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Optically detected magnetic resonance of the red and near-infrared
luminescence in Mg-doped GaN
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We report photoluminescence~PL! and optically detected magnetic resonance~ODMR! measurements on
magnesium-doped GaN samples grown by metal-organic chemical vapor deposition, molecular beam epitaxy,
and high-pressure–high-temperature synthesis. The samples exhibit at least three luminescence bands in the
red-to-infrared spectral range with maxima at'1.75, '1.55, and below 1.4 eV. ODMR on these emission
bands reveals two deep defects with isotropicg values of 2.001 and 2.006 and linewidths of 4–5 and 18–32
mT, respectively. Spectrally resolved ODMR experiments suggest that a donor-to-deep defect recombination is
responsible for the transitions at 1.75 eV, while an acceptor-to-deep defect transition causes the PL bands with
lower energy. The deep centers involved are attributed to defects with energy levels in the lower part of the
band gap but close to the midgap region.

DOI: 10.1103/PhysRevB.63.125203 PACS number~s!: 78.55.Cr, 61.72.Ji, 76.70.Hb
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I. INTRODUCTION

Although the photoluminescence~PL! and magnetic reso
nance properties of GaN already have been extensively s
ied, the microscopic understanding of defects and dopan
this material is very limited. For example, the origin of th
residual donor responsible for unintentionaln-type doping of
GaN is still uncertain, though it is commonly associated w
residual oxygen and/or silicon donors. An issue particula
relevant for bipolar device applications of GaN is the limit
tion of thep-type doping efficiency when incorporating larg
amounts (.531019cm23) of magnesium into the material.1

In this context it would be important to determine wheth
compensating defects such as the nitrogen vacancy or in
poration of Mg on nonsubstitutional lattice sites, e.g.,
complexes or on interstitial lattice sites, is responsible
this limitation. The presence of compensating centers in M
doped GaN has already been shown by capacita
spectroscopy.2,3 Even more sensitive to such deep defe
should be PL experiments, which in GaN are expected
give rise to luminescence bands in the red or infrared spe
region. Indeed, several emission bands below 2 eV h
been observed in GaN, most of them caused by transi
metal impurities4–6 or by defects generated through electr
irradiation.7,8 Additionally, a broad PL band at'1.7 eV has
been found to be related to Mg doping. This band vanis
upon annealing at'700 °C.9,10 Recently Kaufmannet al.
have suggested a recombination model for a similar PL b
at '1.8 eV in Mg-doped GaN intentionally compensat
with Si.11 Microscopic information about the different de
fects involved in subbandgap recombination can be obta
with optically detected magnetic resonance~ODMR!. Such
experiments generally can be used as decisive tests for
ferent recombination models via the magnetic fingerprint
0163-1829/2001/63~12!/125203~9!/$15.00 63 1252
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electronic levels involved in the recombination mechanis
In this work, we investigate the photoluminescence a

ODMR properties of Mg-doped GaN prepared by differe
growth techniques, with particular focus on the energy ran
from 2.0 to 1.1 eV~red to near-infrared luminescence!. A
variety of PL bands below 2 eV are found. The ODMR
these bands reveals several paramagnetic centers involv
the underlying radiative transitions, such as the center
ferred to as MM1 reported in an earlier publication.12 Based
on the PL and ODMR experiments, we propose models
the red and near-infrared luminescence observed from
doped GaN.

II. EXPERIMENTAL DETAILS

Photoluminescence and optically detected magnetic re
nance experiments were performed on a series of Mg-do
wurtzite GaN samples prepared by three different metho
epitaxial layers grown by metal-organic chemical vap
deposition13 ~MOCVD! and molecular beam epitaxy14

~MBE! on sapphire, and bulk material grown by a hig
pressure–high temperature process~HPHT!.15 The two
MOCVD layers investigated were doped with (2 – 5
31019cm23 Mg atoms and had GaN layer thicknesses of 1
mm ~MOCVD-I! and 3 mm ~MOCVD-II !. These two
samples were grown at deposition pressures of 250 and
Torr, respectively. Subsequent secondary-ion mass spec
copy ~SIMS! studies on similar samples revealed a variat
of unintentional silicon incorporation from approximately
31016cm23 for layers grown at deposition pressures near
Torr to approximately 331017cm23 for layers grown under
pressures near 250 Torr. A conventional postgrowth ther
anneal procedure was performed to activate the Mg acc
tors. Afterwards, both samples exhibitedp-type conductivity
©2001 The American Physical Society03-1
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TABLE I. Compilation of the Mg as well as the Si and O impurity concentrations of the investig
samples. The concentrations were determined by SIMS for the MOCVD and MBE samples and by
recoil detection analysis for the bulk crystals.

