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Abstract

Atomic structure of materials can be resolved with scanning
probe microscopy. Atomic Force Microscope (AFM) has been
used to observe the geometric structure of microscopic sized
sample, 1.e. biological specimen, chemical compounds.
Meanwhile, Scanning Tunneling Microscope (STM) is widely
used to study the electronic structure of conducting materials.
However, AFM cannot investigate the electronic structures, and
STM forbid non—conducting materials. AFM integrated STM
surmounts these shortcomings, by operating different functions
of them at the same time.

For AFM integrated STM, quartz resonator based AFM can
be adopted to implement the system. In this thesis, the Length
Extension Resonator (LER), a tiny quartz resonator, is mounted
on STM head with an Ir—tip for non—contact mode AFM.
Having high stiffness, LER can prevent ‘jump to contact’
effect, and acquire high resolution.

For frequency modulation mode AFM operation, Phase
Locked Loop (PLL) is used to detect frequency variations. Also,
to avoid interference from parasitic capacitances and amplify
tiny output signal of LER effectively, home—built low

temperature pre—amplifier was fabricated.

Keywords : LER, Length Extension Resonator, STM, AFM, Low
temperature preamplifier
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1. Introduction

More than thirty years after its invention by G. Binnig and H.
Rohrer Scanning Tunneling Microscope (STM) [1] has been
used in a wide range of research area, and proven itself a useful
instrument to investigate diverse conducting materials. By
resolving the Si(111) 7X7 reconstruction structure [2], STM
opened a new era in the observing nano—sized structures. It
stimulates many enthusiastic scientists to conduct various
experiments in surface science of condensed matter [3—6], and
inspires creative ones to develop new scheme of instruments,
such as Atomic Force Microscope. It is suitable system so far
to measure not only atomic scale topographic feature but also
local density of states of electrons. In addition to observe
electronic topography and spectroscopy, STM can manipulate
several atoms [7] to position specific location on the surface,
and this can results distinctive quantum mechanical behaviors.

Atomic Force Microscope (AFM) invented by G. Binning, C.
F. Quate, and C. Gerber in 1986 [8] is also one of the most
influent scientific instruments as a successor of STM. Unlike
STM, whose operation capability is only limited to conducting
solids, AFM is suitable for both conducting and non—conducting
materials; even if the material is not a solid. It" s because AFM
measures Van—der—Waals force between a tip and a sample
using cantilever and optical alignment, while STM reads the
tunneling current flowing surface of conducting material.

Although it only shows topography, this availability for any



kinds of samples, AFM is more widely used in various areas of
research rather than STM.

It seems difficult to combine these two different kinds of
microscope, because their conventional operation schemes,
such as AFM using optical alignments and STM using walker in
limited space, are likely to incompatible in UHV and low
temperature environment. In spite of such limitations, a
piezoelectric quartz resonator based AFM made it possible to
break this invisible barrier between them. A piezoelectric
quartz resonator abbreviated as quartz resonator, a tiny
oscillator, is small enough to mount on limited space of STM
head and operates properly in UHV and low temperature
environment. Also, its self—sensing property helps excluding
complicated optical alignments that incur adverse impacts on
UHV environment.

In this thesis, I used 640kHz Length Extension Resonator
(LER), one of the quartz resonators, as a cantilever to implant
AFM in STM, due to its large quality factor (Q—factor) and high
stiffness. With low temperature pre—amplifier, it is anticipated
that LER based STM/AFM can uncovers surface features such
as geometry of real space and electronic structure
simultaneously in high resolution with less limitations of
specimens; both insulator and conductor are available. Also, we
can expect another possibility of application through this
physical instrument, such as atomic resolution AFM with CO—

terminated tip [9].



