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Abstract

This paper describes a new type of acoustic microscope based upon a scanning tunneling
microscope (STM). This is an STM with an acoustic sensor that obtains physical information
from an acoustic wave as well as the tunneling current. Interactions capable of generating
strains in the STM sample are detectable and are used to image sample properties. This
enhances STM’s capabilities without reducing its ability, and enables imaging of

nonconducting materials and imaging of dielectric and piezoelectric properties.
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1. Introduction

The scanning tunneling microscope (STM)! has developed rapidly over the last ten years,
due to its ability to directly image the geometric and electronic surface structures of
conducting materials with atomic resolution. The STM is a new type of microscope that
scans a probe tip over the sample surface mechanically, and thus no lenses or beams are
required. The spacing between the tip and sample surface is controlled by detecting a
tunneling current. Because the tunneling current rapidly decreases with increasing
spacing,23) the tunneling current flows only between the closest atoms on the tip and sample,
which produces high horizontal, as well as vertical, resolution. By combining this tunneling
effect with a three-dimensional piezoelectric actuator capable of positioning the tip on an
atomic scale, an image of the sample surface can be obtained with atomic resolution. To
achieve the ability, it is essential that the STM be rigid, in order to avoid changes in the tip-to-
sample spacing due to external vibrations and furthermore to precisely control the tip position
under the condition of surface forces. We can see the origin and the principle of STM in
“topografiner”.45) The authors have already studied phenomena from field emission down
to metal-vacuum-metal tunneling, as well as tip-position control using piezoelectric actuators.

The STM, however, can not be used to image nonconducting materials.

Meanwhile, the high positioning accuracy of piezoelectric actuators has also led to the
development of other microscopes® which detect other kinds of interactions between the tip
and the sample than the tunneling current. They use local probes based on, for example
thermal conductivity (Scanning Thermal Profiler),”) photon tunneling (Photon STM),8) ion

conductance (Scanning Ion-conductance Microscope),?) electric capacitance (Scanning



Capacitance Microscope)!® or the Hall effect (Scanning Hall Probe Microscope),!!) and
obtain other information not derivable from electron tunneling. The spatial resolution greatly
depends on the effective range of interaction. For long-range interactions, the spatial
resolution depends on the geometrical shape of the tip, and so it is not easy to achieve high
resolution stably. Among others, the atomic force microscope (AFM)!2) is one of the most
successful, because it enables us to image nonconducting materials with atomic resolution,
using forces between the tip, which is mounted on a microfabricated cantilever, and the
sample. The forces are detected by optically monitoring the cantilever deflection caused by
the forces. For sensitive force detection, the cantilever must be soft.

New microscopes should be created by combining ordinary techniques with two new
concepts for STM: the piezoelectric actuators are capable of controlling the tip position on an
atomic scale, and the spatial resolution depends on the effective range of interaction only.
The excellent ability of STM is not reduced if only a sensor is added to the STM. For
example, it is an interesting problem to add capability of observing both conducting and
nonconducting samples to the STM.!3) This would enhance STM’s ability to observe
electronic states on an atomic scale, and enable us to observe, for example, electron
interference patterns in a fine wire drawn on a nonconducting substrate. From this point of
view, the AFM is capable, however, that is inherently not rigid due to the force detection
system, which makes it difficult to use for the STM in which the tip-to-sample spacing must
be precisely controlled in order to detect and control the tunneling current. The position of
the tip on the soft cantilever is not controllable in three dimensions. As the spacing
decreases, the attractive force becomes stronger and reaches a threshold where the force
suddenly brings the tip into contact with the sample surface.!4) This also occurs as the tip is

withdrawn from the surface. Thus, in the AFM, the spacing isn’t necessarily controllable



over whole ranges of force. Besides, the lateral deflection of the cantilever induced by
scanning, which causes distortion of images, also restricts control of the tip position.15.16)
The tip position is not known in three dimensions as accurately as the tip in the STM, which
is connected rigidly to the piezoelectric actuators, because only the relative displacement of
the rear surface of the cantilever is detected.

This paper describes a new type of STM-related microscope, called a tunneling acoustic
microscope (TAM),17-20) which combines techniques for generating and detecting acoustic
waves with the STM, and is also a new type of acoustic microscope in line with the
photoacoustic microscope (PAM),21-23) electron acoustic microscope (EAM),24.25) and
scanning acoustic microscope (SAM).26-28)

I turned to acoustics as the “ordinary technique”, and started this work with the idea that
since there are acoustic microscopes corresponding to the laser scanning optical microscope
and the scanning electron microscope, it should also be possible to develop an acoustic
microscope corresponding to the STM. If an interaction capable of generating a strain in the
sample existed in the spacing like the thermal strains in the PAM/EAM, that interaction can be
detected as an acoustic wave by adding an acoustic sensor to the STM. Fortunately, the STM
has a special feature not found in the scanning photon/electron microscopes, that is, the
mechanical scanning of the solid tip nearly contacting the sample surface, so that the TAM
also has capability other than PAM/EAM. The capability is that the TAM can generate strains
directly via the solid tip through forces between the tip and the sample, which makes it
possible to observe both conducting and nonconducting materials with a rigid and simple
system.

In Sec. 2, the principle and capability are presented, and the instrumentation is shown in

Sec. 3. Section 4 describes and discusses the experimental results.



2. Principle

The principle of TAM is to detect a fine strain generated in a sample, thereby making it
possible to obtain physical information on the source of the strain (Fig. 2.1). This detection
is achieved through a device for detecting acoustic waves (usually utilizing a piezoelectric
transducer) and through modulation of the interaction causing the strain. By the modulation,
the strain, localized at the sample surface confronting the tip, is transmitted into the sample as
an acoustic wave, and is detected by the piezoelectric transducer coupled to the sample. The
amplitude of the generated acoustic wave corresponds to the modulation strength of the
strain, and the phase of the wave also represents information on the interaction. Accordingly,
interactions capable of generating a strain in sample are detectable.

We can consider atomic, electrostatic or magnetic forces as the interactions. Forces acting
between the tip and the sample generate strains proportional both to the strength of the forces
and to the elastic compliance of the sample, and either tip vibration or an ac voltage applied to
the tip transforms the strain into an acoustic wave. Current injected into the sample from a
STM tip should also induce thermal or electronic strains like those in PAM/EAM.29:30) This
is explained by the large current density (10’ A/m2) due to the small injection area, although
the absolute energy (109 W) is small in comparison with those of PAM/EAM.

The detected acoustic signals reflect the sample’s elastic properties, to which the strains
are intrinsically related. In experiments in the range of modulation frequencies of 108 — 109
Hz, reflection and diffraction of the acoustic wave occur and absorption also becomes
significant. Just as in SAM, therefore, the detected signals should include acoustical

information on the transmission process in the sample. And because the size of the source of



the ultrasonic wave generated in the sample surface is much less than the wavelength, the
spatial resolution should be beyond the diffraction limit.

The spatial resolution with which both the interactions and the elastic properties are
detected is not limited by the modulation frequency but by the extents of the strains, which
are determined by the effective ranges of the interactions between the tip and the sample.

The only unique mechanical component of the TAM is the piezoelectric transducer, which
does not reduce the capability or rigidity of the STM.

Surface forces, electrostatic forces, and piezoelectric strains have so far been detected and
imaged. Not only the forces between the tip and the sample but also the properties of sample
itself induce strains that are detected. In the experiments described here, however, the
wavelength is on the order of the sample size so that neither reflection nor diffraction occurs.
The generated acoustic wave therefore only transmits physical information on the interaction
causing the strain and has no influence on spatial resolution and does not reflect the internal
structure of the sample.

Magnetic forces and the current-induced strains have not yet been detected, but elastic
properties have been imaged3!-33) and experiments with high-frequency modulation have
been performed34) by other researchers.

