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The phase-shifting point diffraction interferomet&S/PD) has recently been developed to address
the problem of at-wavelength metrology of extreme ultraviglEl)V) optical systems. Although
extremely accurate, the fact that the PS/PDI is limited to use with coherent EUV sources, such as
undulator radiation, is a drawback for its widespread use. An alternative to the PS/PDI, with relaxed
coherence requirements, is lateral shearing interferom&®y). Here we describe various LSI
implementations and demonstrate the use of a cross-grating, carrier-frequency configuration to
characterize a large-field>4reduction EUV lithography optic. The results obtained are directly
compared with PS/PDI measurements. 2000 American Vacuum Society.
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[. INTRODUCTION II. CROSS-GRATING, CARRIER FREQUENCY
LATERAL SHEARING INTERFEROMETER

The recent development of extreme ultravidEUV) op- ] o
tics for use in next-generation lithography systems has led to !N the LSI, the test wave front of interest is ideally com-
several advancements in EUV interferoméf{. With a pared to a single sheargd version of itself 'rather than pemg
demonstrated reference-wave front accuracy of better thafPmpared to a well-defined reference, as is the case in the
Neuy/350 (0.04 nm ath guy=13.4nm)° the phase-shifting PS/PDI. The phase dlref:tly recovered _fror_n the recorded in-
point diffraction interferometefPS/PD)*~8is, to the best of terferogram thus approximates the derivative of the underly-

our knowledge, the highest accuracy EUV interferometerjng wave front in the direction of the shear. The underlying

available. The PS/PDI has the drawback, however, of bein est-beam wave front can be recovered from the recorded
limited to use with highly coherent EU\; SOUrces ’such agvave front derivative through, for example, an integration

undulator radiatior process. To unambiguously reconstruct a wave front without

An alternative to the PS/PDI, with relaxed coherence re_rotaﬂonal symmetry, two nonparallel derivative measure-

. . o ments are required.
quirements, is the lateral shearing interferométesl).8-12 q

The Ronchi interf & h the simplest i When implementing a LSl at EUV it is convenient to use
e Ronchi interterometens perhaps the simplest réaliza- i o tive elements to produce the shear. Furthermore, for
tion of the LSI. Although not yet fully characterized for ac-

: 4 ) efficiency purposes, it is beneficial to limit the number of
curacy at EUV, this type of mterferometer_ ha_s prewouslyoptical elements used. As first proposed by Rofiaie of
been 1935ed for at-wavelength characterization of EUVipe gimplest LSIs meeting these criteria is a single transmis-
optics:™* More recently, a cross-grating, carrier-freqUeNCygjon grating placed near the test-optic focus. When using a
implementation of the Ronchi interferometer has been “Segimple grating, performing twétypically orthogonal deriva-
in the characterization of an EUV Schwarzschild objectie. e measurements requires rotating or replacing the grating
Direct comparison of this LS| to the PS/PDI has demon-petween measurements. This could be particularly trouble-
strated a root mean squarens) measurement agreement of some for high accuracgbetter tham g,,/100) EUV appli-
~ N /715 cations due to the tight tolerances required of the grating
Here we describe the use of the cross-grating, carriefipngitudinal plane coincidencébetter than 0.1um). As
frequency LSI for testing a lithographic four-mirror EUV known for many years, however, this problem can be over-
optical system. The tests were performed in the same experftome by using a cross gratitig? which provides the two
mental chamber that houses the new EUV PStPBide-  orthogonal shears simultaneously.
signed to test commercial-scale large-field EUV optics. The Another complication with the simple grating implemen-
LSI results are directly compared to PS/PDI measurementgtion, especially when square-wave Ronchi rulings are used,
performed on the same optic. Furthermore, we propose aig multiple- (more than twd beam interference causing con-
enhanced LSI configuration that overcomes some of the limifusion in the data analysis process. The multiple-beam inter-
tations of the carrier-frequency implementation used here. ference problem has been addressed in various Wd$s'®
One solution is to use double-frequency gratings where only
3Electronic mail: pnaulleau@Ibl.gov the first diffracted orders of the two constituent gratings
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overlap®! This method, however, is not well suited to EUV analyzed twice using two different Fourier-domain filters to
interferometry due to the difficulty in fabricating the dual- reconstruct the two orthogonal derivative wave fronts.
high-frequency gratings. Achieving full order separation

when testing an EUV opticN=13.4 nm) with a moderate lIl. DUAL-DOMAIN IMPLEMENTATION

numerical aperturéNA) of 0.1 would require a grating pitch

of 67 nm with accuracy to a small fraction of that pitch. In practice, it is difficult to strictly meet the bandwidth

