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(57) ABSTRACT

There are provided a method for measuring a height by a
height measuring apparatus including: obtaining, in advance,
a height correction value depending on an inclination angle of
a surface of the object as an angle correction data; obtaining,
from the height value of each pixel of the imaging device, the
inclination angle of the surface of the object which corre-
sponds to each pixel position of the imaging device; obtaining
the height correction value, which corresponds to the incli-
nation angle obtained, from the angle correction data; and
correcting the height value of the surface of the object, which
corresponds to each pixel of the imaging device, by using the
height correction value obtained.
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METHOD FOR MEASURING HEIGHT,
NON-TRANSITORY COMPUTER READABLE
MEDIUM STORING A PROGRAM FOR
MEASURING HEIGHT, AND HEIGHT
MEASURING APPARATUS

CROSS-REFERENCE TO RELATED
APPLICATIONS

[0001] This is a Continuation application of International
Application No. PCT/JIP2011/055318 filed on Mar. 8, 2011
which claims priority to Japanese patent Application No.
2010-059625 filed on Mar. 16, 2010. The contents of the
aforementioned applications are incorporated herein by ref-
erence in their entirety.

BACKGROUND
[0002] 1. Field of the Invention
[0003] The present teaching relates to a method for mea-

suring a height of a surface of an object to be measured, a
non-transitory computer readable medium storing a height
measuring program, and an height measuring apparatus.

[0004] 2. Description of the Related Art

[0005] Conventionally, it has been suggested a method for
measuring a height as follows (for example, see Japanese
Patent Application Laid-open No. H06-201337). That is, a
texture pattern is illuminated from above and is projected to a
surface of an object via a projection optical system. Then,
scanning is performed in a direction of an optical axis of an
imaging optical system to obtain a position, at which a degree
coming into focus (hereinafter “a degree of focus™) acquired
from images detected by an imaging device is maximized, as
a height value of the surface of the object.

[0006] However, in the conventional measuring method,
there is generated a problem such that error is caused in the
height value, which is measured depending on an inclination
angle of the surface of the object, due to various aberrations
such as spherical aberration of the projection optical system
and/or the imaging optical system.

SUMMARY

[0007] According to an aspect of the present teaching, there
is provided a method for measuring a height of each region of
an object by a height measuring apparatus which comprises
an imaging device and an imaging optical system for forming
an image of the object to an imaging plane of the image
device, the method, the method comprising: scanning the
object relative to the imaging optical system along an optical
axis of the imaging optical system, acquiring a height value of
each region of the object based on a degree coming into forces
acquired from images detected by the imaging device, obtain-
ing, from the height value of each region of the imaging
device, the inclination angle of the surface of the object which
corresponds to each pixel position of the imaging device;

[0008] obtaining the height correction value, which corre-
sponds to the inclination angle obtained, from the angle cor-
rection data; and

[0009] correcting the height value of the surface of the
object, which corresponds to each region of the imaging
device, by using the height correction value obtained.
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BRIEF DESCRIPTION OF THE DRAWINGS

[0010] FIG. 1 is a schematic configuration diagram of a
height measuring apparatus according to an embodiment of
the present application;

[0011] FIG. 2 is a block diagram of a controller device of
the height measuring apparatus according to the embodiment;
[0012] FIGS. 3A and 3B are conceptual views each show-
ing error of a height value due to various aberrations; FIG. 3A
shows a true height value of a surface of an object; FIG. 3B
shows a height value measured by the height measuring appa-
ratus.

[0013] FIG. 4 conceptually shows a relation between an
inclination angle and a height correction value;

[0014] FIG. 5is a conceptual view in a case that correction
is performed by using the inclination angle and the height
correction value corresponding to each pixel position;
[0015] FIG. 6 is a conceptual view in a case that the cor-
rection is performed by using the inclination angle and the
height correction value per all detecting region of the imaging
device;

[0016] FIG. 7 is a flowchart in a case that an angle correc-
tion data is obtained by using a contact-type measuring probe;
[0017] FIG. 8 is a flowchart in a case that the angle correc-
tion data is obtained by using a texture pattern and a projec-
tion pattern;

[0018] FIGS. 9A and 9B are flowcharts in a case that the
angle correction data is obtained by using a reference sphere;
[0019] FIG. 10 is a flowchart showing a height correction
algorithm in the height measuring apparatus according to the
embodiment.

DESCRIPTION OF THE EMBODIMENTS

[0020] Anexplanation will be made with reference to draw-
ings about a method for measuring a height, a height measur-
ing program, and a height measuring apparatus according to
an embodiment of the present application. Noted that the
following embodiment is merely an example for making it
possible to understand the teaching easily, and is not intended
to exclude that addition, replacement, etc., which can be
performed by those skilled in the art, are performed without
departing from technical idea of the teaching of the present
application.

[0021] InFIGS.1 and 2, atilt/rotation stage 12 is placed on
an XY stage 10, and an object 14 is placed on the tilt/rotation
stage 12 in a height measuring apparatus 1 according to the
embodiment. The object 14 is subjected to an inclination
about two axes (0, @) by the tilt/rotation stage 12. Inclination
angles (0, @) of the tilt/rotation stage 12 are controlled by a
computer 18 via a 6@ control section 16. Further, movement
of'the XY stage 10 is controlled by the computer 18 viaa XY
stage control section 20.

