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Identification of molybdenum in 6H-SiC by magnetic resonance techniques
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We report on the identification of molybdenum trace impurities in commerd¢ialS8C substrates by con-
ventional and optically detected electron spin resongiix®R, ODESR and magnetic circular dichroism
(MCD) absorption techniques. The two impurity charge state¢™M@4d?) and Mo®*(4d®) are identified.
Consequently, this impurity is electrically active as a deep level acceptor state. In addition we observe the
3A,— 3T, crystal field absorptions of Mb (4d?) in the spectral range 1.1-1.25 eV. The consequences of
the present findings, for the use of Mo as an electrical contact material, are pointed out.
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I. INTRODUCTION sample, recorded undét||c and at 20 K. The lines in the
. ) o i center arise from neutral nitrogen donors and from ionized
Transition-metal impurities in semiconductors are Known,cnromiunt acceptors, Gt (3d9).
and feared, as omnipresent, practically unavoidable contami- The two ESR signals at 0.2254 and 0.4655 T are reported
nations. Their deleterious influence on device performance,q e Both lines exhibit a sextet structure, as shown in the
in particular on minority carrier lifetime, hqs been often inset of Fig. 1, resulting from hyperfine i,nteraction of an
demonstrated. Within the families of established SemIcony, . .o with a central nucleus having nuclear spin5/2

ductors, as silicon and the IlI-V compounds, an almost en-

isti 0, i -
cyclopedic knowledge on transition metals now exists. How-and a natural abundance consisting of £&)% odd iso

ever, for silicon carbid€SiC) such data are still sparse. topes and (_733)_% even isotopes, or cIos_e_ to that. The only

For a microscopic identification of transition-metal point €/€ments with this property are thel 4ransition metals mo-
defects in semiconductors, magnetic resonance techniqud¥pdenum(Mo) and ruthenium(Ru). Molybdenum has two
such as electron spin resonafE&SR) and optically detected  Stable odd isotopes}®Mo (15.9% and °"Mo (9.6%), both
electron spin resonand®DESR), have proven to be most having nuclear spin=5/2. The nuclear moments for these
successful. Transition-metal defects identified so far by thesisotopes are very similaru=—0.91Quy for *Mo and
methods in SiC polytypes include vanadium and titaniumgu=—0.929uy for Mo (uy being the nuclear magneton
which are dominant contaminations in as-grown SiC singleSince the observed linewidth is about 12 MHz, the overlap-
crystals. For these elements a rather detailed understandiping hyperfine sextets cannot be resolved. Ruthenium has
has been elaborated in the past by ESR and ODESRIso two stable odd isotopes’Ru (12.8%9 and '°Ru

techniques™ There have also been reports on ESR of(17.0%, both having nuclear spih=5/2. The nuclear mo-
manganegeand chromium in 6H-SiC, and on ODESR of

scandiurfi in the same SiC polytype. Note that the identifi-
cation of C#* (3d?) in Ref. 7 is erroneous, the ESR signals Mo* (46?)  6H-SIC 9.55 GHz
actually being due to Mb" (4d?), as the resolved hyper-
fine structure presented in this paper clearly shows.

In this work we want to report on the results of a detailed
ESR and ODESR study aholybdenumMo) impurities in
6H-SiC. Two charge states of this defect have been detected:
Mo** (4d?) and Mo** (4d®). From these data, the role of

ESR-INTENSITY

molybdenum as a deep-level defect in silicon carbide is sug-
gested. Hile

Two different types of 61-SiC samples were investigated
in this study. Samples of typ@) were n-type Lely crystals e 20K
with epitaxial layers grown by the sublimation “sandwich” il
method and samples of typgb) were n-type andp-type 0225 0275 0325 0375 0425 0475
bulk 6H-SiC wafers, as obtained from CREE Research'fnc. MAGNETIC FIELD (T)

II. ELECTRON SPIN RESONANCE (ESR) FIG. 1. ESR spectrum of M8 (4d?) in 6H-SiC recorded

4t 2 underHl|c. The ESR signals in the center arise from neutral nitro-
A. Tetravalent molybdenum, Mo™ (4d") gen donors and ionized chromium acceptors: 'C(3d°). The in-
Spectra were recorded on the Bruker ESP-300 system atsgt shows the hyperfine structure due to the odd isot8idds and
GHz. In Fig. 1 we show the ESR spectrum of a tyj@@  °Mo.

