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Abstract

Several 4° off-axis 4H-SiC wafers with several hundred microns of initial-stage growth by PVT
method are investigated by Synchrotron Monochromatic Beam X-ray Topography (SMBXT).
Defect behavior across the seed/newly grown layer interface are demonstrated. Comparison of
early stage grown layers to seed sample indicates generation of threading edge dislocation (TED)
and threading screw dislocation (TSD)/ threading mixed dislocation (TMD) pairs at the interface
while most basal plane dislocations (BPDs) are deflected into TEDs. The (0001) facet of the
crystal is already formed at early stage growth at the edge of the wafer and high nitrogen
incorporation in facet leads to conditions favorable for nucleation and glide of Shockley/double
Shockley faults with layers of 3C-SiC deposited on facet acting as nuclei. Unique-shaped
dislocations are observed at early stage growth, which are caused by deflection of TSDs/TMDs
and TEDs by macrosteps near the periphery of the sample and the subsequent glide of the a
components. The effect of the quality of the seed surface before growth is manifested as
randomly oriented arrays of pairs of TEDs and TSDs/TMDs on the as grown surface resulting
from residual surface damage from scratches.

Introduction

Silicon Carbide, typically 4H-SiC, due to its excellent electrical and thermal properties, has been
replacing conventional silicon materials, which are considered to have reach their limit, for high
power and high frequency applications[1]. The demand for high quality SiC wafers with low defect
density is rapidly increasing especially for automotive and energy saving applications. Over the
past few decades, various types of defects existing in 4H-SiC substrate crystal have demonstrated
their detrimental effects to the reliability of the subsequent power devices[2]. Therefore, it is
important to understand the formation mechanism and the behavior of various defects during
crystal growth of 4H-SiC wafers. Some significant observations include the replication of
threading dislocations from the seed through the grown crystal as well as dislocation pair
nucleation at the seed/newly grown layer interface [3]; deflection of TSDs/TMDs with Burgers
vector of ¢ and c+a by the overgrowth of macrosteps leading to stacking fault formation on the
basal plane[4]; and Shockley stacking faults generated from residual surface scratches in region of
higher doping concentration after the wafers subjected to heat treatment.[5].

Numerous efforts have been expended to optimize growth process to lower defect density of SiC
wafers obtained from bulk growth by physical vapor transport (PVT) method[6]. One major
approach is the study of early stages of crystal growth as most defects are nucleated at this stage
and propagate into the boule. Nucleation of threading edge dislocations (TEDs) and threading
screw dislocations (TSDs) at the early growth stage in PVT-grown SiC is revealed by Sanchez et
al[7]. Behaviors of TEDs, TSDs/threading mixed dislocations (TMDs), and basal plane
dislocations (BPDs) across the seed/newly grown layer interface in PVT-grown 4H SiC are
demonstrated by Ailihumaer et al.[8]. Recently, we have reported on the multiple types of stacking
fault formation in the off-facet region at early-stage growth of 4H-SiC crystals[9].

However, additional detailed investigations are necessary during early stage of growth for
continued understanding and optimization for PVT growth of 4H-SiC crystals. In this study,
several 4° off-axis 4H-SiC wafers with several hundred microns of early-stage growth are prepared
by PVT method. Synchrotron X-ray topography (SXRT) complemented by Nomarski optical
microscopy (NOM) are employed to evaluate defect characteristics during early stage growth,



which provide more insights on defect formation and multiplication forming the basis for the
subsequent growth of the full crystal boule.

Experimental

Two 6 inch 4° off-axis (0001) PVT-grown SiC wafers, which have newly grown layer with
thickness of several hundred microns grown on the C-face of the seed under low C/Si conditions,
were prepared. A reference seed wafer cut from the same boule as the seed of one of the early
grown wafer was used to represent the defect distribution in the seed. Samples were imaged by
Synchrotron Monochromatic X-ray Topography (SMBXT) in grazing incidence geometry at
beamline 1-BM, Advanced Photon Source at Argonne National Laboratory. In grazing geometry,
the incident angle is set at ~2.1°, specimen-film distance at 40cm, and X-ray topographic images
were recorded on the Agfa Structurix D3-SC films with resolution of ~lum. For detailed defect
characterization, 1128, 1218, 2118, 220 10 reflections were recorded. TSDs, TEDs and BPDs
are all visible in 1128, 1218, 2118 reflections based on the g-b criteria while stacking fault
contrast shows up in 220 10 reflection according to g-R criteria[10]. Macroscopic morphology
of the newly grown surface was examined by Nomarski differential interference contrast (DIC)
optical microscopy. Raman spectroscopy at selected points and 2D Raman mapping were carried
out using the WITec Confocal Raman Microscope Alpha 300 to check the polytypes across the
wafers. For Burgers vector characterization of dislocations, individual dislocation images on X-
ray topographs are compared with images simulated by ray tracing simulation method[11, 12],
which is conducted by Python3 software on personal computer.