[0022] A measurement optical system is formed of an epi-
illumination device 22 and an imaging optical system 24. The
measurement optical system is entirely driven by a Z-direc-
tion driving section 26 along an optical axis (Z direction) of
the imaging optical system 24. Driving of the Z-direction
driving section 26 is controlled by the controller 18 via a
Z-direction driving control section 28. Movement in the Z
direction may be performed by the movement of the XY stage
10.

[0023] The epi-illumination device 22 is formed of a light
source 22a, a lens 22¢ through which a light from the light
source is collected and then is irradiated to a projection pat-
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tern 225, a lens 22d through which the light from the projec-
tion pattern 225 is emitted in a direction in which a half mirror
30 is provided, and an objective lens 32 through which the
projection pattern reflected at the half mirror 30 is projected
on the object 14. With respect to the projection pattern 225, it
is possible to use various patterns such as a grating-shaped
pattern, a checked pattern, and a striped pattern; and an appro-
priate pattern is selected and projected depending on a surface
state of the object 14 or by using a frequency separation
method, as will be described later on, etc. The projection
pattern 225 is detachable with respect to the optical axis of the
epi-illumination device 22. In a case that the projection pat-
tern 225 is removed from the optical axis, a general epi-
illumination can be performed. In the following description,
an explanation will be made about a case in which the pro-
jection pattern is projected to the object 14. However, it is
needless to say that the general epi-illumination can be simi-
larly performed.

[0024] A light of the projection pattern projected on the
object 14 is collected by the objective lens 32 and transmits
the half mirror 30. Then, an image of the projection pattern is
formed on an imaging plane (for example, CCD) of an imag-
ing device 38, which is formed of a plurality of pixels, by an
imaging lens 36 via zoom lenses 34. A taken image of the
object 14 is processed by an image processing section of the
computer 18, is stored in a memory 185 of the computer 18,
and is displayed on a display 18¢ of the computer 18.

[0025] The height measuring apparatus 1 according to this
embodiment is an apparatus which is capable of measuring a
height ofthe surface ofthe object 14 by a publicly known SFF
(abbreviation of Shape From Focus, and the SFF is used as the
abbreviation of Shape From Focus in the followings). In the
SFF method, a height measurement is performed as follows.
That is, degree of focus information of the projection pattern,
which is projected on the object 14 while allowing the mea-
surement optical system to move in an optical axis direction,
for example, a position at which contrast is maximized, is
regarded as a surface position of the object. A height value of
the surface of the object 14 is accordance with the distance
between a surface, which is measured by the height measur-
ing apparatus 1, of the object 14 and a reference plane, which
is virtually set, of the height measuring apparatus 1 along an
optical axis of the objective lens 32. The SFF method is a
publicly known method, and any detailed explanation of
which will be omitted.

[0026] AsshowninFIG. 2, the computer 18 includes a CPU
18a, the memory 184, a SFF height data calculation section
18e¢, a device control section 184 which controls driving
control sections 16, 20, 28, and programs for various controls
or calculations. Further, the computer 18 is connected to an
input device 19 (for example, a keyboard and a mouse)
through which condition and the like is inputted, an external
storage device 21 such as a hard disk drive, and the like.
[0027] Further, in the height measuring apparatus 1 accord-
ing to this embodiment, it is possible to provide an unillus-
trated contact-type measuring probe (hereinafter, referred to
as test point (TP) in an abbreviated manner) to measure the
height value and/or an inclination angle 0 of the surface of the
object 14; and it is possible to obtain an angle correction data,
as will be described later on, by loading the inclination angle
and/or the height value measured by the TP into the computer
18.

[0028] Asdescribed above, the height measuring apparatus
1 according to this embodiment is constructed.
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[0029] Ina conventional height measuring apparatus 1, the
following fact has been found out. That is, in a case that there
are various optical aberrations such as spherical aberration in
the epi-illumination device 22 and/or the imaging optical
system 24 used in the SFF measurement, the height value of
the surface of the object 14 is measured in a deviated state
depending on the inclination angle of the surface, and thus
error is included in the height value. Noted that the inclination
angle refers to an angle between a vertical axis (correspond-
ing to the optical axis) and a normal of an object tangent plane
at a position at which a light beam is irradiated. In a case that
there are the various aberrations such as the spherical aberra-
tion in the optical system, the error of the height value
changes depending on the inclination angle of the surface of
the object 14. The reason thereof is as follows. That is, in the
optical system formed of lenses, the various aberrations such
as the spherical aberration in a circumferential portion of an
optical axis I are larger than those in the vicinity of the optical
axis 1. Thus, the larger the inclination angle of the surface of
the object 14 is, the more likely that a main light beam of the
light reflected at the surface passes through the periphery of
each lens, and thereby increasing the error of the height value.
[0030] Inthe height measuring apparatus 1 of this embodi-
ment, it is possible to correct the error due to the various
optical aberrations, and it is possible to realize that the height
value of the surface of the object 14 is measured more accu-
rately.

