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Excitation properties of hydrogen-related photoluminescence in B-SiC
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We have studied the excitation properties of a well-known hydrogen-related bound ext¢i#) photo-
luminescenceéPL) in 6H-SIC. In the case of the so-called primary H-BE's, photoluminescence excitation
(PLE) spectroscopy reveals several excited states that have not been reported previously. In order to explain
these states we propose a pseudodonor model. The primary H-BE’s are thus regarded as donors where strongly
localized holes serve as the positive cores. From a comparison between the PLE spectra of the three different
primary H-BE’s corresponding to the three inequivalent substitutional lattice sitelli8i€, we attempt to
distinguish between the hexagonal and cubic lattice sites. We have also investigated the dependence of the
optically induced quenching of the H-BE PL on the energy of the exciting light. We observe that the quenching
of the H-BE PL is only efficient when the exciting light has energy above the threshold for phonon-assisted
free-exciton(FE) formation or when its energy coincides with the energy needed for resonant absorption into
the H-BE states. When creating FE’s, we observe different types of behavior depending on the initial condi-
tions. We argue that our results are best explained by the existence of two configurations of the same charge
state of the H defect, namely a stable oné (giving rise to the H-BE P), and a metastable oneB (not
revealed in the PL spectryniThe recombination of excitons bound at these two configurations can give rise to
the transformation— B andB— A. The existence of thB configuration is revealed through the effect of the
B— A process on the temporal changes of the H-BE PL.

[. INTRODUCTION sufficient for dissociating the defect.
H-PL spectra have been observed iit-4 6H-, and

In the early 1970s, Choyke and PatridRef. 1) reported  15R-SiC,2*’ but not in the cubic polytype G-SiC.2 In
strong bound excitoiBE) photoluminescencéPL) spectra 6H-SIiC, the H-PL spectrum contains lines of two types
in silicon carbide(SiC) implanted with the hydrogen iso- called primary and secondary, whereas H-4nd 1RR-SiC
topes H ¢H) and D @H). The PL spectra in the case of H only lines of the primary type are observed. Replicas associ-
and D implantation are very similar apart from the energyated with the C-H local modes are observed only in the case
positions of some prominent lines in the phonon-assiste@f the primary PL lines. However, since the secondary PL
sidebands. The energy displacements of these lines from tHi@es observed in B-SiC depend on annealing in the same
no-phonon lines, approximately 370 meV in H-implantedway as the primary PL lines, it has been claimed that both
and 274 meV in D-implanted SiC, correspond to the energietypes of lines are due to the same defent. this paper we
of C-H and C-D bond-stretching vibrational modes, will be concerned only with the 8 polytype.
respectively: This confirmed the involvement of the im-  Figure 1 shows the no-phonon part of a typical H-BE PL
planted speciegH or D) in the optical centers. The defect spectrum in &1-SiC. The H, H, and H lines are no-
was proposed to consist of an H or D atom bonded to one gfhonon lines associated with the primary H-BE'’s, whereas
the four C atoms neighboring a Si vacarfdyn recent years the H, Hs, and Hg are no-phonon lines associated with
