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(57) ABSTRACT 

Morrill, 

An autofocus system for use for instance in a photolithog 
raphy machine (but not so limited) uses oblique incident 
optics Which transform a defocus of the plane of the Wafer 
Whose location is being detected to a lateral shear of the 
beam. A common path interferometer measures the lateral 
shear. The common path interferometer is for instance a 
triangular path interferometer. Since both the signal (object) 
light beam and the reference light beams transverse almost 
exactly the same optical path, the system is thereby inde 
pendent of mechanical vibration or other environmental 
in?uence such as temperature variations. Compensation is 
provided for refractive effects caused by local atmospheric 
heating immediately above the Wafer surface. 

13 Claims, 2 Drawing Sheets 

A statutory invention registration is not a patent. It has 
the defensive attributes of a patent but does not have the 
enforceable attributes of a patent. No article or adver 
tisement or the like may use the term patent, or any term 
suggestive of a patent, When referring to a statutory 
invention registration. For more speci?c information on 
the rights associated With a statutory invention registra 
tion see 35 U.S.C. 157. 
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FIG. 4 

WAFER SURFACE 

first interferometer with incident angle 91. 
—— second interferometer with incident angle 9 2 . 

— — — — third interferometer with incident angle 93 . 

FIG. 5 
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AUTOFOCUS SYSTEM USING COMMON 
PATH INTERFEROMETRY 

BACKGROUND 

1. Field of the Invention 

This invention relates to interferometry and more particu 
larly to an autofocus system using a common path interfer 
ometer. 

2. Description of the Prior Art 
Autofocus systems are well known, for instance in the 

photography ?eld. Typically an autofocus system includes a 
range ?nding device to determine the distance from the lens 
system to the object to be imaged. For instance, some 
autofocus systems use infrared range ?nding or ultrasonic 
range ?nding. In addition to the photography ?eld, autofocus 
is also used in the lithography ?eld where the goal is to form 
an image on a resist coated semiconductor wafer. In this case 
typically the focus adjustment is the distance between the 
projection lens system of a photolithography tool and the 
image plane which is the surface of the resist formed on a 
wafer. Photolithography as used in the semiconductor ?eld 
is extremely precise and the autofocus system must corre 
spondingly be extremely precise since the feature siZes 
being imaged are typically very small, for instance 0.25 
micrometers. It is known to use an oblique incident optical 
system for lithography auto focusing, where displacement of 
a light beam is measured by a sensor. It is to be understood 
that “in focus” in this context means that the image plane is 
at a particular distance from the projection optical system. 

However, it has been found that in general vibrations and 
random air ?uctuations are still a problem in an autofocus 
system using oblique incident optics. In general, compen 
sation for this vibration is not possible, leading to a degra 
dation of the accuracy of the autofocusing. 

SUMMARY 

In accordance with this invention a common path inter 
ferometer is used in, e.g., an autofocus system and includes 
oblique incident optics which transform a defocus of the 
re?ective surface to a lateral shear of the interferometer 
beam. A common path interferometry measures the lateral 
shear. The common path interferometer is a triangular path 
interferometer in one embodiment. Since both the signal 
(?rst) light beam and the reference (second) light beam (eg 
a clockwise and counterclockwise directional beam) pass 
through almost the same optical path in this type of 
interferometer, the system is thereby rendered independent 
of adverse affects from mechanical vibrations and also 
random air ?uctuations. 

Hence this common path interferometer allows measuring 
of any deviation between the actual position of the re?ected 
surface and its intended position, for purposes eg of 
autofocusing, by directing a ?rst beam and a second beam 
onto the re?ective surface (for instance the surface of a 
semiconductor wafer), the reference beam and the signal 
beam being parallel and spaced apart. At the detector end, 
the ?rst beam and the second beam are detected after being 
re?ected from the wafer or the re?ective surface. Then the 
deviation between these two beams is determined as a 
function of a distance in a plane e.g. orthogonal to that of the 
re?ective surface, between axes de?ned by respectively the 
?rst beam, the re?ected ?rst beam and the second signal 
beam. Thus any change in focus (the position of the re?ec 
tive surface) is transformed into a lateral shear between a 
clockwise path and a counterclockwise path of the triangular 
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2 
path interferometer. The lateral shear is transformed to a 
spatial frequency of the fringe for purposes of detection in 
one embodiment. 