[0031] FIGS. 3A and 3B are views each conceptually
showing the error of the height value. In general, the various
aberrations of the optical system are rotationally symmetri-
cal. Thus, also with respect to the inclination angle, one
component can be used as a representative. However, in an
optical system having an asymmetric component, angle data
of'n-component associated with the asymmetry is required. In
the following, an explanation will be made about a case in
which the aberrations of the optical system are rotationally
symmetrical. However, it is needless to say that in a case that
the optical system has the asymmetric component, data cor-
responding to the asymmetric component is included.
[0032] FIG. 3A shows a cross section which includes the
vertical axis I (equivalent to the optical axis) and which is
obtained from a result of measurement of a three-dimensional
profile of the object 14 performed in a state that the unillus-
trated TP is provided in the height measuring apparatus 1 of
this embodiment. In a case that the surface of the object 14 is
measured by the TP, the error is not included in the height
value and a true height value Z is obtained. An angle (incli-
nation angle) between the vertical axis [ and a normal n of an
object tangent plane k at a position P of the object 14 can be
calculated from at least three TP measurement data. In the TP
measurement, the height value of the surface of the object 14
is obtained as a function of the inclination angle 6 at each
position; and this is described as Z(0).

[0033] On the other hand, in a case that the height value of
the surface of the same object 14 as that measured by the TP
is measured by the height measuring apparatus 1 of this
embodiment, a height value Z' which includes the error
caused by the effect of the spherical aberration and the like, is
measured. As shown in FIG. 3B, the height value 7' of a
surface image of the measured object 14 is obtained as a
height value, at a pixel position of the imaging device 38 (see
FIG. 1), which corresponds to the position P of the object 14.
Further, the inclination angle 6 at this pixel position can be
calculated from height values of at least three pixels around
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the pixel at said pixel position. Also in this case, the inclina-
tion angle 0 is the angle between the optical axis I and the
normal n of the object tangent plane at the position into which
the light beam comes. As described above, the height mea-
suring apparatus 1 of this embodiment is capable of obtaining
the height value 7' and the inclination angle 6 of the obtained
surface image of the object 14; and this is described as Z'(0).
[0034] Then, a difference AZ(0) between the height value
7/(0) obtained by measuring the object 14 using the TP and the
height value 7'(0) obtained by measuring the same object 14
as that measured by the TP using the height measuring appa-
ratus 1 of this embodiment is obtained as a height correction
value AZ(0) (AZ(B)=7'(0)-Z(6)). By obtaining the height
correction values AZ with respect to various inclination
angles, relations between the various inclination angles 6 and
the height correction values AZ are stored in the memory 185
of the computer 18.

[0035] FIG. 4 is an example in which the relation between
each of the various inclination angles 6 and each of the height
correction values AZ for one pixel of the imaging device 38 is
depicted in a graph. There is shown in FIG. 4 that the height
correction value AZ is increased as the inclination angle 6
becomes larger. The reason thereof is as follows. That is, as
described above, in the optical system formed of the lenses,
the various aberrations such as the spherical aberration in the
circumferential portion of the optical axis I are larger than
those in the vicinity of the optical axis I. Thus, the larger the
inclination angle 6 of the surface of the object 14 is, the more
likely that the main light beam of the light reflected at the
surface passes through the periphery of each lens, and thereby
increasing the correction value of the height value. With
respect to an angle, of which inclination angle is not yet
measured, it is possible to obtain the height correction value
with respect to each of the various inclination angles by
performing interpolation calculation from the measured data,
based on the relation between the inclination angle and the
correction value as shown in FIG. 4.

[0036] As described above, in the height measuring appa-
ratus 1 of this embodiment, the true height value (Z=7'-AZ)
of'the object 14 can be calculated as follows. That is, the angle
correction data corresponding to condition of the epi-illumi-
nation device 22 and/or the imaging optical system 24 is
obtained in advance and is stored in the memory 185. Then,
the inclination angle of the pixel corresponding to the posi-
tion, at the surface image of the object 14 measured by the
height measuring apparatus 1, into which the light beam
comes, is calculated from pixels around said pixel and the
height value of the pixel measured by the height correction
value corresponding to the calculated inclination angle is
corrected. By performing the above processes for all of por-
tions of the surface of the object 14 in a similar manner, it is
possible to obtain the height value of the object 14 more
accurately.

[0037] FIGS. 5 and 6 are views each conceptually showing
content of the angle correction data.

[0038] FIG. 5 shows a case in which the height correction
value is obtained depending on each of the inclination angles
(for example, 01 to 85) corresponding to each of all of the
pixels of the imaging device 38 and data of the angle correc-
tion data is stored. In this case, the number of data pieces of
the correction data is obtained by multiplying the number of
inclination angles to be measured by the number of pixels.
The height correction value depending on the inclination
angle at the position corresponding to each of all of the pixels
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is suitable for a case in which the various aberrations such as
the spherical aberration of the optical system have consider-
able effect on the height measurement value. For example, in
a case that the angle correction data (height correction value
AZ with respect to the inclination angle) at the pixel position
in the vicinity of the circumference of the optical axis is large
as compared with that at the pixel position in the vicinity of
the optical axis (corresponding to a case in which the height
correction value AZ for each pixel with respect to one incli-
nation angle 6 is considerably varied); and that the height
value measured by one height correction value is corrected,
there is fear that the accurate height value can not be obtained
for lack of accuracy. However, by obtaining the height cor-
rection values corresponding to all of the pixels, it is possible
to correct the height value with a high degree of accuracy. As
described above, by obtaining the height correction values
depending on the inclination angles at the positions corre-
sponding to all of the pixels, it is possible to correct each of
the height values with the high degree of accuracy even when
the optical system having the various aberrations, of which
degrees are great, is used.

