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Analysis of the sharp donor-acceptor pair luminescence in H-SiC doped
with nitrogen and aluminum
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We analyze the sharp lines in the donor-accejiitrogen-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; 298eV, which is in excellent
agreement with the results obtained using free-to-bound spectra.

DOI: 10.1103/PhysRevB.67.165211 PACS nunider71.55—i, 71.35-y, 78.55.Hx

. INTRODUCTION the experimental and calculated speétfdn Ref. 7 it was
shown that due to anisotropy this hexagonal cry$tdS

It is well known that the analysis of the multiple-line has a much more complicated structure of the DAP spectrum
spectrum arising from recombination of carriers bound to ahan a cubic crystal. In addition to the anisotropy]-&%iC
neutral donor-acceptor paiDAP) can yield important pa- (and higher hexagonal polytypeslso possesses inequivalent
rameters of both the host materigte dielectric constant? lattice sites, which makes the structure of the DAP spectrum
as well as the ionization energies of the donor and accept@ven more complicatesee Sec. Ill A. Probably for this
species involved. The analysis is based on the forfnula  reason the analysis of the DAP-PL in uniaxial polytypes of
SiC[4H, 6H,%%and 1R (Ref. 10] is usually restricted to
the discussion of broadband DAP luminescence.

The 4H polytype of SiC was chosen as a subject of this
study because it is a simple uniaxial polytype with only two
wherefiwp, is the energy of the photon emitted during the inequivalent lattice sitegper substitutional donor or accep-
recombination and registered as photoluminesceiilg,  tor), and because samples of high quality with widely vary-
Ey, Ep, andE, are the electronic band gap, and the donoring doping levels are readily available. Besides, despite the
and acceptor binding energies of the ground diaigization  wide industrial interest in this material, its fundamental prop-
energiey, respectivelyge is the electron charge; is the di-  erties are far from being well establishélg., the dielectric
electric constant of the host materifd,is the distance be- constant, or the exact knowledge of donor and acceptor bind-
tween the donor and acceptor, ah@) denotes all the cor- ing energies From this point of view, investigation of the
rections to the initial state of the paineutral donor and sharp emission arising from donor-acceptdd{A) pairs is
acceptor and its final statgionized donor and accepjor quite relevant.

J(R) is usually unknown, but it vanishes for largemuch This paper presents a more detailed analysis of the struc-
faster than the Coulomb term. This makes possible the fittingure of the DAP luminescence spectrum iH-6iC made on

of the spectrum for intermediate valuesby Eq.(1) with  the ground of a fit with theoretical spectra. The samples and
J(R) set to zero. Such a fit provides rather accurate value athe experimental details are described in Sec. Il. An account
the quantityh w..= E;— (Ep+E,) (the photon energy corre- on the features arising from the anisotropy and the presence
sponding toR— =), as well as identification of the discrete of inequivalent lattice sites inH-SiC is done in Sec. Ill.
values ofR(m) corresponding to different shell numbers’  The results from the fitting of the DAP spectrum originating
After the shell identification is obtained, the fit can be im- from N-donor—Al-acceptor pair recombination are discussed
proved by including multipole correction terms JR),%*®  in Sec. IV.(These donor and acceptor species are chosen as
which account for the deviation of the charges of the ionizednost common onelA revision of their ionization energies is
donor and acceptor from a point charge. Their net effect isarried out on the ground of the fit of the DAP spectrum and
splitting of a line associated with certain shell number intothe free-to-bound spectra. An estimate of the value of the
several lines, corresponding to arrangements of the donadlielectric permittivity in 4H-SiC is made as well. The con-
and acceptor along inequivalent crystal directions. The valuelusions are summarized in Sec. V.

of the splitting vanishes rapidly with increasimybecause

the leading term is proportional I@“‘._“ This pr(_)cedurc_e has Il. SAMPLES AND EXPERIMENTAL DETAILS

been employed successfully on various cubic semiconduc-

tors where sharp emission lines due to DAP-PL can be re- Four 4H-SiC samples were chosen for this study. The
solved (GaP'? 3C-SiC>® etc). To the best of our knowl- parameters of the samples are presented in Table I. All of
edge, the fit has been successful only on cubic crystals witthem were bulkp-type material intentionally doped with Al.
isotropice. Attempts to analyze the sharp lines due to DAPThe nitrogen doping is the background level, and it is at least
luminescence in the uniaxial crystal C@8urtzite structurg  two orders of magnitude lower in the material grown by high
have been restricted to correlation of the density of lines itemperature chemical vapor depositi@amples No. 1 and

