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Abstract

We demonstrate that a quantitative analysis of the contrast obtained in electrostatic force
microscopy images that probe the dielectric response of the sample (scanning polarization force
microscopy (SPFM)) requires numerical simulations that take into account both the
macroscopic shape of the tip and the nanoscopic tip apex. To simulate the SPFM contrast, we
have used the generalized image charge method (GICM), which is able to accurately deal with
distances between a few nanometers and several microns, thus involving more than three orders
of magnitude. Our numerical simulations show that the macroscopic shape of the tip accounts
for most of the SPFM contrast. Moreover, we find a quasi-linear relation between the working
tip—sample distance and the contrast for tip radii between 50 and 200 nm. Our calculations are
compared with experimental measurements of the contrast between a thermally grown silicon

oxide sample and a few-layer graphene film transferred onto it.

(Some figures in this article are in colour only in the electronic version)

1. Introduction

Electrostatic force microscopy (EFM) [1] has been used
to designate different operational modes of scanning force
microscopy (SFM) that probe electrostatic forces between a
tip and a sample. EFM is a very powerful technique to study
different physical properties of surfaces. One of these modes,
called scanning polarization force microscopy (SPFM) [2],
probes the dielectric response of the surface in a non-contact
regime, allowing the direct characterization of the surface of
both liquids and solids. SPFM is used in combination with
the more conventional Kelvin probe microscopy (KPM) [3, 4]
to obtain simultaneously information about surface charge
distribution. In spite of the possibilities offered by the
combination of these two techniques, the information related
to the surface potential obtained by KPM mode has been
exploited but only to a limited extent, due to the rather
involved interpretation of KPM images [5]. However, the
relevant information associated with the dielectric response
of the surface is much less explored [6], in part because
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of the convolution of such a contribution with surface
topography [7].

In this work we present a technique to measure the
contribution of the dielectric response to the SPFM signal.
We employ the generalized image charge method (GICM)
to numerically simulate the electrostatic interaction between
the EFM tip and the surface under study and show that a
knowledge of the tip geometry is crucial. To demonstrate this
we analyze the experimental SPFM signal for a system that
consists of a few-layer graphene sheet on a silicon surface.
Graphene, nowadays an extensively studied system because
of its remarkable physical properties, namely its high carrier
mobility [8], its control on the electronic structure [9] and
the possibility to tune the density and type of carriers [10],
is a truly two-dimensional single crystal of carbon atoms
arranged in a honeycomb lattice [11]. The structural and
electric properties of graphene make it a promising candidate
as a building block for a novel generation of nanoelectronic
devices [12-14]. We have chosen such a system because
both materials are rather flat, stable in ambient conditions and
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because of their huge difference in dielectric constants. An
important outcome of the present work is that, in order to
extract relevant physical information from the obtained images,
the macroscopic shape of the tip, rather than the nanoscopic
shape of the tip apex, has to be considered, due to the long-
range nature of the electrostatic forces. Although it is already
well known that the detailed shape of the tip must be taken into
account for a precise quantitative analysis of the electrostatic
forces [15], simplified models approximating the tip by a
sphere have been widely successfully used [2, 16]. In this
study we show that such simplified models are completely
insufficient to reproduce the observed images when materials
with clearly differentiated dielectric response are involved.

2. Experiments

All the experiments shown here were carried out at room
temperature with an Agilent 5500 atomic force microscope
(Agilent Technologies, Santa Clara, USA). This AFM
has been home modified to operate in the SPFM mode.
Commercial soft rectangular silicon cantilevers coated with
a ~25 nm platinum—iridium—chromium film (PPP-CONTPt,
Nanosensors, Neuchatel, Switzerland) were used for SPFM
and contact experiments. Such cantilevers had a nominal
spring constant of ~0.5 Nm~! and a resonance frequency
of ~13 kHz. SPFM experiments were performed at 4 kHz
oscillation frequency, thus well below the cantilever resonance.
The microscope head was enclosed in a glove box to control the
environment. Humidity control was achieved by circulating
dry N, to decrease relative humidity (RH). All experiments
where performed under low humidity conditions (RH < 10%).
Working in a low humidity environment is crucial since it is
known that the electrostatic properties of the SiO, surface [17]
and the graphene films [18] are very sensitive to RH. In
addition, the measurements can become strongly unstable by
the formation of a water neck meniscus between the tip and the
sample, especially when electric fields are present [19].