the H-related PL has also been observed in SiC layers growsecondary H-BE’s. The inset shows the C-H mode replicas
by chemical vapor depositiohin the following we will refer  of the primary lines. Also visible in the spectrum are Re
to these defects as H and D defects, the excitons bound ®nd S no-phonon lines associated with BE's at nitrogen do-
them as H-and D-BE’s, and the PL due to the BE recombihors (N-BE’s). The peaks labeled “?” in the figure are of
nation as H- and D-PL. An interesting feature of the H-PLunknown origin. Figure 2 shows the energy positions of all
spectrum is the quenching of the PL intensity under propreviously reported H-BE states inH6SIiC, as well as
longed optical excitation at low temperatufesThe original  those reported in this paper(H;r, H,r, and
PL intensity at low temperature can be restored by annealings,83,v3,83,€3,{3,73). The energy values are listed in
at room temperatur&® No such quenching is observed in the Table I. In 64-SiC, the crystal structure is such that there
case of the D-PL.In order to explain this behavior, Dean are three inequivalent substitutional lattice sites, and thus
and ChoykgRef. 6 proposed a recombination-enhanced de-three inequivalent silicon vacancies. The energies of the
fect reaction(REDR). In this model one recognizes the fact H-BE’s associated with the different sites are not the same.
that a part of the H-BE recombination energy may be chanThe indices 1, 2, and 3 refer to the three different sites in the
neled into vibrational motion of the defect atoms. This localcase of the primary H-BE'’s, but for the secondary H-BE's
vibrational energy may be sufficient to overcome the potenthe sites are labeled 4 and 5. The reason for the observation
tial barrier for transfer of the light H atom to a neighboring of only two, instead of three, secondary H-BE's is not known
site, thereby dissociating the defect. The vibrational energyput might be due according to Ref. 5 to the exciton not being
is smaller when H is replaced by D and is apparently notound at one of the sites. At 1.3 K only transitions from the
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3 FIG. 1. The no-phonon part of a typical H-BE
3 PL spectrum in 6-SiC. The spectrum was re-
corded at 2 K. The i H,, and H lines are no-
. phonon lines associated with the primary H-BE's,
10 3 H1 ‘ . , 3 whereas the i Hs, and Hg are no-phonon lines
F H 4700 4750 4800 ' associated with secondary H-BE's. The inset
2 Wavelength (A) ] shows the C-H vibrational mode replicas at ap-
H. H . proximately 370 meV below the primary no-
RS 5 Mgr N p) 3 phonon lines. Also visible in the spectrum are the
: : R and S no-phonon lines associated with BE'’s at
nitrogen donors at the two cubic lattice sites in
6H-SIiC (theP line associated with the hexagonal
site N-BE is buried under the Hine). The peaks
labeled “?” in the figure are of unknown origin.
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lowest-energy states of the H-BE's are observed in the PL In this paper we report the excitation properties of the
spectrum, i.e., the H H,, Hs, Hse, and He no-phonon H-BE photoluminescence inHs-SiC. PL excitation(PLE)
lines? In PL spectra recorded at higher temperatures, nospectroscopy reveals several excited states of the primary
phonon lines associated with the,HHs, Hy7, and H states  H-BE’s which have not been reported previously. A pseudo-
have been observéd.Already & 2 K the H; no-phonon line ~ donor moo_IeI(BE at a hole a_ttractive isoele_ctronic defeist

