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Formation and annealing of nitrogen-related complexes in SiC
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We propose a mechanism for the annealing of vacancy-related defects in SiC, badeihitio total energy
calculations. Our mechanism is based on the formation and migration of carbon and nitrogen split interstitials
resulting in Gi(N¢), or Vg(N¢), complexes as intermediate annealing products: In as-implanted samples, only
recombination of nearby defects is possible, e.g., the disappearance of divacancies can be explained by a
formation ofVgN¢ pairs (P12 centers Dissociation of these very stable pairs at temperatures below 2000 °C
is not possible. At elevated temperatures above 1000 °C, further aggregation becomes possible, resulting in
electrically and optically inactiv&/g(N¢c), complexes. The recombination with carbon split interstitials, re-
sulting in GN¢ and G;i(N¢) , donors, are discussed as competing processes.
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[. INTRODUCTION This paper is organized as follows. In Sec. Il, the compu-
tational methods are characterized. In Sec. lll, the calculated
In silicon carbide(SiC), the conventional thermal diffu- hyperfine splittings of thé12 spectrum in B1-SiC and sev-
sion technique for doping is not practicable, as it requiresral possibilities to create nitrogen-vacancy pairs are dis-
very high temperatures above 1700 2€lon implantation is  cussed, ending up with a split interstitial based mechanism
widely used instead, although this technique induces varioufor the migration of N atoms. We also discuss a tentative
intrinsic defects reducing the free charge carrier concentrasorrelation between calculated activation energies and an-
tion. For further improvement of the SiC technology, an an-nealing temperatures. Based on this we explain the different
nealing of these defects is crucial, but hard to achieve. experimentally observed vacancy-related annealing stages
Divacancies already vanish below room temperature, buvith defect aggregation in the form of eithergNc),, or
an annealing of the isolated carbon vacafdye to recom- Vg(N¢), complexes.
bination with interstitials requires temperatures up to
500°C? whereas the annealing of the isolated silicon va- Il. COMPUTATIONAL
cancy {g) begins at temperatures above 750 °C and shows o o
several annealing steps of rather uncertain origin. Additional e used a combination of two methods within the frame-
annealing stages are found experimentally in the hexagon#fork of density funtional theoryDFT). Ab initio total en-
polytypes near 105(Ref. 4 and 1400 °C3° and have been €rgy calcglatlons were don(_e using an extended ,verS|on_0f the
tentatively explained by the dissociation of nitrogen-related€!-consistent ;lne'ar' muffin-tin orbital Green's functions
complexes. method(LM'I_'O) within the atomic spheres_ approx!mano_n
In this theoretical work we show that these additional an-ASA).° In this approach, the problem of an isolated impurity
nealing stages can not be identified with a dissociation ofeParates into two parts. The Green's funckg%E)_ of the
nitrogen-vacancy complexes. Instead, nitrogen and carboperfect crystal is used to obtain the Green's functi¢g) of
split interstitials are shown to be mobile at temperaturedh® impurity problem solving Dyson’s equation
above 800 and 1000 °C, respectively. Thus, further aggrega- 0 0
tion at the observed annegling te)r/nperatures is p%%sigle. {1+9°(E)[AP(E)-AS]}g(E)=g"(E). D
When comparing our results with existing experimental dataHere AP is the perturbation of the potential function by the
we find strong indication for nitrogen-vacancy complexes toimpurity while the matrix AS is the relaxation-induced
play an important role in SiC. Calculated total energies andthange of the LMTO-ASA structure constants. Frg(i),
hyperfine parameters lead to a new assignment of the seetal energies were calculated and minimized in order to find
called P12 center in &1-SiC (Ref. 6 to a silicon vacancy the geometry of the complexes. The solution of Eb.in
nitrogen pair ¥sNc) in C;, symmetry. The formation of real space describes an isolated charged impurity in an oth-
theseVgN¢ pairs, calculated to be possible in as-implantederwise perfect crystal, for which rather accurate charge tran-
samples, explains the annealing of divacancies below roorsition levels are obtainetlin addition, using the local spin
temperature. In addition, the fully nitrogen passivated va-density approximatiofLSDA) and LMTO basis functions,
cancyVsi(Nc)4 turns out to be electrically and optically in- the spatial distribution of the particle and magnetization den-
active. Therefore, this complex is an ideal candidate for aities is obtained, especially in the region near the nuclei.
final, invisible annealing product of the silicon vacancy Therefore, it is possible to calculate accurate hyperfine inter-
in SiC. Alternatively, the migration ofCC): and (NC).  actions(HFI) of the magnetic moments of the electrons with
split interstitials can result in carbon antisite nitrogen pairsthat of the nuclei by using the relaxed atomic structdfes.
(CsiNe) or Csi(Ne) , complexes. Both of them are shown to  The investigation of diffusion processes requires the use
be donors with donor levels slightly below the conductionof the more flexible self-consistent charge density-functional
band. based tight-bindingSCC-DFTB method*! Most of the cal-
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TABLE I. Observed HF parameters of til2 center in 1-SiC, and those calculated for tMgNc pair
in 3C-SiC. Note, that for the negative silicon vacancy experimental EPR data give similar ligand hf inter-
actions for different SiC polytypedRef. 25.

