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Abstract. In power electronics, compound semiconductors with large bandgaps, like silicon carbide (SiC), are
increasingly being used as material instead of silicon. They have a lot of advantages over silicon but are also
intolerant of nanoscale material defects, so that a defect inspection with high accuracy is needed. The different
defect types on SiC samples are measured with various measurement methods, including optical and tactile
methods. The defect types investigated include carrots, particles, polytype inclusions and threading dislocations,
and they are analysed with imaging ellipsometry, coherent Fourier scatterometry (CFS), white light interference
microscopy (WLIM) and atomic force microscopy (AFM). These different measurement methods are used to
investigate which method is most sensitive for which type of defect to be able to use the measurement methods
more effectively. It is important to be able to identify the defects to classify them as critical or non-critical for
the functionality of the end product. Once these investigations have been completed, the measurement systems
can be optimally distributed to the relevant defects in further work to realize a hybrid analysis of the defects.
In addition to the identification and classification of defects, such a future hybrid analysis could also include

characterizations, e.g. further evaluation of ellipsometric data by using numerical simulations.

1 Introduction

Power electronic components are used in many areas of ap-
plication in our daily lives. They are needed for intelligent
power distribution, electromobility, and 5G communication.
Currently, power electronics is still dominated by silicon as
a material. However, there is an increasing shift from silicon
to compound semiconductors with large bandgaps. Silicon
carbide (SiC), for example, is one such compound semicon-
ductor. The advantages over silicon are that they can operate
at higher frequencies, temperatures, and voltages. In addi-
tion, the final products are smaller and lighter, so there is less
energy loss. However, during the manufacturing process, de-
fects arise which negatively influence the functionality of the
end product and which are the cause of yield enhancement
still being a grand challenge (Wilson et al., 2021). Therefore,

defect inspection with high sensitivity is required for these
materials (Wilson et al., 2021; Treu et al., 2012; Alves et al.,
2017).

Defects on SiC have different causes. A general distinc-
tion is made between crystallographic defects in the wafer
and surface defects. Crystallographic defects and impurities
can extend onto the wafer surface during growth and form
surface defects (Chen et al., 2022).

There already exist many established defect inspection
methods. The aim here is to investigate further methods that
use ellipsometric and scatterometric measurements to sup-
plement a degree of polarization freedom to obtain differ-
ent and increased sensitivities in relation to the defect ge-
ometries compared to conventional methods. A further ad-
vantage of these methods is that there is no principal lower
limit on the size of measurable structures or features. Un-
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like microscopic methods, which as image-based methods
are fundamentally limited by their resolution (Abbe limit),
scattered light methods have the capability to characterize
structures that are orders of magnitude smaller than the used
optical wavelength and also the used interaction range. Imag-
ing ellipsometry (IE) and also coherent Fourier scatterome-
try (CFS) combine all these advantages. Imaging ellipsom-
etry is applied here to significantly reduce the analysed in-
teraction area, which allows us to characterize small indi-
vidual features and which has significant advantages in the
signal-to-noise ratio for sparse defect surfaces. Atomic force
microscopy (AFM) and white light interference microscopy
(WLIM) measurements are used to determine the topography
of the defects to obtain initial approaches for later simula-
tions.

For each of these four measurement methods, it will be
determined for which defect types they are most sensitive so
that the devices can be used optimally. In further work, these
can then be used not only to detect the defects but also to
characterize them.

The SiC epitaxial wafers used for the measurements were
grown in an AIXTRON multi-wafer production-type chemi-
cal vapour deposition (CVD) reactor.

2 Defect types and inspection methods

The samples investigated here are homoepitaxial 12 pm 4H-
SiC layers on 4H-SiC (n+ (nitrogen-doped) 4H polytype
cut at 4°) substrates. The most common defects of the SiC
samples measured here are shown as microscope images in
Fig. 1 and as an AFM image in Fig. 7c. These are so-called
carrot defects, polytype inclusions, particles, and threading
dislocations. The defects in SiC are typically divided into
two groups: crystallographic defects in the wafer and sur-
face defects. Carrot defects and polytype inclusions belong
to surface defects, whereas particles and dislocations belong
to crystallographic defects. Particle inclusions are generated
by falling particles during the growth process. They can be
reduced by manufacturing under clean and controlled condi-
tions (Chen et al., 2022).

