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METHOD AND APPARATUS FOR ACCURATELY 
COMPENSATING BOTH LONG AND SHORT 
TERM FLUCTUATIONS IN THE REFRACTIVE 
INDEX OF AIR IN AN INTERFEROMETER 

BACKGROUND OF THE INVENTION 

[0001] This invention, in general, relates to interferomet 
ric methods and apparatus for measuring linear and/or 
angular displacements and, in particular, to apparatus and 
methods by Which ?uctuations in the index of refraction in 
the measurement path of a displacement measuring inter 
ferometer (DMI) can be accurately compensated for in 
determinations of displacement. 

[0002] High-precision displacement measuring interfer 
ometry (DMI) depends on an accurate determination of the 
index of refraction, n, in the measurement path. One Way to 
determine n is to place sensors in close proximity to the 
measurement path to monitor thermodynamic properties 
such as pressure, temperature, and humidity, and then use 
the values of those parameters together in Well-known 
expressions relating index of refraction to monitored prop 
erties as, for example, Edlén’s equation With modern cor 
rections for the index of refraction of air (See “Recent 
advances in displacement measuring interferometry”, 
Bobroff, Norman, Measurement Science and Technology, 
Vol. 4, Number 9, September 1993). If required, sensors for 
detecting the composition of the gas in the measurement 
path may also be employed to further re?ne the calculation 
of the index of refraction. For example, CO2 sensors may be 
usefully employed. 
[0003] While feW applications require greater absolute 
accuracy in the calculated value of n than can be obtained 
using Edlén’s equation in combination With environmental 
monitoring, all DMI systems are extremely sensitive to 
index ?uctuations after initialiZation. This is particularly 
true for the case of a microlithography tool Where DMI 
metrology is an integral part of the Wafer and reticule 
positioning systems. Here, the most severe requirements are 
placed on the repeatability and stability of the DMI mea 
surements for the purposes of accurate overlay. 

[0004] In addition to providing continuous data free of 
high-frequency noise, a microlithography DMI must be 
stable over the entire time needed for a single Wafer expo 
sure, including Whatever time is needed for Wafer alignment. 
For some measurements, such as establishing the “baseline” 
metrology betWeen through-the-lens and off-axis alignment 
sensors, the interferometer system must be stable for several 
hours. In both of these situations, undetected changes in the 
index n can have serious consequences. A typical target 
stability for DMI in the next generation of steppers is 1 nm. 
The corresponding minimum alloWable ?uctuation in index 
in the measurement path is therefore 10-9 over a 1-m 
distance Within a bandWidth of 10'4 to 102 HZ. Detection of 
these ?uctuations is presently beyond the capability of 
environmental sensors. 

[0005] Accordingly, there has been a great deal of interest 
in compensation systems that deal With the problem of 
?uctuations in the refractive index n for microlithography 
tools. One approach has been the use of a refractometer, also 
called a Wavelength tracker or compensator. Such devices, 
Which are commercially available, are actually relative 
refractometers. If properly positioned in the path of the 
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forced air ?oW in a photolithography tool, the information 
from a refractometer can be used to accurately compensate 
for loW frequency (eg 10'2 HZ) changes in index. 

[0006] Another approach to this problem has been the use 
of air turbulence compensation systems (AT C), Which are 
based on dispersion interferometry. ATC systems use tWo 
Widely-separated Wavelengths and rely on the Wavelength 
dependence of index of refraction. This Wavelength depen 
dence is characteriZed by the inverse dispersive power 1“, 
Which is the ratio of the refractivity at one Wavelength to the 
difference in refractivity betWeen tWo Wavelengths. Typical 
values of F for air are betWeen 15 and 75. 

[0007] It is accordingly, a primary object of this invention 
to provide apparatus and methods by Which dispersion 
interferometry may be combined With refractometry to com 
pensate for both short and long term index of refraction 
?uctuations that may occur in the measurement path of an 
interferometer. 

[0008] It is another object of this invention to provide 
apparatus and methods by Which the inverse dispersion 
poWer may be initialiZed and monitored prior to displace 
ment calculations. 

[0009] It is yet another object of the invention to provide 
apparatus and methods by Which index of refraction may be 
determined by using knoWn physical lengths. 

[0010] Other objects Will in part be obvious and Will in 
part appear hereinafter When the folloWing detailed descrip 
tion is read in connection With the draWings. 

SUMMARY OF THE INVENTION 

[0011] The invention combines dispersion interferometry 
With refractometry to compensate for refractive index ?uc 
tuations over both short and long time periods. It, accord 
ingly, includes a method and means for Weighting the 
dispersion and refractometry data, as Well as a method and 
means of initialiZing P so that the dispersion and refracto 
metry data are self consistent and can be used to accurately 
calculate physical displacements. 

[0012] The inventive apparatus comprises: 

[0013] interferometer means employing at least tWo 
Wavelengths at least a ?rst one of Which is used for 
measuring the displacement of an object along a 
measurement path and for detecting short-term ?uc 
tuations in the refractive index of air directly Within 
the measurement path by means of the inverse dis 
persive power P or its equivalent; 

[0014] at least one refractometer means for measur 
ing the long-term variations in refractive index of air 
directly for at least the ?rst Wavelength, placed as 
close as practicable to the measurement path, and 
preferably Within the path of any forced air?oW 
directed at the measurement path; 

[0015] initialiZation means for establishing an initial 
value of the inverse dispersive power P using refrac 
tometer and dispersion data acquired during a change 
in the length of the measurement path; and 

[0016] computational means for analyZing data from 
the refractometer and said dispersion interferometer 
and for providing a calculated refractive index along 
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said measurement path, said calculated refractive 
index incorporating both long- and short-term ?uc 
tuations and employing said initial value of said 
inverse disperse poWer I“. 

[0017] In another aspect the interferometer means may be 
in the form of a separate displacement interferometer oper 
ating at the ?rst Wavelength and a second dispersion inter 
ferometer operating at tWo Wavelengths, one of Which may 
be the ?rst Wavelength. 

