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16 Abstract
17

18 Silicon carbide (SiC) is a promising microelectronic semiconductor with an infrared response that depends on factors such as
19 polytype, growth conditions, or structuring. Recent advances in infrared nano-imaging techniques provide new opportunities to
20 characterize thin films at the nanoscale. We performed tip-enhanced near-field spectral characterization on various 4H-SiC sample
21 surfaces using photoinduced force microscopy (PiFM). The near-field spectra feature a peak associated with a surface phonon
22 polariton (SPhP) resonance, which proves to be highly sensitive to the material’s surface quality. Interestingly, we found that
23 the power absorption at the tip-sample junction, enhanced by the effective tip polarizability, can account for these PiFM spectra,
24 resulting in a blend of both dispersive and dissipative spectral line shapes. As a potential application, a junction-field effect transistor
25 isimaged to evaluate the technique’s ability to map the surface of different p- and n-doped areas, demonstrating high sensitivity and

26 spatial resolution compared to Raman analysis.

27
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30

31 1. Introduction rected toward the tip apex. These techniques enable localized
32 spectroscopy and chemical imaging with spatial resolution at
33 Silicon carbide (SiC) has gained recognition for the develop- tip’s scale through various signal extraction methods.[13-18].
34 Notably, infrared scattering-type scanning near-field optical mi-

ment of high-power and high-frequency devices [1, 2], notably
due to its wide bandgap. Its superior strength, thermal conduc-
tivity, chemical inertness make SiC a great material to operate
in harsh environments such as nuclear reactors [3, 4]. Recent
advancements in the manufacturing and structuring of SiC ma-
terials have significantly enhanced their performance, expand-
ing their range of applications. This extended scope encom-

croscopy (s-SNOM) has been effective in imaging SiC samples
at the nanoscale [13, 19-24]. In this technique, the far-field
scattered light from the tip-sample junction is typically mod-
ulated by the AFM tip working in tapping mode and subse-
quently demodulated at a carefully selected frequency using an
interferometric detection scheme.

j; passes quantum photonic systems [5, 6], nano-systems [7, 8], These s-SNOM studies demonstrate that slightly below the
43 including nano field emitters and nano field-effect transistors, as ~ longitudinal phonon mode frequency, the material interface
44 well as nano sensors, owing to SiC’s biocompatibility [9, 10]. supports a surface phonon polariton (SPhP) mode that can be
45 As various polytypes, doping, defects engineering, or struc- excited through tip-induced coupling. The intensity of this sur-
46 turing are employed in the development of this microelectronic face mode strongly depends on the imaginary part of the local
47 material, there is a clear need for advanced non-destructive material dielectric function. As a result, the near-field spec-
48 probing techniques to finely control and tailor SiC properties  trum in this spectral region is a good indicator of the local crys-

at the nanoscale. While desirable, achieving nanoscale lat-
eral precision and probing depth resolution remains challeng-
ing with conventional characterization techniques, such as Ra-
man [11] and Fourier-transform infrared (FTIR) spectroscopy
[12], mainly due to the spatial diffraction limit. The advent
of nano-infrared tools offers new opportunities to investigate

tal quality or doping, encouraging further investigation across a
broader range of SiC samples with varying qualities, polytypes,
doping levels, etc. On the other hand, the residual sensitivity of
s-SNOM to the tip environment within the detection spot [25]
advocates for exploring alternative scanning-probe techniques,
either separately or in combination.

22 material properties locally, including crystallinity, conductivity, In comparison, photo-induced force microscopy (PiFM) ex-
57 and stress. ploits the laser-induced mechanical forces at the tip-sample
58 Over the last decades, several tip-enhanced near-field tech-  junction. This approach, which detects forces mechanically
59 niques have been developed, based on atomic force microscopy similar to AFM, aims to provide an almost background-free sig-

60 (AFM) combined with continuous or power-modulated laser di- nal [17, 18, 26], where the “background" refers to the unwanted
g; Preprint submitted to Elsevier October 15, 2024
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scattering contribution within the laser focus spot. To obtain
the near-field PiFM spectrum, the photoinduced force sensed
by the tip cantilever is recorded at different incident laser wave-
lengths, while the metal-coated tip is oscillating with a small
set-point amplitude (e.g. 2 to 3 nm) modulated in the attractive
van der Waals (vdW) force regime, commonly referred to as a
non-contact AFM mode [27-32].

Previous PiFM reports have notably demonstrated the tech-
nique’s capability to detect surface modes related to phonons
[33], notably in 2D materials [34]. Several mechanisms have
been identified as potentially contributing to the forces sensed
by the cantilever. One mechanism involves the dipole-image
dipole force between the oscillating dipoles of the tip and the
sample surface, which depends on a complex effective polar-
izability and results in a more dispersive spectral lineshape
[35-38]. In contrast, observations in polymers reveal more
Lorentzian, “dissipative" spectral lineshapes that correlate well
with the material absorption spectra determined through FTIR
[28, 29, 39-41]. Dissipative mechanisms have been linked
to periodic photothermal expansion leading to modulated van
der Waals (vdW) forces [30, 42] and potentially photo-acoustic
forces [37, 43]. Additionally, opto-mechanical damping [31]
of the tip resonance caused by incident light at the tip-sample
junction has also been highlighted.

