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ABSTRACT

Advanced studies of surface potential and dielectric
response were performed using single-pass measure-
ment operation with an NT-MDT SI atomic force mi-
croscope NTEGRA Prima equipped with a novel elec-
tronic controller that allows multi-frequency AFM
studies. Sensitive measurements of local electrical
properties, with a few nanometers spatial resolution,
were realized in practice through phase modulation
detection of the electrostatic force gradient. The va-

INTRODUCTION

lidity of this approach is demonstrated on several dif-
ferent sample types: self-assemblies of fluoroalkanes,
polymers, metals, and semiconductors. The obtained
results have proved the utility of surface potential
and dielectric response for compositional mapping of
heterogeneous materials. The issues of quantitative
surface potential studies are also discussed. Ultimate-
ly we introduce a novel approach to extracting the di-
electric permittivity values from AFM data.

For the past 25 years Atomic Force Microscopy (AFM)
has been continuously advancing, with the develop-
ment of combination-methods offering high-resolu-
tion visualization of surface structures and examina-
tion of local materials properties. The essence of AFM
is the detection, monitoring and utilization of the
probe-sample force interactions for surface profiling
and measuring of mechanical and electromagnetic
responses. The probe is a micro-fabricated structure
integrating a cantilever with a sharp pyramidal tip at
its free end. The cantilever, which is fixed at the other
end, serves as a sensor for the forces acting between
the tip apex and the sample.

Depending on the operation mode, these forces in-
duce either a quasi-static bending of the cantilever
or change its dynamics (frequency, phase, ampli-
tude) when the probe is mechanically driven into os-
cillation with a piezo-element placed near the fixed
end of the probe. For AFM-based electrical studies
the probe is typically coated with a metal layer that
enables the detection of electrostatic force interac-
tions with the sample. The separation of mechani-
cal and electrostatic forces is essential for reliable
measurements of sample electric properties. Below
we will demonstrate how this problem is solved in

single-pass multi-frequency AFM instrument, which
is used for the detection of surface potential and lo-
cal dielectric response. Additionally, we will introduce
a possible approach to quantitative measurements
of dielectric permittivity. The approaches used are
based on the general description of motion for an
oscillating probe subjected to the tip-sample force
interactions [1]. The steady state equations for an os-
cillating probe are given by the following equations
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where A and 0 are amplitude and phase of the oscil-
lating probe; A, is the probe amplitude before it in-
teracts with the sample, F, F — tip-sample forces act-
ing during approach and retraction of the probe to a
sample, Z_— vertical coordinate of the sample profile,
and G is the parameter related to actual and resonant
probe frequencies w and w, and quality factor Q.:
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In the case of conservative force interactions (F =F)
the equations are further simplified to:

sinf = A/ 4,
20,

(Eq. 2.1)
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DETECTION OF ELECTROSTATIC FORCES IN AFM

The sensitivity of the conducting probe to electrostatic
force was demonstrated in the first AFM applications
[2]. In this revolutionary work, the 1% flexural mode
(w_..,) of the probe resonant oscillation was chosen
for tracking the sample topography during non-con-
tact operation. Simultaneously, the electrostatic tip-
sample force was stimulated by an AC voltage applied
to the probe at a lower non-resonant frequency (w__ ).

The related changes of amplitude at w___reflect the
variations of the electrostatic force caused by local
surface charges, dipoles or regions with different
work functions and doping type or level. Therefore,
the monitoring and collection of probe responses at
two different frequencies allows simultaneous and
independent measurements of local electric and
mechanical interactions with the latter applied for
surface profiling. This principle is applied to single-pass
studies of surface potential in KPFM and capacitance
gradient dC/dZ (Z — is the vertical distance between
the probe and the sample). The detection principle
of surface potential and dC/dZ is based on equations
describing the tip-sample electrostatic interactions
using a capacitor-like model [2]. The quadratic
dependence of the force on the difference of surface
potentials of the probe and sample gives rise to several
force components when external DC and AC voltages —
U,.and U, (the latter at frequency w__) are applied to
the probe to promote electrostatic interactions.
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Fow (Z) =—dC/dZ U?, cos(m, 1) (Eq. 3.2)