As described above, the TAM is analogous to the PAM/EAM and SAM, but there is a
significant difference between the TAM and related techniques. The difference is caused by
the fact that the STM involves scanning the sample mechanically, with the solid probe nearly
contacting the surface. Using the tip, the TAM can therefore generate strains directly through
forces between the tip and the sample, whereas the strains measured in the other techniques
are mainly caused by heating the sample with beams of photons or electrons. The extent of

cyclic thermal strain depends on not only the diameter of the beam but also the thermal



diffusion length fg determined by the modulation frequency f and by the thermal properties
of the sample.2?) The basic relationship is g o< f-0-5. The thermal diffusion length is in
the um range at 1 MHz, but the thermal strain decreases with increasing modulation
frequency. In the SAM using a focused ultrasonic beam as a probe, resolution is limited by
the wavelength, which is on the order of sub-um’s. Meanwhile, both the extent and strength
of the strains of TAM directly induced by the forces are independent of the modulation
frequency but depend on the ranges of interactions and on the elastic properties of sample.
Tunneling acoustic microscopy thus offers spatial resolutions much higher than that of
other acoustic microscopies. The repulsive region of the surface forces is a short-range
interaction and we can therefore attain a high spatial resolution by using it as a feedback
signal for controlling the tip-to-sample spacing. Electrostatic-force imaging, on the other
hand, provides less spatial resolution but can be used to image sample’s dielectric properties,
etc. In detecting the piezoelectric effect, the spatial resolution depends on the thickness of the

sample.

2.1 Surface Force

The spacing between the tip and the sample is about one nanometer while tunneling, and
at such a spacing forces act between them. Any force F, for example an atomic force, acts
between the nearest portions, generating strain S in the sample and also in the tip:

Fij = ¢y - Sy,
where ¢’ is a value related to elastic constants of the sample. In air or between unclean
surfaces, longer range forces act. Because the force strength varies with the spacing, tip
vibration modulates the force so that the strain is also modulated, generating an acoustic wave

corresponding to 0F/dz, where oF and dz are the force modulation and the tip vibration



amplitude, respectively. This acoustic wave is transmitted into the sample and is detected
with the piezoelectric transducer coupled to the sample. The amplitude and the phase of the
acoustic signal from the transducer represent the absolute value of the force gradient and the
direction of the force, respectively. Thus we can measure the force by detecting the acoustic
wave and can take the topography of nonconducting materials by keeping the amplitude
constant instead of keeping the tunneling current constant. The measured surface contour is
determined by the acoustic signal and thus essentially reflects elastic properties of sample.
The influence of the elastic properties is not dominant, however, because the strength of the
acoustic signal is strongly dependent on the tip-to-sample spacing. This is similar to the fact
that differences in surface electric state induce few changes in tunneling gap and produce only

less than sub-nm-height variation in the STM images.

2.2 Electrostatic Force

Electrostatic force detection and some of its applications have already been demonstrated
in atomic force microscopy.>>*”) In tunneling acoustic microscopy, the electrostatic force is
detected as follows. When a voltage is applied between the tip and a conductive sample, the
resultant electrostatic force corresponding to the voltage generates a strain in the sample. The
strain is proportional to the force, and the proportional constant is the elastic compliance
constant of the sample. By modulating the tip voltage, the strain is transmitted in the sample
as an acoustic wave that can be detected. Accordingly, the electrostatic force is represented
by the acoustic signal from the transducer. The amplitude corresponds to the force strength,
but both polarities of the tip voltage yield the same phase signals because the electrostatic

forces are always attractive if there is no fixed charge. The tip voltage Vsinwr generates an
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acoustic wave with a frequency of 2w, where @ is angular velocity. When a tip voltage
biased with a dc voltage of V (Vsinwi+V) is applied, the frequency of the generated wave
corresponds to @ and the amplitude corresponds to a force strength of 2V. For
semiconductors, the force strength also depends on the polarity of tip voltages and represents
the impurity concentration quantitatively. The electrostatic forces reflect dielectric and electric
properties—such as capacitance between tip and sample, charge, electric potential, dielectric
constant, impurity of semiconductor, and ferroelectric polarization. Accordingly, these
properties are imaged. The electrostatic forces, however, interact over a long range, so they
result in a spatial resolution, that is from hundred to several tens nm, considerably inferior to
the resolution achieved with using the tunneling current or surface forces. This is a reason
that the electrostatic forces are never used as a feedback signal to control the tip-to-sample
spacing.

A quantitative estimation of the electrostatic forces acting on between a metal tip and a
metal sample can be performed by concise calculations using the well-known method of
images, as the tip-to-sample spacing is much larger than the radius of a hemispherical tip
(Fig. 2.2). The electric field formed by the tip is nearly equivalent to the field formed by a
point charge Q at the center of the tip sphere, and we can replace the force between the tip
charge and the sample surface with the two charges interaction between the tip charge and
another point charge placed symmetrically for the sample surface. The electrostatic force F
is written as F o V2.y2/ 82, where r,V, and S are the tip radius, applied voltage,
and distance between the two charges, respectively. Thus, the detection of acoustic waves
induced by the quantitatively estimated electrostatic forces reveals the force sensitivity of

TAM.
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2.3 Piezoelectric Effect

Measuring the microscopic piezoelectric/electrostrictive (piezoelectric) effects by using the
TAM enables us to image piezoelectric constants and polarization vectors and to obtain
microscopic values for coercive electric fields with high spatial resolution.38) This technique
called Strain Imaging is microscopy to detect the strain generated in a piezoelectric film when
a voltage is applied to the film by the tip. We can evaluate the characteristics of individual
single crystals (each grain) in ceramics, when there is only one grain in the direction of
thickness.

In tunneling acoustic microscopy, there are two methods for detecting strain. One is
through detection of a vibration generated by applying an ac voltage from the tip to the
piezoelectric film, using the piezoelectric transducer coupled to the back surface of the
sample. The amplitude and phase of this vibration reflect the amplitude and direction of
strain, respectively. The vibration brings the whole information throughout the strain-
induced area. The extent of tip-voltage-applied area determines the lateral resolution. This
area, however, is smaller than the tip radius (~10% nm) because, since the dielectric constant
of the film is large (~103), the voltage applied to the piezoelectric film decreases rapidly with
the increase of tip-to-sample spacing. Accordingly, the effectively vibrating area is, as
described in Sec. 4, small enough to obtain good resolution.

The other method for detecting strain, which can be also used in the AFM or STM, is
through detection of surface displacement caused by the strain, using a feedback loop to keep
the tip-to-sample spacing constant. Because short-range surface forces are engaged in the
feedback, the extent of strain-detected area is extremely small and does not limit the lateral
resolution. We can measure the strain-versus-voltage curve for a small area (in other words,
at a point), and this method can thus quantitatively measure the physical constants related to

piezoelectric effect; that is, it can measure the piezoelectric constants and coercive electric
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fields.

The detected strains depend on both characteristics of material itself and the angle between
the polarization direction (c-axis) and applied electric field. The contribution of them can not
be distinguishable. The piezoelectric constant d in bulk ceramics also consists of them,
however, the contribution of angle distribution is averaged over all grains, so that the d
constant is recognized as a value representing material characteristics. On the other hand, in
this observation, the contributions of the angle distribution as well as material itself appear as
strain variation of each grains.

