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(57) ABSTRACT 

Achromatic optics may be employed in spectroscopic mea 
surement systems. The achromatic optics comprises a 
spherical mirror receiving a beam of radiation in a direction 
aWay from its axis and a pair of lenses: a positive lens and 
a negative meniscus lens. The negative meniscus lens cor 
rects for the spherical aberration caused by off-axis re?ec 
tion from the spherical mirror. The positive lens compen 
sates for the achromatic aberration introduced by the 
negative lens so that the optics, as a Whole, is achromatic 
over visible and ultraviolet Wavelengths. Preferably, the tWo 
lenses combined have Zero poWer or close to Zero poWer. By 
employing a spherical mirror, it is unnecessary to employ 
ellipsoidal or paraboloidal mirrors With artifacts of diamond 
turning Which limit the siZe of the spot of the sample that can 
be measured in ellipsometry, re?ectometry or scatterometry. 
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SPECTROSCOPIC MEASUREMENT SYSTEM 
USING AN OFF-AXIS SPHERICAL MIRROR AND 

REFRACTIVE ELEMENTS 

BACKGROUND OF THE INVENTION 

[0001] This invention relates in general to optical mea 
surement instruments, and in particular, to an optical spec 
troscopic measurement system including a spherical mirror 
that focuses radiation in an off-axis con?guration and refrac 
tive elements. 

[0002] Ellipsometers are used to measure thickness and 
optical constants of thin ?lms as Well as the optical constants 
of bulk materials. They function by directing a beam of light 
on the sample at a high angle of incidence and analyZing the 
effect of the sample on the polariZation of the re?ected or 
transmitted beam. Ellipsometers used to measure patterned 
samples, such as integrated circuits, must be able to measure 
Within small features (often 50 microns Wide or less) sur 
rounded by a completely different material or ?lm stack. 
Even an extremely small amount of light falling on the 
surrounding features and collected by the detector can cause 
errors in the measurements. Thus the optical systems focus 
ing light onto the sample and collecting light from the 
sample must be designed to minimiZe the radiation falling 
on or detected from areas outside the smallest measurable 
feature, and this condition must be achieved over the entire 
range of Wavelengths used by the instrument. It is also 
necessary for the optical system to have a minimal effect on 
the polariZation of the light. In addition the optics must not 
physically interfere With the ?at sample Which is often very 
large. 

[0003] If the Wavelength range is relatively narroW, refrac 
tive microscope objectives Work adequately to focus a small 
spot onto the sample. When the Wavelength range is large, 
refractive objectives exhibit too much chromatic aberration. 
Re?ecting objectives (such as the SchWarZchild design) 
using a concave and convex mirror are Well knoWn and have 
Zero chromatic aberration. HoWever if any signi?cant 
demagni?cation is required to produce a small spot and high 
numerical aperture (NA), then the angles of incidence on the 
internal mirrors are too high and the polariZation is altered. 
De-magni?cation is required because the light must ?rst 
pass through a polariZing prism Which can only handle a 
small numerical aperture beam. This must then be converted 
to a larger NA beam by the focusing optics to produce a 
small spot. 

[0004] Theoretically, the ideal re?ective optical element to 
focus a collimated beam (such as from a laser light source) 
onto the sample Would be an off-axis paraboloidal mirror, 
and the ideal shape to focus a small source (such as a ?ber 
optic end) onto the sample Would be an off-axis ellipsoidal 
mirror. An off-axis ellipsoidal mirror has been used before in 
a spectroscopic ellipsometer, such as in US. Pat. No. 
5,608,526. Such an aspheric mirror can provide a Wide range 
of possible demagni?cations With a small angle of incidence 
on its surface. It has no chromatic aberration and (theoreti 
cally at least) has no other aberration. These mirrors can also 
be combined With some types of loW or Zero poWer refrac 
tive elements With minimal impact on the optical perfor 
mance. Examples of such elements are compensators or 
Waveplates (frequently used in ellipsometry to deliberately 
change the polariZation state), WindoWs (used to control air 
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currents or to enclose the sample in a vacuum or gas), 
apodiZing ?lters (such as ones described in US. patent 
application Ser. No. 08/835,533, ?led on Apr. 8, 1997), other 
optical ?lters (useful for calibration and diagnostics) or loW 
poWer lenses (potentially useful for adjusting focus or 
magni?cation). Generally, the maximum tolerable thickness 
or poWer of these elements is inversely dependent on the NA 
of the beam. 

[0005] The main problem With these aspheric mirrors is 
that they are made by a single-point diamond turning 
process that leaves a surface With a ?gure error composed of 
a multitude of grooves and ridges covering a broad range of 
spatial frequencies. Each spatial frequency component dif 
fracts light at a characteristic angle increasing the stray light 
outside the desired small spot on the sample. This charac 
teristic error produced by diamond turning is one of the main 
factors limiting the minimum box siZe Within Which accurate 
ellipsometric measurements can be made. Aspheric mirrors 
made With conventional polishing Would perform better, but 
are very expensive given the aperture and focal lengths 
needed by this system. Techniques also exist for replicating 
aspheric mirrors in a thin layer of epoxy on glass,-but the 
performance and durability of these mirrors has not yet been 
proven in this application. 

[0006] To eliminate the diamond turning grooves, it Would 
therefore be desirable to replace the aspheric mirror With an 
optical system composed of only conventionally polished 
spherical surfaces. The optical system still must meet all the 
requirements discussed above. If the aspheric mirror is 
replaced With a tilted spherical mirror, the spherical aberra 
tion, astigmatism and coma Would be much too great. There 
are many designs that exist to correct the aberrations from a 
tilted spherical mirror. But none can be adapted to Work 
adequately for ellipsometry. 

[0007] US. Pat. Nos. 4,208,585, 4,196,961, and 3,598,468 
use a tilted glass plate either before or after the tilted 
spherical mirror. This approach suffers from many draW 
backs When applied to ellipsometry systems. Among these 
are space constraints, inadequate aberration correction, and 
excessive chromatic aberration When used in the ultraviolet 
(UV) and visible Wavelengths. 

