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TITLE OF INVENTION

METHOD AND APPARATUS FOR MEASURING THICKNESS OF

BIREFRINGENCE LAYER

BACKGROUND OF THE INVENTION
Field of the Invention

The present invention relates to a method and
apparatus for heasuring a thickness of a birefringence layer
of an object to be measured such as liquid crystal.
Description of the Prior Art

In a prior art apparatus for measuring a thickness
of a liquid crystal layer, a liquid crystal cell to be
measured is placed between a polarizer and an analyzer. A
light source generates a light having a pluralitf of
wavelengths, and a moncchrometer or a spectrometer receives
the light and generates a light having a single wavelength A.
The light is passed through the polarizer, the liquid crystal
layer and the analyzer successively, and the light transmit-
ting the analyzer is detected by a photosensor. The direction
of transmission axis of the polarizer is parallel to the
rubbing direction of the incident side of the liquid crystal
cell. The liquid crystal to be measured has a liquid crystal
twist angle of about 90°. |

A thickness of a liquid crystal layer is measured

with the apparatus described above. If the wavelength of a
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the Iight and generates a light having a single wavelength [err]. The |ight
IS passed through the polarizer, the liquid crystal |ayer and the anal yzer
successively, and the light transmit- ting the analyzer is detected by a
phot osensor. The direction of transm ssion axis of the polarizer is
parallel to the rubbing direction of the incident side of the liquid

crystal cell. The liquid crystal to be neasured has a liquid crystal tw st
angl e of about 90[err]. A thickness of a liquid crystal |ayer is neasured
wi th the apparatus described above. If the wavel ength of a -2- |ight

emtted by the monochromatic meter rs2represented as [err],

light emitted by the monochromatic meter is represented as A,
the transmittance T of the light transmitting the polarizer,

the liquid crystal and the analyzer is expressed as follows:

Tesin? ( (x/2)yI7a3) / (1+u?),
(1)

where

u=2And/A,

An denotés a degree of birefringence of liquid crystal or a
difference between a normal index of refraction and an
abnormal index of refraction, and 4 denotes a thickness of the
liquid crystal layer. Then, Eg. (2) is derived from Eq. (1)
if the wavelength at which the transmittance T becomes.zero

is denoted as Ag.

d=As/Anxym*-174,
(2)
where
m=1, 2, 3,

Thus,- the wavelength at which the optical intensity detected
by the photosensor becomes zero, of the wavelength A, at which
the transmittance T becomes zero is determined by changing the
wavelength of the monochromatic meter. Then, the wavelength
Ag is substituted in Eg. (2), the thickness d of the liquid

crystal layer is determined.



'_“’

the transmttance T of the light transmtting the polarizer the liquid

crystal and the analyzer is expressed as follows: T=sin[err]
({lerr]/2)[err]1+uferr]), (1) where u=2[err]nd/[gffd, An denot es- a degree
of birefringence of liquid crystal or a dlfferenc PR rnal I ndex
of refraction and an abnormal index of refractlon

t hi ckness of the liquid crystal |ayer. Then, fron1Eq
(1) if the wavelength at which the transn1ttance T beco i s denot ed

as [err]. d=[err]s/[err]nx[err]nferr] ;/4 (2) where

However, the method explained above haé several
disadvantages. First, a liquid crystal layer on which the
thickness can be measured is limited to a layer having a twist
angle of about 90°. Further, it is needed to make the rubbing
direction of the liquid crystal cell to the transmission
direction of the two polarizers, the rubbing direction has to
be known. However, it is usually difficult to measure the
rubbing direction, and it is impossible to set the rubbing
direction of the liquid crystal correctly to agree with the
transmission direction of the two polarizers. Further,
because the monochromatic meter or a spectrometer is needed,
a time of about one minute is needed for measurement.
Therefore, it cannot be applied to uses such as in-line
inspection that need a high speed processing. Finally,
because the monochromatic meter or a spectrometer is used, the
apparatus has a complicated structure, and its cost is high.
SUMMA.RY OF THE INVENTION

An object of the present invention is to provide a
method and an apparatus for measuring a thickness of a
birefringence layer correctly and at a high speed enough for
in-liﬁe inspection, even for a liquid crystal that does not
have a twist angle of 90° or on which rubbing direction is not
known, and can be fabricated at a low cost.

In one aspect of the invention, a thickness of a

birefringence layer is measured as follows: BAn object to be



m= 1, 2, 3, Thus, the wavel ength at which the optical intensity detected
by the photosensor becones zero, or the wavelength [err] at which the
tTansmttance T becones zero is determ ned by changi ng the wavel engt h of
t he monochromatic meter. Then, the wavelength [err] is substituted in Eq.

2), the thickness d of the liquid crystal layer is t ' . eplai@iever
'EhZa nmet hod expl ai ned above has several disadvant ages.dlffl shet ﬁg%e s jid
crystal |ayer on which the thickness can be neasured i “ﬁ Eﬁ gﬁ “I ayer
having a tw st angle of about 90. Further, it is neede ubbi ng
direction of the liquid crystal cell=-t% the transm ssion

measured having a birefringence layer such as a liquid crystal
cell and a phase plate are provided in an optical path of a
light between first and second polarizers in parallel Nicol
or in crossed Nicol arrangement. The phase plate is set so
that a direction of transmission of the first polarizer agrees
with an optical axis of the light. Then, the phase plate is
rotated while detecting an optical intensity of .1light
transmitting the second polarizer. Thus, a rotation angle of
the phase plate is determined at which the optical intensity
has an extreme value. .Then, a thickness of the birefringence
layer is calculated according to the rotation angle at the
extreme value.

In a second aspect of the invention, a thickness of
a birefringence layer having an orientation direction such as
a liquid crystal having rubbing direction is measured in a
different way as follows: In this method, a A/2 plate (half-
wave plate) is used as the phase plate, and the object to be
measured having a birefringence layer is set so as to be
rotated. First, the object is rotated, and it is set at a
position so that an optical intensity of light transmitting
the éecond polarizer has an extreme value. Next, the A/2
plate is rotated, and a rotation angle of the A/2 plate is
determined at which an optical intensity of light transmitting

the second polarizer has an extreme value. Then, a thickness
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direction of the two polarizers, the rubbing direction has to be known.
However, it is usually difficult to measure the rubbing direction, and it
i% inpossible to set the rubbing direction of the liquid crystal correctly
to agree with the transm ssion direction of the two pol ari zers. Furt her,
because the nonochromatic nmeter or a spectroneter is needed, a tinme of
about one minute is needed for neasurenent. Theref &hie m$M%§§Qp t be applied
to uses such as in-line inspection that need a high .
Finally, because the nonochromatic neter or a spect y , the

apparatus has a conplicated structure® and its cost Is

RY OF THE

| NVENTI ON An obj ect of the present invention is to provide a nethod and an

apparatus for

nmeasuring a thickness of a birefringence |ayer correctly and

at a high speed enough for
of the birefringence layer is calculated according to the

rotation angle of the A/2 plate.

An advantage of the present invention is that the

thickness is measured at a high speed.

Another advantage of the present invention is that

a liquid crystal cell having a twist angle other than 90° can

be measured.

A further advantage of the present invention is that

the thickness can be measured with a very simple optical

system.

- BRIEF DESCRIPTION OF THE DRAWINGS

These and other objects and features of the present

invention will become clear from the following description

taken in conjunction with the preferred embodiments thereof

with reference to the accompanying drawings, and in which:

Fig. 1 is a diagram of a basic optical system for

a method for measuring a thickness of birefringence layer of

a first embodiment of the invention;

Fig. 2 is a diagram of a flow of the measuring

method of the first embodiment;

Fig. 3 is a diagram for explaining coordinates in

the optical system of the embodiment;

Fig. 4 is a graph of detected intensity plotted

against angle of rotation of a phase plate in a case of the



in-line inspection, even for a liquid crystal that does not have a tw st
angle of 90[err] or on which rubbing direction is not known, and can be

fabricated at a | ow cost . -4- | n accordance with the invention, there is

provided a nethod for neasuring a thickness of a birefringence |ayer
conprising the steps of: (a) providing an object to be nmeasured having a
birefringence layer in an optical path of a light having a single .
wavel engt h between first and second polarizers in parallel Nicol or 5 in
crossed Nicol, transm ssion axis of said first polarizer being
perpendi cul ar to an optical axis of the tight; (b) providing a phase
pl ate between said first and second polarizers so that a direction of
transm ssion of said first polarizer agrees with the optical axis of the

l'ight, the
polarizers in parallel Nicol and the phase differences & of

the phase plate 4 of A/8 where A is a wavelength;

Fig. 5 is a graph of detected intensity plotted
against angle of rotation of a phase plate in a case of the
polarizers in crossed Nicol and the phase differences § of the
phase plate 4 of \/8;

Fig. 6 is a graph of detected intensity plotted
against angle of rotation of a phase plate in a case of the
polarizers in parallel Nicol and the phase differences & of
the phase plate 4 of A/4;

