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Nondestructive measurement of the evolution of layer-

specific mechanical properties in sub-10 nm bilayer films
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Henry C. Kapteyn,l Margaret M. Murnane,” and Damiano Nardi'®
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ABSTRACT: We use short wavelength extreme ultraviolet light to independently measure the
mechanical properties of disparate layers within a bilayer film for the first time, with single-
monolayer sensitivity. We show that in Ni/Ta nanostructured systems, while their density ratio is
not meaningfully changed from that expected in bulk, their elastic properties are significantly
modified, where nickel softens while tantalum stiffens, relative to their bulk counterparts. In
particular, the presence or absence of the Ta capping layer influences the mechanical properties
of the Ni film. This non-destructive nano-mechanical measurement technique represents the first
approach to date able to distinguish the properties of composite materials well below 100 nm in
thickness. This capability is critical for understanding and optimizing the strength, flexibility and
reliability of materials in a host of nanostructured electronic, photovoltaic and thermoelectric

devices.

KEYWORDS: Ultrafast X-rays, nanometrology, nano-mechanical properties, ultrathin films,

monolayer sensitivity, photoacoustics.
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Tremendous progress in nanofabrication capabilities has made it possible to fabricate sub-10 nm
structures and even single-atomic layers with high precision, enabling dramatic miniaturization
of nano-devices. However, methods for characterizing the mechanical properties of ultrathin
films and nanostructures are still severely limited at dimensions below 100 nm.' In recent years,
extensions of visible probe metrology techniques, such as asynchronous optical samplings or
visible light picosecond ultrasonics,”® have pushed the sensitivity such that vertical breathing
modes can be resolved in metallic films 5-15 nm in thickness.>* Nonetheless, the fundamental
diffraction limit of visible light probes prevents these techniques from resolving structured
nanoscale systems and moreover, the data analysis needed makes the study of composite films
extremely challenging. This is a major challenge because the mechanical properties of thin films
determine their strength, flexibility and reliability in a host of nanostructured electronic,
photovoltaic and thermoelectric devices. Moreover, while a departure from bulk mechanical
properties has long been expected and observed for nanoscale materials,™® the precise
mechanisms, magnitude and even sign of these changes are still open questions,” which cannot

be addressed without new approaches to nanoscale metrology.

Here we use short wavelength extreme ultraviolet (EUV) light to measure the mechanical
properties of nanoscale Ta-Ni bilayers with single-monolayer sensitivity in a non-destructive
measurement. By exciting a nanoscale grating using a femtosecond laser pulse, and probing the
resulting acoustic waves and resonances using EUV beams, we can extract the density and
elastic properties of sub-10 nm thin nickel (Ni) and tantalum (Ta) bilayers. To our knowledge
this represents the first work to distinguish the properties of two materials within bilayers below
100 nm in thickness. Using advanced frequency extraction methods, we can resolve shifts in

acoustic frequencies below 1%. This ultrahigh sensitivity allows us to prove that although the
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density ratio of ultrathin Ta-Ni bilayer films is not significantly different from bulk, the few-
nanometer films of Ni soften, while those of Ta stiffen, relative to their bulk counterparts.
Finally, the presence or absence of the Ta capping layer further influences the effective

properties of the Ni film.

To separate the mechanical properties of Ni and Ta components in the bilayers, we study a series
of samples with varying layer thicknesses, as shown in Fig. la. Using a calibrated sputtering
process,8 a 10 nm layer of Ni is first deposited on thermally oxidized Si substrates for all
samples, followed by a Ta capping layer with thickness varying between 1-6 nm, to a precision
of = 0.1 nm (see Supporting Information). From multiple calibration measurements, the
repeatability of the sputtering rates, and therefore thickness, were found to be better than 5%.
The films are then patterned using optical lithography and subsequent ion milling to produce a
periodic array of stripes that are 1 um wide with a periodicity of 2 pum, that also serve as a
diffraction grating for the EUV probe. To excite acoustic resonances in these gratings, we use a
25-femtosecond laser pulse centered around 800 nm to induce impulsive thermal expansion. This
results in both longitudinal cross-plane acoustic wave resonances (LAWs) in each wire, as well
as transverse surface acoustic standing-wave modes (SAWs) which are partially localized at the
nanowires/substrate interface and radiating mechanical energy into the substrate due to the
scattering with the grating.” The SAW wavelength is set by the periodicity of the grating (and its
higher harmonics).'™'" Analysis of these acoustic signals, as in Fig. 1b, reveal the material

