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Sputtered aluminum nitride (AIN) thin films were characterized by Piezoresponse Force Microscopy (PFM)
technique using a methodology to decrease the contribution of the electrostatic forces to obtain a pure piezo-
electric response. Our method is based on the sweeping of the DC voltage applied to the Atomic Force Microscope
(AFM) tip under a fixed AC field to evaluate the contact surface potential difference (Vcpp) between the tip and
the sample used to measure the proper AIN piezoelectric coefficient (ds3eff), minimizing the electrostatic
contribution. Kelvin probe Force Microscopy (KPFM) was employed as reference standard technique to measure
the surface potential, confirming the reliability of the proposed experimental procedure on ceramic piezoelectric
films, and simultaneously overcoming the disadvantages of the KPFM technique. The capability to tune surface

potential of materials over a wide range of values opens new perspectives for the design of devices with

changeable surface potential.

1. Introduction

Atomic Force Microscopy (AFM) is a cutting-edge tool for surface
characterization of organic and inorganic materials at microscale and
nanoscale levels [1,2]. This technique has been extended by the com-
bination with other surface characterization techniques which allow the
access to further information with high spatial resolution. Two repre-
sentatives of these enhanced AFM techniques are Piezoresponse Force
Microscopy (PFM) [3] and Kelvin Probe Force Microscopy (KPFM) [4,5].

PFM is a contact technique used to measure out-of-plane electro-
mechanical deformation of a material resulting from an applied out-of-
plane electric field to the sample through the AFM tip, providing in-
formation about piezoelectric properties of the materials. Since the
electric field induces a strain, this is referred to as the converse piezo-
electric effect [6]. KPFM is a noncontact technique which provides a
spatially resolved measurement of the electrostatic force between the
AFM tip and the sample under test. Both techniques provide an under-
standing of the correlation between polarization and screening charges
in the analysed materials.
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During PFM measurement, AFM generally operates in contact mode
being the cantilever continuously in contact with the sample at a con-
stant force. The sample is mounted on a conductive substrate and an AC
electrical field (Vac) is applied over the sample through a conductive tip
used as second electrode. The AC drive voltage applied between the tip
and the investigated material causes a periodic expansion and/or
contraction of the sample. This oscillatory movement of the sample
surface induces a periodic cantilever bending that is analysed by the
AFM controller’s lock-in amplifier. The PFM imaging provides the
amplitude and phase response of the cantilever and, simultaneously, the
surface topography. The amplitude gives information about the
magnitude of the deformation while phase contrast shows the direction
of the electrical polarization relative to electrical field. These parameters
allow for the evaluation of the effective piezoelectric coefficient dss eff.
With a purely out-of-plane response, the most common way to evaluate
the piezoresponse of a material is to sweep the applied AC field over the
sample and to plot the corresponding measured amplitude (A) of the
oscillation. The slope of the linear regression provides the effective
piezoelectric coefficient ds3 efr. The linear fit generally does not cross the
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origin of the graph due to other additional contributions to the signal
affecting the piezoelectric response such as material clamping, inho-
mogeneous field effects, electrochemical strain (due to electrochemical
reactions and ionic motion), Joule heating (if the material is conductive)
and electrostatic effects (when the tip is in contact with the sample
surface) [7,8]. Electrostatic contribution always occurs, and it is due to
the presence of a potential difference between the AFM tip/cantilever
and the sample surface (i.e. the surface potential). This potential is
attributed to the electrostatic force induced by the Coulomb interaction
between separated charges of AFM tip/cantilever and of the sample
surface. Due to the intrinsic nature of the surface potential, this is the
most important non-piezoelectric contribution that occurs during PFM
measurements [9]. In fact, it increases or decreases the PFM amplitude
(depending on the relative signs between the surface potential and the
external DC voltage, Vpc [10]), modifies the phase images and distorts
the shape of the PFM hysteresis loop [11].

