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Conventional transparent film thickness measurement methods such as spectroscopy are basically capable of measuring
asingle point at a time, and the spatial resolution is limited. We propose a novel areal film thickness measurement method
by extending the Global Model Fitting algorithm developed for three-wavelength interferometric surface profiling. It
estimates the film thickness distribution from a color image captured by a color camera with three-wavelength illumination.
The validity of the proposed method is demonstrated by computer simulations and actual experiments.

1. Introduction

The typical conventional transparent film thickness
measurement methods are spectroscopy and ellipsometry. They
are basically capable of measuring a single point at a time, and it
takes a long time to obtain the thickness distribution. Furthermore,
the spatial resolution is limited because of the measurement spot
size.

A possible solution to this problem is to capture the
interference color with a color camera and estimate the film
thickness by color analysis.

The interference color of thin films exists in nature as the
iridescent color of soap bubbles and oil films, and the relationship
with film thickness has been studied for a long time since
Newton's Color Scale. For example, Fig. 1 is a locus diagram of
thin film interference colors measured in the 1950s [1]. As a
method for quantitatively obtaining the film thickness from this
color information, there is a spectroscopic method, which is
widely used in industry, but the spectroscopic method is point
measurement (unless an expensive spectroscopic imaging
camera is used).

The use of a color camera without relying on spectroscopy has
been studied [2-5], and there are many proposals for limited
applications because the observed values are only RGB
brightness. Using the calibration data (for example, the
relationship between hue and film thickness) obtained in advance,
the semiconductor film thickness [2], the magnetic disk head
flying height (Fig. 2) [3], and the bearing gap and lubricating oil
film thickness [4] [5] are measured from the color image of white
light interference. There is a proposal to obtain the surface height
from color information in the same way [6-8].

However, there are some problems in using these proposed
methods as a general-purpose and practical film thickness
measurement method. Figure 3 shows the relationship among
film thickness, interference color, and hue obtained by simulation
under a certain lighting condition. As can be seen from this figure
and Fig. 1, the coordinate values (e.g. hue) in the color space
change periodically corresponding to the interference order.
Therefore, unless the film thickness range is narrow enough, it is
difficult to uniquely determine the film thickness from the color
information. Furthermore, frequent calibration is required
because the interference color depends on the illumination
system, optical system, and imaging system as well as the optical
properties of the target surface.
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Fig. 1 Locus diagram of thin film interference colors [1]
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Fig. 3 Interference color and hue vs thickness (0-1000nm)

In order to solve the above problems, we applied a global
model fitting (GMF) algorithm [9-12] for three-wavelength
single-shot interferometry to develop a new film thickness profile
measurement method [13]. The film thickness is estimated from
the interference color image obtained by the three-wavelength
illumination system and the color camera. We proved the validity
of the proposed method by computer simulations and actual
experiments.



2. Measurement principle

The film thickness is estimated from single color interference
image taken by the three-wavelength imaging system shown in
Fig. 4. Note that this imaging system is similar to the
configuration of the previously reported three-wavelength single-
shot interferometry [14].

The overall algorithm is shown in the flowchart in Fig. 5. The
recipe is created in the first step, and the film thickness
distribution is estimated in the second step.

2.1 Algorithm (1st step: GMF method)

The intensity g(i, j) of the interference fringe model with
wavelength number j (j = 1, 2,..., m) at the observation point i (i
=1,2, ..., n)isexpressed by the following equation:

9(i, J) =a()IL+b(j)cos{g(i, )} 1
or

g(i, J) =a( )1 +b(j)cos{4t(i)/ A(i)}] 2
where a(j) and b(j) are the average intensity and amplitude,
respectively, of the j-the wavelength, ¢(i, j) is the phase, t(i) is the
optical thickness (hereafter called thickness) of i-th point, /4 is the
j-th wavelength. Furthermore, it is assumed that the film
refractive index is smaller than the substrate refractive index, the
average intensity a(j) and the modulation b(j) are constant within
the image, and depend only on the wavelength.
The observed intensity values at multiple points are fitted
to this model by least squares. That is, the variables a(j),
b(j) and t(i) that minimize the error sum of squares in the
following equation are obtained.

MDD M=Y Sl )-g,] )
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where g(i, j) is the model intensity defined by Eq. (2) and gjj is the
observed intensity.

If the number of wavelengths is m and the number of points is
n, the condition for finding unknown parametersis mn >2m+n.
Therefore, the necessary number of points is

n=2m/(m-1) 4)

In case of m = 3, the condition is n=3. If n > 3, then the
problem becomes a non-linear least-square problem. To find the
true solution, since the error function has a lot of local minimum,
it is essential to make good initial estimates.

