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WA 25t and reliable pre-approach for
scanning probe microscopes based
on tip-sample capacitance

Within the last three decades Scanning Probe Microscopy has been ) ) .
This work is published

as: de Voogd et al. Fast
erties on an atomic scale such that users can be found nowadays and reliable pre-approach
for scanning probe micro-
scopes based on tip-sample
capacitance. Ultrami-
bilities of this technique, as well as companies that focus mainly on  croscopy, ~ Volume 181,

developed to a powerful tool for measuring surfaces and their prop-

not only in academia but also in industry. This development is still

pushed further by researchers, who continuously exploit new possi-

the usability. However, although imaging has become significantly =~ October 2017, Pages
61-69, ISSN 0304-3991; doi:

] ) ) ) ] 10.1016/j.ultramic.2017.05.009
sample contact) can be very time consuming, especially if the micro- (51,

easier, the time required for a safe approach (without unwanted tip-

scope is not equipped or suited for the observation of the tip-sample
distance with an additional optical microscope. Here we show that
the measurement of the absolute tip-sample capacitance provides an
ideal solution for a fast and reliable pre-approach. The absolute tip-
sample capacitance shows a generic behavior as a function of the
distance, even though we measured it on several completely differ-
ent setups. Insight into this behavior is gained via an analytical
and computational analysis, from which two additional advantages
arise: the capacitance measurement can be applied for observing,
analyzing, and fine-tuning of the approach motor, as well as for
the determination of the (effective) tip radius. The latter provides
important information about the sharpness of the measured tip and
can be used not only to characterize new (freshly etched) tips but
also for the determination of the degradation after a tip-sample con-
tact/crash.
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7.1 Introduction

ALTHOUGH Scanning Probe Microscopes (SPMs) have clearly
demonstrated their power and are used in many different
fields,"?/3-4 their usability is still an issue. For example,
when comparing to an electron beam technique that can
quickly deliver an image of the surface, the user of an SPM
has to bring the tip into close vicinity to the sample (pre-
approach), thereby avoiding a resolution destroying tip-
sample contact (tip crash). This requires a careful approach
system, which can last even up to ~ 100 minutes depending
on the microscope, especially if the microscope does not pro-
vide optical access.

Ideally, one would like to have a fast, robust, and general so-
lution for the approach metrology that can be used in any
type of SPM, independently of the design. In this paper
we demonstrate a straightforward solution for all SPMs that
work with a (semi)conductive tip and sample: the tip-sample
distance can accurately be measured via the tip-sample ca-
pacitance and this can be used for a quick and robust pre-
approach. We also demonstrate that this technique can be ap-
plied in tuning-fork based Atomic Force Microscopes (AFMs).
Please note that a special class of SPM, the Scanning Capaci-
tance Microscope (SCM), uses the capacitance variation even
for imaging and/or spectroscopy.5-%/7-8

For Scanning Tunneling Microscopes (STMs) with optical ac-
cess, the total approach duration is often decreased to ac-
ceptable times by using the distance between the tip and its
reflection in the sample during a manual pre-approach. In
this way the tip-sample distance can be safely decreased to
60 um, before the user switches to any type of automatic ap-
proach.?

However, a fast and reliable manual pre-approach is not al-
ways possible, as design aspects of particular SPMs prevent
the implementation of optical access (and even cameras). Typ-

ical examples are low-temperature STMs, where a closed cryo-

* Eigler and Schweizer 1990
>IBM Corp. 2013

3 Vettiger et al. 2000

4 Herbschleb et al. 2014

5 Kleinknecht et al. 1988

¢ Lanyi and Hruskovic 2004

7 Lee et al. 2006
8 Fumagalli et al. 2007

9 Usually people work with two
different automatic approach
routines:

(1) with a fully retracted tip, the
tip-sample distance is reduced
by one (or several) steps of the
coarse approach motor, before
a feedback checks whether the
tip-sample distance is within
tunneling range; if this is not
the case, the routine will be re-
peated,

(2) with a fully working feed-
back, the tip-sample distance is
reduced continuously, until a
tunneling current is detected.
Please note that the second
method is significantly faster,
but often leads to a (not recog-
nized) tip-sample contact when
using analog feedback con-
trollers. The reason for this is
the integrator in the feedback.
This integrator, usually realized
as a capacitor, is fully charged to
the power supply voltage (here
assumed to be positive) dur-
ing this process. As it inte-
grates the error signal, a re-
duction of this charge requires
a negative voltage of the er-
ror signal, which is delivered
only if the tip is closer to the
sample than the requested tun-
neling current set point. This
means that, although the tip is
already in tunneling conditions,
the capacitor is still between
zero and full positive voltage,
leading to a further approach.
Often this electronic circuit is
not fast enough to prevent a tip-
sample contact.
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. . . ®Song et al. 2010
stat, or at least heat shields, are required.’®**** A solution

" Jack et al. 2015
for these microscopes is the implementation of absolute po-  *Donati et al. 2016
sition readouts, which is often realized by measuring the ca-
pacitance between two cylinders that move with respect to
each other. However, the position of the tip with respect to
the sample remains still unknown, especially after a sample
or tip exchange. As a result the (first) approach with a new
tip and/or sample usually takes a long time, as one uses the
automatic approach right from the beginning to surely pre-
vent a tip-sample contact.
Finally, there are microscopes which can neither implement
an optical access nor a capacitive (or any other) readout
system.4 For such systems, a pre-approach based on the tip-
sample capacitance, as described in this paper, clearly de-
creases the total approach time with about a factor of ten.
Faced with the problem that the exact surface position is un-
known up to mm after a cleaving process of the sample in
. . 3 Schlegel et al. 2014
a cryogenic dipstick setup, Schlegel ef al.’3 found an ele-
gant solution for their pre-approach by measuring the sec-
ond derivative of the tip-sample capacitance during their ap-
proach. Their solution circumvents the determination of the
absolute capacitance, which is far from trivial, due to its ex-

tremely small value.

