US 20180274904A1
a9y United States

a2y Patent Application Publication (o) Pub. No.: US 2018/0274904 A1

MIURA et al. 43) Pub. Date: Sep. 27, 2018
(54) FILM THICKNESS MEASURING METHOD (52) US.CL
AND FILM THICKNESS MEASURING (012 ORI GO1B 11/0633 (2013.01)
APPARATUS
(71)  Applicant: TOYOTA JIDOSHA KABUSHIKI (57) ABSTRACT

KAISHA, Toyota-shi (JP)

A film thickness measuring apparatus includes a displace-
ment sensor, and a film thickness calculator that includes a
first processor, a second processor, and a third processor. The
displacement sensor detects displacement of a sheet in its
thickness direction at a location opposite to a portion of a
terahertz scanner from which a terahertz wave is applied to

(72) Inventors: Masanori MIURA, Toyota-shi (JP);
Jun TAKAYANAGI, Nagoya-shi (JP)

(73) Assignee: TOYOTA JIDOSHA KABUSHIKI
KAISHA, Toyota-shi (JP)

(21) Appl. No.: 15/924,508 a conveyance path. In accordance with a detection signal
provided by the displacement sensor, the first processor

(22) Filed: Mar. 19, 2018 determines the speed of displacement of the sheet in its
thickness direction while the sheet is conveyed along the

30) Foreign Application Priority Data conveyance path. In accordance with the speed of displace-
ment, the second processor corrects a scan waveform

Mar. 22, 2017 (IP) weoereiiveieeceecieee 2017-056505 acquired by the terahertz scanner. In accordance with the

peaks of the intensity of the terahertz wave that appear in the

Publication Classification scan waveform corrected by the second processor, the third

(51) Int. CL processor calculates the thickness of a film formed on the
GO0IB 11/06 (2006.01) sheet.
1 (3 12a1
N /
12
%
/
12¢6 120
%/
12c8
12¢7
/
F—1
|
|
12 |
12b1 l
|
|
| 14
e

pooo

S 7 7 7
14a 14b 14c 14d




Patent Application Publication  Sep. 27,2018 Sheet 1 of 5 US 2018/0274904 A1

FIG.1

0 12¢8
h /

11b

—_—
—_—
s
NN &
—_—

s
(¢

- N

—_—



Patent Application Publication  Sep. 27,2018 Sheet 2 of 5 US 2018/0274904 A1

Py

! /

14a 14b 14c 14d




Patent Application Publication  Sep. 27,2018 Sheet 3 of 5 US 2018/0274904 A1

INTENSITY OF

REFLECTE

INTENSITY OF
REFLECTED WAVE

D WAVE

FIG.3

\, At

o . P2
|
|

|

|

|

|

|

TIME (s)

FIG.4

TIME (s)



Patent Application Publication  Sep. 27,2018 Sheet 4 of 5 US 2018/0274904 A1

PLOT INTERVAL VARIATION (%)

DISPLACEMENT SPEED (pm/s)



Patent Application Publication  Sep. 27,2018 Sheet 5 of 5 US 2018/0274904 A1

( START )

FIG.6

START CONVEYANCE OF SHEET

—~— 81

START TERAHERTZ
WAVE SCANNING

—— 52

l

MEASURE |-_s4
DISPLACEMENT

END

ACQUIRE L S3 CALCULATE LS5
SCAN WAVEFORM DISPLACEMENT SPEED
|
CORRECT SCAN WAVEFORM |-_ g6
PERFORM DECONVOLUTION  }-_ 87
CALCULATE FILM THICKNESS |-_s8



US 2018/0274904 Al

FILM THICKNESS MEASURING METHOD
AND FILM THICKNESS MEASURING
APPARATUS

CROSS-REFERENCE TO RELATED
APPLICATIONS

[0001] The present application claims priority from Japa-
nese Patent Application No. 2017-056505 filed on Mar. 22,
2017, which is incorporated by reference herein in its
entirety.

BACKGROUND OF THE INVENTION

1. Field of the Invention

[0002] The present invention relates to film thickness
measuring methods and film thickness measuring appara-
tuses.

2. Description of the Related Art

[0003] JP 2004-28618 A discloses a film thickness mea-
suring method that utilizes a terahertz wave. The film
thickness measuring method disclosed in JP 2004-28618 A
involves adding a double refraction amount to optically
delayed probe pulsed light using electro-optical effect in
accordance with the intensity of terahertz echo pulse
reflected from a coating film. The method then involves
photoelectrically converting the probe pulsed light into an
electric signal and synchronously detecting the electric
signal in accordance with a reference high frequency signal
s0 as to generate a measurement signal substantially pro-
portional to the double refraction amount added to the probe
pulsed light. The method subsequently involves time-divid-
ing the terahertz echo pulse while changing the amount of
delay time, thus measuring a signal waveform. The method
then involves calculating a time difference between the
terahertz echo pulses so as to calculate the thickness of the
coating film.