is observedsee Fig. 1 High-resolution PL measurements pr_oposed in order to explain the electronic structure _of the
have shown that the no-phonon lines at low temperature iRfimary H-BE's. From the dependence of the quenching of
both the primary and secondary spectra are composed of € H-PL on the excitation energy, we propose that the H
closely spaced componenfs(these are not resolved in the efect has two configurations, a stable on&.(gwmg nse
spectrum shown in Fig.)1 This has been explained by the g’Lth?th'PD’ and a metasta(\jble ofnﬁB (not Ig'V'Sng ”ﬁe to
iference between nonaiA) and axl(A) C- bonds - FL) 1€ PEPET i rsized e olewst) i sec | e

in the uniaxial 84-SiC crystalP The splitting is exemplified P .

) . P ) their interpretation are given in Sec. IlIA and Il Bijii)
in the blown-up view of the kiline in Fig. 2. The spacing  gecs 111 C and 111D present and discuss the results concern-

between the two components ranges from 0.17 to 0.37 me}{]g the excitation dependence of the H-PL quenchiiig
for the different lines and their intensity ratio is betwegn finally in Sec. IV we give a summary.

and ¢ (NA being the stronger compon@nt

Il. EXPERIMENT
I primary | |- secondary—-| The sample used for this investigation was a 180-
304 H, H, H, H, H, thick 6H-SiC layer grown by high-temperature chemical va-
3_03'_ —n ] TABLE I. Energy positions of all the H-BE states irH6SIC
~—E, —H — observed in this workthe Hy1, Hor, andas,B3,7v3,03,€3,{3, 13
302 " Ny —8 8 states have not been observed previoughpart from the absolute
301k - i :Es ] energies, the table lists also the energy of the states with respect to
L —H, : 1 the lowest-energy state of each H-BE.
S
o 300} = :4 4
% 200k * ] Energy AE/H, Energy AE/Hy, 4 e
5 —He Label (eV) (meV) Label (eV) (meV)
298 —H A
ol —% B Hs 2.9559 0 H 3.0134 0
‘ v —n Har 2.9621 6.2 Hi 3.0228 9.4
2% — H-BE in 6H-SiC] as 2.9759 20.0 H 3.0065 0
2.95 B3 3.0109 55.0 Hr 3.0159 9.4
v3 3.0142 583 He 2.9977 0
FIG. 2. Energy positions of all previously reported H-BE states 93 3.0163 60.4 H 2.9991 14
in 6H-SIiC, as well as those reported in this pafié;;, Hor, and €3 3.0210 65.1 B 2.9779 0
as,B3,Y3,03,83,{3,m3). The H-BE's are of two kinds, primary ¢ 3.0245 68.6 H 2.9795 1.6
and secondary. The different H-BE’s within each group are associz, 3.0296 73.7 B 2.9868 8.9

ated with inequivalent lattice sites inH6 SiC.
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por depositiofHTCVD). The growth was carried out on the
Si face of ann-type (2x10®¥cm %) on-axis 6H-SiC sub-

Her 6H-SiC

unit;

strate at slightly above 2200 °C. The incorporation of hydro-. . PLEat2 K
gen into the layer occurred unintentionally during growth. '
For the optical experiments the sample was cooled in a Heg a) Detect at H,

\‘WT‘\—\\‘
1
H b) Detect at H,

5T

b,

(&

bath cryostat. For PLE spectroscopy a tunable dye las
pumped with the multiline UV output of an Arion laser was
used as an excitation source. The luminescence was spe
trally resolved by a 0.85-m SPEX 1404 double grating’s
monochromator fitted with 1800 grooves/mm gratings, and'%_
detected by a Hamamatsu photomultiplier t(B&T) oper-
ating in photon counting mode.

ntensity

-

lll. RESULTS Energy relative to H, , . line (meV)

A. PLE spectra FIG. 3. The PLE spectra of the ;H H,-, and H-BE's in

The H-BE PLE spectra were measured by detecting théH-SIiC. The PL was monitored at the;HH,, and H no-phonon
H-PL at a particular no-phonon line or phonon replica at 2 Klines at 2 K. The PLE peaks are labelegrti Hor, and Hyr. The
while scanning the excitation energy. PLE spectra correother peaks in the spectra are Raman peaks.
sponding to the K H,, Hs, Hs, and H no-phonon lines as
well as a couple of kiphonon replicas were obtained. The transition is the same as the one giving rise to thg AL
PL lines associated with the,HBE were, on the other hand, |ine, reported to be 7.4 meV above the khe 2
too weak to enable reliable PLE measurements. The resolu- The H, PLE spectrum contains a weak peak at thg H

tion at the detection side in these measurements was approjosition and the HPLE spectrum contains peaks at both the
mately 0.6 meV, and the detected signal therefore contained,; and H; positions(see Fig. 3 This may be due to either

a contribution from both the NA and components of the  the overlap of phonon-assisted emission from the higher-
lines. Since the detection energy is close to the excitatioRnergy H-BE's with the lower-energy H-BE no-phonon
energy in the PLE experimentsisually within the phonon jines, or energy transfer between the different sites. The ab-
energy regiop lines due to Raman scattering may overlapsence of the iHand H, lines in the PLE spectra is a conse-
with the spectra. When scanning the laser excitation, the Rgyuence of their low oscillator strength.

man spectrum follows the laser line, so each time the energy Figure 4 shows the PLE spectrum detected at the strong
separation between the detection energy and excitation epy no-phonon line. In Fig. @) the PL was excited WItELT
ergy coincides with the energy of a Raman mode, a peak will > . T - . .
appear in the PLE spectrum. Since the Raman peaks do nBplarized light, and in Fig. @), Elic polarized light was
depend on the PL, they are observed irrespective of whethé‘rsed' In the latter case the excitation was mtroducgd through
the detection energy coincides with the energy of a PL tran@ Cleaved edge of the sample. Due to the scattering and in-
sition or not. They are thus easily identified by comparing
excitation spectra corresponding to different detection ener-
gies.