eZ
thL:Eg_(ED+EA)+ 8_R+J(R), (1)
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TABLE I. Parameters of the samples. All doping levels are in:|R|, and e= ‘/SHSL' The accuracy of the right-hand ap-

units cm . proximation in Eq.(2) is better than 0.1%, provided the
value Ae=(g|—¢&,)/e does not exceed 0.04. This is the
Sample Al N~ Net-acceptor case for 6H-SiC, whereAe=0.037 (;=10.03 ande,
number concentration concentration concentréttion :966) ,21 and we anticipate that th@mknowr) values for
1b 4.8x1017°¢ <1054 2 2% 10Y7 4H-SiC are not very different from those ofH6 Equation
ob 4.0x1018°¢ <10i5d 2 8x 1018 (2) shows that even without considering the multipole cor-
3e ~9x107d = 107d 9% 107 rectior_ls mentioned al:_)ove3 each _Iine i.n 'the spectrum corre-
4e ~ 2% 10t8d ~107d 2% 108 spond!ng to a shell with .glve.ﬁt will split into lines corre-
sponding to subshells with different values ofMoreover,
3 rom capacitance-voltage measurement at 300 K. the maximum value of the splittinfequal to €%/&R)(g
Grown by high-temperature chemical vapor deposition. —&,)/2¢] does not decay rapidly with increasirfg and
®Measured using secondary ion mass spectroscopy. therefore cannot be neglected for any valudkpin contrast
dEstimated according to supplier specifications. to the correction terms included HR).
eAl-doped p-type bulk material from CREE Inc., USA. (2) There exist two inequivalent sites for either the donor

(N on carbon site, i) or the acceptofAl on Si site, Ak;),
No. 2). Therefore, although the Al doping level is of the usually denoted aé (hexagonal and k (cubig. Since the
same order of magnitude in samples No. 2 and No. 3, but th@nization energy of the donor or acceptor is site dependent,
donor-acceptor pair concentration is much higher in the latteloping with a single dopar(e.g., N donoy introduces two
sample due to the higher content of nitrogen. donor energy levels. We denote the dofidy or acceptofA)

The photoluminescence spectra were taken at temperatuog a hexagonalcubic) site asDy, or A, (Dy or A, respec-
T~2 K using 351.14-nm UV excitation from an Ar-ion la- tively). The corresponding ionization energies are denoted as
ser. The detection was either with a Jobin-Yvon monochroEpn, Ean, Epk, andE,y, respectively. Therefore, one do-
mator (HR460 coupled with a charge-coupled device cam-nor (N) and acceptofAl) species gives rise to four different
era, with resolutiorffull width at half maximum, FWHM of  sets of DAP-PL lines, corresponding to four types of isolated
0.5 A, or with a double monochromat¢éBPEX 1404 and  pairs:Dy-A;,, Dp-Ax,D-An, andD-A,, all with different
photomultiplier, with resolution 0.3 A or less. However, us- values for the termEy+ E,) in Eq. (1). We denote byh set
ing a better resolution did not show sharper DAP lines, probthe set of lines corresponding to donor and acceptor on hex-
ably because some doping-induced strain is always preseagonal sitesDy-A;), and similarly we define thek andkk
in the samples, and it leads to weak homogeneous broadesets. Obviously, the shells for the sétk (Dy-A,) and kh
ing of each line, which is of the same order as the linewidth(D-A;,) coincide as a sequence of the lattice geometry.
of the spectrometer transfer functiéf.3—0.5 A. However, the corresponding sets of lines in the PL spectrum

All samples showed the same structure of the linear partio not coincide being shifted from each other for large val-
of the spectrum arising from recombination of relatively ues of R [so that J(R)~0] by the energy value Epy
close pairs. Although the total magnitude of the DAP spec—+E,;) — (Epn+Eay), in accord to Eq(1).
trum increases with the dopiritpr a fixed excitation powey In addition, we note that the number of shells below a
the weight of the linear part of the spectrum decreases at theertain value ofR is larger in 4H-SiC than in the cubic
same time, as will be seen in Sec. Il B. The sharp DAP line3C-SiC (see also Ref. 7, where the authors compare the
are most prominent in sample No. 1, which has lowestshells of the wurtzite structure with these in a hypothetic
doping level. Thus, the spectra of this sample No. 1 wereubic structurg For example R~21.66 A corresponds to
used for fitting. shell number 50 in @-SiC, but to shell numbers 89 and 98

in the hk andhh sets, respectivelgprovided the “ideal’c/a
lll. THEORETICAL ASPECTS ratio is considered, wher@anda are the lattice constants in
the direction of thec axis and in the basal plane