[0008] US. Pat. Nos. 4,230,394 and 4,588,269 use the 
approach of having tWo spherical mirrors tilted in orthogo 
nal planes. This design does not correct the aberrations 
adequately for ellipsometry purposes especially considering 
the approximate 18:1 demagni?cation required for many 
ellipsometry systems. 

[0009] US. Pat. No. 4,226,501 uses a relay system com 
posed of 4 spherical mirrors to correct the aberrations from 
a tilted mirror. While the incident angle on each mirror is 
relatively small, the combined effect of four mirrors Would 
have too large of an effect on the polariZation of the light. 

[0010] US. Pat. No. 5,168,386 uses a single positive 
meniscus lens before or after the tilted spherical mirror, or 
the lens can be placed Where both incident and re?ected rays 
are intercepted by it. This design Works Well for narroW 
Wavelength ranges, but has too much chromatic aberration 
for a Wide Wavelength range, such as one including visible 
and ultraviolet (UV) Wavelengths. 

[0011] US. Pat. No. 4,135,820 uses a faceted beam com 
biner. The corners of the facets Would scatter too much light 
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into adjacent patterns for ellipsometry purposes, and the 
angle of incidence on the facets is too large. 

[0012] A tilted spherical mirror can also be thought of as 
an off-axis section of a much larger axially symmetric 
spherical mirror (the axis de?ned by the object and image 
points). For conjugate ratios other than 1:1, the axially 
symmetric spherical mirror Will exhibit pure spherical aber 
ration. An off-axis segment Will produce aberration that 
seems to include components of astigmatism and coma, and 
a tilted spherical mirror is often referred to as-having such 
aberrations. HoWever, for the purposes of lens design, it is 
more useful to consider the aberration of an off-axis segment 
as being a subset of the spherical aberration of the larger, 
axially symmetric mirror. 

[0013] A design that corrects Well over the entire aperture 
of a loW F# system could be adapted for use in ellipsometry 
by cutting out off-axis segments of all the mirrors and lenses. 
There are many such catadioptric designs that use lenses to 
correct a spherical mirror. Classic examples include the 
Schmidt camera and Maksutov telescope (see Kingslake, 
“Lens Design Fundamentals” chap. 14, Academic Press, 
Inc., San Diego, Calif., 1978). The chief problem With 
adapting most of these designs is that they have too much 
chromatic aberration When used from the deep UV through 
near infrared (IR). The classic Way to correct for chromatic 
aberration in lens is to make it using 2 elements made of 
glasses having different dispersions. Chromatic aberration in 
the UV is a particular problem because there are only a 
limited number of materials that transmit UV, and only tWo 
that transmit deep UV that are also not birefringent. Bire 
fringent materials alter the polariZation of the beam and are 
therefore not desirable unless used advantageously in polar 
iZers or Waveplates. Furthermore, the design goals of most 
of these systems differ from that of ellipsometry in that most 
optical systems must produce a Well-corrected image over a 
fairly large ?eld Whereas in many ellipsometry systems the 
system needs to be optimiZed only at substantially a single 
point in the center of the ?eld. 

[0014] There is also a class of catadioptric systems knoWn 
as “ring-?eld” systems that are Well corrected and have little 
chromatic aberration over a large Wavelength range. Such 
systems are exempli?ed by US. Pat. No. 3,748,015. The 
main problem With such lens systems for ellipsometry 
application is that the demagni?cation is limited to less than 
about 5:1. These systems also tend to have high angles of 
incidence on the mirrors Which is undesirable. Furthermore, 
they are designed to have good imaging characteristics over 
a large, ring-shaped ?eld Which makes them unnecessarily 
complicated for ellipsometry purposes. 

[0015] None of the existing systems is entirely satisfactory 
for use in ellipsometry or other spectroscopic measurement 
systems. It is therefore desirable to propose broadband 
spectroscopic measurement systems using a spherical mirror 
With improved characteristics. 

SUMMARY OF THE INVENTION 

[0016] A ?rst aspect of the invention is directed toWards 
an apparatus for performing spectroscopic ellipsometry 
measurements on a sample, comprising a source Which 
emits broadband radiation, a polariZer that polariZes the 
broadband radiation, to produce a sampling beam, and 
substantially achromatic optics that focuses the sampling 
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beam to a small spot on the sample, said optics including a 
spherical mirror and at least tWo refractive elements, said 
sampling beam incident on the mirror from a direction aWay 
from the axis of the mirror, Wherein at least one of said 
elements corrects spherical aberration caused by off-axis 
re?ection from the mirror. The apparatus further comprises 
an analyZer that analyZes radiation of the sampling beam 
that has interacted With the sample, thereby producing an 
output beam, detector means for detecting the outputs to 
provide a detected output and means for processing the 
detected output to determine changes of polariZation state in 
amplitude and phase of the sampling beam caused by 
interaction With the sample. In the context of this aspect as 
Well as other aspects of the invention, a polariZer and an 
analyZer can include any element, or a combination of 
elements, that modi?es the polariZation of radiation and the 
axis of the mirror may be de?ned With respect to its center 
of curvature and center of the illuminated area on the mirror. 

[0017] Another aspect of the invention is directed toWards 
an apparatus for performing spectroscopic measurements on 
a sample, comprising a source Which provides a sampling 
beam of broadband radiation for interaction With a sample; 
detector means; and optics that focuses the sampling beam 
to small spot on the sample or that focuses, from a small spot 
on the sample into a modi?ed beam to the detector means, 
radiation of the sampling beam that has interacted With the 
sample. Said optics includes a spherical mirror and at least 
tWo lenses, said sampling or modi?ed beam incident on the 
mirror from a direction aWay from an axis of the mirror. At 
least one of the lenses corrects spherical aberration caused 
by off-axis re?ection from the mirror, said optics being 
substantially achromatic over visible and ultraviolet Wave 
lengths. 

