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Cross-talk artefacts in Kelvin probe force microscopy imaging:

A comprehensive study
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INSERM U1019, University of Lille Nord-de-France, Institut Pasteur de Lille, F-59019 Lille, France

(Received 22 February 2014; accepted 26 March 2014; published online 14 April 2014)

We provide in this article a comprehensive study of the role of ac cross-talk effects in Kelvin Probe
Force Microscopy (KPFM), and their consequences onto KPFM imaging. The dependence of
KPFM signals upon internal parameters such as the cantilever excitation frequency and the
projection angle of the KPFM feedback loop is reviewed, and compared with an analytical model.
We show that ac cross-talks affect the measured KPFM signals as a function of the tip-substrate
distance, and thus hamper the measurement of three-dimensional KPFM signals. The influence of
ac cross-talks is also demonstrated onto KPFM images, in the form of topography footprints onto
KPFM images, especially in the constant distance (lift) imaging mode. Our analysis is applied to
unambiguously probe charging effects in tobacco mosaic viruses (TMVs) in ambient air. TM Vs are
demonstrated to be electrically neutral when deposited on silicon dioxide surfaces, but
inhomogeneously negatively charged when deposited on a gold surface. © 2014 AIP Publishing LLC.

[http://dx.doi.org/10.1063/1.4870710]

. INTRODUCTION

Kelvin Probe Force Microscopy (KPFM)' imaging is, in
its principle, a technique enabling a quantitative determina-
tion of the contact potential difference (CPD) between the
tip of an atomic force microscope and a sample surface, at
the nanoscale. In practice, the relative imaging of CPD val-
ues is the most common output of KPFM imaging in which a
constant CPD level is substracted from the recorded KPFM
data. This enables, for example, to compare work functions
of different metallic materials on the same sample® or to
map electrostatic potential drops across electronic devices.”
While aiming at using KPFM beyond relative imaging pur-
poses, we have shown that the quantitative absolute mea-
surement of the CPD between an atomic force microscopy
tip and a surface is a tedious work, due to existing instrumen-
tal crosstalk effects associated with the use of an ac electro-
static excitation scheme in KPFM, but that such effects may
be externally suppressed or compensated.”

In this article, we provide a detailed study of the influ-
ence of ac cross-talks onto KPFM data. This is of primary
importance to determine whether given KPFM measure-
ments are affected or not by such issues. We show in particu-
lar that instrumental cross-talks can lead

@) to artificial CPD shifts with internal parameters of the
KPFM set-up, reaching a few Volt range with stand-
ard atomic force cantilevers in the 100 kHz frequency
range;

(i)  to artificial CPD shifts as a function of the tip-substrate
distance, leading to unreliable three-dimensional
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KPFM mapping, if operated in presence of ac
crosstalks;

(iii) and, most important, to an artificial footprint of the sam-
ple topography onto KPFM images, even though a con-
stant CPD level is substracted from raw KPFM data.

Experimental results are confronted with a model and
simulations. Our work brings a comprehensive view of arte-
fact issues in KPFM imaging, and sheds light on their conse-
quences with respect to quantitative CPD measurements, and
to topography footprint issues onto KPFM images. This is of
obvious interest for the assessment of the electronic proper-
ties of nanomaterials or nanodevices (e.g., nanoscale elec-
tronic or photovoltaic devices) in which absolute CPD
mapping is required. It is also of strong importance with
respect to emerging fields such as KPFM imaging in liquid
media or KPFM imaging for biological applications. Cross-
talk issues are hence illustrated here on a Tobacco Mosaic
Virus (TMV) biological sample.”’ Artefact-free KPFM
maps are demonstrated and compared with raw instrumental
data in presence of ac cross-talks.

Il. KPFM MEASUREMENTS IN PRESENCE OF AC
CROSS-TALKS

In this section, we describe the principle of KPFM meas-
urements and the expected effect of ac crosstalks onto meas-
ured CPD values.® We provide results in the case of optical
beam atomic force microscopy, and focus on amplitude-
modulation KPFM using an ac excitation frequency /27
close to the cantilever resonance frequency fy, assuming an
ac + dc electrostatic excitation V. + V. cos wt applied to the
atomic force microscopy tip. We define, using this conven-
tion, the CPD as the dc potential (in Volts) applied to the tip
in order to compensate for electrostatic force components

© 2014 AIP Publishing LLC
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generated by the surface potential V; (in Volts). V can be due,
e.g., to a local surface charge (a positive surface charge leads
to a positive value of V) or to a work-function difference
between the tip and surface (a larger sample work-function
decreases V,).” The work described hereafter is however not
restricted to the usual case of optical beam-deflection amplitu-
de-modulation KPFM, but can be readily extended to
frequency-modulation KPFM, to variants of
amplitude-modulation KPFM, or to KPFM schemes in which
the ac and/or dc excitation are applied to the sample side.

