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Black Silicon Revisited as an Ultrabroadband Perfect
Infrared Absorber over 20 μm Wavelength Range

Sreyash Sarkar, Ahmed A. Elsayed, Yasser M. Sabry, Frédéric Marty, Jérémie Drévillon,
Xiaoyi Liu, Zhongzhu Liang, Elodie Richalot, Philippe Basset, Elyes Nefzaoui,
and Tarik Bourouina*

1. Introduction

While bare single-crystal silicon already
occupies a dominant position in semicon-
ductor industry, its format involving
surface microscale/nanostructuration is
still of prime intrigue regarding its optical
properties for a variety of applications
such as solar cells,[1–3] radiative cooling,[4–7]

black body radiation sources,[8,9] photo-
detectors,[10–12] and infrared absorbers.[13–15]

These applications require at least low
reflectance and, more often than not, they
also require high absorptivity, which trans-
lates into high emissivity, according to
Kirchhoff ’s law of thermal radiation.[16] To
achieve these functions, various micro/
nanogeometrical shapes have been imple-
mented on silicon surfaces like periodic
cylindrical pillars or disordered conical
spikes. These are also referred in the litera-
ture as silicon nanowires (SiNWs)[17–20] or
black silicon (B-Si),[21–50] respectively. B-Si
is among the most popular nanostructured
surfaces. Its name is due to its appearance to

the bare eye, and it is known to absorb light mainly in the visible
wavelength range, up to nearly 1 μm, owing to bandgap absorption
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Black silicon properties are investigated in the wavelength range extending from
0.2 to 25 μm with a focus on the mid-infrared (MIR). It is demonstrated that
concurrently increasing the initial level of doping of bare silicon, with given
limits, enables reaching even higher absorptance and higher spectral range.
Unprecedented light absorptance levels are obtained on black silicon with up to
99.5% in the spectral range from 1 to 8 μm and above 90% until 20 μm, leading
to ultrabroadband, ultrablack silicon surfaces. The synergetic effects of
morphology and volume doping are elucidated; in particular, how the high
aspect-ratio of conical nanostructures plays a crucial role. The experimental
findings are analyzed with numerical simulations involving plasmonic effects of
highly doped silicon and supported by tomographic processing of microscopy
images. Guidelines and corresponding manufacturing routes are provided
by which ultrabroadband, ultrablack silicon surfaces can be obtained within
minutes of plasma processing, with no need for further functionalization.
With the scalable manufacturing involving solely pure silicon, the resulting
ultrabroadband perfect absorbers should be of benefit for large-scale deploy-
ment of radiative cooling devices, blackbody infrared light sources, and infrared
radiation sensing.
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combined with its particular morphology. B-Si can be produced by
various techniques, including femtosecond laser irradiation,[11–28]

chemical etching,[2] or plasma surface treatment[10,29–33] as
considered in this work. Compared with flat silicon, B-Si generally
exhibits a much higher absorptivity and hence a much higher
emissivity. Table 1 summarizes the most significant achievements
in state-of-the-art of research conducted on B-Si expressed with the
corresponding absorptivity or reflectivity and corresponding
spectral range.

Alternative strategies to achieve perfect light absorbers and
emitters, that is, nonsilicon black absorbers, include surface
functionalization with MoS2,

[51] graphene,[52] or with colloidal
metallic nanoparticles.[53,54] Another option is to design
metacells along silicon-based metamaterials.[13–15,55] Among
these strategies, the most effective to date are the use of metallic
nanoparticles, which exhibit plasmonic behavior over a broad
spectral range as reported by Zhou et al.,[53,54] reaching up to
99% absorptivity over a spectral range of 10 μm.

