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Abstract. Critical defects, also known as device killers, in wide bandgap semiconductors significantly affect
the performance of power electronic devices. We used the methods imaging ellipsometry (IE) and white
light interference microscopy (WLIM) in a hybrid optical metrology study for fast and non-destructive
detection, classification, and characterisation of defects in 4H–SiC homoepitaxial layers on 4H–SiC substrates.
Ellipsometry measurement results are confirmed by WLIM. They can be successfully applied for wafer charac-
terisation already during production of SiC epilayers and for subsequent industrial quality control.
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1 Introduction

Increasing energy demand and climate change require the
development and effective application of reliable and cost-
effective power electronics. Silicon carbide (SiC) belongs to
wide bandgap (WBG) semiconductors and due to its out-
standing properties is one of the most promising materials
for next generation power electronics. SiC has high thermal
conductivity, which is also common with other WBGmate-
rials. SiC-based devices can be employed at higher voltages
and higher frequencies compared with silicon-based solu-
tions [1, 2]. SiC is found to have high potential for various
applications like automotive or smart grids.

High-quality SiC epitaxial wafers are needed to ensure
the high yield and long-term reliability of power electronic
devices. However, some types of defects on SiC substrates
or in the homoepitaxial SiC layers, e.g., the so-called “trian-
gles” or “carrots” (also known as “killer defects”), can signif-
icantly affect the performance of electronic devices [2–4].
The accurate detection and characterisation of defects
and the determination of defect densities is of key impor-
tance in the electronic device industry. Apart from causing
costs for broken part replacement, undetected defects are a
source of energy inefficiency and a potential hazard for
human life and health, and for the environment.

To effectively exploit SiC power devices, we need to
understand mechanisms of defect formation and device

failure. Different types of defects have different probabilities
of disabling devices, resulting in different impact on device
performance [5, 6]. Besides detection and classifications,
reduction of defect density is a key task for semiconductor
industry. It is of great importance to maintain low defect
density at transitions to large diameter wafers.

4H–SiC is a most used polytype for power electronics
devices. Different morphologies of triangular defects on
4H–SiC epitaxial wafers are known [7]. Substrate defects
like scratches are thought to cause triangular defects or step
bunching on the epitaxial 4H–SiC wafers. Additionally,
downfall particles of different sizes can disturb homoepitax-
ial step-flow and lead to formation of this type of defects.
The spherical part and the triangular pit can be recognized
within the defect. In the pit, facetted structures can be
generated during the epitaxy flow. It was found that these
structures contain the cubic 3C–SiC crystal inclusions,
which could be partly or completely overgrown by 4H–SiC
polytype [7].

Different surface and subsurface characterisation
methods have been applied to detect and characterize the
SiC defects: electron microscopy, atomic force microscopy,
photoluminescence, X-ray topography, defect-selective
etching, Raman spectroscopy, cathodoluminescence, optical
coherence tomography, optical microscopy, etc. [4–9]. The
review article of Chen et al. [6] provides a very detailed
overview of the above-mentioned methods and summarizes
the advantages and disadvantages of these methods when
used for investigation of different types of the defects in SiC.
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For effective in-line quality control fast and non-
destructive methods are required. The goal of this study
is development of hybrid measurement method consisting
of several techniques, which allows to detect, classify, and
analyse critical defects, also known as device killers. In this
publication we demonstrate how optical methods such as
imaging ellipsometry and white light interference micro-
scopy (WLIM) can be applied for investigation of triangle
defects in epitaxially grown 4H–SiC layers on 4H–SiC
substrates.

Ellipsometry is known to have a very high sensitivity to
the surface and interface structures whereby the measured
ellipsometric transfer quantities can be considered as a fin-
gerprint of materials. Model-based analysis of the measured
data allows for determination of optical/dielectric proper-
ties of materials [10]. Due to its polarization sensitivity,
imaging ellipsometry provides enhanced contrast for defect
detection of transparent homoepitaxial 4H–SiC layers on
the transparent 4H–SiC substrates compared to the optical
microscopy. We demonstrate the capability of imaging
ellipsometry to visualize the defects and determine the
changes in ellipsometric transfer quantities over the sample
surface in the field of view of the experimental setup. Such
changes indicate the changes in the sample structure even if
they are not properly resolved by experimental setup.

WLIM measurements can be considered as a comple-
mentary metrology technique. It allows to examine the
defect topography and contribute to understanding of
defect formation and propagation mechanisms. Knowledge
of defect morphology helps to understand the impact of
critical defects on electronic device performance.

