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We discuss atomic force acoustic microscdpiFAM ) methods to determine quantitative values for

the elastic properties of thin films. The AFAM approach measures the frequencies of an AFM
cantilever’s first two flexural resonances while in contact with a material. The indentation modulus
M of an unknown or test material can be obtained by comparing the resonant spectrum of the test
material to that of a reference material. We examined a niobium fillsm280z 30 nm) with AFAM

using two separate reference materials and two different cantilever geometries. Data were analyzed
by two methods: an analytical model based on conventional beam dynamics, and a finite element
method that accommodated variable cantilever cross section and viscous damping. AFAM values of
M varied significantly depending on the specific experimental configuration and analysis technique.
By averaging values obtained with both reference materials, very good agre€biet %
difference with values determined by other methods was achieved. These results provide insight
into using AFAM methods to attain reliable, accurate measurements of elastic properties on the
nanoscale. ©2003 American Institute of Physic§DOI: 10.1063/1.1592632

I. INTRODUCTION the small tip diametef~10—100 nm enabledn situ elastic-
property information with nanoscale spatial resolution. Fur-
Ever-decreasing length scales in many fields of sciencenermore, AFM’s scanning ability means that two-
and technology present a serious challenge for materialgimensional images of mechanical properties are possible.
characterization. Improved nondestructive measurement Although the fundamental principles of AFAM have
tools must be developed to accommodate submicrometer dpeen established, many aspects of the measurement method
mensions. Specifically, the ability to determine mechanicahre still being refined. We wish to understand which of these
properties at the nanoscale is needed, especially for systemaspects most strongly affect AFAM's ability to magaanti-
involving thin films. Knowledge of mechanical properties tative elastic-property measurements. In this paper, we dis-
such as elastic modulus and interfacial qualitefects, cuss our AFAM measurement and analysis techniques to de-
strain, adhesion, efcis critical to the successful develop- termine the quantitative elastic properties of thin films. We
ment of next-generation film materials and structures. describe experiments on a thin-film sample using two AFM
To meet these needs, measurement tools are being devehntilevers with very different geometries. To understand the
oped that exploit the spatial resolution of atomic force mi-results more thoroughly, we compare two methods of AFAM
croscopy(AFM). Although standard AFM measures topog- data analysis. Both an analytical approach and a finite ele-
raphy, other emerging techniques sense a sample’s elastigent method are used to model the dynamics of the mea-
properties. One promising approach is a hybrid acousticsurement. The same data are interpreted with the two ap-
AFM technique called atomic force acoustic microscopyproaches to better understand measurement uncertainty and
(AFAM)." AFAM involves vibrating the cantilever at ultra- accuracy. We also compare the AFAM results to those ob-
sonic frequencies to excite its mechanical resonances. Thained by other techniques such as instrumented indentation
resonant frequencies of the cantilever shift when its tip isand surface acoustic wavé this way, we hope to contrib-
brought into contact with a sample. By measuring the resoute to the current understanding of quantitative AFAM.
nant frequencies under both free-space and surface-coupled
conditions, information about the sample’s elastic propertie
can be extracted. A major advantage of AFARhd related . EXPERIMENTAL METHODS
methods such as ultrasonic force microscofyFM)] is that ~ A. AFAM techniques

Our experimental apparatus, shown schematically in Fig.
dElectronic address: hurley@boulder.nist.gov 1, is similar to that of Rabet al! The sample under inves-
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FIG. 1. Schematic of experimental AFAM apparatus.

tigation is bonded to a longitudinal ultrasonic contact trans-
ducer that is subsequently affixed to the positioning stage of
the AFM instrument. A function generator drives the trans-
ducer with a continuous sine wave. The frequency and am-
plitude of the sine wavétypically 0.1-2.5 MHz and 25-200 _ _

mV) are computer controlled. When the AFM cantilever tip ::IG. 2. G_eometry of AFM cantilevers u;ed for AFAM experiments. The top
L. . . . "~ two drawings correspond to the plan view (@ the rectangular cantilever
is in contact with the sample, the transducer vibrations excitgng () the dagger cantilever. The cross-sectional diagrafelimpplies to
resonances in the cantilever through the tip-sample couplingwoth cantilevers. The drawings {a) and (b) are approximately to scale.
The response of the AFM photodiode detector then corre-

sponds to the vibration of the cantilever at the transducer the ref terial. H wo ref |
frequency. This is detected via a lock-in amplifier whose?" the reterence material. Here, wo reference samples were

reference signal is the signal from the function generator?jSGd and the following sequence of measurements was used:

