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Damage accumulation and defect relaxation in K-SiC
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A nonlinear dependence of damage disorder on dose is observed for both Si and C sublattices in 4H-SiC
under 2 MeV Au irradiation at 165 K. The relative disorder observed alon{4g@3) direction is much higher
than that along th€0002) direction. Molecular dynamicgMD) simulations demonstrate that most interstitial
configurations are formed on the Si-C dimer rows that are parallel t§0®@l) direction. As a result, these
interstitials are shielded by the Si and C atoms on the lattice sites, which significantly reduces the contribution
of these interstitials to the backscattering/reaction yield along@881) direction. During isochronal anneal-
ing below room temperature, the relative disorder decreases alod@af# direction, as expected; however,
the disorder is stable on the Si sublattice and increases slightly on the C sublattice when measured along the
(4403 direction due to relaxation of some metastable defects to lower energy configurations. As the annealing
temperature increases, similar recovery behavior on both Si and C sublattices alo{@@fedirection
indicates coupling of Si and C recovery processes; however, slightly higher recovery temperatures on the C
sublattice along thé4403) direction suggests some decoupling of the Si and C recovery processes. Based on
the structures and energetics of defects from MD simulations, new insights into defect configurations and
relaxation processes are described.
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I. INTRODUCTION II. EXPERIMENTAL PROCEDURE

The wide band gap se_miconducto.r silicon carb{&C) _ us:er(;] einh|?r:5pusrt|33ye|3\|ltaa;< |acl)vz|rn %,enciﬁéil f;rrr;V%HOSn@a
has remarkable physical, chemical and electroniyy_gic n-type substrate that was obtained from Sterling
propertie$=2 that make it very attractive for high-speed com- Semiconductor, InqReston, Virginia. The wafer surface
munications and high-temperature, high-frequency and highhormal was 8° off the (0001 orientation, and the
power applications. lon implantation is the only planar, epitaxial layer was doped with nitrogen in the range of
selective-area doping technique available for SiC, since thg 5% 105 o3,
diffusion coefficients of impurities in SiC are negligibly  |on irradiation and the subsequent investigation of dam-
small at or below 1800 K= lon implantation, however, in-  age accumulation and recovery using channeling techniques
evitably produces a significant concentration of defects angvere carried out using the 3.0 MV electrostatic tandem ac-
lattice disorder, which lead to a growth of secondary defectgelerator facility within the Environmental Molecular Sci-
or other polytype structures during post-implantation annealences LaboratorgEMSL) at the Pacific Northwest National
ing or high temperature operation. The failure of prototypeLaboratory(PNNL). The high-quality 4H-SiC samples were
devices, such as high leakage currents, poor and uneven iifradiated by 2.0 MeV Aé' ions 60° off the surface normal
jection during forward bias and premature breakdown undeat 165 K to fluences from 810 to 1.5x 103 cm™2. At
reverse bia8,’ are often associated with point defects oreach ion fluence, the local dose at the damage peak in dis-
larger agglomerates of point defects formed by the implanplacements per atorfupg was determined using the SRIM
tation process or during post-implantation annealing. One ofstopping and range of ions in mafte?2000 full-cascade
the critical issues for SiC device fabrication is, therefore, tosimulation cod& under the assumptions of a sample density
reduce the effects of implantation-induced damage. Intensivef 3.21 g/cni and threshold displacement energies of 20 and
studie§-16 have been carried out, both experimentally and35 eV for the C and Si sublattices, respectivélf.he con-
theoretically, to understand defect production, accumulatiowersion factor at the damage peak from ion fluence
and damage annealing mechanisms, which are essential d0'* Au*cm™) to dose(dpa is 0.627 under the current ir-
the implementation of implantation doping techniques inradiation conditions.
SiC-based electronic device fabrication. The crystallographic structure of 4H-SIiC consists of tet-
Among a number of polytypes, 4H-SiC is particularly rahedral layers of SigCor CSj,, which are perpendicular to
promising because of its wide bandgap and its high electrothe c-axis with a stacking sequence ABACABAC.. . Fig-
mobility.X” The objective of the present work is to study ion- ure 1 illustrates a hexagonal structure containing one stack-
induced damage accumulation, defect relaxation and annihing sequence of the Si sublattice in 4H-SiC, where the C
lation following annealing in 4H-SiC using ion channeling sublattice is not shown to more clearly indicate the directions
techniques along two crystallographic directions. Togethefor the channeling measurements. The plane perpendicular to
with molecular dynamic§MD) simulations, new insights thec-axis is the basal plane, and the lattice constaragadc
into defect configurations and relaxation are described. are 0.30730 and 1.0053 nm, respectiVélyn the current
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study, the relative disorder along tk@001) (c-axis) and the Dose (dpa)