The PLE spectra detected at the, H,, and H no- 2'?6 : 2'?8 : ? : 3'?2 : 3'?4 : 3'?6 : 3'?8
phonon lines are shown in Figs@-3(c), respectively. The V0 ), hydrogenic model 55 ssas
upper energy limits of the three spectra correspond to abso ' T
lute energies just below the onset of the phonon-assiste
free-exciton(FE) absorptionFE absorption edgéFEAE)].
Above the FEAE it is very difficult to distinguish any H-BE
PLE peaks from the large background due to FE absorption.
The PLE spectrum of thedd line is identical to the EPLE
spectrum and is thus not shown. The polarization of the ex--
citing light wasELc, wherec denotes the crystal axic
axis) of 6H-SiC, andE the electric field vector of the light.
The PLE peaks in Fig. 3 are labeledH H,, and Hr.
Other peaks in the spectra are Raman peaks. In particular, th _ . _
three Raman peaks labelgd', RS, andR¢' are due to elec- 4200 4150 4100 4050
tronic Raman scattering associated with nitrogen dohofs, Wavelength (A)
which there is a rather high concentration in the substrate
part of our sample. We suggest that the energy states giving FIG. 4. The PLE spectrum of the HBE in 6H-SiC. The PL
rise to the Hy and H PLE peaks at approximately 9.4 meV was monitored at the Hno-phonon line at 2 K. Ifa) the PL was
above the Hand H, no-phonon lines are of the same type asexcited withE_L ¢ polarized light and irb) EIc polarized light was

the Hyr state in the case of thesHBE. The Ht PLE line  used. Arrows marked ++, and *+ indicate excitation energies
appears at 7.3 meV above the lhe. We propose that this used in H-PL quenching experiments.

Energy (eV)

y

53 éseries limit |44
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5 intensity
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ternal reflections of light inside the sample, however, theter, the hole behaving as a spinlike particle due to strong
polarization is expected to be only approximate. Thus, théocalization® The exchange interaction between the spin
spectra may also contain some contribution from the oppoene-half hole and spin one-half electron splits the exciton
site polarization. In the rightmost part of the two spectra westate into a triplet and a singlet, the triplet appearing at lower
observe clearly the steplike absorption edge due to the cremergy. The transition from the triplet state to the crystal
ation of free excitons with the assistance of momentumyround state is forbidden whereas the transition from the
conserving lattice phonons. The absorption edgeHR&IC  sjnglet state is allowed. ThesH singlet has a higher oscil-

has previously been detected by_absorption measuremenfgor strength compared to thesHriplet in approximate
(see Ref. 10 and references theyand PLE measurements aqreement with the above-mentioned selection Fule.

of the free-exciton emissioft. Steps related to the 36- and |, light of these results, the neutral isoelectronic defect

46-meV ELT phonons are observed in Fig(at (I1z5 and  can be considered as hole attractive. The local defect poten
l46), Whereas in Fig. é) we observe steps due to the 33- tial localizes a hole and the charged hole in turn binds an

and 44-meVE|c phonons (33 and I,,). The unlabeled glectron in its Coulomb potential. This type of BE is some-
peaks appearing just below the absorption edge in Figs. 4 times called a pseudodonor BE. We propose to explain the
and 4b), as well as theR$' peak (same as in Fig. 3 are  Hat. @3, B3, 73, 83, &3, {3, andy; peaks in the HIPLE
Raman peaks. We also measuredfhe PLE spectra of the spectrum in terms of the ground and excited states of a
phonon replicas at 81 and 369 meV from the rid-phonon welakly bounld ;ekllectroqtlr}a pseud;)donorf BEBE be ob
line. In this case it was possible also to scan the excitation_. N general, the excitation spectrum of a can be ob-
over the H no-phonon line. These spectra are identical to thetalned either by observing transitions from the crystal ground_
spectrum of the kIno-phonon line except for the shift of the state to the ground and excited BE states, as is the case in
Raman peaks and a very weak peak at thdifé position. this paper, or by observing transitions from the BE ground

. ) | . . state to its excited staté&.The latter case is similar to a
The low intensity of the i peak is consistent with the low conventional donor or acceptor absorption measurement, ex-
oscillator strength found from PL measurement&he Hyr P P '

PLE peak in Flg 4 appears at approximately 6.2 meV abové’)ept that it requires an excitation beam to maintain a steady

the no-phonon line. We suggest that this transition is thé)opulation of BE's. The selection rule for the creation of
same as the one giving rise to theHPL line, reported to be excitons requires that they be created in even-parity states.

