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Exploiting Phonon-Resonant Near-Field Interaction  
for the Nanoscale Investigation of Extended Defects
Benedikt Hauer, Claire E. Marvinney, Martin Lewin, Nadeemullah A. Mahadik,  
Jennifer K. Hite, Nabil Bassim, Alexander J. Giles, Robert E. Stahlbush,  
Joshua D. Caldwell,* and Thomas Taubner*

The evolution of wide bandgap semiconductor materials has led to dramatic 
improvements for electronic applications at high powers and temperatures. 
However, the propensity of extended defects provides significant challenges 
for implementing these materials in commercial electronic and optical applica-
tions. While a range of spectroscopic and microscopic tools have been devel-
oped for identifying and characterizing these defects, such techniques typically 
offer either technique exclusively, and/or may be destructive. Scattering-type 
scanning near-field optical microscopy (s-SNOM) is a nondestructive method 
capable of simultaneously collecting topographic and spectroscopic informa-
tion with frequency-independent nanoscale spatial precision (≈20 nm). Here, 
how extended defects within 4H-SiC manifest in the infrared phonon response 
using s-SNOM is investigated and the response with UV-photoluminescence, 
secondary electron and electron channeling contrast imaging, and transmis-
sion electron microscopy is correlated. The s-SNOM technique identifies evi-
dence of step-bunching, recombination-induced stacking faults, and threading 
screw dislocations, and demonstrates interaction of surface phonon polari-
tons with extended defects. The results demonstrate that phonon-enhanced 
infrared nanospectroscopy and spatial mapping via s-SNOM provide a 
complementary, nondestructive technique offering significant insights into 
extended defects within emerging semiconductor materials and devices and 
thus serves as an important diagnostic tool to help advance material growth 
efforts for electronic, photonic, phononic, and quantum optical applications.
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their superior electrical and in some cases 
thermal characteristics in comparison to 
silicon.[1] While silicon carbide (SiC) is estab-
lished as a material for commercial use 
in high power and high temperature elec-
tronics,[2] current emerging materials for 
these applications include gallium nitride 
(GaN) and gallium oxide (Ga2O3).[3] In the 
past, a consistent limiting factor for SiC-
based high power, high temperature, and 
even optical devices was the propensity of 
the material for defect formation due to 
the similar formation energies of its many 
polytypes.[2a,4] Such defects led to significant 
degradation of the devices,[2a,5] requiring 
extensive materials and device studies to 
determine the correlation between the deg-
radation and the specific defect(s). Emerging 
materials such as Ga2O3 and GaN also 
exhibit a large number of defects formed 
during growth,[3a,b,6] such as threading 
dislocations, stacking faults, and twin 
boundaries, which could lead to similar deg-
radation of devices using these materials. 
For emerging materials, developing a quick 
and comprehensive method for under-
standing how such defects interact with free 
carriers, phonons, and incident light on the 
length-scale of the defect itself promises to 

improve the performance of high power, high temperature, optical, 
and quantum devices based on these materials. Furthermore, 
while SiC is now a rather mature material for power electronics 
applications, implementation as a material of choice for infrared 

1. Introduction

Wide-bandgap semiconductors are of current interest for high 
power, high temperature, and high frequency electronics due to 
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(IR) nanophotonic devices[7] or quantum information science 
applications[8] are still in their nascent phases and thus, would 
also benefit from gaining further insights into defect, free carrier 
and phonon interactions at the nanoscale. Here we correlate well-
established spectroscopic and microscopic imaging methods for 
characterizing extended defects, including UV-photoluminescence 
(UV-PL), secondary electron (SE) imaging, electron channeling 
contrast imaging (ECCI), and transmission electron microscopy 
(TEM) with the emerging IR spectroscopic imaging method of 
scattering-type scanning near-field optical microscopy (s-SNOM) 
in order to provide complementary, sub-diffraction, spectroscopic 
and nanoscopic characterization of extended defects. To dem-
onstrate the potential of this method, we focus on investigations 
using well-understood defects within 4H-SiC epitaxial layers as a 
means to benchmark the capabilities in this regard. Based on the 
preliminary work discussed here, it is clear that s-SNOM offers 
significant promise as a characterization technique for extended 
defects in Ga2O3, GaN, and other emerging materials.

To date, the investigations of SiC defects have focused on the 
spectroscopic and microscopic characteristics of the defects sep-
arately.[9] Multiple spectroscopic techniques, including electro-
luminescence (EL) and photoluminescence (PL) imaging,[9b,10] 
have been employed for these studies successfully, with the 
gold standard for defect identification and spatial mapping of 
the defect location being UV-PL. This method provides large-
scale imaging of defects at visible emission frequencies, pro-
viding information regarding the spatial shape and location 
of the defect via its emission response.[11] Advanced UV-PL 
imaging enables the collection of spectral images with prede-
fined spectral filters, providing coarse spectral information in 
concert with the spatial distribution via multispectral imaging 
of the defects present across an entire sample.[10a,12] More 
advanced methods, for instance using rotating double Bragg 
gratings, offer the potential for true hyperspectral imaging.[11] 
However, the spatial resolution of these methods are inherently 
limited by diffraction to at best a few hundred nanometers in 
the visible, but more typically on the order of a micron with 
standard microscope objectives. Therefore, these methods are 
not capable of providing truly nanoscale-resolved information 
at the defect length-scales. To obtain nanoscale resolution, elec-
tron beam techniques are often used, such as cathodolumines-
cence,[13] TEM[14] or scanning electron microscopy (SEM).[15] 
Electron beam methods also include the powerful, but lesser-
known ECCI technique that has been explored for strain con-
trast imaging.[16] In this method, the sample is tilted to an 
angle with respect to the electron beam that is slightly deviated 
from the Bragg condition. This enables high contrast imaging 
of extended defects such as threading dislocations. ECCI had 
been established for defect analysis in metals and ceramics, but 
more recently has been demonstrated for studying defects in 
wide bandgap semiconductors through the pioneering work 
of Picard and coworkers for semiconductors such as GaN and 
SiC.[15a,17] This has allowed for nondestructive imaging of dis-
locations, grain boundaries, and topological information on a 
length-scale consistent with device dimensions.[18] However, 
while ECCI offers significant enhancements in contrast for 
imaging of extended defects with nanoscale precision, it offers 
no spectroscopic information, which is necessary for identi-
fying the origin and influence of the defect upon electronic and 

optical properties of the material. Thus, a method that provides 
both nanoscale spatial resolution and spectroscopic informa-
tion on the same length scale would enable more efficient and 
precise defect analysis than is currently available.

