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CONSPECTUS: Nanomaterials are increasingly used in electronic,
optoelectronic, bioelectronic, sensing, and energy nanodevices. Character-
ization of electrical properties at nanometer scales thus becomes not only a
pursuit in basic science but also of widespread practical need. The
conventional field-effect transistor (FET) approach involves making
electrical contacts to individual nanomaterials. This approach faces serious
challenges in routine characterization due to the small size and the intrinsic
heterogeneity of nanomaterials, as well as the difficulties in forming Ohmic
contact with nanomaterials. Since the charge carrier polarization in
semiconducting and metallic materials dominates their dielectric response
to external fields, detecting dielectric polarization is an alternative approach
in probing the carrier properties and electrical conductivity in nanomaterials.
This Account reviews the challenges in the electrical conductivity
characterization of nanomaterials and demonstrates that dielectric force microscopy (DFM) is a powerful tool to address the
challenges. DFM measures the dielectric polarization via its force interaction with charges on the DFM tip and thus eliminates
the need to make electrical contacts with nanomaterials. Furthermore, DFM imaging provides nanometer-scaled spatial
resolution.
Single-walled carbon nanotubes (SWNTs) and ZnO nanowires are used as model systems. The transverse dielectric permittivity
of SWNTs is quantitatively measured to be ∼10, and the differences in longitudinal dielectric polarization are exploited to
distinguish metallic SWNTs from semiconducting SWNTs. By application of a gate voltage at the DFM tip, the local carrier
concentration underneath the tip can be accumulated or depleted, depending on charge carrier type and the density of states near
the Fermi level. This effect is exploited to identify the conductivity type and carrier type in nanomaterials.
By making comparison between DFM and FET measurements on the exact same SWNTs, it is found that the DFM gate
modulation ratio, which is the ratio of DFM signal strengths at different gate voltage, is linearly proportional to the logarithm of
FET device on/off ratio. A Drude-level model is established to explain the semilogarithmic correlation between DFM gate
modulation ration and FET device on/off ratio and simulate the dependence of DFM force on charge carrier concentration and
mobility. Future developments towards DFM imaging of charge carrier concentration or mobility in nanomaterials and
nanodevices can thus be expected.

■ INTRODUCTION
Electricity and magnetism-based technologies have become a
signature of the modern civilization. In recent decades,
characterization of unique electrical conduction behavior at
the nanometer scale and the exploration of its applications in
electronic devices constitute a major driving force behind the
explosive development of nanoscience and nanotechnology.1−4

As more and more nanomaterials seek their applications in
electronic, optoelectronic, bioelectronic, sensing, and energy
nanodevices, characterization of electrical properties at nano-
meter scales is not only a pursuit in basic science but also of
widespread practical need.
The mainstream approach of measuring electrical con-

ductivity of nanomaterials involves making metal contacts to
the specific piece of nanomaterial of interest and then
measuring electrical transport through the structure using
sourcemeters.5 Extra front or back gate electrodes or both can
be applied to control the charge carriers in the material,
effectively forming a field-effect transistor (FET), which allows

for probing of electrical conductivity and charge carrier
behavior within a much broader parameter window.6−8 This
approach has gained great success in various fields ranging from
materials science and condensed matter physics to electrical
engineering.9−11 However, as widespread applications seek
routine characterization of large amounts of heterogeneous
nanomaterials, the limitations of this approach start to emerge.
First of all, making electrical contacts to nanometer-sized
materials requires special facilities and processing. Since the
formation of Ohmic contacts is not always trivial, the
deconvolution of the influence of contacts from the intrinsic
property of the materials may become a challenge. On the other
hand, nanomaterials are intrinsically heterogeneous and thus
comprehensive characterization of a sample requires the
electrical measurement over a large ensemble of individual
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nanomaterials in order for the statistics to be meaningful and
reliable.
An alternative approach has been developed in the

semiconductor industry to characterize the conductivity of
materials via their dielectric response to external fields.12 The
dielectric response of semiconductor and metal is dominated by
polarization due to mobile carrier motion. Since both electrical
conductivity and dielectric response are determined by charge
carrier concentration and mobility, the dielectric response of a
material indirectly reflects its electrical conductivity. In bulk
materials, capacitance−voltage measurement is a standard test
to monitor the doping concentration and carrier mobility of
silicon materials.12,13 Scanning probe techniques, such as
scanning capacitance microscopy, scanning microwave micros-
copy, and scanning microwave impedance microscopy, have
been developed to image local transport behavior.14,15

