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Higher mode and bimodal atomic force microscopy (AFM) are two recently developed imaging modes of
dynamic AFM for improving resolution. In higher mode, the higher flexural mode of the cantilever
instead of the traditional fundamental eigenmode is excited. In bimodal mode, two flexural modes of the
cantilever are simultaneously excited for obtaining more information about the properties of the
material. The first three flexural modes for higher mode and superposition of two excitation signals for
bimodal mode are explored and compared by imaging a polymer blend of polystyrene (PS) and low
density polyethylene (LDPE). The effects of different operating conditions of the two imaging modes are
researched to improve image contrast and material discrimination. Dissipated power and virial are
employed to explain the origin of contrast for the complex and highly nonlinear dynamical tip-sample
interfacial system. Amplitude and phase contrasts of each single mode and bimodal mode are calculated

by Ashman's D statistical equation. It is found that higher single modes with small free amplitudes show
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1. Introduction

Amplitude modulated atomic force microscopy (AM-AFM)*? has
been widely applied to a variety of materials for nanoscale
imaging and mechanical characterization. In recent years,
higher modes** and multiple frequency AFM’*° have been new
extensions of the conventional amplitude modulated mode for
high resolution imaging of compositional materials. In higher
modes, the cantilever is excited by using one of the higher
flexural modes instead of the first eigenmode. While in multiple
frequency techniques, the cantilever is driven at multiple reso-
nant frequencies. Typically, the multiple frequency mode
provides extra response channels of amplitude and phase which
can be used to characterize hidden features. Bimodal mode,***
most common one of multiple frequency AFM, has been first
proved the ability of mapping compositional materials in
enhanced resolution and sensitivity by Rodriguez and Garcia.
Two lock-in amplifiers are employed to demodulate signals with
respect to both driving frequencies in bimodal mode. Ampli-
tude of the first mode is kept constant by feedback control
system and height provides the topography information of
sample. The second excitation is not constrained to map
changes in mechanical, magnetic or electrical properties by
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and a small free amplitude for the third mode.

recording the variation of amplitude and phase in the second
mode.**

Enhanced phase contrast on a soft biological sample by
driving the third eigenmode of a v-shaped silicon cantilever was
observed by Stark et al.’> The higher mode amplitude was used
as the feedback loop error signal in single mode. Martinez
et al.”® demonstrated that bimodal AFM was more sensitive to
compositional changes and made compatible high resolution
imaging of isolated IgG antibodies under very low forces.
Sommerhalter et al.*® have reported on Kelvin probe micro-
scopes using the fundamental eigenmode for topography
imaging and the second flexural mode for probing the electro-
static properties. Although previous researches have shown the
ability of higher mode and bimodal mode, it is important to
understand what pivotal roles of imaging parameters such as
free amplitudes and setpoint of each mode play. In most
previous bimodal works, free amplitude in first mode is always
set to be one order of magnitude higher than that in higher
mode. In addition, they prefer to select the first two flexural
modes of the cantilever in bimodal experiments. The influence
of higher mode except the second one and great amplitudes of
higher mode on imaging are lack of research.

In this present work, a standard sample PS-LDPE polymer
blend was chosen because of its features of multicomponent
and representative. We imaged the polymer blend by higher
single modes and bimodal modes. Driving signals of the single
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mode were the first, second and third flexural modes of the
cantilever, respectively. Different free amplitudes and ampli-
tude setpoint ratios were defined in the experiments. Driving
signals of bimodal were the combination of the first and
second, and first and third modes, respectively. Similarly,
different free amplitudes of both driving signals were tried in
bimodal imaging mode. For the complex nonlinear interaction
system of the tip-sample, dissipated power and virial have been
employed to plot the relative dominance of conservative and
non-conservation (dissipative) interfacial interactions.””"*
Energy transfer or change between two modes may determine
the origin of the contrast.”® Phase contrast is closely connected
to the magnitude of the dynamic dissipated power per vibrating
cycle during the cantilever scanning on the surface by AM-AFM
mode.** Additionally, virial theorem establishes a connection
between phase and the time-averaged interaction force.?” Virial
can be interpreted as the average stored energy (potential
energy) of the tip-sample interaction.>*** Average dissipated
power P; and virial V; for each mode were calculated for PS and
LDPE images obtained by the single and bimodal modes,
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respectively. Expressions of P; and V; for each mode are the
followings>®

