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We report on optical investigations of a near-infrared luminescence band in hexagonal GaN with a
single zero-phonon line (ZPL) at 1.1934 eV. It is attributed to the spin-forbidden internal d-d transition
'E (D)- A 2(F) of a defect with a d electronic configuration. This assignment is based on the observed
Zeeman splittings, which agree with the ground and excited states being threefold and twofold degen-
erate, respectively. This interpretation is supported by the observed small full width at half maximum
(FWHM) of the ZPL, the weak phonon sideband, and the weak temperature dependence of the lumines-
cence band. With increasing temperature, the ZPL shifts towards lower energies but maintains its
FWHM of about 200 peV up to 60 K. The observed luminescence lifetime of 65 ps indicates a strong
mixing of the E (D) with the Tz(F) multiplet at slightly higher energies by spin-orbit interaction. Pho-
toluminescence excitation spectra show intracenter absorption into the higher excited T, states at 1.62
and 2.8 eV in n-type samples, proving the defect to be in the luminescent charge state in n-type material.
Thus, we propose Ti + as the luminescence center responsible for the 1.19-eV transition. Implications
for the band o6'set between GaN and GaAs are discussed.

I. INTRODUCTION

Nitrides have gained increasing interest in the past few
years, due to their potential for optoelectronic devices
operating in the blue spectral region. ' In particular, the
interest in GaN results from the considerable improve-
ments of growth techniques and advances in device appli-
cations, e.g. , the possibility of p doping, and the com-
mercial availability of efficient blue light-emitting
diodes. However, no electrically pumped nitride-based
lasers have been demonstrated yet. The main drawback
of the nitrides is the lack of a lattice-matched substrate
material for epitaxial growth. Bulk GaN can be grown at
extremely high pressure but it is still not commercially
available. Transition metals remain the omnipresent con-
taminations in GaN influencing the electrical and optical
properties. They comprise a considerable technological
potential, e.g. , for the generation of semi-insulating ma-
terial. Additionally, deep transition-metal levels yield es-
timates for band offsets. ' Nevertheless, transition met-
als in general open efficient relaxation channels, thus de-
grading the near-band-gap luminescence efficiency and
hampering device performance. So far, very little infor-
mation on transition-metal centers and especially their

optical properties exists.
Recently, various structured near-infrared lumines-

cence bands have been reported for GaN. ' However,
only one of these bands has been unambiguously
identified. Optically detected magnetic resonance (Ref.
10) as well as Zeeman" spectra reported for the 1.3-eV
band show the clear fingerprint of a A, ($) ground state
of a d electronic configuration. The luminescence is at-
tributed to the spin-forbidden internal d-d transition
T, (G) A, ($) of Fe + -on Ga sites. Moreover, excitation

measurements of the Fe + luminescence in GaN and AlN
have been exploited to estimate band offsets from the po-
sition of the deep Fe + + acceptor level. ' The
identification of further structured luminescence bands
with zero-phonon lines (ZPL's) at 1.193, 1.047, and 0.931
eV is rather tentative. All three luminescence bands have
been attributed to the symmetry-forbidden T2(F)-

Az(F) transition of an electronic d configuration with
either V + or Cr + as defect. ' '

In this paper we report on optical and magneto-optical
measurements leading to a detailed characterization of
the electronic and chemical origin of the 1.19-eV band in
hexagonal GaN samples grown on 6H-SiC substrates.
We deduce that the electron-phonon coupling in both the

0163-1829/95/52(23)/16508(8)/$06. 00 16 508 1995 The American Physical Society



52 IDENTIFICATION OF THE 1.19-eV LUMINESCENCE IN. . . 16 509

excited and the ground state of the luminescence is weak
from the observation of the weak phonon sideband as
well as the weak temperature dependence of the 1.19-eV
band, which are quite unusual for an internal transition
of a 3d transition-metal center. The results of Zeeman
spectroscopy, however, give clear evidence for an elec-
tronic d configuration of a transition metal. Here we
demonstrate unambiguously that the 1.19-eV lumines-
cence in GaN results from the spin- and symmetry-
forbidden 'E(D)- Az(F) transition. Excitation spectra
show efficient excitation via the spin- and symmetry-
allowed intracenter Az(F)- Ti absorption bands in n-

type material proving the stability of the defect in the
luminescent charge state in n-type material in the dark.
We attribute the 1.19-eV luminescence band to the
'E(D)- Az(F) transition of Ti + on Ga sites.