The challenge of applying the dielectric measurement to
nanomaterials is that the dielectric response is an extensive
quantity, that is, the induced dipole moment under an external
field is proportional to the total mass or volume of the material.
In the nanomaterials case, the size in one or more dimensions is
limited to less than 100 nm; therefore, the dielectric
polarization could be too small for traditional capacitance
measurements. Scanning force microscopy (SFM) based
techniques thus have taken advantage of the extremely high
force sensitivity (approximately piconewton) to measure the
dielectric response and carrier dynamics in nanomaterials.16−18

In particular, dielectric force microscopy (DFM) has
demonstrated sensitive detection of the dielectric response
and hence the electric conductivity of nanomaterials, with
added benefits of spatial resolution and metal contact-free
measurement setup.19 In this Account, we review the principle
of the DFM technique and the application of DFM enabled by
its unique capabilities and also provide an outlook of this
technique.

■ PRINCIPLE OF DFM
The DFM technique was originally developed as the 2ω
channel of electrostatic force microscopy (EFM).21,22 In a
double-pass imaging process, the standard AC mode is
employed in the first scan to acquire the topographic profile
of the sample; the tip is then lifted up by a certain height and an
external bias voltage is applied between the conducting tip and
the substrate in the second scan (Figure 1a).19,20 The total
force on the tip in the second scan, F, is the sum of two
components: Coulombic force, Fcou, due to the static charge
and multipoles of the sample and capacitance force, Fcap, due to
surface potential and dielectric response:22
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where Ez is the z-component of the electrical field produced by
the static charge and multipole moments on the surface, Qtip is
the charge on the tip, C is the capacitance between tip and
substrate, z is the separation between the tip and substrate, and
V = Vdc + φ + Vac sin(ωt) is the bias voltage applied to the tip,
in which Vdc is a DC bias voltage, Vac is the amplitude of an AC
bias component, and φ is the contact potential difference
(CPD) between the tip and sample.
Detailed expansion of eq 1 reveals components of force, F,

with different AC frequency characteristics.20,22,23 Since the
charge on the tip is proportional to sin(ωt), the Coulombic
force between the tip charge and the static charge or multipole

moments at the sample surface is also proportional to sin(ωt)
and thus oscillates at the ω frequency. This data channel
represents the electrostatic interaction and is the focus of
typical EFM measurements.22 On the other hand, the dielectric
polarization of the sample resulting from the external AC bias is
also proportional to sin(ωt); the dielectric interaction between
the induced dipole moment and the tip charge becomes
proportional to sin2(ωt), which equals 1/2 − 1/2 cos(2ωt) and
thus oscillates at the 2ω frequency (Figure 1b).20 This channel
of data represents the dielectric response of the sample and
thus is dubbed as DFM. The block diagram of the DFM
experimental setup is laid out in Figure 1c. Typically, the AC
angular frequency ω is set around 10 kHz, far below the
resonance frequency of the cantilever. Lock-in amplifiers are
employed to demodulate the ω and 2ω components from the
tip deflection signal, and the ω and 2ω components are then
fed back to the AFM controller to generate EFM and DFM
images, respectively.
The DFM signal, that is, the dielectric interaction force, can

be quantitatively determined provided that the spring constant
of the DFM cantilever is calibrated. The quantitative results can
be compared with numerical simulations of the DFM signal
strength using various models, such as macroscopic continuum
models,20 in which dielectric constants are the parameters
reflecting the dielectric properties, and microscopic Drude-level
models with carrier concentration and mobility as adjustable
parameters.24

