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Principles and Applications
of the qPlus Sensor

Franz J. Giessibl

Man sollte die Dinge so einfach wie moglich machen, aber nicht ein-
facher.

(Things should be made as simple as possible, but not one bit
simpler.)

Albert Einstein (1879-1955)

Abstract. The concept of the atomic force microscope (AFM) is a very simple
one: map the surface of a sample by a sharp probe that scans over the surface
similar to the finger of a blind person that reads Braille characters. In AFM, the
role of that finger is taken by the probe tip that senses the presence of the sample
surface by detecting the force between the tip of the probe and a sample. The qPlus
sensor is a self sensing cantilever based on a quartz tuning fork that supplements
the traditional microfabricated cantilevers made of silicon. Quartz tuning forks are
used in the watch industry in quantities of billions annually, with the positive effects
on quality and perfection. Three properties of these quartz-based sensors simplify
the AFM significantly: (1) the piezoelectricity of quartz allows simple self sensing,
(2) the mechanical properties of quartz show very small variations with temperature,
and (3) the given stiffness of many quartz tuning forks is close to the ideal stiffness
of cantilevers. The key properties of the qPlus sensor are a large stiffness that allows
small amplitude operation, the large size that allows to mount single-crystal probe
tips, and the self-sensing piezoelectric detection mechanism.

6.1 Motivation: qPlus Versus Si Cantilever

The first atomic force microscope utilized a cantilever that was built by hand
in the laboratory from gold foil and a small piece of diamond acting as a
tip [1]. Soon after, MEMS (micro electronic and mechanical systems) capa-
bilities offered by the semiconductor industry were utilized to mass-fabricate
cantilevers from silicon.
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Initially, Si-based cantilevers were built from SiOg and SisNy [2]. Later,
cantilevers with integrated tips were machined from silicon-on-insulator
wafers [3]. The most common cantilevers in use today are built from all-
silicon with integrated tips pointing in a [001] crystal direction and go back to
Wolter et al. [4], followed by a number of companies that offer Si cantilevers
with integrated sharp tips on wafers, including a few hundred cantilevers each.

The gPlus sensor still requires manual assembly and it is fair to ask why
two decades after the introduction of AFM, manual assembly of its key compo-
nent is still practiced. Manual assembly was even practiced in manufacturing
transistors years after its invention [5] — the reason why manual production
of cantilevers is still warranted is outlined in this chapter.

6.1.1 Specifications of an Atomic Force Probe

Imagine the ideal properties of that tiny finger that should probe a surface
without destructing it. One first obvious quality of that probe is to be very
sharp that ideally a single atom sits at its end. Second, the probe needs to
be sensitive enough to be able to feel the tiny forces that act between single
atoms. The first AFMs were mostly operated in “contact” mode, and for
this mode the stiffness of the cantilever should be significantly smaller than
the interatomic spring constants of atoms in a solid [6], which amounts to
k < 10Nm~'. For nondestructive imaging, the forces between tip and sample
should be small compared to the maximal forces that can be sustained by
single bonds. Also, it is desired to keep artifacts due to elastic deformations
of tip and sample small [7]. It has to be kept in mind, though, that elastic
effects will occur in imaging. There is a tradeoff between maximizing the
signal-to-noise level by imaging at very close distances and by minimizing tip
and sample distortion by imaging at large distances where forces are small.
This tradeoff can be somehow relaxed by reducing the noise level in the force
measurements — a pursuit that pervades all progress in AFM.

Figure 6.1 shows a schematic view of a probe tip close to a sample. The
bonds within the sample (and similar the bonds within the probe tip) have
a stiffness kg, which amounts to roughly 170 Nm™! in the case of silicon.
The bond between the front atom of the tip and the sample atom next to it
is depicted by ks, which strongly depends on the distance between tip and
sample.