kA [Au
Pi = TFT |:7isln¢,- — 1:|7 (1)
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where f; is the ith mode free resonance frequency (driving
frequency in experiments), k; is the ith mode dynamic spring
constant, 4; is the ith mode scanning amplitude, A; is the ith
mode free amplitude, Q; is the ith mode quality factor, @; is the
ith mode phase.

Based on quantitative contrast of amplitude and phase,
operating conditions can be optimized. To quantify image
contrast at different free amplitudes and variation setpoint
ratios, pixel values can be extracted and calculated the histo-
gram of response from each phase image. It may appear as two
distinct peaks which is a continuous probability distribution.
Fit the normalized histograms and the bimodal distribution
function is given by*”
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Fig. 1 Control schemes of (a) single mode and (b) bimodal imaging in Cypher AFM equipment.
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where u, and u, are the means of the two normal distributions
of PS and LDPE, ¢, and o, are the standard deviations. One
material is masked, then u and ¢ of the other material could
be fit and calculated. For bimodal distributions, mean values
and standard deviations are two main factors to define the
average and quantify the amount of variation or dispersion of
a set of phase values (0 < ¢ < 7). Ashman's D is employed to
quantify phase and amplitude image contrast and D > 2 is
a necessary condition for a clean separation of two mixed
materials. D can be calculated by the following simple
statistical formula***®

flo)=p

1 —
D= ZEM (4)

\/ (012 + 0’22) '

Contrast of a series of single and bimodal experiments on
PS-LDPE polymer blend are calculated and summarized.
High modes with small free amplitudes show better contrast
between two different components. Bimodal AFM also shows
excellent contrast by extra response signals, especially for
the combination of the first and third modes. Regular
changes of contrast which depend on the choice of operation
parameters and driving modes will be analyze and discussed
here.
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2. Experimental details

We performed high frequency single and bimodal imaging
experiments using a commercial set of Cypher AFM (Asylum
Research, Santa Barbara, CA) equipped with wide bandwidth
circuit and high frequency cantilever holders. The polymer
blend of polystyrene (PS) (Eps = 2.0 GPa) and low density
polyethylene (LDPE) (Epppg = 0.1 GPa) purchased from Bruker
Nano Inc. was used for all designed experiments. Circular
domains (LDPE) are mixed in substrate (PS matrix). The inverse
optical lever sensitivities (InvOLS) were calibrated from
dynamic amplitude approaching curves on a fleshly cleaved
mica surface for the first, second and third flexural modes.
Based on the equipartition theorem, the spring constants k;, &,
k; can be obtained via fitting the thermal data around their
respective peak which are gathered from thermal noise power
spectra method.*” At the same time, three fundamental flexural
resonance frequencies and quality factors are calculated. Cali-
brating a frequently-used cantilever AC240 with this method,
the first, second and third flexural resonance frequencies are
fi = 80.510 kHz, f, = 482.299 kHz, f; = 1.318 MHz; three
dynamic spring constants are k; = 2.22Nm™ ', k, = 89.46 Nm '
and k; = 483.7 N m ', In addition, quality factors of three
modes are Q; = 184.1, Q, = 475.8 and Q3 = 615.5, respectively.

