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Abstract 

Large-scale and cost-effective manufacturing of ceramic micro devices 

based on tape stacking requires the development of inspection systems 

to perform high-resolution in-process quality control of embedded 

manufactured cavities, metal structures and defects.  

In this work, alumina ceramic samples are evaluated by optical 

coherence tomography (OCT) operating at 1.3μm wavelength and 

some dimensional data are obtained by dedicated image processing and 

segmentation. Layer thicknesses can be measured and laser-machined 

channels can be verified embedded at around 100μm depth. Moreover, 

detection of internal defects is enabled. 

Monte Carlo ray tracing simulations are employed to analyze the 

abilities of OCT in imaging of the embedded channels. The light 

scattering mechanism is studied for the alumina ceramics, and different 

scattering origins and models are discussed. The scattering parameters 

required as input data for simulations are evaluated from the 

integrating sphere measurements of collimated and diffuse 

transmittance spectra using a reconstruction algorithm based on refined 

diffusion approximation approach. 

 

Keywords: Metrology, Optical coherence tomography, Alumina 

ceramics, Nondestructive testing, Imaging through turbid media, Light 

scattering, Image processing, Numerical approximation and analysis, 

Monte Carlo method. 
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1 Introduction 

In order to achieve cost-effective, high-performance, and large-scale 

production in the emerging market of ceramic micro devices, 

innovative and integrated technologies are being developed through 

some European projects, e.g. Multilayer [1]. A promising concept is 

the so-called “roll-to-roll multi-material layered 3D shaping 

technology”, which is based on tape casting, advanced micro-

manufacturing and printing technology. However, behind the potential 

market, solutions are needed for inspecting and controlling the quality 

of the roll-to-roll manufactured products containing embedded 

geometric structures. 

High performance alumina ceramic is an important material as it 

has the advantages of high thermal and chemical stability, mechanical 

and electrical strength, and resistivity [2]. With different micro-

manufacturing processes, it can be widely used for example, in 

microwave component in terahertz application, micro-fluidic devices, 

and micro cooling systems of LED automotive lightning system. 

However, the embedded defects, cracks, inclusions, and incorrect 

dimension of internal structures can degrade the performance of 

ceramic micro devices dramatically. 

The problem is how to detect and perform accurate metrology on 

the features and defects embedded inside the material which is usually 

not transparent? If the material is cut into pieces in order to 

destructively measure the cross sections, is it possible that we produce 

new defects and cracks in the vicinity of the cut? In particular when the 

required accuracy is approaching micron range, can we be sure that the 

dimension displayed on the screen of the measurement instrument is 

actually correct? In practical situations many instruments fail when we 

approach the micron range. High cost efficiency and the 
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reconfiguration of materials and processes require an in-process 

monitoring and fast control loop.  

Therefore, new metrology techniques need to be developed and 

evaluated. Most likely they will be based on optical methods. This 

thesis contributes with a feasibility analysis of a potential metrology 

tool – the optical coherence tomography microscope for non-contact 

in-process monitoring in ceramic micro manufacturing. In particular, 

much effort will be put into the analysis of optical principles. 



2 Background and thesis objective 

2.1 Light scattering in ceramics 

When applying optical coherence tomography to measure embedded 

features in ceramics, the light wave containing useful information 

about the feature size and location may be scattered by obstacles, air-

filled pores, inclusions and surface roughness. Therefore the detected 

light may not reflect the actual dimensions of the measured object. A 

well-known phenomenon of size distortion is the dot gain in printed 

paper. 

Light scattering inside ceramic materials that have high purity is 

mainly caused by residual pores and grain boundaries. The Rayleigh 

scattering regime refers to scattering by pores that are much smaller 

than the incident wavelength, while anomalous diffraction regime 

works if the grain size is much larger than the wavelength. However, 

more commonly Rayleigh-Gans-Debye (RGD) approximation are used 

to model the light scattering by grain boundaries due to the small 

differences in refractive indices at the interfaces of anisotropic 

crystallites [3,4]. This can also be done numerically by Mie theory [5] 

which has been used to calculate the parameters of light scattering by 

pores with various sizes [6,7].  

Another approach is to obtain spectra of absorption and scattering 

coefficients from spectrophotometry measurements of total and diffuse 

transmittance and reflectance with further processing using the 

Radiative Transfer Equation [7] and Beer-Lambert law [4,6], or 

Kubelka Munk theory [8].  

2.2 Subsurface detection in ceramics 

There are not many non-destructive testing techniques available for 

micro ceramic processed materials. An obvious choice is ultrasonic 
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testing and acoustical microscopy [9,10]. However, they need a liquid 

couplant between the transducer and the ceramic, and are therefore a 

contamination risk in a roll-to-roll production process of embedded 

microchannels. X-ray transmission is another well established 

technique that might work well for embedded heavy metal structures 

giving good contrast by X-ray absorption [11] but might be 

troublesome for small open cavities inside the material. X-ray micro 

tomography [12] is a very promising technique with possible 

resolution in the micrometer range, but at present the data acquisition 

time, typically hours, is by far too long to be realistic for in-process 

metrology.  

2.3 Optical coherence tomography 

Optical Coherence Tomography (OCT) was reported for the first time 

in 1991 [13,14]. It offers a non-invasive detection possibility, and 

produces depth-resolved high-resolution two or three dimensional 

images of the scattering from internal microstructure with a high signal 

acquisition rate [15,16]. This extraordinary feature makes OCT a very 

promising metrology candidate in the roll-to-roll manufacturing. By 

the development of Fourier-domain OCT the imaging speed has 

exceeded 300000 A-scans/s [17]. The operating wavelength of OCT is 

normally from 680 nm to 1.8 µm. One system exists also for the region 

of 6-8 µm [18]. Except being well-known for tissue investigations in 

biomedical science, this technique is gradually becoming used in a 

number of other applications [19,20]. Bashkansky and his group have 

applied OCT to determine the size and distribution of subsurface 

defects in PZT and Hertzian cracks in silicon nitride ceramics [21]. 

Other materials like lead zirconate titanate, single-crystal silicon 

carbide, and Teflon-coated wires have also been investigated by the 

group [22,23]. Later Veilleux et al. used OCT to evaluate the refractive 

index of Yttria-stabilized zirconia, YSZ, the non-transformable 
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tetragonal phase [24]. It has also been used for measuring surface 

roughness of milled metal and copper coins [25]. 

When investigating the internal structures in a high-scattering 

medium, various noise, light dispersion and speckle degrade the 

quality of OCT images [26,27]. The boundaries between materials 

become blurred, which increases measurement uncertainty and the 

possiblity of feature recognition in micro-scale metrology. Some 

physical approaches and digital algorithms have been applied to 

enhance the image quality and contrast [27,28].  

Furthermore, in order to fully exploit the potential of OCT for 

tissue and to understand the formation of the images, Monte Carlo ray 

tracing methods have been widely used [29-31]. 

2.4 Problem statement 

The problem to be analyzed in this thesis is whether OCT can be 

considered as a suitable technique for dimensional metrology of 

embedded structures in alumina, and what uncertainty level can be 

expected? 

2.5 Objectives 

The objectives are to investigate the performance of OCT in 

applications of embedded structures in alumina and check their validity 

by uncertainty analysis using experimental measurements and Monte 

Carlo ray tracing simulations to verify the effects encountered in OCT, 

caused by scattering in the ceramics. 

