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We report photoluminescen¢®L) and optically detected magnetic resonaf(@®MR) 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-=al.75, ~1.55, and below 1.4 eV. ODMR on these emission
bands reveals two deep defects with isotrapicalues 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.
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[. INTRODUCTION electronic levels involved in the recombination mechanism.
In this work, we investigate the photoluminescence and
Although the photoluminescen¢EL) and magnetic reso- ODMR properties of Mg-doped GaN prepared by different
nance properties of GaN already have been extensively stugrowth techniques, with particular focus on the energy range
ied, the microscopic understanding of defects and dopants iffom 2.0 to 1.1 eV(red to near-infrared luminescenceé
this material is very limited. For example, the origin of the variety of PL bands below 2 eV are found. The ODMR of
residual donor responsible for unintentionalype doping of these bands reveals several paramagnetic centers involved in
GaN is still uncertain, though it is commonly associated withthe underlying radiative transitions, such as the center re-
residual oxygen and/or silicon donors. An issue particularlyferred to as MM1 reported in an earlier publicattérBased
relevant for bipolar device applications of GaN is the limita- on the PL and ODMR experiments, we propose models for
tion of thep-type doping efficiency when incorporating large the red and near-infrared luminescence observed from Mg-
amounts &5x 101°cm ) of magnesium into the material. doped GaN.
In this context it would be important to determine whether
compensating defects such as the nitrogen vacancy or incor- Il. EXPERIMENTAL DETAILS
poration of Mg on nonsubstitutional lattice sites, e.g., in
complexes or on interstitial lattice sites, is responsible for Photoluminescence and optically detected magnetic reso-
this limitation. The presence of compensating centers in Mghance experiments were performed on a series of Mg-doped
doped GaN has already been shown by capacitanceurtzite GaN samples prepared by three different methods:
spectroscopy:> Even more sensitive to such deep defectsepitaxial layers grown by metal-organic chemical vapor
should be PL experiments, which in GaN are expected talepositiot® (MOCVD) and molecular beam epitaXy
give rise to luminescence bands in the red or infrared spectraMBE) on sapphire, and bulk material grown by a high-
region. Indeed, several emission bands below 2 eV havpressure—high temperature procedsPHT).Y® The two
been observed in GaN, most of them caused by transitioMOCVD layers investigated were doped with (2-5)
metal impuritie$=® or by defects generated through electronx 10'°cm 3 Mg atoms and had GaN layer thicknesses of 1.2
irradiation’® Additionally, a broad PL band at1.7 eV has um (MOCVD-I) and 3 um (MOCVD-Il). These two
been found to be related to Mg doping. This band vanishesamples were grown at deposition pressures of 250 and 49
upon annealing at=700 °C®° Recently Kaufmanretal.  Torr, respectively. Subsequent secondary-ion mass spectros-
have suggested a recombination model for a similar PL bandopy (SIMS) studies on similar samples revealed a variation
at ~1.8 eV in Mg-doped GaN intentionally compensatedof unintentional silicon incorporation from approximately 8
with Si! Microscopic information about the different de- x 10cm 2 for layers grown at deposition pressures near 50
fects involved in subbandgap recombination can be obtainetorr to approximately X 10" cm™2 for layers grown under
with optically detected magnetic resonan@DMR). Such  pressures near 250 Torr. A conventional postgrowth thermal
experiments generally can be used as decisive tests for diknneal procedure was performed to activate the Mg accep-
ferent recombination models via the magnetic fingerprint oftors. Afterwards, both samples exhibitpdype conductivity
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TABLE I. Compilation of the Mg as well as the Si and O impurity concentrations of the investigated
samples. The concentrations were determined by SIMS for the MOCVD and MBE samples and by elastic
recoil detection analysis for the bulk crystals.

