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1.1 The Atomic Force Microscope

The atomic force microscope (AFM, Figure 1.1) measures the interaction force
that appears between an ultrasharp tip and a sample when the distance separating
them is in the nanometric range [1]. The tip, which at the apex has a radius down
to few nanometers, is located at the end of a cantilever. Its length, width, and
thickness are typically of hundreds, tens, and few micrometers (respectively) [2].
The interaction force between the tip and the sample (F,) produces a deflection
of the cantilever according to Hooke’s law [3] (see Eq. (1.1)), where k, and 6, are
the spring constant and the deflection of the cantilever.

F =-k -6
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In most AFMs, this deflection is detected using an optical system based on a
laser beam focused on the top surface of the cantilever driving the reflection to
the center of a photodiode (see Figure 1.2) [4]. When the tip is far from the sur-
face, the interaction between tip and sample is null and, therefore, no deflection
of the cantilever is observed (the laser spot stays at the center of the photodi-
ode). When the tip is close enough to the sample, the cantilever flexes due to
the interaction force that appears between both of them, and the laser spot is
deflected, changing its position on the photodiode. By processing the position
of the laser spot on the photodiode, the force that has provoked such deflec-
tion can be quantified. Since the force depends on the distance that the tip has
deflected (Eq. (1.1)), information about the topography of the analyzed sample
can be obtained. Following this working principle, if the AFM tip is moved lat-
erally along the surface of the sample (in the X and Y axes), topographic infor-
mation about an entire area (many point locations) can be collected. These data
are sent to the computer which, using an image processing software, can depict
a three-dimensional (3D) topographic map [5]. Usually a standard AFM topo-
graphic map contains a matrix of 256 X 256 pixels (positions). The number of lines
per image and pixels per line, as well as many other live scan parameters, such as
tip lateral speed, can be easily modified via software.
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Figure 1.1 Photograph of the dimension icon AFM from Bruker. This is the most
representative image of an AFM, as this equipment (and previous models with very similar
structure) are by far the most widespread (sold) AFM configuration. (Reproduced with
permission from [1]. Copyright Bruker 2015.)

However, this methodology entails certain risks: if the tip scans at a constant
height in the Z-axis the presence of a high hillock on the surface of the sam-
ple can result in a dramatic collision, leading to unwanted tip/sample damage.
Similarly, if the tip encounters a deep enough valley on the sample, the distance
between them may become too large, leading to negligible tip/sample interaction
and therefore failure to monitor the topography of the sample. To avoid these
problems, the AFM uses an electronic feedback (controller) that continuously
corrects the tip-to-sample distance in the Z-axis after measuring the height of
each pixel (location) within the image (map), ensuring constant cantilever deflec-
tion during the whole scan [3] (see Figure 1.2). The cantilever deflection (also
called the deflection setpoint) can be set by the user via software, and it con-
trols the interaction force between the tip and the sample. The movement of
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Figure 1.2 Schematic displaying how the cantilever deflections in an AFM can be processed
to obtain a topographic map. The deflection of the cantilever is detected with a laser, and the
changes of the laser position in the photodiode are sent to the controller which corrects the
position of the tip through the piezo tube. The data are used to build a topographic map using
an image processing software compatible with AFMs. (Modified and reprinted with permission
from [4], copyright by Jelena Zivkovi¢ 2013.)

the tip and/or sample in the X, Y, and Z directions is normally applied through
piezoelectric actuators. Most AFMs incorporate a piezotube that provides 3D
movement to the tip and/or the sample (in Figure 1.2 it moves the sample). The
AFM also requires a mechanical anti-vibration system that isolates it from exter-
nal perturbations. This allow the AFM achieving a resolution down to 1 nm in
the X, Y-directions and 0.1 nm in the Z-direction.

It is worth noting that some modern AFMs do not use an optical system (laser
plus photodiode) to detect the changes on the tip deflection, instead they use
a piezoelectric sensor attached to the cantilever. When the cantilever flexes, the
resistance of the piezoelectric sensor changes quantifying the surface height. This
system, called tuning fork [6], avoids mounting any hardware above the tip (e.g.,
photodiode) leading to an easy combination with other tools (e.g., Raman spec-
troscopy), as well as multiprobe configurations. This setup is analyzed in depth
in Chapter 13.

Depending on the tip-sample distance during the measurements, different
operation regimes can be described. For distances larger than 0.5 nm, the
detected forces are mainly electrostatic, magnetic, and van der Waals, which
result in an attractive regime [7, 8]. On the contrary, for distances smaller than
0.3 nm, the tip-sample interaction turns into a repulsive regime, in which it
can be considered that the tip physically contacts the sample. The contact area
between the tip and the sample (A,) mainly depends on the contact force, the
geometry of the tip, and the stiffness of both tip and sample, and it is widely
accepted that it can range between 1 and 800 nm? [9, 10] (see also Chapter 3).
Both operation regimes lead to the two classic operation modes of an AFM: the
contact and the noncontact modes. The main difference between them is that in
contact mode the vertical resolution is higher but, on the other hand, the lateral
frictions with the surface of the sample are much larger, leading to undesired
tip and/or sample wearing. Some alternative operation modes that combine the
benefits from both of them (e.g., the tapping mode) [11] have been developed.

