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1
IMAGING SCATTEROMETER

FIELD OF THE INVENTION

The prescat iovention relates generally to optical mea-
surement devices and more particularly 10-an imaging scat-
terometer for measunog and representing the directional
energy distribution of radiation reflected from a sample
surface or volume as a two-dimensional image to provide
characterization of the microstruciure of the sample such as
optical performance information, surface roughness
statistics, defect charaderistics, etc.

BACKGROUND OF THE INVENTION

By measuring the directional energy distribution of radia-
tion reflected from a sample surface, scatterumelers provide
a simple and poncontact monitoring technique to determine
the surfacc and sub-surface microstructure of the sample.
For example, if the sample surface is perfectly mat then the
reflected radiation is diffuse, ie., cqual in all directions,
while if the sample surface is not perfectly mat then the
reflected radiation is specular, i.c., more concentraled in
certain directions. This technique is useful in many arcas of
technology, such as fabrication of microelectronics
materials, fabrication of opioelectronics materials and
maonfacturing of compuier disks, where it is important to
determine whether there is any defect in a sample material.
Moreover, since this techpique is poncontact, it allows
measurcments to be made in-situ to assist the quality control
of manufacturing processes used in these areas of technol-
ogy.

An existing problem in the field of scallerometry is the
lack of optical systems which can provide accurale mea-
surements of hoth diffuse and specular reflectance, control of
the angle of incidence of the radiation beam directed upon
the sample surface, and simultaneous measurements of all
radiation reflected from the sample surface to represent the
directional reflectance distribution as a two-dimensional
image. Certain pror arl scatteromelters have some, but not
all, of the above desired features.

For example, 2 prior art scatterometer, deseribed in U.S.
Pat. No. 5,241,369, employs a screen positioned to receive
and display a pailen representative of light specularly
reflected and scaticred from an illaminated sample and a
camera to record the pattern displayed on the screen. The usc
of the screen results in a re-illumination of the sample by
reflections from the screen, corrupting the measurcments.
Coosequently, accurate measurements of reflcctance distri-
butioa are nol possible with this prior ant scatierometer.

Another privr arl scaticromeler, described in U.S, Pat. No.
4,988,205, comprising a primary mirror, a secoadary mirror,
a radiation source and a radiation detectar, provides accurate
measurements of only total diffuse reflectance. This prior art
scatterometer does not provide measurements of directional
reficctance. Moreover, the angle of incidence of the radiation
beam directed upon the sample surface is fixed and cannot
be regulated during the operation of this prior art scatter-

ometer.
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SUMMARY OF TIIE INVENTION

The present invention specifically addresses all of the
above mentioned desired featurcs. The present invention
provides measurements of the directional energy distrbu-
tion of radiation reflected from the surface of a sample
material as two-dimensional images, the images being rep-
resentative of surface characleristics of the sample material,
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as viewed from different directions, without moving the
sumpl material being cxamined.

More particularly, the present iovention comprises a
radiation source, a first reflector, a second refiector, a detec-
tor and a beam steerer. The radiation source produces a
radiation beam which is directed along an optical path from
the source of radiation to a selected point on the surface of
the sample material. The ficst reflector is located along the
optical path. The surface of the first reflector is impacted by
the radiation beam at a first incident poiot. The first reflector
reflects the radiation beam to the second refiector which is
located along the optical path, downstream from the first
reflector. The second reflector focuses the reflected radiation
beam onto the selected point on the surface of the sample
material at an angle of incidence. This angle of incidence is
determined by the location of the first incident point on the
surface of the first reflector. The sample material reflects the
focused radiation beam as a plurality of reflecied radiation
rays which arc captured by the detector. The heam steerer
located along the optical path, between the radiation source
and the first reflectar, varies the location of the first incident
point along the surface of the first refiector, thereby indi-
rectly regulates the angle of incidence of the focused rudia-
tion beam incident upon the surface of the sample material,
so as w facilitate reflectance measurements at different
values -of this angle of incidence. .