[0004] JP 2012-225718 A discloses an apparatus to mea-
sure, utilizing a terahertz wave, the thickness of a film
having a curved surface. Industrial products to be used as
samples usually have various shapes and thus do not nec-
essarily have flat surfaces. Even if the surface of a coating
film seems to be flat, the surface of the coating film actually
has height differences induced by innumerable microscopic
asperities and island materials. Suppose that light having a
predetermined beam diameter is applied onto the surface of
a coating film having height differences. In this case, the
height differences are integrated when the height differences
are detected. This makes it impossible to distinguish
between the film thickness and the height differences and
thus makes it difficult to accurately detect the film thickness.
The technique disclosed in JP 2012-225718 A involves
calculating a reference signal indicative of an electric field
intensity of a reflected wave from a reflection surface to a
terahertz wave detector in accordance with information on
the shape of the reflection surface of a sample. The technique
subsequently involves correcting a detection signal using the
reference signal. The technique disclosed involves present-
ing the electric field intensity of the corrected detection
signal in the form of time axis waveform data so as to detect
peaks from the waveform data and calculate the film thick-
ness in accordance with a time difference between the peaks.
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SUMMARY OF THE INVENTION

[0005] The inventor of the present invention has con-
ducted studies on, for example, measuring the thickness of
a film formed on a strip-shaped sheet while conveying the
sheet by a roll-to-roll process. A strip-shaped sheet may
vibrate while being conveyed, resulting in displacement of
the sheet in its thickness direction. Because such a method
involves detecting a reflected wave of a terahertz wave
applied to a sheet, serving as a target for measurement, so as
to measure the thickness of a film formed on the sheet,
displacement of the sheet in its thickness direction while the
sheet is conveyed makes it difficult to accurately measure the
thickness of the film.
[0006] An embodiment of the present invention disclosed
herein provides a film thickness measuring method includ-
ing:
[0007] a) conveying, along a predetermined conveyance
path, a sheet on which a film serving as a target for
measurement is formed;
[0008] b) applying a terahertz wave to the sheet in its
thickness direction while the sheet is conveyed along the
conveyance path;
[0009] c¢) receiving the terahertz wave reflected off the
sheet, and recording an intensity of the received terahertz
wave over time so as to acquire a scan waveform;
[0010] d) measuring, concurrently with step b), a speed of
displacement of the sheet in its thickness direction while the
sheet is conveyed along the conveyance path;
[0011] e) correcting the scan waveform in accordance with
the speed of displacement of the sheet in its thickness
direction;
[0012] and
[0013] 1) calculating a thickness of the film of the sheet
in accordance with peaks of the intensity of the tera-
hertz wave that appear in the scan waveform corrected.
[0014] Step e) may involve correcting the scan waveform
in accordance with a correction map including a relationship
between the speed of displacement of the sheet in its
thickness direction and a variation in time axis of the scan
waveform.
[0015] The film thickness measuring method described
above involves recording the intensity of the received tera-
hertz wave over time so as to acquire the scan waveform,
and correcting the scan waveform in accordance with the
speed of displacement of the sheet being conveyed. The
method then involves calculating the film thickness in
accordance with the scan waveform corrected. Thus, the
method accurately calculates the thickness of the film of the
sheet while the sheet is conveyed.
[0016] Another embodiment of the present invention dis-
closed herein provides a film thickness measuring apparatus
including a conveyor, a terahertz scanner, a displacement
sensor, and a film thickness calculator.
[0017] The conveyor is configured to convey a sheet along
a predetermined conveyance path.
[0018] The terahertz scanner includes an applicator, a
receiver, and a scan waveform acquirer. The applicator is
configured to apply a terahertz wave to the sheet in its
thickness direction while the sheet is conveyed along the
conveyance path. The receiver is configured to receive the
terahertz wave reflected off the conveyance path. The scan
waveform acquirer is configured to record, over time, an
intensity of the terahertz wave in accordance with a detec-
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tion signal indicative of the terahertz wave received by the
receiver, so as to acquire a scan waveform.

[0019] The displacement sensor is configured to detect
displacement of the sheet in its thickness direction at a
location opposite to a portion of the terahertz scanner from
which the terahertz wave is applied to the conveyance path.
[0020] The film thickness calculator includes a first pro-
cessor, a second processor, and a third processor.

[0021] The first processor is configured to determine, in
accordance with a detection signal provided by the displace-
ment sensor, a speed of displacement of the sheet in its
thickness direction while the sheet is conveyed along the
conveyance path.

[0022] The second processor is configured to correct, in
accordance with the speed of displacement, the scan wave-
form acquired by the terahertz scanner.

[0023] The third processor is configured to calculate, in
accordance with peaks of the intensity of the terahertz wave
that appear in the scan waveform corrected by the second
processor, a thickness of a film formed on the sheet.
[0024] The film thickness calculator may include a
recorder recording a correction map including a relationship
between the speed of displacement of the sheet in its
thickness direction and a variation in time axis of the scan
waveform. In this case, the second processor is preferably
configured to correct the scan waveform in accordance with
the correction map recorded in the recorder.

[0025] The film thickness measuring apparatus described
above determines the speed of displacement of the sheet in
its thickness direction in accordance with the detection
signal provided by the displacement sensor, and corrects, in
accordance with the speed of displacement, the scan wave-
form acquired by the terahertz scanner. The apparatus then
calculates the film thickness in accordance with the scan
waveform corrected. Thus, the apparatus accurately calcu-
lates the thickness of the film of the sheet while the sheet is
conveyed.