One such method is s-SNOM. In s-SNOM, a monochro-
matic laser is focused onto a metalized atomic force microscope 
(AFM) tip operating in tapping-mode. Due to the nanoscale 
size of the tip apex, evanescent near-fields are excited at the tip 
and the near-field interaction of tip and sample is confined to a 
region of about 20 nm (tip radius of curvature).[19] Here the tip 
acts as a local antenna and in order to obtain 2D maps of the 
near-field interaction the tip is scanned relative to the sample 
surface, while detecting the back-scattered light. The back-
scattered light depends on the near-field interaction of tip and 
sample, which is influenced by the local dielectric function of 
the sample. The complex nature of the dielectric function leads 
to a complex scattering signal, causing significant contributions 
to both the amplitude as well as the phase signal of the scat-
tering signal. Using a pseudo-heterodyne interferometric setup 
and higher-harmonic demodulation, the pure near-field ampli-
tude and phase of the scattered light can be extracted at each 
pixel.[20] Similar to reflection and absorption spectra in Fourier-
transform infrared spectroscopy,[21] both near-field amplitude 
and phase provide complimentary information. The near-field 
interaction of tip and sample can be modeled by a dipolar cou-
pling of charges in the tip with image charges in the sample. 
It shows a resonance in the amplitude and phase signal of the 
scattered light for frequencies close to a certain, negative per-
mittivity Re[ε(ω)] ≈ − 1… − 3, which is the case for fundamental 
excitations in solids such as typically observed for charge carrier 
oscillations and phonons in the infrared spectral range.[19a,22] 
Light can also couple to these excitations forming hybrid propa-
gating interface modes called polaritons (e.g., surface phonon 
polaritons and surface plasmon polaritons),[7a,23] which can be 
detected using s-SNOM as the scattered field also depends on 
the local electric field strength.[22b,24]

To extract the spectral response, the sample can be probed 
at multiple discrete incident frequencies of the focused laser in 
succession to plot the frequency-dependent s-SNOM amplitude 
and/or phase, providing a map of the spatial variation in the 
s-SNOM response at each frequency.[22b] Thus, s-SNOM pro-
vides obvious benefits for high resolution defect imaging when 
monitored at mid-IR frequencies as it provides the potential to i) 
investigate the impact of defects upon the free-carrier density[25] 
or polaritonic behaviors,[26] ii) provide information regarding 
crystalline structure and polytype,[27] and iii) determine the role 
such defects play in the performance of nanophotonic devices 
such as polaritonic antennas,[28] waveguides,[29] and metasur-
faces.[30] While s-SNOM should not be expected to replace the 
previously mentioned spectroscopic and microscopic methods, 
it instead provides a noninvasive technique offering comple-
mentary IR spectroscopic information about the defect(s) and 
surrounding regions of interest, while simultaneously imaging 
the topography of the sample.

For this study, we have chosen 4H-SiC to demonstrate the 
potential for s-SNOM as a tool for extended defect investiga-
tions, enabling noninvasive and simultaneous collection of 
spectroscopic and spatial information. Our reasons are three-
fold: First, i) SiC is an established wide bandgap semiconductor 

Adv. Funct. Mater. 2020, 30, 1907357



www.afm-journal.dewww.advancedsciencenews.com

1907357 (3 of 14) © 2020 The Authors. Published by WILEY-VCH Verlag GmbH & Co. KGaA, Weinheim

material that can host a broad variety of extended defects,[9] 
providing the opportunity to demonstrate the capabilities 
of s-SNOM to probe such defects with nanoscale precision 
in comparison to conventional methods for well character-
ized defects and materials. Further, while SiC is established 
for electronic applications, it is currently also of emerging 
interest for ii) quantum information science applications[8,31] 
and for iii) surface phonon polariton (SPhP) based optical 
devices.[7a,32] The interest in (ii) results from measurements 
of bright, room-temperature single-photon emitters within 
SiC,[31] which could be useful for quantum computation,[33] 
quantum key distribution,[34] and quantum sensing.[31a] The 
interest in (iii) results from SiC being a polar semiconductor 
with a broad Reststrahlen band (≈790–970 cm−1; 12.6–10.3 µm 
for 4H-SiC), where SPhPs are supported.[7a] This enables poten-
tial novel devices such as compact modulated IR sources and 
switches,[30,35] and highly focused modes for nanophotonic cir-
cuits and on-chip IR components.[7a] The s-SNOM technique 
has already demonstrated that near-field studies of SiC can 
distinguish between different polytypes,[27a] strain,[27b] and crys-
talline quality[36] within the Reststrahlen band, suggesting that 
these near-field techniques will also allow for insightful charac-
terization of extended defects. Additionally, while the s-SNOM 
technique has recently been employed to study fundamental 
material properties of semiconductors and/or phase change 
materials other than SiC,[37] such as GaN,[38] hexagonal boron 
nitride (hBN),[24c,d,28,39] vanadium dioxide (VO2),[30] Ge3Sb2Te6 
(GST),[32c] and Ag4In3Sb67Te26 (AIST),[40] a detailed, correlative 
study of extended defects in wide-bandgap materials has not 
been performed up until now.

2. Results and Discussion

For the studies discussed here, a 1 cm2 chip of a 50 µm 
thick 4H-SiC unintentionally doped (Nd  ≈  1 × 1014 cm−3) 
epitaxial layer grown on a highly doped 4H-SiC substrate 

(Nd  ≈  3 × 1018 cm−3) with an 8° off-normal (c-axis) surface 
plane in the [11–20] direction was used.[4a] To identify the loca-
tions of various defects, a UV-PL map, constructed of multiple 
≈1.2 mm2 PL images over the entire square sample was col-
lected (Figure 1a). The UV-PL was collected through a 590 nm 
long-pass filter, which highlights the spectral emission asso-
ciated with a variety of dislocations and extended defects in 
4H-SiC, such as the partial dislocations that bound recombina-
tion-induced stacking faults (RISFs),[13] low-angle grain bound-
aries, threading dislocations which are either threading screw 
(TSDs) or threading edge dislocations (TEDs),[12a] Basal plane 
dislocations,[11c] carrot defects,[12b] and micropipe defects.[11c] 
We highlight two regions of interest with the dashed yellow 
and blue boxes, and provide a higher resolution image encom-
passing these areas (Figure 1b), detailing where the defects 
studied in this work are located. The first (Region 1) corre-
sponds to the location of a carrot defect, while the second 
(Region 2) designates the position of a cluster of micropipe 
defects confined within a larger arrow defect.[14b] Through com-
parison of microscopic and spectroscopic characterization of 
the various defects in these regions of interest with the s-SNOM 
response, we aim to benchmark the power of this technique for 
such studies. Within this context, the other characterization 
tools employed include UV-PL, SEM with SE, ECCI, and TEM. 
We propose this as the next step in developing s-SNOM as an 
emerging tool in semiconductor material and potentially device 
characterization.