In the first embodiment of the invention, the imaging
scaticrometer comprises a radiation source, a first reflector
of convex dome-shaped configuration, a second reflectar of
ellipsoidal shape, a detector and a beam stcerer. The radia-
tion source provides a radiation beam. The beam steerer
optically processes the radiation beam to control the location
of the first incident point at which the radiation beam strikes
the surface of the first reflector. The first reflector reflects the
radiation beam to the second reflector which then focuses it
onlo & selected point on the surface of a sample material. The
focused radiation beam siriking the surface of the sample
material at an angle of incidence is reflected by the sample
material, either specularly or diffusely, as a plurality of
reflected radiation rays, onto the second refiector. The sec-
ond reflector focuses the reflected radiation rays to the first
reflector which then reflects the focused radiation rays 1o a
detector. By controlling the location of the first incident
point at which the radiation beam strikes the sorface of the
first reflector, the beam steerer indirectly controls the angle
of incidence of the focused radiation beam which strikes the
surface of the sample material. Thus, measurements of
radiation reflected from the sample material, either specu-
larly or diffuscly, in response to a radiation beam incident
upon the sample material at any angle of incidence, are
possible with the present invention. In addition, the present
invention allows measurements of reflected radiation rays
which lic outside the plane of incidcace which is defined as
the plane comprising the radiation beam incident upon the
selected point on the surface of the sample malcrial and the
pormal to the surface of the sample matedal al that point.
This feature is a significant improvement over many curmrent
scatterometers which use mechanical means to position the
radiation source anc the detector relative to the sample
material surface. Most of these devices can only measure the
reflected rays that lie in the plane of incidence. .

A second embodiment of the invention comprises a radia-
tion source, a first reflector of concave dome-shaped
configuration, 2 second rcflector of ellipsoidal shape, a
detector and a beam steerer. The only difference between
this embodiment and the first embodiment of the invention
is that the shape of the first reflector is concave instead of
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copvex. The functionality of this second embodiment is
similar to that of the first embodiment. The radiation source
provides a radiation beam. The beam steerer optically pro-
cesses the radiation beam to controf the location of the first
incideat point al which the radiation beam strikes the first
reflector. The first reflecior reflects the radiation beam 10 the
second reflector which then focuses it onto a selected point
on the surface of a sample material. The focused radistion
beam striking the surface of the sample material at an angle
of incidence is thereafier refiected by the sample material,
either specularly or diffuscly, as a plurality of reflected
radiation rays, onto the second reflector. The second reflec-
tor focuses the reflected radiation rays to the first reflector
which then refiects the focused radiation rays to 2 detector.

A third embodiment of the invention comprises a radia-
tion source, a detector and an optical train. The radiation
source provides 3 radiation beam which is directed onto a
sample material surface. The optical train collects 2 stera-
dians of radiation reflected from the sample material surface
and focuses the reflected radiation rays onfo the detector.

The detector transforms the reflected radiation rays into a

two-dimcensional image.

A fourth embodiment of the invention comprises a radia-
tion source, a first reflector of flat mirrored configuration, a
second refiector of oblate ellipsoidal shape, a detector and a
beam steerer. The ratio of the axes of the oblate cllipsoidal
second reflector and the location of the flat mirrored first
refiector result in the first focal point of the second reflector
being a virtual image of un aperture, the aperture being
Jocated on the second reflector, the virtual image facing the
pon-refiective surface of the first reflector. The first and
second reflectors have the same perimeter and are connected
together 1o form 2n cnclosure. The sample material is
disposed at the second focal point of the second reflector,
makes contact with the back of the first reflector and can be
illuminated through an aperture in the first refector. The
radiation source provides a radiation beam. The beam steerer
optically processes the radiation beam to control the location
of the first incident point at which the radiation beam strikes
the first reflector. The first reflector reflects the radiation
beam to the second refiector which then focuses it onto a
selected point on the surface of a sample material. The
focused radiation beam striking the surface of the sample
material at an angle of incidence is thereafter reflected by the
sampke material, either specularly or diffusely, as a plurality
of reflected radiation rays, onto the second reflector. The
second reflector focuses the reflected radiation tays to the
first focal point, The first reflector intercepts the focused
radiation rays then rcflects them to a detector. The detector
transforms the reflected radiation rays into a two-

dimensional image.
BRIEF DESCRIPTION OF THE DRAWINGS

F1G. 1 is a schematic diagram of a preferred embodiment
of the present invention including a convex dome-shaped
reflector aad a concave prolate ellipsoidal reflecior.

FIG. 2 is a schematic diagram of a second embodiment of
the present invention. The only difference between this
cmbodiment and the fitst embodiment of the inveation is
that the shape of the first reflector in this cmbodiment is
concave instead of convex.

FIG. 3 is a schematic diagram of a third embodiment of
the present invention including an imaging detector and an
opticat train for focusing 2w steradians of radiation rays
reflected from a sample material surface onto the imaging

detector.
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FIG. 4 is a schematic diagram of a fourth embodiment of
the present invention including a flat mirrored reflectar and
a concave ohlate ellipsoidal reflector.