[0018] Yet another aspect of the invention is directed 
toWards an apparatus for performing spectroscopic measure 
ments on a sample, comprising a source Which provides a 
sampling beam of broadband radiation for interaction With 
the sample; detector means; and substantially achromatic 
optics that focuses the sampling beam to a small spot on the 
sample or that focuses, from a small spot on the sample onto 
a modi?ed beam to the detector means, radiation of the 
sampling beam that has interacted With the sample. The 
optics includes a spherical mirror and at least tWo lenses. 
The sampling or modi?ed beam is incident upon the mirror 
from a direction aWay from an axis of the mirror. At least one 
of the lenses is a meniscus lens that corrects spherical 
aberration caused by off-axis re?ection from the mirror. 

[0019] One more aspect of the invention is directed 
toWards an apparatus for performing spectroscopic measure 
ments on a sample, comprising a source Which provides a 
sampling beam of broadband radiation for interaction With a 
sample; detector means; and substantially achromatic optics 
that focuses the sampling beam to a small spot on the sample 
or that focuses, from a small spot on the sample into a 
modi?ed beam to the detector means, radiation of the 
sampling beam that has interacted With the sample. The 
optics includes a spherical mirror and at least tWo lenses. 
Said sampling or modi?ed beam is incident on the mirror 
from a direction aWay from the axis of the mirror. At least 
one of the lenses corrects spherical aberration caused by 
off-axis re?ection from the mirror, Wherein tWo of said 
lenses have substantially opposite magni?cation poWers. 



US 2002/0030813 A1 

[0020] One more aspect of the invention is directed 
towards a method for performing spectroscopic ellipsometry 
measurements on a sample, comprising providing broad 
band radiation; polarizing the broadband radiation to pro 
duce a sampling beam; and focusing the sampling beam to 
a small spot on the sample by means of substantially 
achromatic optics that includes a spherical mirror and at 
least tWo refractive elements. The sampling beam is incident 
on the mirror from a direction aWay from an aXis of the 
mirror, Wherein at least one of the elements corrects spheri 
cal aberration caused by off-axis re?ection from the mirror. 
The method further comprises analyZing radiation of the 
sampling beam that has interacted With the sample, thereby 
producing an output beam; detecting the output beam to 
provide a detected output; and processing the detected 
output to determine changes of polariZation state in ampli 
tude and phase of the sampling beam caused by interaction 
With the sample. 

[0021] Yet another aspect of the invention is directed 
toWards a method for performing spectroscopic measure 
ments on a sample, comprising providing a sampling beam 
of broadband radiation for interaction With a sample; and 
focusing the sampling beam to a small spot on the sample, 
or radiation of the sampling beam that has interacted With 
the sample from a small spot of the sample into a modi?ed 
beam, by means of optics, said optics including a spherical 
mirror and at least tWo lenses. The sampling or modi?ed 
beam is incident on the mirror from a direction aWay from 
an aXis of the mirror, Wherein at least one of the lenses 
corrects spherical aberration caused by off-axis re?ection 
from the mirror, the optics being substantially achromatic 
over visible and ultraviolet Wavelengths. The method further 
comprises detecting radiation of the sampling beam that has 
interacted With the sample. 

[0022] One more aspect of the invention is directed 
toWards an apparatus for performing spectroscopic ellip 
sometry measurements on a sample, comprising a source 
Which emits broadband radiation; a polariZer that polariZes 
the broadband radiation, to produce a sampling beam for 
interaction With the sample; an analyZer; and substantially 
achromatic optics that focuses, from a small spot on the 
sample into a modi?ed beam to the analyZer, radiation of the 
sampling beam that has interacted With the sample, said 
analyZer providing an output beam in response thereto. The 
optics includes a spherical mirror and at least tWo refractive 
elements. The modi?ed beam is incident on the mirror from 
a direction aWay from an aXis of the mirror. At least one of 
the elements corrects spherical aberration caused by off-axis 
re?ection from the mirror. The apparatus further comprises 
detector means detecting the output beam to provide the 
detected output; and means for processing the detected 
output to determine changes of polariZation state in ampli 
tude and phase of the sampling beam caused by interaction 
With the sample. 

[0023] Yet one more aspect of the invention is directed for 
a method for performing spectroscopic ellipsometry mea 
surements on a sample, comprising providing broadband 
radiation; polariZing the broadband radiation to produce a 
sampling beam for interaction With a sample; and focusing 
by means of optics, from a small spot on the sample into a 
modi?ed beam, radiation of the sampling beam that has 
interacted With the sample. The optics includes a spherical 
mirror and at least tWo refractive elements, said modi?ed 
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beam being incident on the mirror from a direction aWay 
from a aXis of the mirror, Wherein at least one of said 
elements corrects spherical aberration caused by off-axis 
re?ection from the mirror. The method further comprises 
analyZing radiation of the modi?ed beam to produce an 
output beam; detecting the output beam to provide a 
detected output; and processing the detected output to deter 
mine changes of polariZation state in amplitude and phase of 
the sampling beam caused by interaction With the sample. 

BRIEF DESCRIPTION OF THE DRAWINGS 

[0024] FIG. 1 is a schematic vieW of an ellipsometer 
employing a spherical mirror and a refractive system to 
illustrate a ?rst embodiment of the invention. 

[0025] FIG. 2 is a schematic vieW of an ellipsometer 
similar in construction to the ellipsometer of FIG. 1, but 
Where an input aperture is placed at a different location in an 
optical path of the ellipsometer to illustrate a second 
embodiment of the invention. 

[0026] FIG. 3 is a schematic vieW of an ellipsometer 
Where a spherical mirror and associated refractive elements 
are used for collecting radiation that has interacted With the 
sample to illustrate a third embodiment of the invention. 

[0027] For simplicity in description, identical parts in the 
different ?gures are identi?ed by the same numerals. 