The output signal of the lock-in amplifier is the response Ofrefe'r:ence t%]’ referen_ce 2}[ tlest, refer(:r;ce 2, ref_erencel 1.
the AFM photodiode detector at the transducer excitation rom Ine experimental resonant frequéncies, values are

frequency (At over 3 MHz, the photodiode rolloff frequency ;:ali:ula;ed Ior the t|p-s?mp:e C: ntt?‘Ct sdt|fineﬁt§sfor b(.)th the s
is higher than the range of frequencies measiiieda stan- o~ a'd FEIETeNce materias. Further detars are given In Sec.

dard experiment, the computer sweeps through a range ?y The calculation is based on a model for the cantilever
excitation frequencies and acquires a spectrum of the cant fynamics. As described later, we have implemented both

lever’s vibration response versus frequency. Experimenta nalytical and numerical approaches to the model. Finally,

* -
values of the cantilever’s first two flexural resonances aré € valges ok™ for the t?St and refgrence Sa”.‘p'es are CO”.‘
determined from this spectrum. pared in order to obtain the desired quantity, the elastic

The entire measurement procedure is as follows, Firsl’,mdlt’ tjas‘nol;;hsee;isthsair?kﬂlse .measurement rocedure relies on
the free-space resonances of the cantilever are measured b P

sweeping the transducer frequency while the cantilever igc € ormore rifteretnce dsanIes W'gh It<n0\|/.vn'elatst|cﬂp1>ropergefs.
close to, but not touching, the samygeparation~0.5 mm). omparison ot test and reference data eliminates the need for

The transducer vibrations are sufficiently transmitted througl‘l)r_eClse kanIedtgi O]; pgrarpetersﬂ:hatt_ are d%gﬁu" to deter-
the air to excite the cantilever resonances. As discussed b8}'N€ EXperimentally, for instance the tip ra € proce-

low, knowledge of the free-space resonances is needed re yields two sets of results: one for the comparison be-
' ween the test data and the first set of reference data, and one

characterize the properties of the specific cantilever in use.
prop P etween the test data and the second set of reference data.

The cantilever is then lowered and its tip is brought into he t s of it woicall d to obtai
contact with a reference or calibration sample. Resonan-{_ € two sels ol results are typically averaged to obtain a

spectra are acquired for one or more values of the férge single value of .th'e modulus. In this way, effects such as tip
applied to the cantilevefF is related to the cantilever dis- wear can be minimized.

placements by Fy=k.d, wherek, is the spring constant of
the cantilever. Thus it is equivalent to obtain spectra for dif-
ferent values o®, which is simpler to determine experimen- Measurements were made with two different cantilevers
tally. Typically, measurements are made at three differentvith different geometries. Diagrams of the cross section and
values in the rangé~10-50 nm. For the cantilevers used plan view for both cantilevers are shown in Fig. 2. The di-
in these experiments, this correspondd=tg~0.2—2.2uN. mensions of the cantilevers and their first two free-space
Next, the cantilever is brought into contact with the t@st-  flexural resonances are given in Table |. Dimensions were
known) material. The resonances are measured for the samietermined with an optical microscope, except for the thick-
values ofF\ or 6. The final step in the experimental processnesses, which were measured with a scanning electron mi-
is to repeat the measurements on the reference sample. Ther®scopeSEM).

a “data set” usually consists of nine individual measure-  The plan view of the first cantilever is shown in Fig.
ments of the spectrum: three on the unknown sample and si(a). It was nearly rectangular and thus was referred to as the

B. Cantilever types
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TABLE |. Properties of cantilevers used in AFAM experiments. Entries |ess stiff than a rectangular beam of the same length and
include the dimensions defined in Fig. 2 and the frequencies of the Wqhickness

lowest free-space flexural resonanégsand f9. The columns labeled “ac-
tual” indicate the actual measured values. Columns labeled “FEM” contain .
the values used in, or obtained by, the finite element method. C. Sample materials

