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We have used noncontact, nondestructive picosecond-ultrasonic techniques to characterize Mo/Si
multilayer reflection coatings for extreme ultraviolet~EUV! lithography. Using our
alternating-pump technique, we successfully excited and detected the two lowest frequency
localized acoustic-phonon surface modes. By measuring their vibration frequencies simultaneously,
we can extract the two key parameters for EUV reflector performance:d ~bilayer thickness! andG
~thickness ratio of Mo layer to the bilayer! of the Mo/Si multilayers. To demonstrate the utility of
this technique, we measured the surface-mode frequencies and extracted the values ofd andG for
six mirrors. Good agreement with the results of at-wavelength EUV reflectometry was found.
Damage to coatings caused by the pump and probe laser beams was also studied, and found to be
negligible given our data-acquisition time. ©1999 American Vacuum Society.
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I. INTRODUCTION

Extreme ultraviolet~EUV! lithography is made possibl
by the development of normal-incidence reflection coatin
with relatively high reflectivity at wavelengths in the 10–1
nm range. Mo/Si multilayer coatings with reflectance
67.5% at 13.4 nm and Mo/Be multilayers with reflectance
70.2% at 11.4 nm are now routinely achieved.1 Since these
coatings have fairly narrow bandpass, and typically seve
eight optics are used for a prototype projection lithograp
system,2 the wavelength of the peak reflectance must be
aligned to within 0.05 nm to preserve at least 90% of
optimum throughput.1 For example, this requirement sets t
run-to-run deposition reproducibility of Mo/Si bilayer thick
ness to within 0.025 nm~0.36%!. In addition, to minimize
the phase errors that affect the imaging performance,
deviation from the designed coating thickness profile acr
an optic must be less than 0.4%.3

In order to meet these stringent requirements, a g
characterization technique is necessary to measure the p
cal period,d and theG ratio ~thickness ratio of Mo layer to
the bilayer!, and to evaluate the uniformity and repeatabil
of the deposition process. Grazing incidence x-ray diffr
tion offers high accuracy in measuringd. However, the small
grazing angle requirement, and the relatively large x-ray s
size ~typically ;3 mm! greatly limit its usefulness and pre
clude its application in measuring curved optics and in eva
ating coating uniformity. Another frequently used diagnos
tool, at-wavelength reflectance measurement, has the ad
tages of small spot size, near-normal incidence, and g

a!Electronic mail: pun@eecs.berkeley.edu
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accuracy ford measurement. However, the high cost a
limited access to EUV sources make this tool unavailable
many researchers. In addition, neither of these two te
niques can separately measureG accurately.

Picosecond ultrasonics has proven to be a useful te
nique for the study and characterization of thin films, mu
layers and other nanostructures.4–10 It is an optical, pump-
and-probe transient reflectivity technique in which t
acoustic waves are impulsively excited by optical absorpt
of an ultrashort, visible wavelength ‘‘pump’’ laser pulse an
detected as a reflectivity change of a time-delayed vis
‘‘probe’’ laser beam. In a periodic multilayer structure, res
nant acoustic vibrations may be thought of as ‘‘superlatt
phonons.’’ A superlattice phonon dispersion curve for
Mo/Si multilayer with d56.9 nm andG50.4 is shown in
Fig. 1. The opening of gaps~stop bands! and folding of the
acoustic-phonon branch are due to the periodic bound
condition imposed by the multilayer structure. Sharp re
nant modes existing within the frequency band gaps~one
mode per gap, as indicated with arrows in Fig. 1! have been
observed in many superlattices and multilayers. These mo
are nonpropagating, persistent, and localized near the
surface of a multilayer stack. Hence, the name ‘‘localiz
surface modes.’’ For a semi-infinite Mo/Si multilayer stru
ture, the vibration frequenciesnn are given by10

tanS 2pnnd~12G!

cSi
D1

rMocMo

rSicSi
tanS 2pnndG

cMo
D50, ~1!

