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Abstract. 4H-SiC with 180 pum epilayer was subjected to UV exposure. Stacking fault expanded from
basal plane dislocation (BPD) loop generated during growth in the epilayer was observed by UV
Photoluminescence Imaging (UVPL) and X-ray Topograph (XRT) techniques. Interactions between
partial dislocation, emanating from the BPD loop and gliding via recombination-enhanced dislocation
glide mechanism, and threading screw/mix dislocations are detected and analyzed, where stacking
faults migrate to different basal plane after the interactions. Such migration increases the faulted
volume that can severely degrade reliability and performance of high power SiC devices by increasing
reverse leakage current and on-state resistance and could eventually lead to device failure.

Introduction

Silicon Carbide (SiC) is a wide bandgap semiconductor with considerable potential for power
devices due to its high breakdown field and excellent thermal conductivity. These properties enable
SiC devices to function effectively under extreme conditions, including high temperatures, voltages,
and frequencies [1]. Currently, commercially available devices can handle voltages up to 3.3kV and
are primarily used in automotive and traction control applications. However, there is a need for SiC
devices with higher voltage ratings (>6.5kV) for use in hybrid systems, shipboard power, grid
systems, and defense applications. To achieve the required breakdown voltages, these devices are
manufactured on SiC wafers with thick epitaxial layers [2]. As the thickness of the epitaxial layer
increases, the density of defects formed during growth also rises [3], which can significantly impact
device performance. Recent research by Mahadik et al. has identified a complex stacking fault
originating from the substrate and extending into a 180 um thick epitaxial layer. This fault generates
several Shockley-type stacking faults (SSFs) when carriers are injected via UV excitation, through a
recombination-enhanced dislocation glide mechanism [4,5,6]. Such stacking faults are detrimental to
the device performance, causing decrease of forward voltage during on-state and increase of leakage
current during off state.

Additionally, another defect commonly observed in epitaxial layers is the interfacial dislocation
(ID) accompanied by half-loop arrays (HLAs) [7]. These HLAs form when screw-oriented basal
plane dislocations (BPDs) glide under mismatch stresses, causing bending at the growth front and
leading to their conversion into threading edge dislocations (TEDs). When the gliding velocity of
BPDs surpasses the growth rate of the epitaxial layer, some of these dislocations protrude through the
surface, creating HLAs composed of two TEDs and a segment of BPD that can dissociate into
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stacking fault bounded with partial dislocations as well [8]. Therefore, generation of BPDs and SSFs
are the major impedances for developing high voltage bipolar devices such as insulated gate bipolar
transistors, and they should be carefully characterized and investigated. In this paper, 4H-SiC with
180 um epilayer was characterized by ultraviolet photoluminescence (UVPL) imaging and High-
resolution X-ray topography (XRT). Interaction between threading screw/mixed dislocations and
partial dislocation generated from BPD loop during UV excitation was observed and analyzed.

Experiment

4H-SiC with 180 um epilayer doped with 2x10'* cm™ n-type was subject to whole wafer UVPL
imaging [9], using a 4 Watt, 355 nm UV laser that was coupled to a custom microscope with
automated high precision XYZ stage. UVPL images were acquired with 2 um spatial resolution, using
a 665 nm long pass emission filter, and a liquid N2 cooled CCD detector and sequential images were
acquired with 1 um spatial resolution on the selected SSF.

High-resolution x-ray topography (XRT) was performed using a Rigaku XRTMicron system
equipped with a 70 um micro-focus, 1.2kW Cu/Mo rotating anode. The system has a vertical 3-circle
goniometer with up to 200 mm diameter sample stage, and a 2.2 pm pixel x-ray camera. XRT image
of the complex defect was acquired using g = [11-20] in transmission geometry with MoKa radiation.

