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Abstract 

Silicon carbide (SiC) shows promise as an increasingly widespread material for 

aerospace mirror systems. It has already been successfully used in recent space 

programs, with and without Chemical Vapor Deposition (CVD). The additional 

processes and costs generated by CVD make the alternative of SiC without CVD 

more practical, as long as stray light specifications are met. Nonetheless, theoretical 

models remain underequipped to describe properly the scattering effects generated by 

the porous surface of SiC. The present study, performed at EADS Astrium in 

Toulouse, aimed at developing an analytical model to relate SiC roughness to 

Bidirectional Reflectance Distribution Function (BRDF). Series of measurements of 

roughness maps and BRDFs were carried out enabling to assess the abilities of 

Astrium subcontractors to measure SiC properties. A fast numerical tool was 

developed to compute BRDFs from roughness maps. A comparison between 

computed and measured BRDFs was thus made possible. The K-correlation model 

proved to successfully describe scatter properties of SiC CVD and an adjustment of 

this model was proposed for SiC without CVD. Because of the limitations of optical 

profilometry in measuring pores of low dimensions and remnant difficulties in BRDF 

measurements, reliable data is still required to continue these first steps and eventually 

develop models that will take SiC pores into account.  
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1 Introduction 

The last years have been marked by new space missions aiming at observing the 

Universe directly from space, as the satellite Hubble has been the first to do for the 

last two decades. By embedding telescopes onboard spacecrafts orbiting around the 

Earth, it is made possible to perform observations without any perturbation by the 

atmosphere. Several space missions have thus been designed to bring our knowledge 

of the Universe further. The European Space Agency (ESA) sponsors for instance a 

large-scale science program including missions such as Rosetta (launched in March 

2004), Planck and Herschel (in May 2009) and Gaia (to be launched in August 2013). 

EADS Astrium has notably contributed to the Herschel and Gaia missions, both 

involving the design and manufacture of telescope mirrors made of an innovative 

ceramic material: silicon carbide, denoted SiC [1]. SiC reputation is rising and such 

material will keep being used in future missions of Earth and Space observation, 

benefiting from its various advantageous properties such as lightweight, stiffness, low 

thermal expansion and very high thermal conductivity. Developing the know-how on 

SiC is thus necessary to be able to meet the increasingly restrictive specifications. The 

study reported herein enrolls this type of research by investigating how defects at the 

surface of SiC mirrors generate stray light through scattering effects. 

1.1. Posing of the problem 

Light scatter in a telescope can cause image degradation [2] and is thus a predominant 

concern for optical engineers. The quantity of light originating from a distant star and 

collected by a telescope is too low to allow any extra major loss due to poor quality of 

its mirror surfaces. Unfortunately, no mirror surface is perfectly smooth and every 

surface, even polished, will exhibit roughness that will scatter light. Those limitations 

classically affect SiC but, in addition, mirrors made of the latter material are 

confronted with another type of surface defect caused by their manufacturing process. 

At the beginning of a mirror manufacture, SiC is in the form of powder which is 

baked at high temperature to acquire a solid state. The obtained SiC solid pieces are 

then cut if necessary and brazed to each other to form a global SiC structure or 

device. In the process of baking, some air bubbles tend to be created and trapped 

inside the material. In the case of a mirror, such 

bubbles will not cause any trouble in depth but 

will become pores and holes at the mirror 

surface after grinding and polishing. Figure 1-1 

illustrates the type of defects that are 

encountered at SiC surface. The bubble and 

hence pore dimensions vary a lot from tens of 

nanometers to a few micrometers, which turns 

out to be big in comparison to the order of 

magnitude of roughness that can be achieved by 

nowadays polishing techniques: a few nanometers. 

 

Figure 1-1. Porous SiC surface 
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Preventing the creation of bubbles is made possible by deposing on a SiC structure 

successive thin layers of SiC with use of the so-called Chemical Vapor Deposition 

(CVD) technique, leading to a form of SiC denoted SiC CVD. Such process was put 

to use in the construction of the Gaia mirrors [1], resulting into surfaces devoid of  

any pore adding to their intrinsic roughness. Nonetheless, the possibility of using SiC 

without CVD at low-levels of roughness would reduce costs and make the 

manufacture of future optics simpler, hence the need to learn more about scattering 

effects at SiC surfaces with or without CVD. 

Pores at the surface of SiC without CVD thus constitute a type of variation that adds 

to the regular high-frequency roughness commonly found on every optical surface. 

Some deep holes occurring at relatively low frequency must be taken into account, 

which is not the case of nowadays theoretical models used to characterize the 

generation of stray light by surface defects. The study was thus performed aiming at 

developing a new model that would connect scattering effect and SiC without CVD 

surface. The possibility of describing SiC CVD properties by a similar model was also 

considered and some experiments on this form of SiC carried out. Hence, the main 

following question was investigated: can an analytical model describe the scattered 

light generated by SiC surfaces?  

1.2. Global strategy and method 

This study having a theoretical and an experimental part, a preparatory phase was 

conducted, aiming at exploring the state-of-the-art theoretical tools as well as 

gathering the material to be tested (cf. Chapter 2). A selection of samples originating 

from mirrors made of SiC, both with and without CVD, was thus performed. On the 

one hand, a series of roughness map measurements on this sample group was 

subcontracted to the Liège Space Center (CSL). Scattering properties of the samples 

were then computed in the form of BRDFs, and fitting operations on these very 

BRDFs were performed (cf. Chapter 3). On the other hand, a series of measurements 

of BRDFs on a sub-group of these samples was carried out by EADS Atrium’s 

subcontractors Lighttec, resulting in a collection of BRDFs to be analyzed (cf. 

Chapter 4). Mutual control of those two experimental procedures was done 

throughout the study by comparing the BRDFs obtained via these two means and 

assess to what extent they matched (cf. Chapter 5). 

Performing the measurements described in chapter 3 and chapter 4 was unfortunately 

not plain as day. Optical interferometry nowadays used in roughness map 

measurements can unfortunately not account with high reliability for the narrow and 

deep pores and the surface of naked SiC. Besides, BRDF measurement facilities for 

polished surfaces exhibiting roughness of only a few nanometers are often new, not 

very widespread and sometimes perfectible. Consequently, along with answering the 

main question of modeling SiC surface scatter, this study also investigates the validity 

of the measurements of roughness maps and BRDFs provided by Astrium’s 

subcontractors for this project. 
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2 Preparatory work 

Before performing the actual study of roughness maps and BRDFs, the necessary 

tools and material needed to be gathered. Some significant time was thus devoted to 

collect the state-of-the-art theoretical tools about scattered light. A preliminary study 

was also carried out to prepare and collect samples among the large collection of SiC 

samples available at Astrium. 

2.1 Theoretical background 
 

Some essential notions for this study are defined herein. Further on, the available 

theoretical models to compute PSDs and BRDFs are presented. 

2.1.1 Essential notions 

2.1.1.1 Bidirectional Reflectance Distribution Function (BRDF) 

In the case of a perfectly plane mirror surface, a light beam incoming with a direction 

characterized by an angle θi is reflected in a direction characterized by an angle θspecular = 

-θi called specular direction. This ideal situation breaks down as soon as some 

roughness can be observed at a mirror surface. Even at the scale of the nanometer, 

random height variations will cause part of the energy to be scattered around the 

specular direction. 

 

Figure 2-1. Angle notations for scattering measurements 
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Energy is thus continuously distributed in space around the specular direction and can 

be measured to give rise to the so-called Bidirectional Reflectance Distribution 

Function, denoted BRDF. In a given direction of angle θs, BRDF(θs) is measured as 

the ratio between the sample radiance L and the sample irradiance E: 

 
    (  )  

 (  )

 
 (2-1)  

Mirrors being polished surfaces, most of the reflected energy remains inside the 

specular beam and a relatively low portion of energy can be found outside the specular 

beam. This yields a very narrow peak around the specular direction when plotting 

BRDF(θs). Consequently, stray light analysts are used to plotting BRDF(θs) against 

logarithmic axes. 

The definition of BRDF given by Equation (2-1) depends on the surface reflectivity R. 

This means that two exactly similar surfaces with different reflectivities R1 and R2 will 

generate BRDF1 and BRDF2 such that: BRDF1 = (R1/R2)*BRDF2. In the frame of this 

study and for the sake of comparing samples, BRDFs will be normalized such that 

they only depend on the height profile of the surface, not on its reflectivity. Moreover, 

scattered light being by definition outside the specular beam, the BRDFs of interest 

will not be defined from θs = 0° but from an angle high enough to exclude the narrow 

specular peak from every BRDF representation in this study. 

2.1.1.2 Power Spectral Density (PSD) 

The Power Spectral Density (PSD) of a roughness map is the spectrum of its spatial 

frequencies. It is obtained by computing the Fourier transform of the height profile of 

the surface: 

 
      

 

 
|  ( (   ))|  (2-2)  

where Z(x,y) is the height profile of the sample, and S the area of the sample.  

A PSD can be computed from a two-dimensional map or from a one-dimensional 

section of a map. One thus respectively gets one-dimensional PSDs denoted PSD1D or 

two dimensional PSDs denoted PSD2D. In two internal studies at Astrium, Kashmira 

Tayabaly and Francis Delbru have written on the necessity to prefer PSD2D for 

characterization of polished SiC samples [3], [4]. The main reason for that lies in the 

anisotropy of the roughness that can be observed at SiC surface. Polishing techniques 

can occasionally lead to such anisotropy yielding different PSD1D when computed 

along two perpendicular directions. By directly computing a sample PSD2D, azimuthal 

averaging can be performed in order to get rid of the anisotropy problem. More on 

this can be found in Section 3.2. 
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2.1.1.3 Surface roughness 

Surface roughness is a 

measurement of the variations 

of a surface profile. It 

quantifies the deviations of 

height from a perfectly flat 

surface. When the height 

distribution is a Gaussian 

function, roughness equals its 

standard deviation, i.e. the 

root-mean-square (rms) of the 

height distribution. Hence, surface roughness is often denoted σ but can also be 

denoted Rq or Sq when computed on a one dimensional section of surface or on a two 

dimensional surface, respectively. 

Computing the square of the standard deviation gives the variance, which is also equal 

to the value at the origin of the autocovariance (ACV) function of the height profile. 

The Wiener–Khinchin theorem states that the surface PSD also is the Fourier 

transform of the surface ACV function. Thus, from the central ordinate theorem of 

Fourier transform theory, σ2 equals the volume under the PSD2D: 

 
      ( )  ∬     (     )       (2-3)  

Thus, by assuming isotropic roughness and integrating the volume under the PSD2D in 

polar coordinates, a relation for roughness computation can be derived and used in 

the frame of this study: 

 
     ∫     ( )    (2-4)  

In the last few years, research in scattering effects has made the optical surface 

metrology community aware that models could not rely only on a constant rms 

roughness σ [5]. M.G. Dittman, for instance, makes it clear that stray light analyses 

relying on a constant intrinsic roughness σ, which entirely describes an optical part, are 

not appropriate [6]. When a surface roughness is associated with scattered light, one 

must specify the spatial frequency limits of the effective roughness that is relevant to 

the conditions of use of this surface. In other terms, a finite interval [fmin, fmax] must be 

specified for integration in: 

 

 (         )  √  ∫      ( )   
    

    

 (2-5)  

 

 

 

Figure 2-2. Schematic diagram of a surface profile 
and its characteristic values 



12 

 

Three types of roughnesses must then be distinguished from one another. 

