PHYSICAL REVIEW B 66, 165206 (2002

EPR study of shallow and deep phosphorous centers inH-SiC
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The phosphorus related defectsnitype 6H-SiC monocrystals doped by neutron transmutation have been
studied by electron paramagnetic resona(itfeR spectroscopy. After thermal annealing at 1900 °C two sets
of three phosphorous related EPR spectra are observed, which are attributed to the isolated shallow P donor on
the two quasicubicql,c2) and the hexagon#h) sites as well as to a deep P center ondhgec2, h sites. The
deep P center is tentatively attributed to thgdarbon vacancy complex. Our results show in agreement with
theoretical predictions that the previous suggestions that the two types of centers are the ground and excited
states of the isolated P donor can be ruled out. The donor-monovacancy complexes are characterized by an
exceptional thermal stability.
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INTRODUCTION some controversy, which is not yet settled. The first X-band
EPR results were obtained by Veingatral®> who observed
n-type conductivity of silicon carbide monocrystals is at 77 K three different doublet spectra labeftl, P2, P-V.
generally achieved by the use of nitrogen doping. The propThey attributed thé?1, P2 spectra to the isolatedsRionor
erties of the N donor in B-SiC have been studied in on the hexagonal and the nondistinguisledd c2 sites; the
detail>* Nitrogen introduces shallow effective-mass-like do- third spectrumP-V, was attributed to a different P related
nor states and is believed to substitute for carbon atoms. Theomplex center. Kalabukhova, Lukin, and MokAextended
properties of the isolated substitutional nitrogen donor dethe EPR measurements tceetd K temperature range and to
pend further on the particular lattice site on which it is lo- higher frequencie142 GH2. The sample investigated in
cated. In the 61 polytype with three nonequivalent substitu- their study had been-irradiated under similar conditions as
tional lattice sites, two quasicubicc{,c2) sites and one Veinger's sample but annealed at higher temperatures. They
hexagonalh) site, three different N centers have been iden-observed B4 K two different P related centers—Ilabelkd,
tified. Their thermal ionization energies are 81, 137.6, and 2—with strongly reduced central hyperfine interactions
142.4 meV, respectively, with the hexagonal site donor beingTable ); as these centers could only be observed at tempera-
the shallowest one. tures below 15 K, an inverted level system was proposed for
n-type conductivity can also be obtained by doping withthe shallow P donor with a& ground state corresponding to
phosphorous;:>~"which can be introduced during the growth the 11, 12 spectra and aA; excited donor state giving rise
or after the growth; both ion implantation and neutron  to spectraP1, P2, P-V .38
transmutation have been used in the past. In the two cases, ENDOR measurements at 4.2 K confirméde phosphor-
subsequent high-temperature thermal annealing is required tws origin of the observed hyperfine splittings of g 12
electrically activate the phosphorous dopant and to annea&kenters. It remained however unclear, why only two distinct
the implantation related deep defects. In analogy to the casgites were observed for this P center, wher@gmsiori three
of shallow N, three different P centers corresponding to P omsites €1,c2,h) are expected, and why the ground-state con-
thecl, c2, h sites are expected to coexist. This picture is infiguration should be different for shallow N and P donors.
agreement with electrical measurements on P-implanted, The experimental results obtained up to 1997 for the N
thermally annealed 18 layers® They have shown the pres- and P donors were resumed in Ref. 1. However, as shown in
ence of two P related centers with ionization energies offable | the results contain some inconsistencies, which had
(80+5) and (11&5) meV, which were attributed to the not been noticed at that time. The numerical values of the
isolated P donor on thé site and the nondistinguished P center hyperfindHF) splittings determined in the EPR and
donors on theel andc? sites, respectively. ENDOR studies do not agree. The ENDOR spectra presented
The microscopic and electronic structure of the phosphorin Ref. 5 show HF splittings ofA.=12.1 MHz andA,
ous related defects can be studied in more detail by electror 6.4 MHz for thel2 center, which correspond to 4.3- and
paramagnetic resonan¢EPR) and electron-nuclear double 2.3-G splittings. However the HF splitting measurday
resonancéENDOR) spectroscopy. Such measurements havé®-GHz EPR forBL ¢ is 3.1 G. The HF interactions constants
been performed only on neutron transmutation P doped=(A;+2A,)/3 and b=(A;,—A,)/3 deduced from these
n-type samples-° The results indicated a complex situation. values @=8.3 MHzb=1.9 MHz) do not correspond to
Instead of the expected three P centers orcthe?2, h sites,  those given in the same papexr=8.7 MHz,b=4.2 MHz).
five different P related centers were observed in the 77—4.2 We report in this paper new EPR results on the high- and
K temperature range. Their interpretation has given rise tdow-temperature spectra of the P related centers. They show
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TABLE I. g factors and hyperfine splitting constamf the shallow and deep phosphorous centers as
reported in Refs. 1, 4, and 5.