Results and Discussion

Fig. 1(a) shows 11-20 XRT image before UV exposure, where a screw BPD (b=1/3[11-20])
originating from the substrate is replicated into the epilayer forming a BPD loop and ID. However,
no HLA is observed associated with the ID. The formation mechanism of such defect is that the screw
BPD segment first get replicated into epilayer (Fig. 1(b)) then glides under the misfit stress (Fig.
1(c)). Due to the change in the line direction, the BPD segment at the growth front will deviate from
screw type allowing the that the partials to constrict enabling conversion to TED which now acts as
a pinning point (Fig. 1(d)). In this case, differing from the formation of HLAs, the relative gliding
speed of the BPD is lower than the growth rate of the epilayer due to lower stress, so it propagates as
a loop in the epi-layer and forms ID at the epi/sub interface (Fig. 1(e) and 1(f)). Such a BPD loop in
the epilayer acts as a single-ended Frank Read source. As the loop expands in the epilayer encounters
TSD/TMDs, segments of the BPD loop will migrate to different basal planes via the jog mechanism
[10]. Upon UV excitation, stacking faults and partial dislocations will expand from this looping BPD
segment on different basal planes. When opposite sign partial dislocations which have same Burgers
vectors and opposite line directions located on different basal planes and align on top of each other
along [0001] direction, partial dislocation dipole (PDD) can be formed [11], due to the attractive force
between the opposite sign partial dislocations. Fig. 2 shows UVPL images (2D projections of 3D
microstructure) indicated by the red box, where the red number indicates the basal plane the stacking
faults are located on, and the corresponding 3D schematic of the mechanism of interactions between
partial dislocations and TSD/TMDs (indicated by the yellow arrows in UVPL image of Fig. 2(b)). In
this figure, a total of 4 basal planes (labeled at bottom left corner on each plane) and three TSD/TMDs
are involved. TMD1 and TMD3 are assumed to be right-handed with Burgers vector of the screw
component of [0001] and TMD?2 is left-handed with Burgers vector of the screw component of
[0001]. When the stacking fault bounded by partial dislocation interacts with right-handed screw
TMD, the left side of the fault will stay on the same plane while the right side of the fault will advance
to the plane above with respect to the advancing direction due to the to the helical shape with
clockwise orientation. On the other hand, if such a fault interacts with left-handed TMD, the left side
of the fault remains on the same plane, while the right side of the fault will move to the plane below.
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At the start of UV illumination, two double rhombic shape SFF on plane 2 and 4, and a PDD1 are
formed due to UV excitation as highlighted in the UVPL image by the red arrow and the red segment
in the 3D diagram in Fig. 2(a). Si-core partials with Burgers vector 1/3[0110] [12] are labeled as P1
to P3, where P1 and P3 will advance along [1100], and P2 and P4 will advance along [1120] upon
UV excitation. When P3 advances and interacts with TMD1, resulting in the left side of the fault with
P3-2 segment remaining on plane 4 and the right side of the fault with P3-1 segment advancing to
plane 3 and forming PDD?2 illustrated by the orange solid lines, as shown in Fig.2 (b). As P2 advance
to the right and P3-2 propagate along [1100], the partials belonging to PDD1 and PDD2 on plane 4
are elongated and shorten P3-2 segment until it disappears. In addition, as P2 propagating to the right
encounters the advancing P3-1 toward [1100], PDD3 is formed, as shown in Fig.2 (c). After that, P1
keep advancing and then the elongated P2 propagates to the right and interacts with TMD?3, resulting
in the left side of the fault, with respect to the advancing direction, staying on plane 2 having P2-1
segment and the right side moves to the plane 1 with P2-2 segment, forming PDD4 composed of
PDD4-1 and PDD4-2 and indicated by yellow solid line in the 3D schematic.
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Fig. 1. (a) High resolution 11-20 XRT image of formation of BPD loop and ID in epilayer due to
the original BPD in substrate. (b) to (f) Schematic of formation mechanism of the BPD loop and ID
in epilayer.
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Fig. 2. (a)-(d) 3D schematic of propagation of partial dislocations of the SSFs interacting with
TMDI1 and TMD3 forming PDD1 to PDD4, where the black numbers in the images indicate the
corresponding basal planes of the SSFs are located at. UVPL images are shown in the red boxes,

where the red numbers in the images indicate the corresponding basal planes of the SSFs located at.

Then, P2-2 segment interacts with TMD2 with Burgers vector of the screw component of [0001],
leading to the left side of the fault with P2-2 segment staying on plane 1 and the right side of the fault
with P2-3 segment advancing to plane 2 and forming PDDS5, as shown in Fig.3 (a). In addition, a
stacking fault on plane 2 expands from the lower part of the crystal as indicated by the green arrows
in the 3D schematic and UVPL image. Fig 3(b) indicates movement of the Si-core partials, where
PDD3 gets elongated with shortening of P2-3 segment and approaches PDDS5. As PDD3 reaches the
vicinity of PDD5-1 (shown in Fig.3 (b)), PDD3-1 and PDD3-2 can be disrupted. The interaction force
0f 9.12 GPa between the screw component of partials of PDD3 can be estimated by the force between

screw dislocations (Eq.1) [13] since the line direction is almost parallel to Burgers vector:
G b?
T 2mr

(1)

Where G is the shear modulus, b is the Burgers vector and r is the distance between the dislocation.

