a9 United States
a2y Patent Application Publication o) Pub. No.: US 2014/0022564 A1l

US 20140022564A1

YAMADA et al. 43) Pub. Date: Jan. 23, 2014
(54) FILM THICKNESS MEASURING DEVICE (52) US.CL
AND FILM THICKNESS MEASURING [ S SR GOIB 11/0625 (2013.01)

(71)
(72)

(73)

@

(22)

(63)

(1)

METHOD

Applicant: NIRECO CORPORATION, Tokyo (JP)

Inventors: Takeo YAMADA, Yokohama-shi (JP);
Takeshi YAMAMOTO, Tokyo (IP);
Shingo KAWALI, Tokyo (JP)

Assignee: NIRECO CORPORATION, Tokyo (JP)

Appl. No.: 14/036,533

Filed: Sep. 25, 2013

Related U.S. Application Data

Continuation of application No. PCT/JP2011/002163,
filed on Apr. 12, 2011.

Publication Classification

Int. Cl1.
GO01B 11/06 (2006.01)

356/632

(57) ABSTRACT

A film thickness measuring device includes a spectroscopic
sensor and a data processor, wherein the spectroscopic sensor
measures spectroscopic data of a film coated on a substrate
and the data processor obtains measured color characteristic
variables from the measured spectroscopic data, compares
the measured color characteristic variables with plural sets of
theoretical color characteristic variables corresponding to
plural sets of values, each set including one of plural values of
thickness and one of plural values of index of refraction of the
film, determines index of refraction of the film using the set of
values corresponding to the set of theoretical color character-
istic variables which minimizes a difference between the set
of theoretical color characteristic variables and the measured
color characteristic variables, and determines thickness of the
film using the index of refraction of the film.
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FIG. 1
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FIG. 3

( START )

REFLECTANCE OR
TRANSMITTANCE DISTRIBUTION ——S1010
OF SUBSTRATE IS MEASURED

INDEX OF REFRACTION OF
SUBSTRATE IS OBTAINED ~— ~51020

REFLECTANCE OR
TRANSMITTANCE DISTRIBUTION OF [ 51030
FILM ON SUBSTRATE IS MEASURED

REFLECTANCE DISTRIBUTION OF
FILM ON SUBSTRACE IS OBTAINED | — S1040

MEASURED TRISTIMULUS
VALUES OF REFLECTION —~—S51050
COLOR ARE OBTAINED

MEASURED TRISTIMULUS VALUES OF
REFLECTION COLOR ARE COMPARED WITH
THEORETICAL TRISTIMULUS VALUES OF [ S1060
REFLECTION COLOR FOR RESPECTIVE
VALUES OF THICKNESS AND INDEX OF
REFRACTION OF FILM WHICH MINIMIZES
ERROR IS OBTAINED

THICKNESS OF FILM IS OBTAINED USING
INDEX OF REFRACTION OF SUBSTRATE,
REFLECTANCE DISTRIBUTION OF FLMON ~ —""S1070
SUBSTRACE AND INDEX OF
REFRACTION OF FILM
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FIG. 4

( START )

CORRECTION COEFFICIENTS OF
REFLECTANCE DISTRIBUTION OF | S2010
SUBSTRATE ARE CALCULATED

CORRECTED REFLECTANCE
DISTRIBUTION OF - S2020
SUBSTRATE IS CALCULATED

END
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FIG. 5

( START )

TABLE 1 SHOWING THEORETICAL
TRISTIMULUS VALUES OF REFLECTION
COLOR FOR RESPECTIVE VALUES OF
THICKNESS AND INDEX OF REFRACTION
OF FILM IS GENERATED
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m TABLES 2-1 TO 2-m ARE GENERATED
BASED ON DIFFERENCES BETWEEN
m SETS OF MEASURED TRISTIMULUS
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THICKNESS AND INDEX OF

REFRACTION OF FILM
S3060 53070
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REFRACTION n(1)TO n(m)
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FILM IS OBTAINED AND

P 1S OB INED Ar, DIFFERENGE IN EACH OF m TABLES

ARE OBTAINED

?3030

FOR EACH OF INDEX OF REFRACTION
n(1) TO n{m),CORRESPONDING
DIFFERENCES IN TABLES 2-1 TO 2-m
ARE OBTAINED AND SUM IS OBTAINED

?3040

ONE WHICH MINIMIZES SUM IS
REGARDED AS INDEX OF
REFRACTION OF FILM AMONG
INDEX OF REFRACTION n(1) TO n(m)

833050
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END
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FIG. 6
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FIG. 8
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FIG. 12
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TABLE 3

n(1) SAWmMIn(,J) :SAMPLE 1~10
n(2) SAWmin(,J) :SAMPLE 1~ 10
n(3) SAWmMIn(,J) :SAMPLE 1~10
n(4) SAWmMIn(,J) :SAMPLE 1~10
n(5) SAWmin(,J) :SAMPLE 1~ 10
n(6) SAWmMIn(,J) :SAMPLE 1~10
n(7) SAWmMIn(,J) :SAMPLE 1~10
n(8) SAWmin(,J) :SAMPLE 1~ 10
n(9) SAWmMIn(,J) :SAMPLE 1~10
n(10) SAWmMIn(,J) :SAMPLE 1~10
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FILM THICKNESS MEASURING DEVICE
AND FILM THICKNESS MEASURING
METHOD

TECHNICAL FIELD

[0001] The present invention relates to a film thickness
measuring device and a film thickness measuring method for
obtaining a thickness of a film formed on a substrate by
measuring spectral reflectivity.