2.1 Investigated defect types

Dislocations can appear as so-called threading or basal plane
dislocations. They occur on 4H-SiC substrates with densities
between 10° and 10* cm™2. They are responsible for reduc-
ing the minority carrier lifetime, increasing the leakage cur-
rent and causing reliability problems of the final products.
During homoepitaxy, dislocations either propagate into the
epitaxial layer (more than 95 %) or convert to other dislo-
cation types. The dislocations are formed due to thermal or
steric stress during the growth of 4H-SiC single crystals (Li
et al., 2022b).

Threading dislocations show up on the surface as etch pits
with different shapes and dimensions, so that they can be fur-
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ther divided into threading edge, threading screw, and thread-
ing mixed dislocations. In a cross-sectional view, thread-
ing mixed dislocations are characterized by a conical shape,
threading screw dislocations have a triangular cross section,
and threading edge dislocations (TEDs) have an arc-shaped
cross section (Yu et al., 2021).

Especially in the case of TEDs, due to the small dimen-
sions in the micrometre-to-sub-micrometre regime (in both
width and depth), imaging with conventional optical mea-
surement methods no longer allows us to characterize sub-
micron defect details, and for this purpose tactile measure-
ment methods are required instead.

Surface defects can occur if crystallographic defects and
impurities spread to the homoepitaxial wafer surface during
growth. Carrot defects are among the most common surface
defects and are responsible for increasing the reverse leakage
current of 4H-SiC Schottky and p—n junction diodes (Zhao,
2020). Various studies have been conducted on the structure
and cause of carrot defects. According to Benamara et al.
(2005), the defects consist of two intersecting planar faults
on prismatic and basal planes, with the two connected by
a stair-rod dislocation. The cause of this surface defect is a
threading screw dislocation in the wafer, according to the au-
thors. Hassan et al. (2010) have investigated various carrot
defects and were able to trace each of the structures back to
the model of Benamara et al. (2005) They have also found
further causes of the carrot defects, such as basal plane dis-
locations, threading screw dislocation stacking faults, or dis-
location slip bands, and even substrate surface damage can
be a cause of these defects. The surface morphology of the
defect depends on the composition of the respective defect.

Polytype inclusions, or triangle defects, are also among
the most common surface defects on 4H-SiC epitaxial layers.
They have a negative impact on the reliability of the product
and are therefore also called killer defects. Two well-known
models exist of the origin of these defects, which agree that
they are 3C-SiC nucleation on off-axis 4H-SiC substrates
(Guo et al., 2017). Only the cause of this nucleation is rea-
soned differently. Konstantinov et al. (1997) and Hallin et
al. (1997) assume that these defects originate from substrate
imperfections. Polytype inclusions, according to them, form
large on-axis terraces with a large supersaturation originating
from spontaneous two-dimensional nucleation and growth
from the triangle apex. Si et al. (1997) explain that the cause
of 3C nucleation is step bunching during epitaxial growth.
According to these authors, with a sufficiently large step pe-
riod, supersaturation can be achieved at the terrace sufficient
to initiate two-dimensional nucleation, which in turn leads to
the formation of 3C-SiC.

Polytype inclusions have different morphologies, so that
they can be divided into three types (Guo et al., 2017).
Type A is characterized by a large particle at the top of the
defect. The attached triangular shape is divided into a smooth
surface and a rough surface. The smooth surface is a 3C layer
overgrown by 4H-SiC steps and the rough surface is a 3C
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Figure 1. Microscopic images of the defects under estimation, captured with a normal incidence microscope at a wavelength of 500 nm:
(a) carrot, 20x objective with numerical aperture NA =0.5; (b) polytype inclusion with particle, 10x objective with NA = 0.3; (c) carrot,
20x objective with NA =0.5; and (d) polytype inclusion, 10x objective with NA =0.3.

layer that is not overgrown. Type B usually has a smaller
particle than type A at the top and the entire surface is over-
grown by macro steps of 4H-SiC that create a rough surface.
Type-C defects have a smoother surface than type-B defects,
suggesting that the growth steps are much finer (Guo et al.,
2017).

