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We have developed a novel areal film thickness and topography measurement method using three-wavelength
interferometry. The method simultaneously estimates the profiles of the front and back surfaces and the thickness
distribution of a transparent film by model-based separation of two overlapped signals in an interferogram. The val-
idity of the proposedmethod is demonstrated using computer simulations and actual experiments. © 2014 Optical
Society of America
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In the industry, optical interferometry is widely applied
for surface profile measurement as a noncontact and
nondestructive method for quickly and accurately meas-
uring the profiles of microscopic surfaces. However, its
application to transparent thin films has been limited
because it is difficult to obtain an exact surface profile
measurement if the surface to be measured is covered
with a transparent film. This is because the interference
beam coming from the back surface of the film creates
disturbance.
To solve this problem, we developed algorithms to

separate the interference signal of the front surface from
that of the back surface in vertical scanning white-light
interferometry [1–3]. If the thickness of a transparent film
is greater than the coherent length, two peaks of reflec-
tion corresponding to the front and back surfaces appear
on the interferogram, and they can be easily separated.
However, separating the peaks is difficult if the thickness
is less than 1 μm and the two peaks overlap each other.
To overcome this problem, researchers have proposed
various methods using the Fourier transform [4–6] or
the wavelength scanning technique [7,8]. However, these
techniques suffer from some disadvantages, such as
complex computation algorithm, necessity of an a priori
knowledge of the dispersive film index, and requiring
specialized hardware.
Thickness profile measurement is also of great impor-

tance in industry, for example, the measurement of
various types of thin film layers on substrates of semicon-
ductors or flat-panel display devices. There are several
different techniques used to measure these films, of
which the most widely used are reflection spectropho-
tometry and ellipsometry. However, most of these
techniques are limited to single-point measurement. To
obtain an areal thickness profile, it is necessary to
mechanically scan the sample or the sensing device.
Another limitation inherent in these techniques is their
large spot sizes. For example, spectrophotometers are
limited to spot sizes of a few micrometers or greater
because of available light budgets.
To resolve these drawbacks, we developed a new ap-

proach called the separation of overlapped sinusoidal

signals (SOSS) algorithm that estimates the profiles of
the front and back surfaces and the thickness distribu-
tion of a transparent film by using multiwavelength
vertical scanning interferometry.

In our technique, a three-wavelength interferometric
imaging system [9–11] is used, which comprises a
three-wavelength (B, G, R) illumination system and a
color camera (Fig. 1). The transmittance of the multi-
bandpass filter is shown in Fig. 2. The spectral sensitivity
of the camera is shown in Fig. 3. Using this system, we
can obtain three interferograms with different wave-
lengths simultaneously [Fig. 4(a)]. Unfortunately, the
spectral response curves of the camera overlap slightly,
as shown in Fig. 3; therefore, there is cross talk in the
BGR color signals. This problem can be solved using a
cross talk compensation algorithm, as reported in [9–11].

Because the bandwidth of each illumination light is
narrow enough, the interferograms can be expressed
as the sum of two sinusoidal signals, one corresponding
to the front surface and one to the back surface:

g�i; j� � a�j� � b1�j� cos
�
4π�z�i� − z1�

λ�j�

�

� b2�j� cos
�
4π�z�i� − z2�

λ�j�

�
; (1)

Fig. 1. System configuration for three-wavelength vertical
scanning interferometry.
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where g�i; j� is the intensity at frame i�i � 1; 2;…; N� and
wavelength j�j � B;G;R�; a�j� is the average value; b1�j�
and b2�j� are the modulations of the waveform of the
front surface and the back surface, respectively; z�i� is
the reference mirror scanning position; z1 and z2 are
the heights of the front surface and the back surface,
respectively; and λ�j� is the wavelength. The unknown
parameters a�j�, b1�j�, b2�j�, z1, and z2 are estimated
using the following least-square fitting equation:

