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Abstract: In this study, a special triangular defect (TD) was identified on 4H-SiC epitaxial wafers. The
morphology and composition characteristics of these special TDs were revealed by Raman, atomic
force microscope (AFM), and scanning electron microscope (SEM). Compared to ordinary triangular
defects, this defect protruded from the epitaxial layer and exhibited a laminated shape. The study
also discussed the effects of several factors, such as C/Si ratio and growth time, on the triangular
defects. Through analysis of these results, we developed methods to suppress the triangular defects.
This research provides new insights into the morphology, structure, and composition of this serious
destructive defect and is helpful for improving the performance of SiC epitaxial wafers.

Keywords: silicon carbide; extension; triangular defect

1. Introduction

As a semiconductor material, silicon carbide (SiC) has several advantages over tradi-
tional semiconductor materials, including a wide band gap, high thermal conductivity, high
critical breakdown field, and high drift velocity of saturated electrons. [1-4]. Consequently,
it has become an important material for high-voltage and high-power devices [5-7]. More-
over, 4H-SiC has a larger displacement threshold energy than Si, which makes it resistant
to irradiation and high temperature. A major application of 4H-SiC is radiation detection
in various fields of applications such as nuclear reactors, cosmic radiation, etc. [8-10].

In recent years, 4H-SiC chemical vapor deposition (CVD) technology has rapidly
developed with the breakthrough of key technologies such as “step flow epitaxy” [11,12]
and “chlorine-based high-speed epitaxy” [13,14], resulting in gradual improvements in the
crystal quality of SiC epitaxial layers. However, the crystal quality still needs to be improved
for many high-voltage and high-power SiC power electronic devices. The primary reason
for this is the existence of various defects on SiC epitaxial layers, which are often related
to factors such as substrate quality, growth temperature, cavity structure, and the crystal
structure of the defects [15]. Defects in the active area of high-voltage and high-power SiC
electronic devices can cause device failure or performance degradation [16,17]. Therefore,
reducing the defect density of epitaxial layers, especially defects with high hazard, is one
of the main problems to be solved in 4H-SiC epitaxial growth.

Epitaxial defects in 4H-SiC epitaxial materials can be classified into two categories:
crystal defects and surface defects. Crystal defects, also known as structural defects, mainly
include point defects, line defects, and surface defects. Point defects consist of impurity
atoms, vacancies, interstitial atoms, and their complexes. Line defects include micropipe
(MP) and various dislocations, such as threading screw dislocations (TSD), threading edge
dislocations (TED), and basal plane dislocations (BPD). Surface defects mainly include
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stacking faults (SF). During the epitaxy process, lattice imperfections, foreign particles,
substrate surface damage, or process disturbance at the growth interface can lead to
the local step flow growth mode change which may introduce surface defects. Surface
morphological defects mainly include triangle defects (TDs), carrot defects, downfall, and
particles. It is generally believed that microtubules, basal plane dislocations, and surface
morphological defects in crystal defects have a greater influence on the performance of
devices. Among them, triangular defects are the most destructive surface morphology
defects [18].

During our experiments, special triangular defects were found. As shown in Figure 1,
they are like ordinary TDs when observed under an optical microscope. However, this
special triangular defect has a morphology that resembles an aggregate of TDs and comet-
shaped defects. In addition to the characteristics of TDs, its edges are more like the tail
of comet-shaped defects. Furthermore, a large portion of these TDs exhibit characteristics
similar to comet defect or other defects in the triangular region of TDs [19].

(a) (b) (©)

Figure 1. Triangular Defects Photographs under optical microscope. (a) Classic Triangular Defects;

(b,c) Special Triangular Defects.

The projection length L of these surface morphological defects like TDs along the [11-20]
direction satisfies the equation:
L <d/tan®, @

where d is the epitaxial layer thickness and 0 is the inclination angle.

This equation shows that the length of surface defects is related to inclination and
thickness. At present, 4H-SiC epitaxial wafers are generally grown on substrates with 4°
off-angle. Therefore, the thicker the thickness is, the longer the surface morphology defects
will be.

On the harmfulness of TDs to devices, TDs are fatal surface morphological defects
that increase the reverse leakage current and reduce the breakdown voltage. TDs mostly
nucleate at the junction of the epitaxial layer and substrate and extend to the surface of the
epitaxial layer. TDs are composed of triangular regions and heads and obtain their name
from the overall shape of TDs, which are like triangles. The surface morphology of TDs
contains two edges. The triangular head sometimes has an obvious small triangular dent
or falling object, and the triangular area in the defect is depressed downward [20].