Defect Symmetry  State Atoms ¥C (-1,-1,1) ligands ¥N (1,1, ligand
per C shell a b a b
P12 Exp. 33.6 4.2 2.4 0.18
VgNe Cay ’E 3 63.3 19.9 -15 -0.01
VN Cin A 2 32.6 7.3 -1.6 0.26
1 175.3 42.6

culatons in  X-SiIC were performed in a convacancy on neighboring lattice sitesdg, symmetry as
(3%x3x%3)-supercell containing 216 atoms. Starting from ana defect model. This, combined with an observed total spin
initial  structure, fully relaxed by a conjugate gradientof S=1/2 lead Vaineret al. to identify the defect with a
scheme, the algorithm described in Ref. 12 is used to calcunreutralVgN¢ pair. Our LMTO total energy calculations con-
late the diffusion path into a previously calculated fully re-firm VgN¢ to be a stable defect pair with a binding energy of
laxed final structure. Thereby, for each process the saddiz4 eV. But as can be seen in Table I, the calculated hyperfine
point geometry was found, from which we determine theparameters do not even qualitatively correspond to the ex-
energy barrier separating initial and final structure. For theperimental data for this model. From our experience with
description of interstitials and intermediate structures durindlyperfine calculations for many similar defect systesese,

a diffusion process only the atoms on the faces of the supe®.g., the isolated Si vacancy irC3SiC (Ref. 7)], we con-

cell have been fixed, while all other atoms were freely re-clude that the large discrepancy, by a factor of 5 for the
laxed, since interstitials induce more extended lattice relaxhyperfine interaction with a carbon ligand, e.g., strongly pro-
ations. The geometrical structure and the total energies dfibits an identification ofP12 with a neutralVgN¢ pair.
selected complexes have been checked by calculations inlastead, we propose a reinterpretation of the spectru@yjn
supercell containing 512 atoms. For the calculations in theymmetry: For the neutraf 5N pair in C3, symmetry, the

6H polytype, a (33X 1) supercell containing 216 atoms fully occupied, nitrogen-related, level is below the twofold

has been used exclusively. degenerate-orbital, which is occupied by one electron only.
Due to this partial filling, the resultingE state is not stable
lIl. RESULTS against Jahn-Teller distortion lowering the symmetry of the

defect to G;,. According to our calculations, a slightly re-
The incorporation of N atoms as shallow donorgdbes  duced outward movement of one of the three C ligands
not lead to free charge carrier concentrations above Zabout 5%, the other carbon ligands move outward by 7%
X 10'° cm™3.23 Obviously, for higher N concentrations nitro- lowers the total energy by 0.06 eV. For the resultify,
gen atoms form defect states that do not act as shallow doplefect state, the hyperfine splittings due totthve remaining
ants. N dimers(the so-calledA center$ are predominant N equivalent C ligands(especially the isotropic parta
aggregates in diamord.In SiC, according to our calcula- =32.6 MHz) agree with the experimentally observed values.
tions, this is not the case, as N aggregates are not stablehe additional strong hyperfine interactionasf175.3 MHz
against dissociation. For example, the total energy of th€b=42.6 MHz) is a result of the localization of the unpaired
NcNs; pair is about 1 eV higher than that of the dissociatedelectron @, orbital) at the prominent carbon ligaridee bot-
constituents. I induces a deep level in the gap attom of Fig. 1. For our interpretation to be applicable, this
Ec—-1.2 eV and could be responsible for the saturation of thénteraction must have been overlooked in the experiments.
free charge carrier concentration. According to our calculaThe line would be very weak, since the natural abundance of
tions, though, an alternative structurg\. is energetically the carbon isotope>C (1=1/2) is only 1.1%. In addition,
favored by 4.5 eV with respect todNand has a donor level due to the three inequivalent sites ik &iC, the linewidth
close to the conduction band minimum. Thus, complexesf the signals with the large hyperfine interaction could be
with other, probably intrinsic, defects are a remaining possilarge enough to prevent a detection. Experimental investiga-
bility. tion using *C enriched material should be able to detect the
hyperfine splitting of the prominent carbon nucleus. Further-
A. The P12 center in 6H4-SiC —a VgNc pair more, our new interpretation of tHel2 spectrum in 61-SiC