The tip response Ry, can be described by the following formula [12]:

_,_0c

Rip =dyyVac +k.° % % X Vac[Voc = Vepp] =Ri + R, (@8]
where k. is the contact stiffness of the cantilever and Vcpp is the contact
potential difference between tip and sample. Tip response can be split
into two different components, as reported in (1), i.e. R; and Ry. Ry
represents the piezoelectric response simply obtained by V¢ sweeping
and by calculating the slope of the linear regression of the film
displacement against electric field, R takes into account the electro-
static interaction between sample and tip. It can be clearly deduced that
the conventional AC signal sweeping does not compensate for the
electrostatic contribution expressed by Ry, so that the value of the
piezoelectric coefficient d3s is higher than it is actually. To account for
the electrostatic effect expressed by Ry and for a more accurate evalu-
ation of this component, two strategies can be followed: (1) to use a high
stiffness k. cantilever; (2) to evaluate the Vpc point value such to
minimize the electrostatic response (Vpc = Vcpp). The use of high
stiffness AFM cantilever is a well consolidated strategy to lower elec-
trostatic component of ceramic-based piezoelectric materials but does
not eliminate it [7]. On the contrary, no attempt to follow the second
strategy for ceramic materials have never been discussed in literature to
our best knowledge. In the work of Miller et al. [13] an approach is
proposed to evaluate Vp¢ point for soft organic materials, by exploiting
the possibility, during PFM measurement, to add a DC bias voltage to the
tip so that the potential applied to the sample is Va¢ + Vpc. As a matter
of fact, the second strategy implies the knowledge of the local contact
potential difference Vcpp. Therefore, it is crucial to know the influence
of electrostatic interaction (i.e. the surface potential) on the PFM signal
to derive the correct piezoelectric coefficient value for the material
under examination.

KPFM is the technique used to perform nanoscale imaging of surface
potential i.e. V¢pp for a variety of materials [14,15]. This potential is
related to the difference between tip and sample work functions when
the sample is a metal. During KPFM measurement, AFM tip approaches
to the sample without contact, and an electrical force is generated be-
tween the tip and sample surface, due to the differences in their Fermi
energy levels. The equilibrium requires Fermi levels alignment through
electrons current flow. Both sample and tip will be charged and contact
potential difference will be generated causing the presence of an elec-
trical force at the contact area. Vcpp is evaluated from the change in the
resonance frequency or amplitude of the cantilever by applying an AC
bias voltage which modulates the electrostatic interaction force between
the tip and the sample. This force can be eliminated by applying an
external bias of the same magnitude and opposite direction on the tip. In
other words, KPFM provides the values of the surface potentials (Vcpp)
that minimizes the electrostatic force between tip and samples by
applying a Vp¢ which corresponds to Vcpp and consequently to the work
functions difference between tip and analysed film [16].
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Nevertheless, KPFM has some disadvantages in measuring the sur-
face potential or work function of a sample [17]. First, the KPFM mea-
sure requires to know the work function of the probe or the calibration of
KPFM probe on a standard sample (with a well-defined work function).
Therefore, two measurements are needed, one on the reference surface
and one on the sample and it decreases the accuracy of the measure-
ment. Second, the change of the distance between tip and sample during
the measurement modifies the capacitance gradient i.e. the electrical
force between the tip and sample. Consequently, the measured surface
potential value does not represent Vcpp. Finally, KPFM works better on
metals than on semiconductor, especially doped semiconductor [18]
because of work function variations due to defect states.

