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Displacement measuring interferometry is based on measuring the Doppler frequency shift that a
beam of radiation undergoes upon reflection off a mirror connected to a moving stage. Usually the
velocity of the reflecting stage is very small compared to the speed of light and is therefore deduced
using the classical expression for the Doppler shift. We calculate relativistic corrections to the
Doppler frequency shift, considering arbitrary stage motion in two dimensions and multiple passes
through the moving interferometer arm. Changes in optical path lengths due to the varying stage
displacement are explicitly taken into account. For stage velocities on the order of only 1 m/s the
resulting corrections to the classically derived stage displacement can amount to nanometers. We
discuss model velocity profiles similar to those currently employed in industrial step-and-scan
systems for integrated circuit manufacturing, and for recently proposed scanning-beam interference
lithography schemes. Expected future increases in stage speed and wafer sizes will necessitate the
inclusion of relativistic corrections to the Doppler shift to maintain pattern placement accuracy at
the nanometer level. @000 American Vacuum Socieffs0734-211X00)01506-7

[. INTRODUCTION large-area, fine-period, and low-distortion gratings and grids
requires the ability to repeatedly scan a single large wafer

Interferometric displacement measuring systems have bgnany times at high speed with nanometer accuracy under a
come commonplace in applications where nanometer resolynn? sized interference pattefn.
tion and large dynamic measurement range are required. Ex- |n the following, we first review the principles underlying
amples are diamond ruling and turning, integrated circuitheterodyne interferometric displacement measurements. We
photolithography, laser and electron beam lithography, anghen calculate the relativistic Doppler shift for the general
metrology at the nanometer level in general. Decreasing feazase of a single reflection from a mirror that moves arbi-
tures sizes, increasing wafer sizes, and increasingly sophistirarily within a plane. Next we consider the case of a
cated lithography schemes continuously demand more accenultiple-pass interferometer and the effects of varying opti-
rate positioning and displacement measurement capabilitiegal path lengths due to the mirror motion. Relativistic cor-

In displacement measuring interferometers the shift in theections are discussed for realistic velocity profile examples.
frequency of a light beam reflected from a mirror attached to
a moving stage is used to determine the velocity of a sub-
strate mounted to the stage, from which the displacement il HETERODYNE INTERFEROMETERS
simply derived through integration. Accuracy and precision A typical heterodyne interferometer setup is shown in Fig.
of interferometric displacement measurements are comprat. Laser light emitted with frequencfy is split into two
mised by a wealth of sources of error, such as alignmenborthogonally polarized beams of frequerfgyandf, by Zee-
errors, polarization and frequency mixing, nonplanar waveman splitting or an acousto-optic modula{@OM).> Their
fronts, lack of environmental control, and insufficient laserfrequency differenc&,=f,—f, serves as a reference signal
stability 12 Efforts are underway around the world to reduceand can be obtained from phase meter PM1. A polarizing
these errors to the subnanometer level. beam splitter reflects the beam with frequerfgyto a sta-

In our ongoing studies of errors that degrade interferomiionary mirror or retroreflector, while the beam with fre-
eter performance we noticed that so far no attention has beaquencyf,; passes through to a mirror or retroreflector rigidly
paid to relativistic effects, presumably due to the comparaconnected to a movable sample stage. After reflection by the
tively small stage velocities involved. However, high samplerespective mirrors both beams are recombined through the
stage velocities are desirable for higher throughput in volbeam splitter and their phase difference is measured by phase
ume manufacturing and can be on the order of meters paneter PM2. Mation of the sample stage along the propaga-
second Since these velocities are still eight orders of mag-tion direction of the beam with frequendy (x direction
nitude smaller than the speed of light, relativistic effects ardeads to a Doppler shifAF=f,—f, in the frequencyf, of
very small, but with attainable position resolutions at andthe reflected beam. Measurement of the frequency difference
below the nanometer level and displacements on the order &f,=f,—f, and comparison with the reference sigkalal-