 The total intrinsic roughness: 

      (    ) 

 The effective or relevant surface roughness at a given wavelength: 

      ( )   (  
 

 
) 

When using a mirror surface at a wavelength λ, spatial frequencies greater than 1/λ 

will not generate radiant power scattered from the specular beam. In simpler terms, it 

can be said that “light does not see” surface roughness varying faster than λ. For a 

particular use of a mirror, it is thus irrelevant to take into account too high frequencies 

in the computation of roughness. For some applications, the lower integration limit 

defers from 0. For instance, it is the case for a finite mirror of dimension L, for which 

spatial frequencies lower than 1/L do not exist. 0 can thus be replaced by 1/L in 

roughness computation from PSD. 

 The experimentally measured roughness: 

 (         )  

The frequencies fmin and fmax depend on the limitations of the measuring device. 

Polishers must then specify those limits when providing customers with a roughness 

value they measured. 

For a theoretical model of PSD, some relations enable to compute one type of 

roughness from another. In other words, with use of an analytical expression for 

PSD(f), one can retrieve an experimental value σ(fmin,fmax) by knowing the more 

theoretical value σ(λ), and vice versa. Models are thus useful to the optical designer in 

order to communicate specifications that the polisher can interpret and compare with 

his measurements. 

2.1.1.4 Total integrated scatter (TIS) 

The classical definition of the total integrated scatter (TIS) comes from the long-

standing work of Davies [7] which states that the fraction of the total reflected radiant 

power remaining in the specular beam after reflection from a rough surface is given 

by: 

   

  
       (          )   (2-6)  

where Rs is the specular reflectance, Rt the total reflectance, θi the incident angle, σ the 

surface roughness and λ the wavelength of the incident beam. From that quantity, TIS 

can be seen as the fraction of the total reflected power which is not in the specular 

beam: 

 
    

                       

                     
   

  

  
 (2-7)  

This definition, is known as Davies formula: 
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              (          )   (2-8)  

It is extensively used under the smooth-surface approximation σ << λ for normal 

incidence such as: 

 
    (

   

 
)
 

 (2-9)  

Note that such an approximation might not always stand true for SiC samples without 

CVD layer, due to the relatively deep pores at its surface. 

Another definition for TIS is often used, like in the optical analysis code ASAP 

(Advanced systems Analysis Program). It defines TIS as the ratio between diffuse 

reflected power and total incident power. 

Besides, the TIS that is generated by a sample also equals the integral of the 

corresponding BRDF. Integrating BRDF in space by using the spherical coordinates 

system and assuming a circular isotropy (which makes a double integral amount to a 

simple integral multiplied by 2π) gives rise to: 

 
      ∫     ( )    ( )    ( )   

   

    

 (2-10)  

Equation (2-10) is often written in the form of: 

 
      ∫     ( )   

 

    

 

       

(2-11)  

2.1.2 Theoretical models 

2.1.2.1 PSD computation 

In the process of deriving BRDF from roughness map measurements, the 

computation of surface PSD is an intermediary step. Being able to model a PSD with 

an analytical function is thus a step towards BRDF modeling. The denoted K-

correlation function, useful to model PSD2D, is presented herein. 

In some cases, surfaces exhibit a fractal nature and surface heights are normally 

distributed, which leads to a Gaussian PSD2D easy to express and integrate. However, 

optical surfaces manufactured by grinding and polishing techniques seldom exhibit 

Gaussian PSD2D. Stover and Church [8], [9] have written about the fractal nature of 

many surfaces finishes, suggesting that the surface PSD can be modelled as an inverse 

power law at high spatial frequencies. The PSD can conveniently be fit by the K-

correlation function (also called ABC function) parameterized by the variables A, B 

and C and given by: 
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   ( )   

 

   (  )     
 (2-12)  

On a log-log scale, this yields a PSD of the typical shape as showed in Figure 2-3. 

 

Figure 2-3. Typical shape of K-correlation PSD of a surface profile 

Based on the assumption of isotropic roughness and Equation (2-12), an expression 

of PSD2D is derived by Stover and Church and used by Dittman [10]: 

 
   ( )   

   

   (  )     
 (2-13)  

where s=C+1 and A' proportional to A. 

The parameter A’ can then be written with respect to the parameters B and s, as 

showed by Dittman which leads to an expression for PSD2D depending only on the 

parameters B and s: 

   ( )  (   )  
  ( )  

  

(   )

   (       )      

 

   (  )     
 (2-14)  

   ( )  (   )  
  ( )  

    (       )

 

   (  )  
 (2-15)  

 

2.1.2.2 Direct BRDF computation 

For BRDF computation, a first approach relies on a model developed by Lallo and 

Petro [11] based on the work of Spyak and Wolf. This relation can directly be used 

without going through the step of PSD computation: 

PSD 

f 

A 

F(A,B,C) 

C 
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    (       )  
 

 
[

(
  
 

)    

  (
  
 

     )
 ] (2-16)  

where θ is the scatter angle, σ the rms surface roughness and l the correlation length of 

the surface profile. 

2.1.2.3 Two-step BRDF computation 

A second approach uses the computation of PSD as an intermediary step. The 

Rayleigh-Rice theory or the more recent Generelized Harvey-Schack (GHS) theory 

enable to compute the BRDF generated by a mirror sample from surface metrology 

data, characterized by its PSD or its surface transfer function [12]. 

 Rayleigh-Rice theory 

On the one hand, making a smooth-surface approximation to the Rayleigh-Rice 

theory yields a handy expression for BRDF with respect to PSD [13]: 

 
    ( )  

    

  
              ( ) (2-17)  

where Q is the surface polarization reflectance. 

Injecting Equation (2-14) and Equation (2-15) into Equation (2-17), as done by 

Dittman, leads to the full form of the K-correlation BRDF, with parameters B and s 

that can be adjusted in order to best fit experimental BRDF characterizing optical 

performances of SiC mirrors: 

    (        )  
     

  

  ( )(   )

   (       )      

          

   (    )     
 (2-18) 

    (        )  
      

  

  ( )

   (       )

          

   (    )  
 (2-19) 

 

Note that PSDs and BRDFs can be considered as functions of surface frequency f, 

scatter angle θs or β = sin(θs). Grating equations are used a lot to relate the frequency of 

surface variations to the scatter angle they produce. Under normal incidence and when 

scatter takes place in the incident plane, grating equations take the simple form of: 

    (  )     (2-20)  
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This verifies the fact that no scatter occurs at spatial frequencies higher than 1/λ as 

described in Subsection 2.1.1.3. According to Equation (2-20), f being higher than 1/λ 

is equivalent to θs being higher than 90°, which does not make sense when dealing 

with backscattered light. 

 General Harvey-Shack theory (GHS) 

On the other hand, a new unified scatter model has been developed in the mid-2000s 

to produce accurate BRDFs over a larger range of roughnesses than the Rayleigh-Rice 

theory and until wide angles. This is a generalization of Harvey and Shack’s work in 

the mid-1970s, also known as the Generalized Harvey-Shack theory [14]. 

GHS enables to compute precise BRDFs through a computationally intensive 

algorithm developed by Harvey and Krywonos. Making a smooth-surface 

approximation to the GHS theory yields the analytical expression for the BRDF, given 

by: 

 
    ( )  

   

  
(           )

     ( ) (2-21)  

Equation (2-17) differs from Equation (2-21) by its obliquity factor cosθicosθs which 

causes inaccuracies considered as undesirable artifacts by Harvey and Krywonos when 

computing PSD from measured BRDF. Injecting Equation (2-18) and Equation (2-

19) into Equation (2-21) instead of Equation (2-17) has proved to provide an 

improved solution to the inverse scattering problem of characterizing optical surfaces 

from BRDF measurements [15]. In that sense, it can be interesting to use this 

theoretical tool to get BRDFs. 

Outside the smooth-surface approximation, computing BRDF from PSD relies on 

rather complex theoretical and time consuming tools, unpractical in the frame of this 

study. However, it can be considered that the smooth-surface approximation is valid. 

Indeed, typical roughness for the SiC mirror samples used in this study seldom 

exhibits values higher than 10nm. Besides, those mirrors are meant to be used at 

wavelengths above 400nm. The ratio σ/λ can be evaluated not to be higher than 

10/400 = 0.025 < 0.03 which validates the smooth-surface approximation [5]. 

Nevertheless, an eye must be kept on that point, especially in the case of SiC without 

CVD samples which pore dimensions might invalidate this simplifying approximation. 

2.1.2.4 Choice of two-step BRDF computation 

In order to compute BRDFs from roughness maps, the second approach consisting in 

performing the intermediate PSD computation instead of using directly Lallo and 

Petro’s model was preferred for this study. 

Comparative tests between both methods highlighted difficulties when fitting an 

experimental BRDF to the Lallo and Petro model, the latter allowing only one free 

parameter to vary. Meanwhile, K-correlation model enables two parameters to vary 
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and thus control both the slope and the position of a BRDF which results in better 

accordance between fit and data. 

Moreover, Equation (4-16) was established without heeding the wavelength 

dependence of roughness and Dittman has written on the importance of preferring a 

relevant surface roughness σ(λ) than a total intrinsic roughness σ in BRDF models [6]. 

 

2.2 Preparation of SiC samples 

“Theoretical material” being gathered, samples of the actual material of study, silicon 

carbide, needed to be organized and prepared for measurements. A large collection of 

SiC samples originating from various past space missions was available, among which 

a sample group needed to be extracted. The main criterion for such selection was to 

try to end up with samples of SiC as various as possible, exhibiting different amounts 

of roughness. For that matter, direct observations of surfaces were made with a 

binocular microscope and the first roughness measurements were performed, with use 

of a mechanical profilometer. Some samples were also chemically treated in order to 

remove the reflecting layer of aluminum which is deposited on mirrors in order to 

increase their reflectivity. 

This selection was performed exclusively among samples of SiC without CVD. A 

group of 5 SiC CVD samples was already available as part of the space mission 

Sentinel. 

2.2.1 SiC surface observation 

Binocular microscope observations were performed at different magnifications in 

order to see whether some samples exhibited the approximate same amount of 

roughness and pore density (cf Figure 2-4 and Figure 2-5). Excessively similar samples 

would yield the same quantity of scattered light and thus provide redundant 

information, while characterizing roughness on the largest range possible was the 

actual main interest. Two SiC surface aspects as illustrated in Figure 2-6 and Figure 

2-7 were for instance considered to be different enough to be kept for further 

measurements. 
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Figure 2-4. SiC surface observation with 
binocular microscope, magnification x100 

 

Figure 2-5. SiC surface observation with 
binocular microscope, magnification x500 

 

 

Figure 2-6. SiC surface, high roughness 
magnification x1000 

 

Figure 2-7. SiC surface, low roughness 
magnification x1000 

 

To support those visual observations of naked SiC surface, the first roughness 

measurements were performed to have an idea of what order of magnitude to expect 

for each of the sample roughness. These measurements were performed with use of a 

mechanical profilometer of the brand Mitutoyo using a tip moving along one direction 

of a surface and recording vertical variations of the height profile. Such technique is 

not very reliable for measuring roughnesses of only tens or hundreds of nanometers, 

which are levels at which mechanical profilometers reach their vertical resolution 

limits. In spite of this low level of precision, the Mitutoyo profilometer measurements 

proved themselves useful to roughly compare one-dimensional surface profiles and 

roughness values of the available sample, as showed in Figure 2-8. 
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Figure 2-8. Roughness and surface measurement on SiC 
by mechanical profilometer 

2.2.2 Chemical removal of aluminum coating 

The reflectivity coefficient of silicon carbide is rather low, around 20%, hence its dark 

grey aspect. When it is used as the material for a mirror, an additional layer of a more 

reflective material is required. Different materials can be used for that matter but most 

samples belonging to this study were coated with aluminum. The study being mainly 

focused on SiC, removing such aluminum layer was necessary as a preparatory step. 