2. Theoretical Backgrounds

2.1. Working principles of STM and AFM

The advent of Scanning Tunneling Microscope (STM) and
Atomic Force Microscope (AFM) in 1980s has given impetus to
researching varied surface features of materials. Although
AFM’ s operation mechanism resembles that of STM in that
STM is a precursor of AFM, they are hardly correlated with
each other in measuring physical characteristics: STM reads
tunneling currents between a tip and a sample by controlling the
vacuum tunneling gap, ATM detects atomic force between them
by manipulating deflection of cantilever. These differences
make them combine together arduously. Recently, some
techniques are developed for implementing AFM integrated
STM,; piezoelectric quartz resonator based AFM. Its own
property facilitates merging two different physical instruments.
We should scrutinize about STM and AFM operations
individually, before understanding mechanisms about LER based

STM/AFM.
2.1.1. Principles of Scanning Tunneling Microscope

Scanning Tunneling Microscope provides topography and
spectroscopy by measuring tunneling. When a sharp tip made of
conducting materials move around over a conducting sample

surface, the tunneling current between them flows, and it
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depends on distance z from the apex of the tip to the uppermost
surface of the sample. The tunneling probability p is given by.
p o« |¥(0)[>e™?*

,wWhere K=M//Z is the decay constant and |#(0)|? is
the probability of an electron at the tip position. From
Bardeen’ s approximation [10] to separate electron’ s state of
tip from that of sample, Tersoff and Hann derived simple form
to describe tunneling current [11,12]. With the tunneling matrix
M that involves dependence on the overlapping of wave—
functions between tip and simple, tunneling probability at

certain distance is given by,
2T 2
b= 7 |M,uv| 8(E, — Eu)

under the Fermi golden rule, where v denotes for the sample, u

for the tip, and

2
y/ o
M,, = %f dS - (Wivw, — W, V).
After more arduous tasks using above formalisms, tunneling

current can be written as
2me?V
Y/

=

2
> M "6, — E,)5(E, - Er)
wyv
-1
=32n%e?V i <¢>ZDt(EF)R2x-‘*emZ|svv(rg)|2 5(E,
v

- u)-

This equation includes the local density of states (LDOS) of
sample at the position 7 term, which is ,|%,)I*6(E, —E,) =
ps(r{, Er). Assuming that the tunneling matrix and the LDOS of
the tip are constant, differential tunneling conductance at the

specific location is proportional to LDOS at the given voltage,
6



such as

dl
% ps(Ep — eV).

Thus, so called scanning tunneling spectroscopy which
visualizes LDOS is the imaging the spectrum of differential
tunneling conductance at the given position by sweeping bias
voltage.

On the other hand, topography is mapping the intensity of
tunneling current, on the ground that tunneling current is
exponentially decreases when the tip becomes more distant
from the sample. A topographic image can be obtained by two
methods; constant height method and constant current method
[13]. In the constant height method, the height of a tip is fixed,
and STM records the tunneling current flowing between them.
By imaging the distance calculated from current—height relation
with recorded current, topographic image can be acquired.
However, if the set position of tip is lower than sample surface,
the tip may be damaged by collision with sample.

In the constant current, distance between tip and sample is
determined from current feedback. STM keeps the flows of
tunneling current constant by fixing distance with tip and
sample. This distance can be controlled with a z—feedback
piezoelectric transducer and the z—feedback information at each
point is recorded to draw a topographic image. This method
doesn’ t need burdensome height calculations and prevents

tip—sample collision.



(a)

mM

Figure 1. Schematic of picture of STM tip and sample surface with
distance z and local radius R. (a) constant height mode, (b) constant
current mode.

2.1.2. Principles of non—contact mode AFM

Atomic Force Microscope visualizes geometry of sample
surface by using three different method of detecting atomic
forces between a tip and a sample: contact mode, non—contact
mode, tapping mode. In the contact mode [14] of the cantilever
type AFM, Van—der—Waals force is measured by deflection of
a cantilever, which i1s usually monitored by an optical lever and
a segmented photodiode. Furthermore, a proportional integral
differential (PID) —feedback controller is employed to retain the
deflection of a cantilever, by the feedback controller manipulate
the piezoelectric material attached to cantilever to move along
normal axis to the sample plane in order to keep set point of
bending. Thus the geometric image can be acquired by tracking
normal axis movement of the piezoelectric material. The reason
this operation is referred to as “contact mode” 1is that this

scheme uses repulsive mode.
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Figure 2. Van—der—Waals potential vs. distance relation

On the other hand, another operation mechanism so called
non—contact mode, is somewhat different with aforementioned
one. Unlike contact mode AFM, non—contact mode AFM [15]
[16] uses attraction force to measure atomic force between a
tip and a sample. The tip of non—contact mode AFM acts on at
farther distance than contact mode regime, so the tip doesn’ t
touch the sample. Therefore, the interacting force between the
tip and a sample is about 10 times weaker than contact—mode,
and this weak interaction impedes to perceive the deflection of
the cantilever. To detect this small evidence of deflection,
frequency modulation technique is used.