In Eq. 3.1, ¢ is the difference between the surface po-
tential of the probe and the sample location beneath
the probe. The surface potential difference is deter-

where F =F =F

The above relationships have been successfully ap-
plied in the simulation of the probe behavior in dif-
ferent AFM modes and for extraction of quantitative
mechanical and dielectric properties from AFM data
when the force interactions are represented by reli-
able models.

mined by finding a specific UDC that nullifies the force
at w__. This is the task of KPFM servo. The capaci-
tance gradient dC/dZ is directly proportional to the
electrostatic force at the 2" harmonic of W, and it
is related to the dielectric permittivity () of the ma-
terial underneath the probe. For many materials the
dielectric permittivity can be a complex value and
measurements of real and imaginary components of
dC/dZ are essential. Here, we do not consider the de-
pendence of the capacitor on applied voltage, butin a
more general case the dC/dV gradient is related to the
electrostatic force response at 3w___ [3]. Therefore,
several lock-in amplifiers, which are tuned to w__,
W, 2w, and 3w _, can enable simultaneous mea-
surements of topographic and various electric and di-
electric properties of samples.

Such a multi-frequency AFM approach has definite
advantages when compared to the well-known two-
pass method, in which the measurements of the
surface topography and local electric properties are
performed in separated passes with the conduct-
ing probe being retracted from the surface at a lift
distance of 1020 nm [4]. Despite its simplicity, the
two-pass method has a number of limitations. They
are related to (a) an undesirable “contamination” of
the topography images by electrostatic forces acting
between the probe and sample, (b) a problem of find-
ing an appropriate lift height to avoid the mechani-
cal interactions during the 2" pass over corrugated
surfaces, (c) a loss of spatial resolution and sensitivity
caused by the distant position of the probe in the 2"
pass. The latter limitation does not exist in the single-
pass technique because of a closer proximity of the
probe to the sample. The comparative advantages of
the single-pass operation have been already demon-
strated [5-6].

REALIZATION OF KPFM AND DIELECTRIC STUDIES IN THE SINGLE-PASS MODE

Recent developments of AFM electronics, which en-
able multi-frequency measurements and various oscil-
latory modes, enhance the researcher’s capability in
finding the optimal experimental routine for advanced
studies of surface properties. The combinations of

amplitude modulation (AM) and frequency modula-
tion (FM) were explored for surface tracking and KPFM
mapping in UHV conditions [7, 8]. The most sensitive
and accurate surface potential data was obtained us-
ing the electrostatic force gradient detection with FM.




These results are consistent with the earlier theoreti-
cal estimates [9] that pointed out that in addition to
the tip apex, both, the cantilever and the tip body, con-
tribute substantially to the overall electrostatic force
exercised by the AFM probe. These contributions are
eliminated when the force gradient is measured. Be-
low we will show experimentally that this is true when
regular tips of ~10 microns in height are applied. The
surface potential data obtained with force and force
gradient detections are essentially identical when us-
ing conducting probes with extra-long tips (~100 mi-
cron in height).

In KPFM studies under ambient conditions we have
utilized both force and force gradient for measure-
ments of surface potential and dielectric response.
While the probe is driven to mechanical oscillation at
w__ and its electric bias with respect to the sample is
changing at w__ (w__<<w__ ), the related frequency
components of the photodetector signal can be moni-
tored in parallel with separate lock-in amplifiers (LIA).
In this case sample topography will be tracked based
on maintaining the set-point amplitude (Asp) with the
1** LIA, which is tuned to w__ . Simultaneously, the
2" LIA, which is tuned to w__, records the amplitude
that is proportional to Fw__ (Z). Furthermore, the ser-
vo, which is incorporated in the instrument loop con-
sisting of a probe, photodetectorand 2" LIA, can adjust
U,. [Eq. 1] to nullify the force and thus to determine
the local surface potential -¢. This operation is often
known as KPFM-AM, where AM indicates a detection
of the electrostatic force Fw__.In the parallel connec-
tion of two LIA, the tuning of ‘the 2" LIA to 2w, will
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enable recording of the dC/dZ signal. The amplitude
and phase (or real and imaginary components) of this
signal are essential for samples with complex dielectric
permittivity. When a 3™ LIA is also added in parallel
then 2" and 3™ amplifiers can detect the responses
at w___and 2w__ thus enabling the simultaneous re-
cording of sample topography, surface potential, and
capacitance gradient.