The light scattering mechanism is further studied for the alumina 

ceramic material that will be used in a “roll-to-roll multi-material 

layered” manufacturing. In order to accurately retrieve the required 

scattering parameters a refined light diffusion approximation approach 

is used. 
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2.6 Methodology of the study 

Exploiting the potential of OCT for quality assessment in ceramic 

processing industry is a complicated task. Thus, this thesis is focused 

on the analysis from the optical perspective and its influence on 

dimensional uncertainties. The experimental instruments, samples, and 

the theoretical and simulation methods have been chosen carefully for 

minimizing the risk of experimental errors and enhancing correctness 

of theoretical simulation. 

The samples used in this work were provided by Swerea IVF [32]. 

They have a long experience of producing high performance ceramic 

materials. The optical constants of alumina are collected from the 

literature. Spectrophotometry measurements of reflectance and 

transmittance were done at the Ångström Laboratory, Uppsala 

University using a well-calibrated integrating sphere 

spectrophotometer.  

OCT imaging tests are carried out at Thorlabs Sweden AB [33], 

Michelson Diagnostics Ltd [34], and the Wellman center for 

photomedicine at Massachusetts general hospital [35]. Three state-of-

art OCT systems are evaluated. An image processing algorithm is 

developed and tested on many different OCT images. 

The refined Monte Carlo ray tracing method is modified from a 

model developed for the simulation of OCT images of human’s skin, 

biotissues and paper [20,31]. A dedicated model with structures based 

on a real alumina sample is built up along with inputting the 

geometrical shapes, dimensional parameters, refractive index, and light 

scattering parameters determined from the spectrophotometry 

measurements. 

 



3 Theory 

3.1 Light scattering model of dense alumina 

Light transmitted in turbid media experiences absorption and 

scattering, the two categories of light extinction [5]. Due to the 

extremely small imaginary part of the refractive index of alumina in 

the visible and near-infrared region the absorption is negligible. 

Scattering makes the embedded features fuzzy, and the reduced image 

contrast introduces uncertainties in the measurements of dimensions of 

microstructures and risk of failures in inspecting the defects.  

Disregarding light scattered by surface roughness, the light 

scattering mechanism inside the ceramic material is very complicated. 

It is therefore very difficult to completely understand the optical 

behavior and distinguish different light components scattered by 

various origins, such as pores and grain boundaries of which the sizes 

can vary over a large range in the different alumina samples. The 

material (with high density and purity) is in our case translucent. As 

illustrated in Fig. 1, the turbid appearance is caused by light scattering 

at the interface between the ceramic material and the air-filled pores 

remaining after the sintering process, and by the scattering at interfaces 

of anisotropic crystallites due to the discontinuity of refractive index 

caused by birefringence.  
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Fig. 1. Schematic of the light scattering mechanism in 

ceramic medium, SEM image courtesy of Lars Eklund 

at Swerea IVF. 

In our alumina samples, the grains are relatively large (>5μm) 

which means that the light passes less number of boundaries, but the 

porosity is high (>1%) and the pore size is large (comparable to 

wavelength). Therefore, the light scattering by pores is considered as 

the main cause for the turbid behavior of the samples. However, 

without accurate information of pore size distribution and porosity, 

Mie theory cannot give a representative description of the scattering. 

Besides, the light scattering by grain boundaries cannot be completely 

neglected. 

Instead of using Mie theory a light diffusion model is used to 

assess the required scattering parameters including the scattering 

coefficient s that is defined as the average number of scattering events 
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per unit distance and the anisotropy factor g that is defined as the 

average cosine of the scattering angle [5]. These parameters are 

numerically calculated using the measured collimated transmittance, 

often referred to as in-line transmittance in optical assessment of 

ceramics, and total transmittance/reflectance. Measurement of the 

collimated transmittance in VIS-NIR allows us to evaluate the total 

scattering coefficient s using Beer-Lambert law. Calculation of g can 

be performed from the reduced scattering coefficient s'=s×(1−g) 

which is the only parameter governing the light diffusion in the case of 

negligible absorption. The reconstruction of s' is based on the 

diffusion approximation of radiation transport theory [36,37], with 

account of non-scattered and least scattered light. This makes the 

model valid for both low-scattering as well as high-scattering samples 

[38]. Using this model, the coefficients of total transmittance (T) and 

total reflectance (R) in a non-absorbing sample of thickness l can be 

calculated as follows [38]: 

2 3 2 3
exp( ' ) 1 exp( ' )

3 ' 4 3 ' 4
F F s s

s s

m m
T T T l l

l m l m
 

 

   
       

   
, 

(1) 

2 2 3 (2 3)exp( ' )
1 exp( 2 ' ) 1

3 ' 4

s
F F s F

s

m m l
R R T l T

l m






    
         

. 

(2) 

Here TF and RF are the Fresnel transmission and reflection 

coefficients respectively, for normal incidence of the light from air 

onto the sample with refractive index n. The parameter m is given by 

[37,38]: 
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.  (3) 

where RF(θ) is the dependence of Fresnel reflection coefficient on 

the incidence angle. Note that in the case of non-absorbing medium 

T+R=1, where T and R are the total transmittance and reflectance. The 

collimated transmittance Tc can be expressed using Beer-Lambert law 

with account for refractive index mismatch at the sample boundary in 

the following way:  

   
2 exp( )c F sT T l  .   (4) 

From equations (1),(4) or (2),(4) we can calculate the parameters 

s and s' (and hence, s and g = 1−s'/s) from the integrating sphere 

measurements.  

3.2 Theory of optical coherence tomography 

Optical coherence tomography (OCT) is an imaging technology 

utilizing the coherent property of light. It is based on the principle of 

low-coherence reflectometry which is a one-dimensional (1-D) optical 

ranging technique [39], where the electromagnetic wave is reflected 

from an interface of a structure inside a turbid media. The reflected 

wave contains time-of-flight information and therefore the spatial 

information about the internal structure can be obtained. The OCT 

extends the low-coherence reflectometry to tomographic imaging 

technique. A series of 1-D longitudinal (depth) scans similar to 

ultrasound A-scans are performed pointwise along a line in the lateral 

X-direction to form a 2-D cross-sectional image, which is analogous to 

ultrasonic pulse-echo imaging (B-scan), or a full 3-D tomographic 
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image can be provided with adjacent cross-sectional images captured 

at successive Y-positions. 

An OCT system includes three important components: a low-

coherence or broadband light source, an interferometer, and the beam 

scanning optics. The interferometer splits a broadband source field into 

a reference electromagnetic field with amplitude Er(t) and sample field 

Es(t). According to the interference law, light from a sample beam, 

delayed by Δt, interferes with light from a reference beam at the 

interferometer exit and the intensity impinging on the detector is [16] 

2 2 2
( ) ( ) ( ) ( ) ( )d s r r s SRI E t E t t E t E t G t             (5) 

and the interferogram 

   *

0( ) 2Re ( ) ( ) 2 ( ) cos 2 ( )SR s rG t E t E t t t t t              (6) 

where γ(Δt) is the complex temporal-coherence function with argument 

ϕ(Δt), ν0 is the center frequency.  The delay time Δt is expressed as the 

optical pathlength mismatch between the beams divided by the speed 

of light in vacuum (Δt= Δz/c). Provided that Δz is shorter than the 

coherence length which is usually in the order of micrometers for an 

infrared superluminescent diode (SLD), the interferogram GSR(Δt) can 

be effectively detected. 

If the spectrum of the broadband light source has a Gaussian 

distribution, then we obtain [14] 

 
2

0

t
( t) exp exp 2 t

2 ln2
j

 
 

   
      

   

  (7) 

where Δν is the FWHM of optical frequency spectrum of the source.  