[0018] Another aspect of the invention is a method com 
prising the steps of: 

[0019] storing a self-consistent value of inverse dis 
persive poWer, 1“. Initially, this may be assumed and 
later updated as signi?cant changes in it occur; 

[0020] measuring the refractive index for X1 using a 
refractometer located near the measurement path; 

[0021] determining a time average for the refractive 
index generated in step over a characteristic time 
period (Eq. 3) 

[0022] measuring the optical path length of the mea 
surement path for Wavelengths, K12 (Eq. 2); 

[0023] calculating the local index, N127‘ using disper 
sion interferometry (Eq. 6); 

[0024] time averaging the local dispersion (Similar to 
Eq. 3); 

[0025] calculating the ?uctuation the local index as 
the difference betWeen the instantaneous value and 
time averaged value (Eq. 4); 

[0026] calculating the physical distance corrected for 
atmospheric effects (Eq. 6; and 

[0027] testing for the difference betWeen the time 
averaged value of the local index and the time 
averaged value of the index at the refractometer; 

[0028] calibrating F and updating its value should F 
change signi?cantly. 

[0029] Another aspect of the invention relates to a method 
for calibrating the inverse dispersive poWer comprising the 
steps of: 

[0030] measuring the refractive index for X1 using a 
refractometer near the measurement path; 

[0031] determining the time average of the refractive 
index near the measurement path over a character 
istic time T; 

[0032] 
[0033] measuring the change in optical path length of 

the measurement path for tWo Wavelengths, K12; 

[0034] calculating the inverse dispersive poWer, I“, 
using Eq. 1; and 

[0035] returning to the measurement path With the 
value for 1“. 

moving the stage betWeen tWo positions; 

[0036] In yet another aspect of the invention, the index is 
determined by using a knoWn physical distance betWeen tWo 
reference points instead of a refractometer. 
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BRIEF DESCRIPTION OF THE DRAWINGS 

[0037] The structure and operation of the invention, 
together With other objects and advantages thereof, may best 
be understood by reading the detailed description in con 
junction With the draWings Wherein the invention’s parts 
have an assigned reference numeral that is used to identify 
them in all of the draWings in Which they appear and 
Wherein: 

[0038] FIG. 1 is a diagrammatic vieW of an interferomet 
ric system of the invention; 

[0039] FIG. 2 is a diagrammatic vieW of a refractometer 
that may be employed in the apparatus of FIG. 1; 

[0040] FIGS. 3a and 3b are ?oWcharts of steps of methods 
for practicing the invention; 

[0041] FIG. 3a representing the steps for making mea 
surements and 

[0042] FIG. 3b the steps for initialiZing for the inverse 
dispersive poWer, I“, to update values of F used in the 
measurement steps; 

[0043] FIG. 4 is a diagrammatic vieW of an alternative 
apparatus of the invention employing a second harmonic 
generator (SHG) dispersion interferometer; 
[0044] FIG. 5 is a diagrammatic vieW of an embodiment 
of the invention employing a dual-Wavelength refractome 
ter; 

[0045] FIG. 6 is a diagrammatic vieW of an embodiment 
of the invention employing alignment marks to initialiZe 
both refractive index and inverse dispersive poWer. 

[0046] FIGS. 7-9 relate to lithography and its application 
to manufacturing integrated circuits Wherein 

[0047] FIG. 7 is a schematic draWing of a lithography 
exposure system employing the interferometry system; 

[0048] FIGS. 8 and 9 are ?oWcharts describing steps in 
manufacturing integrated circuits; and 

[0049] FIG. 10 is a schematic of a beam Writing system 
employing the interferometry system of the invention. 

DETAILED DESCRIPTION OF THE 
INVENTION 

[0050] This invention relates to interferometric apparatus 
and methods by Which short and long term index of refrac 
tion ?uctuations in the measurement path of a displacement 
measurement interferometer may be compensated for in 
determining displacement. The invention combines disper 
sion interferometry With refractometry to compensate for 
refractive index ?uctuations over both short and long time 
periods. 

[0051] Included are a method and means for Weighting 
dispersion and refractometry data, as Well as a method and 
means of initialiZing I“, the inverse dispersive poWer, so that 
the dispersion and refractometry data are self consistent. 

[0052] Referring noW to FIG. 1, there is diagrammatically 
shoWn at 10 an interferometric system of the invention. 
System 10 comprises interferometric apparatus 12 and a 
computer 14 that interfaces With the interferometric appa 
ratus 12 in a Well-knoWn manner via link 16 to exchange 
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housekeeping and control signals. Resident in computer 14 
is application softWare for implementing various algorithms 
that are subsequently described and system softWare by 
Which a user can operate system 10 through the use of a 
graphical user interface (GUI) and/or other input devices 
such as a keyboard or mouse. 

[0053] Interferometric apparatus 12 preferably comprises 
a tWo-Wavelength source 18, With a ?rst Wavelength K1 and 
a second wavelength )»2 that is phase locked to the ?rst 
Wavelength )tl by, e.g., means of frequency doubling (SHG= 
second harmonic generation). Example Wavelengths are 633 
and 316 nm for X12, respectively, as measured in a vacuum. 
Source 18 generates a ?rst beam 20 at K1 and a second beam 
22 at A2. 

[0054] It Will be appreciated by those skilled in the art that 
beams 20 and 22 may be provided alternatively by a single 
laser source emitting more than one Wavelength, tWo laser 
sources of differing Wavelengths combined With sum-fre 
quency generation or difference-frequency generation, or 
any equivalent source con?guration capable of generating 
light beams of tWo or more Wavelengths. 

[0055] Alaser source, for eXample, can be a gas laser, eg 
a HeNe, stabilized in any of a variety of conventional 
techniques knoWn to those skilled in the art, see for eXample, 
T. Baer et al., “Frequency Stabilization of a 0.633 pm 
He—Ne-longitudinal Zeeman Laser,”Appliea' Optics, 19, 
3173-3177 (1980); BurgWald et al., US. Pat. No. 3,889,207, 
issued Jun. 10, 1975; and Sandstrom et al., US. Pat. No. 
3,662,279, issued May 9, 1972. Alternatively, the laser can 
be a diode laser frequency stabilized by one of a variety of 
conventional techniques knoWn to those skilled in the art, 
see, for eXample, T. Okoshi and K. Kikuchi, “Frequency 
Stabilization of Semiconductor Lasers for Heterodyne-type 
Optical Communication Systems,”Electr0nic Letters, 16, 
179-181 (1980) and S. Yamaqguchi and M. Suzuki, “Simul 
taneous Stabilization of the Frequency and PoWer of an 
AlGaAs Semiconductor Laser by Use of the Optogalvanic 
Effect of Krypton,”IEEE J. Quantum Electronics, QE-19, 
1514-1519 (1983). 
[0056] Beam 20 is intercepted by a beamsplitter 24 that 
directs part of it by re?ection to a refractometer 26 While 
transmitting the remainder of it to a mirror 28. 