where rSi , rMo are the densities, andcSi , cMo the sound
velocities of the Si and Mo layers, respectively.n is the
index for gaps or modes.
3014/17 „6…/3014/5/$15.00 ©1999 American Vacuum Society
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Recently, we reported successful excitation and detec
of the lowest two surface modes in Mo/Si multilayers9 with
coating periods varying from 32.6 down to 6.8 nm, which
the typical thickness for practical EUV lithography coating
We also demonstrated the utility of this technique for ch
acterization purposes by mapping the thickness profile o
linearly graded Mo/Si multilayer sample with 2%d
variation.10 In Ref. 10, we also studied theoretically and e
perimentally the functional dependences of the frequen
on d andG. It was concluded that their effects are separab
and we can extractd and G simultaneously if any two
surface-mode frequencies are known. In this article, we
port experimental results on the simultaneous extractiond
andG using the picosecond ultrasonics technique, and c
pare our results with EUV reflectometry results.

II. EXPERIMENTAL SETUP

The schematic diagram of our experimental setup
shown in Fig. 2. The light pulses were produced by a mo
locked Ti:sapphire laser operating at 800 nm, with a f
width at half maximum~FWHM! pulse duration of 120 fs
and a repetition rate of 100 MHz. The pulses were focu
onto an area of the sample with spot sizes of approxima
10 and 6mm for pump and probe beams, respectively. T
pump pulses deposit optical energy in the multilayer a
impulsively excite acoustic waves in the structure. The o
cal absorption occurs predominantly in Mo layers with
absorption length of;20 nm. An initial stress field is set u
in the mechanical structure by the heat, and the relaxatio
this stress field then launches strain waves~viz. ultrasonic
waves! in the multilayer. A slight change of the optical re
flectivity is induced by these strain waves, and is then
tected by a time-delayed probe pulse. An auto-balanced
tector circuit, which compares and balances the two inp
with an adjustable feedback-loop time constant, is used
help suppress low frequency laser noise. The delay time

FIG. 1. Superlattice phonon dispersion curve for the acoustic branch
Mo/Si multilayer with d56.8 nm andG50.4. (rSi52.33 g/cm3, cSi56.9
3105 cm/s; rMo510.22 g/cm3, cMo56.23105 cm/s.!
JVST B - Microelectronics and Nanometer Structures
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tween pump and probe beams was varied by a scanning
tical delay line driven by a 1.6 Hz sinusoidal wave. T
controller of this optical delay scanner has a position out
whose voltage (Vpo) is proportional to the optical delay~t!.
This position output and the probe beam signal were ta
simultaneously and averaged 256 times by a digital osci
scope in;3 min. Thus, we can acquire and plot the traces
the reflected probe beam signal versus delay timet.

The technical difficulty for probing the surface modes
that the vibrational response of interest is typically one
two orders of magnitude weaker than an interfering non
brational response of the materials, which itself is not la
(DRnonvib/R is usually on the order of 1023– 1026!. Previ-
ously, we reported a successful picosecond ultrasonic m
surement on Mo/Si multilayers using a novel ‘‘alternatin
pump technique,’’9 which was demonstrated to enhance S
by up to 20 dB. As shown in Fig. 2, two pump beams: A a
B ~instead of the single one in conventional pump-pro
scheme!, were used to excite the sample. Pump beams A
B are, respectively, the zeroth- and the first-order diffrac
beams from an acousto-optic modulator~diffraction effi-
ciency;90%!. Thus, these two beams come alternately o
the sample at a 100 kHz modulation frequency, and
lock-in amplifier detects the difference of the responses
cited by them. An extra advantage of our alternating-pu
technique is that we can selectively reveal the weaker lo
frequency mode~first gap! by canceling the high-frequenc
mode ~second gap!, and thus attain a higher measureme
accuracy ofn1 . ~See Ref. 9 for more details about this tec
nique.! The reason why the second-gap mode is stron
than the first-gap mode might be that, due to the spatial fo
of the initial stress or the ‘‘sensitivity function’’4,8 f (z) ~the
contribution toDR due to the strain at a depthz!, the latter is
not appreciably excited and/or detected.5,6