BACKGROUND ART

[0002] As devices for measuring a thickness of a film
formed on a substrate, there exist an ellipsometer (Patent
Document 1, for example) and a measuring device in which a
film thickness is obtained from the wavelength which shows
maximum or minimum in spectral reflectivity (which is here-
inafter referred to as a PV (Peak-Valley) device) (Patent
Document 2, for example).

[0003] The ellipsometer is widely used for measurement of
a thin film thickness in the field of manufacturing semicon-
ductors. However, the ellipsometer has the following prob-
lems. Since the projection angle and the receiving angle are
large, the ellipsometer can hardly be used in a process in
which a distance to the object will change. Since optical
elements both on the projection and receiving sides have to be
rotated for measurement, the optical system is complicated
and expensive.

[0004] Since, in the PV device, a film thickness is obtained
from the wavelength which shows maximum or minimum in
spectral reflectivity, it is necessary that the wavelength which
shows maximum or minimum in spectral reflectivity exists.
However, in general, in spectral reflectivity data of thin films,
thickness of which is 500 nm or less, the wavelength which
clearly shows maximum or minimum will not exist. Accord-
ingly, the conventional PV device cannot be used for mea-
surement of thin films, thickness of which is 500 nm or less.
[0005] Under the situation, the inventors of the present
application and others have developed a device and a method
which use theoretical values of characteristic variable of color
in order to measure thickness of thin films which is 500 nm or
less (Patent Document 3). In this method, however, refractive
index of a film is determined based on an estimated value of
thickness of a sample film, and therefore the application area
is limited.

[0006] Thus, a film thickness device of a simple structure
and a film thickness method which can be widely used for
measurement of thickness of thin films including those, thick-
ness of which is 500 nm or less have not been developed.
[0007] Thus, there is a need for a film thickness measuring
device of a simple structure and a film thickness measuring
method which can be widely used for measurement of thick-
ness of thin films including those, thickness of which is 500
nm or less.

PATENT DOCUMENTS

[0008] Patent Document 1: Japanese Patent Application
Laid Open No. 2009-68937

[0009] Patent Document 2: Japanese Patent No. 3532165
[0010] Patent Document 3: Japanese Patent No. 4482618
SUMMARY OF INVENTION
[0011] A film thickness measuring device according to the

present invention includes a spectroscopic sensor and a data
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processor, wherein the spectroscopic sensor measures spec-
troscopic data of a film coated on a substrate and the data
processor obtains measured color characteristic variables
from the measured spectroscopic data, compares the mea-
sured color characteristic variables with plural sets of theo-
retical color characteristic variables corresponding to plural
sets of values, each set including one of plural values of
thickness and one of plural values of index of refraction of the
film, determines index of refraction of the film using the set of
values corresponding to the set of theoretical color character-
istic variables which minimizes a difference between the set
of theoretical color characteristic variables and the measured
color characteristic variables, and determines thickness of the
film using the index of refraction of the film.

[0012] By the film thickness measuring device according to
the present invention, index of refraction of a film coated on
a substrate can be determined using measured color charac-
teristic variables obtained from spectroscopic data of the film
coated on the substrate and plural sets of theoretical color
characteristic variables obtained for plural sets of values of
thickness and index of refraction of the film. As a result,
thickness of the film can be obtained with a high accuracy
using the index of refraction. Accordingly, the film thickness
measuring device according to the present invention can be
widely used for measurement of thickness of thin films
including those, thickness of which is 500 nm or less. Further,
the measuring section of the film thickness measuring device
according to the present invention has a simple structure.
[0013] Inafilm thickness measuring device according to an
embodiment of the present invention, the spectroscopic sen-
sor measures transmittance distribution of the film coated on
the substrate and the data processor obtains retlectance dis-
tribution from the measured transmittance distribution and
then obtains the measured color characteristic variables.
[0014] The film thickness measuring device according to
the present embodiment measures transmittance distribution
of the film coated on the substrate and obtains reflectance
distribution of the film coated on the substrate from the mea-
sured transmittance distribution. Accordingly, even when a
surface of the substrate on which the film is coated is tilted
relative to a reference plane, a change in reflectance due to the
tilt relative to the reference plane is smaller than a change in
reflectance which has been obtained by measuring reflectance
distribution of the film. As a result, thickness of the film can
be measured with a high accuracy.

[0015] A film thickness measuring device according to
another embodiment of the present invention further includes
a memory storing the plural sets of theoretical color charac-
teristic variables obtained for the plural sets of values of
thickness and index of refraction of the film.

[0016] Infilm thickness measuring device according to the
present embodiment, index of refraction can be obtained with
facility and within a short time using measured color charac-
teristic variables obtained from spectroscopic data of the film
coated on the substrate and the plural sets of theoretical color
characteristic variables corresponding the plural sets of val-
ues of thickness and index of refraction of the film, which are
stored in the memory.

[0017] In a film thickness measuring device according to
another embodiment of the present invention, color charac-
teristic variables are tristimulus values of reflection color.
[0018] A film thickness measuring method according to the
present invention is a method by which thickness of a film
coated on a substrate is measured by a film thickness measur-
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ing device including a spectroscopic sensor and a data pro-
cessor. The method includes the steps of: measuring by the
spectroscopic sensor spectroscopic data of the film coated on
the substrate; obtaining by the data processor measured color
characteristic variables from the measured spectroscopic
data; comparing the measured color characteristic variables
with plural sets of theoretical color characteristic variables
corresponding to plural sets of values, each set including one
of plural values of thickness and one of plural values of index
of refraction of the film, and determining index of refraction
of the film using the set of values corresponding to the set of
theoretical color characteristic variables which minimizes a
difference between the set of theoretical color characteristic
variables and the measured color characteristic variables; and
determining thickness of the film using the index of refraction
of the film.