Sample designation [Mg] (cm™3) [Si] (cm™3) [O] (cm™®)
MOCVD-I (5.00.5)x 10'° ~(3.0+0.5)x 10" (1.5+0.5)x 10'7
MOCVD-II (2.0+0.5)x 10*° ~(8.00.5)x 10'¢
MBE-I (1.7+0.5)x 10%° <1x10'®
MBE-II (3.4+1.0)x 107 <1x10'®
Bulk | (5.0+1.0)x 10" (1.0+0.2)x 10* (1.2+0.8)x 10%°
Bulk Il (5.0=1.0)x 10° (1.0+0.2)x 10*° (1.2+0.8)x 10?°
at room temperature as confirmed by Hall effect or thermo- Ill. RESULTS

electric probe measurements.

The two MBE samples had Mg concentrations of 1.7
X 10?°°cm™2 (MBE-I) and 3.4<10?°°cm 2 (MBE-Il) and a The low-temperature photoluminescence of the six
thickness of 0.8um. Thermopoweéf and room-temperature Samples is given in Fig. 1. The dominant emission observed
Hall effect experiments proved that the MBE-II layer was from the MOCVD samples consists of two broad overlap-
p-type conductive with a hole concentration of 1 Pingluminescence bands of varying strength peaked2a8
% 108cm~2, while the more lightly doped MBE-I sample and 3.1 eV. Both bands have similar intensities for
revealed a hole concentration of 0n|y<5_016 Cm_3_ Again' MOCVD-I, whereas the 2.8-eV band dominates the emission

Mg concentrations in the MBE samples were determined bypf MOCVD-II, (the 3.1-eV band only gives rise to a small
Secondary_ion mass Spectroscopy_ shoulder in this Samp]E|n MOCVD material, the 2.8-eV

For the two bulk samplegbulk | and bulk II, thickness “blue” band is often present in heavily Mg-doped samples
>100 um), elastic recoil detection analysis experiments
showed a Mg concentration of the order ok50"°cm™3, T - ; - T - u ; T
but also revealed silicon impurities at a few times®n 3 E GaN:Mg MOCVD-|
and oxygen impurities betweenxsL0* and 2x 10?°cm ™2, L 5 K
Due to these high residual donor concentrations, the bulk [
samples were either fully compensated or siiltype. The F
Mg, Si, and O concentrations of the samples are summarized |
in Table I. 3 .

PL and ODMR experiments were carried otibaK using [ - “ MOCVD-lI
the 351-nm line(i.e., 3.53 eV of an Ar'-ion laser for exci- E .-~
tation. This provides an optical penetration depth-df um. E
The PL spectra were obtained with a 0.8-m double-grating
monochromator and a GaAs photomultiplier tube. All PL
spectra were corrected for the spectral response of the spec-
trometer. Typical PL excitation power densities were be-
tween 1 mW/cri and 1 W/crd. The ODMR experiments
were performed in a 34-GH®@-band electron spin resonance
(ESR spectrometer in Voigt geometnk( B, wherek cor-
responds to the light propagation vector aBdto the dc
magnetic fieldl at microwave powers of 200 mW. For sensi-
tive detection of the ODMR, additional power stabilization
of the laser was employed. The overall luminescence inten-
sity was monitored with a thermoelectrically cooled Si ava-
lanche photodiode using low-pass or band-pass filters. The
ODMR signal was detected by a lock-in amplifier in phase

A. Photoluminescence

l sapphire

1
1
!
\
\

PL Intensity [arb. units]

bulk-11

with the on-off modulation of the microwave. The best 3 bulk “\ﬂ 3
signal-to-noise ratios were achieved at optical excitation F . A . i . L 13

power densities of 1 W/cfrand microwave modulation fre- 1.5 2.0 25 3.0 35
guencies of 1 kHz. Relative changes of the luminescence of Energy [eV]

104 could be detected in a single scan. A maximal ODMR

signal intensity Al/l=4x10"* was found in sample FIG. 1. Photoluminescence spectra at 5 K of the six Mg-doped

