
PH YSICAL REVIE% B VOLUME 22, %UMBER 6 15 SEP'f EMBER 1980

Site effect on the impurity levels in 4H, 6H, and 15R SiC.

M. Ikeda, H. Matsunami, and T. Tanaka*
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The existence of site-dependent impurity levels caused by inequivalent sites in 4H, 6H, and 1M SiC has been

verified from a study of configuration coordinate phonons. From analyses of donor-acceptor pair and free-to-

acceptor luminescence, two kinds of impurity levels of Al, Ga, and 8 acceptors and N donors substituted cubic-like
and hexagonal-like sites are determined. All the impurities in cubic-like sites take deeper levels than those in

hexagonal-like sites. Ratios of the ionization energies are approximately constant independent of polytypes and the
kind of impurities, 1.0—1.08 for acceptors and 1.55—1.88 for donors, in spite of a wide range of the ionization energies.

The origin of the site effect on the impurity level is explained by assuming the existence of a local. dielectric constant
and a local effective mass. Haynes' rule is found to apply relatively well to N donors in different sites in various

polytypes SiC.

I. INTRODUCTION

SiC takes many crystal structures, namely
poiytypes, which are classified by the stacking
sequence and cycle along the c-axis direction.
Owing to long unit cells, many inequivalent sites
exist for 4H, 6H, and 15R SiC in contrast to one
kind for 3C SiC (zinc blende). ' These inequivalent
sites are divided into two kinds. One is a cubic-
like arrangement of first- and second-neighbor
atoms (B atom in the sequence of ABC in the
close-packed structure) and the other is a hexa-
gonal-like arrangement (B atom in the sequence
of ABA). ' Stacking sequences in the c-axis direc-
tion and numbers of cubic-like and hexagonal-like
sites are given for 2H, 3C, 4H, 6H, and 15R SiC
in Table I.

These inequivalent sites are expected to cause
site-dependent impurity levels. The study of site-
dependent impurity levels helps our understanding
of the impurity level, because inequivalent sites
play a role of perturbation on the impurity level.
We have reported that site-dependent donor and
acceptor levels exist in 6H SiC. In the present
report, the generality of the site-dependent im-
purity level is examined. Photoluminescence of
3C, 4H, 6H, and 15R SiC doped with Al, Ga, or
B acceptors and N donors is studied, and general
existence of the site-dependent donor and acceptor

levels is verified. The donor and acceptor ionization
energies in 4H, 6H, and 15R SiC are determined from
analyses of the luminescence. Explanation of the or-
igin of the site effect on the impurity level is tried
based on the quantum-defect model. The site effect
is well explained by assuming local physical constants
around hexagonal-like and cubic-like s'ites. The re-
sult of this analysis predicts the existence of site-de-
pendent impurity levels extensively in other polytype
SiC crystals and, furthermore, in other materials.
A lthough many materials such as Z nS and A gI indicate
polytypism „ there have been no reports on site-d e-
pendent impurity levels except for SiC, and no re-
ports on the origin of this effect.

SiC crystals doped with Al acceptors and N do-
nors emit bright visible luminescence due to donor-
acceptor (D-A) pair transitions. The spectra of
the luminescence in 4H and 6B SiC were reported
to be composed of two kinds of series peaks.
Two different explanations have been given for
these two series, and the donor levels determined
in their reports differ as much as 100 meV from
each other. Gorban et al. ' and Suzuki et al. ' ex-
plained that these two series in 48 and GH SiC
were zero-phonon lines and their LA phonon rep-
licas. Hagen et al. ' explained them to be due to
two kinds of donor levels associated with cubic-
like and hexagonal-like sites. In this report,
confirmation that these two series are due to

TABLE I. SiC polytypes with two common notations and numbers of inequivalent sites.

Ram sdell
notation

ABC
notation

No. of inequivalent sites
hexagonal-like cubic-like

2H {wurzite)
3C (zinc blende)
4H
6H

&58

AB
ABC
ABAC
ABCACB
ABCACBCABACABCB
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site-dependent donor levels is tried by studying
configuration coordinate phonons of 3C, 4H, 6H,
and 15R SiC, and good quantitative agreement is
obtained.

II. EXPERIMENTAL PROCEDURE

A. Crystal growth

Crystals studied were epitaxial layers of 6H
and 15R SiC (=100-300 p, m) and small single crys-
tals of 3C, 4H, 6H, and 15R SiC (=0.7&& 0.7x 0.5
mm3). The epitaxial layers were grown by the
dipping technique using Si melts in graphite cruci-
bles. ' 'The small single crystals were nucleated
on the walls of graphite crucibles4' and holders
during epitaxial growths.