[0019] By the film thickness measuring method according
to the present invention, index of refraction of a film coated on
a substrate can be determined using measured color charac-
teristic variables obtained from spectroscopic data of the film
coated on the substrate and plural sets of theoretical color
characteristic variables obtained for plural sets of values of
thickness and index of refraction of the film. As a result,
thickness of the film can be obtained with a high accuracy
using the index of refraction. Accordingly, the film thickness
measuring device according to the present invention can be
widely used for measurement of thickness of thin films
including those, thickness of which is 500 nm or less.

[0020] In a film thickness measuring method according an
embodiment of the present invention, in the step of measuring
the spectroscopic sensor measures a transmittance distribu-
tion of the film coated on the substrate and in the step of
obtaining the measured color characteristic variables the data
processor obtains a reflectance distribution from the mea-
sured transmittance distribution and further obtains the mea-
sured color characteristic variables from the reflectance dis-
tribution.

[0021] Inthe film thickness measuring method according to
the present embodiment, transmittance distribution of the
film coated on the substrate is measured and reflectance dis-
tribution is obtained from the measured transmittance distri-
bution. Accordingly, even when a surface of the substrate on
which the film is coated is tilted relative to a reference plane,
a change in reflectance due to the tilt relative to the reference
plane is smaller than a change in reflectance which has been
obtained by measuring reflectance distribution of the film. As
a result, thickness of the film can be measured with a high
accuracy.

[0022] In a film thickness measuring method according
another embodiment of the present invention, in the step of
measuring the spectroscopic sensor the spectroscopic sensor
measures spectroscopic data of the film coated on the sub-
strate at plural points, in the step of obtaining the measured
color characteristic variables the data processor obtains plural
sets of measured color characteristic variables which corre-
spond to the plural points and in the step of determining index
of refraction the data processor obtains index of refraction of
the film using the plural sets of measured color characteristic
variables.

[0023] Inthe film thickness measuring method according to
the present embodiment, spectroscopic data of the film coated
on the substrate are measured at plural points, plural sets of
measured color characteristic variables are obtained from
transmittance distributions of the plural points, and index of
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refraction of the film is obtained using the plural sets of
measured color characteristic variables. Accordingly, index
of refraction of the film can be determined with a higher
accuracy.

[0024] In a film thickness measuring method according to
another embodiment of the present invention, color charac-
teristic variables are tristimulus values of reflection color.

BRIEF DESCRIPTION OF THE DRAWINGS

[0025] FIG. 1 shows a configuration of a film thickness
measuring device according to an embodiment of the present
invention;

[0026] FIG. 2 shows a configuration of a film thickness
measuring device according to another embodiment of the
present invention;

[0027] FIG. 3 is a flowchart for illustrating operation of the
data processors;
[0028] FIG. 4 is a flowchart showing how to obtain cor-

rected reflectance distribution of the measuring object which
is a thin film formed on the substrate;

[0029] FIG. 5 is a flowchart showing the process of step
S1060 of FIG. 3 in detail;

[0030] FIG. 6 shows a model on multipath reflection of a
substrate;
[0031] FIG. 7 shows a relationship between index of refrac-

tion n,,, and normal-incidence reflectance Rv(n,,) of the sub-
strate;

[0032] FIG. 8 shows a model on multipath reflection of a
substrate (index of refraction of n,,, thickness of D) with a
transparent thin film (index of refraction of n, thickness of d)
formed thereon;

[0033] FIG. 9 shows values of reflectance of a substrate
(n,,=1.70) with coating mixtures (n=1.90 and n=1.50) of
d=500 nm coated thereon;

[0034] FIG. 10 shows construction of a table (Table 1) of
theoretical tristimulus values of reflection color for respective
values of thickness and index of refraction of the film;
[0035] FIG. 11 shows construction of Table 2-1 to Table
2-m which show differences between each of m sets of mea-
sured tristimulus values of reflection color and sets of theo-
retical tristimulus values of reflection color for respective
values of thickness and index of refraction of the film in Table
1;

[0036] FIG. 12 shows construction of Table 3 in which the
sum of the m values of differences is given for each of the m
values of index of refraction n(1) to n(m);

[0037] FIG. 13 shows relationships between wavelength
and values of theoretical reflectance for respective values of
thickness of a film in the case that index of refraction of the
thin film is smaller than index of refraction of a substrate;
[0038] FIG. 14 shows relationships between wavelength
and values of theoretical reflectance for respective values of
thickness of a film in the case that index of refraction of the
thin film is greater than index of refraction of a substrate;
[0039] FIG. 15 shows measured reflectance distributions of
a substrate of polyethylene terephthalate and inorganic coat-
ing films formed on the substrate;

[0040] FIG. 16 shows measured reflectance distributions of
a substrate of polyethylene terephthalate and inorganic coat-
ing films formed on the substrate;

[0041] FIG. 17 shows measured reflectance distributions of
a substrate of glass and ITO (Indium Tin Oxide) films formed
on the substrate;
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[0042] FIG. 18 shows measured reflectance distributions of
a substrate of glass and an ITO (Indium Tin Oxide) film
formed on the substrate;

[0043] FIG. 19 shows reflectance distributions of a glass
plate with a film formed thereon for four angles of tilt, which
were measured by the reflectance measuring type film thick-
ness measuring device, the angle of the reference plane being
set to 0 and included in the four angles;

