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Analysis of the sharp donor-acceptor pair luminescence in 4H -SiC doped
with nitrogen and aluminum

I. G. Ivanov, B. Magnusson,* and E. Janze´n
Department of Physics and Measurement Technology, Linko¨ping University, S-581 83 Linko¨ping, Sweden

~Received 9 December 2002; published 30 April 2003!

We analyze the sharp lines in the donor-acceptor~nitrogen-aluminum! emission spectrum in 4H-SiC by
means of a fit with theoretically calculated spectra. The theory accounts for the anisotropy and the presence of
inequivalent sites in this polytype of SiC, and it is shown that the predominant emission in the linear part of the
spectrum is due to pairs involving nitrogen donor and aluminum acceptor at hexagonal sites. The fit allows
determination of the ionization energy of the aluminum at hexagonal site, 19962 meV, which is in excellent
agreement with the results obtained using free-to-bound spectra.
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I. INTRODUCTION

It is well known that the analysis of the multiple-lin
spectrum arising from recombination of carriers bound t
neutral donor-acceptor pair~DAP! can yield important pa-
rameters of both the host material~the dielectric constant!,1,2

as well as the ionization energies of the donor and acce
species involved. The analysis is based on the formula3

\vPL5Eg2~ED1EA!1
e2

«R
1J~R!, ~1!

where\vPL is the energy of the photon emitted during t
recombination and registered as photoluminescence~PL!,
Eg , ED , andEA are the electronic band gap, and the don
and acceptor binding energies of the ground state~ionization
energies!, respectively,e is the electron charge,« is the di-
electric constant of the host material,R is the distance be
tween the donor and acceptor, andJ(R) denotes all the cor-
rections to the initial state of the pair~neutral donor and
acceptor! and its final state~ionized donor and acceptor!.
J(R) is usually unknown, but it vanishes for largeR much
faster than the Coulomb term. This makes possible the fit
of the spectrum for intermediate values ofR by Eq. ~1! with
J(R) set to zero. Such a fit provides rather accurate valu
the quantity\v`5Eg2(ED1EA) ~the photon energy corre
sponding toR→`), as well as identification of the discret
values ofR(m) corresponding to different shell numbersm.3

After the shell identification is obtained, the fit can be im
proved by including multipole correction terms inJ(R),1,4,5

which account for the deviation of the charges of the ioniz
donor and acceptor from a point charge. Their net effec
splitting of a line associated with certain shell number in
several lines, corresponding to arrangements of the do
and acceptor along inequivalent crystal directions. The va
of the splitting vanishes rapidly with increasingR because
the leading term is proportional toR24.4 This procedure has
been employed successfully on various cubic semicond
tors where sharp emission lines due to DAP-PL can be
solved ~GaP,1,3 3C-SiC,5,6 etc.!. To the best of our knowl-
edge, the fit has been successful only on cubic crystals
isotropic«. Attempts to analyze the sharp lines due to DA
luminescence in the uniaxial crystal CdS~wurtzite structure!
have been restricted to correlation of the density of lines
0163-1829/2003/67~16!/165211~8!/$20.00 67 1652
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the experimental and calculated spectra.7,8 In Ref. 7 it was
shown that due to anisotropy this hexagonal crystal~CdS!
has a much more complicated structure of the DAP spect
than a cubic crystal. In addition to the anisotropy, 4H-SiC
~and higher hexagonal polytypes! also possesses inequivale
lattice sites, which makes the structure of the DAP spectr
even more complicated~see Sec. III A!. Probably for this
reason the analysis of the DAP-PL in uniaxial polytypes
SiC @4H, 6H,9,10 and 15R ~Ref. 10!# is usually restricted to
the discussion of broadband DAP luminescence.

The 4H polytype of SiC was chosen as a subject of th
study because it is a simple uniaxial polytype with only tw
inequivalent lattice sites~per substitutional donor or accep
tor!, and because samples of high quality with widely va
ing doping levels are readily available. Besides, despite
wide industrial interest in this material, its fundamental pro
erties are far from being well established~e.g., the dielectric
constant, or the exact knowledge of donor and acceptor b
ing energies!. From this point of view, investigation of the
sharp emission arising from donor-acceptor (D-A) pairs is
quite relevant.