Accordingly, the polytype inclusion in Fig. 1b is a combi-
nation of types A and C due to the large particle and smooth
surface and, in Fig. 1d, a type-C defect. Both defects have an
area without 4H overgrowth represented by a line within the
triangle.

2.2 Inspection methods: state of the art

There are already various defect inspection methods for SiC
in use. These include optical and non-optical methods, which
differ again in whether they can examine the surface de-
fects or the crystallographic defects. Widely used methods of
non-optical defect inspection are transmission electron mi-
croscopy (TEM) and KOH etching. Both methods examine

https://doi.org/10.5194/jsss-13-109-2024

the crystallographic defects, but they cause irreversible dam-
age to the samples and are therefore not suitable for in-line
use. Other measurement systems for the non-optical case are
AFM, scanning electron microscopy (SEM) or cathodolumi-
nescence (CL) in combination with SEM. However, these
methods have the disadvantage that they have extended mea-
surement times. Another method that is already in use is non-
imaging Mueller matrix ellipsometry (MME). This can be
used to examine crystallographic defects, whereby indica-
tions of the examined defects can be found, particularly in
some off-diagonal elements of the Mueller matrix (Li et al.,
2022a). Optical measurement systems for defect inspection
include optical microscopy (OM) and optical coherence to-
mography (OCT), which perform measurements of surface
defects. Raman spectroscopy, X-ray diffraction topography
(XRT), and photoluminescence (PL) can examine crystallo-
graphic defects. However, OCT has a comparatively low in-
spection speed and resolution, while Raman measurements
are relatively slow (Chen et al., 2022).

J. Sens. Sens. Syst., 13, 109-121, 2024
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For a summarized overview of the mentioned measure-
ment methods, refer to Table 1.

3 Measurement methods

3.1 Imaging ellipsometry

Ellipsometry is an optical measurement method in which the
change in the polarization state of light is analysed after in-
teraction with the sample. In this way, conclusions can be
drawn about the dielectric properties of film layers or about
the layer thickness of thin films. It is an indirect measure-
ment method, so numerical simulations are needed to solve
Maxwell’s equations and the inverse problem (Azzam and
Bashara, 1977). In ellipsometry, only relative phase and am-
plitude measurements are performed, and therefore it is a
very accurate measurement method (Losurdo and Hingerl,
2013; Goldstein, 2003; Chipman, 1994). The polarization of
the emitted light is determined by a polarization state gener-
ator (PSG). The light then hits the sample and is reflected by
it or transmitted through it, whereupon it reaches a polariza-
tion state analyser (PSA) where it is analysed with respect to
its polarization. Finally, a detector measures the intensity of
the light. The PSG and PSA each consist of at least one po-
larizer and, optionally, an additional compensator. The PSA
is constructed inverted to the PSG. In conventional ellipsom-
etry, the analysis of the sample properties takes place via an
integration of the illumination spot size, typically with di-
ameters of the order of 1 mm, unless microspots are used.
In this way, unstructured surfaces or periodic, homogeneous
structures can be examined. In the case of single structures
smaller than the illumination spot size or non-periodic struc-
tures, a solution is needed which makes it possible to perform
local measurements. For this purpose, imaging ellipsometry
can be used. An objective is added, for example, on the anal-
yser side that collects the reflected light from the sample and
images it into a camera that then acts as the detector. In this
way, a separate analysis of the sample properties can take
place for each pixel of the camera and single structures in the
micrometre range can be analysed.

In ellipsometry there are several parameters that are inves-
tigated and analysed, the most well-known being the values
W and A and the Mueller matrix. When measuring ¥ and A,
the assumption is made that the measured area on the sample
is isotropic. However, as this cannot be assumed in all cases,
Mueller matrix ellipsometry is used as an extension.

3.1.1  Mueller matrix

Mueller matrix ellipsometry can be used for fully polarized,
partially polarized and unpolarized light as well as for depo-
larizing and non-depolarizing samples. The Mueller matrix
M results from a transformation of Stokes vectors (Hecht,
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2002).
S=M-8S,
50 myp miy mi3 mi 50
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The Stokes vectors S and S in Eq. (1) describe the polar-
ization state of the incident light and the polarization state of
the reflected light, respectively. The Mueller matrix isa 4 x 4
matrix containing the polarization properties of the sample.
Its elements are normalized to the m; element and have val-
ues between —1 and 1. In the case of imaging Mueller matrix
ellipsometry (IMME), each Mueller matrix element consists
of one image.