II. EXPERIMENT
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FIG. 1. Luminescence spectrum of the 1.19-eV emission in
n-type GaN excited at 1.83 eV (T=1.8 K). The insets show on
enlarged energy scales the ZPL at 1.1934 eV and the region of
pronounced optical phonon replicas.

The hexagonal GaN epilayers investigated in this pa-
per are grown on 6H-SiC substrates using a modification
of the sublimation sandwich method described earlier. '

The samples are n type, with free carrier concentrations
above 10' cm . The appearance of the 1.3-eV photo-
luminescence indicates a general contamination of these
samples with Fe. '" A chemical analysis of the epilayers
reveals, in addition to Fe, also Cr, Ti, and Ni as uninten-
tional dopants.

Luminescence was excited by either the 488-nm line of
an Ar+ laser, the 676-nm line of a Kr laser, or a dye laser
tuned at 680 nm. The emission of the sample was then
dispersed by a 0.75-m double-grated monochromator and
detected with a cooled slow Ge photodiode (North Coast
817L). Temperature-dependent measurements were per-
formed using a BOMEM DA8.02 Fourier-transform in-
frared spectrometer. For time-resolved experiments we
used a cooled fast Ge photodiode (North Coast 817P) and
a boxcar integrator giving a time resolution better than 4
ps. Magnetic fields up to 15 T were provided by a super-
conducting magnet built in split-coil configuration. The
Zeeman experiments are performed in Voigt
configuration at sample temperatures between 2 and 10
K. Luminescence excitation spectra were recorded with
a tungsten lamp dispersed by a 0.35-m double-grated
monochromator as tunable light source and a double
prism monochromator as tunable spectral filter for the
luminescence.

III. RESULTS

GaN samples grown by the sublimation sandwich tech-
nique show at least three clearly distinguishable struc-
tured luminescence bands in the near-infrared spectral re-
gion with ZPL's at 1.3, 1.19, and 1.047 eV. The 1.3- and
1.19-eV bands occur in metal-organic chemical-vapor
deposition grown samples, too, indicating omnipresent
defects. Here, we present a thorough investigation of the
1.19-eV band shown in detail in Fig. 1. The luminescence
band shows a single sharp ZPL at 1.1934 eV, with a full
width at half maximum (FWHM) of only 150 peV (inset

Fig. 1). The FWHM of this ZPL varies slightly with the
sample investigated or the position on the sample but is
always significantly smaller than that of the ZPL's of the
T, (G) A, (S) tr-ansition of Fe + (800 peV) and of the

1.047-eV luminescence (2.1 meV). The near-band-gap
luminescence of the sample shown is dominated by the
recombination of donor-bound excitons with a FWHM of
4 meV. The phonon sideband of the 1.19-eV lumines-
cence is unusually weak for an internal d-d transition of a
3d impurity in III-V compounds. The strongest phonon
replica has about 2% of the intensity of the ZPL.
Magnified spectra reveal a weak coupling to acoustical
phonons with a pronounced structure near Ez (low)

( = 18 meV) and some sharp phonon replicas in the region
of optical phonons of the hexagonal GaN host crystal.
The phonon replicas with energies of 65.1 and 70.5 meV
almost coincide in energy with the A, (TO) and the Ez
(high) observed in Raman spectra. ' The occurrence of
typical Raman modes of hexagonal GaN in the phonon
sideband proves the hexagonal coordination of the
luminescence center. Two well-defined replicas I.