Table 1 gives a brief overview of the techniques used
in this study. The lateral resolution of the experimental
setups is determined by the measurement wavelength, the
numerical aperture of the optics and the pixel size of the
detectors. It can achieve 1 lm for Nanofilm_EP4 imaging
ellipsometer (Accurion) and is better than 1 lm for Zygo
NexView white light interference microscope when using
50� objectives.

Vertical scan over the sample surface by WLIM topog-
raphy measurements takes a few seconds. The entire surface
in the field of view is scanned simultaneously. To acquire

the focused images and the maps of ellipsometric transfer
quantities by imaging ellipsometer, the focus scan from
the top to the bottom of the image in the field of view is car-
ried out. The acquisition time of the ellipsometric scanned
images is comparable to the measurement time of the
WLIM. The acquisition time of the focused maps can take
several seconds to a few minutes.

The 12 lm 4H–SiC homo-epitaxial layers on 4H–SiC
substrates for this study were provided by Aixtron. 4� off-
cut substrates were nitrogen doped (n+) with doping con-
centration of 1.00 ± 0.03 � 1016 cm�3. The 10 � 10 mm
samples with the thickness of 0.5 mm were double-sided
polished.

2 Imaging ellipsometry measurements
of 4H–SiC epitaxial layers

Ellipsometry is a phase-sensitive method which allows
to characterize thin transparent and semi-transparent
layers in the range from sub-nm to tens of lm in a broad
spectral range. Ellipsometry measures changes in polariza-
tion when light is reflected from the sample’s surface at
oblique angles of incidence (AOI) [10, 11]. The ratio of the
complex reflection coefficients ~rp and ~rs for p- and s-polarized
light is measured during the experiment (see Eq. (1)).

q ¼ ~rp
~rs
¼ tanWe�iD: ð1Þ

W corresponds to the ratio of the amplitudes of p- and
s-polarized light, whereas D corresponds to the phase differ-
ences between p- and s-polarized waves after reflection
from the surface. The obtained ellipsometric transfer quan-
titiesW and D represent material fingerprints. To determine
the thickness of thin layers as well as optical/dielectric prop-
erties of layer materials a model-based fitting procedure is
applied [10, 11]. Sample roughness, composition, uniformity
(thickness inhomogeneity, refractive index gradient) of the
layers can be determined from the fit [12, 13]. It is worth
to emphasize, that Muller matrix ellipsometry allows exten-
sive analysis of optically anisotropic samples.

Table 1. Comparison of the imaging ellipsometry and the white light interference microscopy techniques.

Imaging ellipsometry White light interference microscopy

Sample preparation None None
Non-destructive Yes Yes
Scanning Yes Yes
Measurement of optical/dielectric properties Yes Yes
Topography investigation No Yes
Angle of incidence* Variable Normal incidence

38�–90� 0�
Lateral imaging resolution for used experimental
setups (50� objectives)*

1 lm < 1 lm

Measurement time* seconds to minutes seconds
* Values are given for Nanofilm_EP4 imaging ellipsometer (Accurion) and Zygo NexView white light interference
microscope.

J. Eur. Opt. Society-Rapid Publ. 19, 23 (2023)2



Imaging ellipsometry combines the ellipsometry and
optical microscopy techniques. It stands out due to polar-
ization sensitivity and very high contrast for surface struc-
tures [14–16]. Surface structures with very low refractive
index contrast could be clearly visualized. In the ellipsome-
try experiment light reflected from the sample surface
passes through the objective lenses and is detected by a
CCD camera in the imaging ellipsometry setup. The ellipso-
metric transfer quantitiesW and D are measured for individ-
ual camera pixel. Thus, the spatially resolved maps of
ellipsometric transfer quantities can be acquired. The mea-
sured W and D values depend on the complex refractive
index of the substrate and the layers, the layer thickness,
the wavelength, and the angle of incidence of the probing
light. Accordingly, by adjusting the wavelength and the
angle of incidence, the optimal conditions can be found to
acquire the maps of ellipsometric transfer quantities with
high contrast and high spatial resolution. In contrast to
the conventional spectroscopic ellipsometer, imaging ellip-
someter provides the possibility to extract the ellipsometric
transfer quantities for selected region of interest (ROI)
within the field of view.