DETAILED DESCRIPTION OF THE 
PREFERRED EMBODIMENT 

[0028] In reference to system 10 of FIG. 1, a broadband 
radiation source (preferably a Xenon arc lamp) 12 supplies 
radiation through an aperture 14 along an optical path 16 to 
a polariZer 18. PolariZer 18 polariZes the radiation and the 
polariZed radiation is passed through an apodiZer 20 Which 
also acts as an aperture stop for the system 10. The beam 
from apodiZer 20 is passed through lens 22 and 24 to a 
spherical mirror 30 Which focuses the radiation onto a small 
spot 32a on the surface of sample 32. An image of the 
aperture is thus focused onto an image plane at the spot 32a, 
and the dotted line 34 connecting the aperture and the spot 
is the optical aXis of system 10. The radiation re?ected from 
sample 32 is collected by a collection mirror 40 Which focus 
the collected light to an analyZer 42 and a spectrometer 44 
With its associated aperture (not shoWn). The output of the 
spectrometer is analyZed by a computer 46 to determine the 
change in amplitude and phase of polariZation caused by 
interaction of the sampling beam With the sample. 

[0029] By replacing an ellipsoidal mirror of US. Pat. No. 
5,608,526 With a spherical mirror as in FIG. 1, the limiting 
factor of errors produced by diamond turning is eliminated 
and the minimum boX siZe Within Which accurate ellipso 
metric measurements can be made is no longer so limited. 
The boX siZe achieved in this invention can be 40 by 40 
microns or smaller. In the preferred or other embodiments, 
a polariZer and an analyZer can include any element that 
modi?es the polariZation of radiation, such as a linear 
polariZer and a Wave plate or an acousto-optic modulator. 
The aXis 30a of the mirror may be de?ned With respect to its 
center of curvature 30b and center 30c of the illuminated 
area on the mirror in the preferred embodiment as shoWn in 
FIG. 1. The aXis of mirrors may be de?ned in a similar 
manner for the con?gurations in FIGS. 2 and 3. 
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[0030] Instead of collecting and detecting radiation that is 
re?ected by a sample 32, Where the sample transmits radia 
tion, it is also possible to detect radiation that is transmitted 
through the sample, such as by means of mirror 40‘, Which 
focuses the collected radiation to analyZer 42‘ and spectrom 
eter 44‘ and computer 46‘, shoWn in dotted lines in FIG. 1, 
and to thereby determine the change in amplitude and phase 
of polariZation caused by interaction of the sampling beam 
With the sample. In still other variations, it may be possible 
to collect radiation that is scattered by or through the sample 
to determine the change in amplitude and phase of polar 
iZation caused by interaction of the sampling beam With the 
sample. 
[0031] Refractive element 22, in the preferred embodi 
ment, is a positive lens and refractive element 24 is prefer 
ably a negative meniscus lens. In the preferred embodiment, 
elements 22, 24 are made from the same optical material that 
is not birefringent in the ultraviolet Wavelength range, as 
Well as in other Wavelength ranges, such as the visible. 
Suitable optical materials for elements 22, 24 include cal 
cium ?uoride and fused silica. 

[0032] As shoWn in FIG. 1, the beam of radiation 46 
incident on mirror 30 is at an angle to the aXis 30a of the 
mirror, a condition Where the mirror re?ects beam 46 in an 
off aXis position. Because of the off aXis position of the 
mirror relative to the beam 46, off aXis re?ection of the 
mirror Would normally cause spherical aberration. The nega 
tive meniscus lens is used to correct the spherical aberration 
caused by such off aXis re?ection from mirror 30. 

[0033] To compensate for the chromatic aberration intro 
duced by lens 24, a positive lens 22 is employed, so that 
When considered as a Whole, lenses 22, 24 and the spherical 
mirror 30 form a substantially achromatic optical device 
over the visible and ultraviolet Wavelengths. 

[0034] Given all of the above, one of the goals of the 
present invention Was to design a replacement optics for the 
ellipsoidal off aXis mirror for use in a small-spot spectro 
scopic ellipsometer that preferably has the folloWing char 
acteristics: it is made from elements With all spherical 
surfaces. It is achromatic betWeen preferably at least 250 to 
800 nanometers and more preferably betWeen 190 to 850 
nanometers. The aberrations may need to be corrected for 
close to diffraction limited performance in the center of the 
?eld only. As indicated above, the optics comprises an off 
aXis spherical mirror and at least tWo lenses. 

[0035] Where the siZe of the spot in the image plane is 
determined by the illumination optics, the chief ray prefer 
ably has an angle of incidence on the sample that could 
range from betWeen about 60 and 80 degrees depending on 
the ellipsometer system design. Where the siZe of the spot in 
the image plane is determined by the collection optics, the 
chief ray preferably has an angle of collection from the 
sample that could range from betWeen 60 and 80 degrees, 
also depending on the ellipsometer system design. 

[0036] The conjugate ratio preferably varies betWeen 1:1 
and in?nity:1 depending on the requirements of the ellip 
someter design. The optics using spherical mirror preferably 
does not have a large effect on the polariZation of the light 
beam or otherWise interfere With the large, ?at sample. The 
optics preferably is compatible With thin, Zero or loW poWer 
refractive elements inserted into the long conjugate side as 
Was the case With the original aspheric mirror system. 
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[0037] Element 20 is preferably an apodiZing ?lter on a 
fused silica substrate. Refractive element 22 is a positive 
lens made preferably from calcium ?uoride. Element 24 is 
a negative meniscus lens made from the same material. 
Preferably, elements 22, 24 have substantially the same 
Abbe numbers. The apodiZer acts as the aperture stop for the 
system. Lenses 22, 24 have their vertices located on the aXis 
34 de?ned by the aperture 14 and the image on the sample. 
Optionally, lenses 22, 24 may be translated and tilted 
together slightly to marginally eXtend the Wavelength range 
of the chromatic correction. The sample 32 is tilted 90 
degrees from the usual image plane so that there can be a 
high angle of incidence on the sample With a loW angle of 
incidence on the mirror. This also alloWs the object and 
optics to all lie on the same side of the sample. The rest of 
the prescription is given beloW, Where surfaces 22a, 24a of 
lenses 22, 24 face the incoming beam from source 12, and 
surfaces 22b, 24b of the lenses face aWay from the incoming 
beam: 