as a neutraVgN¢ pair in C4;, symmetry would require that

: clj\llltrogegl—z\l/acac\jncg/ complexes are prqmlnenlt co_Ic(j)r Cen';er'ishere are two, not three, equivalent ligands with smaller hy-
in diamond,” and there is strong experimental evidence OTherfine interaction.

nitrogen-vacancy complexes in SiC, too: After neutron irra-
diation, Vainer and II'in report an ESR spectrui@i2 cen-
ter) in N-doped 64-SiC.® The resolved hyperfine structure of
one N nucleus and the additional splitting due tioree As already discussed in the literatuké;N¢ pairs can be
equivalent carbon atoms suggest a nitrogen atom with a silformed by the migration of the Si vacancy. In a recent work,

B. (NC) ¢ split interstitials — mobile nitrogen in SiC
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FIG. 1. Magnetization densitfarb. unit) of the neutralVgN¢
pair in C3, symmetry(top) and in Cy,, symmetry(bottom. In the 1.4leV
right part the (J._D) plane containing the N ligand and one C ligand 0.5 | 7
is given. The left part shows the two equivalent carbon ligands ir
the (110 plane. (CC)C+NC (NC)c

FIG. 2. A mechanism for the creation of mobi(BIC) . split

however, we found the process of sublattice migratioN gf interstitials: one of the C atoms of @C) split interstitial can

to require 4.1 eV activation eneréf/.Next to the N, this move towards the N, resulting in a(NC) ¢ split interstitial. In the

barrier is lowered to 3.5 eV, but pair formation- at tempera-energy diagram the activation ener(®0 eV) and the energy gain
tures as IOW as 750°C WOU|d be ra.ther Un|lke|y, \a§ (1.4 e\/) in the final structure can be seen.

sublattice-migration according to recent EPR measurements

is expected to happen at temperatures above 1606 V& Once createdNC) ¢ split interstitials can migrate through
thus have to consider a mechanism based on the migration gffe |attice. The activation energy foNC). moving to the
the N atoms instead. next carbon site is with 2.5 eV even less than for the carbon

Usually nitrogen atoms are built in asc:Mn the carbon  split interstitial. A turn of the defect’s orientation on its site
site in the SiC lattice. A migration process of-Mn the (see Fig. 3, as required for directed diffusion, costs 0.8 eV
carbon sublattice, would consist of exchange processes bgsompare 0.6 eV fofCC) ¢].
tween N and C atoms. As can be expected from former in-
vestigations of exchange processes in the SiC lattice, e.g., in C. Formation of VgN¢ pairs

case of antisite§] the movement of N to the next carbon : L
site costs about 12 eV —a value that is much too high to With (NC) ¢ as a form of mobile nitrogen, there are sev-

. o . eral possibilities to creatégN¢ pairs. The most simple case
explain any migration of N. Interstitial based processes are. the recombination ofNC) . with divacancies/cVs. We
expected to require lower activation energies. ¢ cSi

h b lit i . . b discuss two cases according to the orientation of the
The carbon split interstitiglCC) ¢ (i.e., two carbon atoms  yacancy with respect to the split interstitial site. First, the
sharing one carbon site, see Fig.i created after ion im-