In frequency modulation, cantilever itself is regarded as a
natural resonator which has its own resonance frequency. This
cantilever always oscillates itself at specific frequency; in many
case this frequency correspond to resonance frequency. The

photodiode monitors its frequency, amplitude and phase from



reflected laser beam. Non—contact mode AFM (NC—AFM) can
be represented as simplified model (simple harmonic oscillating

model), as shown Figure 1.

equilibrium
height

sample

Figure 3. Simple harmonic oscillating model of non—contact mode
AFM

Carefully looking around this model, the resonance of the AFM

cantilever can be calculated by

¢ oo L [Ketr
° 7 2n | m

,where m* is effective mass of the cantilever and ke is

effective spring constant given by [17]

k —k+aF
eff — aZ

,where k is force constant of lever and 9dF/dz force gradient
acting on lever due to interaction between a tip and a sample.
When the tip approaches to the sample surface appropriately,
attraction force shifts cantilever’ s resonance curve as shown

Figure 4.
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Figure 4. Resonance curves. Solid curve represents resonance
without interaction, and dashed curve represent it with interaction

If this change in amplitude of resonance curve at fixed
frequency is used for imaging topography and feedback loop,
the AFM is said to be run in amplitude modulation (AM) mode.
AM mode is simple to design and implement at the expense of
some disadvantages, such as vulnerability to the external
noises and limitation of scan speed. These drawbacks can be
solved by using frequency modulation (FM) mode. In FM mode,
AFM tracks resonance peak where the amplitude is maximized
by employing phase locked loop technique. Since scanning
speed doesn’ t depends on Q factor and frequency variation is
relatively strong against external noise interferences in FM
mode, it clears up several problems occurred in AM mode and
provides better performance. By using FM mode, we can use
high—Q—proof cantilever or resonator which is very important
in UHV low temperature environment where Q-—factor of

cantilever increases.

11



2.2. Theoretical background of LER

AFM was developed as a tool that investigates topographic
feature of a material’ s surface. Cantilever, a structure
interacting with atoms on a target material, is typically used to
implement an AFM. However, this method is not suitable for
spatially restricted environment such as small head of STM, and
requires troublesome optical alignment in a UHV chamber.
Another possible method is to wuse piezoelectric quartz
resonator. It is compact and easy to implement, while showing
high performance of AFM, compared with other methods,
because of several unique advantages. Being simple in
configuration, piezoelectric quartz resonator can easily be
utilized in a wide range of applications, e.g. experiments in low
temperature. A self—sensing capability due to piezoelectricity
facilitates  instrumentation  without complicated optical
alignments which are required in conventional cantilever
method. Moreover, quartz resonator has advantages to
investigate atomic scale (< nm) in that it oscillates with smaller
amplitude (about 10”"—2 ~ Inm, cantilever: about 1nm~100nm)
and has a higher stiffness (about 1k~1000kN/m, cantilever:
about 1~100N/m). Operation with small oscillation amplitude
enables to observe atomic feature, such as molecular bonding
or lattice structure. However, for the non—contact AFM (NC—
AFM), because the tip approaches closely in order to detect
atomic structure, attraction force between tip and a sample

becomes larger enough to impede recovering to prevent

12



snapping ( “jump to contact” ) [12]. To avoid this, stiffness of
the resonator should be high enough to overcome attractive
force, and quartz resonator’ s high stiffness makes “jump to

contact” effect inconsiderable.

