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Abstract

Acquisition of Color Image Using a Monochrome
Camera in White-Light Interferometer

In this research, it is suggested to acquire a color image using a
monochrome camera from white-light scanning interferometer without any
hardware modification and addition. Previous research is necessarily required
to install a color camera and other optical system change. Therefore, this
research aims to obtain the spectral intensity of interferogram by Fourier
transform from existing monochrome camera. Since the intensity also includes
reference mirror component, it is removed by measuring silicon sample which
is known its reflection coefficient. After RGB filtering of acquired sample
intensity, it is converted to 8-bit digital value and the whole surface is expressed
as color image by applying the above process to each pixel. Lastly, 3 sample’s
color images are obtained and they are evaluated by PSNR. It is verified that
the color can be recognized by color acquisition method meeting up at least
24dB. This research is expected to reduce hardware cost and obtain color image
by the software process. The acquired color image helps understanding of
sample intuitively and can be utilized for sample review, target positioning and

pattern matching.

Keywords: White-light interferometry, frequency domain analysis, FFT,
color image

Student Number: 2016-20677
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Chapter 1. Introduction
1.1 Background

In recent years, semiconductor and display manufacturing industries
are showing a rapid growth. As manufacturing technology develops in high
precision field, improvement of measurement performance is also demanded
for process management.

Interferometry is widely used to measure micro or nano unit elements’
height, width and thickness. Since interferometry measures target’s topography
by analyzing reflected light, it doesn’t sustain damage to sample’s surface.
Furthermore, by obtaining interferogram signal through CCD camera, it can
measure whole surface shape at once within seconds. With those advantages,
White-Light Phase Shifting Interferometry (WLPSI) is considered appropriate
measurement instrument as an in-situ monitoring system.

In LCD/OLED industries, manufacturing technologies are developing
and a variety of applications have to be measured in constraint conditions which
specific color sample should be traced or RGB pixels should be classified in
color image. Since existing interferometry uses monochrome camera, it is
required installing additional hardware configuration and changing software to

cope with such issues.



1.2 Previous Research

To acquire a color image, additional color camera is necessarily
installed through hardware configuration change. The example is shown in Fig.
1. It is required beam splitter (BS), color camera and system structure change.

For interferometry measurement, Mirau type lens is used as shown in
Fig. 2. Since the reference and object beam cause white light interference, the
result color image also shows interfered image (Fig. 3). To solve this problem,
additional normal lens is used for color camera. However, the color image has
rotation, scale, shift offset and different focus position with measured height
image because the both of cameras are installed in different position and use
different lens. Therefore, it is required to adjust position and focus to capture
same spot.

To overcome offset limitation and normal lens use, Peter de Groot [1]
introduced sampling window method to get fringe-free image from the
interfered image and Kim [2] introduced improved sampling window and
Lavenberg-Marquardt fitting algorithm for color image. However, it still

requires hardware configuration changes.
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Fig. 3 Example of interfered color image



1.3 Purpose of Research

All previous research necessarily require hardware change and
addition. Namely, beam splitter, color camera, system alteration and software
modification add extra costs. In addition, it should solve offset problems and
remove interference fringes with Mirau type lens.

This research focuses on obtaining a color image from a monochrome
camera and Mirau type lens without any hardware installation by analyzing
interference signal. Interference signal is sum of spectral light intensity in
white-light range. Through Fourier Transform (FT), it is possible to get light
intensity of specific wavelength. However, the intensity includes not only light
reflected from target but also light reflected reference mirror. Therefore, new
method will be suggested for acquiring RGB intensity by removing reference
mirror component.

At the last, the acquired color image is evaluated with an image taken
from color camera by Peak Signal-to-Noise Ratio (PSNR) method. Evaluated

quality of image will be discussed at the chapter 4.



Chapter 2. Theoretical Background
2.1 Principles of Interferometer

2.1.1. Equation for a Coherence Signal

Interferometry is a surface topography measurement instrument which
applies interference of light came from one light source. The light splits into 2
paths. One is reflected from a sample and the other is reflected from reference
mirror. As shown in Fig. 4, electric wave from a light source is E;, the electric
wave reflected from a sample is E,;,;, the electric wave reflected from

reference mirror is E,.; and they can be expressed as follows.