This paper presents a more detailed analysis of the st
ture of the DAP luminescence spectrum in 4H-SiC made on
the ground of a fit with theoretical spectra. The samples
the experimental details are described in Sec. II. An acco
on the features arising from the anisotropy and the prese
of inequivalent lattice sites in 4H-SiC is done in Sec. III.
The results from the fitting of the DAP spectrum originatin
from N-donor–Al-acceptor pair recombination are discuss
in Sec. IV. ~These donor and acceptor species are chose
most common ones.! A revision of their ionization energies i
carried out on the ground of the fit of the DAP spectrum a
the free-to-bound spectra. An estimate of the value of
dielectric permittivity in 4H-SiC is made as well. The con
clusions are summarized in Sec. V.

II. SAMPLES AND EXPERIMENTAL DETAILS

Four 4H-SiC samples were chosen for this study. T
parameters of the samples are presented in Table I. Al
them were bulkp-type material intentionally doped with Al
The nitrogen doping is the background level, and it is at le
two orders of magnitude lower in the material grown by hi
temperature chemical vapor deposition~samples No. 1 and
©2003 The American Physical Society11-1
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No. 2!. Therefore, although the Al doping level is of th
same order of magnitude in samples No. 2 and No. 3, but
donor-acceptor pair concentration is much higher in the la
sample due to the higher content of nitrogen.

The photoluminescence spectra were taken at tempera
T'2 K using 351.14-nm UV excitation from an Ar-ion la
ser. The detection was either with a Jobin-Yvon monoch
mator ~HR460! coupled with a charge-coupled device ca
era, with resolution~full width at half maximum, FWHM! of
0.5 Å, or with a double monochromator~SPEX 1404! and
photomultiplier, with resolution 0.3 Å or less. However, u
ing a better resolution did not show sharper DAP lines, pr
ably because some doping-induced strain is always pre
in the samples, and it leads to weak homogeneous broa
ing of each line, which is of the same order as the linewi
of the spectrometer transfer function~0.3–0.5 Å!.

All samples showed the same structure of the linear p
of the spectrum arising from recombination of relative
close pairs. Although the total magnitude of the DAP sp
trum increases with the doping~for a fixed excitation power!,
the weight of the linear part of the spectrum decreases a
same time, as will be seen in Sec. III B. The sharp DAP lin
are most prominent in sample No. 1, which has lowe
doping level. Thus, the spectra of this sample No. 1 w
used for fitting.

III. THEORETICAL ASPECTS

A. Specific features of 4H -SiC

The following features have to be considered in the c
of 4H-SiC.

~1! The crystal is uniaxial so the dielectric constant is
tensor with two different components:« i ~along the crystalc
axis! and «' ~perpendicular to it!. The Coulomb termEC
5e2/«R in Eq. ~1! has to be modified to

EC5
e2

A« i«'Ax21y21
«'

« i
z2

>
e2

«RS 11
« i2«'

2« i

z2

R2D , ~2!

whereR5(x,y,z) is the radius vector from the donor to th
acceptor (z axis is oriented along the crystalc axis!, R

TABLE I. Parameters of the samples. All doping levels are
units cm23.

Sample Al N Net-acceptor
number concentration concentration concentrationa

1 b 4.831017 c <1015 d 2.231017

2 b 4.031018 c <1015 d 2.831018

3 e .931017 d >1017 d 931017

4 e .231018 d .1017 d 231018

aFrom capacitance-voltage measurement at 300 K.
bGrown by high-temperature chemical vapor deposition.
cMeasured using secondary ion mass spectroscopy.
dEstimated according to supplier specifications.
eAl-dopedp-type bulk material from CREE Inc., USA.
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5uRu, and «5A« i«'. The accuracy of the right-hand ap
proximation in Eq.~2! is better than 0.1%, provided th
value n«5(« i2«')/« i does not exceed 0.04. This is th
case for 6H-SiC, wheren«50.037 (« i510.03 and«'

59.66),21 and we anticipate that the~unknown! values for
4H-SiC are not very different from those of 6H. Equation
~2! shows that even without considering the multipole c
rections mentioned above, each line in the spectrum co
sponding to a shell with givenR will split into lines corre-
sponding to subshells with different values ofz. Moreover,
the maximum value of the splitting@equal to (e2/«R)(« i
2«')/2« i] does not decay rapidly with increasingR, and
therefore cannot be neglected for any value ofR, in contrast
to the correction terms included inJ(R).