Results and Discussion

Dislocation behavior across the seed/newly grown layer interface

To investigate dislocation behavior across the seed/newly grown layer interface, statistical
analysis is applied for 9 regions across the wafer as shown in Figure 1(a) for both reference seed
wafer and newly grown layer. Since reference seed wafer is cut from the same boule as the seed
of the newly grown layers, the defect distribution of reference seed wafer is similar to that in the
seed of the newly grown layer. From the result for TEDs as shown in Figure 1(b), significant
increase in TED densities for all the 9 regions throughout the wafer from the reference seed
wafer to newly grown layer is observed. TED pairs, which could nucleate at seed/newly grown
layer interface, are observed by X-ray topograph for the newly grown layer as shown in Figure
1(e). Thus, in addition to the replication of TEDs from the seed, nucleation of TED pairs at the
seed/newly grown layer interface also contributes to the density of TEDs for the newly grown
layer. Another source for the TED density for the newly grown layer is redirection of BPDs in
the seed since BPDs density significantly decreased in the newly grown layer compared to the
seed as shown by Figure 1(c). Most BPDs in the seed are redirected into threading direction at
the seed/newly grown layer interface. Similar with TEDs, TSDs/TMDs densities undergo
significant increases also for the newly grown layer especially at the positions away from the
center for the sample, such as region 1 and 2. The reason for the increased density of
TSDs/TMDs for such regions could relate to the lattice mismatch arising from thermal stress
and/or the nitrogen concentration difference between the seed and grown crystals from higher
temperatures since the positions away from the center are closer to the heating source during



growth.[13] X-ray topograph shows multiple TSD/TMD pairs in the regions away from center of
the sample as shown by Figure 1(e). Replication of TSDs/TMDs from the seed and TSD/TMD
pair nucleation at the seed/newly grown layer interface are two contributors for the density of
TSDs/TMDs in newly grown layer.
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Figure 1. Statistical analysis is applied for 9 regions across the wafer as shown in (a) for both
reference seed wafer and early grown layer. The results for TEDs, BPDs, and TSDs/TMDs are
shown by (b), (c), (d), respectively. Orange boxes represent the statistically analyzed result for
early grown crystal while the green boxes show the result for reference seed wafer. TED and
TSD/TMD pairs, which are observed by SMBXT images with 1128 reflection as shown by (e),
contribute to the TEDs and TSDs/TMDs density in early grown crystal.

To further confirm the dislocation behavior across the seed/newly grown layer interface obtained
by statistical analysis, the 1128 SMBXT images of one 4H-SiC early grown crystal from the
exact same region for the back side (seed crystal) and the front side (early grown layer) were
compared. Comparing the two topographic images, most of the TSDs/TMDs as marked in
yellow circles show up in both images, indicating they are replicated from the seed to the newly
grown layer. Some TSDs/TMDs marked in blue circles only show up in the crystal seed but are
not visible in the newly grown layer, suggesting that these dislocations may have been deflected
onto the basal plane and become Frank dislocations by overgrowth of macro-steps. On the other
hand, there are some TSDs/TMDs marked in red circles shown in newly grown layer and not
visible in the seed, which suggest that these dislocations are nucleated in opposite sign pairs at
the seed/newly grown layer interface. BPDs are observed in the seed but not after growth,
indicating BPDs are redirected into TEDs at the seed/newly grown layer interface.
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Figure 2. SMBXT images recorded in 1128 reflection showing dislocation behavior in (a) the
seed crystal and (b) the newly grown crystal. TSDs/TMDs marked in yellow circles are
replicated into the grown crystal. TSDs/TMDs marked in blue circles get deflected onto basal

plane by the step flow of macro-steps. TSDs/TMDs marked in red circles are newly generated at
the seed/crystal interface.