[0044] FIG. 20 shows rates of change of reflectance for the
three angles of tilt besides the angle of the reference plane
with reference to reflectance for the level;

[0045] FIG. 21 shows reflectance distributions of a glass
plate with a film formed thereon for four angles of tilt, which
were measured by the transmittance measuring type film
thickness measuring device, the angle of the reference plane
being set to 0 and included in the four angles;

[0046] FIG. 22 shows rates of change of reflectance for the
three angles of tilt besides the angle of the reference plane
with reference to reflectance for the level;

[0047] FIG. 23 shows reflectance distributions of the trans-
parent substrate of polyethylene terephthalate with a trans-
parent conductive oxide (TOC) film formed thereon for four
angles of tilt, which were obtained by the transmittance mea-
suring type film thickness measuring device, the angle of the
reference plane being set to 0 and included in the four angles;
and

[0048] FIG. 24 shows values of thickness of a transparent
conductive oxide film for seven angles of tilt, which were
obtained by the transmittance measuring type film thickness
measuring device, the angle of the reference plane being setto
0 and included in the seven angles.

DESCRIPTION OF THE EMBODIMENTS

[0049] FIG. 1 shows a configuration of a film thickness
measuring device 100 according to an embodiment of the
present invention. The film thickness measuring device 100
includes a measuring section 110, a data processor 120 and a
memory 130. The measuring section 110 is of C-frame and
includes a light source 111 and a spectroscopic sensor 113.
Lights emitted by the light source 111 pass through a mea-
suring object 300 and are received by the spectroscopic sen-
sor 113. The spectroscopic sensor 113 measures spectral
transmission factor (transmittance distribution against wave-
length) of the measuring object 300. The measuring object
300 is a thin film formed on a transparent substrate. Data
obtained by measurement of the spectroscopic sensor 113 are
sent to the data processor 120. The data processor 120 obtains
thickness of the thin film which is the measuring object 300
using the data obtained by measurement of the spectroscopic
sensor 113 and data stored in the memory 130.

[0050] FIG. 2 shows a configuration of a film thickness
measuring device 200 according to another embodiment of
the present invention. The film thickness measuring device
200 includes a measuring section 210, a data processor 220
and a memory 230. The measuring section 210 includes a
light source 211, a beam splitter 215 and a spectroscopic
sensor 213.

[0051] Lights from the light source 211 are reflected by the
beam splitter 215 and reach the measuring object 300. The
measuring section 210 is arranged such that lights illuminat-
ing the measuring surface of the measuring object 300 are
incident perpendicularly on the measuring surface. The lights
illuminating the measuring surface are reflected in the direc-
tion which is perpendicular to the measuring surface, travel in
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the opposite direction along the path of the lights illuminating
the measuring surface, reach the beam splitter 215, pass
through the beam splitter 215 and are received by the spec-
troscopic sensor 213. The spectroscopic sensor 213 measures
spectral reflection factor of the measuring object 300. The
measuring object 300 is a thin film formed on a transparent or
an opaque substrate. Data obtained by measurement of the
spectroscopic sensor 213 are sent to the data processor 220.
The data processor 220 obtains thickness of the thin film
which is the measuring object 300 using the data obtained by
measurement of the spectroscopic sensor 213 and data previ-
ously stored in the memory 230.

[0052] The through-beam measuring device shown in FIG.
1 can be used only when the substrate is transparent. Advan-
tages of a through-beam measuring device will be described
later.

[0053] Thelight sources 111 and 211 may be ones in which
anultraviolet LED light source emitting light having the peak
at 430 nm and a white color LED light source emitting light
having the peak around 580 nm are used.

[0054] The spectroscopic sensors 113 and 213 may be ones
in which a transmission wavelength variable filter and an
image sensor are combined. The transmission wavelength
variable filter is one type of interference filters in which a pass
band between the shortest wavelength and the longest wave-
length of the white light having entered the filter varies con-
tinuously or stepwisely depending on a position of a point on
the filter thorough which the light passes. Such spectroscopic
sensors are disclosed in Japanese Patent No. 3618090.
[0055] Operation ofthe data processors 120 and 220 will be
described in detail below.

[0056] FIG. 3 is a flowchart for illustrating operation of the
data processors 120 and 220.

[0057] In step S1010 of FIG. 3, the spectroscopic sensor
113 measures spectral transmission factor, that is transmit-
tance distribution against wavelength, of the substrate. The
spectroscopic sensor 213 measures spectral reflection factor,
that is reflectance distribution against wavelength, of the sub-
strate.

[0058] In step S1020 of FIG. 3, the data processor 120
receives data of transmittance distribution against wave-
length from the spectroscopic sensor 113 and obtains data of
reflectance distribution against wavelength of the substrate by
the following equation.

Ry-cal=100-1(%)

[0059] In the above-described equation, Rv-cal represents
reflectance which is calculated from transmittance while T
represents measured transmittance. Unit of reflectance and
transmittance is percentage. The data processor 220 receives
data of reflectance distribution against wavelength of the
substrate from the spectroscopic sensor 213.

[0060] A relationship between refractive index and reflec-
tance of a substrate will be described.

[0061] FIG. 6 shows a model on multipath reflection of a
substrate. Although light is incident perpendicularly on a
surface of the substrate in fact, in FIG. 6 the light is repre-
sented to be incident on the surface at an angle for the sake of
convenience.

[0062] Thickness D of the substrate is assumed to be suffi-
ciently large in comparison with wavelength of the incident
light. In this case internal transmittance Ti of the substrate
must be considered. Internal transmittance is given by the
following equation according to Lambert law.