plantation and has a rather low activation energy of 2.9 eV
for sublattice migratiot®*° If a mobile (CC) . approaches
an N, it can create(NC). split interstitials: (CC) c+N¢
—(NC)¢, see Fig. 2. The structure of th@NC). split-
interstitial is similar to that of CC)¢:'’ The N and the C
atom share one C site and are both threefold coordinated
with their three bonds lying in planes perpendicular to each
other. As in case ofCC)., the Si ligands are pushed out-
wards rather strongly, especially parallel to the defects axis.
The change in energy during the process is shown in Fig. 2,
with only 2.0 eV the(NC) ¢ creation is even easier to activate  FIG. 3. As a split interstitial(NC) . can exist in various orien-
than a migration of CC)c. The resulting structureNC) ¢ is  tations. Transforming from one to another orientation costs 0.8 eV
1.4 eV lower in energy than the initial structure. activation energy.
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TABLE II. Overview of the calculated migration mechanisms,
activation energies, and energy gains. First the processes involving
only a movement ol/g;, then the processes involvi@€C) : mi-
gration, finally the processes involvifiC) - migration are listed.
Barriers for the inverse processes can be obtained by adding the
given energy barrier and the energy gain.

Initial structure Energy Final Energy
barrier[eV] structure gain[eV]
VSi 4.1 Vsinextsite _
Vs 1.7 VCsi 1.8
_ _ N Vgi+Ne 35 VsNe 2.0
FIG. 4. A(NC) can kick out a carbon ligand of a silicon va- COc 29 (CO) extsite }
cancy, resulting in &/gN¢ pair and a carbon split interstitial that (CO) 0.6 (CC) Lurmed

. . . C . C -

can dissociate in a next step. (CO) ot Ne 20 (NO)c 14
. . (COc+ CsiNe 18 G(NC)¢ 19
(NC) ¢ can approach the divacancy from the side of \he CO) ot VaNe 1.9 CsNe 97
Having come to a second neighbor distance, the N atom O ot Vs(No) 24 Cs(No) 75
. . C Si\INCJ 2 . i\INC/ 2 .
the (NC) c can move into the carbon vacancy with the very (NC) 25 (NC) cnextsite )
small activation barrier of 0.2 eV, creatingva;Nc pair with (NC)C 0.8 (NC)C turned )
an energy gain of 7.4 eV. Second, if tilC) - approaches (NC)C+ Ve 2'0 Cj\l 10.6
the divacancy from the side of thég;, it fills up this site, c s ' e ;

: o L (NC) o+ VCs; 0.3 CGsNe 8.8
forming a N5V pair with an activation energy of 1.0 eV and NC) o+ VN 16 Cs(No) 93
an energy gain of 8.0 eV. This pair defect turns out to be onI)f(NC)CJr st ¢ 20 VN L ?CZC) 18
0.8 eV higher in energy than the inversgN¢ pair. How- NG C+ VSI N 2'9 v Sl;ll N . CCC: 2'0
ever, the activation energy for the nitrogen atom to move tgNOct VsiNe) 5 ' s(Nc)s + (COc :
the vacant carbon site has been calculated to be 2.5 eV, i.dNOct VeVsi 0.2 VsNe 4
as high as the migration barrier 6C) - movement. Hence, (NC)c+ VsiVe L0 VcNsi 8.0

(NC)c+ VcVsi(Ne) 3 1.0 Vsi(Nc) 4 8.9

under conditions wheriNC) . migration can be expected,
this barrier can be overcome, resulting in the energetically/cNsi 2.5 VsiNe
favoredVgN¢ structure.
There is another, somewhat surprising way to create a . .
T - L - Structure. Processes involving only a movement/gf are

VsiNc pair, if (NC) c meets a silicon vacancy during its mi- followed by processes involvingCC) - migration and pro-
gration process. The vacancy can simply be filled up, result- c

2 . cesses built upofNC) - migration. The barriers for the re-
ing in a Ng;. However, our calculations show that the N atom ) . : .