In one embodiment, the presence of a layer of heated air 
(atmosphere) immediately over the surface of the wafer 
provides some distortion to the interferometry which is 
compensated for in accordance with the invention. 
A typical application of the present invention is for use in 

an exposure apparatus as used in photolithography, for 
example in semiconductor fabrication, as described above. 
See eg Sakakibara et al., US. Pat. No. 5,448,332, incor 
porated by reference herein in its entirety for a description 
of such an exposure apparatus. 

BRIEF DESCRIPTION OF THE DRAWINGS 

FIG. 1 shows schematically a triangular path interferom 
etry apparatus and method in accordance with this invention. 

FIG. 2 shows detail of FIG. 1. 

FIG. 3 shows another embodiment in accordance with the 
invention wherein the lateral shear is transformed to a spatial 
frequency of the fringe. 

FIG. 4 shows the effect of a heated air layer on common 
path interferometry. 

FIG. 5 shows schematically a three interferometer system 
to compensate for the effect of FIG. 4. 

DETAILED DESCRIPTION 

FIG. 1 shows schematically a common path interferom 
eter arrangement using a triangular path, in accordance with 
this invention. This illustrates both a method and apparatus 
in accordance with this invention. It is to be understood that 
the apparatus itself consists of conventional optical and 
interferometer elements which are not shown in detail, but 
which are commercially available. In FIG. 1 the object the 
distance to which is being measured for eg autofocusing is 
a wafer W which is the workpiece in a semiconductor 
lithography tool. This wafer W typically has a planar upper 
surface which is the re?ective surface for the interferometry 
measurement. 

It is to be understood that in the photolithography auto 
focus application as described above, the goal is to measure 
the distance from the projection lens of the lithography tool 
which forms an image on the surface of the wafer to the 
wafer surface (resist) itself. As shown in FIG. 1, two 
illustrative positions of the wafer are shown in terms of the 
vertical (Z) axis; these are the in focus and the defocus 
positions. Typically the autofocus system moves the wafer 
and/or proj ection lens in the Z direction so that the wafer lies 
in the in focus plane. In this case what is practically being 
done is measuring the distance from the projection lens to 
the wafer surface, since the autofocus system is calibrated to 
the focal plane of the projection lens. This is because the 
optical system is designed for a particular distance between 
the projection lens and the wafer surface. 

This system includes oblique incident optics which trans 
form the defocus position to a lateral shear of the beam and 
a common path interferometer which measures this lateral 
shear. In this case the common path interferometer is the 
illustrated triangular path interferometer. Since both the 
signal (object) light beam and the reference light beam 
transverse almost the same identical optical path, the system 
is independent of mechanical vibration. As shown in FIG. 1, 
a change in the focus distance Z is transformed into a lateral 
shear distance Y between the clockwise path light beam 10 
and the counterclockwise light beam path 14 for this trian 
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gular path interferometer. (The direction of the light beams 
is indicated by the arrows.) As typical of such 
interferometers, there is included a beam splitter 16 and a 
mirror 20; these are each conventional elements. The mounts 
for these elements are not shoWn but typically they are 
mounted on, for instance, the loWer portion of the projection 
lens. The lateral shear Y is a distance Which is measured by 
a conventional, e.g., CCD sensor. 
As a matter of background, the general principle of 

interferometry is Well knoWn Wherein tWo parallel Wave 
fronts are received, one of Which re?ects from a reference 
mirror and the second re?ects from a second (signal) mirror. 
Both Wave fronts are parallel. The phase shift betWeen the 
tWo Wavefronts is constant at any position on the ?eld of 
vieW and hence the resulting interference fringe is of one 
color. The phase shift of course is caused by the optical path 
length difference betWeen the reference mirror path and the 
signal mirror path. If the signal mirror is tilted slightly, the 
Wavefronts also tilt With regard to one another, causing a 
fringe. The spatial frequency of this fringe depends on the 
tilt angle. In the case of a shearing interferometry system, if 
the incident beam Wavefront has a curvature and the lateral 
shear is Zero, the fringe is of one color. 