Under ideal conditions the so-called round trip coherence length lc, 

and therefore the axial (depth) resolution in OCT is found as [16], 
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2

02ln(2)
cl



 



,    (8) 

where λ0 is the center wavelength, and Δλ is the FWHM of the 

wavelength spectrum (assuming Gaussian spectrum). The lateral 

resolution in X,Y is determined by the probing beam waist, the 

transversal scanning step, and the focusing condition [16].  

So far we have explained the fundamental optical theory behind 

OCT technique, however, as described in section 3.1 light transmitted 

in ceramic materials encounters high scattering, which causes 

disturbance on the photon carrying correct spatial information of the 

internal structure. The OCT signal, according to Schmitt [14] and 

Wang [30], relies on the single backscattered photon (case 1 in Fig. 2), 

and the small-angle and straight-forward backscattered photons (case 2 

in Fig. 2), while multiple and wide-angle scattered photons (case 3 in 

Fig. 2) that still reach the detector and fulfill the coherence gate 

criterion (|Δz|<lc) degrade the OCT resolution and measurement 

accuracy. This is a significant reason why in this thesis we need both 

experiments and simulations to evaluate the feasibility of OCT for 

metrology application in ceramic materials. 
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Fig. 2. Scattering interactions in ceramic material and 

their classification in OCT detection. 1) single back 

scattering, 2) small-angle and straightforward 

backscattered photons and 3) multiple and wide-angle 

scattered photons. 

3.3 Monte Carlo method 

Basically, the Monte Carlo method creates a stochastic model in which 

the expected value of a certain random variable is equivalent to the 

value of a physical quantity to be determined [40]. 

The Monte Carlo method used in this thesis simulates by ray 

tracing the transport of numerous random trajectories of photons 

propagating in the alumina sample, in which light scattering happens, 

i.e. the method calculates the step size of photon propagation and 
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deflection angle of a photon trajectory when the scattering event 

occurs. The trajectory of a photon will be recorded if it fits the OCT 

detection conditions, otherwise it will be terminated. The figure below 

schematically demonstrates the simulation of photon trajectory. 

 

Fig. 3. Simulation of photon trajectory in the sample 

after several scattering events 

First the probability density function of the step size of the photon 

movement (also called free path length), l, is [29]: 

1
( ) exp( )

l
p l

l l
  , 

where <l> is the mean free path length between two successive 

scattering events and the scattering coefficient, μs, is defined as: 

1
s

l
  . 

The random step size of the photon movement is then determined 

as [29]: 
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ln(1 )

s

l




 
 , 

where ξ is a random number uniformly distributed in the interval [0, 1], 

which has the same distribution of 1− ξ (the mathematical detail will 

not be treated here but can be found in [29]). The basic idea of the 

Monte Carlo sampling of the random variable l is to equate the 

probability of ξ (uniformly distributed in the interval [0, 1]) with the 

probability of l distributed in a certain interval. 

After the step size has been obtained, the direction will be dealt 

with. In a Cartesian coordinate system, the current photon direction, r, 

can be described by directional cosines (σx, σy, σz):  

x

y

z

e

e

e







 

 

 

x

y

z

r

r

r

, 

where ex, ey, ez are unit vectors for each axis.  

Once the simulated photon is scattered, it will leave the scattering 

site at a polar angle (θ) relative to the incident direction and at an 

azimuthal angle (ϕ). The latter is supposed to be uniformly distributed 

in [0, 2π] and the polar angle is sampled statistically according to the 

Henyey-Greenstein phase function given by the anisotropy factor g for 

a single scatterer [29]. The g value equals the average cosine of the 

scattering angle (θ) and varies in [−1, +1]. It is positive if more light is 

scattered in the forward direction as shown in Fig. 4A, and is equal to 

zero if the scattering is symmetric as in Fig. 4B, i.e. isotropic 

scattering.   
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Fig. 4. Schematic polar graph of the scattering pattern. 

Light is incident from the left side on a single particle 

located in the center of the graph. A) g≈0.7, forward 

scattering dominates; B) g=0, symmetric scattering. 

Ignoring the complicated derivation in this thesis, the new 

directional cosines for the normal incident are given: 

sin cos

sin sin

( )cos

x

y

z zSIGN

  

  

  

 

 

 

. 

With the updated photon direction, the current photon position is 

then: 
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0

0

0

x

y

z

x x l

y y l

z z l







 

 

 

. 

By repeating the above calculation and launching a large number 

of “photons”, the statistical distribution of light scattering in a turbid 

medium can be obtained. Combined with the detection conditions of 

the OCT an image is calculated. 

3.4 Algorithm for image processing 

While human’s vision is limited to the visible band of the 

electromagnetic (EM) spectrum, machine vision systems can cover a 

large range of the EM spectrum, from x-ray to infrared, or even image 

the signal generated by ultrasound and electrons. An OCT image can 

be defined as a two-dimensional function f(x, y) with two orthogonal 

coordinates (as shown in Fig. 5). The amplitude of the signal generated 

in near- or mid-infrared in OCT system is presented at any pair of 

coordinates by so-called gray level of the image. The purpose of 

processing OCT images is to extract useful information, e.g. the 

boundaries of ceramic layers and structures. Basically this is a 

segmentation problem and for that a specific image filtering and 

enhancement is needed. 
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Fig. 5. An image function f(x,y) and a 3×3 kernel at 

point (x,y). [41] 

The principal objective of filtering and enhancement is to process 

an image so that the result is more suitable for feature recognition than 

the original image for a specific application [41]. In this thesis spatial 

domain methods are used, so the filtering process is expressed as [41]: 

 ( , ) ( , )g x y T f x y . 

Where f(x, y) is the input image, g(x, y) is the processed image, and 

T is an operator on f, defined over some neighborhood of (x, y). The 

so-called kernel which is usually a rectangular subimage area centered 

at (x, y) can be used to define the neighborhood (as Fig. 5 shows). The 

center of the kernel is moved from pixel to pixel starting, e.g. at the top 

left corner. The operator T is applied at each location (x, y) to yield the 

output, g, at that location [41]. And the values in the subimage area are 

called kernel coefficients that determine the nature of the process, for 

instance an image smoothing by a kernel with Gaussian values.  
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Segmentation procedures partition the noisy image features into its 

constituent regions or objects [41]. The image segmentation algorithm 

basically includes edge detection and edge linking in our case. The 

most common way of finding an edge is to run a kernel through the 

image. When dealing with OCT images we refer to an edge as a ridge 

because the local intensity peaks correspond to the boundaries. The 

detail of segmentation techniques about estimating the “best average” 

location of the peak can be found in [41]. 

 



4 Experimental 

4.1 Material 

4.1.1 Ceramics processing 

The ceramic samples used in this work are produced by tape casting 

and sintering technology. Tape casting is a forming technique for 

producing thin, flat ceramics. The method was originally developed for 

producing electronic ceramics (insulating substrates and packages and 

multi-layered capacitors) and is still mainly used for this. The sintering 

mechanisms have been studied by many authors. Magnesium oxide is 

widely used, as the additive in the sintering of alumina, to achieve 

fine-grained microstructure and the production of fully dense 

materials. Some properties of alumina are improved by the magnesium 

oxide such as strength and optical transparency [2].  

In this thesis the alumina ceramic materials have been provided by 

Swerea IVF [32]. For the alumina MLA-series samples 0.3 weight 

percentage (with respect to alumina weight) dispersant (Dispex A40) 

was used. After the tape casting process the green (before sintering) 

tape was made on a plastic carrier, and the green tape contained 22% 

latex binder (LDM 7665S, Celanese). After sintering at 1630ºC for 30 

minutes the binder was burnt away, and the shrinkage in dimensions 

was around 15~20%.  