The measurement of the sample surface potential V is
based: on the detection of the electrostatic force component,
Fo,(t) =dC/dzVae [Vae — V] cos ot = Fy, cos ot oscillating
at the angular frequency o in which C(z) is the cantilever
tip/substrate capacitance; and on the “nullification” of F, as
a function of V,. using a feedback-loop, yielding the
recorded KPFM signal V.= V,. In practice, F, is measured
from the tip oscillation amplitude (amplified output of
the photodiode) at the angular frequency w, of magnitude
A, (> 0) and phase ¢, with respect to the reference ac exci-
tation voltage (see the Fresnel diagram in Fig. 1(a)). The
cantilever oscillation vector (Ay; ¢,,) is projected on an axis
defined by a phase ¢ (also called “drive phase”) with respect
to the reference ac excitation. The projected signal
Ay cos(p — @,,) is used for the KPFM feedback loop since it
can be either positive or negative, depending on the sign of

FIG. 1.a) Fresnel diagram showing the cantilever oscillation vector
(Aw; @,,) with respect to the ac electrostatic excitation (X-axis), and its pro-
jection (dotted arrow) onto the KFPM feedback loop axis, defined by the
angle ¢. (b) Fresnel diagram in presence of an ac crosstalk contribution with
vector (Ac; ¢,,). Additional crosstalk vectors may be considered in practice
(see text).
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Ve — Vs, in contrast with A,,. The feedback loop is built by
regulating to zero the projected oscillation amplitude
A, cos(¢ — ¢,,) as a function of the dc bias component V..
In this process, in order to minimize the noise level of
KPFM measurements, ¢ can be chosen to match the varia-
tions of ¢, over a=~ 180° range when the excitation angular
frequency w is swept across the cantilever resonance. o and
¢ are however only internal parameters of the KPFM mea-
surement, so that the regulated V. should not depend on the
choice of w and ¢, for a correct operation.*

The effect of an ac-cross-talk in KPFM measurements is
shown schematically in Fig. 1(b) by the presence of a spuri-
ous oscillation vector (A.;¢,) in the Fresnel diagram
(A >0). This cross-talk vector is projected during the
KPFM measurement together with the oscillation amplitude
(Ay; @), and subsequently affects the measurement of V.,
as visible from Fig. 1(b). This artefact obviously introduces a
dependence of the regulated dc potential V. as a function of
the projection angle ¢, as well as a dependence with respect
to (Aw; @), i.e., the cantilever excitation frequency. In prac-
tice, we identified experimentally on our experimental set-ups
two sources of ac crosstalks,4 corresponding on the one hand
to a coupling between the ac electrostatic excitation and the
photodiode output, hereafter labelled (A,;¢@,); and on the
other hand to a coupling between the ac excitation and the
piezo actuator ensuring the mechanical excitation of the canti-
lever during the topography acquisition in tapping mode,
labelled (A,;; @,,). The photodiode crosstalk corresponds to a
fake cantilever oscillation when read from the photodiode out-
put, while the coupling to the piezo actuator corresponds to a
real but spurious mechanical excitation of the cantilever.*

The influence of the ac crosstalks on KPFM data can be
obtained from the “KPFM equation” corresponding to the
nullification of the projection of (A,;¢,,), (A4y;¢,), and
(Am; @,,) on the axis with angle ¢, as illustrated in Fig. 1(b)
for a single cross-talk contribution

Ay cos(@ — @) + A, cos(p — @,) + Ay cos(op — @,) = 0.
(1

In this equation, we develop A, =a,dC/dz V a[Vae — V)
(in which a, describes the cantilever resonance spectrum)
and take A, =a, -V, and A,, =a,, -V, due to the proportion-
ality of ac cross-talks with V. (a,, follows here the reso-
nance spectrum of a, for w~2nfy). Developing Eq. (1)
leads to the determination of the V. potential regulated by
the KPFM feedback loop

ap
a, -dC/dz

Vdc = Vs(z) -

cos(p — ¢,)
cos(¢ — @)

[ |:COS((:D B (pm):l ) (2)

B g dC/dZ COS((:D - (pw)

This equation shows that the measured KPFM signal
consists in the desired surface potential V, however with
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added artefacts. The two underbraced expressions in Eq. (2)
correspond to the two identified ac cross-talks.* Equation
(2) shows that ac cross-talk artefacts on CPD measurements
are z-dependent (via dC/dz at the denominator of ac-cross-
talk contributions), and thus interfere with the mapping of
V, as a function of the tip-substrate distance z: This thus
prevents, in general, from a reliable 3D KPFM mapping.
Equation (2) also points out that even though the ac-
crosstalk artefacts are added to V;, they cannot be simply
removed from KPFM maps by a simple surface potential
(CPD) offset, unless the tip-substrate capacitance derivative
is kept strictly constant during KPFM imaging, which is not
the case, in general. In particular, even though V; may vary
as a function of z (e.g., in the case of a surface potential due
to a local charge), KPFM images may also exhibit (and be
dominated by) an artificial “capacitive footprint” of the
sample topography, as due to the variations of dC/dz in
Eq. (2) upon sample mapping, and even after substracting a
constant CPD offset. This point will be specifically
addressed in Sec. V.