The above circumstances increase the multitude of ob-

The following features have to be considered in the casserved lines if compared to a cubic crystal. Especially, com-
of 4H-SiC. plications in identification of individual lines arise from the

(1) The crystal is uniaxial so the dielectric constant is afact that the spectrum consists of four interpenetrating sets of
tensor with two different components; (along the crystat  lines (hh, hk, kh, andkk). Nevertheless, we will show in the
axis) and &, (perpendicular to )t The Coulomb ternE:  next paragraph that there are reasons to expect significantly
=e?/eR in Eq. (1) has to be modified to different amplitudes in the contribution of the different sets

to the spectrum. This provides a ground for identification of

A. Specific features of 4H-SiC

& e? s—e, 7 at least this set, which dominates the spectrum.
I~ &L
Ec= =—| 1+ —|. @
g, eR 28H R?
Vee, x2+y?+—72 B. Capture cross-section dependence on the donor-acceptor
g| separation

whereR=(x,y,2) is the radius vector from the donor to the A model qualitatively describing the two-step process of
acceptor ¢ axis is oriented along the crystal axis), R capture of an electron and a hole by ioniZedA pairs is
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= = binding an electron(In classical terms, the repelling force

m—— CB — CB = CB

A N E. WEC (B from the negativ_ely charged.acceptor does ngt allow binding
N, :i(ailet:d N, N, N, 7} £ of the electron in states with too large orbit$Vhen the
N, N, ‘ electron is bound to the donor ground state and the donor
becomes neutral, the acceptor levels can be considered as
undisturbed bottom of Fig. 1b)] if we neglect the polariza-
tion interaction of the acceptor with the neutral donor. Thus,
the second capture step, i.e., the capture of the hole by the
Al, AL Al Al Al Al ionized acceptor, can occur into any of its excitéat
o o “VE. - ground states. According to Lax mechanism of capttfré,
excited is the capture to excited states which is responsible for the
_ ¥ _ _ large capture cross section of ionized impurities, so the cap-
=B =B —VB ===VB  ture cross section for the second step(e—h), will be
a) energy levels d) (e-h) capture, .
of isolated donors b) (e-h) capture oy 4 oy oo comparison of pairs large. Consequently, the second capture is much faster than
and acceptors involving N, and N, the first so that the total time for capture of both carriers by

FIG. 1. Energy diagram of the donor and acceptor levels d'sthe pair is governed by the first captuief electron, in this
A IS- ? . . . .
cussed in the texta) energy levels of the isolated N donors and Al casg. The situation is reversed in Fig(d, where the case of

acceptors in B-SiC, at hexagonal (NAI,) and cubic (I,Al) first capture of a hole is considered. Similarly, the second
sites;(b) energy levels of Nin the presence of ionized acceptog, Al Captl_”e is fastop(h—e) is Iarg'd. . .

at a distanc&® when the electron is captured firét) energy levels Itis natural to ask the question which of the two capturing
of Al in the presence of ionized donoy, it a distanc&k when the ~ Sequenceseth or h-e) depicted above occurs faster and,
hole is captured first(c) comparison of an NAIl, pair and an therefore, is more probable? It is known that the Al-acceptor
N,-Al,, pair separated by the same distafcéor the case of elec-  jonization energies in SiC200 meV, or morg®3are sig-
tron first capture. VB and CB denote the top of the valence bandhificantly larger than those for the N donor at any $fté&*

and the bottom of the conduction band, respectively. Consequently, the donors in SiC have larger Bohr radii than

described in Ref. 11. This model has consequences in tHf€ acceptors. One can expect that the cross section for cap-

case of one donor species with two different ionization enerfure to the ground state will scale roughly as the square of

gies corresponding to the two inequivalent lattice sites, so wéhe Bohr radius , of this state if the excited states are within

give below a brief account on it and adapt it to the case ofhe band. Since for the hydrogen atogx 1/E,, whereE, is

4H-SiC. the energy of the ground state, one can take as a rough esti-
In the foIIlowing, we use the notations introduced by DeanmatergD/rSA~ E,ZA/E2D>17 wherer o (roa) is the Bohr ra-

and Patrick! to discuss the capture modes in the two-stepyiys of an unspecified donéacceptoy. This makes plausible

capture process of an electron and a hole by a donor-.acceptfp.[e conclusion thairy(e—h)/ay(h—€)>1. We underline

pair. Thus,oy(e—h) denotes the capture Cross section fory,a+ s inequality holds only if capture to excited states is

the first step(therefore, subscript opavhen the electron is not possible, which means that the Coulomb term is greater

captured first[therefore €—h)]. The cross sections;(h L : .
—e), oy(e—h), and o,(h—e) are defined in a similar mzndgfo?Iggén?hgnfgggp%g:he first excited stg for both

manner! Dean and Patrick show that, in genekal,exhibits .
geneiay Let us compare now the capture cross sections fpoamd

abrupt changes in its dependence on the donor-acceptor pair . o
up ges int b pior Py in the case wherkc->E;,. From Fig. 1d), it is easy to

separatiorR, whereasr, does not. From the point of view of "k : . :
their model, we consider the specific case bf-8iC. see that there exists a rather wide region of separaRpfer

