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Ga-bound excitons in -, 4H-, and 6H-SiC

A. Henry, C. Hallin, I. G. IvanoV, J. P. Bergman, O. Kordinay. Lindefelt] and E. Janze
Department of Physics and Measurement Technology, hingoUniversity, 581 83 Linkzing, Sweden
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We report a photoluminescen¢BL) study fromp-type gallium-doped SiC epilayers, which reveals a PL
spectrum constituted of a set of sharp lines and interpreted as excitons bound to the Ga acceptor. The PL
spectrum consists of several zero-phonon lines, which are very close to or superimposed on the nitrogen-bound
excitons in the #- and 6H-SiC. The intensity of the PL spectrum depends on the Ga concentration introduced
during the growth of the epilayers. The applicability of the Haynes rule is shown for the acceptors in SiC. A
comparison with the aluminum-bound exciton is also presented.

Today SiC attracts much attention, due to its potentiahear-band-gap region of a low-dopedtype 6H-SIiC epi-
application for high-power, high-frequency, and high- layer, which contains several sharp lines related to the re-
temperature devices. Recent efforts in crystal growth haveombination of three zero-phonon N-BE lirfbéabeled as
led to significant improvements of the material quality, the Pg, Ry, andS,, respectively, and to the recombination of
which now makes the performance of more detailed and funthe free exciton(FE), which is denoted ak, where the sub-
damental spectroscopic studies possible. The acceptor imp§Cript denotes the energy of the assisting phofiormeV)
rities were earlier only studied via the donor-acceptor-paifnvolved in the recombination procedsror  this n-type
emission’? however, recently, a report revealing photolumi- Sample, no contribution from the Al impurity was observed,
nescencéPL) lines associated with the aluminum-bound ex-Which should give rise to a set of sharp BE lines in the
citon (BE) has been pub|ishéd_ energy range of 3000-3005 me¥132—-4125 A Thel,

We present PL excitonic lines associated with the accepln€ intensity as compared to tiiy andS, N-BE lines leads,
tor gallium in SiC material grown by chemical vapor depo-according to Ref. 7, to a nitrogen impurity concentration of
sition (CVD). The spectra are found to be dependent on thé*<10"* cm S, _
growth conditions, such as the flux and vapor pressure of the When a small amount of TMG is added to the gas flow
trimethylgallium (TMG) used as the doping source. A com- during growth, PL lines with an energy position close to the
parison with the aluminum-bound exciton spectrum is alsd\-BE lines can be observed. This part of the spectrum will
presented to understand the multiplicity of the observed nobe discussed in more detail below. A decrease in intensity of
phonon lines. Moreover, the gallium impurity is found to be the 177 FE line relative to the N-BE linefFig. 1(b)] is also
a good a|ternativ@_type dopant, since a lower memory ef- noticed. As the flux of the TMG is increased, more acceptor
fect in the CVD reactor and probably a better doping unifor-impurities are introduced into the epilaydisig. 1(c)], and
mity of the layer are observed in comparison with the alumi-the I+, FE line will decreaséto finally vanish for growths
num case. with hlgh TMG ﬂUXGS[FIg 1(d)]

The samples used in this study are CVD epitaxial films Figure 2 shows PL spectra recorded with higher resolu-
grown in a hot-wall reactor with a SiC coated graphite susion than in Fig. 1. The dashed lines show the energy posi-

ceptor previously described elsewhéreThe films are typi-
6H-SiC
T=2K
A e = 334 nm
d)

cally 15-20um thick and grown on off-axis 83001)-face
n-type (10*® cm™3) substrates from Cree Research Inc. The
growths were performed by passing reactive gaséane

and propane diluted to 1pthrough the susceptor inside
which the substrates were placed. Hydrogen was used as the
carrier gas and the-type doping was achieved by small
additions of TMG, for which the flux and vapor pressure
could be controlled. The mole fraction of Ga could thus be
varied from 0 to 0.208. All growths were performed at a

PL Intensity (arb. units)

2
temperature of 1550 °C and with a C/Si ratio of 3. X0 \ | Pus S0l Ry P, 2)
Low-temperature PL spectra of the near-band-gap emis- s ! : :
sion of the different SiC polytypes were recorded at a tem- 2940 2960 2980 3000 3020
perature of about 1.8 K, using the UV line at 334.5 nm of an Photon Energy (meV)

Ar-ion laser as an excitation source. The luminescence was

dispersed by a SPEX 1404 0.85-m double grating monochro- F|G. 1. Photoluminescence spectta2ak from the near band-

mator, fitted with two 1200 grooves/mm gratings blazed atyap emission of B-SiC epilayers from then-type undoped-