2.1. Defect Selection

In epitaxial SiC growth, there are a broad variety of extended 
defects that have warranted study over the years. However, for 
the first s-SNOM demonstration of extended defect characteri-
zation, it is important to find defects that exhibit a surface mor-
phological feature for easy correlation between the well-known 
characterization tools of TEM and UV-PL with s-SNOM, but 

Adv. Funct. Mater. 2020, 30, 1907357

Figure 1. Conventional UV-photoluminescence. a) The full UV-PL map of the full 4H-SiC sample and b) a higher resolution UV-PL image of the region 
of interest, both with a 590 nm band-pass filter. The two general regions in which s-SNOM mapping was acquired are marked with yellow (carrot 
defect) and blue (micropipe defect associated with an arrow defect) squares. Red arrows in both figures indicate identified defects, including partial 
dislocations bounding recombination induced stacking faults (RISFs), threading dislocations, Basal plane dislocations, low-angle grain boundaries, 
additional carrot defects, and additional micropipe defects.
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that also have additional defects that agglomerate nearby for 
further study. Two well-known extended defects that meet this 
criteria are the carrot[14b,41] and the micropipe defects[42] that 
were identified in Regions 1 and 2 of the UV-PL map presented 
in Figure 1.

2.2. Carrot Defect

We first investigate the carrot defect located in Region 1 
(Figure 1), as its spatial position is easily identifiable with 
optical microscopy due to the clear topographical features for 
which it is named (Figure 2a). The structural properties of the 
carrot defect have been previously investigated by Benamara 
et al.[14b] using KOH etching and cross-sectional TEM, and 
a representation of the known carrot structure is provided in 
Figure 2b. The carrot defect has been reported to nucleate at 
a threading dislocation [TD] present within the substrate that 
splits into multiple partial dislocations during epitaxial growth. 
As the threading dislocation propagates through the epilayer, 
a prismatic fault [P] forms perpendicular to the substrate in 
the (1–100)-plane, bounded by the threading dislocation and 
a stair-rod dislocation [SR]. A third partial dislocation, known 
as a Frank partial [FP], may also form at the nucleation point, 
establishing a basal plane fault [B] within the region between 
the Frank partial and stair-rod. This takes the form of an in-
grown stacking fault lying in the 8° off-axis (0001)-plane, 
hence its inclined structure, whereby it is observed to grow at 

this angle from the nucleation point within the epilayer up to 
the epilayer surface.[12b] In-grown stacking faults can exhibit a 
range of stacking orders, each with different electronic struc-
ture, resulting in luminescence properties that differ from the 
surrounding epitaxial film.[13,43] A high-resolution TEM cross-
section (the offcut (11–20) direction is perpendicular to the 
sample and image plane) of the stair-rod region of the extended 
carrot defect collected following the other nondestructive char-
acterization methods is shown in Figure 2c. This TEM diffrac-
tion contrast image illustrates the presence of a bounded region 
of several stacking faults, the first of which is most likely the 
basal plane stacking fault. The second and/or third could be 
additional basal plane stacking faults, or could be RISFs run-
ning underneath the region of the extended carrot defect as 
such defects are evident from the UV-PL images of this spatial 
region and will be discussed further below. All of these stacking 
faults lie within a plane rotated 8° from the sample surface, as 
expected from the known 8° offcut of the 4H-SiC epitaxial layer 
surface. Additionally, all three of the stacking faults terminate 
on the right side of the TEM image, where we observe the inter-
section of the prismatic fault of the carrot defect with the TEM 
lamella.

2.3. Extended Defect Investigations via s-SNOM

The three main characteristic dislocations (threading disloca-
tion, stair-rod, and Frank-partial) that we observe within the 
subject carrot defect have been investigated by s-SNOM and 
simultaneous AFM topography and were compared to ECCI 
and SE-SEM images (Figure 3). The orientation of the defects 
is as in Figure 2a. The s-SNOM maps were collected close to 
the maximum of the resonant phonon near-field interaction 
of 4H-SiC, which occurs at ≈934 cm−1.[22b,27a] From the AFM 
topography, each of the threading [TD], stair-rod [SR], and 
Frank partial [FP] dislocations appears as a pit of depth 219, 
89, and 45 nm, respectively, with visible morphological features 
in the form of bumps or ridges near each dislocation surface 
termination. For the s-SNOM and microscopy techniques, the 
threading, stair-rod, and Frank partial dislocations are clearly 
observable, as are some of the additional defects highlighted 
in Benamara et al.[14b] Specifically, both the threading disloca-
tion and the connected prismatic fault [P] are observed in all 
five images (Figure 3a). All five images in Figure 3b illustrate 
that the prismatic fault connects to the stair-rod at the surface 
of the sample, and each images shows that the basal plane [B] 
extends down from the stair-rod. The other end of the basal 
plane is shown connecting to the Frank partial (Figure 3c), and 
in all five images a second clear line is observed extending to 
the left of the Frank-partial, which is assigned to another pris-
matic fault (marked P2) connecting the Frank partial to a poten-
tial TSD.[44] In the following, the additional features and defects 
observed in these 15 images will be discussed.