In the following, we describe the consequences of ac
cross-talks onto KPFM imaging, by confronting the above
model to experimental results. The aim is to point out param-
eters, which affect KPFM measurements, when conducted in
presence of ac cross-talks, if a compensation/suppression
procedure is not implemented as in Ref. 4. Experiments have
been conducted using a Multimode atomic force microscope
(Bruker) in ambient air operated with a Nanoscope
IITA/Quadrex electronics or with a Dimension/Nanoscope IV
atomic force microscope from the same manufacturer. We
scanned either over an Au surface (Secs. III and IV) or over
TMYV biological samples (Sec. V). Metal-coated cantilever
tips have been used in all cases, either with resonance
frequency fp~70kHz and k~3N/m (EFM PPP,
Nanosensors); fop ~ 170kHz and k~5N/m (Pt series 14,
Mikromasch), and fy ~ 285-300 kHz and k ~40N/m (PPP-
NCHPt, Nanosensors, or Arrow NCPt, NanoWorld). The am-
plitude of ac cross-talks has been found to depend on the
microscope head (see Sec. III) and to vary linearly with the
ac angular frequency o up to the set-up bandwidths (here,
~400kHz). KPFM experiments have been performed using
a tip-subtrate distance z~100nm (Secs. Il and IV) or
z~50nm (Sec. V), and an ac excitation amplitude
Vae=2V.

lll. VARIATION OF CROSS-TALK EFFECTS WITH
RESPECT TO KFPM INTERNAL PARAMETERS

We describe in this section the variations of cross-talk
effects with respect to KPFM internal parameters (ac excita-
tion frequency @ and KPFM loop projection angle o).
Experimental measurements are confronted with the model
of Eq. (2).

A. Increase of cross-talk effects with the ac excitation
frequency

The effects of ac cross-talks onto KPFM measurements
are first illustrated in Fig. 2, which shows the typical evolu-
tion of KPFM signals with respect to the projection angle ¢

J. Appl. Phys. 115, 144313 (2014)

f,~ 300kHz

I
T

fo~ 170kHz E

o
T
1

Regulated KPFM signal V, (V)
A

'
[e2)
T

-60 0 60 120 180
Projection angle of the KPFM loop ¢ (degrees)

FIG. 2. KPFM measurements on an Au surface plotted as a function of
the projection angle ¢ of the KPFM loop for a set of three cantilevers
with increased resonance frequency: fy ~ 70kHz, fy ~ 170kHz, and
fo = 300kHz.

of the KPFM loop. In this figure, we did not systematically
show the evolution of KPFM signals with respect to the ac
excitation frequency /27 in the vicinity of a particular can-
tilever resonance frequency f, (see Ref. 4 or Sec. II1 C), but
rather show KPFM data for a set of three different cantile-
vers with fy ~ 70kHz, f, ~ 170kHz, and fy ~ 300kHz. The
graphs in Fig. 2 illustrate the global increase of ac cross-talk
effects with the cantilever oscillation frequency f;, since ac
cross-talks (a,,) basically linearly increase with the ac exci-
tation frequency. Data also show, on a practical basis, that
cross-talk issues easily reach a few Volt scale, and are thus a
significant issue for quantitative CPD measurements using
standard cantilevers and standard commercial AFMs.

B. Signatures of ac-cross-talk effects

We describe here the effect of ac cross-talks on the
KPFM regulated potential V. and on the cantilever oscilla-
tion signal, as a function of the KPFM projection angle ¢
and the ac excitation frequency /27 or oscillation phase
¢,,- Experimental data have been recorded with a cantilever
of resonance frequency f,=176.8 kHz excited at w/2n =
fo—600Hz (Fig. 3), or at w/2n =f, +400Hz (Fig. 4).
Recorded KPFM data consist in the KPFM regulated poten-
tial V., plotted as a function of the KPFM projection angle
¢, and shown in presence of ac cross-talks (black curves in
Figs. 3(b) and 3(c) and in Figs. 4(b) and 4(c)), or without
ac cross-talks (red curves in Figs. 3(b) and 3(c), and in
Figs. 4(b) and 4(c)), as from the procedure of Ref. 4. We
also display in Figs. 3 and 4 the residual cantilever oscilla-
tion signal A,,, (output of the photodiode at the angular fre-
quency m) upon KPFM regulation, which can be viewed as
an “error signal” of the KPFM process. This signal is not,
however, the error signal of the KPFM feedback loop itself,
which sets to zero the projection of the cantilever oscillation
signal onto the axis with projection angle ¢ (see Fig. 1), and
is assumed here to operate ideally. It rather consists in the
amplitude of the cantilever oscillation signal which cannot
be set to zero in the projection scheme, i.e., the amplitude of
the cantilever oscillation signal orthogonal to the axis with
angle ¢ (see Fig. 1(b)). In absence of ac cross talks, A,,, is
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FIG. 3. (a) Cantilever resonance curve (black: amplitude; blue: phase). The
cantilever is excited at w/2n = 176.2kHz (vertical dotted line) in (b) and
(c). (b) Regulated KPFM signal V. plotted as a function of the projection
angle ¢ of the KPFM feedback loop, in presence (black curve) and in ab-
sence (red curve) of the instrument ac cross-talks. The feedback loops oper-
ates over a Ag =~ 180° excursion, and otherwise provides divergent values
for V4. (c) Residual cantilever oscillation signal A,,,, in presence (black
curve) and in absence (red curve) of the instrument ac cross-talks.

by construction equal to zero, irrespective of the value of ¢.
It is depending on ¢ otherwise.'® A, is thus a good indicator
of the presence of ac-cross-talks, when plotted as a function
of ¢. It is therefore also plotted as a function of ¢ in
Figs. 3(c) and 4(c), both in presence of ac cross-talks (black
curves), or without ac cross-talks (red curves).