Graphite of high purity (ash content less than
20 ppm, boron content less than 0.1 ppm) was
used as a crucible material, and high-purity
silicon was used. Acceptor materials were Al
metal (99.999%), Ga metal (99.9999%), B powders
(99.5%), and B4C powders (99.9%). Donors were
doped by using high-purity Ar gas (99.999%)
mixed with 0.2 vol. % N2 gas. The growth process
was written about in our previous reports. "

The carrier concentration was measured by the
Van der Pauw method at room temperature, and
donor and acceptor concentrations were estimated
using the temperature dependence of the carrier
concentration in the literature. ' This measure-
ment was carried out only for epitaxial layers of
6H SiC, and the same value was assumed for 3C,
4H, and 15R SiC grown in the same growth run.
Nominally undoped crystals were n-type of n= 1.0
x 10" cm 3 (estimated donor concentration, Nn
= 3 & 10" cm '), which may be due to nitrogen
contamination of the ambient from air. The crys-
tal doped with 5 x 10 ' vol. % N, has had n = 4.2
x 10" cm 3 (N„=1x 10'8 cm '). The crystals
doped with 0.02 —2.1 at. % Al metal had p = 3.5
&&10"—2.7 10' cm '(N =1 10' -1 10' cm )
The amount of Ga metal was 0.5-2 at. %, and P
=5.6X 10" cm ' (No, =1X 10" cm ') for a 2 at. %
Ga-doped sample. The amount of B was 0.02-0.5
at. %, and p = 1.2 && 10" cm ' (Ns = 5 && 10'~ cm 3)

for a 0.02 at. %%uOB-dope dsa, mple. "Thepolytype
was identified by using x-ray diffraction photo-
g raphs and photoluminescence.

8. Optical measurements

Samples were excited by 365-nm light from a
suitably filtered 250-% high-pressure Hg lamp
or 325-nm light from a suitably filtered KEC
He-Cd laser of about i0 mW. For weak ex-
citation, weak light near the absorption edge from
a Xe lamp monochromated by a Ritsu MC-20 mono-

chromator was used. Spectra were measured
using a Ritsu MC-30N monochromator and an HTV
R636 photomultiplier. Raw spectra were normal-
ized for the system response using an EOAI -101
standard lamp. Samples were immersed in liquid
helium or nitrogen, or a cryostat with a heater
was used. The temperature was monitored by a
chromel-alumel thermocouple.

IH. RESULTS AND DISCUSSION

A. General spectra

Figures 1(a)-1(c) show photoluminescence spec-
tra of 4H, 6H, and 15R SiC doped with moderate
amounts of Al, Ga, , or B acceptors and N donors .

under low excitation at 4.2 K. Since the assign-
ment of the spectra of 3C SiC has been established
by extensive research, "" results on 3C SiC
are not shown here. The spectra are adjusted at
zero-phonon peaks. These spectra are composed
of two series of peaks, B and C, which are due to D-A
pair transitions (Sec. III C). Another

peaked,

due to
free-to-acceptor transitions (Sec. IIIB), appears at
77K as shown in pigs. 2(a}-2(c)for 4H, 6H, and 15R
SiC. Relative intensity of A peaks to B and C
peaks varies from polytype to polytype and has
a relation 15R ~3C -4H ~6H. For the spectrum
of 15R SiC at 77 K almost all the peaks are A
peaks. The values of the ionization energies of
donors have a relation 6H &4H-15R & 3C, and
those of acceptors are almost equal, independent
of polytypes, as in Sec. IV. Therefore, this dif-
ference of the relative intensity may be due to the
difference of the oscillator strength of the tran-
sitions between the conduction band and acceptor
levels because of the difference of the conduction-
band structure in various polytypes. Each of the
D-A pair and free-to-acceptor peaks is composed
of many smaller peaks, which seems to be caused
by the same origin, because the separation ener-
gies are almost the same. The numbers of these
peaks are one for 3C and 4H, two for 6H, and
three or four for 15R SiC. The number of peaks
increases with the increase of the number of in-
eguivalent sites (see Table I}.

Figures 1 and 2 show that the phonon replicas
in the spectra of the samples doped with different
acceptors are similar. Tentative phonons are in-
dicated in the figures. Both. D-A pair and free-
to-acceptor peaks can be explained by assuming
phonons common to all polytypes. The energies
of phonons are E» -—28, E„„=68, 8 T p —95 and
two kinds of LO phonons of E gp —107 and =118
meV. These values are in good agreement with
the values determined by lattice absorption of
6H and 15R SiC,'9 and by Raman scattering of
3C, 4H, 6H, 15R, and 21R SiC. ' Phonons of
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by Long et a/. ' However, the location of the
conduction-band minimum varies from polytype
to polytype, " 24 and E„o= 10'I meV is commonly
observed for 3C, 4H, 6H, and 15R SiC. There-
fore, the 107-meV phonon seems to be more rea-
sonably assigned to be an Lo phonon at I' point.
For 4H SiC, TA phonon lines are observed in
both Ga-doped and B-doped samples, but it is
very weak in Al-doped samples as in Fig. 1(a).
Similar results were reported for 3C SiC.""