■ DIELECTRIC PERMITTIVITY OF NANOMATERIALS
The DFM setup enables many interesting measurements. For
example, the dielectric permittivity of single-walled carbon
nanotubes (SWNTs) can be individually measured.20 As-
synthesized SWNTs are usually a mixture of individual SWNTs
with different diameter and chirality, which are manifested in
electrical conductivity as a mixture of metallic and semi-
conducting nanotubes. The dielectric property of SWNTs is
expected to be dependent on their diameter and chirality25−28

and thus can be exploited for the separation of SWNTs in
methods such as dielectrophoresis.29−31 However, the dielectric

Figure 1. (a) Schematic illustration of the double-passed scan
operation of DFM. Reproduced from ref 19. Copyright 2012 American
Chemical Society. (b) The interaction between the charge on tip and
the induced dipole on sample. Adapted from ref 20. (c) Block diagram
of DFM experimental setup, in which the DFM control box only
transmits the signal during the second scan.
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response of individual SWNTs has been rarely investigated
experimentally. The scanning proximal probe nature renders
the DFM technique essentially a single-molecule approach to
overcome the heterogeneity challenge in SWNT ensemble
samples.
Chemical vapor deposition (CVD) grown SWNTs are

imaged with DFM.20 Figure 2a,b shows typical topographical
and dielectric images. Figure 2c indicates that the dielectric
polarization signal intensity is quadratically dependent on the
tube radius, suggesting that the near-DC transverse polar-
izability, α⊥, of carbon nanotubes can be approximated by a
solid cylinder with radius R and isotropic dielectric constant ε:
α⊥ = 1/2[(ε − 1)/(ε + 1)]R2.
Quantification of the SWNT dielectric permittivity requires

numerical modeling and thorough understanding of the tip−
substrate capacitance, which can be calibrated using a sphere/
cone/parallel-plate model.22 A three-dimensional model can be
built around the SWNT and the DFM tip according to the
experimental setup, and a finite element analysis package
(Multiphysics 3.3, COMSOL, Inc., Burlington, MA) is used to
solve the Poisson’s equation. The interaction between tip and
SWNT is then calculated as F = ∮ tip−surface

1/2D⃗·E⃗·ds, where E⃗ is
the electric field and D⃗ = εε0E⃗ is the electric displacement. The
dielectric characteristics of the SWNT are tried, and the
resulting interaction force is compared with experiments. A
typical cross section view of the solved electrical potential
distribution is displayed in Figure 3a.
SWNTs are highly anisotropic materials. While their

transverse dielectric constants are independent of the structure,
the longitudinal dielectric properties are highly sensitive to the
chirality and able to differentiate between metallic and
semiconducting tubes.25,28 The influence of longitudinal
polarization is observed in both experiments and modeling.
Anisotropic semiconducting models with longitudinal permit-
tivity, ε∥, set to 30 (Figure 3b) and metallic models with ε∥ set
to 1000 (Figure 3c) along with trials of different transverse
permittivity, ε⊥, are compared against experimental data points.
The results show that most tubes are well fit with the
semiconducting model (ε∥ = 30, ε⊥= 10), except for one
particular tube (indicated with the black arrow), which requires
the metallic model (ε∥ = 1000, ε⊥= 10) for a good fit. An ε⊥ of
10, irrespective of metallic or semiconducting tubes, leads to a
coefficient C of ∼0.41 in the transverse polarizability: α⊥ =
1/2[(ε⊥ − 1)/(ε⊥ + 1)]R2 = CR2, which is consistent with the
theoretical predication of C = 0.40 and also verified by Cui et.al.
using optical measurements.28,32 This work is the first
experimental measurement of the near-dc polarization of
individual SWNTs. Recently, similar setup has been utilized
to measure the dielectric permittivity of thin films, dielectric
particles, and viruses,33−37 indicating potentially widespread

applications of the DFM technique in nanomaterial character-
ization.
The differentiation between metallic and semiconducting

