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Atomic Force Microscopy
 Continuous Measurement of Atomic Force Microscope 
Tip Wear by Contact Resonance Force Microscopy 

  Jason P.   Killgore  ,*     Roy H.   Geiss  ,     and   Donna C.   Hurley   
 The atomic force microscope (AFM) continues to fi nd 

increasing applications in nanoscale imaging, [  1  ]  metrology, [  2  ]  

devices, [  3  ]  and manufacturing. [  4  ]  In these applications, tip size 

and shape critically affect the accuracy, resolution, and reli-

ability of measurements and processes. [  5  ]  However, during 

tip–sample contact the tip can wear and break, undermining 

the utility of the instrument. [  6  ]  Thus, the development of 

wear-resistant probes, protocols for their testing and a fun-

damental understanding of their wear process is of vital 

importance. Although wear-resistant probes continue to 

advance, [  7  ,  8  ]  tribological test methods and the collection of 

data for theoretical models still require measurements ex 

situ to the scanning process. Scanning electron microscopy 

(SEM) [  8–12  ]  and blind reconstruction while scanning on high-

aspect-ratio reference samples [  8  ,  12  ,  13  ]  have both been used to 

correlate scanning history with tip geometry changes. Such 

ex-situ approaches are slow and can cause additional wear, 

fracture, and contamination. More recently, periodic force–

displacement adhesion measurements have provided a less 

disruptive means of monitoring changes in contact area after 

scanning a fi nite distance. [  8  ,  11  ,  12  ]  Still, adhesion measurements 

require interruption of the scan, and quantitative determina-

tion of a contact radius can be strongly affected by geometry, 

contamination, and environmental conditions. Here, we dem-

onstrate how contact resonance force microscopy (CR-FM) 

methods enable quantitative in-situ evaluation of tip wear 

by measurement of instantaneous changes in contact radius 

while scanning Si cantilevers on a Si substrate. It is found 

that CR-FM measurements do not adversely affect the wear 

process, and the results compare favorably with ex-situ tech-

niques. Overall, CR-FM is shown to be an effective tool for 

detecting subnanometer changes in the contact radius while 

also revealing novel information about tip symmetry and 

wear rate. 

 Contact resonance force microscopy experiments and 

analysis are well described in the literature. [  14  ]  Briefl y, an 

AFM tip is brought into contact with a sample, and the 

sample or cantilever is vibrated out of plane over a frequency 

range that excites a fl exural resonance. Due to tip–sample 

interactions, the contact resonance of a given eigenmode 
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will be shifted to higher frequencies compared to the free 

air resonance. We model the cantilever as a distributed-mass 

beam with cantilever spring constant  k  L  (see the Supporting 

Information (SI) for more details). One end is clamped at the 

cantilever holder, and a spring representing the tip–sample 

contact is located some fi nite distance from the beam’s end. 

With this model, the contact stiffness  k  can then be deter-

mined from  k  L  and the free and contact resonance frequen-

cies   f 0
n     and  f c

n   , respectively, of the  n th eigenmode. Tip wear 

is measured by changes in the tip–sample contact radius  a,  
which is related to  k  by [  15  ] 

 k = 2aE ∗   (1)   

where  E   ∗   is the reduced elastic modulus of the tip–sample 

system. Assuming that the tip and sample mechanical prop-

erties do not change during measurement,  E   ∗   remains con-

stant. Because  f 0
n    is also constant, any changes in  f c

n    during 

scanning on a homogeneous substrate can be unambiguously 

related to changes in  a . If  f c
n    is continuously monitored while 

scanning the cantilever and acquiring an AFM image, it is 

possible to measure changes in tip wear on a pixel-by-pixel 

basis with resolution in  a  limited only by the uncertainty with 

which  f c
n    is measured. 

 Continuous monitoring of the contact resonance fre-

quency  f c
n    can be achieved through a number of recently 

developed CR-FM techniques. [  16  ,  17  ]  Here we used dual AC 

resonance tracking (DART), because it allows for small 

drive amplitudes and provides high frequency resolution. [  17  ]  

Force feedback in DART is identical to standard AFM con-

tact mode, but DART also makes use of two low-amplitude 

sinusoidal excitations to track changes in  f c
n   . During scan-

ning, the total scan distance  d  is equal to two times the nom-

inal scan length per line, times the number of scan lines, plus 

any overscan programmed into the raster pattern. Data are 

acquired as trace and retrace images, where each pixel repre-

sents a specifi c contact resonance frequency  f c
n    and distance 

scanned  d.  The images are then unwrapped into a 1D array 

of measured  f c
n    values, from which values of  k  and then  a  

can be calculated. 