The Mueller matrix measurements have been carried out
with the EP4 (Park Systems GmbH (Accurion Division),
Gottingen, Germany). The light source used is a laser-driven
light source, which allows the samples to be illuminated with
wavelengths between 190 and 1000 nm. There are two cam-
eras that are switched accordingly between the UV and VIS
modes. Measurements can be made in both transmission and
reflection modes, with angles of incidence between 38 and
90°. In the commercially available instrument, a compen-
sator is only installed in the PSG and a rotating compen-
sator measurement is performed. As a result, an incomplete
3 x 4 Mueller matrix is obtained. For our purposes, a second
compensator has been installed in the PSA and dual-rotating
compensator measurements are performed, which ensure
that the complete 4 x 4 matrix can be measured (Goldstein,
2003). In the dual-rotating compensator measurement algo-
rithm, the two compensators are moved in different but har-
monic angular steps 6, resulting in a modulation of the de-
tected intensity. The detected signal is subjected to a Fourier
analysis to calculate the Mueller matrix.

3.1.2 Wand A

As an alternative to the Mueller matrix, the values ¥ and A
can also be measured and used to draw conclusions about the
polarization properties of the sample. They result from the
measured reflection coefficient p:

p="" —tanWwe®, @)

r's

rp and rg in Eq. (2) are the Fresnel reflection coefficients for
p- and s-polarized light, respectively. The change in polar-
ization after interaction of the light with the sample results
in both an amplitude ratio tanW and a phase difference A
(Aspnes, 1985).

The measurements of W and A have also been performed
with an identical instrument from Accurion operating be-
tween 360 and 1000 nm in rotating compensator ellipsom-
etry (RCE) mode, as was done for the Mueller matrix mea-
surements but without extension to a second compensator.

https://doi.org/10.5194/jsss-13-109-2024



J. Grundmann et al.: Optical and tactile measurements on SiC sample defects 113

Table 1. Summary of the state-of-the-art measurement methods.

Non-optical

‘ Optical

TEM KOH etching AFM

SEM CL+SEM | MME  OM OCT

Raman XRT PL

Spectral range Visible  Visible Visible + Visible + X-ray Visible
infrared infrared

Surface X X X X

Crystallographic X X X X X X

Destructive X X X

Non-destructive X X X X X X X
The knife edge illumination method from Accurion was ap-
plied to eliminate reflection from the backside of thin SiC sb
substrates (Funke et al., 2016).

camera L3
3.2 Coherent Fourier scatterometry L
Scatterometry is an optical measurement method that analy-
BS2

ses the scattering of light from a periodic structure in order
to retrieve certain parameters of the structure. Just like ellip-
sometry, this is also an indirect measurement method. The
scattered light from such a periodic structure consists of dis-
tinguishable diffraction orders at certain angular positions,
which are defined by the well-known grating Eq. (3).

A
sin6; + sin6), =n=. 3

where 6; is the angle of incidence, 6, is the angle of the nth
diffraction order, X is the wavelength of the incident light,
and d is the period of the structure. The fraction of light
diffracted into the different orders depends on the shape and
dimensions of the structure and can therefore be used to char-
acterize the structure itself. In addition, conclusions can also
be drawn about the film thicknesses (Raymond, 2001).

CFS has been developed based on scatterometry. It in-
volves focusing a coherent beam of light onto the sample and
imaging the Fourier plane of the objective into a detector. A
change on the substrate surface due to a defect results in a
changed signal in the far field and is thus detected. In re-
cent years, in addition to characterizing periodic structures,
CFS has also been applied to detect isolated sub-wavelength
nanoparticles (Gawhary et al., 2011; Roy et al., 2015).