In this work, we present the PiFM spectral investigation of
SiC samples having received different treatments. We show that
the near-field spectra within the material reststrahlen band (RB)
is sensitive to the surface quality, especially near the SiC sur-
face phonon-polariton (SPhP) frequency, below which a promi-
nent PiFM peak is observed and could be used to estimate the
sample quality. Using the experimentally determined dielec-
tric function of a 4H-SiC substrate, we then propose a simple
analytic model for the PiFM signal by evaluating the absorbed
energy in the sample near the tip-sample junction, where both
dispersive and dissipative effects are included via the effective
polarizability and material absorption respectively. Finally, as a
potential application, a junction-field effect transistor (JFET) is
imaged to evaluate the sensitivity of the main PiFM peak to the
different doped regions.

2. Experiment

The PiFM investigation was performed using a VistaScope
system from Molecular Vista, Inc. using contamination-free
gold-coated silicon cantilevers (NCHAu). The system operates
in non-contact mode, with side illumination coming from a tun-
able mid-infrared quantum cascade laser (QCL) focused at the
tip apex with a high-numerical aperture parabolic mirror, within
the spectral tunability range 770-1860 cm™!. A schematic is
shown in Figure 1, highlighting the 1% and 2" mechanical res-
onance of the cantilever, noted fy (~250 kHz) and f; (~1.6
MHz). These two resonances are used to simultaneously ac-
quire the photoinduced force (PiF) and the AFM topography of
the sample. By default, the PiF signal is detected at f;, while the
cantilever is driven at f; for the non-contact AFM topography
feedback.

The incident light is power-modulated at the frequency f,
which can take two different values corresponding to two dis-
tinct modes. In the so-called “Direct mode", the overall photo-
induced forces are induced by driving the laser intensity at the
low-frequency mechanical resonance, i.e f,, = fy. In the “Side-
band mode", which is the preferred mode, an optical hetero-
dyne method [44, 45] is used, where the laser modulation is
fm = fi — fo. In that case, it is typically considered that the
gradient (derivative) of the photo-induced force along the z di-
rection is probed so that the light scattering force is removed,
resulting in an almost background free signal [18, 26]. Record-
ing the PiFM signal with the laser scanning through the laser
spectral range, PiFM spectra were obtained. To investigate how
surface properties such as implantation, doping, and porosity
influence the PiFM spectra, point spectral measurements were
performed on several 4H-SiC substrates, which are listed and
briefly described in Table 1.

Table 1: 4H-SiC Sample Descriptions

No. Doping Description
1 N Bulk
2 N Al-ion implanted (RT) area
3 N* contains 20% porosity area
4 N ~150 nm thick amorphous, annealed at 1700 °C
5 N ~150 nm thick amorphous, annealed at 1400 °C

The first 4H-SiC sample was purchased from Cree Inc.
The substrate is N-doped, with a free carrier concentration of
10" ¢m~3 at room temperature, with an on-axis (c-axis ori-
ented) surface. The second sample is another commercial N-
doped substrate with a 4° off-axis surface, partially treated with
an Al-ion implantation with a dose of 1.75 % 10" cm™2. Sam-
ple 3 is an N*-doped substrate containing a localized porous
area with 20% porosity, achieved through anodization in an HF-
based solution [46]. On another commercial N-doped (off-axis)
4H-SiC substrate, a ~150 nm thick amorphous SiC layer was
deposited on the surface by electron-beam evaporation tech-
nique with an Elettrorava machine. The sample was then cut
into two pieces and annealed for 30 minutes in an rapid ther-
mal processing furnace (RTP, AET Technologies) at 1700 °C
(Sample 4) and 1400 °C (Sample 5), respectively, while typi-
cal SiC epitaxial films are grown at 1500-1650°C by chemical
vapor deposition [47]. To prevent the formation of a graphitic
layer on the SiC surface, graphite capping was employed [48].
Further detail can be found in these references.

As an initial point of comparison, we conducted far-field in-
frared reflectivity measurements on sample 1, using a home-
made FTIR in the range of 700 — 4000 cm~'. The far-field spec-
tral analysis was also used to determine the complex anisotropic
dielectric function (e = € +i€’””) of the bulk material as detailed
in [49]. Advantageously, the knowledge of this bulk material re-
sponse provides the main longitudinal (LO) and transverse (TO)
optical phonon frequencies delimiting the RB (800—-988 cm™!),
and serves as initial input to feed a model accounting for the
PiFM response, as will be detailed in the results part.
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Figure 1: Schematic diagram of the PiFM system and detection modes. The photo-induced force is recorded by measuring the amplitude of the first mechanical
resonance at frequency fp while the AFM is working in non-contact mode at the second frequency fi. A pulsed tunable IR laser with an adjustable repetition rate
[m 1s focused at the tip-sample junction with either f;,, = fo (direct mode) or f,,, = fi = fo (sideband mode).

3. Results

3.1. PiF spectra obtained on 4H-SiC samples

In Figure 2(a), typical PiF spectra of the 4H-SiC (Sample 1)
are presented, in both direct and sideband detection modes. In
both cases, two main peaks are observed, one around the TO
frequency near 805 cm™!, and another around 920 cm™', below
the LO frequency. In sideband mode, the signal predominantly
falls within the RB of the SiC, where the real permittivity €’
of the sample is negative and the loss term €” is significant. A
strong minimum is observed in the 950-1030 cm™' range, fol-
lowed by a broad bump around 1030-1300 cm™!, shortly dis-
cussed later on. On the other hand, in direct mode, the near-
field spectrum outside the RB of SiC exhibits a relatively flat
PiF response.

As reported by [26], the sideband mode provides higher spec-
tral contrast than the direct mode and provide higher spatial
resolution. The scattering forces from the incident light, that
contains more information from the bulk, are effectively re-
moved, probing merely the response from the top most sur-
face corresponding to the highest spatial frequencies of tip-
enhanced field. In the following, only sideband PiF spectra
were recorded. In order to compare the spectral shapes, the
intensity of the PiF spectra on SiC samples are normalized to
the mean intensity in the flat region of the sideband PiF spectra
(at higher wavenumber).

