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Picosecond ultrasonic study of Mo/Si multilayer structures
using an alternating-pump technique
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We have used picosecond ultrasonics techniques to study the localized acoustic-phonon surface
modes in Mo/Si multilayer reflectors for extreme ultraviolet lithography. Localized surface modes
in the first ~zone-boundary! and second~zone-center! gaps were simultaneously detected.
Oscillation frequency as high as 0.873 THz was observed. Analternating-pumptechnique has been
successfully demonstrated to enhance the signal-to-noise ratio by 10 dB. This technique can be used
to improve the sensitivity for probing the surface modes in other multilayer thin-film structures.
© 1999 American Institute of Physics.@S0003-6951~99!03302-1#
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Extreme ultraviolet~EUV! lithography is a promising
candidate for the mass production of integrated circuits w
design rules of 0.1mm and below. The recent advances
multilayer mirrors which reflect EUV radiation have spurr
great interest in projection lithography at EUV wavelengt
Mo/Si multilayers with reflectance of 67.5% at 13.4 nm a
now routinely achieved.1 The wavelength and value of th
peak reflectance depend on the coating bilayer thicknesd,
and the value ofG, defined as the thickness ratio of the M
layer to the bilayer. Grazing incidence x-ray diffraction h
been widely used in multilayer characterization because
its high accuracy in measuring the physical periodd. How-
ever, it cannot accurately determine theG ratio. In addition,
the small grazing angle requirement poses a difficulty wh
it comes to curved optics. Consequently, it is desirable
develop a characterization tool which can overcome th
technical problems.

Picosecond ultrasonics has proven to be a useful te
nique for the study of the mechanical properties of thin film
multilayers, and other nanostructures. It is a pump-and-pr
transient reflectivity technique in which the acoustic wav
are impulsively excited by optical absorption of an ultrash
‘‘pump’’ laser pulse and detected as a reflectivity change
the time-delayed ‘‘probe’’ laser beam. In particular, certa
nonpropagating, persistent vibrations, namedlocalized sur-
face modeshave been observed in several superlattices
multilayers,2–6 and might be used to extract useful para
eters of the structures. These modes may exist if the up
layer has the smallest acoustic impedance, and, for s
infinite layers, vibrate at frequenciesn loc ~Refs. 2 and 3! such
that

tanS 2pn locd2

c2
D1

r1c1

r2c2
tanS 2pn locd1

c1
D50, ~1!

a!Electronic mail: pun@eecs.berkeley.edu
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whered1 andd2 are the thicknesses,r1 ,r2 the densities, and
c1 ,c2 the sound velocities of the top and bottom layers,
spectively. These modes lie within the frequency band g
of the dispersion curve and are localized within the topm
layers. It is evident from Eq.~1! thatn loc is sensitive to both
d(5d11d2) andG. The main difficulty for probing the sur-
face modes is that the vibrational response of interest
typically, 1–2 orders of magnitude weaker than an interf
ing electronic response of the materials, which itself is n
large (DRelec/R is usually on the order of 1023– 1026).

In this letter, we report the successful application of th
technique to the study of Si/Mo EUV multilayer mirrors. W
have studied a series of multilayer structures in which thG
ratio was 0.4 and the number of layers was 40. The bila
thickness varies from 32.56 nm down to 6.84 nm, which
the typical thickness for practical EUV lithography optic
Thesed values were separately determined by small-an
x-ray diffraction with an accuracy within 0.1%. In th
sample with the shortest period, vibration frequency as h
as 0.873 THz was observed. Also, to significantly impro
the signal-to-noise ratio, we propose and demonstrate
alternating-pumpexperimental technique.

The experimental configuration of this technique
shown schematically in Fig. 1. The light pulses were p
duced by a mode-locked Ti:sapphire laser operating at
nm, with a pulse duration of 120 fs and a repetition rate
100 MHz. At this wavelength, the optical absorption occu
predominantly in Mo with an absorption length of;20 nm.
Both pump and probe beams were focused onto the sam
with a spot size;25 mm. An autobalanced detector circui
which compares and balances the two inputs with an adj
able feedback-loop time constant, is used to help supp
low-frequency laser noise.

