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P
olymer nanocomposites consisting of
nanofillers dispersed in a polymerma-
trix have emerged as attractive multi-

functional materials due to their ability to
combine multiple properties such as flex-
ibility, electrical and thermal conductivity,
thermo- and photoelectricity, transparency,
supercapacitance, and superhydrophobicity in
one material.1�4 Nanofillers such as CNTs,5�7

graphene,8�12 alumina nanoparticles,13�15

silica nanoparticles,16�18 silver nanowires19�22

and zinc oxide nanoparticles23�26 are com-
monly used in these nanocomposites to tune
in the electrical, mechanical, and optical prop-
erties. Controlling the physical properties of
these multifunctional nanocomposite ma-
terials in scaled upmanufacturing processes
is key to ensure their widespread use in
commercial applications. Engineering such
nanocomposites materials requires a deep
understanding of the links between proces-
sing parameters, the multifunctionality, and

the nanoscale structure including the size
distribution, dispersion, orientation, cluster-
ing, and interfaces of the nanofiller inside
the polymer matrix. Therefore, there is a
great interest in nanoscale-imaging meth-
ods that can probe matter beneath the
surface to visualize subsurface nanofiller
organization.
Second harmonic mapping in Kelvin probe

force microscopy (KPFM) has emerged as a
key technique for subsurface nanoscale
imaging of polymer nanocomposites.27 This
method allows the separation of the sur-
face features in the topography (TP) and
surface potential (SP) channels from the sub-
surface features, which can be observed in
the second harmonic channel (capacitance
gradient ∂C/∂zmaps).27�30 As demonstrated
in the work by Cadena et al.,27 among the
many electrostatic force microscopy techni-
ques for subsurface imaging, nulling the can-
tilever vibration at the electrical excitation
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ABSTRACT We study the depth sensitivity and spatial resolution

of subsurface imaging of polymer nanocomposites using second

harmonic mapping in Kelvin Probe Force Microscopy (KPFM). This

method allows the visualization of the clustering and percolation of

buried Single Walled Carbon Nanotubes (SWCNTs) via capacitance

gradient (∂C/∂z) maps. We develop a multilayered sample where

thin layers of neat Polyimide (PI) (∼80 nm per layer) are

sequentially spin-coated on well-dispersed SWCNT/Polyimide (PI)

nanocomposite films. The multilayer nanocomposite system allows the acquisition of ∂C/∂z images of three-dimensional percolating networks of SWCNTs

at different depths in the same region of the sample. We detect CNTs at a depth of ∼430 nm, and notice that the spatial resolution progressively

deteriorates with increasing depth of the buried CNTs. Computational trends of ∂C/∂z vs CNT depth correlate the sensitivity and depth resolution with field

penetration and spreading, and enable a possible approach to three-dimensional subsurface structure reconstruction. The results open the door to

nondestructive, three-dimensional tomography and nanometrology techniques for nanocomposite applications.
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frequency via a KPFM servo is essential to ensure that
surface charge contrast does not appear in the ∂C/∂z
channel. In Figure 1a, we present a schematic demon-
strating the method as implemented in the single-
pass mode. In this mode, a conductive cantilever is
acoustically excited at a mechanical resonance fre-
quency ωm and scanned over the sample in the ampli-
tude modulation�AFM (AM�AFM) scheme with a set
point oscillationamplitudeAsp. Simultaneously, anelectric
voltage is applied to the cantilever (V = VAC sin (ωet) þ
VDC) with ωe , ωm while scanning the sample surface.
The voltage difference between the cantilever and the
sample surface creates an electrostatic force on the
cantilever, which generates vibrations in the cantilever
at 0,ωe, and 2ωe frequencies. The KPFM-servo nulls the
amplitude of the cantilever response at the electrical
frequency (ωe) by changing the applied VDC, which is
the local SP data. The ∂C/∂z map, which is known to
contain subsurface information,27�29 is directly ob-
tained from the amplitude of the cantilever response
at two times the electrical frequency (2ωe) (see the
Methods for more details). For a heterogeneous sam-
ple scanned in the AM�AFM scheme, contrast in the
∂C/∂z channel is a consequenceof the variation in effective
local dielectric constants and sample thicknesses.27