(4403) directions are measured using channeling techniques. £ 2. The relative disorder along t§@001) and(4403) direc-
As indicated in Fig. 1, thg4403) direction, which is the tions on both S{a) and C(b) sublattices as a function of local dose

. . : _atthe damage peak. The lines are the fits of the disorder accumu-
zone axis q§flned by th€l120) al"nd (3308 pIane;, |s'ob lation model[Eq. (3)] to the data,
tained by tilting the sample 35.3° from tB0021) direction

toward the(1100 direction. In the current study, the angle

between the probe beam and surface normal is 8° and 27.3° _

for the (0001) and (4403 directions, respectively. whereo, is the amorphization cross sectian is the effec-
The disorder on both Si and C sublattices in SiC wadiVe Cross section for defect-stimulated amorphization, and D

determined simultaneously from both Rutherford back-S the local dosédpa.

scattering spectroscopiRBS) and*’C(d, p)**C nuclear reac- i Ionfwrgdita;iofn etlso It(ajads t(|)| ;[jhef fotrmlati?n and r?ccum(ljjla-l
tion analysis(NRA) at a scattering angle of 150° using a lon of point defects and small defect clusters in the residua

0.94 MeV D' beam, as reported previoudl§. The ion- crystalline materiat® however, only interstitials and intersti-

induced disorder on both Si and C sublattices in the ast_|al clusters contribute measurably to the relative disorder.

- The corresponding contribution of such defects to the rela-
|mpla_ntegsa.mpk—es was measured at 150. K along mﬁ(_m tive disorderS, is expressed By

and (4403 directions. Isochronal annealing for 20 minutes .

was performedn situ under high vacuunil0~’ mbay in the Si=91-exd-BD)J(1-fy), 2

target chamber at temperatures up to 870 K, where mo%heres’gj is the saturation value for the defect-induced disor-
point defects are mobile. Following each annealing step, thﬂer, and the parameter @pa™) is proportional to an effec-

residual disorder on both Siand C sublattices m_the_annealeﬁbe recombination volume for the specific defects giving rise
samples was also measured along({@@01 and(4403 di- g Sy
rections by RBS and NRA. For samples that were annealed The total disorderS, produced under ion-beam irradiation
at 200, 250 and 300 K, the channeling measurements wekgnd measured by ion-channeling methods is given by
carried out at 150 K; while for samples annealed at a higher

temperature, the analysis was performed at room tempera- S=fa+ S 3

ture. This procedure ensured that the thermal recovery prorpis disorder accumulation modggq. (3)] can be fit to the

cesses were quenched prior to analysis. data obtained at the damage peak by channeling RBS and
NRA.

fa=1-(0a+ o)l{os+ o, exfd(oa+ 09D}, (1)

I1l. RESULTS AND DISCUSSION
A. Disorder accumulation model B. Disorder accumulation