In this paper, a(j) is set to be the average of the observed values,
and b(j) is set to be the range of observed values divided by 2a(j).
The thickness is a rough estimate which is given usually by a
priori knowledge of the target sample.

The above algorithm can be illustrated as shown in Fig. 6.
That is, in the case of three wavelengths and n points of fitting, 3n
observation values are used to estimate n film thicknesses and six
waveform parameters.

2.2 Algorithm (2nd step: ACOS method)

The computational cost of the non-linear least-square problem
is very high, so the method becomes impractical when the
number of points is large. Therefore, we use the GMF algorithm
as the first step with several or a few tens of points, and then the
thicknesses of the other points are calculated as the second step
by the following method, named the “arccosine (ACOS)”
method, which uses the estimated waveform parameters (called
recipe) obtained in the first step.
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Fig. 6 Illustrated principle of the proposed algorithm (in case of
three wavelengths and n-points fitting)

Substitute the observed value into Eq. (1) and obtain
the phase by the following equation:
#(i, j) = cos[{g;;/a(j) ~B/b(j)] )
where cos™ is the arccosine function and its value range is [0, 7].
From the phase data, the thickness, (i, j), is obtained
by
t(i, j) =[x, )/ 27 + N, )I(4;/2) (6)
where N(i, j) is the fringe order (integer).
From the film thickness candidates obtained above, the order
N(i, j) is determined by the coincidence method [15], the film

thickness candidates t(i, j) at each wavelength are determined,
and the average value of them is the thickness t(i).

3. Computer experiment

3.1 Test method

A three-wavelength interference color image was synthesized
with the following conditions: (a) image size = 50x50 pixels; (b)
pixel size = 1 um; (c) wavelength = 470, 560, 600 nm; (d) target
surface = sphere with 1-mm radius, with a small square
protrusion of thickness 50 nm and size 4x4 pixels; (e) waveform
parameters of a = 100 and b = 1. The target film thickness is
shown in Fig. 7(a), and the synthesized interference color image



is shown in Fig. 7(b). Solver of Excel was used for the solution
of the least squares problem of GMF method. We performed two
experiments. The first one used three points for fitting, and the
second one used 50 points.

3.2 Experimental results
(a) Three points fitting of GMF method

Figure 8 shows the BGR images and three points used for
fitting. The coordinates of the three points are (5, 25), (15, 25),
(25, 25). The intensity at each point is shown in Fig. 9(a). The
initial film thickness was 95% of the true value. Table 1 shows
the fitting results. The true values, initial values, and estimated
values of the film thickness are shown in Fig. 9(b). Both the
parameters and the film thicknesses agree with the true values.

(b) 50 points fitting of GMF method

Figure 10 shows the height obtained by setting the fitting
points to 50 points with coordinates (1, 25) to (50, 25), and setting
the initial height values to -50 nm of the true values. All points
agree with the true values.

(c) ACOS method

The film thickness was estimated from the intensity values at
50 points on the y = 25 line (Fig. 11) using the parameters a(j)
and b(j) of the interference fringe model obtained by the above
three-point fitting. The results are in agreement with the true
values as shown in Fig. 12.
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Fig. 7 Interference color image for computer experiments
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Fig. 12 Estimated thickness profile of 50 points by ACOS
method

4. Actual experiments

4.1 Experimental equipment

Figure 13 shows a view of the experimental equipment. The
illumination system is composed of a halogen lamp and a multi-
bandpass filter [16][17]. As shown in Fig. 14, the transmission
wavelength band of the filter is centered at 470 nm, 530 nm, and
627 nm, and the half-width is 10 nm. The camera is a 3-CCD
color camera (Hitachi Kokusai Electric, HV-F22CL, 1360 x
1024 pixels). Figure 15 shows the spectral sensitivity
characteristics of the camera and the three wavelengths used.

We implemented the proposed algorithm on a Windows PC
using C language. The Davidon-Fletcher-Powell method [18]
was used to solve the nonlinear least-squares problem.

Table 1 Estimation results by three points fitting
VARIABLES | TRUE | INITIAL | ESTIMATED | ERROR(%)

11) 390 371 390 0.00

t 12) 545 518 545 0.00
1(3) 650 618 650 0.00

B 100 79 100 0.00

a G 100 108 100 0.00
R 100 109 100 0.00

B 1.00 0.41 1.00 0.00

b G 1.00 0.80 1.00 0.00
R 1.00 0.37 1.00 0.00
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Fig. 15 Spectral sensitivity of the camera and three
wavelengths used

4.2 Experimental method

We used a standard film thickness sample (Mikropack; Fig.
16(a)) with a nominal physical film thickness of 0, 100, ..., 500
nm as an actual sample. An image shown in Fig. 16(b) was
obtained by connecting six images of each film thickness region
and removing the noise by the median filter. Six points (indicated
by numbers in the figure) at the center of each film thickness
region were used for the GMF method. The initial film thickness
at each point was set to the nominal value, and the film thickness
range was set to the nominal value £50 nm.