The tip-cantilever system was driven by user-fixed ampli-
tudes close to the free oscillation resonance frequencies. In
single experiments, different free amplitudes 4, (20 nm, 30 nm
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Fig. 2 Response signals of bimodal imaging (a) height, (b) A,, (c) @, and (d) @,. The amplitude and the phase images are in nm and degrees,

respectively.
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and 40 nm) of the first, second and the third flexural modes
were chosen, and the amplitude setpoint ratios are around
0.05-0.85. In the resonance condition, the phase offset between
driving force signal and tip deflection is always 90 degrees. In
bimodal experiments, different values of the main amplitude
Agy (free amplitude of first mode) were also chosen 20 nm,
30 nm and 40 nm. Varying free amplitudes of the second mode
(1-50 nm) or the third mode (1-20 nm) were used as another
drive signal in bimodal mode. When the tip approaches the
surface, tip-sample interaction forces caused changes in both
amplitude and phase of the vibrating cantilever. During the
whole experiment process, the second free amplitude A, or Ay3
decreased gradually. Amplitude change of first mode was used
as the feedback signal. If the phase shift was positive, the
imaging mode was generally considered as attractive mode. On
the contrary, if the phase shift was negative, the mode is
referred to as repulsive mode.*

Compared to single experiments, two sinusoidal excitation
voltages were added to the piezo stack and applied to drive the
cantilever simultaneously in bimodal imaging modes. Nor-
mally, the first amplitude was kept constant at the setpoint
value by feedback circuit exactly like the single AM-AFM.
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Fig. 3 (a) Phase @4, (b) phase @, and (c) phase &5 of single modes are
summarized with different Ag;, Ag> and Ags. The amplitude and the
phase images are in nm and degrees, respectively.
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Amplitude and phase of another response signal are not con-
strained by any feedback system. Material contrasts were
calculated on basis of the single and bimodal experiments
which directly embody the advantages of high frequency and
bimodal mode. Control schemes of single and bimodal AM-
AFM imaging modes in Cypher equipment were shown in Fig. 1.

3. Results and discussion

2.5 um x 2.5 pm sample area which contains PS and LDPE
regions was scanned by single and bimodal imaging modes. In
single mode, phase shift signal could be measured and recor-
ded with different setpoint for different free amplitudes (4o,
Apy, Ags) based on Fig. 1(a). In bimodal mode, extra driving
signal provides two additional response signals. Therefore, @,
(phase of the first mode), 4, (scanning amplitude of the second
mode) and &, (phase of the second mode) response signals
could be measured and recorded based on Fig. 1(b). When the
second driving signal was in the third resonant frequency, A,
and @, would be instead by A; (scanning amplitude of the third
mode) and @; (phase of the third mode). Fig. 2 shows response
signals of bimodal imaging on a selected PS-LDPE area, (a)
height, (b) A,, (c) @; and (d) 9.
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Fig. 4 Dissipated power measured on PS-LDPE with different free
amplitudes Ao. (a) First mode, (b) second mode, and (c) third mode.
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3.1. Single imaging

Phase might lie above or below 90 degrees which defines two
distinct force regimes in standard AM-AFM. Two regimes are
attractive regime (net attractive force) and repulsive regime (net
repulsive force), respectively. Fig. 3 displays the phase shift
curves on PS and LDPE regions for the first, second and third
resonance frequency modes respectively. In Fig. 3(a), the phase
shift values of PS and LDPE in the first mode are all above 90
degrees when the free amplitude 4yp; = 20 nm, 30 nm and
40 nm. Therefore, it can be considered that the tip scanned in
the net attractive mode. Obviously, the phase shift of PS and
LDPE both change bigger with the increase of free amplitude
and the decrease of setpoint. In Fig. 3(b), the phase shift curves
of PS and LDPE in the second mode show a process of first
increase and then decrease when the setpoint lower gradually. It
indicates that the tip goes through the attractive force regime
(setpoint ratio mainly from 0.25-0.9) and reach the repulsive
force regime (setpoint ratio mainly from 0.05-0.25). Lower
turning points about 0.1 occur in the phase curves of Ay, =
40 nm. That is because great free amplitudes might help the tip
escape from the adsorption range. Fig. 3(c) shows the phase
shift curves of PS and LDPE in the third mode. Phase shift of
different curves drop below 90 degrees when the setpoint ratio
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Fig. 5 Virial measured on PS-LDPE with different free amplitudes Ag
for three single modes. (a) First mode, (b) second mode and (c) third
mode.
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varies between 0.4-0.75. When free amplitude 4,3 > 40 nm was
chosen, the polymers always were destroyed in experiments.
Therefore, 4p; = 20 nm, 30 nm and 40 nm were properly chosen
in the third mode. Clearly, it has a shorter range of attractive
regime when the cantilever is driven by higher mode under the
same free amplitude.

