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tomic force microscopy (AFM) is a

powerful tool for high-resolution

characterization of surfaces, nano-
tribology investigations, and nanoscale
manufacturing. The resolution of AFM-
based measurements is critically depend-
ent on the geometry of the probe tip and
is strongly affected by the degradation of
the tip through processes such as wear. The
durability of the tip and an understanding
of the processes that lead to changes in tip
geometry have taken on greater impor-
tance recently as nanoscale tips are increas-
ingly being used in metrology, manufactur-
ing, and device applications in which a
single probe may be used numerous times
and scanned over distances of millimeters
to kilometers during its life. Specific applica-
tions that push the limits of tip durability in-
clude nanolithography,' 3 tip-based nano-
manufacturing,* nanoscale metrology for
the semiconductor industry,>® and probe-
based data storage.”®

There is a critical need for experimental
methods that allow for the systematic
evaluation of the life span of nanoscale tips
and permit the assessment of new types of
probes made of more wear-resistant mate-
rials, such as carbon-based materials.>'® In
the present work, we report a quantitative
experimental approach for characterizing
the wear of atomic force microscope
probes. Using a combination of techniques,
the evolution of the geometry and surface
properties of the tip are quantified as a
function of scanning distance. The method
is demonstrated by measuring wear of con-
ventional silicon and silicon nitride tips.
There are several reports in which the

wear of atomic force microscope tips has
been investigated. Early studies examined
the wear of silicon nitride (SiN,) tips scanned
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ABSTRACT Atomic force microscopy (AFM) is a powerful tool for studying tribology (adhesion, friction, and
lubrication) at the nanoscale and is emerging as a critical tool for nanomanufacturing. However, nanoscale wear
is a key limitation of conventional AFM probes that are made of silicon and silicon nitride (SiN,). Here we present
a method for systematically quantifying tip wear, which consists of sequential contact-mode AFM scans on
ultrananocrystalline diamond surfaces with intermittent measurements of the tip properties using blind
reconstruction, adhesion force measurements, and transmission electron microscopy (TEM). We demonstrate
direct measurement of volume loss over the wear test and agreement between blind reconstruction and TEM
imaging. The geometries of various types of tips were monitored over a scanning distance of approximately 100
mm. The results show multiple failure mechanisms for different materials, including nanoscale fracture of a
monolithic Si tip upon initial engagement with the surface, film failure of a SiN,-coated Si tip, and gradual,
progressive wear of monolithic SiN, tips consistent with atom-by-atom attrition. Overall, the method provides a
quantitative and systematic process for examining tip degradation and nanoscale wear, and the experimental

results illustrate the multiple mechanisms that may lead to tip failure.
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on silicon (Si) surfaces under applied loads
of 20—100 nN.""'?2 Changes in tip geometry
were characterized by direct imaging with
another AFM tip'! and by inverse imaging
using an etched Si surface for tip character-
ization."? The observed changes in tip ge-
ometry were attributed to several wear
mechanisms, including adhesion, plastic de-
formation, and low cycle fatigue."""'> More
recent work has explored wear under differ-
ent environmental conditions, including dif-
ferent temperatures, humidity, background
gases (laboratory air, dry nitrogen), and lig-
uid at the tip—sample junction (e.g., water,
potassium hydroxide).”>~'® One recent
study of Si tips on a polymer surface per-
formed wear tests to large scanning dis-
tances (up to 750 m) and observed smooth
and continuous evolution of the tip that
was attributed to an atom-by-atom wear
process.'® Beyond silicon, other materials
(usually coated onto a Si tip), including
diamond, diamond-like carbon (DLC),
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Figure 1. TEM images of the Si tip (a—c), the SiN,-coated Si tip (d—f), the sharpened SiN, tip (g—i), and the unsharpened
SiN, tip (j—I) before use, after acquiring 20 AFM images, and after acquiring 100 AFM images.

