Applied Physics ‘

N
\

Letters

Experimental evidence for mobile luminescence center fnobility on artial
dislocations in 4H-SiC using hyperspectral electroluminescence imaging

Joshua D. Caldwell, Alexander Giles, Dominic Lepage, Dominic Carrier, Khalid Moumanis et al.

Citation: Appl. Phys. Lett. 102, 242109 (2013); doi: 10.1063/1.4810909
View online: http://dx.doi.org/10.1063/1.4810909

View Table of Contents: http://apl.aip.org/resource/1/APPLAB/v102/i24
Published by the AIP Publishing LLC.

Additional information on Appl. Phys. Lett.

Journal Homepage: http://apl.aip.org/

Journal Information: http://apl.aip.org/about/about_the_journal
Top downloads: http://apl.aip.org/features/most_downloaded
Information for Authors: http://apl.aip.org/authors

ADVERTISEMENT

ACCESS GRANTED

Downloaded 19 Jun 2013 to 132.210.179.52. This article is copyrighted as indicated in the abstract. Reuse of AIP content is subject to the terms at: http://apl.aip.org/about/rights_and_permissions


http://apl.aip.org/?ver=pdfcov
http://oasc12039.247realmedia.com/RealMedia/ads/click_lx.ads/www.aip.org/pt/adcenter/pdfcover_test/L-37/2074845429/x01/AIP-PT/APL_PDFCoverPg_061913/FreeContentHand_1640x440.jpg/6c527a6a7131454a5049734141754f37?x
http://apl.aip.org/search?sortby=newestdate&q=&searchzone=2&searchtype=searchin&faceted=faceted&key=AIP_ALL&possible1=Joshua D. Caldwell&possible1zone=author&alias=&displayid=AIP&ver=pdfcov
http://apl.aip.org/search?sortby=newestdate&q=&searchzone=2&searchtype=searchin&faceted=faceted&key=AIP_ALL&possible1=Alexander Giles&possible1zone=author&alias=&displayid=AIP&ver=pdfcov
http://apl.aip.org/search?sortby=newestdate&q=&searchzone=2&searchtype=searchin&faceted=faceted&key=AIP_ALL&possible1=Dominic Lepage&possible1zone=author&alias=&displayid=AIP&ver=pdfcov
http://apl.aip.org/search?sortby=newestdate&q=&searchzone=2&searchtype=searchin&faceted=faceted&key=AIP_ALL&possible1=Dominic Carrier&possible1zone=author&alias=&displayid=AIP&ver=pdfcov
http://apl.aip.org/search?sortby=newestdate&q=&searchzone=2&searchtype=searchin&faceted=faceted&key=AIP_ALL&possible1=Khalid Moumanis&possible1zone=author&alias=&displayid=AIP&ver=pdfcov
http://apl.aip.org/?ver=pdfcov
http://link.aip.org/link/doi/10.1063/1.4810909?ver=pdfcov
http://apl.aip.org/resource/1/APPLAB/v102/i24?ver=pdfcov
http://www.aip.org/?ver=pdfcov
http://apl.aip.org/?ver=pdfcov
http://apl.aip.org/about/about_the_journal?ver=pdfcov
http://apl.aip.org/features/most_downloaded?ver=pdfcov
http://apl.aip.org/authors?ver=pdfcov

@CrossMark

Experimental evidence for mobile luminescence center mobility on partial
dislocations in 4H-SiC using hyperspectral electroluminescence imaging

Joshua D. Caldwell,"® Alexander Giles,? Dominic Lepage,® Dominic Carrier,®

Khalid Moumanis,® Brett A. Hull,* Robert E. Stahlbush,” Rachael L. Myers-Ward,’

Jan J. Dubowski,® and Marc Verhaegen®

'Naval Research Laboratory, 4555 Overlook Ave., S.W. Washington, D.C. 20375, USA

2University of North Carolina at Charlotte, 9201 University City Blvd., Charlotte, North Carolina 28223, USA
3Laboratory for Quantum Semiconductors and Photon-based Bionanotechnology, Department of Electrical
and Computer Engineering, Université de Sherbrooke, Sherbrooke, Quebec J1K-2R1, Canada