When the polarization vector is normal to the sample surface (therefore parallel to the
applied voltage) the amplitude and phase respectively correspond to the piezoelectric constant
of the crystal without rotation of the polarization vector and the polarization direction if the
applied voltage does not induce the reversals of the polarization vector. But generally we
must take account of the angle between the polarization vector and the applied electric field,
and both the polarization components in the direction of the applied electric field and the
rotations/reversals of the polarization vector caused by the applied electric field contribute to
the detected signals. The detection of this strain reveals physical information about
piezoelectric effect, and when there is only one grain in the direction of thickness, we can

evaluate the characteristics of individual single crystals (each grains) in ceramics.
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3. Instrumentation

3.1 Configuration

Figure 3.1 shows the major components of TAM. The piezoelectric transducer is coupled
to the rear surface (or front surface) of the sample, and a lock-in amplifier (or similar
electronics) is used to measure the output signal of the piezoelectric transducer. To generate
the strains, the oscillator applies a sinusoidal voltage to either the z piezoelectric actuator or an
electrochemically etched tungsten tip. The frequency of the sinusoidal voltage fis adjusted
to the resonant frequency of the piezoelectric transducer, typically ~80 kHz. The x and y
actuators have a sensitivity of 53 nm/V and that of the z actuator is either 53 or 27 nm/V, and
the three actuators form a tripod. As shown in Fig. 3.1, the tip-to-sample spacing is
controlled by a feedback loop using either the tunneling current or the acoustic signal
generated by the repulsive surface force, since both are extremely sensitive to the spacing.
The electrostatic force is not used for feedback control because it is a long-range interaction
and its spatial resolution is therefore poor. The feedback loop using the acoustic signal uses a
bandpass filter tuned to the oscillator frequency and an RMS/DC converter instead of a lock-
in amplifier, and is as fast as that using the tunneling current. The servo electronics are used
to control the z actuator so as to keep the feedback signal (surface force or tunneling current)
equal to Vref, and thus keep the spacing constant.

The scanning signals from the scanning electronics extend the x and y actuators in a
raster manner to scan the tip over the sample. The z signals corresponding to the scanning
signals form a topograph identified by either the surface force or the tunneling current. When

the tunneling current is used as the feedback signal for conductive samples, the acoustic
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signals from the piezoelectric transducer can be directly imaged corresponding to the scanning
signals, and when the surface force is engaged in feedback control the tunneling current can
be imaged simultaneously. To image other acoustic signals from the piezoelectric transducer,
however, either of the two methods described below is used.

One is the time separation method,??) which has been used in detecting electrostatic force.
Other acoustic signals, for example, signals yielded by electrostatic forces, are detected
momentarily at each pixel on a raster scan by the lock-in amplifier to which the output from
the piezoelectric transducer is fed (Fig. 3.2). (1) After the scanning is locked at each pixel,
the feedback operation is also locked and the tip position is kept constant. (2) The tip
vibration is turned off and the other modulation is applied. In electrostatic force detection the
spacing is extended to avoid current flow and prevent contact with the sample caused by the
electrostatic force, and then an ac voltage is applied to the tip. After the amplitude and the
phase of the induced acoustic wave are stored in the corresponding address of the frame
memories, (3) the feedback operation and the scanning are resumed. This method allows us
to measure the electrostatic force and the contours of the sample surface simultaneously.

Another method is the frequency separation method. To detect the other acoustic signals
simultaneously, plural modulation frequencies, f”on top of f, are used (Fig. 3.3). The
lock-in amplifier synchronized with the frequency f”is used in measuring other acoustic
signals; for example, the vibration of the PZT. For sensitive detection, each of the
frequencies f and f” is chosen to be equal to one of the resonant frequencies of the
transducer. In the measurement, the tip voltage frequency f”and the tip vibration frequency
f were fixed at the first and third resonant frequencies (typically ~70 kHz and ~210 kHz),
respectively. Second resonant frequency was not generated, because bending mode of a

circle transducer has been used and the vibration displacements therefore must be symmetrical
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for the center axis. The coupling between the two frequencies is negligibly small in the
experiments. The signal from the transducer is fed into the lock-in amplifier as well as into
the bandpass filter tuned to f. The amplitude and phase signals from the lock-in amplifier
that represent the piezoelectric properties of the sample are stored in the frame memories
according to the scanning signals. The frequency separation method thus enables us to
extract different kinds of information from the acoustic signals simultaneously.

While imaging the topography with surface force or tunneling current feedback, other
information can be imaged simultaneously because the TAM has two eyes: the tunneling

current and the acoustic signal.

3.2 Ultrasonic Motor for Tip Approach System

In constructing an STM or one of the related microscopes, a tip approach system is the
center of apparatus.40.41) Because the piezoelectric actuators yield only um-order extensions,
a wide-range-positioning ability with high accuracy is required. The positioning range and
the accuracy must be on the order of mm and sub-um, respectively. Because only a little
external vibration has a great influence upon the tip-to-sample spacing, the tip-to-sample
mechanical loop must be rigid and small. And the tip approach system, that occupies the
large part of the tip-to-sample mechanical loop, must also be rigid, compact, and remote
controllable so that the whole system can be isolated from external vibrations. To achieve not
only the vibration isolation but also thermal stability and fast scanning, the rigid and compact
system is needed. Ultrasonic motors driven by friction forces are appropriate for such a
system because they are simple, compact, rigid, and remote controllable.42)

Figure 3.4 shows a new type of ultrasonic linear motor suitable for the tip approach

system. Two rectangular piezoelectric plates (25x6x1/ mm), Piezo 1 and Piezo 2, are
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connected at both ends, and highly polished plates are bonded to the ends of Piezo 2. This
motor moves on a flat stage. Piezo 1 is uniformly polarized in the thickness direction, but the
two halves of Piezo 2 have opposite polarizations. Two sinusoidal voltages of the same
frequency with a phase shift are applied to the top and bottom electrodes of Piezo 1 and Piezo
2. (1) The length vibration of Piezo 1 induces the bending vibration because the length of
Piezo 2 is unchanged. The two vibrations compose the vibration shown in Fig. 3.5. (2) On
the other hand, Piezo 2 generates a force, acting in the same direction on both ends, due to
movement of the center of mass of Piezo 2, which produces a driving force in one direction.
(3) By adjusting the phase between the vibrations induced by Piezo 1 and Piezo 2, elliptical
vibrations are generated in both ends. The direction of the elliptical vibration can be
controlled by the phase shift of the applied voltages. The resonant frequencies of length and
bending vibrations due to Piezo 1 are respectively about 30 kHz and 56 kHz, and the
resonant frequency due to Piezo 2 is about 62 kHz. Though the resonance frequencies are
not the same, this motor operates correctly at the resonant frequency of length vibration of
Piezo 1, ~56 kHz. The time required to move 50 mm is shown in Fig. 3.6 shows as a
function of the phase shift between the applied sinusoidal voltages (20 Vp-p). Extremely
small displacements are easily achieved with controlling the number of cycles in the applied
voltage. Figure 3.7 shows the displacement as a function of the number of cycles, when the
applied voltage is 25 Vp-p. A stable single step size down to 20 nm is allowable.

An ultrasonic motor made of piezoelectric plates measuring 13x3x1¢ mm also moves
correctly at 107 kHz. These motors can operate in an ultrahigh vacuum and at temperatures
as low as 100 K. Their speed, however, depends on the contacting surfaces of the feet and
stage, and the balance between the contacting forces at both ends also influences their
operation.

A scanner is set on this ultrasonic motor, and the tip connected to the scanner approaches
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the sample step by step. This motor is small and the tip and the scanner are held by frictional
force so that the resonant frequency of the tip-to-sample mechanical loop becomes higher,

allowing more flexibility in constructing the microscopes.