platinum, and polymers,'7?°~22 have been character-
ized in order to investigate nanoscale wear behavior of
materials beyond those typically used for AFM probes.
Most recently, tips made of ultrananocrystalline dia-
mond (UNCD)?*?* and DLC® have been fabricated and
demonstrate a significant improvement in wear resis-
tance over conventional Si-based probes. Advanced tip
imaging techniques such as field emission scanning
electron microscopy (FESEM) and high-resolution trans-
mission electron microscopy (HRTEM) have been em-
ployed recently to characterize the structural changes
of silicon and diamond-coated tips after repeated
scanning.'®? The tip volume loss due to wear has been
estimated through inverse imaging of the tip,'? using
blind reconstruction data,?' direct imaging in AFM,'®
and from SEM and TEM images taken before and after
wear scans.>'8

While these studies have illustrated the susceptibil-
ity of AFM tips to degradation via wear and demon-
strated multiple approaches for characterizing tip ge-
ometry, there are several important limitations. First, in
much of the previous work, both the tip and the surface
experienced wear due to the modest hardness of the
surfaces on which the tip was scanned. This adds com-
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plexity to accurately quantifying the wear of the tip
through techniques such as blind reconstruction and
inverse imaging. Systematic measurements of tip ge-
ometry and volume loss during the course of wear tests
that are free of artifacts due to changes of the surface
are essential for quantifying the nanoscale wear of tips.
Second, the previous body of work has demonstrated
many different techniques to characterize the tip geom-
etry, but it has not provided a careful comparison be-
tween the different methods that allow the accuracy of
the techniques to be verified. Finally, no study has sys-
tematically performed wear measurements under the
action of adhesive forces alone (e.g., zero externally ap-
plied force), the condition that is typically used in
contact-mode AFM measurements. Adhesive forces be-
tween the tip and sample are significant, and substan-
tial wear can occur under solely these forces.?

RESULTS AND DISCUSSION

Four types of commonly used, commercially avail-
able AFM tips were scanned on the sample in contact
mode under adhesion forces alone for a total travel dis-
tance of 102.4 mm over the course of 100 images: (1) a
single-crystalline silicon tip (“Si”), with a high aspect ra-
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Figure 2. Overlaid TEM images of the Si tip (a), SiN,-coated
Si tip (b), sharpened SiN, tip (c), and unsharpened SiN, tip (d)
before use, after acquiring 20 AFM images, and after acquir-
ing 100 AFM images. The overlap of TEM images shows the
evolution of tip geometry during scanning.

tio geometry resulting from a reactive ion etching (RIE)
process; (2) a similar RIE-etched single-crystalline silicon
tip with a silicon nitride coating (“SiN,-coated Si”); (3) a
sharpened silicon nitride tip with a pyramidal shape
produced by depositing SiN, into an oxidation-
sharpened Si mold? (“sharpened SiN,”); and (4) an un-
sharpened silicon nitride tip made by depositing SiNy in
a silicon mold (“unsharpened SiN,”). At periodic inter-
vals during the scanning, the tip geometry and
tip—sample interaction were monitored using a combi-
nation of TEM, pull-off force measurements, and tip ra-
dius measurements obtained through a blind
reconstruction.

The sample surface used for all measurements was
a hard ultrananocrystalline diamond (UNCD) film de-
posited on a Si substrate. The UNCD sample serves
three roles: as a hard material that wears the tip with-
out becoming worn itself; as a sample with topographic
features that allow the imaging performance of the tip
to be assessed; and as a tip shape calibration sample
whose small-scale roughness allows the tip geometry
to be determined using the blind reconstruction
method. The commercially available SPIP software
package was used for performing the blind reconstruc-
tion (see Experimental Methods for details).

Tip Geometry and Imaging Performance. TEM micrographs
of all four tips considered in this study are shown in Fig-
ure 1 at three different points in the wear test: before
use, after 20 AFM images (sliding distance of 20.5 mm),
and after 100 AFM images (sliding distance of 102.4
mm). The unworn Si tip started with a sharp apex with
a radius of less than 10 nm, as shown in Figure 1a. This
shape leads to the change in contrast along the shank
of the tip seen in Figure 1a—c. After traveling a distance
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of 20.5 mm on the UNCD surface, the tip is signifi-
cantly blunter. It is clear that the tip fractured, as the
original end portion of the tip is attached to the side
wall of the remaining tip in the image (Figure 1b). The
fracture of Si tips in this manner was observed to occur
frequently in subsequent tests. As the travel distance in-
creased to 102.4 mm, little tip wear was observed (Fig-
ure 1b,c). However, additional debris and contamina-
tion became attached to the lower side of the tip
(Figure 1c).