In addition to be a valid support for reliable piezoelectric measure-
ments, the evaluation of the surface potential and of its variations over a
solid surface or solid-liquid interface at sub-nanometer resolution is of
great interest also in many other fields of application and processes [19,
20]. Changes in the electrostatic potential are extremely crucial for the
interpretation, prediction and engineerization of the response of
potentiometric biosensing platforms such as ion-sensitive field-effect
transistors (IS-FETs) and field-effect biosensors (BioFETs) [21]. In
addition, several variables that induce potential change. i.e. adsorption
of target molecules [22,23], biological species [24], bacteria adhesion
and ageing [25-27], catalysis and photocatalysis [28], nanoparticle
separation [29] can be detected through surface potential measurement,
being a significant surface property for cell-matrix interfaces and tissue
engineering [30]. Recent literature reports surface potential tuning as a
promising strategy to reprogram the immune microenvironment for
bone regeneration, providing solid bases for the development of bio-
materials with immunomodulatory functions [31]. It has been observed
that a surface potential of 391 mV on Ti surface was the most favourable
for the osteogenic differentiation of MC3T3-E1l, which was closely
related to the binding state of the adsorbed fibronectin [32]: this opens
the possibility to design implants with changeable surface potential by
connecting biomaterials to a power source or coupling with external
fields. To this aim, biocompatible piezoelectric materials, like aluminum
nitride (AIN) thin films, merit a special attention thanks to their capa-
bility to generate charges on surface (or surface potential) when
stretched, and vice versa, allowing for a precise control of cells alloca-
tion and proliferation [33,34]. In this paper, two AIN samples grown by
RF magnetron sputtering technique at different substrate temperature, i.
e. room temperature (AIN_RT) and 150 °C (AIN_150), have been
compared in terms of piezoelectric performance. The effect of the elec-
trostatic component on the piezoelectric response of AIN thin films is
investigated, and a way to minimize it for obtaining an electrostatic-free
PFM signal is demonstrated, by exploiting only conventional PFM
measurements. In addition to conventional method for dss ¢t evaluation
and the use of high-k. cantilever for the minimization of electrostatic
effect, another strategy was proposed. Specifically, a sweep of DC
voltage (Vpc) at different fixed AC signals (Vac) was applied to the
samples, with the aim to estimate the contact surface potential such to
minimize the electrostatic contribution on the AIN piezoelectric
response. KPFM was employed as gold standard technique to evaluate
the surface potential of the analysed films at a fixed AC amplitude to
confirm the reliability of the proposed experimental procedure. The
results obtained by the two techniques have resulted comparable, con-
firming the consistency of the alternative method for surface potential
calculation of ceramic piezoelectric films.

2. Experimental details

AIN thin films were deposited by RF magnetron sputtering on Low
Resistivity silicon (LR-Si) substrate by using a 99.999 % pure Al target,
in pure Ar and N; gas mixture, which were introduced into the chamber
by separate mass flow controllers. The base pressure of the sputtering
chamber was 2.5 x 1077 mbar before depositions. For all the de-
positions, the Nj flux percentage in the reactive mixture was fixed at 60
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%, the RF power applied to Al target at 150 W and the total pressure at 4
x 1072 mbar. Two different films 500 nm-thick were characterized by
changing only the substrate temperature and keeping constant the
sputtering atmosphere conditions. The temperature values were room
temperature (the sample was labelled as AIN_RT) and 150 °C (labelled
AIN_150), known as a sputtering parameter generally tuned to improve
the (002) wurtzite arrangement and, as consequence, the piezoelectric
response of the thin films. Both samples were deposited on a 150 nm-
thick Ti seed layer, sputtered at room temperature on Si substrate in Ar
atmosphere at a process pressure equal to 2.5 x 10~2 mbar. The target-
substrate distance was fixed to 80 mm.

The crystalline structure and orientation of AIN films were analysed
by X-ray diffraction by using the Cu-Ka radiation and scanning angle of
20 = 10-80°. The spectra curves were fitted by a Voigt function to
extract the full width at half maximum (FWHM) for crystal quality
assessment.

The surface topography, morphology, and roughness of the AIN films
were investigated by Atomic Force Microscopy (AFM) analyses. AFM
topography 2D and 3D images were acquired over 1 pm x 1 pm scan
areas (resolution of 256 x 256 points) by a Nanosurf CoreAFM in-
struments operating in non-contact mode, at room temperature and in
air environment. Silicon probe tips with Diamond-Like-Carbon
conductive coating (MULTI75-DLC) were used at the typical resonance
frequency of 75 kHz, with a constant force of 3 N/m.

Piezoelectric response on the nanoscale was investigated by PFM
analysis by scanning 0.5 pm x 0.5 pm areas at five different positions on
the films surface, for both samples. Two cantilevers with different
stiffness, i.e. low-k.- MULTI75-DLC (k. = 3 N/m) and high-k.-TAP300E-
G (ke = 40 N/m) were used. For this purpose, a sweep of AC driving
amplitude (Vac) in the range 2-5 V was applied to the tip at frequency of
3 kHz, well below the used cantilevers contact resonance (MULTI75-
DLC has a resonance frequency of 75 kHz and TAP300E-G of 300 kHz
[35]) to prevent the crosstalk between the signals of the topography and
the piezoelectric response recorded simultaneously. Amplitude and
phase of the PFM signal provide information about the local piezoelec-
tric deformation along z-direction and the individual grain polarity,
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respectively. By using the low-k. cantilever (MULTI75-DLC), PFM
analysis was performed for the calculation of the contact surface po-
tential Vcpp by sweeping Vpc (—3 V-3 V) at fixed V¢ (in the range 2-5
V).