4.3 Experimental results

The recipe obtained by fitting is shown in Fig. 17(a), and the
correlation between the estimated film thickness and the nominal
value is shown in Fig. 17(b). The estimation error was -7 to +4
nm. Figure 18 shows the film thickness at all points obtained
using the recipe. The estimation is almost correct.

The calculation time was 6 ms for GMF and 1.2 s per 1.4
million pixels for ACOS method using a Windows PC (3.4 GHz

Intel Core i7-2600 CPU).

(a) Standard sample photo (b) Image and fitting points
Fig. 16 Thickness standard and its image
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5. Challenges and solutions for practical use

There are some problems in the practical application of film
thickness measurement by the proposed method. The results of
the research so far are described below.

5.1 Local solution problem

As mentioned in Section 2.1, there are many local solutions in
the GMF method. Therefore, in the case of general nonlinear
programming that uses gradients, there is a possibility that a
global optimal solution may not be obtained due to the initial
value falling into a local solution. To solve this problem, the
"multi-start method" is used in which fitting is performed using
multiple initial film thickness values and the one with the best
fitting is adopted.

At this time, it is important what kind of distribution the local
solution has. The relationship between the film thickness error
and the evaluation function (sum of squared error, SSE) depends
on the wavelength used and the optical characteristics of the
sample. Figure 19 shows an example of the simulation results
[12][22]. In this example, the initial value must be in the range of
330 and 590 nm to get the correct film thickness value of 500 nm.
Based on this and other results, the initial value tolerance was
estimated to be about 80 nm.

Therefore, if the set film thickness range is greater than or
equal to the set tolerance o (default = 80 nm) at each point, the
multi-start method is performed. That is, the initial value is set as
the setinitial value =N6 (N=1,2,---) and the search is executed
with all combinations of the initial values at each point.

Figure 20 shows the results of an experiment similar to that in
Section 4.2, using a film thickness range of nominal value +100
nm and an initial value of nominal value +100 nm. Even if the
error of the initial value is 100 nm, it converges to the correct film
thickness.

Since the limit value J was set to 80 nm, there are 3°=729
combinations of initial values. This calculation time was 125 ms
using a Windows PC (3.4GHz Intel Core i7-2600 CPU).
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Fig. 20 Thickness estimation by multi-start method

5.2 Solid film

In order to obtain the solution of the GMF method, as shown
in Eq. (4), at three wavelengths, there must be three or more
points with a significant film thickness difference. However, this
cannot be applied to a film whose thickness is almost constant
(called a solid film). Therefore, we consider how to deal with the
case where there are less than 3 points with different film
thickness. In addition, we consider to utilize the data when there
is a point where the film thickness is known.

Depending on whether the film thickness is known or
unknown and the target number of different film thickness 2,
there are five cases (hereinafter referred to as mode ?) shown in
Table 2. The case where the number of target points is one (solid
film) is described below.

Table 2 Mode list of GMF method

# of Mode Unknown Unknown Total |[Observed| Known
Thickness | Points Name Thickness | Parameters | Unknown Data | Values
Values
e a(3) >
1 GMEF-1 «1) 53) 3 =3 a p
NF- 1) a(1)-a(3) -
Unknown 2 GMI-2 1) 3) 6 =6 p
" ME «1) a(1)-a(3)
=3 | ovF bt by | 3n
1 GME-1f " a(1)-a(3) 3 23 b(li()IZ(s)
Enown n a(1)-a(3)
(=2) GMF-f - b(1)-b3) 6 3n 1(1)-1(n)

(1) When the film thickness is unknown

[Algorithm]

Since there is only one significant film thickness fitting point,
the number of observation data is 3, and only 3 unknown
variables are allowed. Therefore, the film thickness t(1), the
average intensity a(3) and the modulation factor b(3) of the R
wavelength are adopted as unknown variables, and the remaining
waveform parameters are calculated by the following formula on
the assumption that the average intensity ratio o and the
modulation factor ratio  between wavelengths is known.

a(l) = a(Da(3) ™

9 The target number of different film thickness means the number of
sample regions where the film thickness (t) is significantly different.
2 The mode selection is for GMF fitting (recipe creation), and the ACOS

a(2) = a(2)a(3) ®
b@) = A1)bEA) 9
b(2) = £(2)b(3) (10)

Here, a(1) and «(2) are the average intensity ratios between the
wavelengths, which are considered to be device constants that do
not depend on the brightness of the illumination but on the
spectral characteristics of the illumination and the camera.
Therefore, they can be obtained in advance by means such as
using another measurement target.