Compared to the abovementioned nonsilicon black absorbers,
B-Si has the advantage of preserving the integrity of the silicon
substrate because there is neither additional coating nor func-
tionalization in this case. B-Si appears as a good candidate for
light absorbers based solely on silicon. Nevertheless, even though

some B-Si surfaces exhibit extremely high absorption of nearly
99% of incident light in the visible and near-infrared (NIR)
range,[21–27,30–33,41–46] only meager information is available in
mid-infrared (MIR) and far-infrared spectral ranges[28,47,48] (bot-
tom part of Table 1). The limited investigations in the infrared
range could be due to a negative a priori that silicon is a translu-
cent material in the infrared, which makes it a priori not a very
good candidate for a good absorber in the infrared wavelength
range. As an illustration, Figure 1a,b shows typical spectral
reflectance responses on black silicon, as found in many reports
covering the visible and NIR ranges up to 2.5 μm; most of the
time, such curves show a decrease of the absorptance at the high-
est wavelengths at the limits of bandgap absorption around
λ¼ 1 μm, after what bare silicon turns into a translucent material
to the infrared. This kind of drop also suggests that absorption
should deteriorate evenmore if one increases the wavelength fur-
ther. A nice evidence of such a transition step at the border
between visible and NIR was reported many times in the earliest
history on black silicon.[21–24,32,46,49,50] However, some of these
reports have also shown an improvement of the absorptance
above 1 μm, which appears in Figure 1a,b as a reduction of
the magnitude of the absorption step at λ¼ 1 μm. This improve-
ment was ascribed to the virtues of doping the silicon surface,
which can be seen also as a kind of surface functionalization.
Doping the silicon surface with sulfur, selenium, or tellurium
with subsequent laser treatment led to absorptance up to 80%
till 2.5 μm.[46] But it was also found that such improvement is
not stable with temperature,[22] as illustrated in Figure 1b, which
shows that the effect of thermal annealing brings back a high
step and lowers the absorptance above 1 μm. Similar to surface
doping, a functionalization of the surface of black silicon
with gold nanoparticles led to an absorptance up to 96% till
2.5 μm.[49] More recently, boron volume doping led to an increase
of the absorptance up to 99.8% until 2.25 μm.[32] It is worth men-
tioning that those reports on doping black silicon did not explore
wavelengths above 2.5 μm. It is also worth mentioning that the
effects of doping on the extension of spectral range were ascribed
to the introduction of intermediate energy states in the semicon-
ductor bandgap,[22] which is questionable as discussed in this
article, in which we introduce a simple explanation based on
the plasmonic behavior of doped silicon, along a model based
on a simple Drude model adapted to structured silicon, which
is proven to fit very well with experimental data, with no need
for more sophisticated models such as the Drude–Lorentz model
for instance.

Volume doping of bare silicon was already identified as a
candidate for tailoring thermal radiative properties[56] by taking
benefit of the plasmonic effects exhibited by doped silicon[57] at
lower plasma frequencies compared to metals, lying in the NIR
range. On the other hand, although it was not considered as a
plasmonic material, heavily boron-doped, degenerated silicon
was already used to manufacture B-Si with enhanced absorp-
tance[32] in the NIR up to 2500 nm (group 4 on Figure 1c).
Extending these properties further to the MIR range is of primary
importance for the numerous abovementioned applications.

In the present article, we investigate absorption properties of
B-Si in the infrared spectral range up to λ¼ 25 μm, at variable
doping levels and different nanostructured features.
Surprisingly, excellent absorptance is found, reaching 99.5%

Table 1. Radiative properties of black silicon absorbers in literature.
Majority of absorptance data are obtained by the indirect method,
through measurements of reflectance and transmittance spectral
responses. Among these data, only a few values (*) take into account
diffuse reflectance, meaning that majority of absorptance values are
overestimated. Only one work use a direct method to provide data on
emissivity (**). For the purpose of comparison, the data related to this
work are provided with (and without) consideration of diffuse reflectance.

References Explored
wavelength range
λmin–λmax [μm]

Minimum
reflectance

R [%]

Maximum
absorptance

A [%]