DETAILED DESCRIPTION OF THE
INVENTION

The detailed description sct forth below in connection
with the appended drawings is intended as a description of
the presently preferred embodiments of the invention, and is
not intended 1o represent the only forms in which the present
invention may be constructed or utilized. The description
sets forth the functions and the sequence of the steps for
constructing and operating the invention in connection with
the illustratedt embodiments. T is to be understood, however,
that the same or equivalent functions may be accomplished
by different embodiments that arc also intended to be
encoapassed within the spirit and scope of the invention.

The imaging scatterometer of the present invention is
ilustrated in FIG. 1 which depicts a presently preferred
embodiment of the invention. The imaging scatieromeler is
comprised primarily of a concave prolate ellipsoidal reflec-
tor 50 having two focal points 52 and $4, inside the cavity
of which reside a convex dome-shaped reflector 40 situated
about the first focal point 52 and a sample material 2 situated
about the second focal point 54. The concave prolate cllip-
soidal reflecior 58 contains an aperture 24 opposite the
convex dome-shaped reflccior 40, This preferred embodi-
ment of the invention further comprises a beam steerer 20,
a beam splitter 30, aod an imaging detector 60, all of which
reside outside the cavity of the concave prolate ellipsoidal
reflector 50,

In the typical operation of the preferred embadimeat, a
collimated beam of radiation 10 passes through the beam
steerer 20 which controls the position and angle of the
emerging radiation beam 11. Thereafter, the radiation bcam
11 is redirected as radiation beam 12 to the aperture 24 by
mcans of a beam splitter 30. lnside the cavity of the
ellipsoidal reflector 50, the radiation beam 12 strikes the
convex dome-shaped reflector 40 at the incident point 42
and thereafter is refiected as radiation beam 13 toward the
interior surface of the ellipsoidal refiector 5O which in turn
reflects and focuses the radiation beam 13 as radiation beam
14 onto a sclected point 4 on the sample material 2.

The collimated radiation beam 10 may be an aptical
encrgy of any chosen wavelength or wavelengihs, or an
eleciramagpnetic cnergy of any chosen wavelength or
wavelengths, as koog as the energy wavelength is within the
operating Tange of the imaging scaticrometer.

The beam steerer 20 optically processes the collimated
radiation beam 18 and outputs the collimated beam of
radiation 11 of a desired position and angle. An example of
a beamn steerer is a spatial light modulator which can be vsed
as a light beam deflector. Currently, spatial light modulators
are uscd in two applications: wavefront phase modulation
and spatial intensity modulation. The type of spatial light
modulator suitable for use in conjunction with the present
invention is the one used for spatial intensity modulation. It
can be of transmissive or refiective type. The reflective type
either modulates the spatial reflectance or controls an array
of micro-mirrors to redirect the incident radiation beam.

The radiation beam 11 strikes the beam splitter 30 which
redircets radiation beam 11 as radiation beam 12 lo the
convex dome-=shaped reflector 40 with a small loss of
cadiation beam 11 inteasity level but without any loss of its
spatial information. The spatial information in the cross
section of radiation beam 11 represents a particular direc-
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tional distribution of coergy. For example, if the spatial light
modulator 20 outputs radiation beam 11 as a map of a real
or simulated radiative scene, then the spatial information in
the cross section of radiation beam 1 represents the direc-
tional distribution of energy of that scepe. The location 42 at
which beam 12 strikes the reflector 40 depends on the
positien and angle of beam 11, which are controlled by the
beam steerer 20.

Refiector 40 is a rotationally symmetric convex dome
having an exterior refiective surface which enables it to
reflect virtually all of the collimaied radiation beam 12 to the
ellipsoidal reflector 50 as the radiation beam 13.

Ellipsoidal reflector 50 collects virtually all of the radia-
tion beam 13 at Jocation 56 and, because of its reflective
interior surface and its concave cllipsoidal curvature,
focuses radiation beam 13 as radiation beam 14 1o its sccond
focal point 54 about which the sample material 2 is located.
Tt is well known that an ellipsoidal reflector colleets radia-
tion rays reflected from -one of its two focal points and
focuses these radiation rays to the other focal point. Focus-
ing propertics of ellipsoidal reflectors arc addressed in a
paper cntitled “Focusing Properties of Hemispherical and
Ellipsaidal Mirror Reflectometers™, W. M. Brandenberg,
Journal of Optical Society of America, Vol. 54, No. 12, pp.
1235-1237, October 1964,