Fig. 7 is a graph of detected intensity plotted
against angle of rotation of a phase plate in a case of the
polarizers in crossed Nicol and the phase differences & of the
phase plate 4 of A/4; |

Fig. 8 is a graph of detected intensity plotted
against angle of rotation of a phase plate in a case of the
polarizers in parallel Nicol and the phase differences 5 of
the phase plate 4 of A\/2;

Fig. 9 is a graph of detected intensity plotted
against angle of rotation of a phase plate in a case of the
polarizers in crossed Nicol and the phase differences & of the
phase plate 4 of A/2;

Fig. 10 is a diagram of an apparatus for measuring

a thickness of birefringence layer;



obj ect being interposed between said first polarizer and said phase plate;
10 (c) rotating said phase plate, and neasuring a rotation angle of
sai d phase plate at which an optical intensity of the light transmitting
sai d second pol arizer has an extrene value; and (d) calculating a thickness
of the birefringence | ayer according to the rotation angle of said phase
plate. 15 In another aspect, there is provided an apparatus for neasuring a
t hi ckness of a birefringence |ayer conprising: a light source emtting a

| i ght having a single wavelength; first and second pol arizers set in
parallel N col or in crossed Nicol in &n-optical path of the light,

transm ssion axis of said first polarizer being perpendicular to an opti cal
axis of 20 the light; an object to be neasured having a birefringence |ayer
and provi ded between said first and second pol ari zers; a phase plate

provided between said f"i&?tlf‘rﬂ 3‘3899&88'&% iazrff‘:;rtﬁ'fert ggsgtc):j Sﬁéié’gi ”sttem
for measuring a thickness of birefringence layer of a second
embodiment of the invention;
Fig. 12 is a diagram of a flow of the measuring
method of the second embodiment; and
Fig. 13 is a diagram of another apparatus for
measuring a thickneés'of birefringence layer.

DETAILED DESCRIPTION OF THE PREFERRED EMBODIMENTS

Referring now to the drawings, wherein 1like
reference characters designate like or corresponding parts
throughout the several views, Fig. 1 shows a basic optical
system for measuring a thickness of a birefringence layer of
a first embodiment of the invention. 1In Fig. 1, a single
wavelength light source 1 such as a laser device emits a iight
of a wavelength A. Along the optical axis 10 of the light,
a polarizer 2, a liquid crystal layer 3 contained in a liquid
crystal cell, a phase plate 4, another polarizer 6 and a
pPhotosensor 7 are arranged successively. The liquid crystal
layer 3 is an example of an object to be measured having a
birefringence layer, and it has ordinary index n, and extraor-
dinafy index n,. The object 3 is provided between the two
polarizers 2 and 6 that are set in parallel Nicol or in
crossed Nicol arrangement. The phase plate 4 having a phase

difference § is provided between the two polarizers 2, 6.
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I nt erposed between said first polarizer and said phase plate; 25

rotator which rotates said phase plate; a photosensor for detecting a |
tYansmitting said second polarizer; and a cal culating means to cal cul ate
the thickness of the birefringence layer. In another aspect, there is
provided a nethod for nmeasuring a thickness of a birefringence |ayer, th
bi refri ngence | ayer having an orientation direction at an incidence side

t her eof ,

the 30 nmethod conprising the steps of: -5 - (a) provi di ng

obj ect to be measured having a birefringence layer in an optical path of
| i ght having a single wavel ength betwderr first and second pol arizers in

paral |l e

Nicol or in crossed Nicol, transm ssion axis of said first

pol ari zer being perpendicular to the optical axis of the |ight;

Thus, the photosensor 7 detects a light transmitting the
second polarizer 6.

Next, it is explained with reference to a flowchart
of Fig. 2 how a thickness of the birefringence layer 3 is
measured with use of the optical system having the above-
mentioned structure. First, the first polarizer 2 and the
second one 6 are set in parallel Nicol or crossed. Nicol
arrangement with a liquid crystal layer 3 interposed between
them (step S2). Next, the optical axis of the phase plate 4
is set to agree with the transmission axis of the first
polarizer 2 (step S4). Then, the phase plate 4 is rotated,
and a rotation angle « at which the detection intensity of the
photosensor 7 has an extreme value is measured (step 56) .
Then, the rotation angle o measured is substituted inté Eq.
(11) explained later, and the thickness of the birefringence
layer (liquid crystal layer) 3 is calculated (step S8).

Next, a principle of the above-mentioned method for
measuring the thickness of a birefringence layer (liquid
crystal layer) is explained with reference to numerical
formulas.

| Fig. 3 shows coordinates of the optical system shown
in Fig. 1. In Fig. 3, reference numeral 10 denotes the
transmission axis of the polarizer 2, and an angle relative
to x axis is denoted as e,. Reference numeral 11 denotes a

rubbing direction at the incoming side of the liquid crystal

a
ght

e
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5 (b) rotating the object, and setting a position of the
birefringence layer so that an optical intensity of the light transmtting
sai d second pol ari zer has an extrene val ue; (c) providing a [err]/2

pl ate between said first and second pol arizers so that a direction of
transm ssion of said first polarizer agrees with an optical axis of the
light, the object being interposed between said first polarizer and said
[err]/2 plate; 10 (d) rotating said [err]/2 plate, and neasuring a
rotation angle of said [err]/2 plate at which an optical intensity of the
light transnmitting said second pol ari Zer- has an extreme val ue; and (e)

cal culating a thickness of the birefringence |ayer according to the
rotation angle of the [err]/2 plate. 15 In another aspect, there is

provi ded an apparatus for nmeasuring a thickness of a birefringence |ayer

iret and sotordibata e Bapd i od At aY i 5 doeFiEsam an
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cell at the outgoing side, and a twist angle defined as an
angle between the rubbing directions at the incoming side of
the cell and at the outgoing side is taken as 8. The rubbing
direction represents a direction of the 1liquid crystal
orientation in the liquid crystal cell. Reference numeral 13
denotes the optical axis of the phase plate 4, and an angle
relative to x axis is taken as a. Reference numeral 14
denotes the transmission axis of the polarizer 6, and an angle
relative to x axis is taken as e,. ‘

By using the coordinates stated‘ahove, a light

transmitting through the polarizer 2 is written in Eq. (3) by

using Jones wvector A.

(cos (e.) )
A=| .
sin(e,)
(3)

Further, Jones matrix B of the liquid crystal 3 is
written in Eq. (4), Jones matrix C of the phase plate 4 is
written in Eq. (5), and Jones matrix D of the other polarizer

6 is written in Bg. (6).
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20 the light beam an object to be nmeasured having a birefringence |ayer in
an optical path of a light between first and second polarizers in parallel
Ni col or in crossed Nicol, the object being interposed between the first

pol ari zer and the phase plate; a [err]/2 plate provided between the first
and second pol ari zers; 25 a rotator which rotates said phase plate;
a photosensor for detecting a light transmtting said second polarizer; and
a calculating neans to calculate a thickness of the birefringence |ayer.

5A An advantage of the present invention is that the thickness is neasured
at a high speed. Another advantage of 18he present invention is that

p+ai r+si)
Y 4

B= -1
D ln>(-r+si‘p-qi

(4)

where

p=cos (y)cos(8) +(8/y)sin(y) sin(6),
g=—(B/y)sin(y)cos(8+2¢),

=-cos (y)sin(8) +(8/y) sin(y) cos(8),
s=-(B/y)sin(y)sin(08+2¢),

.Y=‘/B2_+92"

n=d{n_+n,)n/A,
and

B=d(n,~n,) ®/A.



a liquid crystal cell having a twi st angle other than 90[err] can be
measured. A further advantage of the present invention is that the

t hi ckness can be neasured with a very sinple optical system BRI EF
DESCRI PTI ON OF THE DRAW NGS These and ot her objects and features of the
present invention will becone clear fromthe follow ng description taken in
conjunction with the preferred enbodi nents thereof with reference to the
acconpanyi ng drawings, and in which: Fig. 1 is a diagramof a basic optical
systemfor a nethod for neasuring a thickness of birefringence | ayer of a
first embodi ment of the invention; Fil¢. 2 is a diagramof a flow of the
nmeasuring nethod of the first enbodi nent;

exp (18/2) 0
C—R(a)( 0 exp(-iﬁ/Z))'
(5)
where
cos@ -sin@
R(e)-sine cose)'

=R(e,) (3 2)R(-ex) .

(6)
Therefore, Jones vector E(E,, EY) of a light
transmitting the polarizer 6 is written in Eg. (7), and the

intensity F detected by the photosensor 7 is written in Egq.

(8).

(7)°
F=|By[2+{E,[*.

(8)
Generality is not lost if the direction of the

transmission axis of the polarizer 2 is taken as e, = 0.