4Cr«ee, Inc., E. Corwallis Rd., Research Triangle Park, North Carolina 27709, USA

SPhoton Etc., 5795 Avenue De Gaspe, #222, Montreal, Quebec H2S 2X3, Canada

(Received 17 March 2013; accepted 23 May 2013; published online 19 June 2013)

APPLIED PHYSICS LETTERS 102, 242109 (2013)

We report on the formation, motion, and concentration of localized green emission centers along
partial dislocations (PDs) bounding recombination-induced stacking faults (RISFs) in 4H-SiC pin
diodes. Electroluminescence imaging depicted the motion of these green emitting point defects
during forward bias operation along carbon-core PDs that bound the RISFs. Following high
temperature annealing, these green emitting point defects did not contract with the PDs, but
remained in the final location during the expansion. This implies that the motion of these green
emitting point dislocations is enabled through a recombination-enhanced motion, similar to the

process for RISF expansion and contraction within SiC. © 20713 AIP Publishing LLC.

[http://dx.doi.org/10.1063/1.4810909]

Silicon carbide (SiC) based electronic devices have long
been desired for high power devices, and high temperature
and radiation environments, with the most attention focused
on the wide-band gap hexagonal polytypes 4H-and 6H-SiC.
More recently, SiC has been demonstrated as a promising
material for nanophotonic applications via the optical excita-
tion of surface phonon polariton modes in the mid-infrared
(10.3-12.5 um) as well.' Beginning with initial materials
science efforts focused on growth and defect characterization
beginning in the 1990s, the broad range of extended defects
that plagued SiC substrates and epitaxial layers that limited
the commercialization of SiC-based electronic devices have
been dramatically reduced,* down to levels appropriate for
the commercialization of various unipolar devices.” While
these efforts have provided significant advancements,
extended defects such as threading dislocations,®’ in-grown
stacking faults,*!"' and recombination-induced stacking
faults (RISF),>™" also referred to as Shockley-type stacking
faults, which originate from basal plane dislocations (BPDs)
persist. In addition, due to the large number of polytypes that
have similar formation energies,'®!” a wealth of exotic and
exciting phenomena can be observed. Perhaps the most inter-
esting phenomenon being the nucleation,'® expansion,'®*?
and contraction>>’7 of RISFs under forward bias, optical
injection of free carriers or electron-beam irradiation®® into
the low-doped epitaxial drift layers. This process occurs via
the recombination-enhanced dislocation glide (REDG) mech-
anism, whereby the recombination of free carriers near the
basal plane dislocations or RISFs provides sufficient energy
to originate and propagate kinks along the partial dislocations
(PDs) bounding the RISFs.?’ This process thus enables these
extended defects to not only form but also expand and
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contract under various combinations of forward bias and
temperature.” >’ The luminescence response of these
defects has been widely reported, resulting in a violet
(2.89¢eV) and red (1.8eV) luminescence from the RISF and
bounding PDs, respectively,’' while another report demon-
strated that the PDs also exhibited an additional emission
near 1.6eV.** Recently, we reported on the observation of
green emission from these PDs in several different 4H-SiC
devices.>® Here, we report on the demonstration of the propa-
gation of these green luminescence centers during the for-
ward bias operation of these devices along the C-core PDs,
demonstrating the recombination-induced point defect migra-
tion (RIPDM) within 4H-SiC pin diodes. Subsequent anneal-
ing of the diodes demonstrated that despite the contraction of
the RISFs and PDs, these luminescence centers remained,
leaving behind a "scarring" of the native lattice, thus demon-
strating that this process is indeed due to the motion of these
emission centers under forward bias and not due to a struc-
tural reconfiguration of the PDs bounding the RISFs. Using
electroluminescence (EL) imaging,®* we were able to simul-
taneously collect the spatial and spectral properties of the
extended defects within several diodes, enabling the clear
identification of the luminescence band from these defects,
something that is not possible with standard measurements.
This observation of the RIPDM should enable further insight
into the various defect formation and propagation processes
within SiC.