3.3 Charge Control

The tip position is monitored by monitoring the voltages applied to the piezoelectric
actuators of three-dimensional scanner, but the relations between the applied voltages and the
extensions have large nonlinearity and hysteresis. Although the linearity and hysteresis of
piezoelectric actuators can be greatly improved by controlling the applied charge instead of the
voltage as described by C. V. Newcomb and 1. Flinn,*®) their method is hardly used for
quasi-static operation and I have therefore developed a new charge-control method suitable
for STM.#) A capacitor is connected to a piezoelectric actuator in series, so that the capacitor
has the same quantity of charge as the actuator when a voltage is applied. This charge is
proportional to the voltage applied to the capacitor, because the capacitance of capacitor C is
always constant. Figure 3.8 shows the charge-control system, which consists of a feedback
loop using the capacitor voltage equivalent to the charge. When an input signal Vin is fed
into the circuit, the charge in the actuator Q is equal to C x Vin. Figures 3.9 (a) and (b)
show the extension as functions of voltage and charge, respectively. Both the linearity and
hysteresis are extremely improved. Charge control is also achieved with integrating the
current flowing into actuator, but this method is not stable because there is a time-dependent
drift due to the bias current of the electronics. The residual hysteresis loop and the creep are
inverse to those in voltage control, and this may be explained if we consider there were a few
residual 90° domains having negative polarization for external electric field direction. Strain

is proportional to the absolute value of polarization of domains for the external electric field
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direction, but the charge condensed in the actuator also depends on the polarization direction.
Accordingly, if 90°-rotation occurs from negative to positive polarization when a voltage is
applied, a difference between the strain and the charge is produced and this difference causes

the residual hysteresis and the creep.
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4. Experimental Results and Discussion

4.1 Surface Force Detection

Figure 4.1 shows the phase and amplitude of the acoustic signal output from the two-
phase lock-in amplifier, as a function of the spacing.!”?) The measurement was made in air
while the tip was vibrated by applying a sinusoidal voltage (70 mVp-p, 74.8 kHz) to the z
actuator having a sensitivity of 53 nm/V. This frequency corresponded to the resonant
frequency of the piezoelectric transducer. The sample was a conventionally cleaned silicon.

As the spacing decreased, the phase changed first one way and then the other, indicating a
phase reversal. We must consider the changes in phase and amplitude on the basis of the
noise as shown in Fig. 4.1. The noise was constant during the measurement. The change in
phase clearly distinguishes between attractive and repulsive forces. When the force between
the tip and the sample is attractive, the attraction is stronger the closer the tip gets, whereas
when the force is repulsive, the opposite situation arises: hence the phase reversal between
attractive and repulsive forces. After decreasing, the amplitude also increases as the spacing
decreases. As shown in Fig. 4.1, when the two forces acting in the opposite directions add
to the noise at the angles in sequence, the amplitude of the signal increases after decreasing.
Accordingly, an attractive force acts on between the tip and the sample surface until the signal
reaches its minimum; when the spacing becomes smaller, a strong repulsive force dominates
the interaction between the tip and the sample. The effective range of the attractive force
depends on the surface condition of the sample.

The advantages of TAM are its ability to detect surface forces continuously and to control

the spacing over all ranges of forces: from strong repulsive forces to weak attractive forces.
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This is essential for detecting tunneling current and forces simultaneously as described in
Sec. 1. And because the repulsive force increases rapidly as the spacing decreases, this

allows nonconducting materials to be observed with high resolution.

4.2 Electrostatic Force Detection

The force detection in the TAM is sensitive enough to reveal details of surface forces and
to enable the tunneling current to be controlled, but it is difficult to derive accurate quantitative
figures from the output voltage of the piezoelectric transducer. Measuring the electrostatic
force, however, permits quantitative estimation of the force sensitivity of TAM, because it is
easy to calculate the strength of the electrostatic force quantitatively when the tip is
hemispherical and the spacing is sufficiently larger than the tip radius, as described in Sec. 2.

Figure 4.2 shows measured (solid lines) and calculated (dotted lines) acoustic signals as a
function of the tip-to-sample spacing.!9) The sample was Au deposited on Si connected to
the ground. Sinusoidal voltages with amplitudes of +15 Vp-p (0 — +15 V) and +20 Vp-p (0 —
+20 V) at frequency of about 80 kHz were applied to an electrochemically etched tungsten
tip. It was confirmed with a scanning electron microscope (SEM) that the shape of the tip
used in this experiment was hemispherical and that its apex radius was 60 nm. As shown in
Fig. 4.2, the calculated force curves are in good agreement with the experimentally measured
curves, allowing reliable quantitative estimation of the acoustic signals to be made. This
proves that one division of oscilloscope scale, as you can see in the figure, corresponds to a
force of 5 x 101! N and the noise amplitude is in lower level than the value. Accordingly,
the TAM has a sensitivity of down to 10-1! N, which is two orders of magnitude smaller than

an interatomic force.
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4.3 Surface Contour

Figure 4.3 shows the V-shaped groove topography of an optical disk made of UV resin
without a conductive material coating.!”) The distance between the V-shaped grooves, as
well as the depths of the grooves, was in good agreement with the designed values, proving

the TAM to be reliable for imaging an insulating surface.

4.4 Defects Induced by Thermal Oxidation

When a silicon wafer, which always contains superfluous oxide, is thermally oxidized the
superfluous oxide precipitates in the wafer and forms defects. This is serious problem in
semiconductor industry because the defects influence electric properties of semiconductor
devices. The defects in silicon have so far been observed mainly by preferential etching,
infrared tomography, or transmission electron microscopy,*>46) but these techniques do not
directly reveal electrical properties. The TAM, on the other hand, can sensitively image
surface conductivity of a sample. We have been successful in observing the defects caused
by the precipitation of superfluous oxide as changes in surface conductivity.18)

The sample was prepared as follows. After conventional cleaning, a p-type silicon wafer
(10 Qcm) was thermally oxidized in steam at 1100 °C for two hours. A 0.2-um-thick SiO2
layer formed by the oxidation process was then removed by chemical etching using HF, and
the sample was immediately loaded in the TAM in a vacuum (~10"7 Torr).

This sample is conductive enough to observe by using STM, but the topography was
taken by using the feedback control of surface forces in order to detect the surface
conductivity of sample itself. By fixing the tunneling spacing using surface force
independent of the electric properties, the constant-force tunneling current imaging reflects the

surface conductivity of sample itself. This is one of advantages of TAM. In the STM, on the
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other hand, the whole conductance including both the tunneling spacing and the surface
conductivity is kept constant, and changes in surface conductivity are therefore buried in
topography as only slight changes in contour.

A electrochemically etched tungsten tip was vibrated by applying a sinusoidal voltage
(~70 kHz, 20 mVp-p) to the z actuator, and +1.6 V was applied to the tip. The detected
tunneling current flowing between the tip and the sample was fed into the lock-in amplifier
synchronized with the tip vibration frequency because the tunneling current was modulated
by the tip vibration. The outputs from the lock-in amplifier were stored in the frame
memories corresponding to the scanning signals, forming a constant-force tunneling current
image.

The tunneling current image is shown in Fig. 4.4. This clearly shows low-resistance
areas as white areas. The current was several tens of nanoamperes in the white areas but did
not flow in the black areas. Low-resistance areas like those shown in Fig. 4.4 are never
observed in samples that are not thermally oxidized as described above, and the low-
resistance areas are equal in size to the pits observed in preferential etching. The white areas
must therefore be formed by the defects due to the oxide precipitation during the thermal
oxidation process.

A protrusion (Fig. 4.5) was observed only in the dashed-line area in Fig. 4.4, and in the
other white areas the surface contour was flat on the order of one nanometer. The protrusion
shown in Fig. 4.5 is about 5 nm high and its shape is good agreement with the current
profile, although current did not flow in all regions of the protrusion. The two arrows in Fig.
4.5 correspond to the arrows in Fig. 4.4 and indicate the edges of the protrusion.

Using the current-constant feedback loop; that is, the STM; only flat or unrepeatable
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images due to crush between the tip and the sample were taken and results corresponding to
the images described above could not be taken. In scanning tunneling microscopy, changes
in surface conductivity of a sample are translated into changes in the tip-to-sample spacing;
thus changes in surface conductivity produce only little displacement of the tip because
tunneling current is sensitive to the spacing. Furthermore, it is difficult to distinguish
between tip displacements caused by changes in conductivity and those caused by surface
contours. Protrusions as shown in Fig. 4.5 may cause the crush between the tip and the
sample.