The CFS scheme used here is shown in Fig. 2. A lin-
early polarized He—Ne laser emits light with a wavelength
of 633 nm, which is coupled into a fibre and collimated. The
beam splitter BS1 directs the light into an objective with a
numerical aperture of 0.9, which focuses the light onto the
sample under investigation. The sample is located on a piezo
stage so that it can be scanned during the measurement. The
reflected and scattered light from the sample is collected
by the same objective and then directed back through beam
splitter BS1. The back focal plane of the objective is imaged
through the telescope consisting of lenses L1, L2, and L3, re-

https://doi.org/10.5194/jsss-13-109-2024
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Figure 2. Scheme of the coherent Fourier scatterometer setup.
BS1 and BS2 are non-polarizing beam splitters, L1, L2 and L3 are
lenses, and SD is the split detector.

spectively, and beam splitter BS2 splits the light beam onto a
camera and a split detector. The camera is not used for mea-
suring but only for localizing the structure to be examined
on the sample. The split detector consists of two halves from
which the voltage intensities are subtracted from each other
to obtain a difference signal (Roy et al., 2015; Rafighdoost et
al., 2023).

3.3 White light interference microscopy

White light interferometry is an optical measurement method
that exploits the interference of white light to measure the
topology of structures in the micrometre-to-centimetre range.
In combination with a microscope, WLIM can be imple-

J. Sens. Sens. Syst., 13, 109-121, 2024
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mented. Compared to a standard optical microscope, an in-
terferometric objective lens and a precise positioning unit for
the lens are required. In this way, the topography of the part
of the sample that is just within the microscope’s field of view
can be imaged simultaneously without having to scan later-
ally (de Groot, 2015).

The device used here is Nex View (Zygo Corporation, Mid-
dlefield, Connecticut, USA).

3.4 Atomic force microscopy

AFM is a very soft tactile measurement method which me-
chanically scans surfaces and measures the atomic forces and
sample topography in the nanometre range. Such an instru-
ment can be operated in different measuring modes, i.e. con-
tact, non-contact, and tapping modes. In the measurements
performed here, the tapping mode was used, providing less
risk of tip damage on sharp edges of the defects than the
contact mode. In this mode, the cantilever oscillates near its
resonance frequency. Forces between the tip and the sam-
ple surface change the cantilever resonant frequency. Here,
the most common regime was used, where a constant driving
frequency is applied and a decay of the amplitude of the os-
cillations is used as a control signal when scanning over the
sample surface, so that a control loop tries to keep the ampli-
tude constant by adjusting the distance between the tip and
the sample surface (Eaton and West, 2010).

For the measurements performed here, a Dimension Icon
(Bruker, Billerica, Massachusetts, USA) has been used, with
RTESPA-525 tapping-mode probes (resonant frequency of
525kHz, nominal tip radius of 8 nm).

WLIM and AFM both map the topography of the sample.
WLIM is significantly faster but also has a lower resolution
than AFM due to the resolution limit.

4 Measurement results and discussion

4.1 Imaging ellipsometry
411 Wand A

The measurements of W and A with the imaging ellipsome-
ter have been performed on a polytype inclusion from Fig. 1d
and on another polytype inclusion structure. Ellipsometric
transfer quantities ¥ and A depend on the dielectric function
of substrate and layer materials at the probing wavelength,
layer thickness, and angle of incidence. By adjusting the cor-
responding measurement settings, it is possible to acquire the
W and A maps of defects with high lateral resolution and
high contrast. Various defects can be clearly visualized in the
transparent substrate and layer systems and classified accord-
ing to their morphologies.

Figure 3a and b show overall-focused W and A maps of
type-C polytype inclusion in the homoepitaxial SiC layer on
the SiC substrate from Fig. 1d. Defects of this type are de-
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tectable on both maps taken at an angle of incidence of 40°
and a wavelength of 550 nm.