The amplitude and phase signals can be converted into
dissipated power and virial which are closely related to the non-
conservative and conservative tip-sample interactions across
the sample, respectively. Fig. 4(a)-(c) display the dissipated
power curves in PS and LDPE regions with different free
amplitudes for the first, second and third modes, respectively.
In Fig. 4(a), dissipated power in PS and LDPE regions show half
a parabolic monotone increasing trends with the increase of
setpoint ratio for all free amplitudes Ay;. In addition, the power
in LDPE region dissipates significantly more than that in PS
region for the same Ay,;. Fig. 4(b) shows the dissipated power
curves in PS and LDPE regions for all free amplitudes 4y,. The
parabolic shape dissipation curves display crossing phenom-
enon between PS and LDPE which are different from the first
mode. The power in PS region dissipates significantly more
than that in LDPE region during the middle range of setpoint
when the 4y, = 40 nm. On the contrary, dissipated power in PS
region is a little bit small than that in LDPE region when the
Agp; = 30 nm and 20 nm. Fig. 4(c) depicts dissipated power
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Fig. 6 Phase contrasts of different free amplitude Aq for three single
modes, respectively. (a) First mode, (b) second mode, (c) third mode.
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curves in PS and LDPE regions for all free amplitudes Ags.
Parabolic curves of PS and LDPE for the same free amplitude A3
are rather close. Obviously, higher modes correspond to greater
power dissipation because of higher resonance frequencies and
larger spring constants.

Fig. 5 displays the corresponding virial curves in PS and
LDPE regions for Fig. 3. The sign of virial might take positive or
negative values because of the cosine value of phase. In Fig. 5(a),
the first mode virial curves of PS-LDPE remain parabolic shape.
Greater free amplitudes of Ay; show more virial. Virial values in
PS regions are larger than that in LDPE region for the same Ag;.
In Fig. 5(b), the virial becomes negative when the setpoint ratios
are rather low in the second mode. It agrees with that greater
amplitudes or high modes lead to contact or greater penetration
into the sample which in turn results in greater repulsive forces.
The values of virial are —2.12 to 38.9 aJ (PS) and —4.7 to 45.1 a]
(LDPE) for Ay, = 40 nm. In Fig. 5(c), the virial becomes more
negative on a large scale of setpoint ratio in the third mode.
Therefore, greater repulsive force often occur in higher mode,
which might damage soft samples.

Significant phase contrast differences can be observed
qualitatively by operating in repulsive regime of AM-AFM mode.
The methods described in some literatures have been used
extensively in mapping relative differences between various
regions of a multi-component sample. Higher single mode and
bimodal mode response signals are quantitatively converted to
contrast in this article which is beneficial to optimize the
imaging conditions in experiments. Fig. 6 displays phase
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contrast curves of first, second and third modes, respectively. In
Fig. 6(a), contrast of phase g, for Ay; =20 nm, 30 nm and 40 nm
present parabolic shapes. Greater free amplitudes show better
contrast and the best one is 10.95 where Ay, is 40 nm and set-
point ratio is 0.25. In Fig. 6(b), contrast values of phase @, are
relatively high for 4o, = 20 nm and the best contrast is 9.76
where the setpoint ratio is 0.65. In Fig. 6(c), better contrast of
phase @, for different A3 are shown at low setpoint ratios. The
best contrast among three modes is 20.3 when the setpoint ratio
is 0.10 of Ay; = 20 nm. Therefore, same or even better contrast
can be obtained in high modes with small free amplitudes.