~2! There exist two inequivalent sites for either the don
~N on carbon site, NC) or the acceptor~Al on Si site, AlSi),
usually denoted ash ~hexagonal! and k ~cubic!. Since the
ionization energy of the donor or acceptor is site depend
doping with a single dopant~e.g., N donor! introduces two
donor energy levels. We denote the donor~D! or acceptor~A!
on a hexagonal~cubic! site asDh or Ah (Dk or Ak , respec-
tively!. The corresponding ionization energies are denoted
EDh , EAh , EDk , andEAk , respectively. Therefore, one do
nor ~N! and acceptor~Al ! species gives rise to four differen
sets of DAP-PL lines, corresponding to four types of isola
pairs:Dh-Ah , Dh-Ak ,Dk-Ah , andDk-Ak , all with different
values for the term (ED1EA) in Eq. ~1!. We denote byhh set
the set of lines corresponding to donor and acceptor on h
agonal sites (Dh-Ah), and similarly we define thehk andkk
sets. Obviously, the shells for the setshk (Dh-Ak) and kh
(Dk-Ah) coincide as a sequence of the lattice geome
However, the corresponding sets of lines in the PL spectr
do not coincide being shifted from each other for large v
ues of R @so that J(R)'0] by the energy value (EDk
1EAh)2(EDh1EAk), in accord to Eq.~1!.

In addition, we note that the number of shells below
certain value ofR is larger in 4H-SiC than in the cubic
3C-SiC ~see also Ref. 7, where the authors compare
shells of the wurtzite structure with these in a hypothe
cubic structure!. For example,R'21.66 Å corresponds to
shell number 50 in 3C-SiC, but to shell numbers 89 and 9
in thehk andhh sets, respectively~provided the ‘‘ideal’’c/a
ratio is considered, wherec anda are the lattice constants i
the direction of thec axis and in the basal plane!.

The above circumstances increase the multitude of
served lines if compared to a cubic crystal. Especially, co
plications in identification of individual lines arise from th
fact that the spectrum consists of four interpenetrating set
lines ~hh, hk, kh, andkk!. Nevertheless, we will show in the
next paragraph that there are reasons to expect significa
different amplitudes in the contribution of the different se
to the spectrum. This provides a ground for identification
at least this set, which dominates the spectrum.

B. Capture cross-section dependence on the donor-acceptor
separation

A model qualitatively describing the two-step process
capture of an electron and a hole by ionizedD-A pairs is
1-2
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described in Ref. 11. This model has consequences in
case of one donor species with two different ionization en
gies corresponding to the two inequivalent lattice sites, so
give below a brief account on it and adapt it to the case
4H-SiC.

In the following, we use the notations introduced by De
and Patrick11 to discuss the capture modes in the two-s
capture process of an electron and a hole by a donor-acce
pair. Thus,s1(e2h) denotes the capture cross section
the first step~therefore, subscript one! when the electron is
captured first@therefore (e2h)]. The cross sectionss1(h
2e), s2(e2h), and s2(h2e) are defined in a similar
manner.11 Dean and Patrick show that, in general,s1 exhibits
abrupt changes in its dependence on the donor-acceptor
separationR, whereass2 does not. From the point of view o
their model, we consider the specific case of 4H-SiC.

The energy levels to which an electron~a hole! can be
captured by an isolated donor~acceptor! are schematically
sketched in Fig. 1~a! for both the hexagonal and cubic site
Let us regard, for instance, the donor and acceptor at h
agonal sites. If they are involved in aD-A pair separated by
a certain distanceR, then their levels can be pictured in tw
different ways, shown in Figs. 1~b! and ~c!, depending on
whether the electron is captured first@Fig. 1~b!# or the hole
@Fig. 1~c!#. If the first step is capture of an electron, then
the first approximation@meaning neglecting ofJ(R)] the en-
ergy levels of the donor can be pictured as the energy le
of an isolated donor but shifted towards the conduction b
by the value of the energy of the Coulomb interaction b
tween the donor and acceptor,EC5e2/«R @see Fig. 1~b!#.
The case in Fig. 1~b! corresponds to suchR that all shifted
donor states are degenerate with the conduction band, ex
for the ground state, which is then the only state capable

FIG. 1. Energy diagram of the donor and acceptor levels
cussed in the text:~a! energy levels of the isolated N donors and
acceptors in 4H-SiC, at hexagonal (Nh ,Alh) and cubic (Nk ,Alk)
sites;~b! energy levels of Nh in the presence of ionized acceptor Ah