Radiation beam 14 sirikes the surface of the sample 25
material 2 at point 4, at an angle of incidence 100. The value
of the angle of incidence 100 is determined by the location
of the incident point 42 at which radiation beam 12 strikes
reflector 40. Due the curved surface of reflector 40, a small
variation in the Jocation of the incident point 42 corresponds
to a large variation in the location 56 where radiation beam
13 strikes reflector 50. This variation in the location 56
translates into a significant change in the angle of incidence
100. If the sample material 2 is very thin, as all microelec-
tronics and optoelectronics materials are, then poimt 4, where
radiation beam 14 strikes the sample material surface,
remains virtually unchanged since it is right above the focal

point 54 to which radiation beam 14 is focused. Thus, by
controlling the location of the incident point 42 at which
radiation beam 12 strikes the rcflector 40, the angle of
incidence 100 can be regulated, If sample material 2 is of
greater thickness, sample material 2 can be moved down-
ward so that point 4 coincides with the focal point 54. Thus,
this scatterometer could be made portable to be used in
charscterizing the surface reflectance of a large object.

Sample material 2 reflects radiation beam 14 either specu-
lasly or diffusely, depending on the microstructure of its
surface, resulting in a plurality of radiation rays striking the
interior surface of the ellipsoidal reflecior 50 at various
points located within the boundaries of reflector 50. These
various radiation rays are illustrated by only two radiation
rays 15, 16. Due to the focusing properties of ellipsoidal
reflector 50 as mentioned above, these various radiation rays
are redirected o the first focal paint 52 of reflector 58, about
which the convex dome-shaped refiector 40 is located. The
directional incident energy disiribution at the first focal point
52 is the inverse of the scallering energy distribution at the
second focal point 54. Reflector 40 narrows the angular
spread of all the radiation rays incident upon its exterior
surfacc and reflects virtually all of them toward the aperture
24 in the form of a collimated beam of radiation 19 com-
prising a multitude of parallel or nearly parallel radiation
rays. Aperturc 24 is sufficiently large to allow the passage of
the collimated beam 19, but small enaugh so that its effect
on the focusing propertics of the reflector 58 is negligible.

The collimated radiation beam 19 passes through the
beam splitter 30 retaining its spatial inforrmation, though

40
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losing some of its infensity level. The spatial information of
the collimated radiation beam 19 represents the directional
epergy distribution of the radiation rays incident upon
reflector 40. The imaging detector 60 caplures the radiation
beam 19 after it emerges from the beam splitter and trans-
forms it into a two-dimensional digital image, each pixel of
which corresponds to a single ray in the collimated beam 19,
A focal plane array can be used as the imaging deicctor 60,

The following discussion on focal plane arrays, though
not crucial to the ipvention, explains how the focal plane
array 60 captures simultancous measurements of all radia-
tion rays reflected from the sample material surface. Com-
mercially available focal planc arrays comprise wainly of
three parts: a camera head, digital electronics and software.
Current focal plane array technology allows transformation
of a radiation beara comprising a multitede of radiation rays
into a 512x512 digital image, i.¢., a2 squarc image having
(512)* pixels. In the present invention, since the radiation
bearn 19 is imaged as a circular section, only /4 of the
available pixels are used, i.e., about 200,000 pixels. Since
cach pixel represents the measurement of a single radiation
ray ‘impacting reflector 50 due to the refiectance of the
surface of sample material 2, the output image of the focal
plane -array 60 represents about 200,000 distinct measure-
ments taken simuhaneously, The resolution of these mea-
surements is 180 degrees/512=0.35 degrees. Current focal
plane array techoology provides 12-bit images at a rate
greater than the 30 Hz video rate, This dynamic range is
acceptable for many applications. The spatial light modula-
tor 20 can also owtput radiation beam 11 as a map of a real
or simulated radiative scene. In such a case, the output image
of the focal plane array 60 represents the reflectance distri-
bution function of the sample material 2 in response to such
a scene.

A second embaodiment of the invention is depicted in FIG.
2. This embodiment differs from the one proviously dis-
cussed by comprising as reflector 40 a concave dome-shaped
reflector having reflective interior surface. The functionality
of this sccond embodiment is similar to the previous one.