&
and

I.z, corresponding to phonon energies of 67.8 and 82.2
meV, are assigned to local modes of the defect center.
The weak phonon sideband and the observation of sharp
host phonon replicas indicate that the electron-phonon
coupling is weak in both the excited and the ground state
of the 1.19-eU luminescence.

Figure 2 depicts the photoluminescence transient ob-
served for the ZPL at 1.1934 eV after excitation at 680
nm. The luminescence decays exponentially with a time
constant ~0 of 65+15 ps. This lifetime is typical for a
symmetry-forbidden d-d transition. '

Figure 3 shows the zero-phonon region of the 1.19-eV
band for various sample temperatures. The sample is ex-
cited at 514 nm. The 1.19-eV luminescence band is only
weakly affected by temperatures up to 50 K. At higher
temperatures the luminescence intensity drops and the
ZPL shifts towards lower energies and becomes broader.
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position in a semilogarithmic plot. The shift reaches 1.7
meV at 175 K. Such temperature shifts of sharp d-d
transitions of 3d elements in crystals are well known. '

In semiconductors, however, strong line broadening at
low temperatures often prevents the resolution of these
shifts. It has been demonstrated that the energy shift of a
fine-structure transition results from phononic Raman
processes in both the excited and ground states of the op-
tical transition and can be described by'

T
AE =u dx, (2)

TD 0 e —1

with cz a measure for the scattering probability and TD
the Debye temperature. Equation (2) gives an excellent
fit of the experimental data [see full line in Fig. 5(a)]
yielding 65 meV and 550 K for a and TD, respectively. A
Debye temperature of 600 K has been estimated from the
refraction index in hexagonal GaN. ' The Raman pro-
cess contributes to the temperature dependence of the
FWHM of the ZPL as well. Additionally, resonant pho-
non absorption and emission processes between different
fine-structure components in the ground and/or excited
state contribute to the FWHM, '

FWHM = 8'ocoth Ado

2kT
'7

T/TD ~ 6e x
+p dx

7 p (ex 1)2
(3)

The first term on the right-hand side of Eq. (3) de-
scribes a resonant phonon process with 8'0 as a measure
for the spontaneous transition probability and Ace the res-
onant phonon energy. The second summand gives the
contribution of the Raman process to the line broadening
with P the coupling constant. Figure 5(b) depicts the
temperature development of the FWHM of the ZPL.
The low-temperature FWHM of 210 peV results from in-
homogeneous broadening. Depending on the sample and
the sample position we observed FWHM's down to 150
peV; see Fig. 1. At temperatures above 60 K, line
broadening is observed and the FWHM reaches 1 meV at
approximately 175 K. The full line in Fig. 5(b) represents
a fit with Eq. (3). The dominating contribution at higher
temperatures results from the Raman process (TD =550
K, p=32 meV). At intermediate temperatures, a one-
phonon process with 0.39 and 16 meV for 8'0 and A'co, re-
spectively, seems to be important. The presented experi-
mental data, however, are not sufficient for a definite fit.
In most cases, the temperature dependence of the
FWHM of transition-metal ZPL s in semiconductors is
dominated by resonant one-phonon transitions between
fine-structure components in the ground and/or excited
state. Thus, the temperature behavior of the 1.1934-eV
ZPL strongly indicates the absence of any fine-structure
splitting in the order of up to some meV in the ground
and excited states of the 1.19-eV emission.

Figure 6 shows a typical excitation spectrum of the
1.19-eV luminescence in n-type GaN recorded at an exci-
tation density below 20 mW cm . The excitation spec-

1.5 2.0 2.5
Excitation Energy (eV)

3.0

FIG. 6. Excitation spectrum of the 1.19-eV emission in n-

type GaN (n «10' cm ) at T=1.8 K. The luminescence is
detected at 1.1934 eV. The arrows indicate excitation bands
corresponding to transitions into higher excited T, states at
1.62 and 2.8 eV.