3
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Finally, it is important to take into account that, when the AFM measurements
are performed in air (without any environmental control system), a water layer
gets deposited on the surface of both the tip and the sample owing to the ambient
humidity. This water layer, which acts as a meniscus when the tip contacts the
surface, introduces capillary forces between the tip and the sample, which must
be also considered [12].

1.2 The Conductive Atomic Force Microscope

The conductive AFM (CAFM), also referred to in the literature as C-AFM,
conductive probe AFM (CP-AFM), conductive scanning probe microscope
(C-SPM), or conductive scanning force microscope (C-SFM), is basically
an AFM that records the currents flowing at the tip/sample nanojunction
simultaneously to the topography. The structure of a CAFM (see Figure 1.3)
is very similar to that of the standard AFM, with only three main differ-
ences: (i) the probe tip must be conductive, (ii) a voltage source is needed
to apply a potential difference between the tip and the sample holder, and
(iii) a preamplifier is used to convert the (analogical) current signal into
(digital) voltages that can be read by the computer. CAFM probes can be
easily acquired from any manufacturer at competitive prices [2], the volt-
age source is located inside the AFM controller (no additional hardware
is required), and the preamplifier can be purchased from the AFM manu-
facturer. In CAFM experiments, the sample is usually fixed on the sample
holder using a conductive tape or paste, the most widely used being silver
paints [13]. A Faraday cage is also convenient to isolate the sample from any
external electrical interference. Using this setup, when a potential difference
is imposed between the tip and the sample an electrical field is generated,
which results in a net current flowing from the tip to the sample or vice versa.
Therefore, the local electrical properties of the samples can be monitored at
a very high nanometric resolution. The currents collected by the CAFM obey
Eq. (1.2) [14], in which I is the total current flowing through the tip/sample
nanojunction, J is the current density, and A is the effective emission area
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Figure 1.3 Block diagram of a conventional conductive atomic force microscope. Compared
to the AFM, the three new elements are the conductive tip, preamplifier, and sample bias.
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through which electrons can flow (from now on we will refer to it just as
effective area).

I=] -Ag (1.2)

The value of J mainly depends on the conductivity of the tip/sample system and
the voltage applied between them, and it is highly affected by intrinsic inhomo-
geneities in the samples, such as thickness fluctuations, local defects, and doping.
The lateral resolution of the technique is defined by the term A g, which can
range from tenths of square nanometers up to thousands of square microme-
ters depending on many experimental factors, including the conductivity of the
sample, the geometry of the tip, the tip/sample contact force, the stiffness of the
tip and the sample, and even the relative humidity of the atmosphere in which
the experiment is performed.

The most common mistake in CAFM research is to assume that the effective
emission area (4 .¢) equals the physical contact area (A,). Strictly, this assumption
is erroneous because in many different tip/sample systems, the electrical field
applied may propagate laterally (see Figure 1.4). For example, when the CAFM
tip is placed on a metallic electrode, A ; equals the entire area covered by the
electrode, as its lateral electrical conductivity is very high [15, 16]. In order to
provide a comprehensive definition, the effective area A 4 can be understood as
the sum of all those infinitesimal spatial locations on the surface of the sample
that are electrically connected to the CAFM tip (the potential difference is neg-
ligible). As such, A4 is a virtual entity that summarizes all electrically relevant
effects within the tip/sample contact system into a single value, over which the
current density is assumed to be constant. The difference between contact area
and effective emission area is explained in depth in Chapters 3 and 4. The small
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Figure 1.4 Schematic of the effective emission area through which electrons can flow (A ) in
a CAFM when the tip is placed on (a) a flat insulating sample and (b) a flat metallic electrode
deposited on an insulating sample.
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dimensions of A4 make the current densities flowing through the tip/sample sys-
tem extremely large. The smallest currents detected by a CAFM are defined by
its electrical noise, which is (in the best cases) hundreds of femtoamperes. A
1 pA current flowing through a typical A.; of 100 nm? gives a current density
of 1 A/cm?. Such large current densities can dramatically accelerate the degra-
dation of most CAFM probe tips, reducing the reliability of the measurements
and increasing the cost of the research. This problem is further aggravated by the
high lateral frictions present in the tip/sample system during the scans [17, 18].