High T Low T
Center (77 K) Center (4.2 K) Refs.
P1 gll=2.0040 AlI=56.3G EPR, Ref. 3
gL =2.0029 AL =555G
P2 gll=2.0040 AIl=51.7G
gL =2.0025 AL=517G
P-Vv gl=2.0044 Al=9.2G

gL =2.0025 AL=72G
11 gll=2.0049 AI=1.2G EPR, Ref. 4
gL =2.0031 AL==<12G
12 gl=2.0041 All=6.11G
gL=2.0028 AL=158G

11 AlI=12G ENDOR, Ref. 5
AL=02G

12 Al=43G
AL=23G

12 gll=2.0041 AlI=6.1G EPR, Ref. 1

gL=2.0028 AL=31G

the presence of two different defects in three configurationsomponents with the help of a special computer program,
corresponding to the three nonequivalent lattice sites in thevhich allowed the determination of line shape, linewidths,
6H polytype. Our results settle also the question of the lodine intensities, and positions.

calized or delocalized character of the low-temperature de-
fects11, 12 by the observation of a superhyperfi(@HF)
interaction with two equivalent Si atoms. Further, we show
that the so-called high-temperature spectra can also be ob- Shallow P donors

served at 4.2 K, which proves that they do not correspond to Figure 1 shows a typical EPR spectrum observed at
an excited state of the shallow effective-maB#4) like P _go 'k for the magnetic-field orientatioBlic. In the central

donor. part we observe a strong three-line spectrum which origi-
nates from the N doping; it is the sum of the three N shallow
EXPERIMENTAL DETAILS donor spectra for thel, c2, h sites, which are not resolved
The 6H-SIC:N bulk samples of 40@m thickness were under these conditions. In addition, we observe three aniso-

prepared by the Lely method under special conditions to re'ErOpIC doublet spectra namexPcy, SPc;, SP, the param-

duce the N concentration to the X20:-cm ™2 level They eters of which are given in Table Il. They are of axial sym-
were irradiated with thermal neutrons to a total dose of 1
X 107° cm™2.

Thermal neutrons will transmuté’Si isotopes into®'P
according to the reaction

RESULTS

T
1NN

sP 7

c2

0Si+n—3P+ 7.

The P concentration thus obtained is estimated to 1.5
X 10 cm™3. After the irradiation a thermal annealing at
1900 °C for 30 min was performed.

The EPR measurements were performed witK-band
spectrometer. The spectra were measured over the whol I P sP
temperature range of 4 to 100 K. Tlgevalues were deter- h
mined from the measured microwave frequencies and the
magnetic-field values calibrated by a proton nuclear mag- 3300 3320 3340 3360 3380
netic resonance sonde. To further minimize errors in the field Magnetic Field(G)
determination, an additiongtstandardMgO:Mn) was used.
The error ing is estimated to bedg<<0.0002. The experi- FIG. 1. EPR spectra of the shallow P centes®{; ,sP.,,sP},)
mental EPR spectra were decomposed into their individuaat 80 K;Bllc.