MOCVD-I. Unless otherwise noted, samples were mountedsaN samples. In addition to the strong near-uv and blue lumines-
with the GaN crystallographic axis perpendicular to the cence bands, several emission bands in the “red” and ‘“near-
applied dc magnetic field. infrared” region are observed as well.
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([Mg]>2x 10190m‘3).“ Based on the strong blueshift un- reported in Ref. 21. In contrast, it may be associated, for
der high excitation poweté and thermal quenching behav- €xample, with an internal transition of a single defect or

ior, this emission has been assigned to a deep-donorcomplex. o _ .
shallow-acceptor  recombination  process  WithEg Both MBE samples exhibit broad luminescence bands in

~0.3—0.4 eV The nature of the 3.1-eV band is still under the near-infrared region. While the PL maximum of sample

discussion. One possibility is that, in contrast to the shallowMBE-!l is located at~1.55 eV, the PL peak of the other

donor—shallow-acceptdiSD-SA) transition at 3.27 eV that Iaygrnijllbe[[cr)]vg E)h?kd;tesig?:;mit Otfmléi (le)\r/c;a d luminescence
is observed in lightly Mg-doped MOCVD material and naty. Y Y w uml

X bands of varying strength. The highest energy band peaks
n-type (compensatedmaterial as well, a deeper donor level between 2.9 and 3.0 eV. Unlike the MOCVD and MBE
is involved in this recombination. Another, more recent ) : i

. . samples, the bulk crystals show an additional strong “yel-
model suggests that potential fluctuations due to a randorg, » | minescence band with peak energy at 2.3 eV. In

distribution of charged acceptors and donors can cause a Iggntrast to the 2.2-eV yellow luminescencerirlype GaN
duction of the peak energy and broadening of the 3.27-e\yhose microscopic origin is still under discussion, the yel-
SD-SA band in the case of high Mg concentrations and highg hand in Mg-doped GaN HPHT samples may be caused
levels of compensating donot%. by the formation of Mg-O complexés?® due to the high

In addition to the blue PL, the MOCVD-I sample exhibits concentration of residual oxygen donors. The bulk crystals
a broad red luminescence band peaked around 1.75 eV. Thgso exhibit luminescence below 2 eV with peaks-dt.7
Gaussian shape of this emission likely arises from strongind ~1.5 eV for samples bulk Il and bulk I, respectively.
electron-phonon couplinty. Such a PL band has been re-
ported for GaN intentionally co-doped with Mg and Si, at
donor and acceptor concentrations both well above B. ODMR

10%cm™3.* In contrast, sample MOCVD-II only shows  The ODMR of the strong blue or near-uv photolumines-

weak luminescence in this spectral region. The periodicence bands from these Mg-doped GaN samples exhibits

modulation at low PL energies in both samples is due tgreviously reported donor and acceptor resonante&’~2¢

interference effects, whereas the sharp feature at 1.78 eV iEhe donors are typically characterized ywalues between

caused by a chromium-related transition from the sapphird.949 and 1.962 depending on the sample, showing a small

substrate. anisotropy Ag=g,—g, ~0.003-0.006) and varying full
The PL behavior of the MBE samples is distinctly differ- widths at half maximaFWHM) of ~5-17 mT. The com-

ent from the PL found for the MOCVD samples. In particu- paratively larger anisotropy of the acceptpvalues depends

lar, two excitonic luminescence features are observed &n various sample parameters such as the acceptor

3.449 and 3.388 eV. The emission at 3.449 eV is similar toncentratior?"?® the layer strairf’ and the detection

. 0 - -
that reported for excitons bound to shallow Mg acceptorEnergy:° However, the main purpose of the present work is
(A°X) in GaN?° The origin of the line at 3.338 eV is un- the investigation of the ODMR spectra measured on the red

and near-infrared luminescence bands. Therefore, we will
not pursue a detailed analysis of the results obtained for the
blue PL.

The “red” ODMR spectra of the six samples with!B&
re shown in Fig. 2. For better comparison the ODMR signal
tensities have been normalized. The respective optical de-

known at this time but is likely associated with excitons
bound to deeper impurities or complexes.