2.2.1. Basics of LER sensing

Length Extension Resonator (LER), which is the one of the
piezoelectric quartz resonator used AFM [19] [20], has high
quality factor and stiffness. Since LER itself has high stiffness
about 10~20times as much as conventional tuning fork, which is
another piezoelectric quartz resonant, it is more favorable than
tuning fork to measure strong atomic forces and to prevent

“jump to contact” effect.

A LER consists of two coupled beams and one elongated
quartz bar (Figure 5(a)). The centered quartz bar is the only
active part of this structure, which oscillates itself when AC
voltage i1s applied to one of its electrodes. An ideal length
extension resonator has a nodal axis parallel to the axis of the
quartz crystal going the bar [21], and two wires are attached to
the each side of resonator’ s surface at the nodal axis as show
in Figure 5(b). Because of piezoelectricity, it expands or
contracts itself in the z—direction when different voltage 1is
applied to opposite side of it, so AC voltage drives it oscillating
back and forth. If the frequency of the AC voltage corresponds
to the bar’ s resonance frequency, its oscillation amplitude
reaches maximum and resulting output current due to

piezoelectricity can also be maximized. Its resonance frequency
13



thus can be measured easily by tracing maximum current.

(a) (b)

t
X '_“\\
W L
\ "z
Y
Figure 5. (a) Length extension Resonator (LER), (b) Simplified model
of LER

The eigenmode of the resonator 1s a longitudinal standing wave
and its maximal deflection occurs at the end of the bar, thus the
length of the bar L corresponds to a multiple of a quarter
wavelength n A /4. With velocity of sound is \/F where E is
Young’ s modulus and p is density, the eigen—frequency is

given by,

nE
£, = 4L/p. (n=123..)

For the typical LER, the coupled beams acting as a

suspension hold a resonant quartz bar being referred as tine,
and those roots are attached on the center of each side of the
tine as shown Figure. 2, so the n value should be 2 or more

value. Therefore, the fundamental eigen—frequency that stands

14 - .
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for the resonance frequency is /E/p/2L. With the longitudinal

stiffness k of the tine is given by

Ewt

L )
and the calculated longitudinal stiffness of the LER of this

experiment is about 289kN/m.

In frequency modulation atomic force microscopy, the action
of force gradients changes the resonant frequency of a force
sensor vibrating constant amplitude by a frequency shift

Af = f—f,. For the resonator, stiffness k is much stronger than

gradient of the tip—sample forces. Therefore, with f, =i kmLff

(m=* is effective mass, which can be defined in simple harmonic
oscillating model of a force sensor), the frequency shift is given
by
af= 0 9F
2k 0z
From above equation, frequency shift is proportional to the
force gradient. Therefore, relation between tip—sample

distance and frequency shift Af follows force gradient curve as

shown Figure 6.

15
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Figure 6. Tip—sample force gradient and potential curve vs.
distance

For the reason that LER has high stiffness, tip can approach
much closer to the sample than conventional cantilevers and
tuning forks. Hence, the operating range of LER can be near the
contact regime, and frequency shift dramatically changes. AFM
scanning image is acquired by depicting this frequency shift, or

visualize Z feedback which holds frequency shift constant.

2.2.2. Signal noises of LER

There are several AFM applications using length extension
resonator, but they don’ t have better performance, in spite of
large Q—factor and good sensitivity. In order to choose good
resonator for the experiment, it is necessary to consider noise

sources.

16



Thermal noise

Thermal noise is the fundamental noise source disturbing
frequency detection. Large Q—factor and low stiffness improve
signal—to—noise ratio (SNR) by reducing thermal noise. The

thermal noise density in force gradient measurement is given

by [22]
AkkyT
6nm = YT

From this equation, thermal noise density (V/vHz) is small in

large Q and small k in that thermal noise i1s proportional to

JKk/f,Q. The 1MHz LER typically used in AFM application has
Q=15000 and k = 540000 at room temperature (300K), so its

thermal noise density is about 900 #N/m-+vHz at 300K, when
A=100pm.

In this thesis, 640kHz LER with Q=28300 and k=289000 at
300K 1s utilized. According to the equation above, its thermal
noise density is calculated about 600x#N/m-vHz; it is 33%
lower than 1MHz LER.