Eref = Eip(l - p)|rref|exp[i(2kl + (pref)] (2-1)
Eobj = Eip(1 = p)|ron; explj2k(l + h = 2) + ¢p))] (2.2)
Sensor
=
BS
. y Ervj
Light 2 L N—4——
Source 2
Reference
Eob_a Mirror

SGﬂ"”f”SI —
Sample

Fig. 4 Schematic diagram of Interferometry



p is transmissivity of BS, |r| is Fresnel reflection coefficient of reference
mirror and sample, [ is common path which the two light pass, h is sample’s
height, z is position of scanner, k(= 27“) is wave number and ¢ means
phase change of reference mirror and sample.

The light intensity which is captured by sensor is electric wave

squared and expressed as follows.

1K) = (Evet + Eopj) (Eres + Eonj)
= (Eipp(1 - P))2[|7‘ref|2 + |7‘obj|2]
+(Eip(1 - p))z[erefrobj] cos[2k(h — z) + Ag@]
= A(k) + B(k) cos ¢ (k) (2.3)

Depending on the optical path difference (OPD) that is difference of each
light’s moving distance, constructive and destructive interferences occur and
they make interference signal. By moving PZT scanner, sample’s height can be
measured. Average intensity, A, visibility magnitude, B and phase, ¢ are
function of wave number, k. A and B are expressed as follows. | is light

intensity reflected from reference mirror and sample.

AK) = Lyep (k) + Iop (k) (2.4)
B(k) =2 Iref(k)lobj(k) (2.5)



2.1.2. White-light Scanning Interferometry (WSI)

In white-light scanning interferometry, halogen or white-light LED
ramp is used as a light source which includes wide wavelength range. The

wavelength range used in this research is shown in Fig. 5.

Light Intensity

- - ] ] w

w (=] [%a) (=] w Q
[=] o (=] (=] [=] o

[=]

350 400 450 500 550 600 650 700 750 800
Wavelength[nm]

Fig.5 Wavelength range of white-light LED

The wavelength of the white-light LED ranges from 400 nm to 750 nm.
Therefore, its coherence signal can be expressed as sum of each wavelength’s
signal. As shown in Fig. 6, the signal has short coherence length and one peak.
It is because every wavelength’s signal interferes constructively at the position
where the OPD is 0 which means the position can be a specific height of sample.
Away from the peak, destructive interference occurs and the signal shows a
constant value. WSI use this coherence signal to detect peak and sample’s

topography is found out by comparing the relative peak positions.



White-light coherence signal can be expressed as sum of each

wavelength’s coherence signal as follows.

I(z) = L AQD) + B(A)cos [‘;—” (h — z)] da

= Ipc(2) + y(2) cos [% (h— Z)] (2.6)

Ipc IS background intensity, y is visibility function and A, is a central
wavelength of light. To measure height, visibility function is calculated from
coherence signal and Larkin modulus method [3] is commonly used to detect
the position of the peak. Since this method doesn’t have phase ambiguity, high
step height measurement is possible. However, measurement resolution is
lower than Phase-Shifting Interferometry (PSI). To get high resolution, WLPSI
algorithm [4] was developed. It corrects the position of the modulus peak to
actual compensated position by phase calculation. The WLPSI process is

shown in Fig. 7.
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2.2 Spectral Resolved Method — Fourier Transform

Fourier transform is a method to express an input signal as periodic
functions which have various frequencies. In this method, the periodic
functions are sinusoidal and the input signal is decomposed into the sum of the
functions. Each periodic functions’ component has its own frequency,
amplitude and phase.

In white-light interferometry, coherence signal is obtained by PZT
scanning and the interferogram has constant interval along the z-axis. This data
in spatial domain converts to spectral components in frequency domain by
Fourier transform. Spectral magnitude is related to sample’s thickness and
spectral phase is related to height and thickness. Therefore, those components
can be used to measure height [5], reflectance and thickness [6]. Fourier

transform of the white-light interferogram is expressed as follows.