We start by investigating the features of the threading (TD), 
stair-rod (SR), and Frank partial (FP) dislocations that appear 
in both the s-SNOM and the electron microscopy images in 
Figure 3 (here-in referred to by their acronyms for brevity). The 
first salient feature is the periodic arrow-shaped lines extending 
to the left of the dark TD region that exist in the s-SNOM 
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Figure 2. Carrot defect. a) A conventional optical microscope image of 
the carrot defect studied in this paper, with the estimated positions of dif-
ferent line defects marked with arrows. b) A schematic of a carrot defect, 
with the associated defects marked. The carrot nucleates from a threading 
dislocation (TD) in the substrate, marked as the nucleation point (NP). 
Two stacking faults called prismatic fault (P) and basal plane dislocation 
(B) intersect in a stair-rod dislocation (SR). At the opposite edge, the P 
[B] is bounded by a TD [Frank partial dislocation (FP)]. c) A transmission 
electron microscopy cross section of the carrot defect, taken near the SR 
defect, with the offcut direction (11–20) perpendicular to the sample/
image plane. The diffraction contrast image shows two to three stacking 
faults in the middle of the carrot defect, corresponding to the B stacking 
fault and also additional recombination-induced stacking faults. Finally, 
the P fault may be visible, due to imperfect TEM sample preparation.
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Figure 3. Carrot defect in s-SNOM versus conventional electron microscopy. The topography and near-field optical images recorded at 934 cm−1 for 
three characteristic carrot defect points: a) threading dislocation (TD), b) stair-rod dislocation (SR), and c) Frank-partial dislocation (FP). The near-field 
amplitude (S3) and phase (Φ3) color scales refer to all three image sets. ECCI and SE images are shown for comparison at all three locations, where 
the monotone light gray regions indicate regions that were not scanned with that technique. Important features such as step bunching (steps), strain, 
prismatic faults (P and P2), and the basal plane (B) are marked. The scale bar is 500 nm for all 15 images.
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amplitude image (but not the topography) and also show up 
more faintly in the SE image (Figure 3a). In both cases, the 
spacing of these step-like features is ≈58 nm. Similar step-like 
features of ≈67 nm are also observed in the s-SNOM and SE to 
the left of the FP dislocation, parallel to the basal plane disloca-
tion where it intersects the sample surface (Figure 3c). Both of 
these step-like features surrounding the TD and FP are most 
likely due to step bunching, which consists of the coalescence of 
several smaller atomic steps into one larger, more energetically 
favorable step during epitaxial growth on off-axis substrates.[45] 
Prior works have demonstrated that step bunching for epitaxial 
4H-SiC grown from an 8° off-normal (c-axis) substrate can have 
lateral widths of ≈20–70 nm,[45a] which agrees well with our 
experimentally observed feature widths. It should be noted that 
in principle, atomic steps such as step bunching may also be 
observed via ECCI,[18a,46] and are somewhat visible in Figure 3c 
above the secondary prismatic fault, where the sample surface 
is at the correct angle. However, imaging a larger area of these 
steps with ECCI requires the sample to be rotated so that 
the nonplanar surface in the vicinity of this defect can be held at  
the correct angle with respect to the detector[16] for imaging, 
which was not utilized in these measurements and is not 
readily available in most commercial SEMs. As such, s-SNOM 
provides an alternative, reliable method for characterizing step 
bunching, providing accurate measurements of the features.

Next we analyze the additional variations in contrast occur-
ring over both the nanometer- and micron-scale that are 
observed in all three microscopy-based characterization tech-
niques (s-SNOM, ECCI, and SE). Some variations in s-SNOM 
contrast can be assigned to topographic features, such as the 
surface scratch observed extending diagonally to the upper right 
of the SR dislocation (Figure 3b). However, others cannot, such 
as a large variation in near-field amplitude (phase) near the TD, 
where the amplitude (phase) changes from low (negative) in 
the region above TD, to high (positive) below (Figure 3a). The 
region of largest near-field phase contrast extends to the left of 
the TD, and exhibits a corresponding change in contrast in both 
the ECCI and SE images, but with no observable corresponding 
topographic feature identified in the AFM topography image. 
Previous s-SNOM investigations have shown that variations in 
strain,[27b] charge-carrier concentration,[25a] and polytype[27a] can 
induce such effects in the near-field contrasts. In ECCI however, 
such a bright-line charge contrast as is highlighted in Figure 3a 
is known to be due to subsurface strain,[16] most likely caused 
by the nucleation point of the TD[47] inducing the carrot defect. 
Thus, this contrast in s-SNOM, ECCI, and SE images to the left 
of the TD is assigned to strain variations, and illustrates that 
s-SNOM can also accurately detect such effects with similar 
spatial precision as the predominant microscopy methods.

So far, the robustness of the s-SNOM technique is illus-
trated with its comparison to the SE and ECCI techniques, as 
the salient features within the carrot defect that are observed 
are all also identified using s-SNOM. However, there are two 
additional features surrounding the three characteristic dislo-
cations that are observed only in the s-SNOM amplitude and 
phase plots, implying that further information beyond those 
present in the conventional electron microscopy techniques 
can also be simultaneously extracted. First, while in the ECCI 
and SE techniques both of the prismatic faults, the SR, and 

the FP appear dark, in s-SNOM these four defects have a dark-
bright-dark (bright-dark-bright) variation in amplitude (phase) 
(Figure 3b,c). These variations in contrast within the s-SNOM 
maps could originate from a change in structural order due to 
the presence of RISFs having propagated into the vicinity of the 
prismatic fault,[27a] and initial evidence for this claim is present 
in the TEM of the extended carrot defect, where potential RISFs 
are observed (Figure 2c). Second, all three sets of s-SNOM 
phase images have dark spots scattered around the TD, SR, and 
FP defects that do not appear in any of the ECCI or SE images, 
although most of these spots are noticeable in the AFM topog-
raphy (Figure 3a–c), see Section S3 (Supporting Information) 
for detailed comparisons. The large contrast of these features 
in the near-field phase images (and also in the TD near-field 
amplitude) could indicate localized strain, potentially indicating 
that these features are the result of TSDs and TEDs that termi-
nate at the sample surface.[44,48] It should be noted that clear 
observation and identification of TSD/TEDs using nonde-
structive techniques has been problematic, with investigations 
using multispectral luminescence imaging providing the best 
delineation,[12a] while unambiguous identification has only been 
possible using molten KOH etching of the defects.[41] No tech-
nique is ideal, as AFM can only identify TSDs and not TEDs,[49] 
the spatial resolution of optical measurement approaches are 
diffraction limited, and KOH etching is destructive. Here, the 
presence of these defects, potentially TSDs though not TEDs as 
they have no topographical features, might be able to be identi-
fied in a single s-SNOM map, depending on the incident fre-
quency as we discuss below.

2.4. Spectral Dependence of s-SNOM Response  
from Extended Defects

One of the primary advantages of the s-SNOM technique 
is the ability to tune the frequency of the incident light with 
respect to fundamental material excitations, such as the Rest-
strahlen band or the bandgap of the material. Thus, the fre-
quency dependence of the near-field measurements should 
provide new nanoscale-resolved spectroscopic information 
about the defects within wide bandgap semiconductors such 
as SiC, adding an additional “knob” for such characterization. 
Thus, the region around the SR dislocation is compared using 
two frequencies of s-SNOM laser excitation in Figure 4a,b, pro-
viding the amplitude (top) and phase (bottom) maps collected 
at a) 891 cm−1 and b) 944 cm−1. At 891 cm−1, the dark spots in 
the amplitude and phase maps that were previously mentioned 
as possibly correlating with TSDs are clearly observed, however, 
at 944 cm−1 these features are almost completely absent in both 
plots, more noticeably in the amplitude. Such a varying spectral 
signature provides further evidence that these spots could have 
a strain related component[27b] are not simply the result of small 
morphological features and thus, supportive of our assignment 
as TSD to some of these features.