at a distanceR when the electron is captured first;~c! energy levels
of Alh in the presence of ionized donor Nh at a distanceR when the
hole is captured first;~c! comparison of an Nh-Alh pair and an
Nk-Alh pair separated by the same distanceR for the case of elec-
tron first capture. VB and CB denote the top of the valence b
and the bottom of the conduction band, respectively.
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binding an electron.~In classical terms, the repelling forc
from the negatively charged acceptor does not allow bind
of the electron in states with too large orbits.! When the
electron is bound to the donor ground state and the do
becomes neutral, the acceptor levels can be considere
undisturbed@bottom of Fig. 1~b!# if we neglect the polariza-
tion interaction of the acceptor with the neutral donor. Th
the second capture step, i.e., the capture of the hole by
ionized acceptor, can occur into any of its excited~or
ground! states. According to Lax mechanism of capture,12 it
is the capture to excited states which is responsible for
large capture cross section of ionized impurities, so the c
ture cross section for the second step,s2(e2h), will be
large. Consequently, the second capture is much faster
the first so that the total time for capture of both carriers
the pair is governed by the first capture~of electron, in this
case!. The situation is reversed in Fig. 1~c!, where the case o
first capture of a hole is considered. Similarly, the seco
capture is fast@s2(h2e) is large#.

It is natural to ask the question which of the two capturi
sequences (e-h or h-e) depicted above occurs faster an
therefore, is more probable? It is known that the Al-accep
ionization energies in SiC (;200 meV, or more!10,13are sig-
nificantly larger than those for the N donor at any site.10,14

Consequently, the donors in SiC have larger Bohr radii th
the acceptors. One can expect that the cross section for
ture to the ground state will scale roughly as the square
the Bohr radiusr 0 of this state if the excited states are with
the band. Since for the hydrogen atomr 0}1/E0, whereE0 is
the energy of the ground state, one can take as a rough
mater 0D

2 /r 0A
2 ;EA

2 /ED
2 @1, wherer 0D (r 0A) is the Bohr ra-

dius of an unspecified donor~acceptor!. This makes plausible
the conclusion thats1(e2h)/s1(h2e)@1. We underline
that this inequality holds only if capture to excited states
not possible, which means that the Coulomb term is gre
than the binding energy of the first excited stateEi2 for both
the donor and the acceptor.11

Let us compare now the capture cross sections for Nh and
Nk in the case whenEC.Ei2. From Fig. 1~d!, it is easy to
see that there exists a rather wide region of separationsR, for
which only capture to the ground state of either donor
available. The ionization energy of the shallower donorh

(EDh'61.4 meV)15 is about half of that of Nk .10,14 Hence,
the ground state of Nh has a larger Bohr radius, and larg
capture cross section for electrons. One can expect that
turing to pairs involving Nh is more probable than to pair
involving Nk . In addition, the recombination at such pai
(Nh-Alh or Nh-Al k) is faster, also due to the larger Boh
radius of the ground state. It is natural to conclude that
combination at such pairs will dominate the DAP spectru

If the pair separation is so small that the Coulomb ene
EC is larger than the ionization energy of either donor, s
two mechanisms for capture of carriers are available. T
first is the less probable mechanism of capturing first
hole ~to the acceptor ground state!, and afterwards the elec
tron. The second possibility is direct capture of an exciton
the pair.16

-

d
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Let us consider now the limit of very distant pairs wh
the Coulomb term is less than the energies of many exc
states, which means enabled capture to these states. Th
responding capture cross section is estimated to vary asR2

in this case,11 i.e., the capture cross section for remote pa
is much larger than for close pairs@both s1(e2h) and
s1(h2e) are larger#. Furthermore, as long as the excite
states are involved, we do not expect a strong site dep
dence of the capture cross section as in the case of c
pairs. However, we do expect the the recombination rate
distant pairs involvingNk is very different from the recom
bination rate of distant pairs involvingNh because the re
combination rate depends exponentially on the Bohr rad
of the donorgroundstate:

1/tk,h}exp~2R/Rk,h!, ~3!

whereth (tk) is the average lifetime before recombinatio
of the pair at a distanceR, involving donor at hexagona
~cubic! site, respectively, andRh ,Rk are half the correspond
ing Bohr radii for the ground state of the donor.17 Conse-
quently, for a certain excitation level, remote pairs involvi
the shallower donor Nh will be populated much less tha
those involving the deeper one (Nk), simply because thei
depopulation rate is much faster.