For the SAL1sample, a channel was cut with Nd-YAG laser 

(wavelength 1064nm, beam diameter around 90μm) at Thickfilm 

Microsystems Laboratory, Wrocław University of Technology. The 

variation of the laser beam diameter around its nominal 90μm is 

around ±10μm, and the channel width and depth were approximately 

160μm and 100μm, respectively.  The laser-cutting was done on the 

green tape, and then the sample was sintered. 
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Fig. 6. Geometrical layout of the sample stack with 

embedded channel. 

Fig. 6 shows the two-layer alumina stack we have used as a test 

object for an embedded channel. The top layer MLA100 is flat with a 

thickness around 100μm and it has relatively smooth surfaces. The 

bottom layer SAL1 has a thickness of around 300μm and contains the 

laser-cut channel in the top surface. 

4.1.2 Microstructural analysis 

The microstructure of the alumina samples was investigated by 

preparing cross sections of the samples and visualizes them by a 

scanning electron microscope (SEM). In order to clearly show the 

pores, the samples are polished by 1µm sized diamonds and then 

covered by a carbon film to reduce charging effects in the SEM (by 

vaporization). In order to visualize both the pores and the grain 

boundaries, the samples are thermally etched in a furnace for 20~40 

minutes at 1575°C (this temperature is slightly lower than the sintering 

temperature), where the thermal treatment causes relief. Afterwards the 

samples were covered by carbon again and put into the SEM. Using a 

simple image processing method with a proper threshold the areal 

porosity can be obtained. However, as only one cross section of the 

sample has been investigated, the areal porosity cannot be equal to the 
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volumetric porosity unless assuming a complete random distribution of 

the pores. A more accurate way to assess the porosity is by the 

standard (Archimedes) method. The uncertainty of this measurement is 

in the order of ±0.2%, and it increases for smaller samples. The 

volume porosity is calculated by 1−(ds/dtheo), where ds is the measured 

density of the sample, and dtheo is the theoretical density of alumina. 

The average pore diameter is still difficult to obtain, but it can be 

estimated from the SEM images if spherical pores are assumed [4]. 

4.1.3 Optical constants of alumina 

As shown in Fig. 7 the values of both the real and imaginary parts of 

the refractive index of alumina were picked from data published in 

[42] for the wavelength range 1~7 μm. The data of the real part of the 

refractive index, n, agree well with the calculation results from [6] 

2 2 2
1/2

2 2 2

1.023798 1.058264 5.280792
(1 + + )

-0.00377588 +0.0122544 -321.3616
n

  

  

  
 

, 

where λ is the wavelength of the incident light expressed in 

micrometers. The imaginary part of the refractive index, the extinction 

coefficient k, representing absorption, is very close to zero in the 

0.3~4μm range, and it is not shown in the graph of Fig. 7. 
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Fig. 7. Real (n) and imaginary (k) part of the refractive 

index of alumina 

4.2 Optical measurement 

4.2.1 Spectrophotometry measurement 

The analysis of transmittance and reflectance spectra obtained from 

spectrophotometry measurements offer an opportunity for the 

calculation of light scattering parameters (see section 3.1) for our 

samples and, hence, to find a suitable wavelength window where the 

alumina is more transparent. A Perkin Elmer Lamda900 

spectrophotometer with double beam and double monochromator was 

used for the wavelength range 0.3~2.5μm. The spectrophotometer was 

equipped with a 150mm spectralon integrating sphere, allowing total 

and diffuse spectra to be recorded both for reflectance and 

transmittance.  The recorded spectra were corrected for the sphere wall 

reflectance when necessary. The details about the correction method 

can be found in [43]. 
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4.2.2 OCT imaging system 

A swept-source Fourier-domain OCT system [15,16] employing a 

wavelength-swept (tunable) laser source has been applied in this work 

because of its advantage in signal acquisition rate that is suitable for 

in-process monitoring. Instead of mechanically scanning the reference 

mirror or the samples in axial direction and obtaining the interference 

signal within the scanning time period as the traditional time-domain 

OCT operates, Swept-source Fourier-domain OCT detects the spatial 

frequency spectrum without any mechanical scan and transfers the 

power spectrum density to spatial information in axial (depth) direction 

according to the Wiener-Khinchin theorem [44]. Fig. 8 shows the 

schematic setup of a swept-source OCT. Using a single photo detector 

the spectrum is recorded while tuning the wavelength of the light 

source. With the avoidance of axial scans only lateral scans are 

performed using a galvo mirror, so the signal acquisition rate can be 

dramatically increased.  

 

Fig. 8. Schematic setup of swept-source OCT 

Apart from the advantages of non-destructive testing, high speed, 

and high resolution (determined by equation (8) for swept-source 
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OCT), the axial and lateral resolution of OCT are decoupled. The 

former is determined by the bandwidth of the swept source and the 

latter is determined by the numerical aperture (NA) of the objective 

lens. An objective lens with large NA is used to achieve a relatively 

high lateral resolution. This technique is called optical coherence 

microscopy [45]. On the other hand, a long confocal length can be 

obtained by using objective lens with small NA. Thus structures 

embedded in translucent material or with high aspect ratio can be 

detected without a severe aberration.  

In this work Thorlabs [33] and Michelson Diagnostics [34] swept-

source OCT operating at 1.3 μm center wavelength and a laboratory 

swept-source OCT at Wellman Center for Photomedicine [35,46] were 

evaluated for imaging the ceramic samples. The specifications are 

listed below and the Thorlabs setup is shown in Fig. 9 as an example of 

an OCT system. 

 

Fig. 9. Setup of Thorlabs swept-source OCT system 

[33] 
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Table 1. Specifications of Swept source OCT systems 

 Thorlabs 
Michelson 

Diagnostics 

Wellman 
laboratory 

OCT 

Center 
wavelength 

1325 nm 1315 nm 1300 nm 

Wavelength 
sweep range 

>100 nm 150 nm >110 nm 

Axial scan rate 16 kHz 10 kHz 10 kHz 

Maximum 
scan width 

10 mm 5 mm ~4 mm 

Maximum 
depth of field 

3 mm 1.5 mm >3.2 mm 

Lateral 
resolution 

25 µm 7.5 µm 12 µm 

Axial 
resolution 

12 µm 
(in air) 

<10 µm 
(in tissue) 

<20 µm 
(in air) 

 

4.3 Methods 

4.3.1 Mie calculation of scattering parameters 

As alumina has a relatively high refractive index and our samples have 

relatively large porosity, the pores are considered as the main 

contributor to the light scattering. The Mie calculation of scattering 

parameters provides reference data for the results obtained from the 

light diffusion model. Mie theory is described in detail in many 

publications [5]. The FORTRAN code used in this thesis is developed 

by Mishchenko [47] for computing the scattering characteristics of an 

ensemble of polydisperse, homogeneous spherical particles based on 

the Mie theory. This code allows calculation of scattering by a 
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monodisperse particle and also by particles with lognormal size 

distribution.  

4.3.2 Monte Carlo simulation of OCT image 

With the significant improvement of computing capability, the 

numerical simulation of the photon transport in turbid media can be 

performed by applying the Monte Carlo (MC) method described in 

section 3.3. In practice it consists in several million simulations of 

random photon trajectories based on the optical properties and 

geometry of the object. The information about the photon trajectories 

is saved for further statistical analysis and generalization of the data. 