For an illustration of the magnitude of typical tip sample bonds, we use the
Stillinger—Weber potential [8] that has been devised to describe the bonding
in silicon. The Stillinger—Weber potential not only depends on the distance
between two silicon atoms, but also on the mutual alignment of next nearest
neighbor atom. In the case of perfect tetragonal bonding symmetry, the bond-
ing energy Vsi_si, the force F' = —3Vs;_gi/0z and stiffness ks;_g; = 0V /02>
is only a function of the interatomic distance z. These functions are shown in
Fig.6.2. The Stillinger—Weber potential is often used as a model for describ-
ing covalent bonds, but it has some constraints. A very serious constraint
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Fig. 6.1. A sharp tip close to a sample. The bonds of the atoms in tip and sample
are characterized by a stiffness kss. For silicon, kss &~ 170 Nm™'. The stiffness of the
“bond” between the front atom of the tip and the sample atom next to it is given
by ks, which strongly depends on the tip sample distance
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Fig. 6.2. Potential energy V, force F', and stiffness k for a single Si—Si bond after
the Stillinger—Weber potential. The potential reaches its minimum of —2.17eV for
an equilibrium distance of zeq = 235 pm. The maximum attractive force reaches
—4.6nN at a distance of 296 pm and the stiffness at zeq is keq = 170N m~'. For
distances z > 296 pm, the stiffness ks is negative, reaching a minimal value of
—120Nm™!

is the artificial limitation of the bonding length to 376pm — the poten-
tial is assumed to be zero for greater distances. The key reason for that is
that the nearest neighbors in Si are 384 pm apart, and the calculation of
lattice energies becomes simpler if only the nearest neighbors have to be
taken into account. This artificial limitation causes the rather strong maxi-
mal attractive force of more than —4nN and the rather large force gradient of
—120Nm~!. Nevertheless, the Stillinger-Weber potential describes the exper-
imental phonon spectrum of Si very well and even though the actual Si bonds
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may be somewhat weaker (see, e.g., total energy pseudopotential calculations
by Perez et al. [9]) it has to be anticipated that single atomic bonds in semi-
conductors have a stiffness on the order of £100 N m™!. The stiffness of bonds
in solids can be estimated from the frequencies of optical phonons [10]. Silicon
has an optical phonon at a wavenumber of 520cm~! (at the Gamma point
where k = 0), every Si atom in the bulk is embedded in bonds with an effective
spring constant of 447 Nm~!. Diamond, in contrast, has an optical phonon at
a wavenumber of 1,200cm ™! and every C atom in diamond is embedded in
bonds with an effective spring constant of 1,020 Nm~!. This value is very high
compared to the stiffness of the mainly used commercial silicon cantilevers.

6.1.2 Cantilevers in Dynamic Force Microscopy

In dynamic force microscopy, the cantilever is oscillating and amplitude

changes [11] or frequency shifts [12] are utilized to probe the forces act-

ing between tip and sample. Atomic resolution on reactive surfaces was first

obtained in frequency modulation AFM with very large cantilever oscillation

amplitudes of 34 nm [19]. Initially, it was not clear why these huge amplitudes

were required, but the simple picture shown in Fig. 6.3 explains that situation.
The eigenfrequency fy of the cantilever is given by

1 /k
e (61)

and when the stiffness of the tip sample bond ki is taken into account,
the new frequency is

1 [k + ks

:27r m

f (6.2)

Equation (6.2) is correct only if ki is constant during the oscillation cycle.
For large amplitudes, this is certainly not the case.

Fig. 6.3. Mass and spring model (left) as a mechanical analog of an oscillating
cantilever next to a surface (right)



6 Principles and Applications of the qPlus Sensor 125

When the oscillation amplitude A is large, we have to generalize (6.2) by

P \/k: + (hes) 63)

2 m

When (kis) is small compared to k, we can express the frequency shift Af =
J—foas

Af(z) = fo <kt;§j)>, (6.4)
with
1

(kis(z, A)) = 72r /1 kes(z — Au) \/1 — u? du. (6.5)

Also, we note that for small tip sample distances, kis can become quite
large (see Fig.6.2). In this case, the stiffness of the cantilever k would need
to be significantly larger than 100N m™'; otherwise, stable oscillation would
become impossible [14]. In frequency modulation AFM, the cantilever is part
of an oscillator that has to oscillate at a precisely determined amplitude A, as
any amplitude fluctuations show up as noise in the AFM data. The creation
of a stable oscillator is difficult enough (for a block diagram of the oscillator
circuit of an FM-AFM, see, e.g., [15]) and stability is easier to obtain if the
oscillation frequency does not vary too much around fy, in other words, we
demand that | Af |« fo thus | (k) |< k. For small amplitude operation,
(kts) = kis and thus we demand that k >>| ks |.