Algasinger et al.[41] 0.2–1.1 4 –

Branz et al.[42] 0.3–1.1 2 –

Nguyen et al.[30] 0.4–0.95 1 –

Pezoldt et al.[43] – 2 –

Repo et al.[40] – 1 –

Kontermann et al.[25] – 2 –

Steglich[33] – 1 –

Atteia et al.[44] – 0.2 99*

Yurasov et al.[45] 0.5–1.2 3 97

Steglich et al.[32] 0.25–2.25 – 99.8*

Tull et al.[46] 0.8–2.5 – 95

Wu et al.[22] 0.3–2.5 – 97

Crouch et al.[24] 0.3–2.5 – 97

Ma et al.[26] 0.4–2.5 – 90

Li et al.[27] 0.25–2.5 – 96

Vorobyev et al.[28] 1–15 20 –

Liu et al.[47] 1.5–16.5 5 90

Maloney et al.[48] 2.5–25 – 90**

This work 1–25 0.6* (0.03) 99.5* (99.97)
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up to 8 μm and still above 90% up to 20 μm. Figure 1c shows this
result shown in the thick black curve, compared to the best
absorptance spectra reported in the literature so far, in the same
wavelength range.[32,47,48] This result was reached while consid-
ering simultaneously high doping of the silicon bulk and high

aspect ratio nanostructures at its surface, prompting ultrabroad-
band ultrablack silicon (UB-B-Si) over a spectral range fully cov-
ering the UV, visible, and NIR but also the MIR, toward the
borders of far-infrared. A comprehensive experimental study
has been conducted and is supported by numerical simulation

Figure 1. Absoptance of B-Si: state-of-the-art and comparison to this work. a,b) Absorptance up to λ¼ 2.5 μm wavelength of sulfur-doped B-Si surfaces
showing a drop at λ¼ 1.1 μm, corresponding to the silicon bandgap. a) Group 1a adapted from Crouch et al.,[24] SF6-assisted laser etching with different
number of laser pulses from 0 to 500. b) Group 1b adapted from Wu et al., [22] SF6-assisted laser etching with different etching depths of 0 μm (bottom
curve), 10–12 μm (top curve) then after annealing (dotted-line curve). c) Absorptance up to λ¼ 25 μm; this work (upper thick black curve); group 2,
adapted from Liu et al., [47] relates to SF6-assisted laser etching with different etching depths: 2a (20–30 μm) and 2b (3–4 μm); group 3, adapted from
Maloney et al., [48] relates to different surface dopants: 3a (S), 3b (Te), and 3c (Se); group 4, adapted from Steglich et al., [32] boron-doped B-Si up to
λ¼ 2.5 μm. d) This work: details of reflectance and transmittance data used to determine the absorptance of our B-Si-1 sample (phosphorous volume
doping with concentration of 5� 1019 cm�3 and etched depth of 10.3 μm); the inset shows a zoom on transmittance, much below 0.005%. Dashed lines
relate to measured data on a flat Silicon wafer with the same doping level e, the corresponding detailed data for B-Si of specular reflectance, diffuse
reflectance, and total reflectance for our B-Si-1 sample.
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results obtained with different modeling techniques, namely, the
finite element method (FEM) and the effective medium theory[58]

(EMT) combined with the transfer matrix method[59] (TMM). The
shapes and dimensions of morphological features of B-Si are also
considered for better understanding the important role of nano-
and microstructures in enhancing light absorption. Considering
different doping levels, numerical results on B-Si are discussed
and compared with flat silicon used as a reference. In all cases,
numerical and experimental results show a very good agreement,
indicating the key role of doping together with the strong
importance of geometrical features in the morphology of B-Si,
namely, the shape and aspect ratio of the nanostructures, for
obtaining outstanding radiative properties. Our analysis yields
crucial information regarding an effective pathway to obtaining
ultrabroadband absorption silicon using conventional microelec-
tronics industry tools.

In what follows, we will present and discuss our results that
reveal how a bare single-crystalline silicon surface can be tailored
to exhibit ultrahigh absorptivity, but also how such high absorp-
tivity can be extended to an ultrawide spectrum extending to the
borders of far-infrared. We show and explain that the overall
behavior is critically governed by two factors, 1) morphology
and 2) doping, with the requirement to properly control both
of them simultaneously. Those two factors are studied in detail.