For simulation of the OCT images the collected photons are selected 

according to the detection conditions including detector size, position 

and numerical aperture of the objective lens. The Monte Carlo code 

used in this work has been developed and tested in previous studies 

[20,31]. 

4.3.3 Image processing of real and simulated OCT image 

As illustrated below in a typical OCT image of a turbid medium, the 

signal of the light backscattered from interfaces inside the material 

decreases rapidly with the increasing probing depth. In addition, as a 

drawback of the coherent detection, OCT images contain a lot of 

speckle noise [27]. Degradation in the measurement uncertainty can 

thus be caused by the poor image quality and the low signal-to-noise 

ratio. Therefore, an image processing method that preserves the true 

details is needed for the high-precision metrology. 
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Fig. 10. Typical cross-sectional OCT image of a turbid 

medium and its gray scale depth profile illustrated to 

the right, averaged over 200 A-scans. The magnified 

one shown to the left is an example of the expected 

intensity peak with speckles. 

We have found that a proper thresholding of the filtered OCT 

image combined with an advanced statistical treatment of local 

neighbourhood of pixels is a successful approach to find and localize 

the backscattering peaks of the OCT signal with sub-pixel precision.  

In the first step an ordinary Gaussian filter can be used without 

losing information of location of the interface borders. In addition an 

image pyramid filter [41] is used to level the linear decay of the 

intensity profile expressed in dB of the OCT images. 

For backscattering peak detection from the interfaces and feature 

boundaries a so-called pixel map [41] is generated. This 2D map 

contains all pixels that are probable candidates for contributing to the 

continuous backscattering peak in the original image. The algorithm 

uses as much information as possible in all neighbouring pixels close 

to the peak to estimate the “best average” location of the peak. In this 

process the 2D map is the input to a sub-pixel precision estimation 
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algorithm in the original non-filtered OCT image. By using a large 

number of pixels around a candidate pixel the variance of the estimated 

location of the local average peak is minimized. As shown in Fig. 11, 

the sub-pixel precision algorithm estimates the gradients of eight 

neighbouring pixels. These gradient vectors are presented as black 

arrows, and the opinions of the locations of the intensity maxima are 

marked with small gray dots. These gradients are then used for a better 

estimation of the boundary location with sub-pixel precision (marked 

with hair cross). 

  

Fig. 11. Schematic of the sub-pixel precision 

estimation algorithm. The hair cross is the estimated 

sub-pixel location of the candidate pixel in the middle. 

An individual neighbour’s opinion must be inside the 

large circle to be accepted. 
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After the peak detection step all local maxima are clustered 

together in bins. The centre position of each bin is given by the Centre 

of Gravity (COG) of the local maxima in the bin [41]. The size of the 

bin is the same as the pixel resolution of the original image, i.e. 1×1 

pixels. This clustering reduces the data of the local peak maxima 

dramatically without any loss of information. 

 

 



5 Results and discussions 

In this chapter, the microstructural and optical properties of alumina 

are presented and discussed. Two optical models for calculation of 

light scattering parameters are compared. In section 5.3 the 

experimental results of OCT imaging are shown for different 

measurements. In section 5.4 the simulated OCT images based on the 

proper scattering parameters and geometrical model are demonstrated. 

For both measured and simulated OCT images the measurement 

uncertainty is analyzed using the dedicated image processing algorithm. 

5.1 Microstructure of alumina samples 

The SEM images provided by Swerea IVF visualize the 

microstructures of our alumina samples. Fig. 12 shows the prepared 

cross section of sample MLA100 which is an MLA alumina sample 

(described in section 4.1) with an average thickness of around 100μm. 

As can be seen, the residual pores after the sintering process are 

randomly distributed in the alumina matrix. Pores appearing inside the 

grains tend to have circular cross-sections, indicating spherical pores, 

while the pores appearing at the boundaries between grains can have 

arbitrary shapes. Prepared with diamond grinding the presence of pores 

is more accentuated in the right image of Fig. 12. The same 

microstructural information is used for SAL1 because it is produced 

with the same recipe and process as the MLA samples. 
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Fig. 12. SEM images of the prepared cross-section of 

sample MLA100. Pores are the dark areas. The most 

right image is prepared by diamond grinding of the 

surface. 

The density of the alumina sample is 3.909g/cm
3
 (measured using 

standard Archimedes method), and the theoretical density of alumina is 

3.98g/cm
3
. According to section 4.1.2, the porosity of the sample 

MLA100 is then 1.8% approximately. The average pore diameter 

estimated from the image is 0.56μm. 

5.2 Optical properties 

5.2.1 Spectrophotometer measurement 

The spectra of total and diffuse transmittance and total reflectance of 

the sintered alumina sample MLA100 are shown in Fig. 13. For most 

wavelengths the stability of the signal is within 0.1% (for both 

transmittance and reflectance), but close to the detector change over 

wavelength at 860nm the signal gets more noisy. The sum of the total 

transmittance and reflectance is close to 100%, which means there is 

no absorption in the wavelength region from 500~2000nm. The total 
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transmittance increases almost linearly with the wavelength, while the 

diffuse transmittance peaks at around 1000nm and then decreases 

gradually, indicating that less scattering events occur. At longer 

wavelengths the spectrum of collimated transmittance can be 

calculated as the difference between the spectra of total and diffuse 

transmittance. The measured signals are corrected for the spectralon 

reference surface reflectance and the integrating sphere wall of the 

detector unit. 
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Fig. 13. Total and diffuse transmittance and total 

reflectance of the sintered alumina sample 

5.2.2 Light-scattering properties 

From the spectrophotometer data the scattering coefficient and 

anisotropy factor g were calculated by the theoretical light diffusion 

model introduced in section 3.1. The Mie scattering model was also 

used with a porosity of 1.8% and average pore diameter of 0.56μm. In 

Fig. 14 the scattering coefficient obtained by both two models 

decreases gradually with the wavelength, and it can be expected to be 
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even lower at longer wavelengths due to the decrease of the refractive 

index of alumina. It is notable that the Mie model, assuming 

monodisperse spherical pores with a fixed size yields considerably 

higher scattering coefficients, in particular at wavelengths <1.5μm, and 

a peak at 0.56μm due to resonant oscillation when the wavelength is 

close to the pore size. Moreover, the scattering coefficient calculated 

by Mie model decreases faster with wavelength than that obtained by 

the light diffusion model. This result agrees with Peelen et al. [6] that 

polydisperse pores with a certain size distribution cause less scattering 

than monodisperse pores if the mean pore size does not change. 
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Fig. 14. Scattering coefficients of sintered alumina 

calculated by the Mie scattering model using porosity 

and pore size estimations (filled dots), and by the light 

diffusion model  using measured spectra of collimated 

and diffuse transmittance (line). 

The g-factor representing the mean cosine of the scattering angle is 

plotted in Fig. 15 for both calculations. The Mie model yields higher g-

values at shorter wavelengths, but with increasing wavelength the g-
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value decreases much faster than that obtained by the light diffusion 

model.  
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Fig. 15. Anisotropy factor g of sintered alumina 

calculated by the Mie scattering model using porosity 

and pore size estimations (filled dots), and by the light 

diffusion model  using measured spectra of collimated 

and diffuse transmittance (line). 

These facts shows that the Mie model assuming spherical pores 

with a fixed size is not realistic and cannot give accurate scattering 

parameters. Moreover, the Mie model does not take into account the 

preferential orientation of grain’s c-axis that may also contribute to the 

scattering [3]. 

