APPLICATION NOTE

Full Nanomechanical Characterization of Ultra-Thin Films
Nanoindentation, Nanoscratch, and ScanningWear™ of TiN Thin Films on the TI 950 TriboIndenter®
Recent trends in the miniaturization of devices and a
decreasing size scale in high-tech application components
dictates a change in the way materials are traditionally
tested. Quantitative material characterization at nanoscale
cannot be reliably performed using traditional techniques
such as tensile testing or AFM. True nanoscale sensitivity
and the ability to be quantitative are necessary to understand
the structure and properties of nanoscale components in
ordered to achieve desired performance.
The Hysitron TI 950 TriboIndenter equipped with the
performech™ advanced control module provides the force
and displacement sensitivity neccesary to test materials
and structures requiring such nanoscale precision.

Ultra-Thin Films
Ultra-thin films (hundreds of nanometers or less) are a
prime example of a high-tech application that requires
such nanoscale characterization. Optimizing thin film
properties requires a well-understood relationship between
processing parameters, modeling, and model confirmation
through novel testing techniques.
Ultra-Thin Film Applications:

Figure 1. Post-test in-situ SPM image of an indent, scratch, and ScanningWear test
within a 5 µm test area.

In-Situ Testing Techniques Used:
• In-situ SPM imaging: for qualitative surface

analysis before and after testing and quantifying surface
roughness
• Nanoindentation: for quantitative material properties

•

Microelectronics

including hardness, modulus, and stiffness; depth
profiling

•

Optics and optical coatings

• Nanoscratch: ramping force nanoscratch for

•

MEMS devices

•

Hard and corrosion resistant coatings

•

Photovoltaics

•

Shape memory alloys
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quantification of film delamination/breakthrough
• Nanoscratch: reciprocating nanoscratch for tribology,

friction, and wear failure
• ScanningWear: for wear resistance and wear volume

quantification
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TiN Thin Film Sample Information

To demonstrate full nanomechanical characterization of
ultra-thin films using Hysitron’s state-of-the-art TI 950
TriboIndenter, sets of TiN thin films were prepared
using different sputtering techniques. Subtle differences
in nanomechanical properties between films prepared
under different sputtering conditions are shown to
be clearly discernable by combining analyses from a
full nanomechanical characterization suite, which are
identified in the following list of technques.
50 nm and 150 nm TiN thin films on quartz glass substrates
were prepared using a series of sputtering techniques. Four
sets of samples were prepared, with different sputtering
parameters for each set, as summarized in Table 1.
Figure 2. 2 µm, 2-D topographical in-situ SPM image of the Sample 1 surface.
Table 1. Sputtering conditions used for film preparation.

Nanomechanical Testing
In-Situ SPM Imaging

Nanoindentation
Load-controlled indentation tests were performed on each
sample to determine the hardness and reduced modulus
of each film. Tests were performed using a NorthStarTM
cube-corner probe with a radius of curvature < 30 nm.
Eight indents were performed on each sample, with peak
indentation loads of 45 µN for the 50 nm films and 60
µN for the 150 nm films. Each indent consisted of a fiveTable 2. RMS roughness values calculated from 2 µm in-situ SPM images of each
sample suface.

As the pioneer of scanning nanoindentation, Hysitron’s insitu Scanning Probe Microscopy (SPM) imaging technique
provides nanomechanical testing results superior to other
similar mechanical testing platforms. High-resolution insitu SPM images are captured utilizing the same probe
used for nanomechanical testing.
A representative 2 µm, 2-D topographical in-situ SPM
image obtained on Sample 1 is shown in Figure 2. Similar
images obtained on all samples were used to for qualitative
surface characterization to identify ideal locations for
nanoindentation tests. These images were also used to
calculate surface roughness for each sample.
A general rule of thumb when testing thin films is to
test only the first 10-20% of the film thickness to avoid
substrate effect on measurements.
RMS surface roughness values calculated for each sample
are shown in Table 2.

second loading, a two-second hold, and a five-second
unloading.
A representative 2 µm, 2-D topographical in-situ
SPM image obtained on Sample 6 after a 60 µN loadcontrolled nanoindentation test is shown in Figure 3.
Similar post-indentation images were captured for each
nanoindentation test to ensure indents were performed in
desired locations.
Samples with the highest measured mechanical properties
(Er, H) from nanoindentation will be considered to have
optimal properties, and thus will correlate to having

Table 3. Er, H, and hc data from load-controlled nanoindentation tests.