This consideration finds its experimental confirmation
the power dependence of the DAP spectrum~apart from the
well-known shift of the broad DAP luminescence peak w
the excitation power!, and in the dependence of the DA
luminescence on the doping level. It is well known that t
lines associated with close pairs only appear when the c
tals have reasonably low donor and acceptor concentrat
and when they are intensively excited.18 However, the expla-
nation in Ref. 18 only addresses the much greater opt
transition probability of the close pairs, and not their mu
smaller capture cross section, if compared to the rem
pairs. Here we complete this explanation. Regarding
power dependence, at very low-excitation levels, mainly
broad peaks due to very remote pairs are observed. Th
seen by comparing the spectraa and c of sample No. 1 in
Fig. 2, taken with low- and high-excitation power~cf. also
curves b and e, referring to sample No. 3!. In the low-
excitation case@Fig. 2 ~curvesa and b)], the remote pairs
outcompete the closer ones in capturing the few light-exc
carriers, and the luminescence from close pairs, which g
rise to sharp lines in the spectrum, disappears~or becomes
negligible!. The remote pairs need to be saturated in orde
enable the observation of photoluminescence from cl
pairs. Their saturation at higher power excitation is favo
both by their low recombination rate~due to exponentially
small probability for charge transfer from the donor to t
acceptor! and large capture cross section. Under satura
condition, the large capture cross section of the remote p
is disabled because they spend most of the time in their n
tral state. Thus, there will be many light-generated exc
free carriers available for capture by close pairs.

The large difference in the capture cross section of cl
and remote pairs is involved also in the explanation of
doping dependence of the DAP spectrum. At certain fix
excitation level, the saturation of remote pairs will be stro
16521
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ger for low-doped crystals than for high-doped crystals, s
ply because their concentration is lower at low doping. T
is illustrated in Fig. 2~curvesc– f ), where the spectra o
four samples with different doping levels, taken with th
same rather high-excitation level (;50 W/cm2, focused la-
ser beam at 351.1 nm!, are compared. Although the conce
tration of close pairs also increases with doping, we obse
decreaseof the weight of the sharp lines associated w
their recombination in the spectrum because the remote p
become less saturated and easily outcompete the closer
in capture.

When inequivalent lattice sites are present, as in the c
of 4H-SiC, more than one peak associated with remote p
is observed. In Fig. 2~curves a and b), the spectra of
samples No. 1 and No. 3 are compared, recorded with
same very low-excitation power~about 5 mW/cm2), in or-
der to promote the observation of the remote-pair peaks.
peak denotedB0 is known to be due to recombination a
remote pairs involving the shallower donor Nh , whereas the
C0 peak is due to recombination at remote pairs involvi
Nk .9,10 Since sample No. 3 is higher doped than No. 1,
anticipate lower saturation in that sample. Indeed, theC0
peak is hardly visible in sample No. 1, which means a h
saturation level for this peak even at this low excitation, b
it dominates the spectrum of sample No. 3.~Note that the

FIG. 2. PL spectra of the four 4H samples. Each spectrum i
labeled with the sample number~No. 1, etc.! and the approximate
excitation powerP (P51 corresponds to'50 W/cm2). The sharp
lines, which are most prominent in curvec, are due to recombina
tion from close pairs. The broad peaks denotedB0 andC0 are due
to remote-pair recombination involving Nh and Nk , respectively,
and the remaining broadbands are phonon replicas of these p
The lines denoted Al-BE andQ0 arise from recombination of exci
tons at neutral acceptors and donors, respectively. All spectra
normalized to their maxima.
1-4
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close-pair related sharp lines also appear for sample No
albeit weakly, which again indicates high saturation.! How-
ever, the B0 peak is prominent in both samples, whic
clearly illustrates the difference in the saturation level
pairs involving Nh and Nk . Since the capture cross sectio
for remote pairs involving Nh or Nk is about the same,19 the
difference in their saturation is attributed mainly to the larg
optical transition probability of pairs involving the shallow
donor Nh . It is worth noting that raising the excitation powe
saturates theC0 peak also in sample No. 3, as can be seen
comparing the spectra of this sample in Fig. 2~curvesb and
e). In addition, at high power excitation, the relative amp
tude ofC0 is largest in the most highly doped sample No.
see Fig. 2~curve f ), in agreement with the lowest saturatio
level of the remote-pair peaks in this sample.

IV. RESULTS FROM THE FIT AND DISCUSSION

A. Fit of the sharp DAP emission

Our intention is to fit a part of the DAP spectrum corr
sponding to intermediate values ofR, when line structure
still exists, but the correction termJ(R) can already be con
sidered as negligible. Due to the features of 4H-SiC depicted
in Sec. III A, it is necessary to model the spectrum forhk, hh,
and kk sets and then fit each of them separately to the
perimental spectrum. Even for a single set, the lines alre
merge at intermediateR due to the presence of many mo
shells than in a cubic crystal~and subshells within many o
the shells!. Therefore, the modeling of the spectrum mu
include broadening of each line by, for instance, the lin
width of the spectrometer transfer function. Only the Co
lomb term is included in the model in the form presented
Eq. ~2!. The peaks obtained in such way are added toge
and the model spectrum is obtained. A similar approach w
simulated spectra has been used to fit the DAP-PL of v
remote pairs~up to R;70 Å) in GaP,2 and ZnSe.20

The values for 6H-SiC «59.84 andn«50.037 were
chosen initially,21 and varied afterwards. Each of the sets~hh,
hk, andkk! has been simulated separately and the simula
spectrum has been moved along the experimental one in
der to find a correlation between the simulated and obse
peaks by means of a special computer program.