6.5 meV above the Hine 2 When the excitation is scanned Therefore, the first method is expected to give information

h i th hiah lution. that i ith I only on even-parity states. The second method, on the other
acrosls ?hl?'T Ineé wi t 1I‘gth relso N |<_)tn_, Ia 'Si' Wlb a srr&ath hand, reveals transitions from even-parity ground states to
wavelength increment of the 1aser, it 1S clearly observed tha dd-parity excited states. By comparing excitation spectra

Fhe line is. composed of tW.O compongnts. Their intensity ratiofor the same BE obtained by the two different methods, it
is approximately; and their spacing is 0.37 meV. These are yas found that the selection rule for the creation of excitons

the NA andA components of th.e 4 line. Both COMPONeNtS g not strictly obeyed Thus it may be possible to observe
are observed since the resolution at the detection side is ongSO transitions to odd-parity states when creating excitons

0.6 meV as mentioned previously. These are expected to be weak, however.

Similar t.o the P.L.E spectra of the?l-dmd H-BE's, a peak As mentioned earlier, the H-BE states are split into spin
at the .H” line position is observed in the3I-P_LE spectrum triplets and singlets due to the electron-hole exchange inter-
[see F'g' ‘@] There_ Is also a peak, Iabelé_g in the f|g_ure, action. The transition to the H-BE ground-state triplet is very
appearing at approximately the same position as thelife. — \yeak and the same should apply for the excited states. We
However, since the; peak is much stronger than theH 1,5 expect to see primarily transitions irdike spin sin-
peak, it is unlikely that it is due only to 44. We thus con- glet states in the H-BE PLE spectra.
sider at least part of its intensity to be due to absorption int0" gnh110w donor states in semiconductors are usually mod-
an excited state of the #BE. In addition 1053 we also  gleq py effective-mass theoEMT). For semiconductors
attribute the peaks labeleds, B3, v3, £3, {3, and 7z in  gych as SiC which have multiple equivalent conduction-band
Fig. 4 to absorption into excited states of the-BE. The  minima, the reduction of degeneracy due to valley-orbit
obsgved spectrum of excited states is similar for Biec  (VO) splitting (largest in the $ ground statealso needs to
andE([c polarizationgsee Figs. é) and 4b)]. Apart froma  be taken into account. Information concerning the states of
slight shift(<0.5 me\j of theeg, {3, andy; peaks to lower shallow donors in SiC is scarce. The only donor that has

energy in theEII?spectrum, the peaks appear at the samd&een studied in any detail is the carbon site nitrogen donor
energy positions in the two spectra. The relative intensitie§Nc). The excitation spectrum of the Ndonor has been
of the lines show that thé; and ¢ peaks are preferably obtained by infrared absorption measurements for a number
of different SiC polytypes®~1® For the cubic polytype,

3C-SiC, the excitation spectrum has also been obtained by
Sbserving two-electron  satellites of the N-BE
luminescencé’ Apart from the 1S ground state, the results
for 3C-SiC are in good agreement with the predictions of
EMT (calculations of Faulknet® and are consistent with the
Magneto-optical studies of the primary;HH,, and H,  electron effective mass determined by optically detected
no-phonon lines show that they have triplet charactercyclotron-resonanc€ODCR) measurements The 1S state
whereas the kt no-phonon line does not spfitThis has is split by VO splitting into two states, af; singlet and an
been explained by BE recombination at an isoelectronic cenk doublet(neglecting spin degeneracseparated by approxi-

excited withEI[C light, whereasE L T polarization favors
and H. The energies of all the PLE peaks discussed abov
can be found in Table I.