Then, e, is set as zero. Then, the direction of the transmis-
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Fig. 3 is a diagramfor explaining coordinates in the optical

system of the

enbodi nent; Fig. 4 is a graph of detected intensity plotted agai nst angle
of rotation of a phase plate in a case of the pol ari zers in parallel

Ni col and the phase differences [err] of the phase plate 4 of [err]/8 where
X is a wavelength; Fig. 5 is a graph of detected intensity plotted agai nst
angl e of rotation of a phase plate in a case of the polarizers in crossed
Nicol and the phase differences [err] of the phase plate 4 of [err]/8; Fig.
6 is a graph of detected intensity pI gtzted agai nst angle of rotation of a

phase plate in a case of the

sion axis e, of the other polarizer 6 is set to have e, = 0°

for parallel Nicol or 90° for crossed Nicol.

In case of parallel Nicol,:the intensity F1 detected

by the photosensor 7 is written as Eg. (9), and in case of

crossed Nicol, the intensity F2 detected by the photosensor

7 is written as Eg. (10).

F Fet"o ex=Q

-—Z {{-p%-g?+r2+32%) cos (8) +p?+g?-r?-s?}cos (4a)

+—Jé‘- {{pr-sq)cos (8) -pr+sg}sin(4a) -{ps+gr)sin(8)sin(2«)

+% {p?+g?-r?-s?}cos(8) +% (p2+q?) +-i= (r3+s?).

7, —Fe:-c . OX= -’2-'-

=% {(p%+g?-r?-52%)cos (B8) —p?-g2+ri+s?}cos (4a)

()

é {(-pr+sqg)cos(8) +pr-sqglsin(4«) +{(gr+ps)sin(8)sin(2a)

+—{—p ~q2+r2+sz}cosw)+ (p?+q?) +2 3 (r2+s?).

(10)

Next, simulation of the detection intensities F1 and

F2 is performed with simulation conditions compiled in Table

1.



pol arizers in parallel N col and the phase differences [err] of the phase
plate 4 of [err]/4; Fig. 7 is a graph of detected intensity plotted agai nst
angl e of rotation of a phase plate in a case of the polarizers in crossed
Nicol and the phase differences [err] of the phase plate 4 of [err]/4; Fig.
8 is a graph of detected intensity plotted against angle of rotation of a
phase plate in a case of the polarizers in parallel N col and the phase
differences 6 of the phase plate 4 of [err]/2; Fig. 9 is a graph of _
detected intensity plotted against angle of rotation of a phase plate in a
case of the polarizers in crossed Ntcb? and the phase differences [err] of
the phase plate 4 of [err]/2; Fig. 10 is a diagram of an apparatus for

measuri ng

Table 1
Degree of birefringence of liquid crystal 0.1 1
(An=n_-n,}
Twist angle of liquid crystal (@) 88°
Rubbing direction'of liquid crystal (¢) 46° 1
Thickness of liquid crystal layer (d: um) 5.0
Measurement wavelength (A: nm) 653

Figs. 4 - 9 show relations of the intensity detected
with the photosensor 7 for parallel Nicol or for crossed Nicol
to the rotation angle o of the phase plate 4. Table 2 shows
a relation of the polarization state of the phase difference
of the phase plate 4 and the polarizers 2 and 6 to the number
of the drawings. In other words, Fig. 4 shows a case of the
polarizers in parallel Nicol and the phaée differences & of
the phase plate 4 of A\/8; Fig. 5 shows a case of the polariz-
ers in crossed Nicol and the phase differences § of the phase
plate 4 of \/8; Fig. 6 shows a case of the polarizers in
parallel Nicol and the phase differences § of the phase plate
4 of ‘A/4; Fig. 7 shows a case of the polarizers in crossed
Nicol and the phase differences & of the phase plate 4 of A/4;
Fig. 8 shows a case of the polarizers in parallel Nicol and
the phase differences & of the phase plate 4 of A/2; and Fig.
9 shows a case of the polarizers in crossed Nicol and the

phase differences & of the phase plate 4 of A/2.



a thickness of birefringence |ayer; -7- Fig. 11 is a diagram of another
basic optical systemfor neasuring a thickness of birefringence |ayer of a
second enbodi nent of the invention; Fig. 12 is a diagramof a flow of the
measuring nmethod of the second enbodinment; and Fig. 13 is a diagram of

anot her apparatus for neasuring a thickness of birefringence |ayer.

DETAI LED DESCRI PTI ON- OF THE PREFERRED EMBCODI MENTS Referring now to the
drawi ngs, wherein |ike reference characters designate |ike or correspondi ng

parts

~ 14 -
Table 2
Number of Phase difference Polarization
drawing & condition
4 A/8 Parallel Nicol
5 \/8 Crossed Nicol
6 N4 Parallel Nicol
7 A4 Crossed Nicol
8 A2 Parallel Nicol
9 A2 Crossed Nicol

As will be understood from Figs. 4 - 9, the optical
intensity detected by the photosensor 7 has an extreme valué
irrespective of phase difference of the phase plate 4 and.the
polarization state. The rotation anéle o of the phase plate-
4 at an extreme value can be determined by differentiating

Egs. (9} and (10) with o, as shown in Egs. (11) and (12).

oF,

—_==0,

da
~{{p?+g?-r?-s2)cos (8) -p?-g2+r2+s?}sin(4a)
+2 { (pr-sqg) cos (8) -pr+sglcos (4a)
-2 {ps+gr)sin(8)cos(2a) =0.

(11)



t hroughout the several views, Fig. 1 shows a basic optical systemfor
measuring a thickness of a birefringence |ayer of a first enbodi nent of the
i*nventi on. In Fig. 1, a single wavelength |light source 1 such as a |aser
device emts a light of a wavelength [err]. Along the optical axis 10 of
the light, a polarizer 2, a liquid crystal layer 3 contained in a liquid
crystal cell, a phase plate 4, another polarizer 6 and a photosensor 7 are
arranged successively. The liquid crystal layer 3 is an exanple of an
object to be neasured having a birefringence |ayer, and it has ordi nary

I ndex n[err] and extraor- dinary inde%snrerr]. The object 3 is provided
between the two polarizers 2 and 6 that are set in parallel N col or in
crossed Nicol arrangenent. The phase plate 4 having a phase difference
[err] is provided between the two polarizers 2, 6.

9F,
_aa—’ ""0 .

~{{p2+g?-r?-s?) cos (3) ~-p2-g2+r23+s?}sin(4a)

+2{(pr-sqg) cos (8) -pr+sglcos (4a)

-2(ps+gr)ysin(d)cos (2a) =0,

(12)
By observing the two equations, it is found that Eq. (11) is
the same as Eqg. (12). )

If difference in ordinary and extraordinary indices
of liquid crystal (An=n.-n,), twist angle of liquid crystal
(8), rubbing direction of liquid crystal (¢), the measurement
wavelength (A), the phase difference (§) of the phase plate
and the rotation angle o« of the phase plate at an extreme
value are known in Eq. (11), only the thickness d of liquid
crystal layer is not known. Then, the thickness d can be
determined by solving Eq. (11).

The precision of the measurement of the thickness
of the liquid crystal layer is determined by the measurement
precisio'n of the rotation angle o of the phase plate 3.
Precision of thickness of 10 nm can be obtained with precision
of rotation angle of 0.05°. The measurement isicompleted in
a time where the phase plate 4 is rotated by several degrees
or in about one second. Thus, it is an advantage that the
measurement is performed at a high speed.

As described above, according to the present

embodiment, the intensity detected by the photosensor 7 is



-8- Thus, the photosensor 7 detects a light transmtting the second
“polarizer 6. Next, it is explained with reference to a flowhart of Fig. 2
Bow a thickness of the birefringence layer 3 is nmeasured with use of the
optical system having the above- nentioned structure. First, the first

pol ari zer 2 and the second one 6 are set in parallel N col or crossed.

Ni col arrangenent with a liquid crystal |layer 3 interposed between them
(step S2). Next, the optical axis of the phase plate 4 is set to agree with
the transmi ssion axis of the first polarizer 2 (step $S4). Then, the phase
plate 4 is rotated, and a rotation-affl e a at which the detection intensity
of the

changed by rotating the phase plate 4. Then, a rotation angle
a at which the intensity has an extreme value is measured, and
the thickness d of the liguid crystal layer is determined at
a high precision according to Eg. {(11).

Fig. 10 shows an apparatus for measuring a thickness
of a birefringence layer. In Fig. 10, 1like reference
characters denote substantially the same components shown in
Fig. 1. A rotating means 5 rotates the phase plate 4. A
controller 8 controls the rotating means 5 on the basis of
signals of the photosensor 7, and a computer 9 calculated the
thickness d of the liquid crystal 3 as an object to be
measured according to the rotation angle of the phase plate
4 with the. controller 8.