The energy levels to which an electréa hole can be Whi(_:h only cap_tur_e tc_> the ground state of either donor is
captured by an isolated donéacceptor are schematically available. The |on|;at|on energy of the shallower dongr N
sketched in Fig. (&) for both the hexagonal and cubic sites. (Epn~61.4 meV)® is about half of that of N.**** Hence,

Let us regard, for instance, the donor and acceptor at hexhe ground state of Nhas a larger Bohr radius, and larger
agonal sites. If they are involved in@-A pair separated by capture cross section for electrons. One can expect that cap-
a certain distanc®, then their levels can be pictured in two turing to pairs involving Iy is more probable than to pairs
different ways, shown in Figs.(i) and (c), depending on involving N,. In addition, the recombination at such pairs
whether the electron is captured fifgtig. 1(b)] or the hole  (N,-Al, or Ny-Aly) is faster, also due to the larger Bohr
[Fig. 1(c)]. If the first step is capture of an electron, then toradius of the ground state. It is natural to conclude that re-
the first approximatiofimeaning neglecting af(R)] the en-  combination at such pairs will dominate the DAP spectrum.
ergy levels of the donor can be pictured as the energy levels If the pair separation is so small that the Coulomb energy
of an isolated donor but shifted towards the conduction band is larger than the ionization energy of either donor, still
by the value of the energy of the Coulomb interaction betwo mechanisms for capture of carriers are available. The
tween the donor and accept@.=e?/¢R [see Fig. 1b)].  first is the less probable mechanism of capturing first the
The case in Fig. (b) corresponds to sucR that all shifted hole (to the acceptor ground statend afterwards the elec-
donor states are degenerate with the conduction band, excepon. The second possibility is direct capture of an exciton by
for the ground state, which is then the only state capable dhe pair:®
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Let us consider now the limit of very distant pairs when Wavelength (A)
the Coulomb term is less than the energies of many excited 3800 4000 4200
states, which means enabled capture to these states. The cor- oK ' ' ' '

responding capture cross section is estimated to varnys 1/ Excitation at 351.14 nm
in this casé! i.e., the capture cross section for remote pairs
is much larger than for close paif®oth o;(e—h) and
o,(h—e) are largel. Furthermore, as long as the excited
states are involved, we do not expect a strong site depen-
dence of the capture cross section as in the case of close
pairs. However, we do expect the the recombination rate of
distant pairs involving\, is very different from the recom-
bination rate of distant pairs involvindyl,, because the re-
combination rate depends exponentially on the Bohr radius
of the donorground state:

f No.4, P=1

1/Tk’h0<eXF(—R/Rk’h), (3)

where 7, (7) is the average lifetime before recombination
of the pair at a distanc®, involving donor at hexagonal
(cubig site, respectively, ang,, ,R, are half the correspond-
ing Bohr radii for the ground state of the dortérConse-
quently, for a certain excitation level, remote pairs involving

bNo.3, P=10"®

Spectrum Intensity (linear units)

aNo.3,P=10°

3150 3050 2950

the shallower donor Nwill be populated much less than 3250
those involving the deeper one (\ simply because their Photon Energy (meV)
depopulation rate is much faster. FIG. 2. PL spectra of the fourH samples. Each spectrum is

This consideration finds its experimental confirmation inlabeled with the sample numbéXo. 1, etc) and the approximate
the power dependence of the DAP spectriapart from the  excitation powet (P=1 corresponds te-50 W/cnf). The sharp
well-known shift of the broad DAP luminescence peak withlines, which are most prominent in curegare due to recombina-
the excitation power and in the dependence of the DAP tion from close pairs. The broad peaks dendsgdandC, are due
luminescence on the doping level. It is well known that thet©® remote-pair recombination involvingNand N, respectively,
lines associated with close pairs only appear when the cryé"-“d t_he remaining broadbands are phonon repllc_:as _of these peaks.
tals have reasonably low donor and acceptor concentrationg'® lines denoted Al-BE anQ, arise from recombination of exci-
and when they are intensively excitftHowever, the expla- tons at_ neutral a(_:cepto_rs and donors, respectively. All spectra are
nation in Ref. 18 only addresses the much greater opticd]°rMalized to their maxima.
transition probability of the close pairs, and not their much
smaller capture cross section, if compared to the remotger for low-doped crystals than for high-doped crystals, sim-
pairs. Here we complete this explanation. Regarding th@®ly because their concentration is lower at low doping. This
power dependence, at very low-excitation levels, mainly thes illustrated in Fig. 2(curvesc—f), where the spectra of
broad peaks due to very remote pairs are observed. This feur samples with different doping levels, taken with the
seen by comparing the spectiaand ¢ of sample No. 1 in  same rather high-excitation level-60 W/cn?, focused la-