Ellipsometric measurements were performed using
Nanofilm_EP4 imaging ellipsometer (Accurion). Measure-
ment data were acquired in RCE (rotating compensator
ellipsometry) mode. Imaging ellipsometry setup is shown
schematically in Figure 1.

In RCE mode polarizer (P) and analyzer (A) azimuths
are fixed at +45� (in two-zone mode A=±45�). Ellipsomet-
ric transfer quantities W and D are determined from mea-
sured Fourier coefficients of detected light intensities
when the compensator (C) rotates by 180�.

Ellipsometry has been widely used to study semiconduc-
tor materials and SiC in particular [17–19]. SiC is transpar-
ent in a visible spectral range below the bandgap. Thus, the
partly polarized reflections from the backside of the thin
SiC substrate can reach the detector and affect the mea-
sured ellipsometric quantities W and D [20]. To eliminate
the backside reflections, we apply the knife edge illumina-
tion method of Nanofilm_EP4 imaging ellipsometer [14].

According to the operating principle shown in Figure 2
the part of the incident light is screened, and the backside
reflections are eliminated for the certain sample area in
the field of view. This area is marked with the purple
arrows.

Figure 3 shows the ellipsometric microscope image (a),
and W – and D – maps ((b) and (c), respectively) of a trian-
gular defect on 12 lm 4H–SiC epilayer grown on 4H–SiC
substrates. The image was taken using a 20� objective at
the wavelength k = 550 nm and the angle of incidence
AOI = 45�. This angle was chosen for better image quality
due to less focus scanning range required. The choice of this
wavelength was due to highest light source intensity and
therefore best inherent contrast of the instrument. The
azimuths of the polarizer (P), analyzer (A) and compen-
sator (C) were respectively P = 45�, A = 45�, C = 142�.
The dark part on the top of Figure 3a corresponds to the
region with no reflected light (because the beam cutter is
used). On the ellipsometric image and W –map in
Figures 3a–3b, the spherical part of the defect is visible.

This is the double image of the defect caused by the
reflection from the backside of the substrate. The knife edge
illumination method therefore allows to eliminate the
incoherent backsides reflections that affect the measured
ellipsometric transfer quantities and to avoid the double
detection of the same defects. The brighter part on the
bottom contents the light reflected from the back side of
the transparent substrate. The part in the middle is
free from backside reflections. The maps were acquired at
the wavelength k = 555 nm. To acquire both the image
and the monocromatic maps, the focus scan from the
top to the bottom of the image in the field of view is
performed.

The spherical area and triangle pit of a defect can be
clearly detected. The spherical area is reported to be caused
by impacts of particles before or during the epitaxy process
[4]. It disturbs the epitaxial growth and can lead to forma-
tion of triangle pits. We can clearly distinguish the smaller
triangle region at the apex inside the main triangular pit.
Inside the triangular pit we can also see the lines with lower
contrast which form an inner triangle. A step at the end of
the right part of the pit is visible and clearly resolved on the
ellipsometric maps in Figure 3.

Using the Accurion software one can analyse line profiles
of W and D pixel values. The line in Figures 3b and 3c
pass through the triangle of a smaller size on the apex of

Fig. 1. Schematical representation of imaging ellipsometry
setup operating in RCE mode. u is the angle of incidence.

Fig. 2. Schematical representation of knife edge illumination
method (Accurion) using the example of the double-sided
polished transparent substrate. The sample area marked with
the purple arrows is free of the backside reflections.
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the triangular pit. Significant variations of W and D values
are obtained at the edges and inside the smaller triangu-
lar region compared with the defect free area. Since ellipsom-
etry has a high sensitivity to the surface and interface
structures, these changes can demonstrate the modified
material structure or inhomogeneity of sample dielectric
properties. Line profiles of measured W and D at certain
wavelengths and angles of incidence enable first conclusions
about the structure of different defect areas. Despite high
spatial resolution and high polarisation sensitivity of
imaging ellipsometric technique, the topography of this
defect part is not entirely clear from the ellipsometric
measurements.

Figure 4 shows W and D histograms over the certain
regions of interest (ROIs 0, 1, 2). The ROI-0 is selected in
a small triangle at the apex of the main triangular pit,
ROI-1 – outside the defect and ROI-2 inside the triangle
pit. The entire W- and D-ranges within the measured
regions are divided into the certain number of equal inter-
vals. The relative frequencies for each value are plotted in
the histograms. Histogram analysis shows that W – range
in the ROI-0 is broader compared to that of ROI-1 and -2
Figure 4a. W-distributions for ROI-1 outside and ROI-2
inside the pit overlap. The histogram centre for the ROI-2
inside the defect is slightly shifted to the lower W-values
compared to the ROI-1 outside the defect area. The
histogram centre for the ROI-0 is located at significantly
higher W-values. Centre positions of W histograms for
ROI-0 and ROI-1 differ by approximately 3�.