 An example of monitoring contact resonance frequency 

during scanning is shown in  Figure  1  . The frequency  f c
2    of 

the second contact eigenmode increased from 963.3  ±  0.4 to 

981.1  ±  0.4 kHz over a scanned distance  d   =  1.28 mm, cor-

responding to an increase in  a  as the tip wore. Because most 

wear studies are based on standard contact-mode scanning, 

we investigated whether frequency tracking interfered with 

the standard contact-mode wear mechanism and wear rate. 
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    Figure  1 .     Second contact eigenmode  f c
2    versus scanned distance 

 d  for a rectangular Si cantilever with  k  L   =  2.38  ±  0.05 N m  − 1  scanned 
on a Si  < 100 >  substrate. DART frequency tracking and excitation were 
alternately enabled and disabled. Blank areas represent intervals when 
frequency tracking and cantilever excitation were disabled.  
This was achieved by periodically enabling and disabling can-

tilever excitation and frequency tracking during scanning (i.e., 

the system alternates between DART and standard contact 

modes). For the regions in Figure  1  where tracking was ena-

bled,  f c
2    increased monotonically with  d , corresponding to a 

progressive increase in contact radius. No tip wear informa-

tion was recorded in the tracking-disabled regions, but inter-

polation between adjacent tracking-enabled regions indicates 

no signifi cant change in the wear rate. This result contrasts 

with recent reports showing that fi xed-frequency contact-

resonance and near-contact-resonance excitation of AFM 

cantilevers can reduce or eliminate tip wear. [  18  ]  In our case, 
© 2011 Wiley-VCH Verlag Gmbsmall 2011, 7, No. 8, 1018–1022

    Figure  2 .     Combined in-situ and ex-situ tip wear data acquired with a r
substrate. Data were acquired i) when the tip was new, ii) after initial  F  a
610 nN, and iv) while scanning an additional 3.56 mm at  F  app   =  469 nN. S
data in (a) includes the in-situ contact radius  a  CRFM  determined by trackin
from force–displacement measurements. Uncertainty in  a  CRFM  is shown fo
b) when new, c) after step (ii), d) after step (iii), and e) after step (iv). Inse
of the original tip shape is added to provide guidance for assessing the e
radius  R  to the tip apex. The values of contact radius  a  SEM  determined fro
the minimal effect of tracking on tip wear is attributed to the 

small force modulation amplitudes used by DART. The con-

tact stays within the linear elastic regime, because the force 

modulation represents only  ≈ 1% of the applied static force. 

By comparison, the previously reported experiments showing 

reduced wear with near-resonance excitation intentionally 

drove the contact nonlinear. Thus, low-amplitude CR-FM 

appears to be a suitable tool for measuring in-situ tip wear in 

contact mode.    

 Figure 2   shows a comparison of in-situ CR-FM results 

with ex-situ measurements. Included are values of the contact 

radius determined by CR-FM and SEM ( a  CRFM  and  a  SEM , 

respectively), values of the adhesion force  F  adh  determined 

by force-displacement methods, [  19  ]  and SEM images of the 

tip with radius of curvature  R  indicated. All measurements 

were made with a stiff cantilever with spring constant  k  L   =  

48  ±  5 N m  − 1 . CR-FM measurements were made by tracking 

the fi rst contact eigenmode frequency  f c
1    while scanning at a 

speed of 1.25  μ m s  − 1 . The results were obtained before, during 

or after the following measurement steps: i) SEM charac-

terization of the as-manufactured AFM tip; ii) the tip was 

brought into contact and subjected to an applied force  F  app   =  

2  μ N; iii) the tip was scanned for a distance  d   =  0.59 mm with 

 F  app   =  610 nN; and iv) the tip was scanned an additional  d   =  

3.56 mm with  F  app   =  469 nN. Frequency tracking was enabled 

throughout steps (iii) and (iv). After steps (ii), (iii), and (iv), 

the tip was removed from the AFM and imaged by SEM. In 

addition, the adhesion force  F  adh  was measured after step (ii), 

at the start and fi nish of step (iii) and after step (iv).  