trum is dominated by a band around 1.7 eV. The absorp-
tion starts at 1.62 eV and shows a triplet structure. The
luminescence spectrum shown in Fig. 1 is excited at 1.83
eV showing the 1.19-eV emission virtually background-
free. The shape of the 1.7-eV band is rather typical for
an intracenter transition and is thus attributed to absorp-
tion ending in a higher excited multiplet. A further exci-
tation band exists around 2.8 eV, which could be either a
charge transfer or a further intracenter transition. The
observation of resonant excitation via absorption inverse
to the 1.19-eV luminescence transition was prevented by
stray light. The excitation efficiency in the blue/green
spectral region is at least a factor of 10 smaller than in
the 1.7-eV band. When excited in the blue/green spectral
region with an Ar laser, the ZPL of the 1.19-eV band is
observed with a broad luminescence background ori-
ginated from the Fe +

[ Tt ( G)- 3,(5) ] transition.
In order to identify the electronic structure of the

luminescence center, we have investigated the Zeeman
behavior of the ZPL at 1.1934 eV. Figure 7 shows the
spectral region of the ZPL in magnetic fields oriented ei-
ther parallel (B~~c) or perpendicular (BlC) to the c axis
of the hexagonal GaN sample. In the Zeeman experi-
ments, the spectral resolution was limited by the experi-
mental setup to 250 peV. For Blc the ZPL splits into a
symmetrical triplet. For B )~c each component of the trip-
let splits additionally into a doublet. Measurements at
higher temperatures show no intensity variation for the
components of the triplet, which indicates that these
components represent the splitting of the ground state of
the luminescence. On the contrary, the high-energy com-
ponent of the doublets resolved for B~~c gains intensity
with increasing temperature, ascribing this splitting to
the excited state. Figure 8 compiles the Zeeman com-
ponents of the 1.1934-eV ZPL in dependence on the mag-
netic field strength. The open squares correspond to lines
dominating at 2 K and open circles represent those gain-
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for Blc no splitting could be resolved, giving an upper
limit of 0.15. In principle, the trigonal crystal field in
hexagonal GaN should result at least in a zero-field split-
ting of the triplet ground state. We are not able to
resolve the zero-field splitting, hence yielding an upper
limit of 40 peV. It has to be noted that the Zeeman split-
ting of the 1.1934-eV ZPL (Fig. 8) is totally symmetric
with respect to the zero-field position. In general, term
interactions with nearby fine-structure components lead
to a superimposed nonlinear shift towards lower energies
for the fine-structure transition lowest in energy. Thus,
the Zeeman experiments show, in agreement with the
temperature-dependent data, the absence of such states
for the 1.19-eV emission.
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FIG. 7. Zeeman splitting of the 1.1934-eV ZPL with the
magnetic field orientated either parallel (B~~c) or perpendicular
(Ble) to the c axis of the hexagonal GaN. The spectral resolu-
tion is limited by the experimental setup.

ing intensity at higher temperatures. Full and dashed
lines in Fig. 8 represent a fit of the experimental data us-

mg

kE =gs,p~Bmf +g,„,pgBIJ"', (4)

with g, and g,„, the g values of the excited and the
ground state, respectively, p~ the Bohr's magneton, and
we assume a triplet for the ground state and a doublet for
the excited state. The ground-state g value is found to be
isotropic with 1.98+0.03, whereas the g value of the ex-
cited state is anisotropic. The doublet splitting observed
for B~~c corresponds to a g value of 0.51+0.05, whereas

1.195
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FIG. 8. Observed Zeeman splitting (open squares and circles)
of the 1.1934-eV ZPL with the magnetic field orientated either
parallel (B~~c) or perpendicular (Blc) to the c axis of the hexag-
onal GaN. Full and dashed lines represent a fit with Eq. (4).

