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Scanning probe microscopy with inherent disturbance suppression
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We introduce a general approach for inherently suppressing out-of-plane disturbances in scanning
probe microscopy that enables higher-resolution imaging, particularly in noisy environments. In this
approach, two distinct sensors simultaneously measure the probe—sample separation. One sensor
measures a spatial average over a large sample area while the other responds locally to topography
underneath the nanometer-scale probe. When the localized sensor is used to control the probe—
sample separation in feedback, the spatially distributed sensor signal reveals only topography. We
implemented this approach on a scanning tunneling microscope using a microcantilever with an
integrated tunneling tip and interferometer. For disturbances applied normal to the sample, we
measure -50 dB of disturbance suppression at 1 Hz, compared to 0 dB with conventional
imaging. ©2004 American Institute of Physid®Ol: 10.1063/1.1812377

Scanning probe microscopes are notoriously susceptiblephy. This configuration suppresses disturbances normal to
to disturbances, or mechanical noise, from the surroundinthe sample. We apply this approach to STM with a micro-
environment that couple to the probe-sample interactioncantilever that integrates a tunneling tip and an interferom-
These disturbances include vibrations of mechanical compaeter, and we show that it enables Angstrom resolution imag-
nents as well as piezo drift and thermal expansion. Disturing of nanometer-sized gold grains in a noisy environment.
bance effects can be substantially reduced by designing Ror disturbances applied normal to the sample, we measure
rigid microscope, incorporating effective vibration isolation, disturbance suppression of -50 dB at 1 Hz, compared to
and selecting an appropriate measurement bandwidth arffildB with conventional imaging.
image filter. However, it is not always possible to satisfy ~ Figure 1 illustratesZ disturbance suppression with this
these requirements sufficiently, and as a result, critical featechnique. One sensdblue) is localized to an area smaller
tures in an image can be obscured. than the sample features, and is therefore sensitive to the

The central problem is that the actuator signal, measuretPpography. The other sens@ed) distributes this measure-
at the output of the feedback controller, is used both to readnent over an area much larger than the features, making it
out topography and correct for disturbances. Abraleaml!  insensitive to sample topography. When the feedback loop is
demonstrated disturbance suppression for scanning tunneligesed around the localized sensor, Zhactuator will correct
microscopy (STM) with an ac modulation technique that for Z d|_sturbances. These corrections will appear in the ac-
measures differential topography. However, the true topograiator signal but not at the output of either sensor. DuKivg
phy depends on the work functidbrand requires image Scanning, the actuator will make additional corrections for
reconstructiorf. Schitter and Stemméattached an auxiliary toPography, which will therefore not appear at the localized
sensor to an atomic force microsco@é M) and subtracted S€NSOr output. However, thes_e tgpography corrections origi-
its signal from the actuator signal. While straightforward tonate from changes that the distributed sensor cannot detect.
implement, performance of this approach is ultimately gov-AS a consequence, the dlstnbute_d sensor will reveal the
erned by the degree of coherence, or similarity, between the2Mple topography. Therefore, within the feedback band-
disturbance responses of the probe—sample sensor and the
auxiliary sensor. Furthermore, the two responses must be
subtracted with extreme precision in order to achieve a high
common-mode rejection ratio.

Here we introduce a general approach for inherently sup-
pressing out-of-plané&Z) disturbances in scanning probe mi-
croscopy(SPM). In this approach, two distinct, coherent sen-
sors simultaneously measure the probe—sample separation. Z actuator
One sensor measures a spatial average distributed over a
large sample area while the other responds locally to topog- Disturbance A\, \.

raphy underneath the nanometer-scale probe. When the lo- - »
calized sensor is used to control the probe—sample separation S /\/’\/\/ £ /\/\/\/
. L. . N N
in feedback, the distributed sensor signal reveals only topog-
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dAlso at: Department of Materials Science and Engineering, Massachusetf8lG. 1. (Color onling. Operation schematic for inherent disturbance sup-
Institute of Technology, Cambridge, MA 02139. pression in a scanning probe microscope. The red distributed sensor signal,

PAlso at: Division of Biological Engineering, Massachusetts Institute of z,, reveals only topography while the actuator sigr@l, includes both
Technology, Cambridge, MA 02139; electronic mail: topography and disturbances. The actuator signal is defined as the controller
scottm@media.mit.edu output, and disturbances are modeled as signals added to the actuator signal.
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FIG. 2. Scanning electron micrograph of the silicon nitride cantilever with
integrated tunneling probe and interferometer. The cantilever resonant fre-
quency is 70 kHz, and the spring constant at the tunneling tip is estimated to
be 30 N/m.
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- . - g bration grating, scanned at 0.5 Hz, in the presence of a synthesized distur-
ventional SPM imaging and the localized sensor ShOws pance. The disturbance was created by filtering a white-noise source with a
neither. Disturbance suppression is inherent and no subtragst-order 35 Hz low-pass filter and adding it to the actuator signal. The left
lon s necessary e o S i G s e