Implantation-induced disorder in 4H-SiC, which is mea- The depth profiles of the relative disorder on the Si and C
sured by the ion channeling techniques, consists of contribusublattices due to irradiation were determined from the RBS
tions from amorphous material, interstitials and small inter-and NRA spectra using an iterative procedt¥é?as in pre-
stitial clusters. The amorphous fraction can be described wettious studie$:® The relative disorder on the Si and C sub-
using a direct-impact, defect-stimulatg®!/DS) model!® lattices at the damage peak for the as-implanted samples is
where amorphization occurs directly within a cascade anghown in Fig. 2 as a function of the local dogdpg. A
from defect-stimulated processes at crystalline/amorphousigmoidal dependence of damage accumulation on dose is
(c/a) interfaces. According to the DI/DS mod€lthe amor-  observed along both directions and on both sublattices. The
phous fractionf,, is given by lines are model fits of Eq3) to the data. The parameters are
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TABLE I. The model parameters from the fit of E@) to the @)
data in Fig. 2. ?
D,

o,(dpa?) 2.0 2.0 2.0 2.0
oq(dpa’) 41.8 41.5 43.6 44.0
S 0.005 0.0167 0.118 0.403 Si ecC O Csite
B(dpa?) 100 100 25 25

FIG. 4. Fundamental structure of dumbbell interstitiala)
Dic+cand(b) Dacsc

summarized in Table I. The significantly larger valuesogf

relative to o, (Table ) for both directions indicate that values for the Si sublattic€Table I). The value ofB is re-
defect-stimulated amorphization is the primary mechanismated to the effective recombination volume for specific de-
that leads to the growth of amorphous nuclei and coalescendects. The sam®& values along the same orientation for the
of amorphous domains. The dominance of defect-stimulate&i and C sublattices is expected, since close-pair recombina-
amorphization processes has also been confirmed in Milon kinetics are similar for Si and & The difference inB
simulations of cascade overlap 8C-SiC1* The cross sec- and S, along the different channeling directions can be ex-
tions, o, and o, are similar for both Si and C sublattices plained based on an understanding of the irradiation-induced
(Table ) and independent of channel orientations, which isdefect configurations in 4H-SiC from MD calculatiofis2*
expected since the amorphous state is 3-dimensional and es-

sentially stoichiometrigno enrichment in either element

It is important to note that the disorder along ##€03)
direction, as shown in Fig. 2, is much higher than that along The results of molecular dynamics simulations on defect
the (0001 direction. The results in Fig. 3, as well as the evolution in 3C-Si¢¥4under ion irradiation indicate that

fitting parameters from Table |, indicate that the higher dis-energetic ions primarily produce interstitials, monovacan-

order along thd440§> direction is due to different contribu- cies, antisite defects, and small defect clusters within colli-
tions from S, which is primarily from irradiation-induced sion cascades. As the channeling techniques are relatively

interstitials in the residual crystalline regions. Furthermore,msens't've to vacancies and antisite defects, the discussion

the relative disordes, in Fig. 3, is larger on the C sublattice on defect configurations based on MD results will focus on

: : . .. Interstitial-type defects.
than the disorder on the Si sublattice along both directions, The tetrahedral structure of SjGr CSi, with bond

which is consistent with the higher displacement production o . . :
rate for C relative to Si predigted by f\)/ID simulatri)oHs.B angles of 109.5°, is the basic cell in all SiC polytypes. The

This is further illustrated by the significantly larger values of ggggrt;grgfeeétg: \?eﬂ?e?[?/uc;}/?)lgtgtnlt?aﬁlgleersr:teerfte:?yAcfilgf-fég than
S for the C sublattice, as compared with the correspondmgn 3C-SiC. In covalent SiC, dumbbell interstitigtsvo atoms