Sample designation @Mg# ~cm23! @Si# ~cm23! @O# ~cm23!

MOCVD-I (5.060.5)31019 ;(3.060.5)31017 (1.560.5)31017

MOCVD-II (2.060.5)31019 ;(8.060.5)31016

MBE-I (1.760.5)31020 ,131018

MBE-II (3.461.0)31020 ,131018

Bulk I (5.061.0)31019 (1.060.2)31019 (1.260.8)31020

Bulk II (5.061.0)31019 (1.060.2)31019 (1.260.8)31020
o
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at room temperature as confirmed by Hall effect or therm
electric probe measurements.

The two MBE samples had Mg concentrations of 1
31020cm23 ~MBE-I! and 3.431020cm23 ~MBE-II ! and a
thickness of 0.8mm. Thermopower16 and room-temperature
Hall effect experiments proved that the MBE-II layer w
p-type conductive with a hole concentration of
31018cm23, while the more lightly doped MBE-I sampl
revealed a hole concentration of only 531016cm23. Again,
Mg concentrations in the MBE samples were determined
secondary-ion mass spectroscopy.

For the two bulk samples~bulk I and bulk II, thickness
.100 mm!, elastic recoil detection analysis experimen
showed a Mg concentration of the order of 531019cm23,
but also revealed silicon impurities at a few times 1019cm23

and oxygen impurities between 531019 and 231020cm23.
Due to these high residual donor concentrations, the b
samples were either fully compensated or stilln type. The
Mg, Si, and O concentrations of the samples are summar
in Table I.

PL and ODMR experiments were carried out at 5 K using
the 351-nm line~i.e., 3.53 eV! of an Ar1-ion laser for exci-
tation. This provides an optical penetration depth of;1 mm.
The PL spectra were obtained with a 0.8-m double-grat
monochromator and a GaAs photomultiplier tube. All P
spectra were corrected for the spectral response of the s
trometer. Typical PL excitation power densities were b
tween 1 mW/cm2 and 1 W/cm2. The ODMR experiments
were performed in a 34-GHzQ-band electron spin resonanc
~ESR! spectrometer in Voigt geometry (k'B, wherek cor-
responds to the light propagation vector andB to the dc
magnetic field! at microwave powers of 200 mW. For sens
tive detection of the ODMR, additional power stabilizatio
of the laser was employed. The overall luminescence in
sity was monitored with a thermoelectrically cooled Si av
lanche photodiode using low-pass or band-pass filters.
ODMR signal was detected by a lock-in amplifier in pha
with the on-off modulation of the microwave. The be
signal-to-noise ratios were achieved at optical excitat
power densities of 1 W/cm2 and microwave modulation fre
quencies of 1 kHz. Relative changes of the luminescenc
1024 could be detected in a single scan. A maximal ODM
signal intensity DI /I 5431024 was found in sample
MOCVD-I. Unless otherwise noted, samples were moun
with the GaN crystallographicc axis perpendicular to the
applied dc magnetic field.
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III. RESULTS

A. Photoluminescence

The low-temperature photoluminescence of the
samples is given in Fig. 1. The dominant emission obser
from the MOCVD samples consists of two broad overla
ping luminescence bands of varying strength peaked at;2.8
and 3.1 eV. Both bands have similar intensities
MOCVD-I, whereas the 2.8-eV band dominates the emiss
of MOCVD-II, ~the 3.1-eV band only gives rise to a sma
shoulder in this sample!. In MOCVD material, the 2.8-eV
‘‘blue’’ band is often present in heavily Mg-doped sampl