Oscillator noise

In Frequency Modulation AFM, there is another contribution
of noise sources. In FM—AFM, driving input of the resonator is
determined by Phase Locked Loop (PLL) outputs as a feedback
loop. If the feedback signal’ s amplitude is fed to PLL with
noisy input signal, phase detector will generate incorrect output

which hampers the PLL to generate exact frequency what is

17



originally expected. With this noise contribution proportional to
ng, noise in force gradient is given by [22]
750,
QA
For the 1MHz LER, noise density calculated from this

OMnpge =

equation is k,g = 4.6mN/m-vHz . Likewise, for the 640kHz
LER, noise density is 8kys = 2.4mN/m - VHz.

Thermal frequency drift noise
Eigen—frequency of the resonator can drift by the thermal
variation, This drift contribute to noise sources, and this
magnitude depends on the drift frequency rate r and
measurement period 7. The noise density of thermal drift is
given by [22]
2krt

Snarife = m,

where  fnoqa 1S modulation frequency. It is simply
proportional to k/f,, which is 0.54 for the 1MHz LER and 0.42
for the 640kHz LER.

From above noise consideration, 640kHz LER has better
noise performance than 1MHz LER. Consequently, its high
stiffness and good noise performance, 640kHz LER is adopted
for implementation of AFM, and it is anticipated to show better

resolution than conventional 1MHz LER.

18



3. Instrumentation

3.1. UHV LT STM head

For scanning tunneling current with measuring atomic force,
established STM system was modified. Since UHV Low
Temperature STM designed to top—loading sample type
ensures thermal stability at low temperature around 4K and
isolates external mechanical oscillation well, its head was
amended to mount LER tip holder. LER tip holder involves three
electrodes to operate as an AFM and STM head. To isolate
other electrical component, mounting stage is made of ceramic
material with three sockets for inserting the electrodes. As
shown Figure 7, ceramic tube attached on piezoelectric tube in

STM walk unit, and LER stage mounted on the tube.

19



Figure 8. UHV LT STM system

3.2. LER with Ir—tip

3.2.1. Assembling of LER stage

Metal tip connected length extension resonator (LER) is an
integral part of this system. To implement LER to UHV STM
system, the stage in which STM tip inserts should be modified
appropriately. There are three electrodes attached through
holes of a sapphire round plate; one for STM, other two for
AFM. Sapphire plate is good electrical insulator and thermal
conductor, so it forestalls interference of each electrode and
cools down the LER and the tip. The LER stands on the center
of the plate by epoxying Iinsulating epoxy which has high
hardness, due to stiffness.

Three electrodes are made of 0.5mm CuBe wire due to its

resilience which fixes tip holder to STM head and provides
20
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sufficient electrical contact. Copper wires attached to two
electrodes and then adhere to each arms of LER, thus they can
deliver input AC signal to LER and convey its output to pre—
amplifier.

A gold wire dia.12.5 #m connected to the longest electrode
prepared for reading tunneling current passed through metal tip
attached to the end of center rod of LER. Since it is inert and
strong, the Ir tip is used for scanning tunneling current. This
hardness of the Ir tip facilitates to measure strong force
between a tip and a sample without change in its shape.
Resonance frequency itself is crucial factor for AFM imaging in
that it affects Q factor and frequency shift which are related
with sensitivity and noises. Thus, the tip which adhere to end of
the tine should small in size, because mass of the tip
determines resonance frequency roughly proportional to
fy o< 1/4/m , where m is total mass of the tine and the tip. The
tip 1s made of Ir wire dia.125 gm. The pre—etching process,
similar to typical iridium tip etching process but it only reduces
diameter of the wire to 10um~20um, makes the wire thinner. I
etched the wire with 30V AC current by using 50% CacCls
solution as an etchant and graphite as a cathode. After the pre—
etching process, this attenuated wire put on the end of the tine

of LER, with conductive epoxy.