The SiN,-coated Si tip, with a larger initial tip radius
of ~15 nm due to the silicon nitride coating, showed
gradual tip wear (Figure 1d—f). Contrast differences in
the TEM micrographs indicate the existence of the SiN,
layer, and the large bump on the upper side provides a
reference to track the evolution of the tip due to wear.
The sharpened and unsharpened monolithic SiN, tips
both showed continuous gradual wear and the accu-
mulation and loss of contaminant particles attaching on
the side of the tip over the course of the wear test (Fig-
ure 1g—1).

The TEM images at different scan intervals for each
tip are aligned and overlaid in Figure 2 to allow for bet-
ter visualization of the changes in tip geometry over
the course of the wear tests. As shown in Figure 2a, the
Si tip experienced a significant change in geometry
and loss of material during the first 20.5 mm of sliding,
largely due to tip fracture, and then exhibited relatively
little material loss from 20.5 to 102.4 mm. In contrast,
the other three tips appear to exhibit gradual and pro-
gressive wear over the 102.4 mm scan distance.

The corresponding 3-D AFM topography images of
the UNCD surfaces acquired with the four tips at differ-
ent points in the wear test are shown in Figure 3. De-
spite the small initial tip radius (less than 10 nm) of the
Si tip observed by TEM prior to AFM imaging (Figure
1a), the first AFM image obtained in Figure 3a does not
exhibit better resolution than the first topographic im-
ages acquired with the other tips that have radii at least
twice as large (Figure 3d,g,j). Also, Figure 3a,b contains
repeated, slanted features, indicative of tip artifacts cor-
responding to the cleavage plane of the fractured Si
tip denoted by the white dashed line in Figure 2a, sug-
gesting that the tip fractured during the tip engaging
process. The measurements with the three SiN, probes
show a gradual decrease in AFM image resolution with
increasing scan distance (Figure 3d—1); however, the
degradation of resolution for the unsharpened pyrami-
dal SiN, probe shown in Figure 3l is noticeably larger
than for all of the sharpened tips (Figure 3c¢f,i).

Quantification of Tip Radius and Adhesive Forces. Figure 4a
shows the tip radius determined from both TEM obser-
vation and blind reconstruction for all four tips as a
function of sliding distance, as detailed in the Experi-
mental Methods section. In general, there is good
agreement between the radii extracted from the two
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Figure 3. AFM topography images of 1T X 1 um? UNCD surfaces acquired by the Si tip (a—c), the SiN,-coated Si tip (d—f),
the sharpened SiN, tip (g—i), and the unsharpened SiN, tip (j—I) before wear, after acquiring 20 AFM images, and after ac-
quiring 100 AFM images. The height range (z-range) for all images is 100 nm.

methods (within 20%). This is the first report compar-
ing direct TEM imaging of an AFM tip at the <10 nm
scale with tip geometries obtained using blind recon-
struction. A clear trend of increasing tip radius with slid-
ing distance is observed for all probes, with a nearly
3-fold increase in radius observed over the course of
the wear test for some tips. In addition, the rate of in-
crease of tip radius with scanning distance slows pro-
gressively over the course of the test.