KPFM technique was employed to compare the measurements with
the experimental results of the proposed method. As with PFM analyses,
0.5 pm x 0.5 pm areas were analysed for both samples at five different
positions on the surface of the films. During KPFM measurement, an AC
voltage amplitude Vac = 2 V and a frequency of 17 kHz were applied to a
MULTI75E-G cantilever with Cr/Pt-coated tip. Before to measure the
samples, the work function of the probe was calibrated by using a
sample test with Al and Au line arrays, and the work function of the tip
was evaluated. The measured contact potential difference (Vcpp) is the
potential difference between the sample and the tip as expressed by Vcpp
= (psample - Ptip)/€ Where @ip and gsample are the work functions of the tip
and sample, respectively, and e is the elementary charge. During the
scan, the tip is positioned very close (a few tens of nm at most) to the
analysed sample. By modulating the bias voltage, the electrostatic force
between tip and the thin film is nullified by a controller, thus giving out
the local surface potential, which describes the charge distribution (i.e.
surface potential) on the sample surface.

3. Results and discussion

3.1. Structural and morphological properties of AIN thin films deposited
at different substrate temperature

XRD analysis was performed to verify the structural arrangement of
AIN planes of wurtzite along (002) direction, which guarantees a
piezoelectric response. Fig. 1 shows XRD spectra of both analysed
samples, according to their deposition temperature.

Both AIN films exhibit a (002)-high orientation together with re-
flections coming from Ti seed layer. While AIN_RT sample diffractogram
shows two reflections from Ti film, attributable to Ti (100) and Ti (002)
of exagonal structure, only (002)-oriented crystallites are observed in
the AIN_150 spectrum. This structural modification is due to the higher
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Fig. 1. XRD spectra of AIN films deposited at deposition temperature equal to RT (black line) and 150 °C (red line). In the table of the inset the stoichiometry
compositions of the films obtained by RBS spectra analysis using SIMNRA software are reported.
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deposition temperature. Before AIN deposition, the Si substrate covered
with Ti seed layer is positioned into the deposition chamber on the
substrate holder that is heated up to 150 °C in vacuum of 5 x 10~ mbar.
This moderate annealing process causes a peak shift of Ti (002) reflec-
tion towards lower 20 angle indicating the generation of compressive
stress into the lattice during heating process [36]. At the same time,
heating step promotes crystal lattice modifications, with a structural
switch of (100)-oriented grains into (002)-oriented ones, resulting from
the competition between strain energy and surface free energy affecting
the textures of the grains [37]. They result smaller (25.8 nm) than Ti
(002)-oriented grains of the AIN_RT film (29.3 nm), as evaluated by
Debye-Scherrer formula by considering the parameters obtained
through Voigt fitting of XRD curves [38]. This preferential orientation
along (002) planes promotes a better structural arrangement of the AIN
thin film, as already observed. By following the same fitting procedure,
the AIN (002)-grain size has been calculated too. The film deposited at
higher temperature shows a better structural arrangement with an
improved grain size equal to 45.9 nm compared to 39.7 nm of the film
deposited at room temperature. This finding is also supported by the
lowering of oxygen contaminant incorporation with temperature
increasing [39], as confirmed by Rutherford Backscattering Spectrom-
etry (RBS) measurements performed by the CEDAD-Centre of Applied
Physics, Dating and Diagnostics (University of Salento) using a 3 MV
Tandetron accelerator [40]. The acquired spectra were analysed by
SIMNRA software which provides the stoichiometric composition of the
films reported in the table of the inset in Fig. 1.

Fig. 2 reports the 2D and 3D AFM images of the AIN thin films.
Different surface topographies are evident: the AIN_RT image (Fig. 2a)
shows a less compact structure and grain aggregates which correspond
to a higher surface roughness Rq (as reported in the Figure) while
AIN_150 exhibits a denser and smoother grain arrangement (Fig. 2b).
This is a direct consequence of the different deposition temperature.
Once again, a higher temperature induces a better texture degree of the
film, favouring the columnar structure normal to the substrate as also a
higher adatoms mobility which promotes less rough surface formation.
These results are in accordance with XRD analyses.