[0039] FIG. 6 shows a case in which a least-squares plane,
which means a plane set by the least squares method, is
calculated for each of the inclination angles (for example, 61
to 05) by using the height correction values of all of the pixel
positions of the imaging device 38; deviation from the center
of the least-squares plane is obtained as a representative
height correction value; and the angle correction data is
stored. In this case, the number of data pieces of the correction
data corresponds to the number of inclination angles to be
measured. Obtaining the representative height correction
value depending on each of the inclination angles as the data
is suitable for a case in which the effect on the height mea-
surement value due to the various aberrations such as the
spherical aberration of the optical system is small. For
example, in a case that the angle correction data (height
correction value AZ with respect to the inclination angle) at
the pixel position in the vicinity of the circumference of the
optical axis is small as compared with that at the pixel posi-
tion in the vicinity of the optical axis (corresponding to a case
in which variation of the height correction value AZ for each
pixel with respect to one inclination angle 0 is small), even
when the height value measured by one height correction
value is corrected, it is possible to correct the height value
with the high degree of accuracy. Accordingly, by obtaining
the height correction value per all detecting region of the
imaging device depending on each of the inclination angles, it
is possible to correct the height value with the high degree of
accuracy by using a small amount of data; and it is possible to
facilitate speed-up of the measurement in the height measur-
ing apparatus 1.

[0040] Noted that as to whether or not the angle correction
datais obtained corresponding to each of all of the pixels or as
to whether or not the angle correction data is obtained per all
detecting region of the imaging device 38 can be appropri-
ately selected based on aberration characteristics of the opti-
cal system of the height measuring apparatus 1. Further, it is
possible to obtain the angle correction data by including both
of'the data obtained corresponding to each of all of the pixels
and the data obtained per all detecting region of the imaging
device 38 depending on each of the inclination angles. It is
allowable to obtain the height correction value per all detect-
ing region of the imaging device 38 for the inclination angle
in which the effect of the aberration is small; and it is allow-
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able to obtain the height correction value at the position of
each of all of the pixels for the inclination angle in which the
effect of the aberration is large. Accordingly, it is possible to
reduce the data amount of the angle correction data.

[0041] Next, an explanation will be made about a method
for obtaining the angle correction data and a method for
correcting the height value measured by using the angle cor-
rection data, with reference to respective flowcharts.

[0042] (First Method for Obtaining Angle Correction Data)
[0043] FIG. 7 is a flowchart showing the first method for
obtaining the angle correction data in which the angle correc-
tion data is obtained by using a reference plane; and the
explanation thereof will be made in accordance with steps in
the following description. In the first method for obtaining the
angle correction data, the projection of the projection pattern
22b by the epi-illumination device 22 is unnecessary, pro-
vided that it is possible to obtain the contrast, such as texture,
in the reference plane. Further, it is needless to say that the
projection pattern 224 is projected to perform the SFF mea-
surement, in a case that a mirror surface in which the contrast
can not be obtained is used.

[0044] (Step S1)

[0045] The reference plane (mirror surface)is placed on the
tilt/rotation stage 12 of the height measuring apparatus 1 by
an operator. Then, an initial angle value 60 and a measure-
ment-angle spacing value A8 of a measurement angle, the
number of measurements n, and as to whether or not the
height correction value for each pixel is obtained are inputted
to the computer 18 by the operator.

[0046] (Step S2)

[0047] The reference plane is set to be a predetermined
position and the initial angle value 80, when the XY stage 10
and the tilt/rotation stage 12 receive respective instructions,
from the computer 18, via the XY stage control section 20 and
the 6@ control section 16.

[0048] (Step S3)

[0049] The computer 18 performs a multipoint measure-
ment of the reference plane by the unillustrated TP device;
and the height value at each pixel position, of the imaging
device 38, which corresponds to each position at which the
multipoint measurement is performed is calculated and
recorded by the computer.

[0050] (Step S4)

[0051] The computer 18 obtains an expression of a plane
regarding the reference plane by a method of least squares
etc., based on the height value which is measured by the TP
device and is recorded by the computer 18. Further, the com-
puter 18 obtains a normal perpendicular to the reference plane
to record the angle between the normal and the vertical axis
(corresponding to the optical axis) as the inclination angle.
[0052] (Step S5)

[0053] The computer 18 measures the height value of the
reference plane by the SFF measurement of the height mea-
suring apparatus 1 using the imaging device 38; and the
height value is recorded as an SFF height value at each pixel
position of the imaging device 38.

[0054] (Step S6)

[0055] The computer 18 selects the subsequent process
based on as to whether or not the height correction value for
each pixel is obtained inputted in the step S1. In a case that the
height correction value for each pixel is obtained, a step S7 is
executed. In a case that the height correction value per all
detecting region of the imaging device 38 is obtained, a step
S8 is executed.
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[0056] (Step S7)

[0057] The computer 18 calculates a difference between
height value measurement data, at each position correspond-
ing to each pixel obtained by the TP device, which is recorded
in the step S3 and the SFF height value, at each pixel position,
which is recorded in the step S4; and executes a step S10.
[0058] (Step S8)

[0059] The computer 18 calculates the least-squares plane
based on the SFF height value at each pixel position recorded
in the step S5. Instead of the calculation of the least-squares
plane, it is allowable to calculate an average value of the
height values at the positions corresponding to all of the

pixels.
[0060] (Step S9)
[0061] The computer 18 calculates a difference between

the least-squares plane calculated in the step S8 and the
expression of the plane calculated in the step S4 as the height
correction value to execute the step S10. As the height cor-
rection value, it is allowable to use a difference between the
average value of the height values of all of the pixels and an
average height value in the expression of the plane calculated
in the step S4.