Figs. 3 and 4 show that the regulated KPFM signal V.
exhibits dependences (here at the Volt scale) as a function of

J. Appl. Phys. 115, 144313 (2014)
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FIG. 4. Same plot as in Figure 3, with the cantilever excited at w/2n =
177.2kHz in (b) and (c).

¢, and that the residual cantilever oscillation signal A,,, is
non-zero and depends on ¢, in presence of ac cross-talks. In
these graphs, ¢ is tuned in a Ap ~ 180° range in which the
KPFM loop converges (it diverges out of this A¢ range). It
is shown that the suppression/compensation of ac cross-
talks* provides values of V,,., which are not depending on ¢
nor on the cantilever ac excitation angular frequency w (see
Figs. 3(b) and 4(b)), and that the residual cantilever oscilla-
tion signal A,,, is also set to zero, irrespective of ¢ or w (see
Figs. 3(c) and 4(c)). The two features account for a proper
operation of the KPFM set-up, and enable a quantitative
measurement of the tip-sample CPD, independently of the
internal parameters ¢ or w.
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We finally describe in Fig. 5 the effects of ac cross-talks
on the open-loop KPFM amplitude signal, consisting in the
cantilever oscillation signal recorded as a function of the dc
potential V., with the KPFM feedback loop off. In absence
of ac cross-talks, this amplitude signal corresponds to A,
(see Fig. 1(a)) and is thus proportional to |V, — Vj|. It thus
exhibits a typical “V-shape,” and should be, by construction,
zero for V,.=V,. This situation is changed in presence of ac
cross-talks since the total cantilever oscillation is the sum of
the vectors (A,; ¢,,) and of ac cross-talk contributions noted
(A @,,) in Fig. 1(b). We plotted in Fig. 5(a) the open-loop
KPFM amplitude signal in presence of ac cross-talks, for ac
excitations at w/2n = fy — 600Hz and w/2n = fy + 400Hz,
using the same cantilever as in Figs. 3 and 4."" The expected
“V-shape” as a function of V. appears rounded, i.e., it
exhibits a non-zero minimum value. The extrapolated sur-
face potentials from the plots of Fig. 5(a) also show two dis-
tinct values (see vertical dotted lines as guides to the eye). In
contrast, the same plots after compensation/suppression of ac

(=}
—
o

0.08

0.06

0.04

0.02

in presence
of ac cross-talks

0.00 L L L
-2 -1 0 1 2

Cantilever oscillation signal (V)

0.10

®/2n=177.2 kHz
0.08}

0.06 +
0.04 +

0.02 +

without
ac cross-talks

0.00 L
2

Cantilever oscillation signal (V)

b)

FIG. 5. (a) Cantilever oscillation signal recorded as a function of the dc bias
applied to the tip (KPFM feedback loop off), and for the same cantilever
as in Figs. 3 and 4, excited either at ®/2n=176.2kHz and
®/2n = 177.2kHz. Both curves correspond to rounded V-shaped curves,
due to the presence of instrumental ac cross-talks. The surface potential
which would be deduced from these plots is indicated by vertical dotted
lines. (b) Same plots, recorded without ac cross-talks. The surface potential
is unambiguously defined from the dc potential, which nullifies the cantile-
ver electrostatic oscillation amplitude (see vertical dotted line as a guide to
the eye), irrespective of the ac excitation frequency w/27.
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cross-talk effects shown in Fig. 5(b) exhibit perfect V-shapes
(only the slopes of the cantilever amplitude are different for
the two ac excitation frequencies, as due to the change in the
cantilever excitation angular frequency w). In particular,
they exhibit a true nullification of the oscillation amplitude
as a function of V., yielding the same value of the dc poten-
tial nullifying the cantilever oscillation signal, unlike in
Fig. 5(a). This attests of the proper operation of the KPFM
feedback loop.!!

C. Comparison with numerical simulations

We here study the V. potential regulated by the KPFM
loop and the corresponding error amplitude signal A,,,, in
presence of ac cross-talks, and in comparison with the model
of Eq. (2). This work is done first in presence of the ac cross-
talk to the photodiode solely (first underbraced term in Eq.
(2), experimental and simulated data displayed in Fig. 6),
and then in presence of both crosstalks (both underbraced
terms in Eq. (2), experimental and simulated data displayed
in Fig. 7), for sake of comparison.