FIG. 1. Photoluminescence spectra at 5 K of the six Mg-dop
GaN samples. In addition to the strong near-uv and blue lumin
cence bands, several emission bands in the ‘‘red’’ and ‘‘ne
infrared’’ region are observed as well.
3-2
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(@Mg#.231019cm23).11 Based on the strong blueshift un
der high excitation powers17 and thermal quenching behav
ior, this emission has been assigned to a deep-don
shallow-acceptor recombination process withEd

'0.3– 0.4 eV.18 The nature of the 3.1-eV band is still und
discussion. One possibility is that, in contrast to the shallo
donor–shallow-acceptor~SD-SA! transition at 3.27 eV tha
is observed in lightly Mg-doped MOCVD material an
n-type ~compensated! material as well, a deeper donor lev
is involved in this recombination. Another, more rece
model suggests that potential fluctuations due to a rand
distribution of charged acceptors and donors can cause
duction of the peak energy and broadening of the 3.27
SD-SA band in the case of high Mg concentrations and h
levels of compensating donors.18

In addition to the blue PL, the MOCVD-I sample exhibi
a broad red luminescence band peaked around 1.75 eV.
Gaussian shape of this emission likely arises from str
electron-phonon coupling.19 Such a PL band has been r
ported for GaN intentionally co-doped with Mg and Si,
donor and acceptor concentrations both well abo
1018cm23.11 In contrast, sample MOCVD-II only show
weak luminescence in this spectral region. The perio
modulation at low PL energies in both samples is due
interference effects, whereas the sharp feature at 1.78 e
caused by a chromium-related transition from the sapp
substrate.

The PL behavior of the MBE samples is distinctly diffe
ent from the PL found for the MOCVD samples. In partic
lar, two excitonic luminescence features are observed
3.449 and 3.388 eV. The emission at 3.449 eV is simila
that reported for excitons bound to shallow Mg accept
(A0X) in GaN.20 The origin of the line at 3.338 eV is un
known at this time but is likely associated with excito
bound to deeper impurities or complexes.

Below the excitonic regime, sample MBE-I exhibits
broad PL band at 3.1 eV. However, sample MBE-II show
pronounced SD-SA recombination at 3.27 eV accompan
by 91-meV LO-phonon replicas typically found in lightl
Mg-doped MOCVD layers.11 If deep donors participate in
the 2.8-eV luminescence band, this behavior would sug
that the formation of these donors is suppressed for the M
growth, perhaps due to the different growth kinetics and
lower deposition temperatures. On the other hand, the m
of Mg-induced potential fluctuations mentioned above wo
imply that the concentration of compensating donors
MBE-I is greater than in MBE-II.

Sample MBE-II shows an additional peak at appro
mately 2.5 eV. Indeed, a PL band with energy as low as 2
eV has been reported for Mg-doped GaN grown by hydr
vapor phase epitaxy~HVPE! upon excitation with very low
power densities of~'20 mW/cm2!.21 In contrast, the PL ex-
citation power densities in this work are considerably lar
and the strong power-dependent peak shift~.100 meV! re-
ported for the 2.45-eV band has not been observed here.
suggests that the 2.5-eV feature in the MBE-grown mate
is not related to the 2.45-eV donor-acceptor pair~DAP! band
12520
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reported in Ref. 21. In contrast, it may be associated,
example, with an internal transition of a single defect
complex.

Both MBE samples exhibit broad luminescence bands
the near-infrared region. While the PL maximum of samp
MBE-II is located at'1.55 eV, the PL peak of the othe
layer is below the detection limit of 1.4 eV.

Finally, the bulk crystals show three broad luminescen
bands of varying strength. The highest energy band pe
between 2.9 and 3.0 eV. Unlike the MOCVD and MB
samples, the bulk crystals show an additional strong ‘‘y
low’’ luminescence band with peak energy at 2.3 eV.
contrast to the 2.2-eV yellow luminescence inn-type GaN
whose microscopic origin is still under discussion, the y
low band in Mg-doped GaN HPHT samples may be cau
by the formation of Mg-O complexes22,23 due to the high
concentration of residual oxygen donors. The bulk cryst
also exhibit luminescence below 2 eV with peaks at;1.7
and;1.5 eV for samples bulk II and bulk I, respectively.