[0062] (Step S10)

[0063] The computer 18 associates the height correction
value at each position corresponding to each pixel with the
inclination angle to store the relation in the memory 185 as the
angle correction data. Alternatively, the computer 18 stores
the height correction value per all detecting region of the
imaging device 38 with respect to the inclination angle in the
memory 185 as the angle correction data.

[0064] (Step S11)

[0065] The computer 18 judges as to whether or not the
number of measurements reaches the number of measure-
ments n which is initially inputted in the step S1. In a case that
the number of measurements does not reach the number of
measurements n, the process is returned to the step S2; and the
angle correction data with respect to the next inclination angle
(6=00+A0xn) is obtained. In a case that the number of mea-
surements reaches the number of measurements n, the flow
for obtaining the angle correction data is completed.

[0066] By performing the steps as described above, the first
method for obtaining the angle correction data is completed
by the computer 18. The obtained angle correction data is
used for the correction of the height value in the height mea-
suring apparatus 1 in accordance with a flow as will be
described later on, and thereby realizing the height measure-
ment with the high degree of accuracy.

[0067] (Second Method for Obtaining Angle Correction
Data)
[0068] FIG. 8 is a flowchart showing the second method for

obtaining the angle correction data in which the angle correc-
tion data is obtained by using the reference plane; and the
explanation thereof will be made in accordance with steps in
the following description. In the second method for obtaining
the angle correction data, the reference plane has a texture
pattern; the SFF measurement is performed by projecting the
projection pattern 225 with the epi-illumination device 22;
and the angle correction data is obtained based on both of the
height value measurement data of the texture pattern and the
height value measurement data of the projection pattern 225.
Further, the steps which are the same as or equivalent to those
of'the first method for obtaining the angle correction data are
designated by the same reference numerals (step numbers),
and explanation thereof will be made. Noted that it is prefer-
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able that frequency component of the projection pattern 225
to be projected is different from frequency component of the
texture pattern. By using the patterns having different fre-
quency components, it is possible to separate the projection
pattern 225 from the texture pattern at the time of measuring

the height.
[0069] (Step S1)
[0070] Thereference plane (having the texture)is placed on

the tilt/rotation stage 12 of the height measuring apparatus 1
by the operator. Then, the initial angle value 60 and the
measurement-angle spacing value A8 of the measurement
angle, the number of measurements n, and as to whether or
not the height correction value for each pixel is obtained are
inputted to the computer 18 by the operator.

[0071] (Step S2)

[0072] The reference plane is set to be the predetermined
position and the initial angle value 60, when the XY stage 10
and the tilt/rotation stage 12 receive respective instructions,
from the computer 18, via the XY stage control section 20 and
the 6@ control section 16.

[0073] (Step S23)

[0074] The computer 18 performs the SFF measurement by
projecting the projection pattern 225 on the surface using the
epi-illumination device 22 of the height measuring apparatus
1; and the height value corresponding to each pixel position of
the imaging device 38 is calculated by the SFF height data
calculation section 18¢ and is recorded by the computer 18. In
this situation, the height measuring apparatus 1 is set to mea-
sure the height value by using the frequency component of the
projection pattern 225.

[0075] (Step S24)

[0076] The computer 18 performs the SFF measurement
using the texture pattern; and the height value corresponding
to each pixel position of the imaging device 38 is calculated
by the SFF height data calculation section 18e and is recorded
by the computer 18. In this situation, the height measuring
apparatus 1 is set to measure the height value by using the
frequency component of the texture pattern.

[0077] (Step S25)

[0078] The computer 18 calculates a difference between
the height value, recorded in the step S23, at each pixel
position, which is obtained by projecting the projection pat-
tern 226 on the reference plane and the height value, recorded
in the step S24, at each pixel position, which is obtained by
using the texture pattern; and the difference between the
height values at each pixel position is obtained.

[0079] (Step S26)

[0080] The computer 18 selects the subsequent process
based on as to whether or not the height correction value for
each pixel inputted in the step S1 is obtained. In a case that the
height correction value for each pixel is obtained, a step S27
is executed. In a case that the height correction value per all
detecting region of the imaging device 38 is obtained, a step
S28 is executed.

[0081] (Step S27)

[0082] Thecomputer 18 sets the difference calculated in the
step S25 as the height correction value and executes the step
S10.

[0083] (Step S28)

[0084] The computer 18 calculates respective least-squares
planes based on the height value, recorded in the step S23, at
each pixel position, which is obtained by projecting the pro-
jection pattern 225, and the height value, recorded in the step
S24, at each pixel position, which is obtained by using the
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texture pattern. Instead of the calculation of the least-squares
planes, it is allowable to calculate respective average values
of the height values of all of the pixels.

[0085] (Step S29)

[0086] The computer 18 calculates a difference between
the respective least-squares planes calculated in the step S28
as the height correction value to execute the step S10. Ina case
that average values of the height values of all of the pixels are
respectively calculated, it is allowable to use a difference
between the respective average values as the height correction
value.