B. Free-to-acceptor spectra

A peaks emerged at temperatures slightly below
77 K on the higher-energy side of Bo peaks. A.

peaks broadened and became dominant over Bo
peaks with increasing temperature and indicated
no shifts with the change of the excitation inten-
sity. These characteristics are similar to that of
free-to-acceptor transitions reported for 3C
(Refs. 15-18) and 6H SiC.'

Free-to-acceptor transitions are expressed by
a function of electron kinetic energy" as

I(E«) =N ~n(E «)o(E «)vth ~

245

625

C~
620-

I

265

245 '-

240

EGx-EP=E~-Ex-2kT1

:Ga

I(E«) =CE„'~2 exp(-E«/kT) .

From Eq. (2) peak energy E, is given by

Ey=EGx+Ex ~A, + & k~

where EGx is the exciton band gap and E„ is
the free-exciton binding energy. Because of the
existence of inequivalent sites given in Table I,
many acceptor levels (E'„) are expected. In this
case, Eq. (1) is transformed into

I(E ) =C g '»E' «pe(x- &El«k~) (4)

where E« ——hv —E Gx -E„+E'„and hv is the energy
of emitted light.

The temperature dependences of E Gx —E', for
Ao peaks of Ga-doped and B-doped 4H SiC and Ga-
doped 15R SiC are shown in Figs. 3(a}-3(c). The
values of E Gx were taken from reports, ' and
these values were confirmed by free-exciton lumi-
nescence measurements at 77 K. KGx-E, in-

Here, N A is the concentration of neutral accep-
tors, n(E«} the concentration of free electrons of
kinetic energy E~, and e,„the thermal velocity of the
electrons. v(E«) is the cross sectionfor the radiative
capture of a free electron by a neutral acceptor
and is given as o(E«) = C,Ez'~' 'The cro. ss section
is assumed to be the. same for all the sites, be-
cause the properties of acceptors in different sites
are approximately the same (Sec. IV). By expres-
sing n(E«) and v, h as functions of E„, Eq. (1) is
transformed into the following relation:

0 50 100 150
TEMPERATURE (K)

FIG. 3. Temperature dependences of EGX -E~
=E„Ez—mkT for-A peaks of (a) Ga-doped 4H Sic, (b)
8-doped 4H SiC, and (c) Ga-doped 15R SiC. The vertical
bars indicate possible energy ranges of broad peaks.

dicates —,'k dependence, within experimental un-
certainty, for all the polytypes SC,"4H, 68,' and
15R SiC doped with Al or Ga acceptors. As for
B acceptors, 4H SiC indicated nearly ~k depen-
dence [Fig. 3(b)]. In the case of B-doped 6H and
15R SiC crystals, E G„-E, did not indicate clear
linearity with the temperature, which might be
due to their broad peaks and due to interference
by the defect luminescence on the higher-energy
side of Ao peaks. When we dared to estimate
slopes from linear parts of the lines, the slopes
for B-doped 6H and 15R SiC crystals were about
—,'k or less. Kuwabara et a/. ' reported a slope
of 0.7k for B-doped 3C SiC. Although the slope
can be varied by the kinetic energy dependence
of o(E«), we take —,'k dependence for B-doped 4H,
6H, and 15R SiC considering the experimental
results. We can determine site-dependent accep-
tor levels from the extrapolations of 8 ~ -E, lines
to T =0 as indicated in Fig. 3.

Figures 4(a) and 4(b} show comparison of ob-
served spectra and theoretical curves given by

Eq. (4) (not shown for Ga-doped crystals). Good

agreements are obtained for 3C,"'~ 4H, and 6H

SiC (Ref. 2) doped with Al or Ga acceptors. For
4H SiC two site-dependent acceptor levels exist,
but only one impurity level is assumed in the cal-
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FIG, 4. Comparison of experimental spectra and cal-
culated spectra at 77 K for (a) Al-doped 15R SiC and (b)
Al-doped 4H SiC. The line with open circles of 15R SiC
indicates spectrum of Ao peaks after subtracting the back-
ground D-A pair spectrum assumed as the dashed line.
The dot-dash lines indicate calculated spectra using Eq.
(4) with E~+Ex -Ez indicated by arrows.