In an alternative way, Figure 1, the surface potential
and dC/dZ can be measured in the LIA configuration
employing 2" and 3™ LIA, which are connected in se-
ries with the 1t amplifier. In this case the electrostat-
ic force is stimulated by U, , which is applied to the
probe at low frequency that is within the bandwidth
of mechanical probe oscillation at w__,. A combina-
tion of mechanical and electrostatic tip-sample inter-
actions will provide the additive contributions to the
phase of the photodetector signal:

o(t) = +40__(t).

For the best electrostatic performance mechanical
forces should be minimized by setting A, close to A,
(the probe amplitude prior to engagement on the
sample). In this case 8 __ = p/2 and cos 6(t) ~-A6__(t).
This means that the frequency components of the
phase signal can be applied for measurements of
the surface potential and the capacitance gradient.

It is worth noting that the suggested use of phase
modulation of the electrostatic force interactions is
quite similar to FM because both methods under sim-
plifying assumptions provide the force gradient data.
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Figure 1. A diagram showing a AFM set-up with multi-frequency detection using Px controller that incorporated 5 lock in amplifiers in an NT-MDT S/
NTEGRA Prima and SOLVER Next microscopes. There are two ways of harvesting the photodetector signal using the series (solid black line) and

parallel (dotted line) configurations for collecting the signal of the probesample mechanical and electrostatic force interactions at o,
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The formalism applied to FM shows that
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Using the approximation of small amplitudes, the
expression becomes simpler with the following rela-
tion between the frequency shift and the force gradi-
ent [10]:

A1 [an(z)J

(Eq. 4.1)
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The relationship between the cosine of phase and
the tip-sample interaction forces, which was shown
above (Eq. 2.1), is valid for the electrostatic forces. Us-
ing the approximation of small amplitudes, the cosine
of phase is also proportional to the force gradient:

(Eq. 5)

(Eq. 4.2)
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The use of the cosine of phase for KPFM feedback is
more precisely connoted KPFM-PM, where PM is the
phase modulation by the electrostatic force gradient.
In summary, we are using KPFM-AM and KPFM-PM

APPLICATIONS OF KELVIN FORCE MICROSCOPY

The use of different signal detection
schemes and the development of multi-
frequency techniques provide the AFM
researcher with a variety of methods for
the comparison and examination of the
same properties. This is the situation
with surface potential and dC/dZ mea-
surements. Therefore, studies of stan-
dard samples are invaluable for the veri-
fication of different techniques and their
applicability. For our KPFM experiments
we selected samples of self-assemblies
of semifluorinated alkanes on different
substrates (Si wafer, mica, and graphite),
semiconductor SRAM structures, and a
bimetallic alloy of Bi/Sn.

The AFM images, which illustrate the
KPFM-PM and dC/dZ measurements of
self-assemblies of semifluorinated al-
kanes CF,(CF,),(CH,),,CH, — F14H20 on
a Si substrate, are presented in Figure 2.
The domains of F14H20 self-assemblies
with spiral features that are less than 4
nm in height are seen in the height and
phase images. The fact that the phase
contrast visualizes only the edges of do-
mains, which are much softer than the

approaches, which are based on the detection of
electrostatic force and its gradient, for measure-
ments of surface potential. A similar methodology
is applied to measurements of dC/dz, which can be
performed in combination with KPFM or indepen-
dently. For our practical applications, the most salient
point is that the measurements at different frequen-
cies are performed using intermittent contact mode
with a relatively small level of mechanical tip-sample
interactions. Such experiments conducted on various
samples demonstrated that any cross-talk between
the topography and local electric measurements is
essentially absent [11].

Applications of different KPFM and dC/dZ techniques
on various materials are described in next sections.
These studies were performed at ambient conditions
with an NTEGRA scanning probe microscope equipped
with a Universal Head and a next generation P9, im-
proved electronic controller. For multi-frequency
measurements it was important that the probe fre-
guency responses could be measured up to 5 MHz.
Commercial conducting probes of different manufac-
turers (Olympus, MikroMasch, and NT-MDT SI) were
utilized in our studies.

