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Abstract
Oneof the proposed main applications for SiC devices is in high power systems such as

voltage source converters in motors or HVDCtransmission systems. For this kind of
applications, the stability of the processed device is crucial. Recently it wasshownthat some
devices can becomeelectrically degradedduring long term operation and that this degradation

is related to the formation of structural defects in the material. [IJAt this stage a
comprehensiveknowledgeof the actual structure of the defects andmostof all, the nucleation

source for these, is required for a successful outcomeof the SiC bipolar device technology. In

this work the structural defects in degraded 4H-SiCpin diodes were studied by synchrotron

white beamX-ray topography (SWBXT),scanning electron microscopy (SEM)with in situ

cathodo luminescence (CL) and transmission electron microscopy (TEM)
.

Figure I displays a back-reflection topograph obtained from a reflection towards OI I l> of a
degradeddiode (edges outlined) as recorded by SWBXT.This imageoutlines triangular areas

of dark contrast which are interpreted as stacking faults.

Figure 2a showsa TEMimageof a cross-sectional sampleprepared by FIB. Thepicture was
taken in a condition where the SiC I IO0>crystal zone-axis wasparallel to the electron

beam. The straight line seen in Figure 2a makesan angle of about 8' with respect to the

surface. This showsthat the defect is a stacking fault residing on the SiC basal plane. Figure

2b showsanother area of the sample where also sets of parallel stacking faults were present.

A defect was studied by high-resolution electron microscopy and the results are shownin

Figure 2c. The imagewasobtained by orienting the 110> zone axis in a condition so as to

be parallel to the electron beam. It can be seen that the 4Hstacking sequenceABACABACis

replaced by ABCBCACB.

Weshow that the particular stacking fault crystal defect is formed from an existing

dislocation which splits into two partial dislocations resulting in a glide type [2] slip on the

close packed (OOO1)basal plane. The slip is nucleated from a stress, acting upon the SiC
epilayer, originating from the contact/epilayer interface. [3]
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Figure 1. This imagewasrecorded from a reflection towards I0>. The diode edges are
outlined anda dark contrast appears in the area of the triangular stacking fault,

Figure 2. TEMimage of the sample prepared by FIB. A straight line corresponding to the
stacking fault runs through the crystal in a) and in b) this set of stacking faults was found. A
high resolution TEMimageof the defect is finally shownin c).
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Bipolar semiconductor devices stand to benefrt greatly by replacing silicon with SiC, especially in high-

voltage and high-temperature applications. In addition to the increase in perforrnance afforded by the physical

properties of SiC, SiC devices are expected to exhibit higher tolerance to extreme ambient conditions. For these

devices to be used in industrial or military applications, their stability and reliability must be proven. Recently,

long-term reliability tests of 4H-SiC PiN diodes have indicated that while leakage currents remain stable at

constant reverse bias, somedevices exhibit increased forward on-state voltage with time under constant forward

current [1].

This paper investigates current-induced defect propagation in implanted anode 4H-SiC PiN diodes

fabricated on I0-15 umn-type epi layers grown on n+ substrates. The p+ anode, three-zone p-type junction

termination extension (JTE), and n+ field stop were sequentially implanted achieving a planar device structure.

The anode area is 6.3xl0~3 cm2. Devices with windows in the anodemetallization were also incorporated to

allow for the observation of light emission across the device under electrical bias

The characteristics of defect propagation have beenexaminedby combining electrical measurementswith

optical imaging of the defects. Twostriking features were that the degradation of diodes on the samewafer can

vary by an order of magnitude and that the degradation varied smoothly as the wafer is traversed. Long-term
electrical test data from a row of diodes from wafer center (0.0) to wafer edge (- I0,0) are shownin Fig. I .

These
devices have an anodewith a continuous metal overlay. At roomtemperature, with a stressing current of 0.5 A
(80 A/cm2) the voltage degradation ranged from 0.2 to 2V. Thevoltage increase with time for this set of diodes
is shownin Fig. 2. While the magnitudes of the voltage increases were very different, all exhibit the most rapid

increase within the first few hours and changedmuchless slowly afi:er 5hours. Fig. 3a-f showsa sequenceof
images for one of the windowanodedevices wherethe diode is held in forward bias at a constant current of 0.5

A (80 A/cm2) at room temperature. The images showdark line features in the light emission, which appear
within 20 minutes andpropagate perpendicular to the primary wafer flat. After greater than 3hours of constant
bias, no further dark-line propagation wasobserved for this device. This time dependenceis consistent with the

forward voltage increase plotted in Fig. I .
Increasing the current to I A(160 A/cm2) strongly accelerated the

rate of defect formation.