culation. From the good agreement in Fig. 4(b),
two inequivalent acceptor levels in 4H SiC are
considered to be close to each other, probably
within +1 meV of experimental uncertainty. As
to 15R SiC, spectra are complicated. A,', A,",
and A0 peaks in Fig. 4(a) seem to be due to free-
to-acceptor transitions. Based on the positions
of 9~" and 80 peaks, the Ao peak seems to be
overlapped with the 8,' peak. (The A', peak can
be also considered as a TA phonon replica of Ao'
peaks. However, the intensity of a TA phonon
replica is generally very weak compared with that
of the zero-phonon line, and the separation energy
of 21 meV in the spectrum differs from the value
determined in Sec. IIIA, E~„=28 meV. There-

fore, this does not seem to be the case. ) Since it
is difficult and uncertain to estimate the buried
80 peak properly, the background D-A pair spec-
trum is assumed as a simple line in the figure.
For the curves after subtractjng the background
D-A pair spectra from the observed spectra,
best fits are obtained for both Al-doped and Ga-
doped 15R SiC crystals. Five inequivalent accep-
tor levels are assigned so that the best fits are
obtained for both free-to-acceptor and D-A pair
spectra (Sec. III D). The values of the three
more shallow acceptor levels can be assigned with
relatively high accuracy (=+2 meV), but the ac-
curacy of the values of the two deeper acceptor
levels seems to be rather bad, probably +7 meV.
The agreement of the acceptor levels determined
from the temperature dependence of E Gx -E, and
those by curve fitting is within +1 meV for 3C,
4H, and 6B SiC, but those of 15R SiC differ by
about +2 meV. For B-doped 4H, 6II, and 15R
SiC crystals, curve fitting was not tried, because
free-to-acceptor luminescence and defect lumines-
cence" were overlapped, and background defect
spectrum could not be properly determined. For
B-doped 15R SiC, only two of five peaks are dis-
tinguished I Fig. 2(c)].

The free-exciton binding energies were reported
to be 13.5 (Ref. 29) and 14 meV (Ref. 30) for 3C
SiC, 20 meV for 4H SiC," and 78 meV for 6H

SiC. The free-exciton binding energy of 15R
SiC is estimated to be 40 meV from thermal
quenching of free-exciton luminescence. " 'The

acceptor ionization energies determined using
E„-Ex from curve fitting and the free-exciton
binding energies Ex, are given in Table II. Con-
sidering the results of acceptors in 6H Sic (Ref.

TABLE II. Ionization energies of donors and acceptors in cubic-like sites (E ) and hexa
gonal-like sites (E ), their average ratios, and free-exciton binding energies (Ex) in 3C, 4H,
6P, and 15R SiC.

Site
Ionization energy (meV)

N Al Ga

C

C
H
EC/EH

C

EC/EH

C

56.5
155
100

1.55

112

1.75
124

254

249
239

1.040

236
230
223
221
206

1.076

343
333
317

1.050
320
311
305
300
282

1.072

735

723
698

1.036
700

13.5
78c

40

20d

66
1.88

H
EC/EH

Beferences 14, 15, and 18.
"References 29 and 30.

1.0 1.0
~ Reference 32.
d Reference 31.

1.0
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as a single peak for simplicity. In the adiabatic
approximation, the normalized line-shape function
for multimode phonons is given by34

I„(E)= g g exp( —E,„/kT) exp(-E, „/kT)
m, n n

)(hn~M„~am) j'6(E,„-E. —E) .

L

a
&10I-
Vl
Z',
UJ

5

0 Jv.
2.7 2.8 2.9 3.0

PHOTON ENERGY (eV)
3.1

C

o10

7)
X
hJ 5I—

2.8

intensities, are 0.96 for 4H, 1.9 for 6H, and 1.4
for 15R SiC, respectively. These values are in
good agreement with the ratios of the numbers of
cubic-like to hexagonal-like sites, i.e. , 1 for 4H,
2 for 6H, and 1.5 for 15R Sit . Therefore, B- and
C -series are assumed to be due to D-A pair tran-
sitions between acceptors and donors in hexagonal-
like and cubic-like sites, respectively, as Hagen
et al. ' have suggested.

In order to verify this assumption, configura-
tion coordinate phonon spectra are studied. %e
consider peaks of site-dependent acceptor levels

2.4 2.5 2,6 2.7
PHOTON ENERGY {eV)

FIG. 7. Comparison of experimental D-A pair spectra
and theoretical phonon spectra for Al-doped (A) 4H SiC,
and (B) 15R SiC at 4.2 K. The vertical dot-dash lines in-
dicate intensities of the phonon spectra calculated using
Eq. (6) with parameters S and phonon energies &co indi-
cated in the figures. (a) Spectra of slightly Al- and N-
doped crystals under strong excitation with J3- and C-
series. (b) Spectra with only B-series, which are ob-
tained by sub@'.acting spectra (c) from spectra (a). The
ratios of the total luminescence intensities of the spectra
(b) to those of the spectra (c) are the same as the numbers
of hexagonal-like sites to,those of cubic-. like sites. (c)
Spectra of highly Al-doped crystals under weak excitation
with only C-series.

