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ABSTRACT: Near-field optical microscopy (NSOM) is a scanning
probe technique that allows optical imaging of sample surfaces with
nanoscale resolution. Generally, all NSOM schemes rely on
illuminating the sample surface and collecting the localized scattered
light resulting from the interaction of the microscopes nanoscale
probe with the sample surface in the illuminated region. Currently, a
new set of nanospectroscopic techniques are being developed using
Atomic Force Microscopes to detect optical interactions without
detecting any light. One of these approaches is photoinduced force
microscopy (PiFM), where local optical forces, originated by the
illumination of the tip−sample region, are mechanically detected as forced oscillations of the cantilever of an atomic force
microscope operating in a multifrequency mode. In this article we show high resolution nanoimaging via PiFM with a contrast
only related to the local refractive index of a sample specifically designed to unambiguously decouple morphology from optical
response at the nanoscale. Imaging lateral resolution better than 10 nm is obtained, and the optimization of the contrast
mechanism is described. Our results represent a step forward in understanding the potential of the PiFM technique, showing the
possibility of high resolution imaging of the local polarizability of the sample and subsequently using the mechanism to explore
complex spectral behavior at the nanoscale.
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Atomic force microscopy (AFM) has become one of the
most valuable and versatile techniques for the nanoscale

characterization of material surfaces, particularly in terms of
roughness and morphology.1,2 The possibility of detecting a
wide variety of physical phenomena via forces due to the local
interactions between samples’ surface and various optimized
AFM probes has led to many variations of the technique
ranging from electric force microscopy3,4 (EFM) and magnetic
force microscopy5,6 (MFM), to microwave impedance
microscopy.7,8 These methods allow generation of high-
resolution maps of specific materials properties (charge density,
magnetic domains, permittivity, etc.) with sub 50 nm
resolution.9,10 Recently there has been an increasing interest
in approaches enabling AFM based optical spectroscopy.11 The
advancement in these techniques have been fueled by
developments in multifrequency atomic force microscopy
enabling detection of weak molecular forces with nanoscale
spatial resolution.12−14 Today there are a number of different
recent experimental schemes trying to use the sensitivity of
AFM probes to detect light-driven local forces on the sample
surface.15−17 These approaches enable a pure mechanical
detection of the optical properties of the samples, that is, the
absorption spectrum of molecules, spectral dynamics, and so
on.

The detection of weak local mechanical forces is routinely
achieved in multifrequency AFM where the cantilever, operated
in tapping mode, can oscillate on more than one flexural mode
(eigenmodes), each at a specific frequency (Figure 1). Typical
examples are cantilevers whose first flexural mode is
approximately ω0 = 270 kHz with the second eigenmode at
ω1 = 6.6 ω0 (i.e., 1.8 MHz). To image in “bimodal” AFM, for
example, the first mode is used as the control in the feedback
loop to maintain the tip−sample working distance during
scanning, while the second mode parameters, (amplitude,
phase, and possibly frequency) are modified by the tip−sample
interaction forces, providing enhanced contrast for imaging
materials properties. Here we discuss imaging via photoinduced
force microscopy (PiFM), a scanning probe technique
developed around a bimodal AFM.18,19 The technique is
unique in that it allows measurement of the photoinduced
polarization generated in the specimen below the tip as a local
mechanical force. The result is an imaging contrast related
directly to the local polarizability of the sample.
In PiFM, as in bimodal, one of the oscillation eigenmodes of

the cantilever is used in the feedback loop to set the tip−sample
working distance, that is, the effective z position. The other
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mode is instead excited by the sample-tip interaction driven by
an external light source. More specifically, a laser beam is
focused on the sample from the side (or from the bottom)
illuminating the tip−sample interface (Figure 1c). Similar to a
scattering near-field optical microscope (s-NSOM),20−24 the
illuminating light induces an oscillating dipole at the tip end
that triggers an interaction between the induced dipole in the
tip and its mirror image in the sample. This interaction is
nonlinear with respect to the distance z from the sample
surface. In s-NSOM the nonlinearity is used to isolate the
optical near-field scattered below the tip from the light
background generated from far-field scattering and reflections
from the cantilever and the sample. However, the optical near-
field also contributes (optical force) to the local force
experienced by the tip of the AFM. Thus, by modulating the
laser at the frequency of the cantilever eigenmode, not used for
feedback in the AFM controller, results in mechanically