Basedon our electrical results and time-lapse sequences of images, it is possible to makea numberof
observations about the degradation mechanism.Thedark line features are attributed to a localized reduction of
carrier lifetime causedby an extended defect, most likely a stacking fault [2]. lu these regions of low carrier

lifetime, the electron-hole plasma in the drift layer is suppressed, resulting in weaker light emission and lower

current. Before current stressing few, if any, defects are observed. However, weassumethat there are pre-
exxisting andunobserveddefects that are present andthe density of these defects is not uniform. The identity of
these pre-existing defects has not yet beendetermined. Basedon the smoothvariation of degradation observed
in Fig. I,

the density of these defects appears to vary on a length scale on the order of a few mm.Oncedefects

nucleate and start propagating, all have a similar growih velocity, This velocity strongly dependson the current.

The defects grow in the IIOO >direction and ofien grow until they span the diode. In other cases, growth
abruptly stops as the growth front is pimed. During the operation of the diode, newdark line defects are
continually being generated. Defect generation rates are greatest during the first minutes of operation. Initially,

newdefects are started at the highest rate. At longer times, whenthe electrical degradation has saturated, the rate

of newdefect starts is muchlower. Thegrowth dynamicsof individual defects that start later do not appear to be
different from those that start earlier.
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Workis in progress to study the current dependenceof defect formation in moredetail and to examine its

temperature dependence. Weare also investigating possible precursors for this effect by looking at micropipe
mapsand cross-polarizer imageson starting material.

In conclusion, the combination of electrical measurementsand emission images provides a powerftil
approach to examining the defects responsible for the degradation of the forward I-V characteristics of SiC PiN
diodes.

[l] H. Lendenmam,F. Dahlquist, N. Johansson, R. S6derholm P.A Nilsson J.P. Bergmanand P. Skytt, "Long Terrn
, ,

Operation of4.5kV PiN and2.5kV JBSDiodes," Third EuropeanConference on Silicon Carbide and Related Materials, p.
727, 2000.
[21 J. P. Bergman.H. Lendenmann,P. A. Nilsson. U. Lindefelt and P. Skytt, "Crystal defects as source ofanomalous
forward voltage increase of4H SiC," Third EuropeanConferenceon Silicon Carbide and Related Materials, p. 299. 2000.
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Aphenomenonapparently affecting the long-term stability of SiC powerdevice performance

wasrecently introduced by [1]. In present work, wereport studies of inherent and long-term

operation induced structural defects in 4H SiC PlN structures by employing an optical

emission microscopy (OEM)technique. This experimental methodwas further developed to

provide spectrally resolved 3Dinformation by combining imaging of recombination radiation

emitted from the backside and cross-sectional plane of forward biased diodes (EL) with a
dark field photoluminescence (PL) technique. A variable wavelength laser source was
utilized for either resonant band-to-band, or below-band excitation and ensured a
homogeneouspumplight penetration throughout the probed volume. The PL imaging has

exhibited a good correlation with EL data and also revealed presence of somestructural

features in the active region not observable in ELpatterns. The utilized combination of PL
and EL methods with OEMis proved to be an extremely effective tool in mapping and
analysis of structural defects.

Wedemonstrate that a successive imaging of emission from the investigated 4H-SiC PlN
structures makespossible real time monitoring of the electrical stress related phenomena.In
this way, a rapid migration (>50 um/s) of dislocation pairs across the active area of devices

wasobserved in situ using backside ELgeometry. This propagation is presumably originated

by thermal-stress and seemsto be terminated once a structural defect is met on the way. An
extensive planar defect with a characteristic bright-line edging is then generated throughout
entire epitaxial layer. Anenhanced, i.e., digitally processed cross-polarized EL imaging was
utilized to expose the built-in strain fields around individual dislocations and to reveal the

locations of micropipes andelementary screw dislocations. Interestingly, someof ELpatterns
indicate that these defects could also be responsible for the pinning of the further bright-line

expansion. Finally, a cross-sectional imaging has directly provided a 3Doutline of the stress-

induced defects, indicating clear match with the basal plane. A spectral content of emission
obtained solely from the stress-induced features is comparedwith the luminescence spectra

from defect-free areas at different current densities and temperatures.
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Fig. 1. Imaging of
fast migration (>50
electrically stressed

the EL emission from 4H-SiC p+/n-/n+ structures:

um/s) of dislocation pairs across the active area of

devices was observed in real time (a). This

propagation seemsto be terminated once a structural defect is met on the

way, and an extensive planar defect with a characteristic bright-line edging
is generated throughout entire epitaxial layer (b). An enhanced (cross-

polarized) EL imaging was utilized to expose locations of the built-in

strain fields around micropipes and screw dislocations (c). A cross-
sectional imaging has provided both a 3Doutline and spectral contents of

emission solely from the stress-induced features (d).
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The identification andmappingof the polytype distribution in nominally 3Cheteroepitaxial films

grown on atomically flat regions of 4H-SiC using synchrotron white beamX-ray topography