B. Interpretation of the PLE results
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mately 8 meV, theA; state appearing at lower energy. For
the other polytypes, comparison with theory is far more dif- = 100 % Excite at o, line
ficult, due to both the lack an appropriate EMT for these @ 10°F 1+ 709 (~1 minute) 2K
more complicated crystals and the less reliable data. Som5 .
attempts have been made, howe¥ef but with limited suc- S
cess(see, e.g., discussion in Refs. 19 and.20 =
Due to the lack of an adequate theory, support for our?J
pseudodonor model for the primary H-BE's iH6SIC relies =
mainly on the qualitative similarity between the primary g
H-BE PLE spectra and known donor absorption spectra in* 1¢°}
6H-SIC. 6H-SIiC has six equivalent conduction-band
minima, occurring along theVl-L lines in the Brillouin L .
zone?! VO splitting is expected to split theSlground state 0 1000 2000 3000 4000 5000 6000
of a substitutional donor into twA, singlet states and twi Time (seconds)
doublet states, neglecting spihere A, and E denote irre-
ducible representations of theycpoint group of a substitu-
tional donor in 64-SiC). Experimentally, the $ ground
state of the N donor in 84-SiC is only seen to split into two
states, however, the state lower in energy beind\astate.
The size of the VO splitting is found to be very different for
the different inequivalent substitutional sites. From absorp
tion measurementéthe VO splitting at the hexagonal site in
6H-SIC is found to be 12.6 meYRaman measurements give
13.0 meV).? The VO splitting at the two cubic sites has not
been determined by absorption measurements, but peaks
Raman spectra indicate values of 60.3 and 62.6 meV fo
these S'te%(”;,e three Raman lines mentioned here are thg;on ¢ this is a low transition probabilitgi.e., the peaks are
same as tr_l&. , F_22 , and Ref lines observed in Fllg.)3The too weak to be observed
N¢c donor ionization energies at the different sites are also
different, 81.0 meV for the hexagonal site but 137.6 and
142.4 meV for the cubic sit¢é. The separation between the C. Quenching of the H-PL
Har peak and ther; peak in the H PLE spectrum is 13.8°  The quenching experiments were performed by monitor-
meV. On the other hand, we do not observe angeaks in  ing the H-PL (after cooling the sample from room tempera-
the H, and H, PLE spectra. Since the Hand H, lines are  ture b 2 K in darknessat the position of the strongest no-
much closer to the FEAE than the; tine, their PLE spectra  phonon line, H, as a function of time while exciting with
span a narrower energy range than thePHE spectrum. But |aser light at various different energies. Although the
even so, the spectra show that thetate of the FBE must  quenching of the PL associated with the different H-BE’s
be more than 35 meV above thgstate, and ther state of  differs, it is believed that the underlying process is the same
the H-BE more than 45 meV above the,Hstate. If we in all case$ In the REDR model the variations may be ex-
assume the H-BE behaves as a pseudodonor, it is natural pdained by differences in the height of the potential barriers
assign the separation between thg ahd a3 peaks to the to the neighboring site%.
electron VO splitting. In analogy with the\donors, we can Three types of quenching experiments were perforrtigd.
then explain the apparently large VO splitting in the case ofThe H;-PL was monitored as a function of time while excit-
the H, and H-BE’s by associating them with the two cubic ing resonantly at thers, Hst, or 85 position(indicated by*
sites, and consequently the;-BE with the hexagonal site. arrows in Fig. 4. The behavior was similar in all the three
One would expect most of the peags, vz, 83, €3, {3, cases. Figure 5 shows ther-RL quenching in the case of
and 3 to be due to higher-ord@stateq2S, 3S, etc) of the  excitation at theas position. The H signal is reduced to
electron. However, as mentioned above, some of the weakeipproximately 8% of its original intensity after 90 min of
peaks might be due to transitions into odd-parity states sincexcitation. (i) The H-PL was monitored while going
the selection rule is usually not perfectly obeyed. In Fig. 4through a sequence of different excitation energies. First, the
we show the energies ofS3and 4S states calculated from a Hs-PL was excited at the; position for 1 min. During this
simple hydrogenic model, assuming thg and 6; peaks time the signal decreased to approximately 70% of its initial
represent the 3 and 2S states, respectivelghe VO splitting  value(see Fig. 5. The wavelength of the excitation was then
is here assumed to lower the energy of one of the t8o 1 changed to an off-resonant valGgavelength not coinciding
states but leave the other one unchang@&te 3S state co- with the position of any of the PLE peaks in Fig. delow
incides with thel; peak but no line is seen at the position of the FEAE and kept there for 1 h. The wavelength was then
the 4S state. In @1-SiC the effective-mass tensor has threechanged back to the position. The H-PL immediately
independent componer?t%?l’his means that theP, 3P, etc.  before and after the off-resonant excitation was the same,
states are split into three levels each. Therefore, if excitatioshowing that the quenching during off-resonant excitation is
into P states can occur, then three extra peaks are expectedmegligible. The experiment was repeated for several different