 

5.3 OCT imaging 

In this section the measured OCT images are demonstrated for various 

applications and measurements. The images are collected from three 
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different OCT systems and provide similar result for our alumina 

samples, except some minor differences due to the use of different 

objective lenses. For enhanced visual presentation some images are 

artificially colored, so the colors represent only the signal intensity 

level. 

5.3.1 Thickness measurement 

A typical cross-sectional OCT image (B-scan) of a flat MLA sintered 

alumina layer is shown in Fig. 16. The noisy area at the top of the 

image corresponds to the air between the lens and the sample. Here the 

noise comes from speckles and internal reflection in the optics [17]. 

This noise contributes to the total signal in the Fourier-domain OCT, 

and also affects the imaging contrast of the measured samples. Because 

of the discontinuity of the refractive index between the air and 

alumina, the backscattering from the top surface of the MLA sample 

contributes to the first intensity peak (bright line) of the OCT signal 

which appears quite broad. The reason for this is twofold: 1) The OCT 

image presents the logarithm of the intensity and the unit of the signal 

is expressed in dB. So image contrast of the top surface is reduced. 2) 

Optical dispersion in the sample under investigation is known to 

increase the width of the coherence envelope and therefore to decrease 

the depth resolution in the OCT. It may even induce double peaks from 

a single interface [26].  

The layer thickness can be measured from the OCT image by 

dividing the measured optical distance between the upper and lower 

boundaries by the refractive index of the sample. In order to obtain 

accurate results, more calibrations are needed for parameters such as 

alignment of the sample, refractive index and temperature.  
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Fig. 16. 2D cross-sectional OCT image shows the 

upper and lower boundary of a sintered alumina tape. 

The scale bar is 300μm for both vertical (optical path 

distance) and lateral direction. Note that the thickness 

of the alumina layer is magnified by the refractive 

index of 1.73. (Image recorded by Thorlabs OCT) 

The dedicated line segmentation algorithm described in section 

4.3.3 enhances the layer thickness measurement accuracy effectively. 

First, the boundary locations are extracted with sub-pixel precision and 

shown by small crosses with individual coordinates in the presented 

image. Then, using the linear least-square fitting of the coordinates the 

distance between two boundaries can be calculated at any lateral 

position (as shown in Fig. 17).  

In this figure the measured layer thickness in the middle of the 

image is 66.5pixels, equivalent to 390µm optical thickness which 

corresponds to 225µm physical thickness using the refractive index of 

1.73 at λ=1.3µm and the pixel resolution of 3000µm/512pixel. This 

value has been corrected for the slight tilting. 



38 

  

Fig. 17. Boundaries of the 225µm thick alumina tape 

are extracted and represented by small crosses using 

the dedicated image processing algorithm. From the 

enlarged figure on the right, the extracted border 

pixels are accentuated. 

5.3.2 Depth and width of embedded features 

In contrast to SEM, acoustic microscopy, and x-ray micro CT, the 

sample does not need to be specially prepared for OCT imaging, and a 

cross-sectional image can be obtained rapidly without destructing the 

sample. As illustrated in the schematic in Fig. 6, the sample MLA100 

is put on top of the sample SAL1 for investigating the possibility of 

measuring embedded structures. The SAL1 sample contains the laser-

machined channel in the upper surface. The two layers are not bonded, 

thus an air gap exists and can simulate a delamination. In Fig. 18 the 

direction of the channel is perpendicular to the cross section shown. 

Both the upper and lower boundaries of the top layer MLA100 can be 

observed with a good imaging contrast. The upper surface of SAL1 

with the laser machined channel is found below an air gap because the 

contacting surfaces are not perfectly flat. For these samples the strong 

scattering at 1.3μm limits the probing depth to an optical thickness of 

about 450 μm [paper A], so that the rear boundary of SAL1 is not 

detectable. Note that the air filled space and channel is imaged with its 
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geometrical size while the upper layer MLA100 is expanded in height 

by the average refractive index, 1.73, of the alumina at 1.3μm. 

 

Fig. 18. Cross-sectional OCT image of the stacked and 

sintered alumina layers MLA100, ~100μm 

geometrical thickness, and SAL1 with its laser 

machined channel. The scale bar is 150μm for both 

vertical (optical path distance) and lateral direction.  

(Image recorded by Thorlabs OCT) 

Fig. 19 shows the extracted boundaries of surfaces and the channel 

with sub-pixel precision. From the enlarged graph excellent agreement 

can be observed as the extracted pixels follow the imaged cross-

sectional boundary of the channel closely. The measured physical 

thickness of the top layer, the air gap and the depth of the channel are 

102μm, 59μm and 79μm, respectively.  
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Fig. 19. Post processing of measured OCT image. The 

four maximum scattering peaks represented as line 

segments. 

The width of the channel opening is 170μm measured as the lateral 

distance between the two pixels at the left and right end of the opening 

part and the width of the channel bottom is 71μm. Due to the variation 

in laser beam diameter (±10μm) and pulse energy, the width and depth 

of the channel vary with some ten microns at different positions along 

the channel. Therefore in this work there is no direct comparison at 

micrometer level between the dimensions measured by OCT and by 

other metrology tools. However, the measurement uncertainty of OCT 

in lateral direction is discussed with the simulated OCT image analysis 

in section 5.4 where the geometrical dimensions of the embedded 

channel are known. 

5.3.3 Defects detection 

Fig. 20 shows a cross-sectional OCT image of a MLA sintered alumina 

layer. The front and rear surfaces can be clearly observed and the 

sample is tilted to reduce the specularly reflected component. Two 

extraordinary bright spots can be found inside between the first and 
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second surface. This is probably due to the strong backscattering at the 

interface between alumina and large air-filled pores with diameter of 

15~20μm.  

A drawback of the coherent detection is that speckles are present 

everywhere throughout the ceramic material in the OCT image. Light 

scattered by the surface and by the internal structure in the sample may 

interfere and create the speckles. These speckles are of course related 

to the internal structure and carry information about the sample. 

However, current understanding of the origin of the speckle is still not 

sufficient to explain the relation between statistical property of the 

speckles and the distribution of scatterers. Thus, the small speckles are 

not analyzed here (but only those with dimensions larger than the OCT 

system resolution (>10μm) are considered).  

As explained in section 5.3.1, the boundary of the pore can 

probably be broadened so that a bright spot appears instead of a 

circular boundary. Moreover, small-angle backscattered or straight-

forward back-surface reflected photons which correspond to reflection 

at a larger depth may also contribute to the broadening effect. 

 

Fig. 20. Cross-sectional OCT image of a sintered 

alumina layer MLA100. The scale bar is 150μm for 

both vertical (optical path distance) and lateral 

direction. (Image recorded by Thorlabs OCT) 
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In some cases a slight form deformation of the surface can be 

found. It is caused by the sintering process or by external strain. Fig. 

21 shows an OCT image of a two-layer alumina stack, where the top 

most surface cause a strong specular reflex, making the boundary very 

fuzzy. This can be partially avoided by adding an optical clearing 

medium to the surface or by tilting the samples [15,17].  

 

Fig. 21. Cross-sectional OCT image of a slightly 

deformed MLA layer atop a flat ceramic substrate.  

The scale bar is 300μm for both vertical (optical path 

distance) and lateral direction. (Image recorded by 

Wellman laboratory OCT) 

As can be seen on the left part of the image, the distance between 

two layers is very small so only one broad boundary can be seen due to 

the resolution limit of OCT. The detected intensity peak indicates an 

air-alumina interface which can simulate a laterally-oriented crack with 

micrometer width or de-bonding of two laminates. Besides, on the 

right side the warping of the top layer forms a wedge-shaped air gap. 