sharing one lattice sij@are important defects due to their low

C. Defect configurations

o ' ' Si Sublattice formation energies. As shown in Figga#tand 4b) and de-
0.06 | e <0001> ] scribed in more detail elsewhef®?* the dumbbell intersti-
e N7 e tials can be classified into,Dand D, groups, where the P
0.04 / \\\ ] dumbbell lies in one of the six planes formed by two Si-C
= // .. bonds, and B dumbbells are situated in two perpendicular
o 0021, 1 planes formed by two Si-C bonds. There exist twenpyabd
& / twelve D, dumbbell configurations in 4H-SiC. For example,
© 0.00 f t T f . . Lo
E N C Sublattice 'tWO.C interstitials classified as 1Ric and Dy, are shown
€ o20f TN in Figs. 4a) and 4b), respectively, where the central carbon
2 sk // \\\ 3 atom in the tetrahedral position is replaced by a C-C dumb-
~ bell.
0.10F // \\\ ] In addition to dumbbell interstitials, there are fourteen
005 E / ] possible single interstitial configurations. In 4H-SiC, the lat-
/ tice structure can be characterized using Si-C dimer rows
000 o o002 o004 o006 008 ot0 (parallel to the c-axisthat are perpendicular to the basal
Dose (dpa) plane, namely longdashed arroyvand short rowgdotted

arrow), as indicated in Fig. 5. There are seven possible po-

FIG. 3. The fitted relative disorder from irradiation-induced in- sitions for interstitials on each sublattice. For example, the

terstitials and small interstitial clusters in the residual crystallineseven C interstitial configurations are illustrated in Figs.

regions, Sy, on both Si(a) and C(b) sublattices along th€0001) 6(a)—6(e). There are two C tetrahedral configurations on the
and (4403 directions as a function of local dose at the damagelong row, as shown in Fig.(8), surrounded by four C atoms
peak. (Crc) or by four Si atoms(Cyg). On the three hexagonal
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FIG. 5. Details of a dimer sequence of the long ra@dashed
arrow) and short row(dotted arrowy in 4H-SiC.

positions, there are two possible C interstitial defa@gsc
and Gysj) on the long row inside the two hexagonak&j
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SizC5 rings (dotted circleg on the long row, as shown in Fig.
6(d), and G between trigonal Siring (dashed circlgand
trigonal G ring (dotted circlé on the short row, as shown in
Fig. 6(e). In 4H-SIC, there also exist seven corresponding
configurations for single Si interstitials. Based on calculated
formation energie$>?*all seven C interstitial configurations
are stable, but only tetrahedral Si interstitieé;g; and Sic)

and the Si interstitial between two hexagonajCsi rings
(Siyr) are stable. While the other Si configuratio(Si,
Sinsiy Siic and Sig) are unstable, such interstitials may be
produced by irradiation. Therefore, it can be concluded that
most single interstitial defects, except, @nd Si, produced
under irradiation, are located on the Si-C dimer rows that are
parallel to the c-axis.

When aligning the probe beam along (@901 direction,
backscattering contributions from the; Bnd D, dumbbell
interstitials and the and Sj; type single interstitials can be
observed. The other single interstitial configurations, such as
shown in Figs. @), 6(b), 6(d), and &e), are shielded from
the analysis beam by the Si-C rows along {8801 direc-

rings (dotted Circ|e$ that are para||e| to the basal p|ane, astion, and therefore will not contribute to the EaCkscattering/

shown in Fig. b), and one(Cy) inside a hexagonal §T;

reaction yield. On the other hand, along (EéO3> direction,

ring (dashed circlgthat is not parallel to the basal plane, asall seven possible configurations for the single interstitials on
shown in Fig. c). Furthermore, there exist two highly sym- each sublattice and all the dumbbell interstitials are acces-
metric interstitial structures: ¢z between the two hexagonal sible, in varying degrees, to the probe beam. Since all inter-

d (e)

O si ®C O Interstitial site

FIG. 6. Seven possible positions for C single interstiti&s:
two tetrahedral positions on the long roflv) and(c) three hexago-
nal positions, and two highly symmetric interstitial structurgh,
between the two hexagonal;8k rings on the long row, ande)
between a trigonal Siand a trigonal @ rings on the short row.