Figure 3. 2 µm, 2-D topographical in-situ SPM image of the Sample 6 surface after
a 60 µN load-controlled nanoindentation test.

optimal sputtering deposition parameters.

Figure 4. Plots of Er and H data from 45 µN nanoindentation tests on 50 nm TiN
thin film samples.

Using this guideline, results listed for 50 nm TiN samples
in Table 3 and shown in Figure 4 show the ranking order
of optimal mechanical properties to be Sample 1, 3, 2, and
4.
Similarly, for 150 nm TiN films, the ranking order would
be Sample 5, 6, 8, and 7 as shown in Figure 5.
These load-controlled nanoindentation results indicate
that the sputter deposition conditions used to fabricate
Samples 1 and 5 were the best used for this sample set.
The low noise floors inherent to the performech controller
on the TI 950 TriboIndenter provided the sensitivity to
quantitatively distinguish property differences in films
created under different sputtering conditions.
Additionally, one should note the difference in mechanical
properties for samples with differing film thicknesses
created under like sputtering conditions. Measured
mechanical properties of all 150 nm TiN films were higher
than 50 nm counterparts created under like sputtering
conditions. This is a clear case of a hard film on soft
substrate effect. Mechanical property measurement of the
thinner TiN layer for 50 nm samples was more affected
by the relatively soft glass substrate than 150 nm samples;
thus mechanical properties measured for 50 nm samples
were lower in value than those of 150 nm samples.

Figure 5. Plots of Er and H data from 60 µN nanoindentation tests on 150 nm TiN
thin film samples.

Depth Profiling Nanoindentation
Five partial-unloading indents were also performed on
each sample. These indents consisted of 30 cycles of
loading with a progressively increasing load. Each cycle
included a one-second loading, a one-second hold, and a
one-second unloading. The peak loads were 200 µN for
the 50 nm films and 1000 µN for the 150 nm films. The
unloading segments of each indent were then analyzed to
determine hardness and reduced modulus.
Figure 6 shows depth profiles of Er and H from sets of five
200 µN partial-unload indents performed on each of the
four 50 nm TiN film samples.

cycle nanoindentation data of 50 nm samples, indicating
excellent agreement between nanoindentation methods.

Reduced Modulus

Hardness

Figure 6. Depth profiles of Er and H data from 200 µN partial-unload
nanoindentation tests on 50 nm TiN thin film samples.

Depth profiling results for 150 nm films shown in Figure
7 show the ranking order for mechanical properties to
be Sample 5, 6, 8, and 7. Similar to 50 nm samples, the
ranking order for 150 nm samples from depth profiling
nanoindentation is the same found from single-cycle
nanoindentation data, again demonstrating excellent
agreement between nanoindentation methods.
Substrate effect on mechanical property measurement
of hard films on soft substrates is illustrated much more
clearly in depth profiling results shown in Figures 5
and 6 than discerned from single-cycle nanoindentation
results. Both Er and H measured using depth profiling
nanoindentation on all samples shows a logarithmically
decreasing trend as a function of indenter contact depth.

Ramping Force Nanoscratch

Reduced Modulus

Hardness

Five load-controlled ramping force scratch tests were
performed on each sample to determine the critical load
of each film. The scratch tests were performed using
a diamond 90° conical probe with a 100 nm radius of
curvature. The peak loads for the ramping force scratch
tests were 1000 µN for the 50 nm films and 2500 µN for
the 150 nm films. Each scratch consisted of a 6 µm scratch
length and a 30-second duration.
A representative 10 µm, 2-D topographical in-situ SPM

Figure 7. Depth profiles of Er and H data from 1000 µN partial-unload
nanoindentation tests on 150 nm TiN thin film samples.