The constant-force tunneling current imaging of TAM makes it possible not only to
observe the distribution of conductivity in a sample with both conducting and nonconducting
regions, but also to observe changes in surface conductivity of the sample itself. In the TAM
that detects both the forces and the tunneling current, the tip-to-sample spacing is fixed on the
surface irrespective of the surface conductivity by the forces, and thus the detected tunneling
current directly shows the conductivity of the sample surface itself including any
nonconducting layer. The STM, on the other hand, hardly distinguish the surface
conductivity of the sample itself from the tunneling conductance. Changes in surface
conductivity are compensated for by changes in the spacing and appear only as slight changes
in tip position. Moreover, it is difficult to distinguish such changes from topographic
corrugations in the surface. Thus, the ability to maintain the tunneling spacing while imaging
by the tunneling current is the most important difference between the TAM and the STM.

The changes in surface conductivity discussed in this section are not due to surface states
on an atomic scale but are instead due to variations in the thickness of the surface silicon
dioxide layer formed in air or to changes in resistance induced by fluctuation of impurity

concentration. Changes in SiO2 thickness, which cause changes in tunneling gap, greatly
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appear in the tunneling current images, but it has so far been confirmed only that thermal-
oxidation-induced defects cause changes in surface conductivity. Reaching more detailed

conclusions will therefore require further studies.

4.5 Ion-Implanted Silicon

This section presents sequential observations of ion-implanted silicon in order to
determine the ranges both of the lateral spread of implanted ions and of the extent of lat_tice-
damaged regions in silicon. These ranges are important for semiconductor devices, because
they determine the channel length between the source and drain, which in turn determines
device characteristics.

The sample was a p-type silicon wafer (p~10 Qcm) implanted with As (5x1015/cm?) at
80 keV through 18 nm of SiOz2 in a pattern of 1.5 um lines and 1.2 um spaces. The lattice-
damage resulting from the ion-implantation transforms silicon single crystal into amorphous
and creates nonconducting regions about 0.14 um thick. Annealing removes the damage so
that the regions become n-type.

First of all, the implanted sample from which the photoresist had been removed but which
had not yet been annealed or etched was observed in air using the electrostatic force imaging
and the surface force feedback.!®) This sample was, therefore, nonconducting over all
regions, so we could not obtain information drawn from tunneling current.

Electrostatic forces are detected during the scanning stops at each pixel (256x256) of the

image as follows (Fig. 3.2). By operating the apparatus shown in Fig. 4.6, the tip vibration is

turned off and an ac voltage biased with a dc voltage (Vsinwr + V) is applied to the tip. Next,

a dc voltage is applied to the z actuator while detecting the electrostatic forces. This increases
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the spacing between the tip and sample in order to avoid current flow and contact caused by
the electrostatic force. These procedures are performed almost simultaneously by a switch
shown in Fig. 4.6. This method allows us to measure the electrostatic force and the contours
of the sample surface simultaneously. In addition, the spacing makes it possible to apply a
higher voltage to the tip, which improves sensitivity because the detected force increases with

the square of the tip voltage.

Figure 4.7 shows the line profile image of topography, and Figures 4.8 show (a) the
electrostatic force image and (b) the topography (measured simultaneously). Figures 4.9 are
their line scan images. An ac voltage (+20 Vpp (0 — +20 V), ~80 kHz) was applied to the tip
while an additional spacing of 0.7 nm was added to the tip-to-sample spacing. The
electrostatic force image clearly distinguishes between the two regions by their different
dielectric properties. Electrostatic force imaging should enable us to measure a lattice-
damaged depth if we knew its dielectric constant. But because the difference between the
electrostatic forces of different regions is caused not only by changes in both the thickness of
the dielectric materials and their dielectric constants, the relation between the thickness and the
dielectric constant of the lattice-damaged regions has not yet been determined. Tip-voltage-
induced and fixed charges can be pointed out as the residual factors contributing to the
measured forces. Furthermore, there must be contributions of surface-related charges,
mainly absorbed H20, because this measurement was carried out in air. In order to achieve
quantitative measurement of the lattice-damaged depth, it is necessary to distinguish between
the contributions of these various influences. If the contributions such as fixed charges and
absorbed H20 are absent, the force ratio between negative and positive tip voltages
quantitatively indicates the impurity concentration of semiconductor. The measured values,

however, were not at all in agreement with the predicted values. For a metal sample the force
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ratio is 1 and electrostatic forces are independent of the polarity of tip voltages. Because
charges trapped in silicon dioxide layers or interfaces influence the characteristics of devices,
further experiments using electrostatic force detection will reveal key features of
microdevices: impurities, the thickness and dielectric constant of dielectric material on
surface, fixed charges and absorbed molecules all contribute to electrostatic forces and
consequently should be revealed by electrostatic force observation.

The topographs show that the implanted regions are about 15 nm lower than the other
regions, which were covered with the photoresist and whose surface is an undamaged SiO2
layer, and that their width is about 1.5 um equal to the designed value. Considering the
sputtering rate,*’) a large part of the height difference, 15 nm, results mainly from a
sputtering effect, and allowing for volume expansion of the implanted regions, SiO2 in the
implanted region was either removed or mixed with the Si of the substrate. There are creases
in the boundaries between the two regions. It becomes clear through this observation that
these creases seen in regions covered with photoresist were formed by scattered atoms which
were stopped by the photoresist and remained there. The creases are symmetrical, but in the
electrostatic force image, that represents properties inside sample, they are asymmetrical, and
a line can be seen on one side of the boundaries. This provides information on the interface
between the surface nonconducting layer and the silicon substrate. This asymmetry also
appears in the topography of samples after the removal of SiO2 and after annealing, but its
cause is not yet known. The other protrusions are residual photoresist, because the
protrusions have the regularity of the photoresist pattern, and because they were never
observed in the samples after etching to remove the silicon dioxide layer. Elastic properties

of photoresist and silicon dioxide are fairly different, but because the topographic image was
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the same with one taken with different surface forces the difference between elastic properties
hardly contributes to the surface contours.

Owing to limited lateral resolutions caused by the long-range interaction of electrostatic
force, a lateral spread of the lattice-damaged region can not be determined distinctly. The
spread can, however, be discussed as follows. The slopes of forces in the boundaries in Fig.
4.9 (a) do not show a vertical profiling of the dopant but are instead mainly due to limited
lateral resolution. This is because a cross-sectional image of a transmission electron
microscope shows that the thickness of the lattice-damaged regions, ~0.14 pm, is uniform and
the slopes shown in Fig. 4.9 (a) are not observed in the boundaries. As the tip-to-sample
spacing is much smaller than the tip radius, only a limited area of the tip mainly interacts with
its opposite area in the sample. When the tip is scanned across from a conductive region (or
charge-trapped region) to a nonconducting region (or non-charge-trapped region), no large
decrease in electrostatic forces occurs in the conductive region but begins to occur in the
nonconducting region. Accordingly, the region showing uniformly strong forces and its
surrounding region, from several tens up to one hundred nm, was not damaged, and a large
part of the slopes are in the lattice-damaged regions. The lattice damage reached over the
creases in the boundaries. And also considering the cause of the creases described above, it is
reasonable to assume that the lateral spread of ions corresponds to the outside of the creases
(Fig. 4.9).

Figures 4.10 and 4.11 show the pre-annealing topography and tunneling current image

after etching, respectively.l”) The measurement was performed in a vacuum (~10-7 Torr) to

avoid the native oxide growth. The samples were loaded into a vacuum chamber, after being

slightly etched in a 0.05-N HF solution to remove the silicon dioxide layer. The etching
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reveals conductive silicon surface without the lattice damage from the silicon dioxide layer.
To avoid current flow caused by slight contact between the tip and sample, the tip was
scanned slowly at 6.7 s/line. All topographic images were taken using the feedback loop of
the acoustic signal. A sinusoidal voltage of 20 mVp-p, at about 70 kHz, was applied to the z
actuator having a sensitivity of 53 nm/V. The tip voltage was +6.9 V. The feedback loop
adjusted the spacing to keep the current flow within a range from several to 100 nA in order
to prevent damage to the tip or the sample As a result, the maintained force was repulsive.