For a more detailed analysis, we can consider the type-A
defect in Fig. 3c—e with a more complex structure consisting
of two different areas. We show that the structural modifica-
tion of the layer can be studied by means of a very informa-
tive statistical pixel-value analysis provided by an imaging
ellipsometry setup. An overall-focused ellipsometric contrast
microscopy image of the type-A defect can be seen in Fig. 3c.
It was taken using a 10x objective at the angle of inci-
dence AOI=53°. The angles of the polarizer (P), the anal-
yser (A), and the compensator (C) were P=150°, A =33°,
and C=45°, respectively. A focus scan is performed from
the top to the bottom of the image and the overall-focused
image is constructed from the stack of acquired line-focused
images. Especially the step-like structure of the polytype in-
clusion can be seen very clearly. This is a polytype inclusion
of type A. The focused scanned W and A maps acquired with
a 20x objective are shown in Fig. 3d and e. In the ¥ and A
maps, the outlines of the polytype inclusion can be clearly
detected. The particle is more clearly highlighted in the W
map than in the A map. The bright lines in the polytype inclu-
sion part correspond to a low detected signal intensity (poor
signal-to-noise ratio, SNR), which can be caused by multi-
ple light scattering by inhomogeneous surface structures and
resulting depolarization of reflected light. This effect may
indicate non-uniformity of the epitaxial layer thickness (re-
duced thickness) in a triangular part of a defect and show that
the structures visible in the ellipsometric contrast microscopy
image in Fig. 3c represent the steep grooves. For both maps a
region of interest (ROI) has been defined in the polytype in-
clusion part of the defect (ROI 1) and in the area outside the
defect (ROI 0). Histograms for the respective ROIs can be
seen in Fig. 3f and g. The measured ¥ and A pixel values in
the selected ROIs are displayed on the horizontal axis. ¥ and
A ranges are divided into a certain number of equal intervals
and relative frequencies. That is, the number of pixel values
within the interval relative to the entire number of pixels in
the ROI are displayed on the vertical axis. ¥ and A distribu-
tions are found to be broader for ROI 1 within the defect than
for ROI 0 outside the defect. W values for ROI 1 are shifted
towards lower values. Histogram analysis can indicate mod-
ified structures within the selected ROI 1 compared to the
defect-free epitaxial layer surface in ROI O (Ermilova et al.,
2023). Thus, a distinction can be drawn between the epitaxial
layer and the defect. To clarify the topography of the defect,
additional measurements were performed with WLIM.

4.1.2 Mueller matrix

As an extension to the ¥ and A measurements, IMME mea-
surements have been performed on the structures shown in
Fig. 1 at a wavelength of 500 nm and an angle of incidence
of 50°. The results are shown in Fig. 4. Since all the elements
are normalized to the m; element, this element is always 1,
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Figure 3. A (a) and W (b) maps of a polytype inclusion from Fig. 1d performed at 550 nm and at a 40° angle of incidence; overall-focused
ellipsometric contrast microscopy image (c) of a polytype inclusion with particle; A (d) and W (e) maps performed at a 550 nm wavelength
and a 53° angle of incidence; histograms (f) and (g) of the corresponding regions of interest.

and for this reason it is replaced here by a grey-scale im-
age of the measured region. As can be seen in the results,
the measurement system is sensitive to all four defects. On
the main diagonal, the influence of reflection is clearly vis-
ible in all four cases. In the case of transmission this would
be an identity matrix, and in the case of reflection the sign
of the m33 and m44 elements changes. The defects have dif-
ferent amounts of influence on the polarization caused e.g.
by different edge geometries or edge orientations. The carrot
defects in Fig. 4a and c have little influence on the polariza-
tion. In Fig. 4b, when measuring the polytype inclusion with
particle, the particle especially highlights very well, so it has

https://doi.org/10.5194/jsss-13-109-2024

a greater influence on the polarization than the surrounding
surface. The line in the middle of the structure, which accord-
ing to Chen et al. (2022) and Guo et al. (2017) represents an
area that is not overgrown with 4H and that has a greater in-
fluence than the two outer lines of the polytype inclusion.
For the polytype inclusion in Fig. 4d, something very similar
can be observed: here, the lower line has a higher influence
on the polarization than the other two. Further investigations
should be carried out to verify whether a conclusion can be
drawn from this as to which line is the one that has not been
overgrown by 4H.

J. Sens. Sens. Syst., 13, 109-121, 2024
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Figure 4. Mueller matrix images at a 500 nm wavelength and a 50° angle of incidence of various defects: (a) carrot from Fig. 1a; (b) polytype
inclusion with particle from Fig. 1b; (¢) carrot from Fig. 1c; (d) polytype inclusion from Fig. 1d; (e) m;; element of panel (b); (f) m34 element
of panel (b).