[0057] Refractometer 26 may be any of the common types 
knoWn variously as Wavelength trackers or Wavelength 
compensators. It may be combined With environmental 
sensors (not shoWn), particularly for initializing system 10 
to an absolute indeX of refraction. FIG. 2 shoWs an eXample 
of refractometer 26, based on a type knoWn as a differential 
plane-mirror interferometer. As shoWn, refractometer 26 
comprises an interferometer section 30 that directs portions 
of beam 20 into a concentrically con?gured measurement 
cell 32 of ?Xed length L. Cell 32 comprises an evacuated 
inner chamber 34 that is surrounded by an outer annular 
region 36 occupied by gas, preferably air. End re?ectors 40 
and 42, respectively, are provided to control the propagation 
of beam 20 as it travels through cell 32. In operation, inner 
chamber 34 is assigned the role of a reference leg and outer 
chamber 36 that of a surrogate for the gas or air occupying 
measurement leg over Which physical distance is to be 
measured. The output of refractometer 26 is a refractive 
indeX N1 for the Wavelength X1. 
[0058] Mirror 28, as Well as intercepting the portion of 
beam 20 transmitted by beamsplitter 24, intercepts beam 22 
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and directs it and the remainder of beam 20 to a tWo 
Wavelength interferometer 44. Interferometer 44 is adapted 
to both measure the distance betWeen it and an X-Y trans 
lation stage 46, Which may form part of a photolithographic 
apparatus for the fabrication of integrated circuits or the like, 
and to provide information about the local indeX of refrac 
tion, N12)‘, in the measurement path. The measurement path 
is located in the intervening space betWeen interferometer 44 
and X-Y translation stage 46. As can be seen in FIG. 1, air 
is controllably ?oWed over the refractometer 26, i.e., its 
outer chamber 36 and over the measurement path of inter 
ferometer 44. Refractometer 26 is preferably positioned 
close enough to the measurement path of interferometer 44 
so that it can be assumed that the indeX of refraction of the 
air in both is substantially the same, at least over measure 
ment time intervals of interest. 

[0059] Interferometer 44 here is a dispersion type for 
Which one of the Wavelengths, e.g., ‘Q1, is also used for 
standard DMI. Thus, the output of the 2-9» interferometer 44 
is the interference phases (1)1)2 corresponding to K12, respec 
tively. Interferometer 44 may be any of a variety of Well 
knoWn types including a common-Wavelength differential 
plane mirror interferometer (DPMI) With each Wavelength 
combined With a dichroic beamsplitter or a tWo-Wavelength 
dynamic interferometer of the type described in commonly 
oWned co-pending US. patent application Ser. No. 09/157, 
131 ?led on Sep. 18, 1998, the contents of Which are 
incorporated herein by reference. System 10 is operated in 
the manner set forth in the ?oWcharts of FIGS. 3a and 3b 
Which Will be described in more detail later. FIG. 3a 
represents the measurement mode of operation of system 10 
and FIG. 3b the method for initializing I“. 

[0060] To initialize I“, X-Y stage 46 shoWn in FIG. 1 is 
moved so as to change the physical length of the DMI 
measurement path over as large a range as possible. The 
eXact value of the displacement need not be knoWn. The 
move may be part of an alignment procedure on a Wafer 
(more on this later) or it may be an independent motion prior 
to Wafer alignment. The initialized, self-consistent value of 
F is then 

(N1) (Dz-L1), 
Where 

L1,2 = ¢i,2/I1,2/Z7r, (Z) 

[0061] and 4);, are the changes in the values of $12 
resulting from the displacement of the X-Y stage 46. The 
quantity <N1>is the time average of the refractive indeX N1 
calculated from data supplied by the refractometer 26. 

[0062] The time averaging indicated by the brackets <> 
may be, for eXample, the sum of a series of previous 
measurements, taken over a time period T considered to be 
suf?ciently long to average out air turbulence: 
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[0063] Other appropriate means for calculating the time 
average include recursive formulas that impart an exponen 
tial or other functional dampening having a characteristic 
time T. 

[0064] After initialiZation of l“, the 2-Wavelength disper 
sion interferometer provides a continuous measure of indeX 
?uctuations N127‘ local to the measurement path: 

[0065] and the brackets <> describe a time averaging over 
a characteristic time constant T. The DMI measurement of 

the physical (i.e. indeX corrected) displacement is 

[0066] This calculation is compensated for both long term 
and short term ?uctuations in the indeX of refraction in the 
measurement path. 

[0067] The foregoing calculations involve a characteristic 
time constant T, Which separates short term (T<t) and long 
term measurements (T>t). Short-term measurements of the 
indeX of refraction rely principally on dispersion interfer 
ometry, Whereas long-term measurements rely principally 
on the refractometer or equivalent means shoWn in FIG. 1. 
Conceptually, T may be regarded as the minimum time 
interval for Which the time-integrated value <N1> measured 
at the refractometer 26 correlates Within 10-9 to the true 
time-integrated indeX of refraction in the measurement path. 
Generally, the longer the time T, the better the correlation. A 
quantitative approach to determining a quantitative value of 
T is to consider the effect of pockets or cells of air of various 
siZes moving With a velocity determined by the forced 
air?oW Within the system. Suppose a sinusoidal ?uctuation 
in refractive indeX of amplitude A and a spatial period A. 
NoW imagine a refractometer placed at a distance D<<A 
from the measurement path and let the air ?oW in the Z 
direction at a velocity v. The resulting maXimum error Will 
be 

E=2nAD/A. (7.) 