Two boundaries start to be detectable when the vertical dimension of 

the air gap gradually increases from around 10μm, which is of the 

order of the OCT resolution. Thus, the image proves that small cracks 

and de-bondings can be detected by OCT as continuous intensity 
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peaks, while layer warping can be found as a wedge-shaped air gap 

between the deformed top layer and the flat substrate. 

5.3.4 Surface quality assessment 

During laser-machining of the alumina green tape preheating and 

vaporization can cause material to build up and add roughness to areas 

close to the processed area. This roughening has been verified by 

surface profile measurements using a Talystep stylus profiler, see Fig. 

22.  

 

Fig. 22. Primary surface profile perpendicular to the 

direction of the channel. Height scale is ±5μm.  

The interesting question is whether OCT can reveal this 

roughening. Paper B deals with this task and the results show that the 

roughened top or embedded surfaces can be detected as a reduced OCT 

signal.  

To confirm this we refer to Fig. 22 and the 1.6 mm long primary 

profile of the sintered SAL1 surface. It was obtained with the KTH-

Talystep surface profiler (tip radius 2 μm) across the channel area. 

Surface roughness Pq (often referred to as rms roughness) was 

obtained from three 250μm long traces for each region marked I to IV 
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in Fig. 22. The rms roughness values and standard deviations are 

shown in Table 2. 

Table 2. Rms roughness Pq measured over 250 μm in the four regions I – IV of Fig. 

22.  

Area  I II III IV 

Ave(nm)* 102 410 637 90 

Std(nm)** 32 84 121 9 

% STD 32% 21% 19% 10% 

* Average; ** Standard deviation of three measurements. 

 

Apparently areas II and III possess a surface roughness 4 to 6 

times higher than the areas I and IV. And two slopes with a height of 

around 4μm over 300μm horizontal distance are observed near the 

channel. These findings will now be compared with the OCT 

measurement. 

The measurements were made on Michelson Diagnostics EX1301 

MultiBeam OCT, and a cross-section of the SAL1 sample with its 

channel is shown in Fig. 23. A reduction in signal level can be 

observed in the rougher area (II and III in Fig. 22) close to the channel, 

while it has a higher brightness on the smoother surface.  
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Fig. 23. Cross-sectional OCT image of a laser-

machined alumina sample. Note the brightness change 

at the top interface in area 1 and 2 corresponding to 

different roughness levels (see Fig. 22). The scale bar 

indicates optical path distance for the vertical direction. 

(Image recorded by Michelson Diagnostics OCT) 

The result can be explained by a) reduced backscattering within 

the material or by b) lower penetration of the incident light. In Fig. 24 

we see that alternative b) is more likely as the probing depth is smaller 

in the areas having a rough top surface. Increased scattering at the 

upper interface caused by the roughness is therefore the most likely 

explanation although increased absorption by laser induced effects 

cannot be completely ruled out. The latter is normally negligible in 

sintered alumina at the near infrared wavelength region. 
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Fig. 24. 3D representation of the multi slice OCT 

scans of the SAL1 (as same in Fig. 23); a typical scan 

of 400 slices would take about 40 seconds. 

The conclusion is that increased surface roughness can be detected 

as a reduced OCT signal due to the increased scattering by the 

roughness. The effect of surface roughness on OCT imaging will be 

further demonstrated in the section on analysis of OCT signals by 

Monte Carlo simulation. 

5.3.5 Uncertainty of OCT measurement 

So far we have shown that OCT is a possible method to detect the 

embedded layers, structures, defects and assess the surface quality in 

alumina. In this section a quantitative analysis is made on the 

uncertainty of the experimental OCT results by careful investigation of 

the measured data shown in Fig. 17 and Fig. 19. 

First, the precision of the algorithm is verified by 1) visually 

compare the extracted line (boundary) with the original OCT image; 2) 

use the central limit theorem to evaluate the influence of a single 

extracted pixel on the position of the line (boundary) location; 3) 

compare the thickness value measured by the algorithm with the 

thickness measured from the averaged A-scan.  

The uncertainty of the algorithm is finally analyzed and the results 

are presented in Table 3, where the depth locations of lines are 
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expressed in pixel, and the origins are in the upper left corners of the 

images. Uncertainty of the location of the line is calculated based on 

the central limit theorem [48] as σline=σvar×m
-1/2

, where m is the number 

of pixels constituting the line, and σvar is the variance of the local 

COGs relative to the location of the line. With 99.7% confidence, the 

layer thickness is determined with 3σ uncertainty where σ
2
=σ

2
line1+ 

σ
2

line2. 

Table 3. Dimensional measurements at different depths and uncertainty analysis. 

 Line 

Number of 
pixels 

constituting 
a line 

Line 
location in 

depth 
(pixel) 

σvar 
(pixel) 

σline 

(pixel) 

Fig. 17 
Upper 340 28.0 0.60 0.03 

Lower 111 94.5 0.60 0.06 

Fig. 19 

1 45 13.1 0.64 0.10 

2 75 43.2 0.49 0.06 

3 48 53.2 0.37 0.05 

4 8 66.6 0.30 0.11 

Using the refractive index of 1.73 at λ=1.3µm and the pixel 

resolution of 3000µm/512pixel the physical thicknesses of the alumina 

layers are calculated. The thickness of the air gap and the depth of the 

embedded channel in Fig. 19 are obtained using n=1. The results are 

listed in Table 4 and we find a good agreement with the thickness 

measured from the averaged A-scans (averaged over 200 realizations). 
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Table 4. Optical properties of alumina and OCT setup parameters used in MC 

simulation. 

 

Fig. 17

 

Fig. 19

 

 
Layer 

thickness 

Top layer 

thickness 

Air gap 

thickness 

Channel 

depth 

Image processing 

algorithm (μm) 
225.1±1.6 101.9±2.1 58.6±2.0 78.6±2.1 

Averaged A-scan 

(μm) 
223.0±8.3 105.5±8.3 58.6±8.3 82.0±8.3 

 

We have verified that the dedicated algorithm can retrieve the 

boundary location (in axial direction) from noisy OCT image with sub-

pixel precision, and consequently improve the accuracy of the 

measurement system. 

Moreover, in order to compare the thickness of the MLA100 

sample measured by OCT with the nominal value, the sample was 

measured using a Tesa sphere-sphere probe digital gauge (due to the 

significantly small contacting area, the uncertainty caused by surface 

waviness is reduced). The measured thickness is 101±4.5 um, where 

the measurement uncertainty includes the variation of thickness over 

the entire measuring area and the instrumental measurement 

uncertainty. The result agrees very well with the measured data by the 

OCT. 

5.4 Monte Carlo simulation of OCT  

5.4.1 Input model and simulation 

In order to get a better understanding of the parameters influencing the 

metrology performance of the OCT technique we have done a 

thorough analysis by Monte Carlo simulation of the OCT signal [paper 

C]. For the simulation the previously developed Monte Carlo code 
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allowing simulation of OCT images is used [20,31]. The simulation 

model of the alumina stack structure is set up according to the samples 

stack shown in Fig. 6. The alumina top layer has a thickness of 100μm, 

and then there is a 60μm air gap before the 300μm thick alumina 

bottom layer. This bottom layer has a ladder-shaped channel in the 

upper surface simulating the laser machined groove. The channel 

which has a depth of 90μm is 150μm wide at the top and 80μm wide at 

the bottom. Moreover, surface roughness is added in the simulation in 

order to achieve better similarity with real OCT measurements. The 

typical surface roughness Pq of the MLA alumina sample is in the 

order of 60nm and 100nm (according to the measurement result in 

section 5.3.4). Our simulation which is intended to mimic the 

experimentally measured OCT images, does not take into account the 

extraordinary rough surface area close to the channel. Thus, the same 

rms roughness value is used for all the surfaces. The sample geometry 

and optical properties listed in Table 5 are used as input to the Monte 

Carlo simulation. As the exact parameters of the scanning system of 

the OCT setup were inaccessible for proprietary reasons, these 

parameters were fitted to provide qualitative agreement with 

experimental results. 