The first types of conductive nanoprobes used in CAFM experiments, which
are still widely used nowadays, are the standard silicon nanoprobes varnished
with thin metallic films, including Pt, Au, Ru, Ti, and/or Cr (Figure 1.5). The
thickness of the varnish should be thick enough to withstand the large current
densities and frictions, and at the same time thin enough to not increase sig-
nificantly the radius of the tip apex, maintaining its sharpness and ensuring a
high lateral resolution during the measurements. As mentioned, the lifetime of
conductive tips for CAFM experiments is much shorter than in any other AFM
mode, mainly owing to metallic varnish melting and loss of tip mass during the
scans. To solve this problem, new CAFM silicon tips coated with hard materials
(e.g., phosphorous-doped diamond [19] and graphene [17, 18, 20-24]), as well as
full conductive tips [25-27] have appeared (see Figure 1.5). Other factors related
to the sample, such as stiffness, rugosity, stickiness, and conductivity play very
important roles when deciding on the type of tip to be used in a CAFM anal-
ysis. Chapter 2 presents an in-depth description of the fabrication process and
reliability of conductive nanoprobes for AFM. Advices on how to select the best
CAFM tip for each experiment are provided in Chapter 2.
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Figure 1.5 (a) Scanning electron microscope images of (a) metal-varnished silicon nanoprobe,
(b) a sharpened solid Pt wire compatible for CAFMs, and (c) a metal-varnished silicon
nanoprobe coated with a sheet of single-layer graphene. The picture in (a) intentionally shows
a tip with the metallic varnish worn off, so that the core bulk of silicon can be observed. (Panels
(a) and (c) have been modified and reprinted with permission from [18], copyright from Royal
Society of Chemistry 2016. Panel (b) has been reproduced with permission from [25],
copyright American Institute of Physics 2004.)
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Figure 1.6 (a, b) Photographs of two preamplifiers for CAFMs, the first one with fixed gain and
the second with variable gain. (c) Photographs of different application modules for Bruker
AFMs, including the CAFM module (which contains a preamplifier). (d) Simplified schematic of
a conventional preamplifier used in CAFMs. The main parts are (i) an operational amplifier with
high input impedance (OPAMP); (ii) a feedback resistor (R,) and its parasite capacitor (C,) and
Johnson noise (e,)-associated effects; (iii) a noise voltage source associated with the
operational amplifier (e,); and (iv) a capacitance associated with the input interconnections
(C)). (Panels (a) and (b) have been reprinted from [29], copyright FEMTO 2015. Panel (d) has
been modified and reprinted with permission from [30], copyright American Institute of
Physics 1990.)

The analogical current signals flowing through the tip/sample nanojunction
are sent to the preamplifier Figure 1.6a,b, which transforms them into digital
voltages that can be read by the data acquisition (DAQ) card of the computer
(see Figure 1.6). Many manufacturers integrate the preamplifier in the so called
“CAFM application module,” which is a removable component that can be
fixed to the AFM (usually very close to the tip to minimize electrical noise).
Similarly, many other modules allow AFMs to perform other operations (see
Figure 1.6c), such as scanning capacitance microscopy (SCM) or scanning
spreading resistance microscopy (SSRM). In most CAFM experiments, the
currents measured can range typically from few picoamperes to hundreds of
microamperes, while the voltages readable by the DAQ card usually range
between —3 and +3 V [31]. Therefore, the preamplifier needs to provide a very
low noise and a high transimpedance (gain). Figure 1.6d shows the simplified
schematic of a typical low-noise preamplifier for CAFM measurements [30],
in which some elements can be distinguished: (i) an operational amplifier with
high input impedance; (ii) a feedback resistor (R/) and its parasite capacitor (C,)
and Johnson noise (e,)-associated effects; (iii) a noise voltage source associated
with the operational amplifier (e,); and (iv) a capacitance associated with the
input interconnections (C;). A correct selection of the electrical components is
essential to achieve good and reliable CAFM data acquisition. For example, the
value of R, is not trivial: a very high value of R, improves the noise-signal ratio,
while reduces the bandwidth of the preamplifier. Therefore, the value of R;should
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be chosen to provide enough bandwidth and a noise level below the current
values that we want to measure. The parameter e, can be easily reduced by using
a commercial low-noise operational amplifier. The capacitance associated with
the connections (C;) can be easily minimized by placing the preamplifier as
near as possible to the conductive tip. The company FEMTO, one of the world’s
leading manufacturers of preamplifiers compatible with CAFMs, can provide
devices with electrical noise as low as 3 fA and a gain up to 10'® V/A [29] (similar
to those in Figures 1.6). Nevertheless, the main limitation of CAFM preamplifiers
is their narrow current dynamic range, which usually allows collecting electrical
signals only within three or four orders of magnitude (or even less). To solve
this problem, preamplifiers with an adjustable gain can be used to focus on
specific ranges [29] (similar to the one in Figure 1.6b). A more sophisticated
solution for this problem is to combine the CAFM with a sourcemeter [17, 18],
semiconductor parameter analyzer (SPA), or with a logarithmic preamplifier
[28], which can capture the currents flowing through the tip/sample system at
any range and with a high resolution. These methodologies are amply described
in Chapters 10-12.