Fig. 2, taken with low- and high-excitation powésf. also ~ ser beam at 351.1 nimare compared. Although the concen-
curvesb and e, referring to sample No. )3 In the low- tration of close pairs also increases with doping, we observe
excitation casdFig. 2 (curvesa andb)], the remote pairs decreaseof the weight of the sharp lines associated with
outcompete the closer ones in capturing the few light-excitedheir recombination in the spectrum because the remote pairs
carriers, and the luminescence from close pairs, which giveBecome less saturated and easily outcompete the closer pairs
rise to sharp lines in the spectrum, disappdarsbecomes In capture.

negligible. The remote pairs need to be saturated in order to When inequivalent lattice sites are present, as in the case
enable the observation of photoluminescence from closef 4H-SiC, more than one peak associated with remote pairs
pairs. Their saturation at higher power excitation is favoreds observed. In Fig. 2curvesa and b), the spectra of
both by their low recombination rat@ue to exponentially samples No. 1 and No. 3 are compared, recorded with the
small probability for charge transfer from the donor to thesame very low-excitation poweabout 5 mw/crf), in or-
acceptor and large capture cross section. Under saturatiogler to promote the observation of the remote-pair peaks. The
condition, the large capture cross section of the remote pairfgeak denoted, is known to be due to recombination at

is disabled because they spend most of the time in their newemote pairs involving the shallower donof Nwhereas the

tral state. Thus, there will be many light-generated exces€, peak is due to recombination at remote pairs involving
free carriers available for capture by close pairs. N, .>% Since sample No. 3 is higher doped than No. 1, we

The large difference in the capture cross section of closanticipate lower saturation in that sample. Indeed, e
and remote pairs is involved also in the explanation of thepeak is hardly visible in sample No. 1, which means a high
doping dependence of the DAP spectrum. At certain fixedsaturation level for this peak even at this low excitation, but
excitation level, the saturation of remote pairs will be stron-it dominates the spectrum of sample No.(Blote that the
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close-pair related sharp lines also appear for sample No. 1, 3]
albeit weakly, which again indicates high saturatiddow- g |hh-set
ever, theB, peak is prominent in both samples, which 3
clearly illustrates the difference in the saturation level for &|-set
pairs involving N, and N,. Since the capture cross section £
for remote pairs involving Nor N, is about the sam¥,the B|khe-set
difference in their saturation is attributed mainly to the larger =

optical transition probability of pairs involving the shallower 200 180 160 140 120 100 8 60 40

donor N, . It is worth noting that raising the excitation power Coulomb Energy (meV)

saturates th€, peak also in sample No. 3, as can be seen by FIG. 3. Synthesized spectra for the three sets of DAP lines. The

comparing the spectra of this sample in FigcRrvesb and spectral intensity is proportional to the number of atoms in a sub-

e). In addition, at high power excitation, the relative ampli- Shell, which have the same value fig, and corrected with an

tude ofCy, is largest in the most highly doped sample No. 4,€xponential factor, as explained in text.

see Fig. Acurvef), in agreement with the lowest saturation

level of the remote-pair peaks in this sample. reduces the number of shells to be considered and simplifies
the calculations. The value for the lattice constant in the
basal planea=3.073 A at room temperature was corrected

IV. RESULTS FROM THE FIT AND DISCUSSION to zero temperature using its dependence on temperature.
A Fit of the sharb DAP emissi The latter is available in the literature only foH8SIC 2 but
- ritotine sharp emission is assumed to be valid also foH4SiC, thusa=3.0723 A