Figure 4b shows the broad distribution of D-values for
the ROI-0 compared to the sharp peaks of D-values in
ROI-1 and ROI-2. The dispersion maximum for ROI-0 is
shifted to the lower D-values. Variation in D values for
the ROI-0 is bigger than 4�. The distribution of D for
ROI-2 is shifted compared to the values for ROI-1. Accord-
ing to Figures 4a and 4b the W- and D-distributions for
ROI-0 is broader than those of ROI-1 and ROI-2. That
means that the probing light in ROI-0 sees the modified

surface conditions compared to the regions outside the
defect. This finding is in very good agreement with the line
profiles discussed earlier.

Histogram is a very informative analysis tool which
could bring into light surface structures which are not
resolved by imaging ellipsometry. However, it should be
noted that the dark edges of the defect on the maps corre-
spond to very low detected light intensities. This could be
explained by steep structures in the defect which are not
visible on the ellipsometric images. To clarify the topogra-
phy of the triangle defect, additional investigations by
means of coherence scanning white light interference micro-
scope were performed.

3 Coherence scanning white light
interferometry measurements of 4H–SiC
epitaxial layers

Coherence scanning white light interference microscopy
(WLIM) is a non-contact technique that operates at
normal incidence and scans the surface in vertical direction
to determine surface topography, height, and shape of sur-
face structures [21]. Light beam from the broadband light
source is divided into the measurement beam and the refer-
ence beam. The measurement light reflected from the sam-
ple surface is recombined with the reference light reflected
from the reference surface. The superimposed beams are
passed on to the camera and form the interference signal.
Because of low coherence of the white light source, the
white light interference patterns are localized in space.
Height differences on the sample result in differences in
location of interference patterns [21, 22]. Location points
are calculated for each camera pixel during the scan and
topography image is created. The highest point on the
interference pattern envelope corresponds to the focus
position of the objective. The sample surface in the field

Fig. 3. a) Ellipsometric microscope image, b) W-map with selected line profile and c) D-map with selected line profile of a triangular
defect on 12 lm 4H–SiC epilayer grown on 4H–SiC substrate.
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of view of white light interference microscope is examined in
a single measurement.

Sample measurements were carried out with the
microscope Zygo NexView with a 20� (Figs. 5 and 6a)
and 100� Mirau-objectives (Fig. 6b). Vertical resolution
for WLIMmeasurements is in the range of 1 nm [23], spatial
resolutions are ~0.7 lm for 20� and ~0.4 lm for
100� objectives.

Figure 5 shows the two-dimensional WLIM images with
the height profiles. The horizontal axis corresponds to the
distances on the sample surface along the profile lines.
The vertical axis indicates the height at corresponding
points along the profile lines. The profile in Figure 5a passes
along the right side (on ellipsometric image in Fig. 3) of the
triangular pit (in the Fig. 5 – the lower part) through the
step (blue according to the WLIM color scale) towards
the spherical part, the “head”, of the defect and ends in
the smaller triangular region at the apex of the pit. The
smaller triangle region, as well as a step (blue in Fig. 5a)
are clearly resolved by means of imaging ellipsometry
(Figs. 3 and 4). According to the height profile the step goes
600 nm down into the layer. This was not clear from the
ellipsometric images. The profile also shows the flat slope
of the triangular pit. It becomes very steep in the vicinity
of the spherical part of the defect. At the endpoint of the
profile near the head of the defect, it is deeper than 1 lm,
see Figures 5a and 6a.

Figure 5b shows the profile across the triangular pit of
a defect. It is evident that the triangular defect area
forms the pit with the depth of more than 100 nm. The
inner part of triangular region is obtained to build the steep
steps with the outer areas. The step height was measured to
be around 10 nm for the upper part and around 40 nm

for the lower part of the triangular pit. These findings
are consistent with the ellipsometric image in Figure 3a
which shows a triangle with the sides with the low contrast
compared to the outer triangular pit. A shallow groove
above and below the defect is visible in Figures 5a–5c as
well as in Figure 6a. The width of the groove is comparable
to the size of the defect, and it was found to extend far
beyond the actual defect, in some cases to the edges of
the samples. The step height of the groove reaches 6 nm
as seen in Figure 5c. There is some indication that this
groove can be made visible by imaging ellipsometry and
the possibility of measuring it accurately by this method
is currently under investigation.