Adhesive forces between the tip and sample were
determined by pull-off force measurements (also com-
monly referred to as force—distance curves) periodically
throughout the wear scans. The pull-off force as a func-
tion of sliding distance is plotted in Figure 4b. The pull-
off forces increase by more than a factor of 2 for all of
the monolithic SIN, tips during the course of the wear
test. The pull-off force of the SiN,-coated Si tip increases
by a factor of 2.8 from images 40 to 60 and then de-
creases dramatically between images 60 and 70. Using
a contact mechanics analysis, as explained in the Experi-
mental Methods section, the work of adhesion values
(Figure 4c) between the tips and sample surface were
calculated based on the tip radii from blind reconstruc-
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tion (Figure 4a) and the pull-off forces (Figure 4b). The
overall work of adhesion values remained largely con-
stant during the 100 image wear tests, with the excep-
tion of the Si tip at the beginning of test, and the SiN,-
coated Si tip between images 40 and 60. For the tip
materials and TEM imaging conditions used here, no
observable changes to the tip occur due to exposure
of the tip to the TEM.

Fracture and Coating Failure. The comparable initial reso-
lution between the high aspect ratio Si tip and the other
larger radius tips as well as the slanted artifacts that ap-
pear in the first AFM images (Figure 3a) suggest that
the fracture of the Si tip apex likely occurred during the
initial contact between the tip and the UNCD surface.
This observation may also explain the high work of ad-
hesion of the Si tip at the beginning of the wear test
shown in Figure 4c. Specifically, the newly exposed sili-
con surface will rapidly oxidize and hydrolyze, leading
to a polar and hydrophilic surface with large surface en-
ergy. With time, molecular contamination will alter the
surface of the tip and reduce the surface energy. This ef-
fect is well-documented for freshly cleaned silicon wa-
fers.2®
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Figure 4. Plots of tip radius (a), pull-off force (b), and work
of adhesion (c), as a function of distance scanned for the four
tips.

The TEM and blind reconstruction images of the tip
indicate that the SiN,-coated Si tip experiences a
gradual change in tip shape with scanning. However,
the changes in the work of adhesion of the SiN,-coated
Si tip are more complex and suggest a change in both
geometry and surface chemistry with scanning. The
dramatic increase in work of adhesion for the SiN,-
coated Si tip starting at scan 50 can be better under-
stood by examining the TEM images of the tip near the
transition. In Figure 5, the work of adhesion data for
the SiN,-coated Si tip is replotted along with the corre-
sponding high-magnification TEM images of the tip
apex at scans 0, 60, and 100. At scan 60, the SiN, coat-
ing appears to be intact on the sides of the tip but is
completely removed at the bottom, leaving the under-
lying Si exposed. As with the freshly fractured Si tip, this
Si surface, when newly exposed, would be expected to
have a higher surface energy and would thus lead to a
higher work of adhesion between the tip and surface, as
was observed. After further time and scanning, the ex-
posed Si surface will experience further wear and may
become passivated. This results in a reduction of the
work of adhesion. A layer covering the Si at the bot-

www.acsnano.org

Work of adhesion (mJ/m?)

600

500

400

300

Image number

20 40 60 80 100

1

[—e—SiN;coated Si]

0

20 40 60 80 100
Distance scanned (mm)

Figure 5. Work of adhesion as a function of sliding distance
for the SiN,-coated Si tip. The insets are TEM images corre-
sponding to the tip before scanning, when the coating is un-
worn and low adhesion is observed; after 60 scans, when
the coating has failed and adhesion is high; and after 100
scans, when the surface becomes passivated and adhesion

decreases.

tom of the tip can be clearly seen in the TEM image
taken after image 100 (Figure 5).

Assessment of Tip Geometry Characterization Methods. TEM
and blind reconstruction from AFM topography im-
ages are used to characterize the tip geometry over
the course of the wear test. There are several factors
that must be considered when comparing the tip ra-
dius measurements from the two methods because of
the positioning of the cantilever in the AFM (Figure 6a)
and the mounting of the probe in TEM. First, as shown
in Figure 6a, the raster scan direction (x-direction) in all
AFM images (Figure 3) is perpendicular to the long axis
of the cantilever. However, the y-direction (the slow
scan direction in the AFM) is the direction of TEM pro-
files, a constraint imposed by mounting the cantilever
in the TEM. Therefore, tip profiles reconstructed from
the AFM image in the y-direction are the only profiles
that may be meaningfully compared to the TEM images.
As a result, reconstruction in the slow scan direction (y-
direction), which is more prone to noise, is critical. To
achieve accurate reconstructions, line-wise leveling and
Fourier filtering to reduce the noise in the slow scan di-
rection are used prior to blind reconstruction. If high-
frequency noise is incorporated in the blind reconstruc-
tion, significant underestimation of the tip radius can
occur. With this process, 3-D reconstructions of the tip,
as shown in Figure 6b, are obtained. For most tips in the
current study, the 3-D reconstructions appear nearly ax-
isymmetric and the symmetry does not change signifi-
cantly over the course of the wear test. Thus, only the
reconstructed profiles and radii in the y-direction are ex-
tracted from the 3-D data and reported.