In the second embodiment, a collimated beam of radiation
10 passes through the heam stecrer 20 which coatrols the
position and angle of the emerging radiation beam 11.
Thereafier, the radiation beam 11 is directed to the aperture
24 by means of 2 beam splitter 30. lnside the cavity of the
prolate ellipsoidal reflector 50 the radiation beam is refiected
by the concave dome-shaped rcflector 48 and directed
toward the interior surface of the prolate cllipsoidal reflector
50 which in tum reflects and focuses the radiation beam onto
a selected point 4 on the sample material 2.

The beam steerer 20 optically processes the collimated
radiation beam 10 and oulputs the collimated beam of
radiation 11 of 2 desired position and angle. A spatial light
modulator may be used as a beam steerer.

The radiation beam 11 strikes the beam splitter 30 which
redirects radjation beam 11 as radiation beam 12 1o the
concave dome-shaped reflector 40 with a2 small loss of
radjation beam 11 intensity level hut without any loss of its
spatial information. The location 42 at which beam 12
impacts the reflector 40 depends on the position and angle of
beam 11, which are conirolled by the beam steerer 20,

Reflector 40 is a rotationally symmetric concave dome
having an interior reflective surface which enables it 10
reflect virtually all of the collimated radiation beam 12 1o the
ellipsoidal reflector 50 as the radiation beam 13.

Ellipsoidal reflector 50 collects virtually all of the radia-
tion beam 13 at location 56 and, because of its reflective
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interior surface and its concave ¢llipsoidal curvature, redi-
rects radiation beam 13 as radiation beam 14 1o its second
focal point $4 aboul which the sample material 2 is located.

Radiation beam 14 strikes the surface of the sample
material 2 at point 4, at «n angle of incidence 100, The valuc
of the angle of incidence 100 is determined by the location
of the incident point 42 at which radiation beam 12 strikes

reflector 440, Due the curved surface of reflector 40, a small’

variation in the location of the incident point 42 corresponds
1o a large variation in the location 56 where radiation beam
13 strikes reflector 50. This variation in the location 56
translates into a significant change in the angle of incidence
100. If the sample material 2 is very thin, as all microclec-
tronics and optoclectranics materials arc, then point 4, where
radiation bcam 14 strikes the sample material surface,
remains virtually unchanged since it is right above the focal
point 54 to which radiation beam 14 is focused. Thus, by
controlling the Jocation of the incident point 42 at which
radiation beam 12 strikes reflector 40, the angle of incidence
100 cun be rcgulated. If sample material 2 is of greater
thickness, samplc material 2 can be moved downward so
that poiat 4 coincides with the focal point 54. Thus, this
scatterometer could be made portable o be used in charac-
terizing the surface reflectance of a large object.

Sample material 2 reflects radiation beam 14 either specu-
larly or diffusely, depending on the microstructure of its
surface, resulting in a plurality of radiation rays striking the
interior surface of the ellipsoidal reflector 50 at various
points Jocated within the boundaries of reflector 50. These
various radiation rays are illustrated by only two radiation
rays 15, 16. Due to the focusing properties of cllipsoidal
reflector 50 as mentioned above, these various radiation rays
are redirected to the first focal point 52 of reflector 50, about
which the concave dome-shaped reflector 40 is located. The
directional incident energy distribution at the first focal point
52 is the inverse of the scatlering energy distribution at the
second focal point 54, Reflector 40 narrows the angular
spread of ail the radiation rays incident upon its interior
surface and reflects virtually all of them toward the aperture
24 in the form of a collimated beam of radiation 19 com-
prising 2 multitude of parallel or nearly parallel radiation
rays. Apesture 24 is sufficiently large to allow the passage of
the collimated beam 19, but small ¢nough so that its effect
on the focusing properties of the reflector 50 is ncgligible.

The collimated radiation beam 19 passes through the
beam splitter 30 retaining its spatial information, though
losing same of its intensity level. The spatial information of
the collimated radiation beam 19 represents the directional
energy distributivn of the radiation rays incident upon

25
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reflector 40. The imaging detector 60 captures the radiation ~

beam 19 after it cmerges from the beam splitter and trans-
forms it into a two-dimensional digital image, cach pixcl of
which corresponds to a single ray in the collimated beam 19.
‘A focal plane array can be used as the imaging detector 60.

A third embodiment of the invention is depicted in FIG.
3. This embodiment includes an oplical train 200, a beam
splitter 30 and a focal plane array €0. The collimated beam
of radiation 11 is redirected by the beam splitter 30 as
radistion beam 12 onto the surface of the sample material 2
at point 4. The optical train 209 collects virtually all of the
radiation rays reflected from the surface of the sample
material 2 and focuses 2:t steradians of radiation as beam 19
oato the imaging detector 60.