Below the excitonic regime, sample MBE-I exhibits a
broad PL band at 3.1 eV. However, sample MBE-II shows a
pronounced SD-SA recombination at 3.27 eV accompanie

I?/ly %1-m3VMLOOC-p\>/h[<)) r:on rgf Ilifc?js typ:jcally found in lightly o0 range is indicated next to each spectrum. All ODMR
g-dope ayers. eep donors participate in resonances observed in this work are summarized in Table Il.

the 2.8-eV Ium_inescence band, th_is behavior would suggest Among the samples studied, the ODMR for MOCVD-I,
that the formation of these donors is suppressed for the MB[IT?/IOCVD-II, MBE-I, and bulk | samples exhibit very similar
growth, perhaps due to the different growth kinetics and thgine shapes, indicating that the processes observed are char-
lower deposition temperatures. On the other hand, the modelcteristic for the particular material studied rather than the
of Mg-induced potential fluctuations mentioned above WOUlddeposition method used. The dominant features are
imply that the concentration of compensating donors inuminescence-enhancing Gaussian-shaped lines gvitl-
MBE-I is greater than in MBE-II. ues of 1.950, 1.959, 1.978, and 2.001. The first two signals
Sample MBE-II shows an additional peak at approxi-have been attributed to shallow donétg’ A similar g
mately 2.5 eV. Indeed, a PL band with energy as low as 2.45-1.978 line was found previously in ODMR of the broad
eV has been reported for Mg-doped GaN grown by hydride3.0-eV emission band from high-resistivity GaN epitaxial
vapor phase epitaxgHVPE) upon excitation with very low layers and was assigned to quasishallow-donor stafeise
power densities of~20 mW/cnf).?! In contrast, the PL ex- g=2.001 resonance, further called MM1, was tentatively as-
citation power densities in this work are considerably largersigned to a deep defect state in a previous publicdfién,
and the strong power-dependent peak stifL00 me\j re-  which the red luminescence was suggested to arise from a
ported for the 2.45-eV band has not been observed here. Thisansition between a donor and the MM1 defect.
suggests that the 2.5-eV feature in the MBE-grown material The MM1 resonance has a remarkably narrow FWHM of
is not related to the 2.45-eV donor-acceptor g@AP) band  4-5 mT, which is at least a factor of 3 smaller than the
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mechanism. The only other exception to such strong hyper-
fine broadening in GaN was found for the slightly aniso-
tropic em-donor resonance detected on the 2.2-eV “yellow”
PL band with a FWHM of~2-4 mT [first observed by
conventional ESR experimentsiirtype GaN with a FWHM

of ~0.5 mT (Ref. 33].

There is a contribution to the high-field part of the spectra
of samples MOCVD-I, MOCVD-II, bulk I, and bulk Il from
the em donor ¢, =1.950), however with a considerably
broader width of 8.5 mT, which probably results from life-
time broadening. This line has a luminescence-enhancing
character for MOCVD-I and MOCVD-II, but a quenching
effect on the PL from samples bulk | and bulk 1. A reduction
of the excitation power density for samples bulk | and bulk 11
decreases this quenching contribution until it vanishes, but a
change from quenching to enhancing was not observed even
for the lowest usable excitation powers. A model for the
reversal in sign of this resonance will be discussed below.

In addition to the luminescence-enhancing linesgat
=1.950, 1.959, and 2.001 a weak quenching resonance with
a g value of 2.006(further called MM3 is resolved in
sample MOCVD-I. These four lines can be separated using
different optical excitation power densities: under higher ex-
citation power, the relative intensity of tlge= 1.959 enhanc-
ing and the quenching MM2 line increases. The MM2 reso-
nance is isotropic within experimental accuracy and

' ) therefore distinguishable from the anisotropic shallow Mg
1150 1200 acceptor resonance (~2.016; g,~2.056) observed on the
Magnetic Field [mT] blue luminescence band of this sample. In sample bulk Il the
MM2 resonance is found as a luminescence-enhancing

FIG. 2. ODMR of the GaN:Mg samples withiL c. Six different  ODMR signal. This line is accompanied by an enhanaing
centers, indicated by dashed and dotted lines, influence the recom- 1 978 donor signal, which was present in samples

bination processes responsible for the red and near-infrared emiggocvD-11 and bulk | as well.

