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Electrostatic force microscopy (EFM) allows measurement of tiny changes in tip-sample
capacitance. When nanoobjects are studied by EFM, they only contribute a very small fraction of
the total capacitance between the tip and the sample. We show that the analysis of 3D maps of the
EFM signal allows extracting the contribution of the nanomaterial to the total capacitance. This
opens the way to applications of EFM as a measure of the dielectric coefficient of electrically
insulating nanomaterials or the quantum capacitance of conducting nanomaterials. We apply this
method to study the charge response of magnetite, Fe;O4, nanoparticles. © 2013 American Institute

of Physics. [http://dx.doi.org/10.1063/1.4790587]

As a very sensitive probe of electric field, electrostatic
force microscopy (EFM) is well adapted to the study of
charge response of nanosized materials. This technique has
been used for discriminating insulating from metallic nano-
tubes,'? measuring their charging capacity,”> and meas-
uring the dielectric coefficient of insulating nanoparticle
(NP) and viruses.® EFM is also of fundamental interest as
it could be used to measure the charge compressibility
K =dn/du of conducting nanomaterials. The charge com-
pressibility is a fundamental thermodynamic property of
electronic systems whose determination requires measure-
ments of the charge response on the scale of the screening
length (2 ox 1/ ¢%k).”® For simple metals, the charge com-
pressibility is large and is simply related to the density of
states, n o< (1>/> = dn/du o p'/?; in contrast, for band insu-
lators, the charge compressibility is close to zero. In corre-
lated electronic materials, the charge compressibility is
expected to be altered by electron-electron interactions as
illustrated by the transition from correlated insulators to
metal® where it has been predicted to diverge.'®

The major limitation of the technique is that the scan-
ning metallic tip is capacitively coupled not only to the nano-
material under study but also to the surrounding substrate.
This hampers dramatically the extraction of quantitative
information from the EFM measurements.

In this study of magnetite NPs, we show that by acquir-
ing 3D maps of the EFM signal, it becomes possible to
extract the capacitive contribution of the NP to the EFM sig-
nal, without requiring to numerical modeling of the NP-tip
system. Thus, because no assumption is made on the tip or
the substrate, this method makes EFM measurement more
quantitative.

Magnetite has the inverse spinel structure in which the
Fe" ions and half the Fe’* ions are randomly distributed in
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the octahedral sites. The remaining Fe*" ions are in the tetra-
hedral sites. Above the Verwey temperature (T ~ 120 K for
bulk materials), magnetite is a semi-metal where electron
transport is attributed to electron exchange between Fe’*
and Fe?" sites. Upon decreasing the temperature, the con-
ductivity decreases abruptly below the temperature of the
Verwey transition'' where the cations in octahedral sites
order in alternating layers of Fe?* and Fe** ions.

The Verwey transition is altered by size effects. For
magnetite thin films, the transition is broad'*'* and only a
crossover between a high temperature metallic phase and a
low temperature insulating phase is observed. In NPs, size
effects are expected to broaden the Verwey transition even
more. Furthermore, possible oxidation of NPs can destroy
their metallic state, transforming Fe;O, into its insulating
sibling, the maghemite Fe,Os. Thus, because of disorder and
oxidation, the nature of the electronic phase, metallic or
insulating, is difficult to predict in magnetite NPs.

Undecanoic acid-capped Fe;O4 NPs of an average size
of about 10nm (Fig. 1(a)) are obtained by the reaction
of iron(Ill) acetylacetonate in benzyl alcohol at 175°C
followed by a ligand exchange process as previously

FIG. 1. Panel (a) TEM images of magnetite NPs. Inset, power spectrum of
the particle indicated by the arrow. Panel (b) AFM topography image of the
sample. Inset, zoom on the AFM topography image.

© 2013 American Institute of Physics
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described.'* The ligand exchange process allows the reduc-
tion of the size dispersion and to obtain a stable colloidal so-
lution in a non-polar solvent (e.g., hexane). The NPs are
highly crystalline and single crystal as demonstrated by the
power spectrum in the inset of Fig. 1(a). To prepare the sam-
ples for EFM measurements, we depose a small quantity
(~100 ul) of NPs onto a silicon substrate covered by a thin
layer of Pd (~10nm). To remove as much as possible of the
organic ligands, the sample is baked at 300 °C in high vac-
uum (10 ® mbar).