Amp Cos ®

Figure 2. Height, phase, surface potential and dielectric response (amplitude of
cosf at 2w, ) images of F14H20 self-assemblies on Si substrate obtained using the
combination of single-pass KPFM and dielectric measurements.




substrate, indicates that the measure-
ment was conducted at low force. As
mentioned earlier, this is a main require-
ment of the KPFM-FM measurements.
The structure of F14H20 self-assemblies
on Si reflect its dissimilar molecular na-
ture, conformation and volume of the flu-
orinated and hydrogenated parts, which
are covalently linked into one chain-like
molecule. It is expected that the more
bulky fluorinated segments are orga-
nized at the exterior of the spirals fac-
ing air [12]. This arrangement leads to a
preferential vertical orientation of the
fluoroalkanes molecules, which have a
strong dipole at the central junction -CF -
-CH,-oriented along the chain. Therefore,
a strong negative surface potential of the
F14H20 domains is expected, which was
proven with macroscopic Kevin probe
studies of Langmuir-Blodgett layers of the
semifluorinated alkanes [13] and in ear-
lier KPFM measurements [5-6]. The nega-
tive surface potential is distinctively seen
in the surface potential image shown in
Figure 2. The negative potential contrast
is noticed only at the domains whereas
small particles are not visualized in the
surface potential image. The lack of small
particles in the surface potential data is a
strong indication that there is no notice-
able cross-talk between the mechanical
and electrostatic forces in the single-
pass operation. The same particles and
F14H20 domains are seen in the dielectric
response image; this is expected because
any material between two electrodes will
change the capacitance gradient. A more
detailed description of the dielectric re-
sponse images is given below.

Furthermore, we compare the KPFM-AM
and KPFM-PM measurements by analyz-
ing the surface potential images obtained
in these modes on the same F14H20 do-
mains on Si substrate, Figure 3. The main
difference in comparing the surface po-
tential images collected in KPFM-AM and
KPFM-PM modes is the lower values of
surface potential (-0.6 V versus -0.8 V) re-
corded with the electrostatic force detec-
tion. The comparison of the surface po-
tential cross-section profiles shows also
that the width of the potential change at
the domain edge is smaller in the image
recorded in KPFM-PM. This parameter is
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Figure 3. Left — Height and surface potential images of F.H,, self-assemblies on Si

substrate obtained in the single-pass KPFM-AM and KPFM-PM modes.
Right: SEM micrograph of a commercial conducting AFM probe (Olympus). Surface
potential profiles taken in the images along the directions indicated with the arrows.

often used as an indicator of lateral resolution, which in our case is
better in KPFM-PM. These images were collected with a Pt-coated
conducting probe, which has the tip length of 10 microns. As dis-
cussed in the introduction, the long-range electrostatic force be-
tween the cantilever and the sample contribute to the overall mea-
sured electrostatic force in KPFM-AM and causes the lower surface
potential value and loss of spatial resolution.

We verified this hypothesis using a novel conducting probe, which
is fabricated from a conducting cantilever by attaching a graphite
fiber with a chemically etched apex. The length of the graphite tip
in such a probe is around 100 microns and, therefore, the electro-
static force between the cantilever and the sample is substantial-
ly reduced. Indeed, the KPFM-AM and KPFM-PM measurements
obtained with such probes give the identical surface potential
~-0.8 V, Figure 4.
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Figure 4. Left: Height and surface potential images of F14H20 self-assemblies on Si substrate obtained in the single-pass KPFM-AM
and KPFM-PM modes. Right: SEM micrograph of a novel conducting AFM probe (MikroMasch). Surface potential profiles taken in
the images along the directions indicated with the arrows.
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Figure 5. Height and surface potential
images of F14H20 self-assemblies on
graphite obtained in the single-pass
KPFM-PM mode at two different scales.
Below the high-resolution images are
the height and surface potential profiles
taken along the directions indicated in the
images with the dotted lines.

High sensitivity and spatial resolution can be achieved molecules, which are oriented parallel to the substrate
in single-pass KPFM-PM studies as demonstrated in the and form lamellar structures of 6—8 nm in width.
images of F14H20 self-assemblies on graphite, Figure 5.