III. SIMULTANEOUS EXTRACTION OF d AND G

Evidently, in order to simultaneously extract the two p
rametersd and G, we need the data of at least two surfa
modes. It is apparent from Eq.~1! that, for each moden,nn is

a

FIG. 2. Experimental setup~A.O.M.: acousto-optic modulator!. Pumps A
and B are, respectively, the zeroth- and the first-order diffracted beams
the A.O.M. Thel/2 plate is to rotate the polarization of the probe beam
90° so that it can be separated from the scattered pump light by a pola
Vpo : the position output of the scanning optical delay line.
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inversely proportional tod. In Ref. 10, we have shown tha
the ratio of the frequencies of any two modesgmn ~defined as
nm /nn! is a function ofG only, independent ofd. Thus,G can
be determined if it has one-to-one correspondence togmn .
To achieve this, first, we need to establish a chart or a ta
of g as a function ofG. As mentioned before, we observe
the first and second surface modes in all of our Mo
multilayer samples. The theoretical and measured value
n1 , n2 , and g21 are plotted in Figs. 3~a! and 3~b!. These
samples haved56.9 nm, and theirG values were determine
by the product of deposition times and calibrated deposi
rates for both materials, and do not include contraction
to silicide formation.11 Due to the uncertainty of materia
parameters, and the formation of silicide interlayers, ther
a slight mismatch between the theory and the real data,
they basically show the same tendency. Despite this m
match, for characterization purposes, we have used the
pirical data measured from these five samples as our re
ence, and read out theG value by interpolation betwee
points.

The measurement reproducibility of the peak frequenc
depends on the linewidth of vibration modes, which var
with G andd. Ford56.9 nm andG50.4, the standard devia
tion is found to be 0.15% and 0.39% forn1 andn2 , respec-
tively. The combined error forg21 is 60.54%, which corre-
sponds to an absolute error ofDG;60.005 at G50.4,
according to the experimental data in Fig. 3~b!. Currently,
there is no other nondestructive tool that offers this pre
sion. OnceG is obtained,d is found using

d/dref5nn–ref~G!/nn , ~2!

wheren51 or 2,dref is the bilayer thickness of the referenc
wafers in Fig. 3, andnn–ref(G) is the corresponding surface

mode frequency interpolated at the determinedG value @us-

FIG. 3. ~a! Vibration frequencies of the two surface modes vsG(d
56.9 nm). ~b! g21 ~the ration2 /n1! as a function ofG. The solid lines are
the theoretical predictions, and the filled squares are the measured va
J. Vac. Sci. Technol. B, Vol. 17, No. 6, Nov/Dec 1999
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ing the reference data points in Fig. 3~a!#. Five data points
are too sparse indeed for an accurate estimate using inte
lation, but it suffices for our preliminary trial for evaluatio
purposes.

To evaluate the utility of our technique, the coating tea
at lawrence Livermore National Laboratory provided sev
sample coatings deposited on silicon wafers for us to t
and later compared our results with the at-wavelength E
reflectance measurements done at the Advanced L
Source ~ALS! synchrotron radiation facility at Lawrenc
Berkeley National Laboratory. We performed picosecon
ultrasonic measurement on five points around the cente
each wafer@see the inset in Fig. 4~a! for the geometry#. One
of the wafers was found defective because no vibration
nals were detected, which was confirmed by the EUV refl
tance measurement. Figures 4~a! and 4~b! show the measured
vibration frequenciesn1 and n2 , respectively, for the othe
six wafers. The values ofG andd extracted fromn1 andn2

are shown in Figs. 4~c! and 4~d!, respectively~solid squares!.
d was calculated and plotted relative todref , the period of the
reference samples of Fig. 3. For comparison, the peak wa
length of EUV reflectance (lEUV) for each wafer is also
shown in Fig. 4~d! ~open triangles!, plotted relative to
lEUV–ref , the peak EUV reflectance wavelength for the re

erence samples (dref56.90 nm andlEUV–ref513.44 nm). All

of these wavelengths are measured near the center of
wafer. From Bragg’s law, the periodd is proportional to
lEUV . Therefore,d/dref and lEUV /lEUV–ref can be directly