In EFM, the electrostatic force exerted on the tip is
given by

_dUa __10C, 0

F= dz 2 0z

where the electrostatic energy U, = (1/2C)A¢?* is a func-
tion of A¢ = ¢, — Pyampie + V', the electrochemical poten-
tial difference between the tip and the sample added to the
applied voltage V, and C the total capacitance. Atomic force
microscopy (AFM) and EFM measurements are carried out
with a home-built variable temperature microscope installed
in ultra high vacuum. The force detection is based on mea-
surement of frequency shift f of a quartz tuning fork, which
depends on the force exerted on the tip through the relation
f=—dF /alz.15 Typical amplitude oscillation of the tuning
fork is about 5nm. The Pt/Ir 200 nm radius tips glued onto
the tuning fork were prepared by electrochemical etching.
Topographic images are typically recorded with a frequency
shift of f'set to —4 Hz, Fig. 1(b).

To improve EFM resolution, an AC voltage
(Vac ~500mV, o = 30Hz) is applied in addition to the DC
voltage (Vpec = 1V), which gives a total applied voltage
V = Vpc + Vac cos(wt). This leads to a frequency shift due
to electrostatic force given by

F(Hz) = fpc + fi cos(w1) + fae, cos(2wt)

1 1%
Jfoc = EC”(Z) {Véc + %} (@)

Jo= C”(Z)VDCVAC7 oo = CN(Z)VEXC7

where C"' = % The first harmonic f,, and the second har-
monic f>,, are measured with a lock-in amplifier. As sketched
in Fig. 2(a), the following multipass sequence is used. For
each scan line, the height z is recorded. Then, the tip is re-
scanned at the distance z;;; = zo + h;, where h; is a constant
offset, during which all electrostatic force components
(fo, frw» fpc) are acquired. This sequence is repeated for 9
different height offsets /;, where j = 1...9. This led to the
formation of a three dimensional map of the electrostatic
force, which takes about 10 h to acquire.

These 3D maps are shown Fig. 3 for three temperatures,
T = 300K, 160K, and 70K. Only f,, is shown as the signal
to noise for f>, was too small in those measurements. From
these maps, we can extract fj,,, and fyp, the frequency shifts
measured far and above the NP, respectively.

Figure 4(d) shows f;,;, and fyp as a function of h;, which
show that both quantities decrease to large negative values
as the tip approaches the surface, due to the increasing ca-
pacitance between the tip and the surface. The slope of those
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FIG. 2. Panel (a): Sketch of the multipass sequence used to acquire the 3D
EFM map. Panel (b) main panel: Sketch of the capacitive contributions to
the EFM signal. Inset: Schematic description of the evolution of the voltage
from the tip to the substrate across the NP.

curves change with temperature because of changes in the
sensitivity of the tuning fork. As we will see below, our
extraction of the contribution of the NP to the EFM signal
does not depend on sensor details such as oscillation ampli-
tude or stiffness, which is one remarkable observation of this
work.

Figures 4(a) 4(c) show the EFM profiles of (X) = f.,(X)
— fsup as the NP is scanned for different heights and tempera-
tures. In these profiles, |f,,(X)| decreases as the tip scans the
NP. To understand this, Fig. 2(b) provides a sketch of the
different capacitive contributions to the EFM signal, which
are Cy,, the capacitance between the tip and the metallic sub-
strate and Cyp the capacitance between the tip and the NP.
Cyp includes the charge response from the NP material itself.
For insulating NPs, Cyp depends on the dielectric coefficient
€ of the NP through the relation Cyp = €C¢, where Cg is the
geometric capacitance. For metallic NPs, Cyp = CcCp/
(Cg + Cp), where Cy is the quantum capacitance, which is
related to the electronic compressibility of the NP.”®

Far (in the XY plane) from the NP, the tip/sample capac-
itance can simply be written as C = Cy,(z = zo + h;). Above
the NP as C = Cyp + Cyp(z = 2o + hj + D), where D is the
NP diameter measured in the topography image. As the tip
scans the NP in the X direction (moves above the NP), the
relative change in the capacitance 6C can be written as

oC 1 [0Csup

= — - D+ Cyp|. 3

Cmb Csub |: 82 * NP:| ( )
The first term of Eq. (3) represents the change in the tip-

substrate capacitance as the tip rises above the NP position.

Indeed, as the NP shows up as a bump of height D ~ 10 nm
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FIG. 3. Panels (a): Topography images of magnetite NPs taken at different tem

peratures. The full size width of the images are, respectively, W 180 nm,
270 nm, and 570 nm, from left to right. Panel (b): First harmonic of EFM signal,
where each image column is acquired at 7 70K, 160K, and 300K, respec

tively. Note that the NP chosen for 3D maps presented typical size and capaci

tive signal with respect to other NP seen in large scans. Panel (c): Finite element
simulation of the EFM signal for NPs with dielectric coefficient ¢ 1 and
screening length 2 10D, D, 0, respectively.