=(E,g
—SA~„) mh(u~=EO -—mh~~. (7)

fn Figs. 7(a) and 7(b), the spectrum of a strong
p-type crystal under low excitation condition is
taken for the C -series spectrum [curve (e)]. The B
series spectrum [curve (b)] is obtained by subtracting
the C -series spectrum from the combined B- and C-
series spectrum [curve (a)] in such away that the ra
tio of the total luminescence intensity-of the B-series
spectrum to that of the C-series spectrum is equal
to the ratio of the numbers of cubic-like sites to
hexagonal-like sites. Both B- and C -series spec-
tra of 4H, 6H, and 15R Sic are fairly well de-
scribed by Eg. (6) using appropriate values of S
and hi~~. The rather poor agreement for the case
of 15R SiC is due to the lack of a properly Al-

Here, M„ is the dipole matrix element between
the electronic ground and excited states, a and b.
The adiabatic potentials E, and E,„are for the
vibrational wave functions in the ground state
~am) and the excited state ~bn), respectively.
Integers m and n are indices for the ground and
excited vibrational states, respectively. Based
upon this equation, there are no terms which rep-
resent the number of luminescent centers and
the photon number. Physically the interaction
between the lattice vibration and'the luminescent
center, which determines phonon spectrum, may
not be affected by the numbers of photons and lumi-
nescent centers. Therefore, if C -series are LA
phonon replicas of B-series as Gorban et al.3

and Suzuki et al. 4 have suggested, strong depen-
dences on excitation intensity and acceptor con-
centration are not expected. Since the D-A pair
spectra exhibit strong dependences on excitation
intensity and acceptor concentration, the C -series
are not LA phonon replicas of the I3, peak.

The line-shape function for a single mode at
T = 0 on the london and the linear-mode approxi-
mations is obtained from Eq. (6) as"

$75
I„(E)= g exp(-S), 6(mh+~ -E„+Sh&ss, —E),

m=0 Sl

(6)

where the value $ represents the degree of local-
ization of electrons and holes to impurity atoms
and ha~ is the energy of a phonon. This leads to
an emission spectrum consisting of a series of
evenly spaced lines at
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N "/Ne = —,
'

exp[ (E E")/k-T] «1-
using Boltzmann distribution. Here, N" and N~

are the numbers of donors in hexagonal-like sites

(6)

doped p-type sample. ' peak intensity ratios
of C, to 8, peaks, values of S, sums of donor and
acceptor ionization energies averaged among sites,
and S~~ are given in Table III. The donor ion-
ization energy ED will be determined in Sec. III D.
The S parameter increases with increasing F.D

+F.„, except for 3C SiC. This is consistent with
the meaning of the 8 parameter which implies the
strength of the binding energy or degree of local-
ization of electrons and holes to luminescent cen-
ters. Increase of S with increase of ED +K „was
also reported for GaP.3' The observed phonons
with energies of 100-106 meV correspond to the
smaller I.O phonon described in Sec. IIIA. The
small value of the S parameter in the case of 3C
SiC may be due to the large phonon energy. 3

The fair agreement of the resultant spectra with
Eq. (6) supports the idea that B and C--series
peaks are due to donors in inequivalent sites with
different binding energies. Dependences of the
intensity ratio of 8- and C-series on excitation
intensity and acceptor concentration are also ob-
served in Ga-doped and B-doped samples. But in
these cases, quenching of the B-series peak is
not so remarkable, probably due to small concen-
trations of Qa and B acceptors owing to their
small solubility limits in SiC."

The dependences of the intensity ratio of I3-
and C -series peaks on excitation intensity and
acceptor concentration can be explained by the
ratio of the occupied donors in cubic-like sites
to those in hexagonal-like sites. The occupation
probability is expressed by the Fermi level. and
the electron quasi-Fermi level.

(1) When a sample is strong p-type, the Fermi
level is near the acceptor level. In this case, the
ratio of the numbers of occupied donors in differ-
ent sites is

and in cubic-like sites, respectively. Therefore,
transitions due to donors in hexagonal-like sites
are far fewer than those in cubic-like sites, and
only C-series are observed.