B. ODMR

The ODMR of the strong blue or near-uv photolumine
cence bands from these Mg-doped GaN samples exh
previously reported donor and acceptor resonances.5,12,24–26

The donors are typically characterized byg values between
1.949 and 1.962 depending on the sample, showing a s
anisotropy (Dg[gi2g';0.003– 0.006) and varying ful
widths at half maxima~FWHM! of ;5–17 mT. The com-
paratively larger anisotropy of the acceptorg values depends
on various sample parameters such as the acce
concentration,25,27,28 the layer strain,29 and the detection
energy.30 However, the main purpose of the present work
the investigation of the ODMR spectra measured on the
and near-infrared luminescence bands. Therefore, we
not pursue a detailed analysis of the results obtained for
blue PL.

The ‘‘red’’ ODMR spectra of the six samples with B'c
are shown in Fig. 2. For better comparison the ODMR sig
intensities have been normalized. The respective optical
tection range is indicated next to each spectrum. All ODM
resonances observed in this work are summarized in Tabl

Among the samples studied, the ODMR for MOCVD-
MOCVD-II, MBE-I, and bulk I samples exhibit very simila
line shapes, indicating that the processes observed are
acteristic for the particular material studied rather than
deposition method used. The dominant features
luminescence-enhancing Gaussian-shaped lines withg val-
ues of 1.950, 1.959, 1.978, and 2.001. The first two sign
have been attributed to shallow donors.26,27 A similar g
51.978 line was found previously in ODMR of the broa
3.0-eV emission band from high-resistivity GaN epitax
layers and was assigned to quasishallow-donor states.31 The
g52.001 resonance, further called MM1, was tentatively
signed to a deep defect state in a previous publication,12 in
which the red luminescence was suggested to arise fro
transition between a donor and the MM1 defect.

The MM1 resonance has a remarkably narrow FWHM
4–5 mT, which is at least a factor of 3 smaller than t
3-3
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15–20 mT reported for other defect and acceptor resona
in GaN. As the linewidths were found to be independent
microwave frequencies,24,32 an inhomogeneous broadenin
due to an unresolved hyperfine interaction was suggeste
dominate the widths of those resonance lines. The MM1
nal thus seems to be much less affected by this broade

FIG. 2. ODMR of the GaN:Mg samples withB'c. Six different
centers, indicated by dashed and dotted lines, influence the re
bination processes responsible for the red and near-infrared e
sion bands. In particular, each spectrum includes either the M
~g52.001! or MM2 (g52.006) deep defect.
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mechanism. The only other exception to such strong hyp
fine broadening in GaN was found for the slightly anis
tropic em-donor resonance detected on the 2.2-eV ‘‘yello
PL band with a FWHM of'2–4 mT @first observed by
conventional ESR experiments inn-type GaN with a FWHM
of '0.5 mT ~Ref. 33!#.

There is a contribution to the high-field part of the spec
of samples MOCVD-I, MOCVD-II, bulk I, and bulk II from
the em donor (g'51.950), however with a considerabl
broader width of 8.5 mT, which probably results from life
time broadening. This line has a luminescence-enhanc
character for MOCVD-I and MOCVD-II, but a quenchin
effect on the PL from samples bulk I and bulk II. A reductio
of the excitation power density for samples bulk I and bulk
decreases this quenching contribution until it vanishes, b
change from quenching to enhancing was not observed e
for the lowest usable excitation powers. A model for t
reversal in sign of this resonance will be discussed below

In addition to the luminescence-enhancing lines atg
51.950, 1.959, and 2.001 a weak quenching resonance
a g value of 2.006~further called MM2! is resolved in
sample MOCVD-I. These four lines can be separated us
different optical excitation power densities: under higher e
citation power, the relative intensity of theg51.959 enhanc-
ing and the quenching MM2 line increases. The MM2 res
nance is isotropic within experimental accuracy a
therefore distinguishable from the anisotropic shallow M
acceptor resonance (g''2.016; gi'2.056) observed on the
blue luminescence band of this sample. In sample bulk II
MM2 resonance is found as a luminescence-enhanc
ODMR signal. This line is accompanied by an enhancingg
51.978 donor signal, which was present in samp
MOCVD-II and bulk I as well.