1 m they can in general not be neglected anymore. For eXews one to calculatdF. The classical result for the Dop-

ample a recently proposed method for the manufacturing opler shift is often presented in the forhF=2Mnuv (t)/\,
where\ is the wavelength of light with frequendy, n is

dElectronic mail: ralf@space.mit.edu the index of refraction of the medium along the light path
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) Fic. 1. Schematic of a typical hetero-
FRﬁ dyne displacement measuring interfer-
ometer setup. The two overlapping la-

f, ser beams with frequencidg and f,

f have opposite polarization. Phase
} meter PM1 measures their frequency
| f1‘ MR differenceF,=f,—f, after they pass

U e ——— g — through mixing polarizer P1. The po-
Laser fo I:ASI / > larizing beam splitter(PBS directs

M L} - e—— -4 — beam f, to the fixed retroreflector

P1 PM2 (FR) and beamf; to the moving ret-
f2 roreflector (MR). Phase meter PM2
PM1 F2 = f2- fo measures the frequency difference be-
: PBS — X tween the reflected bearfis="f,—f,
F =f-f after they pass through mixing polar-
1717 .
izer P2.

(which we set equal to 1 hencefolttM is the number of ~where k= w,/c=(kZ+kj+k3)"? describes the timelike
passes of the beam to the movable mirror, aft) is the  component as the ratio between optical angular frequency
velocity of the stage along the light path at timelf we  and the speed of light in vacuum Since the beam propa-
assume, for example,=633 nm and» =1.0 m/s, we obtain  gates in thex direction, the only spacelike component differ-
AF=6.3 MHz for two passes. In principle, by integrating the ent from zero is thex component with magnitudek,
velocity over time the displacement of the stage can be dé= /) The beam is incident on a flat mirror, situated at
termined to arbitrary accuracy, assuming a sufficiently smalk, e distance(t) and oriented with its normal in the nega-
measurement time resolution and neglecting all other SOUrC&R o x direction. The mirror is moving at some velocity

qf error. Modern two—paass interferometers achieve a resolq;(t):[vx(t),vy(t)] relative to the rest frame. The incident
tion of A/2048=0.32 nm. beam is reflected back to=0, where its frequency is mea-
sured in the rest frame. In order to calculate in the rest frame

lll. RELATIVISTIC DOPPLER SHIFT the relativistic frequency shift that the reflected beam has
In order to calculate the relativistic effects on the Doppleryndergone we first transform the four-vector into the moving

shift we generalize a previous appro&et the problem of & frame of the mirror. In that frame the beam is simply re-

mirror moving at an arbitrary velocity within two dimen- fected specularly K,— —k,). We then transform the four-

sions. _ S o vector of the reflected beam back into the rest frame to ob-
We consider the following idealized situation: A plane tain its frequency shift observed by phase meter PM2.

wave of light of frequency = w /2 is emitied ax=0 in The incident beam in the moving frame is calculated via
the x direction of the laboratory or rest frame. This light

wave can be expressed as a four-dimensional wave vector

k) [oilC K= A ks, 3.2
Ky Ky
k, 0 where A ; is the Lorentz transformation matrix given by
|
Y —(vxlC)y —(vyle)y 0
—(vylc)y 1+(y— 1)v>2</v2 ()/—1)l)xl)y/v2 0
= , 3.3
! —(vylo)y (y-— 1)vxvy/v2 1+(y— 1)v§/v2 0 33
0 0 0 1
|
1 (relativistic aberratior<uv,/c) relative to the mirror normal
=, (3.9
’ Vi-v?lc 1-vylc
) Uy—vylc+(1—1ly)v2lv?
2, 2 - : ki=key| _ / X+ 1-1/y) X/ 2 39
and v®=vZ+vJ. In the moving frame of the mirror we vyle+( Yuxvylv
thus have a Doppler-shifted beam incident at a small angle 0
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Reflection in the moving frame simply results in a changetively. The displacement deduced from the measurement is
in the sign of thex component ok; . The reflected beark,  therefore more accurately described as a discrete sum over

is then transformed back into the rest frame through phase differences
ko= Aoky=ATK). (3.6) c o