For the sample developed in this work (SWCNT/PI
nanocomposite), the KPFM characterization shows sur-
face information in the TP (Figure 1b) and SP (Figure 1c)
maps and subsurface information in the ∂C/∂z
(Figure 1d) maps. The difference in the dielectric con-
stants between the SWCNTs (bright areas) and the PI

(dark areas) is reflected in the ∂C/∂zmap, thus enabling
the visualization of CNT percolating networks inside
the polymer matrix with nanometric resolution.
Despite the remarkable ability of second-harmonic

KPFM for subsurface imaging of CNT/polymer nano-
composites, the depth sensitivity and spatial resolution
of the method remain poorly understood. Since the
electrostatic interaction forces between a composite
and a KPFM tip are complex,31�34 current models have
focused on thin35,36 and thick37 homogeneous dielec-
tric films. Heterogeneous films have been experimen-
tally studied,38 but neither models nor measurements
have yet provided information regarding depth sensi-
tivity and spatial resolution of second-harmonic KPFM-
based subsurface imaging. This challenge is the main
motivation for the present work.
In this work, a methodology is presented to deter-

mine the sensitivity and resolution of the second
harmonic (capacitance gradient ∂C/∂z) KPFM maps in
detecting subsurface nanofillers in a polymer matrix.
The methodology consists of sequentially KPFM imag-
ing a multilayered PI-coated SWCNT/PI nanocompo-
site film. We carefully controlled the locations of the
subsurface scans within the same region at each PI
coating, allowing the subsurface images of the same
CNT network to be acquired as a function of the PI film
thickness. Additionally, we performed computational
simulations of sensitivity and resolution on a probe/
nanocomposite configuration, which relate the ∂C∂z

data with the CNTs depth. Based on these com-
putational trends, we developed an algorithm for the

Figure 1. (a) Second harmonic mapping in single-pass KPFM for subsurface imaging of CNT/polymer composites, (b)
topography, (c) surface potential, and (d) capacitance gradient (∂C/∂Z) maps of SWCNT-PI nanocomposites (1 wt %). Image
was takenwith the followingKPFMparameters:VAC = 3V,ωm=74 kHz,ωe = 10 kHz,A0/Asp = 0.7 and a scan size of 5 μm� 5 μm
at a resolution of 1024 by 1024 pixels.
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three-dimensional reconstruction of the subsurface
nanostructure.
The experimental results presented here have been

performed in the single-pass approachwheremechan-
ical excitation at the cantilever resonance frequency
tracks the topographywhile the electrostatic excitation
is at a much lower frequency so as to not interfere with
the topography imaging channel. The approach used
here can be easily adapted to study the depth limits of
other forms of KPFM including two-pass methods and
frequency modulation (FM) approaches.

RESULTS AND DISCUSSION

The depth sensitivity and spatial resolution limits of
subsurface imaging of nanocomposites were studied
using sequentially KPFM imaging of a multilayered PI
spin-coated (∼80 nm per layer) SWCNT/PI nanocom-
posite film (Figure 2). A specific CNT network was
selected to perform the KPFM measurements as a
function of the PI layer thickness (see the Methods
for more details).
Figure 3 shows the subsurface KPFM imaging (TP, SP

and ∂C/∂z maps) for four cycles of the multilayering
process (i = 0, 1, 3, 5). The top row shows that the CNTs
cannot be detected in the TP maps and rarely arises in
SP maps, thus confirming that the ∂C/∂z maps (lowest
row) indeed provide the best subsurface information
on buried CNTs. The presence of subsurface or emer-
gent CNTs can sometimes be also noticed in the SP
maps (middle row). Nevertheless, the contrast be-
tween the CNTs and the surrounding area is much

lower compared with the ∂C/∂zmaps, making it almost
imperceptible. This behavior is expected due to the
high dependency of the SP channel on the surface
properties of the sample, specifically the electronic
density, trapped charges, and the chemistry of ad-
sorbed molecules.39,40 Increased coating thickness
decreases contrast between the CNTs and the sur-
rounding media and narrows the range of ∂C/∂z values
over the image (Figure 3 lowest row). These two
phenomena indicate a depth limit and a loss of spatial
resolution for the CNTs subsurface detection, charac-
terized by a low signal-noise ratio when the ∂C/∂z
range reaches the minimum ∂C/∂z. detectable by the
system.
In order to study the depth detection limit a CNT