Our intention is to fit a part of the DAP spectrum corre- was used as the value at 2 K. However, this correction also
sponding to intermediate values 8 when line structure did not produce any visual change in the shape of the simu-
still exists, but the correction terd(R) can already be con- lated spectra.
sidered as negligible. Due to the features Bi-8iC depicted The simulated spectra are shown in Fig. 3. In synthesizing
in Sec. Il A, it is necessary to model the spectrumtrhh,  the spectra, the broadening of each line is taken to be 0.55
and kk sets and then fit each of them separately to the exmeV (FWHM), in order to achieve best visual agreement
perimental spectrum. Even for a single set, the lines alreadwith the experimental spectra. This value is slightly larger
merge at intermediatR due to the presence of many more than the linewidth of the spectrometer transfer function
shells than in a cubic cryst@and subshells within many of (=~0.4 meV), which accounts for some stress-related broad-
the shells. Therefore, the modeling of the spectrum mustening of the lines due to doping even in the spectra of sample
include broadening of each line by, for instance, the line-No. 1 with the lowest-doping level. The broadening increases
width of the spectrometer transfer function. Only the Cou-with the doping, as can be seen from Fig. 2. Furthermore,
lomb term is included in the model in the form presented byeach simulated spectrum is multiplied by an exponential fac-
Eq. (2). The peaks obtained in such way are added togetheor of the form expfE;/Ec), whereE;=2e?/Rp; is some
and the model spectrum is obtained. A similar approach witltharacteristic energy, different for tiy andhk sets, on one
simulated spectra has been used to fit the DAP-PL of vergide, and thekh and kk sets on the other side, because the
remote pairgup toR~70 A) in GaP and ZnS¢&® donor radiiRp; are different(the indexi is eitherh, or k for

The values for 61-SiC £¢=9.84 and Ae=0.037 were the donor at hexagonal and cubic sjtéghis factor accounts
chosen initially?! and varied afterwards. Each of the sgfts, ~ for the exponentially decreasing recombination probability
hk, andkk) has been simulated separately and the simulatedith increasingR (decreasingEc), see Eq.(3).}” Here we
spectrum has been moved along the experimental one in odenote the set of lines associated withtAl, pairs ashk set
der to find a correlation between the simulated and observeg distinguish from the set of lines associated with thea\,
peaks by means of a special computer program. pairs denoted akh. Apart from the exponential factor, these

Only a part from each set has been used for the fit, corresets are the same so only theset is shown in Fig. 3. The
sponding approximately to 40Ec<60 meV (or ~25 A  value of E,=130 meV Rp,~17.2 A) was found to repro-
<R<37.5 A, shell numbers from=100 up to 330 An es-  duce reasonably the intensities of the experimental lines in
timate of the multipole corrections can be made ®r thehhset(see beloyw The valueE, =200 meV was used for
~25 A if we use the constants obtained fa2-&iC> Itturns  the kh andkk sets.
out that the maximum values of the multipole correctidiys Among the three setiéh, hk, andkk), thehh set provides
andV, (see Ref. pfor this distance do not exceed 0.5 and best fit to the spectrum in the regien3063—3088 meV, as
0.2 meV, respectively. We assume that these estimations ashown in detail in Fig. 4. It turns out that the agreement
also applicable to H-SiC, thus justifying the neglecting of between the peak positions in the experimental and simu-
J(R). lated curve is relatively sensitive to the valueeofThe best

Another approximation to be mentioned is the use of theagreement is obtained for values between 9.90 and 10.00.
“ideal” ratio, (c/a)igea=4+2/1/3. The real ratio is some- This allows estimation of the static dielectric constant
what largerby 0.17%), however, when we use it to calculate =9.95+0.10 in 4H-SiC. The fit is not very sensitive to
the sets, their shape does not exhibit any visual chéege variations ofAe in the limits 0.036—0.044, thus we estimate
cept for the closest pairs, which are not used in the fit any/A e=0.04+0.005. For comparison, the values foH &iC
way). We prefer then to use the ideal ratio, since this greatlyare s =9.84 and/A &= 0.037, according to literature.
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Sample No.1 within 1 or 2 meV because is not known exactly and(R)
g’ LK e w3511 o is neglected. SincéEp,=61.4 meV is knowr® and E,
sl ' I ~3287 meV?® we deduce the acceptor binding enefgy,
g m~1203 m~400 ~(3287-3027-61.4)=198.6 meV. This value is in excel-
g lent agreement with our measurements of free-to-bound
-E spectra, shown in Sec. IV B, and in good agreement with the
values of 191 meV(Ref. 10 and 203 meV¥ obtained earlier.