Line fit 37.1nm

Z-Axis range
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3.2. Piezoelectric characterization of AIN thin films: two approaches to
minimize the influence of the electrostatic component on the piezoelectric
response

The structural arrangement of the AIN thin films along (002)-planes
of the hexagonal wurtzite guarantees a piezoelectric response whose
intensity depends on the degree of c-axis orientation which is strictly
correlated to the deposition parameters. The piezoresponse of the AIN
samples was initially determined considering standard method, i.e. by
sweeping the AC electric field (Vac) applied to the tip and plotting the
corresponding amplitude value against it. Two different tips were used,
according to their stiffness coefficient k.: TAP300E-G (k. = 40 N/m) and
MULTI75-DLC (k. = 3 N/m). The slope of the linear fit provides the
effective d33 efr. This first approach was followed to verify the influence
of the cantilever stiffness on the minimization of the electrostatic in-
fluence on samples piezoelectric response, according to formula (1).
Fig. 3 depicts the thin films displacement versus V¢ for AIN_RT thin film
by using low-k. (Fig. 3a) and high-k. (Fig. 3b) cantilever, respectively.
Fig. 3c shows representative PFM images (topography/amplitude/
phase) obtained with MULTI75-DLC cantilever, at Vac equal to 2 V.

In the same way, Fig. 4 summarizes the results for the AIN sample
deposited by heating the substrate up to 150 °C.

Figs. 3 and 4 provide a lot of information. As expected, the AIN film
deposited at higher temperature shows a better piezoelectric response
(see Fig. 3a and 4a), confirming the structural and morphological results
provided by XRD and AFM analyses. The piezoelectric behaviour of the
two films is clearly evident in the PFM amplitude images and the cor-
responding horizontal profiles (Fig. 3c and 4c): the magnitude of the
vertical deformation expressed in pV (amplitude images) is greater for
the AIN_150 sample, resulting in a higher ds3efr value. Moreover, the
AIN_150 sample shows also better polarization directions (phase im-
ages), with more grains with 180° phase direction (see horizontal phase
profiles), because of the better structural arrangement of the film growth
at higher temperature.

Moreover, the dsseff values obtained by using a low-k. tip for PFM
measurements are higher than those calculated by fitting experimental
data coming from high-k. tip scans [41]. It decreases from —3.71 pm/V
to —2.65pm/V for AIN_RT film, and from —4.44 pm/V to —3.77 pm/V
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Fig. 2. 2D (up) and 3D (down) AFM images of AIN films deposited at deposition temperature equal to (a) RT and (b) 150 °C.
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Fig. 3. Comparison between dss e values of the analysed AIN thin films deposited at RT, according to the tip stiffness (a-b); PFM topography/amplitude/phase
image obtained at Vac = 2 V within the corresponding horizontal profiles related to a scan-line of 100 nm (c).

for AIN_150 film, by increasing cantilever stiffness. The negative
piezoelectric coefficient values suggests that the polarity of both films is
predominantly oriented opposite to the substrate (N-polar) [42]. The
results reported in Figs. 3b and 4b confirm that the use of a high-k. PFM
tip is a valid attempt to reduce electrostatic contribution for
ceramic-based piezoelectric materials, as deducible from the second
term of formula (1). The same term suggests another way to minimize
this contribution, never employed for ceramic thin films. It requires to
know the contact surface potential generated when AFM tip is in contact
with the scanned sample. In this work, the contact surface potential was
calculated by following the work of Miller et al. [12] where the method
was applied to soft materials. AFM was used in contact mode to account
for the electrostatic component, and a sweep of DC signal (Vpc) was
considered for both analysed samples during the standard measurement
for ds3 eff calculation. Vpc was tuned in the range (—3 V + 3 V) for each
AC signal (Vag). The Vpc point at which the electrostatic response is
minimized is evaluated for each considered V¢ (Figs. 3a and 4a). Figs. 5
and 6 show the plots of experimental data obtained by employing the
above-described procedure for the AIN thin films deposited at RT and
150 °C, respectively. The trend of the contact surface potential versus AC
signal is plotted, too (Fig. 5b and 6b).