6.1.3 Advantages of Small Amplitude Operation

In the scanning tunneling microscope (STM), the tunneling current is used to
probe the presence of a sample surface. As the tunneling current increases by
a factor of ten for every distance reduction of 100 pm, there is only one current
path that mainly originates from the front atom of the tip. In AFM, forces
of various origin are acting on the probe of the tip, but ideally only the short
range contributions originating from the front atom would be measured. In
frequency modulation AFM, there is a way to discriminate force contributions
by their decay length. In large amplitude AFM, it has been shown that the
frequency shift is dominated by long-range forces. The normalized frequency
shift «, which is defined by

_Af
B 0

o kA3/?, (6.6)

can be expressed as

N
v~ 0.4 % ZFjS\/Ai, (6.7)
=1
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Fig. 6.4. Frequency shift contributions of short- and long-range force components
as a function of amplitude

where ¢ is an index denoting the force channel. For example, let us assume
the interaction consists of a short range force with a magnitude of 1nN and
a range of 100pm and a long range force with a magnitude of 3nN and a
range of 3nm. The long-range forces are mainly caused by van der Waals
interactions that can be reduced by using sharp tips [16-18]. In this case, the
contribution of the long-range force to the frequency shift is 3 x v/30 ~ 16
times as large as the short range contribution.

For oscillation amplitudes that are small compared to the range of the
short-range interaction A, the frequency shift is proportional to the force gra-
dient (see (6.4)) and the long-range contribution is only 10% of the short-range
contribution. The crossover from small- to large amplitude operation is shown
in Fig.6.4. This figure shows how the frequency shift becomes smaller as the
amplitude is increased. It is important to note that the minimum distance
(lower turnaround point of the cantilever) is held constant when the amplitude
is varied. When the amplitude reaches the range of the short-range interac-
tion A, the frequency shift component originating from the short range force
starts to decrease while the long-range component still remains constant. For
A =~ 3 x ), the contributions of long- and short-range force match, while
for A > 3 x A, the long-range contributions dominate Af. In summary, large
amplitude FM-AFM requires the use of very sharp tips, while small amplitude
AFM can cope with blunt tips as well.

The cost of using small amplitudes is an increase in frequency noise.
Albrecht et al. [12] have calculated the thermal noise of a cantilever and found

5fthcrmal _ kBTB
fO 7Tf0 kAEmsQ ’

that is, the thermal noise ratio is roughly given by the square root of the
ratio between the thermal energy kT and the mechanical energy stored in
the cantilever kA?/2 divided by the quality factor @ and multiplied by the
ratio between bandwidth and frequency (A? = 242

rms)‘

(6.8)
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Often times, the thermal noise is smaller than the detector noise. Detector
noise is described by the precision at which we can measure the cantilever
deflection. Good interferometers as well as electrical detection of the qPlus
deflection reach deflection noise densities of n, = 100 fm/v/Hz. A deflection
noise density of ngy = 100 fm/ V/Hz means that the position of the cantilever
can be determined with a precision of 100fm in a 1 Hz bandwidth and with a
1 pm deflection noise for a bandwidth of 100 Hz.

The corresponding frequency noise is [19,20]

d faetector _ ng B3/2

fo T wAf R 09

where Bpy is the bandwidth of the frequency detector. Because the two noise
sources are statistically independent, we find

0f = \/5ft2herm‘d1 + 6fd26tector' (6.10)

Here it is important that detector noise increases dramatically with Bpr;
therefore, slow scanning reduces noise sharply. Both thermal and detector
frequency noise vary inversely with amplitude. The signal-to-noise ratio is thus
given by dividing the signal level shown in Fig. 6.4 by the 1/A dependence of
the frequency noise. The result is displayed in Fig.6.5. The signal-to-noise
ratio is optimal when the amplitude is tuned to the interaction that is to be
used for imaging. In the first application of FM-AFM [12], magnetic dipole
forces on recording media have been probed and the use of large amplitudes
was helping to obtain good quality images. However, the analysis above shows
that for probing atomic interactions with force ranges in atomic dimensions,
amplitudes in the 100 pm range are preferred.