properties of the individual ultrathin layers.
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Figure 1. EUV acoustic nanometrology for extracting nanoscale mechanical properties. A series of Ni-Ta
bilayers, with a constant Ni thickness of 10 nm and a Ta capping layer varying from 0 to 6 nm, are excited
by an 800 nm pump pulse. The change in diffraction of the EUV probe beam is used to extract the
mechanical properties of the bilayer. (b) Comparison of the displacement fields calculated by finite
element analysis' at the peak (t,) and subsequent valley (t,) of the longitudinal acoustic oscillation clearly
reveals the symmetric shape of the mode, placing antinodes at both the top surface and the interface with
the substrate.
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We use a time-delayed EUV high harmonic probe beam, with a wavelength centered at 30 nm, to
detect the acoustic dynamics, along with the thermal expansion and relaxation of the bilayers.'?
In high harmonic generation (HHG), an intense femtosecond laser pulse is frequency upshifted
using extreme nonlinear optics, to generate ultrafast coherent EUV and X-ray beams in a

tabletop-scale apparatus. 1315

The short-wavelength EUV probe beam diffracts from the periodic
grating, and the change in diffraction efficiency (maximized by the 50% duty cycle
configuration) is recorded as a function of the time delay between the laser pump and EUV probe
pulse. The large wire width ensures that the longitudinal resonances we probe are essentially
those of the thin-film bilayers alone, while the periodic pattern gives a strong diffraction signal

that enables ultrahigh sensitivity to displacements of the surface profile down to the picometer

scale.'®

The SAW velocity is exquisitely sensitive to the mass of any nanostructures deposited on the
surface, particularly for high-frequency SAWs since their shorter wavelengths confine them to
shallower substrate depths, where the wave velocity is most affected by any addition of mass.'®
Thus, each sample with a different Ta layer thickness (over the constant 10 nm of Ni) is expected
to have a slightly different SAW velocity and oscillation frequency fs4». Indeed, Fig. 2

demonstrates this behavior, which can be used to gauge the mass of the bilayer structure.
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Figure 2. (a) The SAW frequency shift induced by adding 6 nm of Ta on top of 10 nm of Ni is clear in
the raw diffraction signal. The additional mass slows the SAW propagation, lowering the oscillation
frequency (red vs. blue lines). (b) To extract small frequency shifts, we employ a chirp Z-transform to
generate high-resolution spectra, plotted in crosses, near the resonance peaks. The fundamental and 4th-
order peaks are shown. The center frequencies are extracted by Gaussian fits (solid lines). (c) The
increasing Ta thickness from sample to sample results in a linear shift in the SAW frequency, visible in
the first four SAW harmonic orders. The frequency shift is higher for higher orders because the shorter-
wavelength SAW is confined closer to the surface, where the material is most affected by the extra mass
in the bilayer structures. The linear fits to each data set are used to calculate the Ta-to-Ni density ratio.

Combined with the volume change derived from the known change in thickness, this enables the
first all-optical, non-destructive characterization of the density ratio between materials in

ultrathin bilayers.

Specifically, as shown in Fig. 2c, the SAW frequency decreases linearly with Ta thickness.
Fitting this line yields values for two parameters: the slope v, and intercept fy. The relationship
between fs and Ta volume has slope a = y/(Lz) where L and z are the width and length of the
stripes, respectively. Then the relationship of fs4» to wire mass must have slope = a/pr, where
pra 1s the density of the Ta layers. Since we also know f; for when the mass of the wire is equal
to the mass of the 10 nm layer of Ni alone my;, B = (fy — f;)/my; where f; is the SAW frequency for

the same wavelength propagating along the bare substrate surface. The frequency f; must be
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known a priori, for example by using finite element analysis and literature properties for the

materials comprising the substrate to identify the dominant excited modes.'' Therefore,