Radius of Thickness to 
curvature next surface Tilt 

Surface [mm] [mm] [degrees] 

Object 0 261.117 0 
Apodizer 0 2.0 0 
Apodizer back 0 3.0 0 
surface 22a 116.426 2.0 0 
surface 22b —38.884 0 0 
surface 24a 28.253 0.5 0 
surface 24b 14.145 61.382 0 
Mirror 36.267 —19.241 0 
Sample 0 90 

[0038] All distances are measured along the aXis joining 
the object and image. The apodiZer aperture half diameter is 
3 mm and it is decentered 4.5 mm above the aXis. The angle 
of incidence of the chief ray on the sample is 72.95 degrees, 
and the demagni?cation is 16.98. 

[0039] The numerical aperture and angle of incidence can 
be changed by varying the siZe and position of the apodiZer. 
The aXial position of the apodiZer is not too important as 
long as it is not so close to the object plane that it creates 
vignetting or a highly non-telecentric condition on the 
sample side. Putting it farther from the object also alloWs it 
to be larger and easier to manufacture. 

[0040] If this system Were designed for a narroW Wave 
length range, then element 24 alone, With different curva 
tures, Would be adequate to correct the spherical aberration 
introduced by the tilted spherical mirror. To correct the 
chromatic aberration, element 22 is added. Element 22 adds 
only a small amount of its oWn spherical aberration Which is 
also corrected by element 3. HoWever element 22 is shaped 
to create the opposite balancing chromatic aberration to 
element 24. In other Words, lens 24 corrects (preferably over 
corrects) the spherical aberration caused by the off aXis 
re?ection by mirror 30. Lens 24 also introduces chromatic 
aberration of its oWn. Lens 22 not only compensates for the 
chromatic aberration caused by lens 24, but also compen 
sates for any spherical aberration caused by lens 24. While 
ideally the combination of lenses 22, 24 has Zero poWer, in 
some systems, the combination of the tWo lenses having 
some poWer may not signi?cantly affect system perfor 
mance. 



US 2002/0030813 A1 

[0041] The design process is one Where the curvatures are 
optimized to balance chromatic versus spherical aberration. 
One factor in the designer’s favor is that the optimiZation 
only has to be achieved in the center of the ?eld. Another 
positive factor is that the aberrations do not have to be 
corrected over the missing on-axis portion of the aperture. 
The surfaces of elements 22, 24 facing each other have 
different shapes or curvatures. 

[0042] Calcium ?uoride is used for the lenses 22, 24 
because it transmits Well in the UV and has loW dispersion 
minimiZing the chromatic aberration that must be corrected. 
In practice, calcium ?uoride may have too much residual, 
stress-induced birefringence. In this case, fused silica could 
be used With only marginally Worse results. Tilting the lens 
group helps the fused silica design more than the calcium 
?uoride design. If the Wavelength range is narroWed to use 
Wavelengths above 300 nm, a feW more glass types become 
transparent, and above 350 nm many other glass types 
become transparent. For the reduced Wavelength range, a 
less expensive glass may be used, and perhaps a marginal 
improvement in performance by selecting tWo glasses With 
different dispersion. The UV materials produce excellent 
results over the reduced Wavelength range. 

[0043] In practice, the design is optimiZed for a given 
con?guration using ray tracing softWare such as Zemax 
(available from Focus SoftWare Inc. of Tucson, AriZ. There 
may be many combinations of variables and constraints that 
could be used to optimiZe this design. In one experiment, the 
tWo conjugate distances and the aperture position and siZe 
are ?xed. Thicknesses of the tWo lenses Were also ?xed to be 
as thin as practical With the centers touching. All 6 curva 
tures are alloWed to vary as Well as the position of the 
refractive lens group. The merit function minimiZed RMS 
Wavefront error over a Wavelength range of 210 to 800 
nanometers. The resulting peak-to-valley Wavefront error 
Was less than 0.15 Waves for all Wavelengths. The Wave 
length range can be extended to 190 to 850 nm. With only a 
slight degradation in performance. 
[0044] Aremaining issue With this design is that the effect 
on polariZation due to the angle of incidence on the optical 
surfaces is not negligible even though the contribution from 
the tWo refractive lenses is less than that from the mirror. 
Such effects may be calculated and then subtracted to reduce 
their effects. 

[0045] There are several possible variations of this design. 
The chief one is that the design can be optimiZed for a Wide 
range of magni?cations and angles of incidence on the 
Wafer. Various planar optical elements mentioned previously 
can be inserted in the long conjugate of the disclosed version 
of the design if the thickness is less than about 20 mm. If the 
lenses are redesigned to compensate, then the planar ele 
ments can be even thicker. An aplanatic element having its 
surfaces perpendicular to the ray fan can be inserted With 
almost any thickness either before or after the mirror. Alens 
With loW poWer can be inserted almost anyWhere in the path 
as long as the rest of the elements are re-optimiZed to 
accommodate it. Each existing lens can also be “split” into 
tWo or more lenses to give more degrees of freedom in the 
optimiZation. Instead of tilting the lens pair for marginal 
performance improvement, the tWo elements can be trans 
lated relative to each other. The spherical mirror can also be 
made a mangin mirror for a slight performance improve 
ment. 
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[0046] Instead of lenses, the tWo refractive elements 22, 
24 may also be prisms or other optical elements having the 
required functions as described above. 

[0047] FIG. 2 is a schematic vieW of an ellipsometer 
similar in construction to the ellipsometer of FIG. 1, but 
Where an input aperture is placed at a different location in an 
optical path of the ellipsometer to illustrate a second 
embodiment of the invention. As shoWn in FIG. 2, aperture 
14 may be placed betWeen the polariZer 18 and the apodiZer 
20, instead of betWeen the source 12 and the polariZer 18 as 
in FIG. 1. Computer 46, 46‘ have been omitted in FIG. 2 to 
simplify the draWing. 

