
HAL Id: hal-02403395
https://hal.science/hal-02403395

Submitted on 10 Dec 2019

HAL is a multi-disciplinary open access
archive for the deposit and dissemination of sci-
entific research documents, whether they are pub-
lished or not. The documents may come from
teaching and research institutions in France or
abroad, or from public or private research centers.

L’archive ouverte pluridisciplinaire HAL, est
destinée au dépôt et à la diffusion de documents
scientifiques de niveau recherche, publiés ou non,
émanant des établissements d’enseignement et de
recherche français ou étrangers, des laboratoires
publics ou privés.

Effects of Doping on the Morphology and Infrared
Radiative Properties of Black Silicon

Sreyash Sarkar, Ahmed A Elsayed, Frédéric Marty, Jérémie Drevillon, Yasser
M Sabry, Jiancun Zhao, Yiting Yu, Elodie Richalot, Philippe Basset, Tarik

Bourouina, et al.

To cite this version:
Sreyash Sarkar, Ahmed A Elsayed, Frédéric Marty, Jérémie Drevillon, Yasser M Sabry, et al.. Effects of
Doping on the Morphology and Infrared Radiative Properties of Black Silicon. 2019 25th International
Workshop on Thermal Investigations of ICs and Systems (THERMINIC), Sep 2019, Lecco, Italy. pp.1-
4, �10.1109/THERMINIC.2019.8923602�. �hal-02403395�

https://hal.science/hal-02403395
https://hal.archives-ouvertes.fr


Effects of Doping on the Morphology and Infrared Radiative Properties of Black Silicon  
Sreyash Sarkar1*, Ahmed A. Elsayed1, 2, Frédéric Marty1, Jérémie Drévillon3, Yasser M. Sabry2, Jiancun Zhao4, Yiting Yu4, 

Elodie Richalot1, Philippe Basset1, Tarik Bourouina1, and Elyes Nefzaoui1 

 

 1Université Paris-Est, ESYCOM (FRE2028), CNAM, CNRS, ESIEE Paris, Université Paris-Est Marne-la-Vallée, F-77454 

Marne-la-Vallée, France  

 2Electronics and Electrical Com. Depart., Faculty of Eng., Ain Shams University, Cairo, Egypt                                     
3Institut Pprime, CNRS, Université de Poitiers, ISAE-ENSMA, Futuroscope Chasseneuil, France 
 4Northwestern Polytechnical University, Xi’an, China   

 

* Corresponding Author: sreyash.sarkar@esiee.fr, +33605749505 

Abstract 

For the first time, we show that the density of nanostructures on Black Silicon obtained by wafer-level cryogenic plasma 

processing increases with a high level of doping, extending the spectral range of its very high absorptivity from near-infrared 

to far-infrared. We have found experimentally and confirmed by simulations that, for highly doped Black Silicon, a high 

absorptivity is observed till 15 µm. Subsequent processing of SEM images reveals that these noteworthy radiative properties 

are probably due to particular morphological features of heavily doped Black Silicon at the nano-scale. These features are 

quantified through statistical image processing. Reported results pave the way to highly integrated and effective infrared 

sources using Black Silicon. 

1 Introduction  

Radiative properties engineering is of paramount 

importance for several applications involving thermal 

radiation conversion and management such as thermo-

photovoltaics, thermal rectification, thermal memories, 

logical circuits and radiative cooling, consequently, drawing 

in an increased attention in recent years [1][2]. In the present 

work, we report, on the properties of Black Silicon (BSi) in 

the spectral range of thermal radiation, up to 25 µm which 

can be instrumental for heat transfer applications. Black 

Silicon (BSi) has become nowadays, a well-established 

micro-nano-structured silicon surface that can be obtained by 

different techniques including cryogenic plasma [2] as 

considered in this work. BSi exhibits fascinating wetting and 

optical properties. In particular, due to its specific 

morphology, it is well-known for its excellent absorption of 

almost 100% of incident light [3][4][5], hence its name is 

Black according to its colour to the naked eye [6]. But very 

little is known about its infrared radiative properties and the 

possible ways of enhancing them for specific applications. It 

has been noted since [7, 8] that such nano-scale features lead 

to a critical improvement of silicon absorptivity in the visible 

range [9]. We show that we can extend such outstanding 

properties to the mid-infrared (MIR) by using highly doped 

silicon. We observe that the density of nanostructures on BSi 

increases with a high level of doping which leads to the 

increase of absorptivity over an extended spectral range. We 

have found experimentally and confirmed by simulations 

that, for highly doped BSi, high absorptivity is observed till 

15 µm. Subsequent processing of SEM images reveals that 

these conspicuous radiative properties are presumably due to 

very specific morphological features of heavily doped BSi at 

the nano-scale. These features are quantified through 

statistical image processing. The promulgated outcomes, 

therefore, prepare the way to highly integrated infrared 

sources and promising performances in thermal management 

applications such as passive radiative cooling [10].  
 

