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Correlated force and contact-resonance versus displacement responses have been resolved using
load-dependent contact-resonance atomic force microscopy (AFM) to determine the elastic modulus
of low-k dielectric thin films. The measurements consisted of recording simultaneously both the
deflection and resonance frequency shift of an AFM cantilever-probe as the probe was gradually
brought in and out of contact. As the applied forces were restricted to the range of adhesive forces,
low-k dielectric films of elastic modulus varying from GPa to hundreds of GPa were measurable
in this investigation. Over this elastic modulus range, the reliability of load-dependent contact-
resonance AFM measurements was confirmed by comparing these results with that from picosecond
laser acoustics measurements.

At the core of technology advances in modern nano-
electronics is the knowledge and advantageous use of
material properties at the nanoscale. Mastering both
the electrical and mechanical properties of materials has
proven to be crucial in successful fabrication of new
integrated electronic systems. Since the invention of
atomic force microscopy (AFM)1, interrogation of me-
chanical properties at the nanoscale for electronics and
other technologies has been a propelling factor in devel-
oping various dynamic AFM-based techniques: contact-
resonance AFM (CR-AFM) (which includes atomic force
acoustic microscopy2 and ultrasonic atomic force mi-
croscopy3), ultrasonic force microscopy4, torsional har-
monic dynamic force microscopy5 amongst others.

In this work, we propose a novel procedure for mea-
suring the elastic modulus of nanoscale volumes probed
by AFM. The procedure is based on recording real-time
contact-resonance frequency versus force curves in the
range of small applied contact forces. The benefit of
working at small applied forces is that the mechanical
properties of materials in the form of samples of reduced
thickness (e.g., nanostructures6 and thin films7) can be
probed. The drawback is that controlling the applied
force in the range of adhesion forces can be a difficult
and deceiving task in CR-AFM measurements. How-
ever, much of the unknown error can be eliminated when
measurements are performed not simply at a single ap-
plied force but over a force range, such that the force
dependence of contact-resonance frequencies is measured.
Moreover, by correlating the measurements on a test ma-
terial with those on a reference, the need for accurate
measurements of some parameters (e.g., cantilever stiff-
ness and tip radius) is eliminated.8,9

We have tested the applicability of the proposed
method by performing load-dependent CR-AFM mea-
surements on low dielectric constant (low-k) materials:
amorphous hydrogenated silicon carbide (a-SiC:H) and
oxycarbide (a-SiOC:H) films. Mechanical properties of
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low-k dielectric films10,11 are vital for fabricating robust
architectures in copper interconnection-based electronics.
CR-AFM measurements were made on films of elastic
modulus in the range of GPa (compliant materials) to
hundreds of GPa (stiff materials) and thickness around
500 nm. The CR-AFM results were compared with those
from picosecond laser acoustics (PLA)12,13 measurements
made on samples of the same thickness but larger area.

All films used in these experiments were deposited on
300 mm Si(100) wafers using a high volume manufactur-
ing PECVD system at temperatures on the order of 400
◦C. The precursors used for deposition consisted of var-
ious combinations of SiH4, methylsilanes, H2, He, and
oxidizing gases. Young’s modulus for these films was
first determined by PLA. This ultrasonic technique re-
quires knowledge of the film density as well as Poisson’s
ratio. The film density for these films was determined
using an X-ray reflectivity technique14 and a Poisson’s
ratio of 0.25 was assumed. For the SiOC:H films, the
presence of porosity was checked using solvent diffusiv-
ity measurements described elsewhere.15 All film depo-
sition and subsequent measurements were performed in
high volume manufacturing, class 10 microelectronic fab-
rication clean rooms with relative humidity controlled to
40± 1 %.

CR-AFM exploits the sensitivity of AFM cantilever
resonances to the elastic properties of materials probed.
The shifts experienced by the resonance frequencies of
a cantilever when the AFM probe is brought from air
into contact are converted into the elastic modulus of the
material tested. First, a clamped-spring coupled beam
model2 is used to determine the contact stiffness from
the measured cantilever dynamics and, second, an ade-
quate contact mechanics model is needed to convert con-
tact stiffness into elastic modulus. Nominally, CR-AFM
measurements are performed at a fix applied force, a few
times greater than the adhesion force between the probe
and material. With these precautions, (i) the applied
force can be easily controlled with a precision better than
10% even with a stiff cantilever (20 Nm−1 to 40 Nm−1)
and (ii) the contact can be described by simple contact
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mechanics models that neglect the contribution of adhe-
sion forces (e.g., Hertz model16). The approach followed
in the present work was to measure the contact reso-
nance frequencies while the AFM probe was gradually
brought in and out of contact with the sample. In these
excursions, the applied force was varied back and forth
from the adhesion force - when the contact was first es-
tablished, to forces about three times the adhesion force
(250 nN to 300 nN) - at the maximum applied force.