! . . ; verse mechanisms can be obtained by adding the given en-
of the split interstitial more likely substitutes one of the car-

bon ligands of the vacancy, while the carbon atom moves' &Y barrier and the energy gain. A comparison of our

I ..._activation energies with availableb initio data (sublattice
throughout the vacancy and forms a carbon split interstitial >~ "~ . ; . .19
: . . .~ “migration of vacancies, formation of thé-Cg; pain™ sug-
(CC) - with one of the other ligands or with one of the third L L .
) R ; . ests deviations up te-0.5 eV. Within our calculations the
neighbor carbon atoms, as shown in Fig. 4. This reaction can.

be easily understood, since nitrogen in group-IV semicondVen energies define at least upper limits, if inspite of inten-

ductors prefers to be incorporated in threefold coordinated' ¢ search the saddle p0|r_1t configuration with the lowest
energy should have been missed.

positions:® 2.9 eV are needed to activate this mechanism To correlate our results with the experimentally observed

with a gain of 1.8 eV, see Table II. The resulting structure isannealin behavioithe “disappearance” of defedts an
a VgN¢ pair and a(CC) that can then dissociate and pos- 9 PP

sibly mobilize further N on its way through the lattice. In identification of the calculated activation energies with a
thisywa we gel<Ne pairs and ir>1/ additi?)n mobilizé— thermodynamic temperature is necessary. Unfortunately, due
tion is syL’Jstainged ;‘S I%r?g as(;Mré present X to several possible annealing procesgeggration, recombi-
; " . nation, complex formation, or dissociatiprthe interaction
Alternatively, the N atom can phsa C ligand to the Si b o

. L . . . . with other dopants, neglected entropical contributions, and
site, resulting in a §N¢ pair, which will be discussed more b g P

detailed in the followi . Thi . Ivarying annealing times, a simple unique assignment is not
etailed in the Tollowing Sections. TNIS Process requires only, , g, e However, using a simple Boltzmann distribution to
2.0 eV activation energy and has to be regarded as a co

" 0 theN i escribe the variation of the number of stable defects versus
peting process to siN¢ creation. temperature, we obtain

0.8

oo . : AE
D. Activation energies and annealing temperatures T=In(wp7) act @)

In Table Il we list the calculated migration mechanisms, K
their activation energieAE,, as well as the energy gain of where r is the lifetime of the defects an@dp denotes the
the final relaxed structure compared to the initial relaxedDebye frequency in SiC~1.6x 10*31/s). As a first approxi-
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From the results discussed above€ s\ pair should be a
L good candidate for those complexes in as-implanted samples.
o4 Using the SCC-DFTB method, we have calculated several
) @ pair dissociation reactions. The lowest activation energy was
3l ,’/,/ found for the Vg movement to the second neighbor site,
(CCJg mobile ===~ which requires 5.5 e\all mechanisms involving a move-
(NC)gmobile _/,; mg_nt of the N atom either on thg sublattice or onto an_lnter—
y 4 stitial site are even more costly in energin energy barrier
4 of 5.5 eV, however, strongly contradicts a dissociation of this
pair at realistic temperaturdsee also Fig. b We thus have
to consider further aggregation as an alternative possibility,

4 Vi mobile ,———
4 7

o /,’—;ﬂ/%"CSiNC (from Vg; +(NC) )
LN
/,_fq_‘/_"? 4 VCCSI (from VSi)
427" CgiiNg), (from VNG +(NC); )

Eactiv [eV]

y 4 as, e.g.{CC)¢ or (NC): moving on the C sublattice.
B V4 In the last case the formation ofg(N¢), complexes
1 47 \Ne  (from VgV +(N I S TG/ n ;
& cNsi (fromVsie HNC)c) would lead to a further passivation of nitrogen donors instead

&
v

of a recovery of free charge carriers observed in the experi-
ment. In fact,V5(N¢) , complexes can be created by a sub-
I ! sequent addition ofNC) ¢ split interstitials toVgi(N¢) n—1
500 1000 1500 2000 complexes. Approaching the silicon vacancy of a
Temperature [K] Vsi(Ne) n—1 complex, one of the ligands can be kicked out,

resulting in aVg(N complex and gCC) ¢ split intersti-
FIG. 5. Calculated activation energies are tentatively assigned t 9 s(Nc)n P ACOc sp

P . tial. Our calculations fon=1 andn=4 show that neither
temperatures. The shaded region indicates a range of uncertain L - . L
. L the activation barriers nor the energy gain vary significantly
that arises from effects as the vicinity of dopant atoms, or contri- . -
butions of entropy with the numbem of N atoms in the complexsee Table ).