[0087] (Step S10)

[0088] The computer 18 associates the height correction
value at each position corresponding to each pixel with the
inclination angle to store the relation in the memory 185 as the
angle correction data. Alternatively, the computer 18 stores
the height correction value per all detecting region of the
imaging device with respect to the inclination angle in the
memory 185 as the angle correction data.

[0089] (Step S11)

[0090] The computer 18 judges as to whether or not the
number of measurements reaches the number of measure-
ments n which is initially inputted. In a case that the number
of measurements does not reach the number of measurements
n, the process is returned to the step S2; and the angle correc-
tion data with respect to the next inclination angle (6=00+
ABxn) is obtained. In a case that the number of measurements
reaches the number of measurements n, the flow for obtaining
the angle correction data is completed.

[0091] By performing the steps as described above, the
second method for obtaining the angle correction data is
completed by the computer. The obtained angle correction
data is used for the correction of the height value in the height
measuring apparatus 1 in accordance with a flow as will be
described later on, and thereby realizing the height measure-
ment with the high degree of accuracy.

[0092] (Third Method for Obtaining Angle Correction
Data)
[0093] FIGS. 9A and 9B are flowcharts showing the third

method for obtaining the angle correction data in which the
angle correction data is obtained by using a reference sphere;
and the explanation thereof will be made in accordance with
steps in the following description. In the third method for
obtaining the angle correction data, the projection of the
projection pattern 225 by the epi-illumination device 22 is
unnecessary, provided that it is possible to obtain the contrast,
such as the texture, in the surface of the reference sphere.
Further, it is needless to say that the projection pattern 225 is
projected to perform the SFF measurement, in a case that the
mirror surface in which the contrast can not be obtained is
used. Further, since the objective is a sphere, it is unnecessary
to use the tilt/rotation stage 12 of the height measuring appa-
ratus 1. Therefore, the tilt/rotation stage 12 is removed from
the XY stage 12.

[0094] (Step S31)

[0095] The operator inputs a position coordinate (X, Y), a
coordinate displacement amount (AX, AY) of the surface of
the reference sphere, and the number of measurements n to
the computer 18.

[0096] (Step S32)

[0097] The computer 18 repeats measurements of the fol-
lowing steps (steps S33 to S37).
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[0098] (Step S33)

[0099] The computer 18 moves the XY stage 10 of the
height measuring apparatus 1 to a designated position via the
XY stage control section 20 to set the reference sphere in an
optical path of the optical system.

[0100] (Step S34)

[0101] The computer 18 performs the height value mea-
surement by the SFF in the height measuring apparatus 1.
Then, the computer 18 calculates the height value at each
pixel position of the imaging device 38 by the SFF height data
calculation section 18 and records the height value.

[0102] (Step S35)

[0103] The computer 18 calculates a difference between a
true height value at each pixel position of the surface of the
reference sphere and the height value at each pixel position
measured by the SFF and records the difference as the height
correction value. Here, the true height value of the surface of
the reference sphere is a height value obtained from the posi-
tion coordinate (X, Y) of the surface of the reference sphere
and the inclination angle between the vertical axis (corre-
sponding to the optical axis I) and a normal of a tangent plane
at the coordinate position. Regarding this, it is assumed that a
radius of the reference sphere is R and the inclination angle is
1, a true height value H is H=R(1+cos ).

[0104] Instead of obtaining the true height value by the
method as described above, it is possible to use, as the true
height value, the height value obtained as follows. That is, a
reference sphere having the texture on the surface is used and
the height measurement is performed by the height measuring
apparatus 1.

[0105] (Step S36)

[0106] The computer 18 associates the inclination angle at
each pixel position obtained in the step S35 with the height
correction value obtained from the difference. Then the com-
puter 18 records the pair of data including the inclination
angle and the height correction value.

[0107] (Step S37)

[0108] The computer 18 judges as to whether or not the
number of measurements reaches the number of measure-
ments n as an initial setting. In a case that the number of
measurements does not reach the number of measurements n,
the process is returned to the step S32; and the subsequent
steps are executed by using a position coordinate in which the
coordinate displacement amount (AX, AY) is added to the
position coordinate (X, Y). In a case that the number of
measurements reaches the number of measurements n, a step
S38 is executed.

[0109] (Step S38)

[0110] Data of the height correction values obtained during
the steps S32 to S37 are sorted for each of the inclination
angles obtained during the steps S32 to S37, and a height
correction value, the inclination angle of which is not yet
measured, is obtained by an interpolation process and then is
recorded.

[0111] (Step S39)

[0112] The computer 18 repeatedly executes processes of
steps S40 to S46 with respect to values ranging from mini-
mum to maximum values of data of the inclination angles.
[0113] (Step S40)

[0114] The computer 18 picks up the height correction
value of a designated inclination value (from the minimum
value to the maximum value) from among the data which
have been subjected to the interpolation process and have
been recorded in the step S38. In a case that there are a
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plurality of height correction values for the same inclination
angle, an average value of the height correction values is set as
the height correction value of the inclination angle.

[0115] (Step S41)

[0116] The computer 18 selects the subsequent process
based on as to whether or not the height correction value for
each pixel is obtained. In a case that the height correction
value is obtained for each pixel, a step S42 is executed. In a
case that the height correction value per all detecting region of
the imaging device 38 is obtained, a step S43 is executed.
[0117] (Step S42)

[0118] The computer 18 obtains the height correction value
at the position corresponding to each pixel position, which
corresponds to each inclination angle recorded in the step
S35; and executes a step S45.