F �
X3
j�1

XN
i�1

�g�i; j� − gi;j �2; (2)

where g�i; j� is the model intensity, and gij is the
observed intensity.
Please note that ourmodel neglectsmultiple reflections

because the error caused by it is negligibly small in typical
films; e.g., the relative error of the subsurface reflection
intensity is 0.8% in SiO2-Si structure. Even if the error
cannot be neglected, we can use our algorithm by using
the model, which considers the multiple reflections.
Let us consider the necessary conditions to obtain the

unknown parameters. The total number of parameters is
11. However, there are nine meaningful parameters
among three interferograms, because a sinusoidal wave
has three meaningful parameters: the bias, amplitude,
and phase. Therefore, this least-square fitting problem
cannot be solved. To make it solvable, let us note that
the ratio of the modulations b1�j� and b2�j� is dependent
on the refractive indices of the film and substance, and it
can be expressed as follows:

α � �n − 1��n� 1�
4n

���������������������������������
�n� nB�2 � κ2B
�n − nB�2 � κ2B

s
; (3)

where α is the ratio of the modulations; n and nB are the
refractive indices of the film and substrate, respectively;
and κB is the extinction coefficient of the substrate.

Because the refractive indices n and nB are almost
constant in the wavelength range of 470–600 nm for most
film-substrate materials used in industry, we can assume
that α is independent of the wavelength. Thus, b1�j� can
be expressed as follows:

b1�j� � αb2�j�: (4)

Using Eqs. (1) and (4), we obtain

g�i; j� � a�j� � αb2�j� cos
�
4π�z�i� − z1�

λ�j�

�

� b2�j� cos
�
4π�z�i� − z2�

λ�j�

�
: (5)

The number of unknown parameters is reduced to
nine, that is, a�j�, b2�j�, z1, z2, and α. Thus, the least-
square fitting problem becomes solvable.

Please note that the number of unknown parameters
can be reduced to eight if the refractive indices are
known and α is obtained by Eq. (3). In this case, the
assumption of constant α is unnecessary.

Using the obtained z1 and z2, the thickness t and the
back surface physical height zb can be calculated as
follows:

t � �z1 − z2�∕n; (6)

zb � z1 − t: (7)

To find solutions to the nonlinear least-square prob-
lem, we use an iterative technique that requires initial

Fig. 2. Transmittance of multibandpass filter.

Fig. 3. Spectral sensitivity of camera for the three wavelengths
used.

Fig. 4. Waveforms in computer simulation: (a) synthesized
data, (b) separated surface signals, and (c) separated back
surface signals, and (d) fitted signals.
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estimates that allow us to search for the minimummatch-
ing error point. Because the model function of Eq. (5)
contains a cosine function, the error function has many
local minima. Therefore, it is essential to make good
initial estimates.
In this Letter, the initial estimates are calculated as fol-

lows. a�j� is the average of the observed intensity values,
and b2�j� is the range of observed intensity values divided
by 2�1� α�a�j�. α is the theoretical value given by Eq. (3).
To estimate z1 and z2, we estimate the peak position z0 of
the white-light interferogram that is approximated by the
sum of the three interferograms. Using z0 and the esti-
mated thickness t0, the initial estimates of z1 and z2
are calculated as follows.
If α >� 1, that is, if the front surface signal is stronger

than the back surface signal, then z1 � z0 and
z2 � z0 − t0. If α < 1, that is, if the back surface signal
is stronger than the front surface signal, then z1 � z0 �
t0 and z2 � z0.
To verify the proposed algorithm, we designed a com-

puter simulation. A set of theoretical three-wavelength
interferograms was obtained using the parameters
shown in the “True” column of Table 1. The wavelengths
are 470 nm (B), 560 nm (G), and 600 nm (R). The syn-
thesized signals are shown in Fig. 4(a). All of the compu-
tations were performed in MS Excel using a Windows PC.
The initial guess values were set as shown in the “Initial”
column of Table 1.
The results are presented in Table 1. The parameters

and heights were correctly estimated. The separated
waveforms and the fitted model waveform are shown
in Figs. 4(b)–4(d).
For the actual experiments, we wrote a software