The special TDs discovered are more likely to be shown as Figure 2 in the following
study. The most important feature of these TDs is that they have a multiple-layer structure.
The study of multiple-layer structures on other materials provides a theoretical approach
to the study of this triangular defect and elucidates the causes of the defect [21,22].

Regarding the structure of traditional TDs, some studies suggest that they are com-
posed of two basal plane dislocations, and stacking faults are involved in the structure of
some TDs. These two basal plane dislocations initiate from the junction of the substrate and
the epitaxial layer. Then, they propagate to the surface of the epitaxial layer during growth,
forming the left and right boundaries of the triangular defect. The stacking fault, caused by
the basal plane dislocation, is located between the two boundaries. Others think that not
only the above defects, but also TSD, are involved in the formation of triangle defects [23].
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Figure 2. Structural model of special multiple-layer TDs.

On the origin of triangular defects, the classic TDs are closely related to low off-
axis (4 or below) epitaxial growth, and the larger step width leads to two-dimensional
nucleation on the epitaxial layer [24]. Early research on TDs divided them into two types:
those with a core and those without. TDs without a core are generally considered to be
caused by differences in growth conditions between the substrate, buffer layer, and epitaxial
layer, while TDs with a core are considered to be caused by falling objects or defects of the
substrate and nucleation of dislocation (TSD, BPD, MP) [25,26]. In addition, some studies
show that collapse in the growth process can lead to the formation of TDs, and some people
think that TDs nucleate because of silicon drops falling on the surface [27].

2. Materials and Methods

The experiment was carried out in a horizontal hot-wall chemical vapor deposition
equipment. The epitaxy was performed on commercially available 6-inch 4°off-axis 4H-SiC.
The growth temperature was set to the temperature of the wafer susceptor, around 1570 °C,
and the chamber pressure was controlled at 40 torr. Trichlorosilane (SiH3Cl, TCS) and
ethylene (C;H4) were used as the precursors. Hydrogen (H;) was used as the carrier gas and
dilution gas, and the ratio of silicon to H, was 0.05%. The initial ratio of carbon to silicon
(C/5i) was 1, and the growth time was 30 min, which will be adjusted in later experiments.

The microstructure of defects was observed by SEM, the surface morphology was
observed by step meter and AFM, and the composition of defects was determined by a
Raman spectrometer.

3. Results
3.1. Composition of Defect

One TD’s position and one normal position were taken as Raman test points on three
epitaxial wafers with identical growth conditions except for the growth temperatures of
1550 °C, 1570 °C and 1600 °C. Obviously, the Raman peaks of the defect position (the upper
three lines) and the ordinary position (the lower three lines) in Figure 3a have completely
different performances near the Raman shift around 800 cm .

When analyzing the triangular defects and the common positions of epitaxial wafers
by Raman spectroscopy, the peak position of 4H-SiC folding longitudinal optics (FLO)
at 965.3 cm~! is very close to that of 3C-SiC FLO at 973.5 cm™!, so it is impossible to
distinguish between the 4H crystal form and the 3C crystal form. If 3C-SiC is mixed in
4H-SiC, it will be difficult to judge the crystal form. In the process of a Raman measurement,
the Raman scattering peak at 798.2 cm ! can be used as a criterion to distinguish between
3C and 4H crystal forms. For 4H-SiC crystal without other crystal inclusions, the relative
intensity of folding transverse optics (FTO) scattering peak at 777.0 cm~! is very high, while
that at 798.2 cm ! is very small. However, the FTO peak of 3C-SiC is only at 798.2 cm ™!,
and there are no peaks at 777.0 cm~!. When there are 3C-SiC crystal inclusions in the
tested area, the relative intensity of the scattering peak at 798.2 cm~! will increase, and
the ratio of the relative intensity of the scattering peaks at 777.0 cm~! and 798.2 cm~! will
decrease. Therefore, if the difference between the FTO peak intensity at 777.0 cm ™! and
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that at 798.2 cm~! is small, it means that 3C-SiC is doped in 4H-SiC, and the content ratio
of the mixture of the two crystal forms can also be judged by the peak intensity ratio.
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Figure 3. Raman peak diagram of defects on 4HSiC epitaxial wafer. (a) comparison of defect
positions and common positions of three groups of samples; (b) detailed comparison diagrams of
defect positions and non-defect positions.