IV. DISCUSSIQN

The electronic and chemical origin of the 1.19-eV emis-
sion in GaN, which is obviously connected with an om-
nipresent contaminant, is unclear. Recently, it has been
attributed to the symmetry-forbidden Tz(F)- A2(F)
transition of Cr +. ' The major argument is associated
with the observation of a hot line 3.1 meV above the
ZPL, which is claimed but not shown in Ref. 13. Such a
splitting would be rather typical for a T2(F) state of an
electronic d configuration. In our samples, however, we
do not observe this hot line (Fig. 3). On the contrary, our
results of both Zeeman and temperature-dependent mea-
surements of the 1.1934-eV ZPL show the absence of
such a state, which makes the assignment of the 1.19-eV
emission to the Tz(F)- Az(F) transition of Cr + doubt-
ful.

Our results allow us some general remarks about the
luminescence center. First of all, it has to be an isolated
point defect. Although we were not able to resolve polar-
ization of the optical transitions expected in a hexagonal
host, the anisotropic Zeeman splitting of the excited state
(Fig. 8) with respect to the c axis of the hexagonal GaN
crystal evidences a point defect. The shape of the phonon
sideband and the temperature behavior of the ZPL of the
1.19-eV luminescence are rather typical for rare-earth
(RE) defects. However, unintentional contamination
with RE elements is unlikely and those RE centers hav-
ing nearly matching transition energies should show fine
structure in the ground state, which is not observed in
our experiments. Additionally, it would be dificult to ex-
plain the intracenter excitation bands showing a strong
phonon coupling. The 4d and 5d transition metals are
also unlikely contaminants and, additionally, the large
mass di6'erence to the replaced Ga atom would result in
local modes dominating the phonon sideband in lumines-
cence, ' which is not the case for the 1.19-eV emission in
GaN.

The Zeeman results yield detailed information about
the electronic origin of the 1.19-eV luminescence band.
The ground state is obviously a spin triplet (S= 1) with
an isotropic g value of 1.98 and a trigonal zero-field split-
ting of less than 40 peV. Only the electronic d
configuration oII'ers an adequate ground-state multiplet
with the A2(F) state. The identification of the excited
state is much more difBcult. Depending on the cubic
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FIG. 9. Schematic Tanabe-Sugano diagram with the dotted
line giving the proposed crystal-field strength for Ti + in GaN.
The observed optical transitions are indicated by arrows in the

term scheme on the right-hand side.

crystal-field strength, either the triplet T2(F) or the
singlet 'E(D) will be the first excited state (see schemat-
ic Tanabe-Sugano diagram in Fig. 9), and, thus, should be
observed in luminescence. For 3d defects in semiconduc-
tors with a d configuration, the T2(F) state has been
identified as the first excited state. ' It is character-
ized by a doublet structure with a splitting of a few meV.
A strong dynamical Jahn-Teller coupling to c.-type modes
quenches the first-order spin-orbit coupling, leading to a
doublet splitting by second-order interactions. For V +

in the cubic semiconductors InP, GaAs, and GaP, the
splitting amounts to 1.53, 1.27, and 1.93 meV, respective-
ly. This doublet structure is missing in the case of
the excited state of the 1.19-eV emission in GaN. The
hexagonal crystal structure of GaN will alter the fine
structure of the Tz(F) multiplet due to the additional
trigonal crystal field and a stabilization of the center
against Jahn-Teller distortions. " A comparison with the
quite similar hexagonal semiconductor ZnO shows, how-
ever, that only additional fine structure can be expected.
The T2(F) multiplet shows a characteristic Zeeman
behavior in cubic III-V semiconductors. The lower
fine-structure state shows an anisotropic doublet splitting
which quenches for 8~ ~[111]. This orientation corre-
sponds to B~~c in hexagonal GaN. In principle, this is
consistent with our experimental results (Fig. 8), but term
interaction with the excited state of the hot line causes a
clearly resolvable nonlinear low-energy shift of the com-
ponents of the low-temperature line, which is not ob-
served for the 1.1934-eV ZPL in GaN. Additionally, the
C3 p' crystal field is found to strongly alter the Zeeman
behavior. In ZnO an almost isotropic g value of 1.78 is
observed for the low-temperature line, which drastically
divers from our results.