0163-1829/96/54.0)/73235)/$10.00 54 7323 © 1996 The American Physical Society



7324 K. F. DOMBROWSKI et al. 54

A, (®*Mo)=A, (°’M0)=(92+2) MHz,

0.50 F
. 4+ 2
oasl 6H-SIC  Mo** (4d?) 20K where sgb= — SgA| A, .
: We should draw attention to an apparent lack of addi-
c 040r tional Mo*" lines in the above ESR data: IrH6SIC, there
2 535 arethreeinequivalent lattice sites, viz. two quasicubic sites
o i AM = 1 (k1, ko) and one hexagonal sité). On either lattice site the
o 030f local point symmetry is trigonalCs, . In view of this site
E 02s| multiplicity it is therefore surprising that ESR of
CH! Mo** (4d?) is observed for only one lattice site. This is in
S 020f contrast to our previous findings for % (3d?) and
P S SO M2 V4* (3dY) in 6H-SIC, where ESR for all three lattice sites
| is observed: 3 Possibly, the ESR spectrum observed here
0 : 3 : %0 : %0 arises from those molybdenum impurities, which occupy the

Hilc ANGLE 6 (DEG) Hlic most cubic,k;, silicon site in 64-SiC. On the other sites,
k, andh, the axial crystalline electric field is much stronger
and can thus lead to a much largerparameter. This may
impede an ESR observation of Mo (4d?) on thek, and

h site in 6H-SiC.

The ESR spectrum of Mb™ (4d?) in 6H-SiC could not
observed at 77 K and above, in contrast to the ESR
spectrunh of V3% (3d?) in 6H-SiC and 4H-SiC. This can

ments = —0.63uy for ®Ru and = —0.69y for °Ru be explained by the greater spin-orbit coupling of Mo as

on the other hand, differ sufficiently, so that their hyperfinecompared to thf‘t_ of \% Consequently, spin-lattice relax-
spliting should be resolved, at least for the outeration of the Md"* ion will be faster than that of ¥". On the

2
m, = +5/2 components. This was not observed experimengtg‘fr hagdz the ESR spectra of both o (4d?) and
tally and we thus exclude ruthenium as candidate for th (3d%) in 6H-SIC are readily saturated at liquid-helium
origin of the hyperfine sextet shown in the inset of Fig. 1.temperatures, under elevated microwave power. This is a
We are therefore left with molybdenum. consequence of thelr_common spin-only ground state.

If the molybdenum impurity in its neutral state occupies a \Q/f’ f'”g‘"y mention that the ESR spectrum of
silicon-substitutional lattice site in t6-SiC, its electronic Mo"" (4d”) could also be detected im-type bulk
ground state is the spin-only triplt= 1 state®A,. Although ~ 6H-SIC wafer material obtained from CREE Research fhc.
this corresponds to tetravalent molybdenum, 4Vlo(4d?) This finding underlines that rr;olybdenum is a likely trace

L L . . . . + . H
this valency represents the neutral SiC semiconductor chard@Purity in SiC. The Md (4d_)3c0ncentrat|on in the type
state. The spin-Hamiltoni&h appropriate for a spin-triplet (@) samples lies in the 2 cm™° range, whereas the Mo

FIG. 2. Angular dependence of the tudM = * 1 fine-structure
ESR lines of M&* (4d?). That of the forbidden transition
AM =2, which is not observed undeti|c andH_ c, is also shown.
The solid lines are computer fits, using numerical values for theb
spin-Hamiltonian parametegs, g, , andD, as quoted in the text. e

stateS=1 reads concgntration in the typéo) samples is at least e;n order of
magnitude less. The ESR spectrum of #o (4d?) could
H=upg|H,S,+ 1ed, (H,S+H,S,) not be observed ip-type bulk 8H-SiC wafer material.
D Sf— %S(S—Fl) , B. Trivalent molybdenum, Mo3* (4d®)