stitial configurations contribute in some degree to the back-

scattering along th€4403) direction, a significantly higher
relative disorder is observed on both the Si and C sublattices
along this direction; while along th@001) direction, only a
fraction of the interstitial configurations contribute to the dis-
order. Multiaxial channeling studi&sin 6H-SiC under Au
irradiation also indicated the presence of stable interstitial
configurations at 300 K that are shadowed along(f@01)
direction, which is attributed to similar defect configurations.
The differentB values along both directions indicate that the
effective recombination volume is different for the dumbbell
interstitials and the single interstitial configurations. MD
simulationd? indicate that the activation energies for defect
recombination in3C-SiC range from 0.22 to 1.6 eV for C
Frenkel pairs and from 0.28 to 0.9 eV for Si Frenkel pairs.
The activation energies for recombination of close-pairs with
separation distances less than &.dre between 0.24 to
0.38 eV, and smaller activation energies are normally ob-
served for the dumbbell interstitial3. These close-pair re-
combination energies fa3C-SiC are relevant to the obser-
vations for 4H-SIiC at 165 K in the current study, and the
largerB values along thé0001) direction are consistent with
the generally smaller activation energies for dumbbell inter-
stitials.

D. Damage recovery

After completion of the channeling measurements for the
as-implanted samples, isochronal annealing was carried out
sequentially at temperatures from 200 to 870 K. The relative
residual disorder for the higher dose samples at the damage
peak for both Si and C sublattices was determined along both
directions after each annealing, and the results are shown in
Fig. 7.
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FIG. 7. Isochronal recovery of relative disorder along {®@01) h |  relative disord | .
and (4403 directions for both Si and C sublattices at the damage FIG. 8. Isoch rcma.recgvery orre atlye Isorder agng p
peak in A#* irradiated 4H-SiC(a) Si sublattice along thé0001) (00012) and(b) (4403 directions for both Si and C sublattices at the

direction;(b) Si sublattice along thé4403) direction;(c) C sublat- g%@af§3?§§§ Clrr;_fggo |8§lg|§tzda:1;|1-e8£:1v:hean¢;okn fluence of
tice along the th€0001) direction; and(d) C sublattice along the ™ ' P gep

(4403 direction. recovery stage at-500 K occurs for both Si and C sublat-

) o _ tices and is consistent with the general recovery behavior

For.anneahng below room temperatureZ dISt'InCt annealingpserved in SiC irradiated with Hé,AlL9 and Xe?” This
behav_lor is observed along ea(_:h 01_‘ the directions. The re'ﬁ’ecovery stage is not observed by positron lifetime
tive disorder along th€0001) direction decreases ~as tem- gpeciroscop$? which suggests that vacancy defects are un-
perature increases, but the relative disorder along4he3)  affected by the recovery process at these temperatures.
direction is largely unchanged on the Si sublattice and in- Although recovery depends on the initial defect configu-
creases slightly on the C sublattice. Recent MD simulatfons rations, disorder level and sublattice, similar recovery behav-
of defect generation by displacement cascades in SiC haver above room temperature on both Si and C sublattices is
shown that a large portiot~60%) of the interstitials come Observed along th¢d00D direction. The recovery behavior
to rest at distances of less than 0.ZQWherea is the lattice  of the highest dose sample along both directions is shown
parameterfrom the nearest vacancies. The recombination ofver a wider temperature range in Fig. 8. The results in Figs.
interstitials with vacancies will lead to a decrease in disorder/ and 8 suggest similar defect migration energies or that the
as observed along0001). The exact defect kinetics and defect migration and annihilation processes on the two sub-
mechanisms for the relative increase along@%03 direc-  'attices along th.e<0((JaOJ> direction are coupled. Recent
tion, particularly for the C sublattice, are unclear; however,ab nitio ca}lculatloné of stable defecf[ ponflgpratlons n
this behavior must be associated with the relaxation of deSC-SIC indicate that C-C and C-Si split interstitials are the
fects to lower-energy configurations that give rise to an in-MOst stable conﬂggratlons fo_r t_he C interstitials. Further-
creased contribution to the backscattering. Determining thg'0re: recent MD simulatiod$ indicate that the long-range

nature of the defects and processes associated with the rel _|gration. of interstitials occurs by hopping from sublattice
ation and recovery in this temperature region will require 0 sublattice. Thus, the coupled recovery processes observed

careful experimental studies in parallel with computer simu-2" the Si and C sublattices is partially associated with C

lations, both of which are planned as part of future work. interstitial migration. MD simulatiori$~** have also indi-