(2) When concentrations of donors and acceptors
are small, the electron quasi-Fermi level may be
higher than both donor levels, because the number
of donors is smaller than the number of generated
electrons. Therefore, 8- and C -series peaks are
comparable at low temperatures. However, when
the temperature is raised, a larger portion of
electrons at shallower donors in hexagonal-like
sites are thermally excited compared with those
at deeper donors in cubic-like sites. Therefore,
with decreasing excitation intensity, the electron
quasi-Fermi level descends and the number of
occupied donors in hexagonal-like sites decreases
more rapidly than that in cubic-like sites and J3-
series disappear.

D. Donor levels

Donor levels are estimated from D-A pair spec-
tra using the acceptor levels determined in Sec.
III B. The energy relation for D-A pair transitions
is written

h v D „=Eo —(E„+E D) + e /4me R .
For the case of weak excitation and for N„» ND,
a~3N„&& 1 and a~~D «1, the dependence of lumi-
nescence intensity on the pair distance (R) can be
approximated by39

I(R) R«' ex p( fmN„R-'),

where a„and aD are the Bohr radii of a hole and
an electron, respectively. The estimated A 1 con-
centration of an Al-doped sample is N» —- 1& 10'
cm ' (p =3.5&& 10" cm 3), the Ga concentration of
a Ga-doped sample NG, =1x10'8 cm 3 (p=5.6
x 10" cm 3}, and the N concentration of all sam-
ples N„= 3 & 10" cm ' (n = 1.0 x 10'~ cm 3}. The
3C, 4H, and 15R SiC samples were grown in the
same growth run. The Bohr radius is modified

TABLK III. Numbers of cubic-like and hexagonal-like sites, ratios of Co to 80 peak inten-
sities, S parameters, sums of the donor and acceptor ionization energies averaged among
sites, and phonon energies for 3C, 4H, 6H, and 15R Sic.

3C

Site No. of sites I(C0)/l(80)

1/0 1.06

gD+ g~ (meV)

311'

n~~ (meV~

15R

C
H

1.9/1

2.8/2

0.96/1

1.70
1.32

1.37
1.16

1.28
0.97

404
339

' 342
278

315
257

106
104

100
100

102
102

~Reference 15.
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with the observed activation energy in the quantum-
defect model (Sec. IV). The modified Bohr radii
[a*v in Eqs. (12) and (13) in Sec. IV] of N in hex-
agonal-like sites are =8-15A, those of N in cubic-
]ike sites are =6-10 A, those of Al in both kinds
of sites are =4 A, and those of Ga in both kinds of
sites are =3.5 A in all polytypes. " These values
satisfy the conditions that N„»ND, a~N&«1,
and aDND«1. The B, peak due to transitions
between donors in shallower hexagonal-like sites
and acceptors in inequivalent sites, is used to
determine the ionization energy of N donors. On
the assumption that the capture cross section, the
pair distribution function, and the pair occupation
probability do not depend on the inequivalent site
which an impurity atom substitutes, the shape
function of the D-A pair spectrum is written as

f(E) PE,' exp[- ', wN„(e'/—4weE, )'],

where F,=E —EG+ED+EA is the Coulomb energy
between the donor in the hexagonal-like site and
an acceptor in one of the inequivalent sites, and
E„' is the ionization energy of the acceptor at the
ith inequivalent site.

The Coulomb energy is estimated by curve fitting
between calculated spectrum using Eq. (11) and ex-
perimental spectrum under low excitation at 4.2
K. Figures 8(a) and 8(b) show best fits between
theoretical and experimental spectra. The ener-
gies of EG -ED-EA are indicated by arrows in
Figs. 8(a) and 8(b). The donor ionization energy
is determined with the value of EG —ED-E„'.and
the acceptor ionization energy determined in Sec.
IIIB. For Al-doped 3C SiC; EG —ED-E„=2.0925

C

.10
Xl

0

(A

LtJ 5

2.75 2.80
PHOTON ENERGY (eV)

FIG. 8. Comparison of experimental spectra at 4.2 K
and calculated

spectra

for (a) Al-doped 158 SiC and (b)
AL-doped 4H SiC. The line with open circles of 15' SiC
indicates spectrum of Bo peaks after subtracting the back-
ground B~ peak assumed as the dashed line. The dot-dash
lines indicate calculated spectra using Eq. (11) with writ-
ten acceptor concentrations and E~ —ED -Ez indicated by
the arrows.

eV, N„=1.5 & 10"cm ', and E„=57 meV are ob-
tained. For 4H SiC, EG —ED

—E„=3.0485 eV,
=1.5 &10" cm ', and EN = 66 meV are obtained

for the Al-doped sample, and EG —ED —E„=2.9515
eV, N„=1.5 & 10"cm ', and E„"= 66 meV for the
Ga-doped sample. For 15R SiC, EG —ED- E'„
= 2.7605 eV, N„= 1.5 &10" cm ', and E = 63 meV
are obtained for the Al-doped sample, and EG
—ED —E~=2.6785 eV, N„=1.5&10"cm ', and