BRIEF DESCRIPTION OF THE DRAWINGS

[0026] FIG. 1 is a schematic diagram of a film thickness
measuring apparatus 10.

[0027] FIG. 2 is a schematic diagram illustrating a struc-
ture of a terahertz scanner 12 included in the film thickness
measuring apparatus 10.

[0028] FIG. 3 is a graph illustrating an example of a scan
waveform acquired by a scan waveform acquirer 12c.
[0029] FIG. 4 is a graph illustrating a scan waveform
acquired when a sheet 2 is displaced toward a terahertz wave
detector 1251.

[0030] FIG. 5 is a graph illustrating an example of a
correction map.
[0031] FIG. 6 is a flow chart illustrating process steps to

be performed by the film thickness measuring apparatus 10.

DETAILED DESCRIPTION OF THE
PREFERRED EMBODIMENTS

[0032] A film thickness measuring method and a film
thickness measuring apparatus according to an embodiment
of the present invention disclosed herein will be described
below. The embodiment described below is naturally not
intended to limit the present invention in any way. Unless
otherwise specified, the present invention is not limited to
the embodiment described below.
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[0033] FIG. 1 is a schematic diagram of a film thickness
measuring apparatus 10. The film thickness measuring appa-
ratus 10 performs the film thickness measuring method
according to the present embodiment. As illustrated in FIG.
1, the film thickness measuring apparatus 10 includes a
conveyor 11, a terahertz scanner 12, a displacement sensor
13, and a film thickness calculator 14.

[0034] The conveyor 11 is configured to convey a sheet 2
along a predetermined conveyance path. In the present
embodiment, the conveyor 11 is configured to convey the
sheet 2 having a strip shape. The conveyor 11 includes the
predetermined conveyance path along which the sheet 2 is to
be conveyed. As illustrated in FIG. 1, the conveyor 11
further includes conveyance rolls 11a and 115 to convey the
sheet 2 along the conveyance path. As illustrated in FIG. 1,
the sheet 2 conveyed by the conveyor 11 vibrates upon
receiving mechanical vibrations.

[0035] At least one side of a substrate 2a of the sheet 2 to
be conveyed is provided with a film 25 serving as a target for
measurement. As illustrated in FIG. 1, the sheet 2 is con-
veyed such that the film 26 (which serves as a target for
measurement) faces toward a portion of the terahertz scan-
ner 12 from which a terahertz wave t1 is to be applied. In one
example, the sheet 2 may be an electrode sheet to be used as
an electrode for a secondary battery. When the sheet 2 is an
electrode sheet, the substrate 2qa is metallic foil, for example.
The film 25 may be an active material layer containing
active material particles. The substrate 2a may be metallic
foil having a thickness of about 10 um to about 15 um, for
example. The film 25 may be an active material layer having
a thickness of about 10 um to about 100 um, for example.

[0036] The film 25 that is an active material layer or a
heat-resistant insulating layer, for example, is desirably
formed to a predetermined thickness. The resulting thick-
ness, however, may vary from the predetermined thickness
even when the conditions of formation of the film 24 only
slightly change. In order for a secondary battery to achieve
necessary functions, the active material layer or heat-resis-
tant insulating layer is required to be formed to a predeter-
mined thickness. The film thickness measuring apparatus 10
may be used to examine whether the active material layer or
heat-resistant insulating layer, for example, is formed to a
suitable thickness. The present embodiment is described on
the assumption that the film thickness measuring method
and the film thickness measuring apparatus are used to
measure the thickness of a film formed on a sheet, such as
an electrode sheet for use in manufacture of a secondary
battery. The film thickness measuring method and the film
thickness measuring apparatus according to the present
embodiment, however, may find applications other than
manufacture of a secondary battery. The film thickness
measuring method and the film thickness measuring appa-
ratus according to the present embodiment may be used in
a wide range of applications involving measuring the thick-
ness of a film formed on a sheet.

[0037] FIG. 2 is a schematic diagram illustrating a struc-
ture of the terahertz scanner 12 included in the film thickness
measuring apparatus 10.

[0038] As illustrated in FIG. 2, the terahertz scanner 12
includes an applicator 12a, a receiver 12b, and a scan
waveform acquirer 12¢. An optical device disclosed in JP
2012-225718 A, for example, is equivalent to the terahertz
scanner 12. A device equivalent to the terahertz scanner 12
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is disclosed also in JP 2004-28618 A. The terahertz scanner
12 may be a provided by a combination of techniques known
in the art.

[0039] The applicator 12a is configured to apply the
terahertz wave tl to the sheet 2 in its thickness direction
while the sheet 2 is conveyed along the conveyance path. In
the present embodiment, the applicator 12a includes a laser
emitter 1241, a modulator 1242, and a terahertz wave
generator 1243. In one example, the laser emitter 12a1 may
be a femtosecond laser emitter, such as a femtosecond fiber
laser. The laser emitter 12a1 generates pulsed light that
includes “pump light”. The pulsed light generated by the
laser emitter 12a1 will hereinafter be referred to as “pulsed
light pa”. The pulsed light pa emitted from the laser emitter
1241 is divided into first pulsed light pal and second pulsed
light pa2 by a spectroscope 12¢1 (which will be described
below). The first pulsed light pal is modulated into a pulse
having a predetermined frequency by the modulator 1242
and sent to the terahertz wave generator 12a3. The second
pulsed light pa2 is used as probe light.