When approaching ¥siN¢ pair, (CC). carbon split inter-

stitials can recombine, resulting in &8¢ pair. Only 1.9 eV
are needed for this process, while 9.7 eV are gained com-
Sared to the initial structure, see Table Il. This pair appeared
minimum energy structure can be expected to be posiive already in the discussion of the kick-out process, but yet
“another mechanism is conceivable for the creation of the

Therefore, the neglected entropical contributidnsA S can ‘ . . . .
be expected to lower the calculated activation barriers, aipShc pair- As shown previously, the isolated silicon vacancy

. ) +17,23 . .
effect that becomes relevant especially at elevated temperz_(ai?g :zr\{;masr:?jrrgnlna:gtit\r/]:tli%%le%aelrrlgy o\;v'ih;‘g\? neé%ﬁg:&tg;uy
tures. According to Eq(2), a value of 500 K cgrresponds 0 many silicon vacancies may have transformed already at the
an energy of 1 eV. Thus, the calculated activation energie

: o ?emperatures in question, compare Fig. 5. IfNC) ¢ split
ﬁyE?ﬁt;iﬂ ;3 de ezsrség?oend itnogigrfir;?e of temperatures as |nd|cat(|en erstitial meets such ¥:Cg; pair, the GN¢ pair will be

We are now able to discuss our results in view of thecreated with only 0.3 eV activation energy and an energy

: S : ain of 8.8 eV.
experimentally observed findings. As mentioned above, th . .
) S L . This C5N¢ pair has been calculated to have a donor level
(NC) c-nitrogen split interstitial is calculated to be mobile at . O :
close to the conduction band minimum. As mentioned above,

§he activation of the (CQ® to migrate through the G-SiC

sponding carbon split interstitial needs temperatures abovg,.. ; : .
1000°C, whereas vacancy sublattice migration can be e I_%ttlce requires an energy of 2.9 eV. According to Fig. 5, the

o ) ormation of this pair could explain the full recovery of free
gggt?g ?)bncl)vere%:i?nobir%ti (f\r: sfngi?lwgorﬁim%(zfitgtrse?s b%lgigharge carriers after post-implantation annealing at tempera-
. ' y o ghboring POSYres above 1000°C. However, if there are mobile (NC)
sible. The rather low activation energies, found for the re-

combination of divacancies with nearby nitrogh2 ev), split |_nterst|t|als Ie_ft, the formation oY g(N¢) , complexes
; A . remains a competing process.

could explain the presence &gN¢ pairs in as-implanted

material®

y .
V4 CsiNg  (from Vs Cg; +(NC)¢ )
A VgNg  (fromVsi\+(NC) )
| |

mation we classify defects as “stable” if they exist at least 1
to 100 seconds in a given configuration. In most cases, th
change in entrop)AS between saddle point geometry and

F. The weak annealing stage around 1000 °C

E. Post-implantation annealing above 700 °C Using capacitance spectroscopy, Ballandovich and Vio-

Recently, Aberget al??2found that in N-doped M-SiC  lina found three deep acceptor levels iH®&iC with ener-
the reduction of the free charge carrier concentration upogies atE-—0.35 eV,E-—0.6 eV, ancEc—1.1 eV, thermally
additional ion implantation with H, He, Al, and B is compen- stable up to 1050°C. According to positron lifetime
sated in part by post-implantation annealing above 700 °Cspectroscopy,the disappearence of these acceptor levels is
Full recovery of free charge carriers is observed aroundorrelated with a weak annealing stage for vacancy-related
1000°C. The authors suggest the dissociation oflefects. According to our LMTO total energy calculations,
implantation-induced nitrogen-related complexes as a firsthe energies for the uppermost acceptor level¥ §fN¢),,
model with a dissociation barrier of 3.2 é¥/. n=1,2,3 agree with the experimental dés@e Table II).
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TABLE lll. Calculated energetic position ireV] of the upper-  mentally observed in case of the isolated Si vacancy, similar
most acceptor levels of thés(Nc), complexes with respect to the hyperfine splittings can be expected for different polytypes.
conduction band edge. Comparison with the experimental data iThe values for the cubic material should, thus, be a basic

Ref. 4 shows nearly perfect agreement. Note, that the fullyguide for future experimental work in all SiC polytypes.
N-passivated vacandysi(Nc), turns out to be electrically inactive.