The main difference between this setup and the conv
tional pump–probe scheme is that two pumps, instead
one, were used to excite the sample. Pump beams A an
© 1999 American Institute of Physics
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are, respectively, the zeroth- and the first-order diffrac
beams from an acousto-optic modulator~diffraction effi-
ciency;90%!, which is amplitude-modulated by a 100 kH
square wave. Thus, these two pumps come alternately
the sample and the lock-in amplifier detects the difference
the responses excited by them. Figure 2 illustrates this id
by adjusting the delay timetAB between pulses of pump A
and pump B, relative to the probe pulse, it is possible
greatly suppress the slowly varying part of the large el
tronic response while the faster vibrational response is
served. Figures 2~b! and 2~c! clearly show examples of nea
perfect cancellation of the electronic response.

It is clear that two vibration modes were simultaneou
excited in this sample. The difference between the trace
Figs. 2~b! and 2~c! is due to their different delay time:tAB is
0.57 and 1.14 ps for Figs. 2~b! and 2~c!, respectively. In Fig.
2~b!, tAB was set as one half of the period~0.57 ps! of the
higher-frequency mode~;1/4 that of the lower-frequency
mode!, and thus, the higher-frequency mode was prefera
revealed while the lower-frequency mode was slightly s
pressed by a factor of&. However, beating between thes

FIG. 1. 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.

FIG. 2. Measurement ofDR as a function of time for the Mo/Si multilaye
(d56.84 nm) using a conventional pump–probe technique~dotted line:
with pump A only; solid line: with pump B only!. ~b! Same result obtained
using the two-pump scheme withtAB50.57 ps~second-gap mode fully re-
vealed!. ~c! Two-pump scheme withtAB51.14 ps~second-gap mode can
celed!.
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two modes is readily seen. By properly adjustingtAB to ex-
actly one period~1.14 ps! of the higher-frequency mode, w
successfully canceled this mode and clearly unveiled
other mode@Fig. 2~c!#.

The primary advantage of this scheme is that the lo
frequency noise of laser power fluctuations can be sign
cantly suppressed. The reflected probe signal received by
detector is

Psig5Pprobe~ t !@R1DR~t!#, ~2!

where Pprobe(t) is the probe beam power,R is the unper-
turbed reflectance,DR is the reflectance change induced
the pump, andt is the delay time between pump and prob
DR(t) can be related to the pump power byDR(t)
5Ppump(t2t)@helec(t)1hvib(t)#, where helec(t) and
hvib(t) are the electronic and vibrational responses, resp
tively. Considering the low-frequency fluctuation noisen(t)
of the laser power,Pprobe(t) can be written asPprobe(t)
5Pavg1n(t). Thus, we can rewrite Eq.~2! as

Psig~ t !5@Pavg1n~ t !#$R1Ppump~ t2t!@helec~t!

1hvib~t!#%5@Pavg1n~ t !#R1a@Pavg

1n~ t !#2sw~vt !helec~t!1a@Pavg

1n~ t !#2sw~vt !hvib~t!, ~3!

where we have assumed thatPpump(t2t)5Ppump(t) sincet
is negligible compared to the time scale of laser fluctuati
and that the pump is modulated with a square-wave fo
sw(vt):Ppump(t)5aPprobe(t)3sw(vt). The only term
which contains the surface-mode information is the th
term on the right-hand side of Eq.~3!. The first term is elimi-
nated by the balanced detectors. However, in the conv
tional pump–probe scheme, the second term, which m
fests itself as the sharp rising edge and the slowly decay
tail in Fig. 2~a!, passes through the balanced detectors an
amplified by the lock-in amplifier. Thus, the low-frequenc
fluctuation noise in this term~within the bandwidth of the
low-pass filter in the lock-in amplifier! stays and become
the primary noise source. In our two-pump scheme, this te
is greatly suppressed and the last term dominates. Thus
noise is suppressed by;(helec/hvib) times, which is on the
order of 10–100. Figure 3 shows the noise power spect
of the lock-in amplifier output~at a fixed time delayt