The surface potential values vary in different range according to the

deposition temperature of the analysed film. Specifically, they vary from
108 to 352 mV by increasing the alternate signal V¢ from 2 to 5 V for
AIN_RT thin film, and from 112 to 252 mV in the same AC signal range
for the film deposited at 150 °C. In both cases, it is evident the linear
trend versus AC signal followed by V¢pp which increases with AC signal.
The difference of the contact surface potentials of the two samples at the
same values of voltage signals is probably due to different surface
properties (i.e. chemistry, surface state, surface charge, impurity con-
centration [43]), related to different deposition conditions, which have
the main influence on surface potentials. This procedure should help to
make more accurate the traditional AC sweep method for the calculation
of the piezoelectric coefficients. For this reason, the measurements
shown in Fig. 3a (AIN_RT) and 4a (AIN_150) were performed again by
applying an additional Vp¢ signal to the Vac one applied to the tip,
exactly equal to the evaluated contact surface potential for each AC
voltage (Figs. 5 and 6). This step is aimed to eliminate (or minimize) the
electrostatic term of equation (1). As a matter of fact, when the applied
Vpc is exactly equal to Vcpp value, electrostatic component should be
nullified, leaving active only the piezoelectric contribution of the ma-
terial when excited by the electric field. The results obtained by
following this procedure are shown in Fig. 7a and b for the samples
deposited at RT and higher temperature, respectively.
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The results demonstrate that this method provides a lower dssef
when the additional DC potential is applied to the tip, contributing to
the minimization/elimination of the electrostatic extra component to
the output piezo-response. The piezoelectric coefficient decreases from
—3.71 pm/V to —2.36 pm/V for AIN_RT thin film, and from —4.44 pm/V
to —3.35 pm/V for the high temperature-deposited one. Moreover, it is
very interesting to note that the values obtained with the last procedure
were also lower than those obtained by using the TAP300E-G cantilever.
This confirms that the use of a high elastic constant cantilever reduces
the contribution of the electrostatic force, but it results less effective
than the discussed methodology using the surface potential. Table 1
reports a summary of the dss e values obtained using the different ap-
proaches discussed in the paper. by different methodologies.

Moreover, it is evident from Table 1 the greater electrostatic
contribution on the dsszefr coefficient of AIN_RT sample with respect
AIN_150. As already mentioned, the electrostatic interaction between
the AFM tip/cantilever and the sample modifies the PFM signals and
depends on the material and tip properties. Generally, in PFM mea-
surements performed under the same experimental conditions (same
material, cantilever type, applied voltages), the contribution of

electrostatic interaction becomes more significant in less piezoelectric
materials, while its impact is less intense in samples with a higher d33 et
coefficient.

Finally, starting from the values obtained with electrostatic contri-
bution correction, a further improvement in the piezoelectric coefficient
calculation can be performed by considering the clamping effect of the
substrate on the thin film which restrains the sample volume change. A
known relation allows for the calculation of the unclamped d33 by using
the clamp effect correction factor Celamp equal to 1.4 for AIN thin films
[44]. Considering the correction, the piezoelectric coefficient of the
AIN_RT thin film is —3.30 pm/V and for AIN_150 is equal to —4.69
pm/V. Our results are in good agreement with literature ones where, for
AIN thin films (002)-oriented, the reported ds3 s values belong to the
range of 2.5-6.8 pm/V without any correction procedure to nullify
electrostatic influence [45,46].

4. Validation of the methodology: KPFM measurements

To validate this procedure, KPFM measurements were performed on
both samples. Generally, this measure is performed at fixed tip voltage
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Fig. 5. Piezoresponse of RT deposited-AIN thin film by sweeping Vpc voltages at fixed V¢ applied to the AFM tip (a); contact surface potential values obtained at
each fixed V¢ applied to the tip, obtained from the intersection between the linear fit curves of positive and negative DC voltages (b).
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Table 1
Piezoelectric coefficient values (d33, eff) obtained by different methodologies.
da3eff (pm/V)
Sample = MULTI75- TAP300E-G by calculating Electrostatic
DLC (ke = 3 (ke = 40 N/ Vepp with low-k contribution on
N/m) m) cantilever da33 /e value
(absolute value)
AIN_RT -3.7+£0.2 -2.7+04 -24+0.3 1.4
AIN- -4.4+0.7 -3.8+0.5 -3.4+05 1.1
150