A fourth embodiment of the invention is depicted in FIG.
4. Refecring to FIG. 4, the imaging scatierometer is com-
prised primarily of two reflectors 40 and 50. Reflector 50 is

60
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a cancave oblate ellipsoidal reflector having two focal points

52 and 54 located on its major axis and an aperiure 24

collinear with the two focal points 52, 54. The ratio of its

major axis over iis minor axis is such that the distance

hetween the two focdl points 52 amd 54 is equal to the

distance between focal point 54 and aperture 24. In this
cmbodiment, this ratio is 3/sgri(8) which is aproximately
equal to 1.06. Reficctor 40 is a thin flat mirror having an
aperture 22 located about its center. Focal point 54 is located

within aperture 22, Refiector 40 is positioned inside the
cavity of reflector 50 on the plane containiog the focal point
54 and orthogonal to the major axis of the oblate ellipsoidal
reflector 50. Reficctors 40 and 50 have the same perimeter
and are connpected togetber to form an enclosure. A charac-
teristic of a flal mirror is that, for any point at 3 given
distance in front of the mirror, a virtual image of that poim
is produced at the same distance behind the mirror. Thus,
due to the flat mirrored reflector 40 and due to the ratio of
the axes of reflectar 50, focal point 52 is a virtual image of
a point located within aperture 24.

Referring to FIG. 4, the fourth embodiment further com-
prises a beam steerer 20, a beam splitter 30, an imaging
detector 60, and a lens 70, all of which reside outside the
cavity of the concave ablate ellipsoidal reflector 50. Sample
material 2 makes contact with the back of reflector 40, and
is disposed about focal point 54.

In the foarth embodiment, a collimated beam of radiation
18 passes through the beam stecter 20 which controls the
position and angle of the emerging radiation beam 11. The
beam steerer 20 optically processes the collimated radiation
beam 10 and outputs the collimated beam of radiation 11 of
a desired position and angle. A spatial light modulator may
be used as heam steerer 20.

The radiation beam 11 strikes the beam splitter 30 which
redirects radiation beam 11 as radiation beam 21 to the
optical lens 70 with a small loss of radiation beam 11
intensity Jevel but without any loss of its spatial information.
Leons 70 focuses the emerging radiation beam 12 onto the
reflector 40, through aperture 24. The location 42 at which
beam 12 strikes the reflector 40 depends on the, position and
angle of beam 11, which arc controlled by the beam steerer
20.

Inside the cavity of the cllipsoidal reflector $0, the radia-
tion beam 12 is reflccted by the flat mirrored reflector 40 as
radiation beam 13. Radiation beam 13 will appear to ema-
nate from the direction of focal point 52, since the flat
mirrored reflector 40 produces a virtual fmage of the aper-
ture 24 at focal point 52. Radiation beam 13 is intercepted
by the interior surface of the cllipsaidal reflector 50 which
reflects it as radiation beam 14 and focuses the radiation
beam 14 onto a sclected point 4 on the sample material 2.

Due to its mirrored surface, reflecior 40 reflects radiation
beam 12 to the ¢llipsuidal reflector 50 as the radiation beam
13. Ellipsoidal reflector 50 colleas vidually all of the
radiation beam 13 at Jocation 56 and, because of its refiec-
tive interior surface and ils concave ellipsoidal curvature,
redirects radiation beam 13 as radiation beam 14 to its
sccond focal point 54 about which the sample material 2 is
located.

Radiation beam 14 strikes the surface. of the sample
material 2 at point 4, at an angle of incidence 100. The value
of the angle of incidence 100 is determined by the location
of the incident point 42 at which radiation beam 12 strikes
reflector 40.

Sample material 2 reflects radiation beam 14 either specu-
larly or diffusely, depending on the microstructure of its

L
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surface, resulting io 2 plurality of radiation rays striking the
interior surface of the cllipsoidal reflecior 50 at various
points located within the boundaries of reflector 50. These
various radiation rays are illustrated by only two radiation
rays 15, 16. Duce to the focusing properties of ellipsoidal s
reflector S0 as mentioned above, these various radiation rays
are redirected to the first focal point 52 of reflector 50, These
radiation rays, illustrated in FIG. 4 by only one radiation ray
18, strike the flat mirrored reflector 40 at various points.

