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We have developed a dynamic force microscdp&M) with a wideband cantilever deflection
sensor using heterodyne optical beam defleqtit®@BD) method. The bandwidth of HOBD method

is limited only by the maximum frequency for laser power modulation, which can be as high as
gigahertz order. This technique allows us to use high cantilever resonance frequencies for improving
the sensitivity and time response of DFM. In this letter, basic principle and experimental setup of
HOBD method are described. Deflection measurement of a cantilever vibration at about 7 MHz is
demonstrated. Using this cantilever, DFM imaging with a relatively fast scanning speed is
performed. ©2004 American Institute of PhysidPDOIl: 10.1063/1.1842368

Dynamic force microscopyDFM)* allows us to visual- method to DFM measurements. The basic principle and ex-
ize subnanometer-scale structures on various surfatces.perimental setup of DFM using HOBD method are de-
DFM-based techniques have also been used for the local suseribed. Deflection measurement of a cantilever vibration at
face property measurements with a nanometer-scalabout 7 MHz is demonstrated. Using this cantilever, we per-
resolution” The force sensitivity and time response of DFM formed DFM imaging with a relatively fast scanning speed.
are essential factors to determine the performance of these Figure 1 shows an experimental setup of DFM using
DFM-based techniques. In addition, high force sensitivityHOBD method. The setup for HOBD method is basically the
and fast time response of force detection make possible higlsame as the one used for conventional OBD method. The
speed and high-resolution imaging, which opens a wide vaenly difference is that the laser power used in HOBD method
riety of new applications such as real-time imaging of dy-is modulated at a frequendw,, close to the cantilever vi-
namic behavior of biological samplés. bration frequencywy). In this way, the photocurrent induced

The force sensitivity and time response in DFM can bepy the bounced laser beam changes in proportion to both
improved by increasing cantilever resonance frequéficy. cantilever deflection and the laser power variation. Thus, the
The same is true of various surface property measuremengutput signal of the preamplifier contains a beat signal with a
using DFM! For example, Kelvin probe force microscopy frequency ofwy—wy If the frequencylwy—wy| is less than
(KFM) using the second resonance frequency of a cantilevethe bandwidth of the photodetect®), the amplitude, fre-
shows a better time response and a higher force sensitivitéfuency and phase of the cantilever vibration can be mea-
than conventional KFM using an off-resonance frequéency. sured by detecting th@v,— w,, component even whes, is
However, the bandwidth of the cantilever deflection meayy,cn higher tharB. The bandwidth of HOBD method is
surement .systems used in conventional _DFM setups  ifmited only by the maximum frequency for laser power
mostly limited to less than about 1 MHz, which prevents USmodulation, which can be as high as gigahertz oliahe

from gsing higher cantilever resonance frequencies in DFMyethod can be easily applied to most of the DFM applica-
experiments.

Recently, Dupast al® have presented a way to over-
come the frequency limitations of the cantilever deflection
measurement systems, which is hereafter referred to as het-
erodyne optical beam deflectiotHOBD) method. The
method has enabled wideband deflection measurements with
small modifications from the experimental setup for conven-
tional optical beam deflectiofOBD) method. They have in-
vestigated local mechanical properties at a certain position

. - - . . pi— Feedback
by measuring the vibration spectra of a cantilever in contact :l |: Electronics
G

mode including higher modes of the resona%trespite of a
wide variety of potential applications of HOBD method, its e
applications to any other techniques have not yet been re- Tube S

ported. In this letter, we first present applications of HOBD

FIG. 1. Experimental setup of DFM using HOBD method. The laser power
is modulated with a frequenay,, so that the output signal of the photode-
¥Electronic mail: h-yamada@kuee.kyoto-u.ac.jp tector contains the beat signal with a frequencywgf w,.
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modifications. An automatic power contrgAPC) driver
(THORLABS: IP-500 and bias-tegMini-Circuits: PBTC-
1GW) were used for driving a laser diodé€Hitachi:
HL6312G). rf signals for laser power modulation and canti-
lever excitation were obtained from the same rf generator
(Tektronics: AFG32pso that they are synchronized. The de-
gree of the laser power modulation was about 80%. The
bandwidth of the photodetector, which includes position sen-
sitive photodetector, preamplifier, and differential amplifier,
was about 600 kHz. The cantilevers used in this experiment
were fabricated by cutting commercially available Si canti-
levers(Nanosensors: NOLusing a focused ion bea(kIB)

as shown in Fig. 2. The length of the cantilever was about

30 ym 35 um. The resonance frequency was 5—-8 MHz. A carbon
— tip was deposited at the end of the cantilever using the depo-