The currents flowing through the tip/sample system and converted by the
preamplifier are (in almost every CAFM experiment) a consequence of the appli-
cation of a voltage between the tip and the sample holder. Only a small portion
of the works reported with CAFM did not require the application of a bias, that
is, in the case of experiments in which the current is generated by other means,
such as photoelectric [32] or piezoelectric [33] effects. Most CAFMs let the
user select the value and polarity of the bias which should be applied on the tip
while keeping the sample holder grounded, or vice versa. Therefore, the currents
usually flow vertically through the sample [10], although lateral currents can
be also measured by connecting the surface of the sample to the sample holder
[34] (e.g., using silver paint or a wire bonder). Usually CAFM electronics allow
applying voltages ranging from —10 to +10 V and, as mentioned, the currents
that can be observed are always within three or four orders of magnitude, never
smaller than 1 pA or larger than 10 pA. Apart from constant voltage stresses
(CVS) applied during a scan, ramped voltage stresses (RVS) to collect current
versus voltage (I-V) curves can also be performed by keeping the tip static at
one single location (during the RVS). Despite this setup being more than enough
for many experiments, some studies may require the use of enhanced electronic
capabilities, such as the application of constant current stresses (CCS), the
measurement of current versus time curves (I-t), the use of current limitations,
or simply the application or measurement of larger voltages or currents. Many
AFMs incorporate an input/output directly connected to the tip or the sample
holder (or even both), allowing the use of an external sourcemeter or an SPA
to apply/collect electrical signals. A detailed description of the combination of
CAFM with a sourcemeter and SPA is presented in Chapter 10.

With this setup, many different kinds of experiments have been performed in
recent years. The CAFM can be used to monitor the properties of materials, as
well as to modify them with atomic resolution.
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While the first AFM was developed by G. Binning, C. F. Quate, and C. H. Gerber
in 1886 at the IBM Research Laboratories in Zurich [35], the first modification of
an AFM to perform current measurements was reported by M. P. Murrel at the
Engineering Department of Cambridge University [36] in 1993. The setup was
initially conceived to monitor local tunneling currents through 12 nm thick SiO,
films. The authors evaporated 100 nm of titanium on a standard silicon cantilever
from Nanoprobe, and monitored the current flowing from the sample to the tip
using a picoammeter and a homemade digital-signal-processor-based AFM con-
trol system. The experiment consisted of measuring an I-V curve at different
locations on the sample (Figure 1.7a) distributed in a matrix form. By reporting
the voltages at which tunneling current appeared at each location, the authors
built up the first AFM image containing electrical information about the ana-
lyzed sample (each location represents a pixel of the image, Figure 1.7b). The data
unequivocally show local variations of the conductivity in the SiO, film. By fitting
the currents measured during the /-V curves to the Fowler-Nordheim equation,
the authors reported for the first time the value of A 4, which was in that case
500 + 500 nm?, and they suggested a lateral resolution below 20 nm.

Over the following years, the CAFM became a very popular tool in the field
of characterization of thin dielectrics. In 1995 and 1996, O’Shea et al. [37] and
Ruskell et al. [38] further improved the lateral resolution of the CAFM technique,
achieving values of 10 and 8 nm, respectively. This enhanced resolution allowed
to observe the first topographic—current correlations, and the inhomogeneity
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Figure 1.7 (a) First /-V curve measured with a CAFM. The sample was a 20 nm thick SiO, film
grown on silicon. (b) Tunneling voltage image over an area 450 nm X 330 nm. The contrast is
proportional to the threshold voltage required at each image point to generate a tunnel
current of 0 pA. White to black corresponds to applied voltages of 15.0 and 40.5 V, respectively.
(c) AFM topography of oxide surface recorded in the repulsive mode. Black to white
correspond to a total vertical excursion of 90 nm. (Reprinted from [36]. Copyright American
Institute of Physics.)
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observed in the current maps was associated with the presence of local native
defects in the oxide. Works by Olbrich [39-41] and Ebersberger [42] reported
that, in SiO, films thinner than 5 nm, the tunneling current increases exponen-
tially with thickness reductions. Consequently, thickness fluctuations of tenths of
nanometer in the SiO, film could create electrically weak spots that reduce the
reliability of the whole dielectric film, as dielectric breakdown (BD) is a stochastic
process. The capability of the CAFM for determining the thickness of thin oxides
was further demonstrated by Frammelsberger and co-workers [10, 43] who statis-
tically analyzed more than 7200 /-V curves, and reported SiO, thicknesses with
a sensitivity of +0.3 nm. Other local phenomena such as charge trapping [44],
trap-assisted tunneling [45-50], and stress-induced leakage current (SILC) [51]
can be also easily monitored with CAFM. In general, the CAFM can monitor the
effect of any process that introduces local changes in the structure of the dielec-
tric, including thermal annealing [52-58], doping [59], and irradiation [60—62].
In particular, the CAFM is especially useful to determine which locations of the
samples lead to premature BD, which can provide essential information about
the reliability of the samples. In this direction, Iglesias et al. [63] demonstrated
that in 5-nm-thick polycrystalline hafnium dioxide the grain boundaries are
weaker from an electrical point of view, presenting larger currents in current
maps (see Figure 1.8), and that the BD is potentially triggered with more ease
in these sites. The images displayed in Figure 1.8 show unprecedented high
resolution and topography-current correlation, as they were performed in
ultrahigh vacuum (UHV) conditions (see Chapter 3). The CAFM also helped to
confirm the percolation theory of the BD by experimentally proving that this is a
very local phenomenon that occurs in small areas typically below 100 nm? [51].
Lateral propagations of the BD event can also be detected by CAFM [64—-66].
By using an external SPA connected to the CAEM, the relationship between the
current limitation and the size of the BD spot can also be assessed [67, 68], and
the statistical analyses of these nanoscale data also fit the same distributions
(Weibull) as those at the device level [69, 70]. The severity of the BD event