Figure 7 shows depth profiles of Er and H from sets of five
1000 µN partial-unload indents performed on each of the
four 150 nm TiN film samples.
Similar to analysis of the single-cycle nanoindentation
data, depth profiling nanoindentation results can be ranked
according to highest measured mechanical properties.
Using this ranking system, depth profiling results shown
for 50 nm TiN films in Figure 6 show the ranking order
for highest mechanical properties to be Sample 1, 3, 2,
and 4. This ranking order is the same found from single-

Figure 8. 10 µm, 2-D in-situ SPM image of the Sample 3 surface after a 1000 µN
ramping force nanoscratch test.

image obtained on Sample 3 after a 1000 µN ramping force
nanoscratch test is shown in Figure 8. Similar post-scratch
images were captured for each ramping force nanoscratch
test to ensure tests were performed in desired locations,
for post-test qualitative surface characterization, and for
quantitative nanoscratch depth analysis.
Representative plots of normal displacement and lateral
force versus time from a ramping force nanoscratch test
are shown in Figure 9. These data plots show distinct
changes in curve profiles (circled) corresponding to film
failure/delamination events occurring during the ramping
force nanoscratch test. The normal load and displacement
associated with such critical events displayed in the data
are defined as critical load (Pcrit) and critical depth (hcrit),
respectively. In addition, using this quantitative data
in conjunction with post-test in-situ SPM images (as
shown in Figure 8) provides additional information for
characterization, including the ability to confirm critical

event identification.
Normal displacement versus time data from a
representative set of five identical 6 µm, 1000 µN
ramping force nanoscratch tests performed on Sample 1 is
shown in Figure 10. The consistent overlap of all curves
demonstrates exceptional repeatability in the ramping
force nanoscratch method utilized for this experiment.

Figure 10. Plot showing normal displacement versus time data from a set of five
ramping force nanoscratch tests performed on Sample 1. The overlap in the curves
demonstrates the repeatability and precision of the nanoscratch technique.
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Averaged critical load and critical depth data from ramping
force nanoscratch tests performed on all samples are listed
in Table 4.
Figure 11 shows plots of Pcrit and hcrit data from 1000
µN ramping force nanoscratch tests performed on 50
nm samples, and Figure 12 shows Pcrit and hcrit data from
similar 2500 µN tests on 150 nm samples.
Samples with the highest Pcrit and hcrit from ramping force
nanoscratch tests will be considered to have optimal
scratch resistance properties, and thus will correlate to
having optimal sputtering deposition parameters.
Using this guideline, results listed for 50 nm TiN samples
in Table 4 show the ranking order of optimal scratch
resistance properties to be Sample 1, 3, 2, and 4.
Similarly, for 150 nm TiN films, the ranking order would
be Sample 5, 8, 6, and 7.

Figure 9. Representative plots of normal displacement and lateral force versus time
from a 1000 µN ramping force nanoscratch test on Sample 1. Critical events in the
data are circled and correspond to Pcrit and hcrit.

These ramping force nanoscratch results indicate that the
sputter deposition conditions used to fabricate Samples

Table 4. Pcrit and hcrit data from ramping force nanoscratch tests.

sensitivity and precision provides relevant nanotribological
information unattainable using conventional macro- and
micro-scale wear testing methods.
Reciprocating nanowear tests were performed on all
samples. Representative TriboImage™ plots showing
friction and normal displacement (on a color scale) versus
lateral position and reciprocating scratch segment from a
reciprocating scratch performed on Sample 6 are shown in
Figure 13. A breakthrough event is revealed at segment 14
by distinct changes in friction and normal displacement.
Table 5. Reciprocating nanoscratch loads used on each sample.

Figure 11. Plots of Pcrit and hcrit data from 1000 µN ramping force nanoscratch tests
on 50 nm TiN film samples.

A representative 10 µm, 2-D topographical in-situ
SPM image obtained on Sample 6 after a reciprocating
nanoscratch test is shown in Figure 14. Similar post-test
images were captured for each reciprocating nanoscratch
test to ensure tests were performed in desired locations,
post-test qualitative surface characterization, and
quantitative nanoscratch depth analysis.

Figure 12. Plots of Pcrit and hcrit data from 2500 µN ramping force nanoscratch tests
on 150 nm TiN film samples.

1 and 5 were the best used in this experiment. This
conclusion agrees perfectly with results found from singlecycle nanoindentation.

Reciprocating Nanoscratch
Constant load values used for 30-segment reciprocating
nanoscratch tests were defined to equal approximately 25%
of the Pcrit values found from ramping force nanoscratch
tests on respective samples. Peak loads utilized for
reciprocating nanoscratch tests on each sample are listed
in Table 5. Multiple cycle wear testing with nanoscale

Furthermore, results shown in Figures 13 indicate that
the probe continues to wear into the substrate material as
evidenced by the normal displacement data. This substrate
wear observation is also shown in a post-test in-situ
SPM image in Figure 14, in addition to clearly showing
delamination of the TiN film from the substrate material.
Associated plots of friction and probe displacement versus
scratch segment number are shown in Figure 15.