21



(a) (b)

Figure 9. LER stands on the stage. (a) Front, (b) Side image

To fix the tip to the tine of LER, home—built tip assembling
stage was used, because the tine of LER is too tiny and fragile
to deal with. This assemble stage consist of motorized
micrometer stage, epoxy heater, and two arms for holding tip
and smearing epoxy as shown Figure 11. In this stage, I
attached also the 12.5um to the end of the tine and the
electrically connected it with the tip by conductive epoxy. After
curing the epoxy tip was etched again through the post—etching
process, which makes the tip sharp, and then DI water
treatment is conducted to wash contaminations.

In AFM, it is important to sharpening the tip to ensure good
quality result. The apex of AFM tip should be sub—micrometer
order in size to improve resolution. In order to make the apex
of the tip sharp enough, the tip was sharpened by Focused Ion

Beam (FIB).
22




(a) (b)

Figure 10. End of the Ir—tip (a) before and (b) after Focused Ion
Beam milling process

Figure 11. Tip assembling stage

3.2.2. Operation test

To test LER operation with Ir—tip, resonance peak detection

was conducted by using low temperature pre—amplifier and

23
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PLL. As shown Figure 12. , resonance curve was obtained, and
resonance frequency 1is about 626841Hz. The resonance
frequency is lower than that of LER without tip (640kHz),
because additional mass decreases resonance frequency
according to the formula aforementioned. This shift of
resonance causes lowering Q-—factor value, so that width of

resonance curve has been broadened.
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Figure 12. (a) Amplitude and (b) phase response of the LER with It—
tip



3.3. Low temperature pre—amplifier system

3.3.1. Design and implementation

To measure the resonance frequency signal, current output
of the length extension resonator (LER) should be amplified,
because output current signal is tiny in magnitude (10~100nA).
Likewise STM, the quartz resonator based AFM needs trans—
impedance amplifier (current to voltage amplifier) in order to
enlarge signal size enough to measure.

The LER is simply considered as a capacitor varying its
capacitance as frequency changes. Since the capacitance of the
LER can be relatively smaller than the parasitic one, its output
signal can be interfered readily to parasitic capacitance, Also
capacitances from the signal transfer wire weakens output
signal current. Therefore, to avoid unexpected capacitances
generated from the system itself, it is desired to shorten the
distance between the resonator and amplifier as much as
possible. If the amplifier located near the head, which mounts
LER, it should be cooled down when the head is in low
temperature. In low—temperature around 4K, there exist a
problem that semiconductor device such as op—amp doesn’ t
work well due to decreased electron mobility. To overcome this
problem, we separate a mirror stage in an op—amp from the
op—amp itself, and put the stage on the parts in low
temperature.

The low temperature pre—amplifier is comprised of two

25



parts: low temperature (L'T) mirror stage and post—amplifying
stage. The LT mirror stage acts as a simple differential
amplifier with drain resistors. It consists of coupled transistors

and one resistor.

Vee

Vout
—

VEee

Figure 13. Circuit diagram of the pre—amplifier. The part in the dot—
lined box is the LT mirror stage and the other part is the post—
amplifying stage.

The transistors soldered on the LT mirror stage are GaAs
based MESFETs, which have high mobility than Si—based
MOSFETSs, so the pre—amplifier is able to operate in high—
frequency range. The resistor in the LT mirror stage shown
figure above is a feed—back resistance, that transforms current
signal to voltage one with amplifying the magnitude of the signal.

The signal which the transistors amplify enters to the op—

amp at the post—amplifying stage, and the signal is amplified

26



much more than before. Since open—loop gain of the transistors
limits output bandwidth and current—voltage gain, additional
op—amp should follows after the stage in order to attain high
gain—bandwidth product. Simply, the preamplifier except
feedback resistor serves as an op—amp. Thus, we can easily
regard whole preamplifier as an inverting amplifier.

In the post—amplifying stage OP847 is used, in that it has
high gain—bandwidth product (8.2G) with low noise, so we
could ensure bHOM current—to—voltage gain and ~1.5MHz
bandwidth with 50M&Q feedback resistor. Generally magnitude
of the output signal current is 10~100nA in operating range,

these gain and bandwidth are enough to measure LER output.