Figure 1.8 (a) Topographical and (b) current images obtained at 6.5 V on the surface of a
polycrystalline HfO,/SiO,/Si stack (area 1 pm x 1 um. The CAFM revealed that the crystals are
more insulating than the grain boundaries. (Reprinted with permission of [63]. Copyright
American Institute of Physics 2010.)
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can also be studied from the BD-induced epitaxy [45, 71-73], which can be
observed in subsequent topographic images collected with the CAFM after
a voltage ramp. Similarly, the analysis of the BD recovery (resistive switching
RS) can also be monitored by CAFM. In 2012, it was widely accepted that
transition metal oxides such as HfO,, Al,O,, and TiO, could show RS, enabling
their use in resistive random access memories but the physics behind the RS
phenomenon and the local features promoting this behavior were still unknown.
By using a CAFM, Lanza et al. [74] demonstrated for the first time that, in
atomic-layer-deposited HfO, films, RS only takes place at the grain boundaries
of polycrystalline samples. All the capabilities of the CAFM for studying RS in
dielectrics have been summarized in the review article of Ref. [75].

The use of CAFM for the characterization of thin dielectrics has been recently
also extended to the field of 2D dielectrics. Lee et al. [76] analyzed for the first
time the tunneling current through multilayer hexagonal boron nitride (/-BN)
sheets using a CAFM. More specifically, he reported that the leakage current at
low fields in /-BN thinner than three layers occurs by direct tunneling, while in
thicker stacks it flows according to the Fowler-Nordheim tunneling. In fact, the
CAFM has become very useful in these early stages of 2D materials research as
they were firstly isolated by mechanical exfoliation, and the size of the nanosheets
produced by this method is too small to place electrodes by photolithography (i.e.,
they can only be electrically characterized via CAFM). Ji et al. [77] analyzed the
degradation process of multilayer #-BN and, by measuring sequences of CAFM
I-V curves she determined that #-BN is much more reliable than HfO, films with
similar equivalent oxide thicknesses. Hattori et al. [78] analyzed the BD event in
multilayer #-BN and, by combining /-V curves with topographic/current maps,
he determined that the BD takes place layer by layer. These properties of #-BN
could be only obtained thanks to the capabilities of the CAFM [79, 80].

Apart from the study of thick dielectrics, the CAFM technique has expanded
to many other fields of science, including physics, materials science, chemistry,
and engineering. Table 1.1 classifies the number of CAFM-related papers (and
their citations) in the main different fields of science. As can be seen, the CAFM
has been successfully used to study nanoparticles [81], molecules [82], nanowires
(N'W) [33], carbon nanotubes [83], two dimensional materials [63, 84, 85], coat-
ings [86], local oxidation [87], photoelectricity [88], and piezoelectricity [89]. In
general, CAFM can be a very powerful technique to acquire valuable local elec-
trical information of any kind of sample or device, and for this reason, CAFM
research has spread rapidly. Since its invention in 1993 and as of June 14, 2016,
the total number of CAFM-related research papers detected in the Web of Sci-
ence! is 1618 [90], and Figure 1.9 shows the number of research papers published
per year (and their citations). According to the number of citations, Table 1.2

1 Search criteria used: “Topic” = “conductive atomic force microscopy” or “conductive atomic force
microscope” or “conducting atomic-force microscopy” or “conducting atomic-force microscope” or
“conductive AFM” or “conductive-AFM” or “conductive probe AFM” or “conductiveprobe atomic
force microscope” or “conductive probe atomic force microscopy” or “conductive scanning probe
microscope” or “conductive scanning probe microscopy” or “conductive scanning force microscope”
or “conductive scanning force microscopy” or “local conductive atomic force microscope” or “local
conductive atomic force microscopy” or “local conductive AFM” or “LC-AFM.”
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Table 1.1 Research area rankings in CAFM publications.

Research area Number of papers Citations
Physics 1106 18 824
Materials science 702 12080
Science, technology, other topics 511 12832
Chemistry 439 11252
Engineering 214 2130
Microscopy 81 1678
Electrochemistry 62 1024
Optics 53 523
Biochemistry, molecular biology 51 1389
Physiology 47 1559

Source: Thomson Reuters ISI Web of Science; search dated June 14, 2016 using
“Topic” = “conductive atomic force microscopy” or “conductive atomic force
microscope” or “conducting atomic-force microscopy” or “conducting
atomic-force microscope” or “conductive AFM” or “conductive-AFM” or
“conductive probe AFM” or “conductive probe atomic force microscope” or
“conductive probe atomic force microscopy” or “conductive scanning probe
microscope” or “conductive scanning probe microscopy” or “conductive
scanning force microscope” or “conductive scanning force microscopy” or
“local conductive atomic force microscope” or “local conductive atomic force
microscopy” or “local conductive AFM” or “LC-AFM.”
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Figure 1.9 Statistic analysis of the (a) publication number and (b) citation about CAFM in each
year (Thomson Reuters ISI Web of Science; search dated September 20, 2015 using

“Topic” = “conductive atomic force microscope” or “conductive atomic force microscopy” or
“conducting atomic-force microscopy” or “conductive AFM”; 1325 records).

compiles the most influential research papers in CAFM research, and Table 1.3
shows the ranking of the most active countries in CAFM research, on the basis
of the number of publications.