[0068] NoW, suppose that the objective of the compensa 
tion system is to reduce refractive indeX errors by at least a 
factor of three. This requirement translates to: 

A>6r|1D. (8.) 

[0069] For air moving at a velocity v, this corresponds to 
a characteristic time 

T=6rrD/v. (9.) 

[0070] For eXample, if the air?oW is v=0.5 m/s and the 
refractometer is 0.5 m from the measurement path, then T is 
approximately 20 s. 

[0071] Referring noW to FIGS. 3a and 3b, there are shoWn 
?oWcharts depicting the steps for practicing the method of 
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the invention. As seen, these are given in blocks 50-59 in 
FIG. 3a, Which is for measurement and in blocks 61-71 in 
FIG. 3b, Which is for calibrating 1“. In FIG. 3a, the 
measurement steps include: 

[0072] (50) storing a self-consistent value of inverse 
dispersive power, 1“. Initially, this may be assumed 
and later updated from step (59) as signi?cant 
changes in it occur; 

[0073] (51) measuring the refractive indeX for X1 
using a refractometer located near the measurement 
path; 

[0074] (52) determining a time average for the refrac 
tive indeX generated in step (50) over a characteristic 
time period (Eq. 3) 

[0075] (53) measuring the optical path length of the 
measurement path for Wavelengths, K12 (Eq. 2); 

[0076] (54) calculating the local indeX, N127‘ using 
dispersion interferometry (Eq. 5); 

[0077] (55) time averaging the local dispersion 
(Similar to Eq. 3); 

[0078] (56) calculating the ?uctuation the local indeX 
as the difference betWeen the instantaneous value 
and time averaged value (Eq. 4); 

[0079] (57) calculating the physical distance cor 
rected for atmospheric effects (Eq. 6); and 

[0080] (58) testing for the difference betWeen the 
time averaged value of the local indeX and the time 
averaged value of the indeX at the refractometer; and 

[0081] (59) calibrating F and updating its value to 
block (50) should F change signi?cantly. 

[0082] Referring noW to FIG. 3b, the steps for calibrating 
F are seen to comprise: 

[0083] (61) measuring the refractive indeX for X1 
using a refractometer near the measurement path; 

[0084] (63) determining the time average of the 
refractive indeX near the measurement path over a 
characteristic time T; 

[0085] (65) moving the stage betWeen tWo positions; 

[0086] (67) measuring the change in optical path 
length of the measurement path for tWo Wavelengths, 

A1,2; 
[0087] (69) calculating the inverse dispersive power, 

1“, using Eq. 1; and 

[0088] (71) returning to the measurement path With 
the value for l“. 

[0089] Various bene?ts ?oW from the invention compared 
With the prior art. With respect to a simple refractometer, the 
invention provides superior compensation for short-term 
?uctuations in refractive indeX Within the measurement 
beam that cannot be detected With a refractometer alone. 

[0090] With respect to an ACT system, the invention 
provides superior long-term compensation With respect to 
dispersion interferometry by: (1) providing a self-consistent 
F that is more accurate than a calculated value; and (2) 
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providing long-term stability in the compensation in the 
presence of changes in atmospheric composition. 

[0091] With respect to compensation systems that rely on 
dispersion for the computation of l“, the invention provides 
loWer cost and potentially more accurate long-term com 
pensation by relying on refractometry for refractive index 
measurements over long time periods. With the inventive 
apparatus, the dispersion interferometers need only be stable 
over a period of approximately one minute or even less, 
rather than several hours. This greatly relaxes requirements 
on the optics, mechanics, electronics and ?ber coupling. 

[0092] As those skilled in the art Will appreciate, there are 
many possible variants of the invention Without departing 
from its essential teachings. 

[0093] For example, shoWn in FIG. 4 is an alternate 
apparatus of the invention designated generally at 60. Appa 
ratus 60 employs tWo independent lasers, 62 and 64, oper 
ating at Wavelengths K12, respectively, to generate beams 66 
and 68, respectively. A second-harmonic generation (SHG) 
interferometer 69 of the type, for example, described in US. 
Pat. No. 4,948,254 by Ishida, is provided to receive beam 68 
and generate an additional beam 70 at 23. As before, a 
refractometer 74 receives beam 66 at K1 and the displace 
ment of an X-Y stage 72 is to be measured. The operating 
principles of this embodiment are substantially the same as 
for the prior embodiment. HoWever, in this case, the dis 
persion calculation involves predicting the index of refrac 
tion at a ?rst Wavelength )tl using a second and third 
Wavelength k2) 3 that may be very different from the ?rst. 
The initialiZation equation changes to 

[0094] and the refractive index calculations change to 

n1 =<1v1>+1v12A 41V?) (11.) 

N121 :1+ r, (L3 —L2)(N1>I (12.) 
L1 

[0095] Note that F‘ is no longer the inverse dispersive 
poWer in the usual sense, but serves an analogous function 
in the calculations. 

[0096] In another embodiment shoWn in FIG. 5, the 
simple, single-Wavelength refractometer 26 shoWn in FIG. 
1 has been replaced by a form of lT-meter, shoWn symboli 
cally in FIG. 5 as a dual-Wavelength refractometer 80 With 
other parts bearing the same numerical identi?ers as their 
counterparts in FIG. 1. This embodiment is capable of 
tracking sloW changes in the value of F Without having to 
re-initialiZe the system With a stage motion. HoWever, for 
long-term changes in refractive index, this embodiment 
continues to rely on the refractometry data alone, rather than 
on dispersion interferometry. 

[0097] In yet another embodiment shoWn in FIG. 6, there 
is no refractometer at all. Instead, reliance is made on 
alignment marks 92 carried on X-Y translation stage 46 
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(again parts in common With FIG. 1 bear the same numeri 
cal identi?cation here) and an alignment sensor 90 for 
locating these marks. The basic assumption of this embodi 
ment is that the physical path length X0 betWeen the marks 
92 is either perfectly knoWn or is a suitable reference length 
for all subsequent measurements. After a displacement 
betWeen the marks 92, the initial index of refraction is 
determined from 

[0098] Where L1 is the measured optical path for Wave 
length )tl. The self-consistent F is 

_1) X0 (14.) 