[0040] A terahertz wave generating element may be used
as the terahertz wave generator 12a43. The terahertz wave
generating element includes an organic nonlinear optical
crystal, such as 4-dimethylamino-N-methyl-4-stilbazolium
tosylate (DAST), for example. The first pulsed light pal
generated by an ultra-short pulse femtosecond laser, for
example, is incident on the terahertz wave generator 1243.
This causes the terahertz wave generator 12a3 to output the
terahertz wave t1 with a frequency of several tens of THz or
more. As illustrated in FIG. 2, the terahertz wave generator
1243 is disposed such that the terahertz wave t1 is applied
to the sheet 2 in its thickness direction while the sheet 2 is
conveyed along the conveyance path.

[0041] The receiver 125 is configured to receive a tera-
hertz wave reflected from the conveyance path. In the
present embodiment, the receiver 1256 includes a terahertz
wave detector 1261. The terahertz wave detector 12561
receives a terahertz wave t2 reflected from the sheet 2
conveyed along the conveyance path. The terahertz wave
detector 1251 provides a detection signal upon detecting a
pulse wave of the second pulsed light pa2 that is probe light
sent from the scan waveform acquirer 12¢ (which will be
described below). The detection signal is an instantaneous
signal proportional to the electric field of the terahertz wave
2. The terahertz wave generating element that may be used
as the terahertz wave generator 1243 and a terahertz wave
detecting element that may be used as the terahertz wave
detector 12b1 are known in the art as disclosed in JP
2004-28618 A and JP 2012-225718 A. Thus, these elements
will not be described in detail.

[0042] The scan waveform acquirer 12¢ is configured to
record, over time, the intensity of the terahertz wave
received by the receiver 126 so as to acquire a scan wave-
form. In the present embodiment, the scan waveform
acquirer 12¢ includes the spectroscope 12¢1, a first mirror
12¢2, a movable mirror 12¢3, an actuator 12¢4, a second
mirror 12¢5, a third mirror 12¢6, a probe light receiver 12¢7,
and a scan waveform sampler 12¢8.

[0043] The spectroscope 12¢1 divides the pulsed light pa
emitted from the laser emitter 1241 into the first pulsed light
pal and the second pulsed light pa2. The first pulsed light
pal is sent to the terahertz wave generator 1243 so as to
cause the terahertz wave generator 1243 to generate the
terahertz wave t1. The second pulsed light pa2 is reflected by
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the first mirror 12¢2, the movable mirror 12¢3, the second
mirror 12¢5, and the third mirror 12¢6 in this order and then
sent to the probe light receiver 12¢7. The first mirror 12¢2
and the second mirror 12¢5 are immovable. The movable
mirror 12¢3 is moved by the actuator 12¢4. Moving the
movable mirror 12¢3 by the actuator 12¢4 changes the
optical path length of the second pulsed light pa2.

[0044] A change in the optical path length of the second
pulsed light pa2 changes the time at which the second pulsed
light pa2 reaches the probe light receiver 12¢7 of the
receiver 12b. The scan waveform sampler 12¢8 drives the
actuator 12¢4 in accordance with a predetermined program
so as to move the movable mirror 12¢3. The terahertz wave
detector 1261 outputs the detection signal to the scan
waveform sampler 12¢8 at the time when the second pulsed
light pa2 reaches the probe light receiver 12¢7. The detec-
tion signal is proportional to the intensity of the terahertz
wave 12. The scan waveform sampler 12¢8 records, over
time, the detection signal output to the scanned waver
sampler 12¢8 and proportional to the intensity of the tera-
hertz wave t2. Recording the intensity of the terahertz wave
t2 over time in accordance with the record of the detection
signal provides a scan waveform.

[0045] The scan waveform acquirer 12¢ records (or plots),
over time, the intensity of the terahertz wave t2 received by
the receiver 126. Connecting the plots of the intensity of the
terahertz wave t2 provides a scan waveform. Scanning the
movable mirror 12¢3, for example, makes it possible to plot
the intensity of the terahertz wave t2 at regular time intervals
(e.g., at intervals of 100 milliseconds) so as to acquire a
reflection waveform. The terahertz scanner 12 employs what
is called a pump-probe method in the above-described
manner so as to acquire a waveform responsive to the
intensity of the terahertz wave t2 reflected off the sheet 2.
The principles of the terahertz scanner 12 operating as
described above are disclosed in, for example, JP 2004-
28618 A and JP 2012-225718 A.