The use of small amplitude suppresses long-range contributions to the
frequency shift and optimizes the signal-to-noise ratio.
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Fig. 6.5. Signal-to-noise ratio (SNR) in FM-AFM as a function of amplitude
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6.1.4 Ideal Physical Properties of Cantilevers

Three physical properties of cantilevers are relevant in force microscopy:

1. Stiffness k
2. FEigenfrequency fy
3. Quality factor Q

Because of the considerations outlined in Sect.6.1.2, we want the stiffness k
to be on the order of 1kNm™"! to allow stable small amplitude operation.

The eigenfrequency fy should be as high as possible to minimize frequency
noise (see (6.9) and (6.8)). However, there is a tradeoff that depends on the
specific implementation of the deflection sensor. Usually, the deflection noise
ng increases with frequency for a given detector and so the optimal value
depends on the detection method.

The quality factor @ should be as high as possible, according to (6.8).
However, there is a practical consideration. One way to express the quality
factor is to compare the energy loss per cycle AEqycle in a damped oscillator
to the energy stored in the cantilever E = kA?/2:

2rE

Q B AEcycle'

(6.11)
If @ is extremely large, amplitude control can become very difficult because
the interaction of the probe tip with a sample is in general dissipative and the
relative change of the energy loss per cycle is inversely proportional to Q.

In practice, it is also important how these parameters depend on the
medium (liquid, gaseous, vacuum) and temperature. One of the main rea-
sons why frequency standards are often built from quartz tuning forks is their
superiority to silicon with respect to frequency stability vs. temperature [21].
Also, for practical considerations, it is very important to consider the type of
probe tips that can be used with a given cantilever.

6.2 Theory of qPlus Versus Tuning Fork Sensors

Quartz tuning forks are wonderful inventions. They allow to produce watches
at very low cost that keep time much more precise than mechanical watches
that are prized orders of magnitude higher [22]. Here, we explain the principle
of quartz tuning forks and explain how they can be rebuilt to act as powerful
force sensors.

6.2.1 Quartz Tuning Forks

Quartz tuning forks are etched from single crystal quartz that is oriented in a
X + 5° orientation [23]. This orientation ensures that the frequency variation
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C) upper prong

mount lower prong

Fig. 6.6. Quartz tuning forks. (a) A tuning fork as used in watches with an opened
metal case. The arrows point to an area where the gold plating has been partially
removed to trim the mass of the prongs such that an eigenfrequency of exactly
32,768 Hz arises. (b) Untrimmed tuning fork as taken out of a wafer. The trimming
procedure has not been done on this fork as can be seen by the undamaged gold
plating at the end of the fork. (c) Mechanical analog of the tuning fork: in principle,
the fork is a quite complex mechanical system with many oscillation modes and
eigenfrequencies. When both prongs are symmetric, the antiparallel mode where
one prong oscillates opposite to the other one has a very high @ value

with temperature is almost zero at 28° C — the typical temperature of a watch
mounted on a wrist. The piezoelectricity of quartz allows for a simple transfor-
mation of the mechanical oscillation of the quartz fork to an electrical signal.
Incidentally, the piezoelectric effect and its inversion that are instrumental
for the whole field of scanning probe microscopy have been first observed in
quartz by the Curie brothers (see the instructive report in Chen’s introduction
to STM [76]). Quartz tuning forks have surprisingly large Q-values — on the
order of 10°. Therefore, frequency stability is excellent and power consumption
is very low — ideal for watch applications. Figure 6.6a shows a quartz tuning
fork as used in Swatch watches. The metal case of the device has been opened
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Fig. 6.7. Electrode configuration of the quartz tuning forks shown in Fig. 6.6