A method of measuring a thickness of a birefrinéence
layer in the optical system having the above-mentioned
structure is explained with reference to the flowchart of Fig.'
2. The birefringence-layer such as a liquid crystal cell has
an orientation.di;gction at an incidence side thereof. First,
the polarizers 2 and 6 are set in parallel Nicol or crossed
Nicol arrangement with a liquid crystal cell 3 set on the
rotaﬁing means 5 between them. Next, the optical axis of the
phase plate 4 is set to agree with the transmission axis of
the polarizer 2. Then, the phase plate 4 is rotated by the
controller 8 and the rotating means 5, and a rotation angle

o at which the detection intensity of the photosensor 7 has



8

photosensor 7 has an extrenme value is neasured (step S6). Then, the
rotation angle a nmeasured is substituted into Eq. (11) explained |ater,

the thickness of the birefringence layer (liquid crystal layer) 3 is
(step S8). Next, a principle of the above-nentioned nethod for

cal cul at ed

nmeasuring the thickness of a birefringence |ayer (liquid crystal |ayer)
explained with reference to nunerical fornmulas. Fig. 3 shows coordi nates of

t he opti cal

system shown in Fig. 1. In Fig. 3, reference nuneral 10

and

i's

denotes the transm ssion axis of the polarizer 2, and an angle relative to
X axis is denoted as e[err]. Referenc&7nuneral 11 denotes a rubbing
direction at the incom ng side of the liquid crystal

an extreme value is measured. Then, the rotation angle « is
substituted into Eq. (11), and the thickness of the birefrin-
gence layer (liquid crystal layer 3) is calculated with the
computer 9. Thus, the thickness of the birefringence layer
(liquid crystal layer 4) is calculated.

The present embodiment has several advantages.
Because the thickness can be measured with a very simple
optical system, a measurement apparatus can be provided at a
low cost. Further, because the measurement can be performed
at a high speed, the number of samples can be increagsed from
sample test to total inspection. Thus, a yield in a fabrica-
tion process that uses this apparatus may be increased. Still
further, because samples of the twist angle of liquid crystal
other than 90° can be measured in contrast to prior art,
various liquid crystals can be measured.

Though a simple phase plate 4 is used in the embodi-

- ment, it is needless to say that a Babinet Soleil compensator

having a combinat;on of phase plates may alsoc be used.

In the embodiment, a liquid crystal layer is an
object to be measured. However, the object is not limited to
liquia crystal, and a thickness of any object having
birefringence can be measured.

Next, a second embodiment of the invention is
explained for measuring a thickness of a birefringence layer.

Fig. 11 shows a basic optical system of the second embodiment



$

-9 3, and an angle relative to x axis is taken as [err]. Reference nuneral
12 denotes the rubbing direction of the liquid crystal cell at the outgoing
side, and a twi st angle defined as an angl e between the rubbing directions
at the incomng side of the cell and at the outgoing side is taken as
[err]. The rubbing direction represents a direction of the liquid crystal

orientation in the liquid crystal cell. Reference nuneral 13 denotes the
optical axis of the phase plate 4, and an angle relative to x axis is taken
as [err]. Reference nuneral 14 denotes the transm ssion axis of the

polarizer 6, and an angle relative Tol&% axis is taken as e[err]. By using
the coordinates stated above, a |light transmtting through the pol arizer 2
is witten in Eq. (3) by

wherein like reference characters denote substantially the
same components shown in Fig. 1.

Next, it is explained with reference to a flowchart
shown in Fig. 12 how a thickness of a birefringence layer such
as a liquid crystal layer is measured in the above-mentioned
optical system. First, the polarizers 2 and 6 are set in
parallel Nicol or crossed Nicol arrangement (step S10). . Then,
the liquid crystal 3 is rotated, and it is set at a position
where the detection intensity of the photosensor 7 has an
extreme value (step S12). Next, the optical axis of the A/2
plate (half-wave plate) 16 is set to agree with the transmis-
sion axis of the polarizer 2 (step S14). Then, the A/2 plate
16 is rotated, and a rotation angle o at which the detection
intensity of the photosensor 7 has an extreme valué is
measured (step S16). Then, the rotation angle « is substitut-
ed into Eg. (18) explained later, and the thickness of the
birefringence layer (liquid crystal layer) is calculated (step
s18).

Next, a principle of the wmeasuring method 1is
explained with reference to numerical formula, and it is shown
that.the thickness of a liquid crystal layer can be measured
even if the rubbing direction ¢ of liquid crystal is not
known.

When the A/2 plate 16 is not used, Jones vector

G(Gy, G,) of a light transmitting the polarizer 6 is written



usi ng Jones vector A [err] Further, Jones matrix B of the liquid crystal

is witten in Eq. (4), Jones matrix C of the phase plate 4 is witten in
and Jones matrix D of the other polarizer 6 is witten in Eq.

Eq. (35),
10 - [err]

(4) where p=cos ([err]) cos ([err]) + ([err]/[err]) sin (y) sin ([er
= -([err]/[err]) sin ([err]) cos ([err]+2[err]), r=-cos ([err]) sin

+ ([err]/[err]) sin ([err]) cos ([err]),

- 19 -

in Eq. (13), and an intensity H detected by the photosensor

7.1is written in Eg. (14).

oA o

(13)
B=|G,]*+|G, 2.

(14)

Generality is not lost if the direction of the
transmission axis e, of the polarizer 2 is taken as e, = 0, as
in the first embodiment. Then, e, is set at zero. Then, the
direction of the transmission axis e, of the other polarizer
6 is taken at 0° for parallel Nicol or at 90° for créssed
Nicol.

In case of parallel Nicol, the intensity H1 detected
by the photosensor 7 is written in Eq. (15), and in case of
crossed Nicol, thg intensity H2 detected by the photosensor

7 is written in Bg. (16).

3

(6).



s=-([err] /[err]) sin([err]) sin([err]+2[err]), [err] and [err] (5)
where [err] Therefore, Jones vector E(E[err],Eerr]) of a light
transmitting the polarizer 6 is witten in Eq. (7), and the intensity F
detected by the photosensor 7 is witten in Eq. (8). [err]

- 20 -

H,=H,

et=0, ex=0
=p2+qg?
=cos?(y) cos? (0) +76Y-sin(21) sin (26)

i:-%;:sinz (v} sin?(6) -*'-‘;L:sin2 (Y) cos?(6+2¢) .

(15)
HZ:Hetso.w.;_
=r2+g2?
=cos? (y) sin?(0) --%sin(zy) sin (28)
(16)

1 be understood from Eqgqs. (15) and (16}, the fourth tenﬁs in
Egs. (15) and (16) change as the liquid crystal layer 3 is -
rotated, and the detection intensity is changed.

The value at an extreme value of the detection
intensity is dete.r_mined as ¢ where partial differentials of
Egs. (15) and (16) with ¢ become zero, and it is shown in Eq.

(17) .
$=(mxr-2x0) /4,

(17}

wherein m is an integer.
By using Egq. {(17), elements g and s of a Jones

matrix of the liquid crystal layer related to the rubbing



Generality is not lost if the direction of the transm ssion axis of the

pol ari zer

crossed Nicol.

| 2 is taken as e[err]
direction of the transm s- -

= 0. Then,

e[err]

IS set as zero.
12 - sion axis e[err] of the other

Then, the

phot osensor

polarizer 6 is set to have e[err] =0[err] for parallel N col or 90[err] for
In case of parallel N col, the intensity F1 detected by the
7 1is witten as Eq. (9), and in case of crossed N col, the
intensity F2 detected by the photosensor 7 is witten as Eq. (10). [err]

Next, sinul

ation of the detection inaﬁpsities F1 and

direction ¢ of the liquid crystal c¢ell has values shown in
Table 3, and they are not relevant to the rubbing direction

¢ of the liquid crystal cell.

Table 3

‘l Polarization Extreme q s "
state values :
Parallel Nicol | Maximum £ (B/v)sin(y) 0 |
Parallel Nicol Minimum 0 +{B/v)sin(y)

. Crossed Nicol Maximum 0 +(B/v)sin(y)
Crossed Nicol Minimum +(B/v)sin(y) )

-

When these values are substituted in Eq. (11), éigns
of + are deleted in the first and second terms in the left

hand side because they are terms of g%, s?2 or gs. On the

other hand, because a sign of : remains in the third term of
(ps + gr}, the thickness of the liquid crystal layer cannot

be determined uniquely. However, because the A/2 plate 16 is

used, sin § = sin 7 = 0 in the third term in Eg. (11). Thus,

there exist no term depending on the sign +.° Thus, the

thickness of liquid crystal layer can be determined uniquely.
By substituting 7 in the phase difference § in Eq.

(11) and by using Table 3, Eg. (18) is obtained.
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F2 is performed with sinulation conditions conpiled in Table 1. - 13 -
Table 1 Degree of birefringence of liquid crystal 0.1
([err]n=n[err]-n[err]) Twist angle of liquid crystal ([err])

88[err] Rubbing direction of liquid crystal ([err])

Thi ckness of liquid crystal layer (d: [err]m 5.0 Measurement
wavel ength (X: nm 633 Figs. 4 - 9 show rel ations of

the intensity detected with the photosensor 7 for parallel Nicol or for

rossed Ni col
cro P

2pr
tan{4a) = .
( ) r2+sz_.p2_q2

(18)

If difference between extraordinary and ordinary
indices of liquid crystal (An=n.-n,), twist angle of liquid
crystal (8), the measurement wavelength (A) and the rotation
angle o of the phase plate at an extreme value are known in
Eg. (18}, only the thickness d of the liquid crystal layer is
not known. Then, the thickness d can be determined by solving
Eg. (18).