2 Methodology  

We have fabricated two wafers of BSi having n-type doping 

of 2×1018 cm-3 (standard doping) and 4.5×1019 cm-3 (high 

doping). From top- and side-view SEM pictures, the mean 

values of periodicity and height of the BSi structures have 

been extracted by grey-level analysis [11] using MATLAB: 

all the centres of holes have been identified and each pixel 

corresponds to a height. Based on obtained data, simplified 

representative models of BSi are built to be used as inputs for 

electromagnetic simulations for radiative properties 

calculation based on FEM and Rigorous Coupled Wave 

Analysis (RCWA) [12] methods.  

2.1   Experimental Setup for Measurements of 

Reflectance 

Experimental measurements of specular reflectivity have 

been performed using a Perkin Elmer Spectrum GX FTIR 

Spectrometer in a spectral range from 1 to 25 µm at room 

temperature and at different angles of incidences. Simulations 

and measurements on flat silicon with standard and high 

doping have also been performed for comparison.  

2.2   Black Silicon Fabrication  

A few methodologies have been created to limit the 

reflectance of silicon by texturing the surface [13, 14, 15]. 

The systems of silicon finishing by reactive ion etching (RIE) 

[16] and inductively coupled plasma-reactive ion etching 

(ICP-RIE), otherwise called deep reactive ion etching  



 

Figure 1: Measurements of reflectance on two BSi samples 

having standard and high doping at 30˚angle of incidence 

compared with flat Si. The highly doped BSi has a 

significantly higher absorption than the one with standard 

doping and the performance is evidently, better than 

highly doped flat Si. 

 

Figure 2: Zoom on the performance of highly doped and 

undoped black silicon further illustrating the fact that till 

15 µm, highly doped sample has lower reflectance. 

 

Figure 3: 3D reconstruction using gray-level technique 

from SEM images and side-view SEM for standard and 

highly doped silicon for a similar etching process: high-

level doping results in the increase of the density of nano-

structurations. 

 

 

 

Figure 4: Morphological analysis of 1.3x1.3 µm² BSi 

samples obtained from top-view SEM images. (a) SEM and 

model images of BSi etched on standard substrate. (b) SEM 

and model images of BSi etched on a highly doped 

substrate. (c) Histogram of etched hole’s periodicity and 

(d) histogram of structure’s height for both samples. All 

these data demonstrate an increase in the number of 

nanostructures and a decrease of their mean periodicity. 



(DRIE) [17, 18] have been accounted for. Plasma etching 

utilizing DRIE is a surely understood procedure to acquire 

black silicon surfaces of low reflectance. The DRIE depends 

on inductively coupled plasma (ICP) of sulphur hexafluoride 

(SF6) and permits anisotropic etching of silicon and this 

method is genuinely basic, fast, and controllable. While the 

purported ‘Bosch’ strategy is the most commonly used 

procedure in DRIE predominantly, we have used the 

cryogenic procedure to obtain black silicon surfaces, in this 

work [7]. The fixed parameters for all examples are ICP 

intensity of 1000 W, gas weight of 1.5 Pa, and SF6 gas stream 

rate of 200 sccm4. The samples were delivered on single side 

polished (100)-oriented single crystalline silicon wafers of 4 

in. breadth, having n-type standard low doping corresponding 

to a doping level of 2×1018 cm-3 and for high doping, a doping 

level of 4.5083×1019 cm-3, is considered on which several 

square samples of 1 cm2 have been prepared.  