[0048] Instead of employing the optics comprising the 
mirror 30 and lenses 22, 24 in the illumination optics, it is 
also possible to employ such optics in the collection side as 
shoWn in FIG. 3. FIG. 3 is a schematic vieW of an 
ellipsometer 100 Where a spherical mirror and associated 
refractive elements are used for collecting radiation that has 
interacted With the sample to illustrate a third embodiment 
of the invention. As shoWn in FIG. 3, radiation from source 
12 is passed through polariZer 18 and focused onto the 
sample 32 by means of mirror 40. The radiation re?ected 
from a small spot 32a of the sample is collected and focused 
by spherical mirror 30 through lenses 24, 22 and apodiZer 
20, analyZer 42 to aperture 14, and then to spectrometer 44. 
The output of the spectrometer 44 is supplied to computer 46 
to determine the change in amplitude and phase of polar 
iZation caused by interaction of the sampling beam With the 
sample. Thus, the object is the spot 32a and the image is 
formed at the aperture 14, so that the dotted line 34 con 
necting them is the axis of the system 100. The siZe of the 
spot 32a is limited by aperture 14. Instead of detecting 
radiation that is re?ected from the sample, it is again 
possible to detect radiation that is transmitted through (or 
otherWise modi?ed by) the sample by source 12‘, after 
passing through polariZer 18‘ and focused by mirror 40‘, as 
shoWn in dotted lines in FIG. 3. 

[0049] In the different embodiments of this invention, the 
apodiZer 42 limits the numerical aperture of the sampling 
beam before reaching the mirror 30 in FIGS. 1 and 2 and 
that of the modi?ed beam in FIG. 3 after re?ection by the 
mirror 30 to preferably not more than 0.03. The angle of 
incidence of the sampling beam in FIGS. 1 and 2 and of the 
modi?ed beam in FIG. 3 on the spherical mirror 30 pref 
erably is Within the range of 1 to 10 degrees from the axis 
30a of the mirror. The Abbe numbers of lenses 22, 24 
preferably do not differ by more than 2%. 

[0050] The substantially achromatic optics comprising off 
axis spherical mirror 30 and elements 22, 24 may also be 
used for spectroscopic measurements other than ellipsom 
etry, such as in scatterometry for measuring the line Widths 
or other parameters of diffracting structures. When so used, 
it is possible to modify the con?gurations as shoWn in FIGS. 
1-3 by omitting the polariZers and analyZers, or orient them 
to pass radiation With the same polariZation states. Thus, in 
a more general application of the invention, the system of 
this invention provides a sampling beam of broadband 
radiation for interaction With a sample. An optics of the 
system focuses the sampling beam to a small spot on the 
sample, or radiation of the sampling beam that has interacted 
With the sample from a small spot of the sample into a 
modi?ed beam. the optics includes a spherical mirror and at 
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least tWo lenses. The sampling or modi?ed beam is incident 
on the mirror from a direction aWay from an aXis of the 
mirror, Wherein at least one of the lenses corrects spherical 
aberration caused by off-axis re?ection from the mirror. The 
system further comprises detection of radiation of the sam 
pling beam that has interacted With the sample. In one 
preferred embodiment, the optics is substantially achromatic 
over visible and ultraviolet Wavelengths. In another embodi 
ment, at least one of the lenses in the optics is a meniscus 
lens that corrects spherical aberration caused by the off aXis 
re?ection by the spherical mirror. In yet another embodi 
ment, the tWo lenses have substantially opposite magni?ca 
tion poWers, so that the optics is substantially achromatic 
over a broadband of Wavelengths. 

[0051] While the invention has been described above by 
reference to various embodiments, it Will be understood that 
different changes and modi?cations may be made Without 
departing from the scope of the invention Which is to be 
de?ned only by the appended claims and their equivalents. 

What is claimed is: 
1. An apparatus for performing spectroscopic ellipsom 

etry measurements on a sample, comprising: 

a source Which emits broadband radiation; 

a polariZer that polariZes the broadband radiation, to 
produce a sampling beam; 

substantially achromatic optics that focuses the sampling 
beam to a small spot on the sample, said optics includ 
ing a spherical mirror and at least tWo refractive 
elements, said sampling beam incident on the mirror 
from a direction aWay from an aXis of the mirror, 
Wherein at least one of said elements corrects spherical 
aberration caused by off aXis re?ection from the mirror; 

an analyZer that analyses radiation of the sampling beam 
that has interacted With the sample, thereby producing 
an output beam; and 

detector means for detecting the output beam to provide 
a detected output; and 

means for processing the detector means output to deter 
mine changes of polariZation state in amplitude and 
phase of the sampling beam caused by interaction With 
the sample. 

2. The apparatus of claim 1, Wherein said at least tWo 
refractive elements comprise tWo or more lenses. 

3. The apparatus of claim 2, Wherein said tWo or more 
lenses include a meniscus lens. 

4. The apparatus of claim 3, said meniscus lens correcting 
or over correcting the spherical aberration caused by off aXis 
re?ection from the mirror. 

5. The apparatus of claim 2, Wherein one of said lenses is 
positive and another one of said lenses is negative. 

6. The apparatus of claim 2, Wherein the Abbe numbers of 
said tWo lenses differ by no more than 2%. 

7. The apparatus of claim 2, Wherein tWo of said lenses 
comprise substantially the same optical material. 

8. The apparatus of claim 2, Wherein tWo of said lenses 
comprise optical material(s) that transmit(s) ultraviolet 
radiation and is or are not birefringent. 

9. The apparatus of claim 2, Wherein tWo of said lenses 
comprise calcium ?uoride or fused silica. 
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10. The apparatus of claim 2, Wherein tWo of said lenses 
have surfaces that face each other, said surfaces being of 
different shapes or curvatures. 