The samples used for this work were 4H-SiC pin diodes
with a 114 um thick n~ (Np =2 x 10"* cm™>) drift layer and
a 2.5 um thick p™ (N4 =8 x 10" cm™?) Al-doped top layer
grown epitaxially on an n* 4H-SiC 8° offcut substrate. The
devices were approximately 1 mm on a side. Full details of
the device design can be found in the literature.*>>> The top-
side electrical contacts were fabricated into a gridded pattern

© 2013 AIP Publishing LLC
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to provide uniform current spreading while enabling access
to the underlying optical emission from the extended defects.
It was determined that no observable electrical degradation to
the contacts was induced following either the anneal or bias
injection. The real-color (RC) EL images were collected via
10 x (0.28 NA) or 50x (0.70NA) Mitutoyo objectives and
focused onto an Olympus 750C Ultrazoom camera. RC EL
images were collected as a function of time following each
successive period of forward bias injection. All images were
collected using an injection level of 0.1-1 A/cm? for 5-10s,
which was determined not to induce RISF expansion. The
current injection to induce RISF expansion was provided via
forward bias operation at 12 A/em? for periods ranging from
5-60s. Following the RISF expansion, the devices were
annealed via the method reported by Caldwell er al.?® at
700°C for 10h, which induced a complete contraction of the
RISFs and a complete reversal of the forward voltage drift.
Following the anneal, the device was subsequently stressed
via the same operating conditions.

EL images were collected using a modified version of a
commercial system originally designed by Photon Etc.>*?°
Hyperspectral imaging is achieved by varying the relative
position of Volume Bragg Gratings (VBGs) while continu-
ously recording the projected images skewed in the x-y-4
space.36 Once rectified into orthogonal axes, the stacks of
images constitute a hyperspectral cube providing precise in-
formation on the spatial and spectral distributions of the EL
signal. The images were collected using a 10x Nikon
microscope objective, yielding spatial and spectral resolu-
tions down to 1 um and 4.1 x 107> eV, respectively. EL was
induced through a current injection of 1 A/cm?, with an inte-
gration time of 20s for improved signal-to-noise ratio.
Consequently, luminescence was spatially monitored over
the spectral range of 400 to 780 nm.

Presented in Fig. 1 are four RC EL images of one of the
4H-SiC pin diodes used for this study that were collected after
(a) 210, (b) 260, (c) 360, and (d) 520s of current injection at
12 A/em®. These images clearly depict the expansion of the
RISFs and the formation and motion of the green lumines-
cence centers along the PDs bounding the faults. A white
arrow is provided in each of the images to highlight one such
C-core PD. Note that initially, during the RISF expansion, the
propagating Si-core PDs give off a bright red luminescence.
A similar phenomenon is observed in (a), denoted by the hori-
zontal white arrow, as a dull red luminescence is emitted by
the C-core PD created during the RISF expansion. However,
under continued injection, the RISF continues to expand and
along with it, lengthening that segment of C-core PD until the
propagating Si-core PD reaches and intersects with the sur-
face, which occurs following approximately 260s of current
injection [Fig. 1(b)]. Note that as this expansion occurs, the
dull red emission of the C-core PD is modified to a bright
green color. This green emission was observed to develop
along the majority of the C-core PDs within the diode, as well
as some unexpanded BPDs and was not attributable to any
specific physical interaction of the C-core PD with other
defects present. Thus, while in the case of the C-core PD
denoted by the arrows in Figs. 1(a)-1(d), the leading Si-core
PD (denoted by the yellow vertical arrows), intersected a
threading screw dislocation, leading to the splitting of the
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FIG. 1. Real-color electroluminescence images collected after (a) 210, (b)
260, (c) 360, and (d) 520 of current injection at 12 Alem?. Images were col-
lected under 0.1 A/cm? injection for 5 s exposures.