The Raman shift of the defect position on one epitaxial wafer is compared with that
of the normal position in detail. As shown in the Figure 3b, the Raman scattering peak in
the non-defect area of the black curve meets the Raman shift and peak intensity of 4H-5iC,
while the red defect area shows the characteristic peak of 4H-SiC with lower intensity, and
the defect area has a characteristic peak of 3C-SiC at 789.2 cm ™!, which meets the Raman
shift and peak intensity of 3C-SiC. There is a small 4H-SiC FTO peak at 770.0 cm !, so
it can be confirmed that the center of the specific TDs is 3C crystal with a little bit of 4H
crystal. Because the 4H-SiC content is very low, it can be considered that the head particle
is a polycrystalline particle of 3C-SiC.

3.2. Microstructure

As shown in Figure 4, the epitaxial layer thickness of this batch of epitaxial wafers
with triangular defects is approximately 6 um, and the length of triangular defects is about
80 pum (along the [1120] direction). Two examples were selected for comparison with their
morphology under an optical microscope. These examples exhibit similarities in terms of
size, opening orientation, and the comet-shaped wake of the boundary. The only noticeable
difference is the presence of a smaller head and a central boundary within the triangular
defect shown in Figure 4b.

Observation of the morphological characteristics of the triangular defect was con-
ducted under the SEM. The initial impression indicates that the morphology of the defects
differs from that of the classical triangular defect. In classical triangular defects, the defect
head forms at the junction between the substrate and the epitaxial layer. The two BPDs
extend along the 4° off-angle direction to the surface of the epitaxial layer. Due to the
presence of these defects hindering the step flow during the epitaxial layer growth process,
the step flow will bypass the BPD defects on both sides of the defects. As a result, there
is no step flow and epitaxial layer growth behind the triangular defect head, leaving a
triangular pit depressed into the epitaxial layer. This is the reason why classical triangular
defects have a morphology of depression into epitaxial layers.
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Figure 4. Comparison diagram of triangular defect optical microscope and SEM. (a) Defect 1 under
optical microscope; (b) Defect 2 under optical microscope; (c) Defect 1 under SEM; (d) Defect 2
under SEM.

However, the specific triangular defect protrudes from the epitaxial layer. In addition,
the triangular defect is a multi-layer structure, which has not been reported yet.

The contact position between the defect and the 4H-SiC epitaxial layer is magnified
and observed in Figure 5b,c. The step flow is obviously disturbed by the defect. In the area
near the defect, the strip steps are very dense. In addition, the defect triangle region still
retains the structure of epitaxial layer surface morphology and has dense step morphology.
It can be inferred that a large-scale step flow passes through this region but becomes
obstructed by the particle. The step flow bypasses the particle on its left and right sides
and resumes its progression, only to be captured by the particle and accumulate behind
the defect, thus forming a defect layer. Then, several large steps flow through, forming a
multi-layer triangular defect structure. The step cluster traces connected with the periphery
of the defect on the defect level can be used as evidence of this idea. Moreover, the TDs
depicted in Figure 4b,d show that the top two layers have only half triangular defect layers.
This may be attributed to the large steps are separated from the particles to the left and
right sides. However, steps are not closed after bypassing; the left step is not caught by the
particles and continues to move along the flow direction of the steps, while the right step is
caught by the particles and lies down to become half defect layers.

The multiple-layer structure is also shown in Figure 5b,c. The upper layer of the
triangular area is superimposed on the lower layer. Because the upper layer is slightly
longer and narrower, the left and right boundaries of the lower layer become exposed. By
the superposition of multiple layers, the left and right boundaries of defects will show
the appearance of two comet tails under an optical microscope. In addition, according to
the bending direction of the boundary of the layered structure under SEM, the triangular
region of the defect protrudes from the surface of the epitaxial layer.

The head of the defect is observed in magnification in Figure 5d. The head of TDs is
analyzed by Raman spectroscopy as a 3C crystal different from the epitaxial layer. The
particle size of the defect head is about 10 microns, which is embedded in the epitaxial
layer. Because some epitaxial wafers are only 6 microns thick, TDs head particles with
a diameter of 10 microns still appear. Because most of the special TDs found have large
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height (pm)

heads, this research prefers that the defect is caused by falling objects rather than other
reasons mentioned in the introduction.

(e) ‘

Figure 5. Enlarged detail image of SEM. (a) Specific magnification area of SEM; (b) The right boundary
area of the TD; (c) Higher magnification image of the right boundary area, (d) The head of TD; (e) The
right boundary area of TD.