selection mask was used to identify the CNTs closest to
the surface in each of the ∂C/∂z maps of the multi-
layered sample. The threshold to select the closest
CNTs to surface was 96% of the maximum ∂C/∂z value
(red regions in the mask, (∂C/∂z)CNT), and values below
the threshold were considered to be neat PI (blue
regions in the mask, (∂C/∂z)PI), see Figure 4a. The
detection limit is defined by the depth at which the
difference between ∂C∂z values (ΔC0 = (∂C/∂z)CNT �
(∂C/∂z)PI) reaches theminimum ∂C/∂zdetectable by the
system ((∂C/∂z)min = 0.8pF/m). From Figure 4b, this
detection limit is 400 nm over the depth of the CNT
buried in the neat nanocomposite.
The loss of spatial resolution was studied by obtain-

ing the percentage of CNT occupancy in each ∂C/∂z
map at different depths (Figures 5a�d). From these

Figure 2. Schematic diagram of the sample multistep preparation and characterization. Step 1: selecting a strategic area.
Step 2: acquiiring second harmonic KPFM maps and converting them to capacitance gradient maps. Step 3: coating the
nanocomposite sample with a PI film.
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maps it can be clearly seen that the spatial resolution
for subsurface CNT detection decreases with the in-
crease of PI coatings. For instance, two selected regions
(yellow and green squares) in which there is a clear
discrimination between CNT and PI disappear at
80 and 160 nm coating thickness because of the incre-
ment of the occupancy area of the CNT (spreading of
red regions). For the CNT network analyzed in the
presented ∂C/∂z maps, field-spreading leads to 80%
apparent CNT coverage with 400 nm thickness coating
that contrast the original coverage of 23% in the neat
nanocomposite sample (see Figure 5e).

In order to complement the experimental findings
concerning the depth sensitivity and loss of spatial
resolution, we developed 3D computational simula-
tions of a probe/nanocomposite system using finite
elements (see the Methods for details). In the first
simulation (depth sensitivity), capacitance gradient
calculations of a single CNT buried at different depths
(Figure 6a) clearly indicate that CNTs closer to the
surface are more easily detected than those buried
deeper in the polymer. This can be seen by contrasting
parts b and c of Figure 6, where the electric field lines
between probe and CNT progressively diminish with

Figure 3. Subsurface KPFMmatrix of amulticoated 1wt%SWCNT/PI compositefilm. Topography (top row), surface potential
(middle row), and ∂C/∂z (bottom row) for PImulticoatings of 0, 80, 240, and 400 nm thickness. Note that the CNTs are detected
as the brightest regions in the subsurface images. The CNT segments depth variations are reflected as intensity changes in the
∂C/∂z images; see the inset (bluedashed square). The analyzed side of the sample here is theone in contactwith theglass slide.
The dark lines in the topography images correspond to transfer features from the glass substrate. Imageswere takenwith the
following parameters: VAC = 5 V,ωm = 74 kHz,ωe = 10 kHz, A0/Asp = 0.7, scan size of 5 μm� 5 μm and a resolution of 1024 by
1024 pixels.

Figure 4. (a) CNTs selection mask of the SWCNT/PI film ∂C/∂z map. The red regions in the mask represent the highest ∂C∂z
measurements ((∂C/∂z)CNT), and the blue regions represent the lower ones ((∂C/∂z)PI). (b) Minimum ∂C/∂z detectable (blue line)
and experimental (red curve) results of the variation of capacitance gradient (ΔC0 = (∂C/∂z)CNT� (∂C/∂z)PI) as a function of the
thickness coating. Since the CNTs in the neat nanocomposite film are buried at an initial depth, the curve indicates that the
CNTs are distinguishable in this sample at least up to a depth of 400 nm.
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the increase of the CNT depth from 5 to 85 nm,
respectively. The limit of the depth detection obtained
by the computational simulations is extracted from the
computed ΔC0 vs CNT depth curve (green curve in
Figure 6d). The limit was calculated at a 430 nm depth,
which is in good agreement with the experimental
results in Figure 4. By contrasting with the experimen-
tal results it can be deduced that the original depth of
the CNT buried in the neat nanocomposite is 30 nm.
For the second simulation (spatial resolution), we