5000 A and detected by a UV sensitive Hamamatsu photoreference samplé), and various Ga-doped epilayers with the mole

multiplier tube operating in a photon-counting mode. fraction of Ga during growth equal to 0.@), 0.034(c), and 0.068
Figure Xa) shows a typical PL spectrum recorded in the (d).
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FIG. 3. Comparison of the photoluminescence spectra of Ga-

2986 2990 2994 (top spectraand Al- (bottom spectradoped 64-SiC epilayer for
(@) low- and (b) high-acceptor concentration, respectively. The
Photon Energy (meV) drawing on the top of each part shows the possibility of superposi-

tion of the PL lines.

FIG. 2. High-resolution photoluminescence spectra of the un- o o
doped referencéa), and of various Ga-doped epilayers with the ~ Preliminary lifetime measurements of the dominant Ga-
mole fraction of Ga during growth equal to 0.Qh), 0.034 (c), related ||n6(41418 A—29926 mEMNere carried out and a
0.068(d), and 0.205€). decay time faster than our detection lin50 pg was ob-

served at 2 K. This fast decay time is believed to be related

tion of the well-known nitrogen BE lines. When the TMG is to a strong Auger effect in the recombination process, as
added to the gas flow during growth, sharp lines interpreteguggested for the N-BE emissidn.
as Ga-BE lines are observed around the N-BE lines from the In Figs. 3a) and 3b), a comparison between the PL spec-
samples. With a high TMG flux, the N-BE lines are very trum of the Ga-BE and that of the Al-BE is presented for
weakly seen, and almost only the Ga-BE lines are observedow-doped and highly dopedHs-SiC material, respectively.
At very high Ga doping, a structure appears in the Ga-BEThe spectra are plotted for an easy comparison by shifting
spectrun{Fig. 2(e)], which could be interpreted as a splitting the horizontal axis in such a way that the highest-energy
of some of the BE lines of the previous spectriifigs. lines coincide in the plot. A very good correlation can be
2(b)-2(d)]. The intensity of the Ga-BE lines first increasesobserved for the structure in both cases of doping. The
with increasing TMG flux, but reaches rapidly a saturation.sample with low Al doping was grown in the same CVD
We, thus, associate this series of very sharp and closelseactor as the Ga-doped samples. However, the growth pa-
spaced lines with the recombination of excitons bound to Gaameters were different from those for the reference sample
impurities without emission of phonons. The exciton binding[Fig. 1(&] giving a lightly compensatep-type material with
energy(Egy) of the Ga-BE in 61-SiC is deduced from the a carrier concentration below *cm™2. The PL spectra re-
excitonic band gafgEsy) to be in the range 29-37 meV. corded in the Al-BE region were, however, spot dependent:
Weak but distinct phonon-assisted replicas of the Ga-BBn some spots of the sample, the PL spectrum was as pre-
zero-phonon lines are observed with the dominant phonosented in Fig. @), whereas other spots show a similar PL
energies of 77, 97, and 106 meV, which are similar to thespectrum to that of Fig.(®), indicating an inhomogeneity of
phonon energies observed for the N-BE lines or FE emisthe Al impurity distribution in the layer. This behavior was
sions in &H-SiC. more weakly observed for the Ga-doped epilayers. The

For the N-BE lines, as well as for the PL spectrum relatechighly Al-doped layer was grown in a high-temperature
to the Ga-BE, a slight blueshift, with a maximum value of CVD reactor, which was recently present8dAs can be
0.5 meV, of the energy position could be observed on someeen from these figures, a very good correlation between the
spots of the samples. This behavior could be associated withl- and Ga-BE spectra can be observed. For low-doped
small inhomogeneities of the samples, mainly induced bysamples, up to eight lines are first observed for Ga-BE and
strain effects. nine for Al-BE, respectively. A superposition of lines can,

The PL intensities of all the sharp lines associated withhowever, be assumed and we propose tentatively that two
the Ga-BE show a similar excitation power dependence. Thigamilies of six lines give rise to the PL spectrum, as indi-
behavior indicates that the series of the observed sharp linesited in Fig. 8. One family is supposed to arise from the
cannot be associated to multibound exciton compléxgse  Ga atoms at the hexagonal site, whereas the other could be
temperature dependence of the PL spectrum associated wiitom Ga atoms at the two inequivalent cubic sites. From
the Ga-BE in 61-SiC shows a decrease of the PL intensity comparison with the N-BE'’s, the energy separation between
from about 25 K, with a complete quenching above 85 K.the BE lines, arising from the cubic sités.7 meV between
Polarization measurements were carried out and the observélte Ry and Sy N-BE lineg, is very small compared to that
luminescence was found to be predominantly polarized peetween the hexagonal related si®, line) and the cubic
pendicular to the growth direction. sites(about 14.5 meY Since the energy spectra of the ac-
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FIG. 5. Exciton binding energies, as a function of the ionization
energies in various SiC polytypes.