4.2 Coherent Fourier scatterometry the particle, compared to the microscope image from Fig. 1b,
which is probably due to transport of the sample to different

The defects from Fig. 1 have been measured with the CFS, labs.

and the measurement results are shown in Fig. 5. For the

measurements a step size in the y direction of 0.2 um has

been applied. In Fig. 5b, impurities have been added around

J. Sens. Sens. Syst., 13, 109-121, 2024 https://doi.org/10.5194/jsss-13-109-2024
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Figure 5. CFS measurement results of various defects: (a) carrot from Fig. 1a; (b) polytype inclusion with particle from Fig. 1b; (¢) carrot

from Fig. 1c; (d) polytype inclusion from Fig. 1d.

4.3 White light interference microscopy

Figure 6 shows the two-dimensional WLIM images with
associated height profiles of two polytype inclusions from
Figs. 3c and 1d, respectively. The measurement in Fig. 6a
was performed with a 20x Mirau objective and the measure-
ment in Fig. 6b with a 20x objective and a 2x zoom. The
horizontal axis of a profile corresponds to the distance along
the dashed line on the sample surface. The vertical axis indi-
cates the height at the corresponding point of a dashed line.
The line profile in Fig. 6a shows that the particle of the poly-
type inclusion extends about 7 pm over the 4H-SiC epitaxial
layer. After that, the profile line drops steeply over 11 um
towards the 4H-SiC substrate. The polytype inclusion part of
the defect has V-shaped structures as shown in the height pro-
file in Fig. 6a, which are located up to 2 pm inside the layer.
These findings are consistent with suggestions that particles
falling on the substrate before or during the epitaxy process
can cause formation of polytype inclusions. In Fig. 6b, the
plateau between the bottom and middle lines can be seen
very clearly. This is about 20 nm deeper than the surrounding
substrate. The outer lines in a defect visible in Fig. 6b corre-
spond to a depth of more than 70 nm, showing that the defect
structures are located within the epitaxial layer.

https://doi.org/10.5194/jsss-13-109-2024

4.4 Atomic force microscopy

Using AFM, the defects shown in Fig. 1a, b and d have been
measured together with additionally threading dislocations
that seem to be TEDs with an explanation in Sect. 2. The
results of these measurements are shown in Fig. 7. The car-
rot defect from Fig. 7a has a depth of about 70 nm. In the
polytype inclusion from Fig. 7b, the 3C layer can be seen
very well, which is completely overgrown by 4H-SiC steps.
It is about 20 nm deeper than the surrounding surface. The
line in the middle of the structure not overgrown with 4H is
up to 120 nm deeper than the epitaxial layer. The TEDs in
Fig. 7c have a depth of about 25nm and a width of about
2 um. These dislocations are found very often on the sam-
ple surface, which is consistent with the density distribution
mentioned in Sect. 2. In the polytype inclusion in Fig. 7d, the
plateau between the lower and middle lines can also be seen.
This is about 20 nm deeper than the surrounding surface. The
lines are up to 150 nm deeper than the epitaxial layer surface.

WLIM and AFM both represent the topography of the de-
fects. Figures 6b and 7d show the results of the same defect.
The topographies of the two measurements agree very well.
The differences of the depths of the lines and the plateau are
found identically in both measurement results. For such a
structure, which has relatively large dimensions, the advan-
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Figure 6. WLIM measurement results of various defects: (a) polytype inclusion with particle and (b) polytype inclusion from Fig. 1d.

tages of the WLIM measurement with a significantly shorter
measurement time and a non-destructive measurement out-
weigh the disadvantages. The advantages of AFM apply to
structures that are smaller than the resolution limit of WLIM,
e.g. the TEDs in Fig. 7c.