EPR Signal (arb.u.)
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TABLE Il. EPR parametersg factors and phosphorous hyper- T T T T T
fine interaction constant8) and thermal ionization energids of SPczl ' SPC1
the shallow phosphorous centers.
R WWMMMWW 70K
Energy _:
Center Model Center Model (meV) 8 80K
P1 Pg(cl) | sP Pgi(c1) | 110 é s 190K
gll=2.0040 gll=2.0038 i
gl =2.0029 g1l =2.0028 o WWWVMV’\’\MM\W 100K
All=563G All=55.0G
AL =555G AL =542G
s P2 sPea Fsite2) | 110 3358 3360 3362 3364 3366
gll=2.0040 gll=2.0038 al
gl =2.0025 gL =2.0025 Magnetic Field (G)
Al=517G All=310G FIG. 3. High-field EPR lines of theP.;, sP., centers in the
AlLl=517G A1l =510G 70-100 K range.
P-V P-X sP, Ps(h) | 80
= =9
ﬂ_ j;g:js ﬂ_ =“;83212 To inve_stigate the issue of the ground- or excited-state
Al=92G A41=9.0G configurations, we have measured the temperature depen-
AL=T72G AL=72G dence of thesP;;, sP;,, sP, spectra between 100 and 4.2
Veinger et al. This work Troffer K. E_’>e|ow GQ K thesP centers saturate even for the Io_west
(Ref. 3) et al. (Ref. 6) available microwave powers of OM and their obselrvat|on
under slow passage conditions is no longer possible. How-

previously reported by Veingest al® The g values and HF

ever, as shown in Fig. 2, th&eP,,; sP., centers can still be
metry and correspond to the three phosphorous centepPserved alf=4.2 K under fast passage conditions leading

to an absorption line shape. The central part contaisiRg

constants differ slightly from those reported in Ref. 3 prob-IS oPscured by the strong N spectrum. As the energy separa-
ably due to a better field/frequency calibration in our study.t'on between the ground state of the effective mass donor and

We attribute these spectra in agreement with recent calculdS first excited state is estimated to be 36 meV for the qua-
tions by Galietal® to the ground state of the isolated P sicubic site donor$,the EPR observation of the excited do-
centers on the three nonequivalent Si lattice sites. The isoff0 State is not expected under thermal equilibrium condi-
ropy of the central HF interactions and the weak localizationiOns & 4 K due to its negligable thermal population. We can
of the wave function are very similar to the case of the shalthus attribute the P, , sP, spectra to the ground-state con-
low N donors and correspond to the properties of an effectivdiguration of the phosphorous donor.

mass donor. In spite of the different lattice sites of the N The study of the EPR spectra of ta€; , SP, centers at
and R, donors, the hexagonal sitesRlonor has equally a high (>80 K) temperatures allows also to determine which

strongly reduced central HF interaction as compared to th@f the two quasicubic centers has the smaller thermal ioniza-
cl. c2 site donors. tion energy. In Fig. 3 we show the high field lines of the two

spectra at 70, 80, 90, and 100 K. The spectra are taken under

B//[1120]

5.5K
——es5K

e TR

485K
9.5K
~iosk
111.5K
1135k

EPR Signal (arb.u.)
EPR Signal (arb.u.)

PerVel

—— . PS:i-VC((f1,c2)I

3338 3340
Magnetic Field (G)

3360
Magnetic Field B (G)

3300 3310 3370

1
3334 3336 3342 3344

FIG. 2. EPR spectra of theP., , sP., centers at 80 ah4 K for
BIl[1120]; note anx axis break between 3320 and 3350 G; the
high-field X line belongs to a different spectrum.

FIG. 4. Temperature dependence of the total deep phosphorous
related EPR spectrum.
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\/CJ\’\/\/_’”\"_ FIG. 7. Angular variation of they factors of the centerd P,

3325 3330 3335 3340 3345 3350 3355 (squares dP, (open squargsdP;, (circles at T=9 K.
Magnetic Field(G)