_ _ o Xa()= 7 2 A®;, (3.12
The inverse Lorentz transformation matrk is simply ob- =1

tained fromA; by reversing the sign of all velocity compo- \hereN=t/AT.

nents. After matrix_ mqltiplication and regrouping of terms  However, this approach neglects terms on the order of
we obtain for the timelike component of the reflected beam,, /c)2 and higher and ignores the fact that the time it takes

in the laboratory frame for the reflected, frequency shifted light to reach the phase
v .C meter is finite and depends on the variable distance between

wylc=Kky?[ (1—v,/c)%+ —‘2’(2%(1—1/3/)—1”, mirror and phase meter. In other words, the information on

¢ v 3.7 changesn the mirror velocity arrives at the detector delayed

by a timet(t) =x(t)/c, which leads to modifications on the
The factory? can be expanded in powers ofc: same order as the relativistic Doppler shift corrections. Vary-
o on ing time delays also lead to variations in data-age, which can
v
n=1\C

_ (3.9 have detrimental effects when coordinating motion along
The frequency is then given up to third orderup/c by

multiple axes’

IV. MULTIPASS INTERFEROMETERS AND

Uy v\ 2 [uy)® vy vy |4 OPTICAL PATH LENGTH VARIATIONS
f,=f|1-2—+2(—=| —|=| |2+ =|+0[—=]| |. _
c c c Uy c We now proceed to consider the general case of a beam

(3.9 reflectedM times off the movable mirror, and take into ac-

This result is interesting in a number of ways. First we se¢t0Unt the dependence of the optical path length as a function
that the frequency depends both velocity components of ©f the actual mirror displacement).
the moving mirror. The dependence on the velocity inyhe =~ We begin by analyzing the situation for a double-pass
direction, however, is very weak and only enters in thirdinterferometer M=2), where the beam is sent out to the
order. Furthermore, this does not comprise a transverse Dof?iTor, reflected back ta=0, reflected out to the mirror for
pler shift in the rest frame, since the frequency only change@ Sécond time, and finally sent back to the detector at the
if v,#0. Most important is the difference between relativis- °11gin. Since at t2he end we will neglect terms of orders
tic and classical calculations. In the classical case th&igher than¢,/c)®, we ignore motion of the mirror in thy
Doppler-shifted frequency of the reflected beam is given b%"‘;ﬁt'on and therefore assume for simplicity v, [see Eq.

Let us consider light of frequencls arriving at the de-
tector at timet after two reflections off the moving mirror.

. . . . . The second reflection took place at tiye=t—x(t,)/c, and
i.e., only the term of first order inu(/c) is considered. In the first reflection at time, =t — 2x(t,)/c—x(t,)/c. The fi-

. - - 2

!nterferomet.nc displacement mgasurements thd )< term _nal frequency is therefore given as

is at least eight orders of magnitude smaller than the leading ) ,

velocity term even at relatively large stage velocities of a few . v(ty)|” ,

meters per second. However, ignoring this term can intro- 13(0=f1y Tt 1= =] »Tto]{ 1= (4D

duce significant errors in certain situations discussed below. P 21-1

Essentially, neglecting the second-order velocity term Iea\dg\’here Y [t(]j_[l (tl'}(t)/c) 7" Sincet—t, t—tp<t, one

to distance errors on the order wfc, which can amount to can expand aroun

several parts per billion, or several nanometers per meter at a ) v(t)

velocity of 1 m/s. fa(t)~fa| ¥t 1-——
Equation (3.10 can immediately be solved far, and

f2=fl<1—2%>, (3.10

v(ty)