A common technique for obtaining spectral informa-
tion about defects in wide bandgap semiconductors over 
large length scales is UV-PL. While s-SNOM near-field map-
ping creates a much higher resolution image of the region 
and thus allows the exact placement of spectral features to be 
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determined, UV-PL offers a much larger imaging field of view 
and provides spectral information about the defects that are 
present.[11c] Two UV-PL maps collected with different imaging 
filters for the region centered around the carrot defect (top: 
445 nm band-pass filter, bottom: 590 nm long-pass filter) are 
provided in Figure 4c, where the yellow square represents the 
s-SNOM mapped region. In the UV-PL maps, extended defects 
that surround the carrot defect can be clearly observed as bright 
features, however, the small TSDs or even TEDs are not readily 
observed because the spectral features of these defects are weak 
in comparison to the other defects present. The most notice-
able defects are the low-angle grain boundaries that have a very 
strong long wavelength emission (590 nm long pass), but are 
not observed at higher energies (445 nm band pass). The carrot 
defect itself is visible at both wavelengths (fainter in the 
445 nm BP image) as a bright emission line resulting from the 
prismatic fault. Some defects associated with the carrot region 
bounded by the FP and SR dislocations also exhibit notice-
able emission signatures in the UV-PL images collected with a 
445 nm band-pass filter. The most common emission observed 
with the 445 nm band-pass filter, however, occurs as large, faint 
emission regions, bounded by regions of no emission (see 
Figure S1, Supporting Information, for further identification). 
These correlate to the spatial regions bound between the bright, 
lower-energy emission lines observable within the 590 nm 
long-pass image, which include the low-angle grain bounda-
ries as well as a second type of smaller lines. These latter linear 
emission features correspond to the partial dislocations that 
bound RISFs.[12b,13] Inside a RISF, the SiC emits at a higher 
energy due to the formation of quantum wells due to the local 
3C-SiC stacking order of the RISFs, which emit at an energy 
≈0.25 eV below the conduction band edge of 4H-SiC.[50] This 
quantum well emission is what is most commonly observed 
in the 445 nm band-pass filter image in Figure 4c (additional 

identification in Figure S1, Supporting Information). The pres-
ence of these RISF features in the UV-PL corroborates the RISF 
features that we observed in both the TEM (Figure 2c) and 
the initial s-SNOM of the SR (the dark-bright-dark pattern in 
Figure 3b), and also appear to be present in the s-SNOM ampli-
tude and phase image in Figure 4b, marked with an X.

Stacking fault defects consist of a local change in stacking 
order that can also be observed in s-SNOM because the phonon 
near-field response depends on polytype,[27a] and because such 
a change in stacking order is typically also correlated with local 
changes in strain and potentially carrier density.[4b] In the region 
marked X, located above the prismatic fault of the carrot defect 
in Figure 4b, there also exists a region of dark (bright) line 
contrast in the near-field amplitude (phase) maps that are only 
observed at 944 cm−1. The contrast of this feature is not clearly 
observed by the other characterization techniques, including 
those presented in Figure 3b. However, through a comparison 
to the wider-field-of-view UV-PL image around this region 
(Figure 4c), it is apparent that the SR dislocation, including 
region X, is correlated to the spatial region located between 
the prismatic fault and a set of partial dislocations, indicating 
region X could be associated with RISFs present within the 
4H-SiC that terminated at the epilayer surface near the carrot 
defect. The 3C-SiC (cubic) stacking order of such stacking faults 
in 4H-SiC could be the origin of the large contrast observed 
in the near-field images (Figure 4b) and would be consistent 
with the strong spectral dependence, as discussed by Huber 
et al.[27a] for polytype variations in SiC and is supported fur-
ther by the observation of multiple stacking faults in the TEM 
cross-sectional image (Figure 2c). In the work by Huber et al., 
the authors demonstrated that different polytypes of SiC cause 
large variations in contrast in s-SNOM due to the shift in fre-
quency of ωLO. Thus, it is probable that the origin of the feature 
at X is indeed due to the presence of an RISF, likely nucleated 
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Figure 4. Near-field versus UV-PL. s-SNOM near-field images are shown for frequencies a) ω = 891 cm−1 and b) ω = 944 cm−1 in amplitude (top) and 
phase (bottom). The s-SNOM length scale bar is 1 µm and notice the slightly different scale for the s-SNOM phase images. The locations of the stair rod 
dislocation (SR), the prismatic fault (P), the basal plane dislocation (B), and step bunching (steps) are marked, as well as an additional feature marked 
X. In (c), UV-photoluminescence images are shown, with yellow dashed boxes indicating the region of the s-SNOM images. The UV-PL is shown in 
two frequency regimes using a 445 nm band-pass (BP) filter (top) and a 590 nm long-pass (LP) filter (bottom). The prismatic fault of the carrot defect, 
partial dislocations around the carrot, a low angle grain boundary, and quantum well emission contrast are marked. The UV-PL scale bar is 20 µm.
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from the substrate-epilayer surface, then extending up to the 
surface via propagating induced by the UV-illumination occur-
ring during the UV-PL mapping of this region. This observation 
again indicates the power of s-SNOM as the low energy inci-
dent light provides the ability to observe, but not influence such 
defects, as can occur during UV excitation in UV-PL imaging.[51]

To evaluate the spectral signature of 3C stacking faults, we 
used the Finite Dipole Model[52] in combination with dielectric 

function data for 3C- and 4H-SiC.[53] The expected near-field 
amplitude spectra s3/s3

Au of both polytypes with respect to 
that of a highly reflective surface (here gold) are depicted in 
Figure 5a, while the corresponding near-field phase spectra 
φ3–φ3