Deep P donors

FIG. 5. Low-temperature _EPR s_pectr_a of the superposed three In the 4—15 K temperature range, additional phosphorous
deep P centers for different field orientatiofis 9 K. related EPR spectra are observed. Figure 4 shows a series of
spectra taken under identical conditions &t ¢ between
the same conditions. We observe a slight reduction in the HE3.5 and 5.5 K. At the highest temperature, we observe a
splitting of thesP,, center in the 70-90 K range and its single line spectrum of axial symmetry; at slightly lower
disappearance due to thermal ionization at 100 K. Thus, as iftmperature¢l1.5 K) an apparent doublet spectrum becomes
the case of N donor, the P donor with the smaller HF intersuperimposed. Both can be well studied simultaneously in

action corresponds to that with the smaller thermal ionizatiorthe 7.5—-10 K temperature range. For lower temperatures, all
energy. spectra decrease in intensity, and at 4.2 K they are no longer

observable. As will be shown below, the total EPR spectrum

can be consistently simulated as the sum of three anisotropic
—T——T— doublet spectra, which we labéP.;, dP.,, dP,; the three
spectra show an angular-dependent and temperature-
dependent intensity variation typical for Jahn-Teller distorted
low-symmetry defect§ with a thermally activated motional
averaging giving rise to an apparedj, symmetry. The par-
ticularity of the system is the unusually low thermal activa-
tion energy.

In Fig. 5 typical EPR spectra for different magnetic-field

50° from ¢

1exp.
sum

| 1¢1 100
90|
80|
c2 70 F
] o [
< 60
(3] L
& 50+
|h E 4ol
| 1w o 30f
y 2 20}

n 1 L 1 n 1 L 1 n 1 1
3325 3330 3335 3340 3345 3350 3355 B [
0F
Magnetic Field (G) ol
0 3
FIG. 6. Decomposition of the experimental EPR spectrum at Phosphorous HF splitting (G)

=9 K andB at 50° from thec axis in four components: three dou-

blet lines corresponding to the deep phosphorous centers aithe FIG. 8. Angular variation and fit of the hyperfine splitting con-
c2, h sites and theN spectrum; the sum spectruftine) is super-  stant for thedP.; (squares dP., (open squargs dP,, (circles
posed on the experimental ofaots. centers.
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TABLE lll. EPR parameters and microscopic models of the
deep phosphorous centers.
Center Center Model
5 5 dpP, Po(W)-Ve
gll=2.0049 gll=2.0044
gL =2.0031 gL =2.0027
Al=12G Al(P)=1.0G
AL==12G AL(P)=05G
Agp(SD=112G
2 2 dpP,, Pg(c1)-V
gll=2.0041 gll=2.0037
gL =2.0028 gL =2.0025
Al=6.11G All=6.1G Al(P)=62G
AL=158G ALl=31G | AL(P)=38G
Agen(S1)=8.8G
apP ., Pgi(c2)-V¢
gl1=2.0037
g1 =2.0024
Al(P)=48G
AL(P)=19G
Aspr(S1)=10.2
42 K/142 GHz | 42 K/9 GHz | This work
(Ref. 4) (Ref. 1) 9 K/9 GHz

orientations are shown.
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FIG. 10. Angular variation of the SHF ling$arge squaresof
the deep P centers; f@&L c the intensity of thal P, center is small
as compared to the other two centers and a good assignement is
possible. For the other orientations the superposition of the SHF
lines from the three centers will require high-frequency studies for
the determination of the small anisotriopy of the SHF tensors.

EPR spectrum for all magnetic-field orientations. They show
clearly the presence of three partially overlapping doublet
spectra and not two, as previously assumed. The presence of
three spectra is most easily seen at intermediate angles where
all three are of comparable intensities. The decomposition

For the two high-symmetryfor the orientation 50° front is shown in Fig. 6. The con-

orientations—Bllc andBL c—the spectra can and have in the tribution of the underlying N spectrum, small under these
past been mistaken as a sum of two doublet spectra only. Wexperimental conditions, is included in the decomposition.
performed a detailed computer assisted analysis of the totdlhe complete analysis of the angular variation shows the

11

BLc]

2G

'

EPR Signal (arb.u.)

U/F |

| !
51G [ 5.1

L 1 L 1 n n
3325 3330 3335 3340 3345

Magnetic Field (G)

1 exp
e SUM
— ~——] No

1 dpP,

i P,

G 4
3350 3355

presence of three spl=3 spectra with axial symmetry for
the g tensor and the central phosphorous hyperfine interac-
tion. The effectiveg factors and hyperfine splittings are rep-
resented in Figs. 7 and 8. The principal values obtained by a
least-squares fit are given in Table IlI.

