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We have used noncontact, nondestructive picosecond-ultrasonic techniques to characterize Mo/Si
multilayer reflection coatings for extreme ultravioletEUV) 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 performah@alayer thicknessandI’
(thickness ratio of Mo layer to the bilayeof the Mo/Si multilayers. To demonstrate the utility of

this technique, we measured the surface-mode frequencies and extracted the velaad Bffor

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. ®99 American Vacuum Society.
[S0734-211X9910806-0

[. INTRODUCTION accuracy ford measurement. However, the high cost and
Extreme ultraviolet EUV) lithography is made possible limited access to EUV sources make this tool unavailable to

by the development of normal-incidence reflection coatinggh@ny researchers. In addition, neither of these two tech-
with relatively high reflectivity at wavelengths in the 1015 Nidues can separately measlraccurately.

nm range. Mo/Si multilayer coatings with reflectance of _Picosecond ultrasonics has proven to be a useful tech-
67.5% at 13.4 nm and Mo/Be multilayers with reflectance of'due for the study and characterization of thin films, mult-
70.2% at 11.4 nm are now routinely achieveSiince these aYers and other nanostructufes? It is an optical, pump-
coatings have fairly narrow bandpass, and typically seven tg"d-Probe transient reflectivity technique in which the
eight optics are used for a prototype projection lithographyCoUstic waves are impulsively excited by optical absorption

systen? the wavelength of the peak reflectance must be alPf @n ultrashort, visible wavelength “pump” laser pulse and

aligned to within 0.05 nm to preserve at least 90% of thedetected as a reflectivity change of a time-delayed visible

optimum throughput.For example, this requirement sets the “probe” Iase','r b'eam.. In & periodic multilayer stru‘c‘:ture, reso”
run-to-run deposition reproducibility of Mo/Si bilayer thick- n@nt acoustic vibrations may be thought of as “superlattice

ness to within 0.025 nnf0.36%. In addition, to minimize Phonons.” A superlattice phonon dispersion curve for a
the phase errors that affect the imaging performance, thM0/Si multilayer with d=6.9nm andl’=0.4 is shown in

deviation from the designed coating thickness profile acros§'9- 1- The opening of gapstop bandsand folding of the
an optic must be less than 0.4%. acoustic-phonon branch are due to the periodic boundary

In order to meet these stringent requirements, a goo&ondition impos_eq by t.he.multilayer structure. Sharp reso-
characterization technique is necessary to measure the phy§@nt modes existing within the frequency band gamse
cal period,d and thel ratio (thickness ratio of Mo layer to M0de per gap, as indicated with arrows in Fighave been
the bilayey, and to evaluate the uniformity and repeatability observed in many superlat'tlces and multllayers. These modes
of the deposition process. Grazing incidence x-ray diffrac-2'€ Nonpropagating, persistent, and localized near the free
tion offers high accuracy in measuridgHowever, the small Surface of a multilayer stack. Hence, the name “localized
grazing angle requirement, and the relatively large x-ray Spo§urface m(_)des_.” For a sem|-|nf|n|te Mo/S| multilayer struc-
size (typically ~3 mm) greatly limit its usefulness and pre- turé the vibration frequencies, are given by
clude its application in measuring curved optics and in evalu- r(zm}“d(l_r) PMoCMo 2, dl
ating coating uniformity. Another frequently used diagnostic ta )+ — tar(
tool, at-wavelength reflectance measurement, has the advan- PsiCsi
tages of small spot size, near-normal incidence, and goodhere pg;, pyo are the densities, ands;, cy, the sound

velocities of the Si and Mo layers, respectively.is the

¥Electronic mail: pun@eecs.berkeley.edu index for gaps or modes.
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Fic. 2. Experimental setugA.O.M.: acousto-optic modulatpr Pumps A
Ol o 2 L 2 and B are, respectively, the zeroth- and the first-order diffracted beams from
0.0 05 1.0 15 20 2.5 3.0 the A.O.M. The\/2 plate is to rotate the polarization of the probe beam by
90° so that it can be separated from the scattered pump light by a polarizer.
kd V0! the position output of the scanning optical delay line.