[0046] FIG. 3 is a graph illustrating an example of a scan
waveform acquired by the scan waveform acquirer 12¢. In
FIG. 3, the horizontal axis represents time, and the vertical
axis represents the intensity of the terahertz wave 12
reflected from the sheet 2. As illustrated in FIG. 3, the scan
waveform acquirer 12¢ records, over time, the intensity of
the terahertz wave t2 received by the receiver 125 so as to
acquire the scan waveform. In the example illustrated in
FIG. 3, the scan waveform acquirer 12¢ acquires the scan
waveform while the movable mirror 12¢3 is moved by the
actuator 12¢4 such that the optical path length of the second
pulsed light pa2 is gradually increased.

[0047] As illustrated in FIG. 2, a portion of the terahertz
wave tl applied to the sheet 2 is reflected off the surface of
the film 25 of the sheet 2, so that the reflected terahertz wave
12 is detected by the terahertz wave detector 1251. A portion
of'the terahertz wave t1 applied to the sheet 2 passes through
the film 25 of the sheet 2 and is reflected off the substrate 2a
of the sheet 2, so that the reflected terahertz wave 12 is
detected by the terahertz wave detector 1261. Recording the
intensity of the terahertz wave 12 received by the receiver
125 while gradually increasing the optical path length of the
second pulsed light pa2 results in two peaks, i.e., a peak P1
and a peak P2, in the scan waveform as illustrated in FIG.
3.

[0048] The peak P1 that appears before the peak P2 along
the time axis is caused by the terahertz wave t2 reflected off
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the surface of the film 26 of the sheet 2 and detected by the
terahertz wave detector 1261. The peak P2 that appears after
the peak P1 is caused by the terahertz wave tl that passes
through the film 26 of the sheet 2, is reflected off the
substrate 2a of the sheet 2, and is detected by the terahertz
wave detector 12b1. Thus, the thickness of the film 254
serving as a target for measurement is calculated by a
predetermined computational expression in accordance with
a time At between detection of the peak P1 and detection of
the peak P2.

[0049] The above-described measurement is unlikely to
cause any problems when the sheet 2 is stationary. When the
sheet 2 is conveyed by the conveyor 11 as illustrated in FIG.
1, however, the sheet 2 receives, for example, mechanical
vibrations and flutters during driving of the conveyor 11,
resulting in slight displacement of the sheet 2 in its thickness
direction. The terahertz wave detector 1251, for example, is
disposed so as to be immovable relative to the conveyance
path. Thus, conveyance of the sheet 2 by the conveyor 11
causes a change in the relative distance between the tera-
hertz wave detector 1251 and the sheet 2. Suppose that the
sheet 2 is displaced in its thickness direction by, for example,
fluttering of the sheet 2 when the scan waveform is acquired
by the scan waveform acquirer 12¢ as previously described.
The time axis of the scan waveform acquired in this case
varies from that illustrated in FIG. 3. Specifically, the time
At between detection of the peak P1 and detection of the
peak P2 in the scan waveform varies in accordance with the
speed of displacement of the sheet 2.

[0050] FIG. 4 is a graph illustrating a scan waveform
acquired when the sheet 2 is displaced toward the terahertz
wave detector 1251. The thickness of the film 25 of the sheet
2 measured in the example illustrated in FIG. 4 is equal to
the thickness of the film 25 of the sheet 2 measured in the
example illustrated in FIG. 3. As illustrated in FIG. 4,
displacement of the sheet 2 toward the terahertz wave
detector 1251 reduces the time At between detection of the
peak P1 and detection of the peak P2. The thickness of the
film 25 of the sheet 2 calculated in this case is smaller than
the actual thickness of the film 25.

[0051] Plot intervals in the graph of FIG. 4 are shorter than
plot intervals in the graph of FIG. 3. Movement of the sheet
2 relative to the terahertz wave detector 1251 changes a
relative scanning speed of the movable mirror. Thus, when
the sheet 2 is displaced toward the terahertz wave detector
12541, time intervals between plots are apparently short as
illustrated in FIG. 4.

[0052] Although not illustrated, the time At between
detection of the peak P1 and detection of the peak P2
increases when the sheet 2 is displaced away from the
terahertz wave detector 1261. The thickness of the film 26 of
the sheet 2 calculated in this case is larger than the actual
thickness of the film 2.

[0053] Thus, conveyance of the sheet 2 by the conveyor 11
causes a change in the relative distance between the tera-
hertz wave detector 1261 and the sheet 2, resulting in
inaccurate calculation of the thickness of the film 25.
[0054] The film thickness measuring apparatus 10 dis-
closed herein includes the displacement sensor 13 to detect
displacement of the sheet 2 in its thickness direction. The
displacement sensor 13 is configured to detect displacement
of the sheet 2 in its thickness direction at a location opposite
to a portion of the terahertz scanner 12 from which a
terahertz wave is applied to the conveyance path. The
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displacement sensor 13 is preferably a noncontact distance-
measuring sensor. Examples of the noncontact distance-
measuring sensor include a laser distance-measuring sensor.
[0055] The film thickness calculator 14 includes a first
processor 14a, a second processor 145, and a third processor
14c¢. In the present embodiment, the film thickness calculator
14 further includes a recorder 14d that records a correction
map (see FIG. 5) prepared in advance. In the present
embodiment, the film thickness calculator 14 is typically a
computer including a predetermined interface, a memory,
and a calculator and is configured to calculate, in accordance
with a predetermined program, the thickness of the film 25
of the sheet 2 serving as a target for measurement. The first
processor 14a, the second processor 14b, and the third
processor 14¢ may be processing modules configured to
perform predetermined processes in accordance with a pre-
determined program.