Figure 6b shows a three-dimensional WLIM image of
the spherical part of the defect. The line profile below shows
that that the spherical head extends several lm above the
layer surface (Fig. 6b). It has a step-like structure, that
may be expected for the case than a particle lands on the
surface before or during the epitaxy process and is over-
grown. At the edge of the head, a narrow dip is observed
with a depth of more than 2 lm relative to the defect free
sample surface (Fig. 6b). The overall topography around
the triangle defect, especially the dip around the head and
at the apex of the triangle pit indicate that the epitaxial
flow was disturbed by the presence of the particle on the
substrate surface.

WLIM results are consistent with the ellipsometry maps
where dark defect edges are obtained on the spatially
resolved maps. SiC is transparent in the visible range below
the bandgap and the steep steps at the edges and in the
middle of a triangle, around a “head” and at the apex of
the pit prevent detection of the light intensity during the
ellipsometry measurements at oblique angles of incidence.

Fig. 4. a) W-map with the histogram of W values and b) D-map with the histogram of D values over the ROIs (black – ROI-0, red –

ROI-1, blue – ROI-2) at k = 550 nm and AOI = 45�.
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WLIM experiments can clarify the topography of the
defects, confirm the ellipsometry measurement results
and explain the surface structures which are not visible
by imaging ellipsometry.

Such hybrid optical metrology method as WLIM and
imaging ellipsometry can be used to better understand
the mechanism of the development of the defects as well
as their effects on the material0s optoelectronic properties.

4 Conclusion

We have shown that hybrid measurement technique
using spectroscopic and imaging ellipsometry as well as
white light interference microscopy enables fast and non-
destructive detection and traceable characterization of
“killer” defects in epitaxially grown 4H–SiC layers.

Imaging ellipsometry provides enhanced contrast to the
surface structures for transparent, anisotropic SiC samples.

Elimination of back side reflections by means of knife
edge illumination avoids time-consuming and destructive
roughening of the samples. Quantitative analysis of the
spatially resolved maps of ellipsometric transfer quantities
allows to detect and classify critical defects on 4H–SiC
homoepitaxial wafers. For determination of the ordinary
and extraordinary dielectric functions of optically anisotro-
pic 4H–SiC, additional measurements on the samples with
different crystal surface orientation as well as complex
fitting procedure are required. These are difficult to imple-
ment in the in-line control during the manufacture of SiC
wafers and power electronic devices. Modelling of the
measured parameters would be the next step in our study
to investigate the effect of defects on the material0s opto-
electronic properties.

WLIM topography measurements clarify the surface
topography and explore the accurate geometrical features
of the surface structures in the 4H–SiC epilayer, which
cannot be directly determined by means of imaging

Fig. 5. WLIM image and surface profiles of a triangular defect on 12 lm 4H–SiC epilayer grown on 4H–SiC substrate.

Fig. 6. WLIM 3D-images of a) the entire defect and b) the spherical area of defect on 12 lm 4H–SiC epilayer grown on 4H–SiC
substrate.
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ellipsometry. Due to its high vertical resolution, scanning
WLIM provides detailed information about the morphol-
ogy of defects and contributes to understanding of formation
mechanisms and propagation of defects in epitaxial 4H–SiC
layers. It helps to reduce defect density already during
production process and achieve the high quality of epitaxial
layers. Due to the low measurement times and stitching
options of the instruments, both methods can be effectively
implemented for full wafer characterization to classify the
defects and determine defect densities.

Both measurement methods are proven to work in a
quality management environment as they are operated in
laboratories accredited according to DIN EN ISO/IEC
17025 [24]. Therefore, ellipsometry and white light interfer-
ence microscopy are very promising candidates for use
as production monitoring tools for SiC epilayers and for sub-
sequent industrial quality control. In the future, we expect
that analysis methods will be able to detect and characterise
defects within one measurement only – at least to the extent
required to monitor production. This is still not possible for
many production relevant samples as complex layer stacks –
or modified materials due to defects – are often too complex
to be modelled with easy models. For the moment, hybrid
approaches to this issue are still the best compromise. These
involve several methods and use fingerprinting rather than
modelling of ellipsometric data.
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