Another solution to the multiple-beam interference prOb_criterion described above that requires the spatial fringe
modulation bandwidth to be much smaller than the funda-

lem is ac heterodynintf. This method was used in earlier | ior f Eail his criteri
implementations of the EUV LSt In this case, the grating menta carmierirequency. Faiure FO T”ee“ 'S (_:rlterlon causes
light from adjacent orders to spill into the signal band of

is translated laterally, orthogonal to the grating lines, produc- ) .
: . . . : interest, corrupting the measurement. This problem has re-
ing temporal modulation of the intensity at each pixel at the .
detector. Temporal filtering is used to eliminate hi her—orderCently been addressed in the PS/PDI through the develop-
interf ' tp A h'g ) hiah g ih thi ment of a dual-domain data collection and analysis
Interterence terms.  Achieving high -accuracy -wi IStechniquez.0 The method relies on collecting a temporally

method when square-wave gratings are used, and henﬁ‘?odulated series of carrier-frequency interferograms. The

square-wave temporal modulation is produced, requires geihod is essentially a three-tiered filtering system com-
large number of samples to be recorded with very accuratgoseq of low-pass spatial filtering the test-beam electric field,
grating translation. Because EUV systems are typically limyanq-pass spatial filtering the individual interferogram irra-
ited to using square-wav@inary) gratings due to fabrication gjgnce frames of a phase-shifting series, and band pass tem-
issues, this method does not provide a time-efficient solutionyora filtering the phase-shifting series as a whole. The first
A third solution to the overlap problem is the single- step is physical and is achieved by way of focal-plane win-
sideband methdd in which the grating is placed between dows, whereas the last two steps are implemented numeri-
the test optic and its focal plane and a focal-plane spatiatally. The dual-domain technique is a combination of the
filter is used. Assuming that the grating-induced beam sepaac-heterodyne and single-sideband methods described above.
ration in the image plane is large relative to the image sizeThis method exchanges speed for noise suppression charac-
the spatial filter can be used to directly eliminate all but twoteristics. As with the original single-sideband method, the
orders produced by the grating. The potential complicatiordual-domain technique eliminates ambiguities caused by
involved in aligning the focal-plane spatial filter to the both first-order terms interfering with the zero-order term.
beams, however, is a drawback of this method. The dual-domain method is best described in the Fourier
More recently, a variant of the single-sideband method, irdomain. We assume the detector to be in the far field of the
which no physical spatial filter is used, has been implefocal plane; thus, spatial frequencies at the detector are
mented at EUV!3 In this case a numerical spatial filter is equivalent to lateral displacements in the focal plafg:
used after detection of the fringe pattern. This method relies=X/(Az), wheref, is spatial frequency in the detector plane,
on the fact that the higher-order shear terms produce haX IS lateral displacement in the focal plaris the distance
monics of the fundamental fringe frequency. Extracting theP&tween the focal and detector planes, ans the illumina-
fundamental from the recorded square-wave fringe patterfion wavelength. In the dual-domain method, a spatial filter
using a digital spatial filter eliminates these higher-ordercOmprised of two windows centered, respectively, on two
shear terms. Unlike the original single-sideband method, thg!firacted orders of the grating is placed in the focal plane.
digital-sidebandmethod cannot distinguish between the t\NoThe,WmeW widths are chosen small .enough to pr(_avent
first-order terms that interfere with the zero-order term. Thisspanal—fre_quency crosstalk_ bgtween ad]acent-o.rders. in the
, recorded interferogram. This differs from the original single-
means that the reconstructed wave front will actually be the . . . :
: o sideband method, which typically uses a single image-plane
average of two laterally displaced derivative measurements,