resonant dipole-coupled light-driven oscillations of the canti-
lever. Such oscillations are monitored as an electrical signal
from a quadrant photodiode by means of a lock-in amplifier
(standard position sensitive circuit of AFMs to monitor the
cantilever deflection; Figure 1d). These additional mechanical
signals are proportional to the optical force exerted by the near-
field on the AFM tip. The tip, in essence acts as a nonlinear
mixer detecting all the induced mechanical oscillations created
at the sample surface. Isolating the signal at the frequency of
interest and plotting the optical force while scanning the AFM
tip on the surface, allows building a near-field image without
detecting any light. This is the working principle of PiFM, it
highly simplifies near-field imaging, eliminating limitations
related to far-field background.25−29

To further clarify how the signals are processed, it is worth
describing the specific experimental setup (Figure 1d). Our
setup is based on a commercial microscope platform
(Molecular Vista). A green laser (532 nm wavelength) is
focused by means of a parabolic mirror onto the sample surface
and AFM probe in a side-illumination scheme. This laser beam
is the first diffraction order from an acousto-optic modulator
(AOM) driven at the frequency of interest. In our microscope,
the tip-to-sample stabilization is obtained through feedback on
the second eigenmode of the cantilever (ω1 ≈ 1.8 MHz). The
flexure mode used to detect the photoinduced force is instead
the first mode ω0 ≈ 270 kHz. This operating scheme is used to
dither the cantilever with smaller oscillations (the second
eigenmode has higher Q-factor) and to ensure that the probe
stays closer to the sample surface where the near-field
interaction is stronger (∼10 nm). In addition, the illuminating
laser is not modulated directly at ω0 but at ωm = ω1 ± ω0
(frequency sum or difference). The quadrant photodiode of the
AFM provides an electric signal that is modulated at ωm and ω1.
The signal is first split and then demodulated by two lock-in
amplifiers. One lock-in has ω1 as reference and is used to
extract the oscillation amplitude and phase of the second
eigenmode (used for topography feedback). The other lock-in
has a reference at ω0 provided by a mixer where the signal at
ωm combines with a reference at ω1. This lock-in amplifier
detects the amplitude of the optical near-field-driven cantilever
oscillations (PiFM signal). As further discussed below, this
operating scheme, called sideband detection, results in a better
signal-to-noise ratio and improves the signal localization by
suppressing the detection of nonconservative optical forces
(scattering force), which also effect the tip oscillation.30

Below, we describe how we obtain nanometric-resolution
pure refractive index contrast imaging by means of PiFM on
dielectric nanostructures made of TiO2. These nanostructured
samples allow us to gain important insights into the
fundamental physics of the technique as well as its resolution
limits. The sample consists of a 2D array of titanium dioxide
(TiO2) squares, with each square 200 nm × 200 and 350 nm
tall, embedded in a matrix of electron beam resist (ZEP 520A,
ZEON Corp.; Figure 2). In one direction, the array consists of
21 individual TiO2 squares with an increasing gap between each
successive square, ranging from 10 to 200 nm spacing between
the first two and last two squares, respectively. In the
orthogonal direction, the TiO2 squares are offset from each
other by a constant 200 nm.
To fabricate the structures, TiO2 is directly deposited onto

an exposed electron beam resist (EBR) pattern by means of
atomic layer deposition (ALD). The substrate is fused silica
(similar to ref 31). After ALD, an isotropic reactive ion etch