The prominent PiF peak centered at 920 cm™ is a signature
of the crystalline SiC material, which is also observed in s-
SNOM spectra on 4H-SiC [19, 20, 23]. Herein, this peak is
named “red-shifted resonant peak" and is noted RRP on the
figure. This RRP is related to the existence of a SPhP reso-
nance near € ~ —1 but is red-shifted compared to it due to the

1

coupling with the high tip polarizability. In s-SNOM, the RRP
is explained by considering the scattering coming from the tip
apex and its image through the sample, which is enhanced in the
SPhP vicinity. In PiFM as well, a force related to the dipole-
image dipole interaction near the SPhP resonance can be ex-
pected due to the stronger coupling of the oscillating charges in
the tip with the optical phonons in the polar lattice.

In both cases, the laser focused at the tip-sample junction
induces an oscillating dipole in the gold coated tip apex, and
a mirror dipole on the sample side. The field being strongly
confined at the tip apex in the sample’s near-field, the mag-
nitude of the image dipole follows the quasi-static reflection
coefficient 8 = :—% In principle, the SPhP resonance is max-
imal when the complex dielectric function is close to the real
value —1, below the LO frequency. However, while 8 is maxi-
mal in that case, the tip-sample coupling tends to substantially
red-shift the overall resonance of the probe-sample system. In
the PiIFM measurement, where tip sample distance is small, a
relatively large red shift of about 40 cm™! is observed between
the RRP and the frequency where ¢’ = —1, as can be seen in
Figure 2. In fact, the spectral position of the signal maxima
is better described using the tip dipole’s effective polarizability
a.ry which is function of the bare dipole tip polarizability, 8
and tip-sample distance. This effective polarizability which ac-
counts for driving field correction within the tip caused by the
image dipole was primarily used in s-SNOM modeling to ex-
press the detected far-field back-scattering [19, 23, 36, 50-52];
its expression is recalled in the modeling section.

The circled shoulder peak near 850 ¢! and the bump cen-
tered near 1100 cm~! showed little consistency from tip to tip,
typically exhibiting an increase with the usage of the tip. These
spectral features stem from compounds of silicon oxides and
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(a) PiF spectra on bulk 4H-SiC (Sample 1), using sideband (black) and direct (red) detection modes. RRP stands for “red-shifted resonant peak." The

(blue) circled shoulder peak near 850 cm™! showed little consistency from tip to tip. (b) Another sideband PiF spectra on Sample 1 taken with a new tip (less
contamination) is plotted in black. In comparison, FTIR reflectivity spectrum on Sample 1 is shown in red.

hydrides [53, 54], denoting the degradation of the tip coating,
or the presence of the contaminating nano particles, water layer
and other compounds from the environment, which are gener-
ally difficult to avoid in AFM-based systems (Cf. supplemen-
tal information in [30] and [55, 56] for example). Figure 2(b)
shows another sideband PiF spectrum also taken on Sample 1
with a brand new tip, where the mentioned features (side-peak
at ~850 cm™' and bump) are reduced. Similar trends were ob-
served in other samples, indicating that we should focus our
attention on the other spectral features that are directly related
to SiC, primarily within the RB. To ensure that the PiF spec-
tra are comparable, each set of spectra was obtained using the
same tip within a short period.

Compared to the measured PiF spectrum, the provided FTIR
spectrum shows a reflection plateau in the RB mostly cover-
ing the 800-988 cm~! range. The low frequency rising edge is
close to the TO phonon mode (800 ¢~ '), while the minimum
of the valley is close to the LO phonon mode (988 cm™!) [57].
PiF spectra have been shown previously to match well with the
FTIR absorption spectrum (mostly on polymers) [28, 29, 39—
41, 58] indicating that the material’s optical loss is a key pa-
rameter to account for the near-field spectrum. Remarkably, in
the case of crystal with strong optical phonon such as SiC, the
absorption (1-R) differs strongly from the near-field signal and
the local field enhancement cannot be ignored.

Figure 3(a) shows the sideband PiF spectra obtained on the
implanted 4H-SiC substrate, i.e Sample 2. In contrast to the
non-implanted area, the SPhP-related RRP disappears in the
implanted area. Similar trends were found on the N*-doped
porous 4H-SiC, Sample 3. The resonant peak appears only on
the area without porosity (Fig. 3(b)). Notably, the RRP inten-
sity on the N*-doped Sample 3 substrate is weaker compared to
the N-doped Sample 1.

On the amorphous SiC thin (~150 nm) film evaporated on
a 4H-SiC substrate (Sample 4,5) as well, the reduced RRP in
the spectrum indicates the poor surface crystalline quality Fig.
4. After high temperature annealing, a strong red-shifted reso-
nant mode is re-obtained. Compared to the 4H-SiC supporting
substrate, this SPhP-related mode is stronger on the 1700 °C
annealed SiC thin film. On the 1400 °C annealed thin film,
the RRP is recovered to a similar intensity but with a larger
red shift. Such reinforcement can be attributed to a SiC thin
film re-crystallization [59]. In the Raman spectra of Sample 4
and Sample 5, as shown in [47], the LO-related phonon peaks
reappear following high-temperature annealing. However, it is
important to note that the variation in Raman peak intensities
across different annealing temperatures is relatively minor in
these thin films. Overall, lower contrast was observed in the
Raman analysis of heterogeneous samples, as illustrated later
in Section 5.