Nevertheless, it was decided to remove aluminum from only one half of each sample 

in order to obtain the same sample with and without aluminum and thus be able to 

observe the influence of such coating on roughness. Aluminum is for instance 

believed to smooth SiC surface by somehow plugging pores. Aluminum removal was 

performed by plunging half of a sample into a basic solution and dissolution would 

occur only for aluminum without chemically deteriorating SiC. 5 half-coated (HC) 

samples were prepared that way exhibiting two distinct halves as displayed in Figure 

2-9. 

 

Figure 2-9. SiC surface observation of a half-coated sample 
magnification x100 
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In addition to these 5 half-coated samples, 3 samples already devoid of aluminum 

coating were added, as well as the 5 SiC CVD samples available, to eventually keep a 

collection of 13 samples and 18 surfaces. The three types of samples selected to 

undergo measurements are depicted in Figure 2-10 and the labels of the batch of SiC 

samples selected for this study are gathered in Table 2-1. 

   

Figure 2-10. Categories of samples selected for the study, 25mm x 25mm x 5mm 
a. SiC CVD; b. Naked SiC or “Not coated” (NC); c. SiC w/o Al or “Half coated” (HC) 

 

Category SiC CVD Naked SiC SiC w/o Al 

Label 

035 
NC1 

HC1 

048 HC2 

08 NC2 HC3 

097 
NC3 

HC4 

109 HC5 

Table 2-1. Samples selected for roughness and BRDF measurements  

a. b. c. 
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3 Roughness map measurement and BRDF 

computation 

3.1 Optical profilometry: roughness map 
measurements 

3.1.1 Working principle of an optical profilometer 

A profilometer is a device designed in order to measure a surface relief or profile in 

order to assess its micro-geometry or roughness. 

Originally, profilometers were equipped with a thin tip, often made of diamond, 

which was being moved along the surface. A detector, interdependent to the tip would 

then measure its vertical position and enable the user to observe a surface profile. 

Those types of profilometers, being rather slow and most of all deteriorating the 

surface by scratching it, have nowadays been widely replaced by optical profilometers. 

The latter technique benefits from various advantages such as speed, absence of 

contact and absence of displacement of the device during measurements. 

Among the different types of optical profilometry, interferometric microscopy is the 

most used when dealing with roughness measurements. In an interferometric 

microscope, a Mirau interferometer is mounted on a piezoelectric transducer (or a 

translator) in order to perform phase shifts along one arm of the interferometer. 

On the occasion of this study, roughness maps were contracted out to the Liège 

Spatial Center (CSL, Centre Spatial de Liège) and performed on the optical 

profilometer Wyko RST Plus of the brand Veeco. 

 

Figure 3-1. Principle of interferometric microscopy 
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A Mirau interferometer works on the same idea as a Michelson interferometer. The 

difference between the two lies in the position of the reference arm, which is here 

common with the arm where the surface under test can be found. In the case of 

profilometers, this set up is preferred in order to increase stability between the two 

optical paths lengths. 

 

Figure 3-2. Optical paths in a Mirau interferometer 

1. Lens of the microscope 

2. Semitransparent mirror 

3. Object surface 

4. Reference mirror with 

reference beam 

5. First reflection of reference 

beam 

6. Third reflection of 

reference beam 

7. Reflection of object beam 

The piezoelectric transducer is a useful device to move the Mirau interferometer along 

its axis by precise and distinct distances. It relies on the piezoelectric effect which tells 

that when a piezoelectric material is distorted, an electrical field, hence a voltage can 

be measured at its terminals. This process being reversible, by applying a voltage to 

the piezoelectric transducer, a wanted dimension can be reached precisely and the 

position of the Mirau interferometer can thus be controlled, when mounted 

interdependently with the transducer. Using a square voltage will enable the 

measurements to be performed positions separated by a constant step (equal to λ/4 in 

the case of optical profilometry as explained later on). 

Two types of surface measurement techniques can be performed by the Wyko: Phase 

Shifting Interferometry (PSI) and Vertical Scanning Interferometry (VSI). 

3.1.2 Phase Shifting Interferometry (PSI) 

PSI relies on the common interferometry principle that fringes can be created when 

mixing two beams of coherent light having traveled along two different optical paths. 

In PSI mode, monochromatic light at a given wavelength λ incomes on the 

semitransparent mirror where it’s split into two beams: the reference beam, being 

reflected at points 5, 4 and 6 and the test beam being transmitted in 5 and 6 and 

reflected on the sample in 7 (cf. Figure 3-2). The reference mirror has a highly precise 

surface considered to be perfectly flat compared with the sample under measurement. 

Depending on the height of the surface point where reflection 7 happens, the optical 

http://en.wikipedia.org/wiki/File:Mirau_Interferometer.svg
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path difference (OPD) between the two beams will vary. An OPD equal to a multiple 

of λ will yield constructive interference and thus a bright area on the interferogram. 

An OPD equal to a multiple of λ plus λ/2 will yield destructive interference and thus a 

dark area on the interferogram. Note that at the surface of the sample, a height 

difference of z generates an OPD of 2z along the path [5, 7, 6]. 

The interferogram of a flat tilted surface 

is thus composed by well aligned fringes. 

Figure 3-3 illustrates such a situation and 

the number of twelve fringes suggests 

that the extreme left and right points of 

the surfaces have a height difference of 

6λ. 

However, it must be understood that a 

static interferometer only answers for the 

absolute difference of height between 

two neighboring points of a surface but 

not for their relative positions. In other 

terms, when observing the interferogram 

of Figure 3-3, it cannot be said whether the slope goes up or down from left to right. 

Neither can it be known if the sign of the slope remains the same throughout the field 

of view. The three surface profiles in Figure 3-4 could thus give rise to the same 

pattern of 12 fringes. Similarly, an interferometry pattern made of circular fringes 

could not discriminate a concave surface from a convex one. 

 

Figure 3-4. Three possible surface profils creating the interferogram of Figure 3-3 

Nonetheless, moving the reference mirror towards the surface enables to deduce 

whether the height is increasing or decreasing, fringes moving downhill as the 

reference mirror gets farther from the sample. Several interferograms must then be 

acquired in order to observe along what direction the fringes move and consequently 

deduce in what direction the height of the surface increases. With use of the 

piezoelectric transducer, interferograms are recorded for several positions of the 

reference flat (differing from fractions of λ) and the surface profile is reconstituted by 

phase-unwrapping algorithms. Interferograms are acquired with OPDs varying by 

steps of λ/4 according to the sequence: 0, λ/4, λ/2, 3λ/4, which provides enough 

information to solve the image of the sample surface. 

6λ 

 

Figure 3-3. Interferogram of a flat tilted surface 
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Although PSI is an effective 

metrology method reaching 

vertical resolution of the order of 

magnitude of the angström, it 

suffers from what can be called 

the phase ambiguity problem. As 

illustrated in Figure 3-5, the light 

beam reflecting on two 

neighboring having a too big 

height difference can have the 

same phase and will interfere the 

exact same way with the reference 

beam. The limitation imposed by 

the phase ambiguity problem 

actually tells that two neighboring 

points must have a height 

difference lower than λ/4 (which 

means 153nm at λ=632nm). This is taken as a fact by algorithms and can lead to wrong 

computation if not verified on the roughness map. This problem limits the dynamic 

range of PSI measurements, a limitation that the VSI technique does not suffer from. 

However, VSI performances are lower in terms of vertical resolution. Generally 

speaking, there is trade-off in metrology measurements between resolution and 

dynamic range. 

Because of its favorable vertical resolution, PSI was mainly used for roughness 

measurements on the SiC CVD samples of this study. SiC CVD does not present any 

particular pore or gap in its structure due to the CVD layer on which polishing 

processes leave less damage than for naked SiC. 

3.1.3 Vertical Shifting Interferometry (VSI) 

Vertical-scanning interferometry works on a different principle. It relies on the short 

coherence length of white light.  

The lack of coherence of white light keeps it from producing well contrasted fringes 

as soon as interfering light comes from sources which are too far away from each 

other. Typically, for a given position of the reference mirror in the Mirau 

interferometer, only light arising from points of the sample at a certain height will 

interfere with the reference beam yielding a high contrast in the interferogram. For 

points of other height, the OPD will be too big for the different wavelengths of the 

white light not to be too shifted from one another. Different wavelength 

contributions thus mix and give rise to a blurry interferogram. For each height of the 

sample surface, there is a precise position of the reference flat to be found and be kept 

steadily. This point justifies the use of a one-armed interferometer such as the Mirau 

interferometer which only arm offers more stability than in a Michelson 

 

Figure 3-5. Illustration of the phase ambiguity problem 

λ/2 
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interferometer for instance. That way, one can be more sure that the paths [5,4,6] and 

[5,7,6] in Figure 3-2 have identical length and can thus cause white light interference. 

 

Figure 3-6. Principle of white light scanning 

 

 

Figure 3-7. White light 
coherence length 

This feature is particularly necessary for roughness maps measurement on surfaces 

that exhibit pores, hence abrupt changes of vertical heights which cannot be seen by 

PSI. Indeed, contrary to PSI, VSI’s dynamic range is only limited by the total 

movement limits of the piezoelectric transducer. The vertical resolution of VSI is 

nonetheless poorer than in the case of PSI and here again applies the trade-off 

between vertical resolution and dynamic range. 

Because of its ability to detect steep changes of height and thus relatively deep holes at 

the samples surface, the VSI mode was mainly used for roughness measurements on 

SiC without CVD samples, which structure presents many pores and holes as 

explained in Section 1.1. In addition to the VSI measurements, some PSI 

measurements were also performed on those very samples to overcome a lack of 

resolution and observe roughness in pore free areas of the sample. 

3.1.4 Technical characteristics of the Wyko RST Plus 

Quantitatively, the trade-off between resolution and dynamic range can be observed in 

the Wyko datasheet provided by CSL. 

Mode 
Vertical resolution 

Dynamic range 
(μm) 

One measurement 
(nm rms) 

Several measurements 
(nm rms) 

PSI 0.3 0.1 0.16 

VSI 3 < 1 500 

Table 3-1. Vertical resolution and dynamic range of the Wyko RST Plus 

//upload.wikimedia.org/wikipedia/commons/9/93/White_light_interferometric_microscope.gif
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The dimensions of the field of view of the Wyko are ruled by de magnification of the 

objective lens placed at the beginning of the detection chain. Objective lenses of 

magnification X2.5, X10, X20, X40 and X80 can be used, narrowing the field of view 

of the device but offering more details of the surface as the magnification value 

increases. 

The Wyko interferometer can also be used under two lateral resolution modes, normal 

resolution (NR) and high resolution (HR). In NR mode surface images are displayed 

on a lower number of pixels than in HR mode. Thus for a given field of view (i.e. with 

a given objective lens), quite naturally, the more many pixels the image is displayed on, 

the better the lateral resolution. 