Fic. 1. Superlattice phonon dispersion curve for the acoustic branch in a

Mo/Si multilayer with d=6.8 nm andl'=0.4. (p5=2.33 g/cnd, c5=6.9 . .
X 10° CM/S; pygo= 10.22 glem, Cyo=6.2% 10° cm/s) tween pump and probe beams was varied by a scanning op-

tical delay line driven by a 1.6 Hz sinusoidal wave. The
controller of this optical delay scanner has a position output
Recently, we reported successful excitation and detectiowhose voltage V) is proportional to the optical delaiy).

of the lowest two surface modes in Mo/Si multilayeveith ~ This position output and the probe beam signal were taken
coating periods varying from 32.6 down to 6.8 nm, which issimultaneously and averaged 256 times by a digital oscillo-
the typical thickness for practical EUV lithography coatings.scope in~3 min. Thus, we can acquire and plot the traces of
We also demonstrated the utility of this technique for char-the reflected probe beam signal versus delay time
acterization purposes by mapping the thickness profile of a The technical difficulty for probing the surface modes is
linearly graded Mo/Si multilayer sample with 2%l  that the vibrational response of interest is typically one to
variation® In Ref. 10, we also studied theoretically and ex-two orders of magnitude weaker than an interfering nonvi-
perimentally the functional dependences of the frequenciebrational response of the materials, which itself is not large
ond andr. It was concluded that their effects are separable(AR,ni,/R is usually on the order of 1G—-10 °). Previ-
and we can extractd and I' simultaneously if any two ously, we reported a successful picosecond ultrasonic mea-
surface-mode frequencies are known. In this article, we resurement on Mo/Si multilayers using a novel “alternating-
port experimental results on the simultaneous extractiah of pump technique,® which was demonstrated to enhance S/N
andI’ using the picosecond ultrasonics technique, and comby up to 20 dB. As shown in Fig. 2, two pump beams: A and

pare our results with EUV reflectometry results. B (instead of the single one in conventional pump-probe
schemg, were used to excite the sample. Pump beams A and
Il. EXPERIMENTAL SETUP B are, respectively, the zeroth- and the first-order diffracted

beams from an acousto-optic modulatffraction effi-

The schematic diagram of our experimental Setup ig;jency~90%). Thus, these two beams come alternately onto

shown in Fig. 2. The light pulses were produced by & modeg,s sample at a 100 kHz modulation frequency, and the
locked Ti:sapphire laser operating at 800 nm, with a full\oq\ i ampiifier detects the difference of the responses ex-
width at half maximum(FWHM) pulse duration of 120 fs  jteq by them. An extra advantage of our alternating-pump
and a repetition rate of 100 MHz. The pulses were focusegycpnique is that we can selectively reveal the weaker low-
onto an area of the sample with spot sizes of approxmateh(requency modéfirst gap by canceling the high-frequency

10 and 6um for pump and probe beams, respectively. Theg e (second gap and thus attain a higher measurement

pump pulses deposit optical energy in the multilayer and,..,,racy ofy, . (See Ref. 9 for more details about this tech-

impulsively excite acoustic waves in the structure. The Opti'nique) The reason why the second-gap mode is stronger

cal absorption occurs predominantly in Mo layers with any,a, the first-gap mode might be that, due to the spatial form
absorption length 0f-20 nm. An initial stress field is set Up ¢ the initial stress or the “sensitivity functior®® f(z) (the

in the mechanical structure by the heat, and the relaxation qfg«ipytion toAR due to the strain at a dep#h the latter is
this str(_ess field th_en Iaunch_es strain wavyes. ultras_onlc not appreciably excited and/or detecfed.
waves in the multilayer. A slight change of the optical re-

flectivity is induced by these strain waves, and is then de-

tected by a time-delayed probe pulse. An auto-balanced gdll- SIMULTANEOUS EXTRACTION OF dAND I

tector circuit, which compares and balances the two inputs Evidently, in order to simultaneously extract the two pa-
with an adjustable feedback-loop time constant, is used toametersd andI’, we need the data of at least two surface
help suppress low frequency laser noise. The delay time banodes. It is apparent from Ef) that, for each mode, v, is
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ing the reference data points in FigiaB. Five data points