Table 5. Optical properties of alumina and OCT setup parameters used in MC 

simulation. 

Optical properties of alumina Parameters of OCT setup 

Scattering 
coefficient 

Anisotropy 
factor g 

Refractive 
index 

Center 
wavelength 

Transverse 
resolution 

Axial 
resolution 

23.5mm-1 0.57 1.73 1.3µm 20µm 12µm 

*The scattering parameters are obtained from the spectrophotometric data 

evaluation. The OCT parameters are based on the Thorlabs OCT system. 
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In order to make quantitative comparisons between experimental 

and simulated images the corresponding A-scans are presented in Fig. 

25. From this figure one can see that the simulations provide a good 

qualitative agreement with the experimental data. Some deviations are 

due to unknown details of the optical system of the commercial OCT 

setup and some are attributed to the roughness value. 
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Fig. 25. Comparison between experimental and 

simulated A-scans (experimental A-scan is obtained 

from Fig. 18 and averaged over 200 realizations. For 

the simulated A-scan surface rms roughness of 90nm 

is used). 

The simulated cross-sectional OCT images (Fig. 26) of the 

alumina stack show similar intensity distributions as the experimental 

OCT image (Fig. 18), where the intensity of light backscattered from 

the alumina layers gradually decays with increasing depth. The 

simulations are performed for a number of roughness values varying 

from 30 to 140nm rms roughness for all the surfaces including the 

channel surfaces. The large step in refractive index at the alumina-air 

interface gives rise to the pronounced intensity peak which rises with 

decreased surface roughness. The sidewalls of the embedded channel 
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appear to be blurred due to the large angle reflection of incident 

photons of which only a small fraction has been reflected back to the 

OCT lens. When comparing with the experimental OCT image, the 

simulated results of Fig. 26 (b) and (c) with rms roughness values of 

90nm and 60nm provide the best qualitative agreement. 

 

Fig. 26. Simulated cross-sectional OCT images of the 

stacked alumina layers with embedded microchannel 

for different rms roughness of the surface: (a) 140nm, 

(b) 90nm, (c) 60nm, (d) 30nm. 

5.4.2 Uncertainty of OCT measurement analyzed by 

simulation 

So far we have shown that the simulations show a good qualitative 

agreement with the experiment, which is very much dependent on the 

correctness of the input light scattering parameters and material 

properties. In the final step of this thesis we analyze the simulated 

images quantitatively with the dedicated image processing algorithm. 

The result, shown graphically in Fig. 27 is obtained from the algorithm. 

In Table 6 we quantitatively list the dimensions obtained by the 

algorithm and the averaged A-scan of the simulate image. 
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Fig. 27. Post processing of simulated OCT image (rms 

roughness of 90nm is used for all the surfaces). 

Table 6. Optical properties of alumina and OCT setup parameters used in MC 

simulation 

 
Top layer 
thickness 

Air gap 
thickness 

Channel 
depth 

Channel 
width at 
opening 

Channel 
width at 
bottom 

Image 
processing 
algorithm 

(μm) 

100.3±2.0 60.0±2.0 88.7±2.0 160 79 

Averaged  

A-scan (μm) 
100±7 60±7 90±7 -- -- 

*Each pixel corresponds to 5 μm in depth and 20 μm in lateral direction. 

The precision of the algorithm is proved again for the in-depth 

measurements. Furthermore, from the optical perspective we conclude 

that the OCT imaging through a turbid medium provide accurate in-

depth measurements in the complex embedded ceramic 3-D structure. 

This means that for in-depth measurements, where the refractive index 
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is well known, the errors are mainly caused by the mechanical and 

other optical limitations of the instrument, and/or by operator and 

environmental factors. 

The top-width of the simulated channel measured by the algorithm 

yields 160μm and the width of the channel bottom is 79μm. The 

measurement uncertainty cannot be evaluated as the width is only 

determined by the position of two extracted pixels. The top-width is 

larger than the nominal values. By careful observation of the four 

corners of the channel in Fig. 27, we see that the edges are blurred by a 

few pixels in the lateral direction. This phenomenon is well known in 

imaging optics, and is due to the limited resolution caused by a 

Gaussian beam. When approaching micron to submicron accuracies, 

the optical image of an abrupt step (the channel with sharp edge in our 

case) is not longer a distinct change from black-to-white but rather a 

continuous intensity change. Careful definition is therefore needed for 

the grey-level that is defined as the position of the real edge [48]. It 

will be even more difficult to define this edge in OCT images which 

are usually very noisy from all speckles. Also, when imaging through a 

turbid medium, small-angle multiple-scattered photons backscattered 

from the sharp edge can also contribute to this phenomenon. Therefore, 

it is concluded that the measurement using OCT without careful 

calibration can give much larger uncertainty in the lateral direction 

than in axial in-depth direction. Reducing the waist radius of the 

focused (Gaussian) probe beam and increasing the pixel resolution 

may solve this problem. In our simulation, the corner position can be 

found approximately in ±1 pixel. Thus the widths of the channel 

opening and bottom (obtained from the positions of two uncorrelated 

pixels) can be presented as 160±28μm and 79±28μm, respectively.  

 



6 Conclusion 

Progress in ceramic micro manufacturing by stacking ceramic tapes in 

a roll-to-roll process calls for the development of a non-contact, non-

destructive, and in-process automated high quality inspection 

technique for embedded structures. In this paper we have studied 

possible ways to optically inspect embedded structures in high 

scattering alumina stacks. We did that by spectrally measure the light 

scattering mechanism, and analyzed it for alumina ceramic material. 

We obtained scattering parameters from integrating sphere 

measurements of collimated and diffuse transmittance of the alumina 

samples using a reconstruction algorithm based on refined diffusion 

approximation. This data was used for Monte Carlo simulations of the 

potentially useful optical coherence tomography technique. The 

feasibility of optical coherence tomography for measuring an 

embedded microchannel is demonstrated by experimental imaging of 

an embedded channel under a 100μm thick highly scattering alumina 

layer. To enhance the evaluation and make good geometrical 

measurements possible despite poor signal to noise ratios in the OCT 

images, a dedicated high-precision line segmentation algorithm was 

developed and tested in both experimental and Monte Carlo simulated 

OCT images. 

The results indicate the potential of OCT for in-process 3D 

monitoring in ceramic micro manufacture industry, but there is still a 

large gap to fill in by improving current state of the art. In the future 

work, more effort will be put on how to increase the probing depth and 

the image quality, as well as the capability of localizing subsurface 

defects.  
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Errata-Paper A 

Location: on page 318 in the text above table 1. 

Written: The result obtained for the a pore size of 0,4μm and porosity of 0,3% 

gives the best fit to our experimental results, i.e. a scattering coefficient 

around 8,5/mm and an average cosine of 0,72. 

Should be: The result obtained for the a pore size of 0,8μm and porosity of 

1% gives the best fit to our experimental results, i.e. a scattering coefficient 

around 19 mm
-1

 and an average cosine of 0,76. 