Au are provided in Figure 5b. Below 900 cm−1, both 
polytypes show only a weak near-field signal and no consid-
erable variation in contrast between the polytypes is expected 
(left inset). However, between 920–1000 cm−1 near the SPhP 
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Figure 5. Spectral dependence of near-field contrast of 3C- and 4H-SiC near the stair rod dislocation. The normalized near-field a) amplitude and 
b) phase spectra of 3C- and 4H-SiC were calculated individually using the Finite Dipole Model71 in combination with dielectric data of 3C- and 4H-SiC, 
which were experimentally obtained from far-field reflectivity studies. In both spectra, two insets with enhanced resolution depict the contrast below 
and above the phonon resonance. The red ellipsoids mark the wavenumber ν used in d) 900 cm−1, e) 934 cm−1, f) 944 cm−1, and g) 1053 cm−1. 
c) Topography image of the stair rod dislocation. The feature marked “X” is first identified in the discussion of Figure 4b, stems from a potential 3C 
stacking fault. d–g) Corresponding near-field optical amplitude (top) and phase (bottom) images. All images are both normalized to the surrounding 
response of defect-free 4H-SiC near “R.” The scale bar in all images is 500 nm.
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resonant conditions of these two polytypes, both 3C- and 
4H-SiC exhibit a strong near-field phonon resonant response 
that differs in both amplitude and phase. Within 3C-SiC the 
near-field phonon resonance is both spectrally shifted and 
damped, making the phonon resonance considerably weaker 
in amplitude and phase than that of 4H-SiC. Thus, a reason-
able contrast can be expected at the energies where s-SNOM 
was performed here. Outside the resonance spectral region, for 
instance at frequencies > 1000 cm−1, the near-field amplitude 
and phase signals are again significantly reduced in compar-
ison to the peak (right inset). Here, both amplitude and phase 
for 3C-SiC are slightly higher relative to 4H-SiC due to the shift 
of the phonon properties and differences in high frequency (ε∞) 
contribution to the dielectric function. Thus, at high frequen-
cies the contrast between the two polytypes should be inverted 
with respect to lower frequency maps.

To qualitatively verify whether the near-field feature X iden-
tified in Figure 4b can be attributed to a change in SiC poly-
type from 4H to 3C due to the presence of RISFs, the local 
infrared spectral response is probed using s-SNOM and com-
pared to the calculated response. A topographic image of the 
region around the SR dislocation is provided in Figure 5c with 
a white arrow indicating the general location of the feature X, 
while the characteristic near-field contrast for 3C- and 4H-SiC 
is shown in Figure 5a,b. The same SR region is then sequen-
tially imaged at the four frequencies marked by the red ellip-
soids in Figure 5a,b: i) Below the SPhP resonance at 900 cm−1; 
ii,iii) near the SPhP resonance at 934 and 944 cm−1; iv) above 
the SPhP resonance at 1050 cm−1. The SPhP resonance fre-
quency falls within the Reststrahlen band (see Figure S2b, 
Supporting Information), and can be calculated as in Huber 
et al.[54] The corresponding near-field amplitude and phase 
images (to those in Figure 5a,b) are depicted in Figure 5c–f. 
While a rich variety of features can be observed at all frequen-
cies, the spectral characteristics of feature X are some of the 
most prominent. Near the SPhP resonance at ω = 934 and 
944 cm−1, the feature X (above the SR) shows a significant 
dark (bright) amplitude (phase) contrast, which is associated 
with a significantly lower amplitude and phase signal than the 
surrounding 4H-SiC lattice (Figure 5e,f). When compared to 
an undisturbed region of 4H-SiC below the defect (region R),  
the amplitude signal is reduced by a factor of 2 and the phase 
undergoes a change of Δφ ≈ π. This large amplitude and phase 
contrast matches well with the calculated spectral response 
anticipated for a polytype change over a short spatial period 
with 3C- and 4H-SiC, where a smaller maximum near-field 
amplitude and phase is expected within a 3C-SiC RISF defect 
within 4H-SiC (Figure 5a,b). In accordance with the calcula-
tions, no significant near-field contrast can be observed either 
below (900 cm−1) or above (1050 cm−1) the SPhP resonance. 
While the contrast inversion expected at high frequencies is 
not observed (right inset Figure 5a,b), the weak signal strength 
in both of these spectral regions precluded quantitative con-
firmation of this comparison. Thus, in accordance with the 
calculated spectral response of 3C- and 4H-SiC, the experi-
mental frequency-dependent near-field spectra, as well as the 
results by UV-PL (Figure 4c) and TEM cross-sectional imaging 
(Figure 3c), the extended defect above the SR can be attributed 
as resulting from RISFs.

We note that the increase in contrast of both polytypes at 
944 cm−1 relative to that observed at 934 cm−1 does not fit to 
the calculated contrast of 3C- and 4H-SiC. However, in addition 
to a change of the polytype, the RISF can further distort the 
conduction band edge and create an inclined quantum well.[4b] 
This leads to a redistribution of charge carriers in the sample, 
causing them to accumulate in the quantum well defined by the 
RISF. As previously reported for grain boundaries in SrTiO3, 
an accumulation of charge carriers at extended defects can lead 
to a similar damping of the phonon near-field resonance.[55] 
Furthermore, local stress and strain can significantly influence 
the phonon spectra as well.[27b,38] Strain is likely to play a sig-
nificant role around lattice defects, and locations with increased 
strain have been observed around the extended carrot defect. 
Strain could be caused by a variation in the quality of the crystal 
and thus could also lead to increased phonon damping and 
a decrease in the near-field scattering amplitude, caused by a 
higher density of point defects in the sample, such as TSDs.[36] 
In order to fully separate all the different influences and une-
quivocally verify the spectral signatures that stem purely from 
the RISFs, a quantitative near-field analysis of normalized 
spectra is necessary. In general, the absolute s-SNOM scat-
tering signal depends on the overall tip shape including shaft 
(acting as an antenna), which is difficult to model. However, 
the relative scattering signal with respect to a reference material 
depends on the tip radius and demodulation parameters only, 
and thus can be reliably evaluated. Similar to far-field Fourier-
transform infrared reflectivity (FTIR) studies, s-SNOM spectra 
need to be normalized to reference spectra of a sample with a 
known constant infrared response (usually Si, Au) for quantita-
tive analyses. In our case no such reference region was available 
close to the defects investigated. To derive quantitative values 
for the local stress/strain,[38] charge carrier accumulations,[55] 
or crystal quality[36] around the defects in future studies, non-
resonant reference materials such as lithographically deposited 
Au patches with additional direct comparison to TEM or KOH 
etch-pit analysis are necessary.