To test the methods described above, we performed

Cantilever type . S it ]
AFAM experiments on a thin film of niobiurtNb). The film

Rectangular Dagger was sputtered onto €01) single-crystal silicon(Si) wafer

Property Actual FEM Actual FEM . . e e

approximately 0.5 mm thick. The specific film and substrate
a (um) 232+2 232.0 1561 156.9 materials were chosen based on expected values of the elas-
b (pem) 223+2 223.0 1011 100.8 tic properties, ease of fabrication, and availability of litera-
x; Ezg f’éi ?1;:8 gi; ‘3‘2:3 ture values for cpmparison. The film thickn% was mea-
t (um) 8.1+0.2 772 4102 385 sured by breaking the sample and examining it in cross
2 (kH2) 180.8+0.2 180.8 257.90.2 257.9 section in the SEM. A valudy,=280+ 30 nm was obtained
f9 (kH2) 1157.8-0.2 1158.0 1427%0.2 1427.7 by averaging a total of 26 measurements acquired at seven

evenly spaced positions over a distance of 22 mm. The un-
certainty in the thickness represents the standard deviation of
the individual measurements. AFM topography measure-
ments of the surface roughness indicate that the rms rough-
“rectangular” cantilever. The cantilever had a uniform, trap- ness of the Nb film was 1.5—2.0 nm.

ezoidal cross section along its length except at the very end.  Quantitative AFAM measurements require situ cali-

The tip was located near, but not exactly at, the end of theration with a reference sample. The elastic properties of the
cantilever. The position of the tih, relative to the total reference sample, namely, its indentation modulMs
length L of the cantilever can be characterized by the ratio=E/(1—1?), whereE is Young’s modulus and is Pois-
L,/L." As discussed below, ; /L is used as an adjustable son’s ratio, must be known. In previous research, a reference
parameter in the data analysis. By examining the cantilevematerial with properties close to those expected in the test
in the SEM and the optical microscope, we estimated thagnaterial has usually been selected. From literature values for
L;/L=0.95-0.97. bulk Nb, we estimate thal,=116—133 GP4.

The second cantilever did not possess a rectangular ge- We could not identify an easily available reference ma-
ometry. Due to its shape, seen in FigbR it was called the terial with M in this range. Instead, we used two calibration
“dagger” cantilever. The figure indicates that the cantilever'ssamples whose properties bracketed these values. The first
cross section was not uniform across its entire length. Alwas a(001) single-crystal Si wafer approximately 0.5 mm
though trapezoidal throughout, the cross section varied ifhick. \We expecM gy 109 =161 GPa from calculations of the
width along the pointedtriangulay region. Values for the effective anisotropic values fdEsji100 and vsjigg from the
widths wy andw, given in Table | correspond to the canti- second-order elastic moduli of silicdh? However, a value
lever’s rectangular region furthest from the tip. This type ofof Mg=139+10 GPa was obtained with instrumented in-
cantilever is attractive for AFAM experiments, partly be- dentation testind!IT) on the specific sample used. The IIT
cause the tip is located at exactly the end of the cantilever smeasurements also indicated tiatwas slightly depth de-
thatL,/L=1.0. In addition, the angle between the tip andpendent, increasing to about 170 GPa at deeper penetration
the cantilever is tilted by approximately 12° to compensatejepths—closer to the expected value. It is possible that the
for the angle at which the cantilever is mounted in mostsample possessed a thin surface layer of native oxide or pol-
commercial AFM instruments. Therefore, when this tip isishing damage. Because the applied AFAM forces were
brought into contact with a sample, it is perpendicular to thesmaller than those used in the IIT, we used the surface value
sample surface. We have found this arrangement to worki =139 GPa in the AFAM data analysis.
well in practice. The other reference sample was a disk of borosilicate