T=exp(—aD)=exp(-4nk,D/)) (€8]
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a represents a constant, k, represents attenuation coefficient
and represents wavelength. When multipath reflection on the
top surface and the bottom surface of the substrate is consid-
ered as shown in FIG. 6, reflectance R and transmittance T are
expressed by the following equations as sums of geometric
progressions.

R=Ro{1+(1-2R)Ti*}/(1-TFRy?) )
T=(1-R)’Ti/(1-TR?) 3)
where

Ro={ (=1 P4k Y { (4224} @)

Complex index of refraction of the substrate is represented as
n,-ik,.

[0063] When there exists no absorption of the substrate,
Ti=1 and k,=0 in Equation (3) and Equation (4), and therefore
the following equations hold.

R=2R/(1+Ry) )
T=(1-Ry)/(1+Ry) 6
where

Ro={(n-m)/(m+n) 12 ™

n, represents index of refraction of medium surrounding the
substrate.

[0064] Using Equations (5) and (7), a relationship between
index of refraction n, and reflectance R of the substrate can be
obtained.

[0065] FIG.7 shows arelationship between index of refrac-
tion n,, and normal-incidence reflectance Rv(n,,) of the sub-
strate.

[0066] The data processors 120 and 220 obtain a value of
reflectance corresponding to wavelength of 550 nm from the
data of reflectance distribution of the substrate and then
obtain index of refraction n,, of the substrate using FIG. 7 on
the assumption that the above-described reflectance is nor-
mal-incidence reflectance Rv(n,,).

[0067] In step S1030 of FIG. 3, the spectroscopic sensor
113 measures spectral transmission factor, that is transmit-
tance distribution against wavelength, of the measuring
object which is a thin film formed on the substrate. The
spectroscopic sensor 213 measures spectral reflection factor,
that is reflectance (Rv) distribution against wavelength, of the
measuring object which is a thin film formed on the substrate

[0068] In step S1040 of FIG. 3, the data processor 120
obtains data of reflectance (Rv-cal) distribution by calculation
based on data of the measured transmittance distribution as in
the process of step S1020. The data processors 120 and 220
obtain corrected reflectance distribution of the measuring
object which is a thin film formed on the substrate. Corrected
reflectance distributions are obtained for m (m is an integer
which is 1 or more) points on the measuring object which is a
thin film formed on the substrate.

[0069] FIG. 4 is a flowchart showing how to obtain cor-
rected reflectance distribution of the measuring object which
is a thin film formed on the substrate.

[0070] Instep S2010 of FIG. 4, the data processors 120 and
220 respectively obtain correction coefficients k, and k, for
reflectance. Correction coefficients k; and k, for reflectance
are determined by the following equations such that reflec-
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tance Rv-cal and reflectance Rv are equal to that at wave-
length of 550 nm independently of wavelength.

K1(M)=Rv-cal(550 nm)/Rv-cal(h) (®)
K2(M)=Rv(550 nm)/Rv(}) ©)
[0071] In step S2020 of FIG. 4, the data processor 120

calculates corrected reflectance Rve by the following equa-
tion using reflectance Rv-cal obtained from measured trans-
mittance.

Rve=Rv-cal(h)'K1(}) (10)

[0072] The data processor 220 calculates corrected reflec-
tance Rvc by the following equation using measured reflec-
tance Rv.

Rve=Rv(M)K2(W) (11)

[0073] Instep S1050 of FIG. 3, the data processors 120 and
220 calculate m sets of tristimulus values of reflection color
using m values of corrected reflectance Rve. A method for
calculating tristimulus values of reflection color is described
in detail in “JIS Z8722 Methods of color measurement—
Reflecting and transmitting objects”. Tristimulus values of
reflection color thus obtained are referred to as measured
tristimulus values of reflection color. In the present embodi-
ment, tristimulus values of reflection color are used. Alterna-
tively, a color value representation method based on tristimu-
lus values of reflection color (for example, L*, a*, b*) can
also be used. In the text of specification and claims, variables
representing characteristics of color such as tristimulus val-
ues of reflection color, are referred to as color characteristic
variables. Further, color characteristic variables which have
been calculated from corrected reflectance obtained by mea-
surement are referred to as measured color characteristic
variables.

[0074] Instep S1060 of FIG. 3, the data processors 120 and
220 compare measured tristimulus values of reflection color
which have been obtained in step S1050 with sets of theoreti-
cal tristimulus values of reflection color which have been
previously obtained for respective values of thickness and
index of refraction of a film and obtain the index of refraction
of the film which minimizes error.

[0075] If thickness of a film is in the rage from 1 to 200
nanometers, a phenomenon called “metamerism” in which
sets of tristimulus values are substantially identical with each
other even though reflectance distributions are different from
each other will not take place, and therefore a relationship
will hold, in which when one of reflectance distribution and a
set of tristimulus values of reflection color is determined, the
other is determined. Accordingly, index of refraction of a film
can be uniquely determined using tristimulus values of reflec-
tion color.

[0076] FIG. 5 is a flowchart showing the process of step
S1060 of FIG. 3 in detail.

[0077] Instep S3005 of FIG. 5, the data processors 120 and
22 calculate sets of theoretical tristimulus values of reflection
color for respective values of thickness and index of refrac-
tion of a film, generate a table (Table 1) of the sets of theo-
retical tristimulus values of reflection color for respective
values of thickness and index of refraction of the film and
previously store the table in the memory 130 and the memory
230, respectively.