program in the programming language C to implement
the algorithm on the Windows PC. The nonlinear least-
squares equation was solved using the Davidon–
Fletcher–Powell method [12]. To avoid unbalanced error
estimation among the wavelengths, we normalized the
observed intensity data so that all data were between
0 and 2, as shown in Fig. 7(a).
As mentioned before, we needed to avoid the local

minima problem. Accordingly, we used the multistart
method, which finds the global minimum by solving
the least-squares equation with multiple initial values.
We performed the same numerical simulation described
above, except for various initial thickness values. The re-
sults are shown in Fig. 5. When the initial estimate error
is between −90 and �180 nm, the thickness is correctly
estimated around 200 nm. Otherwise, it converges to a
local minimum near the initial estimate. Please note that

the sum of the squared error (SSE) exhibits little differ-
ence among the local minima. Therefore, we selected
the global minimum by comparing the obtained value
of α with its initial value, which was usually set as the
theoretical value given by Eq. (3).

In our experiments, a thin film thickness step gauge
was tested using silicon dioxide (n � 1.46) on silicon
substrates with thicknesses of 100 and 300 nm (Fig. 6).
The vertical scanning speed was 150 nm/s, and the
sampling interval was 10 nm.

Figure 7 shows the results at the center position of the
image. The observed data after the cross-talk compensa-
tion and normalization are shown in Fig. 7(a). The sepa-
rated and fitted signals are shown in Figs. 7(b)–7(d). The
obtained parameters were z1 � 628 nm, z2 � 481 nm,
and α � 0.45. Using these values, the thickness of
101 nm was obtained.

Figure 8 shows 3D views of the obtained front
and back surfaces and thickness profiles of the whole
area. Note that the back surface is correctly measured
to be flat in spite of the film thickness step. The areal
average thicknesses were 294 and 102 nm. These agree
well with the nominal values. The total calculation
time for 160 × 120 pixels was approximately 72 s on the
Windows PC (3.4 GHz Intel Core i7-2600 CPU). Because
the calculation is pixel-independent, the speed would be
very much improved by a parallel processing technique.

In conclusion, we proposed a new interferometric
profiling technique called the SOSS algorithm that ena-
bles us to estimate the profiles of the front and back sur-
faces and the thickness distribution of a transparent film
by separating two overlapped signals in an interferogram.
In our technique, a three-wavelength interferometric
imaging system is used, comprising a three-wavelength
(B, G, R) illumination system and a color camera. Using
this optical system, three interferograms with different
wavelengths can be obtained simultaneously. On the ba-
sis of the observed interferogram data, we can estimate
the unknown parameters, including the front and backTable 1. Results of Computer Simulation

Variables True Initial Estimated Error

a�B� 1.50 1.57 1.50 0.00
a�G� 1.50 1.42 1.50 0.00
a�R� 1.50 1.44 1.50 0.00
b�B� 0.50 0.45 0.50 0.00
b�G� 0.50 0.34 0.50 0.00
b�R� 0.50 0.29 0.50 0.00
α 2.00 2.50 2.00 0.00
z�1� 0.00 50.00 0.00 0.00
z�2� −200.00 −250.00 −200.00 0.00

Fig. 5. Effect of the initial value of thickness on the results of
computer simulation.

Fig. 6. Test target in the actual experiment: (a) cross section
and (b) one of the captured interference images.

4174 OPTICS LETTERS / Vol. 39, No. 14 / July 15, 2014



surface heights, using the least-squares fitting method
with some assumptions to reduce the number of the un-
known parameters. The proposed method has been vali-
dated by computer simulations and experiments. The
most significant feature of this technique is that we
can easily obtain the necessary hardware by inserting
a multibandpass filter in the path of illumination and
replacing the monochrome camera with a color camera
in the conventional white-light interferometric profiler.
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Fig. 7. Waveforms at the central pixel in the actual experi-
ment: (a) observed signals, (b) separated surface signals,
(c) separated back surface signals, and (d) fitted signals.

Fig. 8. Results of the actual experiment: (a) estimated
front surface profile; (b) estimated back surface profile; and
(c) estimated thickness profile.
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