IN THIS PAPER we set the next step and demonstrate that the
tip-sample distance can accurately be measured by determin-
ing the absolute tip-sample capacitance. This enables not only
the application of a quick and robust pre-approach, but de-
livers in addition a tool for an in situ tip-shape and sharpness
characterization as well as for measuring and fine-tuning the
performance of the coarse-approach motor. Finally, we also
demonstrate that this technique can be applied in tuning-fork
based Atomic Force Microscopes (AFMs).

We note here that our results combine partially well-estab-
lished knowledge of different fields: electronics, nanoscale
and tip-sample capacitance research, electronic tip-shape mod-

eling, scanning capacitance microscopy, and scanning tunnel-
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ing microscopy. To comprehensively provide the necessary
background information, we review the most important as-

pects thereby giving credits to the different fields.

IN THE FIRST SECTION of the paper we present an overview
on how to accurately measure absolute capacitances in the
femtofarad (fF) and attofarad (aF) regime. We show that
there is no need for special electronics. Moreover, it will be-
come clear that, by default, all STMs are optimized for tip-
sample capacitance measurements. This insight can be al- Fumagalli et al. 2006
ready deduced from Fumagalli et al. 2006'* which achieved
aF resolution (although not on an absolute scale).

In the second part, we describe measurements on various
STMs and one AFM ranging from homebuilt to commercially
available systems. To demonstrate the accuracy of this tech-
nique, we use a precise automated capacitance bridge. It is
remarkable that the same bridge has been used by Kurokawa ~ ,,,, ~ =~ o . 1008
and Sakai 1998 to study the influence of the tip shape on
the tip-sample capacitance already in 1998. However, we also
show that less expensive solutions work as well, depending
on the specific information one would like to extract (e.g.
only the utilization as a pre-approach).

We will show that all measurements have a generic curve, if
one plots the capacitance versus the tip-sample distance: it
consists of a linear part for large distances and a steep in-
crease for small distances. Similar observations have been .o 1 et al 2008
obtained before.35:36:37,16,17 However, in addition, we show 7 Gomila et al. 2014
that the absolute capacitance values are in the same order of
magnitude (hundreds of fF), although measured with differ-
ent tips and even on completely different microscopes!

In the last part we elaborate on the generic aspect of the tip-
sample capacitance versus distance curve to receive detailed
information on the tip geometry. As the tip-sample capaci-
tance determines the resolution in scanning capacitance mi-

8 Law and Rieutord 2002

croscopy, one can find experiments,39:37:36:18:35 analytic de- Hudlet et al. 1098

scriptions39-36:19:38:45/44.35 and finite element models#2° in  * Lanyi and Hruskovic 2003

the literature dating back even to 198845. The growing com-
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plexity of the analytical description originates from the desire
to explain all measured curves with a general equation. How-
ever, the tip geometry is not known and has to be assumed.
Only Kurokawa and Sakai 19983° measured experimentally
their tip shapes with electron microscopy to combine this in-
formation further with their model. Building on the earlier
work we performed finite element as well as analytical calcu-
lations with the practical aim to entangle the parameters of
the geometric tip shape from the measured curves. We show
that it is possible to determine the tip radius and sharpness
in situ in the microscope, which provides an ideal tool for the
user to judge the quality of the tip e.g. after an undesired tip-
crash. The comparison of our finite element analysis results
shows good agreement with the ball model#> and its later re-
finement with a dihedral approximation.43 However, it also
becomes clear that the most simple model, the ball model of
Kleinknecht et al. 198845, fits the data best and is, therefore,

in practice the most effective one to use.

Subfemtofarad capacitance measurement principles

UsING the tip-sample capacitance for the pre-approach re-
quires the capability to measure capacitances with a resolu-
tion smaller than one femtofarad. To demonstrate that the
capacitance between the tip and the sample delivers an accu-
rate, absolute measure for the tip-sample distance, we mea-
sured even with aF resolution. This has been achieved earlier
by Fumagalli et al. 2006,3> however, only on a relative scale.
Measuring capacitances within the femtofarad range is not
difficult, provided it is performed carefully. There is various
commercial electronics available that is suitable for measur-
ing in this capacitance range; usually higher-end electronics
allow more accurate and absolute measurements. As most
SPMs are not designed for high-frequency applications, we
limit ourselves to frequencies below 10 kHz.