2. Results and Discussion

The measured infrared absorptance (A) is obtained from the
indirect method (i.e., A¼ 1� R� T ) based on measured trans-
mittance (T ) and reflectance (R) spectra accounting for both
specular reflection and diffuse reflection (see Section 4.3 for
experimental details). The spectral responses for A, R, and T
of the fabricated B-Si are shown in Figure 1d,e. A resulting
absorptance of 99.5% is obtained in the spectral range up to
λ¼ 8 μm (this result is also drawn in the upper thick black curve
in Figure 1c so as to compare it with state-of-the-art). The data
given in Figure 1e show the detailed fractions of diffuse
reflectance and specular reflectance contributing to the total
reflectance. They are nearly 0.5% and 0.03%, respectively, in
the spectral range up to λ¼ 8 μm. As shown in the inset of
Figure 1d, the transmittance remains much below 0.005% in
the whole spectral range up to λ¼ 20 μm. It is worth mentioning
that such negligible transmittance measured through the highly
doped silicon substrate also implies that one can get the absorp-
tance directly from the simplified relation A� 1� R. From
λ¼ 8 μm up to 20 μm, absoptance decreases but remains at
nearly 90%. It is worth mentioning that it is mainly due to
the specular reflectance in this range as can be seen from
Figure 1e, not by diffuse reflectance. Figure S1, Supporting
Information 1, gives complementary information about the
absorptance of our surfaces in the spectral range starting from
λ¼ 0.2 μm up to 2.5 μm, which is near-unity over the whole
range, in particular with no discontinuity at the bandgap limit
at λ¼ 1 μm contrary to the typical responses recalled in
Figure 1a,b. Considering the data of both Figure S1,
Supporting Information, and Figure 1b, one has the demonstra-
tion of the extension from 0.2 μm up to 20 μm of the UB-B-Si.

2.1. Effect of Morphology

2.1.1. Effect of Structures’ Depth

A first effect of the morphology can be seen in the measured
spectral responses shown in Figure 2a, which relates to three
distinct nanostructured surfaces with conical shapes having
different average depths <d> but same doping level of
5� 1019 cm�3 (N-type, phosphorous doping). The first sample
B-Si-1 with <d>¼ 10.3 μm maintains a remarkable absorptance
of nearly 95% till a wavelength λ¼ 17 μm as shown by the black
curve. For the second sample B-Si-2, having a lower depth value
of <d>¼ 4.3 μm (green curve), the drop from the 95% absorp-
tance ceiling occurs progressively at shorter wavelengths below
λ¼ 9 μm. A flat surface is also measured as reference, corre-
sponding to the ultimate situation of <d>¼ 0.0 μm (red curve).

For a better understanding of these first experimental results,
we made FEM simulations, Supporting Information 2, as shown
in Figure 2b, where the average depth was gradually varied from
<d>¼ 0 μm, corresponding to a flat surface up to<d>¼ 10 μm.
For these simulations, we considered a lateral correlation length,
that is the mean spacing between neighboring cones, Lc¼ 0.3 μm
and an angle of incidence of 15° for the incident electromagnetic
plane wave, same as in the experimental conditions. We per-
formed those simulations on simplified models where the doped
silicon material was considered as a plasmonic material, which
can be described by a wavelength-dependent complex refractive
index based on Drude’s Model, Supporting Information 3. Such
model is used as an input for various electromagnetic simula-
tions to compute the surface radiative properties over the
1–25 μmwavelength range. The set of curves of Figure 2a,b illus-
trates, through experiments and simulations, the same clear
trend: with larger depth <d>, a broader and higher level of
absorptance is reached. The ultimate limit of 100% absorptance
is made possible across a wide infrared wavelength range up to
λ¼ 8 μm, and 95% is maintained up to λ¼ 15 μm, while the
absorptance is still above 90% at λ¼ 20 μm. It is noteworthy that
this requires micro–nanostructure depths <d> as big as 10 μm,
also corresponding to the order of magnitude of the cutoff wave-
length, defined here as the wavelength at which the absorptance
falls below 99%, suggesting that one needs a depth <d>� λ to
achieve a smooth-enough transition from air to bulk silicon with-
out reflection. Both experimental and simulation results high-
light this requirement of a very high aspect ratio for the
conical structures, translating in this case in a rather important
depth in the order of <d>� 10 μm. This is indeed a first key
requirement for a broadband perfect absorption. It is worth men-
tioning that this is a singularity of our ultrablack silicon to reach
such high aspect ratio cones in the order of 30:1, with subwave-
length width, while the vast majority of
B-Si surfaces exhibit a much smaller aspect ratio in the order
of 3:1. The high aspect ratio and highly doped black silicon
appear as an efficient taper metasurface, preventing any reflec-
tion to occur over a wide wavelength range. The transmitted light
by this taper metasurface is then fully absorbed by the tandem
resulting from this metasurface and the underlying thick sub-
strate, which is also highly doped. Figure 2c shows the
simulated spectral absorptance when varying the correlation
length (Lc) from 0.1 to 0.5 μm, showing multiple superimposed
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curves meaning that this parameter has no observable effect
within this subwavelength range, also corresponding to a condi-
tion for applying EMT as discussed afterward.