The two cantilevers varied not only in their geometry, crown glass. Its properties were characterized using standard
but also in the relative values of the cantilever spring conimmersion, pulse-echo ultrasonic techniqﬂfésj\/leasure-
stantk. . For our particular rectangular cantilever, a value ofments of the longitudinal and shear wave velocities in the
k.=45.2 N/m was provided by the vendor. The precise valugjlass yielded an indentation modulud 4 =85+ 3 GPa,

of k. was not given for the dagger cantilever, but a range ofdentical to the nominal value quoted by the vendor.
possible value&.~29-55 N/m was specified. The relative

values ofk. for the two cantilevers can be estimated usingj||. DATA ANALYSIS METHODS
the relationk,=Ewt3/4L3 for a rectangular beam. HerE,is
Young’s modulusw is the width,t is the thickness, antd is
the length of the cantilever. Inserting the appropriate values The standard approach for interpreting AFAM frequency
in Table | into this equation, we find that the rectangulardata uses conventional beam dynamics to obtain an analyti-
cantilever is about 2.5 times stiffer than the dagger cantileeal relation between the contact stiffness and the resonant
ver. Because the equation applies to a rectangular beam, tHi®quencies. This approach has been described in detail
is only an approximation. However, the ratio is likely to be elsewheré;® here, we only summarize the basic concepts.
even greater since the taper in the dagger cantilever makesThe drawing in Fig. 3 depicts the key features of the model.

A. Analytical method
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7 L the very end of the cantilevéthat is, ifL,/L=1.0). There-
< fore, the characteristic equation for sample-coupled vibration
has been modified to account for the possibiliy/L<1.01
€ | In this casek* is plotted as a function ok, /L for each
L, J_ flexural mode. The value d* where the curves intersect is
J ¢ considered the solution fde* . ThusL, /L can be considered
an adjustable parameter in the analytical method. Typically,
L,/L=0.91-0.99 depending on the specific cantilever ge-
ometry and other experimental variables. This procedure is
FIG. 3. Diagram of key features of AFAM model. The cantilever is clamped usually carried out for each pair of resonant frequencies

at one end and has a total lengthlt is coupled to the surface through a (f1.f2) separately.
spring of stiffnesk* (contact stiffnesslocated at a positioh; with respect Strictly speaking, the analytical model should not be ap-

to the clamp_ed end. An optional dashpot with damping constitocated plied to the dagger cantilever because its geometry does not
in parallel with the spring. meet the assumptions of the model. However, this model has
been shown to be an effective means of analyzing AFAM

The cantilever is modeled as a beam of lengtlwith a  experimental data and is in fact the only method widely
perfectly uniform cross section. One end of the cantilever i€vailable. Therefore, we will include results obtained by the
clamped. The otheftip) end is free to vibratdfree-space analytical method for comparison to results with the numeri-
condition or else coupled to the surface by a spring of stiff- cal (finite element method described below.
nessk* (sample-coupled conditignThe spring is located at
positionL ; with respect to the clamped end of the cantilever. o

Closed-form analytical expressions can be written toB- Finite element method
characterize the beam dynamics of this system. The equa- To date, AFAM experiments have been interpreted ex-
tions relate the frequencies of the first two free-space flexuradjusively with the above analytical method. This approach is
resonances? and f3 to a characteristic parameteg. cs  somewhat limited in applicability, since it assumes that the
contains the cantilever mass density, Young's modulus, angantilever’s cross section is exactly the same along its entire
beam thicknes$.The parametecy is combined with the |ength. The assumption is not strictly true, even for cantile-
sample-coupled resonant frequencies to form the argumenkrs like our rectangular one. Thus data interpretation with
of a characteristic equation for the sample-coupled vibrathe analytical model is based on an approximation to the
tions. This transcendental equation is solved to determine thgctual experimental conditions. Previous work as well as our
value of the contact stiffnesk* between the tip and the own results indicate that the approximation is a very good
sample. one in some cases. However, because the measured resonant

From values ok* and knowledge of the reference ma- frequencies for different flexural modes do not predict ex-
terial's elastic properties, first the reduced Young's modulusactly the same value af, it is clear that real cantilevers do
E* and then the indentation modulub s can be not exactly fit the analytical model. Furthermore, cantilevers

calculated: such as our dagger cantilever may be valuable for experi-
* \n mental use but do not satisfy the assumptions of the model.
Efes= :‘ef(tTESt) : (1) To address these issues and to explore whether another
ref approach might improve measurement accuracy, we have de-
1 1 1 veloped a numerical method for AFAM analysis. Many ap-