Pra =73

a_ Y mni _LpNihLz (1)
B Lzfo-fs Lz fo—fs

where pn;j and £ are the density and thickness of the Ni layer, respectively. While the densities of
the two materials in the bilayer cannot be independently determined in this way, the ratio

between them can be found as

Pra _ Yh_ )

pNi fo—fs

Because of the large 2 um period used here, the relatively long SAW wavelengths imply
penetration depths well below the surface, and the SAW frequency shifts induced by the
changing Ta mass are quite small: only =1%, or approximately 30 MHz, across the whole range
of samples for the fundamental SAW order. To extract the SAW frequencies with sufficient
precision to resolve this small change, we apply a chirp Z-transform'® to obtain the frequency
spectrum near the frequency peak, shown in Fig. 2b. We then fit the peak to a Gaussian function
to extract the central frequency. Averaging these peak values from many scans on the same
sample results in the values reported in Fig. 2¢c. The error bars represent the standard deviations
of these measurements. This procedure yields frequency uncertainties of less than 0.5% for the
fundamental SAW order and less than 2% for the higher orders. Linear fits to these data for each
of the first four SAW harmonics, shown in Fig. 2c, yield values for the Ta-to-Ni density ratio
calculated according to Eqn. 2, reported in Table 1. Note that each of the four orders generate
consistent values for the ratio, although that extracted from the 2nd-order SAW data has a very

large error bar. This value is likely more difficult to isolate precisely in our technique due to the
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50% duty cycle employed for these samples and the resulting similarity in wavelength of the 2nd
SAW harmonic and the acoustic mode across the individual stripes, both of which contribute to
the dynamic diffraction signal. Averaging the three similar values yields pra/pni = 1.84 £ 0.12,

which is statistically consistent with the ratio of the bulk material densities, 1.92.

Table 1. SAW measurements extracted from four harmonics yield the Ta-Ni density ratio.

Ist 2nd 3rd 4th

order order order order
2.420 4584  6.230 7.810
f() (GHZ) +/-0.007  +/-0.079 +/-0.033 +/-0.176
2.447 4.657 6.614 8.295
fs (GHZ) +/-0.020  +/-0.020 +/-0.020  +/-0.020
Y 0.0051 -0.101 -0.067 -0.092

(GHz/nm) | +/-0.0009 +/-0.014 +/-0.019  +/-0.028

1.93 13.88 1.70 1.88
+/-1.60 +/-10.1 +/-0.573  +/-0.722

pTa/pNi

Notably the slope is significantly higher for higher SAW harmonics due to the higher mass
sensitivity enabled by shorter wavelengths. This illustrates that even greater precision for density
measurements could be attained in EUV acoustic metrology simply by using gratings with

shorter periodicity.

While the SAW dynamics dominate changes in the EUV diffraction signal over many
nanoseconds, resonant longitudinal cross-plane acoustic oscillations in the bilayers themselves
are visible during the first 20 picoseconds following excitation by the pump pulse,” as shown in
Fig. 3. The frequency shifts significantly as the Ta thickness is varied with sensitivity at the
monolayer level. Furthermore, by comparing three identical Ni/Ta film samples etched for

different amounts of time, we verify that the resonant frequencies we measure are not affected by
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potential over-etching of the stripe pattern into the substrate. This ensures that the shifts we

observe are uniquely related to the changing Ta thickness.

The fast decay of the LAW oscillations makes a simple Fourier Transform (which assumes
stationary oscillations) inappropriate for extracting the resonant frequencies. Instead we employ
the Matrix Pencil Method (MPM), which projects a function onto the set of exponentials with
complex exponents to a specified precision limit, allowing it to reliably capture both oscillation
frequencies and damping rates of the signal components isolated from the noise inherent to
experimental data.”'** In this way we extract the set of oscillation periods shown in Fig. 4, with
uncertainties less than 0.7%. The resonant frequencies of a bilayer can be calculated by enforcing
the condition that (displacement, stress) = (u, 0) be an eigenvector of the appropriate acoustic
transfer matrix (stress-free boundary condition) as in calculating the localized surface modes of a

semi-infinite superlattice.’

6nm Ta

W/ !
— A NS St~ | O onm |a
W 3.3nm Ta
:\/"f’ f\\\//\J\M—\NgW 3nm Ta
\/ 2nm Ta
:/\/WMM 1nm Ta
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1 | 1 1 1
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Change in diffraction

Figure 3. (a) Increasing the Ta thickness from sample to sample results in a shift in the resonant LAW
frequencies of the bilayers themselves, with sensitivity at the monolayer level. The dashed lines serve as
guides to the eye, marking time-zero and the shifting location of the second oscillation maximum.