Mode Number of pixels along X Number of pixels along Y 

NR 368 238 

HR 736 479 

Table 3-2. Size in number of pixels of roughness map pictures 

Magnification 

Field of view 
(mm) 

Spatial frequency 
(μm-1) 

Picture pixel size 
(μm) 

Δx Δy fmin 
fmax 

(NR) 
fmax 

(HR) 
dx 

(NR) 
dx 

(HR) 

X10 0.613 0.472 0.0016 0.300 0.600 1.67 0.83 

X40 0.153 0.115 0.0065 1.203 2.400 0.42 0.21 

Table 3-3. Field of view, spatial frequency and picture pixel size of the Wyko RST Plus 

NB: The sensor at the bottom of the detection chain of the Wyko is constituted by 

238 lines of 368 pixels (in NR mode for instance). The spacing between the pixels on 

a same line is smaller than the spacing between the lines themselves. This 

configuration is then equivalent to a set of 238 x 368 rectangular pixels of dimensions 

dx and dy. The dimension dy is obtained by multiplying dx by an aspect ratio, equal to 

1.16 according to the Wyko characteristics. 

 

Figure 3-8. 2-D view of a roughness map measured by 
the Wyko RST Plus, sample 08, objective lens x10, point B 
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CSL did not only provide roughness maps but also a few roughness parameters that 

deserve to be explained.  

The arithmetic averaged height Ra is 

computed as the average of the deviation of 

every point to the average height of the 

surface. 

   
 

 
∑|  |

 

 (3-1) 

Where N the total number valid points and z 

is the height difference between points and 

the average height. 

Rq or Rms is computed as the root-mean-

square (RMS) of the z values of the surface 

profile. It quantifies the standard deviation of 

the height distribution. Rq is often used to 

characterize the roughness of a surface and is 

the most interesting parameter among the 

four given by CSL for the purpose of this 

study. However, it must be kept in mind that 

it cannot by itself entirely characterize the 

roughness of a surface.  
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(3-2)  

“2 Pt. PV” is the Peak to Valley gap computed as the distance between the highest 

and the deepest points of the roughness map. “20 Pt. PV” is the Peak to Valley gap 

computed as the distance between the 10th highest and the 10th deepest points of the 

roughness map. Those quantities are of course very sensitive to extreme values and 

hardly repeatable. 

 

3.2 BRDF computation from roughness maps 

One line of inquiry for this study is how to get satisfactory BRDFs from roughness 

measurements of SiC surfaces. Optical profilometers, such as the Wyko RST Plus, 

provide the engineer with surface profiles which can thus be used to predict the 

scattered light generated at a reflection on these surfaces. A conversion tool was 

developed to derive BRDFs from roughness maps, with the help of the methodology 

presented by M.G. Dittman [6], [10]. Dittman’s purpose was to propose a practical 

way to derive scattered light characteristics such as BRDF and TIS from roughness 

 

Figure 3-9. Parameters of a map measured 
by the Wyko RST Plus (sample 08X10B) 
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measurements. He particular showed interest in the K-correlation model which has 

been underused since its introduction by Church and Stover, mainly due to a lack of 

practical procedure. One practical procedure developed for the purpose of this study 

is presented herein. 

The process can be divided into four major steps: 

Step 1 - Roughness map correction by removal of low-frequency variations 

Step 2 - Computation and azimuthal averaging of PSD 

Step 3 - Assembling of PSDs derived from x10 and x40 measurements 

Step 4 - Computation and fit of BRDF 

 

This tool was developed under the computer software Mathcad, its intuitive interface 

allowing the user to combine a variety of different elements: mathematics, descriptive 

text and imagery. 

3.2.1 Step 1 - Roughness map correction by removal of 
low-frequency variations 

This step takes as an input an Excel sheet containing a 368 x 238 matrix representing 

the height profile of the SiC surface. The dimensions of this matrix are dictated by the 

sensor at the end of the measurement chain of the Wyko profilometer. Useful 

parameters such as pixel sizes, wavelength of measurement are also relevant for map 

processing and downloaded from the input Excel sheet header. 

When plotted in a 3D graph, the matrix gives rise to a surface profile such as the one 

in Figure 3-10. 

 

Figure 3-10. 3-D view of roughness map measurement 
Sample HC1Si, objective lens x10, point D, PSI mode 

A first observation shows that this surface is tilted and not perfectly flat. Some types 

of slow variation of the height profile need to be removed in order to take into 

 

M
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account the influence of roughness only in scattered light analysis. In his study, 

Dittman stresses the vivid importance of correcting the measured maps from low-

frequency variations. Uncorrected maps can give rise to PSDs abnormally high by 

several orders of magnitude at the lowest frequencies. In that case, uncorrected PSDs 

do not provide any useful measurement of surface roughness or prediction of scatter. 

Besides, this impacts the shape of BRDFs as illustrated in Subsection 4.3.1. 

The four main low-frequency variations to be removed are piston, tilt, sphere and 
cylinder, as illustrated in Figure 3-11. 

 

Figure 3-11. Four first-order surface aberrations 

For that matter, a possible method is to define an error function as the difference 

between the roughness map and the low-frequency variation terms, and minimize it 

(cf. Figure 3-12) 

 

Where a, b, c, d, e, f, g and t are the free parameters that Mathcad solver will make 

vary in order to minimize Error, m and n the indices of the roughness map pixels and 

m0 and n0 the indices of the center of the map. 

Such a method is effective but time consuming and can become unpractical when 

working with a high number of roughness maps. 
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Figure 3-12. Error function to be minimized by Mathcad 
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An alternative way to perform low-frequency removal can be used to achieve map 

correction in less time. By computing the Fourier transform (FT) of a given roughness 

map, such as the one of Figure 3-13, one can observe the contributions of each spatial 

frequency to the global form of the roughness map. The central point of the 2 

dimensional FT is for instance the DC component of the map. Forcing the value of 

the central peak to zero in the frequency domain is thus equivalent to removing piston 

in the spatial domain. 

 

Figure 3-13. Rmap before correction 

When plotting the FT of a roughness map that shows low-frequency variations, it has 

been observed that most contributions to this type of variations were localized along a 

central cross in the FT (cf Figure 3-14). Low frequency variations giving rise to this 

FT central cross are the type of variations that can be analytically expressed as a sum 

of two single variable functions such that: height(x,y) = f(x)+g(y). Height variations 

which cannot be analytically expressed by such form, e.g. height(x,y) = x.y, are 

responsible for contributions outside the central cross and are thus not removed by 

the presented method. 

 

Figure 3-14. Fourier transform of Rmap before correction 

 

M
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Forcing the central value of the FT is done to remove piston. However, forcing the 

central cross values to zero is not acceptable because it would also remove all the 

grating-like forms of roughness varying in the x or y direction only, including the 

high-frequency contributions that one wants to keep. The solution that was found was 

thus to replace the value of the FT of every point located on the central cross by the 

mean value between its two neighboring points, orthogonal to the direction of the 

cross branch (cf. Figure 3-15). 

 

Figure 3-15. Fourier transform of Rmap after correction 

 

Eventually, computing the inverse FT after central cross removal yields a 

roughness map free of low frequency variations, compatible with further PSD and 

BRDF computation (cf. Figure 3-16). 

 

Figure 3-16. Roughness map after correction 

 

An extra correction was occasionally carried out after this last step in the rare cases of 

remnant cylinder in a direction different from x or y, typically in the diagonal of the 

central cross. In such cases, defining an error function to be minimized was preferred, 

the time required to correct this remnant aberration being reasonable. 

  

log FF2( )
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3.2.2 Step 2 - Computation and azimuthal averaging of 
PSD 

This step takes as an input the FT of the corrected roughness map, data stored in a 

368 x 238 matrix and saved at the end of step 1 into a .txt file.  

From roughness maps, the PSD is obtained after Fourier Transform according to: 

       
 

 
|  ( (   ))|  (2-2) 

where Z(x,y) is the height profile of the sample, and S the area of the sample. 

The normalization coefficient of Fourier transform differs from one software to 

another, as well as from theory. Under Mathcad for this study, the PSD was 

normalized by the coefficient A. The latter was established by normalizing the 

Mathcad FT of a well-known function. PSD was thus computed according to: 

        |  ( (   ))|  (3-3)  

   
      

    
     (3-4)  

where dx, dy are the steps between two pixels; Δx, Δy the total lengths of the sides of 

the roughness map; Nx, Ny the number of pixels of the roughness map. 

 

Figure 3-17. PSD computed from roughness map 
Sample HC1Al, objective x10, point E, VSI mode 

 
log PSD( )
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PSD is computed for a discrete sample of 

368x238 frequency values computed by 

Mathcad with respect to the parameters of 

the input roughness map. The frequency 

steps dfx and dfy between each “pixel” of 

this PSD are given by the dimensions of the 

roughness map: 

    
 

  
 (3-5) 

    
 

  
 (3-6) 

In order to express such a PSD at any 

frequency, a bi-linear interpolation between 

pixels was considered to be good enough 

and developed according to the steps described below. 

The linear interpolation was made more precise than classically by what Figure 3-18 

intends to illustrate. For a frequency f of coordinates (fx,fy) on the X-Y axes of the 

PSD frame, the value PSD(fx,fy) was computed from PSD(px,py) [resp. 

PSD(px+1,py+1)] for a point of coordinates (fx,fy) located in the area A [resp. B] of a 

given pixel. 

For area A, PSD(f) was computed as in: 

    (     )     (     )    

  

   
   

  

   
 (3-7)  

where the slopes Hx and Hy are computed by: 

       (       )     (     ) (3-8)  

       (       )     (     ) (3-9)  

For area B, PSD(f) was computed by: 

   (     )     (         )    

      

   
   

      

   
 (3-10)  

where the slopes Gx and Gy are computed by: 

       (       )     (         ) (3-11)  

 
      (       )     (         ) (3-12)  

Ideally, mirror roughnesses are isotropic giving rise to an isotropic PSD, i.e. with 

circular symmetry. All PSD values which coordinates are located on a given circle of 

radius f should be the same. Plotting a section of it including the center of the PSD 

 

Figure 3-18. Sketch of 4 frequency pixels 
for bi-linear PSD interpolation 
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would thus be relevant in order to observe a PSD in an X-Y graph. However, because 

of polishing processes, a mirror surface can exhibit some anisotropy such as scratches 

along one direction generating some anisotropy in the corresponding PSD. To 

prevent from any measurement artifact caused by this problem, an azimuthal 

averaging was performed before plotting the PSD in two dimensions (cf. Figure 3-19). 

 

Figure 3-19. Representation of azimuthal averaging of PSD 

The field of view being rectangular, the azimuthal averaging was discriminated into 

two types. For relatively small frequencies, like f1 in Figure 3-19, PSD(f1) value was 

computed by azimuthal averaging with θ varying on the complete interval [0°;360°]. 

For higher frequencies of the type f2, PSD(f2) was computed with θ varying on the 

reunion of intervals [0°;45°] U [135°;225°] U [315°;360°], the PSD not being defined 

for some values outside this set of angles. 

3.2.3 Step 3 - Assembling of PSDs derived from x10 and 
x40 measurements 

For two roughness map measurements being performed twice with two different 

objective lenses, the frequency bandwidth of the computed PSD differs. Indeed, a 

X10 objective lens will image a larger field of view and thus observe more low 

frequency variations while a X40 objective lens will provide more details of the 

surface profile and thus more information for high frequency variations. 

The frequency ranges provided by the Wyko profilometer are presented in Table 3-4. 