The implanted regions were about 3 nm higher than the other regions, a relationship
converse to that of the before-etching topography. It is clear that the original silicon surface
is a surface in the regions completely covered with the photoresist because silicon single
crystal is hardly etched by the HF solution, and accordingly, we must consider on the basis
of the height of this surface. The 3-nm-height difference was caused by volume expansion
due to the implantation that changed single-crystal silicon into amorphous. The value, 3 nm,
is quantitatively good agreement with one calculated by the reason. The 3-nm-height
corrugations we can see in the implanted region are roughness due to the implantation
damage. The creases are also seen in the boundaries but the height variations there are
smaller and asymmetrical. The asymmetry was predicted by the electrostatic force image
capable of seeing inside properties of sample, and also taking account of appearance of
asymmetry after removing the silicon dioxide layer, in conclusion, the forming of asymmetry
occurred in the interface between the silicon dioxide layer and substrate. This asymmetry is
not caused by the incident angle of implanted ion, because the topographs never show any
asymmetry.

The tunneling current image, which clearly shows the conductive regions, proves that the
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nonconducting region caused by the implantation-induced lattice damage extends outside the
creases in the boundaries. This result is essentially drawn from the cause, that forms the
creases, and is consistent with the creases being due to the cause discussed above. The
extension of about 0.1 im at both sides was induced by the lateral scattering of As within the
substrate. The striped fluctuation of tunneling current shown in Fig. 4.11 is repeatable and
consequently is not caused by changes in tip conductivity. It might show a microscopic part
of the impurity-fluctuation-caused swirl that has been already presented in wafer scale
observation.

Annealing for 10 min. at 1000 °C in nitrogen gas gets rid of the lattice damage and
changes the implanted regions into n-type conductive silicon crystal, relaxing the volume
expansion.!?) The regions are, however, about 4 nm lower (Fig. 4.12). This proves that not
only SiO2 but also Si atoms in the substrate were sputtered during implantation. The
roughness seen in the before-annealing topography has been removed.

Figures 4.13 shows tunneling current images after annealing.1”) Current flow was from
several to 100 nA. Arrows indicate creases in the boundaries. The tunneling current imaging
shows that the nonconducting regions, including the whole areas of the creases, changed into
n-type conductive regions. At the tip voltage of -1.9 V, the Fermi level of electrons in the tip
is in the energy gap in p-type semiconductors, so that tunneling current does not flow. In
Fig. 4.13 (a), the uniform black region where tunneling current was not detected corresponds
to p-type region; the other regions are n-type. This result on the lateral spread is also
consistent with prior results, since the creases were formed by the scattered atoms including
As. 1 believe that the noise in the tunneling current image of Fig. 4.13 is mainly caused by
variation of the thickness of residual SiO2 on the surface. That is because tunneling current

imaging is rather sensitive to changes in surface conductivity, and thus to differences in the
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thickness of a nonconducting layer on the surface.

The conclusion drawn from the three experiments performed in sequence are as follows:

1) When As ions are implanted at 80 keV at a dose level of 5 x 1015 /cm2, the range of lateral
spread of the implanted ions is about 0.1 pm.

2) Under the condition of the implantation, both 18-nm-thick SiO2 and 3-nm-thick silicon are
sputtered and removed.

3) Scattered atoms form creases in the edges.

4) Further experiments are necessary to determine the cause of asymmetry between the
creases that occurred in the interface between the SiO2 and substrate or under the interface.

Figure 4.14 shows the schematic cross-section of the process.

4.6 Contact Hole

This section describes observation of a contact hole in a 16-Mbit dynamic random access
memory (DRAM).20) To make topographic observations of semiconductor devices; for
example, memory cells in DRAM, the SEM and recently the STM or AFM are generally
used.*®) These observations have become more difficult, however, as packing density has
been increased. In fact, the bottom of the contact hole in the 16-Mbit DRAM level is hardly
visible with the commonly used SEM because of a remarkable decrease in the number of
secondary electrons escaping from the hole. The STM can be used only for few devices
because many semiconductor devices are nonconducting in part, and coating them with
conductive material is not allowable for observing their fine structures.4%) In the AFM, lateral
forces caused by steep slopes distort the images through an undesirable deflection of the

cantilever.1099 And furthermore, for narrow and deep holes like the contact hole, the tip on
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the cantilever is broken by the lateral deflection. One of the advantages of TAM, which
allows good imaging of steep slopes to be obtained without any distortion caused by the
lateral forces, is shown through the observation of memory cells with contact holes.

Observation of electric isolation or a connection between components in cells (bit line,
word line, electrodes of transistors and capacitors, etc.) is also, of course, more important
and difficult because such components are covered with a nonconducting layer. How
components underlying a nonconducting layer are imaged by the electrostatic force
measurement of TAM is also described in this section.

Figure 4.15 shows a schematic cross-sectional structure of a sample (16-Mbit DRAM)
and shows the outline of the electrochemically etched tungsten tip used in this experiment.
These contours are lines traced along those of the cross-section images obtained with the
SEM. The tip is a commonly used one whose apex radius and diameter 2 um from the tip
apex are respectively ~0.07 um and ~0.5 um. The contact-hole is ~2 um deep and ~0.3 um
in diameter at the bottom. The bottom surface can not be observed nondestructively with the
SEM because most of the secondary electrons can not escape from the hole. Stacked
capacitors covered with silicon dioxide ~0.6 um thick are connected to a p-type silicon
substrate (10 Qcm, ground potential).

Figure 4.16 shows the topography of the sample. The tip traced the side walls of the
narrow and deep holes precisely, reached the bottom of the holes, and scanned over the flat
surface of the bottom. This shows that the feedback function of TAM controls the tip
accurately, even for steep height variation. The diameters of the holes shown in Fig. 4.16, in
contrast to those in an SEM image, appear smaller due to the finite size of the tip, and actually

the difference between the diameters of the tip and the real contact-hole is equal to the
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measured diameter in Fig. 4.16. This distortion of the image is inherent in the STM-type
microscopes, but there is no difference between the slopes of the left and right sides in the
hole and the image is consistent with one predicted from the SEM images shown in Fig.
4.15. Consequently, the TAM image is not distorted by lateral forces due to steep height
variation.

Figures 4.17 show (a) an electrostatic force image and (b) a simultaneously taken
topography. Here, an ac voltage, +40 Vp-p (0 — +40 V) ~80 kHz, was applied to the tip,
while an additional spacing of (0.7 nm was added to the tip-to-sample spacing. In Fig. 4.17
(a), the darker areas represent stronger forces. The strength of the electrostatic force mainly
reflects the thickness of the silicon dioxide, so that the strongest forces were detected in the
contact-holes. Outside the contact-holes, the electrostatic force image indicates the stacked
capacitors embedded in the silicon dioxide, which is caused by a large contribution of the
ground-connected stacked capacitors to the electrostatic force. The white areas around the
holes are due to the absence of stacked capacitors as shown in Fig. 4.15, and the white lines
between the holes show the spaces between the stacked capacitors. The dark areas like the
one enclosed by the dashed line correspond to the stacked capacitors. Thus, the shapes of
conductive components underlying the insulator are visible through electrostatic force.