One of the main reasons for the versatility of the CAFM is the continuous
development of commercial setups with enhanced capabilities. For example, the
Veeco DI 3100 AFM (and its newer evolution, the Bruker’s Dimension Icon®)
provides a genuine large-size sample holder that remarkably reduces the setup
preparation time if many samples need to be studied [91]. Oxford Instruments
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Title Author Reference Citations
Piezoelectric Z.L. Wang and J. H. Song Science, 312, 3077
nanogenerators based 242-246, 2006
on zinc oxide nanowire
arrays
Switching the electrical K. Szot, W. Speier, G. Nat. Mater., 5, 915
resistance of individual Bihlmayer, and R. Waser 312-320, 2006
dislocations in
single-crystalline
SrTiO,
Resistive switching B.J. Choi, D. S. Jeong, S. K. J. Appl. Phys., 681
mechanism of TiO, Kim, C. Rohde, S. Choi, J. 98, 033715, 2005
thin films grown by H. Oh, H.J. Kim, C. S.
atomic-layer deposition Hwang, K. Szot, R. Waser,

B. Reichenberg, and S.

Tiedke
Conduction at domain J. Seidel, L. W. Martin, Q. Nat. Mater., 8, 455
walls in oxide He, Q. Zhan, Y.-H. Chu, A. 229-234, 2009
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Table 1.2 (Continued)

Title Author Reference Citations
Piezoelectric and J. H. Song, J. Zhou, and Z. Nano Lett., 6, 221
semiconducting L. Wang 1656-1662,

coupled power 2006

generating process of a
single ZnO belt/wire. A
technology for
harvesting electricity
from the environment

Source: Thomson Reuters ISI Web of Science; search dated 14 June 2016 using “Topic” = “conductive
atomic force microscopy” or “conductive atomic force microscope” or “conducting atomic-force
microscopy” or “conducting atomic-force microscope” or “conductive AFM” or “conductive-AFM”
or “conductive probe AFM” or “conductive probe atomic force microscope” or “conductive probe
atomic force microscopy” or “conductive scanning probe microscope” or “conductive scanning
probe microscopy” or “conductive scanning force microscope” or “conductive scanning force
microscopy” or “local conductive atomic force microscope” or “local conductive atomic force
microscopy” or “local conductive AFM” or “LC-AFM.”

Table 1.3 Country rankings in CAFM publications.

Country Number of papers Citations
USA 359 13549
China 227 5617
Japan 203 2496
Germany 167 4331
South Korea 145 2704
France 118 1178
Taiwan 112 2292
Spain 105 1081
Italy 101 1224
England 81 2462

Source: Thomson Reuters ISI Web of Science; search dated 14
June 2016 using “Topic” = “conductive atomic force microscopy”
or “conductive atomic force microscope” or “conducting
atomic-force microscopy” or “conducting atomic-force
microscope” or “conductive AFM” or “conductive-AFM” or
“conductive probe AFM” or “conductive probe atomic force
microscope” or “conductive probe atomic force microscopy” or
“conductive scanning probe microscope” or “conductive
scanning probe microscopy” or “conductive scanning force
microscope” or “conductive scanning force microscopy” or “local
conductive atomic force microscope” or “local conductive atomic
force microscopy” or “local conductive AFM” or “LC-AFM.”
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(former Omicron) provides AFMs embedded in UHV systems for extremely
high accuracy [67, 68] and spatial resolution [63, 92]. Uppal et al. [68] studied the
pre- and post-degradation of HfO, dielectrics using an Omicron CAFM working
in UHV, and observed a change in the conduction from Fowler-Nordheim
to direct tunneling. When measuring electrical currents with the AFM tip,
the Resiscope mode of Agilent AFMs provides unique extra-large voltage and
current dynamic ranges thanks to its logarithmic current-to-voltage converter
[93]. This provides a current window up to nine orders of magnitude (from
picoamperes to milliamperes), while the electronics of most commercial AFMs
saturate around some nanoamperes. Coll et al. [94] used this setup to monitor
the hysteretic bipolar switching phenomenon in ultrathin CeO, layers grown on
Lay;Sry3MnO,/SrTiO; functional complex oxides. Newer manufacturers often
provide modular structures compatible with other techniques. Stahl et al. [95]
mounted an AFM head on the sample stage of a commercial SEM (Jeol JSM-820)
to prove the functioning of piezoresistive cantilevers. Anderson [96] combined
a Digital Instruments AFM with a Kaiser HoloProbe Raman instrument to
enhance the Raman signal at the surface of a Cg, film solution cast on mica.
Another interesting mode offered by many manufacturers is the possibility to
collect current measuring in semicontact mode, which reduces notably the
tip/sample frictions enhancing the lifetime of the tip and the reliability of the
samples (see Chapter 3); this methodology also enables the use of the CAFM to
study the electrical properties of soft materials such as polymers. The ultimate
evolution of the AFM provided by Nanonics incorporates for the first time the
possibility to perform multiprobe electrical and optical measurements [97] (up
to four probes), thanks to the use of a piezoelectric sensor to detect the deflection
of the cantilever [98], avoiding the use of fixed and nonmodular optical detectors
(traditional laser and photodiode). This setup is discussed in detail in Chapter
13. Despite these advances, each one of these AFMs presents some important
limitations. For example, the Dimension Icon measurements does not provide
environmental chamber impeding to perform specific experiments, such as
bipolar measurements in many kinds of samples (due to the apparition of local
anodic oxidation); Omicron AFMs are complex, as they require long times to
prepare the setup, and the UHV degrades the ultrasharp tips extremely fast
owing to high frictions (the water layer on the surfaces of both tip and sample
are removed); from our experience, Agilent AFMs are not so user-friendly and
robust compared to the Veeco/Bruker AFMs, and Nanonics AFMs use self-made
transparent and flexible cantilevers that are interesting for many applications,
but their lateral resolution is usually smaller than that of traditional ultrasharp
silicon cantilevers. Similarly, Park AFMs provide a very powerful software
that allows a wide range of image processing, but the tip holder for electronic
measurements requires soldering. More details about AFM comparatives can be
found in review papers and specialized websites [99].