used a samplewith twoCNTs buried in a polymer at the
same depths but separated by a fixed distance of
100 nm, see Figure 6e. The effect of field line spreading
increases as the CNT are buried farther away from the
surface affecting the ability to distinguish two separate
CNTs buried at different depths, see Figures 6f,g. In
this simulation we systematically calculated the capa-
citance gradient as a function of the tip scan (tip
displacement in the y axis) for four different CNT
depths: 5 nm, 25, 35, and 85 nm (Figure 6f). The results
showed two ΔC0 peaks corresponding to the position
of each buried CNT. The height, width and separation
of these peaks depend on the CNT depth. With the
increase of the CNT depth the height and separation
decrease and the width increases until the two peaks
are no longer differentiable (Figure 6f, red line). This
behavior indicates that the loss of spatial resolu-
tion depends not only on the probe geometry37,41

(cantilever, tip cone and tip apex) but also on the
CNT distribution (separation and depth) inside of the
polymeric matrix. In particular, CNTs that are located

wider apart can be distinguished at greater depths;
however, that also results in a noisier ∂C/∂z signal.
The computational results also suggest a way by

which the capacitance gradient data collected in a scan
can be used to reconstruct the three-dimensional
subsurface CNT network. Using the computational
ΔC0 vs CNT depth curve to convert experimental ob-
servables into CNT depth requires several assumptions.
First, the CNTs are conducting, which may not be the
case depending on the purity of the CNT sources.
Second, each pixel of an embedded CNT is considered
to be locally parallel to the surface allowing the use of
the computations. Third, the computation does not
consider intersection or contacting CNTs. Lastly, the
computations use a specific CNT diameter and length,
while in reality these dimensions could be different or
CNTs might be bundled in the nanocomposite. Not-
withstanding these assumptions, it is interesting to
consider if these computations can be used to convert
the observables into three-dimensional reconstructions.
For this purpose, it is first needed to estimate the

depth of the nearest-to-surface CNT in the subsurface
image of the uncoated sample, appearing brightest in
the capacitance gradient map. With hNS defined as the
depth of the nearest-to-surface CNT, hc defined as the
coating thickness and given the ΔC0 calculated from
the measurements as a function of the CNTs total
depth: hNS þ ihc (were i = 0:5 changes according to
the number of coatings.), we adjust hNS until the ex-
perimental curve ofΔC0 vs total depth hNSþ ihc approxi-
matelymatches the computational one (Figure 7a, green

Figure 5. (a) 15 μm � 15 μm SWCNT/PI film ∂C/∂zmap, (b) 80 nm PI-coated composite film ∂C/∂z binary map, (c) 160 nm PI-
coated composite film ∂C/∂z binary map, (d) 400 nm PI-coated composite film ∂C/∂z binary map, (e) CNT occupancy
percentage as a function of the thickness coating. At 80%occupancy the CNTs are indistinguishable. Blue regions correspond
to ∂C/∂z values below a threshold (chosen as 96% of maximum ∂C/∂z value of each map).
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and red points). hNS has thus been determined to be
∼30 nm. By fitting the ΔC0 vs total CNT depth experi-
mental curve (Figure 7 a, red points) to a polynomial
formΔC0 =A(hNS)

�B (red dashed curve in Figure 7a), we
have a master curve that links the experimental ΔC0 at
each pixel to the depth of the CNT under the tip. An
algorithm that identifies the CNTs on the ∂C/∂zmaps as
thin lines and transform each pixel associated with a
CNT into a sphere of radius 10 nm with a z position (as
depth) calculated from the master curve was devel-
oped. Using this algorithm, a 3D reconstruction of

three selected areas (500 nm x 500 nm) is presented
in Figure 7b�d, clearly showing how the depth of the
selected CNT networks varies from 10 to 180 nm in the
selected areas.
With more advanced computational models, which

include CNT orientation and new methods of model
validation, this approach may be refined to enable
accurate three-dimensional topography of subsurface
nanostructure in these composites. Models could be
complemented with more information on the fillers
associated with their orientation, dispersion, depth,

Figure 6. Schematic of depth sensitivity simulation (a). Cross section of the electric potential and electric field lines for a CNT
buried at 5 nm (b) and 85 nm (c), respectively. Computational results (ΔC0

comp, green curve) of ΔC0 as a function of the
thickness coating and minimum ∂C/∂z detectable (blue dashed line) (d). Schematic of the spatial resolution simulation (e).
Cross-section of the electric potential and electric field lines for two CNTs buried at 5 nm (f) and 85 nm (g), respectively.
Computational results ofΔC0 as a function of tip displacement for the CNTs buried at 5 nm (blue curve), 25 nm (green curve),
35 nm (yellow curve), and 85nm (red curve), respectively (h). Simulations were conductedwith a tip�sample distance of 10 nm.
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and agglomeration metrics. Samples where the CNTs
network and topology could be controlled would allow
the refinement of models and the correlation with
properties.