3.2. Bimodal imaging

Phase of bimodal mode with different free amplitude 4,; and
Ao, (A1 and Ay3) were also recorded. Free amplitude of the first
flexural mode Ay, is a crucial parameter which may determine
the interaction force regime. The second (third) flexural mode
free amplitude A, (4¢3) varied sequentially in a small interval
over the course of a specific free amplitude Ay;. Unlike other
reports, a wide range of Ay, (Ay3) values were chosen to drive the
cantilever along with A,,. The optional non-destructive ranges
of the free amplitude for Ay, (Ags) were 1.2-49.4 nm (0.48-
20 nm) which may not damage the microstructure of the
sample. According to the principle of control shown in Fig. 1(b),
two phase signals both can be collected dynamically in bimodal
imaging mode. The setpoint ratio of the first mode amplitude
was ~0.5 which can ensure imaging from attractive regime to
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Ao1, Aoz for bimodal of the first and third modes.
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(a) Phase @; and (b) phase @, with different Agy, Aoz for bimodal of the first and second modes; (c) phase @; and (d) phase @3 with different
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repulsive regime. The phase of the first mode g, and the second
mode &, (third mode &;) curves obtained in the bimodal
scanning process are shown in Fig. 7. Fig. 7 summarizes the
changes of phase values in PS and LDPE regions with different
free amplitudes Ay; and A, (Ao3)- Fig. 4(a) and (b) are @; and &,
curves when the cantilever was driven by the first and second
flexural modes, and the Fig. 4(c) and (d) are &, and J; results
when the bimodal signals are in the first and third flexural
modes. In Fig. 7(a), @; curves present a trend of monotone
increasing in LDPE region and a trend of first increase and then
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decrease on PS region with the gradually increasing of 4y, from
1.2-49.4 nm. Almost all phase points on the curves are above 90
degrees which corresponds to attractive mode. In Fig. 7(b), g,
curves show a trend of first increase and then decrease both in
PS and LDPE regions with the gradually increasing of Agy,.
Values of g, are all above 90 degrees. Fig. 7(c) and (d) respec-
tively show @, and @; curves where the bimodal signals are the
first and third modes. The trends of the @; and J; curves are
similar to the trends of @, and &, in Fig. 7(a) and (b). The
difference is that the range of 4y; is from 0.48 nm to 20 nm.
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Fig. 10 Amplitude and phase contrast curves of different free amplitudes Ag; and Ag, (Ag3) for two types bimodal modes. Bimodal of first and
second modes: (a) imaging schematic, (b) A, contrast, (c) @, contrast and (d) @, contrast; bimodal of first and third modes: (e) imaging schematic,

(f) Az contrast, (g) @, contrast and (h) @z contrast.
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Because of the dynamic spring constant of the third mode is
quite large which makes the tip harder and easily break through
the attractive regime with comparatively small amplitudes.

Similarly, the interfacial interactions between probe tip and
PS-LDPE are also investigated for bimodal mode. Dissipated
power curves of PS and LDPE in bimodal mode are displayed in
Fig. 8 with different free amplitudes for each mode. Fig. 8(a) and
(b) are the dissipation curves of the first mode and the second
mode versus varying free amplitudes of the second mode Ao,
(1.2-49.4 nm) and (c), (d) are the dissipation of the first mode
and the third mode versus Ay; (0.48-20 nm), respectively. The
trends of PS and LDPE dissipation curves in Fig. 8(a) are
contrary to those of the first mode phase in Fig. 7(a). Fig. 8(b)
shows consistent exponential growth curves of PS-LDPE dissi-
pation for all Ay;. Maximum values of dissipated power are
about 68 pW at Ay, = 49.4 nm, and minimum values of dissi-
pated power are about 0.07 pW at 4, = 1.2 nm. In Fig. 8(c),
greater free amplitude A, corresponds to more dissipated
power both in PS and LDPE regions clearly. In Fig. 8(d), the
maximum values of dissipated power are about 108-126 pW at
Agz = 20 nm, and minimum values of dissipated power are
about 0.07 pW at Ap; = 0.48 nm for all three A,;. Therefore,
dissipated power of the first mode (~2.0 pW) is obviously much
smaller than that of the second mode (~68 pW) and the third
mode (~126 pW).