From the above discussion, it has to be concluded that
in GaN the singlet 'E(D) state is shifted below the triplet
T2(F) state as indicated in Fig. 9. A similar experimen-

tal situation has been reported for the 4d transition metal
Nb in GaAs. The 0.7956-eV ZPL in GaAs shows a to-
tally symmetric threefold splitting in a magnetic field,

similar to that observed here for the 1.1934-eV ZPL in
GaN. The luminescence has been attributed to the 'A-

A i(F) transition of the d configuration of Nb +. This
identification may be reinterpreted taking into account
the E(D) multiplet as excited state in view of the experi-
mental results presented here for the 1.19-eV emission in
GaN.

The 'E(D)- A2(F) transition explains most of the ex-
perimental fine-structure data of the 1.19-eV emission in
GaN. Considering spin-orbit interaction, the ZPL corre-
sponds to the dipole-allowed I 3-I 5 transition. The trigo-
nal crystal field splits the threefold-degenerate I 5 ground
state into a I

&
singlet and a I 3 doublet, leading to two

polarized ZPL's. The 1.1934-eV ZPL, however, is too
broad to allow us to resolve the doublet splitting and
shows no clear polarization behavior. For both the
'E(D) and the Az(F) multiplet, any Jahn-Teller interac-
tion is expected to be weak. This explains the weak pho-
non sideband in luminescence, which shows mainly repli-
cas due to modes of the hexagonal GaN host crystal. The
lack of any fine-structure splitting in both multiplets ac-
counts for the totally symmetric Zeeman behavior and
the weak temperature dependence. It is interesting to
note that the temperature behavior of the 1.1934-eV ZPL
is quite similar to that of the E(D)- Ai(F) transition of,
e.g., V + in MgO, described by 49.6 and 46.8 meV for a
and P, respectively. In a Tanabe-Sugano diagram, the
'E (D) multiplet shifts almost parallel to the A z(F)
ground state. Thus, a variation of the cubic crystal field

due to internal strain in the samples has little inhuence on
the transition energy. Indeed, the FWHM of the 1.1934-
eV ZPL is much smaller than that of the ZPL's of the
1.3- and 1.047-eV emissions in the investigated samples.

The luminescence decay time of 65 ps is, however„
unexpectedly short for a spin- and symmetry-forbidden
transition"' like the 'E(D)- A2(F) transition. It is
rather typical for the spin-allowed Tz(F)- Az(F) transi-
tion. Competing nonradiative relaxation processes,
which generally cannot be neglected for internal transi-
tions of 3d elements, shorten the lifetime of the exciting
state but simultaneously decrease the quantum eKciency
of the luminescence transition. However, for the 1.19-eV
emission the electron-phonon coupling is weak in both
the excited and ground states and the luminescence is
comparatively intensive, making competing nonradiative
processes unlikely. The short lifetime is rather the result
of strong mixing with the triplet T2(F) multiplet situat-
ed at slightly higher energies by spin-orbit interaction.
Obviously, the 1.19-eV center is close to the crossing
point of the Tz(F) and the 'E(D) multiplet in the
Tanabe-Sugano diagram, Fig. 9.

The 1.7-eV absorption band observed in excitation
spectra of the 1.19-eV emission (Fig. 6) is characteristic
for the d configuration. Absorption spectra of V-doped
(3d ) III-V semiconductors ' always show more or less
the same triplet structure as observed here in GaN. It is
attributed to the spin- and symmetry-allowed transition
from the A2(F) ground to the first excited T, state as
indicated in Fig. 9. The structure of the absorption band
is the result of a dynamical Jahn-Teller coupling in the
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T, state. The weak excitation band centered at 2.8 eV
might be attributed to the transition into the second T~
state. The proposed energy scheme of the 1.19-eV
luminescence center is given on the right-hand side of
Fig. 9.