2.5. Micropipe Defects

To demonstrate a broader range of defects that s-SNOM can 
detect and potentially identify, we next examine a cluster of 
micropipes associated with an arrow defect. Micropipes are 
a common defect defined by their hollow core[9a] and arrow 
defects also exhibit a large arrow-like morphological feature, 
which similar to the carrot defect, enables easy identification 
for the comparative studies discussed here. Additionally, like 
the carrot defect, the spatial region in the vicinity of both the 
micropipes and arrow defects commonly have many other 
extended defects, making a wide range of defect characteriza-
tions possible. Such a cluster of micropipe defects agglomer-
ated in the vicinity of an arrow defect is provided using various 
spectroscopic imaging methods in Figure 6. The arrow defect 
is visible in the optical image (inset Figure 6a) as a forked line 
pointing left toward a group of associated micropipe defects 
within the primary UV-PL image. The micropipe defects are 
designated by multiple bright emission spots in the UV-PL and 
have been boxed in yellow. Topography and near-field mapping 
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was collected for the yellow-boxed region containing the micro-
pipes (Figure 6b), revealing that they (largest dark spots in 
topography) have a range of precise sizes and multiple smaller 
defects associated with them that were unresolvable in the 
UV-PL images.

The optical near-field images in Figure 6b,d were taken at 
frequencies of ω = 891 cm−1 (left) and ω = 944 cm−1 (right). 
Noticeably, at 944 cm−1 a new feature appears that was not 
initially observed around the carrot defect: that of wave-like 

structures centered at the largest micropipe that becomes dis-
torted along the axis of the projected illumination onto the 
sample surface (marked by the red arrow in the corner of the 
phase image). These waves are not observed in topography and 
are most likely propagating SPhPs launched due to reflection of 
the tip-scattered incident light by the micropipe. This results in 
an interference with the illuminating ω = 944 cm−1 wave, coin-
ciding with the observed interference pattern.[56] In the direc-
tion of illumination, the fringe spacing of the waves is ≈2.8 µm, 
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Figure 6. Additional defect characterization with s-SNOM and UV-PL. a) UV-PL (590 nm LP) of the micropipe region with the c-axis of the 4H-SiC 
marked. Inset is of the same region showing an optical image of the associated arrow defect with a 20 µm scale bar. b) The s-SNOM topography of 
the yellow boxed region in the UV-PL, and c) the s-SNOM topography of the red boxed region in the topography image in (b). d) The s-SNOM ampli-
tude (top) and phase (bottom) of (b) at two frequencies, ω = 891 cm−1 (left) and ω = 944 cm−1 (right). All scale bars in (d) are 5 µm. e) The s-SNOM 
amplitude (top) and phase (bottom) of (c) at the same two frequencies, depicting the single micropipe in (c). Note: there is a slight lateral shift of 
0.4 µm between the data collected at ω = 891 cm−1 and ω = 944 cm−1 . The micropipe (µP), the rims most likely due to a surface morphological effect 
(M), threading edge (TE), and threading screw (TS) dislocations are all marked. All scale bars in (e) are 1 µm. The s-SNOM amplitude and phase scale 
refer to all images in (d) and (e).
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indicating it could either be an edge or tip launched SPhP in 
SiC, as it is between the frequencies for the two modes.[54,56,57] 
From our calculations of the SPhP frequency,[54] given the 
unmodified dielectric function of 4H-SiC from Tiwald et al.,[53] 
at ω = 944 cm−1 the spacing of an edge launched SPhP would 
be 3.8 µm, while a tip launched mode would be ≈1.9 µm. How-
ever, at the lower energy, ω = 891 cm−1 frequency, the spacing 
of edge launched SPhP fringes would be ≈10.1 µm, and thus, 
no noticeable fringes would be anticipated within our s-SNOM 
images. At such small wavevectors (long SPhP wavelengths) 
the sharp tip cannot efficiently couple to SPhPs, consistent 
with our observations. Additionally, now that SPhPs have been 
clearly identified around the micropipes, it becomes apparent 
that other defects also show similar, albeit less noticeable, wave-
like structures. For instance, near the SR of the carrot defect 
a frequency dependent SPhP response is observable, where at 
891 cm−1 no fringes are visible (Figure 4a), yet at 944 cm−1 thick 
parallel fringes of alternating dark and bright regions can be 
seen below the prismatic fault in both the amplitude and phase 
images (Figure 4b). These fringes are spaced ≈2 µm apart, con-
sistent with tip-launched SPhPs. The spacing of the observed 
SPhP modes suggests that while the micropipe defects could 
interact with both tip and edge launched SPhPs, the prismatic 
fault of the carrot defect primarily interacts with tip launched 
SPhPs. Altogether, this near-field data provides strong evi-
dence that extended defects will interfere with phonon-based 
SiC optical applications[27b,58] such as SPhP resonators,[22a,32a,c] 
or superlenses,[59] as the micropipes would act as local SPhP 
sources or scattering centers.

Additional features are observed near the micropipe defects 
at both s-SNOM frequencies, such as small dark spots. A mag-
nified near-field image of a single micropipe is provided to 
analyze these features in more detail (Figure 6c,e). While these 
features are observed in the topography as well as the near-field 
amplitude and phase, there is a spectral difference between the 
dark spots (see Section S3, Supporting Information, for addi-
tional detail). All the spots have a strong near-field amplitude 
contrast at 891 cm−1, while only some have a strong amplitude 
contrast at 944 cm−1. Additionally, in phase, the spots differ-
entiate into two distinct types, where the larger spots that are 
nonuniform in shape have a much weaker near-field signal 
than the smaller uniform spots. In topography, there is no dis-
tinguishing between the two types of spots, other than their 
size. When the sizes of the observed spot defects are meas-
ured at 891 cm−1, two size ranges become apparent, and those 
ranges bin perfectly into weak phase response and strong phase 
response. The first are a set of large, 11 000 nm2 defects with a 
density of 2800 cm−2 with a smaller near-field phase response, 
and the second are small 1300 nm2 defects with a density of  
25 000 cm−2 with a larger near-field phase response. Addition-
ally, the spots with a larger near-field response at 891 cm−1 have 
a greater spectral difference, as they are the spots that are more 
difficult to observe in amplitude at 944 cm−1. While it has been 
previously shown that topography can identify TSDs, it typically 
requires confirmation using KOH etching.[49] Here, the differ-
ence in spectral signature in the observed spots suggests that 
TSDs can be differentiated from nondefect topographic fea-
tures given the differences in spectral signature between spot 
types. The data suggests that the smaller spot features with a 

larger phase response and an observed spectral shift could be 
assigned to TSDs, identifying s-SNOM as a more complete 
nondestructive method for determining the locations of TSDs 
than topography alone.[48a,49]