In contrast to other substrates (Si, mica), with the F14H20 The molecular dipoles in these layers are also preferen-
adsorbates on graphite, the first layers are formed of tially oriented parallel to the surface.
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Therefore, the surface potential of these locations
will be less strong compared to the F14H20 self-as-
semblies on Si. The large scale height image shows a
number of flat lamellar sheets and numerous droplets
dispersed between them. The surface potential con-
trast of the droplets is moderately negative (around
-200 mV), whereas surface potentials of the lamellar
sheets and, particularly, of the bare substrate loca-
tions are more positive. This is consistent with the
expected orientation of the molecular dipoles paral-
lel to the substrate plane. The high-resolution height
and surface potential images (80x80 nm scan area)
revealed lamellar patterns with height corrugations
in the 300 pm range and potential changes in the
10—-20 mV range. The spatial resolution of these im-
ages, which show the 6-nm spacing, is around a few
nm as judged by a width of the dark strips. Additional
experimental and theoretical efforts are needed for a
complete analysis of this arrangement [14].

A comparison of the surface potential measurements
made using the single-pass KPFM-PM and a double-
pass technique was performed with F14H20 assem-
blies on mica. First, we examined a sample location
with single-pass KPFM-PM, and then performed the
double-pass studies using positive (+40 nm) and nega-
tive heights (-30 nm, -40 nm) with respect to the aver-
age position of the probe. The probe was driven into
oscillation with a half-amplitude of 50 nm. The sur-
face potential contrast was substantially reduced at
the +40 nm lift value and increased when the lift was
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L] images of F14H20 self-assemblies on mica
obtained in the single-pass KPFM-PM and
double-pass modes. The numbers in the
surface potential image (top) indicate the
values of the probe lift at these locations.
The surface potential profiles were taken
along the directions indicated with the
dotted lines.
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at -40 nm. This was the lowest lift possible, because
attempts to use 50 nm lift led to disturbance of the
image, which is seen as a bright strip in the center of
the surface potential image in Figure 6. The surface
potential difference between the F14H20 self-assem-
blies and nearby bare substrate regions was approxi-
mately -1.4 V in the KPFM-PM image and only around
-0.8 V in the double-pass image with a lift of -40 nm.
The comparison of the surface potential values ob-
tained using single-pass and double-pass modes
shows that the single-pass method is preferred for
this type of KPFM study. However, a combination of
the negative lift and single-pass methods might be
useful and should not be excluded in advanced stud-
ies of electric properties, which at the moment are
unique features of the NT-MDT Sl scanning probe mi-
croscopes.

As mentioned earlier, AFM-based electric modes can
be used to analyze various materials, and such mea-
surements do not suffer the stiffness-related limita-
tions of local nanomechanical measurement meth-
ods. Semiconductor SRAM structures were examined
with KPFM-AM at two locations and the representa-
tive images are shown in Figure 7.

The surface potential of semiconductor structures
depends on type and doping density. Therefore, one
should not expect a direct correlation between to-
pography and surface potential images. The surface
potential patterns of these semiconductor structures




are quite different from the sample to-
pography seen in the height images. Re-
markably, the surface potential images
of the large scale SRAM and other semi-
conductor structures have better stabil-
ity and resolution when they are imaged
using KPFM-AM mode. Subsequently, the
optimization of KPFM measurements on
different sample types must include both
the proper selection of the imaging mode
and the probe type. The use of larger
tip radius conducting probes is favored
for a higher signal-to-noise ratio when
measuring local electric properties, and
these probes are also preferred because
of their higher wear resistance when very
high spatial resolution is not required.

Another example of a rigid sample, which
can be successfully examined with KPFM
is the soldering material, BiSn. A speci-
men of this incomplete metal alloy can be
prepared for AFM studies as a flat sheet
by melting the material between two flat
substrates. The height, phase and surface
potential images of these samples reveal
a relatively smooth surface morphology with the do-
main structures separated by 10—20 nm steps. The
phase image emphasizes the edges of the domains,
whereas the surface potential image exhibits a com-
pletely different pattern that is uncorrelated with the
surface topography. The surface potential variations
are in the range of 200 mV, which is consistent with
the difference in the work functions of Bi and Sn. The
binary contrast in the surface potential images of Bi/
Sn alloy might deteriorate with oxidation, which is par-
ticularly strong for Sn. Surface oxidation can cause the
compositional map to become less pronounced [14].
It is worth noting that KPFM is actually an exception
to common AFM techniques in that directly provides
quantitative values for a particular sample property.
In the case of metals, surface potential is related to
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Figure 7. Height and surface potential images obtained at two locations of SRAM in
KPFM-AM mode.

the local sample work function, and for molecular sys-
tems with dipoles, surface potential correlates to the
strength and orientation of molecular dipoles. Kelvin
force measurements are also applied for studies of
free charges and their behavior caused by various dy-
namic processes.