Since focal point 52 is a virtual image of a point in aperture 10

24 as discussed above, the radiation rays converging towards
focal point 52 are reflecied off the flat mirrored refiector 40
and redirected towards aperture 24, In FIG. 4, these redi-
rected radiatiop rays are illustrated by only one radiation ray

10

2. The method as recited in claim 1 wherein step (a)
comprises directing a light beam from a source of light.

3. The method as recited in ¢laim 1 wherein step (a)
comprises directiog a visible light beam from & source of
visible light. i

4. The method as recited in claim 1 wherein step (a)
comprises the step of directing a radiation beam through a
beam steerer to vary the location of the first incident point
along the surface of the first refiecior.

5. The method as recited in claim 1 wherein step (a)
comprises the step of directing a radiation beam through 2
spatial light modulator to vary the location of the first
incident point along the surface of the first reflector.

6. The method as recited in claim 1 wherein step (a)

19. The angular spread of all these radiation rays as they pass 15 comprises the step of directing 2 radiation beam through 2

through aperture 24 is approximately 53 degrees from the
cepter ray which is collincar with the major axis of the
reflector 50. Apertire 24 is sufficiently large to allow pas-
sage of all of these radiation rays. Optical lens 70 provides

beam splitier and a beam steerer to vary the location of the

first incident point along the surface of the first reflecior.
7. The method as recited in claim 1 wherein step (a)

comprises the step of directing a radiation heam through a

corrections lo the abemations caused by reflector 50 and 20 beam splitter and a spatial light modulator to vary the

focuses these radiation rays onto the imaging detector 60 as
collimated radiation beam 26, The radiation beam 26,
emerging from lens 70 and passing through beam splitter 30,
retains the spatial information representing the directional
energy distribution of the radiation reflected from sample 25
maierial 2. The imaging detector 60 captures the radiation
beam 26 after il emerges from the beam splitter 38 and
transforms it into a two-dimensional digital image. A focal
plane array can be uscd as the imaging detector 66.

It is understood that the exemplary scaticrometers 30
described hercin and shown in the drawings represent only
- presently preferred embodiments of the invention. lndeed,
various modifications and additions may be madc to such
embodiments without departing from the spirit and scope of
the invention. For examplc, the refiectors and the detector 35
peed not be configured as illustrated. Also, the radiation
source need not be a source of visible light. Those skilled in
the ari will recognize that various other physical or optical
configurations are equivaient and therefore Jikewise suit-
able. Thus, these and other modifications and additions may 40
be .obvious to those skilled in the art and may be imple-
mented to adap! the present invention for use in a variery of
different applications. .

What is claimed is: ’

1.'A methad for measuring directional energy distribution 45
of radiation reflected from a surface of a sample material
with a stationary imaging recciver system, received images
being representative of surface characteristics of the sample
material, as viewed from a plurality of different directions,
without moving the sample material being ¢xamined, the 50
method comprising the steps of:

(a) directing a radiation beam from a source of radiation
aoto a first incident point on a surface of a first
reflector;

{b) reflecting the radiation beam from the first refiector to
a second refiector;

(<) focusing the radiation beam from the second reflector
opto a first point on the surface of the sample material
at an angle of incidence, whercupon the sample mate-
rial refiects the focused radiation beam as a plurality of
reflected radiation rays impacting the sccond reflector;

(d) regulating the angle of incidence by varying the
Jocation of the first incident point along the surface of
the first reflector so as to facilitate reflectance measure- 45
ments 1l diffcrent values of the angle of incidence; and

() measuring the reflected radiation rays.

55

location of the first incident point along the surface of the
first reflector. ’

8. The method as recited in claim 1 wherein step (a)
comprises directing a collimated radiation beam from a
source of collimated radiation.

9. The method as recited in claimn 1 further comprising the
steps of:

(1) focusing the reflected radiation rays from the second

reflector to the first reflector; and

(2) reflecting the focused radiation rays from the first
reflector to a detector,

10. The method as recited in claim 1 further comprising

the steps of:

{1) focusing the reflected radiation rays from the second
reflector o a virtual point, the virtual point facing a
non-reflective surface of the first rellector;

(2) intercepting the reficcted radiation rays with the first
reflector; and :

(3) reflecting the intercepted radiation rays from the first
reflector to a detector.

11. The method as recited in claim 1 wherein the second

reflector is concave prolate ellipsoidal.

12. The method as recited in claim 1 wherein the second
refiector is concave oblate ellipsoidal.

13. The method as recited in claim 1 wherein the sccond
refiector is coscave hemispherical.

14. The method as recited in claim I wherein the second
refiector is concave paraboloidal. )

1S. The method as recited in claim I wherein the first
reflector is convex dome-shaped.