compared.
We observed a systematic offset of the two data set

Fig. 4~d!. A 0.6% relative shift of either set of data~the open
circles, for example! will make them agree to within the
measurement error bar. The most likely cause for this of
is calibration drift of our measurement system, and in p
ticular, the optical delay scanner, because of its mechan
nature. To verify this, we recalibrated it and found that
deed, the proportionality constant between the position o
put voltageVpo and the delay timet had already shifted by
;1% in the last year. This can easily explain the offset b
cause the reference wafers were measured five months b
the test wafers, and the measured frequencies need t
corrected by the amount of miscalibration. Thus, the m
surement accuracy of our current experimental setup is p
ably limited by this device. Frequent calibration can sol
this problem, but a better solution is to use a more relia
way of real-time position detection such as optical interf
ometry, which is a mature technology and offers sub-mic
precision. Besides this, there is still much room for us
improve our measurement precision and accuracy. For
ample, a better signal filtering/processing algorithm mig
improve the accuracy of the extraction ofn1 andn2 . Also,
more reference data points aroundG50.4 can give a more
accurate interpolation estimate ofG. However, our prelimi-
nary results already demonstrate the viability of sample ch
acterization using this new technique.

s.
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IV. LASER DAMAGE TO THE MULTILAYERS

We also observed damage to the multilayer coating du
laser heating. A 1.9% drop of vibration frequencyn1 was
detected under 1 h of continuous laser illumination with an

FIG. 4. ~a! and~b! measured frequenciesn1 andn2 for test wafers. The inse
in ~a! shows the measurement geometry:n1 and n2 are measured on five
points near the center of each wafers.~c! g21 ~or G! for test wafers.~d!
Comparison ofd/dref ~solid squares! extracted fromn1 and n2 , and
lEUV /lEUV–ref ~triangles! measured by EUV reflectometry. A 0.6% relativ

shift of the two sets of data~open circles! makes them agree to within th
error bar.
JVST B - Microelectronics and Nanometer Structures
to

intensity of 32 kW/cm2. Figure 5 shows the vibration spectr
of the first-gap mode after varying amount of illuminatio
time. The peak frequencyn1 decreases by 5.4% and reach
an asymptote after;14 h. The vibration strength of this
mode also decays monotonically with time. In contrast to
decrease inn1 , the peak frequency of the second-gap mo
remains almost unchanged~;0.8% increase after 7 h!.

We speculate that this laser damage effect might be du
~1! the growth of silicide interdiffusion layers, or~2! the
growth of a surface oxide layer. Chenet al. have considered
the oxidation effect of the topmost layer on the surface-mo
frequencies.5 The surface-mode frequencies can vary
much as 10% during surface layer oxidation. The exact
merical analysis of the frequency shift due to silicide form
tion cannot be carried out by our naive two-layer theory a
needs to consider a four-layer structure in the theory. T
growth of silicide interlayers can smear the abrupt acous
impedance mismatch between Si and Mo layers and thus
reduce the amplitude of the surface modes. Further exp
ment and analysis are needed to elucidate the precise o
for this frequency shift. The effect of laser damage on
peak wavelength and reflectance of EUV radiation is yet
be investigated. We also found that the laser damage effe
localized within the spot size of the pump laser beam,
evidenced by a negligible frequency shift at a distance of
mm from the center of the spot.

Although this damage effect is a potential disadvantage
our technique, we believe that it is not of significant conce
The data-acquisition time required to measure at a sin
point on the multilayer is only;3 min, which would lead to
a shift of only;0.1%. Also, the damage is localized withi
a very small region of only 10mm in diameter. In applica-
tions where even this could not be tolerated, measurem
could be made in areas of a coating outside the critical a

V. CONCLUSIONS

In conclusion, we have demonstrated the utility of o
picosecond-ultrasonic technique for characterizing Mo
EUV multilayer coatings. The first and the second acous
phonon surface modes were observed in Mo/Si multilay
using the alternating-pump technique. By measuringn1 and

FIG. 5. Vibration spectra of the first-gap mode after various amount of la
illumination time.
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n2 simultaneously, we successfully extracted the two imp
tant parametersd andG for Mo/Si multilayers. Apart from a
systematic offset, probably due to calibration drift, our
sults are in agreement with EUV reflectance measureme
The damage to multilayers caused by laser illumination w
also studied. This technique can also be applied to o
similar multilayers and superlattices.
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