Defect Transition LMTO-GF Exp. G. Properties of Vg{(N¢),, and the strong annealing stage at
VsNe -2/-3 —-0.34 -0.35 1400°°C
Vsi(NQ), —1/-2 ~0.59 —0.60 In addition to its neutral charge state already discussed
Vs(NQ)s 0/—1 —1.17 ~1.10 above, there are two further charge states of the nitrogen-
Vsi(NQ)4 vacancy paiVgN¢ which give rise to an EPR-active defect

state(see Table 1V: In the negative charge stat&/{Nq")
the doubly degenerate-orbital is occupied with two elec-
Again, the most promising model is a recombination oftrons. Therefore, no Jahn-Teller distortion takes place, in
carbon split interstitialgCC) ¢ with neighboringVg(N¢), ~ contrast to the neutral charge state. Thus, thesgmmetry
complexes forming §(Nc),, complexes: The formation of a Of the atomic configuration is conserved and a hyperfine
Csi(Ne) » complex needs 2.4 eV activation energy, while 7.5splitting of a=70.5 MHz due to three equivalent carbon
eV are gained. As in the case of the/l. pairs, this com- ligands is obtained. FoWsNc?~ the occupation of the
plex is a donor with an occupation level close to the conducorbital with three electrons leads to an inequivalent outward
tion band minimum, according to our LMTO calculations. movement of one carbon ligand. The unpaired electron fills
The G5(N¢)3 complex, however, dissociates into isolategd N the uppera,-level whose nodal plain contains the nitrogen
and G;(N¢), donors with an energy gain of about 3 eV. The ligand and the prominent carbon ligand. Here, the hyperfine
high stability of the G(N¢), complex is caused by an off- Vvalues nearly vanish and the spin density is localized at the
center relaxation of the central C atom and a strong inwardwo equivalent carbon ligands onlya¢143.1 MHz, b
movement of its two carbon neighbors€ hybridization =~ =27.3 MHz).
with two strong double bondsreducing this distance by ~ Due to theC,,-symmetry of theVg(Nc) ,-complexes,
22% to a value of 1.47 A, shorter than the nearest neighbdhere are only nondegenerate orbitals, and, thus, no need for
distance in diamondl.54 A). In contrast, the nitrogen atoms Jahn-Teller distortions. The positive charge stag shows
remain nearly at their ideal lattice sites. As it is shown inthe highest N hyperfine values &=8.2 MHz, b
Table II, the Gi(N¢), complex can also be formed if an =2.9 MHz) among theV/g(Nc), complexes. For the nega-
(NC) is located in the neighborhood of\&;N¢ pair. Only  tive charge state, the unpaired electron is localized by a
1.6 eV are needed to activate a recombination process.  orbital at the carbon ligands and, as a consequence‘the
The recombination of acceptos(Nc), with split inter-  hyperfine splitting is reduced to a value 6f1.6 MHz, ac-
stitials would lead to shallow donors and, therefore, to acompanied by strong splittings due to the tWéC nuclei
recovery process as observed in the expeririéatsd to the (a=106.6 MHz,b=28.8 MHz).
disappearance of the acceptor le¢@mund 1050 °C. At the In comparison with thé&/gN¢ pair, the crystal field of the
moment, this part of the model is rather speculative —Vs{(N¢) 3 complex leads to the inverse term sequence of the
further EPR investigations with resolved hyperfine splittingsuppera, and the lowere orbital. In its neutral charge state,
due to carbon and nitrogen nuclei should be the key to ovetthese levels are occupied with five electrons, resulting in an
come this problem. In Table IV, we give calculated hyperfinee*a] configuration. Again, Jahn-Teller distortions play no
parametersLMTO method for all defect states with nonva- role, and theC;, symmetry of the atomic arrangement is
nishing total spinS of the Vgi(N¢),, complexes. As experi- conserved. The fully nitrogen passivated silicon vacancy

TABLE IV. HFI of possible EPR-active, NV-related defect states in SiC. The calculated values are given
for the 3C polytype. As for the negative silicon vacan@ef. 25 similar values for the hexagonal polytypes
should be expected.