CONCLUSIONS

The mechanisms that control the depth sensitivity
and spatial resolution of second-harmonic KPFM for
the subsurface imaging of nanocomposites were ex-
plored. By spin-coating controlled thickness layers of
neat polymers on the CNT/Polyimide nanocomposite
film, we found that CNTs can be detected up to a

430 nm polymer depth and the spatial resolution
decreaseswith CNT depth. The computational simulations
of the tip interacting with buried CNTs confirm that the
method preferentially detects CNTs closer to the surface
and that field line spreading is responsible for blurring the
buried CNT networks in the capacitance gradient image.
An approach is proposed to use the computational and
experimental results for the three-dimensional reconstruc-
tionof the subsurfaceCNTnetwork. These resultsopen the
door to nanoscale three-dimensional tomography and
nanometrology of nanocompositematerials using second
harmonic mapping in KPFM.

METHODS
CNT/PI Composite Sample Preparation. CNT/PI (1 wt % with

respect to the polymer) nanocomposites were synthesized by
in situ polymerization under sonication.42 HIPCO single-walled
carbon nanotubes (SWCNTs, Unidyme) were predispersed in
anhydrous dimethylacetamide (DMAc, Acros Organics) for
15 min with a tip sonicator (Q500 Sonicator, Qsonica). To
prevent CNTs agglomeration during the polymerization pro-
cess, Triton-x100 (Aldrich, 0.1 wt % with respect to the solvent)
was used as a surfactant, and the dispersion was placed in a
sonicator bath (1800 Bransonic Ultrasonic Bath, Branson). For
the polymer synthesis, 4�4-oxydianiline (Acros Organics) and
an equimolar amount of 3�3,4�4-benzophenone tetracar-
boxylic dianhydride (Acros Organics) were added to the SWCNT
dispersion. After 3 h of polymerization, the nanocomposite was
spin coated (6000 rpm, 60 s) on a gold-coated glass substrate
(ground electrode) (25 ( 2 nm gold on a microscope slide,

Corning Glass). Solvent (DMAc) was removed at 80 �C, and the
nanocomposite was cured in an isothermal process at 100,
150, 200, and 250 �C, thereby resulting in SWCNT/PI films of
20 ( 1 μm thickness (Figure 1a).

The analyzed side of the sample shown in all presented
images here is the one in contact with the glass slide. This is
because the CNTs are usually present in the subsurface on this
face on the sample.

Second-Harmonic KPFM for Subsurface Imaging of CNT/Polymer Com-
posites. Single-pass KPFM39,43 with amplitudemodulation at the
mechanical excitation frequency was used for subsurface imag-
ing SWCNT/PI composite films (20 ( 1 μm thickness). The
method was implemented on an Agilent 5500 atomic force
microscope (AFM) with a MAC III accessory while using a
conductive cantilever (PPP-EFM, Nanosensors) with a spring
constant (k = 2.73 N/m) and a resonance frequency (ω0 =
77.24 kHz).

Figure 7. Experimental (ΔC0_exp, red dashed curve) and computationalfittings (ΔC0
comp, green dashed curve) of the variation

of capacitance gradient (ΔC0) as a function of the thickness coating (a). 5 μm � 5 μm SWCNT/PI film ∂C/∂z map (b). 3D
reconstruction of a selected region of 500 nm � 500 nm of the SWCNT/PI ∂C/∂z map (c, d).
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The KPFM technique performs independent measurements
of surface topography and electrostatic forces in the noncon-
tact mode by exciting the cantilever electrically and mechani-
cally at the same time. The electrical excitation signal (V = VDCþ
VAC sin (ωet)) composed of a DC voltage (VDC) and an AC voltage
(VAC = 5 V) at a frequency (ωe = 10 kHz) is applied between the
conductive probe and the grounded sample while the cantile-
ver ismechanically driven at a frequency (ωm=77.14 kHz)with a
set point amplitude (Asp = 0.7A0) and a free oscillation ampli-
tude (A0 = 10 nm). Note that 2ωe , ωm so that the cantilever
response to electrostatic forces is completely decoupled from
the response to mechanical forces.

