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Probing Nanoscale Dipole-Dipole Interactions by Electric Force Microscopy
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We address the issue of dipole-dipole interaction measurements at the nanometer scale. Electric
dipoles with tunable effective momentum in the range 10~10* D are generated by charge injection in
single silicon nanoparticles on a conductive substrate and probed by a spectroscopic electric force
microscopy analysis. Weak dipole-dipole force gradients are measured and identified from their
quadratic momentum dependence. The results suggest that dipolar interactions associated with
atomic-scale charge displacements or molecules can be probed by noncontact atomic force microscopy.
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Dipolar interactions govern many elemental processes
in the organization of matter at the nanometer scale in
physics or chemistry. In molecules, dipoles of the order of
a few debye originate in intramolecular charge displace-
ments and can lead to intermolecular force fields driving
the organization of molecular aggregates on flat surfaces
as resolved by scanning tunneling microscopy experi-
ments [1]. A direct control of dipolar intermolecular
interactions has even been recently achieved using mole-
cules synthesized with appropriate dipolar group loca-
tions and leading to specific self-assembling properties
[2]. A dipolar behavior is also expected from semicon-
ductor nanostructures such as CdSe nanorods, exhibiting
a structural permanent dipole along their ¢ axis with a
few hundred debye moments, and enabling a collective
orientation of the nanostructures in transient electric-
field experiments [3]. Dipole interactions also participate
in noncontact atomic force imaging mechanisms on in-
sulator surfaces [4], and on semiconductors such as the
7 X 7 reconstructed (111) silicon surface, where atomic-
scale charge displacements associated with surface dan-
gling bonds induce significant image dipole moments at
the tip apex [5].

All these experiments in the fields of physics and
chemistry raise the question of the identification and of
the measurement of dipole-dipole interactions at the
nanometer scale. This issue is of fundamental interest in
order to understand the reactivity or local charge transfers
on surfaces and to quantify force fields between nano-
structures or molecules on surfaces. We demonstrate ex-
perimentally in this Letter that dipole-dipole interactions
can be identified using an atomic force microscope oper-
ated in the electric force microscopy (EFM) mode [6].
Our results suggest that electric force microscopy is very
promising to measure and study the weak interactions
associated with charge transfers at the nanometer scale.

To identify dipole-dipole interactions, we experimen-
tally generate surface dipoles with tunable effective mo-
mentum in the range 10°-~10* D by charge injection in
silicon nanoparticles on a conductive substrate [7,8]. The
force gradients associated with the surface dipoles are
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then measured by EFM measurements. From a careful
analysis of EFM signals, it is shown that the dipole-
dipole interactions between the surface dipoles and their
cantilever tip image can be dissociated from usual dipole-
charge EFM interactions [9]. The dipolar interaction is
then unambiguously identified from its squared momen-
tum dependence.

Experiments are sketched in Fig. 1. We use a silicon
nanoparticle of height # =50 nm and base radius =
40 nm as charge storage node. The charge injection [8]
is performed by bringing the EFM tip apex in contact
with the top of a nanoparticle and biasing the tip at Vjy;
with respect to the substrate so that an amount Q of
charges tunnels into the nanoparticle through its native
oxide of thickness = 1.5 nm [Fig. 1(a)]. The charge stor-
age is ensured by the nanoparticle native oxide, with
typical retention times of the order of 5 to 10 min [8],
greater than the time ( = 40 s) required to collect a com-
plete set of EFM data. Because of the presence of a
conductive substrate (here a silicon wafer with 10 ) cm
resistivity), stored charges get screened by their substrate
image, which forms a dipole located on the substrate sur-
face. Its momentum is given at the lowest order by
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FIG. 1. (a) Injection of an amount Q of charges in a single
silicon nanoparticle (gray) of height # by tunneling through
the nanoparticle native oxide (white) from the EFM tip biased
at Viy;. (b) Equivalent surface dipole Q X h /& (see text). When
the tip is scanned at a distance z over the substrate plane, the
dipole interacts with its tip image. In a plane geometry, this
image dipole of momentum Q X /e would be located at 2z
over the substrate plane.
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Q X h, where h is the nanoparticle height, but this di-
pole is also screened by the nanoparticle dielectric
medium (here with dielectric constant & =~ 12), leading
to an effective surface dipole with equivalent momentum
Q X h/e. Dipole-dipole interactions then take place
when scanning the nanoparticle in the EFM mode with
the metallized cantilever tip apex located at a distance z
over the substrate plane [see Fig. 1(b)]: the surface dipole
interacts with its electrostatic image with respect to the
metallized tip [see Fig. 1(b)], which would be located at a
distance 2z over the substrate plane and of effective mo-
ment Q X h/e in a plane geometry approximation.