3100 3090 3080 3070 3060 (These values will be discussed again in the following sec-
Photon Energy (meV) tion in connection with the free-to-bound spedtfarom the
FIG. 4. Fit of the experimental spectrufthin line) with the  fit we identify this acceptor as Al acceptor htsite and
theoreticalhh set alone(thick line). Approximate shell numbens estimate its ionization energy,,~199+2 meV at 2 K.
are shown at the limits of the fitted region. The fact that the spectral region shown in Fig. 4 contains
predominantly emission fromNAl,, pairs is in conflict with
All peaks in the theoretical curve have correspondingthe assumption of almost equal ionization energies of the two
peaks in the experimental one. Note that the discrepancgcceptors, Al and Al, suggested in Ref. 10. If this assump-
between theory and experiment diminishes with decreasingion was valid, the spectrum would show contributions from
Ec (increasingR), as should be expected in view of the both hh and hk sets with nearly equal amplitudes as a con-
decrease 0§(R). There are almost no unfitted peaks in thesequence of the almost equal Bohr radii for the acceptors.
experimental curve, which leads to the conclusion that thiSThus, the agreement solely with thé set is a hint that Al
part of the spectrum is indeed dominated®yA recombi-  has larger binding energy, smaller Bohr radius, and, conse-
nation involving (N,-Al,,) pairs, in agreement with the con- quently, smaller capture cross section and radiation rate,
sideration in Sec. Il B. which would explain the negligible contribution of thé& set
The region of variation oE used for the fit is chosen to in the spectral region upon consideration. We discuss this
be less tharEp,=61.4 meV and larger than the binding en- possibility in some detail.
ergies of donor excited states, as discussed in Sec. Ill B. We Where observable, the Ml pair emission should fit the
can now examine how well theh set fits to the experimental hk series, which applies also for thgl,, pairs(to distin-
spectrum at higher energies, as shown in Figsée thehh  guish them, we denoted the theoretical set of linekivget
sed. It is easy to see that even fB->61.4 meV and up to in the latter case The value ofi w..(N,—Al,) for the latter
at least 85 meV, the theoretical cur¢the hh set solely  can be estimated usirig,;,~199 meV, and estimatingp
describes well most of the features in the spectrum, and nfrom the differenceA E~55 meV between the maxima of
sharp intensity cutoff is observed. Thug-Hl,, pair recom- the By and C, peaks[see Fig. 2(curveb)] associated with
bination is dominating the whole energy region 40 meVrecombination from remote pairs involving the deefixy
<Ec<85 meV. Itis possible to find correlation with tids ~ and the shalloweB, nitrogen donors? Ep,~Ep,+ AE
set for even higher energies, but the increasing shifts due t&117 meV. Indeed, théh set provides a satisfactory fit
the increase ofI(R) make the direct assignment difficult. around the energy region 3014-3034 meV, which can be
These observations indicate that the cross section for captuseen in Fig. 5(the kh se). The value Aw..(N.—Alp)
of excitons is also largest for the M, pairs, if compared ~2974 meV is obtained, hendg,,~114 meV, in reason-
to the other possible pairs. able agreement with the above estimate. Another correlation
A value of  fw.(Ny—Al)=Eg—(Epnht+Eapn) of the hk set with the experimental spectrum was found in
=3027 meV is obtained by the fit. It is probably accuratethe region 3040—3054 meV, also shown in FigsBe thenk

Sample No. 1, T=2K

— theory l\

— i hh-se k- kh-
B‘ expermment (o e;fite 0 Yo v
. p— A
8 E.= 85 meV ‘ \ FIG. 5. General view of the fit of the experi-
S| (nthenrsery | ) ‘ mental spectrum with theh, hk, andkh sets. The
E higher-energy region of thah set is shown in
= ‘ order to illustrate the good correlation with the
) experimental spectrum up to energieSc
S ' ~85 meV. The theoretical curves are shifted ver-
— ‘ LA X tically to separate them from the experimental

i ‘ spectrum.
I L] T L) 1 I T L] 1 L] l ¥ 1 L] L] I L T L)
3150 3100 3050 3000
Photon Energy (meV)
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sed, which yields the value ofiw..(N,—Al)=Eg—(Epp
+Ea)~2998 meV. This leads t&,,~228 meV. Unfortu-
nately, the quality of the latter two fits is worse than the fit
with the hh set. That is why the fit with thék set cannot be
used to decide unambiguously the existence of the deeper
Al level. This is due partly to the weakness of the lines, and
partly to the underlaying background and overlap with other
no-phonon sets or phonon replicas of theg{Al;,) set, which

fall in the same spectral region. For similar reasons, it is not
possible to examine the fit with thkk set, which would
occur at lowest energiesby estimate, i w.(N,—Al,)

No.3, 90K

Intensity (linear units)

