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Nanoscale Elastic-Property Mapping with Contact-Resonance-Frequency AFM*
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ABSTRACT

We describe a dynamic atomic force microscopy (AFM) metlwosh&p the nanoscale elastic
properties of surfaces, thin films, and nanostructures.approach is based on atomic force
acoustic microscopy (AFAM) techniques previously usedjioantitative measurements of elastic
properties at a fixed sample position. AFAM measurementyghéte the resonant frequencies of
an AFM cantilever in contact mode to calculate the tip-sagointact stiffnesk*. Local values
for elastic properties such as the indentation modiMusan be determined frolk with the
appropriate contact-mechanics models. To enable imagipiaatical rates, we have developed a
frequency-tracking circuit based on digital signal premgsarchitecture to rapidly locate the
contact-resonance frequencies at each image positionr&§ent contact-resonance frequency
images obtained using both flexural and torsional cantilemages as well as the corresponding
vertical contact-stiffnes<{) image calculated from flexural frequency images. Methodsbtain
elastic-modulus images M from vertical contact-stiffness images are also discussed
*Contribution of NIST, an agency of the US government; not stitpecopyright.

INTRODUCTION

As critical dimensions shrink belowdm, new tools are required to investigate material
properties on commensurate scales. In particular, nanuenézal information—knowledge on
nanometer length scales of mechanical properties suclastscahodulus, strength, adhesion, and
friction—is needed in many emerging applications. The nsehliven by the increasing
integration of multiple materials on micrometer and nan@nscales. The complexity of such
systems increases the demand for accurate property valupsetiictive modeling. Furthermore,
because localized variations in properties are often theecaf failure, it is increasingly
important to assess not just the “average” properties fremgle sample position, but to
visualize spatial variations in properties.

One approach to meet this objective combines nanoindentegchniques with force
modulation and scanning [1]. This promising method is leditn lateral spatial resolution by the
radius (a few hundred nanometers) of the Berkovich diamodeiter used. Therefore, methods
that exploit the increased spatial resolution of atmomicdanicroscopy (AFM) are also being
developed. Those methods that promise quantitative inrdgemation are typically dynamic
approaches in which the AFM cantilever is vibrated at or nleafrequencies of its resonant
modes. Two of these approaches are contact methods caliasaunlic AFM [2,3] and atomic
force acoustic microscopy (AFAM) [4,5]. In this paper, wesdebe our progress towards
guantitative imaging of nanoscale elastic propertiesgu8iRAM. Using new signal acqusition
and processing techniques, we have modified methods psetyidemonstrated for quantitative
fixed-point measurements [6,7] to achieve rapid imagingootact-resonance frequencies. From
such images, modulus maps may ultimately be determined.
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EXPERIMENTAL METHODS

AFAM Techniques

The experimental methods and theoretical basis for detemmelastic properties using
AFAM have been described in detail elsewhere [6, 7]. In sumgmabrations in the range of 10
kHz to 3 MHz are excited in the sample of interest by an ultn&spiezoelectric transducer
mounted beneath it. When the tip of the AFM cantilever is intaohwith the sample, the
vibrations are coupled into the cantilever. Vibrationshat &appropriate frequencies excite
resonant modes of the cantilever beam. The amplitude ofl@agtvibration at the transducer
excitation frequency, and hence the frequencies of theneegonodes (the “contact-resonance
frequencies”), are detected from the AFM photodiode sigsalg a lock-in amplfier. From the
contact-resonance frequencies of the first two flexuraldlvgy) modes, the value of the
indentation modulud can be determined [7,8]. For an isotropic matelihk= E /(1 —v?),
whereE is Young’s modulus and is Poisson’s ratio. Torsional cantilever modes may also be
measured in a similar fashion. For isotropic materials gflastic quantity that can be determined
from torsional-mode frequencies®&= E /2(1+v) [9]. Thus, by combined measurementd\wbf
andG, it is theoretically possible to simultaneously deternmithendv independently. Although
this fact has been mentioned in the literature [9], to ounmdedge it has not yet been
experimentally demonstrated.

Resonance-Frequency Tracking Electronics

Directly applying the AFAM methods described above for #tagroperty imaging is not
practical, because lock-in techniques are typically mochsiow. One author estimated that
several days would be needed to acquire a single image iw#yi$2]. This problem has
previously been addressed [2,3,5]. Our approach towargisoming this difficulty involves new
signal acquisition and processing methods based on a 3@dting-point digital signal processor
(DSP). A block diagram of the circuit is shown in Fig. 1. Brietlye circuit applies an
adjustable-amplitude, swept-frequency sinusoidal gelt® the piezoelectric transducer beneath
the sample. A wideband, root-mean-square-to-DC (RMS-to-&@@yerter fed by a low-noise
operational amplifier with a noninverting gain of 100 is usedetect the magnitude of the
photodiode signal and deliver it to an analog-to-digitalwerter. The RMS-to-DC converter has a
flat bandpass response from approximately 1 kHz to 3.2 MHamRhe RMS voltage response as
the frequency is swept, the circuit constructs a completenance curve and finds its peak. This
information is sent to a digital feedback control loop thdjuats a voltage-controlled oscillator
(VCO) to tune the center frequency of vibration, keeping theter of the sweep window
centered on the cantilever resonance. The control voleagkso sent to the AFM’s auxiliary
image input port. Thus each pixel in the acquired image ¢ostavalue proportional to the peak
(resonant) frequency at that position. A frequency rangebeaspecified in order to exclude all
but the cantilever mode of interest.