Few-layer graphene (FLG) films on silicon wafers were
prepared using the conventional micromechanical exfoliation
technique [12], where a flake of bulk Kish graphite is
repeatedly cleaved with an adhesive tape and pressed
down onto a silicon wafer coated with 280 nm thermally
grown silicon oxide. Standard wafer protection tape for
microfabrication by ICROS was used.

3. Theory

To perform SPFM, a conductive tip is brought about 10-20 nm
above the sample surface and electrically biased to a few volts,
creating attractive electrostatic forces between the tip and the
polarizable surface. The external voltage applied to the tip is
of the form

Vlip = Vdc + Vac Sin((l)t), (1)

where Vg, and V,. correspond to the dc and ac voltages,
respectively, and o to the oscillation frequency. Assuming

parallel-plate capacitor geometry for the tip—sample system,
the force sensed by the tip can be expressed by [4]

Fe 19C Ve ) 5

- 5 a_Z tip ¢) ( )

where C and ¢ stand for the capacitance and the local

contact potential difference between the tip and the sample,

respectively, and z represents the direction perpendicular to

the surface. Expanding equation (2) using equation (1),

the following expressions for the w and 2w components are
obtained:

aoC )
F, = r [(Vac — @) Vae sin(wr) ] (3
z
10C
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Two lock-in amplifiers are used to measure the F'(w) and
F(2w) forces experienced by the tip at the first and second
harmonics, respectively. In SPFM the second harmonic term
is used for feedback control. A feedback loop maintains the
amplitude of the 2w component of the lever oscillation constant
by controlling the z piezodisplacement. It is important to
emphasize that the F(2w) term contains mixed information
on topography and sample polarizability. Increases in sample
polarizability on the sample are observed in the SPFM images
as changes in apparent height due to the piezoretraction
to compensate the increase of the electrostatic interaction
between the tip and the sample. We make use of this property
in the present work [7]. The first harmonic term F(w) is
proportional to the tip—sample contact potential difference (see
equation (3)). A second feedback loop adjusts Vg, to null
the F(w) component, thus providing a direct measurement of
the tip—surface contact potential difference as for the KPM
technique.

4. Results

Figure 1(a) shows contact (top), SPFM (middle) and KPM
(bottom) images of a few microns wide FLG sample. Several
protrusions due to 3D folding of the FLG can be observed.
From contact measurements of flat areas the FLG thickness H
was estimated to be H = 1.6 £ 0.4 nm. Assuming a graphite
basal plane separation of ~0.3-0.4 nm, this leads to an FLG
formed of ~5 layers. However, it has been recently reported
that a single graphene layer can also exhibit 1.6 nm step heights
due to the uncertain FLG-SiO, interfacial contribution (most
probably due to water), since such samples are prepared in
air [12]. Therefore, our sample could also consist of a single
monolayer. The KPM image taken simultaneously with the
SPFM image (figure 1(a), bottom) shows a contact difference
potential slightly less positive in the FLG region as compared
to the SiO, substrate, as has been already reported in the
literature [20].

The SPFM image is an amplified replica of the topography
of the FLG film obtained from the contact image (see profiles
in figure 1(b)). We are even able to observe some of the
larger protrusions observed in the contact image. This fact



Nanotechnology 20 (2009) 285704

G M Sacha et al

(b)

60
50
40
30
20

Height (nm)

\
|
\\
10 A JM\WW«

0

6000 8000 10000 12000

z (nm)

.