SWNTs in DFM measurements can be further optimized and
exploited as an assay for the metallic/semiconducting content
in SWNT samples.23 By the choice of a Si wafer substrate with
50 nm thermal oxide, the DFM contrast between metallic and
semiconducting SWNTs is maximized. In a typical experiment,
DFM signals of 72 individually dispersed SWNTs were
averaged along their length and plotted against their average
diameter squared (Figure 4). Two distinctive zones are
observed with a separating gap between them. Based on the
numerical simulation, the data points in the top and bottom
zones are metallic and semiconducting tubes, respectively. This

Figure 2. Topographical (a) and dielectric response (b) images of SWNTs and (c) quadratic dependence of the dielectric responses on SWNT
radius. Reproduced from ref 20. Copyright 2007 American Chemical Society.

Figure 3. (a) The cross-section view of numerically solved electrical
potential distribution at the vicinity of the tip and SWNT.
Experimental dielectric response of SWNTs fitted by anisotropic (b)
semiconducting and (c) metallic models. Reproduced from ref 20.
Copyright 2007 American Chemical Society.
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assignment is confirmed with confocal Raman imaging and
resonance Raman spectroscopy.23 This method was further
corroborated with metallic and semiconducting tube enriched
samples obtained with DNA wrapping and ion exchange
chromatography.23 The metallic tube content in commericial
CoMoCAT and HiPCo SWNTs samples were determined to
be 14% and 28%, respectively.

■ IMAGING CHARGE CARRIERS IN NANOMATERIALS
The dielectric permittivity of metallic and semiconducting
nanomaterials is dominated by mobile charge carriers.
Measurements on SWNTs and ZnO nanowires demonstrate
that the DFM technique is capable of imaging charge carriers in
nanomaterials.19 The basic idea is very similar to the tuning of
carrier concentration with a gate voltage in FET. As illustrated
in Figure 5a, a gate DC voltage, Vg, is applied to the DFM tip
along with the AC probing voltage in the second scan, thus the
total voltage on the tip is Vtotal = Vzero + Vg + Vac sin(ωt), in
which Vzero is a DC voltage compensating the surface potential
difference between the tip and the sample. Depending on the
carrier type in the sample and the polarity of Vg at the tip, the
gate voltage can cause local accumulation or depletion of charge
carriers underneath the tip (Figure 5b) and thus greatly affect
the DFM signal strength.
Figure 5c−n exhibits three types of gating behavior,

representing metallic, p-type semiconducting, and n-type
semiconducting nanomaterials, respectively. The charge carrier
concentration can hardly be affected in metallic SWNTs,38 and
thus the DFM signal strength is nearly unaltered under −2, 0,
and 2 V gate voltages (Figure 5d−f). In semiconducting
SWNTs, the DFM signal is strong under −2 V gate and
decreases at 0 and 2 V gate (Figure 5h−j), indicating p-type
semiconducting behavior where holes are the majority carriers.
Semiconducting SWNTs are indeed known to exhibit p-type
doping due to defects or oxygen adsorption.39,40 On the other
hand, the ZnO nanowire displays n-type behavior, that is,
stronger signal under 2 V gate and weaker under 0 V and −2 V
gate voltages (Figure 5l−n), which is consistent with the
expectation that ZnO nanowires are usually n-doped.41 These
experiments indicate that the DFM technique is generally
applicable to various nanomaterials and it is capable of
identifying the conductivity type, that is, metallic or semi-
conducting, and in the latter case, identifying the majority
charge carrier type.