2.1.2. Effects of Conical Shape and Variability in Tip Depth

To better understand the governing morphological factors, we
made another set of simulations, described in Figure 3a–e,
related to different shapes of the doped silicon surface. In
column (I), various shapes of micro/nanostructured (highly
doped) silicon are considered for illustration purposes: a flat sur-
face (Figure 3a), periodically arranged uniform nanopillars
(Figure 3b), a uniform nanocones array (Figure 3c), and a
random distribution of nonuniform nanocones typical of our
UB-B-Si (Figure 3d,e). The corresponding profiles of the effective
refractive index, derived using the EMT,[58] are also schematically
depicted in columns (II) and (III) of Figure 3. Finally, the simu-
lated spectral absorptance is shown in column (IV). Obtained
results clearly show a trend where the smoothest transition of
the refractive index is the only configuration which exhibits
almost 100% absorptance over the whole spectral range, up to
25 μm. It is worth mentioning that such smooth transition
requires not only conical shapes, but also a high aspect ratio
for those cones, which translates into large values of <d>.
Another subtle requirement that is highlighted when comparing
Figure 3c,d is the variability in the depths of the tip apex of the
cones for obtaining a higher level of absorptance of almost 100%,
but at the cost of a slightly shorter bandwidth. This is an

important requirement, which explains the use of an average
depth <d> instead of a uniform depth d, as one of the most
important factors of the morphology besides the conical shape
of the nanostructure.

2.1.3. Effect of Correlation Length

At this stage, we have to point out that our analysis based on the
smooth transition effective refractive index along the z-axis
assumes that the EMT is applicable. Indeed, the main require-
ment for this is to have subwavelength feature size for the nano-
structures in-plane dimensions, to enable averaging the effective
refractive index at each z-position. This translates into the con-
dition that the correlation length (Lc) between neighboring cones
has to be smaller than the wavelength, that is, Lc<< λ. FEM sim-
ulations trying to ascertain the effect of the correlation length (Lc)
were then performed for the same level of doping and the same
cone average depth of <d>¼ 10 μm, by varying the correlation
length from Lc¼ 0.1–0.5 μm. According to the simulation results
shown in Figure 2c, there is only a very little impact of Lc. This
result allows us to conclude that the depth <d> matters more
than the aspect ratio <d>/Lc of the conical nanostructures. It
is, however, worth mentioning that an additional requirement
is subwavelength values for Lc to enable applying the effective
medium approximation. From this point-of-view, as shown in
Figure 4III, typical values of Lc� 0.32 and 0.44 μm for our sam-
ples B-Si-1 and B-Si-2 enable us to make this assumption, espe-
cially in the infrared range. The corresponding values for the

Figure 2. Experimental results and FEM simulations demonstrate the drastic influence of the high aspect ratio through the average depth <d> of the
conical microstructures. a) Experimentally measured spectral absorptance on three samples of UB-B-Si exhibiting different average depths of<d>¼ 10.3,
4.2, and 0.0 μm (flat surface), respectively, recorded at 15° incidence angle. b) Simulated spectral absorptance over the infrared range from 1 to 25 μm
varying the average depth from<d>¼ 0 μm (flat surface) to<d>¼ 10 μm, with 15° incidence angle. c) Simulated spectral absorptance when varying the
correlation length (Lc) from 0.1 to 0.5 μm, showing that this parameter has no observable effect within this sub-wavelength range.
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average depths are <d>¼ 10.3 μm and <d>¼ 4.2 μm, respec-
tively. The method to obtain these data is depicted in Figure 4
and described in Section 4.