4000

12.5 um

2000

0

L /€=39
2000 0  -2000 -4000
X (nm)

4000

Figure 1. (a) Contact (top), SPFM (middle) and KPM (bottom)
images taken for an FLG film transferred onto a SiO, surface.

(b) Measured height for both contact (blue, upper) and SPFM (red,
lower) images. (c) Generalized image charge method simulation of
the electrostatic potential including the nominal macroscopic shape
of the tip: R=50nm, V =7.5V,0 = 10° and L = 12500 nm.

indicates that the loss of resolution due to the higher tip—
sample distance [21] in SPFM, evaluated in the 10-20 nm
range, has a minor effect for images of this size. Note the large
difference in the height between contact (1.6 nm) and SPFM
(50 nm) images. This difference in the measured thickness
is due to the fact that in SPFM differences in F (2w) (0C/0z
term in equation (4)) include the contributions from both the
topography and the dielectric constant of the sample. The
different dielectric constant between the FLG (¢ ~ o0) and
SiO; (¢ = 3.9) becomes the main contribution to the measured
thickness. We point out the importance of using homogeneous
planar surfaces in order to correctly characterize the actual
topographic height.

5. Discussion

To quantify the large difference between the SPFM signal and
the topography, we have simulated the electrostatic interaction
with the generalized image charge method [22] (GICM). The
GICM is based on the replacement of the tip by a set of
point charges and segments that are adjusted in order to keep
the electrostatic potential constant over the tip surface. The
electrostatic force (and force gradient) can be obtained directly
from the interaction of the charges inside the tip with their
images or from the derivative of the capacitance C with respect
to the tip—sample distance since F© o« dC/dz. One of the
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Figure 2. Simulations of the electrostatic force for both a metallic
(¢ ~ 00) and dielectric (¢ = 3.9) sample for a spherical

(R =50 nm) (a) and a macroscopic (R = 50 nm, # = 10° and

L = 12500 nm) tip (b). The SPFM displacement for D = 20 nm is
shown in both figures. In both cases V = 7.5 V.

main advantages of this method is that macroscopic elements
such as the sample or the cantilever can be included in the
simulation by a series of image charges [23]. As reported
before, the GICM is able to deal with distances between a few
nanometers for the tip—sample distance D and several microns
for the tip length L [24]. This characteristic can be used to
analyze the influence of the macroscopic shape of the tip in
the SPFM signal. To simulate the tip, we have considered a
generic tip with a half-angle 6 = 10°, L = 12.5 um, tip radius
R between 50 and 200 nm and an applied voltage V = 7.5 V
(see figure 1(c)).

In figure 2 we show the electrostatic force F' as a function
of D for both FLG and SiO,. Following the asymptotic
potential approach [25] and taking into account that the
thickness of SiO, is almost an order of magnitude smaller
than the tip length, FLG is approximated for simplicity by
a semi-infinite metallic sample. In this case, the voltage
on the graphene is nearly the same as the one on the Si
backgate, which is grounded during the experiment. Moreover,
its large size compared to the tip prevents the electric field
from penetrating in SiO,, which is located below. SiO, was
included in the simulation as a semi-infinite dielectric sample
with ¢ = 3.9. To estimate the SPFM displacement (Dsprym)
we focus on a fixed D for SiO, and calculate the distance that
would give the same force over the FLG. For clarity, we have
explicitly shown this process in figure 2 for D = 20 nm.

As depicted from figure 2(a), Dsprym for a spherical tip lies
below 10 nm. However, figure 2(b) shows that the contrast for a
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macroscopic tip with the same R can be increased up to 60 nm,
in good agreement with the experimental values shown in
figure 1. This large difference is due to the slower convergence
that the F versus D curve suffers for a macroscopic tip
over a metallic sample when D increases. Due to the long-
range nature of the electrostatic force, the very high mutual
polarization between the FLG (metal) and the macroscopic
shape of the tip is felt at distances as large as D = 100 nm.
Focusing on the differences in the contrast values between
the spherical and macroscopic tip, we conclude that the main
contribution to the SPFM contrast is essentially due to the
macroscopic shape of the tip and to a limited extent to the shape
of tip apex.