Figure 1. (a) Schematic representation of an AFM cantilever
oscillation corresponding to its first eigenmode at frequency ω0. (b)
Schematic representation of an AFM cantilever oscillation correspond-
ing to its second eigenmode at frequency ω1 ≈ 6.6ω0. (c) A metal-
coated AFM tip oscillates in a tapping mode AFM at frequency ωtip. A
laser (532 nm wavelength) is focused on the tip/sample volume and is
modulated at frequency ωm. (d) Schematic of the setup. A green laser
(532 nm wavelength) is focused by means of a parabolic mirror onto
the sample surface and an AFM probe in a side-illumination scheme.
The quadrant photodiode of the AFM provides an electric signal that
is modulated at ωm and ω1. The signal is split and demodulated by two
lock-in amplifiers. One lock-in has ω1 as reference and is used to
extract the oscillation amplitude and phase of the second eigenmode,
used for topography feedback. The other lock-in has a reference at ω0
provided by a mixer where the signal at ωm combines with a reference
at ω1. This lock-in amplifier detects the amplitude of the optical-near-
field-driven cantilever oscillations (PiFM signal).

ACS Photonics Article

DOI: 10.1021/acsphotonics.6b00911
ACS Photonics XXXX, XXX, XXX−XXX

B

http://dx.doi.org/10.1021/acsphotonics.6b00911


step then follows to produce a nearly planar array of TiO2
structures in the electron beam resist matrix. However, in order
to ensure that the TiO2 film overlayer deposited during the
ALD step is completely removed and only the squares of TiO2
and EBR remain, the sample is typically overetched by nominal
10−20 nm. This overetching causes in fact the tops of the TiO2
squares to be slightly recessed with respect to the height of the
EBR (see cross section in Figure 2b). This results in shallow
hemispherical indentations in the surface morphology clearly
seen in AFM topography (Figure 2c), where the squared
structures of the TiO2 are not visible. SEM micrographs of the
same sample show the TiO2 squares embedded in the ZEP
matrix (Figure 2d). The ZEP and TiO2 have very different
contrast responses to the electron beam. This allows one to
measure the effective sizes of the TiO2 squares that are 230 nm
× 230 nm, 170 nm space between two rows (Figure 2d).
Figure 3 shows the PiFM signal (amplitude of the optical-

near-field-driven tip oscillation) image of our TiO2 sample.
Although the topography (collected simultaneously) cannot
show the square nature of the TiO2 structures, the PiFM image
clearly shows the correct shape (and size) of the nanostruc-
tures, highlighting the TiO2 features, whose refractive index at
532 nm wavelength is nTiO2

= 2.428, much higher than that of
the EBR, whose refractive index is nEBR = 1.56 (note: both TiO2
and ZEP have transmission higher than 87% at this wavelength,
there is no intrinsic adsorption in this sample at 532 nm).31 In
fact, the time average optically driven force that originates the
PiFM signal in sideband modulation can be approximately
described as an interaction between the dipole induced at the
tip end and its image-dipole in the sample18,19 (Figure 1c).
Under the assumption that the illuminating optical field is
constant in the tip−sample surface region (distance below 10
nm) the local optical force (gradient force) can be
approximated by the formula:32

α α≈ * | |F
Z

E
1

Re{ } zpot 4 s t
2

(1)

This formula reveals the main features of the local photo-
induced force: the interaction is highly nonlinear and depends
on z−4 (z is the distance between the tip and the sample); the

strength of the interaction depends upon the polarizability of
both the tip (αt) and the sample (αs). This means that, once
the tip material is fixed (we used platinum-coated tips), the
interaction depends on the local material optical constants.
This mechanism is responsible for the refractive index contrast
shown in the PiFM image of Figure 3. The insert of Figure 3
shows a zoomed image of the gap between two squared TiO2
structures. A gap as small as 35 nm is clearly distinguishable.
It is worth noting that the TiO2 refractive index at λ = 532

nm is ≈1.6× that of ZEP. The PiFM signal from TiO2 is instead
≈0.8× that obtained from the electron beam resist (in Figure 3,
the features with higher refractive index (TiO2 squares) show
the lower PiFM signal). In fact, there are several conditions
affecting the sign and strength of the contrast when operating
PiFM in sideband modulation. Operating in direct mode, that
is, when the modulation frequency of the illuminating laser
directly matches the frequency of one of the eigenmodes of the