ScanningWear™
ScanningWear tests were performed on each sample using
a diamond cube-corner probe. Each test consisted of
eight passes with a scan size of 5.5 µm. Wear tests were
perfromed at normal loads of 125 µN, 175 µN, and 225
µN on each sample. After each wear test was completed,
the wear areas were imaged using an 11 µm scan size.
These images were then analyzed to determine whether
film failure had occured.
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Figure 13. TriboImage plots of friction and normal displacement from a
reciprocating nanoscratch test on Sample 2. A breakthrough/delamination event
and continued wear of the underlying substrate layer can be discerned from the
plots.

Three representative 11 µm, 2-D topographical in-situ
SPM images of the Sample 3 surface after 5.5 µm, eightpass reciprocating nanowear tests utilizing peak loads of
125 µN, 175 µN, and 225 µN are shown in Figure 16.
Images with associated wear forces of 125 µN, 175 µN,
and 225 µN showed no film failure, partial film failure,

Figure 15. Plots of friction (top) and z-displacement (bottom) versus segment # from
a 30-segment, 400 µN reciprocating nanoscratch test on Sample 5.

and full film failure, respectively, based on post-test
z-heights of 5.5 µm nanowear areas.
Results from 8-pass, 5.5 µm wear tests utilizing peak
loads of 125 µN, 175 µN, and 225 µN performed on each
sample are summarized in Table 6.
Results shown in Table 6 indicate if film failure occurred
during nanowear tests under several loads, but no film
failure occurred using specified loads on 150 nm; thus,
subsequent analysis will be based on nanowear results for
50 nm samples only.

Figure 14. 10 µm in-situ SPM image after a reciprocating nanoscratch test on
Sample 5. Film delamination/breakthrough and continued wear into the substrate
layer are confirmed by post-test SPM analysis.

Nanowear results on 50 nm samples can be ranked for
best wear resistance by examining and summing film
failure at each load. Using this ranking system, results in
Table 6 show the ranking order for best wear resistance
to be Sample 1, 3, and 2/4 (tie), indicating the sputtering
conditions used to fabricate Sample 1 were optimal for
this sample set.

Table 7. 50 nm TiN thin film sample rankings for best mechanical properties
measured using various nanomechanical characterization techniques.

Table 8. 150 nm TiN thin film sample rankings for best mechanical properties
measured using various nanomechanical characterization techniques.

mechanical properties out of all samples tested, indicating
the sputter deposition conditions used to create these
samples were the best out of all deposition conditions
used.
Figure 16. 11 µm, 2-D topographical in-situ SPM images of the Sample 3 surface
after nanowear tests utilizing peak loads of 125 µN (top left), 175 µN (top right),
and 225 µN (bottom).
Table 6. Film failure results from nanowear tests on all samples. Film failure is
indicated as full, partial, or none.

Full Nanomechanical
Characterization Analysis
Optimal mechanical property rankings have been assigned
according to results from nanoindentation, nanoscratch,
and nanowear methods. These rankings are summarized
in for 50 nm samples and 150 nm samples in Tables 7 and
8, respectively.
Results listed in Tables 7 and 8 demonstrate exceptional
agreement between nanomechanical testing modes. All
testing modes show Samples 1 and 5 to have the best

Conclusion
In this work, nanomechanical characterization utilizing
several testing modes provided exceptional understanding
of material properties of 50 nm and 150 nm TiN thin film
samples created under a variety of sputter deposition
conditions. Excellent agreement in results between
various testing modes has strengthened the reliability
of results from individual testing modes. The two films
deposited using DC sputtering were observed to exhibit
superior mechanical properties, with the thicker 150 nm
film outperforming the thinner 50 nm films.
Additional in-situ nanomechanical characterization
techniques can reveal even more information on ultrathin films. Modulus Mapping™ can provide true,
quantitative mechanical properties of the film surface (1-2
nm penetration depth), which can eliminate the hard film
on soft substrate effect observed in these films. Other
techniques include acoustic emission sensing, nanoscale
electrical contact resistance characterization, and fracture
toughness measurement, all methods that can be carried
out on Hysitron nanoindentation systems.
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