Experiments have shown this to be of minimal concern Wher\{vindOW to pass both orders.
P Noting that the recorded interferogram is simply the

small shears are used and h|gh-qugllty opuc; are té%ted. modulus squared of the Fourier transform of the focal-plane
The interferograms prod_uced with the d_|g|tgl-5|debandﬁeld distribution, the autocorrelation theorem can be used to
method can be analyzed using standard static-fringe analysig,y the spatial-spectrum limits of the recorded interfero-
techniques. Noting that the Fourier transform fringe analysi%Jram. Figure (a) depicts the limits of the detector-plane-
method?® inherently involves a numerical band-pass filter, it field spectral content in one dimension as set by the image-
is well suited to this process. The Fourier transform methocb|ane spatial filter(windows and Fig. 1b) shows the
does, however, require the spatial fringe modulation bandyytocorrelation of the field spectrum or the recorded intensity
width to be much smaller than the fundamental carrier frespectrum. The central peak is tlzero-orderterm: this is
quency. This places practical limits on the aberration magniessentially the irradiance of the light passing through the
tudes that can be accurately measured. In practice, this is 9findows. The two off-axis components are the positive- and
minimal concern for the high-quality optical systems of in- negative-first-order terms that arise from the interference be-
terest here. tween the sheared beams. To prevent overlap between adja-
The digital-sideband method is equally well implementedcent orders, the window separation, and hence focal-plane
with cross gratings. In this case the recorded interferogram ibeam separation, is required to be at least twice the window
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Fic. 1. (a) Limits of the detector-plane-field spectral content in one dimen-
sion as set by the image-plane spatial filtd). Spatial-spectrum limits of Dinh
the recorded interferogram. By way of the autocorrelation theorem this is Ole
the autocorrelation of the detector-plane field spectrum.

Fic. 2. Experimental configurations for both the PS/PDI and the LSI. Only
minor modifications are required to switch from one configuration to the
width. This separation differs from the PS/PDI dual-domainether. The LSI uses a single cross grating placed slightly out of the focal
. . . . . lane, allowing the two orthogonal shear terms to be measured simulta-

case in which the beam separation is only required to be 3/2e
the window width?° The difference comes from the fact that

in the PS/PDI the reference-beam spectrum is essentially a

delta function, whereas in the LSI, the reference is a copy ofnental chamber. Figure 2 shows the configurations for both

the test beam. the LSI and the PS/PDI; only minor modifications are re-
Another advantage of the dual-domain method is that byyyired to switch between configurations. The cross-grating

physically filtering in the focal plane, limitations imposed by jmplementation was chosen, allowing the two orthogonal

the Talbot effect" are eliminated. The Talbot effect restricts shear measurements to be obtained in parallel.Ar2pitch

the selection of the grating longitudinal position to a discreteyrating was placed approximately 3@ from focus, yield-

set of planes; this in turn limits the choice of the spatial-ing about 30 fringes over the NA of the optic. This configu-

carrier frequency in the recorded interferogram. We note thatation provides a shear of approximately 1/15 the NA.

this advantage is also achieved using the above mentioned The test optic is a %-demagnification ring-field system

single-sideband method. As with the single-sidebandyith a 26 mm image-side chord lengtrand was character-

method, however, the dual-domain method involves a morgeq at 35 field points spanning the field of view. The mea-

complicated alignment procedure than does the digitalsyrement points were defined by an array of pinholes in the

ously.

sideband method. object plane and a corresponding array of gratings near the
image plane. The individual points were interrogated by
IV. EXPERIMENTAL RESULTS moving the entire interferometer under the stationary undu-

The digital-sideband LSI described above has been implelfator beam focused to a sub-1n spot in the object plane.