 From the SEM image in Figure  2 b, it can be seen that 

the new tip forms an extremely sharp apex (typical radius of 

curvature  R   <  7 nm according to manufacturer). Consistent 

with earlier reports, Figures  2 b,c reveal that initial contact 

at relatively high forces leads to signifi cant material loss and 
1019H & Co. KGaA, Weinheim www.small-journal.com

ectangular Si cantilever with  k  L   =  48 ± 5 N m  − 1  scanned on a Si  < 100 >  

pp   =  2  μ N contact with substrate, iii) while scanning 0.59 mm at  F  app   =  
uffi xes “s” and “f” denote the start and fi nish of the scanning steps. AFM 
g the fi rst contact eigenmode  f c

1
   and the adhesion force  F  adh  determined 

r two representative points. Panels (b–e) are SEM images of the AFM tip 
t images have been color-inverted and thresholded for clarity. An overlay 
xtent of tip wear. The arcs in (c–e) represent a best fi t of a semicircle of 

m these values of  R  are included in (a).  
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    Figure  3 .     Contact radius  a  versus scanned distance  d  for a rectangular Si 
cantilever with  k  L   =  0.11 ± 0.005 N m  − 1  scanned on a Si  < 100 >  substrate 
with  F  app   =  1.2 nN. Data were acquired by tracking the fourth contact 
eigenmode frequency  f c

4   . Regions I through V designate specifi c tip-
shape and tip-wear behaviors described in the text. The inset shows a 
magnifi ed view of region I.  Δ  TR  is the calculated difference in contact 
radius between the trace and retrace scan directions.   α   indicates a 
rapid change in  a , attributed to tip breakage.  
blunting of the tip. [  20  ]  This change was attributed to yielding 

and failure from the high stresses introduced by high-force 

contact with the rigid Si substrate. Figures  2 c–e show that 

scanning continued to progressively blunt the tip. By fi t-

ting the tip apex in the SEM micrograph to a semicircular 

arc of radius  R  and applying a hemispherical Hertzian con-

tact model, the contact radius  a  SEM  was estimated for a given 

applied load. The fi tted radii of curvature are also shown 

in Figures  2 c–e. The calculated contact radii are summa-

rized in Figure  2 a. The  a  SEM  was calculated to increase from 

6.5  ±  0.4 nm after step (ii) to 14.5  ±  1.9 nm after step (iv). 

 In Figure  2 a, it can be seen that the CR-FM measure-

ments allowed continuous quantifi cation of the changes in  a  

throughout the scan. Scanning in step (iii) resulted in a 70% 

increase in  a  CRFM  from 7.3  ±  1.3 to 12.4  ±  2.3 nm. Scanning in 

step (iv) resulted in an additional 14% increase in  a  CRFM  from 

13.1  ±  2.4 to 14.9  ±  2.9 nm. At the start of (iii) and the end of 

(iv),  a  CRFM  shows good agreement with  a  SEM . At the end of 

(iii),  a  CRFM  was higher than  a  SEM  but still within the CR-FM 

uncertainty. The discrepancy likely originated from the dif-

fi culty in ascribing an accurate radius of curvature to the 

irregular blunted tip. The observed 15-25% uncertainties in 

the CR-FM-measured contact radii are absolute and were 

determined by propagating the uncertainties in frequency, 

spring constant, tip position, and material properties. In addi-

tion, the precision or resolution of the technique, which refers 

to the ability to detect small relative changes in  a,  was deter-

mined from the frequency scatter in a single scan line. Here, 

typical values were less than 0.05 nm (less than 1%), and are 

indicative of the high resolution in  a  provided by CR-FM. 

 Also shown in Figure  2 a are measurements of adhesion 

force  F  adh , which are expected to correlate with the changes 

in  a  measured by CR-FM. An accurate determination of con-

tact radius from  F  adh  depends on knowledge of the tip-sample 

work of adhesion, the tip geometry, and whether the system 

is better described by a Derjaguin–Mueller–Toporov (DMT) 

or a Johnson–Kendall–Roberts (JKR) contact mechanics 

model. [  21  ]  Such analysis was outside the scope of this com-

munication. Still, with constant material properties and envi-

ronmental conditions the work of adhesion should remain 

constant, and changes in  F  adh  should scale monotonically with 

changes in  a . [  8  ,  11  ,  12  ]  From Figure  2 a,  F  adh  increased 123% from 

83  ±  2 to 184  ±  6 nN during step (iii). From the end of step 

(iii) to the end of step (iv),  F  adh  showed a slight decrease from 

184  ±  6 to 169  ±  8 nN. Overall, from the start of step (iii) to 

the end of step (iv), both  a  CRFM  and  F  adh  increased 104%, 

showing excellent quantitative agreement. The discrepancy 

between  a  CRFM  and  F  adh  for the intermediate steps may have 

resulted from changing environmental conditions or SEM 

induced tip contamination. Indeed, repeating the same exper-

iments without ex-situ SEM showed consistently good agree-

ment between relative changes in  a  and relative changes in 

 F  adh  (SI, Figure S3). Finally, the CR-FM data in Figure  2 a also 

show an inconsistency with the expected behavior. Between 

steps (iii) and (iv), repositioning of the cantilever in the 

holder resulted in an unintentional decrease in  F  app  from 

610 to 469 nN. A decrease in  F  app  should have resulted in a 

decreased  a , but instead a sharp increase in  a  was observed 

at the beginning of step (iv). This jump indicates a potential 
www.small-journal.com © 2011 Wiley-VCH Verlag Gm
drawback of ex-situ measurements, namely that one or more 

of the external measurements affected the tip geometry. 