Only a part from each set has been used for the fit, co
sponding approximately to 40,EC,60 meV ~or ;25 Å
,R,37.5 Å, shell numbers from'100 up to 330!. An es-
timate of the multipole corrections can be made forR
;25 Å if we use the constants obtained for 3C-SiC.5 It turns
out that the maximum values of the multipole correctionsV3
andV4 ~see Ref. 5! for this distance do not exceed 0.5 an
0.2 meV, respectively. We assume that these estimations
also applicable to 4H-SiC, thus justifying the neglecting o
J(R).

Another approximation to be mentioned is the use of
‘‘ideal’’ ratio, ( c/a) ideal54A2/A3. The real ratio is some
what larger~by 0.17%!, however, when we use it to calcula
the sets, their shape does not exhibit any visual change~ex-
cept for the closest pairs, which are not used in the fit a
way!. We prefer then to use the ideal ratio, since this grea
16521
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reduces the number of shells to be considered and simpl
the calculations. The value for the lattice constant in
basal planea53.073 Å at room temperature was correct
to zero temperature using its dependence on tempera
The latter is available in the literature only for 6H-SiC,22 but
is assumed to be valid also for 4H-SiC, thusa53.0723 Å
was used as the value at 2 K. However, this correction a
did not produce any visual change in the shape of the si
lated spectra.

The simulated spectra are shown in Fig. 3. In synthesiz
the spectra, the broadening of each line is taken to be 0
meV ~FWHM!, in order to achieve best visual agreeme
with the experimental spectra. This value is slightly larg
than the linewidth of the spectrometer transfer functi
('0.4 meV), which accounts for some stress-related bro
ening of the lines due to doping even in the spectra of sam
No. 1 with the lowest-doping level. The broadening increa
with the doping, as can be seen from Fig. 2. Furthermo
each simulated spectrum is multiplied by an exponential f
tor of the form exp(2Ei /EC), whereEi52e2/«RDi is some
characteristic energy, different for thehh andhk sets, on one
side, and thekh and kk sets on the other side, because t
donor radiiRDi are different~the indexi is eitherh, or k for
the donor at hexagonal and cubic sites!. This factor accounts
for the exponentially decreasing recombination probabi
with increasingR ~decreasingEC), see Eq.~3!.17 Here we
denote the set of lines associated with Nh-Al k pairs ashk set
to distinguish from the set of lines associated with the Nk-Alh
pairs denoted askh. Apart from the exponential factor, thes
sets are the same so only thehk set is shown in Fig. 3. The
value ofEh5130 meV (RDh'17.2 Å) was found to repro-
duce reasonably the intensities of the experimental line
thehh set~see below!. The valueEk5200 meV was used for
the kh andkk sets.

Among the three sets~hh, hk, andkk!, thehh set provides
best fit to the spectrum in the region'3063–3088 meV, as
shown in detail in Fig. 4. It turns out that the agreeme
between the peak positions in the experimental and si
lated curve is relatively sensitive to the value of«. The best
agreement is obtained for values between 9.90 and 10
This allows estimation of the static dielectric constant«
59.9560.10 in 4H-SiC. The fit is not very sensitive to
variations ofn« in the limits 0.036–0.044, thus we estima
n«50.0460.005. For comparison, the values for 6H-SiC
are«59.84 andn«50.037, according to literature.21

FIG. 3. Synthesized spectra for the three sets of DAP lines.
spectral intensity is proportional to the number of atoms in a s
shell, which have the same value forEC , and corrected with an
exponential factor, as explained in text.
1-5
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All peaks in the theoretical curve have correspond
peaks in the experimental one. Note that the discrepa
between theory and experiment diminishes with decrea
EC ~increasingR), as should be expected in view of th
decrease ofJ(R). There are almost no unfitted peaks in t
experimental curve, which leads to the conclusion that
part of the spectrum is indeed dominated byD-A recombi-
nation involving (Nh-Alh) pairs, in agreement with the con
sideration in Sec. III B.