Objective lens 
magnification 

Minimal spatial frequency 
(μm-1) 

Maximal spatial frequency 
(μm-1) 

X10 0.0016 0.300 

X40 0.0065 1.203 

Table 3-4. Frequency limits of the Wyko RST Plus 

For each surface measurement, the X10 PSD and the X40 PSD were thus assembled 

in order to associate a surface measurement with a single PSD benefiting from the 

whole frequency range of the profilometer. 

fy 

fx 

f2 

0 

f1 
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On the range of frequency where both PSD were defined, a simple averaging was 

performed when values were not too different. In the case of a too strong 

disagreement between the X10 and X40 PSD values (often happening at relatively 

high frequencies), more credit was given to the X40 PSD considered to be more 

reliable as f increases. 

Figure 3-20 presents as an example the assembled PSD derived from the 

measurement of surface 08B. 

 

Figure 3-20. PSD derived from Rmap after interpolation, 
averaging and assembling, sample 08, point B 

3.2.4 Step 4 - Computation and fit of BRDF 

The experimental PSD obtained after those first three steps of data processing could 

then be fitted with use of the K-correlation model given by Equation (3-13), which is 

the same as Equation (2-14) were the notation S2(f) replaces PSD2D(f) in order to 

distinguish the model from the computed PSD:  

  ( )(   )  
  ( )  

  

(   )

                  

 

   (  )     
 (3-13)  

with B the parameter ruling the height of the plateau and the position of the roll-off 

point of the model and s the parameter ruling the steepness of the slope on a log-log 

plot.  

Note that the case of s = 2 was never encountered in this study but that the K-

correlation model includes an expression of PSD in that case as in Equation (2-15). 

An error function was defined and minimized in order to perform the fitting on a 

discrete set of frequencies denoted Fk:  
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In most cases B and s were used as fitting parameters but σ was allowed to vary when 

necessary in order for the software to find a solution to this minimization problem 

more easily. 

The Rayleigh-Rice model could then be used to get the BRDF from both the 
experimental PSD and the PSD fit: 
 

    ( )  
    

  
              ( ) (2-17) 

where Q the polarization reflectance was approximated to 1. 

The angle of the scattered beam θ = θs is related to the spatial frequency of the surface 

radiation by the grating equation: 

   (  )     (2-20) 

From those two equations the variation of BRDF with respect to θ could be 

computed and represented in Figure 3-21. 

 

Figure 3-21. Final BRDF derived from roughness map 
λ=632nm, sample 08, point B 

 

3.3 Results 

3.3.1 SiC CVD samples 

Roughness map (Rmap) measurements were performed on 5 SiC CVD samples, with 

successive use of 2 magnifications: x10 and x40. For both magnifications, the field of 

view of the profilometer objective is smaller than the total surface of the sample 

which makes the Rmap measurements possible at different positions on the sample. 

For each surface, with each magnification, 2 fractions of the sample surface were thus 

measured at two points denoted A and B. The SiC CVD study was thus performed on 

a total of 20 Rmaps, hence 20 PSDs and 20 BRDFs assembled by pair. 
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From two Rmaps, like the ones represented in Figure 3-22 and Figure 3-23, two 

BRDFs could be derived as showed in Figure 3-24. 

 

Figure 3-22. 3D-view of Rmap 
Sample 109, lens x10, point A 

 

Figure 3-23. 3D-view of Rmap 
Sample 109, lens x40, point A 

 

Figure 3-24. x10 and x40 BRDFs computed from Rmap of sample 109 
x-coordinates in °, y-coordinates in sr-1 

 

3.3.1.1 Analysis and selection of samples 

Measuring a BRDF is more time and money consuming than measuring an Rmap. 

The number of samples subcontracted to Lighttec was consequently lower than it was 

to CSL. A selection of the most interesting samples to undergo BRDF measurement 

thus had to be performed. Among the 5 CVD samples, only 4 were selected for 

BRDF measurements, in association with 4 representative BRDFs characterizing each 

sample. 

Two main criteria were considered in order to select the most suitable surfaces and 

their BRDFs for further comparison with scatterometry measurements: 

 First, the 4 selected samples should exhibit different amount of roughness 

from one another in order to cover a large range of values and analyze the 

influence of roughness on BRDF. 

 Second, the BRDF computed from the x40 measurement should continue as 

nicely as possible the one computed from the x10 measurement in order to 

have a reliable BRDF to represent one surface over a large angular range.  
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Figure 3-25. Illustration of the x10 and x40 assembling problem 
Sample 035, point A 

x-coordinates in °, y-coordinates in sr-1 

The second scenario illustrated in Figure 3-25 should in theory never be encountered. 

Indeed, in case of ideal measurements, the x40 and x10 BRDFs should superimpose 

perfectly over their common angular range [0.3°; 10°] given that they were measured 

on the same sample. Concretely however, differences occurred because of the possible 

lack of accuracy of the profilometer and the fact that the x10 and x40 measurements 

did not actually take place at the same point, albeit denoted B in both cases. A sample 

showing a “not acceptable” scenario for all the measurement points was thus ruled 

out from the selection. 

The analysis was carried out that way, leading to the selection of 4 surfaces. The 4 

extended BRDFs representing these 4 surfaces are presented in Figure 3-26, as well 

one corresponding Rmap. Note that only the x40 Rmap is represented but the BRDF 

nearby was obtained by assembling the x10 and x40 BRDFs. 
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Figure 3-26. 3D-views of the set of selected SiC CVD samples, 
their representative BRDFs, and their denominations
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3.3.1.2 BRDF fitting 

According to Subsection 3.2.4, fitting was performed on the selected surfaces’ PSDs 

with use of the K-correlation model expressed by: 

  ( )(   )  
  ( )  

  

(   )

                  

 

   (  )     
 (3-7)  

BRDFs were then computed for both PSD and PSD’s fit to produce Figure 3-26. 

Due to the Wyko limited field of view and resolution, the Rmap measurements are 

bandwidth-limited in terms of spatial frequencies. As indicated in Subsection 3.1.4, in 

NR mode, the minimal frequency fmin equals 0.0016μm-1 while fmax equals 1.203μm-1. 

Those two limiting frequencies generate scatter at angles θmin and θmax given by the 

grating equation sin(θ) = λf. With λ = 632nm, as chosen for this study, BRDFs could 

thus only be plotted and fitted on the angular range [θmin;θmax] = [0.06°;49.5°]. The 

model used for fitting can however be plotted from 0° to 90° since its analytical 

function is defined on the total angular range. 

Whether the fitting model was satisfying or not was assessed based on: 

→ Global aspect of BRDFs in Figure 3-26. 

→ Comparison between roughness values σ computed from PSD and PSDfit. 

→ Comparison between TIS values computed from BRDF and BRDFfit. 

Table 3-5 gathers the characteristic parameters σ and TIS used to quantitatively assess 

accordance between experimental data and fit. 

Sample 
σPSD (nm) 
(fmin;fmax) 

σPSDfit (nm) 
(fmin;fmax) 

σPSDfit (nm) 

(0;1/λ) 
TISBRDF (%) 

(θmin;θmax) 
TISBRDFfit (%) 

(θmin;θmax) 
TISBRDFfit (%) 

(0°;90°) 
TISDavies (%) 

(0°;90°) 

035A 0.521 0.439 0.468 0.0096 0.0071 0.0077 0.0087 

048A 0.595 0.487 0.507 0.0126 0.0089 0.0093 0.0102 

08B 1.141 1.148 1.165 0.0499 0.0504 0.0508 0.0537 

109A 1.249 1.201 1.216 0.0599 0.0553 0.0561 0.0585 

Table 3-5. Roughnesses computed from PSD and PSDfit 
and TIS computed from BRDF and BRDFfit. 

 

Good accordance can be observed between the experimental and fit values of 

roughness σPSD and σPSDfit, as well as for TISBRDF and TISBRDFfit. The relevant 

roughness σPSDfit(0;1/λ), also noted σ(λ), and the corresponding TISBRDFfit(0°;90°) were 

also computed since they are two relevant parameters to characterize a surface 

independently from measurement bandwidth limits. As expected, these values are 

slightly higher than the bandwidth-limited ones given that they take into account the 

total range of frequencies, i.e. the total angular range. 

A fourth value of TIS was also computed according to the Davies equation under the 

smooth-surface approximation, given by Equation (2-9), yielding coherent results. 
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Global aspect of the selected BRDFs and their BRDF fits can be observed in Figure 

3-27. 

 

Figure 3-27. BRDFs and fits of the selected SiC CVD samples 

NB: The BRDFs of 035A and 048A exhibited an unnatural increase around 20° that 

seemed to be a measurement artifact. Fitting was thus performed without taking into 

account the range of angles located beyond the angle at which this change of course 

occurs. 

Looking at Table 3-6, which indicates what 

values were taken by the parameters of the K-

correlation model to fit experimental PSDs, 

one can observe homogeneous variations of B 

and s versus σ(λ). The increase of B with σ(λ) 

was to be expected since the quantity B is 

related to the correlation length LC of the 

surface PSD: the higher LC, the higher B. 

According to Stover [16], B = 2πLC for a Lorentzian PSD. Besides, it is 

understandable if one thinks that higher roughness brings LC down, hence B. Little 

could be found in the literature about the parameter s which quantifies the slope of 

PSD of a surface at large spatial frequencies. However, PSD is material and processed 

dependent. Such discrepancy in the value of s between those four SiC CVD samples 

could thus be caused by the fact that the four samples have various origins and were 

for instance polished under various circumstances. 
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Sample 
σPSDfit (nm) 

(0;1/λ) 
B s 

35A 0.468 461.5 1.626 

048A 0.507 231.2 1.861 

08B 1.165 129.0 2.306 

109A 1.216 68.1 2.416 

Table 3-6. K-correlation parameters 
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Judging from the correct behavior of the fitting functions against the experimental 

data, in addition to the good accordance between σPSD and σPSDfit as well as TISBRDF 

and TISBRDFfit, the K-correlation model appears to be trustworthy for modeling scatter 

by SiC CVD. 

3.3.2 SiC without CVD samples 

3.3.2.1 Analysis and selection of samples 

Similarly to what was done for SiC CVD, a selection was made among several Rmaps, 

albeit on a much larger amount of data. Rmap measurements were this time 

performed on 8 samples, 5 being half-coated (HC) with aluminum and 3 being not-

coated (NC). The variety of measurement positions, mode of the profilometer and 

magnification brought the total number of Rmaps for BRDF computation to 215. 

Given the numerous maps to be processed, the Microsoft implementation VBA 

(Virtual Basics for Applications) was used to develop an automated algorithm. The 

latter could benefit from the FT transform technique for low-frequency removal on 

Rmaps, given its low time consumption. 

The two criteria to select surfaces for BRDF direct measurement and discriminate 

between an acceptable and an unacceptable BRDF to represent a surface were the 

same as for SiC CVD. In addition, the possibility to observe the influence of 

aluminum coating on a sample roughness was taken into account in the selection so 

that pairs of surfaces belonging to the same HC sample were favored. Surface 

photographs previously taken through the binocular microscope were also used in 

support of this selection by preferring surfaces that would look distinct from one 

another. 

Deriving satisfactory BRDFs from the Rmaps of SiC without CVD was made difficult 

by the high density of pores at its surface. The presence of pores seems to cause PSD 

not to abide by an inverse power law appearing as a straight line on log-log axes. With 

VSI measurements, it has been observed that a ubiquitous bump appears beyond 1°. 