and one can see the transparent quartz fork as well as the gold electrodes.
The gold electrodes have been removed partially at the ends of the prongs to
adjust the eigenfrequency to exactly 2'° Hz (32.768 kHz). Figure 6.6b shows a
similar tuning fork that has not yet been trimmed. The prongs are rectangu-
lar and are surrounded by gold electrodes — two vertical and two horizontal
layers of gold (see Fig.6.7). Figure 6.6¢ is a mechanical analog to the tuning
fork. When both prongs have exactly the same mass and stiffness, an oscil-
lation mode where both prongs oscillate opposite to each other evolves that
has extremely little losses and thus with (6.11) a very high @ value.

Because of their useful properties, quartz tuning forks have been applied
in scanning probe microsocopy quite early. Guethner et al. [25] has used a
quartz tuning fork for scanning near field acoustic microscopy, and
Karrai et al. [26] used tuning forks to sense the distance of near field optical
microscopes. Rychen has used tuning forks to probe forces in low tempera-
tures and high magnetic fields [27-29]. However, the high symmetry of tuning
forks has to be given up when a probe is attached to one of the prongs as
required for using the fork as a sensor. Dransfeld et al. [30] have proposed to
attach a counterweight to the prong that does not carry a tip, and Rychen et
al. use extremely lightweight tips [29]. The influence of adding mass to one of
the prongs on the @ value has been analyzed in Rychen’s Ph.D. thesis [31] and
it is found that the Q-value drops considerably when the added mass reaches
about 1% of the mass of one prong. The piezoelectric effect results in the
generation of surface charges upon mechanical stress. To convert the mechan-
ical stress within the prongs of the tuning forks into surface charges that are
collected by metal electrodes on the quartz material, two designs are in use:
thick prongs where the width w (y-coordinate in Fig.6.7) and the thickness
t (z-coordinate in Fig.6.7) of the cross-section of one prong are on the same
order of magnitude and thin prongs where the thickness is much greater than
the width [23]. For thick prongs such as the ones shown in Fig. 6.6, the elec-
trode configuration is usually as shown in Fig.6.7. The cross section in the
right side of Fig.6.7 shows the electrodes and the electric field lines within
the quartz material. When one beam of the fork is deflected by an amount z,
the charge ¢ that is collected on the electrode is given by

q = zdo1kLe(Le/2 — L) /1%, (6.12)
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where do; is the piezoelectric coupling constant (de; = 2.31pC N—! for
quartz), k is the spring constant, L. is the length of the electrodes (see
Fig.6.7), L is the length of the prongs, and t is the thickness of the prongs [32].
The sensitivity of the E158 fork shown here is ¢/z = 2.8 uCm~1.

Two observations deserve to be mentioned: (a) the sensitivity is propor-
tional to the spring constant and (b) the electrodes do not need to reach until
the very end of the fork to get good sensitivity — for L, = 0.8L we still get
96% of the maximum sensitivity at L, = L. Thus we can afford to leave the
end of the prongs free of electrodes for contacting a tip.

For the type of forks used here, the dimensions are given by L = 2.4mm,
thickness ¢ = 214 um, and width w = 130 um. The theoretical stiffness of one
beam is given by

k 1E r 6.13

B i X (6.13)
where F is the elastic modulus (F = 78.7 GPa for quartz) and w is the width
of the prongs. The formula is derived for a beam that is fixed to massive
material. In the tuning fork configuration, a slightly smaller spring constant
is expected. Heyde et al. [33] have performed finite element analysis to calcu-
late the expected spring constant. Here, we follow a different approach: the
quantities that can be measured with great precision are w and L. In con-
trast, it is harder to measure ¢t. The frequency fy can be measured with great
precision. For a clamped beam, fy is given by [76]

E t
fo= 0.161\/p L2 (6.14)

where p is the mass density (p = 2,650kgm ™3 for quartz). Thus, we can use
(6.14) to measure the effective thickness ¢ and get a more precise value for k.
For the forks we use here the theoretical spring constant is & = 1,800 Nm~".