In Figure 5, we show the topography and sideband-PiF im-
ages simultaneously obtained at the smooth boundary between
the evaporated SiC thin layer and the 4H-SiC substrate (for
Sample 4 and Sample 5, after annealing).

In the topography images Fig. 5(a,b), the higher areas indi-
cate the deposited SiC thin film region, while the lower areas
correspond to the 4H-SiC substrate. With the excitation laser
at 921 cm™!, the PiF images Fig. 5(c,d) show opposite contrast
between the thin film and the substrate for each sample. Fig-
ures 5(e,f) display the corresponding cross-sectional profiles of
the topography and PiF images. Notably, when the thin film on
Sample 4 (annealed at 1700 °C) is approximately 40 nm thick,
the measured PiF signal is lower than that on the substrate. In
contrast, Sample 5 (annealed at 1400 °C) shows a sharp increase
in the PiF signal as the thin film thickness decreases. Overall,
our experiments indicate that the SPhP mode detected by PiFM
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Figure 3: Near-field spectra showing the quality-dependent intensity of the RRP, performed on (a) non-implanted (black) and implanted (red) surfaces on a bulk
4H-SiC (Sample 2); (b) non-porous (black) and porous (red) areas on an N*-doped 4H-SiC substrate (Sample 3). Spectrum of an N-doped Sample 1 (grey) was also

taken to compare.
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Figure 4: Sideband PiF spectra made on a bulk 4H-SiC substrate (black), the
~150 nm thick amorphous SiC layer evaporated on it (red), and the after-
ward separated samples (Sample 4,5) annealed at 1700 °C (blue) and 1400 °C
(green).

on 4H-SiC is highly sensitive to surface quality and can serve
as an effective indicator for nanostructure imaging. Further in-
terpretations of these findings are provided through the model
presented hereafter.

3.2. PiF model based on effective polarizability enhanced ab-
sorption

Previous studies on PiFM revealed that both induced dipole-
dipole force and near-field thermal effects can contribute to
the observed spectroscopic contrast, depending on the material
properties of the sample [37, 40]. Recently, [38, 40] showed
that the induced dipole force is more intense on materials with
strong oscillator, which exhibit greater polarizability with a
negative real part of the dielectric function €', particularly near
€ = -1, where the resonance of surface plasmon polaritons
(SPPs) or SPhPs occurs. On the other hand, the magnitude of
the induced thermal forces is directly influenced by the photo-
absorption near the material surface. An interesting and rel-
atively simple analytical model has been proposed based on
the evaluation of an effective absorption coefficient [30], which
assumes relatively low absorption regime and subwavelength
samples [60]. However, this approximation seems relatively out
of range in the RB region of polar crystal where the absorption
is strong, and this model could not capture the observed RRP in
our measurements.

To predict the dipole-dipole force and the photothermal re-
sponse, the knowledge of material’s dielectric function e(w) is
needed. For the bulk 4H-SiC, this function is well described by
the a damped Lorentz oscillator model with addition of Drude’s
term for the free carrier contribution [13]:

E(w) = € T 2;:1 wz + X Drude (1)
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Figure 5: Topography and sideband PiF images, with excitation laser at the SPhP mode (921 c¢m™!), obtained simultaneously at the boundaries between the
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profiles. For better comparison, the PiF intensity in red was normalized by the mean value obtained on the substrate area of each sample.
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The parameters were determined on the reference Sample 1
by fitting the reflectivity FTIR measurement [49]. Along the
c-axis, considered as the direction probed by the tip, besides
the already given LO and TO phonon frequencies, the high fre-
quency permittivity €, = 5.53, the phonon oscillator strength
S = 2.86 and damping I' = 2 cm™! were determined, as well as
the parameters of the Drude’s susceptibility given by:

1

~ Q) o2
O + 2
T

XDrude = — (2
with @ = w—“j and T = 7 - w,, consisting in the plasma frequency
w, = 1450cm™" and the dimensionless relaxation time ¥ =
0.3915.

Also these parameters coming from far-field measurement
were used as inputs to fit the obtained PiFM near-field spec-
tra, except for the phonon damping rate, which needed to be
increased to I' = 17 cm™!. This increased value is presumably
attributed to surface defects and contamination, becoming more
influential in the tip-enhanced near-field setup, although sur-
face damping related to other mechanisms could play a role.
[20, 23, 61, 62]

Figure 6(a) plots the experimentally determined dielectric
functions of Sample 1, initially used for near-field simulation.
These curves provide the extinction coefficient x = Im(+/e)
given on Figure 6(b). By comparing the PiFM near-field spec-
tra and the loss term € or the extinction coefficient, we see that
although the TO peak on the low-frequency hand has some re-
semblance with the loss term, the photoexpansion induced by
the absorption of the illuminating laser can hardly explain the
two observed PiFM peaks. In fact, the far-field illuminating the
sample is mostly reflected by the sample within the RB, espe-
cially for a relatively large angle of incidence. On the other
hand, the evanescent nano-source confined at the scattering tip
is enhanced by the elongated probe shape and can be efficiently
absorbed by the sample. To determine the tip enhanced absorp-
tion at the sample surface, we need to consider both the loss
term and a frequency-dependent enhancement from the sharp
tip and its image induced through the sample.