sion bands. In particular, each spectrum includes either the MM1 Another distinct quenching resonance is observed for
(g=2.003) or MM2 (g=2.006) deep defect. sample MBE-I. Here, the luminescence-quenching process
involves a different deep defect or a deep acceptor state with
15-20 mT reported for other defect and acceptor resonanceg ~2.025 andg,~2.036.
in GaN. As the linewidths were found to be independent of In contrast to the other samples discussed so far, the
microwave frequencie¥;*> an inhomogeneous broadening ODMR below 2 eV of the MBE-II layer is dominated by
due to an unresolved hyperfine interaction was suggested ®L-quenching signals. The MM1 and MM2 defect signals
dominate the widths of those resonance lines. The MML1 sigare both observed to resonantly reduce the PL intensity. The
nal thus seems to be much less affected by this broadenirgpectrum is asymmetrically broadened at the low-magnetic-

MOCVD-I|

MOCVD-il

ODMR Signal

1.84-1.98 eV

bulk-1

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

ODMR below 2 eV in sample

Defect g, g AH4p (MT)  MOCVD-I MOCVD-II  MBE-I  MBE-II  Bulk| Bulkll
em donor 1.950 1.951 8-12 X X X X
Shallow donor 1.959 1.962 18-23 X X X
Quasishallow donor 1.978 14-22 X X X
MM1 2.001 4-5 X X X X X
MM2 2.006 18-32 X X X X
Acceptor 2.025 2.036 30 X X
Shallow Mg 2.00-2.02 2.04-2.08 20-30 Only observed for blue PL
acceptor
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GaN:Mg

MBE-| 2.001
<1.97eV

Bic

ODMR Signal

B 30° from ¢

ODMR Signal

_—————— Sm—m————

] ) 1 . 1 . ]
1150 1200 1250 1300

Magnetic Field [mT]

1.950

FIG. 3. Comparison of ODMR observed for sample MBE-I with . L
B c and 30° fromc. The MM1 resonance witly=2.001 is found 1150 1200 1250
to be isotropic within the experimental accuracy-0f0.001. Magnetic Field [mT]

field side, indicating that one or several acceptorlike reso- FIG. 4. Spectral dependence of the ODMR below 2 eV from

nances §>2.01) contribute to the PL-quenching process ass@mple bulk I withBL c. The ODMR on the emission near 2eVis
well. There is only a very weak PL increasing Compcmemdominated by luminescence-enhancing resonances assigned to qua-
from the donor withg, ~1.959. sishallow donors =1.978) and the MM1 deep defectg (

The orientation dependence of the ODMR below 2 ev=2.001), whereas a lower energy process appears to involve the
was identical for all six samples. As an example, spectrd/M?2 deep defect wittg=2.006.
obtained for sample MBE-I witiB oriented perpendicular spectral dependencés!OCVD-II, MBE-I). The spectra in
and 30° from thec axis are shown in Fig. 3. In general, the Fig. 4 are vertically displaced and normalized to the same
shallow donors §=1.95-1.96) show a slight anisotropy as overall spin-dependent change for better comparability.
seen by the shift frong, =1.959 tog,=1.962 in Fig. 3, While the upper three spectra were recorded using 1.91-,
whereas the “quasishallowy=1.978 donor, the MM1, and 1.77-, and 1.65-eV band-pass filtdepproximate width of
the MM2 deep defects are isotropic within the measuremerd.2 eV), low-pass filters were used for the lower two spectra.
accuracy of£0.001. The largest anisotropy is observed forThe top spectrum is dominated by the=1.978 donor and
the deep acceptorlike centers that give rise to quenchinthe MM1 defect lines. Reducing the detection energy, the
ODMR resonances for the MBE sampleg, 6£2.025 and relative intensity of theg=1.978 donor line decreases until,
g,~2.036). However, thigl anisotropy is still considerably below 1.46 eV, it can no longer be resolved. As this line
smaller compared to that found for the shallow acceptorvanishes, the MM2 resonance, found as a quenching signal
detected on the blue emission bands from these samples. Thre the MOCVD-I and MBE-Il samples, is observed as a
anisotropies of thg factors are also compiled in Table Il.  strong enhancing line that seems to replace dhkel.978