1.045 v, (second-gap mode) - | Ly
. (a) are too sparse indeed for an accurate estimate using interpo-
" < lation, but it suffices for our preliminary trial for evaluation
FRr— purposes.
——Theory To evaluate the utility of our technique, the coating team
at lawrence Livermore National Laboratory provided seven
- . . . sample coatings deposited on silicon wafers for us to test,
v, (first-gap mode) and later compared our results with the at-wavelength EUV
R L reflectance measurements done at the Advanced Light
~ (b) Source (ALS) synchrotron radiation facility at Lawrence
Berkeley National Laboratory. We performed picosecond-
ultrasonic measurement on five points around the center of
each wafefsee the inset in Fig.(4) for the geometry. One
of the wafers was found defective because no vibration sig-
nals were detected, which was confirmed by the EUV reflec-
T T tance measurement. Figurdg@and 4b) show the measured
03 04 05 06 07 Lo . .
vibration frequencies’; and v,, respectively, for the other
six wafers. The values df andd extracted fromv,; and v,
Fic. 3. (a) Vibration frequencies of the two surface modes W¢d  are shown in Figs.4) and 4d), respectivelysolid squares
=6.9nm). (b) g, (the ratiov,/v,) as a function ofl". The solid lines are d was calculated and plotted relativedg;, the period of the
the theoretical predictions, and the filled squares are the measured values. . fr
reference samples of Fig. 3. For comparison, the peak wave-
length of EUV reflectance Ngy) for each wafer is also
shown in Fig. 4d) (open triangles plotted relative to

Frequency (THz)'
o
&

== Experiment
s Theo
1.5+ v

Itrr:\éerr;t?(lyyo?:ﬁg?‘:gz:zlnt;aiﬂéslrc])fzfi/ i/f/)o Vr\]/%:;;e( dsgc?r:';g ;hsat Neuv_ret, the peak EUV reflectance wavelength for the ref-
vl vy) is a function ofl” only, independent af.. Thus,I" can ~ erence samples(e=6.90 nm and\gyy_rer=13.44 nm). All

be determined if it has one-to-one correspondencg,io. of these wavelengths are measured near the center of each
To achieve this, first, we need to establish a chart or a tableafer. From Bragg's law, the period is proportional to

of g as a function ofi’. As mentioned before, we observed Agy, . Therefore,d/d,e and Agyy/Neyy rer Can be directly

the first and second surface modes in all of our MO/Sicompared.

multilayer samples. The theoretical and measured values of \y/o opserved a systematic offset of the two data sets in
V1 Vifl’ e;]nd 32_1 are plotte((jj 'E '_:Ilgs'l(&) and 32)' The_sed Fig. 4(d). A 0.6% relative shift of either set of datthe open
samples havd=6.9 nm, and theil’ values were determine circles, for example will make them agree to within the

by the product of deposition times and calibrated depOSitior?neasurement error bar. The most likely cause for this offset

rates for both materials, and do not include contraction due . . . )
is calibration drift of our measurement system, and in par-

to silicide formationt! Due to the uncertainty of material

parameters, and the formation of silicide interlayers, there igcular, the optical delay scanner, because of its mechanical

a slight mismatch between the theory and the real data, blﬂature.hTo verify j[h|s,llwe recalibrated it andhfound _t_hat n-
they basically show the same tendency. Despite this misdeed. the proportionality constant between the position out-
and the delay time- had already shifted by

match, for characterization purposes, we have used the eRUt VoltageVy,

pirical data measured from these five samples as our refef=1% in the last year. This can easily explain the offset be-
ence, and read out thE value by interpolation between cause the reference wafers were measured five months before

points. the test wafers, and the measured frequencies need to be

The measurement reproducibility of the peak frequencie§orrected by the amount of miscalibration. Thus, the mea-
depends on the linewidth of vibration modes, which variessurement accuracy of our current experimental setup is prob-
with T andd. Ford=6.9 nm and” = 0.4, the standard devia- ably limited by this device. Frequent calibration can solve
tion is found to be 0.15% and 0.39% fof andv,, respec- this problem, but a better solution is to use a more reliable
tively. The combined error fog,; is =0.54%, which corre- way of real-time position detection such as optical interfer-
sponds to an absolute error &fI'~=0.005 atI'=0.4, ometry, which is a mature technology and offers sub-micron
according to the experimental data in Figh3 Currently,  precision. Besides this, there is still much room for us to
there is no other nondestructive tool that offers this preciimprove our measurement precision and accuracy. For ex-
sion. Oncel’ is obtainedd is found using ample, a better signal filtering/processing algorithm might

d/dye= vy ol D) vy, (2)  improve the accuracy of the extraction of and v,. Also,

- more reference data points arouhie= 0.4 can give a more
wheren=1 or 2,d, s the bilayer thickness of the reference accurate interpolation estimate Bf However, our prelimi-
wafers in Fig. 3, and', (1) is the corresponding surface- nary results already demonstrate the viability of sample char-
mode frequency interpolated at the determihedalue[us-  acterization using this new technique.