2.3   Statistics Generation from SEM Images 

SEM grey-scale analysis is a reconstruction technique from 

which a three-dimensional model that represents the surface 

topography of BSi samples can be obtained. This method 

consists of inferring the structures’ height based on the grey-

scale level of a top-view SEM image, using the known height 

values of the SEM brightest and darkest grey-level as bounds 

of an interpolating range. While other non-destructive 

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 [19]. SEM grey-scale 

analysis has been effectively used in the reconstruction of BSi 

samples [20]; however, there are some limitations of the 

maximum hole depth detectable that are due to the limited 

SEM dynamical range. Therefore, while the SEM grey-scale 

analysis provides accurate topography information, it is 

limited to BSi samples with small or medium aspect ratios. In 

this work, from top- and side-view SEM pictures, the mean 

values of periodicity and height of the BSi structures have 

been extracted by grey-level analysis using MATLAB: all the 

centres of holes have been identified and each pixel 

corresponds to a height. 

2.4   Numerical Methods  

In the infrared region, the specific Drude model [21], which 

describes the frequency-dependent dielectric function of 

silicon, has been employed with more advanced models [22]. 

Thus, in the various modelling techniques involved in this 

work such as Rigorous Wave Coupled Analysis(RCWA), 

FEM (Finite Element Mesh Analysis), the equations of Drude 

formalism have been employed to construct the 

representative models for simulations 

2 Results 

Figure 1 shows the spectral responses of two BSi samples of 

high and standard low doping. The effects of high doping on 

the bulk material dielectric permittivity and on the BSi 

geometrical features at the nano-scale, can be obviously 

noted, where, for the highly doped BSi sample, reflectance is 

kept lower than with the standard low doping until 15 µm. As 

a reminder, this figure also recalls the typical responses 

recorded in the visible range; as most of the time, such a curve 

shows an increase of reflectance at the highest wavelengths, 

which also suggests that absorption should deteriorate if we 

increase the wavelength further. But surprisingly, this does 

not happen in our results shown in Figure 1. On the contrary, 

one can see that reflectance is kept very low, below 1% up to 

10 µm. For the highly doped silicon, reflectance remains even 

below 0.1% up to 7.5 µm and then starts increasing up to 1% 

at 15 µm. These outstanding radiative properties cover a 

significant part of the useful spectrum of a thermal radiation 

source operating between room temperature and 600 K. 

Indeed, considering the spectral distribution of the blackbody 

intensity given by Planck’s function [23] and the fraction 

emitted in the spectral range covered by our experimental 

results between 1 and 25 µm, one can note that this fraction 

reaches 83% and 97 % for a radiation source at 300 K and 

600 K, respectively [23]. Such small reflectance, thus high 

emissivity, in this specific wavelength range is of paramount 

importance for various applications. As a matter of fact, 

because of the large density of free carriers, heavily doped 

silicon is opaque in the mid-infrared. Therefore, such small 

reflectance is synonymous with high emissivity, according to 

Kirchhoff’s law and energy conservation principle, which 

paves the way to efficient radiation sources. Figure 2 shows 

the zooming in on the performance of doped and undoped 

BSi, clearly illustrating the fact that till 15 µm, the highly 

doped sample has lower reflectance. Figure 3 shows the 3D 

reconstruction and side view SEM images of a 1.7 µm² BSi 

samples for the two doping levels, all process parameters 

being identical otherwise. One can clearly observe a large 

increase of the BSi peak’s density with the high doping and 

sharper peaks are observed. This is confirmed and quantified 

by statistical image processing based on the grey-level 

analysis shown in Figure 4: the number of etched holes has 

multiplied by more than a factor 3, their mean-periodicity has 

decreased from 330 nm to 200 nm, and the number of higher 

structures (above 5 µm) has also increased considerably. 

According to Kirchhoff's law of thermal radiation [24], 

spectral emissivity is equal to spectral absorptivity at a given 

temperature. Consequently, such small reflectance in this 

specific wavelength enables considering doped BSi as a 

potential effective and highly emissive infrared source for 

various kinds of sensing applications based on spectro-

photometry. 

4 Conclusion 

In conclusion, we show, that the considerably high 

absorptivity of BSi can be extended to the spectral range of 

thermal radiation (up to 15µm) by using highly doped silicon.  

This striking behavior is not ascribed to the high level of 

doping of the nanostructured surface. The exceptionally high 

absorptivity levels also translate into high emissivity of doped 



BSi. Such remarkable properties enable considering doped 

BSi as a propitious candidate for numerous applications, such 

as radiative cooling, broadband absorbers including 

bolometers as well as broadband infrared light sources based 

on black body emission. 
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