■ SPATIAL MAPPING AND IN SITU MEASUREMENT
CAPABILITY

As a contactless local imaging technique, DFM apparently
inherits its spatial mapping capability from being a member of
the SFM family. Figure 6 demonstrates this feature using

SWNTs as a model system. Figure 6a shows an individual
SWNT with regular morphology, but the dielectric response
channel indicates the presence of a metal−semiconducting
(M−S) intratube junction (Figure 6b−d). Another example in
Figure 6e−h shows a SWNT with two M−S intratube
junctions. Similar M−S intratube junctions are widely observed
in commercial HiPCo, CoMoCAT tubes, or homegrown CVD
SWNTs. The location of such junctions will be unidentifiable

Figure 4. Dielectric responses of SWNTs are plotted as a function of
diameter squared. Circled data points correspond to SWNTs that give
identifiable signals in confocal Raman imaging. Reproduced from ref
23. Copyright 2009 American Chemical Society.

Figure 5. Schematic illustration of (a) the DC gate voltage on tip and
(b) carrier distribution in a semiconducting SWNT under different tip
gate voltage. Ec and Ev are the conduction and valence band edge,
respectively. EF and Ei denote the Fermi level and the midgap energy
level, respectively. (c−n) Topographical and dielectric response
images of metallic and semiconducting SWNTs, and a ZnO nanowire.
Reproduced from ref 19. Copyright 2012 American Chemical Society.

Figure 6. Topographical (a) and dielectric response (b−d) images of a
SWNT with an M−S intratube junction. The topographical (e) and
dielectric response (f−h) images of a SWNT with an S−M−S
intratube junction. Reproduced from ref 19. Copyright 2012 American
Chemical Society.
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using FET charge transport measurement and will be difficult
to map with micro-Raman imaging because of the optical
resonance requirement as well as the relatively low spatial
resolution (∼1 μm).
Another advantage of DFM is its potential in in situ

measurements due to versatile imaging environments of SFM.
This feature is demonstrated in the following investigation on
the electronic doping of SWNTs by gaseous ammonia.42 The
interaction between nanomaterials and the gaseous environ-
ment is very important in understanding the mechanism of gas-
sensing devices, as well as in improving the stability of
individual nanomaterial based FET devices. In the cases of
SWNT based FET and sensing devices, the Schottky barrier at
the SWNT/metal contact often dominates the transport
behavior.43 Contactless DFM measurements are thus ideally
suited for probing the intrinsic interactions between nanoma-
terials and the gaseous environment, in this case, between
SWNTs and NH3.
As shown in Figure 7a, SWNT sample dispersed on Si

substrate with 50 nm thermal oxide is first imaged in an

enclosed gas chamber filled with nitrogen. The gas environ-
ment is then changed to contain increasing amounts of NH3
and eventually purged back to N2. The matrix of images in
Figure 7b shows the dielectric responses of one particular
SWNT in different gas environment and at different tip gating
voltage. Images in row A were obtained in pure N2, revealing a
M−S intratube junction with the left portion of the tube being
metallic, and the right portion of the tube being p-type
semiconducting. In rows B, C, D, and E, the NH3 content is
increased to 5%, 50%, and 100%, and then purged back to 0%,

respectively. The images show that the metallic SWNT remains
stable at both gate voltage and NH3 concentration changes. On
the other hand, the semiconducting section of the tube displays
different behavior. Upon exposure to 5% ammonia (row B), the
DFM signal becomes indistinguishable from the background,
suggesting nearly depleted hole concentration, and further
increase of ammonia concentration to 50% and 100% (rows C
and D) brings back the DFM signal, but intriguingly, the DFM
signal now increases with increasing gate voltage, indicating that
charge carrier type in this SWNT has been inverted to electrons
under high concentration of gaseous ammonia.
These results indicate that there is a charge transfer between

NH3 and the SWNT, in which the SWNT is electronically
doped and thus the hole concentration in semiconducting
SWNTs is significantly depleted upon exposure to NH3. This is
an intrinsic interaction between SWNTs and NH3, without
interference of metal contact to SWNTs. These results are
consistent with previous observations about SWNT-based
FETs interacting with NH3 in either gaseous or aqueous
phases44−46 and clearly demonstrate the in situ measurement
capability of the DFM technique.