6.2.2 qPlus Sensor

Even when the mass of a tip attached to one of the prongs is compensated
by attaching a similar mass to the other prong, the asymmetry that affects
the prong that interacts with a surface cannot be lifted easily. Therefore, we
attach one prong to a heavy substrate such that we end up with a quartz
cantilever instead of a quartz tuning fork. Even the use of heavy tips or a
strong interaction with a surface bond will not cause a collapse of the @Q
factor. Therefore, we call this arrangement the qPlus sensor configuration as
opposed to a tuning fork configuration [34,35]. Essentially, the qPlus sensor
is a cantilever made of quartz with various favorable properties

1. A stiffness close to the optimal value as found in Sect. 6.1
2. A high @ value
3. Self sensing
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m

Fig. 6.8. A quartz tuning fork is glued onto a heavy substrate, turning the tuning
fork into a qPlus sensor. In this first prototype of a qPlus sensor shown in (a), the
free prong of the tuning fork is glued to a piece of Pyrex glass. The tip is an etched
tungsten wire with a wire diameter of approx. 200 um. The mechanical analog to
the qPlus sensor is shown in (b). It is much simpler than in the case of the tuning
fork, because only the free prong is allowed to oscillate. The mass of the mount M
should be large compared to the effective mass of the fork, where M > 1,000m is a
reasonable value

The sensor shown in Fig. 6.8 has been used for high speed imaging in ambient
conditions [36]. The electrical connections of the fork were connected to an
instrumentation amplifier with a high gain. The charges that are collected on
the electrodes when the sensor is deflected cause a voltage change in the input
of an instrumentation amplifier. The charges g that collect on the electrodes
change the potential difference at the input terminal.

6.2.3 Manufacturing High Quality qPlus Sensors

After the proof of principle was reached, the resolution limits that could
be probed with the new sensor were investigated. First, the manufacture of
the sensor needed to be simplified. On that behalf, a ceramic substrate that
simplifies the building of the sensor was designed. The substrate is made of
alumina with vias and conductive leads as well as mounting holes. Substrates
of this kind are used in hybrid electronics design and can be ordered as custom
designs [37].
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Fig. 6.9. Second generation qPlus sensor. The sensor consists of three parts: the
tuning fork, a ceramic substrate, and the tip. Electrical connections are made using
conductive epoxy [38]

Fig. 6.10. Third generation qPlus sensor. A different ceramic substrate is used
that allows to isolate the tip potential from the electrodes of the sensor. The tip is
contacted with a squeezed gold wire (diameter 10 um). The Q-value still remains on
the order of a few thousand. The two electrodes of the tuning fork are fed into a
single amplifier, see Sect.6.2.4

To obtain a sensor with a high @-value, it is important to create a very
stiff bond between the fork and the substrate. This can be achieved by using
a very thin layer of glue and by taking care that the area where the free prong
meets the base part of the fork remains free of glue (see Fig. 6.9). This sensor
design can also be used to build a lateral force sensor by rotating the tip by
90° and oscillating the tip parallel to the surface [39]. The third generation of
Plus sensors is shown in Fig. 6.10. Here, the tip is connected via a dedicated
terminal. This allows to apply high voltages for tip annealing or field emission
without affecting the deflection sensors amplifiers. Both electrodes of the fork
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Fig. 6.11. Single-crystal tips for the qPlus sensor. (a) NiO single crystal tips for
in situ cleavage. The cuts in the crystal are designed to facilitate cleaving such that
a tip with three freshly cleaved NiO {001} surfaces arises [41]. (b) Si single crystal
tips for ex situ cleavage. An Si tip terminated by three {111} faces emerges [42,43]

are fed into a current-to-voltage amplifier and the difference between the two
signals has much less interference noise than a single deflection electrode. [40]

The tip of the force sensor is a crucial part. Ideally, we want a single
atom at the front with a well defined atomic neighborhood. A single crystal
tip appears to be ideal. Tips from silicon have been cleaved ex situ, exposing
three {111} faces [42,43]. NiO tips that are bound by {001} cleaved ex situ [44]
and in situ [41] have been created as well.