As shown in Figure 6, the cross-sectional image is obtained by the step meter test
on the body and the head of the TDs. The cross-sectional image of the triangular area
also shows that the triangular defect protrudes out of the epitaxial layer. In addition, the
triangular area is not smooth, but rugged, which may be caused by the steps still existing
in the triangular area. The cross-sectional size of the head also conforms to the morphology
shown by SEM.
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Figure 6. Step meter cross-sectional image of TDs. (a) Selection line of sampling position; (b) Cross-
sectional view of defective body; (c) cross-sectional view of defective head.

There is a great difference between the left and right boundaries of TDs in Figure 6.
The left boundary can show the stacked shape of multiple defect layers, while the right
boundary is particularly steep. In the interface image of the step meter in Figure 7, the left
boundary goes deep into the epitaxial layer, while the right boundary reaches the surface
of the epitaxial layer.
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Figure 7. AFM image of different part from the TDs and nearby. (a) Test area of AFM; (b) AFM
image inside the defect; (c) AFM image outside the defect; (d) Cross-sectional image inside the defect;

(b)

(e) Cross-sectional image outside the defect.

The morphological difference between the triangular surface of the triangular defect
and the surface of the epitaxial layer nearby in Figure 6 is compared. On the one hand, the
obvious long strip structures are shown outside the defect. The strip structures observed in
the figure are uniformly oriented perpendicular to the [1120] crystal direction and parallel
to the (1100) crystal plane. The strip shape appears to be a combination of convex peaks
and concave valleys in cross-section. However, it consists of two peak—valley structures,
resulting in two large height fluctuations on the surface. Along the step flow direction, the
first height fluctuation includes a small peak and a large valley, while the second height
fluctuation includes a large peak and a small valley. This two connected peak—valley
structure is referred to as the “double peak—valley structure” [28], which mainly describes
the giant steps on the epitaxial wafer. The width, length, and depth of each strip-shaped
morphology in the figure are similar, and the size of the entire strip-shaped morphology can
be confirmed by the cross-sectional view obtained through atomic force microscopy. The
length of the strip-shaped morphology is about 3 um; the absolute height from the deepest
point to the highest point is approximately 11 nm; and the width is about 300 nm. The
stripe morphology increases the roughness of the epitaxial layer surface, which may have
an adverse effect on the subsequent device preparation and increase the leakage current of
the device.

Because the direction of the whole strip morphology is perpendicular to the direction
of step flow and consistent with the direction of step clustering and the bimodal-valley
structure is almost consistent with step clustering, it is considered that the strip morphology
is related to the step flow of epitaxial growth, which may be caused by the phenomenon
of step flow and incomplete step clustering. The epitaxial growth of 4H-SiC is mainly
controlled by step flow, and the density of surface atomic steps on the substrate with 4°
off-angle is smaller than that on the substrate with 8° off-angle or higher. This makes
the surface of the epitaxial layer grown on the substrate with 4° off-angle prone to step
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aggregation, and several atomic steps tend to aggregate into a large step after epitaxy.
Because the step aggregation is more likely to be formed under carbon-rich conditions, the
C/Si used in the experiment is less than or equal to one. The process of step aggregation
is not totally completed, but presents a relatively discrete state, thus forming this special
strip shape.

On the other hand, the surface inside the defect looks smoother than the outside when
there were no strip structures. However, the root mean square roughness of the inside
(1.119 nm) is more than that of the outside (0.919 nm), which may because the short steps
from the outside still appear inside but are much denser and thinner. Another reason is
that there are many small particles on the surface of TDs like the cross-sectional image of
Figure 7d.

3.3. Influence Methods

Exploring the influence of C/Si ratio, epitaxial growth time, and buffer layer on the
number of TDs in epitaxial wafers, the C/Si ratio is changed by changing the ratio of
TCS to ethylene, keeping the flux of TCS unchanged, and reducing the flux of ethylene to
reduce the C/Si ratio. Statistics of the number and distribution of defects are carried out by
photoluminescence detector as in Figure 8.

(b) (c)

Figure 8. Photoluminescence TDs detection. (a) Distribution image of TDs; (b) TD under bright field

channels; (¢) TD under photoluminescence channels.

The TCS flux was set at 50 sccm, and the ethylene flux was adjusted at 25 sccm, 20 sccm
and 18 sccm, so that the C/Si ratio was 1, 0.8 and 0.72, respectively. Under these conditions,
epitaxial growth was carried out for 30 min.