Vac which should be accurately selected, together with other important
parameters, to have a stable, repeatable, and reliable measurement. Two
of the most important parameters to choose to obtain highly resolute
and reliable measurements are (1) the working frequency for the elec-
trostatic excitation, which is the frequency related to Vac well below the
mechanical resonance of the probe, and (2) the cantilever. The smallest
detectable signal of Vcpp by KPFM technique can be expressed by the
following formula:

d kTkB
gVacR\ 7 0fp

where the R is the tip radius, d is the tip-sample distance, T is the tem-
perature, k. is the cantilever spring constant, Q is the quality factor, B is
the bandwidth, fy is the resonance frequency of the cantilever, kg is the
Boltzmann constant, Vac is the amplitude of the AC voltage between the

@

VCPD,min
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tip and the sample and the ¢ is the dielectric constant of vacuum.

The formula provides some indications about the most favourable
requisites to obtain high resolution measurements. Softer and shorter
cantilever with larger tip radius is beneficial for KPFM sensitivity (k. =
3 N/m and R = 25 nm for MULTI75E-G), as well a specific AC amplitude
for a better signal-to-noise ratio (SNR). According to (2), a wide V¢
should be favourable but too large AC amplitudes cause a reduction in
the lateral resolution which makes rougher the curves recorded by
KPFM scans, while a low Vac makes the measurement inaccurate,
resulting in incorrect surface potential values. For this reason, the check
of the best AC amplitude should be done before performing the final
analysis, to guarantee the best measurement. Similarly, this check al-
lows for setting tip voltage modulation amplitude to a value corre-
sponding to the highest force response. The force response is
proportional to the modulation amplitude, so large amplitude will give a
larger response.

In our experimental conditions, related also to the analysed material,
the best AC amplitude value for the highest lateral resolution resulted to
be 2 V. Thus, KPFM measurement was performed on both samples at this
Vac, at which the surface potential response was most stable and
repeatable and, at the same time, most intense.

Fig. 8 shows the images obtained by KPFM analysis for the AIN_RT
(a) and AIN_150 (b) samples.

The two images show a good KPFM contrast thanks to the high
spatial resolution of the measures. The voltage maps (area of 500 x 500
nm?) within the horizontal tip voltage profiles (250 nm of scan length) in
Fig. 8 show a higher surface potential for the AIN_150 sample.
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Fig. 8. KPFM surface potential map images (area of 500 x 500 nm?) and within horizontal voltage profiles (250 nm of scan length).
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Specifically, the contact surface potential values obtained by KPFM were
(109 + 10) mV for the RT-AIN thin film and (112 + 6) mV for AIN_150
sample, in good accordance with the values achieved with no-standard
procedure. These values were obtained by Nanosurf CoreAFM soft-
ware, which calculates the average surface potential over the entire
investigated area from the horizontal tip voltage profiles.

The procedure proposed in this paper represents an interesting po-
tentiality to evaluate the surface potential in a broader interval of AC
amplitude.

5. Conclusions

In summary, this work shows a PFM-based methodology applied on
ceramic piezoelectric films for evaluating the proper piezoelectric co-
efficient by minimizing the electrostatic contribution that generally af-
fects and distorts the measurement. Sputtered aluminum nitride thin
films grown at different substrate temperatures were characterized. The
method consists in sweeping the DC voltage applied to the AFM tip
under a fixed AC field for the evaluation of the contact surface potential
difference Vcpp between the tip and the investigated sample. The ob-
tained Vcpp values were used to correct the piezoelectric coefficient dss,
off from the electrostatic interactions. Kelvin Probe Force Microscopy
was employed as reference standard technique to measure the surface
potential confirming the reliability of the proposed experimental pro-
cedure. We consider the shown methodology of great importance. On
one hand, it is possible to make reliable piezoelectric measurements by
evaluating the surface potential without using the KPFM technique (thus
overcoming its limitations and problems). On the other hand, the mea-
surement of the surface potential of a material and the capability to tune
it in a wide range, by applying an external field, open new perspectives
for the design of innovative devices, especially in the field of bio-
materials integration, since it influences bioprocesses such as cells pro-
liferation, differentiation, attachment, and adhesion on the films
surface.
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