RISF and the formation of a C-core PD*’ that eventually
developed this green emission, there are several examples
within this diode (as well as in other diodes tested) where
such interactions were absent. This is clear from the RC EL
images presented as well as the time-lapsed video of this
RISF expansion that is provided in the supplementary materi-
als online.”® Therefore, this phenomenon cannot be tied
directly to such an event, although it is possible that this split-
ting could assist in the formation of the luminescence centers
along the PD. Furthermore, it was observed that the green
emission typically developed in such a way that the emission
extended along the C-core PD in the same direction as the
leading Si-core PD propagation. However, in several exam-
ples, the emission develops at the intersection between the Si-
core and C-core PDs and develops in a direction anti-parallel
to the Si-core propagation. These results seem to imply a get-
tering of point defects with energy levels deep within the
band gap of the SiC rather than the formation of such point
defects in the wake of the RISF expansion. In addition, this
green EL emission is absent from EL images with injection
levels much beyond a few Alem?® (not shown). This indicates
that the density of states (DOS) for the mid-gap defect (from
which this emission originates) is fairly small and thus at
higher injection levels becomes saturated. This causes the
emission intensity to drop, leaving the EL image and spectra
to be dominated by the emission from the defects with a
larger DOS and the donor-acceptor band transitions. While
broad, diffuse green emission from SiC is common, this bright
green EL is only observed along the C-core PDs, further sup-
porting the hypothesis that diffuse point defects within the
native lattice coalesce along the PDs during the RISF expan-
sion process. In such a case, it is possible that the kinetic
energy from the recombination of electrons with the holes
trapped along the PDs would be sufficient to induce such
point defect mobility and cause this point defect gettering (co-
alescence) along the C-core PDs.

Presented in Figs. 2(a)-2(c) are RC EL images of the
same diode described above, collected (a) prior to any cur-
rent injection, (b) following 1980s of current injection at
12 A/em?, and (c) following a 700°C anneal for 10 h in
nitrogen atmosphere to induce the full contraction of the
RISFs. By comparing these images, one can observe that fol-
lowing the long current injection experiment, a number of
the C-core PDs are induced to emit the aforementioned green
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FIG. 2. Real-color electroluminescence images collected (a) prior to, (b) fol-
lowing 1980s of current injection at 12 A/cm? and (c) following 10 h of
annealing at 700°C in nitrogen atmosphere. The arrows in (c) denote the
locations of the residual "scars" observed following the anneal that coincide
with the positions of the green partial dislocations following the current
injection. (d) Gray-scale image of the green channel from (c). Inset: gray-
scale intensity of the line-scans shown in (d).

EL, as denoted by the arrows in Fig. 2(b). Interestingly
enough, following the anneal of this device, while the RISFs
and the bounding PDs were contracted back to the initial
BPD state, a residual, dull green EL signature remains where
the bright green PDs were located just prior to the contrac-
tion [arrows presented in Fig. 2(c)]. In order to more clearly
observe these residual luminescence lines, a gray-scale
image of the green RGB color channel of Fig. 2(c) is pro-
vided as Fig. 2(d). By looking back to the initial RC EL
image collected from this device prior to any significant cur-
rent injection [Fig. 2(a)], we can observe that no such emis-
sion lines were presented and thus it is clear that these
residual sites are directly tied to the green EL centers located
along those C-core PDs prior to the anneal. Line-scans of the
gray-scale intensity from the three lines presented in Fig.
2(d) across such residual emission "scars" are provided in
Fig. 3 and clearly illustrate the residual green emission from
these regions. This further supports the idea of a gettering of
point defects to the C-core PDs, thereby implying that such
point defects have some non-zero mobility under current
injection conditions. It is important to note that the green
emission was only observed along C-core PDs, which do not
propagate and thus do not participate in the REDG mecha-
nism by which the RISFs are known to expand. Therefore, it
is possible that a similar RIPDM mechanism exists along
C-core PDs, whereby the recombination of carriers instead
provides sufficient kinetic energy to induce point defect

(b) s~
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FIG. 3. Gray-scale intensity along lines in Fig. 2(d). Peaks denote the resid-
ual green emission from the propagated green emitting point defects follow-
ing annealing-induced contraction of the RISFs.

motion within the native lattice towards the recombination
site. This would explain the coalescence along the C-core
PDs that occurs only during forward bias operation.