[0099] All subsequent measurements of a physical dis 
placement X use 

[0100] This embodiment has the advantage of the greatest 
simplicity in hardWare; hoWever, it may not be suitable for 
applications Which require very long term measurement 
stability independent of the stability in the physical location 
of the alignment marks. 

[0101] The interferometry systems described above can be 
especially useful in lithography applications associated With 
their X-Y stages and used for fabricating large scale inte 
grated circuits such as computer chips and the like. Lithog 
raphy is the key technology driver for the semiconductor 
manufacturing industry. Overlay improvement is one of the 
?ve most dif?cult challenges doWn to and beloW 100 nm line 
Widths (design rules), see for example the Semiconductor 
Industry Roadmap, p82 (1997). Overlay depends directly on 
the performance, i.e. accuracy and precision, of the distance 
measuring interferometers used to position the Wafer and 
reticle (or mask) stages. Since a lithography tool may 
produce 2550-100 M/year of product, the economic value 
from improved performance distance measuring interferom 
eters is substantial. Each 1% increase in yield of the lithog 
raphy tool results in approximately $1 M/year economic 
bene?t to the integrated circuit manufacturer and substantial 
competitive advantage to the lithography tool vendor. 

[0102] The function of a lithography tool is to direct 
spatially patterned radiation onto a photoresist-coated Wafer. 
The process involves determining Which location of the 
Wafer is to receive the radiation (alignment) and applying 
the radiation to the photoresist at that location (exposure). 

[0103] To properly position the Wafer, the Wafer includes 
alignment marks on the Wafer that can be measured by 
dedicated sensors. The measured positions of the alignment 
marks de?ne the location of the Wafer Within the tool. This 
information, along With a speci?cation of the desired pat 
terning of the Wafer surface, guides the alignment of the 
Wafer relative to the spatially patterned radiation. Based on 
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such information, a translatable stage supporting the photo 
resist-coated Wafer moves the Wafer such that the radiation 
Will expose the correct location of the Wafer. 

[0104] During exposure, a radiation source illuminates a 
patterned reticle, Which scatters the radiation to produce the 
spatially patterned radiation. The reticle is also referred to as 
a mask, and these terms are used interchangeably beloW. In 
the case of reduction lithography, a reduction lens collects 
the scattered radiation and forms a reduced image of the 
reticle pattern. Alternatively, in the case of proximity print 
ing, the scattered radiation propagates a small distance 
(typically on the order of microns) before contacting the 
Wafer to produce a 1:1 image of the reticle pattern. The 
radiation initiates photo-chemical processes in the photore 
sist that convert the radiation pattern into a latent image 
Within the photoresist. 

[0105] The interferometry systems described above are 
important components of the positioning mechanisms that 
control the position of the Wafer and reticle, and register the 
reticle image on the Wafer. 

[0106] In general, the lithography system, also referred to 
as an exposure system, typically includes an illumination 
system and a Wafer positioning system. The illumination 
system includes a radiation source for providing radiation 
such as ultraviolet, visible, x-ray, electron, or ion radiation, 
and a reticle or mask for imparting the pattern to the 
radiation, thereby generating the spatially patterned radia 
tion. In addition, for the case of reduction lithography, the 
illumination system can include a lens assembly for imaging 
the spatially patterned radiation onto the Wafer. The imaged 
radiation exposes photoresist coated onto the Wafer. The 
illumination system also includes a mask stage for support 
ing the mask and a positioning system for adjusting the 
position of the mask stage relative to the radiation directed 
through the mask. The Wafer positioning system includes a 
Wafer stage for supporting the Wafer and a positioning 
system for adjusting the position of the Wafer stage relative 
to the imaged radiation. Fabrication of integrated circuits 
can include multiple exposing steps. For a general reference 
on lithography, see, for example, J. R. Sheats and B. W. 
Smith, in Microlithography: Science and Technology (Mar 
cel Dekker, Inc., NeW York, 1998), the contents of Which are 
incorporated herein by reference. 
[0107] The interferometry systems described above can be 
used to precisely measure the positions of each of the Wafer 
stage and mask stage relative to other components of the 
exposure system, such as the lens assembly, radiation 
source, or support structure. In such cases, the interferom 
etry system can be attached to a stationary structure and the 
measurement object attached to a movable element such as 
one of the mask and Wafer stages. Alternatively, the situation 
can be reversed, With the interferometry system attached to 
a movable object and the measurement object attached to a 
stationary object. 
[0108] More generally, the interferometry systems can be 
used to measure the position of any one component of the 
exposure system relative to any other component of the 
exposure system in Which the interferometry system is 
attached, or supported by one of the components and the 
measurement object is attached, or is supported by the other 
of the components. 

[0109] An example of a lithography scanner 100 using an 
interferometry system 126 is shoWn in FIG. 7. The inter 
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ferometry system is used to precisely measure the position 
of a Wafer Within an exposure system. Here, stage 122 is 
used to position the Wafer relative to an exposure station. 
Scanner 100 comprises a frame 102, Which carries other 
support structures and various components carried on those 
structures. An exposure base 104 has mounted on top of it 
a lens housing 106 atop of Which is mounted a reticle or 
mask stage 116 used to support a reticle or mask. A posi 
tioning system for positioning the mask relative to the 
exposure station is indicated schematically by element 117. 
Positioning system 117 can include, e. g., pieZoelectric trans 
ducer elements and corresponding control electronics. 
Although, it is not included in this described embodiment, 
one or more of the interferometry systems described above 
can also be used to precisely measure the position of the 
mask stage as Well as other moveable elements Whose 
position must be accurately monitored in processes for 
fabricating lithographic structures (see supra Sheats and 
Smith Microlithography: Science and Technology). 

[0110] Suspended beloW exposure base 104 is a support 
base 113 that carries Wafer stage 122. Stage 122 includes a 
plane mirror for re?ecting a measurement beam 154 directed 
to the stage by interferometry system 126. A positioning 
system for positioning stage 122 relative to interferometry 
system 126 is indicated schematically by element 119. 
Positioning system 119 can include, e. g., pieZoelectric trans 
ducer elements and corresponding control electronics. The 
measurement beam re?ects back to the interferometry sys 
tem, Which is mounted on exposure base 104. The interfer 
ometry system can be any of the embodiments described 
previously. 