The region of variation ofEC used for the fit is chosen to
be less thanEDh561.4 meV and larger than the binding e
ergies of donor excited states, as discussed in Sec. III B.
can now examine how well thehh set fits to the experimenta
spectrum at higher energies, as shown in Fig. 5~see thehh
set!. It is easy to see that even forEC.61.4 meV and up to
at least 85 meV, the theoretical curve~the hh set solely!
describes well most of the features in the spectrum, and
sharp intensity cutoff is observed. Thus Nh-Alh pair recom-
bination is dominating the whole energy region 40 m
,EC,85 meV. It is possible to find correlation with thehh
set for even higher energies, but the increasing shifts du
the increase ofJ(R) make the direct assignment difficul
These observations indicate that the cross section for cap
of excitons is also largest for the Nh-Alh pairs, if compared
to the other possible pairs.

A value of \v`(Nh2Alh)5Eg2(EDh1EAh)
53027 meV is obtained by the fit. It is probably accura

FIG. 4. Fit of the experimental spectrum~thin line! with the
theoreticalhh set alone~thick line!. Approximate shell numbersm
are shown at the limits of the fitted region.
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within 1 or 2 meV because« is not known exactly andJ(R)
is neglected. SinceEDh561.4 meV is known,15 and Eg

'3287 meV,23 we deduce the acceptor binding energyEAh

'(328723027261.4)5198.6 meV. This value is in excel
lent agreement with our measurements of free-to-bo
spectra, shown in Sec. IV B, and in good agreement with
values of 191 meV~Ref. 10! and 203 meV,13 obtained earlier.
~These values will be discussed again in the following s
tion in connection with the free-to-bound spectra.! From the
fit we identify this acceptor as Al acceptor ath site and
estimate its ionization energyEAh'19962 meV at 2 K.

The fact that the spectral region shown in Fig. 4 conta
predominantly emission from Nh-Alh pairs is in conflict with
the assumption of almost equal ionization energies of the
acceptors, Alh and Alk , suggested in Ref. 10. If this assum
tion was valid, the spectrum would show contributions fro
both hh and hk sets with nearly equal amplitudes as a co
sequence of the almost equal Bohr radii for the accept
Thus, the agreement solely with thehh set is a hint that Alk
has larger binding energy, smaller Bohr radius, and, con
quently, smaller capture cross section and radiation r
which would explain the negligible contribution of thehk set
in the spectral region upon consideration. We discuss
possibility in some detail.

Where observable, the Nh-Al k pair emission should fit the
hk series, which applies also for the Nk-Alh pairs ~to distin-
guish them, we denoted the theoretical set of lines bykh set
in the latter case!. The value of\v`(Nk2Alh) for the latter
can be estimated usingEAh'199 meV, and estimatingEDk
from the differencenE'55 meV between the maxima o
the B0 andC0 peaks@see Fig. 2~curveb)] associated with
recombination from remote pairs involving the deeperC0
and the shallowerB0 nitrogen donors:10 EDk'EDh1nE
'117 meV. Indeed, thekh set provides a satisfactory fi
around the energy region 3014–3034 meV, which can
seen in Fig. 5 ~the kh set!. The value \v`(Nk2Alh)
'2974 meV is obtained, henceEDk'114 meV, in reason-
able agreement with the above estimate. Another correla
of the hk set with the experimental spectrum was found
the region 3040–3054 meV, also shown in Fig. 5~see thehk
-

e

r-
al
FIG. 5. General view of the fit of the experi
mental spectrum with thehh, hk, andkh sets. The
higher-energy region of thehh set is shown in
order to illustrate the good correlation with th
experimental spectrum up to energiesEC

;85 meV. The theoretical curves are shifted ve
tically to separate them from the experiment
spectrum.
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set!, which yields the value of\v`(Nh2Alk)5Eg2(EDh
1EAk)'2998 meV. This leads toEAk'228 meV. Unfortu-
nately, the quality of the latter two fits is worse than the
with the hh set. That is why the fit with thehk set cannot be
used to decide unambiguously the existence of the de
Al k level. This is due partly to the weakness of the lines, a
partly to the underlaying background and overlap with ot
no-phonon sets or phonon replicas of the (Nh-Alh) set, which
fall in the same spectral region. For similar reasons, it is
possible to examine the fit with thekk set, which would
occur at lowest energies@by estimate, \v`(Nk2Alk)
'2945 meV] if the hypothesis of deeper Alk level around
228 meV is valid.