Figure 2. (a) Sample consists of an array of titanium dioxide (TiO2) squares embedded in a matrix of electron beam resist (ZEP 520A, ZEON
Corp.) on a fused silica substrate. In one direction, the array consists of 21 individual TiO2 squares with an increasing gap between each successive
square. In the orthogonal direction the TiO2 squares are offset from each other by a constant distance. (b) Cross section of the TiO2 structures. The
sample is typically overetched by nominal 10−20 nm. This results into shallow hemispherical troughs in the surface morphology clearly seen in AFM
topography (c). (d) SEM micrographs of the same sample showing the TiO2 squares embedded in the ZEP matrix. From the SEM image, the TiO2
squares are 230 nm × 230 nm, with 170 nm space between two rows.

Figure 3. PiFM image of the TiO2 squares embedded in ZEP
photoresist. The PiFM signal is the amplitude from the lock-in
amplifier demodulating at the first eigenmode frequency ω0. The
second eigenmode of the cantilever is instead used to retrieve the
sample morphology and for tip-to-sample distance stabilization. The
two materials have different refractive indices and are almost
completely transparent to the illuminating light. Here the material
with higher refractive index produces the lower PiFM signal. The
figure’s inset shows the PiFM image of a gap of 35 nm between two
TiO2 squared structures.
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cantilever, it has been shown that quantitative information on
the forces can be retrieved through fitting of force−distance
curves.18 As extensively discussed in ref 32, operating in direct-
mode, has the drawback that at least another light-driven force,
a nonlocal force (scattering force) is effective, producing an
overall background to the signal of interest. In sideband
modulation instead, the detection becomes sensitive almost
exclusively to the local force described in eq 1.33,34 This
operating mode improves the signal-to-noise ratio allowing the
high resolution imaging that we show here, but it makes
difficult to absolutely quantify the detected signal. In fact in
sideband modulation, where the laser modulation frequency is
either ωm = ω1 + ω0 or ωm = ω1 − ω0, the optically induced
oscillations on the tip also result in the modulation of the local
force gradient (the gradient of the total local interaction force
F, including mechanical (van der Waals, etc.) and optically
induced forces) at the same frequency ωm. The force gradient
modulation induces a frequency shift (ω → ω′) on the
cantilever oscillation frequency according to the relation valid
for small perturbations:18

ω′ = − ∂
∂

⎜ ⎟⎛
⎝

⎞
⎠k

F
z

m/
(2)

where m is the effective mass and k is the effective stiffness
(force constant) of the cantilever eigenmode. The continuous
modulation of the force gradient at ωm results in a frequency
modulation which, together with the nonlinearity of the tip−
sample interaction with the distance from the surface, produces
sidebands at ω1 ± ωm. In sideband modulation, ω1 ± ωm is
adjusted to match one of the eigenmodes of the cantilever (the
first mode in our experiment) and the PiFM signal is then
dominated by the gradient of force in eq 1. This is actually why
in sideband modulation the contribution of the scattering force
is minimized. The scattering force is constant with respect to
the tip−sample distance z and its gradient (derivative with
respect to z) is in fact null. Reducing the nonlocal scattering
force to negligible values strongly reduces the background and
increase the signal-to-noise ratio.
However, the forces that contribute to the cantilever