Some of the most important features of the DSP circuit inelad enhanced direct memory
access (DMA) controller that enables data acquisitionpedeent of the DSP core, a
multichannel buffered serial port to communicate with thalag-to-digital (A/D) and
digital-to-analog (D/A) converters, and a multi-unit pessor core capable of 600 million floating
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Figure 1. Block diagram of the resonance-frequency tracking circsetdin this work.

point operations per second. The 20-bit delta-sigma A/D#dconverters are located on a
stereo audio daughtercard mated to the DSP board and opedgiilosamples per second. At
48 kilosamples per second and 128 samples per spectrunysteesis capable of acquiring the
full cantilever resonance spectrum every 2.7 ms (375 Hztiteperate). In its current form, the
circuit realizes approximately 17-18 bits of resolutioafresponding to an intrinsic frequency
resolution of~12 Hz over a full-range span of 3 KHz to 3 MHz.

RESULTSAND DISCUSSION

The frequency-tracking electronics were used to acquinéacd-resonance frequency images
for a variety of samples. The sample used for the images shewencontained a stack of two thin
films deposited on a silicon wafer with microfabricationhemues. The top film was a niobium
(Nb) “wire” ~200 nm thick and 4umm wide. The Nb film was sputtered on top of a blanket film of
silica (SiQ) ~350 nm thick created by plasma-enhanced chemical vaposdepn

Quantitative fixed-point AFAM experiments [6] were perfadito independently determine
the elastic properties of the constituent films. For thesasmeements, a reference sample of
fused silica was used. We assumed a value of the indentaboulos for the reference material
Mret = 74.9 GPa based on ultrasonic pulse-echo measurements ofrdinsiéal-silica samples. A
total of 28 measurements on the Sifdm yielded an average value Msjo, = 75.1+ 10.0 GPa,
while 22 measurements on the Nb film ga¥Mg, = 1127+ 15.0 GPa. The uncertainties
represent the standard deviation in the individual measengs. The values fdvl were obtained
assuming Hertzian (spherical) contact between the tip angke. These results are in good
agreement with the range of literature values for bulk fuskch (Msjo2~ 72-77 GPa) and bulk
Nb (Mnp ~ 116-133 GPa).

Contact-resonance frequency images for the Nb/S&nple are shown in Figs. 2(a) and (b)
for the first (f1) and secondft) flexural modes, respectively. To acquire these images,sed a
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Figure 2. Contact-resonance frequency images of (a) the first flexuodlerfy, and (b) the second
flexural modef; for a Nb/SiQ sample. (c) Corresponding image for the normalized vertical
contact stiffnesk*/k. calculated from the frequency images in (a) and (b). (d) Gpoading
image of the indentation moduld calculated from (c), assuming Hertzian contact mechanics.

silicon cantilever approximately 23%n long, 34um wide, and 7.Jum thick. The nominal value
of the cantilever spring constant provided by the vendorkyas 47 N/m, while the measured
free-space resonant frequencies of the first two flexuralamekre respectively 167.55 and
1044.0 kHz. The central Nb stripe stands out clearly in @sttio the left and right regions of
SiO, film. The narrow, bright and dark vertical lines in Figs. 2éad (b) indicate relatively large
frequency changes that occur at the interfaces betweeri@e8d Nb films. Presumably, these
are topography-induced frequency shifts caused by transi@nges in the contact area as the tip
moves from one material to another. The frequency inforonat these narrow regions are not
deemed reliable. However, the valuesfofand f, for the individual materials are reasonably
uniform and repeatable from line to line. The images alsavsthat bothf, and f, are greater for
the Nb film, suggesting that the contact stiffness is grdates. This hypothesis is verified in
Fig. 2(c), which contains a map of the normalized contaffsissk” /k; obtained using Figs. 2(a)
and (b). Figure 2(c) was calculated using standard AFAM paighhat assume a variable tip
position to determin&* /k; from the contact-resonance frequencies [7].