The other important factor in comparing TEM-
measured tip profiles with blind reconstruction is that
the AFM cantilever is held at a non-negligible angle
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Figure 6. (a) Schematic of an AFM cantilever during AFM scanning showing incline of cantilever with respect to the sample.
(b) Example of 3-D tip reconstruction for the SiN,-coated tip at scan 100. The dashed line indicates the line along which the
profile is extracted for comparison to TEM. (c,d) Comparison of the tip profiles measured by TEM and blind reconstruction

(“BR”) for (c) the SiN,-coated Si probe and (d) the unsharpened SiN, before use, after acquiring 20 images, and after acquir-

ing 100 images.

with respect to the plane of the sample surface (nomi-
nally 11.5°in the Veeco Multimode AFM used to obtain
the images in this study), as shown in Figure 6a. Along
with the bending of the cantilever from residual strain
effects (usually less than 0.5°), the tilt angle of the can-
tilever influences the contact point between the apex of
the AFM tip and the sample and determines the over-
all orientation of the tip with respect to the surface. As
such, when comparing the TEM profiles to the blind re-
construction, the TEM profiles are rotated by 11.5° with
respect to the central axis of the tip. This is done for
the TEM profiles shown in Figure 6, and this rotation is
essential for obtaining good agreement between the
TEM and blind reconstruction.

The TEM and blind reconstruction profiles are com-
pared in Figure 6¢,d for two of the tips characterized.
The TEM profiles from different points in the wear test
were adjusted vertically such that the unworn region of
the shanks of the tips overlapped. The tip profiles from
blind reconstruction agree very well with the TEM re-
sults for appropriate ranges (denoted by arrows).

These two methods of tip geometry characteriza-
tion have their respective advantages and disadvan-
tages. TEM is time consuming and requires that the
wear scans be stopped and the cantilever be removed
from the AFM, in contrast to blind reconstruction, which
can be performed directly from AFM topography im-
ages. However, blind reconstruction requires careful se-
lection of input parameters as discussed in detail in
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the Experimental Methods section. Perhaps the most
important distinction between blind reconstruction and
TEM is the portion of the tip that is measured. As seen
in Figure 6¢,d, blind reconstruction using the UNCD
sample only allows a small portion of the tip geometry
near the apex to be determined. This limitation is im-
posed by the relatively small scale of the roughness fea-
tures on the UNCD sample. As such, blind reconstruc-
tion from images of a sample with fine scale roughness
can be used to determine the detailed tip geometry at
the apex, which determines imaging performance, but
cannot be used to measure larger geometric and vol-
ume changes that are critical to determine wear rates.
However, the larger scale TEM images provide a fidu-
ciary reference (the unworn sides of the tip far from the
apex, or the cantilever itself) from which the volume
change can be determined.

Volume Loss and Wear Mechanisms. As discussed above,
the TEM profiles of the tip can be used to estimate the
volume loss over the course of a wear test. Figure 7
demonstrates the progressive wear of tips by compar-
ing TEM profiles taken after scanning 20, 40, 60, and 100
AFM images scanned. The volume loss is estimated by
subtracting the volume of the tip at each scan from that
of the original unworn tip. The tip volume is calculated
by assuming the tip comprises circular disk-shaped ele-
ments with a diameter equal to the measured tip width
in the y-direction and then summing the volumes of
all elements. The resulting volume loss as a function of
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Figure 7. Profiles obtained by TEM of sharpened Si (a), SiN,-coated Si (b), sharpened SiN, (c), and unsharpened SiN, (d) tips
before wear, and after acquiring 20, 40, 60, and 100 AFM images.

distance scanned is shown in Figure 8a along with a vi-
sualization of one of the bodies used for volume calcu-
lation. The uncertainty in overlap of the TEM images
and the resolution of the TEM images are used to deter-
mine the uncertainty in the volume loss calculations,
denoted by the error bars in Figure 8a.