2 2a(t)[2x(t2)+X(t1)])
T 1 o(ic?

integrated to give the classical displacement with time 5 v(h)\?  2a(t)x(tp)
x|yt 1= T2 2
tf— o) cZ[1+u(t)c]
xc.(t)zfolz—flc dt’. (3.11) b(H)4
= fl( 74[t]( I-— 7 y7[t]

The actual measurement consists of readings of phase dif-
ferences{A®,;} at some sampling rate AT, which is typi- v(t)\?2a(t)[3x(t,) +x(t1)] 4
cally on the order of 10Hz. Frequency is related to phase by X\ 1= c c[1+uv(t)/c]? +Oe),

f=(1/27)d®/dt, and the phase differencésb; are deter-
mined fromA®;=®,;—®,;, where®,; andd,; are the (4.2)
phase measurements of phase meters PM1 and PM2, respadierea(t) =do (t)/dt.
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Expanding they factors in powers off{/c) and neglect- zero. It is therefore intuitively clear that relativistic correc-

ing terms of ordeO(1/c)® one obtains tions to the displacement,(t) derived from the classical
2 Doppler formula cannot become arbitrarily large even when
v(t) v(t) ) _ 4
fa(t)~fy 1—4| —|+8 — moving a mirror back and forth many times.
c c In all the current applications that we are aware of the

a(t) measured frequenchy, . 1(t) serves to determine the veloc-

7)[3x(t2)+x(tl)]). (4.3 ity using the classical expression of Ed.8). By equating
Eqgs.(4.7) and(4.9) this “classically” derived velocityv . is

The last term is due to the changing displacenxé¢t, while  thus related to the actual velociiy(t), up to terms of the

the other terms arise from the relativistic Doppler shift. Toorder (1£), by

the same level of approximation we can further neglect the

+2

diffe_ren_ces between the positions at times$;, andt,, re- va()=~v(t)— M(vz(t)Jra(t)x(t)). (4.10
sulting in ¢
v(t) p())2 a(tx(t) Integratingu to obtain the displacement yields
fg(t)~f1<1—4 —1+8 ( c 2 ) (4.4

t
Xcl(t)zjovcl(t,)dt,

For the general case ™ reflections off the moving mir-
ror the Doppler shift is given by
M
v(t))?
c |

mft(v(t')—%[vz(t’)+a(t’)x(t’)] dt’
fM+1(t):f1£[l 72[ti](1_

0

(4.9
v(t)
=x(t)<1—MT), (4.11

and reflections take place at times
M assuming without loss of generality thgi0)=0. The lowest

ti:t_x(ti)/c_(Z/C)j:iz+1 x(tj). (4.6 order error in the displacement is therefore proportional to

the actual displacement, to the velocity at the time of the

Following the same procedure as outlined for the cilse measurement, and to the number of reflections off the mov-

=2 leads to ing mirror. Referring back to Eq$3.11) and(3.12), the ac-
v (t) tual displacement can thus be determined from the phase
fM+1(t):fl( 1-2M <—> difference reading$A®;} to a very good approximation via
’ c N P
)2 a(t)x(t 1\3 ~ _ _oON
+2M?2 v® (22() +O(E) ) 4.7 x(t) 47f M 21 AD; 1+477f1AT ' (4.12

Again the classical result only takes the term of first orderT0 T;'n'fm'ze n0|sbe due to a scljngtg)lle {)haselagbeastl)uet?ent i
in (v/c) into account: would of course be recommendable to rep n by the

average of an appropriate number of most recent phase dif-
vel(t) ferences AP \— (1IL)SN \_ | 1A D).

c ) In the following we present some quantitative examples
. o of expected errors in present and future applications.