16. The method as recited in claim 1 wherein the first
reflector is concave dome-shaped. :

17. The method as recited in claim 1 wherein the first
reflector is a flat mirror.

18. The method as recited in claim 1 wherein the first
reflector is a collimator.

15. The method as recited in claim 1 wherein step (e)
comprises measuring the reflected radiation rays using an
imaging detector which transforms the reflected radiation
rays into a two-dimensional image.

20. The method as recited in claim 1 wherein step (e)
comprises measuring the reflected radiation rays using a
focal plane array which transforms the reflected radiation
rays into a two-dimensional image.

21. The method as recited in claim 1 wherein step (¢)
comprises measuring the reflected radiation rays using a
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caster scanning device which transforms the reflected radia-
tion rays into & two-dimensional image.

22. An imaging scatterometer for measuring dircctional
encrgy distribution of radiation reflected from a surface of 2
sample matexial as two-dimensional images, the images
being representative of surface charaeteristics of the sample
material, as viewed from a plurality of different directions,
without moving the sample material being examined, the
imaging scatierometer comprising:

{a) = radiation source for producing a radiation beam !

directed along an oplical path from the source of
radiation 10 a sclected point on the surface of the
sample material;

(b) a first reflector located along the optical path, the first
reflector haymg a surface struck by the radiation beam
at a first incident point and reflecting ihe radiation beam
to a second reficctor;

{c) said second reflector located along the optical path,
downstream from the first reflector, for focusing the

reflected radiation beam onto the selected point on the ~

surface of the sample material at an angle of incidence,
the value of said angle of incidence being determined
by the location of the first ircident point on the surface

w

of the first reflector, whereupon the sample material

reflects the focused radiation beam as a plurality of
reflected radiation rays;
{d) a detector for capturing the reflected radiation rays;

and
() a beam steerer located aiong the optical path, between
the radiation source and the first refiector, for varying
the location of the first incident point along the surface
of the first reflector, thereby indirectly regulating the
angle of incidence so as 1o facilitate reflectance mea-
surements at different values of the angle of incidence.
23. The imaging scalteromeler as recited in claim 22
wherein the first reflector and the second reflector have
complementary shapes such that a radiation beam striking at
2 first incident point along the surface of the first reflector is
thereafier reflected by the second reflecior to suike at a

3
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substantially fixed point on the surface of the sample mate-
rial at an angle of incidence, the value of the angle of
incidence being determincd as a result of the location of the
first incident point along the surface of the first refiector.

24. The imaging scattcrometer as recited in claim 22
wherein the beam steerer is 2 spatial light modulator for
optically processing the radiation.

25. The imaging scatterometer as recited in .claim 22
further compriscs 4 beam splitter for directing the radiation
beam emerging from the beam steerer onto the first incident
point on the surface of the first reflector.

26. The imaging scatlerometer as recited in claim 22
wherein the second reflector is concave prolate ellipsoidal.

27. The imaging scallerometer as recited in clim 22
wherein the second reflector is concave oblate ellipsoidal.

28. The imaging scatierometer as recited in claim 22
wherein the second reflector is concave hemispherical.

29. The imaging scalicrometer as recited in claim 22
wherein the second reflector is concave paraboloidal.

30. The imaging scatterometer as recited in claim 22
wherein the first reflector is convex dome-shaped.

31. The imaging scaltcrometer as recited in claim 22
wherein the first reflector is concave dome-shaped.

32. The imaging scaltcrumeter as recited in claim 22
wherein the first reflector is a flat mirror.

33, The imaging scatterometer as recited in claim 22
wherein the first reflector is a collimator.

34. The imaging scatterometer as recited in claim 22

wherein the detector is an imaging detector for transforming

the reflected radiation rays into a two-dimensional image.

3S5. The imaging scatterometer as recited in cliim 22
whercin the detector is a focal plane array which transforms
the reflected radiation rays into a two-dimensional image.

36. The imaging scatterometer as recited in claim 22
wherein the detector is a raster scanming device which
trapsforms the reflected radiation rays into a two-

dimensicnal image.

'S
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157 ABSTRACT

A scatterometer for providing measurements of the direc-
tional energy distribution of radiation reflected from the
surface of a sample material as two-dimepsional images, the
images being representative of surface chacacteristics of the
sample maicrial, as viewed from different directions, with-
out moving the sample material being examined, is dis-
closed. The scatterometer comprises a radiation source, a
first reflector, a second refiector, a detector and a beam

sleerer.

36 Claims, 2 Drawing Sheets