Experiments have been conducted with a cantilever with
fo=169kHz. To simulate experimental data from Eq. (2),
we characterized the cantilever electrostatic resonance (data
not shown), and deduced the value of a,dC/dz = 0.182 vl
at fy, which corresponds to the maximum amplitude of the
cantilever electrostatic oscillation (photodiode output, in V)
per unit of the ac excitation voltage V., and per unit of the
dc offset voltage (V4. — V). We also determined from the
cantilever resonance the experimental value of ¢, at fy:
¢, = 40°. The values of a,dC/dz and ¢, are then described
out of the resonance (®/2n # fy) using an harmonic oscilla-
tor model, using the cantilever quality factor Q =310 (as
derived from the cantilever electrostatic resonance curve).
The cross-talk to the photodiode output has been character-
ized using an external lock-in by its amplitude and phase
(Ap = ay - Vac; @,) with respect to the electrostatic excita-
tion, yielding a,=0.048 and ¢, = 37°. We similarly deter-
mined the amplitude A,,=a,,-V,. of the mechanical
excitation, while its phase ¢,, has been adjusted with respect
to experimental data in Fig. 7. This gives a,,=0.011 and
¢, = —105° at fy. The behaviour of @, and ¢, has been
described out of resonance using an harmonic model as for
dg and Py

The comparison between experimental and simulated
KPFM data with the photodiode cross-talk contribution are
shown in Fig. 6 in which we plot the KPFM regulated dc
bias V. (Figs. 6(a) and 6(b)) and the residual cantilever os-
cillation signal A,,, (Figs. 6(c) and 6(d)) both from experi-
ments and simulations. Each plot in Fig. 6 consists in a set of
V4o or A, data as a function of the KPFM feedback loop
projection angle ¢. The experimental curves (Figs. 6(a) and
6(c)) have been acquired for excitation frequencies between
168 kHz and 170 kHz using steps of 200 Hz. Simulated
curves (Figs. 6(b) and 6(d)) also correspond to excitation fre-
quency steps of 200 Hz. Both the set of curves for V,. and
A, exhibit similar behaviours between experiments and
simulations. In particular, simulations show two distinct
nodes marked by vertical arrows in Figs. 6(b) and 6(d) for
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FIG. 6. (a) Experimental values of V. regulated by the KPFM feedback loop, and plotted as a function of the KPFM feedback loop projection angle ¢, for the
same type of cantilever as in Figs. 3 and 4. Each curve of the plot corresponds to a different excitation frequency or oscillation phase ¢,, across the cantilever
resonance (see text). Experimental data have been acquired in presence of the ac cross-talk to the photodiode, only. (b) Simulated values of the V. potential
regulated by the KPFM feedback loop, using the model of Eq. (2) (see text for the details); (c) Experimental values of the residual cantilever oscillation signal
A, during the KPFM feedback loop operation. The curves correspond to the V. data shown in (a); (d) Simulated values of the residual cantilever oscillation

signal A,,, corresponding to the simulated values of V. in (b).

which the sets of curves for V,. and A, converge. These
nodes correspond to the values of ¢ falling exactly orthogo-
nal to the ac crosstalk vector (A,;¢,). This corresponds to
@ = ¢,%£90° (nullification of the numerator of the first
underbraced term in Eq. (2)), i.e., ¢ = —53° and ¢ = 127°. In
this configuration, the cross-talk to the photodiode does not
interfere with the KPFM feedback loop, so that the KPFM
feedback loop output provides V, .=V, irrespective of the
ac excitation frequency. However, the residual on the photo-
diode A, is not zero although V, .=V, but equals A, for
each node (here ~0.05V). Simulation results fall in good
agreement with experimental data in which the two nodes
can be identified (circles in Figs. 6(a) and 6(c)) with values
close to —50° and 130°. Finally, it is seen that a specific
value of the excitation frequency leads to A,,, close to zero
irrespective of ¢, and corresponds to V. values almost inde-
pendent of ¢. In this situation, the KPFM feedback loop is
insensitive to the internal parameter ¢ so that V,. seems
apparently well-defined. This situation is however peculiar
and corresponds to the cantilever oscillation vector parallel
to the cross-talk to the photodiode (¢, = ¢,,, see the Fresnel
diagram in Fig. 1(b)). The value of the regulated dc potential
V. is thus not equal to V, but rather to Vs — a,/a.,dC/dz, so

that the recorded CPD exhibits a fake dependence with
respect to the tip-substrate distance z, as will be discussed in
the following.