EN = 64 meV for the Ga-doped sample. The ac-
ceptor concentrations determined from curve
fitting and those estimated from Hall measure-
ments are in good agreement. Since defect spec-
tra" overlapped D-A pair spectra and the D-A
pair spectra were broad, fitting was not tried for
B-doped samples. From the separation energy
of Bp and C, peaks of 58 meV, E„=124 meV is
determined for N donors in cubic-like sites for
4H SiC. Similarly, from the separation energy
of 48 meV, E„=112meV is determined for N
donors in cubic-like sites for 15R SiC. The ion-
ization energy of N of 56.5 meV in 3C SiC was
determined using D-A pair line spectrum by Ku-
wabara et al." Our value of 57 meV is in good
agreement with their value. Therefore, the ac-
curacy of the determined donor levels seems to
be rather high, probably +3 meV. The agreement
of the donor levels determined from Al-doped and
Ga-doped SiC crystals is very good, +1 meV.
These donor levels are given in Table II. For
6H SiC, values in our previous report' are used.
The ionization energies of N donors determined
by Hall measurements, 49 (Ref. 42) and 50 meV
(Ref. 43) for 3C SiC, 33 meV (Ref. 9) for 4H SiC,
95 meV (Refs. 8, 9) for 6K SiC, and 52 (Ref. 8)
and 47 meV (Ref. 9) for 158 SiC are slightlysmall-
er than the present values of hexagonal-like sites,
which might be caused by the screening by ionized
impurities and the assumption of a single donor
level in their analyses.

IV. ORIGIN OF THE SITE EFFECT

Table II shows the donor ionization energies,
the acceptor ionization energies, the average
ratios of the ionization energies of donors and
acceptors in cubic-like sites to those in hexa-
gonal-like sites, and the free-exciton binding en-
ergies from literatures. "" From these values,
the following characters of the donor and acceptor
ionization energies are deduced.

(1) Donor levels markedly depend on sites and
polytypes.

(2) Acceptor levels slightly depend on sites and
polytypes, and the activation energy decreases
with the increase of the hexagonality (percentage
of the number of hexagonal-like sites in all the
sites: 0 for 3C, —,

' for 6H, -', for 15R, —,
' for 4H).
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(3) The activation energies of impurities in cu-
bic-like sites (Ec) are larger than those in hexa-
gonal-like sites (E"). For donors the ratios of
Ec/E "are large and are 1.55-1.88, and for ac-
ceptors Ec/E" are nearly one and are 1.0—1.08.

The commonly used theories on impurity levels,
the effective mass theory, and the quantum-defect
model require a unique impurity level for an im-
purity atom, since a specific effective mass and
a diel. ectric constant exist for one material. The
existence of site-dependent impurity levels seems
to imply inapplicability of these theories to this
case. However, the nearly constant ratios of
Ec/E" suggest the existence ot certain localized
physical constants around a cubic-like or a hexa-
gonal-like site, and these theories are still avail-
able. This idea is assisted by the fact that the
nearest-neighbor atomic configurations are the
same for cubic-like or hexagonal-like sites inde-
pendent of polytypes. By.assuming such localized
physical constants, explanation of the character-
istics of the site-dependent impurity levels is tried
on the basis of the quantum-defect model, because
the effective-mass theory gives too small ioniza-
tion energies of 0.2-0.5 times of the observed val-
ues.

In the quantum-defect model, '4 the effective
principal quantum number v is determined from
the observed impurity ionization energy, E(obs),
by

E(obs) = -m *e'/2h'~'v'= -e'/2~a*v'

where

a*=K'&/m *e'.

(12)

Here, a~ is referred to as the effective Bohr
radius. e assume that v is inherent in the
kind of an impurity atom, since v is the cor-
rection factor for the effect of core potential
of the impurity atom. In this model, factors
which depend on the inequivalent sites are the

dielectric constant and the effective mass.
The modified Bohr radii a*v of donors are

6.1-13.9 A and those of acceptors are 2.2-4.2 A.'
Although the hole modified Bohr radii are a
little larger than the distance to the nearest-neigh-
bor atoms, 3.08 A in the a-axis direction and
2.54 A in the c-axis direction, "we assume that
electron and hole wave functions are localized
around cubic-like and hexagonal-like sites for
simplicity. In this case we may use the dielectric
constants and effective masses of 3C and 2H SiC
in place of those around cubic-like and hexagonal-
like sites. The static dielectric constant of 3C
SiC was reported as && =9.72." The static dielec-
tric constants of 2H SiC were determined to be
e ~(x) = 9.57 and e ~([[)= 10.73 (Ref. 48) in the same

way as in Ref. 41. The ratio of squares of the di-
electric constants is

[2& (s, 2H)'+ & ~(ii, 2H)']/Se z(SC)' = 1.052 . (14)