[0111] During operation, a radiation beam 110, e.g., an 
ultraviolet (UV) beam from a UV laser (not shoWn), passes 
through a beam shaping optics assembly 112 and travels 
doWnWard after re?ecting from mirror 14. Thereafter, the 
radiation beam passes through a mask (not shoWn) carried 
by mask stage 116. The mask (not shoWn) is imaged onto a 
Wafer (not shoWn) on Wafer stage 122 via a lens assembly 
108 carried in a lens housing 106. Base 104 and the various 
components supported by it are isolated from environmental 
vibrations by a damping system depicted by spring 120. 

[0112] In other embodiments of the lithographic scanner, 
one or more of the interferometry systems described previ 
ously can be used to measure distance along multiple axes 
and angles associated for example With, but not limited to, 
the Wafer and reticle (or mask) stages. Also, rather than a UV 
laser beam, other beams can be used to expose the Wafer 
including, e.g., x-ray beams, electron beams, ion beams, and 
visible optical beams. 

[0113] In addition, the lithographic scanner can include a 
column reference in Which interferometry system 126 
directs the reference beam to lens housing 106 or some other 
structure that directs the radiation beam rather than a refer 
ence path internal to the interferometry system. The inter 
ference signal produced by interferometry system 126 When 
combining measurement beam 154 re?ected from stage 122 
and the reference beam re?ected from lens housing 106 
indicates changes in the position of the stage relative to the 
radiation beam. Furthermore, in other embodiments the 
interferometry system 126 can be positioned to measure 
changes in the position of reticle (or mask) stage 116 or other 
movable components of the scanner system. Finally, the 
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interferometry systems can be used in a similar fashion With 
lithography systems involving steppers, in addition to, or 
rather than, scanners. 

[0114] As is Well knoWn in the art, lithography is a critical 
part of manufacturing methods for making semiconducting 
devices. For example, US. Pat. No. 5,483,343 outlines steps 
for such manufacturing methods. These steps are described 
beloW With reference to FIGS. 8 and 9. FIG. 8 is a ?oWchart 
of the sequence of manufacturing a semiconductor device 
such as a semiconductor chip (e.g. IC or LSI), a liquid 
crystal panel or a CCD. Step 251 is a design process for 
designing the circuit of a semiconductor device. Step 252 is 
a process for manufacturing a mask on the basis of the 
circuit pattern design. Step 253 is a process for manufac 
turing a Wafer by using a material such as silicon. 

[0115] Step 254 is a Wafer process Which is called a 
pre-process Wherein, by using the so prepared mask and 
Wafer, circuits are formed on the Wafer through lithography. 
Step 255 is an assembling step, Which is called a post 
process Wherein the Wafer processed by step 254 is formed 
into semiconductor chips. This step includes assembling 
(dicing and bonding) and packaging (chip sealing). Step 256 
is an inspection step Wherein operability check, durability 
check, and so on of the semiconductor devices produced by 
step 255 are carried out. With these processes, semiconduc 
tor devices are ?nished and they are shipped (step 257). 

[0116] FIG. 9 is a ?oWchart shoWing details of the Wafer 
process. Step 261 is an oxidation process for oxidiZing the 
surface of a Wafer. Step 262 is a CVD process for forming 
an insulating ?lm on the Wafer surface. Step 263 is an 
electrode forming process for forming electrodes on the 
Wafer by vapor deposition. Step 264 is an ion implanting 
process for implanting ions to the Wafer. Step 265 is a 
photoresist process for applying a photoresist (photosensi 
tive material) to the Wafer. Step 266 is an exposure process 
for printing, by exposure, the circuit pattern of the mask on 
the Wafer through the exposure apparatus described above. 
Step 267 is a developing process for developing the exposed 
Wafer. Step 268 is an etching process for removing portions 
other than the developed photoresist image. Step 269 is a 
photoresist separation process for separating the photoresist 
material remaining on the Wafer after being subjected to the 
etching process. By repeating these processes, circuit pat 
terns are formed and superimposed on the Wafer. 

[0117] The interferometry systems described above can 
also be used in other applications in Which the relative 
position of an object needs to be measured precisely. For 
example, in applications in Which a Write beam such as a 
laser, x-ray, ion, or electron beam, marks a pattern onto a 
substrate as either the substrate or beam moves, the inter 
ferometry systems can be used to measure the relative 
movement betWeen the substrate and Write beam. 

[0118] As an example, a schematic of a beam Writing 
system 300 is shoWn in FIG. 10 A source 310 generates a 
Write beam 312, and a beam focusing assembly 314 directs 
the radiation beam to a substrate 316 supported by a mov 
able stage 318. To determine the relative position of the 
stage, an interferometry system 320 directs a reference beam 
322 to a mirror 324 mounted on beam focusing assembly 
314 and a measurement beam 326 to a mirror 328 mounted 
on stage 318. Interferometry system 320 can be any of the 
interferometry systems described previously. Changes in the 
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position measured by the interferometry system correspond 
to changes in the relative position of Write beam 312 on 
substrate 316. Interferometry system 320 sends a measure 
ment signal 332 to controller 330 that is indicative of the 
relative position of Write beam 312 on substrate 316. Con 
troller 330 sends an output signal 334 to a base 336 that 
supports and positions stage 318. In addition, controller 330 
sends a signal 338 to source 310 to vary the intensity of, or 
block, Write beam 312 so that the Write beam contacts the 
substrate With an intensity suf?cient to cause photophysical 
or photochemical change only at selected positions of the 
substrate. Furthermore, in some embodiments, controller 
330 can cause beam focusing assembly 314 to scan the Write 
beam over a region of the substrate, e.g., using signal 344. 
As a result, controller 330 directs the other components of 
the system to pattern the substrate. The patterning is typi 
cally based on an electronic design pattern stored in the 
controller. In some applications the Write beam patterns a 
photoresist coated on the substrate and in other applications 
the Write beam directly patterns, e.g., etches, the substrate. 