This KPFM system obtains topography (TP), surface poten-
tial (SP), and gradient of capacitance (∂C/∂z) maps by using
three Lock-in amplifiers (LIA). The first LIA selects the cantilever
oscillation at ωm and feeds this signal to a servo controller
(Z-servo), which maintains the cantilever/sample distance con-
stant and generates the TP maps. The second LIA selects the
cantilever oscillation caused by the first spectral component of
the electrostatic force (F(ωe) = ∂C/∂z(Vspþ VDC)VAC sin (ωet)). The
SP maps are obtained from a servo controller (KPFM-servo) that
nullifies the F(ωe) by changing the VDC, so that Vsp þ VDC ≈ 0.
Finally the ∂C/∂z maps are obtained by substituting the ampli-
tude of the second spectral component of the electrostatic
force (F(2ωe) = (1/4)(∂C/∂z)VAC

2)) obtained by the third LIA into
the theoretical expression for the cantilever deflection ampli-
tude at 2ωe.

27 This leads to the following relationship which
links the subsurface observable, namely the cantilever ampli-
tude at the second harmonic of electrical excitation frequency
A(2ωe) to the capacitance gradient ∂C/∂z at the average position
of the vibrating tip over the sample A(2ωe) = (1/4k)(∂C/∂z)VAC

2

for 2ωe , ω0.
Fundamental KPFMparameters such as tip�sample voltage

(VAC = 5 V), average tip�sample distance (hts = 5 nm obtained
from the amplitude and phase vs distance curves), electrical
frequency (ωe = 10 kHz), scan speed (S = 0.5 lines/s), scan size
(15 μm� 15 μm), and free/set point amplitude ratio (A0/Asp = 0,
7 with A0 = 10 nm) were carefully selected to ensure that the
microscope operates in the attractive regime of oscillation and
obtains the highest contrast of CNT subsurface maps avoiding
the topographic crosstalk.

The depth sensitivity and spatial resolution limits of subsur-
face imaging of nanocomposites were characterized using
second-harmonic KPFM by repeating the following three steps.
First, an imaging area is selected on the SWCNT/PI sample. Cross
marks were patterned with a sharp blade prior to identification
of the selected areas. These marks allow for the positioning of
the cantilever in the same region after each PI coating. Second,
the KPFM SP and ∂C/∂z maps are acquired. The KPFM imaging
parameters are tuned-in. All themeasurements were takenwith
the following parameters: cantilever mechanical frequency
(ωm = 77.14 kHz), free/set point amplitude ratio (A0/Asp = 0.7
with A0 = 10 nm), cantilever spring constant (k = 2.34 N/m),
quality factor (Q = 232), electrical frequency (ωe = 10 kHz), and
amplitude of AC voltage (VAC = 5 V). Large 50 μm� 50 μmareas
were scanned to locate subsurface CNT networks. We then
focused on smaller selected areas (15 μm� 15 μm) where ∂C/∂z
contrast was more distinguished. This contrast differentiates
brighter regionswhere CNTs are closer to the surface fromother
fillers buried further underneath and neat polymer darker
regions (all images were analyzed using WSxM SPM software44).
Finally, a thin neat PI layer of 80 ( 5 nm was spin coated at
9000 rpm for 60 s and subsequently cured at 250 �C. The spin-
coating thickness in each layer was determined by means of
AFM tapping mode topography on the interface between PI
layer and glass substrate. The steps are repeatedly performed
until the ∂C/∂z contrast measurement is comparable to the
system noise level.

Calculations of the Minimum DC/∂z Detectable of the KPFM System.
The minimum ∂C/∂z detectable depends on the minimum
A(2ωe) that can be detected. This in turn is limited by the
system noise. The dominant noise contributions are thermal
noise from thermal fluctuations in the tip/cantilever system (th)
and instrumental noise generated in the optical detection
system (OBD).