In an effort to identify a potential point defect that could
be providing this green emission, hyperspectral EL imaging
was undertaken. Presented in Fig. 4 are selected monochro-
matic hyperspectral EL images collected at 1 A/cm? for 30,
with the specific center wavelength for each image denoted
in the upper right. A RC EL image from this region is pro-
vided in the Fig. 4(a) for comparison. As shown in (a) and
(b), the RISFs emit at a wavelength roughly centered near
424 nm, which is consistent with the literature.****° The
hyperspectral images of the emission from the PDs at (c) 538
and (d) 720nm center pass-bands illustrates that in most
cases, these PDs, while appearing predominantly green in
color also retain the dull red emission previously correlated
with PDs in 4H-SiC.*? This is again supportive of the asser-
tion that the nucleation and coalescence of these green emis-
sion centers are due to a RIPDM process, as any physical
reconstruction of the PDs would necessarily contract along
with the PD during the annealing treatment. Using the hyper-
spectral technique, one can select a given spatial region and
extract the spectrum from the stacked collection of EL
images. This was performed on several of the green PDs.
Presented in Fig. 4(e) are two spectra derived from the hyper-
spectral images from the two green emission lines labeled as

FIG. 4. (a) RC EL and (b)—(d) hyperspec-
tral EL images collected from the same

1.75

A

0.5

diode following three successive cycles of
current injection at 12A/cm2 for ~2000s
and subsequent 700 °C, 10 h anneals, fol-
lowed by a final current injection cycle.
The images were collected at 1 A/cm2 for
5 and 30s for the real-color and hyper-
spectral EL images, respectively. The
hyper spectral images were collected with
the 2nm pass-band centered at (b) 424,
(c) 534, and (d) 720nm, which corre-
spond to the peak emission of RISFs, the
green PDs as observed here and the red

Normalized EL Intensity (a.u.) &

0.0

0 —————————————
400 450 500 550 600 650 700 750 800
Wavelength (nm)

PD emission. (e) EL spectra extracted
from the series of hyper spectral images
of this spatial region.
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“1” and “2” in Fig. 4(a). All of the green emitting PDs exhib-
ited a similar spectral response, with a shared EL band near
424 nm associated with the neighboring RISF and a broad EL
emission centered near 530-540 nm. Subsequent least squares
fitting analysis demonstrate that this broad emission is most
likely the emission of two overlapping peaks, which is domi-
nated by one that is centered between 505-515nm and the
another that is broader and located near 540-550 nm. In the
case of the former, a similar emission line was reported by
Galeckas et al.,*' who observed a spatially diffuse emission
around 510nm that was attributed to boron-related point
defects. Previously, based on our coarse determination of the
emission wavelength of the emission centers and their coales-
cence at the C-core PDs, we reported that this was not likely
to be the origin of the emission we are reporting on.
However, as the hyperspectral imaging enabled the collection
of spatially resolved EL spectra, it was determined that the
higher energy band of this emission is quite possibly due to
boron impurities. It is also possible that this emission is due
to an as yet, unidentified point defect that forms under the
RIPDM process defined through a coalescence of various
point defects currently known. However, efforts at determin-
ing the energy associated with these defects through deep-
level transient spectroscopy were unsuccessful.

In conclusion, here we report on the observation of mo-
bile green emission centers in 4H-SiC pin diodes. The nuclea-
tion and motion of these emission centers was only observed
under forward bias operation and only along C-core PDs,
implying that the energy provided by carrier recombination at
the PDs assisted in the formation and/or mobility of these
defect sites. Furthermore, following a subsequent anneal at
700°C, the RISFs and the bounding PDs were observed to
contract back to their original point of nucleation, consistent
with the literature.?? 2742 However, the green emission cen-
ters induced were observed to persist at the point of the green
C-core PDs prior to the anneal. This clearly delineated the
presence of these green emission sites from any potential
reconstruction of the dangling bonds along the C-core PD,
instead supporting the hypothesis that this was due to a
recombination-induced point defect motion, similar to the
recombination-enhanced dislocation glide mechanism by
which RISFs are known to expand and contract. Finally,
using hyperspectral EL imaging, we were able to identify the
spectral response of these spatially localized defects, opening
the possibility that this emission is due to mobile boron
impurities within the host 4H-SiC lattice.
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