I(w) =FT(1(2))
= FT(f, A(k) + B()cos[k(h — 2) + Apldk)
= [, AGOFT(D)dk +3 [, BUOFT (!0t kz+89) 4. o=ilkh=kz+0p)) g
= [, AG)dk x 8(u)
+ 2 B(—u)e UA0) X §(u + k) + 5 Bu)e T IMIA0) x 5(u — k)

.7)

The transformed signal is a function of frequency and it shows symmetrical
graph respect to the y-axis as shown in Fig. 8. The phase of [(0) is 0 and it
only has amplitude which means sum of each spectrum’s average intensity. In
positive range, |f(u)| is in proportion to the spectrum’s visibility magnitude,

B(k). Since monochrome interferogram is a function of cosine, it is verified

11 :
K,

—



that the coefficient of cosine can be obtained. The phase, 2I(u) is each
spectrum’s phase, uh + Ag . Using these restored magnitude and phase,

thickness and height can be measured.

Amplitude

2.0

1.0

0.0

0.0 Index

Fig. 8 Example of Fourier transformed signal
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2.3 Color CCD Camera

To recover the color image from light intensity, a concept of color
CCD camera is applied to color acquisition method. CCD camera is an
instrument which converts the light energy into current. It has an array of
millions of tiny light cavities called ‘photosites’ to record light intensity. When
a shutter is open, photosites collect photons and store them as an electrical
signal during exposure time. Depending on the strength of the electrical signal,
image intensity is determined at each pixel. However, the photosites collect all
photons regardless of their wavelength. To collect specific color’s photons,
RGB filter should be placed over each cavity. In this section, the color filter

and post-processing are examined.

2.3.1. Color Filter

Because the photosites cannot distinguish the color of photons, it
needs color filter. The most common structure of color filter is ‘Bayer array’ as
shown in Fig. 9. The array consists of alternating rows of blue-green and green-
red filters. Since the human eye detects more green light than the others, bayer
array also has twice as many green as red or blue filter. After getting this bayer
color, it is translated to final image by processing demosaicing. Therefore, one
pixel contains red, green and blue value.

Each camera has their own filters and their filtering range and level
are different. In this research, the target color camera model is ‘acA1300-200uc’
developed by ‘Basler’ and its filtering range is shown in Fig. 10. After light

passes those filters, the specific wavelength range is filtered.

13
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2.3.2. Post-Processing

In this research, two post-processing is applied to the color image
according to camera settings which are color transformation and white balance.
The main objective of color transformation is to make corrections of each RGB
value delivered by the camera’s sensor. This processing compensates the
imperfection of sensors. The color transformation uses a 3 X 3 matrix with

RGB data. RGB to RGB color matrix is expressed as follows.

Gain00 Gain01 Gain02][R R’
Gainl0 Gainll Gainl2||G|= |G’ (2.8)
Gain20 Gain21 Gain22llB B’

Depending on the light circumstance, color is expressed differently.
For example, if color temperature is low, it shows more red light and in opposite
case, the blue light becomes strong. Therefore, same objective has different
color under sun light, incandescent lamp or fluorescent lamp. To compensate
this phenomenon, white balance controls RGB color’s gain using a white object
to express it as white. For white balance, QP card, white balance filter and white
spot card are used as tools. In most current cameras, manual gain setting is

available and has auto white balance function as well.

15



Chapter 3. Color Acquisition Method

The desired objective is obtaining a spectrum of sample from
interferogram excluding a spectrum of reference mirror. However,
interferogram is a data expressed in spatial domain and the signal includes of
light intensity reflected from both of sample and reference mirror. Fourier
transform converts the signal into spectral intensity and then it is necessary to
remove reference mirror components. Sample intensity at specific wave

number is expressed as follows.

Tob; (k) = 1,00 |ron; (1) | (3.1)

I; is input intensity of light source and it is assumed in proportion to white-

light LED intensity which is measurable by spectrometer.

3.1 Acquisition of Reference Mirror Component

As the equation (2.7), after Fourier transform of the white-light
interferogram, average intensity and visibility magnitude can be calculated.
Each wave number’s magnitude of FT is expressed as follows by the equation

(2.3). I; and r are function of wave number, k.

o (k)| = 5 B(K) = I Ityeelrug (3.2)

For recovering color image, reflection coefficient of reference mirror is

unnecessary. However, the mirror is located in mirau lens so it is impossible to

16



measure its reflectance coefficient exactly by spectrometer. Instead of
measuring objective sample, if the sample is replaced to another sample of
which reflection coefficient is known in advance, reference mirror component
can be calculated. Used sample is silicon wafer and its reflectance coefficient
graph is shown in Fig. 11.