We finally plotted in Fig. 7 the same set of data acquired
also in presence of the cross-talk to the mechanical excita-
tion. The set of curves for V. and A,,, are now changed. In
particular, the two nodes corresponding to ¢ = ¢,=90° are
washed out to the presence of the second cross-talk contribu-
tion. This is due to the fact that the total crosstalk contribu-
tion (A,;¢,) and (A,;¢,) now explicitly depends on ¢
since A,, follows the cantilever resonance as a function of w.
As a result, the condition ¢ = ¢,=90° cannot be defined
irrespective of the excitation frequency , which accounts
for the disappearance of the nodes at ¢ = ¢,+90° in Fig. 7,
as compared to Fig. 6. On a general level, the behaviour of
V4. and A,,, is well-reproduced by the simulations in Fig. 7,
which fully supports the analysis and model of Eq. (2). Some
discrepancies can be observed between the shapes of experi-
mental and simulated curves for V. and A,,, in Figs. 6 and
7, but are likely to originate from the non-harmonicity of the
actual resonance of the cantilever used in these experiments
(see Fig. 3(a) or 4(a)) for sake of illustration). This does not
however alter the overall comparison and the validity of the



144313-7 Barbet et al.

o
T

Regulated KPFM signal V (V)

-200 -150 -100 -50 0 50 100 150 20
Projection angle of the KPFM loop ¢ (degrees)

0.1 T ‘ ] o ‘uwl T

err (V)

0 1 1 1 1 1 1 1 1 1
-200 -150 -100 -50 0 50 100 150 200
Projection angle of the KPFM loop ¢ (degrees)

Residual cantilever oscillation A

J. Appl. Phys. 115, 144313 (2014)

N

-200 -150 -100 -50 0 50 100
Projection angle of the KPFM loop ¢ (degrees)

'
N

Simulated regulated KPFM signal V,_(}
o

o
=

V)

err

-200 -150 -100 -50 0 50 100

Simulated residual oscillation A

Projection angle of the KPFM loop ¢ (degrees)

FIG. 7. Same plot as in Fig. 6 but in presence of the photodiode crosstalk and of the cross-talk towards the cantilever mechanical excitation. (a) Experimental
values of V. and (c) simultaneously acquired values of the residual cantilever oscillation signal A,,,. during the KPFM measurement. (b) and (d) Simulations

using the model of Eq. (2) (see text).

Eq. (2) to describe ac crosstalk effects onto KPFM
measurements.

IV. Z-SPECTROSCOPY OF KPFM SIGNALS IN
PRESENCE OF AC CROSS-TALKS

In this section, we illustrate the artefacts introduced by
ac cross-talks onto the measurement of the surface potential
Vae, as a function of the tip-substrate distance z. This effect
hampers the possibility to properly measure a three-
dimensional spectroscopy of KPFM signals, even though cross-
talk components do not depend on z. As can be seen from Eq.
(2), this problem is due the normalization of the cross-talk com-
ponents by the cantilever oscillation amplitude which is propor-
tional to dC/dz. This makes the cross-talk contributions to V.
vary as (dC/dz)”", as seen for each of the underbraced terms
in Eq. (2). To illustrate this, we performed KPFM experiments
in which we recorded the z-spectroscopy of KPFM signals, and
vary artificially the ratio between cross-talk signals towards the
photodiode (4,) and the electrostatic excitation signal (A,,).
This can be done simply, in practice, by moving the laser spot
of the atomic force microscopy setup across the cantilever, in
order to change the photodiode illumination, and thus to modu-
late the strength of A, versus A,. To separate the cross-talk
effects from the intrinsic evolution with z of the surface poten-
tial V, we also recorded in Fig. 8(a) the z-spectroscopy of

KPFM data recorded by putting the ac + dc bias on the sub-
strate, and in absence of cross-talk contributions. Results are
shown in Fig. 8(a) for various laser spot positions across the
cantilever. Without noticeable cross-talks (data taken here with
the ac + dc bias on the substrate side, triangles in Fig. 8(a)), the
z-spectroscopy of KPFM signals does not depend on the laser
position along the cantilever. However, in presence of signifi-
cant cross-talks (data taken with the ac +dc bias on the tip,
squares in Fig. 8(a)), the KPFM regulated dc bias V. exhibits a
pronounced dependence on z, which can also be modulated by
changing the ratio between A, and A,,. This shows that cross-
talk effects can play a significant role while probing the z-de-
pendence of KPFM signals.

To demonstrate that the spurious cross-talk contributions
induce a well-defined variation of KPFM signals as a func-
tion of z, we used the KPFM data from Fig. 8(a) to isolate
the cross-talk contributions from the total KFPM signal V.
(underbraced terms in Eq. (2)), and hence to suppress the V
contribution from the regulated KPFM signal V.. This is
done simply by summing the KPFM data recorded with the
ac + dc bias on the tip and with the ac 4 dc bias on the sam-
ple.'> We then obtain the inverse of the cross-talk contribu-
tions to V,. as a function of z, as plotted in Fig. 8(b) in
arbitrary units, after normalization for z=400nm. Data
show a well-defined decreasing behaviour typical of dC/dz
as a function of z, in agreement with Eq. (2). This plot
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FIG. 8. (a) z-spectroscopy of KPFM data recorded for the ac + dc excitation
bias on the tip and for the ac+ dc excitation bias on the substrate sides,
respectively. The different curves correspond to various positions of the
laser spot along the cantilever, resulting in a change of the A,, ac oscillation
signal on the photodiode, while the photodiode ac cross-talk contribution A,
stays constant (see text). (b) Plot of the inverse of the cross-talk contribu-
tions to V. for the four laser spot positions used in (a). The cross-talk contri-
butions are obtained by adding the KPFM signal recorded with the ac +dc
bias applied to the cantilever, and the KPFM signal recorded with the
ac +dc applied to the sample side. All curves have been normalized for
z=400nm (see text).

demonstrates that the variations of the CPD values as a func-
tion of z can be dominated by spurious effects due to ac
crosstalks (case of the ac +dc bias on the tip in Fig. 8(a)).
The absence of ac cross-talks is therefore a strong
requirement with respect to three-dimensional KPFM

mapping.