J. Vac. Sci. Technol. B, Vol. 17, No. 6, Nov/Dec 1999



3017 Pu et al.: Nondestructive picosecond-ultrasonic characterization 3017

Wafer#2 #3 #4 #9 #20 #22 T T T T
438

436 6" wafer . (a) T
ol | | N 3]
; 4324 m g 1
Q 430, . §
> 428] I % 4 ? 1 : -
426 #{ ] R
E{f E ﬁﬁ 038 040 042 044
424+ ] Frequency (THz)
1020 .
I (b) Fic. 5. Vibration spectra of the first-gap mode after various amount of laser
10104 4 illumination time.
1000 g{ ﬂJI,H .
E 990 i intensity of 32 kW/cr. Figure 5 shows the vibration spectra
IT) of the first-gap mode after varying amount of illumination
~, 9804 ' time. The peak frequency; decreases by 5.4% and reaches
> 970.] @i ] an asymptote after~14 h. The vibration strength of this
}#ﬁ ﬁ @ mode also decays monotonically with time. In contrast to the
960+ ] decrease invq, the peak frequency of the second-gap mode
(C) remains almost unchangéd0.8% increase after 7)h
R R R R R N We speculate that this laser damage effect might be due to
2.404 r=0.40 (1) the growth of silicide interdiffusion layers, o) the
- growth of a surface oxide layer. Chemnal. have considered
\>~ 2351 IR AR AU D PR Y, the oxidation effect of the topmost layer on the surface-mode
i { frequencies. The surface-mode frequencies can vary as
~ much as 10% during surface layer oxidation. The exact nu-
o 2%01... _E% I R DI N merical analysis of the frequency shift due to silicide forma-
E Eﬁ tion cannot be carried out by our naive two-layer theory and
2 95 Eﬁi needs to consider a four-layer structure in the theory. The
L b ---}---}---4---4---1r=046 growth of silicide interlayers can smear the abrupt acoustic-
_ 096 N | (d) impedance mismatch between Si and Mo layers and thus will
e reduce the amplitude of the surface modes. Further experi-
§ 0.95 4 5 ,E~ \@ ﬁﬂ ment and analysis are needed to elucidate the precise origin
é> Hﬁ - for this frequency shift. The effect of laser damage on the
3 0.944 peak wavelength and reflectance of EUV radiation is yet to
< r be investigated. We also found that the laser damage effect is
o 093 [ . localized within the spot size of the pump laser beam, as
s evidenced by a negligible frequency shift at a distance of 10
E‘- 0.924 1 pm from the center of the spot.
o Although this damage effect is a potential disadvantage of
0.91

our technique, we believe that it is not of significant concern.
The data-acquisition time required to measure at a single
Fic. 4. (8) and(b) measured frequencies and, for test wafers. The inset  Point on the multilayer is only~3 min, which would lead to

in (@) shows the measurement geometry:and v, are measured on five a shift of only ~0.1%. Also, the damage is localized within
points near the center of_ each wafefs). g,, (or I') for test wafers.(d) a very small region of only 1gm in diameter. In applica-
Comparison ofd/drer (Solid squares extracted fromvy and vo, and e \yhere even this could not be tolerated, measurements
)\EUV/)\EUV_,ef (triangles measured by EUV reflectometry. A 0.6% relative Id b de | f ) ide th itical
shift of the two sets of datéopen circles makes them agree to within the cou e made In areas of a coating outside the critical area.
error bar.

Wafer#2 #3 #4 #9 #20 #22

V. CONCLUSIONS

V. LASER DAMAGE TO THE MULTILAYERS _ In conclusion, we have d_emonstrated the u_t|I_|ty of our
picosecond-ultrasonic technique for characterizing Mo/Si

We also observed damage to the multilayer coating due t&UV multilayer coatings. The first and the second acoustic-
laser heating. A 1.9% drop of vibration frequeney was  phonon surface modes were observed in Mo/Si multilayers
detected undel h of continuous laser illumination with an using the alternating-pump technique. By measusmgnd
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