=N + Y (20 proaches may be used to create a model to describe the AFM
tip test cantilever vibrations. Although it is a likely candidate, an
Here, the subscrifiestindicates the unknown sample ared ~ expansion in basis functions that span the length of the can-
refers to the reference or calibration sample. We used a valudever (e.g., Rayleigh-Ritgis not the most convenient for
M ip =M sgj00y = 161 GPa for thé€001) silicon tip. The value the cantilevers studied here. Variations in geometry that ex-
of nin Eqg. (1) depends on the contact mechanics model usedend over a limited range of the cantilever, such as the trian-
For Hertzian contactp=3/2; for a flat-punchflat) contact, gular portion of the dagger probe, are more easily modeled
n= 1.5 We cite the values ol calculated for botm=1 and  using a solution derived by the finite element metkiBEM).
n=3/2 to indicate the range of possible values. It should be&Nith the FEM, the geometric and mechanical properties of
noted that contact mechanics models in which the effects odach element can be varied independently.
adhesion are included were not considered. A finite element mesh was created for each cantilever
In theory, the frequency of only one flexural resonance igype based on the dimensions in Fig. 2. Each cantilever was
needed to determink* with this model. In practice, the discretized into Timoshenko beam elements that included the
frequencies of two or more modes are measuredkdnis  rotational inertia of the element. The number of elements
calculated for each one. This practice is partially motivatedvas chosen for good convergence of the first five flexural
by the fact that depending on the experimental configurationmodes when compared with exact solutions for cantilevers
one mode is usually more sensitive to changek*in* The  with uniform cross sections. For the rectangular cantilever
values fork* obtained for different resonances, however, do107 beam elements were used, while the mesh for the dagger
not exactly agree if the assumed position of the AFM tip iscantilever contained 247 elements. The numerical results

E*

test
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given here were calculated assuming that all of the elementhat the search space was limited to local minima. The pos-
possessed the same material properties. sibility of finding a global minimum ofy was not explored.

The dimensions of the cantilever mesh were initially as-  Our first numerical approach for the dagger cantilever
signed the measured values in Table I. For the rectangulatuplicated that used for the rectangular, that is, dojyL
cantilever, the width, length, and thickness were then adand k* were varied. Although physically realistic values
justed to match the free-space response of the FEM modelere obtained forL,/L (0.97-0.99, the values ofk* for
beam to the experimental results. We were able to match thdifferent frequency modes with the same cantilever did not
experimental frequencies by making only small adjustmentagree with only these parameters. Therefore, a viscous
within the uncertainty of the dimensional measurementsdamper was added to the numerical model. This addition was
Next, a linear thickness gradient of 5.0% along the length ofmotivated partly because the experimental data indicated a
the cantilever was introduced to precisely matchréte of  greater effect of damping for the dagger cantilever as evi-
the first two resonant frequencies to the equivalent experidenced by larger resonant linewidths. Viscous damping was
mental ratio. The frequency ratio is nearly unaffected by uniincluded in the form of a dashpot with damping constaint
form changes in width or thickness and hence is an indicatoparallel with the spring corresponding &, as shown in
of the variation in thickness along the cantilever. Examina+Fig. 3. For the minimization procedurk; /L andk* were
tion of the cantilever in the SEM indicated that this amountfirst varied to minimize the error. Then, an appropriate value
of thickness variation was reasonable. The same approadf c was added to further reduce the error. The process was
was used for the dagger cantilever, except that the length a&peated until the required error level was achieved. For this
the dagger point or triangle was also adjusted. In this case, @ntilever, the range over whidh, /L was allowed to vary
thickness gradient of only 3.5% was used. was limited to 0.97-1.0.