[0056] The first processor 14a is configured to calculate,
in accordance with a detection signal provided by the
displacement sensor 13, the speed of displacement of the
sheet 2 in its thickness direction while the sheet 2 is
conveyed along the conveyance path. In other words, the
first processor 14a calculates the amount of displacement of
the sheet 2 per unit time.

[0057] The second processor 145 is configured to correct,
in accordance with the displacement speed calculated by the
first processor 14a, the scan waveform acquired by the
terahertz scanner 12. In the present embodiment, the second
processor 144 is configured to correct the scan waveform in
accordance with the correction map recorded in the recorder
144d. The relationship between the speed of displacement of
the sheet 2 in its thickness direction and a variation in the
time axis of the scan waveform is preferably recorded in the
correction map. The correction map is preferably prepared in
advance.

[0058] The relationship between the speed of displace-
ment of the sheet 2 in its thickness direction and a variation
in the time axis of the scan waveform is preferably provided
in the correction map by performing, for example, a test or
a simulation in advance. In one example, a process for
providing a correction map including such a relationship
involves preparing a sheet including a film formed with
accuracy and having a known thickness, and acquiring a
scan waveform by the terahertz scanner 12 while the sheet
is conveyed by the conveyor 11. The process then involves
calculating the thickness of the film of the sheet in accor-
dance with the peaks of terahertz wave intensity that appear
in the scan waveform. The process subsequently involves
determining the relationship between the film thickness
calculated in this case and the speed of displacement of the
sheet in its thickness direction. The process then preferably
involves determining, in accordance with a variation in the
film thickness observed in this case, the relationship
between the speed of displacement of the sheet in its
thickness direction and a variation in the time axis of the
scan waveform. The correction map may be provided by
simulating the process on a computer.

[0059] FIG. 5 is a graph illustrating an example of the
correction map. The horizontal axis in FIG. 5 represents a
displacement speed (um/s). The vertical axis in FIG. 5
represents a variation (%) in the time axis of the scan
waveform.

[0060] When the displacement speed is negative in FIG. 5,
the sheet is displaced away from the terahertz wave detector
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1251 (i.e., downward in FIG. 2). In this case, the larger the
absolute value of the displacement speed, the higher the
displacement speed. When the displacement speed is posi-
tive in FIG. 5, the sheet is displaced toward the terahertz
wave detector 1251 (i.e., upward in FIG. 2).

[0061] When the displacement speed is negative, a varia-
tion in the time axis of the scan waveform is positive. This
means that the time axis of the scan waveform varies such
that the time axis of the scan waveform is extended. In other
words, the scan waveform varies such that the time At
between detection of the peak P1 and detection of the peak
P2 is increased. When the displacement speed is positive, a
variation in the time axis of the scan waveform is negative.
This means that the time axis of the scan waveform varies
such that the time axis of the scan waveform is reduced. In
other words, the scan waveform varies such that the time At
between detection of the peak P1 and detection of the peak
P2 is reduced. The larger the absolute value of the variation
in the time axis of the scan waveform, the greater the
variation in the time axis of the scan waveform.

[0062] In one example, a process for correcting a scan
waveform in accordance with the correction map preferably
involves: determining a variation in the time axis of the scan
waveform by making reference to the correction map in
accordance with the displacement speed detected by the
displacement sensor 13; and correcting the scan waveform
such that the variation in the time axis is corrected. When the
displacement speed is negative in the above-described
example, the scan waveform correcting process preferably
involves determining the magnitude of the variation in the
time axis in accordance with the correction map, and cor-
recting the scan waveform such that the time At is reduced
in accordance with the magnitude of the variation deter-
mined. When the displacement speed is positive in the
above-described example, the scan waveform correcting
process preferably involves determining the magnitude of
the variation in the time axis in accordance with the correc-
tion map, and correcting the scan waveform such that the
time At is increased in accordance with the magnitude of the
variation determined. When the displacement speed is con-
stant during a time period in which the scan waveform is
acquired, the scan waveform correcting process may be
performed on the assumption that a variation in the time axis
of the scan waveform is constant. When the displacement
speed changes during a time period in which the scan
waveform is acquired, the scan waveform correcting process
may involve correcting the time axis of the scan waveform
for each interval between plots, for example.