mented at EUV to characterize a lithographic four-mirror
EUV optical system operating at a wavelength of 13.4 nm
and a NA of 0.1 providing approximately 100 nm
resolution?? The interferometry was performed using an un-
dulator beamlinéat the Advanced Light Source synchrotron
radiation facility at Lawrence Berkeley National Laboratory.
Due to the coherence properties of the undulator beamline
light,” the LSI has been demonstrated with coherent illumi-
nation. The spherical nature of the illumination is guaranteed
by way of a~250 nm pinhole spatial filter placed in the
object plane (the same configuration as used for the
PS/PD).® The tests were performed at the optic operational

wavelength of 13.4 nm with a spectral resolutianA\N, of Fic. 3. (a) Representative LSI interferogram with the cross grating placed
approximately 350. approximately 30Qum from focus andb) its Fourier transform revealing

e isolated, orthogonal interference terms, along with the higher-order

The LSI wave front measurements were compared to Pginms. The dashed outlines indicate the approximate positions of the

PDI results obtained from the same optic in the same experFourier-domain filters used in the phase recovery process.
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5. PS/PDI data from Ref. 15 reanalyzed over the same grid size (30
X 30) and NA(0.09) as used for the LSI measurements presented here. The
rms wave front error magnitude is measured from a 37-term Zernike poly-
nomial decomposition.
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Fic. 4. Reconstructed wave fronts at each of the 35 measured field p0|nt'§I
over a NA of 0.091. The rms wave front error magnitude, as measured from
a 37-term Zernike polynomial decomposition, varies from 0.79 to 1.38 nm
across the field.

Figure 3 shows a representative interferogram and It%he digital-sideband method. This effect could be minimized

Fourier transform, revealing the isolated orthogonal interfer
by reducing the shear, or altogether eliminated by using the
ence terms along with the higher-order terms. To extract th%ual domain or single-sideband methods

two orthogonal derivative wave fronts, the interferogram is The quantitative agreement between LS| and PS/PDI is
analyzed twice using the Fourier transform methddhe

determined by performing a point-by-point subtraction of the
analysis uses two orthogonally displaced Fourier-domain fil-

LS| and PS/PDI wave fronts at each field point and taking
ters. The approximate positions of the filters are indicated b

he rms magnitudéas measured from a 37-term Zernike

the dashed outlines in Fig.(l3. The wave fronts recon- . . . ,
. ; olynomial decompositionof the resulting difference wave
structed by the Fourier transform method are combined t :
ront as the agreement. Figure 6 shows the agreement as a

recover the underlying test-beam wave front using the Rimi‘unction of field point. The average agreement between the
mer method® To avoid artifacts caused by the transition P 9¢ ag

from the three-beam to two-beam interference areas, thtt\aN0 measurements is 0.037 wavé49 nm oriey/27)

wave front reconstruction is limited to the three-beam inter-

ference are40 and+1 orders, leading to a slightly reduced 1
measurement NA. The NA of the measurements presented
here is 0.091 instead of the full 0.1. This limitation would be 0.8
avoided by using the original single-sideband or dual-domain T /\ A
methods described above. f: 0.6 A
Figure 4 shows the resulting wave fronts at the 35 mea- e ’\\ NNV L/\/\
sured field points. The rms wave front error, as measured S 04 V \/AW/
from a 37-term Zernike polynomial decomposition, is seen to g V
vary from 0.79 to 1.38 nm across the field of view. The 1/15 = 0.2
NA shear causes the spatial sampling of the reconstructed
wave fronts to be limited to a full width of 30 pixefs. 0 e
The PS/PDI-measured wave fronts at these same field 0 5 10 15 20 25 30 35

points (over a larger NA are presented elsewhéereFor di-

rect comparison to LSI, Fig. 5 shows the PS/PDI data reana-
lyzed over the same grid S'_Ze _(XCBO) and NA_(0.0Q_]) as Fic. 6. Plot of the rms agreement between separate LS| and PS/PDI mea-
used for the LSI. Good qualitative agreement is evident. Al-surements at each field point. The rms agreement is determined by reana-
though identical f||ter|ng was used in determlnlng the con-lyzing the PS/PDI data in Ref. 15 over the same grid size and NA as used

stituent wave fronts, the PS/PDI data show more spatial fre for the LSI measurements presented here and performing a point-by-point
subtractlon of the wave fronts at each field point. The rms magnitude as

quency content; this is due to th? averaging mduce@ BYneasured from a 37-term Zernike polynomial decomposition of the resulting
three-beam interference effe@escribed abovyepresent in  difference wave front is taken as the agreement.

Field point
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