Archard’s wear law is a first-order phenomenologi-
cal model that uses a single parameter, the wear rate
k, to describe the volume loss, AV, due to sliding un-
der constant normal load F over sliding distance d:

AV = kFd M

In the tip—sample contacts in the current tests, the
load on the tip is due to the adhesive force acting on
the tip. As the adhesive forces vary with the size of the
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tip, the wear rate was calculated for each test interval
(i.e.,0—20.5, 20.5—41 mm, etc.) over which AV could be
determined from the TEM measurements. The wear
rate was calculated based on AV measured from TEM,
the applied force determined from the average adhe-
sive force over the test interval, and the scan distance
based on distance specified for the scans. The calcu-
lated wear rates are shown in Figure 8b; the error bars
represent the uncertainty based on a propagation of er-
ror calculation that combines uncertainty in the vol-
ume loss, force, and scan distance values. The wear rate
for the single-crystalline Si tip over the first interval is
marked differently in Figure 8b as the volume of ma-
terial lost during the first 20 scans is due to a combina-
tion of both fracture and gradual wear. The wear rate
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Figure 8. (a) Volume loss as a function of the sliding distance for all four tips. The inset shows a 3-D illustration of the body
used for volume calculation of the sharpened SiN, tip before wear scan. The dotted line for the first interval of the Si tip in-

dicates that the volume loss is due to both fracture and wear.

(b) Archard’s wear rate calculated at scan intervals over which

volume loss is measured by TEM. The point shown with an open symbol is a wear rate that includes volume loss due to

both fracture and progressive wear.
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for the Si tip is high in the first interval and calculated
for reference but cannot be meaningfully compared to
other wear rates reported in Figure 8b because of the
significant fraction of the volume loss that occurred due
to fracture.

For the monolithic SiN, tips, the SiN,-coated tip,
and the Si tip after the 20.5 mm scan distance, the
TEM and blind reconstruction data suggest a gradual
change in tip shape and loss of material with increas-
ing scan distance. This is consistent with mechanisms
involving the progressive removal of atoms individually
or in small clusters through local bond breaking.!” The
wear rates vary from 107 to 10~* mm3/Nm over the
course of the wear tests and, in general, decrease with
increasing scanning distance. Gotsmann and Lantz'®
have noted that as the tip becomes blunter, the con-
tact stresses become less and the wear rate should de-
crease. This occurs even though the total load increases
with scan distance due to the higher adhesive load
that results from a larger tip. This is because the adhe-
sive force is increasing linearly with the tip radius, R,
while the contact area increases superlinearly with tip
radius (for a Derjaguin—Miller—Toporov contact
model, the contact area at zero load is proportional to
R*3, thus the mean contact pressure is proportional to
R™'73). The reduction of wear rate with increasing tip size
observed clearly indicates the role that stress plays in
controlling nanoscale wear.

In addition to stress, we note that the wear rates of
the silicon-based probes may be affected by the pres-
ence of water. The wear tests reported here were com-
pleted in a normal laboratory environment in which
relative humidity varied from 20 to 50% and was not
controlled. Water molecules tend to absorb and decom-
pose on the SiO, layer on Si and SiN, tips and can in-
crease wear by enhancing bond breaking of Si
atoms.2%30

CONCLUSIONS

To systematically examine the nanoscale wear be-
havior of AFM tips, a protocol that consists of a series
of contact-mode AFM scans over hard UNCD surfaces
in combination with multiple tip characterization ap-
proaches was developed and demonstrated. Quantita-

EXPERIMENTAL METHODS

Before scanning, the planar dimensions and curvature due
to residual stress of the AFM cantilevers were measured using
optical microscopy and white light interferometry (Zygo New-
View 5000), respectively. Cantilever thickness, tip morphology,
and tip radius along the long axis (y-direction of AFM scans) of
the cantilever were evaluated by TEM (JEOL 200CX). The spring
constants K of the AFM cantilevers used in each experiment were
calculated based on the measured dimensions of the probes.?!