2.2. Effect of Doping

Besides the above-described importance of morphology, the sec-
ond key governing factor is doping. Fundamentally, high doping
levels enable tuning the semiconductor to bring it close to a
metallic behavior thanks to the increased charge carrier density.
From optical point-of-view, silicon becomes a plasmonic material
with a plasma frequency in the infrared range, while metals usu-
ally exhibit such frequency in the visible domain.[23] As discussed
earlier, silicon can be modelled by a wavelength-dependent
complex refractive index based on Drude model, Supporting

Information 3. A second series of simulations were done to pro-
vide conclusive evidence of the effect of doping on B-Si for a fixed
average depth <d>¼ 10 μm. As shown in Figure 5a, with an
increasing level of doping, the absorptance increases in the
low-wavelength range. In the extreme case of doping,
1� 1021 cm�3, the absorptance achieves a near 100% level until
λ¼ 5 μm. However, above λ¼ 5 μm, quite the opposite trend is
observed; the absorptance decreases while increasing the
doping. The inset in Figure 3a is a zoom on the absorptance axis,
which depicts key information regarding two different requisites
for obtaining broadband silicon absorbers. For a broader high
absorptance range, a highly doped silicon is preferable, while
for the highest absorptance values, a heavily doped silicon
would be ideal. By highly doped levels, we mean levels above
to 1� 1019 cm�3, where we still have significant plasmonic

Figure 3. a–e) The high aspect ratio of the conical microstructure as a first key parameter to turn silicon into an ultrabroadband and ultrablack
perfect absorber. Schematic representations of different surface geometries (I) along with their corresponding graded index profiles (II) and a sketch
of the corresponding profiles of the effective refractive index according to effective mediummodeling (III) and the simulated absorptances obtained based
on relevant data of our doped silicon (IV). a) Flat silicon. b) Uniform nanopillars array with average depth <d> of 5 μm. c) Uniform nanocones
array average depth <d> of 5 μm. d,e) Nonuniform nanocones array typical of ultrablack silicon with high absorptance having a doping level of nearly
5� 1019 cm�3 with an average depth <d> of 5 and 10 μm, respectively. The latter is the only morphological configuration that exhibits continuous and
smooth profile of the refractive index thanks to the stochastic distribution of the cones apex and cone depths (d). Note that the transition from air to bulk
silicon will be smoothest in case (e) for the highest average depth <d>.
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behavior of the doped silicon. It is worth mentioning that at this
particular doping level of 1� 1019 cm�3, the absorptance starts
degrading, reaching levels below 99.6% in the spectral range
of interest. This suggests that there is no additional benefit reduc-
ing the doping level below this limit. The observed trend
observed in Figure 5a on the cutoff wavelengths, which vary with
doping, suggests a link with the silicon plasma frequency ωp,
which depends on doping concentration. The corresponding
calculated incident wavelength in air, noted λp, takes the values
λp ¼ 4.9 and 19.6 and 41.6 μm, respectively, for phosphorous
doping concentrations of 1�1021, 4.5� 1019, and 1�1019 cm�3,
respectively. These values of λp appear in quite good agreement
with the –3 dB cutoff wavelengths, which appear in Figure 5a.

2.3. Effect of Angle of Incidence

The effect of the angle of incidence on the absorptance of silicon
has also been investigated, as shown in Figure 5c,d. One can see
that the absorptance is nearly isotropic, with almost no depen-
dence on the angle in the range from �40° to þ40°.