 Many contact-mode AFM experiments, particularly those 

studying tribology, seek to minimize applied forces by using 

more compliant cantilevers than discussed above. A benefi t 

to using CR-FM to detect in-situ changes in contact radius is 

that the stiffness sensitivity, and hence sensitivity to changes 

in  a , can be tailored by the choice of eigenmode used for moni-

toring. [  22  ]  With force–distance and subresonance modulation 

techniques, stiffness sensitivity is typically greatest when the 

contact stiffness  k  is less than, or comparable to, the canti-

lever spring constant  k  L . [  19  ]  In CR-FM, the use of higher-order 

resonance modes enables sensitive measurement of  k  even 

when it is many orders of magnitude larger than  k  L , allowing 

the study of tip wear with compliant cantilevers on a rigid 

substrate. This was demonstrated by scanning a compliant Si 

cantilever with  k L    =  0.11  ±  0.005 N m  − 1  for  d   =  590  μ m on a Si 

substrate with  F  app   =  1.2 nN. Point contact resonance spectra 

acquired before and after scanning showed an increase in the 

fi rst contact eigenmode  f c
1    of only 0.5  ±  0.1 kHz, from 47.6 to 

48.1 kHz. In contrast, the enhanced sensitivity of the fourth 

contact eigenmode  f c
4    showed an increase of 54.6  ±  0.1 kHz, 

from 416.1 to 470.7 kHz. This enhanced sensitivity revealed 

a considerable richness of wear information when  f c
4    was 

tracked in situ, as shown in  Figure  3  .  
 Compared to the data in Figure  2 , the low forces used 

to obtain Figure  3  resulted in much smaller initial values of 

the contact radius ( < 1 nm, compared to  > 7 nm in Figure  2 ). 

The low-force wear behavior of such a sharp probe showed 

greater complexity compared to the dulled probe in 

Figure  2 . From the plot, fi ve distinct wear regions were iden-

tifi ed for this particular cantilever. Upon initial scanning, 
bH & Co. KGaA, Weinheim small 2011, 7, No. 8, 1018–1022
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   Table  1.     Measured and calculated properties of cantilevers used in this study. 

Related fi gure Cantilever spring constant  k  L  [N m  − 1 ] Eigenmode tracked  n  n th free resonance  f 0
n

   [kHz] Calculated tip position   γ  

1 2.38  ±  0.05 2 454.7 N/A

2 48  ±  5 1 172.5 1.00

3 0.11  ±  0.005 4 363.2 0.90
region I contained distinctly different average values of  a  

for the forward-trace and backward-retrace scan directions. 

This trace–retrace difference  Δ  TR  was attributed to asym-

metry of the tip. The asymmetry was observed because fric-

tion forces induce torsional bending of the cantilever and 

expose the contact to slightly different aspects of the tip. 

This region of pronounced asymmetry remained consistent 

for  ≈ 15  μ m of scanning. Towards the end of region I, a rapid 

change in  a  denoted by   α   was observed.   α   was attributed 

to tip breakage and resulted in a reduced  Δ  TR  value and 

hence increased tip symmetry. In region II,  a  remained 

metastable up to  d   ≈  90  μ m. In region III,  a  increased pro-

gressively, while  Δ  TR  was continually reduced. The wear 

rate gradually slowed around  d   ≈  250  μ m, leading to a 

second metastable plateau (region IV). Finally, the wear 

process was reinitiated in region V. The existence of metast-

able plateaus in regions II and IV suggests the occurrence 

of complex tribochemical processes, although their pre-

cise mechanisms are outside the scope of this letter. More 

importantly, the results highlight the ability of CR-FM to 

resolve small changes in contact radius, even for very sharp 

probes and low applied forces. 

 At present, one limitation of CR-FM is that it cannot 

evaluate wear-induced volume changes in the tip, as has 

been done with SEM and TEM imaging. [  8  ,  9  ,  12  ]  However, 

volume information might be gained by periodically meas-

uring the force dependence of the contact radius in order to 

reconstruct the tip’s axisymmetric geometry. [  23  ]  Changes in 

tip volume could then be inferred by comparing the recon-

structed geometry to a single SEM or TEM image acquired 

at the start of the experiment. 