Furthermore, a lack of accordance between x10 and x40 measurements leading to the 

extension problem illustrated in Figure 3-28 was most of the time encountered. That 

made the assembling of the 

x10 and x40 PSDs more 

complicated than it was for 

SiC CVD. Generally, more 

trust was given to the x40 

measurement considering that 

the measuring device is able to 

detect more details with a 

higher magnification and thus 

take surface pores into better 

account. For sample NC1 

(Not Coated 1), no continuity Figure 3-28. Typical assembling problem encountered with 
SiC without CVD, sample HC1Si, point E, x in °, y in sr-1 
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between x10 and x40 BRDF could be found at any position of measurement. The x40 

BRDF alone was kept. 

Despite of those difficulties, the selection lead to a batch of 6 surfaces as indicated in 

Table 3-7 and Table 3-8. 

Sample Coating Position Mode and magnification 

HC1 w/o Al A,B,C,D or E 
VSI : x10 or x40 

PSI : x10 

HC2 w/o Al A,B,C,D or E 
VSI : x10 or x40 

PSI : x10 

HC3 w/o Al A,B,C,D or E 
VSI : x10 or x40 

PSI : x10 

HC4 w/o Al A,B,C,D or E 
VSI : x10, x20, x40 or x80 

PSI : x10 

HC5 w/o Al A,B,C,D or E 
VSI : x10 or x40 

PSI : x10 

NC1 A,B,C,D or E 
VSI : x10 or x40 

PSI : x10 

NC2 A,B,C,D or E 
VSI : x10 or x40 

PSI : x10 

NC3 A,B,C,D or E 
VSI : x10 or x40 

PSI : x10 

Table 3-7. Inventory of available SiC without CVD Rmaps 

Surface BRDF 

HC1AlE 
HC1AlX10E 

HC1AlX40E 

HC2AlE 
HC2AlX10E 

HC2AlX40E 

NC1B 
NC1X10B 

NC1X40B 

NC2B 
NC2X10B 

NC2X40B 

HC1SiE* 
HC1SiX10E 

HC1SiX40E 

HC2SiD* 
HC2SiX10D 

HC2SiX40D 

Table 3-8. Denomination 
of the selected SiC 

without CVD samples 

* “Si” stands for SiC 
without aluminum layer 

3.3.2.2 BRDF calculations: influence of pores 

BRDF fitting with use of the K-correlation model was made difficult due to the 

ubiquitous bump present in SiC without CVD BRDFs. The K-correlation function is 

not designed to allow an increase of the curve at mid-frequencies. The study took a 

new turn: trying to determine the cause for this unusual BRDF shape. 

For each of the six surfaces, the additional Rmap measurements performed under the 

PSI mode of the Wyko profilometer proved themselves interesting in order to assess 

the influence of pores at the SiC without CVD surface. Indeed, as specified in the 

technical characteristics of the Wyko in Subsection 3.1.4, the vertical dynamic range of 

PSI is limited to 0.16μm which makes pores invisible as soon as their depth is beyond 

such a value. By comparing BRDFs derived from VSI and PSI measurements, the 

effects of pores could thus be observed. 

Another type of BRDF was also computed from VSI measurements by adding one 

step in Rmap processing. Holes and bumps at the Rmap surface were removed by 

equaling the values of the height profile to zero as soon as they exceeded an arbitrary 

positive or negative threshold. The latter was typically chosen to be 3σ with σ the 

standard deviation of the height profile. This map treatment is referred as “plugging 
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holes” and was performed on the four maps of HC samples with and without 

aluminum coating in order to provide another BRDF for pore study. 

The computed BRDFs are presented as in  

Figure 3-29, accompanied by 2D and 3D views of each corresponding surface by 

groups of four figures. 

NB: The z-axis of 3D-views was restricted to the interval [-0.8μm; 0.2μm] which does 

not implicate that height profiles are limited to those values. In some cases, pores 

were for instance indicated to be much deeper.  

 

 

 

 

 

 

Figure 3-29. Surface profile and BRDF of Sample HC1Al, point E 

a. 2D-picture taken with the Wyko profilometer objective lens x40, FOV 115μm x 135μm 

b. 2D-picture taken with the binocular microscope, approximate FOV 500μm x 650μm 

c. 3D-view of the Rmap, objective lens x40 

d. BRDFs derived from VSI, PSI and VSI after “plugging” holes 
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Figure 3-30. Same format as Figure 3-29 for Sample HC2Al, point E 
 

 

 

 

 

Figure 3-31. Same format as Figure 3-29 for Sample HC1Si, point E 
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Figure 3-32. Same format as Figure 3-29 for Sample HC2Si, point D 
 

 

 

 

 

Figure 3-33. Same format as Figure 3-29 for Sample NC2, point B 

M2

1,00E-04

1,00E-03

1,00E-02

1,00E-01

1,00E+00

1,00E+01

1,00E+02

0,01 0,10 1,00 10,00 100,00

B
R

D
F 

(1
/s

r)
 

Scattered angle (°) 

BRDFs from Rmaps HC2SiD 

HC2SiD VSI

HC2SiX10D
PSI

HC2SiD
"plugged"

M

1,00E-03

1,00E-02

1,00E-01

1,00E+00

1,00E+01

1,00E+02

1,00E+03

1,00E+04

1,00E+05

0,01 0,10 1,00 10,00 100,00

B
R

D
F 

(1
/s

r)
 

Scattered angle (°) 

BRDFs from Rmaps NC2B 

NC2B VSI

NC1X10B
PSI

a b

c d 

a b

c d 



47 

 

 
 

  

Figure 3-34. Same format as Figure 3-29 for Sample NC1, point B 

 

Bottom-right graphs in Figure 3-29 to Figure 3-34 illustrate the difference in BRDF 

shapes when computed from Rmaps with and without pores. For both PSI and 

“plugged” BRDF, the bump that could be observed on BRDF from VSI 

measurements is no longer present. PSI BRDFs even exhibit a similar shape than what 

was displayed in the case of SiC CVD, making the K-correlation function an 

acceptable candidate to model them. Pores may thus physically scatter light in a way 

that produces such irregular BRDF profiles. 

This would be a plausible explanation only under the condition that the measurements 

from which it is inferred are reliable. However, the Wyko profilometer has showed 

limits and difficulties in measuring pores at such low dimensions. A measurement 

artifact can be seen on the bottom-left pictures in Figure 3-29 to Figure 3-34: an 

abnormal peak systematically appears next to each measured pore. This defect can 

also be observed on top-left pictures where it takes the form of a bright red stain next 

to every dark blue stain, synonymous of a high height value right next to a low height 

value. Besides, the BRDFs derived from “plugged” VSI Rmaps keep on differing 

from the PSI BRDFs, by up to 2 orders of magnitude around 10°, which suggests that 

the initial VSI Rmaps were partly wrong and can hardly be equivalent to PSI Rmaps 
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after hole and peak removal. Lastly, due to the relatively narrow aperture of the pores, 

typically equal to a few μm, compared to the wavelength of measurement, the 

indicated depth of the pores is hardly reliable. In the case of NC samples, for which 

VSI Rmap measurements were the most arduous, pore depths were even considered 

to be the same for some pores as illustrated in Figure 3-35, which cannot be physically 

true. 

 

Figure 3-35. 3D-view of NC2 Rap, x40, point B 

 

3.3.2.3 BRDF calculations: influence of aluminum coating 

The selected surfaces from samples HC1 and HC2 can be paired up given that they 

result from the same piece of SiC, on which aluminum has been previously removed 

from half of the surface. Aluminum coating is believed to smooth SiC surfaces owing 

to the fact that aluminum can fill the numerous surface pores. Smoother surface 

leading to fewer light scatter, one would expect the BRDF from an aluminum-coated 

Rmap to be lower than the corresponding BRDF from the same non-coated surface. 

 

This point cannot be observed neither for both HC samples nor over the complete 

angular range of scatter. Only sample HC1 for angles above 3° exhibit the behavior 

described above. A conclusion on aluminum consequence thus cannot be drawn yet 

due to a lack of repeatability and precision in pore measurements. 

 

M2
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Figure 3-36. Influence of aluminum coating on sample HC1 

 

 

Figure 3-37. Influence of aluminum coating on sample HC1 

 

In conclusion of Chapter 3, it has been showed that Rmap measurement and BRDF 

computation were possible and are believed to be reliable to characterize SiC CVD. 

The K-correlation model was also proved to be efficient to describe the scatter of 

such type of material. In contrast to successful PSI measurements, VSI has showed 

limits in its ability to measure surfaces riddled with relatively deep pores, leading to 

difficulties in Rmap processing and discrepancies among the resulting BRDFs. 

Besides, the unusual shape of BRDF would not abide anymore by a K-correlation 

model. If this uncommon BRDF shape was proved to persist and the observed bump 

to remain, a new BRDF model would have to be developed, as suggested in Section 

5.2. 
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4 BRDF measurement 

4.1 Scatterometry: BRDF measurements 

4.1.1 Working principle of a scatterometer 

BRDF can also be obtained by direct measurement of light distribution after reflection 

on the sample under test. For that matter, a measurement bench can be designed and 

include a detector that is allowed to move in space along two orthogonal angular 

directions, such as the polar and azimuthal angles in a spherical coordinate system. 

Both angles can be considered null in the direction of the specular reflected beam. By 

measuring light intensity with respect to these two angular parameters, one can plot a 

two-dimensional BRDF. Several scatterometers, available in the industry, work along 

this principle and offer such service. 

 

Figure 4-1. Sketch of a common scatterometer 

 

Figure 4-2. Lighttec REFLET 180 scatterometer 

In the case of smooth surfaces referred to as “specular surfaces”, scattering 

measurements are made complicated by the fact that most of the reflected energy is 

contained inside the specular beam. The SiC samples in this study and more generally 

mirrors are specular surfaces. In that case, precisely measuring the distribution of light 

in space requires being able to move the detector of a scatterometer by tiny amounts 

of angle, especially around the specular reflected beam. Moreover, another challenge is 

to be capable of measuring the total range of power, from very high values in the 

specular direction to very low intensities at high angles.  

Consequently, scatterometers that are manufactured in the industry nowadays mainly 

work for relatively rough surfaces which generate high scatter at high angles. High 

dynamic detection systems however, with little angular increment and thus capable of 

characterizing specular surfaces are less common and often still in the form of 

experimental optical benches in laboratories more than embedded systems. 

Such a measurement tool has been recently developed in Lighttec laboratory, and was 

put to use within this study. 
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4.1.2 Technical characteristics of Lighttec specular 
bench 

Lighttec specular bench performs scattering measurements along one angular 

direction only, which is suitable considering that isotropic sample generate isotropic 

scatter. Measurements are done with a monochromatic laser source, and the laser 

beam incomes with an angle of 10° on the surface under test. Several wavelengths are 

available (532nm, 635nm, 808nm, 1064nm) as well as several appropriate 

photodiodes. A photomultiplier is inserted in the detection chain in order to be able 

to measure very low signals at high angles and thus increase the dynamic range of 

detection. Noise affecting  measurements is caused by stray light and electronic 

performances of the sensor. The system 

is thus isolated as much as possible from 

any external source of light and an 

optical chopper is placed on the light 

path in order to modulate the frequency 

of the signal. Angular displacement of 

the sensor is ensured by a 

goniophotometer constituted of two 

turn tables, one translation table and a 

tilt-adjustable stand for the sample. 

 

With use of the photomultiplier and appropriate sensor, Lighttec achievable dynamic 

range is claimed to reach 1012. Regarding angular resolution, the limiting factor of this 

bench is not the manual displacement of the sensor which enables a resolution of 

0.007°. The intrinsic laser beam width however limits the angular resolution to 0.02° 

and is thus the limiting factor. 