No. 1, 70K

~2945 meV] if the hypothesis of deeper Alkevel around 3140 3100 3060 3020
228 meV is valid. Photon Energy (meV)
Finally, the recombination of remote pairs involving,Al FIG. 6. Free-to-bound spectra. Each spectrum is labeled with the

should be a subject of stronger saturation than for pairs insample number and the temperat#8, denotes the free-to-bound
volving Al,, because the overlap of the wave functions of thepeak known from the literature, afB, is our tentative assignment
electron on the donor and the hole on the acceptor will béthus the question mark
smaller if Al is involved (assuming that it indeed has larger
ionization energy and smaller Bohr radiughis might ex- the authors accept the same free-exciton binding energy for
plain the absence of other remote-pair related broadbanddH as in 3C-SiC (27 me\), and obtain the valueE,
thanB, andC,. Note that also in other polytypes of SiC, for =203 meV for the Al acceptor. If the value 3287 is used for
example, 61- and 1R-SiC, the number of broadbands doesthe electronic band gap, as in this paper, we obfajn
not correspond to the number of possible sets of donor=198 meV, in close agreement with the result from the fit of
acceptor pairs, although it is shown that the Al acceptor hathe DAP spectrum.
rather well pronounced site dependence of its ionization en- Furthermore, we note the existence of the peak around
ergy for these polytype¥. 3065 meV, which has a similar line shape as the usual free-
to-bound peak at 3093 meV. However, its assignment to free-
to-bound transitions involving the deeper acceptqr édn-
not be unambiguous because its position is very close to this
Free electrons from the conduction band, which are availfor the B, peak shown in Fig. Zcurvea), which might not
able at elevated temperatures due to partial thermal ionizése quenched completely at these temperatures. If this peak is
tion of the donors, can make transition to recombine with théindeed due to free-to-boundo Al,) transitions, then from
holes bound to the acceptaifsee-to-bound transitionsThe  the energy difference between the two peaks one obtains
recombination is radiative with photon enerjwrg=E(k)  E,,~227 meV, in good agreement with the result from the
—Ea, whereE(K) is the initial energy of the electrofwith  fit with the hk set. However, both the fit and this free-to-
Boltzmann distribution near the bottom of the conductionbound peak are to be considered as tentative, as already men-
band, andE, is the acceptor ionization energy. Such free-tioned above.
to-bound spectra have already been observed in several poly- In conclusion, it is worth mentioning two more arguments
types of SiC, for both Al and B acceptof¥?*~?°The free-  in favor of deeper Al level. First, there still exists some line
to-bound spectrum provides a means of estimating thetructure on the low-energy side of ti peak, where the
acceptor ionization enerd$:** However, we have to review (N¢-Al,) recombination is anticipated in case of deepgr Al
the value of 203 meV deduced in Ref. 13. We have to recontevel. And second, the usual photoluminescence of Al-doped
sider also the assumption made in Ref. 10 regarding theamples clearly shows two peaks related to recombination of
equal ionization energies for Alnd Al in 4H-SiC. Al-bound excitons at the two inequivalent lattice sites. The
The free-to-bound spectra for two of our samples at temexciton binding energies deduced from their peak positions
peratures between 70 and 100 K are shown in Fig. 6. Thare 17.3 and 18.8 meV. If the Haynes fil&olds for this
position of the maximum of the known free-to-bound peakacceptor in 4-SiC, one would expect difference of at least
(marked FB) is 3093 meV, close to the positions reported 15 meV betweerE 5, andE ., which is not negligible.
before'®3|f the line shape of the FB peak suggested in Ref.
10 is used, this maximum is positioned Bf—Ex+ 3KT.
Hence,E,—E5~3088.7 meV because the Boltzmann factor
kT~4.3 meV at 100 K. Consequently, E,=3287 meV, We have shown that a fit of the DAP-PL spectrum is
thenE,~198.3 meV. We attempted also a fit of this peak,possible if the spectrum is modeled taking into account the
which yielded the valu&;—E,=3088.5 meV. These val- features arising from the anisotropy and presence of in-
ues forEg—E, are slightly underestimated because we doequivalent lattice sites inH-SiC. It is also shown that the
not account for the slight decrease of the band gap withlecombination of pairs involving N donor and Al acceptor at
temperature. Therefore, they are in close agreement with thHeexagonal sites is dominating the spectrum. From the fit, the
value 3089 meV, obtained in Ref. 13, where the band gapcceptor binding energ¥ ,~199 meV can be obtained
narrowing with temperature is taken into account. Howeverrather accuratelyfassuming the donor binding energ,

B. Free-to-bound spectra

V. CONCLUSION
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~61.4 meV is knowi'® and compared to the value reported
previously using free-to-bound transitions. However, the ac-
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