Therefore, reference mirror component, C..r isexpressed as follows.

I;" is input intensity of light source when the silicon wafer is measured.

[Is; (k)|
[rsil

Cref(k) = Ii’ |rref| = (33)

Ratio

350 400 450 500 550 600 650 700 750
Wavelength[nm]

Fig. 11 Graph of silicon reflection coefficient
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3.2 Calculation of Sample Component

Since reference mirror component was acquired, it is possible to
calculate sample component by dividing equation (3.2) by equation (3.3). It is

expressed as follows.

Iilrrefllrobjl |iobj(k)|
— = C|I'nn: | = 34
Li|rretl | 0b]| Cref(k) ( )

Because the input intensities are different in case of that each silicon and sample
are measured, the divided term of both intensities is expressed as ¢ which is
constant in assumption that white-light LED spectrum shows in proportion in
terms of intensity. C,.r is already known value in previous section, therefore
it is not necessary to measure it again from the next measurement. Whenever
each sample is measured, sample component is acquired by dividing FT results,
[op; (k)| BY Cref.

Substituting equation (3.1) with (3.4), proportional value to sample

intensity can be obtained as follows.

I ! k _ ZI k _I k |i0b](k)| 2
obj (k) = ¢ Iopj(k) = [;(k) Crer(0) (3.5)

18



3.3 RGB Filtering

After separating proportional sample intensity from interferogram, it
should be filtered by color filter to be expressed as RGB intensity value. By

convolution RGB filter functions and intensity, each RGB value is obtained as

follows.

! A !

' = [ Iop,’ (2) Fo(2) d2
! A !

I6' = [ Iop,’ (2) Fo(2) d2

Is' = [} Ion,' (1) Fp(2) d2 (3.6)

F is filtering function of each color as shown in Fig. 10. Convolution range is

from 400nm to 700nm which is the visible light range.

19



3.4 Converting Intensity to Digital VValue

Each obtained RGB value from the previous section is not real RGB
value because the sample intensity is proportional to real intensity as equation
(3.5). Furthermore, the RGB values have to be changed to digital values
determined by the bit depth. In this research, the format is an 8-bit file and it
has a value from 0 to 255. For converting intensity to the digital value, gray
value comparison method is used.

From interferogram, the average value is expressed by equation (2.4)
and (2.6) as follows. The value includes sample’s gray value and reference

mirror’s gray value which are digital value.

Ipc = Iopj + Irer (3.7)

Therefore, to get sample’s gray value, it is necessary to subtract reference
mirror’s gray value. In identical intensity circumstance, one gray image of
mirror can be obtained when the sample is defocused or put away. Namely,
without sample, this image can be stored in library in terms of light source

intensity. By then, only sample’s intensity can be obtained as follows.
Iobj = Ipc — [ref (3.8)
This sample’s gray value should be identical with gray conversion form of RGB

digital value. However, since scale offset exists in RGB intensity, it applies to

them and changes to digital value. The equation is expressed as follows.

20



Iob; = S % (0.29915" + 0.5871; + 0.11415") (3.9)

IR = SXIR,
IG =S5x IGI
IB - S X IBI (310)

0.2991;" + 0.5871;" + 0.11413" is a general equation to change RGB color to
gray color. S is intensity to digital value conversion scale. After obtaining scale
value, it is applied to RGB intensity to change it into digital value. Those

process work on every pixel and color image is acquired.

21



3.5 Flow Chart

Measurement process

=D

Pre-measurement process !

Get sample
interferogram

Get SI interferogram

. Fourier Transform
Fourier Transform

v

Calculate sample

Calculate reference > . .
X intensity
mirror component
RGSB filtering

Save result in library

Convert intensity to
digital value

Post processing

¥
=

Fig. 12 Process of color image acquisition

The process of color image acquisition is shown in Fig. 12. In the pre-
measurement process, by obtaining silicon’s interferogram, it is possible to get
reference mirror component because silicon’s reflection coefficient is already

known. The result is stored in a library and used in each measurement step.