HoWever, if there is lateral shearing, in accordance With 
the invention there is a phase difference that makes the 
fringe in this frequency depend on the lateral shear of value. 
This fringe is not of constant pitch because the Wavefront is 
spherical. HoWever, if the radius of the Wavefront is big 
enough, the fringe pitch is approximately constant. There 
fore this de?nes the spatial frequency. A conventional CCD 
(line sensor or tWo dimensional sensor) optically acquires 
the fringe pattern and a suitable computer using a fast 
Fourier transform calculates the frequency of the fringe 
using the relationships as set forth beloW. 

With reference to FIG. 1, the original incident coherent 
beam 23 (See FIG. 1) is provided from, for instance, a laser 
(not shoWn). Light beam 23 impinges on the upper surface 
of the beam splitter 16 and is split thereby so that a portion 
24 passes through the beam splitter 16 While another portion 
10 is re?ected from the beam splitter onto the re?ective 
surface of Wafer W, Whether in the in focus or defocus 
position. The portion of the split beam 10 Which is re?ected 
from the beam splitter 16 re?ects off the mirror 20 and onto 
the re?ective surface of Wafer W Where it is re?ected back 
and re?ects off the loWer surface of beam splitter 16 and is 
the return beam 26 at the detector. At the same time, the 
beam 24 also re?ects off the surface of Wafer W and then off 
the surface of mirror 20 and returns as beam 30. Hence the 
lateral shear of interest is the distance 2Y, less any distance 
betWeen the return beam 30 and the return beam 26. 

In other Words, for the “in focus” position for the clock 
Wise and counter clockWise beams there is no lateral sepa 
ration betWeen the beams. In the defocus situation, the 
defocusing causes a shearing (distance 2Y) betWeen the 
clockWise and counter-clockWise return beams 26, 30. 

Pertinent detail of the FIG. 1 con?guration is shoWn in 
FIG. 2. The incident beam position for the in focus position 
of the Wafer W is at point A and the incident beam at the 
defocus position of the Wafer is at point B. Hence the 
re?ected beam, depending on the in focus or defocus 
position, shifts from A to B Which is the same as distance Y. 
This distance Y shoWn in the right-hand portion of FIG. 2 
becomes the same as distance Y shoWn in the left-hand 
portion of FIG. 1. The point at Which the beam re?ected 
from point B crosses the infocus plane is point P. Hence the 
angle subtended by the incident and re?ected beam from the 
in focus plane is angle 6 as illustrated. 
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4 
Where the incident angle is 6, distance AP is: 

AP=2Z tane (1- 1) 

Lateral shear y is: 

y = APsin(g _ 0) 0-2) 

By (1-1) and (1-2): 

y=2Z sine (1-3) 

Another embodiment, shoWn in FIG. 3, transforms a 
lateral shear of the re?ected beams to a spatial frequency of 
the fringe. Hence in FIG. 3, Which shoWs a variant of the 
FIG. 1 arrangement, the beam splitter 40 operates in con 
junction With mirrors M1, M2, and M3 Where D is the 
photodetector 46 and again W is the Wafer. (In this case only 
one position of the Wafer W surface is shoWn for simplicity.) 
The positions of beam splitter 40 and the Wafer W surface 
are conjugate for both the clockWise beams (from beam 
splitter 40 to mirror M3 to the Wafer W surface) and for the 
counterclockWise path (from beam splitter 40 to mirror M1 
to mirror M2 to the Wafer surface). The incident Wavefront 
to the beam splitter 40 has a curvature R. Each beam shifts 
a distance Y (not illustrated) from the optical aXis Where the 
Wafer is defocused by a distance Z. The X and y aXes are 
illustrated. 
At the location of detector D46 Which is located at the 

conjugate position of Wafer W, each Wavefront is on the 
coordinate system X and Z is shoWn in FIG. 3, Where y is the 
shearing direction: 

(X+y)2+ZL2=R2, so ZL=‘/R2—(X+y)2 (2-2) 

The optical path difference A(X) at position X, Where 9» is 
the light Wavelength, is: 

A(X)=(2?/>~)(VR2—(X+y)2—VR2—(X—y)2) (2-3) 

The interference fringe on the detector D 46 is calculated 
from (2-1) to (2-3); 

In the case of R>>X+y, X-y, equation (2-4) can be 
approximately calculated as folloWs using the above equa 
tions: 

(Z-5) 

Equations (2-4) and (2-5) shoW hoW defocus distance Z 
changes the spatial frequency of the fringe as in equation 
(2-5). 