(SWBXT)is reported. The procedure for producing the atomically flat regions, which was
recently reported [IJ, consists of promoting step-flow growth on commercial SiC wafers, with
suface orientations nominally (OOOI) (which, in fact, meansslightly offset from (OOO1) by a
fraction of a degree), which have had arrays of device-size mesasetched onto them prior to

epitaxial growth. Someof these mesasencompassaxial screw dislocations that typically occur
scattered across the area of SiC semiconductor wafers [2] andsomedo not. The step flow mode
of growth causes the atomic steps to growout of existence on the vast majority of mesasfree of
the axial screw dislocations, Ieaving these mesaswith a large basal plane suface tilted with
respect to the original suface. Sucha large, step-free basal plane suface is potentially useful for

improved heteroepitaxy, as the presence of substrate suface steps has been shownto cause
defects, in particular double positioning boundaries (DPB' s), in heteroepitaxial films [3,4]

.
To

confmn the feasibility of this approach, SWBXTwas carried out to identify and mapthe

distribution of polytypes in wafers subjected to these procedures. In order to achieve this,

specific use mustbe madeof both the structural andmicrostructural capability of the technique.

This requires analysis of the spatial distribution of those regions of crystal that produce diffracted

intensities which indicate the presence of oneor other of the two 3Cvariants (3C I and II, related

by a 60', or equivalently, a 180' rotation about the 4H [OOOl] axis). Here wereport on such
studies carried out on two wafers. Thefrrst (wafer I), wasanon-optimal sub-region of one of the

4H-SiC wafers that wasdescribed in [1] that wassubjected to the procedure for production of
atomic flatness. The sub-region of interest, Iocated near the wafer edge, experienced impufect
control of the local supersaturation and significant 2Dterrace nucleation of the two variants of
3Cpolytype was inadvertently produced. This sanrple served to demonstrate the capability for

polytype mapping. The second (wafer 2) consisted of a 4H wafer where more controlled
heteroepitaxy wascarried out following the successful production of the atomically flat mesas.
This sample served to demonstrate proof of concept of two issues: (I) to confmn that

dislocation-free mesascould be madeatomically flat and (2) that complete DPB-free coverage of
these atomically flat mesasby one or other of the 3Cpolytype variants could be achieved. In
addition to SWBXT,supplemental therrnal oxidation color mapping, Scaming Electron

Microscopy (SEM)andAtomic Force Microscopy (AFM)wascarried out.

References: 1. J.A. Powell, P.G. Neudeck, A.J. Trunek, G.M. Beheim, L.G. Matus, R.W.
Hoffinan, Jr., andL.J. Keys, Appl. Phys. Lett., 77, 1449-145l, (2000).
2. Dudley, M., Wang,S., Huang, W., Carter, Jr., C. H., Tsvetkov, V. F. &Fazi, C., J. Phys. D.'

Appl. Phys. 28, A63-A68(1995).

3.
H. Matsunami, K. Shibahara, N. Kuroda, W.Yoo, and S. Nishino, in Springer Proceedings in

Physics, vol. 34, Amorphousand Crystalline Silicon Carbide. G. L. Harris and C. Y.-W. Yang,
Eds. Berlin, Heidelberg: Springer-Verlag, 1989, pp. 34-39.
4. S. Tanaka, R. S. Kem,andR. F. Davis, Appl. Phys. Lett., 66, 37-39, (1995).
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(a) (b)

Fig. 1(a) Oxidation color mapof part of wafer I ,
with unintentional nucleation of 3Cpolytype;

(b) Back-reflection SWBXTimage showing defect microstructure. The area of correspondence
with Fig. I(a) is outlined. Regions where 3Chas nucleated are surrounded by dark line contrast
associated with a small tetragonal distortion. Scale marks= Imm.
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Figure 2(a) Selected area from reflection difiiaction pattern recorded from wafer I; (b) and (c)

composite imagesshowing the distribution of 3CI (b) and 3Cll (c). Colors were then assigned to
these images and, following image processing to remove the geometric distortion, they were
superimposedon Fig. 1(b), as shownin Fig. 3(a). Scale marks= Imm