3. Conclusion

In this work, we show through an experimental investigation
supported by numerical simulations, the means of turning

silicon into a broadband perfect absorber over the spectral range
up to 25 μm. For this purpose, we use highly doped silicon bulk,
at 5� 1019 phosphorous concentration, to produce black silicon
by cryogenic plasma processing of the silicon surface, with suf-
ficient etching time, of 10–20min, leading to conical nanostruc-
tures of very high aspect ratio, up to 30:1, and depth up to
10.3 μm. Absorptance of 99.5% is achieved in the spectral range
up to 8 μm. It is obtained from indirect method, based on a mea-
sured reflectance of 0.5% accounting for both specular and
diffuse reflectance, and a transmittance much below 0.005%.
Absorptance remains higher than 90% up to a wavelength of
20 μm. The specific high aspect ratio conical geometrical features
of the B-Si surface combined with the high doping of the silicon
bulk are a key parameter to understand the outstanding infrared
absorptance of B-Si. Our experimental and numerical studies
reveal the existence of a trade-off, hence an optimal set of param-
eters, to obtain both ultrabroadband and ultrablack silicon.
Simulation results predict that higher levels of absorptance
are obtainable with heavily doped B-Si at 1� 1020 phosphorous
concentration, while broader absorptance could be facilitated by
using moderately doped B-Si in the order of 1� 1019 cm�3. The
observed striking behaviors are not only ascribed to the high level
of doping of the nanostructured surface, but also to the depth of
the conical nanostructurations, which is a direct consequence of
etching time and to some extent to the doping levels, which has a
small influence on morphology. Based on the fact that the

Figure 4. Production of morphology statistics of B-Si using SEM gray-scale analysis. I) Schematic transition from a 3Dmorphology to a 1Dmodel leading
ultimately to the graded refractive index profile required in our work based on topographic information. II) Methodology for obtaining correlation length
(Lc) and depth<d> from top-view SEM images of B-Si and their exploitation to get statistical data on dimensions and grayscale (see details in Section 4).
III) Application to our two samples B-Si-1 and B-Si-2 to retrieve their respective correlation lengths (Lc) and their average depths <d>.
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absoptance A is derived through the formula A¼ i – R� T, and
based on the fact that the measured transmittance T was found to
be zero, we can reasonably state that there are two involvedmech-
anisms to ensure an almost perfect absorptance of 100%, as fol-
lows: 1) almost no transmission can occur T� 0 because the
thickness (500 μm) of the silicon wafer and the corresponding
doping level (5� 1019 cm�3) are both high enough to lead to
any residual light to be absorbed within the silicon volume.
2) R� 0 due to impedance matching involving the tapered struc-
ture of the B-Si surface over a depth of <d>¼ 10 μm, which is
deep enough. In this case, this holds true even at high wave-
lengths thanks to the high doping of 5� 1019 cm�3. Effects of
the angle of incidence and the correlation length of the conical
nanostructures have also been explored, and show only to yield
small effect on the absorptance of B-Si. The reported exception-
ally high absorptance levels in the MIR spectral range also trans-
late into high emissivity of doped B-Si. Such remarkable
properties enable considering highly doped and deep B-Si as a
propitious candidate for numerous applications, such as
radiative cooling, broadband absorbers for IR radiation sensors
as well as broadband infrared light sources.

4. Experimental Section

Black Silicon Fabrication: Inductively coupled plasma-reactive ion etch-
ing (ICP-RIE), otherwise called deep reactive ion etching (DRIE),[60,61] is a
proven technique allowing dry structuration of silicon surface at different
scales in a fast and repeatable manner. While the purported “Bosch”
strategy is the most commonly used procedure in DRIE predominantly,
however in this work, we have used the cryogenic process developed in
our prior report[3] to obtain the B-Si samples under consideration. The
process is carried out in an A601E Alcatel etch tool configured for cryo-
genic plasma silicon etching at a temperature of �110 °C. The B-Si forma-
tion process involves plasma generation from a gas mixture of SF6 and O2

at a pressure of 2.5 Pa, with detailed formation mechanisms leading to a
tapered structure described in our previous work.[31] By proper control of
the SF6/O2 ratio, the process leads to the appearance of conical spikes on
the silicon surface.[30] Then further control of the etching time from 10 to
20min enables the production of the high aspect ratios for these conical
structures, which is the key morphological feature for achieving the
extraordinary radiative properties presented in this work. The fixed
parameters for all examples are ICP intensity of 1000W and SF6 gas
stream rate of 200 sccm. The samples were delivered on single side
polished (100)-oriented single crystalline silicon wafers of 4 in. breadth
and 525 μm thickness (from Siltronix), with n-type phosphorous doping
at a measured resistivity of 0.0015Ω cm, corresponding to a doping