However, one should not overestimate the capabili-
ties of KPFM measurements, particularly, when they
are performed in ambient conditions. A possible con-
tamination of the sample or the probe might sub-
stantially change the validity of absolute values of the
surface potential obtained in such studies. Therefore,
surface potential differences, which are measured at
various locations within a particular scan, are more
reliable than the absolute surface potential values.

Surface Potential,
KPFM-AM

Figure 8. Height, phase and surface potential images of Bi/Sn alloy obtained in KPFM-FM mode.
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LOCAL DIELECTRIC MEASUREMENTS

Dielectricspectroscopyisawell-known characterization
technique that is typically used to analyze macroscopic
samples. It provides measurements of dielectric
properties in a broad frequency range and at various
temperatures. It is quite useful to bring dielectric
measurements to the micro- and nanoscales, and
several efforts were already undertaken in this
direction. As shown in Eq. 1, the electrostatic force
at 2w___is related to dC/dz, with the latter being a
direct result of the local dielectric properties. One of
the recent studies of local dielectric properties was
performed with an AFM tip on the top of poly(vinyl
acetate) film deposited on a conducting substrate [15].
A phase-lock-loop controller was used for the
topographic feedback in frequency modulation mode;
the electrostatic interactions were stimulated by an AC
voltage applied at a much smaller w__.

The voltage and phase of the signal at 2w___was deter-
mined in order to obtain the local dielectric susceptibil-
ity. The dependence of real and imaginary components
Vaw__on frequency generally mimics the macroscopic
dielectric curves, yet a temperature shift of a few de-
grees was noticeable between these measurements.
The results of the local dielectric measurements at dif-
ferent temperatures also demonstrate the similarity of
the frequency responses to those obtained in macro-
scopic experiments at different temperatures. In addi-
tion to measurements of the local dielectric response

in one location, the mapping of the dielectric response
of thin film made of PS and PVAC blend was per-
formed at different temperatures [16]. Specifically, it
was shown that the domains of PVAC are identified by
strong phase contrast that appears near the glass tran-
sition temperature of this polymer. The matrix, which
is presumably enriched in PS, does not change its con-
trast because the glass transition of PS is much higher.

Itis worth noting that the aforementioned studies were
conducted in UHV (ultra high vacuum) in non-contact
mode. We have selected the same material — PS/PVAC
blend as the test sample for single-pass studies under
ambient conditions. Typical images of the thin film of
this blend on a conducting ITO substrate are shown in
the left part of Figure 9.

The film morphology is characterized by spherical do-
mains imbedded into the matrix and it is consistent
with immiscible nature of this blend which leads to
phase separation of the constituents.

The surface potential of the domains is higher
(~200 mV) than the matrix’s potential and this differ-
ence correlates with the fact that dipole moments of
the polymer molecules are quite different (PS — 0.3 D,
PVAC — 2.1 D). For dielectric measurements we applied
the same scheme as described in Figure 1 but the 2™
LIA was tuned to 2w__..

Surface Potential,
KPFM-FM

RS-PVAC Map

RS-PS Map

Figure 9. Left: Height, surface potential and amplitude of
cosine 0 at 2 ®_,_images of thin film of PS/PVAC blend.
Right: Height image and maps of Raman scattering
intensities of main PVAC and PS bands.




In phase modulation experiments typi-
cal values for w___predominantly in the
3-5 kHz range. In most dielectric studies
we detect the amplitude and phase sig-
nals of cosB at 2w__, an amplitude image
is shown for PS/PVAC film. The analysis
of this image, which is substantially dif-
ferent from the surface potential image,
is quite complicated. At first glance, one
can notice that the pattern generally re-
sembles the reversed topography profile
of this film.

Studies of the PS/PVAC morphology
behavior at different temperatures, in
methanol vapor [14] as well as previous
dielectric measurements [16] suggest
that the domains are enriched in PVAC
whereas the matrix is predominantly PS.
This suggestion is strongly supported by
confocal AFM-Raman studies.