Also in accordance With the invention one can estimate 
peak position on the Fourier plane. This is done by calcu 
lating the spatial frequency of the fringe. The pattern of the 
fringe is Fourier-transformed and one measures the position 
of the peak. 

In more detail, one calculates the Fourier transform of the 
received signal having frequency F of the fringe pattern 
acquired eg by a CCD (charge coupled device). The peak 
position F is measured. Then the frequency F of the fringe 
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pattern is recalculated. The value Z is calculated from F 
using equations (2-4) and (2-5) above, so F, the frequency 
from equations (2-4) is: 

Where R, )t and 6 are parameters of the apparatus that are 
easily determined. 

The present inventor has recognized a problem associated 
With autofocusing in the semiconductor ?eld as described 
above, in that accurate distance measuring using interfer 
ometry in an atmosphere is problematic Where the air/gas 
atmosphere is unevenly Warm. This is especially a problem 
Where the Warmer or cooler air (or gas) is in a layer. This is 
problem generally With common path interferometry subject 
to air temperature ?uctuations. It is especially problematic if 
the heated air is present in a layer above a semiconductor 
Wafer Which is being autofocused, since this causes some 
beam shifting. Typically this is a problem because the 
eXposing radiation used to eXpose the resist on the surface of 
the Wafer, Which is typically ultraviolet radiation, heats the 
Wafer locally. This forms a layer of Warm air directly above 
the Wafer. This is especially a problem if the air circulation 
is poor in the environmental chamber surrounding the Wafer, 
Which sometimes occurs. 

Thus problematically the Wafer under eXposure (or other 
re?ective surface, the distance to Which is being measured 
interferometrically) is heated, eg by incident radiation. The 
air immediately above the Wafer is thereby also heated, 
creating a heated air region. Since this heated air, of course, 
has a different refractive indeX then the adjacent cooler air, 
this causes the interferometry beams to deviate as a result. 
Since in a typical semiconductor photolithography machine 
application the inside of the chamber is reasonably Well 
air-conditioned, this heated air region is, for purposes of the 
folloWing, regarded as a uniformly ?at layer of constant 
thickness over the entire surface area of the Wafer. While this 
is perhaps not literally true, to a ?rst approximation one can 
assume that the heated air layer is uniform in temperature 
and thickness, (For the folloWing discussion, it is not impor 
tant if the layer is cooler or Warmer than the surrounding air.) 

FIG. 4 shoWs interferometry beam shift caused by such air 
temperature ?uctuation. This diagram is similar to FIGS. 
1—3, although it shoWs only the Wafer surface W and the 
incident and re?ected beams. 

The refractive indeX of the heated air layer is nu, the 
thickness of the heated air layer is e, the incident angle of the 
incident beam is 6 and the refractive angle at the border 
betWeen the heated air (gas) and the cool air (gas) is 4), so: 

sin6=nasin¢ (3- 1) 

E=2aan¢ (3-2) 

E=2etan0 (33) 

Using (3-2) and (3-3); 

—E= E——D=2e(tan6—tan¢251 (3-4) 

The lateral shift y2 caused by the heated air layer is; 
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Using (3-1); 

(3-6) 0 
y2 = 2.951110 1 - L 

n2 — sin20 

Using equation (3-3) in an autofocus system using a 
common path interferometer and equation (3-6), the total 
lateral shift caused by the in?uence of the heated air layer is: 

c050 ] 
2 ‘2 rag-sin 0 

One may calculate Z from (3-1). There are three unknoWn 
parameters in equations (3-1 to 3-7), Which are Z, 6, and nu. 
When interferometers having three different incidence 

angles are provided, the angles being 61, 62 and 63, equation 
(3-7) is modi?ed to: 

A suitable apparatus having three such interferometers is 
shoWn schematically in FIG. 5. In FIG. 5, three interferom 
eter beams are illustrated, having three different angles 61, 
62, 63, incident on the Wafer surface. A typical angular 
difference betWeen the incident beams from the interferom 
eters is, eg 1/z° or 1° (not limiting). Hence three sets of 
interferometer measurements alloW solving equation (3-8) 
Which has three unknoWns Z, 6. and nu, thereby determining 
the effect of the heated layer, and alloWing compensation for 
same. 