The amplitude deflection of the cantilever caused by the
thermal fluctuation canbe expressed asAnoise = (4KBTB/Qkω0)

1/2

(ω0
2/((ω0

2 � ωd
2)2 þ (ω0ωd/Q)

2)1/2)43, where KB is the Boltzmann
constant, Q is the quality factor of the cantilever at the reso-
nance frequency, k is the spring constant, T is the temperature,
ω0 is the resonance frequency, ωd is the drive frequency, and B
is the bandwidth of the measurement system. Since the ∂C/∂z
maps are extracted from the amplitude of the cantilever
deflection due to the electrostatic force at 2ωe using A(2ωe) =
(1/4k)(∂C/∂z)VAC

2 for 2ωe , ω0, the amplitude deflection of the
cantilever caused by the thermal fluctuations can be expressed
as a function of ∂C/∂z as (∂C/∂z)th = (8/VAC

2)(KBTBk/Qω0)
1/2. For

typical cantilever parameters used here at room temperature
and with VAC = 5 V (∂C/∂z)th is estimated to be 0.36 pF/m.

The minimum ∂C/∂z caused by the optical beam deflection
noise is estimated as (∂C/∂z)OBD = 4kηOBD(

√
B/VAC

2) where ηOBD
is assumed as the minimum OBD noise reported for an Agilent
system ηOBD = 100(fm/

√
Hz).43 For typical cantilever parameters

used here at room temperature and with VAC = 5 V, (∂C/∂z)OBD is
estimated to be 0.71pF/m. Then the minimum ∂C/∂z detectable
by the system is the combination of the noise contributions:
(∂C/∂z)min = ((∂C/∂z)th

2 þ (∂C/∂z)OBD
2 )1/2, which is estimated to be

0.8 pF/m.
Computational Studies of Probe�Sample Interaction. The electro-

static probe�sample interaction is computed by solving the
Laplace equation for electrostatics in 3D using COMSOL 4.3b.
No assumption on axisymmetry of the electric field has been
made. Themetallic probe consists of the cantilever (modeled as
a disk of diameter, dcant = 12 μmand thickness, hcant = 3 μm), the
tip cone (modeled as cone of height, hcone = 15 μmand aperture
angle, θ = 25�), and tip apex (modeled as a sphere of diameter,
da = 15 μm). The heterogeneous sample is composed of CNTs
(modeled as conducting cylinders of radius RCNT = 10 nm and
length LCNT = 0.6 μm) buried in a polymer matrix at varying
depths but always parallel to the surface. The total interaction
volume of the heterogeneous sample is defined as a cube of
height hp = 15 μm, length Lp = 30 μm, and width wp = 30 μm
with a dielectric constant of (ε≈ 4).28,46 Constant potential bound-
ary conditions were applied on the probe surface (ΔV = 1 V) and
at the bottom of the sample (ground electrode), and insulating
conditions were on the lateral and upper sides of the simulation
box and floating potential boundaries were on the CNTs. For an
accurate solution, the mesh was refined at an area that covers
the end of the tip and the CNT. A systematic mesh and domain
convergence analysis was performed to ensure that computed
capacitance gradient difference (ΔC0) changed by less than
0.52% upon further increase in mesh density.

The force acting on the probe was calculated by integration
of the built-in Maxwell-stress-tensor function over the tip
surface.47,48 To analyze the electrostatic tip/sample interaction
independently of the applied potential, the force was converted
into capacitance gradient variations ΔC0 = C0

CNT � C0
PI, where

C0
CNT is the capacitance gradient, where the probe is located on

top of the buried CNT and C0
PI is the capacitance gradient where

the probe is located on top of a CNT-free region.
In line with the experiments for the KPFM depth sensitivity

and spatial resolution of subsurface imaging, two scenarios
were simulated keeping the probe at a constant height of the
5 nm above the sample. In the first simulation (depth sensitivity,
Figure 6a), capacitance gradient was estimated as a function of
the CNT buried depth, which was adjusted from 5 to 405 nm.

For the second simulation (spatial resolution, Figure 6b), the
sample was modified integrating two buried CNTs separated
by a distance of 100 nm and the capacitance gradient was
estimated as a function of the probe displacement across the
sample, which was adjusted to scan a 200 nm distance. CNTs
buried at depths of 5 nm, 25 nm, 35 and 85 nmwere considered.
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