frequency shift described by eq 2 include also forces like van
der Waals that depend on the material. As a result, the overall
resonance frequency shift on one material can be different than
that on another material. This may in practice influence the
contrast in PiFM in a distinctive way. Figure 4 illustrates this
concept. For this experiment, we used a standard glass coverslip
that has unknown nanoparticles on its surface resulting from
fabrication. Figure 4a shows the PiFM signal as a function of
the illuminating laser modulation frequency. More precisely,
the laser modulation is tuned around ωm = ω1 − ω0. The AFM
topographical image of the sample surface is showed in Figure
4c. The free oscillation amplitude of the second eigenmode of
the cantilever is less than 20 nm. The red curve in Figure 4a
shows the PiFM signal vs demodulating frequency when the
AFM feedback set point is at 81% (this means that the
oscillation amplitude of the tip engaged with the surface is
about 81% of the free oscillation amplitude) and the tip is on
the glass coverslip. Note that the laser modulation frequency is
also tuned accordingly. The blue curve in the same image
shows instead the same signal when the tip is on one of the
particles. In this case, the two peaks are shifted by only 2.7 kHz
and the two curves are almost superimposed. Choosing either
the peak of the blue or the red curve of Figure 4a as

demodulation frequency does not really matter in these
conditions and it always results in a contrast where the PiFM
signal is lower on the particles than on the glass (Figure 4d).
The contrast condition is quite different when the set point is

changed from 81% to 67% (smaller tip−sample distance).
Figure 4b shows the same curves of Figure 4a at this new
working distance. Now, the red and blue curves, although quite
similar in peak amplitudes, are shifted by 6.3 kHz. The two
curves cross around 278 kHz. This means that when the
demodulation frequency for the PiFM signal is set above 278
kHz, when the tip is on the particles the PiFM signal can be
higher than when the tip is on the glass. This, in fact, results
into a reversed contrast in the PiFM image, as shown in Figure
4e. When the lock-in demodulation frequency is set below 278
kHZ, the same contrast as in Figure 4d is re-established.
The possibility of reversing the contrast in PiFM imaging

clearly shows that it is not possible, in such experimental
conditions (sideband modulation), to extract any detailed
quantitative information from the PiFM values on the optical
parameters of the material. However, controlling the PiFM
demodulation frequency, as described here, allows one to set
conditions that maximize the contrast. This is crucial in imaging
features like sharp edges shown in Figure 3 or small particles
like those of Figure 4. It is worth noting that, in the PiFM

Figure 4. (a) PiFM signal as a function of the lock-in demodulating
frequency (around the first eigenmode resonance). The red curve in
(a) shows the PiFM vs demodulating frequency when the AFM
feedback set point is at 81% and the tip is on the glass coverslip. The
blue curve in the same image shows instead the same curve when the
tip is on one of the particles. (b) Same as for (a) when the set point is
67%. (c) AFM topographical image of the sample surface. (d) PiFM
image obtained when operating with 81% set point. (e) PiFM image
obtained when the set point is changed to 67% and the laser
modulation frequency and the lock-in demodulation frequency are
both above 278 kHz.
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images of Figure 4, a gap between two features as small as 20
nm is easily detectable (white circle in Figure 4d). The
minimum resolved gap in the same image is 5 nm only, that is,
one of the smallest ever obtained in a near-field scanning
probes experiment. It is also worth noting that the illuminating
laser wavelength is 532 nm. It is challenging to use such short
wavelength in s-NSOM that usually best performs in the mid-
IR. Moreover, if the mechanical properties of the sample are
uniform everywhere on the surface, we expect that quantitative
information can be still extracted by comparing the PiFM signal
on different surface features. This would be, for instance, the
case of getting different PiFM values from different numbers of
layers in 2D materials like MoS2 or graphene. We are currently
investigating these types of material systems.
In conclusion, we have shown that one can image directly

refractive index contrast using PiFM with nanometric
resolution. We specifically designed and fabricated a sample
whose features allow us to completely and unambiguously
decouple topography from the optical response related to the
local refractive index. The absence of far-field light background
enables nanometric resolution in the visible. This work suggests
the significant potential of PiFM to explore complex optical
behavior at the nanoscale.
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