In our case, where the SiO, substrate has lower acoustic impedance than the Ni layer, the
resonant modes will be analogous to organ-pipe modes with two open ends (see Fig. 1b), i.e., the

resonant frequencies will be the same as those for an unsupported bilayer membrane®* and can be
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calculated by enforcing the eigenvector condition for a transfer matrix corresponding to one-way

propagation across the Ta and Ni layers. This transfer matrix is given by

= ( cos(qnidni) sin(qy;dy;) /wZNi> ( cos(qrqdra) sin(qrqdra) /wZTa) (3)
—wZy; sin(qy;dy;) cos(qnidni) —WZ1q Sin(qrqdra) cos(qradra)

where ® is the LAW angular frequency, d, is the thickness of the respective layers, Z, is the
acoustic impedance (Z, = p,v, for LAW velocity v,) and g, = ®/v,. We require
u u
t (0) =4 (0) )
for any scalar eigenvalue A. The second component of this matrix equation implies that resonant

frequencies will solve the transcendental equation

tan (%) + Z7q/Zy; tan (%) =0 ®)]

Ni Ta
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Figure 4. The resonant LAW periods of the bilayer structures extracted by using MPM clearly are not
well matched by predictions using bulk material parameters (dashed red). Instead, a least-squares
optimization algorithm fits the data in order to extract the effective nanoscale longitudinal velocities of
the Ni and Ta layers. This fit is plotted in solid blue, while the dashed blue lines mark the fits to the
diagonal extremes of the error bars and indicate the upper and lower bounds of the extracted effective
velocities. The very small vertical error bars on the data represent the variation in the MPM-extracted
periods. The horizontal error bars represent the 5% uncertainty in layer thickness resulting from the
calibrated sputtering deposition process.

Note that although these equations dramatically simplify in the long-wavelength limit (g.d,— 0),
this cannot be applied to our case where the wavelength of the open-pipe resonant mode is only

twice the total thickness of the bilayer. Furthermore, we confirmed that the full transfer matrix
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approach is the only one able to reliably predict the resonant frequencies extracted by the matrix
pencil method using finite element models. This approach contrasts with other models that might
ignore the influence of a boundary, such as treating a bilayer as a single material with elastic
properties corresponding to the linear average of the component layers. Our simulated
frequencies match the predictions of the open-pipe formulae employed in our analysis across a
wide range of acoustic mismatch between the bilayer and substrate. As shown by the red dashed
line in Fig. 4, the resonant periods predicted using bulk material properties clearly fail to match
those we observe as the Ta layer thickness is varied. Before analyzing the data further to
understand how layer properties may deviate from those of bulk materials, it is important to
consider how the presence of the typical tantalum pentoxide layer on Ta would affect our
measurements. Since every nanometer of Ta,Os that forms consumes approximately 0.4 nm of
Ta, we compare simulated dynamics of the Ni/Ta bilayer with nominal thicknesses to those of a
Ni/Ta/Ta,0s system with nominal Ni thickness and nominal Ta thickness minus 0.4 nm per
nanometer of added oxide. Given the literature values of all material properties, we find that the
resonant frequencies from the two simulations are the same within experimental error bars. This
finding can be explained by the fact that the presence of any thin (<0.5-1 nm) oxide layer is
essentially compensated by the Ta loss, so that it is reasonable to conduct our analysis assuming

the nominal Ni and Ta thicknesses and no oxide.

Therefore, we conclude that the discrepancy between the observed resonant periods and those
predicted by bulk material properties can be attributed primarily to changes in the elastic
properties of the ultrathin layers. We use vy; and vy, as our only fit parameters in a least-squares
optimization algorithm using Eqn. 5 to find the effective nano-layer velocities that provide the

best fit to the data. However, we find that the point from the Ni-only sample (at Ta thickness = 0
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nm) must be excluded to achieve a good fit to the rest of the data. The blue solid line in Fig. 4
displays the result, while the blue dotted lines mark the outer bounds determined by fitting the
diagonal extremes of the error bars on each data point. These fits indicate the effective nanoscale
vy = 5240 +40/-30 m/s and vz, = 5180 +150/-170 m/s. These values are significantly different
from the bulk values, vy; pux = 5600 m/s and vz, pux = 4100 m/s. Moreover, the best-fit vy; is
indeed significantly different from the value associated with the Ni-only resonant period, vi oy
= 5000 £ 10 m/s. This implies both that the 10 nm layer of Ni has different elasticity from that
expected for a bulk material and that it is further modified by the addition of the Ta layer.
Moreover, the two layers deviate from their bulk counterparts in opposite ways. We note that
there is no significant intermixing or alloying between the two materials beyond =0.5 nm around
the interface, since independent measurements on similar samples show that the magnetic
properties of the Ni layer match those of pure Ni,”® allowing us to discard intermixing as a

possible cause of the observed behaviors.