. A sca_mnlng eleqtron m|crog_raph of a silicon mt.nd(.e Car1-f0r the same scan lingb) 200)?200 r'?n? images of Au/Pd/Ti on a siIiL(J:on
.t"ever with a !Ocallzed .tun_ne“ng pro_be and a dlsmbUt?dsubstrate. A noisy environment was created by mechanically grounding the
interferometer is shown in Fig. 2. The interferometer consistsptics table while the sample was imaged at a scan rate of 0.2 Hz. Cross
of an array of slits that is illuminated with a focused lasersections from each image are shown for the same scan line.

beam while an optically flat sample is scanned underneath

the cantilever. Light traveling through the slits reflects from ) ] ) )

the sample and interferes with light reflected from the cantj\Was focused onto the cantilever slits with an achromatic lens,
lever, creating a phase sensitive diffraction grafinghe and the dlffractgd mode intensity was measured with a large-
probe—sample separation is determined by measuring the iff€a reverse-biased photodiodéhorlabs, DET110) The
tensity of a diffracted mod&which varies sinusoidally with ~Short optical pathlength difference of the A deep grating
separatior. Due to the spot size of the laser, the resultingMinimizes effects of refractive index fluctuations in air and
separation measurement is an effective average over an arBhase noise of the laser that limit the resolution of interfer-
of typically 500um2. The tunneling probe, on the other OmMeters. Both the sample and the lens were mounted on
hand, measures the separation over as little as 28oth  three-axis translation stages. We have found the interferom-
sensors measure the separation between the sample angt@r readout to be insensitive to vibrations of the laser, lens,
particular location along the cantilever. Although these canand photodiode. The entire assembly was covered in an
tilever locations differ for each sensor, they are rigidly con-acoustically isolating box on a floating optics table.

nected to ensure high coherence between the two sensor ~ The system was engaged in tunneling feedback with a
signals. Since interaction forces between the probe angomputer-controlled stepper motor. Because of the nonlinear
sample can be quite Iarﬁel;wo hollow, longitudinal “fins”  dependence of the mode intensity on separation, the interfer-
were used to stiffen the cantilever by increasing its effectiveometer was biased at a point of maximum slope to achieve
thickness. The cantilever is fabricated by a well-establishednaximum sensitivity. This bias was adjusted in tunneling
process where the tip and fins are simultaneously defined Higedback either by moving the laser spot position on the
etching silicon anisotropically with potassium hydroxide. grating or by changing th¥Y offset of the sample relative to
Cantilevers are subsequently coated with an electron-beathe tunneling probe. The actuator and interferometer signals
evaporated Ti/Pd/Au multilayer film for tunneling and re- were processed by antialiasing filters before being recorded
flectivity purposes? by LabView. Images from the actuator signal were planefit

All measurements were performed on a home-built STMoffline to remove effects of sample tilt. This operation was
that was not optimized for vibration isolation or mechanicalnot necessary for the interferometer signal, allowing image
rigidity. The cantilever and sample were magneticallyacquisition at higher signal gain. The interferometer signal
mounted on & piezo stack Thorlabs, AE0203D0gandXY  was calibrated either from the known response ofaipéezo
unimorph scannéf’ respectively. Tunneling current was de- or by relating the displacement response of the interferom-
tected with a commercial current amplifi@®HK, IVP-200.  eter to the wavelength of illuminatior.

A simple analog integral controller was used to stabilize the  Figure 3a) shows images of a gold sawtooth calibration
tunneling current. The controller output, or actuator signalgrating that were acquired in the presence of a synthesized
was amplified by a power amplifier before driving the actua-disturbance. This disturbance was created by filtering a
tor. The feedback bandwidth was limited to below 1 kHz bywhite-noise source with a first-order 35 Hz low-pass filter

the Z resonance of thXY scanner. Light from a diode laser and adding it to the actuator signal. On the left, the actuator
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° 0.02A in a bandwidth of 10 Hz—1 kH%and the noise of the
tunneling process, estimated at less thanfih the same
bandwidth'? Such a microscope would have lateral resolu-
tion comparable to a conventional STM but maintain the
same high suppression i that we have achieved in this
work. Furthermore, this instrument could be developed for a
complementary application: interferometric feedback with
tunneling readout, enabling closed-loop, constant-height tun-
neling spectroscopy. This previously unattainable mode
could allow chemical identification on the molecular scale in
a variety of experimental conditions, including aqueous en-
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10° 10’ 10% 10° 10° We also suggest the extension of this technique to other
Frequency (Hz) noncontact variants of SPM, namely tapping mode and non-

contact AFM. In these applications, a single interferometer
FIG. 4. (Color onling. Disturbance suppression of the microscope, excitedcould provide both the localized signéligh-frequency os-
by a synthesized sinusoidal disturbance and measured by a lock-in tec'&’lllation amplitude) as well as the distributed sign@ﬂ‘set)
nique. The curves are fit using classical feedback theory for a loop With_l_hiS would extend the application of inherent disturb;'ince

dynamics only from an integrator. 5 h _ :
suppression to a wider range of samples with little added

signal shows the signature of the disturbance to the exter?tomplex'ty'
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