22
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In measurement process, a sample is measured as interferometry
usually does. The interferogram is processed by Fourier transform and the result
means interfered sum of sample and reference mirror’s intensity at each
wavelength. The sample intensity can be calculated with reference mirror
component. The one sample’s intensity is filtered by RGB filter and each RGB
intensity is converted to digital value. After post-processing, color image is

acquired.
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Chapter 4. Experiment Results
4.1 Acquired Color Images of Samples

3 samples are tested to obtain color image. One is color filter, another
is quarterly segmented sample which has different 4 height and colors and the
last one is 4 coloured sample. From each sample’s interfered images, recovered
color images can be gained by color acquisition method as shown in Fig. 13 (b),
Fig. 14 (b) and Fig. 15 (b). These images are compared with original color
image taken by color camera. The results show they have a tendency to
correspond colors with original image as shown in Fig. 13 (a), Fig. 14 (a) and
Fig. 15 (a). The numerical similarity is evaluated after this section. Post-
processing parameters are adopted from the same setting of color camera.
Overall light intensity is low because reference mirror light is subtracted from
input light intensity. In the case of too much low light, color visibility can be
improved by image processing which increases brightness. Lastly, after getting
the color image, it is possible that 3D color image can be represented with
height information from height measurement by interferometry as shown in Fig.
13 (c), Fig. 14 (c) and Fig. 15 (c). Their brightness is increased by 40% for

better visibility.
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(a) Color camera image

(b) Recovered color image

(c) 3D shape

Fig. 13 Color images of color filter
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(a) Color camera image

(b) Recovered color image

(c) 3D shape

Fig. 14 Color images of quarterly segmented sample
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(a) Color camera image

(b) Recovered color image

(d) 3D shape

Fig. 15 Color images of 4 coloured sample
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4.2 Performance Evaluation

For evaluating how much the color image is different with original
image taken by color camera, Peak Signal-to-Noise Ratio (PSNR) is used.
PSNR is one of common method to measure the quality of reconstruction in
image compression. Its meaning is the ratio between the maximum value of a
signal and the possible value of noise. PSNR is based on the mean squared error
(MSE). Given m x n original color image, X, and restored image, X, the

MSE and PSNR are defined as follows.

m—-1n-1

1 . Y
MSE = E Z Z [Xorg(l:]) - Xre(l:])] (4.1)
i=0 j=0
PSNR =101 MAX? 4.2

In this research, since the pixels are represented using 8 bits, the
maximum, MAX becomes 255. The more the two images are same, PSNR is
getting close to infinity. Typically lossy image and compressed video have
value between 30 and 50 dB in 8 bits file. For wireless transmission, 20~25 dB
PSNR is considered as acceptable values [9].

The recovered color images of each sample are compared with
original image by PSNR. In terms of RGB data and the whole color data, PSNR
results are indicated as shown in table 1. The results show at least 24dB and it
is verified that the color image can be obtained by color acquisition method
meeting certain quality. In the process of Fourier transform, low wavelength
region cannot be restored because of noisy signal from thin film. Therefore,

certain samples would show low PSNR value at the blue wavelength range.

28



Color filter

4 segmented sample

4 coloured sample

PSNR R 30.749 23.608 31.377
PSNR G 31.145 26.515 24.220
PSNR B 20.426 24.830 26.221
PSNR(dB) 24.487 24.825 26.683

Table 1 PSNR results of each sample

29
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Chapter 5. Conclusion

In this thesis, it is suggested to acquire color image using a
monochrome camera from white-light scanning interferometry without any
hardware modification and addition. Previous research is necessarily required
to install a color camera. This research aims to reduce hardware cost and obtain
color image by a software process.

Acquisition of color image proceeds in existing white-light
interferometry. Therefore, it is not necessary to change system configuration
and install beam splitter and color camera. After getting interferogram signal
by PZT scanning, it is expressed as spectral intensity in frequency domain by
Fourier transform. However, it includes reference mirror component so the
component is removed by measuring silicon sample which is known its
reflectance coefficient. The acquired sample intensity is filtered by RGB filter
and each RGB intensity is converted to 8bits digital value. Lastly, the final color
image is obtained after post-processing.

3 samples are evaluated by PSNR comparing with the original image
and they meet at least 24dB. It is verified that the color can be recognized by
color acquisition method. This suggested method helps understanding of
sample intuitively and can also be utilized for sample review, target positioning

and pattern matching.
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