In conclusion, the TAM is able to control a commonly used tip precisely along steep
height variations with no influence of lateral forces. This enables us to nondestructively
observe the contours of the bottom of deep and narrow holes at a high spatial resolution.
Moreover, the conductivity of the bottom can be measured with the tunneling current. The
topography is distorted because of the tip size, but the use of a whisker-like tip; for example,
a semiconductor whisker with a diameter about 20 nm for several um above the tip apex, will

improve the distortion and permit observation in holes almost as narrow as the tip.
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Electrostatic force images show electrically connected planes in a sense and so can be
used to inspect the connection or isolation of components, including pn junctions, in stacked
structures. A change in the polarity of the tip voltage yields a large difference in the
electrostatic force for semiconductors, which should be used to quantitatively estimate the
impurity concentration in semiconductors.

Thus, the abilities of TAM described in this section are significant from the viewpoint of

inspection and development of semiconductor devices.

4.7 Piezoelectric Thin Film

Lead-zirconate-titanate, PZT (Pb(ZrxTi1-x)O3), and its related perovskite materials are
widely used for electromechanical transducers,’ 192 such as ultrasonic wave transducers or
actuators. Recently, PZT has also attracted the attention of many researchers with other
interests. Its large dielectric constants, for example, make it a suitable material for the
dielectric layers of microcapacitors in semiconductor devices. It is also investigated for
application in a nonvolatile memory using the switchable dielectric polarizations.’33¢) To
use PZT in such microdevices, microscopic fluctuations of the characteristics will become a
serious barrier, and a key technique will be making a PZT thin film having uniform
characteristics on the order of nanometers. Accordingly, a high-resolution tool for observing
the microscopic characteristics of the PZT thin films as-grown on an electrode (for example,
Pt) is required.

Until now, ferroelectric materials have been observed by such means as optical
microscopy, scanning or transmission electron microscopy and AFM.57-59) Some of these
techniques detect charges or stray electric fields of the surface, and some of them discriminate

differences in lattice constants or use differences in etching rate. These method, however,
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have poor resolution or they require etching or thinning of the sample.

The measurement using the TAM, that directly detects microscopic piezoelectric effects,
enables us to image piezoelectric constants and polarization direction and to obtain
microscopic values for coercive electric fields, all with high spatial resolution as described in
Sec. 2. Figure 4.18 is a schematic diagram of the experiments. The sample is a 100-nm-
thick layer of Pb(Zr0.5Ti0.5)O3 grown on a 100-nm-thick Pt layer by rf magnetron
sputtering.6%:61) The Pt layer was formed on 400-nm-thick SiO2 grown on a Si substrate by
Ar sputtering. Observations using both an SEM and a transmission electron microscope have
proven that the grain size is about 200 nm and there are only single grains in the direction of
thickness. The piezoelectric transducer is coupled to the Si substrate, and the tip-to-sample
spacing is feedback-controlled using tip vibration. A sinusoidal voltage of frequency f
corresponding to one of the resonant frequencies of the transducer is applied to a piezoelectric
plate (not shown in Fig. 4.18) to which the tip is coupled. Through surface force, the tip
vibrated by the plate generates a vibration in the sample. The transducer detects the vibration
and transforms it into an electric signal. After being amplified, the transducer signal is lock-
in detected and the amplitude signal (that is, a feedback signal) is monitored by the servo
electronics. The servo electronics, whose output is called the z signal, adjust the extension
in the z direction of the scanner to keep the feedback signal constant. The z signals
corresponding to scanning signals from the scanning electronics form a topograph.

To detect another vibration generated by the PZT, double modulation is used. Another
lock-in amplifier synchronized with frequency f” of an ac voltage applied between the
electrochemically etched tungsten tip and the Pt electrode is used in measuring strain signals

of the PZT. For sensitively detecting the strain of the PZT through the output signal of the

transducer, the tip voltage frequency f”is chosen to be equal to one of the resonant
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frequencies of the transducer. This frequency f”and the tip vibration frequency f are fixed
at the first and third resonant frequencies (typically ~70 kHz and ~210 kHz), respectively.
The signal from the transducer is fed into the lock-in amplifier as well as into the servo
electronics. The amplitude and phase signals from the lock-in amplifier are stored in the
frame memories according to the scanning signals which represent the piezoelectric property
of samples.

In detecting the strain by the feedback operation, f”is set to be much lower than the
feedback response frequency, and the z signal, instead of the signal from the transducer, is
fed into the lock-in amplifier. The z signals are also directly shown as a function of the tip
voltage (applied electric field). This produces a curve of the induced strain versus the applied
voltage, representing piezoelectric constants and coercive electric fields quantitatively.
Another improvement of the imaging method in terms of scanning speed is that the
modulation of feedback signals is detected by the lock-in amplifier when f”is adjusted to a
frequency higher than the feedback response frequency.

Figure 4.19 shows the amplitude of vibrations generated by the tip voltage [+6 Vpp (0 —
+6 V), 66.5 kHz] as a function of the tip-to-sample spacing. Such an alternating voltage
biased with a dc voltage removes the influence of reversals of the polarizations from the
detected signals. The sample in this measurement is a Sol-Gel processing Pb(Zr0.52Ti0.48)O3
film. The signal decreases rapidly with increasing spacing because the large dielectric
constant results in the tip voltage being hardly applied to the PZT as the spacing becomes
large. The vibration, however, was detected up to spacings of about 25 nm, and at such a
spacing, the voltage applied in the PZT is only on the order of millivolts. The rapid decrease
of the signal, which shows that the effectively vibrating area is narrow when the spacing is
small, produces good lateral resolution, as described above. The dominant signals were

detected through the spacing of 1.5 nm, so the extent of the effectively voltage-applied area,

36



that is, the tip area within the spacing of 1.5 nm, is a diameter of about 17 nm when the tip
radius is 50 nm.

One example of the strains measured by the surface-displacement detection is shown in
Fig. 4.20 as a function of the tip voltage. The curve shows butterfly-type hysteresis but has
a strong asymmetry that should be caused by positive charges in the film.%?) The coercive
voltages, -4.5 V and +2.5 V, are on the order of 107 V/m if the large part of the voltages
were applied to the PZT film. The measured piezoelectric constants are on the order of 1010
m/V. These values are consistent with the expected values.

Figures 4.21 (a) and (b) show amplitude and phase images of the strain, simultaneously
taken by surface-displacement detection, respectively. The tip voltage, frequency, and scan
area are -6 Vp-p, 133.3 Hz, and 10 x 10 um. In the amplitude image, strain was detected in
the bright portions whose outlines are formed by some circles, and the signal is almost at the
level of noise in the dark portions. In the phase image it is noisy outside the circles because
the signal was hardly detected. The crystallization of this sample was not good because of
the bad Pb-composition, so the perovskite regions were circles and the rest of the film was
amorphous.®162 The grains in the perovskite regions are not visible in the figures because
the time constant of the lock-in amplifier (100 ms) is too large for this scanning speed (5
s/line).

Using vibration detection, we then observed the detailed structure in the perovskite
regions. Figures 4.22 (a), (b), and (c) show simultaneously taken amplitude, phase and
topographic images, respectively. The tip voltage, frequency, and scan area are +2 Vp-p,
78.6 kHz, and 8 x 8 um. The curved surface in the topograph results from the bend of the
scanner while scanning; the actual sample surface was flat. The maximum height variation in
the topograph is about 10 nm, and most of the corrugations vary in height by several
nanometers. Corrugations with a size of about 200 nm can be seen. The corrugations are

equal in size to the grains of this film, and they therefore must represent the grains. The
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center of the circle in this area is in the lower right part of the amplitude image, and arrows
indicate several lines that extend like the spokes of a wheel. These lines are, of course, due
to differences in piezoelectric property. Many grains having inverse polarization vectors are
represented as visible white points in the phase image and as dark points in the amplitude
image.

Thus, this method reveals the distribution of the region with piezoelectric effect and
represents polarizations with lateral resolution on the scale of grain size. I believe that a
single domain is formed grain by grain, since domains inside the grains were not observed.