5 Conclusions and outlook

All measurement methods used are sensitive to the de-
fects studied here. Ellipsometry can detect the defects by
analysing the images taken and searching for corresponding
signals in the Mueller matrix or in W and A. The polarization
effects of the different defects can be studied. The analysis of
the different areas of polytype inclusions is particularly inter-
esting, as these are the most prominent in both the Mueller
matrix images and the ¥ and A maps. Accordingly, imaging
ellipsometry can be used for polytype inclusions, particles
and carrots, but the focus should be on the polytype inclu-
sions and particles. CFS detects the defects by scanning the
focused laser beam over the sample. It can detect carrot de-
fects, polytype inclusions and isolated nanoparticles and is
therefore equally suitable for all of these three defect types.
The advantage of both measurement methods is that they can
analyse structures that are smaller than the wavelength used
due to analysing the light—sample interaction via scattered
light fields. AFM and WLIM measurement results are ap-
plicable for studying the topography of the defects. WLIM

J. Sens. Sens. Syst., 13, 109-121, 2024

has the advantage of not having to scan laterally but can si-
multaneously image the topography of the part of the sample
that is currently in the microscope’s field of view. However,
this means that the WLIM is restricted by the optical res-
olution limit. To avoid having to scan over the entire sam-
ple with AFM, the position information from ellipsometry,
CFS or WLIM can be used to measure directly at the cor-
rect locations. Comparisons between the AFM and WLIM
measurements at the same defects give identical results. The
methods have different measurement speeds: for a measure-
ment field of 100 um x 100 um IE needs several seconds to a
minute for focused maps, CFS needs minutes, WLIM needs
seconds, and AFM needs several minutes to tens of minutes.
In general, the measurement time increases from WLIM over
ellipsometry and CFS to AFM.

In comparison to other well-established methods for defect
inspection, IE and CFS offer distinct advantages. They are
non-destructive and measure quickly enough that they can
also be used in-line. In addition, these methods can consider
polarization properties, which have not been used much in
the previously established methods.

A summary of the measurement methods is shown in Ta-
ble 2.

To learn more about the exact structure of the defects, nu-
merical simulations can be performed in the case of ellipsom-
etry. This requires precise information about the materials
used and their optical properties. Investigations are ongoing

https://doi.org/10.5194/jsss-13-109-2024
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Figure 7. AFM measurement results of various defects: (a) carrot from Fig. 1a; (b) polytype inclusion with particle from Fig. 1b; (c) thread-

ing edge dislocation; (d) polytype inclusion from Fig. 1d.

Table 2. Summary of the investigated measurement methods.

1E CFS WLIM AFM
Sample preparation None None None None
Non-destructive Yes Yes Yes Yes

Angle of incidence

Variable 38-90°

Normal incidence 0°

Normal incidence 0°

Normal incidence 0°

(focused light beam)
Topography investigation ~No No Yes Yes
Smallest measurable Theoretically unlimited but  Isolated structures are not <1lpm < 1 nm theoretically,

structure or feature size

practically limited by the
signal-to-noise ratio

limited by diffraction, but
by the signal-to-noise ratio.

(for 50x objective)

practically limited to e.g.
1/1000 of the image range

Smallest measurable < Inm Not determined ~1nm ~01nm
height differences (in layer thickness) ’
Measurement time for a Seconds to a minute Minutes Seconds Minutes to

field of 100 um x 100 um

(per wavelength)

tens of minutes

https://doi.org/10.5194/jsss-13-109-2024
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by combining the different measurement methods to get this
required a priori information. With it, a model-based analy-
sis of the IMME measurements on different defect types will
be feasible, giving access to further structural and crystallo-
graphic defect details.

In conclusion, the choice of the most appropriate tech-
nique depends very much on the type of defect and what in-
formation is desired to make the right choice of measuring
instrument. In general, a combination of different methods
is required to get sufficient information about the type, size,
and density of the present defects. Often it will be most ef-
ficient to start with a fast imaging method such as IMME to
identify the locations of all the defects and then, depending
on the defect type and further required information like de-
fect depth, to combine this with one or more of the scanning
metrology methods. If defects on the sample surface are to be
found, ellipsometry, CFS, or even WLIM are suitable. If fur-
ther information about the polarization properties, like edge
orientations or edge geometries, is needed, then ellipsometry
is suitable. If depth information of specific defects is needed,
AFM or WLIM measurements can be performed.

Further investigations about suitable combinations of mea-
surement methods in the different defect types are planned
and will be published in a forthcoming paper.
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