Fig. 13 shows an apparatus for measuring a thickness
of birefringence layer wherein 1like reference numbers
represent like components having the same function. A
rotating meéns 15 rotates the liquid crystal layer 3; A
controller 17 controls the rotation of the rotation means 15
for the liquid crygtal layer 3 and the rotating means 5 for
the phase plate 16. A computer 18 calculates the thickness
d of the liquid‘_crystal 3 as an object to be measured
according to the rotation angle of the A/2 plate 16 obtained
with the controller 17.

| A method of measuring a thickness of a birefringence
layer in the optical system in the apparatus is explained with
reference to the flowchart of Fig. 12. First, the polarizers
2 and 6 are set in parallel Nicol or crossed Nicol. Next, the

liquid crystal layer 3 is set on the rotating means 15



to the rotation angle [err] of the phase plate 4. Table 2 shows a relation
of the polarization state of the phase difference of the phase plate 4 and
{he polarizers 2 and 6 to the nunmber of the drawings. In other words, Fig.
4 shows a case of the polarizers in parallel N col and the phase
differences [err] of the phase plate 4 of [err]/8; Fig. 5 shows a case of
the polariz- ers in crossed Nicol and the phase differences [err] of the
phase plate 4 of [err]/8; fig. 6 shows a case of the polarizers in parallel
Ni col and the phase differences [err] _of the phase plate 4 of [err]/4; Fig.
7 shows a case of the polarizers i ™ &3ssed Nicol and the phase differences
[err] of the phase plate 4 of [err]/4; Fig. 8 shows a case of the

pol arizers in parallel N col and the phase differences [err] of the phase
plate 4 of [err]/2; and Fig. 9 shows a case of the polarizers in crossed

Nicol and tpg phase ditierances Goehebhe RNA%G PLEEE: ng' kSHY /%5 con-

trolled by the controller 17. Thus, it is set at a position
at which the detection intensity of the photosensor 7 has an
extreme value. Next, the optical axis of the A/2 plate 16 is
set to agree with the transmission axis of the polarizer 2.
Then, the A/2 plate 16 is rotated by the rotating means 5
means 17 controlled by the rotation means 17, and a rotation
angle o at which the detection intensity of the photosensor
7 has an extreme value is measured. Then, the rotation angle
o is substituted into Eg. (18) as explained above, and the
thickness of the liquid crystal layer is calculated with the
computer 18.

As described above, advantages similar to thosg in
the first embodiment are réaliiéd. Further, by rotatiné the
liquid crystal layer 3 to set it at an extreme value, the
thickness of the liquid crystal layer (birefringence layer)
is determined correctly according to the rotation angle of the
A/2 plate even if.;he rubbing direction of the liquid crystal
is not known.

Although the présent invention has been fully
described in connection with the preferred embodiments thereof
with reference to the accompanying drawings, it is to be noted
that various changes and modifications are apparent to those
skilled in the art. Such changes and modifications are to be

understood as included within the scope of the present



- 14 - Table 2 Nunber of Phase di fference Pol ari zati on draw ng

[err] condition 4 [err]/8

Parallel Nicol 5 [err]/8 Crossed Nicol 6
[err]/4 Parallel Nicol 7 [err]/4

Crossed Nicol 8 [err]/2 Parallel N col 9
[err]/2 Crossed Nicol As will be understood fromFigs. 4 - 9,

the optical intensity detected by the photosensor 7 has an extrene val ue

- 24 -

invention as defined by the appended claims unless they depart

therefrom.



I rrespective of phase difference of the phase plate 4 and the polarization
state. The rotation angle awof the phase plate 4 at an extrene val ue can be

det ermi ned by, di j Al Egs. (9) and (10) with a, as shown in Egs.
(11) and (12) (i!’mm!ﬂﬂum&‘ﬁﬂw observing the two equations, it is found
that Eq. (11) % L sasag. (12). If difference in ordinary and
extraordinary indices of liquid crystal ([err]n=n[err]-n[err]), tw st angle

of liquid crystal ([err]), rubbing direction of liquid crystal ([err]), the
measur enent wavel ength (X), the phasgsdifference ([err]) of the phase plate

WHAT 1S CLAIMED IS:
1. A method for measuring a thickness of a
birefringence layer comprising the steps of:

(a) providing an objec; to be measured having a
birefringence layer in an optical path of a light between
first and second polarizers in parallel Nicol or in crossed
Nicol;

(b) providing a phase plate between the first and
second polarizers so that a direction of transmission of the
first polarizer agrees with an optical axis of the light;

(c) rotating the phase plate, and measuring a
rotation angle of the phase plate at which an optical
intensity of ;ight transmitting the second polarizer has an
extreme value;';nd |

{(d} calculating a thickness of the birefringence
layer according to the rotation angle of the phase plate.

2. The method according to Claim 1, wherein said phase
plate comprises a.Eabinet-Soleil compensatof.

3. The method according to Claim 1, wherein said
birefringence layer comprises a liquid crystal layer.

4. An apparatus for measuring a thickness of a
birefringence layer comprising:

a light source emitting a light having a single

wavelength;

This Sheet Has Been Rzilaced

A




énd the rotation angle a of the phase plate at an extrenme val ue are known

in Egq. (11), only the tgLE%ﬂggs,d of liquid crystal layer is not known.
Then, the thickness—d—tan be determ ned by solving Eq. (11). The precision

of the measurenent of "Eness_of the liquid crystal layer is
det ermi ned by \MW“ reci sion of the rotation an IseB@leépxaEelde
phase pl ate 3. ) ofs t i ckness of 10 nm can b&hi '

preci sion of rot*ation angle of 0.05[err]. The measure Il ed in a
time where the phase plate 4 is rotated by several de ut one
second. Thus, it is an advantage-thka2ét ke neasurenent is perfornmed at a
hi gh speed. As descri bed above, according to the present enbodi nent, the
intensity detected by the photosensor 7 is

first and second polarizers set in parallel Nicol
or iﬁ crossed Nicol in an optical path of the light;

an object to be measured having a birefringence
layer and provided between said first and second polarizers;

a phase plate provided between said first and second
polarizers; and

a photosensor for detecting a light transmitting the
second polarizer.

5. The apparatus according to Claim 4, further
comprising a means for rotating said phase plate.

6. - The apparatus accoiding to Claim 4, wherein said
phase plate comprises a Babinet-Soleil compensator.

7. The apparatus according to Claim 4, wherein said
birefringence layer comprises a liquid crystal layer. |

8. A method for measuring a thickness of a
birefringence layer, the birefringence layer having an
orientation direction at an incidence side thereof, the method
comprising the steps of:

{(a) providing an object to be measured having a
birefringence layer in an optical path of a light between
first'and second polarizers in parallel Nicol or in crossed
Nicol;

(b} rotating the object, and setting a position of
the birefringence layer so that an optical intensity transmit-

ting the second polarizer has an extreme value;



changed by rotating the phase plate 4. Then, a rotation angle [err] at
“which the intensity has an extrene value is neasured, and the thickness d
of the liquid cnygLaLfFayéf’rngeternined at a high precision according to

Egq. (11). Fig. 10 sha

bi refringence V\m\ ‘ 10, |I|ike reference characters denote
substantially\x onponknts shown in Fig. 1. A rotating neans 5
rotates the phase plate 4. A controller 8 controls the rotating neans 5 on
the basis of signals of the photosensor 7, and a conputer 9 calcul ated the
thi ckness d of the liquid crystal 3 &’ anh object to be measured according
to the rotation angle of the phase plate 4 with the controller 8.

ma ratus for neasuring a thickness of a
I |

(¢} providing a A/2 plate between the first and
second polarizers so that a direction of transmission of the
first polarizer agrees with an cptical axis of the light;

(d) rotating the MA/2 plate, and measuring a
rotation angle of the A/2 plate at which an optical intensity
transmitting the second polarizer has an extreme value; and

(e} calculating a thickness of the birefringence
layer according to the rotation angle of the A/2 plate.

9. The method according to Claim 8, wherein said
birefringence layer comprises a liquid crystél layer.

10. An apparatus for measuring a thickness of a
birefringence layer comprising:

a light soﬁrce emitting a light having a single
wavelength;

first and second polarizers set in parallel Nicol
or in crossed Nicol in an optical path of the light;

an object. to be measured having a birefringence
layer in an opticg; path of a light between first and sgcond
polarizers in parallel Nicol or in crossed Nicol;

a A/2 plate provided between the first and second
polarizers; and

a photosensor for detecting a light transmitting

said second polarizer.

il
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met hod of measuring a thickness of a birefringence |ayer in the optical
ystem havi ng the above-nentioned structure is explained with reference to
t he fIomcha%%~0%—F%g——ﬁ——Tﬁ—’hTrefringence | ayer such as a liquid crystal
cell has an ' tion at an incidence side thereof. First, the
pol ari zers 2 mg@%‘ﬂﬂ ﬁ! parallel N col or crossed N col arrangenent
with a |iqui set on the rotating neans 5 between them

Next, the optlcal axis of the phase plate 4 is set to agree with the
transnission axis of the polarizer 2, Then, the phase plate 4 is rotated by

the controller 8 and the rotating ne%ﬂs 5, and a rotation angle [err] at
whi ch the detection intensity of the photosensor 7 has

‘n

11. The apparatus according to Claim 10, further
comprising a first means for rotating said object, and a
second means for rotating said A/2 plate.