[0063] The third processor 14c¢ is configured to calculate
the thickness of the film of the sheet in accordance with the
peaks of terahertz wave intensity that appear in the scan
waveform corrected by the second processor 145. In one
example, the calculation performed by the third processor
14c¢ preferably involves determining the time At between
detection of the peak P1 and detection of the peak P2 in
accordance with the scan waveform corrected as mentioned
above, and calculating the film thickness in accordance with
the time At by a predetermined computational expression.
[0064] FIG. 6 is a flow chart illustrating process steps to
be performed by the film thickness measuring apparatus 10.
[0065] As illustrated in FIG. 6, the film thickness measur-
ing apparatus 10 starts a process for conveying the sheet 2
(S1). Concurrently with this, the terahertz scanner 12 applies
a terahertz wave to the sheet 2 (S2) so as to acquire a scan
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waveform in accordance with a reflected wave of the tera-
hertz wave (S3). Concurrently with the application of the
terahertz wave to the sheet 2, the displacement sensor 13
detects displacement of the sheet 2 in its thickness direction
while the sheet 2 is conveyed along the conveyance path
(S4). Subsequently, the film thickness calculator 14 calcu-
lates the speed of displacement of the sheet 2 in its thickness
direction (S5). The film thickness calculator 14 then corrects
the scan waveform in accordance with the scan waveform
acquired and the speed of displacement of the sheet 2 in its
thickness direction (S6). As illustrated in FIG. 6, the present
embodiment subsequently involves performing a deconvo-
Iution process (S7) and calculating the thickness of the film
2b of the sheet 2 (S8).

[0066] In one example, the deconvolution process (S7)
involves using the second pulsed light pa2, serving as probe
light, so as to process a detection signal indicative of the
terahertz wave t2 reflected off the sheet 2 (see FIG. 2). This
reduces or prevents degradation in a signal indicative of the
reflected wave of the terahertz wave that occurs between
output of the terahertz wave from the terahertz wave gen-
erator 12a3 and incidence of the terahertz wave on the
terahertz wave detector 1261. Performing the deconvolution
process makes it possible to more accurately detect the
peaks P1 and P2 of the scan waveform that are caused by the
film 25 (see FIGS. 3 and 4). Thus, performing the decon-
volution process more accurately determines the time At
between detection of the peak P1 and detection of the peak
P2.

[0067] The process for calculating the thickness of the film
2b (S8) involves calculating the thickness of the film 26 of
the sheet 2 in accordance with the peaks of terahertz wave
intensity that appear in the scan waveform corrected. The
film thickness calculating process in the present embodiment
involves calculating a film thickness d in accordance with
the time At between detection of the peak P1 and detection
of the peak P2. The film thickness d is calculated by, for
example, the following equation:

d=At-c-cos 0/2n

[0068] where At denotes a time difference between the
peaks mentioned above, ¢ denotes the velocity of light, 6
denotes the angle of incidence of a terahertz wave upon the
sheet 2, and n denotes the refractive index of the terahertz
wave refracted by the film 26b.

[0069] A preliminarily measured value is used as the
refractive index. As indicated by the above equation, the
terahertz wave may be applied to the sheet in an oblique
direction with respect to the normal direction of the sheet. In
other words, application of the terahertz wave to the sheet in
its thickness direction does not necessarily mean that the
terahertz wave is applied to the sheet in its normal direction.
[0070] As previously mentioned, the film thickness mea-
suring apparatus 10 includes the conveyor 11, the terahertz
scanner 12, the displacement sensor 13, and the film thick-
ness calculator 14 (see FIGS. 1 and 2).

[0071] The conveyor 11 conveys the sheet 2 along the
predetermined conveyance path.

[0072] The terahertz scanner 12 includes the applicator
124, the receiver 125, and the scan waveform acquirer 12c.
The applicator 124 is configured to apply a terahertz wave
to the sheet 2 in its thickness direction while the sheet 2 is
conveyed along the conveyance path. The receiver 125 is
configured to receive the terahertz wave reflected from the
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conveyance path. The scan waveform acquirer 12¢ is con-
figured to perform a process for acquiring a scan waveform
by recording the intensity of the terahertz wave over time in
accordance with a detection signal indicative of the terahertz
wave received by the receiver 126b.

[0073] The displacement sensor 13 is configured to detect
displacement of the sheet 2 in its thickness direction at a
location opposite to a portion of the terahertz scanner 12
from which the terahertz wave is applied to the conveyance
path.

[0074] The film thickness calculator 14 includes the first
processor 14a, the second processor 145, and the third
processor 14c.

[0075] The first processor 14a is configured to perform a
process for determining, in accordance with the detection
signal provided by the displacement sensor 13, the speed of
displacement of the sheet 2 in its thickness direction while
the sheet 2 is conveyed along the conveyance path.

[0076] The second processor 145 is configured to perform
a process for correcting, in accordance with the displace-
ment speed, the scan waveform acquired by the terahertz
scanner 12.

[0077] The third processor 14c¢ is configured to perform a
process for calculating the thickness of the film 256 of the
sheet 2 in accordance with the peaks P1 and P2 of the
intensity of the terahertz wave that appear in the scan
waveform corrected by the second processor 145.

[0078] As previously mentioned, the film thickness mea-
suring apparatus 10 includes the displacement sensor 13 to
detect displacement of the sheet 2 in its thickness direction.
In accordance with a detection signal provided by the
displacement sensor 13, the film thickness measuring appa-
ratus 10 determines the speed of displacement of the sheet
2 in its thickness direction. In accordance with the speed of
displacement determined, the film thickness measuring
apparatus 10 corrects the scan waveform acquired by the
terahertz scanner 12. In accordance with the scan waveform
corrected, the film thickness measuring apparatus 10 calcu-
lates the film thickness (i.e., the thickness of the film 24
formed on the sheet 2). Thus, the film thickness measuring
apparatus 10 calculates the thickness of the film 25 of the
sheet 2 while conveying the sheet 2.