For 3C SiC, the density-of-states electron effec-
tive mass has been determined by various meth-
ods,"'~'" but those values largely differ from
each other. Moreover, there have been no re-
ports on the electron effective mass for 2H SiC.
Therefore, the electron effective masses estimated
from the curvatures of the conduction-band minima
are used. " For 3C SiC, m,*=0.24m, and wv

=1.12m, are obtained, and for 2H SiC m,*=0 26~p
and rn, *, =0.70mo. The ratio of the effective masses
is obtained as
[2m*(J, SC)'+m,*(~~, SC)'j" '/[2m,*(J., 2H)'

+m,*(~~, 2H)2P'& =1.48.
(15)

Since the va. lence-band maxima of SiC are located
at the I' valley and are nearly spherical indepen-
dent of polytypes, "'2 the hole effective masses
of different polytypes may be nearly constant,
whereas, the conduction-band minima of different
polytypes are located at different valleys "':
X valleys for 3C SiC and K valleys for 2H SiC.
Therefore, the electron effective masses vary
from polytype to polytype. Since the physical
constant affecting the acceptor level is only the
dielectric constant, the ratio of the acceptor
activation energies is expected to be 1.052. This
value is in good agreement with the observed val-
ues of 1.0-1.076. Since both the electron effec-
tive mass and the dielectric constant affect the
donor activation energy as in Eq. (12), the ratio
becomes 1.052 & 1.48 = 1.56. This value is in good
agreement with the observed values of 1.55-1.88.
These fairly good agreements support the existence
of the localized effective mass and the dielectric
constant. However, the variation of the ratio in

different polytypes and sites needs more advanced
treatment taking account of the atomic configura-
tion farther than the nearest-neighbor atoms and

needs more accurate values of the effective masses.

V. HAYNES' RULE

The exciton binding energies (Esx) (Ref. 49)
versus the ionization energies (ED) of N donors
of 3C, 4H, 6H, and 15R SiC are shown in Fig. 9.
This figure shows that Haynes' rule" applies
relatively well to SiC. Choyke ot al." suggested
the inapplicability of this rule to SiC, which might
be caused by uncertain ionization energies they
had estimated. The energy ratio, namely the ra-
tio of exciton binding energies to ionization ener-
gies (Es /En) for N donors is about 0.17. Theo-
retical calculations indicate that the energy ra, -
tio is nearly constant of about 0.1 in the range



2852 M. IKEDA, H. MATSUNAMI, AND T. TANAKA

30—

20—
O

E

6)
UJ

10—

o) 6H

)15R

0 x, i ~ )

0 50
I

'F00

ED (rneV)

I ~ I

150

of the mass ratio (m,*lm„*) more than 0.2 which
various SiC polytypes may have. Therefore,
Haynes' rule can be applied even if the mass ratio
varies among SiC polytypes and different sites.
The data points of donors in hexagonal-like sites
(open symbols in Fig. 9) tend to deviate from the
line of 0.1V in the direction of smal. ler values of
energy ratio, and those in cubic-like sites (closed
symbols) in the directjon of larger values of ener-
gy ratio. Since the mass ratio of cubic-like sites
are larger than that of hexagonal-like sites (Sec.
IV), the energy ratio should increase with the
increase of the mass ratio. This relation is ex-
plained by the calculation by Sharma, "whereas
the other researchers" have reported that the
energy ratio decreases or does not change with
increasing mass ratio.

FIG. 9. Exciton binding energies (E~) versus ioniza-
tion energies (ED) for N donors in 3C, 4H, 6H, and 15R
SiC. Open symbols indicate the data for donors in hexa-
gonal-like sites and closed symbols for donors in cubic-
like sites.

VI. SUMMARY

The peculiar characteristics of D-A pair and
free-to-acceptor luminescence in 4H, 6H, and
158 SiC have been explained, assuming site-de-
pendent donor and acceptor levels. Good agree-
ment was obtained between the number of sites
and the intensity of the photoluminescence associated
with a given site, which indicates that every im-
purity atom enters each kind of site in equal proba-
bility. The applicability of Haynes' rule to SiC
was shown, and therefore the donor ionization en-
ergies can be roughly estimated from the exciton
binding energies with a slight modification by the
site-dependent effective masses. The origin of
the site effect on the impurity level was explained
by assuming a local dielectric constant and a local
effective mass on the basis of the quantum-defect
model. From these results, the site effect on the
impurity levels is expected to exist extensively
in other poiytype SiC crystals, and furthermore,
in other materials such as ZnS and AgI, provided
that the local effective masses or the local dielec-
tric constants differ considerably.
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