Although contact-stiffness images are useful for visuiagjzelative variations in properties,
our ultimate objective is a direct map of the sample’s etgstoperties. AFAM experiments
typically use measurements of a reference material in tangligh measurements of the unknown
material to determin® from the measured values kf/k: [8]. This approach avoids direct
determination of the contact radius, which is difficult irmaptice and complicated by wear of the
silicon tip. We found experimentally that the tip-sampl@&tzxt for a moving tip differed from
that of a static contact. Therefore, instead of comparieg/tiues ok* /k: in Fig. 2(c) to those
from point measurements of a reference sample, we applisdlacalibrating” approach. We
assumed that the mean valuekdfk; for the SiQ region corresponded to the previously
measured value dflsior, = 75.1 GPa. With this assumption and using the Hertzian contact
model, values oM for the entire image were calculated. The corresponding@@nshown in Fig.
2(d), indicates that the values obtained are physicallyaeable. The mean value of the entire
region of SiQ film is Msjo2 = 75.5+ 7.1 GPa. The mean value of the Nb film region is
Mnp = 1185+ 7.1 GPa. This is in good agreement with both the fixed-pointevalul 12.7+
15.0 GPa obtained above and with literature values of 1188@Pa. Both of these results were
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Figure 3. Torsional contact-resonance frequency images of the Bb/Sample: (a) the first
mode f1, and (b) the second mode. The diagonal streaks are probably the result of sample
contamination.

calculated from image regions containing more than1®® pixels. Furthermore, the relatively
small standard deviation of the results indicates thatigheample contact is relatively consistent
and repeatable for a given material. Using this fact, it maypbssible to obtain quantitative
AFAM results more quickly and precisely by acquiring fregaogimages over a small region of
the sample.

We also obtained contact-resonance frequency imagesr&omal (twisting) modes of the
AFM cantilever. To perform these experiments, we modifiedAdeM to allow detection of the
horizontal (left minus right) signal of the quadrant photat® in the kilohertz to megahertz
frequency range. For the torsional experiments we usedtarsitantilever approximately
448 um long, 51um wide, and 3.5um thick with k. = 0.98 N/m (vendor value). The cantilever’s
torsional modes were excited by an ultrasonic transduegiggnerated in-plane (shear)
vibrations. The measured free-space frequencies of théviiosorsional modes of this cantilever
were 340.1 and 1022.3 kHz, respectively. Torsional conesbnance frequency images obtained
with this cantilever for the Nb/Si©@sample are shown in Fig. 3. Like the flexural-frequency
images in Fig. 2, the torsional images show large topograptiyced frequency shifts at the
interfaces between the two different materials. In cont@athe flexural modes, however, the first
torsional mode appears more sensitive than the secondhigx@igreater changes in frequency
from material to material. The frequency changes for theseenode are quite small between
the SiQ and Nb regions. Nonetheless, the frequencies of both maddsgher for the Nb region
than for the SiQ@ regions. This suggests that the lateral contact stiffreasd (hus, by inference,
G) is higher for the Nb film. This behavior is qualitatively costent with literature values &
andv for bulk Nb. We are working to develop an analysis procedarebnverting the torsional
frequency images into quantitative lateral-stiffnessges

With our specific circuit components, the frequency-tragkelectronics perform a
frequency sweep.g., acquire a spectrum) at a repetition rate of 375 Hz, or apprately every
2.7 ms. The scanning speed and number of points per imagmiisebe adjusted so that several
sweeps are performed at each image position. The scan sizmatrast in elastic propertieise,
the relative frequency shift) also affect the acquisitiater We found that for scans a few to
several micrometers in size, it was usually sufficient torafgeat a scan rate of 0.2 Hz (5 s/line)
when acquiring images 256 pixels wide. At a scan rate of 0.2aH56x< 256 image requires 22
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minutes. Thus, it takes less than one hour to acquire frexyuemages for two resonant modes.
This period can be reduced by upgrading the electronics oaegs with newer (faster) models.
The corresponding contact-stiffness (k:;) and modulusil) images are calculated separately
from custom subroutines written for commercial image-gsialsoftware. These calculations
(which have not been optimized for speed) take less thantdl@ominutes.

SUMMARY AND CONCLUSIONS

We have described our progress towards the goal of quaveitlastic modulus imaging
using AFAM methods. Frequency-tracking electronics haenibdeveloped to rapidly image the
contact-resonance frequency in a given region of the sasypface. To illustrate the flexibility of
our methods, images corresponding to the first two flexurdltarsional modes were presented
for a Nb/SiQ sample. From the flexural frequency images, a map of the riaedaip-sample
contact stiffnes&* /k; was calculated. A quantitative image of the indentation uhesiM was
obtained from thd* /k; image using independent knowledge of the constituentielpsiperties
and assuming Hertzian contact mechanics. Valuég obtained for both the Si©and Nb films
were physically realistic and in good agreement with presibixed-position measurements,
increasing our confidence in the basic approach. Althougbetinesults are promising, achieving
the goal of quantitative modulus mapping requires furtlflareto understand and control such
issues as surface topography, tip wear, and the actuatigie contact behavior.
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