Fig. 3Composite images showing the distribution of 3CI and 3CII over the surface of (a) wafer

1,
and (b) wafer 2. Note mixtures of 3Cpolytypes on mesasin (a) and the presence of mesas

with complete, uniform 3Covergrowih, as indicated by arrows, in (b). Scale marks= Imm.
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The improvement of the SiC wafers is substantial for the increase of the yield of the

fabricated devices. The SiC wafers suffer from different types of defects, as dislocations,

planar defects, carbon and silicon inclusions, Iow angle boundaries and micropipes.
Especially the last ones are detrimental for the device performance, due to their large

diameter [1]. Amicropipe is usually formed after the breakdownof a screw superdislocation

at high temperature, whena hollow core is spontaneously generated [2, 3] Micropipes can be
also generated at inclusions or voids [4]. The last few years the micropipe density has been
significantly reduced by better controlling of the kinetics during growth [1], or by micropipe
healing using liquid phase epitaxy [5]. It is evident that the better understanding of the

behavior of the micropipes during growth can lead to a further reduction of the their density.

In this paper evidences for the role of 103
micropipes in extended defect formation

are presented. The study is based on
Atomic Force Microscopy (AFM) and ~"•"*, ***

==.~j**.j.•~'=*:

Transmission Electron Microscopy (TEM)
observations.

The 4H-SiC specimen with a thickness of ~~1

about 50 umwas grown by sublimation
=epitaxy at 1750Con Si-face, 8degree off

4H substrate. Details of the growth
geometry and procedure are described
elsewhere [6]. From the AFMimages, it

was evident that in some cases the
8.51 17.03micropipes were related to a shallow Oyml

trench at the surface as shown in Fig.1. Fig. 1. AFMimageof a trench-1ike defect extended
The trench is always extended from the from a micropipe. Thearrow points to the steps.

one side of the corresponding micropipe.
The trenches coincide with the direction of
the growth steps and they mayextend up to 500umin length. In general the width of the

trench corresponds to the diameter of the micropipe, the depth of the trench is between30 to

140nmas measuredby the corresponding profiles. Inside the trench the growth steps due to
the lateral growth are distorted towards the direction of the pipe. Therefore the shallow
trenches were related with a retardation of the steps due to the micropipe. It is worth noting
that the steps are not broken in the trench, but they remain continuous.
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The characterization of the trenches was
completed by TEMobservations. Dueto the

very large size (a few um) and the very low
density (10 to 100 cm~2)of the micropipes it

was difficult to locate the area of interest

due to the very small field of observation
provided by the TEM. Due to these
limitations the specimen for the TEM
characterization wasprepared after location

of the trench by the AFM. The area of Fig. 2.TEMmicrograph of the defect showing the

interest was thinned only from the backside bending of the steps and two insets with details.

up to a thickness of about 200nm.TheTEM
micrograph including a part of the trench is shown in Fig.2. The bending of the periodic

growth steps inside the trench is evident. In the inset in the left upper corner of the picture a
magnified image of the origin of the defect is shown. The contrast of these fringes is

attributed to surface ripple due to the step propagation and disappears whenthe specimen is

thinned from the front side. Thecorresponding diffraction pattern from this area confinns the

propagation of the trench along the [1 1-2 O] direction.

Aplanar defect wasalso observed running inside the trench and parallel to its axis, as shown
in Fig.2. The planar defect lies on the (1-1 OO) plane seeing edge on in Fig.2. Details are
shownin the upper right inset in Fig.2. In additional images it wasevident that a dislocation

can be found in the vicinity of the planar defect. Webelieve that this defect is a stacking
fault, which is formed due to misalignment of the growth planes. In order to exclude the case
of an artifact producedby a step parallel to [1 1-2 O] direction the samespecimenwasthinned
from the front side so that the growth steps and the trench were smearedout. Thecontrast of
the planar defect persists revealing that it is related with the bulk SiC. The formation of the

trench-like defect starting from pipes and extending along the flow direction of growth steps

mayrelated the high Vc/VA ratio, where Vc is the nonnal growth velocity and VA is the

tangential component. Synchrotron X-ray topographs reveal dark contrast associated with the

defect which might suggest that are stress present during the layer growth. Additional
information regarding the relation of the planar defect with the slip trace will be presented.
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1. Introduction
Large size defects (for example micropipe and planar defects) were studied for years.