The variation of the intensity of the spectra with the
magnetic-field orientation is particularly important for the
spectra of deep P cental®.; anddP.,. As a consequence
for Blic, thedP., doublet is dominating whereas f&.L c
the dP., doublet is strongest. As thg values of the two
centers are very close this can easily give rise to a misinter-
pretation of the experimental result.

The dP spectra show additional small intensity lines due
to superhyperfinéSHF interaction; they can easily be seen
for BL c at the low- and high-field sides of the central set of
lines (Fig. 9). For this orientation, where th&Pc2 anddPh
spectra are dominant in intensity, we observe two doublets
centered at thelP., anddP,, lines, respectively, with split-
tings of 10.2 G ¢IP.,) and 11.2 G (iP,,). ForBllc a value of
8.8 G is obtained fodP_;. The intensity ratio of the SHF
lines to the corresponding central line has been evaluated to
10%, which corresponds to the interaction with two equiva-
lent Si atomgTable Ill). The SHF structure is observable for

FIG. 9. Experimental EPR spectrum and its decomposition indll orientations; it is approximately isotropic with values in
dP., andd P, components with their corresponding superhyperfinethe 10-G rangéFig. 10. A more refined analysis of its small
lines; BLc, T=9K; the experimental spectrutdots and the sum angular dependence requires the use of higher microwave
spectrum(line) are superposed.

frequencies.
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DISCUSSION TABLE IV. Comparison of the EPR paramete(g factors, hy-

. . perfine and superhyperfine interaction constaijt®f the N--Vg;
The simultaneous observation of three shallow and thregnq thedp, (Ps-Vo) pairs

deep phosphorous related centers allows a coherent interpre-
tation of the shallow phosphorous defects within the EMN.-Vg; pair Si-V pair/hexagonal site
model. Whereas for th@1, P2 centers, the attribution to 1 1
substitutional P on silicorl, c2 sites was accepted since S=2 Ca, S=3 Ca

long, their ground state/; /E) and the attribution of the 9=2:0063 gll=2.0044
third so-calledP-V center remained controversidi® From 9+ =2:0044 gL =2.0027

our results it follows that the shallow P donor ground state i€\I(N)=1.0G Al(P)=1.0G
anA, state, and thus the three EM-like P centers should have™- (N)=08G AL(P)=0.5G
spin densities at the P nuclei in close analogy to the nitrogeﬁ‘”:(3c)=l‘r"O G As{(2S)=11.2G
EM-like donors. This corresponds to the experimental ﬁnd-Al_(3C)=10'5 G ]