Fitting the data in this way presumes that the elastic properties of Ni and Ta are constant across
the entire set of samples. While this is a reasonable assumption for the constant 10 nm layer of
Ni, one could argue the Ta layer may well behave differently at a 1 nm thickness than for 6 nm.
Given the lower sensitivity of the measured oscillation periods to the Ta velocity in the thinnest
layers we examine, we can neither confirm nor rule out this possibility. Our set of measured
periods would be consistent with an effective velocity in Ta that varies from 5000 m/s at 6 nm to

about 6000 m/s for < 3 nm.

A number of mechanisms for nanoscale elastic changes in films and superlattices have been
proposed, with disparate trends and magnitudes. For example, the atomic layers near a surface

will exhibit different elastic constants than those deep within the bulk volume. This causes a
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larger portion of the free energy of the film to be surface energy, having effects that cannot be
ignored in reduced geometries.”” However, the surface elastic constants calculated by Shenoy”®
using these principles suggest a change that is at least an order of magnitude smaller than we
observe. Interface layers and bonding across them will also influence the effective elastic
constants we extract. In particular, the fact that the ultrathin Ni layer alone behaves differently
than the Ni layers under Ta lends evidence to the importance of these effects. Lattice mismatch
between different materials and residual stress influence free energy surface-to-volume ratios in
thin films. This has been used to explain some changes in elasticity, comparable to those we
observe, in the softening of Si thin films on SiO, substrate.”” However, the trends predicted by
more rigorous models®™' do not account for what we or Fedorchenko et al.”’ observe. Softening
due to a weak interfacial bond or equivalently interface layers with different properties than a
bulk-like core was modeled by Rossignol et al..® but notably their single parameter describing the
displacement discontinuity across the interface does not allow enough freedom to fit our data if
either bulk velocities, or vy; ony and the best-fit vz, are assumed. Ultrathin films are also prone to
large volume fractions of defects or soft intergrain areas between small grains.’**>> Stiffening
in layers as thick as those we study is less often observed, but it has typically been attributed to

3203435 In particular, Ogi et al.’> observe a

strain-induced changes in third-order elasticity.
correlation between measured out-of-plane strain and the stiffening of sub-10 nm Pt and Fe

films. However, to our knowledge, changes of the magnitude exhibited by our Ta layers have not

been previously observed in metallic films.

It is likely that a combination of effects that are inherently due to the dimensionality of the
materials, some lattice deformation from the interfaces between different materials, and

fabrication conditions contribute to the changes in elastic properties that we observe. Further
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characterization using multiple techniques to analyze film microstructure (as with transmission
electron microscopy — TEM) and lattice strain (as with X-ray diffraction — XRD), as well as
exploration of how fabrication techniques (for example, sputtering vs. atomic layer deposition —
ALD) and conditions (such as thermally cycling the film to impose different values of residual
stress in the samples) affect the elasticity changes, could illuminate more of the specific
mechanisms involved. Exciting multiple LAW resonances in the bilayers®’’ could also reveal

more about the importance of changes localized around interfaces.”

In conclusion, we employed the first demonstration of EUV-based SAW mass sensing to show
that the Ta-to-Ni density ratio in sub-10 nm bilayer films is not significantly changed from that
expected in bulk materials. However their elastic properties are significantly modified. In
particular, we observe that within the same bilayer, the ultra-thin films of Ni and Ta soften and
stiffen relative to their bulk counterparts, respectively. Finally, the presence or absence of the Ta
capping layer further influences the effective properties of the Ni layer. This work presents the
first combined measurement of elastic properties in ultrathin layers with mass-sensing
capabilities to date, and also represents the first work to date to distinguish the properties of two
materials within bilayers below 100 nm in thickness. This allows accurate assessment of
nanoscale material properties, which govern their strength, flexibility and reliability in a host of

nanostructured electronic, photovoltaic and thermoelectric devices.

Supporting Information Available: More detailed descriptions of the fabrication process,
calibration procedure and XRR measurements are given. This material is available free of charge

via the Internet at http://pubs.acs.org.
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