Generally, the total optical absorption power in a given vol-
ume is P = f Q(r)dV, with the absorption power density Q(r)
in (W/m?) given by the divergence of the time-averaged Poynt-
ing’s vector. In our case of a PiFM tip detecting only the forces
along the z axis in the tip-sample junction, it can be written as
P=A f 0(z)dz, with A a small cross-sectional area below the
tip apex. Determining the absorbed power then requires to de-
termine the local field &(z) within the absorbing medium since

0O(2) is given by:
1
0(z) = §w|8(2)|2€06” A3)

where &(z) is the evanescent electric field below the surface
(z < 0) which is generated by the tip . As in s-SNOM, we need
to consider that the tip is both illuminated directly and through a
reflection, where the incident light is mostly p-polarized, there-
fore:

1 1
Q(2) o< wll + rpllaeyy E@)Fee “

with r,, the sample reflectivity derived from Fresnel equations,
€ the vacuum permittivity and where the loss term resumes to
the imaginary part of the plotted complex dielectric function of
the sample, considering only the component aligning with the
c-axis of SiC, i.e. along the tip axis. In this formula, the field
magnitude scales with the effective induced dipole proportional
to |1 + rpllaess| that accounts for the enhanced field at the tip
apex considering the self-field generated by the probe image.
Finally, the z dependence within the sample is given by:

E(z) = T E(07)e ™ mtkz, (3)

where 1 is the transmission coeflicient of the considered evanes-
cent waves that can be evaluated in the quasi-static limit though
2+€

T = —

—1- The strong vertical confinement is accounted for by

e,
ated with the considered evanescent wave along the z direction,
where k is the wave-vector magnitude +/e 27/ at the consid-
ered wavelength A. For simplicity, a single characteristic spatial
frequency f = 1/a was used to evaluate the parallel component
k;; = 2r f, a being the considered tip extremity diameter.

As detailed elsewhere in the context of s-SNOM [13, 23, 50—
52], the effective polarizability of the tip and sample can be
described with the point dipole model (PD) or the finite dipole
model (FD). The point dipole model [50] regards the tip as a
small polarizable sphere interacting with its image through the
sample. In this model, the effective polarizability of the tip un-
der the action of the incident external field, regarded as mostly
polarized along the tip axis, is given by:

the imaginary part of k, = the wave-vector associ-

(04
gy = —— o5 ©)
- 167(R+H)?

where «; is the bare tip polarizability, S is the prior men-
tioned quasi-static reflection coefficient, defining the sample
surface response. R is the radius of the sphere (tip apex) and
H(> R) is the tip height from the sample surface. The tip po-
larizability @, being enhanced compared to the case of simple
sphere(a), it is phenomenologically accounted for by multiply-
ing the polarizability of a small spherical probe by “c" a com-
plex valued constant: @, = ¢ * @, with typically |c¢| > 1 and
@ = 47R3(& — 1)/( + 2). € is the dielectric function of the
sphere.

On the other hand, the finite dipole model [23, 52] simulates
the tip as a long conductive spheroid of length 2L. Due to the
large separation of opposite charges in this elongated shape, the
monopole charge at the tip apex interacts with the sample, lead-
ing to an effective polarizability written as [51]:

foB )
1-fp

where fj and f are functions of the geometric parameters R/2L,
H/2L as well as a factor g related to the amount of charge in-
duced in the tip due to the self-field appearing in the presence
of the surface. The detailed expressions and values are given in
the appendix Appendix A.1.

@)

af}?,. o 2L(1 +
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Figure 6: (a) Dielectric functions of Sample 1 derived from the FTIR spectrum. (b) The extinction coefficient of the sample is plotted in blue. Simulated effective
polarizability with PD and FD models of the tip-sample junction is shown in red and orange, respectively. (c) Calculated total absorption at the tip-sample junction
by the PD and FD model, comparing to the PiF spectrum showed in Figure 2(a). (d) Simulation results with the original 8 and the damped S3.

Figure 6(c) plots the simulated total absorption (P) results, in
comparison to the experimental data, normalized to the value at
1000 cm™!'. With R = 25nm, H = 7nm, L = 400 nm, the finite
dipole model fits qualitatively well the acquired spectra. With
less parameters though, the point dipole model provides a simi-
lar fit quality using the complex factor ¢ = 3.8¢%!#. Finally, we
see that the PiF spectra of the other SiC samples can be simu-
lated by altering 8, as showed in Figure 6(d). More details are
given in the following discussion.

4. Discussion

Impact of SiC surface properties on the PiF response

Figures 3 and 4 show very substantial decreases in the RRP
intensity across different SiC sample qualities, while the TO-
related peak is much more stable. Some reduction of the RRP

can be be accounted for by the presented model by increasing
the sample loss term €” in the sample’s dielectric function. A
natural approach is to consider variations in the different quan-
tities appearing in the dielectric function of the sample which
can be related to implantation, higher doping or porosity. A
parametric study is conducted in the appendix Appendix A.2
where reduction of the phonon and electron lifetimes, as well
as possible increase in the carrier concentration are consid-
ered [20, 63, 64]. Figure A.11(c,f) shows that the simulated
RRP shifts slightly with varying parameters, which may be con-
nected to the observations made on the re-crystallized Samples
4 and 5 (Fig. 4). However, achieving sufficient RRP damping
would require unrealistic modifications to the dielectric func-
tion, which would alter the observed spectra beyond the RRP
region. For example, a large increase in plasma frequency leads
to greater absorption beyond the RB region. This high sensitiv-
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ity to the material surface is likely due to a damping mechanism
that effectively quenches field enhancement in the tip-sample
gap, which is maximal in this spectral range.