It is crucial that the electronic connections leading to the ca-

127



128 MRFM AND THE SPIN BATH

Figure 7.1: Working principles
of capacitance measurements:
a) Schematic of a capacitor with
stray capacitances. The low
impedance of the current mea-
surement causes the stray ca-
pacitances to be negligible. Ide-
ally, the shielding should be
connected to ground at one sin-
gle point in the setup, prefer-
ably shortly after the current
measurement. b) The resolu-
tion and accuracy can be en-
hanced by using a reference ca-
pacitor and a Lock-In. Match-
ing this reference with the un-
known capacitor results in a
vanishing current, which de-
scribes the principles of a capac-
itance bridge.

pacitor are separately shielded, as one has to prevent the
measurement of so-called stray capacitances. For example, two
conductors that see each other have a stray capacitance which
leads to an extra capacitance added to the capacitance of in-
terest. Note that two signal wires close to each other easily

have capacitances of hundreds to thousands of femtofarads
** For example: RG58 coaxial ca-

per centimeter.*" ble has 82 pF/m.

The above explains why it is usually impossible to determine
the tip-sample capacitance with a hand-held multimeter: due
to stray capacitances, one measures values larger than a pi-
cofarad, although one expects (and we will show) that the
tip-sample capacitances are in the femtofarad regime. The
additional capacitance comes from the signal that goes via
the shieldings of the conductors, see Fig. 7.1a. The proper
and ideal solution is to apply an alternating-current (AC) sig-
nal to one side of the capacitance, and measure the capacitive
current with an amplifier that has a low input impedance on
the other side of the circuit. A current-to-voltage (IV) con-
verter is the most suited amplifier for this purpose. Please
note that a dedicated IV-preamplifier (PreAmp) is inherently
installed in every STM. This naturally makes an STM an ideal
tool for measuring the tip-sample capacitance. The low input
impedance of the PreAmp ensures that the potential differ-

ence between the input of the amplifier and the shielding is
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minimal such that parasitic currents are minimized. The ad-
vantage of the PreAmp has also been noticed by Fumagalli
et al. 2006.35

When the signal from the IV-converter is compared to the
reference voltage (V,r) by using quadrature measurements
(Lock-In), the out-of-phase component (Y) gives a measure
for the capacitance:

Y

C= m (7.1)
Here, G is the gain of the IV-converter and f the frequency
of the reference signal, assuming that the frequency, at which
the capacitance measurement is performed, is well below the
bandwidth of the IV-converter. This concept for measuring
the tip-sample capacitance has been applied by Lee et al.
2002,>? Pingree et al. 2005,3 and Fumagalli et al. 2006.35

The reproducibility of the above described measurement de-
pends on (possible) changes in the setup, like the (dis)ap-
pearance of ground loops. The application of a reference ca-
pacitor offers not only a solution for this inaccuracy, it even
enables the determination of absolute capacitance measure-
ments. The solution involves the incorporation of the refer-
ence capacitor into the electronic measurement circuit in such
a way that physical replugging of the cables is not necessary,
although the reference capacitor can be turned on and off. An
elegant way is applying the inverted reference voltage over
the reference capacitor, before it is added to the signal right
in front of the PreAmp, see Fig. 7.1b. In this way, the ref-
erence capacitance is subtracted from the capacitance to be
measured. If the reference capacitance exactly matches the
capacitance of interest, the output is zero. Even if the capac-
itance does not match exactly, it is possible to determine the
capacitance of interest from the measured (nonzero) signal
by precise knowledge of the reference capacitor. Choosing
the reference capacitor of the same order of magnitude as
the capacitor of interest, makes the output signal smaller and

the end result more accurate.

* Lee et al. 2002
* Pingree et al. 2005

129



130 MRFM AND THE SPIN BATH

The previous paragraph describes the basic principles of a

low-frequency capacitance bridge with high accuracy. Most

of the measurements in this paper were performed with an N
2+ AH2550 Ultra-Precision

Andeen Hagerlingh capacitance bridge (AH2550),>* which Capacitance Bridge, Andeen-

automatically switches reference capacitances, until the ref- ~ Hagerlingh (2014)

erence value is close to the capacitance of interest. The cali-

brated reference capacitors are kept at a constant temperature

inside an internal oven. This guarantees that the measured

capacitance values are of high accuracy and reproducibility.

Kurokawa and Sakai 19983° used a similar bridge to accu-

rately characterize the capacitance of their tips, of which they

measured the shape before with an electron microscope.

However, as dedicated capacitance bridges can be rather ex-

pensive, we will also present results measured with differ-
% GenRad 1615-A, General Ra-

ent instruments. The General Radio capacitance bridge®> re-  gio Company (~ 1970)

quires time consuming, manual switching of the reference

capacitors. However, if one only wants to use this bridge for

a pre-approach, it is not necessary to zero the signal for each

step of the coarse-approach motor. Instead, the reference ca-

pacitance is set to a certain, desired threshold value. If the

tip-sample capacitance value passes the reference (i.e. the Y-

signal on the Lock-In passes zero or the phase rotates 180°),

then one knows that the tip enters the range where the auto-

matic approach procedure should be turned on.

Finally, it is easily possible to determine the capacitance di-

rectly with dedicated STM electronics, which should be

known by researchers that use STMs in spectroscopy mode.

If, e.g. the tip is connected to ground via the PreAmp, one

can put an AC signal (e.g. 1 V and 10 kHz) on the sample

and determine the current through the tip. After the current

is converted to a voltage, a Lock-In can be used to determine

the out-of-phase component of the signal, from which the ca-

pacitance can be calculated using Eq. 7.1.