 In summary, we have demonstrated that contact reso-

nance force microscopy provides a new platform to study tip 

wear for a broad range of cantilever stiffnesses and applied 

loads, without the need to perform disruptive ex-situ experi-

ments. By measuring changes in contact resonance frequency 

and relating them to changes in contact radius, tip changes 

are observed in real time during scanning. Our approach to 

measuring tip wear in situ should lend valuable insight to the 

study of nanoscale and single-asperity-contact wear mecha-

nisms. For example, our approach provides unique access to 

tip wear information at very short scan distances, allowing 

investigation of the onset of wear. Further, in-situ CR-FM 

measurement of tip wear has important industrial applica-

tions. CR-FM could be used as a means to continuously 

monitor tip wear in tip-based manufacturing processes. Also, 

periodic acquisitions of point contact resonance spectra could 

be implemented to monitor tip sharpness in AFM-based 

dimensional metrology without signifi cant modifi cations of 

the instrumentation. Finally, the ability to measure contact 
© 2011 Wiley-VCH Verlag GmbHsmall 2011, 7, No. 8, 1018–1022
radius during scanning has implications for more general fun-

damental studies on friction and contact mechanics. 

  Experimental Section 

  Sample Preparation : All measurements were performed on a 
silicon  < 100 >  substrate. Prior to CR-FM experiments, the Si wafer 
was rinsed with acetone, methanol, and isopropanol, then soni-
cated in a 1:1 ethanol:water mixture. Following sonication, the 
wafer was rinsed with ethanol, then placed in a ultraviolet ozone 
cleaner for 15 min. 

  Cantilever Selection and Properties : The properties of the 
three AFM cantilevers used in these experiments are summarized 
in  Table  1  . The cantilever spring constant  k  L  was determined 
with the AFM’s built-in thermal calibration. The free resonance 
frequencies  f 0

n    were measured from resonance spectra obtained 
with the instrument’s built-in lock-in amplifi er. The relative posi-
tion   γ   of the tip along the cantilever was determined from point 
contact resonance spectra acquired after the wear tests. Spectra 
were acquired for the  n th eigenmode, which was tracked during 
wear testing, and the  n  + 1th (in Figure  2 ) or  n -1th (in Figure  3 ) 
eigenmodes. The value of   γ   was determined by calculating con-
tact stiffness as a function of   γ   for the two adjacent eigenmodes, 
then choosing the value of   γ   where the two modes gave identical 
results. [  14  ]   

  AFM Measurements : All AFM measurements were made in 
ambient environmental conditions (temperature  =  18  ° C, relative 
humidity  =  40%). CR-FM measurements were performed with the 
internal DART functionality of the MFP-3D AFM (Asylum Research, 
Santa Barbara, CA). [  24  ]  The Si sample was glued to a commercial 
ultrasonic transducer with a broadband resonance at  ≈ 1 MHz 
(Parametrics V103, Olympus, Waltham, MA). The transducer drive 
amplitudes ranged from 10 to 50 mV, yielding a contact reso-
nance amplitude of  ≈ 1 mV as determined by the lock-in amplifi er. 
The data for Figure  1  were acquired by continuously scanning a 
1  μ m  ×  0.5  μ m region with 128 lines of resolution. The data for 
Figure  2  were acquired by fi rst scanning a 1  μ m  ×  1  μ m region with 
256 lines of resolution, followed by a new 5  μ m  ×  5  μ m region with 
256 lines of resolution. The data for Figure  3  were acquired by 
scanning a 1  μ m  ×  1  μ m region with 256 lines of resolution. For all 
measurements, fast-scanning was performed perpendicular to the 
long axis of the cantilever at a scan velocity of 1.25  μ m s  − 1 . Adhe-
sion force  F  adh  measurements in Figure  2  were performed with the 
AFM’s force–distance panel, with three  F  adh  measurements taken 
at each measurement step. 

  SEM Characterization:  Prior to each SEM imaging step, the 
cantilever was transferred from the MFP-3D cantilever holder to a 
custom SEM cantilever holder. SEM images were obtained at mag-
nifi cations from 100 000 ×  to 200 000 ×  with beam voltages from 3 
to 10 kV.  a  SEM  was determined by tracing the tip apex and fi tting 
1021 & Co. KGaA, Weinheim www.small-journal.com
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the trace to semicircle of radius  R  (SI, Figure S2).  R  was then used 
in a Hertzian contact model to determine  a  SEM .   

 Supporting Information 

 Supporting Information is available from the Wiley Online Library 
or from the author.  
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