To detect this interaction, we perform EFM measure-
ments which consist in recording the shift Af of the
cantilever resonance frequency with respect to its nomi-
nal frequency f, when the tip is oscillated in a linear pass
at a fixed distance z over the substrate plane [Fig. 2(a)].
For Af < f,, the frequency shift Af corresponds to a
cantilever effective spring constant shift Ak = 2kAf/ f,.
Ak is the opposite of the gradient of electrostatic forces
acting on the EFM cantilever tip. The distance z between
the EFM tip apex and the substrate plane is set to z =
100 nm, thus discarding short-range surface forces in the
EFM signals. Experiments were performed with a
Nanoscope IITA setup (Digital Instruments) working at
atmospheric pressure, but in a dry nitrogen atmosphere to
avoid anodic oxidation during the charge injection pro-
cess and charge leakage through adsorbed water. We used
a Ptlr coated cantilever with nominal resonance fre-
quency f, = 53 kHz, spring constant 2.2 Nm~!, and
typical quality factor = 200.

The detection of dipole-dipole interactions is, in fact,
not straightforward due to the weakness of the dipole-
dipole force gradients compared to the usual capacitive or
dipole-charge interactions [9] in EFM measurements. To
distinguish between these features, EFM data are system-
atically studied as a function of the tip bias. We call Vggy
the voltage applied to the tip, and Vg the substrate poten-
tial. As the tip passes over the nanoparticle, one expects
to measure three separate frequency shifts [10]. First, the
increase of the tip-substrate capacitive force due to the
presence of the nanoparticle of dielectric constant € in the
tip-substrate capacitor: this effect corresponds to an en-
hancement of the gradient of the attractive capacitive
force, thus leading to a negative cantilever frequency
shift Af, proportional to (Vgmy — Vs)?. Second, the in-
teraction between stored charges and capacitive charges at
the tip apex, of dipole-charge type, and giving rise to a
shift proportional to (Vggy — Vi) and Q. This interaction
has been used to map single charge fluctuations in CdSe
nanocrystals at room temperature and in dry air [9].
Finally, the dipole-dipole interaction between the surface
dipole associated with stored charges and its electrostatic
tip image. It does not depend on Vg and can thus be
observed when the tip is held at the substrate potential
V. The generic property of dipole-dipole interactions is
their scaling with the squared surface dipole (Q X h/g)?.
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FIG. 2. (a) Schematics of EFM measurements: the cantilever
is biased at Vg and oscillated at a constant distance z over the
substrate plane. EFM data consist of the shift Af of the
cantilever resonance frequency f,. (b) Nanoparticle topogra-
phy cross section. (¢c) EFM measurements at Vggy = 0 and
Veem = —6 V on the uncharged nanoparticle (with, however,
an amount O, = —30e of native charges), showing the fre-
quency shifts Af,_; and Af, + Af,, with respect to the can-
tilever frequency fy =60 kHz; and at Vggy = —6 V after
charge injection at Vj,; = +5 'V for 30 s, showing the addi-
tional charge shift Af, (here Q = +200e). The distance be-
tween the tip apex and the substrate plane is z = 96 = 2 nm.
The vertical scale bar indicates the correspondence between
the frequency shifts and the cantilever effective spring constant
shifts using k = 2.2 Nm~! and f, = 53 kHz. The gradient of
forces acting on the EFM tip is the opposite of the cantilever
spring constant shifts.