[0079] In one example, the film thickness calculator 14
may include a recorder 144 recording a correction map that
includes the relationship between the speed of displacement
of the sheet 2 in its thickness direction and a variation in the
time axis of the scan waveform. In this example, the second
processor 145 preferably corrects the scan waveform in
accordance with the correction map (see FIG. 5) recorded in
the recorder 144.

[0080] In one example, the film thickness measuring
method disclosed herein preferably includes:

[0081] a) conveying, along a predetermined conveyance
path, the sheet 2 on which a film 25 serving as a target for
measurement is formed;

[0082] b) applying a terahertz wave to the sheet 2 in its
thickness direction while the sheet 2 is conveyed along the
conveyance path;

[0083] c) receiving the terahertz wave reflected off the
sheet 2, and recording the intensity of the received terahertz
wave over time so as to acquire a scan waveform;

[0084] d) measuring, concurrently with step b), the speed
of displacement of the sheet 2 in its thickness direction while
the sheet 2 is conveyed along the conveyance path;
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[0085] e) correcting the scan waveform in accordance with
the speed of displacement of the sheet 2 in its thickness
direction; and

[0086] f) calculating the thickness of the film 254 of the
sheet 2 in accordance with the peaks of the intensity of the
terahertz wave that appear in the scan waveform corrected.
[0087] Step e) may involve correcting the scan waveform
in accordance with a correction map including the relation-
ship between the speed of displacement of the sheet 2 in its
thickness direction and a variation in the time axis of the
scan waveform.

[0088] Although only one film 254 is formed on the sheet
2 in the foregoing embodiment, a plurality of films 26 may
be stacked on the sheet 2 as long as the films 256 allow a
portion of a terahertz wave to pass therethrough. In this case,
the terahertz scanner 12 acquires a scan waveform by
recording the intensity of the terahertz wave over time.
Because a boundary or boundaries is/are present between the
stacked films 2b, a plurality of peaks of terahertz wave
intensity are observed. Thus, the thicknesses of the films 25
may be calculated in accordance with the peaks.

[0089] Various embodiments of the film thickness mea-
suring method and the film thickness measuring apparatus
disclosed herein have been described thus far. Unless oth-
erwise specified, the embodiments of the film thickness
measuring method and the film thickness measuring appa-
ratus disclosed herein do not limit the present invention.

What is claimed is:

1. A film thickness measuring method comprising:

a) conveying, along a predetermined conveyance path, a
sheet on which a film serving as a target for measure-
ment is formed;

b) applying a terahertz wave to the sheet in its thickness
direction while the sheet is conveyed along the con-
veyance path;

¢) receiving the terahertz wave reflected off the sheet, and
recording an intensity of the received terahertz wave
over time so as to acquire a scan waveform;

d) measuring, concurrently with step b), a speed of
displacement of the sheet in its thickness direction
while the sheet is conveyed along the conveyance path;

e) correcting the scan waveform in accordance with the
speed of displacement of the sheet in its thickness
direction; and

f) calculating a thickness of the film of the sheet in
accordance with peaks of the intensity of the terahertz
wave that appear in the scan waveform corrected.

2. The film thickness measuring method according to

claim 1, wherein

step e) involves correcting the scan waveform in accor-
dance with a correction map including a relationship
between the speed of displacement of the sheet in its
thickness direction and a variation in time axis of the
scan waveform.

3. A film thickness measuring apparatus comprising:
a conveyor;

a terahertz scanner;

a displacement sensor; and

a film thickness calculator, wherein

the conveyor is configured to convey a sheet along a
predetermined conveyance path,
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the terahertz scanner includes
an applicator configured to apply a terahertz wave to
the sheet in its thickness direction while the sheet is
conveyed along the conveyance path,
a receiver configured to receive the terahertz wave
reflected off the conveyance path, and
a scan waveform acquirer configured to record, over
time, an intensity of the terahertz wave received by
the receiver, so as to acquire a scan waveform,
the displacement sensor is configured to detect displace-
ment of the sheet in its thickness direction at a location
opposite to a portion of the terahertz scanner from
which the terahertz wave is applied to the conveyance
path, and
the film thickness calculator includes
a first processor configured to determine, in accordance
with a detection signal provided by the displacement
sensor, a speed of displacement of the sheet in its
thickness direction while the sheet is conveyed along
the conveyance path,
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a second processor configured to correct, in accordance
with the speed of displacement, the scan waveform
acquired by the terahertz scanner, and

a third processor configured to calculate, in accordance
with peaks of the intensity of the terahertz wave that
appear in the scan waveform corrected by the second
processor, a thickness of a film formed on the sheet.

4. The film thickness measuring apparatus according to
claim 3, wherein

the film thickness calculator includes a recorder recording
a correction map including a relationship between the
speed of displacement of the sheet in its thickness
direction and a variation in time axis of the scan
waveform, and

the second processor is configured to correct the scan
waveform in accordance with the correction map
recorded in the recorder.

#* #* #* #* #*