13C (—1,-1,1) ligands N (1,1, ligands
Defect State a b b a b of
VgNg)°© ’A, C;,  a2alad 32.6 7.3 012 -16 0.26 0.02
19192
178.7 43.9 0.57
(VsiNg) ~ %E Cy a’é? 70.5 19.2 050 -16 —0.04
(VsNQ) 2™ A, Cy, aZalay 143.1 27.3 029 -13 0.16 0.09
-2.9 0.7 0.53
[Vsi(NQ)21* 2A; C,  b2%alpd 37.1 19.4 0.11 8.2 2.90 0.05
112
[Vsi(No)21~ B, C, b2a’b} 106.6 28.8 026 —1.6 0.15 0.09
[Vsi(No)31° A, Cg, e*al 141.0 50.8 050 -—3.3 1.01 0.02
1
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Vsi(Ng)4 turns out to be a very stable complex in SiC with a IV. CONCLUSIONS
binding energy of 9.8 eV. Again, the nitrogen ligands are |, this work, nitrogen in the form ofNC) . split intersti-
threefold coordinated and remain nearly at their ideal latticgjy|s is calculated to be mobile at temperatures above 800 °C.
sites, resulting inTy symmetry. Moreover, the electronic Hence, the movement ¢NC) ¢ in bulk material is easier to
structure of the complex is determined by a fully occugied  achieve as diffusion of N ions into SiC, which requires tem-
level in the valence band. As a result, similar to the so-callegheratures above 1700°C. The high mobility 6fC)c
B center ¥-N,) —the dominant defect in natural Ba readily explains the annealing of vacancy-related defects be-
diamond —this neutral defect is electrically and optically in-tween 750 and 1400 °C by defect aggregation wig{ ),
active. In analogy with comprehensive analysis in dianfond or Vg(Nc), complexes as possible products.
it should also be expected to be invisible with respect to As dissociation of the extremly stabMg(Nc),, com-
positron annihilation. Thus, the formation of these com-plexes is improbable, further aggregation is favored instead,
plexes (activation energy above 3 ¢\tould explain the ending up in an electrically and optically inactive;(N¢) 4
sharp increase in positron lifetime at 1400 °C. complex. By its formation four nitrogen dopants are passi-
In other words, the fully nitrogen passivated vacancyvated, and, thus this process can explain the as yet unavoid-
Vs(Ne)4 is an ideal candidate for a final annealing productable saturation of free charge carriers abovel2'cm™2. 2
of the silicon vacancy in SiC, if assuming that some Additional creation ofNC)c split interstitials is only sus-
Vs(No), survive the annealing steps between 700 andained if mobile (CC)c are available, requiring slightly
1100°C. Alternatively, it is possible that due to the very highMigher activation energies equivalent to a temperature of
temperatures dissociation of other complexes takes place. AP0ut 1000 °C. At these temperatures, a recombination with
a result, the annealing process could end up in one of th¥si(Nc)n is also possible and, thus, the formation of

most stable complexes: Thes(Ng), with a binding energy  d0n0ors —GNc and G5(Nc), complexes —is a competing
of nearly 10 eV. process. A detailed presentation of our results concerning

In addition, this complex can only hardly dissociate in its these defect states of nitrogen in SiC will be given in a forth-

components: The process similar to the one discussed for tf9MiNG paper. As a most important result, thgNe pair has
dissociation of thé/sNe pair, in which one of the nitrogen & d(_)nor level slightly below the conduction band. In (_)rder to
atoms moves to a split interstitidNC) . site and leaves be- achieve elevated concentrations of free charge carrieres, the

hind aVVgi(Nc) 3 complex leads to an energy increase Ofa}nnealing circumstances should be optimized for the forma-

8.9 eV, and requires as much as 9.9 eV. Another way on%ﬂOn of CsNc instead ofV(Nc), . Further experimental and
could imagine for the dissociation of the complex is by gtheoretical investigations are necessary to reah;e th|s_ im-
carbon split interstitial CC) ¢, which could kick out one of proyement of the annealmg process and to achieve higher
the nitrogen atoms, resulting in\&;(N¢) 3 and a(NC) ¢ that activation rates of dopant nitrogen.

could move away in a second step. This process requires ACKNOWLEDGMENTS

~5 eV, but the resulting structure is 2 eV higher in energy.

Obviously, these processes are unlikely to happen at realistic It is a pleasure to acknowledge partial financial support
temperatures, and, thuég(N ¢)4 can be expected to survive from the Deutsche Forschungsgemeinsci@aftG) for this

high temperature annealing. work.
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