3. Conclusions

Here we have demonstrated that scattering-type s-SNOM is 
an emerging characterization technique that allows for simul-
taneous topographic and spectroscopic investigations of solid-
state materials with nanoscale resolution. Using s-SNOM, we 
characterized extended defects in an unintentionally doped 
epitaxial layer of 4H-SiC, similar to those used in many power 
electronic devices. Without the need for additional characteri-
zation techniques, the s-SNOM technique found strong evi-
dence for identifying step-bunching, variations in polytype 
near a stair-rod dislocation indicating the presence of recom-
bination-induced stacking faults, the presence of threading 
screw dislocations and the potential to delineate TSDs from 
random topographic features. We also observed surface phonon 
polariton propagation due to incident infrared light interacting 
with defects such as micropipes or the prismatic fault associ-
ated with a carrot defect. The spectroscopic information was 
obtained by collecting spatial maps over a range of incident fre-
quencies within the Reststrahlen band of the material, and the 
collected signal was limited not by the diffraction limit, such as 
would be the case with UV-PL, but instead only by the radius 
of curvature of the AFM tip employed, which is typically on 
the order of 20 nm. In the s-SNOM technique, the imaging of 
defects due to changes in contrast of the near-field amplitude 
and phase is most sensitive within the Reststrahlen band of the 
material. However, there is a frequency dependent response to 
the defects that are observed around the carrot, micropipe, and 
surrounding extending defects in the 4H-SiC. The observed 
threading screw dislocations are most differentiable at longer 
wavelengths, where the images are less masked by SPhPs or 
influenced by polytype changes. Contrariwise, polytype and/or 
free carrier changes, such as those induced within an RISF, are 
more clearly observed at frequencies closer to the LO phonon, 
where the small permittivity values lend themselves to the 
modifications that occur due to stacking order changes and 
free carrier induced Drude effects. Additionally, fringes from 
propagating SPhPs are also observed more easily at frequen-
cies closer to the LO phonon due to the fact that the shorter 
SPhP wavelengths have larger wavevectors and couple more 
efficiently with the sharp AFM tip. Thus, s-SNOM allows us to 
investigate defects present in 4H-SiC presented here, but it is 
also possible to do the same with other semiconductor mate-
rials and devices, adding s-SNOM as a defect characterization 
tool that can simultaneously provide for high spatial resolution 
microscopy and spectroscopy.

Overall, the interaction of extended defects with infrared 
light detected via the s-SNOM technique implies that the per-
formance of optical devices at phonon frequencies will be 
strongly dependent upon light-matter interactions occurring 
near extended defects. For future work studying the spectral 
dependence of extended defects at IR frequencies, a broadband 
IR laser can be implemented in conjunction with the s-SNOM 
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tool and an interferometer, acting as an FTIR spectrometer. 
This technique is referred to as nano-FTIR,[19b,60] and offers 
the ability to collect a broadband spectrum from each given 
spatial location, but again with the same ≈20 nm spatial resolu-
tion. Both s-SNOM and nano-FTIR would be beneficial addi-
tions to current investigations of semiconductor materials for 
high temperature and high power applications, such as SiC 
and emerging materials.[2a,3a,b] Specifically, an investigation of 
additional wide bandgap semiconductors, such as GaN[38] or 
different Ga2O3 polytypes[61] would be possible with current 
techniques, as at least a portion of the Reststrahlen bands for 
each is above 560 cm−1, which is the low-frequency cutoff for 
current compact, broadband IR lasers employed in nano-FTIR 
(Figure S2, Supporting Information).[35a-c,38,55,62] Such studies 
would be valuable as the scientific community seeks to advance 
these materials for future power applications as well as for 
emerging single-photon emission in quantum optics applica-
tions and mid- and far-IR optical and nanophotonic concepts.

4. Experimental Section
UV-PL: The UV-PL maps were collected by illuminating the 1.2 mm2 

field of view with a 330 nm, 500 mW output of a Coherent Saber 
argon-ion laser, directed at the sample at ≈30° off normal. The PL was 
collected through a 50×, 0.5 NA Mitutoyo objective and passed through 
either a 590 nm long-pass or 445 nm band-pass filter (40 nm bandwidth) 
before being collected by a liquid-N2 cooled charge-coupled detector 
(CCD) imaging array.

TEM: A cross-sectional TEM sample was acquired using an FEI Nova 
600 Dual-beam FIB from the stair-rod end of the extended carrot defect, 
with the offcut direction (11–20) perpendicular to the prepared TEM 
sample plain. The TEM imaging was acquired with a JEOL 2200F TEM 
at 200 keV and a Nion UltraSTEM at 100 keV. The sample was damaged 
(amorphized) after imaging.

s-SNOM: To obtain infrared images with a subwavelength spatial 
resolution on the nanometer scale, a commercial scattering-type scanning 
near-field optical microscope (Neaspec) was applied. The setup was 
based on an atomic force microscope, working in the intermittent contact 
regime with a metallized Si tip (Arrow NCPt, NanoAndMore), oscillating 
at frequency ω near its resonance frequency. The oscillation amplitude 
was set to about 40 nm. Infrared light at various wavelengths was 
generated by tunable quantum cascade laser sources (Daylight solutions, 
laser power adjusted to P ≈ 4–5 mW) and focused down to the tip using a 
parabolic mirror. A HgCdTe detector (Infrared Associates) was employed 
to detect the light backscattered from the tip. To obtain background-
free infrared near-field amplitude and phase images, an interferometric 
pseudoheterodyne setup[20] was employed and the signal from the 
back-scattered light was demodulated at higher harmonics n of the tip 
oscillation frequency nω, while scanning the tip relative to the sample.

ECCI: Structural properties of the structures films along with 
dislocation densities of each polarity were investigated with electron 
channeling contrast imaging. In this technique, a conventional scanning 
electron microscope (FEI Nova 600 NanoLab SEM) and electron 
backscatter diffraction (EBSD) detector (hkl Technology Nordlys) were 
used to detect changes in diffracted electron yield due to lattice strain 
induced by defects. The sample was tilted to a small deviation from its 
Bragg angle, in this case 70° (it was SEM configuration dependent). 
All ECCI and SE measurements were made after the s-SNOM 
measurements.

Calculations: To model the bulk near-field amplitude sn(ε)/sn
Si and 

phase spectra φn(ε) − φn
Si (n  =  3) for SiC-3C and 4H, the finite dipole 

model[52] was used. The dielectric data for SiC-3C and 4H were derived 
by fitting the FTIR spectra of a free-standing SiC-4H epilayer and a 
3.5 µm thick SiC-3C film on a Si substrate.

Supporting Information
Supporting Information is available from the Wiley Online Library or 
from the author.
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