FIG. 4. Photoluminescence spectra of-3 6H-, and 4H-
polytype epilayers doped with gallium.

ceptor BE is much more condensed than that of the N-BE, itypes. For 4, we actually observe six PL ling2x3 lines.
is likely that the Ga-BE'’s at the two cubic sites are indistin-We cannot resolve the 12 PL lines foC3 Following the
guishable. When the doping concentration increases, howentative assignment in Fig. 3 fot-g we have 12 linegal-
ever, the lines originating from these cubic sites can be seethough some of them are superimposed on ojherghe
as two components. The observed splittings or separatioriew-doped case and 18 lines in the highly doped case. It is
are almost equidistant with a maximum energy separation afiot clear why 18 lines appear for the high doping. It may be
about 0.3 and 0.5 meV for the Ga- and Al-BE, respectively related to strain-induced splitting of orientational degeneracy
leading to the appearance of three families of six lines in ther to the interaction between close BE pairs residing at cubic
PL spectrum[see Fig. &)]. The splitting occurs for the sites.
Al-BE already at relatively low Al concentration, which may  The exciton binding energ§Egy) can often be described
indicate clustering effects of the Al impurities. in semiconductors as a simple, linear function of the ioniza-
Investigations of Ga-doped@and 4 polytypes were tion energy of the impurity. This Haynes rule was shown to
also carried out. Figure 4 illustrates the PL spectra recordefe applicable relatively well for the N donors in various
for the three investigated polytypes, where the data are plopolytypes' We present in Fig. 5 the data obtained for the N
ted so that the horizontal axis indicates the exciton bindingionor(Ej, is the ionization energy of the donor from recently
energy. For the @ polytype, a quite broad asymmetric line published workS$=19. For the acceptor BE’s in Fig. 5, we
is observed around 2346 meV, leading Egy=44 meV. plot only the binding energy of the most intense PL BE line.
This line probably consists of several unresolved zeroThe ionization energies of the acceptoB,] in this figure
phonon lines. Weak phonon replicas were also observed withre an average of the energies published for acceptor impu-
energies close to those reported for the N-donor BE or Alvities occupying the hexagonal-like and cubiclike sites from
acceptor BE. Ref. 1. The least-squares linear fit of these data yields the
In 4H-SIC, at least two broad PL lines are suggested to beelations
the Ga-BE zero-phonon lines with &gy of about 23.8 and

25.6 meV, respectively. With high-resolution measurements, Egpx=—3.58 meV+0.25, (1)
these broad lines are observed to be composed of three com-
ponents, leading to the observation of six different lines. Just Epax=—14.9 meV+0.16E,, 2

also, for the & and 4H polytypes. _ In summary, we have observed a set of closely spaced,

The closely spaced series of very sharp and shallow linegery sharp and shallow lines in the low-temperature PL spec-
of lightly aluminum-dopecp-type SiC have previously been tym of gallium-doped SiC epilayers. These PL lines are be-
observed and associated with the recombination of a neutrbyed to be due to the recombination of excitons bound to

Al-acceptor bound excitlo_f’lAIthoggh the authors were not ne gallium impurity. The Haynes rule is shown to be appli-
able to assign the specific transitions at that tiha,group  caple for the acceptors in SiC.

theoretical model originally developed by Deanal? was
applied to explain the multiplicity of the observed transi- Financial support of this work was provided by the the
tions. We propose, thus, in analogy with the work done orSwedish Natural Science Research Coun®FR), the
Al-doped SiC, that the series of sharp lines reported here iSwedish Council for Engineering Sciend@$R), the Swed-
due to the recombination of excitons bound to Ga impuritiesish Board for Industrial and Technical Development
For each inequivalent Ga site the model predicts 6, 3, and INUTEK), the NUTEK/NFR Material Consortium on Thin
states for 61-, 4H-, and 3-SiC, respectively, leading to a Film Growth, and the NUTEK/Asea Brown Bove{ABB)
total of 18, 6, and 12 recombination lines for the three poly-Power Device Program.
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