12, The apparatus according to Claim 10, wherein said

birefringence layer comprises a liquid crystal layer.

i



- 17 - an extreme value is neasured. Then, the rotation angle [err] is
substituted into Eq. (11), and the thickness of the birefrin- gence | ayer
(liquid crystal layer 3) is calculated with the conputer 9. Thus, the

t hi ckness of the birefringence layer (liquid crystal layer 4) is

cal cul ated. The present enbodi ment has ¥&eral advantages. Because the

t hi ckness can be neasured with a very sinple optical system a neasurenent
apparatus can be provided at a | ow cost. Further, because the neasurenent
can be perfornmed at a high speed, the nunber of sanples can be increased
fromsanple test to total inspection. Thus, a yield in a fabrica- tion
process that uses this apparatus may be increased. Still further, because
sanples of the twist angle of liquid crystal other than 90 can be neasured
in contrast to prior art,

N A

A

20
\

Fig.1



various liquid crystals can be neasured. Though a sinple phase plate 4 is
used in the enbodi- nent, it is needless to say that a Babi net Sol ei
conpensat or having a conbi nation of phase plates may al so be used. In the
enbodiment, a liquid crystal layer is an object to be neasured. However,
the object is not linmted to liquid cry8al, and a thickness of any object
havi ng birefringence can be neasured. Next, a second enbodi nent of the

i nvention is explained for neasuring a thickness of a birefringence |ayer.
Fig. 11 shows a basic optical system of the second enbodi nent wherein

| i ke reference characters denote substantially the

Fig.2

( START )

sS2 Set polarizers 2,6 in
parallel nicol or crossed nicol

g4 | Set optical axis of phase plate so
as to agree with transmission axis
of polarizer 2

S6 Rotate phase plate and measure
angle of rotation « at which
detected intensity has an
- extreme value

S8 Determine thickness of a
birefringence layer from angle «

( END )




<

sanme conponents shown in Fig. 1. Next, it is explained with reference to a
f¥ owchart shown in Fig. 12 how a thickness of a birefringence | ayer such as
a liquid crystal layer is neasured in the above-nentioned optical system
First, the polarizers 2 and 6 are set in parallel N col or crossed N col
arrangement (step S10). Then, the |iquidf9crystal 3 is rotated, and it is
set at a position where the detection intensity of the photosensor 7 has an
extrene value (step S12). Next, the optical axis of the [err]/2 plate

(hal f-wave plate) 16 is set to agree with the transm s- sion axis of the
pol arizer 2 (step S14). Then, the [err]/2 plate 16 is rotated, and a
rotation angle [err] at which the detection intensity of the photosensor 7
has an extrene value is neasured (step S16). Then, the rotation angle [err]
is substitut- ed into Eq. (18) explained |later, and the thickness of the

14

ex

Fig.3
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birefringence layer (liquid crystal layer) is calculated (step S18). Next,
a-principle of the neasuring nethod is explained with reference to
nunerical formula, and it is shown that the thickness of a liquid crystal

| ayer can be neasured even if the rubbing direction [err] of liquid crystal
is not known. Wen the [err]/2 plate 164/85 not used, Jones vector G(Jerr],
Jerr]) of alight transmtting the polarizer 6 is witten - 19 - in Eq.
(13), and an intensity H detected by the photosensor 7.is witten in Eqg.

(14). Fig.4
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[err] Cenerality is not lost if the direction of the transm ssion axis
e[err] of the polarizer 2 is taken as e[err] =0, as in the first

enbodi ment. Then, e[err] is set at zero. Then, the direction of the

transm ssion axis e[err] of the other polarizer 6 is taken at O[err] for
parallel N col or at 90[err] for crosse®y9Ni col. In case of parallel N col,
the intensity Hl detected by the photosensor 7 is witten in Eq. (15), and
in case of crossed Nicol, the intensity H2 detected by the photosensor 7 is

witten in Eq. ng6 - 20 -
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[err] 1 be understood from Eqgs. (15) and (16), the fourth terns in Egs.
(45) and (16) change as the liquid crystal layer 3 is rotated, and the
detection intensity is changed. The value at an extreme val ue of the
detection intensity is determned as [err] where partial differentials of
Egqs. (15) and (16) with [err] becone zeB# and it is shown in Eq. (17).
[err] wherein mis an integer. By using Egq. (17), elenents g and s of a
Jones matrix of the liquid crystal layer related to the rubbing

Fig.8
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-- 21 - direction [err] of the liquid crystal cell has values shown in Table
'3 and they are not relevant to the rubbing direction [err] of the liquid

crystal cell. Table 3 Polarization Extremne q S
state val ues Parallel N col Maxi mum
[err]([err]/[err])sin([err]) 0O Agrallel Ncol M ni mum

0 [err]([err]/[err]) sin([err]) Crossed N col Maxi mum 0
[err]([err]/[err])sin([err]) Crossed N col M ni mum
[err]([err]/[err])sin([err]) 0 When these values are substituted in

Egq. (11), signs of [err] are deleted in the first and second ternms in the

| eft hand sidg_pecayse they are terns of g[err], s[err] or gs. On the
ot her hand, t)&] §efésign of [err] remains in the third term of

g
[
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(ps + gr), the thickness of the liquid crystal |ayer cannot be determ ned
wi quel y. However, because the [err]/2 plate 16 is used, sin [err] = sin
[err] = 0inthe third termin Eg. (11). Thus, there exist no term
depending on the sign [err]. Thus, the thickness of liquid crystal |ayer
can be determ ned uniquely. By substitwg/ng [err] in the phase difference
[err] in Eq. (11) and by using Table 3, Eg. (18) is obtained. - 22 -
[err] If difference between extraordinary and ordinary indices of |iquid
crystal ([err]n=n[err]-n[err]), twist angle of liquid crystal ([err]), the
measur enent wavel ength ([err]) and the rotation

- Fig.12

( sSTaRT )

S10 Set polarizers 2,6 in
parallel nicol or crossed nicol

S12 Rotate liquid crystal and set it
at a position where detected
intensity has an extreme value

Set optical axis of A/2 plate so as
to agree with transmission axis of
polarizer 2

S14

_ Rotate A/2 plate and measure
S16 angle of rotation a at which
detected intensity has an
extreme value

S18 Determine thickness of a
birefringence layer from angle «

C END )




a

angle a of the phase plate at an extrene value are known in Egq. (18), only
tshe thickness d of the liquid crystal layer is not known. Then, the

thi ckness d can be determ ned by solving Eq. (18). Fig. 13 shows an
apparatus for neasuring a thickness of birefringence |ayer wherein |ike
reference nunbers represent |ike conpogygnts having the sane function. A
rotating neans 15 rotates the liquid crystal |ayer 3. A control ler 17
controls the rotation of the rotation neans 15 for the liquid crystal |ayer
3 and the rotating neans 5 for the phase plate 16. A conputer 18 cal cul ates
the thickness d of the liquid crystal 3 as an object to be neasured
according to the rotation angle of the [err]/2 plate 16 obtained with the
controller 17. "A nmethod of neasuring a thickness of a birefringence

Fig.13
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. .
Léyer in the optical systemin the apparatus is explained wwth reference to
"¥he flowchart of Fig. 12. First, the polarizers 2 and 6 are set in parallel
Ni col or crossed Nicol. Next, the liquid crystal layer 3 is set on the
rotating neans 15 - 23 - theref or, and it is rotated by the rotating
means 15 con- trolled by the controller 17. Thus, it is set at a position
at which the detection intensity of the photosensor 7 has an extrene val ue.
Next, the oABSTRACEXOE THE!{DISCIOSURE plate 16 is set to agree with the
transm ssion axis of the polarizer 2. Then, the [err]/2 plate 16 is rotated

by the rot alIHiE @FaANVENTEQNs METHOR AND AP TUS FORMBASURENG 17, and a
rotation THICKNESS OF BIREFRINGENCE LAYER

A liquid crystal layer 3 is set between two
polarizers 2, 6 in parallel Nicol or in crossed Nicol, and a
phase plate 4 is set between the two polarizers so that the
transmission direction of the first polarizer agrees with the
optical axis. Then, a rotation angle at which optical
intensity transmitting the second polarizer has an extreme
value to be determined, and the thickness of the birefringence
layer is calculated according to the rotation angle of the
phase plate 4. 1In a different method, a half-wave plate is
used. First, the liquid crystal layer is set at a position
where an optical intensity of the transmission light has an
extreme value, and the half-wave plate provided between the
two polarizers is set so that a transmission direction of the
first polarizer agrees with the optical axis. Then, a
rotation angle of the phase plate is determined at which an
optical intensity of light transmitting the second polarizer
has an extreme value. Then, the thickness is calculated
according to the rotation angle of the half-wave plate. Thus,
the thickness is measured in a short time even for a liquid
qrystél that does not have a twist angle of 90° or on which

rubbing direction is not known.