Further information on the nature of the red and neardonor line. The relative intensity of the MM1 line, however,
infrared luminescence is provided by spectrally resolved exremains almost constant in all spectra. This indicates that at
periments. A series of ODMR spectra detected at differenteast two different PL processes are present. Both processes
wavelengths for sample bulk | is shown in Fig. 4. We do notinvolve the MM1 defect, but the recombination step with
show the spectral dependence of the ODMR for the othehigher PL energy includes the donors with=1.978,
samples, either because no significant variation of thevhereas the energetically lower transition includes the MM2
ODMR with PL emission wavelength was observeddeep defect as the spin-dependent recombination partner.
(MOCVD-I, MBE-II) or because the red and infrared PL The detection wavelength dependence of the PL-quenching
signals were too weak to allow observation of the ODMRresonance witly, =1.950 will be discussed below.
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FIG. 6. Schematic diagram for a spin-dependent feeding process

iving rise to an increase of the 1.9-eV photoluminesce(heit-

and sidg¢ and a parallel shunt process that quenches the same
emission (right-hand sidge The full line represents the spin-

IV. DISCUSSION independent PL recombination process involving a diamagnetic fi-
nal state, while the dashed lines denote the spin-dependent transi-

A. Interpretation of the ODMR spectra: Energy levels and tions that are observed in the ODMR.

recombination processes

FIG. 5. Schematic diagram summarizing the recombination pro-
cesses observed in the ODMR below 2 eV of various Mg-dope
GaN samples.

The recombination mechanisms revealed by ODMR ofon the higher-energy part of the sub-2-eV P&1.75 eV
the red and infrared PL are quite complex. Various transiband. This PL band results from a transition between one of
tions from both acceptors and donors to deep traps are reéhe three donors mentioned above and a deep déiidil
sponsible for these bands. Furthermore, in some samples tike MM2). One or more of these donors may be associated
different transitions are coupled through states that havith the three different donor levels observed from Hall ex-
more than one possible recombination partner influencingeriments(activation energies of 23.5, 52.5, and 110 meV
their respective transition rates and intensities. However, then unintentionally doped Gaff. The lower-energy, near-
recombination process causing the red and near-infrared lirfrared part of the PL(<1.5 eV) is sketched on the right-
minescence appears very similar for samples MOCVD-lhand side of this picture. Possible spin-dependent transitions
MOCVD-II, MBE-I, and bulk I. The ODMR is dominated by leading to a luminescence enhancement include the MM1 to
luminescence-enhancing signals from a shallow donor andhallow-acceptor transition, and a MM1 or MM2 to valence-
the MM1 defect. The particular donor involved is sampleband transition. However, the valence-band resonance is not
dependent and hag values of g, =1.950 (MOCVD-I, expected to be resolvable due to its short spin lifetime. Also
MOCVD-Il), g,=1.959 (MOCVD-I, MBE-l), and g a “shallow” acceptor resonance, as observed on the 3.27-eV
=1.978(MOCVD-II, bulk 1). This suggests that the ODMR SD-SA recombination in lightly Mg-doped MOCVD Gal,
is caused by a spin-dependent transition between the respewight be too broad or too weak in terms &f/1 to be de-
tive donor and the MM1 deep defect. Therefore, the energyectable. If both deep leve[®IM1 and MM2) are present in
level of the paramagnetic state of the MM1 center is placedne sample, the possible transfer of carriers from one deep
in the midgap region, about 1.9 eV below the conductionlevel to the other and the relation with the actual lumines-
band. cence band monitored has to be taken into account when