The sensor in the TAM is the piezoelectric transducer, and by directly lock-in detecting the
signals from the transducer we achieve a signal/noise ratio better than we get by z-signal
detection. Vibration detection is therefore suitable for imaging. The sensitivity is down to
~0.1 A. In the experiment, the frequency of the tip voltage was adjusted to the resonant
frequency of the transducer for sensitive detection. In the subsequent steps, the detection of
resonant frequencies in the direction of the thickness of piezoelectric film, by applying a tip
voltage with a much higher frequency, is also important for revealing the elastic properties,
thickness fluctuations, and electromechanical coupling coefficients of piezoelectric materials.
In this case, the scannable spot source of ultrasonic waves will appear in the film, and
reflection and diffraction will occur and also absorption will become significant in the sample
as in scanning acoustic microscopy.®®

As to spatial resolution, surface-displacement detection is, in principle, superior to
vibration detection because the area over which strain is detected is small and the extent of the
area does not influence the spatial resolution, whereas in vibration detection the signal
consists of vibrations of the whole area (down to 20 nm for a tip radius of 50 nm) to which
the tip voltage is effectively applied. As shown in Fig. 4.22, however, we have obtained

sufficiently good resolution to investigate material properties on a microscopic scale.
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Although the induced strain essentially influences the lateral directions, this does not reduce
the lateral resolution because the detected vertical strain is on the order of 1019 — 101! m,
and the lateral extent of the strain is also on the same order. It is difficult to discriminate
differences in sample properties in the direction of thickness because the detected strains are
signals integrated over all ranges of thicknesses This method is therefore not suitable for
thick samples. It will result in the lateral resolution being determined by the thickness of the
sample, and movement of the domain wall caused by the applied voltage.

The method described here measures the piezoelectric effect by applying voltages between
the substrate electrode and a microelectrode (tip), and it yields information from the whole
sample thickness. This microscopy is therefore suitable for characterizing materials for
ultrasonic wave transducers because its operation is similar to this measurement. It is also
suitable for characterizing materials for the dielectric layers of a capacitor because the
piezoelectric effect is related to the dielectric property as well as the elastic property. This
method makes it possible to measure reversals/rotations of polarization vectors
microscopically, as shown in Fig. 4.20, which is useful for research on materials for
memory using switchable dielectric polarizations. However it is necessary for precise
quantitative evaluation to calibrate the net voltage applied to the piezoelectric film, because the
tip voltage is also applied to the tip-to-sample spacing.

We can employ this method in the AFM if voltage is supplied to a conductive tip on the
end of the cantilever so that cantilever deflection induced by the piezoelectric effect is
detected. It should also be possible to use this method in the STM when a thin electrode is
formed on the sample surface, in order to apply a voltage to piezoelectric materials. The STM
can detect strain through the surface electrode, but in this case the lateral resolution would be
reduced by the surface electrode, and also, the distribution of polarizations might change

because the electric potential of the surface is uniform.
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5. Conclusion

The TAM is an STM with an acoustic sensor, and obtains physical information from
acoustic waves as well as from the tunneling current. The TAM enhances the capability of
STM so that we can observe both nonconducting and conducting materials using both forces
and tunneling current. A sensitive and rigid force detection system makes it possible to
control the tip position continuously over all ranges of forces. The simultaneous detection of
forces and tunneling current permits the electronic properties of the sample itself to be
observed independently of the tunneling conductance. Electrostatic force detection proves
that TAM has a sensitivity of down to 10-11 N, and is used to show the dielectric
characteristics of a sample. Strain imaging enables us to reveal microscopic piezoelectric
properties.

I have discussed the primary capabilities of TAM, but there are others yet to be achieved,
as described in Sec. 2. Adding other ultrasonic techniques should further increase the range

of applications for this microscopy.
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(1) 3)
Tip Another
Modulation
[Viip(D)] —
one pixe next pixel
movement Tip Tip
Vibration Vibration
\ w W
PO AN & W
Wave by Surface Force Wave by Electrostatic Force Wave by Surface Force
(feedback on) (feedback off) (feedback on)

Fig. 3.2. Sequence of time separation method.



Tip Vtip (f)

PZT layer

Wave (f') by
Tip Vibration Wave (f) by
Vitip

(piezoelectric effect f, surface force )

Fig. 3.3. Schematic diagram of frequency separetion method.



Piezo Size Frequency
25x6x1 mm  55.7 kHz
Driving 13x3x1 mm 107 kHz

W

o it 3.
Foot

Fig. 3.4. Schematic diagram of ultrasonic motor.
Arrows indicate polarization directions.

———l
(1) ;Rumgth Vibration
Composed Vibration
Induced
Bending Vibration

of Piezo 2 Vibration by Piezo 1

(3)

) R Vibration by Piezo 2
Center of mass
-~
ﬂ Driving Force Q

Elliptical Vibration

Fig. 3.5. Scheme of vibration displacements of feet.



TIME (s)
NG N o N OO

—

0
0O 50 100 150 200 250 300 350
PHASE SHIFT (degrees)

Fig. 3.6. Time required for a displacement of 50 mm
vs. the phase shift between the two voltages (20 Vp-p).
Circles and squares indicate movements
in opposite directions.



0_250-lilllllll1lo i 12
02:_ J » . 10
e g "1 E
g - @ --8 &
- 1° &
= 0.151 ® _u i
w ] W
> | e 46 2
L ) 4 L
®) [ i O
< 01 @ % g S
_j o
o - . -"4 e
R P u | ] 2
2 0.05(® ® 1
® £ .
- . 4
[ L*l | = E l - =l T8, e l Ll 1 1 -O
10 60 110 160

NUMBER OF CYCLES

Fig. 3.7. Displacements as a function of number of cycles (25 Vp-p).



"
(=Q'7c5) >

piezoelectric
actuator

capacitor C —_—

ground 7%//

Fig. 3.8. Diagram of charge-control system.



W4AEEEEE W
ZABEEEEE IVlllllllb

TSR EAEead WaRns’

O VOLTAGE (10V/division) (a) O CHARGE (2uC/division) (b)

Fig. 3.9. Extension as a function of (a) voltage and (b) charge.



Attractive Repulsive Force

S

Sample Surface

Phase (arb. units)

Spacing (2 nm/div.)

Amplitude(arb. units)

Spacing (2 nmy/div.)

Fig. 4.1. Acoustic signals as a function of spacing.



Electrostatic Force (x10-10 N)
w

(RERRRRRREE=CRARRR AR RARY

0 0.5 1.0
Spacing (um)

Fig. 4.2. Measured (solid lines) and calculated (dotted lines) forces
as a function of tip-to-sample spacing
when tip voltages were +15 Vp-p and +20 Vp-p at 80 kHz.



0.02pum/line

Fig. 4.3. Topography of an optical disk.



Fig. 4.4. Tunneling current image.



Fig. 4.5. Contour of a silicon surface.
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Fig. 4.7. Line profile image of topography.
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Fig. 4.9. Line profile images of electrostatic force (a)
and topography (b).
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Fig. 4.11. Tunneling current image taken at a tip voltage of +6.9 V.
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Fig. 4.12. After-annealing topography.



Fig. 4.13. Tunneling current images with
(a) -1.9 V and (b) +1.9 V applied to tip.



Photoresist

19
Ast 80kevsxio© Agh

~100nm

Crease
~10nm

\I L

As-implanted Surface\ l n nm| SiOz 18nm

Y b

After-annealing Surface

Scattered
Atoms

Damaged Region|

Depth ~140nm

B,
Si Substrate

Fig. 4.14. Schematic cross section in the ion-implanted process.



p-Si SUBSTRATE
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Fig. 4.16. Topography: (a) gray scale, (b) line profile.
Scan area is 3 x 3 um.
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Fig. 4.17. Electrostatic force image (a) and topography (b)
measured simultaneously. Dashed line indicates
a buried stacked capacitor.
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Fig. 4.22. Amplitude (a), phase (b), and topograph (c) of
strain imaging obtained by vibration detection.
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