A Digital Instruments MultiMode AFM was used to perform
the wear scans. In each wear test, 100 contact-mode images (1
X 1 wm? area) on a UNCD surface were acquired by raster scans,
consisting of 512 lines. The fast scan direction (x-direction) was
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tive agreement between tip dimensions obtained from
blind reconstruction and TEM imaging was established.
Changes in the behavior of different AFM tips were
monitored over the course of wear tests using TEM, ad-
hesive pull-off force measurements, and tip radius esti-
mation through blind reconstruction. This wear charac-
terization protocol was applied to four types of
commercial Si and SiN, AFM tips. Multiple mechanisms
for tip degradation were observed, including tip frac-
ture, coating failure, and gradual wear. The results dem-
onstrate that adhesive forces alone are strong enough
to modify and, in some cases, destroy Si and SiN, tips af-
ter a small number of AFM scans. In addition to reduc-
ing image resolution, the tip fracture and coating failure
result in a transient increase in the work of adhesion
and, correspondingly, the contact forces between a tip
and sample. This will affect the performance of the tip in
many applications, including imaging and nanomanu-
facturing.

The combination of approaches used for tip charac-
terization throughout the wear tests in this work pro-
vides a powerful and reliable methodology for obtain-
ing a quantitative understanding of the nanoscale
degradation of AFM tips with scanning. Blind recon-
struction, while providing tip geometry data over a lim-
ited portion of the tip, is convenient and allows the
3-D tip geometry to be determined from each wear
scan without additional measurements. The combina-
tion of the pull-off force measurements and tip radius
estimated from blind reconstruction permits the work
of adhesion to be calculated, which is helpful for identi-
fying changes in surface condition due to events such
as tip fracture and coating failure. Finally, direct TEM im-
aging of the tip, which is the only measurement that
cannot be done in the AFM, provides a detailed picture
of the geometry and structure of the tips. The TEM al-
lows large-scale changes in tip geometry to be ob-
served and, as a result, permits the volume loss of a tip
to be quantified. The information provided by the com-
bination of the techniques permits a thorough mea-
surement of nanoscale tip degradation and provides
opportunities to explore the fundamentals of nanoscale
wear mechanics.

perpendicular to the long axis of the cantilever. During a single
1 X 1 wm? scan, the tip is scanned 512 pm in the positive
x-direction and 512 wm in the negative x-direction. The UNCD
sample (“Aqua 25", Advanced Diamond Technologies,
Romeoville, IL) was measured to have an rms roughness of ~9
nm over a 1 x 1pm? area. The random features of its surface are
suitable for tip characterization via blind reconstruction. Because
of its high mechanical strength,3>33 it wears a negligible amount
compared to the tips. All tests were performed under zero ap-
plied load (i.e., zero cantilever deflection), resulting in loading
that is solely due to adhesive forces between the tip and sample.
Calibration of the zero load position was repeatedly checked as
described below. The scanning distance and speed of the tip
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were 1.024 mm per image (1 X 1 um? scan) and 3.97 um/s, re-
spectively. The tests were performed in laboratory air at a tem-
perature of about 20 °C. The relative humidity (RH) was not con-
trolled but was measured in the experiments. The RH during
the SiN,-coated Si and the unsharpened SiN, tests was ~50%,
and the RH during the sharpened Si and sharpened SiN, tests
was ~20%.