In n-type 6H-SiC we observed an additional ESR signal,

wherez denotes thee axis of the crystal. Th® term is a  which shows a strong angular dependence, see Fig. 3. This
measure of the axial crystalline electric field acting on thesignal could be detected in both tyge) and type (b)
Mo** (4d?) ion. For the odd isotope$®™Mo and °’Mo, the ~ samples. The defect responsible is clearly molybdenum cor-
above Hamiltonian must be augmented by the characteristi€lated, since the ESR line is again flanked by hyperfine
hyperfine interaction operatofAS. The electronic fine- Structure satellites, showing hyperfine-to-central line intensi-
structure termD in the above Hamiltonian accounts for a ties of (26+3)% to (74+3)%, which is in good agreement
characteristic angular dependence of the two molybdenurip the natural abundance of odd and even isotopes of molyb-
ESR signals in Fig. 1, upon rotating the magnetic field denum. The hyperfine satellites are shown under higher reso-
from H|c to HL ¢, as illustrated in Fig. 2. From a computer ution in the inset of Fig. 3. The angular dependence of this
fit, the parameters of the above Hamiltonian were determine@ignal is that of a center having fictitious spBf=1/2

as follows: and a highly anisotropicg’ factor, according to
9'2=g[*cog9+g|*sif 9, where ¢ denotes the angle be-
g;=1.97870.0013, tween the static magnetic field and the hexagonal axis of
the crystal. From a fit of the above relation to the experimen-
g, =1.9783-0.0013, tal data we obtain
|D|=(3.32£0.01) GHz, gj =1.945-0.001,

A|(®Mo)=A(*Mo)=(92+2) MHz, g, =3.939+0.001,
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, 3/hv\?
6H-SiC 9.55 GHz AL_ZAL[ 1 16(2D) ]
15K Hilc : . :
N It is thus understood that thg factor is about twice that
of g”’ =g)~2. A similar situation has been recently repofted
to occur for CF* (3d®) in 6H-SIiC and also, a long time
Mo** Mo** ago, for V2 (3d®) on trigonally distorted lattice sites in
cubic ZnS!® Here, the(111) symmetry of the ESR spectra
arises either from a static Jahn-Teller distortion or from as-
sociation of the \* (3d®) ion with a nearby defect. The
value ofg, for the S=3/2 level from whichS' =1/2 derives,
was evaluated from a full diagonalization ®f within the
S=3/2 manifold, assumingD>2 cm~l. One obtains

Hic g, =1.970+0.001. Thugy| =2g, within experimental error
N confirming thath»/2D is negligibly small. We should finally
mention that so far we could detect the ESR of
Mo3" (4d%) only for oneof the three k;, k,, h) lattice
Mo sites in 64-SiC. As noted above, the same situation was
found to occur for M@ " (4d?). The reasons for this lack are

PR TP R T S TSR SR F— still debated.
0.20 025 0.30 0.35 040 0.45
MAGNETIC FIELD (T)

ESR-INTENSITY

Ill. OPTICALLY DETECTED ELECTRON SPIN
FIG. 3. Additional ESR signal observediirtype 6H-SiC, to be RESONANCE (ODESR)

assigned to M&" (4d®) underH||c (top) andHL ¢ (bottom. The | q i inf . b h ited el .
dominant signal in the center arises from neutral nitrogen donors. n order to gain information about the excited electronic

The insert shows the hyperfine structure due to the odd isotopedates of the Mé* (.4d2). defect in &-SiC we have per-
%Mo and 9'Mo. formed magnetooptical investigations in the near-infrared
spectral region. In particular, we have recorded the magnetic
circular dichroism(MCD), which measures the difference in
absorption for left-handedos(_) and right-handedd,) po-
larized light propagating along a static magnetic field in the

The characteristics observed for the new singleggmple. The paramagnetic part of the MCD represents the

molybdenum-co:relateg ESR signal are in line with its asyaqnetization of the defect’s ground state, arising from ther-
signment to M3* (4d3). Our arguments are as follows: If

3t 3 ; ” A= es mal depopulation of its spin levels. If the depopulation is
the Mo®" (4d") ion occupies a silicon site in SiC, its free- partially destroyed by resonant microwave saturation, ESR
ion state*F will be split by the cubic-tetrahedral part of the of the defect's ground state can be detected optically
crystalline potential into two orbital tripletsiT, and *T, (ODESR, via its associated MCD spectrum.