The force-dependent CR-AFM measurements were ac-
complished by connecting additional LabVIEW (Na-
tional Instruments, Austin, TX) instrumentation to a
commercial AFM (Veeco MultiMode III, Santa Barbara,
CA).17 Force versus displacement and contact-resonance
frequency versus displacement responses were acquired
in the following way: at a given tip-sample separation,
the AFM z-piezo and low-frequency photodiode voltages
were read to determine the position and applied force
and then the resonance frequency of the cantilever was
identified by sweeping the frequency of the imposed can-
tilever vibration in the kilohertz to megahertz range.
This procedure was repeated at incremental steps of the
z-piezo scanner during the approach and retract excur-
sions. An example of such responses is shown in Fig. 1
for an a-SiOC:H film (elastic modulus around 90 GPa).
The AFM probes (R150-NCL NanoSensors, Neuchatel,
Switzerland)17 were single-crystal Si cantilevers made
with integrated Si tips. The well-defined tip radius of
150 nm was found to provide stable tip-sample contact
during measurements. As can be seen in Fig. 1, with
the cantilevers (spring constant, kc, around 30 Nm−1)
and modulation amplitude (less than 1 nm) used, the
resonance frequencies were sensitive only in the regime
of repulsive contact forces but not in the attractive non-
contact region.

In the presence of adhesive forces, the elastic defor-
mation experienced by two objects pressed into con-
tact is analytically solved in two limiting cases: the
Johnson-Kendall-Roberts (JKR) model,18 which includes
the short-range adhesion between relatively compliant
objects with large radii of curvature, and the Derjaguin-
Müller-Toporov (DMT) model,19 which considers the
long-range adhesion between relatively stiff objects with
small radii of curvature. With either of these models, the
quantity needed for interpreting CR-AFM measurements
is the normal contact stiffness. In the elastic deformation
domain, the normal contact stiffness between two objects
in contact is defined as the normal force gradient applied
on the contact (the derivative of the normal force acting
at the contact with respect to the relative displacement
of the objects along the direction of the applied force).
Thus, the normal contact stiffness kn between a spher-
ical tip of radius RT and a flat surface depends on the
applied normal force Fn as

kn,JKR = (6RTFnE
?2)1/3
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FIG. 1: (a) Static (dashed line) and dynamic (continuous line)
force versus displacement responses for an a-SiOC:H film of
elastic modulus around 90 GPa. (b) The contact-resonance
frequency versus displacement responses were acquired during
the dynamic approach and retract excursions shown in (a).

in the JKR model and

kn,DMT = (6RTFnE
?2)1/3(1 + ξ)1/3 (2)

in the DMT model, respectively, with ξ = Fad/Fn be-
ing the adhesion force normalized by the applied normal
force. In the above equations, the indentation moduli of
the tip MT and sample MS are included in the reduced
elastic modulus, E? = 1/(1/MT + 1/MS). For simplicity,
we assume here elastic isotropy, in which case the inden-
tation modulus is simply defined in terms of the Young’s
modulus E and Poisson’s ratio ν, M = E/(1− ν2).

For each tested sample, force-dependent CR-AFM
measurements were bracketed by measurements on a ref-
erence Si(100) wafer. In addition to force-dependent CR-
AFM measurements made on test samples only,20 the
benefit of using the test/reference contact stiffness ra-
tio is that, as can be seen with either (1) or (2), any
dependence on the tip radius is eliminated. To calcu-
late the test/reference contact stiffness ratio, a common
force range was identified in the retraction stages of the
recorded force vs displacement and contact-resonance fre-
quency vs displacement responses on the tested and ref-
erence materials. In Fig. 2, this contact stiffness ratio
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FIG. 2: Force dependence of the contact stiffness on an a-
SiOC:H film normalized to the contact stiffness on Si(100).
The symbols are the results of force-dependent CR-AFM mea-
surements and the curves represent the fits provided by the
DMT and JKR models in various cases. When either the
DMT or JKR model was used for both test (a-SiOC:H film)
and reference (Si(100)) materials, a good fit was obtained with
the following fit parameters: Mfilm = 90 GPa, Fad,film = 70
nN, MSi(100) = 165 GPa, Fad,Si(100) = 190 nN. Slightly dif-
ferent fit parameters, Mfilm = 93 GPa, Fad,film = 80 nN,
MSi(100) = 165 GPa, Fad,Si(100) = 190 nN, generated a good
fit in the case when the DMT model was considered for the
tip-reference contact and the JKR model for the tip-test con-
tact.