V. KPFM IMAGING ARTEFACTS IN PRESENCE OF AC
CROSS-TALKS

We now discuss the effect of dC/dz terms in cross-talk
contributions onto KPFM images when acquired with a non-
constant capacitance gradient. Artefacts are indeed expected
as soon as dC/dz is not constant in a KPFM scan in presence
of ac cross-talk, for instance in the usual case of the presence
of a nanoscale sample topography. To simplify the discus-
sion, we only refer here to a situation with only a photodiode
cross-talk (A, # 0 and A,,=0). This situation is obtained
using the suppression scheme for A, as described in Ref. 4.
This situation is identical to the case treated in Fig. 6, and
discussed in Sec. III C.

J. Appl. Phys. 115, 144313 (2014)

To illustrate this point experimentally, and in order to
quantify visually the cross-talk effects on KPFM images, we
acquired KPFM images on a TMV biological sample. This is
to our knowledge the first attempt to record charge distribu-
tions along TMVs, beyond early attempts to probe their elec-
tric response using piezoresponse force microscopy.” TMV
is a virus which infects plants (especially tobacco or tomato
plants) and is a very stable biological sample, which can be
easily deposited on many substrates, and imaged in ambient
air by atomic force microscopy.’ It has also been proposed
as a calibration tool in atomic force microscopy since its
dimensions are very well defined.® Viruses have been depos-
ited on a 300 nm silicon dioxide layer grown on a n-doped
silicon substrate, and on a gold-plated silicon substrate, using
a protocol described elsewhere.® Briefly, a drop of 20 ul of
NiCl2 (20 mM) was deposited on the substrates. 2 ul of the
TMV sample solution (at 38nM in 1mM EDTA) was
injected in the drop. After 10 min, the sample was washed
with MilliQ water and dried with the help of a vacuum bell
and a venturi vacuum pump. KPFM images have been
acquired in ambient air conditions. The same scanning pa-
rameters were used for all images. The scan size was set to
2 x 2 um (256 x 256 pixels). Images have been acquired at a
scan rate of 0.1 Hz, either in constant distance (“lift”’) mode,
or in constant height (“linear””) mode, and under Nanoscope
6.14 and Nanoscope 5.1.2 electronics software versions,
respectively. Images have been treated with Gwyddion (ver-
sion 2.34).'>!4

We first investigate TM Vs on silicon dioxide, a situation
in which no charge transfer is expected a priori from the sub-
strate to the TMVs. Following the analysis done in Sec. III C
and Fig. 6, we conveniently demonstrate the consequence of
cross-talks onto KPFM images by comparing the two situa-
tions for which: (A) ¢, = ¢, (oscillation vector parallel to
the cross-talk vector) or (B) ¢ = (ppt90° (cross-talk vector
orthogonal to the projection direction of the KPFM loop). As
described in Sec. IIIC, the situation (A) leads to KPFM
images independent of ¢ but with a maximized (z-dependent)
cross-talk contribution; the situation (B) provides images free
of cross-talk contributions, the only z-dependence of KPFM
signals stemming from the z-dependence of V; in Eq. (2).
Topography and KPFM images of TMVs on silicon dioxide
are provided in Fig. 9, with (top) and without (bottom) cross-
talk effects, and using in KPFM images either the constant
distance (“lift”) mode (left set of images) and constant height
(“linear””) mode (right set of images), with a z tip-offset of
50nm. In absence of cross-talk effects (bottom images),
almost no feature is observable in KPFM images, either
acquired in lift or linear mode, which shows that TMVs are
not charged nor subjected to a charge transfer from the insu-
lating substrate. The lift-mode KPFM images unambiguously
demonstrate that ac cross-talk effects generate a footprint of
the sample topography onto KPFM images. This is due to the
dC/dz component of the artefact contribution (here, the first
underbraced expression in Eq. (2)); and to the fact that in lift-
mode, the tip is artificially moved to reproduce the sample
topography 50 nm above the surface, therefore inducing artifi-
cial local decreases in dC/dz following the sample topography
image. This process is illustrated in Fig. 9 in which a
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Linear mode

FIG. 9. Topography and KPFM images of tobacco mosaic viruses deposited on silicon dioxide. Scale bars are 500 nm. Colour scales are 25 nm (topography
images) and 3mV (KPFM images). Top: images containing ac cross-talk effects (¢, = ¢,, see text). Bottom: images free of ac cross-talk effects
(¢ = ¢,%90°, see text). Each couple of images shows the sample topography (left) and the KPFM image (right), acquired with V,,. =2V, and using a z-offset

of 50 nm in the lift or linear modes.