A straightforward chemical identification of the
luminescence center of the 1.19-eV band is not possible
yet. Among the 3d transition metals, only three candi-
dates offer an electronic d configuration in III-V semi-
conductors: Ti +, V +, and Cr +. A chemical analysis of
our samples shows that all three are unintentional
dopants. However, the observation of efficient excitation
of the 'E(D)- Az(F) luminescence via the intracenter
Az(F)- T& absorption bands in n-type samples (Fig. 6)

demonstrates the presence of the luminescence center in
its active charge state in n-type material. Otherwise, an
efficient charge-transfer process of the luminescence
center has to take place prior to excitation, leading to a
two-step excitation mechanism. Such a process is rather
unlikely at excitation densities below 20 mW cm used
in our excitation measurements (see Fig. 6). The energy
positions of deep levels introduced by transition metals in
GaN can be estimated using the internal reference rule.
Across a heterointerface the energy position of a deep
transition-metal level remains constant. Thus, knowing
one energy level in two semiconductors yields band
offsets or vice versa. However, the band offset between
GaN and, e.g., GaAs is still controversially.
Conduction-band offsets between 0 and 0.9 eV have been
proposed. ' ' For this span of band offsets the internal
reference rule predicts Cr, V, and Ti to be in the 2+
charge state in n-type GaN. Thus, we propose isolated
Ti + on Ga sites as the luminescence center, since Ti is
the only 3d transition-metal center expected to be stable
in the d configuration in n-type GaN.

The excited 'E(D) state of Ti + is still in the bandgap
of GaN as demonstrated by the sharp ZPL of the 1.19-eV
emission. The Ti + + acceptor level in GaAs has been
identified by deep-level transition spectroscopy to be
0.23-eV below the conduction band. Thus, the
conduction-band offset between GaN and GaAs has to be
larger than 0.96 eV, which is in reasonable agreement
with the value given in Ref. 33. The structure in the
Az(F)- T, absorption (Fig. 6) might indicate that the

first excited T& state at 1.62 eV is still in the band gap.
However, absorption and photoconductivity excitation
spectra in n-GaAS: Ti show absorption bands due to tran-
sitions into the T& states although these are deep in the
conduction band. ' At least the second T, state in

GaN at 2.8 eV will be in the conduction band, which
could explain the lower excitation efficiency by autoioni-
zation.

V. CONCLUSION

We have reported a detailed optical study of the 1.19-
eV luminescence in as-grown hexagonal GaN. The
luminescence is identified as the spin- and symmetry-
forbidden 'E(D)- Az(F) transition of an electronic d
configuration. Taking into account the n-type character
of the investigated samples and the internal reference
rule, we conclude that Ti + is the luminescence center.

The 'E(D)- Az(F) transition of Ti + is in good agree-
ment with all our experimental results. The phonon side-
band of the luminescence is unusually weak. Most repli-
cas are found to almost coincide in energy with Raman
modes of hexagonal GaN. The Zeeman experiments
show a totally symmetric behavior resulting from a
threefold-degenerate ground-state splitting with g = 1.98
and a twofold-degenerate excited state having an aniso-
tropic g value. The Zeeman behavior and temperature
dependence of the ZPL at 1.1934 eV exclude any close ly-
ing fine-structure states in the ground and excited multi-
plets. Phonon-scattering processes hold for the small en-

ergy shift and the broadening of the ZPL with increasing
temperature. A luminescence decay time of 65 ps is
found and attributed to a strong mixing with the triplet
Tz(F) multiplet situated directly above the luminescent
E(D) state by spin-orbit coupling. The excitation spec-

tra in n-type GaN are dominated by the spin- and
symmetry-allowed intracenter absorptions into the T,
states.

Ti + is the 6rst transition metal in GaN for which
more than one excited state is known. Thus, basic pa-
rameters of transition-metal centers, e.g., Racah parame-
ters and the cubic crystal-field strength, can be evaluated.
The 'E(D)- Az(F) transition of Ti + shows a noticeably
higher cubic crystal-field strength in GaN compared to
other III-V semiconductors. Any fit of the crystal-field
states has to consider spin-orbit interaction to account
for the pronounced mixing of the Tz(F) and the 'E(D)
multiplet.
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