SiC-based device technology has maderemarkable progress in recent years with decreasing

the defects density year by year [l] and the supplier is demandedto decrease moresmall size

defects and stress field.

Sub-grain boundaries were madefrom stress fields [2], Not only sub-grain boundaries,

but also almost defects occurred by the stress field, which has several origins, thermal,

physical and so on. But it is difficult to makeclear howto occur these stress fields and the

distribution in situ. BecauseSiC bulk grownby sublimation is occurred in the closed graphite

crucible.

So, wetried to observed stress field of the grownSiC wafer by several methods. Kato et.

al researched internal stress around the micropipe by the polarizing optical microscope[3]-

Andthe area of existing sub-grain boundary was corresponded with the stress field by cross

polarizer and the FWHM(FullWidth at Half Maximum)of the rocking curve of X-ray

diffraction becamelarge[2]. But wewant to knoweasily the distribution of stress field in the

SiC wafer. So we madephotoelastic system using the sensitive color plate between the

polarizer and analyzer and observed the little double refraction and this orientation.

2. Experiment
The samples were 2 inch 6H-SiC (OOOl) just wafers madeby sublimation method. The

wafer thickness was Imm. Figure. I showsthe schematic system of photoelastic method. The

source of light was the white light. The sensitive color plate was cellophane paper, whose
retardation was about 500nmand color was orange. Weobserved the change of color by
rotating the sample. If the sample has retardation about +200nm,the color-changed blue, if it

has the retardation about -200nm, the color changedyellow. Wecan knowwhich the force

is compressstress or tensile stress from these results.

Ifthe sample is not (OOOl)just wafer and has someoff direction, the oval polarized light

is occurred. Soweconfirrned the sampleswhich are (OOO1)just wafers.

sensitive ool or plate

Sample
Odeg.

camera
Sample

Light s'urce

Polalyl er Analyz er

Light

_~ II~0>R
(a) (b)

Fig, I Schematic photoelastic methodsystem
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3. Results
Fig.2 (a) and (b) showthe photoelastic images whosewafers position were Odegree and

60 degree, respectively. Wedecided the wafer position namedOdegree when the wafer
positioned like fig.1 (b) and 60 degree meansthe wafer rotated 60 degree to counterclockwise
direction. By comparing with fig.2 (a) and (b), we found the violet area moved to
counterclockwise direction but the violet color of (b) becamelighter than that of (a). It means
the x-axis of sample (x-axis corresponded with the short axis of the ellipse) is

direction. This sample is compressedin x-axis direction, Normally the samplewas influenced
with compressstress along direction and with tensile stress along 1-20> direction.

Andfrom fig.2, the color-changed area exist at peripheral area very much.
Andwecan observe easily stripes, which corresponded with sub-grain boundary. The

crystal is closed to graphite crucible wall in sublimation method. Sowethink the one of the
origins of the sub-grain boundary at peripheral area were the thermal expansions between
graphite and SiC growncrystal L2]

.

50mm

x

x and z-axis of

sensitive color plate

X z

x and z-axis of

sensitive color plate

--,)

(a) Odegree (b) 60degree

Fig.2 Photo elastic image of 2 inch SiC wafer. The upside images of (a) and (b) were
changed to gray scale image, but almost area looked orange and downside images were
extracted the violet area.
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The brittle-to-dudile transition (BDT) temperature, TBDT' msemiconductors is an

important parameter separating the temperatures over which the material yields by

plastic deformation from those at which it fails catastrophically by fracture. Extensive

work on this transition in manysemiconductors has shown that TBDTis very sharp

generally occurring over a temperature range of a few degrees ~ntigrade and it shifts to

lower temperatures at lower strain rates. In this paper, wehave usedthe technique of 4-

point bendtest to measurethe BDTtemperature of pre-cracked single crystal 4H-SiC. The

sampleswere deformedat temperatures from 800'C to 1300'Cand at two different strain

rates c~5xlO~ s~ and i~5xlO~6 s~1. At e~5xlO7 s 171 ~ ~

,
the BDTtemperature has been

determined to be -1005'C while at i ~2.6xl0~6 s~1, TBDTshifts up to -1175'C. The shear

stresses at which the samplesyield plastically above TBDTare consistent with the values

measuredby direct compression experiments, and the values of TBDTappear to be

consistent with the transition temperature measuredby direct plastic deformation of 4H-

SiC The experimental results will be presented and discussed in the light of a new
modelfor the brittle-ductile transition in tetrahedrally coordinated semiconductors.
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