is shown for an a-SiOC:H film and Si(100) at forces less
than 200 nN. Over the same force range, equations (1)
and (2) were used to calculate the theoretical expres-
sions for the test/reference contact stiffness ratio in the
JKR and DMT models, respectively. In the range of
small forces considered here, the necessity of acknowledg-
ing the contribution of adhesion forces to CR-AFM mea-
surements is motivated by the non-zero values of contact
stiffness unmistakably observed at zero applied force.

Good data fits were obtained with both models by ad-
justing the fit parameters in each case: the indentation
modulus of the test material and the adhesion forces at
pull-off on the test and reference materials. The fit val-
ues of the adhesion forces were found to be closer to the
pull-off values measured in the dynamic force-distance
curves rather than that observed in their static counter-
parts. It is conceivable (refer to Fig. 1) that in the dy-
namic measurements, the mechanical modulation altered
the snap-on and pull-off contact forces. Slightly different
parameters generated the best fit for two different cases
considered (see Fig. 2): (1) either JKR or DMT model
for both tip-sample and tip-reference contacts or (ii) JKR
model for the tip-sample contact and DMT model for the
tip-reference contact. Nominally, only in the case of zero
adhesion force,8,9 does the test/reference contact stiffness
ratio eliminate the error introduced by the uncertainty in

200

150

100

50

0

E
C

R
A

F
M

 (
G

P
a

)

200150100500

EPLA (GPa)

 a-SiC:H

 a-SiOC:H

FIG. 3: Elastic modulus as determined from CR-AFM mea-
surements versus elastic modulus as measured by PLA tech-
nique.

the cantilever’s spring constant kc. However, even when
adhesion forces are considered, the uncertainty in kc has
a minor effect if the test/reference contact stiffness ratio
is used. Thus, even a ± 15 % uncertainty in kc (a quite
large uncertainty) would only introduce an uncertainty of
less than ± 3 % in the calculation of the elastic modulus
of the material tested. Relatively small surface roughness
(average roughness between 0.4 nm and 0.6 nm) was mea-
sured for both a-SiC:H or a-SiOC:H films investigated in
this work. As such, the contact mechanics considered
was that for smooth surfaces with no surface roughness
taken into account for the elastic modulus calculation.21

No correlations between porosity, surface roughness, and
determined elastic modulus were observed.

For each measured low-k thin film, the indentation
modulus M determined from CR-AFM measurements
was converted into Young’s modulus E by using the
isotropic relationship, E = M(1 − ν2), with a Pois-
son’s ratio ν = 0.25. It is conceivable that small cor-
rections to the Young’s modulus calculated in this way
would be imposed by a Poisson’s ratio that is charac-
teristic of each film. Such corrections could be provided
by additional elastic property characterization (e.g., Bril-
louin light scattering13). In Fig. 3 are shown the results
of CR-AFM measurements versus PLA over the investi-
gated range of elastic modulus from 10 GPa to 160 GPa.
The CR-AFM values were calculated by using the DMT
model for both tip-test and tip-reference contacts. Al-
ternatively, when the DMT model was considered for
the tip-reference contact and JKR for the tip-test con-
tact, small variations in the fit parameters (within 5
% for the elastic modulus and 10 % for the adhesion
force) for compliant materials (E < 100 GPa) and al-
most negligible variations for stiffer materials (E > 100
GPa) were observed. By comparing the elastic moduli
measured by CR-AFM and PLA, an average value of
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|1−ECR−AFM/EPLA|avrg = 23% was calculated for their
relative deviations. Although based on different physical
concepts, CR-AFM and PLA show excellent agreement
and assure, in this way, the confidence of using CR-AFM
for local elastic modulus measurements on nanometer-
sized samples of elastic modulus in the range of GPa to

hundreds of GPa.
The CR-AFM approach developed here complements

other implemented5 or proposed22,23 dynamic tip-sample
interaction AFM techniques for quantitative interroga-
tion of nanoscale mechanical properties of compliant ma-
terials for advanced electronic and other applications.
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