[0078] A relationship between reflectance and a set of
index of refraction of a substrate, index of refraction of a film
coated on the substrate and thickness of the film will be
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described below. Using the relationship, theoretical reflec-
tance distribution is calculated and then using the theoretical
reflectance distribution theoretical tristimulus values of
reflection color are calculated.

[0079] FIG. 8 shows a model on multipath reflection of a
substrate (index of refraction of n,,, thickness of D) with a
transparent thin film (index of refraction of n, thickness of d)
formed thereon. Assuming that reflectance of the thin film is
R, and reflectance of the substrate is R, the following equa-
tion holds.

R=(Ro+R -2RoR)/(1-RoR)) 12
where
Ro=(ng-1,,)*/(no+n,, (13)

Assuming that n;=1.0 in Equation (13), the following equa-
tion holds.

Ro=(1-n,, "/ (1+n,,) (14)

[0080] When reflection on the bottom surface of the sub-
strate is taken into consideration, reflectance is represented as
Rvn,,. Then the following equation holds from Equations
(12) and (14).
Ry, =(Ro+Rv(d n,n,,)-2R Rv(d nn,,)) (1-RRv(d,n,
,,) 15

Thus reflectance of the substrate (index of refraction of n,,,,
thickness of D) with the transparent thin film (index of refrac-
tion of n, thickness of d) formed thereon vary greatly depend-
ing on index of refraction n,, of the substrate and index of
refraction n and thickness d of the coating mixture (film).
[0081] FIG. 9 shows values of reflectance of a substrate
(n,=1.70) with coating mixtures (n=1.90 and n=1.50) of
d=500 nm coated thereon. The values have been calculated
using Equation (15).

[0082] When reflectance n of a coating mixture is smaller
than reflectance n,, of the substrate, reflectance distribution
Rv(n) is smaller than the reflectance of the substrate and the
local minimum value (minimum value Rv-min) of Rv(n) is
8.41%. When reflectance n of a coating mixture is greater
than reflectance n,, of the substrate, reflectance distribution
Rv(n) is greater than the reflectance of the substrate and the
local maximum value (maximum value Rv-max) of Rv(n) is
18.08%.

[0083] Itis assumed that reflectance remain constant inde-
pendently of wavelength. Accordingly, when thickness of the
film is changed, phase alone is changed and the maximum
value of reflectance Rv-max and the minimum value of reflec-
tance Rv-min which are calculated using Equation (15)
remain unchanged.

[0084] FIG. 10 shows construction of Table 1. Rows of
Table 1 represent values of index of refraction of the film,
which are set in increments of 0.01 from the minimum value
to the maximum value. Columns of Table 1 represent values
of thickness of the film, which are set in increments of 1 nm
from d0-50 (nm) to d0+50 (nm). dO (nm) represents a target
value of thickness of the film.

[0085] Instep S3010 of FIG. 5, the data processors 120 and
220 generate m tables, Table 2-1 to Table 2-m, based on
differences between m sets of tristimulus values of reflection
color which have been obtained in step S1050 and sets of
theoretical tristimulus values of reflection color for respective
values of thickness and index of refraction of the film in Table
1.
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[0086] FIG. 11 shows construction of Table 2-1 to Table
2-m which show differences between each of m sets of tris-
timulus values of reflection color and sets of theoretical tris-
timulus values of reflection color for respective values of
thickness and index of refraction of the film in Table 1. Rows
of each table represent values of index of refraction of the
film, which are set in increments of 0.01 from the minimum
value to the maximum value. Columns of each table represent
values of thickness of the film, which are set in increments of
1 nm from d0-50 (nm) to d0+50 (nm). The differences which
correspond to values of index of refraction in respective rows
and to values of thickness of the film in respective columns,
are calculated and stored as Table 2-1 to Table 2-m in the
memory 130 or the memory 230.

[0087] Instep S3020 of FIG. 5, the data processors 120 and
220 obtain m values of index of refraction n(1) to n(m) and m
values of thickness of the film d(1) to d(m), each set of which
minimizes the difference in each of the m tables.

[0088] Instep S3030 of FIG. 5, the data processors 120 and
220 obtain m values of differences corresponding to the m
values of thickness of the film d(1) to d(m) for each of the m
values of index of refraction n(1) to n(m) in each of Tables 2-1
to 2-m, and obtain a sum of the m values of the differences.

[0089] FIG. 12 shows construction of Table 3 in which the
sum of the values of differences is given for each of the m
values of index of refraction n(1) to n(m). Rows of Table 3
represent the m values of index of refraction n(1) to n(m). It is
assumed that m is ten (10).

[0090] Instep S3040 of FIG. 5, the data processors 120 and
220 regard the one which minimizes the sum in Table 3
among the m values of index of refraction n(1) to n(m) as a
value of index of refraction of the film.

[0091] Instep S3050 of FIG. 5, the data processors 120 and
220 determine whether the value of thickness of the film
corresponding to the value of index of refraction which has
been obtained in step S3040 is the lower limit (d0-50 (nm)) or
the upper limit (d0+50 (nm)). Ifthe value is not the lower limit
or the upper limit, the process is terminated. If the value is the
lower limit or the upper limit, the process goes to step S3060.

[0092] Instep S3060 of FIG. 5, the data processors 120 and
220 determine a new target value d0 (nm) of thickness of the
film and generate Table 1. The new target value is set to a
value which is smaller than the lower limit or greater than the
upper limit.

[0093] Instep S1070 of FIG. 3, the data processors 120 and
220 obtain thickness of the film using index of refraction of
the substrate which has been obtained in step S1020, reflec-
tance distribution of the film on the substrate which has been
obtained in step S1040, and index of refraction of the film
which has been obtained in step S1060. A method for obtain-
ing thickness of a film is described in Japanese Patent No.
4482618.