Virial of bimodal images are also calculated to analysis the
energy transfer in the presence of conservative and dissipative
interactions of multi modes. Fig. 9 shows the virial curves
plotted from two type bimodal modes. In Fig. 9(a) and (c), the
virial trends of first mode just like that in Fig. 7(a) and (c),
respectively. Greater free amplitudes corresponding to higher
virial values in LDPE region. Different from small free ampli-
tudes of Ay, and Ays, virial decrease for Ap; = 40 nm during
greater Ay, and A,z in PS region. Fig. 9(b) and (d) both display
half a parabolic monotone increasing trends with the increase
of Ay, and Ag;.

Contrast of bimodal response signals are also calculated and
plotted in Fig. 10. For combination of first and second modes or
first and third modes, there are three signals, 4,, J; and @, (43,
@, and @) for determined bimodal mode which can present
material components and properties. These three signals can be
employed to image the surface topography, especially the
contrasts of component material. Fig. 10(a) and (e) show the
imaging schematics of two types bimodal mode in our experi-
ments. In Fig. 10(b), curves show relatively better contrasts of A,
when A, is during 10-30 nm. In Fig. 10(c) and (d), curves show
relatively better contrasts when A, is during 1-10 nm. The
highest contrast value for this bimodal mode is 12.8 when the
free amplitude of the first mode and second mode are 40 nm
and 5 nm, respectively. While beyond that, PS and LDPE almost
can not be distinguished by @, and @, images because of D < 2.
In Fig. 10(f), curves show relatively better contrasts of A; when
Ay; is during 5-17.5 nm. In Fig. 10(g) and (h), contrast curves of
¢, and @; are all above D = 2. Greater free amplitude 4,; shows
higher contrast values. Small free amplitude Ay; (0.48-3 nm)
present better contrast for @, and @j;. It is important to note that
greater Aoz also reflects enough potential to obtain enhanced

This journal is © The Royal Society of Chemistry 2017
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Table 1 Maximum contrast values of two types bimodal modes

Aoy (nm) 20 30 40

D(As)max 5.34 6.87 5.77
D(D1)max 4.39 5.12 6.69
D(D5)max 9.24 12.4 12.8
D(A3)max 7.79 10.3 11.9
D(D1)max 7.54 8.63 10.6
D(D3)max 11.0 13.4 17.0

contrast which is superior to bimodal combination of the first
and second modes. The maximum contrast values of bimodal
modes are summarized in Table 1. It suggests that bimodal
excitation of great free amplitude 4y; and small free amplitude
Apz might obtain the best phase image contrasts in experiments.

4. Conclusions

Single mode and bimodal AFM experiments have been con-
ducted on a PS-LDPE polymer blend with different free ampli-
tudes by cantilever AC240. Results show that tip-sample
interfacial interaction of greater free amplitudes correspond to
more dissipated power and virial value in single mode. Higher
single modes might dissipate more power than that of the first
mode. Greater free amplitudes usually produce better contrasts
for the first single mode. However, small free amplitudes in
higher single modes (the second and third) show the potential
to obtain enhanced contrast. The best image contrast of single
mode appears in the third mode scanning. In bimodal mode,
phase contrast of higher mode shows distinct advantages in
comparison to phase and amplitude of the first mode. More-
over, combination of the first two modes can only be used to
distinguish materials within small free amplitude (0-10 nm) of
the second mode. Nevertheless, combination of the first and the
third modes present more enhanced contrast within the whole
free amplitude range (0-20 nm) of the third mode. Interestingly,
greater free amplitudes of the first mode obviously contribute to
improve the overall contrast in bimodal mode. The best
contrast of bimodal imaging occurs when the first and third free
amplitude are relative great and small, respectively. In addition,
bimodal imaging (especially the third mode adds to the first
mode) shows more advanced and stable amplitude and phase
images than those in single higher mode. Research of higher
mode and bimodal AFM imaging might be of great help to
improve contrast and quantitative analysis of material
properties.
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