The values used in the FEM calculations are given in  The predicted response of the dagger cantilever was
Table I. Also shown are the values of the first two flexuralquite sensitive to the value @fused in the calculation. To
free resonances calculated from the FEM dimensions. Thebtain good agreement with the experimental results, the val-
agreement in both dimensions and frequency with the actuales ofc varied by more than a factor of 100 for some of the
(measureg values is very good for both cantilevers. How- data sets. The reasons for the variationciare not clear.
ever, it should be noted that our combination of modelingExperimentally, we have observed that the damping can be a
parameters is not a unique solution. It is possible to obtairfiunction of the applied load. We have also found that the
similar results for the cantilever free frequencies using otheimportance of damping was dependent on the cantilever stiff-
combinations ofEg; andt. The values in Table | represent ness. Data from the rectangular cantilever, which was stiffer,
one of these combinations that yields values close to th&ere analyzed using the model that included damping. We
measured ones. found that these results were relatively insensitive to the

Once the optimum mesh dimensions were determinedyalue ofc. For the less stiff dagger cantilever, we could not
the contact vibration response could be calculated. The commatch the numerical and experimental results unless damp-
tact model contained a spring of stiffndss located at one ing was included. The relevant levels of cantilever stiffness
node of the mesh. The parameter/L described the loca- that necessitate the use of damping have not yet been deter-
tion of the node with the sprind., /L was allowed to vary mined. However, the influence of contact damping level on
between 0.9 and 1.0 for the rectangular cantilever. The FEM\FM vibrations has been discussed previod8ljore so-
calculation then involved predicting values of and f, for ~ phisticated models of the tip damping are currently under
each combination ok* andL;/L. The output values were development.
those values ok* (andL;/L) that gave the best agreement The procedures described above were performed for
between the predicted and experimental frequencies. “Bestach separate AFAM measurement. Each calculation for the
agreement” meant that the values minimized the sum of th@ptimum contact parameters required less than five minutes
error between experimental and numerical values for bpth on a desktop computéprocessing speed 1 GHzZThe first
andf,. Specifically, we sought to minimize an error function calculation for each material/cantilever combination was the

X, Where most time consuming. Subsequent searches using the first
results as an initial guess required less time. Once the values
[fo—f1] |fo—f5) for k* were determined, the analysis procedure was the same

x=1 f + f, (3)  as for the analytical method: the ratic},./k* ; was calcu-

lated andM .¢; evaluated from Eqgl) and(2).

The superscripT indicates the numerical value and the un-

superscripted value corresponds to the measured value. TW;_ RESULTS AND DISCUSSION

maximum error allowed was 0.3%. An error weighting of

10:1 was used to compensate for the different sensitivities of Table Il summarizes our AFAM results for the Nb film

f, andf, to changes in surface stiffneSsFor the relevant sample. Values are shown for the indentation modiiyg,
range of values ok*, the 10:1 ratio causes the magnitude of as determined using different combinations of cantilever ge-
the errors associated with bofhh and f, to be of roughly ometry, reference material, and analysis approach. Values of
equal importance. Thus, for some cases, the match for eithé,,, are shown for botm=1 andn=3/2 in Eq.(1). Each
frequency may not have appeared optimized, but the condentry in Table Il represents the average of four data sets; as
tion on the minimum error was met. It should also be noteddescribed in Sec. I A, each data set typically yielded six
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TABLE Il. AFAM values for the indentation modulu! ;, of Nb film. The multaneously from the SAWS data. If the actual film density

type of cantilever, reference material, and analysis model used to determi in filrivs

Mp are indicated. Values fowl , were determined from Eq$l) and (2) Was lower, as can be the case fo-r thin il b would be

usingn=1 orn=3/2, as indicated. lower than that shown. To obtain the IIT value ®fy,
=97 GPa from our SAWS data, the film density would have

_ M(n=1)  M(n=3/2) to be ~5% less than the bulk value.
Cantilever Reference  Model  (GP3 (GP3 Inspection of Tables Il and Il provides insight into the
Rectangular Glass Analytical 83 90+ 14 accuracy and effectiveness of our methods. For the rectangu-
_ FEM 89-11 92£17 lar cantilever, the analysis approach had virtually no effect
Si Analytical 1277 122510 on the resulting value dfl,. Discrepancies in the value of
FEM o 12e8 T 20012 v w between the t del h smaller than th
Average  Analytical 10612 105+ 18 no between the two models are much smaller than the mea-
FEM 106+ 14 105+ 22 surement uncertainty for both reference materials. Thus the
06+ 05+ y
Dagger Glass Analytical 862 87+3 results from the two models can be considered identical
FEM 86=3 874 within the uncertainty. For the dagger cantilever, results with
Si Analytical 1275 121+7