Before we proceed let us consider the situation where at |, 5 typical step-and-scan photolithographic exposure tool
t=0 the mirror starts from rest to move away from the de-, \yater is scanned in a serpentine pattern under the projec-
tector and after some time returns and stops at the origin g, gptics. Let us assume that the mask pattern is projected
time t=T. Since the detector/mirror system has returned tQ)n, 5 wafer at fourfold reduction. This requires that the
the same stqt&nlrror at rest asz 0), the phaseby, ., atthe reticle stage moves in a highly synchronized manner with the
detector at timeT has to be independent of what happenedater stage at four times the speed of the wafer. Let us

during the time interval, i.e., it has to be the same as if the ¢, ther assume that the reticle stage has a trapezoidal veloc-
mirror had remained at rest for the whole time. More generiy nrofile with a maximum speed of 1 m/s, and that it un-

ally, this has to be true for any time interva] wherex(0)  ggrgoes a maximum displacement of 0.25 m. Figure 2 shows
=x(T) andv(0)=uv(T). The phaseby, is obtained from o arror in the displacementy(t) —x(t), for the case of a
integration off . 4(t): two-pass interferometer. The maximum error is close to 1.3
T nm, which is several times the position resolution of state-
q’MH(T):ZTrf fua(Ddt=@y(T)=27f,T, (4.9  of-the-art interferometers. However, upon fourfold image re-
° duction the maximum pattern placement error will be only
assuming that®,(0)=®d,,,1(0),x(0)=x(T), and v(0) about 0.3 nm. Both numbers are rather small compared to
=p(T). This means that for any arbitrary velocity profile current minimum feature sizes with overlay budgets on the
that returns the mirror to the same state every order of therder of 25 nm, and far below the precision presently
velocity terms in Eq.4.7) must independently integrate to achieved in synchronizing wafer and reticle stage movement.

fM+l=fl(1_2M (48)
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area synchronously with the substrate at high speed. To

— 025k ' ' ' ' ' ' ' achieve this goal the displacement of the substrate must be
£, known at all times with subnanometer accuracy. We desire
-~ 020 F the ability to scan back and forth over 300 mm at 1 m/s. In
= 015 1 this case the displacement error according to @dql)) is
% —2.0 nm at the far side of the wafer when moving away
g 010 from the detector and-2.0 nm on the way backM =2).
(3] . . . . .
S oo L The maximum stitching error between two nelghborlng ex-
a posure paths is therefore 4.0 nm, more than twice our design
< or goal and an order of magnitude greater than the resolution of
the displacement measuring electronics.
N Current state-of-the-art interferometer electronics are
< ol specified to achieve position resolution of 0.31 nm over a
E velocity range of+ 2.1 m/s and a position range @f10.6 m
= 05 for a two-pass systerh’ Even though we are not aware of
Z ol any present day applications that demand the full range of
%‘ these specifications, moving only half the maximum position
= range at the maximum velocity would lead to considerable
> ok relativistic corrections of about 150 nm.
‘ In summary we have calculated first-order relativistic cor-
15| rections in displacement measuring interferometry. For exist-
— 4ol ing industrial applications as well as research applications
g currently under development those corrections can be on the
s order of nanometers and already exceed the position resolu-
< ot tion of commercially available interferometer systems. Fu-
f o5 1 ture increases in stage velocities and wafer sizes together
2 with decreasing feature sizes that demand smaller pattern
o 10} placement errors will require that relativistic corrections are
-15 | g properly taken into account. For all practical purposes the
0 o1 o2 03 o2 o5 o8 o7 straightforward implementation of E¢4.12) in the electron-
time [s] ics that convert phase measurements into displacement will

completely remove relativistic errors from positioning and

Fic. 2. (@) Model reticle stage displacement as a function of time for oneOVerlay error budgets.

scan back and forth across an exposure field compatible with a throughput

of 90 wafers(200 mm diameterper hour at fourfold image reduction be-

tween reticle and wafekb) Velocity profile corresponding to the displace- ACKNOWLEDGMENTS
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