Stacking fault formation in the facet

Facet formation is critical for the PVT grown 4H-SiC crystals since growth steps emanate from
the facet and propagate to the remaining parts of the crystal. At the early stage growth, the facet
is observed to already be formed at the edge of the wafer at the position shown by Figure 3(a).
X-ray topographs from the facet region reveal distinct straight dislocation segments along
<1120> directions with black or white contrast forming rhombus shapes as shown in Figure
3(b). The region bounded by dislocations shows area contrast in 220 10 reflection as shown in
Figure 3(c). Based on g-R analysis, Shockley stacking fault with fault vector of 1/3<1100> has
area contrast in 220 10 reflection[14]. Thus, Shockley stacking fault is formed on the facet and
dislocations bounding stacking fault region are likely Shockley partial dislocations.
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Figure 3. (a) The position of the facet relative to the basal plane at the early stage growth, and the
SMBXT images recorded inside the facet in (b) 1128 and (c) 220 10 reflections, showing
dislocation segments lying along <1120> directions bounding a rhombus shaped region, that
shows area contrast in 220 10 reflection indicating the presence of a stacking fault. The
dislocation segments lying along <1120> directions are marked by red arrows in (b).

Ray tracing simulation of different 1/3<1100> partial dislocations along the <1120> directions
were carried out to further identify the fault vectors for these Shockley stacking faults. For the
rhombus loop of partial dislocations indicated by red arrows in Figure 3(b), it is found that when
the Burgers vector is 1/3[1100], the simulated images for the partial dislocations along each side
as shown in Figure 4(a) match the contrast on topographic image. The deformed rhombus drawn
by black line in Figure 4(a) reproduces the shape of partial dislocations on the topograph in
Figure 3(b), indicating the simulated images of partial dislocations correlate with the images of
partial dislocations forming the rhombus shape on the topograph. Figure 4(b) and 4(c) show the
comparison of the contrast of partial dislocation along [2110] direction on topograph and its ray
tracing simulated image. The width of the partial dislocation on the topograph is ~15 um,
comparable to its width in the simulated image, which is ~13 um. On the other hand, on both the
topograph and simulated image, the top two partial dislocations have black contrast while the
bottom two partial dislocations have white contrast. From this, the fault vector for the rhombus
shaped stacking fault region bounded partial dislocations is identified as 1/3[1100].
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Figure 4. (a) Ray tracing simulated images for partial dislocations in Figure 3(b) marked by red
arrows. The configuration of partial dislocations on topograph in Figure 3(b) is represented by
the black deformed rhombus. The simulated images of partial dislocations correlate with the
images of partial dislocations forming the rhombus shape on the topograph. The high
magnification comparison for the partial dislocation along [2110] direction between (b) the
contrast on topograph and (c¢) simulated image shows consistency with similar width and the
same black/white contrast.

Similar rhombus shaped Shockley stacking fault formation have been observed by Yang et al.[5].
They reported the observation of overlapping Shockley stacking faults generated from residual
surface scratches in regions of higher doping concentration after the wafers have been subjected



to heat treatment. Note that as shown in Figure 5(a), the signs of partial dislocations can be
identified by the distinct contrast features generated by the opposite signs of the edge Burgers
vector component in grazing geometry SMBXT images. By comparing the observed image with
the result predicted by the ray tracing simulation, the partial core structure can be determined. As
a result, on the C-face of the early grown crystal, the C core partial dislocations have white
contrast and the Si core partial dislocations have black contrast. Therefore, as shown in Figure
5(b), the C core partial dislocations are located at the top of the rhombus shaped loop, which is
closer to the nucleation site at the top corner, while the Si core partial dislocations are at the
bottom of the rhombus shape. The Si core partial dislocations glide since they have higher
mobility than the C core partial dislocations and cause the expansion of stacking fault. The
mechanism of stacking fault expansion is schematically shown in shown in Figure 5(c): At high
temperatures during crystal growth, the hexagonal shaped partial dislocation loops nucleated
have each of the segments initially lying in the low-energy Peierls valley, i.e. along <1120>
directions. In addition, the partial segments have a Burgers vector of 1/3<1100>. Each partial
segment comprising the hexagonal loop is either 30° or 90° character with cores comprising
either Si or C atoms. The Si core partial is mobile, whereas the C core partial is sessile, so that
both 30° and 90° Si partials glide while the C core partials are stationary but the segments are
elongated due to the glide of Si core partials. Additionally, the 90° character Si core partials
move faster than the 30° Si core partials, so that the 90° Si core partials eventually move out,
leaving behind the 30° Si partials. Thus, the final configuration is a rhombus shaped stacking
fault bounded by 30° Si and C core partials. Across the facet, several Shockley faults of different
Burgers vectors are observed following the same nucleation and expansion mechanism but
resulting in more complex shapes.