topographic feature corresponds to a local increase of the tip-
substrate capacitance derivative |dC»/dz| < |dC,/dz| in the
linear mode, while the artificial replication of the sample
topography in the lift mode induces a local decrease of the
tip-substrate capacitance derivative (|dC»/dz| > |dC/dz|)
generated by the imaging mode itself. This obviously repli-
cates the sample topography into the KPFM image in the lift
mode. The fake character of the “topographic” KPFM fea-
tures observed in the lift-mode image in presence of ac cross-
talks can also be seen by the fact that the image shows the
same lateral resolution as the topography image, although it
should contain only long-range Coulomb contributions due to
the large z tip-offset. We now examine the corresponding lin-
ear mode images (right set of images in Fig. 9). Due to the
fact that the tip is here moved parallel to the substrate plane,
KPFM images with ac cross-talk effects (Fig. 9(b)) do not
show the same direct topography artefact as in the lift mode
(Fig. 9(a)). In the linear mode, the change in dC/dz is not
dominated by the artificial increase of the tip-substrate dis-
tance z (leading to a local decrease in dC/dz) but, rather, to a
gradual increase of dC/dz as the tip is moved over a protusion
of the sample topography. This leads to the (less-resolved)
dark features associated to the TMVs in Fig. 9(b), as com-
pared to the bright features associated with the topography
footprint in Fig. 9(a). The linear-mode image of Fig. 9(b)
does not display the same spatial resolution as the corre-
sponding topography image, although it is dominated by
cross-talk effects induced by the increase of dC/dz when the
tip is scanned over the TMVs. This is confirmed by the fact
that the linear-mode KPFM image in absence of cross-talk

contributions (Fig. 9(d)) is identical to the lift-mode image
(Fig. 9(c)), showing here no charging of the TMVs on silicon
dioxide.

We finally examined the case of TMVs deposited on a
gold-plated n-doped silicon substrate. Topography and
KPFM images are shown in Fig. 10 in which we directly
used scanning conditions for which ¢ = ¢,=90° (cross-talk
vector orthogonal to the projection direction of the KPFM
loop, no topography artefacts due to ac cross-talks). Images
are shown both for ¢ = ¢, +90° (top) and ¢ = ¢, —90°
(bottom), and both in lift and linear modes (left and right sets
of images, respectively). Both sets of images for ¢ =
¢,+90° are almost identical, except for the signal to noise
ratios, which are different due to the use of different excita-
tion frequencies. Although cross-talk effects have been sup-
pressed, both lift-mode images (Figs. 10(a) and 10(c))
display a topography footprint effect, as due to an explicit z-
dependence of the surface potential V. As a result, the use of
the lift-mode for KPFM imaging—which artificially repro-
duces the sample topography above the surface—also indu-
ces an artificial variation of the recorded V; following the
sample topography, leading to the observed topography foot-
print. This footprint is avoided while imaging in the linear
mode image shown in Figs. 10(b) and 10(d) in which the
TMVs are imaged as dark features, which evidences a nega-
tive charge transfer from the Au substrate towards the
TMVs. It is also seen that the amplitudes of KPFM signals in
the image in Figs. 10(b) and 10(d) do not strictly correlate
with the TMV topography, i.e., the TMV charging is not ho-
mogeneous along the TMV particles. This point is a clear
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Linear mode

FIG. 10. Topography and KPFM images of tobacco mosaic viruses deposited on Au-plated silicon. Scale bars are 500 nm. Colour scales are 25 nm (topography
images) and 30 mV (KPFM images). Images in this figure have been taken without ac cross-talk effects (cross-talk vector orthogonal to the KPFM projection
angle), and for ¢ = ¢, + 90° (top) and for ¢ = ¢, — 90° (bottom). Each couple of images shows the sample topography (left) and the KPFM image (right),
acquired with V,.=2V, and using a z-offset of 50 nm in the lift or linear modes. Linear mode images ((b) and (d)) show the charge transfers between the Au

substrate and the TMVs.

indication that the linear mode KPFM imaging of the TMVs
has been properly achieved and is not subjected to any
artefact.

VI. CONCLUSION

In conclusion, we have provided in this paper a compre-
hensive study of ac cross-talk effects onto KPFM imaging.
Such effects manifest first by a dependence of regulated
KPFM signals as a function of the KPFM set-up internal pa-
rameters, such as the cantilever excitation frequency w/2n
and the projection angle ¢ of the KPFM feedback loop.
They also induce a fake dependence of the measured KPFM
signals as a function of the tip-substrate distance z, thus pre-
venting, if present in experiments, from a reliable spectros-
copy of KPFM signals as a function of z, and hence, from
the possibility to perform a three-dimensional KPFM imag-
ing. It was also shown that ac cross-talks additionally gener-
ate imaging artefacts in the form of topography footprints
onto KPFM images, especially in constant distance (lift)
modes of imaging. This point was unambiguously demon-
strated, taking as an example the case of KPFM imaging of
tobacco mosaic virus samples on insulators and metal sub-
strates. Instrumental ac cross-talks should therefore be care-
fully considered in KPFM techniques requiring large ac
frequencies, such as amplitude-modulation KPFM, or, e.g.,
frequency-modulation KPFM in liquid environments.
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