[0119] (Step S43)

[0120] The computer 18 calculates the least-squares plane
from the height correction value at each pixel position which
corresponds to each inclination angle recorded in the step
S35. Instead of the calculation of the least-squares plane, it is
allowable to calculate an average value of the height correc-
tion values of all of the pixels.

[0121] (Step S44)

[0122] Thecomputer 18 sets, as the height correction value,
a difference between the height correction value of the least-
squares plane at each pixel position of the imaging device
calculated in the step S43 and the height at each pixel position
of the reference sphere; and executes the step S45.

[0123] (Step S45)

[0124] The computer 18 associates the calculated height
correction value with the inclination angle to store the relation
in the memory 1854 as the angle correction data. In this case,
the height correction values, the number of which corre-
sponds to the number of pixels of the imaging device, are
recorded with respect to one inclination angle. Alternatively,
the computer 18 stores, as the angle correction data, the height
correction value per all detecting region of the imaging device
38 with respect to the inclination angle in the memory 185.
[0125] (Step S46)

[0126] The computer 18 judges as to whether or not the
processes of steps S40 to S46 are executed for values ranging
from minimum to maximum values of data of the inclination
angles. In a case that the processes are not completed, the
process is returned to the step S39. Other than this case, the
third method for obtaining the angle correction data is com-
pleted.

[0127] By performing the steps as described above, the
third method for obtaining the angle correction data is com-
pleted by the computer. The obtained angle correction data is
used for the correction of the height value in the height mea-
suring apparatus 1 in accordance with a flow as will be
described later on, and thereby realizing the height measure-
ment with the high degree of accuracy.

[0128] (Method for Correcting Height Value)

[0129] Next, an explanation will be made, with reference to
aflowchart of FIG. 10, about a method for correcting a height
value measured by the height measuring apparatus 1 of this
embodiment in which each of the angle correction data
obtained by the first to third methods for obtaining the angle
correction data is used.

[0130] (Step S51)

[0131] The data of the angle correction data stored in the
memory 185 is read in a memory of the CPU 18a by the
computer 18.
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[0132] (Step S52)

[0133] The computer 18 performs the SFF measurement by
the height measuring apparatus 1 with respect to the object 14
placed on the XY stage 10; calculates the height value of the
surface of the object 14 placed on the XY stage 10 by the SFF
height data calculation section 18¢; and records the height
value.

[0134] (Step S53)

[0135] The computer 18 repeatedly executes processes of
steps S54 and S55 with respect to all of the pixels; and
calculates the inclination angles at the positions correspond-
ing to all of the pixels.

[0136] (Step S54)

[0137] After the measurement for all of the height values is
completed in the step S52, the computer 18 calculates the
inclination angle of the object 14 at the pixel position from
height values of three pixels disposed around the pixel which
is subjected to the measurement.

[0138] (Step S55)

[0139] The computer 18 obtains the height correction
value, which corresponds to the calculated inclination angle
at the pixel position, from the angle correction data; corrects
the height value of the pixel by the obtained height correction
value; and records the corrected height value. In a case that
the correction of the height value is performed for each pixel,
the computer 18 uses each of the angle correction data, as
shown in FIG. 5, in which the inclination angles and the
height correction values for all of the pixels are stored. On the
other hand, in a case that the correction of the height value is
performed per all detecting region of the imaging device 38,
the computer 18 uses each of the angle correction data, as
shown in FIG. 6, in which the inclination angles and the
height correction values per all detecting region of the imag-
ing device 38 are stored.

[0140] (Step S56, S57)

[0141] The computer 18 again calculates the inclination
angle of each pixel by using the height value for each pixel
corrected in the step S55. Then, the computer 18 calculates,
for all of the pixels, a difference between the inclination angle
calculated from the height value, the height of which is not yet
corrected and the inclination angle obtained when the calcu-
lation is again performed; and then records the difference.
[0142] (Step S58)

[0143] The computer 18 collects or tallies up the difference
value of the inclination angle for each pixel.

[0144] (Step S59)

[0145] The computer 18 judges as to whether or not a
counted value of the difference value is not more than a
predetermined threshold. In a case that the counted value of
the difference value is not more than the threshold, the mea-
surement is completed. On the other hand, in a case that the
counted value of the difference value exceeds the threshold,
the process is returned to the step S54 and the processes
subsequent to the step S54 are repeated by the computer 18.
As described above, by performing a convergence calculation
in which the inclination angles are repeatedly calculated, the
inclination angles are obtained more accurately, and thereby
making it possible to perform the height correction more
accurately.

[0146] In each of the methods described above, it is need-
less to say that the processes are executed by each of the
programs executed by the SFF height data calculation section
18¢ and/or the CPU 18a of the computer 18.
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[0147] As described above, in the height measuring appa-
ratus of this embodiment, there is obtained the angle correc-
tion data as the height correction value depending on the
inclination angle, which is obtained, in advance, by each of
the first to third methods for obtaining the angle correction
data. Then, the height value of the objective measured by the
height measuring apparatus is corrected by using the height
correction value. By correcting the height value of the objec-
tive, it is possible to correct the error of the height value due
to the various aberrations such as the spherical aberration of
the optical system used in the height measuring apparatus,
and thereby making it possible to perform the height mea-
surement with the high degree of accuracy. As a result, the
height measuring apparatus of this embodiment is capable of
measuring the three-dimensional profile of the objective more
accurately.