6.2.4 Preamplifiers for qPlus Sensors

The gPlus sensor needs only one more component to produce an electri-
cal deflection signal: a current-to-voltage converter that converts the flowing
charges generated at the oscillating prongs into a voltage. Because cable
capacity has an adverse effect on the noise performance of the deflection mea-
surement, the amplifier should be located as close as possible to the sensor.
For vacuum and low-temperature applications, it is challenging to design an
amplifier that is compatible with these demanding environments.
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Figure 6.12 shows the evolution of amplifiers we went through. The first
type shown in Fig. 6.12a is an instrumentation amplifier. This type was used
in the first qPlus experiments in ambient environments. The principle of oper-
ation is the following: when the qPlus sensor is deflected, charges accumulate
on the electrodes as given in (6.12). These charges cause a voltage increase
in the capacitor (qPlus electrodes plus cable capacity) and the voltage dif-
ferential is measured with the instrumentation amplifier. To define the input
potentials of the instrumentation amplifier and to avoid long-term charging
effects, the inputs need to be connected to ground with a very large resistivity
(at least 100 MQ).

The second type shown in Fig.6.12b) is a traditional transimpedance
amplifier as used in current amplifiers of STMs. To obtain a high bandwidth, it
is important to use a resistor that has little stray capacitance. Surface-mount-
device (SMD) resistors work well here. The case of the amplifier should be
vacuum compatible, for example, the amplifier should be available in a metal-
lic or ceramic case, although we have used plastic cases in UHV without

a)

b)

—

Fig. 6.12. Three types of preamplifiers for qPlus sensor. (a) First generation, an
instrumentation amplifier (AD 624 [45]) with two resistors. (b) Second generation,
a current-to-voltage converter or transimpedance amplifier, similar to the ones used
in STM current amplification. Operational amplifiers that work well here are the
AD711, AD744, and AD823 [45]. (¢) Third generation, a dual current-to-voltage
converter with an instrumentation amplifier (e.g., AD823 for the I/V converter and
ADG624 as an instrumentation amplifier). The resistor values are all on the order of
100 M{2, with a small and low capacity SMD design
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apparent additional outgassing and adverse effects on vacuum pressure. In
STM, a bandwidth Bryc of 1kHz is usually sufficient, but here we need at
least 10 kHz. Assuming an ideal operational amplifier, the gain of the amplifier
is given by

InR
1+i2nfRC’

where R is the feedback resistor and C' is its stray capacitance.

Proper heat sinking is important if the amplifier operates in vacuum, espe-
cially if small cases are used, because the cooling effect of air is of course
missing in vacuum. Generally, it is a good idea to operate the amplifiers close
to the lower threshold of the operating voltage to minimize heat introduc-
tion caused by the electric power that is consumed in the amplifier. To avoid
uncontrolled oscillations (“motor boating” [46]), it is advisable to put buffer
capacitors close to the power terminals of the operational amplifier [47].

The third type of preamplifier shown in Fig.6.12c uses two channels for
the deflection measurement. The advantage of this approach is that the signal
becomes twice as large, and uncorrelated noise is only a factor of /2 larger
and so an increase in signal-to-noise ratio of v/2 is expected. Correlated noise,
such as interference noise, even cancels completely because of the differential
stage at the output of the two current amplifier channels. Also, the tip bias
is completely free, allowing high-voltage tip treatment or field emission while
the sensor is attached to the microscope [40].

Figure 6.13 shows an amplifier in the most demanding environments:
vacuum and low temperatures. The operational amplifier in use is of type
AD823 [45]. This device can be reliably operated with a very low voltage of
+1.5V at a quiescent current of typically 5mA. At low temperatures and 3V
operating voltage, the current is only about 2 mA, thus the heat production is

Vout = (6.15)