The Raman spectra of the individual
polymer components show that the most
pronounced bands of PS (~1018 cm?)
and PVAC (~2959 cm?) are located in dif-
ferent parts of the vibrational spectra.
Therefore, these bands can be used for
identification of these components in the
blend. The height image of one location
of a PS/PVAC film is shown together with
the maps of intensity of the strongest
PVAC and PS bands. This data unambigu-
ously supports the assignment of spheri-
cal domains to PVAC and the matrix to PS.

Annealing of PS/PVAC at temperatures
above glass transition of PVAC (~40 °C)
and below glass transition of PS (~100 °C)
induces morphology changes, which
most likely reflect the flow of PVAC poly-
mers from elevated domains to nearby
surface regions. This leads to the forma-
tion of the elevated patches in between
the spherical domains enriched in PVAC.
The surface potential confirms that the
elevated patches are of the same nature
as the spherical domains. The contrast of
the dielectric response is quite different
with the related pattern exhibiting the
most pronounced features at the spheri-
cal depressions. Again, the map of the
amplitude of cosine 0 at 2w___mimics the
reverse topography profile (Figure 10).

--==Surface Potential,
KRFM=AM £

Figure 10. Height, surface potential and
amplitude of cosine® at 2w, images
of PS/PVAC film, which was annealed
at 80 °C.

“* Amp Cos ®
%

B

Amp d.C/dZ, resonant

Figure 11. Height and dielectric response images of PS/PVAC film annealed at 80°C. The
measurements were performed with the detection of amplitude of cosine 8 at 2w,
and amplitude of dC/dZ at 2w, = 6 kHz (non-resonant frequency) as well as with the
detection of amplitude of dC/dZ at 2w, = 405 kHz (2™ Eigen mode).
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Similar to the surface potential, the dielectric re-
sponse can be obtained in different ways. A compari-
son of the images related to local dielectric permit-
tivity, which were obtained at the annealed PS/PVAC
film is given in Figure 11. In the PM approach the am-
plitude of cosine © was measured at 2w_, =6 kHz.

The dC/dZ measurements were also performed in
the AM mode at the non-resonant frequency of
2w, = 6 kHz and the frequency that is half of the 2"
Eigen mode of the probe (405 kHz). This mechanical
resonance method has definitely improved the signal-
to-noise performance and the image contrast is the
best compared to two other images using different
methods to measure the local dielectric response.

The next example is taken from the studies of semi-
fluorinated assemblies on mica, Figure 12. The assem-
blies form arrays of ribbons, whose arrangement ex-
hibits an epitaxial order. The surface potential image
shows the negative contrast that indicates a vertical
alignment of the fluoroalkanes chains.

Amp Cos ® Phase Cos ®

Amp dC/dz

Phase dC/dZ

Two nanocrystals, which are seen elevated at the top
of the height image, do not exhibit the negative po-
tential and that implies a lateral orientation of the
molecules in these structures.

The local dielectric response was measured at differ-
ent frequencies. The dC/dZ and cosine 6 responses
were measured at the non-resonant low frequency
2w, = 8 kHz. For measurements at higher frequen-
cies, we have applied two resonant frequencies: 2"

Eigen mode (406 kHz) and 3™ Eigen mode (1.14 MHz).

These and other resonances are seen in the am-
plitude-versus-frequency spectrum of the chosen
probe. The electrostatic force was stimulated at half
of the 2" and 3™ flexural (Eigen) modes such that the
dC/dZ response at 2w___was emphasized by its cor-
relation to the resonances. The results from these lo-
cal dielectric studies showed that the contrast of the
cosine amplitude is more pronounced than the dC/dZ
amplitude at the same frequency (8 kHz).

Amp dC/dz Phase dC/dZ

406 KHz

Amp dC/dZ

Phase dC¢/dzZ

Figure 12. Top: Height, surface potential images of F14H20 self-assemblies on mica. The amplitude-versus-frequency spectra of the conducting
Pt-coated probe (Olympus). The peaks of 1%, 2", 3" and 4" Eigen modes are pointed out as F1-F4. Middle and bottom: Amplitude and phase images
of cosine © at 2w ___and of dC/dZ at different frequencies, which are indicated at the bottom of the amplitude mages.
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The noticeable differences amongst the dC/dZ phase
images at different frequencies (8 kHz, 406 kHz and
1.14 MHz) indicate the influence of the molecular mo-
tions of the fluoroalkanes on the measured dielectric
response of this material.