(a) (b)

Figure 14. (a) LT mirror stage and (b) Post amplifying stage

27



Figure 15. Low temperature mirror stage mounted on the outside of
the chamber near the STM head

3.3.2. Operation test at low temperature

To prove operating the pre—amplifier at low temperature,
cryogenic dewar was modified and exploited as a test bed. Top
cover of the dewar involves 12 electrodes divided into two
connectors apart from each other because of averting electrical
interferences. The end of the prolonged bar connected with the
cover holds LT mirror stage circuit. In order to prevent electric
short, this mirror circuit was cooled down indirectly through
infused exchange gas He whose temperature falls down near
the inside wall of outside LHe chamber.

Operation test was conducted with 30nA—700kHz sinusoidal
wave input and bM& feedback resistor. As shown Figure 17.,

pre—amplifier worked well without meaningful change in shape

28



and amplitude in low temperature range. Therefore, this pre—

amplifier is suitable for low temperature AFM experiment.

(a)

(b)

Figure 16. (a) Operation Testing Dewar and (b) inside rod structure
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Figure 17. Output response of low temperature pre—amplifier vs.

temperature
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3.4. Phase Locked Loop

To track resonance frequency in FM—AFM, PLL FM detector is
utilized in this thesis. PLL FM detector [23] is equipment
whose reference signal is generated to follow input signal 7 /2
phase behind. It consists of three main elements: Phase Shifter,
Phase Comparator (PC) and Voltage—Controlled Oscillator
(VCO). VCO is an oscillator controlled by voltage. It generates
a sinusoidal wave and varies its output frequency proportional
to input DC voltage. PC compares phase of two input signals —a
reference signal and a LER signal — and produces output DC
voltage proportional to the phase difference between them.
Phase shifter adjust input signal’ s phase for proper operating
condition. Near the resonance frequency, since phase changes
dramatically as frequency varies, we should adjust phase of
resonance frequency to set point for feedback loop.

The FM—detection process is simple. The output signal of LER
passed through phase shifter in proper operating condition
enters PC inputs. Then, PC compares input signal of LER i.e.
reference signal with output signal of phase shifter. When force
gradient between tip and sample shifts resonance frequency
and phase of LER, PC detects its difference, and then produces
DC voltage to VCO. VCO, then adjust input frequency to keep
phase difference between two PC input signals 90 degree.
Hence, the phase of output signal of LER keeps constant so that
it always vibrates at its resonance frequency. By monitoring

reference signal frequency, we can track resonance frequency
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shift of LER.

Amplitude Gain Controller (AGC) is a crucial element for FM
mode AFM. Since output amplitude depends on input frequency,
AGC automatically adjusts gain to keep output amplitude
constant so that LER vibrates with constant amplitude. As
shown Figure 18., output signal amplitude converts to DC
voltage by RMs to DC rectifier. This DC output forwards to
AGC , and AGC controls driving signal.

Dirive out Dissipation Amplitude Detector in
) o @)
Drive out
—o— VCO

®1
x01
x 0

CF'_ Pame =t AGC

Ealv

i C"‘L“D,;l al L x1
i off

! x 1k
!

|

i

i

I-Gain  P-Gain

Phase

1 1 5 C.
i
shifter
3] const.Dive
+* J’ Hr J’ 0_180 diff.
-nE-:l'\r +6E'\r v

Phase

Refin

Figure 18. Block diagram of PLL with AGC

31

,»H *_ i

i &+



4. Summary

A UHV low temperature atomic force microscope integrated
scanning tunneling microscope was developed using a 640kHz
length extension type quartz resonator. To measure tunneling
current, FIB treated Ir—tip which was electrically connected
with an electrode through 10 #m gold wire was attached to the
end of LER.

With a self—sensing characteristic of quartz resonator, small
sized AFM was implemented on small—sized STM head without
complicated optical alignments. The LER’ s high stiffness and
large Q—factor facilitates to investigate atomic scale feature,
and it has better noise performance than conventional 1MHz
LER.

Low temperature pre—amplifier was also developed to
amplify small output current signal of LER using high—mobility
GaAs transistors, which is able to operate at 4K, so that 50M

current—voltage gain can be established within 1MHz bandwidth.
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