The box diagram in Figure 8, drawn according to the obtained data, shows that the
number of special TDs is less under the condition of low carbon. The TDs can be reduced to
some extent under the condition of rich silicon, which may be because it is easier to generate
clusters of SiC particles at the top of the chamber when the carbon content is higher.

Judging from the curve of TDs average value changing with growth time, the number
of defects is not positively correlated with growth time. Too short or too long growth time
will lead to a sharp increase in the number of triangle defects, while the number of triangle
defects is less when the growth time is 20 to 30 min.

The reason for this phenomenon may be that there are two origins of the triangular
defect: one origin is that the defect on the substrate nucleates, and the other reason is that
the particles nucleated at the top of the epitaxial furnace fall off. Many TDs in the short-time
epitaxy of 10 min are more likely to be caused by the nucleation of defects on the substrate;
they are also more likely to be caused by the nucleation and falling of particles at the top
during the epitaxy of 40 min. These two factors work together, resulting in a concave curve
that falls first and then rises in the growth time of 1040 min.

Figure 9c evidences that the buffer layer grown on the epitaxial wafer plays a crucial
role in determining the outcome of TDs. The buffer layer is grown under specific conditions,
including a Hj flow of 100 slm, TCS flow of 50 sccm, ethylene flow rate of 25 sccm, growth
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pressure of 40 Torr, growth temperature of 1570 °C, and growth time of 4 min. Two types
of buffer layers were grown during the experiment: one with a nitrogen flow rate of
40 sccm, and the other with a nitrogen flow rate of 300 sccm. The number of TDs decreased
significantly after the buffer layer was grown. This is because the buffer layer prevented
some substrate defects from extending into the epitaxial layer and transforming into surface
morphological defect nucleation points. Moreover, stress and interface defects caused by
the difference of doping concentration between the substrate and the epitaxial layer can
become the nucleation sites of TDs, which can be suppressed by adding the buffer layer.
The difference in the effect of the buffer layer grown with different nitrogen flow rates in
Figure 9c is due to the difference in doping concentration.

300
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Figure 9. Statistical chart of TDs quantity under the influence of different factors. (a) Variation of
TDs number under different C/Si ratio; (b) Variation of TDs number under different growth time;
(c) Variation of TDs number under different buffer layer.

4. Discussion

Based on the comprehensive analysis of the morphology of the triangular defect, we
can establish a process model of the triangular defect formation.

Firstly, the characteristics of the triangular defect are briefly described: (1) the trian-
gular defect protrudes from the epitaxial layer; (2) there are large particles in the head;
(3) the triangular defect is multi-layered; (4) there are similar but denser step clusters on
the defect surface.

Let us construct this triangular formation model: (1) epitaxial layer is ready to start
growing on the substrate; (2) 3C-SiC particles fall on the substrate or 2D nucleation from
substrate defect; (3) epitaxial layer grows and starts step flow; (4) large-scale step flow
passes by the particles; a short flight of step was caught and lay behind the particles; (5) the
next large-scale step passes by the cluster particles and was caught; (6) repeat (7) special
TDs generation.

The next part discusses three factors that affect this special triangle defect: carbon—
silicon ratio, growth time, and buffer layer. The main purpose is to find a control method of
triangle defect and to explain the formation of this special triangle defect by comparing the
causes of triangle defect in the introduction section. In the silicon-rich environment, this
special triangle defect is less frequent, which shows that the head particles should not be
formed by silicon droplets. The number of triangular defects varies with time, indicating
that some triangular defects are born in the epitaxial process; the growth of buffer layer
can control triangular defects, which shows that this special triangular defect is also partly
caused by substrate defects.

There may be other factors that can reduce the number of defects in the triangle, such
as growth temperature and gas flow rate, which are not fully explored in this paper. They
can be explored in the future.
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5. Conclusions

Our research shows that TDs in the experiment own the following morphological
characteristics: protruding from the epitaxial layer; multilayered structure; and surface
asperities. It is related to both the substrate defect and the falling objects. The silicon-
rich condition, buffer layer, or suitable growth time is more conducive to inhibiting the
nucleation of these TDs.

The triangular defect that we found with a new multiple-layer structure protruding
from the epitaxial layer further reveals more morphology, structure, and composition of
this serious destructive defect. At the same time, we discuss some factors that affect this
defect, which is of certain significance to the control of triangular defect. For some defects
on silicon carbide epitaxial wafers, the current research still cannot perfectly clarify their
destructiveness and defect origin; however, it is hoped that the study of this triangular
defect will further improve the properties of silicon carbide epitaxial wafers.
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