Another distinct quenching resonance is observed
sample MBE-I. Here, the luminescence-quenching proc
involves a different deep defect or a deep acceptor state
g''2.025 andgi'2.036.

In contrast to the other samples discussed so far,
ODMR below 2 eV of the MBE-II layer is dominated b
PL-quenching signals. The MM1 and MM2 defect signa
are both observed to resonantly reduce the PL intensity.
spectrum is asymmetrically broadened at the low-magne

m-
is-
1

signals
TABLE II. Compilation of theg-factors and the resonance line widths of donors, deep defects and acceptor-related ODMR
observed in the samples studied in this work.

Defect g' gi DH1/2 ~mT!

ODMR below 2 eV in sample

MOCVD-I MOCVD-II MBE-I MBE-II Bulk I Bulk II

em donor 1.950 1.951 8–12 3 3 3 3

Shallow donor 1.959 1.962 18–23 3 3 3

Quasishallow donor 1.978 14–22 3 3 3

MM1 2.001 4–5 3 3 3 3 3

MM2 2.006 18–32 3 3 3 3

Acceptor 2.025 2.036 30 3 3

Shallow Mg
acceptor

2.00–2.02 2.04–2.08 20–30 Only observed for blue PL
3-4
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field side, indicating that one or several acceptorlike re
nances (g.2.01) contribute to the PL-quenching process
well. There is only a very weak PL increasing compone
from the donor withg''1.959.

The orientation dependence of the ODMR below 2
was identical for all six samples. As an example, spec
obtained for sample MBE-I withB oriented perpendicula
and 30° from thec axis are shown in Fig. 3. In general, th
shallow donors (g51.95– 1.96) show a slight anisotropy a
seen by the shift fromg'51.959 to gi51.962 in Fig. 3,
whereas the ‘‘quasishallow’’g51.978 donor, the MM1, and
the MM2 deep defects are isotropic within the measurem
accuracy of60.001. The largest anisotropy is observed
the deep acceptorlike centers that give rise to quench
ODMR resonances for the MBE samples (g''2.025 and
gi'2.036). However, thisg anisotropy is still considerably
smaller compared to that found for the shallow accept
detected on the blue emission bands from these samples
anisotropies of theg factors are also compiled in Table II.

Further information on the nature of the red and ne
infrared luminescence is provided by spectrally resolved
periments. A series of ODMR spectra detected at differ
wavelengths for sample bulk I is shown in Fig. 4. We do n
show the spectral dependence of the ODMR for the ot
samples, either because no significant variation of
ODMR with PL emission wavelength was observ
~MOCVD-I, MBE-II ! or because the red and infrared P
signals were too weak to allow observation of the ODM

FIG. 3. Comparison of ODMR observed for sample MBE-I wi
B'c and 30° fromc. The MM1 resonance withg52.001 is found
to be isotropic within the experimental accuracy of6 0.001.
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spectral dependences~MOCVD-II, MBE-I !. The spectra in
Fig. 4 are vertically displaced and normalized to the sa
overall spin-dependent change for better comparabil
While the upper three spectra were recorded using 1.
1.77-, and 1.65-eV band-pass filters~approximate width of
0.2 eV!, low-pass filters were used for the lower two spect
The top spectrum is dominated by theg51.978 donor and
the MM1 defect lines. Reducing the detection energy,
relative intensity of theg51.978 donor line decreases unt
below 1.46 eV, it can no longer be resolved. As this li
vanishes, the MM2 resonance, found as a quenching si
in the MOCVD-I and MBE-II samples, is observed as
strong enhancing line that seems to replace theg51.978
donor line. The relative intensity of the MM1 line, howeve
remains almost constant in all spectra. This indicates tha
least two different PL processes are present. Both proce
involve the MM1 defect, but the recombination step wi
higher PL energy includes the donors withg51.978,
whereas the energetically lower transition includes the M
deep defect as the spin-dependent recombination par
The detection wavelength dependence of the PL-quenc
resonance withg'51.950 will be discussed below.