Experimental EFM signals are represented in Fig. 2(c).
No frequency shift is detected for the 50 nm high nano-
particle imaged at Vggy = 0 before charging. For Vgpy #
0, two signals take place. The first one is the frequency
shift Af,_, associated with the tip-substrate capacitance.
This negative frequency shift displays a parabolic behav-
ior (Vgem — Vs)?, which enables one to measure the sili-
con substrate surface potential Vg = +0.55 V. The
second shift Af, + Af,, is associated with the nano-
particle. It essentially corresponds to the increase Af,
of the tip-substrate capacitance signal when the tip is
scanned over the nanoparticle of dielectric constant & =~
12, but also to a weak contribution A f, of dipole-charge
type [11], stemming from an amount Q, = —30e of
native charges in the nanoparticle. Finally, a shift Af,
is recorded after an injection of an amount Q of charges
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inside the nanoparticle. Af, reflects the dipole-charge
interaction associated with the increase Q X h/e of
the effective surface dipole moment after the charge
injection, but also the dipole-dipole interactions associ-
ated with the total (Q + Q) X h/e effective surface di-
pole [12].

EFM signals are reported as a function of Vggy — Vg
in Fig. 3(a). Before charging, only a weak amount Q, =
—30e¢ of native charges are present in the nanoparticle, so
that Af, + Af,, values [solid line in Fig. 3(a)] stay
negative within experimental accuracy ( = 0.6 Hz), indi-
cating that the tip-nanoparticle interaction mostly con-
sists of capacitive force gradients. After charging
Visjy = +5 Vand Vi; = —5 V for 30 s [dashed and dotted
lines in Fig. 3(a)], the Af, + Afy, + Af, curves become
clearly asymmetric with respect to the surface potential
Vg and reveal positive or negative frequency shifts (gra-
dients of repulsive or attractive forces, respectively) for
|Verm — Vsl <4 V depending on the signs of Vggy and
Vinj- This regime corresponds to dipole-charge interac-
tions greater than the nanoparticle capacitive interac-
tions. It is used in practice to image surface dipoles
with the EFM tip [8] at low Vggy — Vg values.

The charge signal A f, is then obtained by subtracting
Af, + Afg, values from the EFM data of charged nano-
particles [see Fig. 3(b)]. A fo values are found linear, with
slopes +3.7 Hz/V (after charging at V;;; = +5 V) and
—2.7 Hz/V (after charging at V,;; = —5 V). From the
analysis of the ratio between charge to capacitive EFM
signals [10], we deduce the corresponding Q = +200e¢
and Q = —140e¢ values for Vi; = +5V and Vi, =
=5V, respectively [13]. Also, by monitoring the EFM
signal at the surface potential (Vggy = 0.55 V), we de-
duce the image force gradients associated with Qy + Q
[see the inset of Fig. 3(b)]: —1.5 Hz for Vi;; = =5V
(Qo+ Q= —170e) and —0.95Hz for V;,,;=+5V
(Qop + Q = +170e). Since these measurements average
all Af, data of Fig. 3(b), the experimental accuracy
of the determination frequency shifts associated with
dipole-dipole force gradients is £0.3 Hz.

We reported in Fig. 4 the frequency shifts associated
with dipole-dipole interactions as a function of Q + Q,.
Measurements have been performed by successively in-
jecting charges in the same nanoparticle as in Fig. 2 with
injection biases in the range —8 = Vj; = 8 V and mea-
suring dipole-dipole interactions with the procedure de-
scribed in Fig. 3. These measurements demonstrate that
our analysis properly separated dipole-charge and dipole-
dipole interactions, since the dipole-dipole frequency
shifts stay negative (gradient of an attractive force)
within experimental accuracy ( = 0.3 Hz) and irrespec-
tive of the sign of Q + Q. Also, the strength of dipole-
dipole interactions is shown to quadratically depend
on (Q + Qy) X h/e as expected for this image force
gradient.