However, at all tip-sample distances that are larger than the

corresponding tunneling regime, the signal is dominated by

the current through the capacitance. Therefore, measuring

only the amplitude of the signal is enough to determine the
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capacitance (and no quadrature measurement, like Lock-In,
is needed). For example, just by applying the control elec-
tronics described by Rost et al.2%:?7 it is possible to measure
~ 10 aF when applying an AC signal of 1 V and 10 kHz to the
sample. This concept is applied by Schlegel et al. 2014, al-
though they did not work out the absolute capacitances and

focused only on the second derivative.

Results

To DEMONSTRATE the generality of our approach, we inves-
tigate various SPMs. We start with an STM that is equipped
with an absolute position readout such that one can directly
measure the tip-sample capacitance as a function of the dis-
tance. After that, we repeat our measurements on systems
without position readout and will show that the tip-sample
capacitance provides, in addition, an excellent way of deter-
mining the coarse-approach motor dynamics and reliability.
Furthermore, we will demonstrate the advantage of a fast
and safe pre-approach on an STM with a less reliable ap-
proach motor and will show that our method works as well
for a noncontact AFM?® that is equipped with a tuning fork.
We start with the JPE-STM: a custom Magnetic Resonance
Force Microscopy system (MRFM) that consists of a commer-

cially available stage from JPE?® with a home-built absolute

Figure 7.2:  Tip-sample «ca-
pacitance measured on the
JPE-STM: This microscope is
equipped with a homebuilt,
capacitive absolute position
sensor.  Applying a precise
capacitance bridge, an inde-
pendent determination of the
tip height is possible. We used
a cut Ptlr tip and an HOPG
sample. The measurement was
performed at room temperature
and atmospheric pressure.

26 Rost et al. 2009
27 Rost et al. 2005

28 Roobol et al. 2015

» High Resonance Cryo Posi-
tioning Stage, Janssen Precision
Engineering (2014)
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capacitative position readout.3° Applying the AH2550 capac-
itance bridge, it is possible to measure the absolute position
with a precision below 100 nm. Figure 7.2 shows the capaci-
tance between tip (including tip holder) and the sample as a
function of the tip-sample distance. The curve in Fig. 7.2 can
be used as a calibration of the tip-sample distance by using
the capacitance. This calibration holds even after a sample
exchange, provided that the new sample has the same geom-
etry. After a tip change, however, the calibration is usually
lost. The influence of the tip with respect to the capacitance-

distance curve is explained in detail in Sec. 7.4.

As THE LUXURY of an absolute position readout is not present
on most SPMs, a calibration like the one shown in Fig. 7.2
seems to be impossible. This is not fully true, as long as one is
not interested in the absolute tip-sample distance in standard
units. To demonstrate this, we performed a similar measure-
ment on a commercial JT-STM,3* of which the result is shown
in Fig. 7.3. Obviously, one still recognizes a relation between
capacitance and distance. However, the distance here is de-
fined in units of coarse-approach motor steps. Please note
that, although the retract curve falls exactly on the approach
curve, we applied 420 retract steps, but 497 approach ones.
Coarse-motor step sizes are usually not very well defined.
Therefore, the step size can only be defined as a statistical
average. The step size in slip-stick motors can be direction-
ally dependent due to some constant force pushing the slider
towards one or the other direction, like gravitational forces or
a spring. To account for such an asymmetry, we rescaled the
trace for retracting and approaching in Fig. 7.3 accordingly:
it is striking that the curves fall on top of each other quite ac-
curately. This fact together with the smoothness of the curve
(and its qualitatively similar shape as in Fig. 7.2) indicates
a reliable motor with linear behavior: the step size is con-
stant over the whole range, although it is different between
the approach and retract movement. We determined the step

size for retracting and approaching via the calibrated piezo

*More details about this
MREM in Sec. 6.5. The stage
is used for measurements in
Ch. 4, but for the purpose of the
current chapter it is equipped
with an STM tip-holder and
a Higly Ordered Pyrolytic
Graphite (HOPG) sample.

31 Joule-Thomson Low-
Temperature Scanning Probe
Microscope with Tyto head,
SPECS (2014)
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tube, when the system was in tunneling regime. Assuming
that these values are representative for the whole measured

range, the total distance that the motor traveled was 10 um.

UNFORTUNATELY the average step size of most coarse-ap-
proach motors is not only directionally dependent, but varies,
in addition, with the precise position of the motor. This is
due to imperfections of sliders and surfaces, wear, heavy use
at certain positions of the travel range, and other position-
dependent effects, like e.g. springs. This becomes clear from
an experiment we performed on a heavily used Unisoko-
STM,3? of which the results are shown in Fig. 7.4. To cancel
the asymmetry caused by gravity, we applied an analogous
directional rescaling as in Fig. 7.3. Here, however, the re-
tract and approach curves do not fall on top of each other.
Strikingly, two consecutive experiments (runs) do show re-
producibility indicating that the step size does not change
significantly in time for a position of the travel range, al-
though there is a huge variation for different positions. As an
example, two regions are clearly visible in the approach di-
rection. Our method enables not only the possibility to tune
the motor parameters until it moves with constant speed,
it even demonstrates the capability to use it for studying

coarse-approach motor dynamics in general.