ainer et al. (Ref. 12 This work

ings: the isotropic HF interaction constants scaled with the”
nuclearg factors @/gy) are 82.28/83.13/6.11 MHz for the N
donors at thecl, c2, h sites, and 64.09/68.93/9.7 MHz for P and Si SHF interaction are in qualitative agreement with
the corresponding P donor&he value of 1.06 MHz given the experimental results obtained for the three deep P cen-
in Ref. 1 is erroneous. It is more correct to take into considters. The additionally predicted strong HF interaction with
eration thes-electron wave function density at N and P one Sj atom has not yet been observed up to now. Never-
nucleus for nitrogen and phosphorous atoms that correspondseless, we consider these results to be a strong support for
to™ 5.599 a.u. and 7.252 a.u., respectively, and overlap intethe assignment of the deep P centers to tgeVR pairs on
grals between envelope function and wave functions of Nthe threecl, c2, h lattice sites.
and P. But for a qualitative analysis we will not consider It is instructive to compare the properties of the deep P
these effects because they partly compensate one anothetenters with the deep N centémbserved in fast neutron
As the P1, P2, P-V EPR spectra had not been observed afrradiated, thermally annealed-type 6H-SiC:N and the
low temperature in the previous studies the possibility of adeep B and deep Al centéfsobserved often as native de-
thermally populated excitedl; state and thus ak ground-  fects. Under fast neutron irradiation conditio®® genera-
state configuration had been considetddowever, our ob-  tion by transmutation is negligible and only intrinsic point
servation of the quasicubic shallow P centers at 4.2 K exdefects and defect complexes are generated by elastic colli-
clude this possibility and show a complete analogy betweesions. During high-temperature annealing, the point defects
the shallow N and P donors inHBSiC in spite of their become mobile and can interact with the dopant atoms—N in
different lattice sites C/Si. Our assignment is in good agreethis case. Vainer and II'ff have reported after annealing in
ment with recent calculations by Gadt al.® who predicted the 1350-1950 °C range the formation of a new nitrogen
also theA; character of the EM-like P donor ground state. related defect characterized by a strongly reduced N HF in-
The observation of strong SHF interaction with two Siteraction and resolved C SHF interaction. This center has
neighboring atoms demonstrates the deep character of thmen attributed to a NVg; pair. A comparison with the cor-
second set of phosphorous defe@tB) observed at low tem-  responding P centers show&able V) a close similarity with
perature. The reduced HF interaction with the P nuclei ashe hexagonal site deep phosphorus cedf®y. This anal-
compared to the EM donors seems at first surprising, as witbgy further supports the attribution of the deep phosphorous
a more localized wave function, a higher P HF interactioncenters to B-V pairs. It might appear astonishing that in
might have been expected. Recent calculafimisthe spin  our samples only defects df;, symmetry are observed
distribution of the P-vacancy complex, which is a highly whereas one should expect also the occurrencegpV P
probable candidate for theP centers, are however in good pairs not aligned with the axis. However, different expla-
agreement with our experimental results. Gatlial® have  nations can be considered for their nonobservation: e.g., the
modeled the neutral 2V center in 3C geometry using a thermal stability of such complexes might be different; it
C37SizHgo molecular cluster. Their results show that the must be recalled that the samples of this study were annealed
paramagnetic electron is not localized on the P atom but on at 1900 °C, the electrical levels of deep defects in SiC vary
Si atom in the first nearest-neighbor position of the carborwith the local symmetry and their observation depends on
vacancy. The ground state corresponds to one electron occparticular Fermi-level positions which might not be favor-
pation of ane-level subject to a Jahn-Teller distortidy, able in our samples.
—Cy. Their calculations confirm the localized character of As concerns the angular- and temperature-dependent in-
the ground-state wave function: in tl;, symmetry relaxed tensity variation observed for the deep P centers it should be
state 85% of the spin density is localized within the first andnoted that a similar behavior has previously been reported
second neighbor shells; the main spin density is not on the for the deep B and deep Al centers, which were also
atom but on the three next-nearest-neighbor Si atoms of theuggestetf to be carbon vacancy complexes.
carbon vacancy with 44.2% on ($iand 9.6% on (Si, Si;). The microscopic nature of the defects remaining after
The localization on the P atom is only 2.1%. Due to thevery high (T>1500°C) temperature thermal annealing has
strong localization of the wave function these results are alsbeen the object of numerous studies but no conclusion could
considered to be relevant for théigolytype. The predicted be drawn. Thé 1 defect(see Refs. 14 and 15 and references
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therein easily observable in photoluminescence is the prinet all® from photoluminescence studies on growth related
cipal defect observed after such treatments. The EPR resuli3l defects.

on the neutron irradiated and 1900 °C annealed samples add

new elements to this discussion: they demonstrate a surpris- CONCLUSION

ing and unexpected formation and thermal stability of \We have shown that phosphorous donors introduced by
donor—monovacancy complexes; this contrasts sharply witheutron transmutation give rise to both shallow and deep
the weak thermal stability of the isolated monovacanciesphosphorous centers in close analogy to the case of the ni-
which anneal out below 1000°C. Veingeetal® had trogen dopant. For botsP, dPdefects, the three-site specific
observed that the concentration of the shallow phosphorousenters have been observed and characterized. The deep
centers decreases after the annealing at high temperatugosphorous center is attributed to & ¥ ¢ complex formed

We believe that the formation of the deep P center is dn the high-temperature annealing step.

result of the capture by the shallow P center of the carbon
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