[0119] An important application of such a system is the 
fabrication of masks and reticles used in the lithography 
methods described previously. For example, to fabricate a 
lithography mask an electron beam can be used to pattern a 
chromium-coated glass substrate. In such cases Where the 
Write beam is an electron beam, the beam Writing system 
encloses the electron beam path in a vacuum. Also, in cases 
Where the Write beam is, e.g., an electron or ion beam, the 
beam focusing assembly includes electric ?eld generators 
such as quadrapole lenses for focusing and directing the 
charged particles onto the substrate under vacuum. In other 
cases Where the Write beam is a radiation beam, e.g., x-ray, 
UV, or visible radiation, the beam focusing assembly 
includes corresponding optics for focusing and directing the 
radiation to the substrate. 

[0120] Yet other changes may be made to the invention. 
For example, it may be desirable in certain applications to 
monitor the refractive index of the gas contained on both the 
reference and in the measurement legs of the interferometer. 
Examples include the Well-knoWn column reference style of 
interferometer, in Which the reference leg comprises a target 
optic placed at one position Within a mechanical system, and 
the measurement leg comprises a target optic placed at a 
different position Within the same mechanical system. 
Another example relates to application of the measurement 
of small angles, for Which both the measurement and ref 
erence beams impinge upon the same target optic but at a 
small physical offset, thereby providing a sensitive measure 
of the angular orientation of the target optic. In addition, it 
Will be appreciated that a separate displacement interferom 
eter may be employed With a separate dispersion interfer 
ometer. These applications and con?gurations are Well 
knoWn to those skilled in the art and the necessary modi? 
cations are intended to be Within the scope of the invention. 

What is claimed is: 
1. An interferometric apparatus comprising: 

a source for generating at least tWo beams having different 
Wavelengths; 

interferometer means adapted for receiving said beams 
and having a measurement path, said interferometer 
means being arranged to employ said beams such that 
at least a ?rst one of said beams at a ?rst Wavelength is 
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used for measuring the displacement of an object along 
said measurement path and to generate short-term 
information about the local refractive indeX of air 
directly Within the measurement path using the inverse 
dispersive power P or its equivalent; 

means proximate said measurement path for measuring 
the long-term variations in refractive indeX of air 
directly for at least said ?rst Wavelength; 

means for changing the physical path length of said 
measurement path; 

initialiZation means for establishing an initial value of the 
inverse dispersive power 1“; and 

computational means for analyZing data about the short 
and long term refractive indeX and for providing a 
calculated refractive indeX along said measurement 
path, said calculated refractive indeX incorporating 
both long and short-term ?uctuations and employing at 
least said initial value of said inverse disperse power 1“. 

2. The interferometric apparatus of claim 1 Wherein said 
computational means further includes means for calculating 
the physical length of the measurement path. 

3. The interferometric apparatus of claim 1 Wherein said 
interferometric means comprises a separate displacement 
interferometer operating at said ?rst Wavelength and a 
dispersion interferometer operating at tWo Wavelengths, one 
of Which may be the ?rst Wavelength. 

4. The interferometric apparatus of claim 1 Wherein said 
source comprises a laser and second harmonic generation 
means for frequency doubling the output of said laser to 
generate said tWo beams. 

5. The interferometric apparatus of claim 3 Wherein said 
dispersion interferometer further includes second harmonic 
generation means for receiving one of said beams and 
generating another beam at a third Wavelength for generat 
ing dispersion information about the measurement path. 

6. The interferometric apparatus of claim 1 Wherein said 
means for measuring the long term refractive indeX of air 
comprises a refractometer. 

7. The interferometric apparatus of claim 6 Wherein said 
refractometer comprises tWo refractometers operating at tWo 
different Wavelengths to generate information about the 
inverse dispersion poWer. 

8. The interferometric apparatus of claim 1 Wherein said 
means for measuring the long term refractive indeX of air 
comprises a pair of reference marks on a translation stage 
having a knoWn physical length betWeen them, generating 
information relating to the optical path length corresponding 
to the distance betWeen the reference marks, and determin 
ing the indeX based on the ratio of the optical path length to 
the physical path length. 

9. The interferometric apparatus of claim 1 Wherein said 
computational means is further adapted to monitor at least 
said initial value of F and update it to a current value if it 
changes by a predetermined amount Where F is acquired 
using indeX and dispersion data acquired during at least one 
change in the length of the measurement path. 

10. The interferometric apparatus of claim 1 further 
including a microlithographic means operatively associated 
With said interferometric apparatus for fabricating Wafers, 
said microlithographic means comprising: 
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at least one stage for supporting a Wafer; 

an illumination system for imaging spatially patterned 
radiation onto the Wafer; and 

a positioning system for adjusting the position of said at 
least one stage relative to the imaged radiation; 

Wherein said interferometric apparatus is adapted to mea 
sure the position of the Wafer relative to the imaged 
radiation. 

11. The interferometric apparatus of claim 1 further 
including a microlithographic means operatively associated 
With said interferometric apparatus for use in fabricating 
integrated circuits on a Wafer, said microlithographic means 
comprising: 

at least one stage for supporting a Wafer; 

an illumination system including a radiation source, a 
mask, a positioning system, a lens assembly, and pre 
determined portions of said interferometric apparatus, 

said microlithographic means being operative such that 
the source directs radiation through said mask to pro 
duce spatially patterned radiation, said positioning sys 
tem adjusts the position of said mask relative to radia 
tion from said source, said lens assembly images said 
spatially patterned radiation onto the Wafer, and said 
interferometric apparatus measures the position of said 
mask relative to said radiation from said source. 

12. The interferometric apparatus of claim 1 further 
including microlithographic apparatus operatively associ 
ated With said interferometric apparatus for fabricating inte 
grated circuits comprising ?rst and second components, said 
?rst and second components being moveable relative to one 
another and said interferometric apparatus, said ?rst and 
second components being connected With said ?rst and 
second measurement legs, respectively, moving in concert 
thereWith, such that said interferometric apparatus measures 
the position of said ?rst component relative to said second 
component. 