An expression for this damping is not available within the
current tip-sample interaction model, which relies solely on the
simple point-dipole or finite dipole model used in Eq. 4. These
models do not account for the actual shape of the probe, which
necessarily influences field enhancement in the tip-sample gap,
making it more sensitive to sample losses. Alternatively, one
can hypothesize the need for additional damping terms, poten-
tially arising from large lattice cracks, holes, or vacancies that
might create spatial inhomogeneities in the sample’s dielectric
function. These extra damping effects can be phenomenologi-
cally embedded in the point or finite dipole model. In the point
dipole model for example, the self-induced field in the probe
resulting from the tip-sample interaction is obtained through
the approximated Green’s dyadic appearing in the effective po-
larizability denominator (cf. eq.6) as a term proportional to
B/(R+ H)>. This term which multiplies the probe polarizability
accounts for the probe-sample interaction and can be enhanced
or damped via a complex factor d multiplied to the sample re-
sponse 3. Figure 6(d) presents the simulation results of a SiC
sample of reduced surface quality with d = 1.5¢*%'. The RRP
is effectively quenched while the rest of the spectrum remains
almost the same, reproducing qualitatively the observation on
Samples 2-5.

Thickness dependence of the PiF signal on the annealed SiC
thin films

Figure 5 showed the spatial dependence of the SPhP-related
RRP across the boundary between evaporated SiC and non
evaporated region, for the two annealed samples. By combining
those AFM and PiF data, Figure 7 plots the PiF—thickness rela-
tion of both samples. Interestingly, the PiF signal remains sim-
ilar to that of the substrate only below the first 25 — 30 nm. For
the lower annealing temperature (Sample 5) in red, a quick sig-
nal decrease with the thickness due to the peak shift is observed.
In contrast, PiF response for the higher annealing temperature
(Sample 4) in black shows a limited intensity drop, followed
by a rather linear increase as the layer is getting thicker. The
non-monotonous transition is not yet fully explained and could
involve dopants diffusion from the substrate. On the other hand,
the supposedly polycristaline nature of the annealed layer can
lead to a better excitation of the RPP mode for the thicker re-
gion. Further study considering a multilayer effect due to the
structure heterogeneity (8) [40, 65] could also be considered
with the help of hyperspectral PiIFM images to better describe
the observed transition.

Nature of the sensed PiFM force

We have seen that the PiF spectra on SiC can be simulated
by the total absorption at the tip-sample junction, considering
a field enhancement provided by the dipole models. As ab-
sorption of the modulated light induces periodic photoexpan-
sion, this surface displacement entails a modulation of the non-
contact vdW forces which is typically considered as inducing a

—— 1700°C annealed
—— 1400°C annealed

o 20 40 60 80 100
Thickness (nm)

Figure 7: PiF intensity as a function of the SiC thin film thickness, at the initial
RPP peak position (921 cm™"). The profiles were obtained from Figure 5 (e, f)

globally attractive force [30]. On the other hand, a pure optical
dipole-dipole force is mostly considered as attractive as well
[38, 40], also scaling with the effective polarizability a.yr, as
in the model used in [36] in the case of a highly doped semi-
conductor (without phonon resonance). While the presence of a
non negligible optical force cannot experimentally be ruled out,
this force cannot explain the TO-related peak which requires
the inclusion of the loss term in the signal expression. How-
ever other forces may be involved such as the optical scattering
force as well as a photoacoustic force [37, 43] which would
be intuitively regarded as a repulsive force. Therefore, more
experimental insight on the force origin can be given by inves-
tigating the frequency responses of the first mechanical (PiF
detection) mode (fy) of the cantilever. Notably, forces acting
on the oscillating AFM tip shift the resonance frequency of the
tip cantilever: repulsive forces shift the resonance to a higher
frequency, while attractive one lower the resonant frequency
(C£.[28-32]).

Figure 8(a) plots the resonant frequencies (black) and the in-
tensities (red) of the first mechanical mode (fy) of the cantilever
while the tip-sample distance is stabilized through fj. These
two quantities were recorded on Sample 1 for selected optical
wavenumbers across the PiF spectrum, operating in direct mode
to facilitate the analysis. The natural frequency of the free os-
cillating cantilever is indicated by the black dotted line in the
top area of the figure. The actual resonant frequencies during
the measure remains at lower values, reflecting the fact that we
operate the PiFM in the attractive vdW forces range only, as
stated by previous studies. The lower black dashed line also
indicates the resonant frequency when the tip is engaged on the
SiC sample but without an incident laser.

When doing PiF, i.e. with the laser on, a global offset toward
higher frequency is observed across the spectrum, which can be
interpreted as an additional photo-induced repulsive force par-
tially counteracting the stronger vdW forces. This upper shift
could result from the near-field scattering forces or photoacous-
tic effect. However, at the incident laser of ~805 cm™! and ~920
cm~! corresponding to the PiIFM maxima, less shift is compar-
atively detected, confirming that the two main peaks obtained
on SiC samples are attractive PiF.

Another approach to determine the nature of the photo-
induced force is the tip-sample distance dependence [17, 32].
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Figure 8: (a) Resonant frequency (black) and the intensities (red) of the first mechanical (PiF detection) mode of the cantilever (fp), with certain incident laser
wavenumbers on Sample 1. The dot lines mark the values when the tip is free oscillating away from the sample surface. The dash lines indicate the values when the

tip is engaged and without laser excitation. The grey areas indicate the two standard deviations. (b) Retracting curves of photo-induced force with the incident laser
of 800 cm™!(red) and 925 cm ™! (orange) . The corresponding (925 cm™! incident laser) tip oscillating amplitude and phase of the second mechanical mode (fi, for

AFM feedback) are plotted in grey solid and black dash line, individually.