10 % (~1 hour) ——

FIG. 5. Decay of the KPL with time at 2 K during resonant
optical excitation of H-BE’s at the energy of the; PLE peak(see
Fig. 4).

the vicinity of the 2 level. This might explain the wegRs,

v3, ande g peaks. Similar arguments hold for higher-or&er

States, but the separation between the lines decreases rapidly

with the order and will thus become more difficult to resolve.
Finally, we comment on the PLE spectrum of the second-

ary He-BE. Although this spectrum reaches 80 meV above

H; line, no excited states of thegHBE apart from the
H5T state are observeggdee Fig. 3. The most likely explana-



PRB 62 EXCITATION PROPERTIES OF HYDROGEN-RELATED. . .. 7167

' ' ' ' ' within the high-intensity central region of the laser spot, fol-
S Excite > FEAE | 1 lowed by a slow tail, coming from the off-central part where
w o 2K 1 the intensity and hence the quenching are much slower.
% 4x10° [ " -
f_; a0’ b \\‘;j) without previous quenching | D. Interpretation of the quenching results
g .................................... P o ot —— The results presented in the preceding subsection can be
T o0 F et e explained by the existence of two forms of the H defect, one
= v al | stable and the other metastable. Let us call the stable form
e ] and the metastable forf. A gives rise to PL(the H-PD),
H b) after resonant quenching | whereasB does not(at least not within the energy region
o ) . ) , ‘ . spanned by our PL measuremgnt®ptical excitation may
0 500 1000 1500 leave the defect unchanged or transform it from one form to

the other(A—B or B—A). The creation of a FE or the
creation of a BE af by resonant excitation can give rise to
FIG. 6. Decay of the KtPL with time at 2 K during laser exci- the A— B process. The creation of a FE can also give rise to
tation above the FEAHa) without previous illumination(b) after ~ the B— A process. When creating BE’s resonantly at H de-
resonant excitation. The slight fluctuations in the curves are due téects in theA form (e.g., by exciting at thevg position, the
instabilities in the laser excitation. B— A process is not active. This type of excitation can there-
fore convert all theA-form defects that are excited into
off-resonant wavelengthgtwo examples of such wave- B-form defects(within the time limits shown in Fig. 5, more
lengths are indicated by arrows in Fig. 4. Also, a similar  than 90% are convertgdThe situation is different when
experiment where the; excitation was blocked for 1 h in- FE’s are created since in that case both Ahe B and the
stead of changing the wavelength gave the same rdullt. B— A processes are active. If all the H defects are initially in
The H;-PL was monitored while exciting with light with an the A form (as they are after cooling from room temperature
energy above the FEAHlNndicated by a~** arrow in Fig. 4. in darknesy the above-FEAE excited H-P(due toA) will
In one case, this was done without any previous illuminatiorbe reduced until there are sufficiently many H defects in the
(curvea in Fig. 6). In another casécurveb in Fig. 6), the B form to allow theB— A process to compensate for the
Hs-PL had been quenched to below 10% of its initial value— B procesgcurveain Fig. 6). On the other hand, if most of
by using excitation at the; position during 90 min(Fig. 5)  the H defects have been converted to Bi®rm by resonant
prior to the excitation above the FEAE. The two curvas, excitation before the above-FEAE excitation stdrgrve b
andb, appear to approach the same steady-state yalde  in Fig. 6), then theB— A process may dominate over the
cated by a dotted line in Fig.) &t approximately 45% of the A— B process in the beginning, leading to an increase of the
peak intensity of the upper curve. In the experiment givingPL associated with thé form. As more and more of the
rise to curveb in Fig. 6, the effect of returning the excitation defects are converted back to tAdorm, the importance of
energy back to ther; position afte 1 h of excitation above the A—B process increases, until it balances out Bre A
the FEAE was also investigated. The intensity of theFtl  process.
immediately after the return was approximately five times We now consider the nature of the two forrAsand B.
larger than it had been after the initial quenchifigefore =~ We consider two alternatives. The first is that they are dif-
changing to above-FEAE excitatipnThis agrees with the ferent charge states of the H defect. The second is that they
rise observed in curvie of Fig. 6. The increase of theHPL  represent two configurations of the same charge state of the
induced by the excitation above the FEAE is quenched byH defect. In order to change the charge state of the defect, an
continuing thea; excitation. electron must be released or captured. Phe B process
Figure 5 shows that the quenching of the H-PL is nonex-occurs very efficiently when BE’s are formed at the H de-
ponential. This does not, however, rule out the possibilityfects by resonant excitation. This type of excitation might
that the quenching of the H defect follows a first-order pro-lead to electron release or capture in two ways, either by an
cess. The reason lies in the way the experiment was peAuger process during the BE recombination or by an excita-
formed. The quenching rate of the H-PL depends on theion of the defect independent of the BE formation. We im-
intensity of the excitatiorithe higher the intensity, the faster mediately reject the latter alternative, however, since it is
the quenching In order to quench the PL signal within a very difficult to explain why the quenching in that case
reasonable period of time with the laser power we had at oushould be active only at excitation energies corresponding to
disposal(10—-25 mW depending on the wavelengtthe la-  resonant BE formation. In order for an Auger process to take
ser spot needed to be focused onto the sample. The spot sigkace, there needs to be an extra electron or hole present in
was approximately 0.01 cmi. The detected PL contains the vicinity of the BE. This is the case, e.g., for BE's at
contributions from different regions of the laser sgobt  donors and acceptors and is found to lead to short decay
only the central pa)t The excitation intensity under the cen- lifetimes for the associated P£ However, experimental evi-
tral part of the laser spot is higher than at positions off thedence[e.g., the long decay lifetime of the H-P(Ref. 2]
center. This also means that the quenching rate is not corndicates that the H defect is isoelectronic and thus does not
stant over the excited ardaince the excitation intensity is have any extra electrons or holes to take part in an Auger
not). The detected decay of the H-PL may thus consist of arocess. It is thus very unlikely that an Auger process can
fast initial decay coming from the quenching of the H defectoccur during the recombination of thezBE’s. From the