Figure 5. The doping level of silicon as the second key parameter to achieve ultrabroadband and ultrablack silicon. a) Calculated absorptance over the
infrared spectral range from 1 to 25 μm for different values of the doping level of N-type, phosphorous-doped silicon with fixed average cone depth
<d>¼ 10 μm. The inset gives a zoom on the vertical scale to highlight that widest spectral ranges achieved at moderate doping level 1� 1019 cm�3 also
correspond to the smallest levels of absorptance, although still high; higher absorptance is attainable at higher doping levels but at the expense of a
reduced spectral range. b) Experimental spectral absorptance of black silicon for high (5� 1019 cm�2) doping level measured over the spectral range from
1 to 25 μm, showing excellent agreement with simulation. c) Reflectance of black silicon for high (5 0� 1019 cm�3) doping level measured reflectance at
different incident angles, and d) corresponding emissivity diagrams.
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concentration level of 5� 1019 cm�3. Square samples of 1 cm2 have been
diced upon completion of the plasma process.

Morphology Statistics Generation: SEM gray-scale analysis is a recon-
struction technique from which a 3D model that represents the surface
topography of B-Si samples can be obtained. This method consists of
inferring the structures’ depth based on the gray-scale level of a top-view
SEM image (Figure 4 and Video S1, Supporting Information), using the
known depth values of the SEM brightest and darkest gray-level as bounds
of an interpolating range, calibrated from cross-sectional SEM images.
While other nondestructive methods of reconstruction such as the ones
based on multiple images taken at different viewing angles have been
demonstrated, they require repositioning the sample at different viewing
angles and robust algorithms to detect the same features in the different
images.[62] SEM gray-scale analysis has been effectively used in the
reconstruction of B-Si samples;[63] however, there are some limitations
of the maximum hole depth detectable that are due to the limited SEM
dynamical range. Therefore, while the SEM gray-scale analysis provides
accurate topography information, it is limited to B-Si samples with small
or medium aspect ratios. In this work, as schematically depicted in
Figure 5, from both top- and side-view SEM pictures, the nanocones
coherence length Lc and the average nanocones depth <d> of the B-Si
structures have been extracted by gray-level analysis using MATLAB: all
the centers of holes have been identified and each pixel corresponds to
a depth. The obtained results demonstrate a correlation length ranging
from Lc� 0.44 μm down to Lc� 0.32 μm.

Experimental Setup for Measurements of Reflectance: Experimental
measurements of transmissivity and specular reflectivity have been per-
formed using a Perkin Elmer Spectrum Two FT-IR Spectrometer in the
MIR and far-infrared spectral ranges from 1 to 25 μm at room tempera-
ture. Measurements at near-normal incidence have been obtained with a
specular reflectance accessory with an incidence angle of 10°. A variable
angle specular reflectance accessory has also been used to perform
measurements at different angles of incidence from 15° to 80°. The diffuse
reflectance measurements were performed using a PerkinElmer Spectrum
3 FT-IR spectrometer with a PIKE IntegratIR MIR Integrating Sphere
having hemispherical diffuse reflectance measurement with an incident
beam angle of 12° with specular exclusion port from PIKE
Technologies at room temperature in the spectral range from 2.5 to
20 μm. Cumulative measurements on flat silicon with standard low and
high doping levels have also been performed for comparison. We
measured absorptance on two fabricated B-Si-1 and B-Si-2 samples having
two different average depths <d>¼ 10.3 μm and <d>¼ 4.2 μm,
respectively. The measured absorptance A is obtained indirectly from the
measured reflectance R and transmittance T, through A¼ 1 – R� T, where
R accounts for both specular reflectance (Rspec) and diffuse reflectance
(Rdiff ), that is, R¼ Rspecþ Rdiff, as shown in Figure 1d,e. T appeared to have
very negligible, nonobservable values over the whole spectral range (inset of
Figure 1d), which is understandable because light is transmitted (and atten-
uated) over the whole silicon substrate, whose thickness is 525 μm.

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