The glide force acting due to the partial of PDDS5 on plane 1 on PDD3 can be calculated by Eq.2

[14,15]:

. Gb,b, sin 20
9 4n(1—v)h

Where b1 and b2 are Burgers vector of the two dislocations, h is the shortest distance between the

dislocations, v is the Poisson's ratio, A is the angle between line direction and bi, and 6 can be

[— sin? A (cos 26) + cos? A (1 — v)] (2)

described as tan_l(g), where a is arbitrary length along dislocation with bi. In this case, partial of

PDD5-1 will be dislocation with bi, as shown in Fig. 4(a). The maximum force that PDD5-1 acts on
PDD3-1 is 3.6 GPa and 1.8 GPa on PDD3-2 along the opposite direction since they are opposite sign



Solid State Phenomena Vol. 375 39

pairs, as shown in Fig. 4(b), which is equivalent to PPD3-1 subjected to total force of 5.4 GPa. Next,
resolved force from force between screw dislocations is calculated. As shown in Fig. 4(c), the
resolved force (Fa) can be calculated by the following equation modified from Eq.1:
Gb? cosa
Fp=—— 3)
21

sin

where o is the angle between force of screw component (Fr) and resolved force (Fa), and d is the
distance between the dipole along [0001] direction. Based on Eq.3, the maximum resolved force on
PDD3-1 is around 4.4 GPa, which is smaller than the 5.4 GPa force acting from PDD5-1 on PDD3-
1. Therefore, the dipole is broken up, and dislocation then migrates to the position having lowest
Peierls barrier, where line direction of dislocation is parallel to [1120]. Fig. 3(c) shows the 3D
schematic after PDD3 has been decomposed, where PDD3-1 will move to the right and PDD3-2 will
move to the left, and as PDD3-2 expand, it will interact with TMD2, where the left side of the fault
will stay on plane 3 and right side will move to plane 4, rearranging the PDD5-1 and partial on plane
4 to form PDD6. As P5 advances to the right, PDD7 is formed with the partial on plane 2 and 3. Then
P6 propagates and interacts with TMD1, where the left side will stay on plane 3. The right side of P6
(P6-2 in Fig. 3(d)) will attract PDD 4-2 to form PDDS, since PDD4-2 will subject to equal but
opposite sign force from PDD4-1 and P6-2, and the Si-core PDD4-1 tend to propagate due to UVPL
excitation and the PDD4-2 tend to form dipole with P6-2 along [1120] with lower Peierls barrier,
leading to rearrangement of dipole and formation of PDDS. In addition, as PDD4-1 and P6-1
advanced, PDD9 will form, as indicated in Fig. 3(d).
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Fig. 3. (a) and (b) 3D schematic of propagation of partial dislocations of the SSFs interact with
TMD2 and TMD3 forming PDDS5, (¢) and (d) schematic showing decomposition of PDD3, and the
segment decomposed from PDD3-2 interact with TMD?3 .
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Fig. 4. (a) Schematic diagram for interaction force of PDD5-1 acting on PDD3-1. (b) Force on
PDD3-1 and PDD3-2 subjected by PDD5-1. (¢) Force analysis while PDD3-1 and PDD3-2
separate.

The SSF originating from lower part of the crystal expands to the vicinity of the partial separated
from PDD3-1 (Fig. 5(a)), then the opposite sign partials get annihilated as highlighted in yellow solid
line box and the two SSFs merge. Then, P7 from the merged SSF approaches PDD4-2, changing the
line direction of PDD7-1, and the line direction of PDD7-2 will follow due to the attraction force
between the dipole, as shown in Fig. 5(b). When P7 encounters PDD4-2, part of the partials will get
annihilated (yellow dashed box in Fig. 5(b)), then the two faults will merge together and the
dislocation segments will join together, as shown in Fig. 5(c). After that, P8 will advance to the right
as P7 shortens in length (Fig. 5(d), until it reaches the surface as indicated in the UVPL image of Fig.
5(d).
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Fig. 5. (a) and (b) two annihilation processes of opposite sign partials on plane 2, leading to three
different SSFs on plane 2 merging into one. (¢) after annihilation processes, PDD7-1 join PDD4-2
while P8 keeps migrating to the right as P7 shortens. (d) the migration of P8 stops at the surface,
while PDD6 to PDD9 remain in the epilayer.
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Summary

The formation of a dislocation loop with associated interfacial dislocation during thick 4H-SiC
epilayer growth has been observed. Different portions of the loop can migrate to different basal planes
via interaction with TMDs during epilayer growth. Upon UV excitation, different portions of the loop
expand and form SSFs. Complex mechanisms for interaction between SSFs and TMDs upon UV
excitation have been analyzed and explained with 3D schematic diagrams. When SSF interacts with
TMD, the fault will be separated in adjacent basal planes leading to formation of partial dislocation
dipoles. Dipole-dipole interactions, including rearrangement, separation and annihilation, are
observed and reported. The interactions and expansion of SSFs can severely degrade the device
performance and reliability of high power SiC devices by increasing reverse leakage current and on-
state resistance, which could eventually lead to device failure.
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