11. The apparatus of claim 1, Wherein said optics is 
substantially achromatic over at least the visible and ultra 
violet Wavelengths. 

12. The apparatus of claim 11, Wherein said optics is 
substantially achromatic over ultraviolet Wavelengths 
including ultraviolet Wavelengths greater than about 250 
nm. 

13. The apparatus of claim 11, Wherein said optics is 
substantially achromatic over ultraviolet Wavelengths 
including ultraviolet Wavelengths greater than about 190 
nm. 

14. The apparatus of claim 1, Wherein said optics focuses 
the sampling beam to a spot on the sample less than 40 by 
40 microns in dimensions. 

15. The apparatus of claim 1, Wherein said optics focuses 
the sampling beam at an incidence angle of betWeen about 
60 degrees to about 80 degrees from a normal direction to 
the sample. 

16. The apparatus of claim 1, further comprising an 
aperture placed in an optical path betWeen the source and the 
polariZer, or betWeen the polariZer and the optics. 

17. The apparatus of claim 1, further comprising an 
apodiZer that limits numerical aperture of the sampling beam 
prior to re?ection by the mirror to less than about 0.03. 

18. The apparatus of claim 1, Wherein angle of incidence 
of the sampling beam to the aXis of the mirror is substan 
tially Within the range of 1 to 10 degrees. 

19. An apparatus for performing spectroscopic measure 
ments on a sample, comprising: 

a source Which provides a sampling beam of broadband 
radiation for interaction With the sample; 

detector means; and 

substantially achromatic optics that focuses the sampling 
beam to a small spot on the sample or that focuses, from 
a small spot on the sample into a modi?ed beam to the 
detector means, radiation of the sampling beam that has 
interacted With the sample, said optics including a 
spherical mirror and at least tWo lenses, said sampling 
or modi?ed beam incident on the mirror from a direc 
tion aWay from an aXis of the mirror, Wherein at least 
one of said lenses corrects spherical aberration caused 
by off aXis re?ection from the mirror, said optics being 
substantially achromatic over visible and ultraviolet 
Wavelengths. 

20. The apparatus of claim 19, Wherein said tWo or more 
lenses include a meniscus lens. 

21. The apparatus of claim 20, said meniscus lens cor 
recting or over correcting the spherical aberration caused by 
off aXis re?ection from the mirror. 

22. The apparatus of claim 19, Wherein one of said lenses 
is positive and another one of said lenses is negative. 

23. The apparatus of claim 19, Wherein the Abbe numbers 
of said tWo lenses differ by no more than 2%. 

24. The apparatus of claim 19, Wherein tWo of said lenses 
comprise substantially the same optical material. 

25. The apparatus of claim 19, Wherein tWo of said lenses 
comprise calcium ?uoride or fused silica. 

26. The apparatus of claim 19, Wherein tWo of said lenses 
have surfaces that face each other, said surfaces being of 
different shapes or curvatures. 
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27. The apparatus of claim 19, wherein said optics is 
substantially achromatic over ultraviolet Wavelengths 
including ultraviolet Wavelengths greater than about 250 
nrn. 

28. The apparatus of claim 19, Wherein said optics is 
substantially achrornatic over ultraviolet Wavelengths 
including ultraviolet Wavelengths greater than about 190 
nrn. 

29. The apparatus of claim 19, Wherein said optics focuses 
the sampling beam to a spot on the sample less than 40 by 
40 microns in dimensions. 

30. The apparatus of claim 19, Wherein said optics focuses 
the sampling beam at an incidence angle of. betWeen about 
60 degrees to about 80 degrees from a normal direction to 
the sample. 

31. The apparatus of claim 19, Wherein tWo of said lenses 
cornprise optical rnaterial(s) that transrnit(s) ultraviolet 
radiation and is or are not birefringent. 

32. The apparatus of claim 19, further comprising an 
apodiZer that limits numerical aperture of the sampling bearn 
prior to re?ection by the mirror or of the rnodi?ed bearn after 
re?ection by the mirror to less than about 0.03. 

33. The apparatus of claim 19, Wherein angle of incidence 
of the sampling or rnodi?ed beam to the aXis of the mirror 
is substantially Within the range of 1 to 10 degrees. 

34. An apparatus for performing spectroscopic rneasure 
rnents on a sample, comprising: 

a source Which provides a sampling beam of broadband 
radiation for interaction With the sample; 

detector means; and 

substantially achrornatic optics that focuses the sampling 
beam to a small spot on the sample or that focuses, from 
a small spot on the sample into a rnodi?ed beam to the 
detector means, radiation of the sampling beam that has 
interacted With the sample, said optics including a 
spherical mirror and at least tWo lenses, said sampling 
or rnodi?ed bearn incident on the mirror from a direc 
tion away from an aXis of the mirror, Wherein at least 
one of said lenses corrects spherical aberration caused 
by off aXis re?ection from the mirror, and Wherein at 
least one of the lenses is a rneniscus lens. 

35. The apparatus of claim 34, Wherein tWo of said lenses 
cornprise substantially the same optical material. 

36. The apparatus of claim 34, Wherein tWo of said lenses 
cornprise optical rnaterial(s) that transrnit(s) ultraviolet 
radiation and is or are not birefringent. 

37. The apparatus of claim 34, Wherein one of said lenses 
is positive and another one of said lenses is negative. 

38. An apparatus for performing spectroscopic rneasure 
rnents on a sample, comprising: 

a source Which provides a sampling beam of broadband 
radiation for interaction With the sample; 

detector means; and 

substantially achrornatic optics that focuses the sampling 
beam to a small spot on the sample or that focuses, from 
a small spot on the sample into a rnodi?ed beam to the 
detector means, radiation of the sampling beam that has 
interacted With the sample, said optics including a 
spherical mirror and at least tWo lenses, said sampling 
or rnodi?ed bearn incident on the mirror from a direc 
tion away from an aXis of the mirror, at least one of said 
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lenses correcting spherical aberration caused by off aXis 
re?ection from the mirror, Wherein tWo of said lenses 
have substantially opposite rnagni?cation poWers. 