[0094] FIG. 13 shows relationships between wavelength
and values of theoretical reflectance for respective values of
thickness of a film in the case that index of refraction of the
thin film is smaller than index of refraction of a substrate. In
FIG. 13, the horizontal axis represents wavelength while the
vertical axis represents reflectance. Index of refraction of the
substrate and that of the film are as below.

[0095] n,=1.68
[0096] n=1.46
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[0097] When thickness of the film is smaller than 70 nm, a
minimum value of index of refraction will not appear.
Accordingly, thickness of the film cannot be obtained by
conventional PV devices.

[0098] FIG. 14 shows relationships between wavelength
and values of theoretical reflectance for respective values of
thickness of a film in the case that index of refraction of the
thin film is greater than index of refraction of a substrate. In
FIG. 14, the horizontal axis represents wavelength while the
vertical axis represents reflectance. Index of refraction of the
substrate and that of the film are as below.

[0099] n,,=1.60
[0100] n=2.10
[0101] When thickness of the film is smaller than 40 nm, a

minimum value of index of refraction will not appear.
Accordingly, thickness of the film cannot be obtained by
conventional PV devices.

[0102] FIG. 15 shows measured reflectance distributions of
a substrate of polyethylene terephthalate and inorganic coat-
ing films formed on the substrate. In FIG. 15, the horizontal
axis represents wavelength while the vertical axis represents
reflectance. Index of refraction of the substrate which has
been obtained by the method shown in FIG. 3 is 1.683 while
that of the films is 1.480. Further, values of thickness of the
films which have been obtained using the index of refraction
of the films and the three measured reflectance distributions
of'the films formed on the substrate are 39.2 nm, 59.3 nm and
92.8 nm, respectively. In FIG. 15 values of thickness of the
films are marked with “thickness of coating film”.

[0103] FIG. 16 shows measured reflectance distributions of
a substrate of polyethylene terephthalate and inorganic coat-
ing films formed on the substrate. In FIG. 16, the horizontal
axis represents wavelength while the vertical axis represents
reflectance. Index of refraction of the substrate which has
been obtained by the method shown in FIG. 3 is 1.668 while
that of the films is 1.532. Further, values of thickness of the
films which have been obtained using the index of refraction
of'the films and the four measured reflectance distributions of
the films formed on the substrate are 131.4 nm, 121.6 nm,
113.1 nm and 94.5 nm, respectively. In FIG. 16 values of
thickness of the films are marked with “thickness of coating
film”. FIG. 16 shows that a small difference of approximately
10 nm in thickness of films can be adequately detected by the
film thickness measuring device and the film thickness mea-
suring method according to the present embodiment.

[0104] FIG.17 shows measured reflectance distributions of
a substrate of glass and ITO (Indium Tin Oxide) films formed
on the substrate. In FIG. 17, the horizontal axis represents
wavelength while the vertical axis represents reflectance.
Index of refraction of the substrate which has been obtained
by the method shown in FIG. 3 is 1.598 while that of the films
is 2.156. Further, values of thickness of the films which have
been obtained using the index of refraction of the films and
the four measured reflectance distributions of the films
formed on the substrate are 56.0 nm, 54.0 nm, 32.3 nm and
30.3 nm, respectively.

[0105] FIG. 18 shows measured reflectance distributions of
a substrate of glass and an ITO (Indium Tin Oxide) film
formed on the substrate. In FIG. 18, the horizontal axis rep-
resents wavelength while the vertical axis represents reflec-
tance. Index of refraction of the substrate which has been
obtained by the method shown in FIG. 3 is 1.598 while that of
the film is 2.194. Further, a value of thickness of the film
which has been obtained using the index of refraction of the
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film and the one measured reflectance distribution of the film
formed on the substrate is 104.1 nm.

[0106] InFIG.17 the values of thickness of the films are 56
nm or smaller while in FIG. 18 the value of thickness of the
film is 104 nm. Accordingly, the reflectance distributions
shown in FIG. 17 are completely different from the reflec-
tance distribution shown in FIG. 18. The values of index of
refraction of the films which have been obtained using the
completely different reflectance distributions are 2.156 and
2.194. Thus, a ratio of a difference in index of refraction to the
values of index of refraction is 2% or smaller. This fact proves
a high accuracy of the method according to the present
embodiment.

[0107] The film thickness measuring devices shown in FIG.
1 and FIG. 2 are constructed such that lights from the light
sources 111 and 211 are perpendicularly incident onto the
surface of the measuring object 300. A surface which is
arranged such that lights from the light sources 111 and 211
are perpendicularly incident onto the surface is defined as a
reference plane.

[0108] Provided that the surface of the measuring object
300 is tilted relative to the reference plane, how an angle of tilt
relative to the reference plane affects the transmittance mea-
suring type film thickness measuring device shown in FIG. 1
and the reflectance measuring type film thickness measuring
device shown in FIG. 2 will be described.

[0109] FIG. 19 shows reflectance distributions of a glass
plate with a film formed thereon for four angles of tilt, which
were measured by the reflectance measuring type film thick-
ness measuring device 200. The angle of the reference plane
is set to 0 and included in the four angles. Reflectance was
measured by the spectroscopic sensor 213.

[0110] FIG. 20 shows rates of change of reflectance for the
three angles of tilt besides the angle of the reference plane
with reference to reflectance for the reference plane. The rate
of change is defined by the following equation.