13. The interferometric apparatus of claim 1 further 
including a beam Writing system operatively associated With 
said interferometric apparatus for use in fabricating a lithog 
raphy mask, said beam Writing system comprising: 

a source for providing a Write beam to pattern a substrate; 

at least one stage for supporting a substrate; 

a beam directing assembly for delivering said Write beam 
to the substrate; and 

a positioning system for positioning said at least one stage 
and said beam directing assembly relative to one 
another, 

said interferometric apparatus being adapted to measure 
the position of said at least one stage relative to said 
beam directing assembly. 

14. An interferometric method comprising the steps of: 

generating at least tWo beams having different Wave 
lengths; 

receiving said beams in interferometer means having a 
measurement path, said interferometer means being 
arranged to employ said beams such that at least a ?rst 
one of said beams at a ?rst Wavelength is used for 
measuring the displacement of an object along said 
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measurement path and to generate short-term informa 
tion about the local refractive index of air directly 
Within the measurement path using the inverse disper 
sive power P or its equivalent; 

directly measuring the long-term variations in refractive 
index of air for at least said ?rst Wavelength at a 
location proximate said measurement path; 

changing the physical path length of said measurement 
path; 

establishing an initial value of the inverse dispersive 
power 1“; and 

analyZing data about the short and long term refractive 
index and providing a calculated refractive index along 
said measurement path, said calculated refractive index 
incorporating both long and short-term ?uctuations and 
employing at least said initial value of said inverse 
disperse power 1“. 

15. The interferometric method of claim 14 Wherein said 
step of analyZing further includes the step of calculating the 
physical length of the measurement path. 

16. The interferometric method of claim 14 Wherein said 
interferometric means comprises a separate displacement 
interferometer operating at said ?rst Wavelength and a 
dispersion interferometer operating at tWo Wavelengths, one 
of Which may be the ?rst Wavelength. 

17. The interferometric method of claim 14 Wherein said 
beams are provided by a laser and second harmonic gen 
eration means for frequency doubling the output of said laser 
to generate said tWo beams. 

18. The interferometric method of claim 16 Wherein said 
dispersion interferometer further includes second harmonic 
generation means for receiving one of said beams and 
generating another beam at a third Wavelength for generat 
ing dispersion information about the measurement path. 

19. The interferometric method of claim 14 Wherein the 
step of measuring the long term refractive index of air 
employs a refractometer. 

20. The interferometric method of claim 19 Wherein said 
refractometer comprises tWo refractometers operating at tWo 
different Wavelengths to generate information about the 
inverse dispersion poWer. 

21. The interferometric method of claim 14 Wherein said 
step of measuring the long term refractive index of air 
employs a pair of reference marks on a translation stage 
having a knoWn physical length betWeen them, generating 
information relating to the optical path length corresponding 
to the distance betWeen the reference marks, and determin 
ing the index based on the ratio of the optical path length to 
the physical path length. 

22. The interferometric method of claim 14 Wherein said 
step of analyZing further includes the step of monitoring at 
least said initial value of F and updating it to a current value 
if it changes by a predetermined amount Where F is acquired 
using index and dispersion data acquired during at least one 
change in the length of the measurement path. 

23. The interferometric method of claim 14 further includ 
ing a microlithographic steps for fabricating Wafers, said 
microlithographic steps comprising: 

at least one stage for supporting a Wafer on at least one 
Wafer stage; 

imaging spatially patterned radiation onto the Wafer; and 
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adjusting the position of said at least one stage relative to 
the imaged radiation; 

Wherein said interferometric method measures the posi 
tion of the Wafer relative to the imaged radiation. 

24. The interferometric method of claim 14 further includ 
ing a microlithographic steps for use in fabricating inte 
grated circuits on a Wafer, said microlithographic steps 
comprising: 

supporting a Wafer on at least one stage; 

providing an illumination system including a radiation 
source, a mask, a positioning system, and a lens assem 
bly 

directing radiation through said mask to produce spatially 
patterned radiation, adjusting the position of said mask 
relative to radiation from said source, said lens assem 
bly imaging said spatially patterned radiation onto the 
Wafer, and measuring the position of said mask relative 
to said radiation from said source. 

25. The interferometric method of claim 14 further includ 
ing microlithographic steps for fabricating integrated cir 
cuits comprising ?rst and second components, said ?rst and 
second components being moveable relative to one another 
and an interferometric apparatus, said ?rst and second 
components being connected With ?rst and second measure 
ment legs, respectively, moving in concert thereWith, such 
that said interferometric apparatus measures the position of 
said ?rst component relative to said second component. 

26. The interferometric method of claim 14 further includ 
ing a beam Writing process for use in fabricating a lithog 
raphy mask, said beam Writing process comprising the steps 
of: 

providing a Write beam to pattern a substrate; 

supporting a substrate onat least one stage; 

delivering said Write beam to the substrate; and 

positioning said at least one stage and said beam relative 
to one another, 

said interferometric process being adapted to measure the 
position of said at least one stage relative to said beam 
directing assembly. 

27. An interferometric method comprising the steps of: 

storing a self-consistent value of inverse dispersive 
power, P and updating its value if the current value 
exceeds a predetermined limit; 

measuring the refractive index for X1 using a refractome 
ter located near a measurement path; 

determining a time average for the refractive index gen 
erated over a characteristic time period; 

measuring the optical path length of the measurement 
path for Wavelengths, K12; 

calculating the local index, N127‘ using dispersion inter 
ferometry; 

time averaging the local refractive index; 

calculating the ?uctuation the local index as the difference 
betWeen the instantaneous value and time averaged 
value; 
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calculating the physical distance corrected for atmo 
spheric effects; 

testing for the difference betWeen the time averaged value 
of the local index and the time averaged value of the 
indeX at the refractometer; and 

calibrating F and updating its value should F change by 
said predetermined value. 

28. An interferometric method for calibrating the inverse 
dispersive power fro subsequent use in calculating physical 
length in the measurement path of an interferometer, said 
method comprising the steps of: 
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measuring the refractive indeX for X1 using a refractome 
ter near the measurement path; 

determining the time average of the refractive indeX near 
the measurement path over a characteristic time T; 

moving an interferometer stage betWeen tWo positions; 

measuring the change in optical path length of the mea 
surement path for tWo Wavelengths, K12; and 

calculating the inverse dispersive power, 1“. 

* * * * * 