The unknoWn parameters are Z, 6, na. There are three 
equations: 

0 
yl = 21811101 + 28511101 1 - L 

n2 — sin201 

0 
y2 = 21511102 + 25811102 1 - L 

n2 — sin202 

0 
y3 = 21511103 + 25811103 1- L 

n2 — sin203 

Where y1, y2, y3 are measured values, and 
61, 62, 63 are mechanical values (the incident angles) 

Which are knoWn. Values y1, y2, and y3 are measured. 
Therefore, there are three unknoWn parameters Which are 

Z (the focus distance), and e and nu for the heated layer, and 
three equations. Thus one can calculate Z, 6, na by solving 
these equations. 

This description is illustrative and not limiting. Further 
modi?cations Will be apparent to one skilled in the art in 
light of this disclosure and are intended to fall Within the 
scope of the appended claims. 
What is claimed is: 
1. Amethod of measuring a deviation betWeen a re?ective 

surface and a nominal position of the re?ective surface, 
comprising: 

directing a ?rst beam and a second beam onto the re?ec 
tive surface; the ?rst beam and second beam being 
parallel and spaced apart; 
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detecting the ?rst beam and second beam as re?ected 
from the re?ected surface; and 

determining the deviation as a function of a distance, in a 
plane not parallel to that of the re?ective surface, 
betWeen aXes de?ned by respectively the re?ected 
second beam, the re?ected ?rst beam, and the incident 
second beam. 

2. The method of claim 1, Where the re?ected second 
beam and re?ected ?rst beam de?ne triangular paths moving 
in an opposite direction to that of the incident second beam. 

3. The method of claim 1, Wherein the second beam and 
?rst beam folloW substantially the same optical path. 

4. The method of claim 1, Wherein the determining the 
deviation includes transforming the deviation into a change 
of a spatial frequency of an interference fringe. 

5. An apparatus for measuring a deviation betWeen a 
re?ective surface and a nominal position of the re?ective 
surface, comprising: 

an illumination source; 

a beam splitter located to split illumination from the 
source into a ?rst beam and a second beam and to direct 
one of the ?rst beam or second beam onto the re?ective 

surface; 
a re?ector located to direct the other of the ?rst beam or 

second beam onto the re?ective surface; 
a detector located to detect the ?rst beam and second 
beam re?ected from the re?ective surface, and to 
determine the deviation as a function of a distance in a 
plane not parallel to that of the re?ective surface, 
betWeen aXes de?ned by respectively the re?ected 
second beam, the re?ected ?rst beam, and the illumi 
nation from the source. 

6. The apparatus of claim 5, Where the re?ected second 
beam and re?ected ?rst beam de?ne triangular paths moving 
in an opposite direction to that of the incident second beam. 

7. The apparatus of claim 5, Wherein the second beam and 
?rst beam folloW substantially the same optical path. 

8 
8. The apparatus of claim 5, further comprising means for 

transforming the deviation into a change of a spatial fre 
quency of an interference fringe. 

9. Acommon path interferometer for measuring a distance 
5 to a re?ective surface, comprising: 

a beam splitter Which directs a ?rst beam and a second 
beam onto the re?ective surface, Wherein the ?rst beam 
and second beam are parallel to one another but travel 

10 in opposite directions; and 
a detector located to detect the ?rst beam and second 
beam re?ected from the re?ective surface and to deter 
mine the distance to the re?ective surface as a function 
of a distance, in a plane orthogonal to that of the 
re?ective surface, betWeen the re?ected ?rst beam and 
the re?ected second beam. 

10. A method of interferometrically measuring a distance 
to a re?ective surface, comprising: 

15 

directing three beams of light onto the surface, there being 
a differential temperature layer overlying the surface, 
the three beams of light having different angles of 
incidence onto the surface; 

receiving the beams of light re?ected from the surface; 
25 and 

interferometrically determining from the received beams 
a distance to the surface, a thickness of the layer, and 
an indeX of refraction of the layer. 

11. The method of claim 10, Wherein the receiving is by 
common path interferometry. 

12. The method of claim 10, Wherein the surface is a 
surface of a semiconductor Wafer, and further comprising 
heating the Wafer by incident exposing illumination, thereby 
heating the layer. 

13. The method of claim 10, Wherein the layer is a layer 
of heated air. 
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