FIG. 4. Spectral dependence of the ODMR below 2 eV fro
sample bulk I withB'c. The ODMR on the emission near 2 eV
dominated by luminescence-enhancing resonances assigned to
sishallow donors (g51.978) and the MM1 deep defect (g
52.001), whereas a lower energy process appears to involve
MM2 deep defect withg52.006.
3-5
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IV. DISCUSSION

A. Interpretation of the ODMR spectra: Energy levels and
recombination processes

The recombination mechanisms revealed by ODMR
the red and infrared PL are quite complex. Various tran
tions from both acceptors and donors to deep traps are
sponsible for these bands. Furthermore, in some sample
different transitions are coupled through states that h
more than one possible recombination partner influenc
their respective transition rates and intensities. However,
recombination process causing the red and near-infrared
minescence appears very similar for samples MOCVD
MOCVD-II, MBE-I, and bulk I. The ODMR is dominated by
luminescence-enhancing signals from a shallow donor
the MM1 defect. The particular donor involved is samp
dependent and hasg values of g'51.950 ~MOCVD-I,
MOCVD-II !, g'51.959 ~MOCVD-I, MBE-I!, and g
51.978~MOCVD-II, bulk I!. This suggests that the ODMR
is caused by a spin-dependent transition between the res
tive donor and the MM1 deep defect. Therefore, the ene
level of the paramagnetic state of the MM1 center is pla
in the midgap region, about 1.9 eV below the conduct
band.

In sample bulk II a similar recombination process gove
the red PL. Here the spin-dependent recombination pro
includes the donor withg51.978 and the MM2 deep defec
instead of the MM1 center. Therefore, MM2~like MM1! is
assigned to a defect with an energy level in the midgap
gion. Finally, the MM1 and the MM2 deep traps can also
involved in transitions with an acceptorlike state~not re-
vealed in the ODMR!, which gives rise to infrared emissio
~see, e.g., bottom spectrum in Fig. 4!.

A summary of the PL-enhancing ODMR transitions d
scribed so far is given in Fig. 5. Here, the energy levels h
been sorted according to theirg values considering theg
factor of shallow donors (g'51.950) in GaN~Ref. 33! and
assuming that deep states are typically characterized bg
factors close to the free-electron value of 2.0023, since t
do not reflect the symmetry of either the conduction or
lence bands. The left-hand side of this picture concentr

FIG. 5. Schematic diagram summarizing the recombination p
cesses observed in the ODMR below 2 eV of various Mg-do
GaN samples.
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on the higher-energy part of the sub-2-eV PL~'1.75 eV
band!. This PL band results from a transition between one
the three donors mentioned above and a deep defect~MM1
or MM2!. One or more of these donors may be associa
with the three different donor levels observed from Hall e
periments~activation energies of 23.5, 52.5, and 110 me!
on unintentionally doped GaN.34 The lower-energy, near
infrared part of the PL~,1.5 eV! is sketched on the right
hand side of this picture. Possible spin-dependent transit
leading to a luminescence enhancement include the MM
shallow-acceptor transition, and a MM1 or MM2 to valenc
band transition. However, the valence-band resonance is
expected to be resolvable due to its short spin lifetime. A
a ‘‘shallow’’ acceptor resonance, as observed on the 3.27
SD-SA recombination in lightly Mg-doped MOCVD GaN,27

might be too broad or too weak in terms ofDI /I to be de-
tectable. If both deep levels~MM1 and MM2! are present in
one sample, the possible transfer of carriers from one d
level to the other and the relation with the actual lumine
cence band monitored has to be taken into account w
analyzing the sign of the ODMR. An example for this will b
given at the end of this section.