Figure 3 shows calculated Dsppy values for R = 50,
100, 150 and 200 nm compared to measured Dsppy values
as a function of D. Below 12 nm tip—sample distance the
operation in the SPFM mode becomes unstable, even at low
humidity, with the risk of snapping to contact. Although the
GICM is optimized for including differences of several orders
of magnitude in the simulations, it cannot accurately simulate
tip radii below 50 nm due to the large difference with the tip
length (12500 nm). Although direct comparison cannot be
made between theory and experiments, we can observe that the
experimental values are placed in the lower limit of the curves,
which correspond to the lowest values of the tip radii (SEM
images gave R = 25 &£ 5 nm for the tips of the batch used in
the experiments). On the other hand, the difference between
theory and experiments for large values of D is the result
of the increasing contribution of the conducting cantilever to
the SPFM signal, which becomes more important at larger
distances due to the decreasing contribution from the tip. The
large dimension of the cantilever (30 um wide) compared with
the graphene (4 um wide, see figure 1) means that at any time
during the measurements part of the cantilever is on top of the
graphene and part of it is on top of the SiO, substrate, and thus
the contribution of the cantilever to the image is a convolution
of both interactions. This effect might be reduced by reducing
the dielectric constant of the cantilever side exposed to the
sample while preserving the metallic conductivity of the tip and
cantilever (i.e. metallic coating on the detector side), having in
mind the need for using low force constant cantilevers, ideally
<1 Nm™!, in order to enhance the force sensitivity. Such
technical improvements are being considered as a future work.

As we can see in figure 3, Dsppy is an almost linear
function of D for all the tip radii. A good knowledge of
D could be used to estimate the effective electrostatic tip
radius [26]. Moreover, as shown recently, results from figures 2
and 3 could be also combined with artificial neural networks
to simultaneously estimate D and the effective electrostatic
tip radius [27]. The relevance of the tip radius and shape
shown in figures 2 and 3 is in good agreement with previous
works [24, 28-30] where the electrostatic signal in different
setups (electrostatic force microscopy, Kelvin probe force
microscopy, non-contact atomic force microscopy, scanning
capacitance microscopy, ...) has been analyzed. Although
the electrostatic force always depends on the tip geometry
when the sample is dielectric, its influence in the final image
strongly depends on the microscope setup [29]. Using the
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Figure 3. Simulated SPFM displacements compared with
experimentally determined displacements as a function of the
tip—sample distance. The experimental points correspond to three
different measurements made in different sessions. Scanning electron
microscopy images of the brand new tips gave a tip radius of

R =25+ 5nm.

results shown in figures 2 and 3, we can quantitatively compare
the influence of the macroscopic shape of the tip and the tip
apex in SPFM. As we show in figure 2, the macroscopic shape
of the tip makes the SPFM contrast six times bigger than that
of a spherical tip with the same radius. If figure 3, however, the
numerical simulations show that changes in the tip radius have
a much smaller effect. For example, focusing on the smallest
tip—sample distance in figure 3 (2.5 nm), the SPFM contrast
takes values between 27 and 67 nm for tip radii between 50
and 200 nm. A four times bigger tip radius only doubles the
contrast. This effect is much smaller than the one shown in
figure 2 (six times bigger) due to the macroscopic shape of the

tp.

6. Conclusions

In conclusion, we have found a large contrast in SPFM
images of FLG transferred onto a SiO, surface due to the
differences in dielectric response. Using the generalized image
charge method, we have shown that the macroscopic shape of
the tip must be included in the simulations to quantitatively
reproduce the experimental SPFM images. More than this, the
main contribution to the SPFM comes from the macroscopic
shape instead of from the tip apex. From the theoretical
simulations, we have found a quasi-linear dependence of the
SPFM tip displacement with the tip—sample distance. This
simple relation can be used to estimate the SPFM working tip—
sample distance and/or the effective electrostatic tip radius.
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