Time (seconds)
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above considerations, we conclude that a change of chargmergy above the FEAE, we observe different types of be-
state is not a plausible explanation for the quenching of thénavior depending on the initial conditions. If there has been
H-PL. We are led to the model of two configurations of theno illumination prior to the creation of the FE’s, the H-PL is
same charge state. ThHie—B process needs a BE on the reduced until steady state is reached at a certain fraction of
defect. The same seems to apply to Bye: A process since the original intensity. On the other hand, if one starts by
FE's are needed in order to activate it. Either the presence afuenching the H-PL by exciting BE’s at the defects reso-
the BE’s at the defects or their recombination gives rise taantly, and then changes to excitation above the FEAE, the
the transformation. Due to the properties of the H- and D-PLFE creation can lead to an initial increase of the H-PL and
discussed in the Introduction, we find the latter alternativethen saturation at a certain value. We argue that our results

far more likely than the former. are best explained by the existence of two configurations of
the same charge state of the H defect, a stable Aiigiving
IV. SUMMARY rise to the H-PI, and a metastable onB: (not revealed in

the PL spectrum Recombination of BE's at these two con-
Photoluminescence excitation properties of H-BE's infigurations can give rise to the transformatiohs>B and
6H-SiC have been investigated. In the case of the primarys_ . A The existence of thed configuration is revealed
H-BE's, the PLE spectra reveal several excited states th%rough the effect of theB—A process on the temporal
have not been observed previously. In order to explain thes@nanges of the H-PL. The most probable mechanism by
states, we have proposed a pseudodonor model. The primagich the BE induces the change in configuration is through
H-BE's are thus regarded as donors where strongly localizegiprational excitation of the defect during recombination.

holes serve as the positive cores. From a comparison bée |ocal vibrational energy helps the defect to overcome the
tween the PLE spectra of the three different primary H-BE's payrier to the other configuration.

corresponding to the three inequivalent substitutional lattice
sites in @H-SiC, we attempt to distinguish between the hex- ACKNOWLEDGMENTS
agonal and cubic sites.
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