= 1128

(a) (c) Clg) 90°

Figure 5. (a) In grazing geometry SMBXT images, the partial dislocation exhibits black contrast
(i.e. the core causes convergence in the locally diffracted rays) if it extends away from that
surface, and white contrast (i.e. the core causes divergence in the locally diffracted rays) if the
extra half-plane extends toward the imaged surface[15]. (b) SMBXT image for rhombus shaped
partial dislocation loops with 1128 reflection showing the C core partial dislocations with white
contrast are closer to the nucleation site at the top corner of the loops while the Si core partial



dislocations with black contrast glide away from the nucleation site and cause the expansion of
the stacking fault region. (¢) Schematic showing the rhombus shaped stacking fault configuration
generated from a hexagonal partial loop with Burgers vector of 1/3<1100> and side along
<1120> Peierls valleys. The 90° Si core partial eventually moves out after this process.

Two factors are considered to account for the formation of Shockley/double Shockley stacking
faults on the facet during 4H-SiC PVT growth. Firstly, this SiC crystal was grown under low
C/Si ratio conditions resulting in high nitrogen incorporation especially at the facet, which favor
the expansion of Shockley/double Shockley stacking faults[16]. Secondly, some of the growth
hillocks on the facet contain layers of 3C polytype embedded that can act as nucleation sites for
the Shockley/double Shockley stacking faults[17]. In fact, when the nitrogen doping
concentration exceeds a certain threshold, which is around 2-5x10"cm, the 3C nuclei likely
undergoes stacking fault expansion. The nitrogen concentration for PVT grown 4H-SiC inside
the facet region is much higher than that of off facet region and reaches magnitude of 10"”cm
3[18]. The facet region of our sample could have nitrogen concentration with magnitude of
10"cm™ which favors the stacking fault expansion from 3C nuclei in the facet.
Thus, the growth hillocks in the facet, which are observed at the nucleation site of the
Shockley/double Shockley stacking fault inside the facets, are examined by Raman spectroscopy.
As shown by Figure 6(a), increased intensity of FTO(0) mode at 796cm’! is observed for
multiple hillocks, suggesting the existence of 3C structure. DIC optical image for one of the
hillocks is shown in Figure 6(b). Spatial map of Raman intensity from the FTO(0) mode at
796¢m™!is applied for the region marked by red dashed square. As shown in Figure 6(c), the
spatial map of Raman exhibits nonuniform distribution for the intensity at 796¢m ™. The brighter
region with higher intensity is where the 3C-SiC is located at, implying 3C-SiC layers could be
deposited on the facet by 2D nucleation.
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Figure 6. (a) Raman spectroscopy results for five hillocks in the facet. Different colored lines
represent results from different hillocks. Increased intensity for FTO(0) mode is observed for 4
of five hillocks, which have blue, red, black, and purple color, suggesting existence of 3C
structure. 3C structure is further confirmed by applying spatial map of Raman intensity for the
region marked by red dashed square in (b) DIC image for one of the hillocks. (c)The result
shows 3C distribution at the brighter region with higher intensity.

Deflection of TED and TMD pairs

The periphery of the newly grown crystal is characterized by significant deflection of TEDs and
TSDs/TMDs which are caused by macrosteps as well as dislocations with unique configurations.