m

FIG. 3. Noise power spectra of the lock-in amplifier output at a fixed ti
delay tAB57 ps using the conventional scheme~solid line! and the two-
pump scheme~dashed line!.
 license or copyright, see http://apl.aip.org/apl/copyright.jsp
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57 ps! spanning from 0.1 to 500 Hz. A 10–20 dB nois
suppression throughout this frequency range was obtaine
using the alternating-pump technique.

The relative delay between the probe and the pu
beams was varied by a fast scanning optical delay line o
ating at 1.6 Hz and all of the traces in Fig. 2 were avera
256 times. To further demonstrate the advantage of
alternating-pump technique, we took a trace using a conv
tional single-pump scheme~by blocking one of the two
pumps! and compared the Fourier transform of the deriv
tives acquired using the two different methods~see Fig. 4!.
The ultrafast transient behavior in the first 2 ps was trimm
off before taking a Fourier transform to avoid a broadba
background on the spectrum. It is evident that the spectr
Figs. 4~b! and 4~c! ~two-pump scheme! are much cleane
than that in Fig. 4~a! ~conventional scheme! and has a much
lower dc component. In particular, the lower-frequen
mode cannot be clearly discerned in Fig. 4~a!, while in Fig.
4~b!, it is undoubtedly observed, and in Fig. 4~c!, by cancel-
ing the other mode, it is more explicitly revealed. These t
vibration modes of frequencies at 413 and 873 GHz are
localized surface modes in the first~zone-boundary!, and the
second~zone-center! gaps, respectively. All of our sample
show simultaneous presence of these two surface modes
reason why the second-gap mode is stronger than the
gap mode might be that, due to the spatial form of the ini
stress or the sensitivity function, the latter is less stron

FIG. 4. Comparison of the fast Fourier transform ofdDR(t)/dt using ~a!
the conventional scheme,~b! the two-pump scheme withtAB50.57 ps, and
~c! tAB51.14 ps (d56.84 nm).
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excited and/or detected.3,4 The theoretical and measured va
ues of the first- and second-gap surface-mode frequencie
all of our samples are listed in Table I. The measured f
quencies of surface modes are inversely proportional to
bilayer thickness with an error of less than 5%. In additio
in all our samples the theoretical and experimental frequ
cies agree to within 20%. A possible origin of this discre
ancy is the uncertainty of the density and sound velocity
the materials.~For the moment, we take the values for bu
materials: rSi52.33 g/cm3, cSi56.93105 cm/s, rMo

510.22 g/cm3, and cMo56.23105 cm/s!. Also, the silicide
interlayers formed at Mo/Si interfaces smear the origina
abrupt interfaces7 and, thus, the assumption of perfect
abrupt interfaces in our calculation is unrealistic.

In conclusion, we have excited and detected localiz
surface modes in Mo/Si multilayers using picosecond ult
sonics. An alternating-pump technique has been descr
and demonstrated to successfully separate the purely v
tional response of interest from the electronic response,
to significantly improve the signal-to-noise ratio. Modes
the first and second gaps have been simultaneously dete
and a vibration frequency as high as 0.873 THz has b
observed.
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TABLE I. List of surface-mode frequencies in the first~zone-boundary! and
second~zone-center! gaps determined by both theory (n1th and n2th) and
experiment (n1 exp andn2 exp).

d
~nm!

n1th

~GHz!
n2th

~GHz!
n1 exp

~GHz!
n2 exp

~GHz!

32.56 93 219 94 179
19.55 155 365 158 298
6.84 442 1043 413 873
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