The dielectric spectroscopy data obtained on similar
materials revealed strong B-relaxation related to rota-
tion of -(CF,) - group in the alkanes [17].

The quantitative analysis of the dielectric response is
more complicated than in the case of surface poten-
tial, which is directly measured in KPFM studies. Na-
noscale capacitance of a thin dielectric film depends
on the ratio of film thickness and dielectric permittiv-
ity [18].

Therefore, the topography-related contribution com-
plicates the images containing local dielectric prop-
erties, and this effect should be considered in the
analysis. The other problem is related to the existing

24,kR

=

methods for dielectric studies. High-contrast images
related to local dielectric properties were obtained
using the response at the 2" flexural mode.

This data is more difficult to treat theoretically be-
cause the signal is enhanced through the cantilever
resonance and its Q-factor should be taken into ac-
count. A situation with the analysis of the cos2w__
(amplitude & phase) signal is more straightforward.

According to the theoretical description of the probe
motion in oscillatory AFM mode there is a general
relationship between the cosine phase and the force
acting on a probe. This equation can be applied for
electrostatic tip-sample force interactions and the
related integral is calculated analytically [19]. As a
result, one gets the relationship between amplitude
of phase cosine ( G;Zflg ), the capacitance of the tip-

sample junction [18], the probe features, and a ratio
of sample thickness to permittivity

1 B 1+ x

cosé
[G2 Dpoc ]

|

ﬂQl chgORZ

RS

JUax —2x

where € — the vacuum dielectric constant, €_- the relative dielectric constant of the film; Q, — quality factor, h is
the thickness of the film, Z_is the apex-film separation distance; 8, — tip cone angle, R - the effective apex radius;

R = R[sin 6,1, Aand A —actual and free amplitudes

This relationship can be applied for extraction of
guantitative permittivity values from the experimen-
tally measured cosine phase, the capacitance and the
probe parameters. We have used this approach to
get quantitative data for two polymer films using a
LabView-based program that incorporates the above
formulas [18].

A verification of the quantitative dielectric measure-
ments was performed on thin, homogeneous PS and
PVAC films, which were prepared by spin-casting so-
lutions of the pure polymers in toluene on conduct-

ing ITO glass substrate. A sharp wooden stick was
used to scratch through the films so that the imaging
of the polymer film thickness becomes possible.

The morphology from one location of the PS film on
ITO glass is shown in Figure 13.

Simultaneously with height images, the cosine
phase response on the polymer film and substrate
was detected at different stimulating AC voltages.
A quadratic dependence of the amplitude versus
voltage is observed.
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Figure 13. Left: Height and amplitude of cosine 0 at 2 ®
the stimulated AC voltage was changed. Right: Vertical profiles taken across the polymer and the substrate in the Amp cos 6 image.

images of a scratched location of PS film on ITO glass. During scanning

elec

The calculations of the dielectric permittivity were the absolute values are close to those determined
made for measurements performed at stimulating AC in macroscopic measurements. The local dielectric
voltage of 1V (w__ =4 kHz) with probes having different measurements of these and other polymer films at
tip radii. The results, which are summarized in the elevated temperatures and different frequencies are
Table 1, show that at this frequency the permittivity in progress.

of PVAC is ~1.4 times higher than that of PS and

Table 1. Results of dielectric measurements of PS and PVAC films.

Tip, R=15 nm Tip, R=30 nm
Amplitude 6 nm 18 nm 48 nm 19 nm 38 nm 76 nm
£(PS) 1.13 1.33 171 1.65 1.67 1.68
E(PVAC) 1.80 1.90 2.18 2.36 2.25 2.30
EPS/EPVAC 1.59 1.43 1.27 1.43 1.35 1.37

CONCLUSIONS

The development of AFM-based electric modes based and dielectric permittivity are of increasing interest.
on multi-frequency measurements and novel force A novel approach for the extraction of permittiv-

detection schemes leads to more sensitive and high- ity values of thin polymer films from AFM measure-
er-resolution KPFM and local dielectric studies. These ments was introduced; however, it needs validation
advances improve compositional mapping of multi- on more complex materials. Further advances in local
components samples, which is demonstrated on vari- dielectric measurements are tied to the expansion of
ous materials. In addition to compositional mapping, electrostatic force studies to broad temperature and
the quantitative measurements of surface potential frequency ranges.
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