One type of unique shaped dislocation is shown by Figure 7(a). The dislocation is composed of
two segments — upper one straight and the lower one curved indicating glide. By measuring the
topographic image width of this dislocation (13~15um) and comparing it with the result from ray
tracing simulated images for edge and mixed type dislocations, we found out that these
dislocations have similar widths to edge type dislocations. Ailihumaer et al.[8] observed
dislocations with similar unique shape and width at early stage 4H-SiC growth. They observed
dislocations have Y-shaped feature and propose that the unique Y-shape is possibly formed by
deflection of two opposite sign TEDs pair with Burgers vector of +a and -a by overgrowth of
macrosteps followed by gliding away of the two newly created BPD segments of opposite sign
from each other under the influence of the same thermal stress. A similar mechanism is
employed to illustrate the formation mechanism for dislocation in Figure 7(a) as shown by
Figure 7(b): The opposite sign TED pair deflect onto basal plane by overgrowth of macrosteps
and generate two BPD segments. Different from Ailihumaer et al.’s observation where two BPD
segments glide away from each other under the same thermal stress, the two BPD segments
formed in our sample are under different stress condition even though they are narrowly spaced.
Consequently, only one BPD segment glides away while the other remains straight, forming the
unique shape shown in Figure 7(a).

Another type of unique shaped dislocation is shown by Figure 7(c), which have a straight
segment at the bottom marked as ¢ and a curved segment at the top marked as a. The two
dislocation segments from this type of unique shaped dislocation show significantly different
characteristics, which could be due to deflection of TMDs with Burgers vector containing both a
and ¢ components. Such unique shaped dislocations are also observed by Ailihumaer et al.[8].
Based on their analysis, the formation mechanism for this type of unique shaped dislocation is
illustrated by Figure 7(d), where a component glides, but the ¢ component remains stationary
after TMD is deflected onto the basal plane.

g=1128

Figure 7. SMBXT images with 1128 reflection for (a)(c) two types of dislocations with unique
configurations. (b)(d) illustrate the formation mechanism for dislocations in (a)(c), respectively.
The unique shape of dislocation in (a) is formed by deflection of an opposite sign TED pair
followed by glide of one of the newly created BPD segments. The dislocation in (c) is formed by
deflection of a TMD with a component glides and ¢ component remains straight.

Seed surface preparation evaluation

Characterization of the newly grown layer of 4H-SiC crystal can offer information on the surface
preparation of the seed wafer before growth. Figure 8(a) shows an example of a SMBXT image
containing dislocation arrays marked by yellow arrows composed of TED pairs while the
dislocation arrays marked by red arrows are formed by TSD/TMD pairs. Since the TED pair
arrays and TSD/TMD pair arrays are oriented in random directions, they are likely nucleated at
the surface damage from scratches on the seed surface at the very initial stage of crystal growth.



Zhang et al.[19] observed arrows of TED pairs in 4H-SiC epilayer associated with scratches on
the substrate surface. Residual damage associated with scratches on the substrate surface is
expected to have dislocation half-loops associated with them and their surface intersections act
as sites from which dislocations propagate via replication during homo-epitaxial growth. The
half-loops whose surface intersections are edge in character will propagate into the epilayer as
TEDs and form arrays of TED pairs. The TED pair arrays observed in our sample can be
explained by such formation mechanism also, which is illustrated by Figure 8(b). TSDs can
nucleate at the scratch at the seed/newly grown layer interface also in form of pairs following

similar formation mechanisms as shown by Figure 8(c).
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Figure 8. (a) SMBXT image for 1128 reflection showing arrays of TED pairs (marked by yellow
arrows) and TSD pairs (marked by red arrows) formed at the seed/newly grown layer interface at
the scratches on the seed surface at the very initial stage of crystal growth and the accordingly
schematics for formation mechanisms for (a) TED pairs and (b) TSD pairs at scratches on the
seed surface. Note: Randomly oriented black/white lines on the image are contrast from
scratches on the sample surface created from handling the wafer during seed side polishing.

Summary

Analysis of microstructure during early stage of PVT 4H-SiC growth is conducted by SWBXT,
DIC optical microscopy, and the complementary Raman spectroscopy to enhance understanding
of defect nucleation mechanisms. Comparison of early stage grown layers to seed sample
indicates generation of TSD and TED pairs at the interface while most BPDs are deflected into
TEDs. High nitrogen incorporation in facet leads to conditions favorable for nucleation and glide
of Shockley/double Shockley stacking faults with layers of 3C-SiC deposited on facet acting as
nuclei. Macrosteps cause significant deflection of TEDs and TSDs/TMDs near the periphery of
the samples. The gliding of a component of dislocation after the deflection of TEDs and
TSDs/TMDs results in unique shaped dislocations. The observation of randomly oriented arrays
of TEDs and TSDs/TMDs pairs on the as grown surface of the newly grown layer indicate that
surface preparation of seed wafer before growth to remove all damage is essential to reduce
defect nucleation.
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