Figure 8(b) shows the representative retracting curves at the
two main PiF peaks, where dz = 0 corresponds to set-point tip
position (cantilever oscillation amplitude about 2 nm) used to
acquire PiF signals. Both curves show steep signal drop within
2 nm of the tip-sample height difference (dz). In the measure-
ment at RRP, the simultaneously obtained AFM feedback am-
plitude and phase modulated at f; are also plotted. The ampli-
tude shows a steep increase, indicating the tip detaching from
the thin contamination (most likely water) layer on the sample
surface even though the system was dry-air-purged (relative hu-
midity RH < 20%). Compared to a free oscillating tip, AFM
phase signal was known to shift upward when the tip working in
the zone where attractive vdW force dominates [32]. Our mea-
surement shows that the phase signal is higher before the tip
retracted, again giving an evidence to the attractive non-contact
PiF detection scheme.

These curves have high similarity with those observed by
[37]. The sharp signal decrease suggests that the detected near-
field dipole and thermal effects on SiC samples are efficiently
mediated through the unavoidable spontaneous contamination
in the tip-sample gap. Moreover, comparing the sideband PiF
spectra of Sample 1 in figure 2(a,b), the relative peak intensities
are reduced when using a brand new tip. We suppose that these
features can play a role amplifying the local field. Conducting
measurement in vacuum or more controlled humidity could be
interesting in this regard. Furthermore, longer-range PiF decay
are not substantially detected beyond the tip detachment point,
strongly suggesting that a thermally induced photoacoustic ef-
fect is not involved here [37].

Critical Analysis of the Tip-Enhanced Absorption Model

While the simple tip-enhanced absorption model we pro-
pose reasonably replicates the observed signal consisting of
two main peaks, some objections were raised in the discussion
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above. One mentioned concern is the need for a better account
of the optical gap mode between the tip and the sample, which
could better explain the great sensitivity of the RPP. Also, ex-
perimentally, we observe that the TO-related peak ~805 cm™!
provides minimal information about the local material proper-
ties, in stark contrast to the RPP peak, which is highly sen-
sitive to local variations. We therefore question whether part
of the RPP peak might originate from the illumination beam
itself, rather than being entirely mediated by the tip, since this
peak does not necessarily require a point tip for excitation. This
would suggest the possibility to add terms to the model to incor-
porate contributions like induced dipole forces, which can also
account for the peak at the RPP position, as it can also involve
effective polarizability [36, 38].

Interestingly, the dips in f; observed in figure 8(a) seem to
indicate a stronger attractive force near the TO peak and RPP
compared to other wavelengths. These dips may again suggest
an optically induced dipole-dipole force, typically regarded as
attractive. However, a stronger modulation of van der Waals
forces induced by photoabsorption may also explain this be-
havior, given that we are in the attractive AFM regime. Addi-
tionally, since the contamination layer plays a role, this inter-
pretation may remain overly simplistic.

5. Application to SiC JFET characterization

In this study, we consider a semi-finished, unencapsulated
P-type junction gate field-effect transistor (JFET) based on 4H-
SiC. The fabrication process follows methods similar to those
described in [66]. As illustrated in Figure 9(a), the layout con-
sists of parallel P*-doped (4 x 10" cm™3) source and drain fin-
gers, along with N*-doped (4 x 10'°cm™3) gate fingers, all pat-
terned within a P-doped (10'” cm™3) channel. The structures
were fabricated using masked nitrogen and aluminum ion im-
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plantation for N- and P-doping, respectively. However, due to
lithographic constraints, the widths of the electrodes at the sur-
face are wider than initially designed, as revealed by the scan-
ning electron microscopy (SEM) image (Fig.9(b)), despite the
correct functioning of the device. The observed contrast in the
SEM image is primarily due to differences in conduction prop-
erties rather than topography, which remains relatively flat and
shows little correlation with the contrast.

Based on previous measurements of homogeneous samples,
a relatively low RPP intensity is expected in the N*-doped re-
gion. Figure 9(d) presents a sideband PiF image taken at a
laser wavelength near the RRP (915cm™'). This image aligns
closely with the SEM image, distinguishing the different re-
gions clearly. The unique characteristics of each zone are fur-
ther supported by the PiFM spectral responses shown in Fig-
ure 9(c). As anticipated, the most intense RRP signal appears
in the P-doped channel regions, which have lower doping lev-
els. In contrast, the signal is weaker in the P*-doped regions
due to higher doping concentrations. In the N*-doped regions,
which contain more free electrons, the RRP signal is signif-
icantly dampened. In the overlapping P*- and N*-doped re-
gions, the signal level falls between the levels observed in the
isolated P* and N* regions.

Compared to free holes, electron mobility is significantly
higher, and phonon-plasmon coupling is known to be stronger
[64], leading to a more pronounced shift and damping in Ra-
man spectra of N-doped SiC. As shown in the intensity traces
in Figure 9(d), Raman mapping of the SiC LO phonon mode us-
ing a 325 nm laser on this JFET sample—although with lower
spatial resolution and relatively weak contrast—reveals a trend
consistent with the PIFM imaging results.

6. Conclusion

In summary, we have demonstrated the utility of the PiFM
technique in assessing the surface quality of SiC samples at
the nanoscale, particularly through the SPhP-related resonant
mode. This mode significantly diminishes or disappears on im-
planted, doped or porous SiC samples. Similarly, the peak in-
tensifies when an amorphous layer is annealed at a sufficient
temperature, suggesting an efficient recrystallization process.
PiFM images notably exhibit good lateral and depth resolution
at the boundaries between thin SiC layers and the substrate.
This data suggests that such a local probe technique could be
particularly useful in monitoring the aging of SiC-based devices
subjected to elevated temperatures or irradiation.