 

Figure 4-4. Lighttec specular bench sample area 

Figure 4-3. Lighttec specular bench overview 



4.2 Measurement procedure 
 

The standard practice of the American Society for Testing and Materials (ASMT) was 

used as reference for this series of measurements [17]. 

The specular bench for scattering measurement not being automated, the angular 

position of the detector is manually selected and written down in association with the 

power indicated by the photodiode. BRDF of specular sample being plotted versus 

log-log axes, the angle position is sampled in order to plot BRDF(θ) versus a 

conveniently spaced set of x-coordinates on a log axis. The angular step was chosen to 

be 0.017° from 0° to 1°, 1° from 1° to 10° and 10° from 10° to 90°. 

At the end of this measuring process, one gets the surface scattering properties in the 

form of optical power in watts versus angular position. Further data processing steps 

are required to finally obtain BRDF in steradian-1 versus angular position. Moreover, 

the present scattering profile includes what is called the bench signature, i.e. the 

overall contribution to light distribution caused by components of the measurement 

bench such as the laser source. This bench signature needs to be removed if one 

wants a BRDF that only characterizes the sample under test and is independent from 

the measurement device. In this study, the different steps towards deriving a BRDF 

from scattering measurements are: laser profile subtraction, laser profile 

deconvolution, and normalization. 

4.2.1 Laser profile subtraction 

What is measured according to the previously described steps is a distribution profile 

of light caused by scatter plus the laser profile. It can be imagined that for a perfectly 

smooth surface, by plotting the power values versus the angular position of the 

detector, one would observe exactly the laser profile. By subtracting this laser profile 

to the scatter measurement, one gets rid of the specular component of the profile at 

low angles as well as the potential remnant contribution of the laser outside the 

specular peak. 

A measurement of the laser profile is thus necessary with the same set of detector 

positions without any SiC sample placed on the measurement bench: 

                                 (4-1)  

4.2.2 Laser profile deconvolution 

For each point, the angular laser profile is also affecting the measurement so that the 

total measurement equals the actual scatter contribution convoluted with the laser 

profile (cf. Figure 4-5). Thus, deconvolution is necessary to get rid of the influence of 

the laser in BRDF measurement: 

                                   (4-2)  
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Figure 4-5. Laser profile influence on surface scatter 

Assembling Equation (4-1) and Equation (4-2) yields: 

       (           )          (4-3)  

Deconvolution being a linear operation, and the dirac its neutral element, it gives:  

       (             )  (             ) 

 (             )                 
(4-4)  

This result shows that the two previously described operations can be done in reverse 

order: deconvolution on the experimental data being performed first, and then 

followed by subtraction by a dirac, which may result in a simpler and faster process. 

However, although this result theoretically stands true, numerical deconvolution 

sometimes comes along with uncertainties making for instance the deconvolution of 

the laser profile by itself not exactly equal to a dirac:                    . Thus, 

the two first steps were preferred in the order described first. 

4.2.3 Normalization 

Once the specular contribution and the bench signature have been removed from the 

measured intensity profile, one wants to eventually derive a BRDF expressed in actual 

BRDF units, steradian-1, instead of watts. Besides, at that stage, the absolute values of 

the scatter profile depends on the laser power and the set of angular power values 

needs to be normalized. For that matter, two normalization methods can be used: 

single-point normalization and normalization by TIS measurement.  

First, single-point normalization can be performed by measuring the scatter of a 

lambertian sample, for which the actual BRDF level is well-known. A lambertian 

surface BRDF is constant given that scatter is homogeneous over the entire angular 

range, which makes measuring the scatter at a single angular point sufficient. That 

way, the multiplying factor K1, expressed in W-1.sr-1, necessary to calibrate the 

measured intensity profile at the same level as the well-known lambertian BRDF is 

computed. This multiplying factor is then applied to the measured values for every 

other measurement on the same bench: 

                      (4-5)  
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Alternatively, normalization by TIS measurement can be done, by measuring the TIS 

of each sample with use of an integrating sphere. 

 

Figure 4-6. Lighttec integrating sphere for TIS and R measurement 

Due to the sizes of the apertures of the sphere, TIS is measured from a minimal angle 

that has been assessed to be 3.5°. TIS is thus measured as the total reflected power 

from 3.5° to 90°. Moreover, one wants to compare BRDFs generated by surfaces with 

a different reflectivity R, such as naked SiC surfaces of low reflectivity and aluminum 

coated SiC of high reflectivity. The dependence of the BRDF profile in R must be 

cancelled by including the sample reflectivity in the normalization factor. R is also 

measured for each sample by mean of the integrating sphere taking into account the 

complete reflected power from 0° to 90°. The power carried by the reflected specular 

beam is then also measured. 

 

Figure 4-7. Internal views of the sphere ports 

The normalization coefficient is then computed in order for the BRDF integral to 

equal this measured TIS: 

 
   

 

 

   (        )

∫      ( )    ( )    ( )   
   

    

 
(4-6)  

                      (4-7)  

NB: One will make sure not to omit the cos(θ)sin(θ) factor in the integral showed in 

Equation (4-6) since in order to compute TIS, BRDF integration is performed in the 

spherical coordinate system that parameterizes the backscatter half-space. 
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Normalization was thus the third and last step to process scatter measurements and 

eventually derive a BRDF depending only on the surface height profile of the sample 

under test. 

 

4.3 Results 

BRDF measurements did not happen without mishap and long time was devoted to 

provide guidance to Lighttec in trying to overcome the various unexpected difficulties. 

Across the weeks, solutions were discussed to solve problems such as external stray 

light, bench artifacts, and normalization to eventually achieve better BRDFs. Results 

in their latest form remain perfectible and additional effort might be necessary in 

order to perfect Lighttec device and procedure. 

From the initial BRDF 

measurement, the dynamic 

was improved on Lighttec’s 

initiative by inserting a 

photomultiplier on the 

detection line. Decreasing 

stray light, subtracting the 

influence of the laser profile, 

correcting the methods of 

normalization were then 

discussed and applied to result 

in the current form of BRDF 

as illustrated in Figure 4-8. 

The BRDF series of measurements was thus carried out on the selected sets of four 

SiC CVD surfaces and six SiC without CVD surfaces, at a wavelength of λ = 635nm. 

 

Figure 4-9. BRDF measurements for SiC CVD surfaces 
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bench, SiC CVD sample 035 
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Figure 4-10. BRDFs measurements for SiC without CVD surfaces 

4.3.1 Behavior of BRDFs at low angles 

It can first be observed that none of these experimental BRDFs showed the usual 

plateau at low angles. To explain this, the hypothesis was made that low-frequency 

variations at the sample surface could be responsible for this BRDF behavior at low 

angles. Indeed, contrary to what had been done for BRDF computation from 

roughness map, scatter measurements are done directly on the actual sample and 

some low-frequency variations cannot be removed. 

BRDF computation was then carried out a few extra times by performing step 1 

described in Subsection 3.2.1 with different extends of correction: from no low-

frequency removal at all to complete map correction. 

 

 

Figure 4-11. Influence of Rmap correction on BRDF shape at small angles, sample HC2Al 

It can be seen in Figure 4-11 that low-frequency variations have possible influence on 

scattering at angles up to 1°. Globally speaking, the more the low-frequency 

aberrations, the steeper the BRDF slope at low angles. By comparing the trend of 

computed BRDFs with different levels of correction with measured BRDF, one can 

see that when tilt, sphere and cylinder are still present, the slope between 0.1° and 1° 

is similar to the slope of the measured BRDF. That makes sense given that nothing 

can be done to annihilate the effects of sphere and cylinder when directly measuring 

light scatter. Tilt effects, however, can be lowered down by perfecting the alignment 

of the setup. 

0,0001

0,001

0,01

0,1

1

10

100

1000

10000

100000

0,01 0,1 1 10 100

B
R

D
F 

(1
/s

r)
 

Scatter angle (°) 

NC1

NC2

HC1Si

HC1Al

HC2Si

HC2Al

1E-04

1E-03

1E-02

1E-01

1E+00

1E+01

1E+02

1E+03

1E+04

1E+05

1E+06

1E+07

1E+08

1E+09

1E+10

1E+11

0,0 0,1 1,0 10,0 100,0

B
R

D
F 

(1
/s

r)
 

Scatter angle (°) 

Rmap not corrected

Rmap minus piston

Rmap minus piston & tilt

Rmap corrected

BRDF measurement



58 

 

Hence, the abnormal increase instead of a plateau at low angles on measured BRDF 

may be caused by sphere and cylinder at the sample surface in addition to remnant tilt 

due to uncertainties in alignment. The same test was performed on two extra surfaces, 

highlighting the same effects as the slope computation between 0.1° and 1° of various 

BRDFs illustrates it in Table 4-1. 

Sample Rmap corrected Rmap minus piston BRDF measurement 

HC1Si -1.01 -2.66 -2.07 

HC2Si -0.66 -2.95 -2.33 

HC2Al -0.38 -3.04 -2.56 

Table 4-1. BRDF slope measured between 0.1° and 1° 

NB: Piston should in theory have no effect on BRDF since it only accounts for the 

thickness and/or position on the optical axis of the sample. The peak observed at 

high value on computed BRDF is caused by the DC component in the center of PSD, 

intermediary step in BRDF computation. 

In conclusion, low-frequency variations and misalignment tilt might be explanations 

for the measurements shape at low angles. If this point is verified, BRDF 

measurements would not exhibiting the effects of roughness alone below 1°. 

4.3.2 Difficulties related to normalization 

Normalization is an essential step. It enables to compare samples between one 

another by observing the consequences of their height profile only, no matter the 

material they are made of and no matter what type of laser source is used for BRDF 

measurement. A long time was devoted to perfect the normalization step of the 

procedure under development. Unfortunately, some incomprehension remains and 

results seem to indicate that some improvement in Lighttec measurement procedure is 

still required. 

In particular, relative positioning of BRDFs when plotted in a same graph is not in 

accordance with the global roughness of the corresponding sample and then the total 

amount of scatter those samples should create. 

Surface 035A 048A 08B 109A 

σPSD (nm) (0.0016μm-1;1.203 μm-1) 0.521 0.595 1.141 1.249 

Rq = rmsCSL 

(nm) 

x10 map 0.351 0.415 0.869 1.221 

x40 map 0.540 0.611 1.017 1.073 

Table 4-2. Increasing roughness of SiC CVD surface 

According to roughness measurements made by PSD computation or by rms 

computation of height profile (by CSL), sorted in Table 4-2, the SiC CVD surfaces in 

order of increasing roughness are: 035, 048, 08 and 109. Yet, the BRDFs displayed in 

Figure 4-9 are not positioned in an order compatible with these roughness 

computations. In addition, observing the four measured BRDFs before normalization 

by TIS measurement shows that before this last step of processing, BRDF positioning 

was appropriate (cf. Figure 4-12) and suggests that something keeps going wrong in 

the normalization. 
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Figure 4-12. Relative positions of SiC CVD BRDFs before (left) 
and after (right) normalization by TIS measurement 

Table 4-3 suggests a possible lack of accuracy or repeatability that would deteriorate 

TIS measurement with the integrating sphere. Here again, the higher the roughness, 

the higher the expected TIS value, though this was not the case in practice. 

Normalization relies on such measurement and a mistake at that stage may lead to a 

wrong BRDF computation later on. 

Surface 035A 048A 08B 109A 

σPSD (nm)  0.521 0.595 1.141 1.249 

TIS measurement (%) 0.48 0.75 0.65 0.65 

Table 4-3. TIS measurement on integrating sphere 

Another possible lack of accuracy that might result in wrong BRDF computation can 

be found in the experimental computation of the integral in Equation (4-6). Such 

value is actually computed on a discrete set of values, which are not many since the 

angular step for scattering measurement is 1° above 3.5° and 10° for the next decade. 