In the following chapters, we have invited selected top CAFM scientists to
describe their work in different CAFM research fields that have had a special
impact, not only case studies but also setup developments and their applications.
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1.4 Editor’s Choice: On the Use of CAFM to Study
Nanogenerators Based on Nanowires

In this section, we present the use of CAFM for the investigation of piezoelec-
tric NWs. The reason is that this work has had a special impact in nanosciences
(see Table 1.2). The use of NWs for energy applications has garnered much atten-
tion during the last decade. For example, the fabrication of NWs has been a tech-
nique often used to enhance the surface area of a material, which can be ben-
eficial in many energy conversion systems, such as photovoltaic systems [100]
and photoelectrochemical water splitting solar cells [101]. In this kind of sam-
ples, the CAFM can be a powerful tool to analyze locally the currents generated
by the NWs. For example, Pan et al. [89] used a standard CAFM to analyze local
photo currents generated in arrays of vertically aligned ZnO N'Ws. Different sam-
ples were fabricated, and different performances were detected depending on the
amount and size of the NWs clusters, which can be controlled with the insertion
a polymer layer between the NWs. NW clustering reduces the light absorbed
by the NWs. CAFM contributed to demonstrate that samples without nanoclus-
ters produced larger photocurrents, observing more conductive spots with larger
conductivity. Moreover, the currents collected strongly depended on the amount
of light driven to the surface of the samples (i.e., percentage of power of the
solar simulator). When studying photocurrents, it should be highlighted that the
laser of the CAFM can be already used to excite the samples, making easy the
observation of photocurrents in the absence of bias. Additional laser illumina-
tion could be also used to generate the currents. For example, Howell et al. [88]
used a CAFM to map the efficiency of GaN/InGaN N'W arrays illuminated from
the bottom with an additional laser. Through complementing with Raman spec-
troscopy and finite difference time domain (FDTD) simulations, they noted the
influence of NW structure to device performance, confirming that higher indium
concentration within the photoactive regions and fewer defects on the NW are
able to enhance the cell efficiency. Despite this setup has been also described as
scanning photocurrent microscopy (SPCM), the working principle is very similar.
It is worth noting that the current collection does not require the application of
any bias, confirming the solar-to-electrical energy conversion. More details about
how to modify a CAFM for photoelectric applications are given in Chapter 15.
Even more interesting is the characterization of the piezoelectric effect in
specific types of NWs, as the tip of the CAFM can at the same time bend
the (vertically aligned) NWs while the current is collected. This is a unique
capability of the CAFM, as other techniques such as STM do not work in
contact mode and, therefore, cannot apply mechanical stresses to the NWs.
The first relevant work in this direction was reported in 2006 by Wang and
Song [33], who used the CAFM to scan a single and a forest of semiconducting
ZnO piezoelectric NWs. To date, a variety of methods have been developed to
synthesize piezoelectric NW arrays, including chemical hydrothermal synthesis
[102], microwave-assisted hydrothermal synthesis [103], thermal evaporation
synthesis [104], vapor-confined face-to-face annealing [105], pulsed direct
current magnetron sputtering [106], radiofrequency magnetron sputtering[107],
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Vg>0 (VJ)

Figure 1.10 (a) Experimental setup and the whole CAFM measurement procedures in contact
mode. (b) Schematic of a freestanding nanowire. (c) Physical strain distribution along the
Z-axis of the nanowire under transverse stress. (d) Corresponding electrical filed distribution.
(e) Coincidentally potential distribution along the tested nanowire. (f, g) Schematic of forward
and reversed Schottky barrier respectively.