Figure 7.3: Tip-sample capac-
itance measured on a JT-STM:
Without absolute height, the
distance is measured in units
of coarse approach motor steps.
As the retract curve overlaps ex-
actly with the approach curve
(after rescaling), this motor runs
reliably over the complete travel
range, although the average
step size is, due to anisotropic
forces, different for both direc-
tions. We retracted 420 steps,
while we needed 497 steps
for the approach. Zero cor-
responds to a tip-sample dis-
tance of 10 nm, which we mea-
sured with the calibrated scan
piezo. Using this piezo, we
also calibrated the step sizes
of the motor in the tunneling
regime: extrapolating this, 420
retract steps correspond to ap-
proximately 10 um. We used a
commercially available Ptlr tip
and a 120 nm thick Au film on
Si as a sample. The tempera-
ture during the experiment was
4.6 K.

32 USM1300S-3He,
(2011)

Unisoko
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THE MOST REWARDING APPLICATION of the tip-sample ca-
pacitance measurement is probably the implementation of it
for a fast, safe and reliable pre-approach without optical ac-
cess. Figure 7.5 shows the results for the ReactorSTM.# The
rather unique coarse-approach mechanism in this STM is re-
alized via a sliding movement of the tip (with tip holder)
over two guiding rods at the inside of the scanning piezo
tube. Between movements, the tip is magnetically pulled
to the guiding rods. Due to this special design, this mo-
tor shows nonlinear, and sometimes unpredictable behavior,
which is also reflected in the curves of Fig. 7.5. The combi-
nation of this less reliable motor and the absence of optical
access, required often long pre-approach times to safely find
the tunneling regime.

After a tip exchange, one first measures one (or several) re-
tract curves, which can also be done at ambient conditions if
that is more practical. From these curves one can choose
a threshold capacitance that one considers to be safe and
fast enough (close enough to the sample) for the quick pre-
approach. In a next step, one repeatedly runs the approach
motor until the threshold value is reached. This happens
within a few seconds. Then one switches to the automatic
safe (but slower) approach mode and counts the number of
steps that are needed to reach the tunneling regime. This pro-
cedure lasts only a few tens of seconds. The crosses in Fig. 7.5

indicate the chosen threshold capacitance versus the number

Figure 7.4: Tip-sample capaci-
tance measured on a Unisoko-
STM: In both runs, we retracted
5490 motor steps and needed
8300 steps to get back. The
starting point corresponds to
a tip-sample distance of about
10 nm. Note that this motor
runs reliably, as both runs fit al-
most perfectly on top of each
other. However, it is obvious
that the motor runs with dif-
ferent speeds on different posi-
tions of its travel range. Also di-
rectional asymmetry is present.
We used a commercially avail-
able Ptlr tip and a Cu(100)
sample. These measurements
demonstrate that our method
can be applied to study the
motor performance and dynam-
ics in general. The tempera-
ture during the experiment was
1.5K.
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of steps needed to reach the tunneling regime. Applying this
way of approaching, the system could be regularly brought
into tunneling regime within only 10 minutes, while it took
usually 60 minutes and more before. Experience shows that
this method is insensitive to sample exchange as long as the
samples are of comparable geometry. We expect that a com-
plete approach (including the pre-approach) can be realized
in less than a minute, if one programs a dedicated routine for
the used control electronics and provided that the motor can

move fast enough.

IN THE FINAL EXAMPLE, we show that the capacitive ap-
proach is more widely applicable than to STM only. To illus-
trate this, we performed a similar measurement using a non-
contact AFM equipped with a quartz tuning fork (QTF).33
Using Electron Beam Induced Deposition34 (EBID) a nano-
sized Pt/C tip was grown on the prong of the tuning fork
facing the sample. The length of the tip was ~ 2.6 um and its
diameter was ~ 220 nm. The tip was first approached to the
surface by measuring the shift in resonance frequency after
every coarse approach step. After the approach, the QTF was
retracted in small steps and the capacitance between tip and
sample was measured. The results, plotted in Fig. 7.6, show
the same generic curve for the nano-sized tip as observed for
the macroscopic STM tips. If one uses a non-conducting tip,

one can still use the capacity between the sample and one

Figure 7.5: Tip-sample capac-
itance measured on the Reac-
torSTM: The particular design
of the approach motor mecha-
nism makes this motor less reli-
able compared to the approach
motors of other STMs. The vari-
ation in the motor performance
can be seen from three differ-
ent retract curves. Still it is
possible to significantly shorten
the total approach time, as is
indicated by the crosses, all
of which represent an individ-
ual approach: based on earlier
measured retract curves (run 1
to 3), the user chooses a safe
threshold capacitance. The ap-
proach motor is continuously
operated without extra inter-
rupts until the chosen threshold
value is reached. This proce-
dure lasts only a few seconds,
after which one switches to the
automatic safe (but slower) ap-
proach mode and counts the
number of steps that are needed
to reach the tunneling regime.
This procedure lasts only a few
tens of seconds. The crosses in-
dicate the chosen threshold ca-
pacitance versus the number of
steps needed to reach the tun-
neling regime. To increase the
accuracy/statistics, one should
measure the capacitance once in
a while for a complete retract
curve. The data are obtained
for different Ptlr tips on various
(metallic) samples.