Fig. 6.13. A low temperature preamplifier (AD 823 [45]) with an attached heating
resistor
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6 mW — tolerable in many 4 K microscopes. The manufacturer quotes a min-
imal operating temperature of 233 K, but experience shows that the device
already works at around 130K. To keep the amplifier at this temperature in
a 4 K environment, it is important to isolate it thermally from the 4 K parts.
As can be seen in the photograph, this is achieved by connecting the chip
with wire loops wound from a copper alloy with low heat conduction. When
the amplifier does not operate, the temperature falls to the one of the 4K
environment. The charge carriers freeze out at this temperature and turning
on power will not cause a current flow. The 1k resistor that is glued onto
the SMD type plastic case is used to “jump-start” the amplifier from cold
temperatures. When applying about 5V to the heating resistor, after about
1min, the quiescent current starts to flow and the heater can be turned off —
the amplifier keeps itself warm by its power dissipation. The buffer capacitors
(0.1 uF) are also glued to the amplifier case, because ceramic capacitors might
only have 4% of their nominal capacitance at 4 K. The 100 M feedback resis-
tor, in contrast, is mounted firmly to a 4 K connection to minimize Johnson
noise [46].

6.3 Applications

The applications of the qPlus sensor are potentially all the cases of traditional
AFM. Combined STM and AFM is a special feature of qPlus technology.

6.3.1 Own Results

Initially, the main objective to utilize small amplitude AFM and gPlus tech-
nology was to see how far the spatial resolution of AFM could be taken. In
2000, subatomic resolution, that is, the resolution of spatial features within
a single atom, was performed as can be seen in Fig. 6.14a [43]. Figure 6.14b
shows the first result of atomic resolution by lateral AFM, also obtained using
a gPlus sensor [39]. Sub-Angstrom resolution by AFM has been obtained
in 2004 by operating a qPlus sensor in a higher harmonic mode [48], see
Fig. 6.14c. When oscillation amplitudes are very small, the tunneling current
between a conductive tip and a sample is quite large and simultaneous STM
and AFM is easy to do. Surprisingly, STM and AFM yield different image
data as can be seen in Fig. 6.14d [49]. Finally, the forces that act during
atomic manipulation have been measured in a collaboration between the IBM
Almaden Research Laboratory and our group [50]. Figure 6.14e shows the
lateral force data acting between a metallic tip and a Co adatom. Note that
the height difference between the last and second last force curve is only 5 pm.
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Fig. 6.14. (a) First sub-atomic resolution data, showing two maxima in the image
of a single atom that are explained by the orbital structure of the tip [43], (b) a dual
maximum in lateral force microscopy caused by a tip that oscillates laterally [39],
(c) sub-Angstrom resolution using higher harmonic AFM [48], (d) simultaneous
STM and AFM on graphite [49], and (e) lateral forces over a cobalt adatom [50 and
Markus Ternes et al.’s chapter in this book]

6.3.2 External Groups

One of the first groups who adapted the qPlus principle was King et al. [51,52]
who imaged DNA in ambient conditions. Several companies have implemented
the qPlus sensor in their microscopes (see Fig.6.15). Udo Schwarz from Yale
University and Markus Heyde from the Fritz-Haber Institute in Berlin also
utilized the qPlus principle (see also their chapters in this book).

6.4 Outlook

FEinstein’s request to make things as simple as possible is appealing and
promises to not only simplify the technique, but also might help to perform
new types of experiments. The question is whether force sensing can be made
even simpler — or whether some things have already been made too simple.
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Fig. 6.15. Results obtained by commercial manufacturers of scanning probe micro-
scopes: (a) Topographic image of NaCl imaged with the Omicron QPlus LT
STM/AFM at 5K showing an atomic defect [53]. (b) Constant-height frequency
shift image of Si(111)-(7x7) imaged with an RHK 300 UHV STM/AFM (tuning
fork configuration) [61]. (c) Constant-height frequency shift image of a Cu (111)
surface with a defect imaged with a Createc UHV LT STM/AFM using a qPlus
sensor [62]
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This question will be answered in the future when more scientists start to
look into the forces that act in atomic science and engineering. Various new
results were derived with the qPlus sensor that would be difficult to obtain
with traditional FM-AFM. With the commercial availability of the qPlus sen-
sor and other research groups using it (see Chaps. 5, 7 and 9 of this book), it
can be expected that further progress will be obtained, for example, when the
thriving field of STM studies on surfaces is enriched with the force aspects
that occur in parallel.
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