Figure 2. T T o
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angl e a at which the detection intensity of the photosensor 7 has an
exfT&We value is neasured. Then, the rotation angle [err] is substituted

into Eq. (18) as expl ai ned above and the thickness of tfie riquid crystar
| a4 USTRA I N PRAEBNT @K CFhe conputer 18. As described apou@icatioggnt ages
S| SBAROH REPORDSe in the first enbodinent are realized. &%&159Hv

f%oxtkdﬂ”g t %ﬂﬁ;ﬂ,ﬁ{s ﬂé‘i‘(étﬂaﬁﬁhtx@n%cﬁ%toﬂﬂeﬁ?stts&@t extreme val ue, the

t hi CKHess | | Glll crystal layer (hirefringence layer) is deternined

correctly according to the rotation angl e of the [err]/2 pI ate even if the
ir geg:&g R ecg'@g’g%%f()dtf{}%éges c?ggg% I n conn %?%dﬁ%x?ﬁn%e pr ePgirﬂr}gl&%egéﬁqt
enmbatlbiBmk sveh ktﬁraeqﬁxdmy’sﬂai whadhedoesmot havg attwist angls@f Beongrion gvhith anbbingsijrectioniisnct o
b.e el . An object to be measured liquid crystal (3) having a birefringence layer is set between two polarizers (2), (6)
in pam!lc! nicol or in crossed nicol, and a phase plate (4) is set between the two polarizers (2), (6) so that the
transmission direction of the first polarizer agrees with the optical axis. As the phase plate is rotated, the quantity of

light transmitting the second polarizer is changed. Thus, a rotation angle at which the quantity of transmission light
has an extreme value can be determined, and the gap thickness of the birefringence layer of the liquid crystal (3) is
calculated according to the rotation angle of the phase plate (4).

3&_.--.._ R
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However, the method explained above has several
disadvantages. PFirst, a liquid crystal layer on which the
thickness can be measured is limited to a layer having a twist
angle of about 90°. Further, it is needed to make the rubbing
direction of the liquid crystal cell to the transmission
direction of the two polarizers, the rubbing direction has to
be known. However, it is usually difficult to measure the
rubbing direction, and it is impossible to set the rubbing
direction of the liquid crystal correctly to agree with the
transmiséion direction of the two polarizers. Further,
because the monochromatic meter or a spectrometer is needed,
a time of about one minute is needed for measurement.
Therefore, it cannot be applied to uses such as in-line
inspection that need a high speed 'processing. Finally,
because the monochromatic meter or a spectrometer is used, the
apparatus has a complicated structure, and its cost is high.

SUMMARY OF THE INVENTION

An object of the present invention is to provide a |
method and an apparatus for measuring a thickness of a
birefringence layer correctly and at a high speed enough for
in-li'ne inspection, even for a liquid crystal that does not
have a twist angle of 90° or én which rubbing direction is not

known, and can be fabricated at a low cost.

Abla 1 59—
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(a) providing_ an object o be nmeasured havi nlg a bihrgfri ngenfce I?yerdi n an 4
optical pat hipf 4 a sirngl e wavel engt etween first and secon
pgl ari zePs [ ﬁ@igﬂmﬂ gr 5 in crossed Nicol, .t ran;m’ ssi1on axhs%ﬁf
said first ppl arb r Ee‘b Herlpendi cul ar to an SpettEite gheet of 4‘”58 t
(b) provi dj ng Z"f;'l'\g e g(?ate between said first and second polarizers so
that a directipn of transm dsifon of said first polarizer agrees wth the
optical axisjof the light, thg object4being interposed between said first
pol ari zer : antd—sai-d—phase—p+ate; 10 (c) rotating said phase plate,
and measuring a rotation angle of said phase plate at which an optical

| ntensi t Yinakedrimhce vl theiARREbAL B S BRARECLEHBAIIBE ik SurBh AIMAKS AP
val ue; and (d) calculating a thicknesS of the birefringence~layer according
to the rohieaftingensedayer obmprisidg preastepspifat e. 15 2. The net hod according to

Caim1l1, wherejp sai.d. phase, plate conprises a Babjnet-Soleil conpensator.
3. The net h8d PIEH iaﬂgg tmﬂ)smﬁa%l,re@m;la HisgTingence daver iy am eptiah path

conpri sesyfd lighdHing a single wavelength between first and second polarizers in parallel Nicol or

5 in crossed Nicol, transmission axis of said first polarizer being perpendicular to an optical

o

=]

axis of the light;

(b)  providing a phase plate between said first and second polarizers so that a
direction of transmission of said first polarizer agrees with the optical axis of the light, the
object being interposed between said first polarizer and said phase plate;

10 (c) rotating said phase plate, and measuring a rotation angle of said phase plate at
which an optical intensity of the light transmitting said second polarizer has an extreme value;
and

(d) calculating a thickness of the birefringence layer according to the rotation angle
of said phase plate.

15 In another aspect, there is provided an apparatus for measuring a thickness of a birefringence
layer comprising:

a light source emitting a light having a single wavelength;

first and second polarizers set in parallel Nicol or in crossed Nicol in an optical path
of the light, transmission axis of said first polarizer being perpendicular to an optical axis of

20 the light;

an object to be measured having a birefringence layer and provided between said first

“and second polarizers;

a phase plate provided between said first and second polarizers, the object being
interposed between said first polarizer and said phase plate;

25 a rotator which rotates said phase plate;

a photosensor for detecting a light transmitting said second polarizer; and

a calculating means to calculate the thickness of the birefringence layer.

In another aspect, there is provided a method for measuring a thickness of a birefringence
layer, the birefringence layer having an orientation direction at an incidence side thereof, the

30 method comprising the steps of:



crystal |ayer. 4, An _apparatus for neasuring a thickness of a
birefringence |3 8t QBN : a light source emtting a |ight
having a single «ELﬁEEML 15‘ h‘rlf and second poélﬂ i zers

Ni col or in crogsdd Nicol in an

ke shoet  dnby 1999

bt i cal path of

0
axis of said finst prBaJrULsze ng perpendi cular to an optical axis of the
h

| ight; an object] tto be neasured

hvi ng a birefringence | ayer and provi ded

between said finst 25 and second pol arigers; a phase plate provided between
said first and second paolarizers,]the object being interposed between said
first polarizer and said phase plate; a rotator which rotates said phase

orar zor and 38 PronaEE sbicPhofh itheck AIRR { bk Hng AR IARE M i sutea

pol ari zer;

t he biref r patpeofedighnhming a single wavelength between first and second polarizers in parallel Nicol

10

15

20

25

or in crossed Nicol, transmission axis of said first polarizer being perpendicular to the optical
axis of the light;

(b)  rotating the object, and setting a position of the birefringence layer so that an
optical intensity of the light transmitting said second polarizer has an extreme value;

(c)  providing a A/2 plate between said first and second polarizers so that a
direction of transmission of said first polarizer agrees with an optical axis of the light, the
object being interposed between said first polarizer and said A/2 plate;

(d)  rotating said A/2 plate, and measuring a rotation angle of said A/2 plate at
which an optical intensity of the light transmitting said second polarizer has an extreme value;
and

(e) calculating a thickness of the birefringence layer according to the rotation angle
of the A/2 plate.

In another aspect, there is provided an apparatus for measuring a thickness of a birefringence
layer comprising: -

a lightsource emitting a light having a single wavelength;

first and second polarizers set in parallel Nicol or in crossed Nicol in an optical path
of the light, transmission axis of the first polarizer being perpendicular to an optical axis of
the light beam;

an object to be measured having a birefringence layer in an optical path of a light

_between first and second polarizers in parallel Nicol or in crossed Nicol, the object being

interposed between the first polarizer and the phase plate;
a A/2 plate provided between the first and second polarizers;
a rotator which rotates said phase plate;
a photosensor for detecting a light transmitting said second polarizer; and

a calculating means to calculate a thickness of the birefringence layer.



5. The appar at us accordlng to Claimd4,

rotating said ph
wherein said pha
appar at us accordi
a liquid crystal

bi refri ngence | ay

direction at an i
(a) provi di ng

y w

mm DI9A
the birefri

further conprising a nmeans for

31 e apparat us accordlng to Cla|n14

PiiskSi a Babi net - So), ej nsat The
hhkrein said b|$®? Wg%”gﬁ 3e‘¥ l)fo]rﬁ)a?ses

et hod for nmeasuring a thlckness of a

hgence | ayer having an orientation

nefeof, the nethod conprising the steps of:
dn_object to_be neasured having a birefringence layer in an

optical path of a Iight having a single wavel ength between first and second

polarizers in parallel N col or in crogsgd Nicol
first polarizer being perpendicular tot
rotating the object,

e opti cal
and setting a position of the birefringence |ayer so

transm ssion axis of said
axis of the light; (b)

An advantage of the present invention is that the
thickness is measured at a high speed.