electron-beam template lithography[108], and chemical vapor deposition[109].
During recent years, chemical hydrothermal synthesis has become a dominant
solution owing to its speed, low cost, and operation temperature. In Wang’s work
[33], the NWs grown by the vapor-liquid—solid (VLS) process were scanned with
the CAFM tip as displayed in Figure 1.10, realizing rapidly that, in the absence
of bias, current peaks correlated systematically with the bending of the NW. The
mechanical strain, and therefore the currents generated, could be controlled
by altering the scan parameters such as tip/sample contact force, tip speed
and integral/proportional gain. The authors complemented their experimental
observations with simulations via finite element method, and reported that
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Figure 1.11 The simultaneously collected profiles of the topograsphy and CAFM current map.
The corresponding images of size of 6.5 pm X 3.2 um are displayed in the inset. A schematic in
the left-bottom corner depicts the accurate tip location based on the corresponding
cross-section line of topography.

the current is only observable at the compressed surface of the NW, which is
forward biased with respect to the (grounded) CAFM tip. From the point of
view of energy transformation, during the first half of the bending process, the
mechanical energy is first accumulated and stored in the piezoelectric NW.
When the tip crosses the neutral line (right at the center of the NW), the stored
energy starts to discharge and gradually converts into the electrical current. A
detailed description of the experiment is shown in Figure 1.11.

Another behavior that further corroborates the piezoelectric origin of the cur-
rents detected is that they appear at different locations of the NW depending
on their doping. Su et al. [110] observed that p-type GaN semiconducting NWs
show the discharge (current peak) when the CAFM tip touches the elongated
side of the NW, while for the aforementioned n-type ZnO N'Ws, that happens
on the compressed side (see Figure 1.11). This observations are possible thanks
to the unique capability of correlating the topography with the current signals
in the CAFM setup. As the NWs usually present a very high aspect ratio, the
profile of these structures are particularly easy to monitor. Lanza et al. [111]
reported very good correlation between topography and current in highly popu-
lated arrays of vertically aligned ZnO N'Ws (Figure 1.12). Yang et al. [112] also
observed such correlation in similar structures during a single line scan. The
relationship between height/width and currents generated can be also studied
via CAFM. A sequence of CAFM measurements in piezoelectric nanogenerators
based on the GaN N'W arrays was carried out by Hung [113]. Vertical n-type GaN
NW arrays with different aspect ratios were grown on a GaN sample by induc-
tively coupled plasma etching. Then, these NWs were sequentially scanned with
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Figure 1.12 Nanowire characterization. (a, b)Top and cross-sectional SEM images of the
nanowire array. (¢, d) Simultaneously collected topographic and current maps on the same
sample using a Pt-Ir tip exerting a force of 0.1 nN and without bias. The scale bar for images
(c,d)is 1 pm.

the CAFM using a conductive CrPt-coated nanoprobe. The measurements indi-
cate that the piezo-current generated by the GaN NW starts to decrease as the
aspect ratio increases, and that the output voltage could nearly approach zero
when the aspect ratio is close to one.

It is very interesting that the current densities measured at the device level and
at the nanoscale in nanogenerators made of piezoelectric NWs are dramatically
different. When the N'Ws array is sandwiched between two electrodes and com-
pressed, the current densities collected (typically using a sourcemeter or an SPA)
are very modest, typically of the order of just a few micrometer per square cen-
timeter [114]. On the contrary, the currents collected with the tip of the CAFM
for similar structures are of few/tens of picoamperes. Considering the emission
area (A,q) in CAFM experiments (~100 nm?) that implies a current density of
1 A/cm? (in the worst case, for a current of just 1 pA). Therefore, the potential for
energy conversion of ZnO N'Ws is uniquely demonstrated thanks to the CAFM.
The explanation for this current mismatch is related to the difficulty in driving the
current out of the NWs array, as well as due to the formation of NW clusters. The
effectiveness of the strategies used to solve this problem can also be studied by
means of CAFM. For example, the poor interface between the flat, rigid, top elec-
trode and the vertically aligned NWs can be improved by patterning pyramidal
brushes at the bottom interface of the top electrode, which improves the contact
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with the NWs [115]. Another more sophisticated methodology is the insertion of
a graphene sheet which, thanks to its large lateral conductivity and flatness can
enhance the charge transport at the NWs array, and the yield of the whole device
[111, 116]. On the other hand, the problem of NWs clustering can be solved by
inserting a polymer between the NWs, which effectively separates them, avoiding
short circuits [89].

1.5 Conclusions

The CAFM was invented in 1993 by M. P. Murrell and coauthors at the University
of Cambridge, and it measures the local currents flowing between an ultrasharp
tip and a sample. The CAFM is basically an AFM with three additional elements:
a conductive probe tip, a voltage source, and a current/voltage preamplifier. The
lateral resolution of the measurements is defined by the parameter A g, and it
depends on the conductivity of the sample, the scanning parameters (e.g. contact
force), the radius of the tip, and the environmental conditions in which the exper-
iments are performed. The CAFM was initially used to measure the homogeneity
and reliability of thin dielectrics, but later it expanded to many other fields of sci-
ence. One of the main advantages compared to other nanoelectronic techniques
is that the CAFM can simultaneously analyze the topography and conductivity
of the sample scanned. This has allowed performing electromechanical measure-
ments, such as inducing the movement of piezoelectric NWs and simultaneously
collecting the current. New CAFM developments include multiprobe setups and
their in situ combination with other techniques, which confirms a very promising
panorama for CAFM based techniques.
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