As the annealing temperature further increases, the reC_ated that significant anti-site defects are produced on both

) ) sublattices in SiC by energetic collision cascades, and the
sidual disorder decreases along both ¢6@01) and(4403)  tecovery of the anti-site defects may also lead to coupled

directions, as shown in Fig. 7. At higher annealing temperarecovery processes on the Si and C sublattices.
tures(above room temperatugenterstitials will migrate, re- While similar recovery behavior is observed for Si and C

sulting in annihilation or clustering. This leads to a decreasgyong the(0001) direction, the recovery behavior on the Si
in the concentration of local defects and some defect- . . : —
stimulated epitaxial recrystallization of amorphous domainsf’md,C sublattices IS mgrkedly different along He03) d!'
both of which will result in decreased local disorder. Above €Ction. As shown in Fig. 8, a recovery stage-af00 K is
room temperature, there are recovery stages3fi0 and 500 observed, which is much more pronounced along(#4®3)

K that are more pronounced for the high-dose samples. Theirection. Although more damage is annealed in the recovery
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stage at~500 K than at the higher temperature stagedirection is much higher than that along @901 direction.
(~700 K), the relative amount of recovery within the two Based on MD simulations of stable defect configuration, all
stages is clearly discernable between the Si and C sublatticeisimbbell interstitials and single interstitial configurations are

along the{4403) direction. For the Si sublattice, nearly 50% detectable along thé1403) direction. Since most single in-

of the irradiation-induced disorder recovers along(amg) terstitial configurations are formed on the Si-C dimer rows
direction between~400 and 600 K, while another 10% of that are parallel to th€d00J) direction, these interstitials are
the original Si disorder recovers at temperatures betweephielded by the Si and C atoms on the lattice sites, which
~650 and 800 K. For the C sublattice, about 40% of theSignificantly reduces the backscattering/reaction yield along
irradiation-induced disorder recovers t@403 direction € (0003 direction. During isochronal annealing below
between 400 and 600 K, and20% of the original C disor- room temperature, the relative disorder decreases along the
der recovers between 650 and 800 K. The recovery on the 9003 direction but increases slightly along t(403) di-
sublattice appears to be slightly shifted to higher temperarection due to different relaxation and recovery processes for
tures. The different recovery behavior of the Si and C subinterstitial defects and anti-site defects. As the annealing
lattices along thé4_40§> direction may suggest some decou- temperatu.re increases up to 870 K, similar recovery behavior
pling of the Si and C recovery processes. Since most singl8n both Si a}nd C sublattices along @03 d!rect|on sug- _
interstitials along the Si-C dimer rows are detectible alongd®StS coupling of recovery processes of Si and C defects;

the (4403 direction rather than théd001) direction, the de- owever a slight shift to higher temperature of recovery on

coupling of the Si and C recovery processes may mostly bEhe c sublattl_ce along th_é4403> direction may indicate
associated with the recovery of single interstitial configura-SOmMe decoupling of the Si and C recovery processes. A re-

tions. covery stage at-500 K for the Si and C sublattices is attrib-
Complete recovery of the residual disorder is not ob-Uted to increased mobility of interstitial defects.
served on either sublattice or along either direction after an-
nealing up to 870 K due to residual amorphous domains and
stable defect clusters. Thermal annealing at 1300 K or higher ACKNOWLEDGMENT
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