3 similar to the qPlus sensor of
Giessibl et al. 2004

34 Nova NanoSEM 200, FEI
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electrode of the QTF for the pre-approach.

IN THE ABOVE EXAMPLES we showed how the tip-sample ca-
pacitance provides valuable information about the tip-sam-
ple distance. Even when the capacitance cannot be related
to absolute length scales, it still provides information on the
motor performance. Depending on the reliability of the mo-
tor, the capacitances can be converted into distances in units
of motor steps. In any case a reference capacitance can be
chosen such that a fast and safe pre-approach can be realized
until this value is reached. This method significantly saves
time and minimizes the number of tip crash events. In ad-
dition, detailed motor characterization and optimization is

possible in this way.

Finite element analysis

THE ABOVE presented tip-sample capacitance measurements
all show a rather similar curve with a linear behavior for
large distances and a steep rise for decreasingly shorter dis-
tances. Similar curves have been obtained before.35-36:37,38,39
Moreover, the absolute scale of the values is approximately
the same, with the capacitance changing by 5 — 15 {F in the
last few tens of micrometers. The AFM is an exception to this

because the EBID grown tip is very short and the prong of

Figure 7.6:  Tip-sample «ca-
pacitance measured on the
tuning-fork-based AFM: The
tuning fork has an electron
beam induced deposited tip
on one side. This result shows
that our quick pre-approach
method, which is based on
capacitive measurements, is
not only applicable to standard
STMs.

3 Fumagalli et al. 2006
3¢ Kurokawa and Sakai 1998
3 Fumagalli et al. 2007

3 Gomila et al. 2008
39 Gomila et al. 2014
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the quartz tuning fork forms a parallel-plate capacitor with
the sample surface. Still, the shape of the curve looks similar
and suggests a generic behavior which raises the question:
can we also understand the tip-sample capacitance curve as
function of tip-sample distance?

In order to address this question, we performed a Finite El-
ement Analysis (FEA)#° calculation and created a simple tip-
sample model taking into account cylindrical symmetry, see
Fig. 7.7a. Note that other FEA models have been discussed
before,#'4* however, none of them included the tip holder.
By simulating the electrical field, shown in Figs. 7.7b and c,
we can determine the capacitance. Finally, by using a para-
metric sweep for the distance d, which means successive re-
calculation of the model, we generate a capacitance-distance
curve. Furthermore, it is possible to determine the contribu-
tions of the tip holder (B), tip length (L), tip sharpness (H),
tip wire radius (W), and radius of the apex at the end of the
tip (R), as we will describe later in more detail.

To get an estimate for reasonable values of these parameters

we can include a lower boundary, which is simply given by a
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Figure 7.7: Simple tip-model: a)
Schematic of the model (drawn
not to scale) of a tip with ra-
dius W and length L, connected
to a base plate with radius B.
The end of the tip is conical with
height H and truncated with a
ball with radius R. The small-
est distance between the tip (the
apex) and the relatively large
sample is noted d. In our finite
element simulations the diame-
ter of the tip wire (2W) is fixed
to 0.25 mm. To calculate the ca-
pacitance in the simulation, we
did set the tip to a potential of 1
V and the sample to 0 V. Panels
b) and c) show the equipotential
lines of the simulation for the
particular tip geometry at one
distance for the JPE-STM: r de-
notes the radial direction of the
geometry and z is the vertical
direction. The simulation was
performed with COMSOL.4°

#©COMSOL  Multiphysics®v.
5.2. COMSOL AB, Stockholm,
Sweden (2015)

4 Lee et al. 2006
# Lanyi and Hruskovic 2003



138 MRFM AND THE SPIN BATH

parallel-plate capacitor:
€A par

Cpar = — 17
par me+d

(7.2)

Cpar causes the linear behavior for large tip-sample distances
of the total capacitance, see Fig. 7.8. This additional capac-
itance comes from the tip holder that forms, in good ap-
proximation, with the combination of the sample and sam-
ple holder a parallel-plate capacitor. Its capacitance can be
easily determined from the data far away from the sample:
Aay = €0 2c! and thus Ly, = €0Apar/Cpar — dmax,
where d,,;y is the maximum tip-sample distance available in
the data. Cp,y is drawn in blue in the graphs of Fig. 7.8 and
the corresponding parameters are provided in Tab. 7.1. The
remaining deviation for small distances comes from the tip
itself and can be described with Cy;,. Note that L is the real
tip length and that L, is the tip length if one assumes the
whole capacitance curve could be explained by just one par-
allel plate at distance Ly, + d. In the following we discuss
how L as well as the other parameters W, R, H, B influence the
capacitance-distance curve. We will show that it is possible
to determine all these parameters such that we finally receive

fits that closely resemble the measured data, see Fig. 7.8.

SURPRISINGLY, two branches of analytic descriptions for tip-

sample capacitances can be found in literature: the first and

older ones 45-3¢ describe Ctip with a sphere, whereas the newer  + Hudlet et al. 1998
ones consider a cone with a sphere at the end.43:44:38 In honor ~ * Law and Rieutord 2002

4 Kleinknecht et al. 1988
of the first description by Kleinknecht et al. 1988,4> we follow ' ’

JPE-stage  JT-Specs STM

W 0.126 mm  0.126 mm

L 3.00 mm 3.00 mm

R 1.0 um 10 um

H 0.24 mm 0.30 mm Table 7.1: This table shows the
B 3.7 mm 4.7 mm geometric values that are found
B2 43 mm?2 69 mm?2 by matching the data from Figs.
Apm 98 mm? 72 mm?2 7.2 and 7.3 to the simple model

as illustrated in Fig. 7.7.
Lpar 3.3 mm 1.8 mm
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this most simplified model to fit and analyze our data. This
is fully justified, as we will show in a comparison in Sec. 7.5
that the other, more complicated models, do not deliver bet-
ter fits or insight.