Finally, we performed a numerical calculation of the
dipole-dipole interactions associated with the nanopar-
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FIG. 3. (a) Cantilever frequency shift Af, + Afy + Afg as

a function of Vggy — Vg (Vg = +0.55 V) before (full line) and
after charging at Vi; = —5V and +5 V (dotted and dashed
lines, respectively). Data were recorded within 40 s after
charging. Lines are a guide to the eye. (b) Linear charge
EFM signal Af,, obtained by subtracting the EFM signals
Af. + Afg, + Af after and before the charging experiment.
The solid line is a fit to the experimental data with slopes
—27Hz/V (Viyy = —5V) and +3.7Hz/V (Vi = +5V).
This corresponds to Q@ = —140e (Vi;; = —=5V) and Q =
200e (Viyj = +5 V), ie., Oy + Q = —170¢ and +170e, respec-
tively, taking into account the Q, = —30e native charge con-
tribution [11]. Inset: zoom around the surface potential (vertical
dotted line), evidencing the image force gradients: —1.5 =
0.3 Hz for Qy + Q = —170e and —0.95 £ 0.3 Hz for Q, +
0 = +170e.

ticle. To do so, we solved in a cylindrical geometry the
Poisson equation using finite elements and calculated the
force and force gradients between an EFM tip and
the nanoparticle [10]. The tip is here modeled as a conical
tip with half-angle 25° and hemispherical apex with
radius 15 nm. From the topography data of Fig. 2(a), the
nanoparticle is described as hemiellipsoidal with base
radius 40 nm and height 50 nm. Calculations enable one
to calculate Af,_,, Af., and Af, EFM data as a function
of Vgem — V5. These frequency shifts are deduced from
force gradients using the EFM cantilever spring constant
k as the single adjustable parameter. In practice, we used
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FIG. 4. Points: frequency shift associated with dipole-dipole
interactions, plotted as a function of the effective surface
dipole momentum (Q + Q,)/e associated with the total stored
charge Q + Q. Dashed line: numerical calculation of the di-
pole-dipole interaction frequency shift as a function of Q + Q,
(see the text).

k=22 Nm™!. This value is fixed by comparing experi-
mental and calculated A f,_; values. It is then checked that
the calculation of Af, and of the slope of Af, data as a
function of Vggy — Vs fall in quantitative agreement with
experimental EFM measurements. We finally calculate
dipole-dipole interactions by calculating A f, for Vgpy =
Vs, and predict a —1.15 Hz frequency shift for |Q, +
Q| = 170e, in agreement with the measured values from
Fig. 3 within experimental uncertainty. In Fig. 4, we show
the full comparison between numerically calculated (dot-
ted line) and experimental (points) dipole-dipole inter-
actions as a function the the dipole moments generated by
the charge injection in the nanoparticle. This clearly
demonstrates the quadratic behavior of the dipole-dipole
interaction with respect to the momentum of the surface
dipole.

These results bring clear evidence for dipole-dipole
interactions associated with nanostructures. This has
been achieved at room temperature in dry nitrogen atmo-
sphere experiments using artificial dipoles with tunable
effective moments in the 10°-10* D range created by
injection of out-of-equilibrium carriers in single silicon
nanoparticles. Such an “open loop” spectroscopic analy-
sis of electrical forces can apply to noncontact atomic
force microscopy in an ultrahigh vacuum environment.
Taking advantage of the much closer tip-substrate dis-
tances, it could enable one to identify and measure the
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strength of short-range electrostatic interactions associ-
ated, e.g., with molecular dipoles or atomic-scale charge
displacements [5] on surfaces. This makes electric force
microscopy very promising to probe dipolar interactions
at the nanoscale.
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