FEM 1184 11055 the glass reference sample are identical for both analysis ap-
Average  Analyical 1055 103+ 7 proaches. Using the Si reference sample, however, results

FEM 101+5 98+6 with the analytical method are 8—10% higher than those ob-
tained by FEM analysis of the same data. Although the dis-
crepancies between the two models were larger than the
. ) measurement uncertainty, the error bars still overlap and thus
values ofMy,. The uncertainties quoted in Table Il representyhe ifferences are not considered significant. Thus we con-
the standard deviation of these multiple measurements. Thg,4e that our finite element models successfully captured
accuracy of the value used fM ¢ is potentially an addi- o key physical features of the systems.
tional source of measurement uncertainty. If the true value of  15p1es 11 and 1l indicate that better agreement between
My differs from the value used, a systematic measuremenf,s AFAM and IIT results is achieved by averaging AFAM
error exists. The value assumed M;, can also systemati- oq it from two reference materials. For the rectangular can-
caI_Iy change the measurement results_. However, this effect i‘ﬁever, M, determined by the Si reference sample is higher
quite small. We found that changes My;, of 20-25 GPa ., Mo(1IT) by 20-30 9%, whileM , determined by the
changed the calculated valuesdfy, by less than 1 GPa. glass reference sample alone is lower ©$0%. When the

Table Il contains additional entries labeled “average.”, . jata sets are combined \(AFAM) = 105—106 GPa is

These indicate the values by, obtained by calculating an obtained. This is in very good agreement with the IIT value
avgrageE* from all mea;urements withoth reference ma- (higher by ~5% and within measurement uncertaint§or
:.e”alﬁ.ari)d tt\f/:/en régmplg'&mtn_"th Elq. (i)_ﬁDue }.O :;Ie ][ela- the dagger cantileveM y, for the average of the two refer-
lonship betweerk" ancVl, this vaile ditters sightly TTom ¢ y00 materials from the analytical model is slightly higher

the average of the two fln_al values Wy, ob_tamed with the than the corresponding FEM results. However, the values
separate reference materials. The uncertainty for the averages - ihe two models are the same within measurement un-

Waf calculate.d from an* uncertaln*tyzm reﬂ“ged mOdUIUScertainty. The results are also identical within the error bars
SEX,, determined bySE} = /(SE})?+ (SEE)?, where

avg " avg v : to the corresponding values with the rectangular cantilever.
oEg and SEg; are the standard deviations in the measurey, fact, the average values M, for the dagger cantilever
ments from eac_h separate reference material. agree more closely with the IIT values. The consistency be-

. For comparison with _the AFAM results, Table I CON" tween AFAM results from different cantilever geometries
tains values forM,, obtained by other methods. The first and analysis approaches, as well as the good agreement with

colymn in Table Ill !nd|cates arange of values for F)Olycrys'results from other methods, strongly suggests that our AFAM
talline bulk Nb obtained from the literatuféThe second and methods are valid

:\Tg 1.|columnslcon'ttar1]|n va;lues foe s tmeasured on tthe ésgfr)ne In these AFAM experimentsvo different reference ma-
s Avlvrg) sarrgjp.e \;w su; adce. iICOl:St.'C W?V?ﬁ?pﬁc rosl Y terials were used for guantitative measurements. Prasad
and instrumented indentation testing.ne values et al}* qualitatively compared the AFAM spectrum of a test

indicated arle thle ?k\]/ eragel Of. mu][t'fhle rgz\a;igredmtemtshOnf_;[h%aterial(dickite) to those of other materials in order to select
Zamet sample. In the angyfls 8 t?] t of b ilika’Nbe ! single reference material. Our results suggest that with the
—eg55|7(3)/ kp /r;/%vasB;itisurgtre] q Moco I(ii no'? beo det(:rm'ne dp s( current analysis approach, the choice of reference material is
- g/m). P u : " critical to measurement accuracy. It appears th if; dif-