in the topography scan, when the tip is re-scanned with a con-
stant offset £;, it will also rise by the amount D ~ 10 nm at
the vertical of the NP position. Thus, it is important to notice
that even a NP with no charge response, i.e., € =1 and
x = 0, will be visible in the EFM image because of this first
term, which is only related to the z-dependence of Cj,,, and
does not include the charge response of the NP. This mecha-
nism of EFM image forming was checked by finite element
modeling16 where we calculated C" images, shown Fig. 3(c),
for semiconducting NP of increasing carrier concentration,
i.e., increasing charge compressibility. In this simulation, we
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FIG. 4. Panels (a) (c): Frequency shift profile  Jf(X) (foX)  faw)
extracted from the images shown Fig. 3, taken at different height offset A;
and different temperatures. The minimum in the curves correspond to the
location of the NP. Panel (d): Frequency shift f;,,, is f,,(X) when measured
far from the NP, and fyp when measured at the vertical of the NP.

find that the NP with the smaller charge compressibility pro-
duces the largest change in the EFM image. Furthermore, as
the charge compressibility increases, f,, decreases due to a
positive capacitive contribution that comes from the NP. This
contribution Cyp is the second term in Eq. (3).

Using the fact that the frequency shift is proportional
to the second derivative of the capacitance (f o< C"") and that
C x z%, Eq. (3) can be written as'®

CNP o 1

Csuh (OC - Z)fSub [5f 5fhﬂ]7 (4)
where 6f = fvp — fou» and Jfyy, represents the small change in
the frequency of the tuning fork due to the substrate when the
tip lifts while passing above the NP. All quantities on right
hand side of Eq. (4) can be extracted from the 3D EFM map:
Ofiir: can be obtained from Fig. 4(d), Jf can be obtained from
the EFM profiles, Figs. 4(a) 4(c) (plotted in Fig. 5(a) as a
function of offset height), and D can be obtained from the
topographic image. The ratio % obtained is shown Fig. 5(b)
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FIG. 5. Panel (a): Frequency shift difference Jf obtained from the profile
shown Fig. 4, taken at different height offset /; and different temperatures.
Panel (b): Contribution Cyp/Cyy of the NP to the capacitive signal at 160 K
and 70 K, showing that the NP contributes to 0.3% of the full capacitive sig
nal between the tip and the substrate. This NP contribution goes to zero at
large tip sample distance and does not change with temperature, as expected
for an insulating dielectric NP. The metallic and insulating limits are shown
as dotted lines at low tip/sample distance for comparison.
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as a function of the tip height offset for the two lowest tem-
peratures. We find that this ratio goes to zero at large dis-
tance, as expected, because the NP contribution decreases as
the height offset increases monotonically. This observation
confirms the relevance of our analysis. As the height offset
decreases, we find that the NP contribution to the total capaci-
tance increases, reaching a maximum of 0.5%, for the two
temperatures T = 70K and 7' = 160K (300K data could not
be analyzed due to poor signal/noise ratio seen in the Fig. 3).
Within the experimental uncertainty, this shows that the
charge response of the NP does not change with temperature.
If the NPs were metallic, we would see a large change
between the two temperatures as the Verwey temperature is
between these two temperatures. This implies that the NP is
insulating and that the main response of the NP to the electric
field is through a dielectric response with € > 1. This conclu-
sion was corroborated by XPS spectra of the NPs prepared
under the same conditions that have shown that the NP was
probably of the Fe, O3 stoichiometry, Fig. S3.

Before concluding, a few comments are in order. First,
if the NP had no charge response (k = 0,¢e = 1), the ratio
Cnp/Cyup would remain equal to zero even close to the NP.
In that case, scanning the NP in the X direction or lifting the
tip of an height D, far from the NP, provides an equal change
in f,,, which cancel each other in the formula Eq. (4). This
behavior was confirmed by finite element simulations,
Fig. S2. In contrast, in the case of a finite dielectric response
(e>1) or a non-zero charge compressibility (i > 0),
Cnp/Cyup will deviate from zero as h; decreases. Second, if
the NP is perfectly metallic, the second term is null and
Cnp/Cyup teaches the maximum value of 1.3%, shown
Fig. 5(b), due to the fist term of Eq. (4). As a last comment,
in this work, we only express the NP contribution relative to
tip-substrate capacitance. However, using calibrated tip,
whose capacitance to a flat sample is known, an absolute
measure of Cyp could be obtained.

Appl. Phys. Lett. 102, 053118 (2013)

To conclude, we have shown that by acquiring 3D EFM
maps of a single NP, it is possible to extract the tip-NP con-
tribution to the capacitive EFM signal by substracting the
tip-substrate capacitive contribution, which is known from
the z dependence of the EFM signal. Applying the technique
to undecanoic coated FeO, NPs, we could establish that the
NPs behave as insulating dielectric materials.
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