The obtained PiF spectrum was accounted for by consider-
ing the absorption power of the tip-enhanced evanescent field at
the sample surface tip-sample junction. While the model based
on the use of effective polarizability and loss term appears ap-
pealing due to its simplicity and analytical nature, additional
phenomenological damping (beyond that provided by the far-
field dielectric function) had to be added to account for the ob-
served line broadening and resonant peak attenuation. More-
over, the presence of other non-negligible terms cannot be ex-
cluded based on the analysis of single materials like SiC. Fur-
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ther investigation using additional crystalline materials should
lead to further refinements.

A closer examination of the tip resonant frequency suggested
that the observed spectra reflect the influence of an attractive
photo-induced effect, such as a modulation of vdW forces.
The role of a thin contamination layer appears crucial in me-
diating the modulated force towards the tip, amplifying the
detected signal. Finally, a first microelectronic device was
mapped, showing promising sensitivity to doping concentra-
tion. The observed contrast appears much stronger and spatially
resolved than what is obtained with micro-Raman, though the
observed trends seem similar. Further hyper-spectral imaging
on structured samples is anticipated to provide more valuable
insights into local defects and lateral spatial resolution assess-
ment, which is valuable in the context of microelectronic device
characterization.
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Appendix A. Appendix

Appendix A.1. Finite dipole model

The finite dipole model considers the probe as an elongated
conductive spheroid of total length 2L, long enough to account
for field enhancement but substantially shorter than the wave-
length to remains reasonably in the quasi-static approximation.
This model was successfully used to model s-SNOM experi-
ments [23, 51], notably for better explaining the observed red-
shift of SPhP related resonance [52]. Despite the comprehen-
sive derivation found in the literature, we briefly detail the ex-
pression we used in this work in order to be more explicit on the
notation we use. The quantities involved are mostly presented
in the Figure A.10 where a schematic comparison is made with
the point dipole model.

In this model, it is typically assumed that the charges +Qy
are induced by the illuminating field without the surface. They
correspond to a first finite dipole of length 2L — 2W,. Once
brought in interaction with the surface, the monopole (-8Qy)
induced by the main interacting charge Qy creates a self field
in the spheroid which is accounted by a second finite dipole.
This second dipole is closer to the surface and consists in two
charges +(; separated by a shorter distance L — W;, as depicted
in the figure. With those notations, the effective polarizability
expression can be expressed as:

foB
afﬁ.:aFD(l+ 1—Ofﬁ)’
S (e o o InQH+ Wo +R/2)
fo(H, R, g) = (g - 2H - Wo - R) @)
- (0 om w5 IMQH+R)
fUHR g =(g—2H-W, R)—ln(R/z)
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Figure A.10: Schematic comparison of the Finite Dipole Model and the Point
Dipole model, providing the different scales involved. Far from a surface only
the charges Qp and —Qy are present.The effective charges +Q; induced by the
surface are mostly in the center and lower spheroid focus [51]

With of? = 2LQy/|Eil; H and R are the tip height and ra-
dius normalized to the effective tip length (L > R), that is,

H = %; R = %. Following the mainly used estimations
[51], Wy ~ 22K is the normalized vertical position of Qy and

W; ~ £ is the normalized position of Q;. The factor g relates to
the fraction of the involved charges in the tip. Previous studies
[23, 52] show that the value remains mostly within (0.75=+0.05)
for different spheroid shapes provided 2H + W; > R/2. In previ-
ous literature, s-SNOM data modeling with the FDM typically
considers an additional complex exponential. The commonly
reported value of g = 0.7¢°% was also used in this work, as
suggested in [23] and [51]. Finally, we note that in the expres-
sion of both f and fj, g is large compared to the 3 others terms
of the first factor. In other word, the correction we make on 3 in
this paper to account for the RRP fluctuation can also approxi-
mately be seen as a modification of g when using the FDM.

Appendix A.2. Impact of scattering times values in the calcu-
lated spectra

It is observed that the intensity of the SPhP mode on SiC is
very sensitive to the surface quality. In the Lorentz-Drude os-
cillator model, equation 1 in the main text, the spectral loss is
dominated by the oscillator damping term (I') and the normal-
ized carrier scattering time (¥ = 7 - w,,) in the Drude’s suscepti-
bility (XDrude)-

To clarify the contributions, we made parametric analysis
on the SiC dielectric function (€) and the Drude’s susceptibil-
ity, based on the parameters retrieved from Sample 1 (Figure
A.11(a,d)). As a reference, experimentally determined rest-
strahlen band (RB) of sample 1 is shown in magenta dash lines,
with a black mark indicating the measured SPhP resonance
peak. And the black dash curves trace the parameters giving the
real permittivity €’ = —1, that defines the SPhP resonance. With
the increased I', the peak and valley of € shifts slightly away
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from the TO phonon frequency with reducing contrast, leading
to a slight red-shift of the SPhP mode. Meanwhile, the imag-
inary part (¢’’) expands and become larger in the original RB
range, implying more loss in the spectrum. Figure A.11(b,c)
plots the corresponding calculated quasi-static reflection coef-
ficient (8) and the total absorption (P). On the other hand, in-
creasing the normalized carrier scattering time (7) blue shifts
the SPhP resonance while the spectral loss crosses through a
maximal and returns, resulting in a minor effect on the intensity
of the SPhP mode, as plotted in Figure A.11(e,f).
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dash lines show the RB determined on Sample 1, with a black mark indicating the measured SPhP resonance peak. Black dash curves indicate where €’

plot the corresponding |8]. (c,f) plot the simulated total absorption results.
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