What is claimed is:

1. A method for measuring heights of regions of an object
by a height measuring apparatus which comprises an imaging
device and an imaging optical system for forming animage of
the object to an imaging plane of the image device, the
method comprising:

relatively scanning at least one of the object and the imag-

ing optical system along an optical axis of the imaging
optical system,

acquiring height values of regions of the object based on a

degree coming into focus acquired from images detected
by the imaging device,

obtaining, from the height values, the inclination angles of

regions on the surface ofthe object which corresponds to
regions of the imaging device;

obtaining the height correction value, which is related to

the inclination angle obtained; and

correcting the height values of regions of the object, which

corresponds to regions of the imaging device, by using
the height correction values.
2. The method for measuring the height according to claim
1, wherein each of the regions correspond each pixel of the
imaging device.
3. The method for measuring the height according to claim
2, further comprising:
obtaining a temporary inclination angle of the surface of
the object which corresponds to each pixel position of
the imaging device based on the height value corre-
sponding to each pixel of the imaging device; and

correcting the height value by the height correction value
which is set by the temporary inclination angle.

4. The method for measuring the height according to claim
2, further comprising

calculating the height correction value and the inclination

angle of the surface of the object corresponding to each
pixel position of the imaging device by performing a
convergence calculation based on the height value of
each pixel of the imaging device obtained by correcting
the height correction value corresponding to the tempo-
rary inclination angle.

5. The method for measuring the height according to claim
2, wherein the height correction value is acquired from an
angle correction data which comprises a plurality of height
correction value,
and wherein the angle correction data is that one of height
correction values decide based on the inclination angle of the
surface of the object and position of the pixel of the imaging
device.
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6. The method for measuring the height according to claim
5, further producing the angle correction data based on at least
an inclination angle and a height value, measured by the
height measuring apparatus, of the object which a height
value of a region corresponding to each pixel has been known,

wherein the height correction value with respect to each
pixelis a deviation value from a center value acquired by
a least-squares method.

7. The method for measuring the height according to claim
5, further producing the angle correction data based on at least
an inclination angle and a height value, measured by the
height measuring apparatus, of the object which a height
value of a region corresponding to each pixel has been known,

wherein the object used in a case that the height correction
value is obtained in advance is a reference plane mirror.

8. The method for measuring the height according to claim
2, wherein the object used in a case that the height correction
value is obtained in advance is a reference sphere, of which
diameter has been known.

9. The method for measuring the height according to claim
2, further comprising a step for projecting pattern to the
object.

10. The method for measuring the height according to
claim 9, wherein:

the object has a texture pattern;

a spatial frequency of the texture pattern is different from a
spatial frequency of the projection pattern; and

the height correction value is obtained by an angle correc-
tion data, the angle correction data has the inclination
angle of the surface of the object corresponding to each
pixel position of the imaging device and the height cor-
rection value obtained from a difference between a mea-
surement result of the height value using the texture
pattern and a measurement result of the height value
using the projection pattern.

11. A non-transitory computer readable medium storing a
program for measuring height of each region of an object, the
program being used for a height measuring apparatus;

wherein the program allows a computer to execute the
method for measuring the height according to claim 1.

12. A height measuring apparatus which is configured to
measure an object comprising:

an illumination device which is configured to illuminate
the object or project a projection pattern to the object;

an imaging device displaced on a position where an image
of the object can be formed by an imaging optical sys-
tem;

a scan mechanism configured to scan relatively at least one
of the object and the imaging optical system along an
optical axis of the imaging optical system;

a height obtaining mechanism which is configured to
obtain the height by setting a position at which a degree
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coming into focus acquired from images detected by the
imaging device is maximized as a surface position of the
object; and

a computer which is configured to execute the method for
measuring the height of the object as defined in claim 1.

13. A non-transitory computer readable medium storing a

program for measuring height of an object, the program being
used for controlling a height measuring apparatus by a com-
puter,

wherein the program is configured so that the computer
functions as:

an obtaining means for obtaining, a height correction value
with respect to an inclination value of a surface of the
object;

an angle calculation means for obtaining, from the height
value of each region of an image taken by the imaging
device, the inclination angle of the surface of the object
which corresponds to each region position of the imag-
ing device; and

a height value correction means for obtaining the height
correction value, which corresponds to the inclination
angle obtained; and correcting the height correction
value obtained to the height value measured.

14. A height measuring apparatus which is configured to

measure an object comprising:

an illumination device which is configured to illuminate
the object or project a projection pattern to the object;

an imaging device displaced on a position where an image
ofthe object can be formed by an imaging optical system

a scan mechanism which is configure to move relatively at
least one of the object and the imaging optical system
along an optical axis of the imaging optical system;

a height obtaining mechanism which is configured to
obtain the height by detecting a position at which a
degree coming into focus acquired from images detected
by the imaging device is maximized as a surface position
of the object;

a storage unit which is configured to store a height correc-
tion value, with respect to an inclination angle of a
surface of the object;

a angle calculation mechanism which is configured to
obtain, from the height values of regions of an image
taken by the imaging device, the inclination angles ofthe
surface of the object which corresponds to regions of the
imaging device; and

a height correction mechanism which is configured to
obtain the height correction values corresponding to the
obtained inclination angles from the angle correction
data, and to correcting the height correction values
obtained to the measured height values.
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