Describing the very end of the tip with a half sphere, the
radius of this sphere, R, determines the distance-capacitance
curve for small distances (d < R). In turn it is possible to
derive the radius of the apex from the measured capacitance-
distance curves by using:45-3°

R, = —L dC
ff ™ 2mey din(d)’
For real small distances (d < R) R,fs converges to the real tip

(7-3)

radius R, which we can compare with the R in our simula-
tion that fits the measured data. At larger distances Cp,, con-
tributes significantly to the slope of the capacitance-distance
curve and therefore R, ¢ is greater than R. This can be seen in
Fig. 7.9, in which we applied Eq. 7.3 to capacitance-distance
FEA data that we calculated for different tip radii R. One
sees that when d < R, R, ff indeed converges to the set value
R. For completeness, we also plotted the measured data of
the JPE-stage (Fig. 7.2) and the JI-STM (Fig. 7.3) in Fig. 7.9.
Although clearly different, both data sets fit the theory. The

reason for the difference between these two data sets could

Figure 7.8: Comparison be-
tween measured, simulated,
and analytically calculated data
of the tip-sample capacitance:
The measurements are shown in
black: (a) for the JPE-STM and
(b) for the JT-STM. Our simu-
lations (red) closely fit the ex-
perimental values. The curve
in blue represents an analyti-
cal lower boundary based on a
parallel-plate approximation.
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be tip crashes as well as the different tip fabrication methods
(see above).

It becomes clear from this comparison that it is easily possi-
ble to determine the apex radius inside the setup, which pro-
vides a powerful tool to judge, e.g., if one needs to replace
the tip after a tip crash. If one wants to model a measured
tip, one should use the lowest measured value for R,y
Note that it is possible to determine the tip radius (and its
sharpness) without the knowledge of the cone height! This
finding stands in contrast to previous conclusions.4®

Taking into account the above insight, we fitted the remain-
ing geometric parameters of the tips of the JPE- and the JT-
measurements. Table 7.1 shows the results. From these fits
we learned about their dependencies:

In the 1 to 100 micron tip-sample distance regime, L and B
contribute in the same manner: they act mainly as an off-
set to the capacitance curve. As the total tip length can be
rather accurately determined and is usually even similar for
different microscopes, the main difference often comes from
Cpar, which is due to the specific tip-holder design (described
by B). For the fit in Fig. 7.8 we did set L to a fixed, realis-
tic value of 3 mm and varied B as a fitting parameter. The
second fitting parameter is given by the cone height H that

describes the macroscopic sharpness at the tip end. In the

Figure 7.9: Effective tip ra-
dius, R.sf, versus tip-sample
distance.  Using our simula-
tions, we varied the tip radius
R, see Fig. 7.7, which deter-
mines the radius of the apex
at the end of the tip. For
small tip-sample distances R,fs
converges to a constant value,
which represents the “real” tip
radius. This method provides
the possibility to determine the
end-of-tip radius (e.g. after a
tip crash) in situ, in the mi-
croscope. For comparison we
also plotted the JPE-STM as well
as the JT-STM data. Note that
the tip in the JT-STM had been
crashed before, whereas no tip
crash happened in the JPE-STM.
This can also be seen from the
data of the effective tip radii of
the two different microscopes.

4 Lanyi 2005
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large-distance regime (1 to 100 micron), this sharpness de-
termines mainly the general slope of the curve, such that
this parameter can be determined independently. The last
missing parameter is W, which is set by the used tip wire;
126 pm in our case. In conclusion, to receive the fits pre-
sented in Fig. 7.8, we determined first the real tip radius R
(see Fig. 7.9) and further needed only an optimization of the
geometric parameters B and H that determine the offset and
slope, respectively, for the large distance range.

As a remark, please note that the values in Tab. 7.1 are not
exactly representative for the geometry of the real tips and
tip-holders, especially as the geometry of real tip holders can
be complicated. However, it is striking that this simple model
generates two different curves that follow the capacitance-
distance curves of two completely different measured sys-
tems remarkably well, see Fig. 7.9.

Despite this fact, a careful comparison between the simulated
curve (red) and the measured data (black) in Fig. 7.8 reveals
too low capacitances of the fit for small distances. Speculat-
ing on the reason, we suspect that the extra capacitance in
the experimental data stems from the roughness (imperfec-
tions) of the surface of the sphere, like protrusions, that are
not included in the model. The additional charge buildup by
these protrusions is expected to be commonly found for cut
Ptlr tips due to the tendency of this material to form micro-
tips under cutting. How the capacitance is influenced by the

3 47 Boyer et al. 1994
surface roughness can be calculated.#74°49 However, the re-

# Bruce et al. 1999
verse, how to calculate the roughness of the STM tip based on 4 Bruce et al. 2000
the additional capacitances in the capacitance-distance curve,
remains an interesting open question that is beyond the scope

of this paper.

