptivity and emissivity, particularly
in the infrared region relevant for thermal applications. As a result, BSi exhibits a very high emissivity even
at lower temperatures, which inherently limits the magnitude of any further increase with temperature, since
emissivity cannot exceed unity.

Nonetheless, a slight increase in total emissivity with temperature is observed. This can be attributed to two
physical mechanisms: (i) as temperature increases, the spectral range of thermal emission shifts toward shorter
wavelengths according to Planck’s law, activating regions where the BSi absorption may still be slightly sub-
unity at lower temperatures, and (ii) temperature-induced changes in free carrier concentration and phonon
interactions in heavily doped silicon can further reduce reflectivity and enhance absorption. These effects
collectively explain the modest temperature-driven increase in emissivity observed in our experiments.

Furthermore, because BSi already absorbs efficiently across the relevant thermal spectral window,
increases in temperature contribute only marginally to total emissivity. These combined effects explain the
near-saturation of emissivity at elevated temperatures and support the use of BSi in applications requiring
broadband, high-temperature radiative performance.

Moreover, as shown in Figure 5, the total hemispherical emissivity curves reported by P.J. Timans [32]
reveal that, beyond a threshold temperature of approximately 650 °C, flat silicon reaches a plateau in
emissivity, regardless of the doping level. A similar plateau behavior is observed for highly doped BSi. In
both our work (blue dashed line) and that of G. Feng et al. [27] (black dash-dotted line) the plateau begins as
early as 300 °C. This early stabilization of emissivity in BSi further highlights its superior radiative
performance at intermediate temperatures. Interestingly, extrapolating our results (blue dashed and red dotted
lines) suggests that the emissivity of HD flat Si and HD BSi could converge around 545 °C. This convergence
may indicate that, at sufficiently high temperatures, emissivity becomes less sensitive to surface structuration.

While speculative, this observation warrants further investigation and will be the focus of future work.

IV. Conclusions
Accurate characterization of emissivity at functional operating temperatures is essential for assessing
the suitability of emerging thermal metamaterials in applications such as heat sensing, thermal management,

and energy conversion, especially in intermediate to high temperature regimes. In this work, we developed a



dedicated experimental setup capable of performing direct spectral normal emissivity measurements from
150 °C to 350 °C, over a broad spectral range from 2 to 20 um.

We report the temperature dependence of both spectral and total emissivity of BSi. The results
demonstrate that BSi retains its extremely high broadband emissivity with temperature. For instance, the total
hemispherical emissivity increases slightly from approximately 0.95 at 150 °C to around 0.98 at 350 °C. This
limited increase is expected, as our BSi already exhibits near-unity emissivity at lower temperatures, due to
its optimized microstructure and high doping level. These findings confirm BSi’s excellent potential for
integration into high-temperature radiative applications such as TPV emitters, thermal infrared light sources,
and radiative cooling systems. In comparison, measurements on highly doped flat Si, which show good
agreement with literature data, primarily serve to validate the experimental approach and support the
robustness of the setup.

The results reported in this study initiate the development and deployment of BSi-based materials in

advanced thermal technologies operating at elevated temperatures.
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