In samples MOCVD-I and MOCVD-II two donors simul
taneously influence the PL. This implies that either a tran
tion from each of the donors to the MM1 state is observ
~as shown in Fig. 5! or that a spin-dependent feeding b
tween the different donor levels enhances the red PL tra
tion between the energetically deepest of the donor states
the MM1 deep defect. But at this point, also a sp
dependent feeding from a donor to the MM1 defect follow
by a transition from the doubly occupied MM1 state to
deep level that generates the red PL cannot be ruled out~see
left-hand side of Fig. 6!. This alternative interpretation of th
ODMR results is similar to the model proposed by Glas
et al. for the 2.2-eV ‘‘yellow’’ luminescence band.24

It is uncertain if the MM2 resonance observed in samp
MOCVD-I, MBE-II, bulk II ~see Fig. 2! and in sample bulk

-
d

FIG. 6. Schematic diagram for a spin-dependent feeding pro
giving rise to an increase of the 1.9-eV photoluminescence~left-
hand side! and a parallel shunt process that quenches the s
emission ~right-hand side!. The full line represents the spin
independent PL recombination process involving a diamagnetic
nal state, while the dashed lines denote the spin-dependent tr
tions that are observed in the ODMR.
3-6
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I ~see Fig. 4! is new or if it is of the same origin as th
slightly anisotropicL1 level (g'52.004, gi52.008) re-
ported earlier for electron-irradiated GaN.7,8 For theL1 cen-
ter a shift of the peak position by 3 mT when changing
sample orientation fromBic to B'c would be expected atQ
band, which should be easily resolved. While the failure
observe an anisotropy for the MM2 resonance seems to
clude its assignment toL1, the influence of the high Mg
doping level is unclear. The lattice distortion could lead to
significant reduction of the anisotropy, perhaps due to st
as suggested in the case of the shallow Mg-acce
resonance.25 The arithmetic average ofg' andgi for theL1
center is equal to theg value of 2.006 observed experime
tally for the MM2 center. This and the similar linewidths o
the resonances would, on the other hand, support an as
ment of the MM2 line to theL1 resonance.

We will now discuss the PL quenching transitions. T
fact that the ODMR of sample MBE-I is dominated b
quenching lines in combination with the absence of a sp
tral dependence of the ODMR between 2.0 and 1.1 eV s
gests that the transition energy of the parasitic process
sponsible for the quenching of the red PL is below t
detection limit of 1.1 eV. A candidate for such a transiti
could be a deep level~e.g., the MM2 center! to deep-
acceptor recombination monitored via the various red
near-infrared luminescence bands. In addition, spin-fl
induced nonradiative recombination is another possibility
such a shunt process.

The g values of the quenching line for sample MBE-I~
gi52.036 andg'52.025) are quite different from the iso
tropic g value of 2.006 observed for the MM2 center. Ne
ertheless, this anisotropy is still smaller than that found
the acceptorlike resonance detected on the blue band o
MBE-I sample (g'52.018,gi52.065). Therefore the sha
low Mg acceptor states involved in the blue PL transition
not responsible for the quenching lines observed on the
ODMR. The properties of deep acceptors, perhaps M
related as well, will not reflect the symmetry of the uppe
most valence band alone. Thus, theg anisotropy is expected
to be reduced compared to that associated with the sha
Mg acceptors.

We now offer some remarks concerning the reversa
sign of ODMR resonances. In general, quenching lines in
cate the presence of competing pathways for charge ca
recombination. The relative intensities of the quenching a
enhancing contributions are governed by the transition r
between all centers involved~more sophisticated models o
ODMR are given elsewhere35!. We explain this in more de
tail for the example of theg'51.950 donor line. For this
purpose let us recall the ODMR measurements of
MOCVD samples. The spectra are characterized by a tra
tion from the g'51.950 and a second donor to the MM
defect. Therefore, all these lines are detected
luminescence-enhancing resonances. Now consider a se
parasitic recombination path involving theg'51.950 donor.
Such a shunt path would be, e.g., the recombination wit
hole located in the valence band or at a shallow Mg acce
state~see right-hand side of Fig. 6!. The net effect of the
PL-enhancing and -quenching contributions for theg'
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51.950 resonance is determined by the relative transi
rates of the respective recombination processes. In the
of the bulk samples the shunt process is faster than the
luminescence. Hence, theg'51.950 donor line is observed
as a PL-quenching signal.