Analytical models

For THE PURPOSE of scanning capacitance microscopy, var-

ious analytical formulas have been developed that describe
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the (slope of the) capacitance as a function of tip-sample
distance.39:36-43,38/45.44.35 One of the earliest contributions45-3
state that the variation of the capacitance, dC/dd, comes main-
ly from the ball-shaped apex (with radius R) in the regime
where d < R. For a ball approaching an infinite plane, this
variation is given by:%

aCtip R

Realizing that a real tip does consist of a combination of a ball

with a cone, a refined formula was derived a decade later by
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using a dihedral approximation.43 The result,

aCtip R 1 1
~—2mey | = + X (7.5)
od 41+ grmgy 10’ tan(6/2)
1 A+ R(1—sin6) 1+
"HIRO—cot) 134 ]|’
1+ R(1—-sin®)

is less straightforward since it also involves the cone of the tip
that is described by its angle 0, i.e. tan8 = W/H, see Fig. 7.7.
Please note that only the first term in the square brackets
comes from the ball-shaped end of the tip. Moreover, fol-
lowing the derivation in Ref. 43 one realizes that Eq. 7.4 was
used as a boundary condition for deriving the first term in
Eq. 7.5. Since this term dominates at small distances, it is not
at all surprising that Eq. 7.5 breaks down to Eq. 7.4 in this
regime (d < R). Noticing that the tip radius influences the
total capacitance only for small distances, at which the radius
can be determined experimentally, the added value of Eq. 7.5
should be the description of the total capacitance for rather
large distances (d > R). Equipped with the complete FEA tip
model, in which we easily can change the tip radii, we tested
both analytical descriptions against the FEA model.

Figure 7.10 shows the result, in which the solid colored lines
are for different radii obtained from the FEA calculations.
Our results nicely match those published by Lanyi 20054,
who calculated the variation of the tip-sample capacitance
for a tip with R=100 nm. To evaluate the analytic theories, we
fitted (dashed lines) our results with the ball model (Eq. 7.4)
in Fig. 7.10a, and with the dihedral approximation model
(Eq. 7.5) in Fig. 7.10b. Comparing the fits one realizes three
important points: (1) As expected, there is little difference
for small distances (compare offset values at the y-axis); (2)
The ball model describes straight lines, whereas the dihedral-
approximation model curves “down” to lower values at a
distance d ~ %R. (3) In contradiction, the FEA results curve

“up" for large distances.
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7.6

FroM THIS we can conclude that the dihedral-approximation
model is not suited to describe the large-distance behavior.>°
The reason for this is that the cone ends at a certain height
(see Fig. 7.7a) and that the tip should be described from this
point on with a straight wire that ends in a plate of a capaci-
tor (shield).

This means that fitting the cone angle directly from Eq. 7.5
is unreliable. As the ball radius is equally well derived from
Eq. 7.4, there is no advantage to continue using Eq. 7.5. There-
fore we used Eq. 7.4 to determine the radius of the ball-
shaped apex, see Sec. 7.4. Currently, if one needs to deter-
mine the cone angle, one should still create a realistic FEA

model.

Conclusion

WE sHOWED that it is possible to determine the absolute dis-
tance between a tip and a sample via the capacitance between
them. Although the capacitances are in the order of tenths to
hundreds of femtofarads, the tip-sample separations can be
measured reliably for both large scale as well as nanometer
distances. Measuring such low capacitances with high accu-
racy seems to be a difficult task. However, we showed that
the application of a low input impedance current-to-voltage
converter in combination with proper grounding and shield-
ing makes this task rather easy, as stray capacitances are elim-
inated in this way. Moreover, by applying an STM control
electronics it is possible to measure ~10 aF (and even below).
We measured the tip-sample capacitance versus distance on
several different setups with different tips and samples and
found a generic curve with even similar absolute values. Our
analysis provides deeper insight and delivers additional ben-
efit for the user, as it is possible to extract the tip shape and
radius from these curves. We find, in contrast to earlier con-
clusions, that it is possible to determine the tip radius with-

out the knowledge of the height of the conical part of the

It was found by experiments
Law and Rieutord 2002 that
sometimes the model would
better be replaced by a hy-
perboloid model. However,
in our FEA simulations we
fixed the geometry to be ball-
shaped+cone and not hyper-
boloid.
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tip. This is a powerful tool to determine the actual quality
of a tip, whether it is freshly etched or has experienced a
tip crash. We compared our FEA results with analytic the-
ories and found that the most simple model, the ball model
approximation,*> delivers the best fit and should, therefore,
be used in most cases. Probably the most important impact,
however, is the implementation of a fast and reliable pre-
approach for any type of SPM and especially for those that do
not provide optical access, thereby significantly reducing the
total approach time before imaging. Furthermore, it is pos-
sible to use the tip-sample capacitance as a characterization
tool of the motor performance of the SPM: motor fine tuning,
deterioration, and problem analysis can be performed in this
way. Finally, the determination of the absolute tip-sample
capacitance (including the tip holder) is crucial for a proper
5t Jack et al. 2015
system characterization when working in the GHz regime.>"
The capacitance determines, in addition, the energy broaden-
ing of an STM when reaching the quantum limit at ultra-low

2 Ast et al. 2016
temperatures.>?