FIG. 2. Scanning ion microscopy image of a cantilever fabricated by cuttingsmon_ mode of the FIB. )
a commercially available Si cantilever using an FIB. A carbon tip was de-  Figures 8a) and 3b) show waveforms of the deflection

posited at the end of the cantilever using the deposition mode of the FIB. signal measured with a cantilever having a resonance fre-
quency of about 7 MHz using HOBD method. The frequen-

tions with only small modifications from commercially avail- Cieswy andwy, were 7.0223 and 7 MHz, respectively, so that
able DFM setups as discussed below. the frequency of the down-converted beat signal was

There are two major force detection methods in DFM,22.3 kHz. Figure @) shows the beat signal with a frequency
which are amplitude modulatiofAM)* and frequency of 22.3 kHz. The waveform is shown as a thick line due to
modulation(FM)® detection techniques. In AM detection, the the wy component contained in the deflection signal. Ehe
cantilever is oscillated at a constant frequency slightly aboveomponent is more clearly recognized in the waveform
or below the cantilever resonance with a constant excitatioshown in Fig. 8b) with smaller time and amplitude scales.
amplitude. Then the tip—sample distance regulation is madeigures 3c) and 3d) show FFT spectra of the deflection
by maintaining the cantilever vibration amplitu¢®). Thus, signal plotted around the beat frequency and vibration fre-
AM detection requires the measurementffOn the other —quency, respectively. Sineg, (about 7 MH2 is much higher
hand, in FM detection, the frequency of the cantilever excithanB (about 600 kH}, wg component in the deflection sig-
tation is continuously tracked at its resonance frequency byal is very small. On the other hand, the beat component is
using a self-excitation circuit in which the pha&#) of the  detected with a signal amplitude of 12 times larger than that
cantilever vibration is used as a feedback signal. Then thef w, component. Thus, the signal-to-noise rat&NR) of
negative or positive shift of the cantilever resonance frethe deflection measurement was improved by using HOBD
quency(Aw) induced by the tip-sample interaction is kept method instead of traditional OBD method. The result
constant for the tip~sample distance regulation. Accordinglyclearly demonstrates that cantilever vibration having a fre-
FM detection is based on the measuremenipofind Aw. quency much higher thald can be detected with a sufficient
Assuming that the cantilever vibration is described bySNR.
A cog(wo+Aw)t+ @], the beat signal contained in the canti-  Figure 4 shows a DFM image of a ALL1) surface ob-
lever deflection signal obtained in HOBD method is propor-tained with the same cantilever in ir,=7.0223 MHz and
tional to A cog(wy+Aw—wy)t+¢]. Therefore, the HOBD ©yn=7 MHz). The amplitude of the beat sign&22.3 kH2
method can be applied to each AM and FM detection methoavas used for the distance regulation. The image shows sharp
by detecting the amplitude, frequency, and phase of the be&bntrast in spite of the fast scanning spégtil um/s) and a
signal. large corrugation of the surfagabout 10 nrp.p), indicating

In this experiment, HOBD method is applied to DFM a sufficient time response of the tip—sample distance regula-
using AM detection method.A commercially available tion control. The result reveals that HOBD method enables
DFM apparatugJEOL: JSPM-420pwas used with some DFM imaging at cantilever resonance frequencies as high as
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FIG. 3. (Color online: (a) and(b) waveforms of the deflection signal measured with the cantilever vibrating at 7.0223 MHz by HOBD mejtsitbws the
down-converted beat signal with a frequencyugf- w,=22.3 kHz while(b) shows thew, componen{7.0223 MH32 contained in the deflection signat)
and(d) FFT spectra of the deflection signal plotted around the beat frequency and vibration frequency, respectively. The spectra show that the sig@al amplit

of (wy—w,) component was 12 times larger than thatsgfcomponent.
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detection method. HOBD method also enables surface prop-
erty measurements using higher order of cantilever reso-
nance frequencies such as KEMnd scanning capacitance
force microscop)(SCFl\/D.11

)
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