For an evaluation of the expected sign and intensity o
resonance associated with a defect that takes part in
luminescence-enhancing and -quenching transitions,
coupled rate equations for all centers involved have to
solved. These depend on the stationary condition of the
tem at a given generation rate. This applies to theg'

51.950 donor in the bulk samples as well, as indicated
the pronounced excitation power dependence of the OD
line shape. Due to the large number of donors and accep
in these samples, higher excitation densities in this case
to an increase of the number of electrons located at theg'

51.950 donor and holes located in the valence band o
shallow acceptor sites. Thus, the red PL is quenched via
g'51.950 donor as soon as the lifetime of this donor
dominated by the recombination with holes in the valen
band or at shallow acceptors rather than by the transitio
the MM1 defect. The quenching effect becomes stron
when the excitation power is further increased.

B. The origin of the red and near-infrared luminescence

The recombination model of Kaufmannet al.11 proposed
for the red luminescence in Mg-doped GaN compensa
with Si suggested that the 2.2-eV yellow and the 1.75-eV
luminescence bands both involve thesamedeep center as the
final state of the electronic transition. According to the
model, the initial states for both luminescence pathways
donors with a considerable difference in binding energ
which accounts for the difference in PL energies. The pres
results cannot support this model. In particular, the ODM
experiments on the emission below 2 eV from these sam
never revealed the typical deep defect withg51.989 com-
monly observed on the yellow luminescence band fr
n-type GaN.

The model that we propose is more complex due to
variety of PL bands and ODMR signals~see Table II! ob-
served in this work. It is based on two deep defect levels,
MM1 center withg52.001 and a FWHM of 4–5 mT and th
MM2 deep defect withg52.006 and a FWHM of 18–32
mT. ODMR measurements indicate that at least three dif
ent donor-to-MM1 transitions contribute to a broad emiss
band ranging from 1.5–2.0 eV. Furthermore, the 1.75-eV
band is stronger in the MOCVD-grown samples with high
residual Si impurity levels, in agreement with the origin
observation by Kaufmannet al.11 However, it cannot be de
cided whether the MM1 center is silicon-related or if just t
higher concentration of Si donors induces the increa
donor-to-MM1 recombination rate.

According to the ODMR results, the emission bands b
low 1.5 eV are assigned to transitions between the other d
defect~MM2! with g52.006 and the valence-band or ‘‘sha
low’’ acceptors. These bands were only observed in the
and ODMR experiments reported above from the MBE a
bulk samples. The origin of this emission does not neces
3-7
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ily have to be related to silicon, but also could arise fro
other impurities, such as oxygen or carbon. Indeed, the M
layer with the higher carbon impurity concentration~MBE-I!
exhibits stronger PL in this spectral range.

Dislocations, which in principle could give rise to su
band-gap luminescence as well, can be ruled out as the o
of the reported PL bands below 2 eV, since this emissio
also present in bulk material with low dislocation densitie
But although the model involving spin-dependent recom
nation from a shallow donor to a deep defect and from a d
defect to a shallow acceptor for the 1.75-eV and bel
1.5-eV PL bands, respectively, seems to be most consis
with the ODMR data, spin-dependent feeding processes s
as that suggested for the yellow luminescence band inn-type
GaN cannot be excluded.

V. CONCLUSIONS

PL and ODMR experiments have been performed on
Mg-doped GaN samples grown by MOCVD, MBE, an
HPHT synthesis. The presence of deep levels causing
and near-infrared photoluminescence is demonstrated. T
PL bands are broad and structureless with peak energie
R
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'1.75, '1.55, and below 1.4 eV. The ODMR on thes
bands commonly shows the presence of two distinct d
levels. The first level, called MM1 with an isotropicg factor
of 2.001, exhibits a remarkably narrow linewidth of 4–5 m
and is exclusively detected on the red luminescence ba
The second deep level involved in the red PL, called MM
has an isotropicg value of 2.006 and a linewidth of 18–3
mT. It is similar to theL1 center found ine2-irradiated GaN
but does not show the anisotropy reported forL1. Based on
spectrally resolved experiments the MM1 and MM2 cent
are attributed to deep defects with energy levels in the lo
part of the midgap region.
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