39. The apparatus of claim 38, Wherein at least one of said 
lenses is a rneniscus lens that corrects or over corrects 
spherical aberration caused by off aXis re?ection from the 
mirror. 

40. The apparatus of claim 38, Wherein tWo of said lenses 
cornprise substantially the same optical material. 

41. The apparatus of claim 38, Wherein tWo of said lenses 
cornprise optical rnaterial(s) that transrnit(s) ultraviolet 
radiation and is or are not birefringent. 

42. A method for performing spectroscopic ellipsornetry 
measurements on a sample, comprising: 

providing broadband radiation; 

polariZing the broadband radiation, to produce a sampling 
bearn; 

focusing the sampling beam to a small spot on the sample 
by means of substantially achrornatic optics that 
includes a spherical mirror and at least tWo refractive 
elernents, said sarnpling bearn incident on the mirror 
from a direction away from an aXis of the mirror, 
Wherein at least one of said elernents corrects spherical 
aberration caused by off aXis re?ection from the mirror; 

analyZing radiation of the sampling beam that has inter 
acted With the sample, thereby producing an output 
beam; and 

detecting the output beam to provide a detected output; 
and 

processing the detected output to determine changes of 
polariZation state in amplitude and phase of the sam 
pling bearn caused by interaction With the sample. 

43. Arnethod for performing spectroscopic measurements 
on a sample, comprising: 

providing a sampling beam of broadband radiation for 
interaction With the sample; 

focusing the sampling beam to a small spot on the sample, 
or radiation of the sampling beam that has interacted 
With the sample from a small spot on the sample into a 
rnodi?ed beam by means of optics, said optics includ 
ing a spherical mirror and at least tWo. lenses, said 
sampling or rnodi?ed bearn incident on the mirror from 
a direction away from an aXis of the mirror, Wherein at 
least one of said lenses corrects spherical aberration 
caused by off aXis re?ection from the mirror, said optics 
being substantially achrornatic over visible and ultra 
violet Wavelengths; and 

detecting radiation of the sampling beam that has inter 
acted With the sample. 

44. An apparatus for performing spectroscopic ellipsorn 
etry measurements on a sample, comprising: 

a source which emits broadband radiation; 

a polariZer that polariZes the broadband radiation, to 
produce a sampling beam for interaction With the 
sample; 

an analyZer; 

substantially achrornatic optics that focuses, from a small 
spot on the sample into a rnodi?ed beam to the ana 



US 2002/0030813 A1 

lyZer, radiation of the sampling beam that has inter 
acted With the sample, said analyzer providing an 
output beam in response thereto, said optics including 
a spherical mirror and at least tWo refractive elements, 
said modi?ed beam incident on the mirror from a 
direction aWay from an aXis of the mirror, Wherein at 
least one of said elements corrects spherical aberration 
caused by off aXis re?ection from the mirror; 

detector means detecting the output beam to provide a 
detected output; and 

means for processing the detected output to determine 
changes of polariZation state in amplitude and phase 
caused by interaction With the sample. 

45. The apparatus of claim 44, Wherein said at least tWo 
refractive elements comprise tWo or more lenses. 

46. The apparatus of claim 45, Wherein said tWo or more 
lenses include a meniscus lens. 

47. The apparatus of claim 46, said meniscus lens cor 
recting or over correcting the spherical aberration caused by 
off aXis re?ection from the mirror. 

48. The apparatus of claim 45, Wherein one of said lenses 
is positive and another one of said lenses is negative. 

49. The apparatus of claim 45, Wherein tWo of said lenses 
have substantially the same Abbe numbers. 

50. The apparatus of claim 45, Wherein tWo of said lenses 
comprise substantially the same optical material. 

51. The apparatus of claim 45, Wherein tWo of said lenses 
comprise optical material(s) that transmit(s) ultraviolet 
radiation and is or are not birefringent. 

52. The apparatus of claim 45, Wherein tWo of said lenses 
comprise calcium ?uoride or fused silica. 

53. The apparatus of claim 45, Wherein tWo of said lenses 
have surfaces that face each other, said surfaces being of 
different shapes or curvatures. 

54. The apparatus of claim 44, Wherein said optics is 
substantially achromatic over at least the visible and ultra 
violet Wavelengths. 

55. The apparatus of claim 44, Wherein said optics is 
substantially achromatic over ultraviolet Wavelengths 
including ultraviolet Wavelengths greater than about 250 
nm. 
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56. The apparatus of claim 44, Wherein said optics is 
substantially achromatic over ultraviolet Wavelengths 
including ultraviolet Wavelengths greater than about 190 
nm. 

57. The apparatus of claim 44, Wherein said optics focuses 
onto the detector means the output beam that originated 
from a spot on the sample less than 40 by 40 microns in 
dimensions. 

58. The apparatus of claim 44, Wherein said optics focuses 
the output beam at a collection angle of betWeen about 60 
degrees to about 80 degrees from a normal direction to the 
sample. 

59. The apparatus of claim 44, further comprising an 
aperture placed in an optical path betWeen the source and the 
analyZer, or betWeen the analyZer and the optics. 

60. A method for performing spectroscopic ellipsometry 
measurements on a sample, comprising: 

providing broadband radiation; 

polariZing the broadband radiation, to produce a sampling 
beam for interaction With the sample; 

focusing by means of optics, from a small spot on the 
sample into a modi?ed beam, radiation of the sampling 
beam that has interacted With the sample, said optics 
including a spherical mirror and at least tWo refractive 
elements, said modi?ed beam being incident on the 
mirror from a direction aWay from an aXis of the mirror, 
Wherein at least one of said elements corrects spherical 
aberration caused by off axis re?ection from the mirror; 

analyZing radiation of the modi?ed beam to produce an 
output beam; 

detecting the output beam to provide a detected output; 
and 

processing the detected output to determine changes of 
polariZation state in amplitude and phase of the sam 
pling beam caused by interaction With the sample. 