Finally, the recombination of remote pairs involving Ak
should be a subject of stronger saturation than for pairs
volving Alh because the overlap of the wave functions of
electron on the donor and the hole on the acceptor will
smaller if Alk is involved~assuming that it indeed has larg
ionization energy and smaller Bohr radius!. This might ex-
plain the absence of other remote-pair related broadba
thanB0 andC0. Note that also in other polytypes of SiC, fo
example, 6H- and 15R-SiC, the number of broadbands do
not correspond to the number of possible sets of don
acceptor pairs, although it is shown that the Al acceptor
rather well pronounced site dependence of its ionization
ergy for these polytypes.10

B. Free-to-bound spectra

Free electrons from the conduction band, which are av
able at elevated temperatures due to partial thermal ion
tion of the donors, can make transition to recombine with
holes bound to the acceptors~free-to-bound transitions!. The
recombination is radiative with photon energy\vFB5E(k)
2EA , whereE(k) is the initial energy of the electron~with
Boltzmann distribution near the bottom of the conducti
band!, andEA is the acceptor ionization energy. Such fre
to-bound spectra have already been observed in several
types of SiC, for both Al and B acceptors.10,24–26The free-
to-bound spectrum provides a means of estimating
acceptor ionization energy.10,13 However, we have to review
the value of 203 meV deduced in Ref. 13. We have to rec
sider also the assumption made in Ref. 10 regarding
equal ionization energies for Alh and Alk in 4H-SiC.

The free-to-bound spectra for two of our samples at te
peratures between 70 and 100 K are shown in Fig. 6.
position of the maximum of the known free-to-bound pe
~marked FB1) is 3093 meV, close to the positions report
before.10,13If the line shape of the FB peak suggested in R
10 is used, this maximum is positioned atEg2EA1 1

2 kT.
Hence,Eg2EA'3088.7 meV because the Boltzmann fac
kT'4.3 meV at 100 K. Consequently, ifEg53287 meV,
then EA'198.3 meV. We attempted also a fit of this pea
which yielded the valueEG2EA53088.5 meV. These val
ues forEG2EA are slightly underestimated because we
not account for the slight decrease of the band gap w
temperature. Therefore, they are in close agreement with
value 3089 meV, obtained in Ref. 13, where the band
narrowing with temperature is taken into account. Howev
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the authors accept the same free-exciton binding energy
4H as in 3C-SiC ~27 meV!, and obtain the valueEA
5203 meV for the Al acceptor. If the value 3287 is used f
the electronic band gap, as in this paper, we obtainEA
'198 meV, in close agreement with the result from the fit
the DAP spectrum.

Furthermore, we note the existence of the peak aro
3065 meV, which has a similar line shape as the usual fr
to-bound peak at 3093 meV. However, its assignment to fr
to-bound transitions involving the deeper acceptor Alk can-
not be unambiguous because its position is very close to
for the B0 peak shown in Fig. 2~curvea), which might not
be quenched completely at these temperatures. If this pe
indeed due to free-to-bound~to Alk) transitions, then from
the energy difference between the two peaks one obt
EAk'227 meV, in good agreement with the result from t
fit with the hk set. However, both the fit and this free-to
bound peak are to be considered as tentative, as already
tioned above.

In conclusion, it is worth mentioning two more argumen
in favor of deeper Alk level. First, there still exists some lin
structure on the low-energy side of theC0 peak, where the
(Nk-Al k) recombination is anticipated in case of deeper Ak
level. And second, the usual photoluminescence of Al-do
samples clearly shows two peaks related to recombinatio
Al-bound excitons at the two inequivalent lattice sites. T
exciton binding energies deduced from their peak positi
are 17.3 and 18.8 meV. If the Haynes rule27 holds for this
acceptor in 4H-SiC, one would expect difference of at lea
15 meV betweenEAh andEAk , which is not negligible.

V. CONCLUSION

We have shown that a fit of the DAP-PL spectrum
possible if the spectrum is modeled taking into account
features arising from the anisotropy and presence of
equivalent lattice sites in 4H-SiC. It is also shown that the
recombination of pairs involving N donor and Al acceptor
hexagonal sites is dominating the spectrum. From the fit,
acceptor binding energyEAh'199 meV can be obtained
rather accurately~assuming the donor binding energyEDh

FIG. 6. Free-to-bound spectra. Each spectrum is labeled with
sample number and the temperature.FB1 denotes the free-to-boun
peak known from the literature, andFB2 is our tentative assignmen
~thus the question mark!.
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I. G. IVANOV, B. MAGNUSSON, AND E. JANZÉN PHYSICAL REVIEW B 67, 165211 ~2003!
'61.4 meV is known!15 and compared to the value reporte
previously using free-to-bound transitions. However, the
curacy of this value depends on the accurate knowledg
the band gap taken in this paper as 3287 meV.23

*Also at Okmetic AB, Hans Meijers va¨g 2, 583 30 Linko¨ping, Swe-
den.
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