fers substantially fronM ., the experimentally determined
TABLE IIl. Values for the indentation modulusl of Nb (in GPa. Arange ~ Miest May be incorrect. Such behavior might occur if the
of values for bulk Nb obtained from the literature is shown. Also included contact between the nonideal AFM tip and the nonideal sur-
are results obtained by surface acoustic wave spectrosWS) and  face differs for different sample materials. The Hertzian con-
instrumented indentation testinglT) on the same sample measured by hani del d f d vsis d
AFAM. The minimum and maximum AFAM values from Table Il are given. FaCt mechanics _mQ _e use_ QI‘ our data ana ysis does not

include such variability. Until this can be verified and a more
Literature (bulk) SAWS nT AFAM detailed contact mechanics model developed, our results in-
116-133 1247 97+ 10 86-127 dicate that reasonable valuesMf can be obtained using
two reference materials. Multiple reference samples may be
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needed if no single suitable reference material is available, asther techniques: surface acoustic wave spectroscopy and in-
was the case here. More importantly, an estimatéMgf;;  strumented indentation. The agreement between these values
may not be available, as can occur in the development ofind those determined with AFAM was only fait0—25 %
film materials. In this case, AFAM measurements with mul-differeny if a single reference material was used for the
tiple references could serve to iteratively determine the valudAFAM measurements. Much better agreemenb% differ-
of Miest- AS the AFAM technique is refined and its precision ence was achieved by combining AFAM measurements
is increased, we hope to examine this behavior more thorfrom two different reference samples.
oughly and determine how measurement accuracy can be For a cantilever geometry that deviated only slightly
improved. from a perfect rectangular beam, the two analysis methods
A question that arises in this context is how simiMy,s;  yielded values foM that were the same within measurement
andM ¢ should be to obtain accurate results. To address thigncertainty. Thus the analytical model—a much simpler
guestion, we compare these experiments with previous onegpproach—appears adequate for this type of geometry. For
we have performedf With AFAM we measured an alumi- cantilevers with a nonuniform cross section, it was necessary
num (Al) film about 1 um thick. In this case, only the glass to include the effects of viscoelastic damping in the FEM
sample was used as a referendé,(=85+3 GPa). AFAM  analysis. FEM values foM, with this cantilever were the
data obtained with the rectangular cantilever and analyzedame within measurement uncertainty as those with the rect-
with the analytical model yieldet 5 (AFAM) =803 GPa  angular cantilever. Although not strictly applicable to this
(n=3/2). The SAWS value for the same sample wascantilever geometry, the rectangular model produced very
M o (SAWS)= 78+ 1 GPa. Thus AFAM results with a single similar values forM,. However, its values of the tip pa-
reference appeared accurate wip g, differed fromM s rameterlL ; /L were unphysical. Therefore we believe that the
by 5-10 %. Assuming that the true valueMg, is approxi- FEM approach should be applied to cantilevers with dis-
mately 100 GPa, then for the current experimevitg was  tinctly nonrectangular geometry.

about 40% higher anil 5 was 15-20 % lower thaM . These results demonstrate the validity of our AFAM
Further experiments are needed to more fully quantify thisnethods for quantitative measurements of the elastic proper-
behavior. ties of thin films and surfaces. Our work indicates that for

As mentioned above, both analysis methods used a varéptimal results, a reference material should be selected with
ableL /L describing the tip position as an adjustable paramimechanical propertieémodulus, adhesion, ejcsimilar to
eter. The value ot ;/L was determined for each separatethose of the test material. In this way, the experimental con-
(f1,f,) data pair. For the rectangular cantilever, the range ofact radii will be similar and the assumptions of the AFAM
values obtained with the analytical approach wag/L model will be valid. Future work includes extending the
=0.913-0.926 whild_;/L=0.916—0.930 for the FEM ap- measurement techniques to additional samples with a wider
proach. For the dagger cantilever,/L=0.57-0.58. This is range ofM in order to investigate the limits of applicability
quite different from the valué,/L=1 observed in the SEM in more detail. We also plan to examine the issues that affect
and illustrates our interest in developing an alternative analyprecision and repeatability more thoroughly. Furthermore,
sis approach. With the finite element methot; /L other cantilever geometries will be examined with FEM cal-
=0.975-0.985 for the dagger cantilever. Further analysis oculations to explore the utility of the approach.
more sophisticated modeling is needed to clarify the slight
but consistent differences Iy /L between the observed and ACKNOWLEDGMENTS
model values.
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