Rv(0) — Rv(0) (16)
=m0 100

Rv(0) and Rv(0) represent values of reflectance for angle of
tilt of 0 and that of 0, respectively. According to FIG. 20, the
rate of change is approximately —14% even for angle of tilt of
6=0.52°. The rate of change is very great.

[0111] FIG. 21 shows reflectance distributions of a glass
plate with a film formed thereon for four angles of tilt, which
were measured by the transmittance measuring type film
thickness measuring device. The angle of the reference plane
is set to 0 and included in the four angles. Reflectance was
calculated from transmittance measured by the spectroscopic
sensor 113.

[0112] FIG. 22 shows rates of change of reflectance for the
three angles of tilt besides the angle of the reference plane
with reference to reflectance of the reference plane. The rate
of change is defined by Equation (16). According to FIG. 22,
the rate of change is 2% or smaller for almost all wavelengths
in the case of angle of tilt of 6=0.52° and 3% or smaller for
almost all wavelengths in the case of angle of tilt of 6=1.03°
and in the case of angle of tilt of 6=1.55°. Compared with the
results of FIG. 20, influence of angle of tilt relative to the
reference plane is extremely small.

[0113] Asto asample of a transparent substrate of polyeth-
ylene terephthalate with a transparent conductive oxide
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(TOC) film formed thereon, reflectance distributions for plu-
ral angles of'tilt are obtained by the transmittance measuring
type film thickness measuring device and then thickness of
the film is obtained.

[0114] FIG. 23 shows reflectance distributions of the trans-
parent substrate of polyethylene terephthalate with a trans-
parent conductive oxide (TOC) film formed thereon for four
angles of tilt, which were obtained by the transmittance mea-
suring type film thickness measuring device 100. The angle of
the reference plane is set to 0 and included in the four angles.
Reflectance was calculated from transmittance measured by
the spectroscopic sensor 113.

[0115] FIG. 24 shows values of thickness of a transparent
conductive oxide film for seven angles of tilt, which were
obtained by the transmittance measuring type film thickness
measuring device 100. The angle of the reference plane is set
to 0 and included in the seven angles. Index of refraction of
the substrate is 1.621 while index of refraction of the film is
2.21, and thickness of the film is 14.7 nm in the case of angle
of'tilt of 0°. In the case of angle of tilt of 1.29°, thickness of the
film is 16 nm and a difference in thickness of the film between
the case of angle of tilt of 1.29° and the case of angle of tilt of
0° is 1.3 nm. That is, when angle of tilt is 1° or smaller, error
of thickness of the film is 1 nm or smaller. Thus, the trans-
mittance measuring type film thickness measuring device is
capable of maintaining a high accuracy for a change in angle
of'tilt with reference to the horizontal surface of an measuring
object.

What is claimed is:

1. A film thickness measuring device comprising a spec-
troscopic sensor and a data processor,

wherein the spectroscopic sensor measures spectroscopic

data ofafilm coated on a substrate and the data processor
obtains measured color characteristic variables from the
measured spectroscopic data, compares the measured
color characteristic variables with plural sets of theoreti-
cal color characteristic variables corresponding to plural
sets of values, each set including one of plural values of
thickness and one of plural values of index of refraction
of the film, determines index of refraction of the film
using the set of values corresponding to the set of theo-
retical color characteristic variables which minimizes a
difference between the set of theoretical color charac-
teristic variables and the measured color characteristic
variables, and determines thickness of the film using the
index of refraction of the film.

2. A film thickness measuring device according to claim 1,
wherein the spectroscopic sensor measures transmittance dis-
tribution of the film coated on the substrate and the data
processor obtains reflectance distribution from the measured
transmittance distribution and then obtains the measured
color characteristic variables.
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3. A film thickness measuring device according to claim 1,
further comprising a memory storing the plural sets of theo-
retical color characteristic variables corresponding to the plu-
ral sets of values.

4. A film thickness measuring device according to claim 1,
wherein color characteristic variables are tristimulus values
of reflection color.

5. A film thickness measuring method by which thickness
ofa film coated on a substrate is measured by a film thickness
measuring device including a spectroscopic sensor and a data
processor, the method comprising the steps of:

measuring by the spectroscopic sensor spectroscopic data
of the film coated on the substrate;

obtaining by the data processor measured color character-
istic variables from the measured spectroscopic data;

comparing the measured color characteristic variables with
plural sets of theoretical color characteristic variables
corresponding to plural sets of values, each set including
one of plural values of thickness and one of plural values
of index of refraction of the film, and determining index
of refraction of the film using the set of values corre-
sponding to the set of theoretical color characteristic
variables which minimizes a difference between the set
of theoretical color characteristic variables and the mea-
sured color characteristic variables; and

determining thickness of the film using the index of refrac-
tion of the film.

6. A film thickness measuring method according to claim 5,
wherein in the step of measuring the spectroscopic sensor
measures a transmittance distribution of the film coated on the
substrate and in the step of obtaining the measured color
characteristic variables the data processor obtains a reflec-
tance distribution from the measured transmittance distribu-
tion and further obtains the measured color characteristic
variables from the reflectance distribution.

7. A film thickness measuring method according to claim 5,
wherein in the step of measuring the spectroscopic sensor the
spectroscopic sensor measures spectroscopic data of the film
coated on the substrate at plural points, in the step of obtain-
ing the measured color characteristic variables the data pro-
cessor obtains plural sets of measured color characteristic
variables which correspond to the plural points and in the step
of determining index of refraction the data processor obtains
index of refraction of the film using the plural sets of mea-
sured color characteristic variables.

8. A film thickness measuring method according to claim 5,
wherein color characteristic variables are tristimulus values
of reflection color.