The value of the integral in question is thus roughly approximated by a sum of the 

area of a few rectangles. This time the denominator in the computation of K2 thus 

potentially suffers from imprecision and might add to normalization mistakes after. 

4.3.3 Influence of aluminum coating 

Finally, this series of BRDF measurements was another opportunity to investigate the 

influence of aluminum coating on light scattering. 

 

Figure 4-13. Influence of aluminum on BRDF measurements 

The final results are unfortunately not the one that one’s intuition would suggest. 

Aluminum coating does not appear to smooth SiC surface given that overall scatter 

does not seem to come down. Nonetheless, it is difficult here to draw any conclusion 

due to the possible mistakes of normalization as discussed in Subsection 4.3.2. 
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5 BRDF comparison and discussion 

5.1 Comparison of computed and measured BRDFs 

Comparing BRDFs computed from roughness maps on the one hand and directly 

measured on the other hand was a good way to mutually control the work on both 

sides. Nonetheless, no measurement technique has proved itself completely reliable, 

so that neither the computed nor the measured BRDFs could be used as reference to 

assess the validity of the others. One had thus to feel their way along in order to get 

closer to reliable measurements. 

Globally speaking, BRDFs derived from SiC CVD samples showed rather good 

accordance in shapes contrary to the ones derived from SiC without CVD samples. 

Regarding absolute values, i.e. global position on the y-axis, no satisfactory accordance 

was achieved between computations and measurements, possibly due to normalization 

difficulties as discussed in Section 4.3. 

 

Figure 5-1. Measured and computed BRDFs 
for SiC CVD sample 048 

Sample sRmap sMeas 

035 1.62 2.54 

048 1.86 1.66 

08 2.28 1.96 

109 2.36 2.23 

Table 5-1. Log slope 
between 1° and 10° 

Figure 5-1 illustrates the similar aspects that could be observed for the computed and 

measured BRDFs of SiC CVD samples. Some significant part of the BRDF exhibit 

the same slope in both cases which suggests that solving the apparent normalization 

problem could have measurement and prediction superimpose on each other. As 

explained in Subsection 4.3.2, the differences of slope at angles lower than 1° can be 

due to the low-frequency variations and tilt at the sample surface that have been 

removed in the case of the BRDF computation whereas they are to be taken into 

account in the case of measured BRDF. Measured values at angles above 10° are very 

sensitive to the experimental conditions, for yielding very low levels of light intensity. 

Consequently, the most convenient angular range on which to compare the slope 

values appears to be [1°;10°], as showed in Table 5-1. Every SiC CVD sample, except 

sample 035, exhibits concordant slope values between prediction and measurement.  

The global positioning of all measured BRDFs versus the BRDFs predicted from 

roughness maps can be observed in Figure 5-2, which highlights the slope similarities 

and the absolute value problem, possibly caused by normalization issues. 
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Figure 5-2. Comparison between measured and computed BRDFs for SiC CVD 

In the case of SiC without CVD, the predicted bump at mid-angles was not confirmed 

by BRDF measurements leading to substantial discrepancies in BRDFs shapes. 

Additionally, as showed in Figure 5-3, a descending succession of horizontal steps was 

sometimes encountered in measured BRDFs without having found an explanation yet.  

 

Figure 5-3. Measured and computed BRDFs 
for SiC without CVD, surface HC1Si 

The global comparison of BRDFs for four samples of SiC without CVD can be 

observed on Figure 5-4. These results stress the need to carry on research in order to 

achieve reliable BRDF measurements and BRDF computations from Rmap which 

would eventually concord with each other, as it is almost achieved in the case of SiC 

CVD. 
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Figure 5-4. Comparison between measured and computed BRDFs for SiC without CVD 

 

5.2 Validation or readjustment of the model 

As expressed in Section 3.3, the K-correlation model used to fit PSD has proved 

satisfactory in the analysis of SiC CVD. Indeed, the characteristic plateau at low 

frequency and the inverse power law at high frequency could be controlled by the 

parameters B and s respectively in order to produce a faithful model for each SiC 

CVD sample. 

However, in the case of SiC without CVD, the presence of a bump at mid-frequency 

prevented the K-correlation model to work. Even though such abnormal shape of 

PSD and BRDF may be due to artifact when measuring pores, a new model was 

investigated in case bumpy shapes proved to be physically correct and kept showing 

up in the future. The idea of associating two inverse power laws and one positive 

power law working at different frequency ranges was put to test, and lead to successful 

results as illustrated in Figure 5-5 and Figure 5-6. 

 

Figure 5-5. PSD fitting for sample HC1SiE 
x: frequency in μm-1 ; y: PSD in μm-4 

 

Figure 5-6. PSD fitting for sample HC2SiD 
x: frequency in μm-1 ; y: PSD in μm-4 
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The number of fitting parameters is brought to 6, including one couple of parameters 

(B,s) for each of the 3 angular ranges. Table 5-2 groups the parameters that were 

computed to best fit the 6 PSDs computed from the 6 SiC without CVD surfaces 

which underwent BRDF measurements. This high number of parameters might be 

quite unhandy to work with and further research could enable to reduce such number, 

by trying to equal the two negative slope parameters s1 and s3 for instance. 

Fitting 
parameter 

HC1SiE HC2SiD HC1AlE HC2AlE NC1 NC2 

B1 477.4 642.0 171.0 551.3 178.6 154.9 

s1 0.87 0.61 1.39 0.58 0.649 0.98 

B2 22.9 33.6 47.0 53.3 44.5 46.3 

s2 1.79 1.68 1.08 1.38 1.29 1.30 

B3 4.6 4.46 6.7 4.3 4.3 6.5 

s3 4.48 4.87 3.01 4.88 4.07 3.36 

Table 5-2. Fitting parameters for SiC without CVD samples 

The analytical expressions of this model for possible further use within Astrium is 

given by: 

   ( )  (    )      (       )   (       )   (       ) (5-1)  

   ( )  (    )        (       )   (       )   (       ) (5-2)  

The constants in the model are given by Equations (5-3) and (5-4). 
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(    )

*  (    
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  ( )  
 

    (    
    )

 (5-3)  

The frequency-dependent terms are given by Equations (5-5), (5-6) and (5-7). It is up 

to the user to decide on the angular range on which each one of the term 

predominates, by establishing a new frequency partition for each sample or a common 

partition for the samples of a same material. 

 
  (       )  

 

   (   )      
 (5-5)  

   (       )     (   )       (5-6)  

 
  (       )  

 

   (   )      
 (5-7)  

As usually, BRDF can be derived from PSD with use of the Rayleigh-Rice theory, 

leading to similar shape on log-log axes. 
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5.3 Practical use of the model 

In the design and testing of a telescope mirror, a reliable analytical model can be very 

useful in order to substitute long BRDF measurements by quicker roughness 

measurements. Different choices are possible to an optical designer in order to assess 

whether a given surface meets the specifications required for a space mission. If a 

specification is given in terms of BRDFs for instance, an option is to have BRDF 

measurements done on a sample of the material of the previously designed mirror. An 

alternative to this not rather unpractical option is to perform measurements of 

roughness map, or more simply of a single roughness value σ, knowing how much 

scattered light is caused by such amount of roughness. It’s this latter choice which 

makes use of an analytical model expressing BRDF versus σ. 

M.G. Dittman, working at Ball Aerospace & Technologies Corp., has written on a 

method for “the flowdown of surface specifications from stray light requirements” [6], 

i.e. how to derive roughness from BRDF. Inverting Equations (2-18) and (2-19) or 

Equation (2-9) for instance is quite direct to perform that. Nonetheless, the roughness 

value one is working with must be used with caution. The polisher, who is often 

responsible for roughness measurements and claiming values of σ to the optical 

designer, will not necessarily perform roughness measurements on the same range of 

frequencies as the one used by the optical designer. 

In a hypothetical situation where the optical designer computes BRDF with use of the 

K-correlation models and the total effective roughness σ(0,1/λ) = σ(λ), and the 

polisher measures a bandwidth-limited roughness σ(fmin,fmax), some expressions to relate 

σ(λ) and σ(fmin,fmax) can be computed. Those are found by injecting Equations (2-14) 

and (2-15) into Equation (2-5) and using the appropriate integration limits. This 

process leads to the so-called scaling laws that gives σ(fmin,fmax) versus σ(λ) and vice versa. 
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The analytical expressions of the K-correlation scaling laws, for possible further use 

within Astrium, are given by: 

for s ≠ 2   (         )    ( )
         

                 
       

[           ]
     

 (5-8)  

for s = 2   (         )    ( )
           

              
  

           
 (5-9)  

Similarly, scaling laws to relate total effective roughnesses at different wavelengths λ1 

and λ2 can be derived. In that way, if a roughness value has been computed after 

BRDF modeling at λ1, there is no need to go through BRDF modeling again in order 

to compute the roughness value for λ2: 

for s ≠ 2 
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6 Conclusion 

Technological progress always brings out new difficulties and questions. It has for 

instance been seen that polishing techniques are now efficient enough to lower mirror 

roughness down to 1 nm so that traditional scattering measurement techniques are not 

precise enough to characterize such surface. Similarly, the innovative use of SiC in 

telescope mirrors has preceded the complete development of measuring devices 

capable of seeing SiC pores. 

The presented study has confirmed the ability of PSI to measure roughness equal to 

fractions of wavelength. The roughness maps of SiC CVD were reliable and BRDF 

computation could be performed from this data. VSI performances were also put to 

test to sense porous SiC surface. This technique has showed its limits in the case of 

SiC, which leads to apparent artifacts making analysis difficult. 

Lighttec measurement bench for specular surfaces has appeared to be still at a young 

stage of development although good progress was observed throughout the series of 

BRDF measurements. Normalization remains the prior issue to be investigated in the 

near future. 

The numerical tool developed to compute BRDF from roughness maps was 

extensively used within this study and is hoped to be useful for further purpose. 

Correcting roughness maps in Fourier space proved to make map treatment a lot 

faster, which is an important feature when dealing with a large amount of data. 

BRDFs could be predicted that way and eventually confronted to direct 

measurements. The comparison showed a few similarities and many differences which 

stresses the need to keep improving experiment quality and reliability. 

Finally, K-correlation model appears to be a good piece of theory to describe SiC 

CVD. The possibility of adapting it to functions out of the ordinary was illustrated by 

the bump fit. In addition, investigating for means to characterize scatter and 

roughness has highlighted the frequency dependence of roughness and the need to 

accompany every roughness value with its corresponding bandwidth. 

Further work should focus on performing BRDF measurements at different 

wavelengths to derive the wavelength-dependent properties of SiC and observe to 

what extent the smooth-surface approximation applies. Investigating means of 

quantifying pores frequency and shapes also appears to be a necessary step in order to 

possibly insert their influence in analytical models. Better clues on this necessity will 

be provided once more reliable BRDF measurements are achieved. Eventually, the 

new models will be ready to be incorporated into optical design software such as 

ASAP. 

Some progress thus remains to be done to fully benefit from silicon carbide and send 

more SiC into space, just like the Gaia satellite, typical result of the many qualities of 

SiC. Gaia will be launched next year to complete the objectives formulated by ESA: 

create a three-dimensional chart of space by performing unprecedented positional and 

radial velocity measurements for about one billion stars in our Galaxy and throughout 

the Local Group.  
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