The full tip geometry was characterized using TEM for each
tip after acquiring 20, 40, 60, and 100 AFM images.
Force—distance measurements were obtained after every 10 im-
ages at five different positions on a tetrahedral amorphous car-
bon (ta-C) sample that was positioned next to the UNCD sample
to enable fast switching between the UNCD and ta-C samples.
Pull-off measurements were made on ta-C, which has a similar
surface energy but a much lower rms roughness (less than 1 nm)
than UNCD, to reduce variation in the pull-off measurements
that arise from topography variations. Because of thermal drift
of the AFM signal and cantilever, the out-of-contact deflection
signal corresponding to zero force between the tip and sample
was measured and the feedback set point was adjusted to this
value during the force—distance measurements. This ensured
that the subsequent scans were always obtained in contact at
zero net applied load. The pull-off deflection, 8, of the cantile-
ver was determined from each of these force —distance measure-
ments. The adhesive force F between the tip and sample was cal-
culated using F = K3, where K is the cantilever’s flexural spring
constant.

The Derjaguin—Miller—Toporov (DMT) theory of contact
mechanics* was used to calculate the work of adhesion be-
tween the tip and sample. According to the DMT model, the ad-
hesive force between the tip and sample is

F = 2nWR (2)
where W is the work of adhesion and R is the tip radius. The pull-
off force measurements provide information about changes in
both the work of adhesion and the tip radius while scanning. Af-
ter the pull-off force measurements, the wear scan was resumed
on a new area of the UNCD surface. The DMT model assumes
that the tip and sample are homogeneous, isotropic, linear elas-
tic materials, and that strains are small. The tip is assumed to be
paraboloidal, with a radius much larger than the tip—sample
contact radius and the normal elastic deformation of the con-
tact. It also assumes the adhesive forces are long-ranged com-
pared to the deformations they cause, which implies relatively
stiff materials with low adhesion and small tips. In the studies
presented here, the Tabor parameters 1 were calculated, and
the corresponding Maugis parameters A = 1.157 .y for all four
types of tip range from 0.066 to 0.13, indicating that the DMT
model provides a reasonable estimate of the work of
adhesion.?>3¢

The tip radius at each scan was estimated from the mea-
sured topography images of the UNCD surface using the blind
reconstruction method,*” a process based on convolution/de-
convolution theory, using the commercially available Scanning
Probe Image Processor (SPIP v2.3, Image Metrology, Aps, Den-
mark) software. The tip profiles obtained from blind reconstruc-
tion were compared with TEM measurements (Figure 6) and the
data ranges over which the two methods agrees well (<1 nm de-
viation) were fitted to a parabola using a least-mean-squares al-
gorithm. The radius of curvature values were obtained from the
parabolic fit using both the blind reconstruction measurements
and TEM. Different ranges of tip profile within the range of devia-
tion were compared, and the variation of fitted radius values
was used as the error in the analysis.

Prior to reconstruction, the AFM images were processed us-
ing a first-order least-mean-square line-by-line correction flatten-
ing algorithm and a low-pass Fourier filter to eliminate artifacts
from low-frequency drift and high-frequency noise, respectively.
For the Fourier filter, a cutoff frequency of 1/(3.9 nm), which is
the Nyquist cutoff frequency based on the spatial resolution of
the image, was selected since higher spatial frequencies should
not be present.

To reconstruct the tip geometry from the AFM images, SPIP
requires four input parameters: reconstruction size, ignored
lower value, number of iterations, and acceptance counts. The in-
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put parameters were systematically studied and were chosen as
follows: (1) a tip reconstruction size of 27 X 27 pixels was chosen
to reconstruct a reasonably large portion of the tip (54 nm wide);
(2) the lower third of the z-height values, which are not likely to
contribute useful information to the blind reconstruction, was ig-
nored to eliminate unwanted influence from any sharp noise
peaks recorded at those heights; (3) three iterations of the SPIP
algorithm ensured full convergence of the results; and (4) the
“acceptance level” for detection counts3 was chosen on an
image-by-image basis by selecting the most abrupt turning
point in tip height confidence graphs® (chosen values ranged
from 5 to 10).
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Detection counts: A threshold parameter to eliminate the
effect of high-frequency noise. The “acceptance level”
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Tip height confidence graphs: Reconstructed tip heights
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