and an orbital singlet’A,, where T, is energetically low- The MCD and MCD-ODESR spectrometer system was
est. The additional axial crystalline potential existing in thethe same as already used before in our studies of the neutral
hexagonal & polytype of SiC will lead to an additional \znadium donor state 4 (3dY) in 6H-SIC (Ref. 2 and
splitting of the*T, state into an orbital doublet and an orbital 3C-SiC (Ref. 5 and also of the ionized acceptor state
singlet. If the orbital singlet state is energetically lower, a3+ (3d?) in 6H-SiC3

spin-only ground stat&=3/2 for Mo®* (4d°) results. The The type(a) samples show a strong MCD absorption in
appropriate spin Hamiltonian is then identical to that givenye spectral range 1.10-1.25 eV with several sharp zero-
above for Md'* (4d?), S=1. However, for theS=3/2  phonon linegZPL's), see Fig. 4. The MCD absorption of all
ground state of M&'(4d%) the zerofield splitting, of these ZPL's is dominated by a strong diamagnetic part
W.g,~W.1,=2D, is at least 2 cm', since the and a weak paramagnetic part which can be used for an
— 1/2 —3/2 fine-structure line has not been observed up t®ODESR experiment. Six of these ZPL's are unambiguously
1.7 T and therefore exceeds the energy of the microwavgssigned to M&* (4d?) since the ODESR of M is ob-
quantumhv~9 GHz, considerably. Under such conditions, served if the detection system is tuned to either of these
i.e., for 2D>hv, theW..,, state may be treated as a separatgines. A corresponding ODESR spectrum is shown in Fig. 5.

Al (®Mo)~A! ('Mo)=(73+2) MHz.

Kramers doublet, having fictitious sp8f = 1/2, with'? The strong ODESR at 750 mT is most likely due to boron
acceptors caused by a broad boron-related MCD band under-
9/=9 lying the Mo®** ZPL's.

The remaining MCD ZPL's show no Mo-correlated
3/{hy\2 ODESR since they are either completely diamagnetic or give
ginglil— 1_6(5) } rise to ODESR signals which are too weak or outside the
accessible magnetic field range. However, they originate

most likely from Mo** located on the remaining inequiva-

A=A, lent Si lattice sitesk, and h, which are expected to have a
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FIG. 4. MCD absorption of M* (4d?) in a 6H-SiC sub-
strate. The ZPL's marked with arrows reveal ODESR spectra of the FIG. 5. ODESR spectrum detected on the 1.169 eV
type shown in Fig. 5. Mo** (4d?) MCD line of Fig. 4.

(—1/0) acceptor level of molybdenum in6SiC by adequate
techniques, such as photo-ESR and junction spectroscopy,
remains as an important task for future studies.

It should also be mentioned that molybdenum is a very
promising contact material for high-temperature deviées.
Our results suggest that the formation of deep acceptor levels
in SiC caused by Mo diffusion at high operation temperature
might result in a long-term degradation of devices using Mo
contacts.

larger axial field splitting of the’A, ground state and there-
fore might not show a paramagnetic MCD.

We assign the M&" (4d?) MCD absorptions of Fig. 4
to the 2A,—3T, crystal-field transition, from which a cubic
crystal field splitting constant obgq=—926 cm ! is de-
duced. The excitedT, crystal field state is split by the large
spin-orbit interaction and the trigonal field resulting in six
MCD ZPL’s for each of the three lattice sites irHESIC,
which is consistent with the six MCD ZPL's which could be

assigned to M6"(4d?) on one inequivalent lattice site. A V. SUMMARY
more extensive study of these findings will be published
elsewhere. Using ESR and ODESR techniques we have demon-

strated that the d element molybdenum is a common,
silicon-substitutional trace impurity inH-SiC crystals, as
IV. ELECTRICAL ACTIVITY OF MOLYBDENUM IN SiC was found before for the @ elements vanadium and tita-
nium. From the observation of two charge states,
0t (4d?) and Ma** (4d®), we conclude that this im-
Rgrity must act as a deep-level acceptor. Consequently, Mo-
trace impurities must be taken into account when analyzing
electrical compensation processes in silicon carbide.

This work has shown that Mg in 6H-SiC can occur in
two charge states. Consequently, this impurity is electricall
active as an acceptor, presumably as a deep-level defect. T
tetravalent valency Mb" corresponds to the neutral state,
whereas the trivalent valency M6 represents the ionized
acceptor state, according & /A°AMo®*/Mo**. Such an
assignment is in line with our finding, that ESR of Ko
could only be observed in-type material. Inp-type SiC, no This work was supported by the German Ministry for
ESR of thesé\™ states is expected. The determination of theEducation, Science, Research, and Technology BMBF.
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