Another advantagé of the present invention is that
a liquid crystal cell having a twist angle other than 90° can
be measured.

A further advantage of the present invention is that
the thickness can be measured with a very simple optical

system.

- BRIEF_DESCRIPTION OF THE DRAWINGS

These and other objects and features of the present
invention will become clear from the following description
taken in conjunction with the preferred embodiments.ﬁhereof
with reference to the accompanying drawings, and in which:

Fig. 1 is a diagram of a basic optical system for
a method for measuring a thickness of birefringence layer of
a first embodiment of the invention;

Fig. 2 is a diagram of a flow of the measuring
method of the first embodiment;

| Fig. 3 is a diagram for explaining coordinates in
the optical system of the embodiment; |

Fig. 4 is a graph of detected intensity plotted

against angle of rotation of a phase plate in a case of the



t hat an opf] T tty—of-the light transmtting said second pol ari zer
has an exlto LAQBMSHEETNE)W di'ng a [err]/2 plate betvve;an saijdffi rst
and second|pql ari zers SO thal a direction of transm ssion of sai | St
pol ari zer greegszwim_h']@g optfcal axis of the |igubstitute shepbcd HdyntP99
i nterposed{b¢tween said fifsf polarizer and said [err]/2 plate; (d)
rotating sdi e, l and neasuring a rotation angle of said [err]/2
pl ate at ich an optical intensity ofsthe light transmtting said second
pol ari zer has an exireme vatue; and (e) cal culating a thickness of the
birefringence layer according to the rotation angle of the [err]/2 plate.
- 27 - 9. Whatlif@ldileAqst according to Caim8, wherein said birefringence
| ayer conprises a

1. A method for measuring a thickness of a birefringence layer comprising the steps of:

D

(a) providing an object to be measured having a birefringence layer in an optical path

of a light having a single wavelength between first and second polarizers in parallel Nicol or
5 in crossed Nicol, transmission axis of said first polarizer being perpendicular to an optical
axis of the light;

(b)  providing a phase plate between said first and second polarizers so that a
direction of transmission of said first polarizer agrees with the optical axis of the light, the
object being interposed between said first polarizer and said phase plate;

10 ()  rotating said phase plate, and measuring a rotation angle of said phase plate at
which an optical intensity of the light transmitting said second polarizer has an extreme value;
and

(d) calculating a thickness of the birefringence layer according to the rotation angle
of said phase plate.

15 2. The method according to Claim 1, wherein said phase plate comprises a Babinet-Soleil
compensator.

3. The method according to Claim 1, wherein said birefringence layer comprises a liquid

crystal layer.
4. An apparatus for measuring a thickness of a birefringence layer comprising:
20 a light source emitting a light having a single wavelength;

first and second polarizers set in parallel Nicol or in crossed Nicol in an optical path
_of the light, transmission axis of said first polarizer being perpendicular to an optical axis of

the light;

an object to be measured having a birefringence layer and provided between said first

25 and second polarizers;

a phase plate provided between said first and second polarizers, the object being
interposed between said first polarizer and said phase plate;

a rotator which rotates said phase plate;

- a photosensor for detecting a light transmitting said second polarizer; and

30 a calculating means to calculate the thickness of the birefringence layer.
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liquid crystal layer. 10. An apparatus for neasuring a thickness of a

bi refringenc Y, M«gwrgﬂ - a | kghtsource emtting a |ight having a

si ngl e wavel ¢ Ll LS taney siecond pol ari zers éet N éaflallel NiICOJ i in
crossed Nicol fn an oetig | bath of the |ight, PYBSHESShegt z)l; duly:19

first polarigef B:2dyLp® §endi ular to an optical axis of the |ight bean;
an object tojb¢ neasured havinp a birefringence |ayer Tm—an-eptical._path of
a light betwgen TTrst and secohd pol ardgzers in paraj FélP N-wol Hé8 Argngr ossed
Nicol; a [ern]l/2 plate provided between the first and seddntipql ari zgrs,

t he obj ect being interposed between the first polarizer and the—ter}/ 2
plate: a rotat ' t - Sal Iy / I - e . .
detecting Se)i lig ?%?g%gﬁnﬂta?%%glng}g:%&ﬁécé]hgg%%q?g?’@grs ; ga%glteg&cfﬁgéfaé@é r%l d
means to galaseipltee a t hi ckness of the birefringence |ayer. 11. The

apparatus according to Caim 10, further conprising a neans for rotating
sai d obj e£ The apparatus according to Claim 4, wherein said phase plate comprises a Babinet-

Soleil compensator.

517 The apparatus according to Claim 4, wherein said birefringence layer comprises a
liquid crystal layer.
8. A method for measuring a thickness of a birefringence layer, the birefringence layer

having an orientation direction at an incidence side thereof, the method comprising the steps
of:

10 (a) providing an object to be measured having a birefringence layer in an optical
path of a light having a single wavelength between first and second polarizers in parallel Nicol
or in crossed Nicol, transmission axis of said first polarizer being perpendicular to the optical
axis of the light;

(b)  rotating the object, and setting a position of the birefringence layer so that an

15 optical intensity of the light transmitting said second polarizér has an extreme value;

(c) providing a A/2 plate between said first and second polarizers so that a
direction of transmission of said first polarizer agrees with an optical axis of the light, the
object being interposed between said first polarizer and said A/2 plate;

(d)  rotating said A/2 plate, and measuring a rotation angle of said A/2 plate at

20 which an optical intensity of the light transmitting said second polarizer has an extreme value;
and

(e) calculating a thickness of the birefringence layer according to the rotation angle
of the A/2 plate.

9. The method according to Claim 8, wherein said birefringence layer comprises a liquid

25 crystal layer.

10.  An apparatus for measuring a thickness of a birefringence layer comprising:

a lightsource emitting a light having a single wavelength;

first and second polarizers set in parallel Nicol or in crossed Nicol in an optical path
of the light, transmission axis of the first polarizer being perpendicular to an optical axis of

30 the light beam; —— ' o
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12. The apparatus according to Caim 10, wherein said birefringence
| ayer conprises a liquid crystal |ayer.
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an object to be measured having a birefringence layer in an optical path of a light

between first and second polarizers in parallel Nicol or in crossed Nicol, the object being
interposed between the first polarizer and the phase plate;
a A/2 plate provided between the first and second polarizers;
5 a rotator which rotates said phase plate;
a photosensor for detecting a light transmitting said second polarizer; and
a calculating means to calculate a thickness of the birefringence layer.
11.  The apparatus according to Claim 10, further comprising a first means for rotating
said object, and a second means for rotating said A/2 plate..
10 12.  The apparatus according to Claim 10, wherein said birefringence layer comprises a

liquid crystal layer.
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6. The apparatus according to Claim 4, wherein said phase plate comprises a
Babinet-Soleil compensator.

7. The apparatus according to Claim 4, wherein said birefringence layer comprises
a liquid crystal layer.

8. A method for measuring a thickness of a birefringence layer, the birefringence
layer having an orientation direction at an incidence side thereof, the method
comprising the steps of:

(a)  providing an object to be measured having a birefringence layer in an
optical path of a light having a single wavelength between first and second polarizers in
parallel Nicol or in crossed Nicol, transmission axis of said first polarizer being
perpendicular to the optical axis of the light;

(b)  rotating the object, and setting a position of the birefringence layer so
that an optical intensity of the light transmitting said second polarizer has an extreme
value;

(c) providing a A/2 plate between said first and second polarizers so that a
direction of transmission of said first polarizer agrees with an optical axis of the light,
the object being interposed between said first polarizer and said A/2 plate;

(d)  rotating said A/2 plate, and measuring a rotation angle of said A/2 plate
at which an optical intensity of the light transmitting said second polarizer has an
extreme value; and

(e) calculating a thickness of the birefringence layer according to the
rotation angle of the A/2 plate. REPLACEMENT SHEET
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9. The method according to Claim 8, wherein said birefringence layer comprises a
liquid crystal layer.
10.  An apparatus for measuring a thickness of a birefringence layer comprising:

a lightsource emitting a light having a single wavelength;

first and second polarizers set in parallel Nicol or in crossed Nicol in an opticat
path of the light, transmission axis of the first polarizer being perpendicular to an
optical axis of the light bean;

an object to be measured baving a birefringence layer in an optical path of a
light between first and second polarizers in parallel Nicol or in crossed Nicol;

a A/2 plate provided between the first and second polarizers, the object being

interposed between the first polarizer and the late;

a rotator which rotates said A/2 plate;
a photosensor for detecting a light transmitting said second polarizer; and

a calculating means to calculate a thickness of the birefringence layer.

11, The apparatus according to Claim 10, further comprising a means for rotating
said object,
12. The apparatus according to Claim 10, wherein said birefringence layer

comprises a liquid crystal layer.
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