■ GATE MODULATION RATIO IN DFM
A gate modulation ratio, defined as the ratio of the DFM signal
at different gate voltages, for example, at Vg = 2 V to that at Vg
= −2 V (S2V/S−2V), is found to be a facile parameter that
indicates the electronic properties of nanomaterials.19 This ratio
is a measure of the degree to which the charge carrier density is
modulated by the gate voltage. Gate modulation ratio (S2V/
S−2V) values close to 1 indicate gate independent carrier density
and thus imply metallic behavior, and gate modulation ratio
values less than 1 indicate p-type semiconducting behavior
(Figure 8). Gate modulation ratio (S2V/S−2V) values greater

than 1 are expected for n-type semiconducting nanomaterials.
Since the gate modulation ratio is taken directly from the
original DFM signal strengths without converting it to the
dielectric force, the tip calibration process can be waived. More
importantly, since it is independent of tip and imaging
conditions, the data measured by multiple tips with different
tip apex geometries may be combined in one set without
calibration or normalization, so the wearing of the tip is no
longer a limiting factor for the DFM-based metallicity assay,

Figure 7. (a) Schematic illustration of DFM experiment with gas
environment control. (b) Dielectric response images of a SWNT with
an M−S intratube junction in different concentrations of NH3 and at
varied local gate voltages. Reproduced from ref 42. Copyright 2012
American Chemical Society.

Figure 8. Histogram of gate modulation ratio of 18 SWNTs.
Reproduced from ref 19. Copyright 2012 American Chemical Society.
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and a large number of SWNT samples can be measured to get
reliable statistical results.19

■ QUANTITATIVE COMPARISON BETWEEN DFM
AND FET MEASUREMENTS

The DFM gate modulation ratio discussed above not only is a
convenient parameter for determining SWNT metallicity but
also reflects true material properties in an astonishing way.
Direct comparison between DFM and FET transport measure-
ments on the same individual SWNTs reveals that the gate
modulation ratio is linearly proportional to the logarithm of
FET device on/off ratio.24

Figure 9 shows the DFM and FET characterization of the
same exact SWNTs. The data in Figure 9a shows that the DFM

signal of this particular SWNT is essentially invariant under
different gate bias, and the FET transport characteristics verify
the metallic nature of this tube. In contrast, the SWNT in
Figure 9b exhibits weak DFM signal at positive gate voltage and
displays monotonically increasing DFM signal as the gate
voltage decreases. This observation is consistent with previous
characterization of p-type doped semiconducting SWNTs. The
transconductance measurement on the corresponding device
shows typical characteristics of p-type FET with ∼104 on/off
ratio, again confirming the DFM determination of the tube’s
metallicity. It is noteworthy that both measurements exhibit
hysteresis of the same direction as a result of charge trapping
effect.24,47,48 The apparent smaller hysteresis in DFM could be
due to it only reflecting the properties of the channel material
without the influence of the contacts.
Importantly, Figure 10 presents that the DFM gate

modulation ratio is directly related with the FET device on/
off ratio for the six semiconducting SWNTs we have measured.
This direct correlation has far-reaching implications: first of all,
it indicates that the dielectric response in the DFM experiment
is a true measurement of transfer characteristics and parameters
such as the gate modulation ratio reflect intrinsic material
properties; second, from technological application point of
view, the contactless DFM imaging technique is directly related

to critical parameters in device applications and thus can be
used to predict the device performance before the material is
fabricated into devices. Furthermore, this correlation reveals the
parallel between the DFM and FET characterization methods.
The gate voltage in both experiments modulates the charge
carrier density in the SWNT, and the experimental observables,
the source−drain current in the FET case and the dielectric
response in the DFM case, are both critically dependent on the
carrier density and mobility. Such an underlying parallel forms
the basis for the observed consistency between the DFM and
the FET experiments on the same tubes. The major difference
is that DFM is a contactless technique: the material under
investigation is not electrically connected with an external
circuit and thus there is no net carrier flow in or out of the
material upon local gate modulation.
A Drude-level model is employed to understand the relation

between the macroscopic DFM observable, that is, dielectric
force, and the microscopic characteristics of the material, that is,
charge carrier density ρ and mobility μ. As illustrated in Figure
11a, the DFM tip, which is represented with a point charge q =
CV, is placed above the SWNT with distance d. The external
field due to the charged DFM tip causes charge carriers to
redistribute in the SWNT. The carrier (hole) density, ρ(x,t),
obeys the continuity equation:

ρ μ ρ ρ∂
∂
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∂

− ∂
∂

=
⎡
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x t
t x
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where Ex is the effective electric field along the nanotube, kB is
the Boltzmann constant, T0 is the temperature, and e is the
elementary charge. Figure 11b shows the numerically solved
carrier density profiles in the SWNT at t = 0 and 3T/4, where T
is the period of the AC signal. The evolution of carrier density
right beneath the tip from t = 0 to t = T is shown in the inset.
The total force experienced by the DFM tip is
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where C is the capacitance and ε0 is the vacuum permittivity.
The DFM force can be obtained from the 2ω component of the
Fourier transformation of eq 3. Figure 11c shows the
numerically calculated dielectric force as a function of carrier
density (black) and carrier mobility (red). The dependence of
the dielectric force on the carrier mobility μ agrees well with
physical intuition: when μ approaches zero, the carriers are
essentially bounded at their equilibrium position and thus do

Figure 9. Dielectric force vs DC bias plots and transfer characteristics
of a metallic (a) and a semiconducting (b) SWNT. A source−drain
voltage of 0.5 V is used in the transfer characteristic measurements.
Reproduced from ref 24, Copyright 2014. With kind permission from
Springer Science and Business Media.

Figure 10. Gate modulation ratio of a tube in DFM against the on/off
ratio of the same tube in FET for six semiconducting SWNTs.
Symbols are experimental data, and solid line is the linear fitting.
Reproduced from ref 24, Copyright 2014. With kind permission from
Springer Science and Business Media.
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not contribute to the dielectric response; for μ > 10−8 cm2/(V
s), the DFM force rapidly increases as μ increases and saturates
at μ ≈ 1 cm2/(V s). This saturation is due to the finite length of
the nanotube, which has also been experimentally observed
previously.49 Because the dielectric force saturates at a fairly low
mobility, the DFM signal is independent of μ for materials with
high mobility such as SWNTs. The DFM force is sensitively
dependent on the mean carrier density ρ0 when ρ0 ≳ 105 m−1,
which explains the tip voltage gating effect observed in DFM
experiments. Within a certain range, the calculated dielectric
force can be considered roughly correlated with the logarithm
of the carrier density; since the source−drain current in FET
transport is linearly proportional to carrier density, this also
qualitatively explains the semilogarithmic correlation between
DFM gate modulation ratio and FET device on/off ratio. More
derivation and proof of the relationship are detailed in ref 21.

■ CONCLUSION AND OUTLOOK
DFM is a powerful tool in probing local electrical conductivity
of nanomaterials without the need to make electrical contacts.

The contactless imaging feature renders it well suited for
characterization of heterogeneous samples. The spatial
resolution and in situ measurement capability suggest wide-
spread applications in mapping spatial variations in nanoma-
terials and correlating them with structural and morphological
features of the system.
Future developments of the DFM technique may involve

continuous improvements in signal sensitivity and spatial
resolution, which will enable more applications in different
materials systems such as two-dimensional graphene, transition
metal dichalcogenides, and single crystalline metal sheets.
Potential challenges lie in the establishment of continuum
dielectric model or microscopic charge carrier model to extract
quantitative properties of these materials. The intrinsic parallel
between the DFM and FET measurements as outlined above
may hint at the development of a technique directed toward
quantification of local charge carrier concentration and
mobility. The mapping of carrier concentration in an operating
device would basically resolve the diffusion current in a device
and would thus be greatly helpful in the understanding of
device operation. Furthermore, probing of high frequency
dielectric response and high frequency carrier properties is also
an important direction to push provided that the resonance of
the DFM tip/cantilever can be raised above the double of the
interesting frequency.
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