Furthermore, A(1) and 8(2) are the modulation ratios between
the wavelengths, which are also considered to be sample
constants that do not depend on the brightness of the illumination
but mainly depend on the optical characteristics of the sample.
Therefore, it can be obtained in advance by other measurement
results of the same sample, or by means such as the following
method of using a sample of known film thickness.

[Experiment #1]

When the average intensity ratio o and the modulation ratio
are calculated from the recipe obtained in Section 4, a(1) = 1.17,
a(2) =1.02, f(1) = 1.07, p(2) = 1.07 are obtained. Using this as
known information, the film thickness of the solid film was
estimated for the image with a nominal film thickness of 300 nm
(Fig. 21(a)). Figure 21(b) shows the result of measurement with
the fitting point as one point in the center of the image. The
average in-plane film thickness was 299 nm, and the standard
deviation was 0.52 nm.

(a) Target image with
fitting point
Fig. 21 Thickness estimation of solid film

(b) Measurement results

[Experiment #2]

We show that the GMF-1 mode compensates for changes in
the illumination intensity. From the images with a nominal film
thickness of 300 nm shown in Fig. 21(a), images with 10% and
20% reduction in intensity were created and the film thickness
was estimated. Figure 22 shows the relationship between the
obtained average film thickness and the amount of intensity
reduction. Although there is an error in the film thickness
estimation when the intensity is reduced, it can be seen that if the
recipe is created in the GMF-1 mode (displayed as 1pt recipe), it
can be measured without being affected by the intensity change.

—- GMFT-1

Thickness (nm)

—&— Original recipe

20 -10 o
Tumination intenisty change (%)

Fig. 22 Estimated thickness vs intensity reduction

method makes no distinction. That is, a(1) to a(3) and b(1) to b(3) are
saved in the recipe data as before.



(2) When the film thickness is known

[Algorithm]

There may be one sample with a known film thickness. For
example, when there is a film thickness standard sample for
calibration, or when the film thickness value measured by another
film thickness meter is obtained. When the film thickness is
known, the only unknown variable is the waveform parameter.
Since there are 3 observed values, up to 3 parameters can be set
as unknown variables among 6 waveform parameters. Therefore,
the average intensity a(l) to a(3) is unknown, and the
modulations b(1) to b(3) are estimated from the refractive index
of the film and the substrate, or obtained by other means in
advance, and let them the known sample constant.

[Experiment]

Using the standard film thickness image of Fig. 16(b), we
assumed that the film thickness value of #4 in this image was
known to be 300 nm. The film thickness distribution was
measured in GMF-1f mode, using the modulation b(1) to b(3)
obtained in Section 4.3.

Figure 23(a) shows the target image and the points used for
GMF fitting with known film thickness. Figure 23(b) shows the
film thickness distribution obtained with the range 0 to 600 nm,
and the film thickness in all regions could be measured with an
error of 10 nm or less.
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(a) Target image with
fitting points
Fig. 23 Thickness estimation in case of one known thickness

5.3 Step film

In the industrial world, there are many needs to measure the
film thickness step difference in the coating or pattern processing
processes. In this case, there are two points where the film
thickness is different, which corresponds to mode GMF-2. There
are six unknown variables, film thicknesses t(1) and t(2), average
intensities a(1) to a(3), and modulation b(3), and fitting is
performed with the modulation ratio £ known.

(b) Measurement results

[Experiment]

An image with nominal film thicknesses of 100 nm and 200
nm were captured using the same method as in Section 4.2.
Figure 24(a) shows the image and fitting points. Figure 24(b)
shows the measurement results in GMF-2 mode with the same
modulation ratio # as the experiment in Section 5.3. The film
thickness step can be measured. The average film thickness in
each region was 108 nm and 199 nm, and the difference from the
nominal value was +8 nm and -1 nm.

(b) Measurement results
Fig. 24 Thickness estimation of step film

(a) Two fitting points

6. Conclusion

We have proposed a fast and high-accuracy film thickness
profiling method. It estimates the model parameters and the
thicknesses of plural points simultaneously by least squares
fitting an interference model to multi-wavelength intensity data.

The most significant feature of this technique is that the optics
is simple and no calibration is required. The validity of the
proposed method has been proved by computer simulations and
actual experiments.

We are currently working on extending our technique for
practical applications.

In the future, we would like to improve the robustness
by improving the algorithm and put it into practical use.
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