In sample bulk Il a similar recombination process governsanalyzing the sign of the ODMR. An example for this will be
the red PL. Here the spin-dependent recombination proceggven at the end of this section.
includes the donor witly=1.978 and the MM2 deep defect  In samples MOCVD-I and MOCVD-II two donors simul-
instead of the MM1 center. Therefore, MMRke MM1) is  taneously influence the PL. This implies that either a transi-
assigned to a defect with an energy level in the midgap retion from each of the donors to the MM1 state is observed
gion. Finally, the MM1 and the MM2 deep traps can also be(as shown in Fig. bor that a spin-dependent feeding be-
involved in transitions with an acceptorlike stateot re- tween the different donor levels enhances the red PL transi-
vealed in the ODMR which gives rise to infrared emission tion between the energetically deepest of the donor states and
(see, e.g., bottom spectrum in Fig. 4 the MM1 deep defect. But at this point, also a spin-

A summary of the PL-enhancing ODMR transitions de-dependent feeding from a donor to the MM1 defect followed
scribed so far is given in Fig. 5. Here, the energy levels havéy a transition from the doubly occupied MM1 state to a
been sorted according to theijr values considering thg  deep level that generates the red PL cannot be rule¢seet
factor of shallow donorsg, =1.950) in GaN(Ref. 33 and  left-hand side of Fig. 5 This alternative interpretation of the
assuming that deep states are typically characterized by ODMR results is similar to the model proposed by Glaser
factors close to the free-electron value of 2.0023, since thegt al. for the 2.2-eV “yellow” luminescence banid.
do not reflect the symmetry of either the conduction or va- It is uncertain if the MM2 resonance observed in samples
lence bands. The left-hand side of this picture concentrate®IOCVD-I, MBE-II, bulk Il (see Fig. 2 and in sample bulk
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| (see Fig. 4 is new or if it is of the same origin as the =1.950 resonance is determined by the relative transition
slightly anisotropicL1 level (g, =2.004, g,=2.008) re- rates of the respective recombination processes. In the case
ported earlier for electron-irradiated GARFor theL1 cen-  of the bulk samples the shunt process is faster than the red
ter a shift of the peak position by 3 mT when changing theluminescence. Hence, tigg =1.950 donor line is observed
sample orientation frorBlic to BL ¢ would be expected &  as a PL-quenching signal.

band, which should be easily resolved. While the failure to For an evaluation of the expected sign and intensity of a
observe an anisotropy for the MM2 resonance seems to exesonance associated with a defect that takes part in both
clude its assignment tb1, the influence of the high Mg luminescence-enhancing and -quenching transitions, the
doping level is unclear. The lattice distortion could lead to acoupled rate equations for all centers involved have to be
significant reduction of the anisotropy, perhaps due to straigolved. These depend on the stationary condition of the sys-
as suggested in the case of the shallow Mg-acceptdem at a given generation rate. This applies to fhe
resonancé’ The arithmetic average @f, andg, for theL1 =1.950 donor in the bulk samples as well, as indicated by
center is equal to thg value of 2.006 observed experimen- the pronounced excitation power dependence of the ODMR
tally for the MM2 center. This and the similar linewidths of line shape. Due to the large number of donors and acceptors

the resonances WOUld, on the other hand’ Support an assigiﬁ].these Samples, hlgher excitation densities in this case lead
ment of the MMZ2 line to thd.1 resonance. to an increase of the number of electrons located aigthe

We will now discuss the PL quenching transitions. The=1.950 donor and holes located in the valence band or at

fact that the ODMR of sample MBE-I is dominated by shallow acceptor sites. Thus, the red PL is quenched via the
quenching lines in combination with the absence of a specd. =1.950 donor as soon as the lifetime of this donor is
tral dependence of the ODMR between 2.0 and 1.1 eV sugdominated by the recombination with holes in the valence
gests that the transition energy of the parasitic process réand or at shallow acceptors rather than by the transition to
sponsible for the quenching of the red PL is below thethe MM1 defect. The quenching effect becomes stronger
detection limit of 1.1 eV. A candidate for such a transition When the excitation power is further increased.

could be a deep levele.g., the MM2 centgrto deep-
acceptor recombination monitored via the various red and
near-infrared luminescence bands. In addition, spin-flip-
induced nonradiative recombination is another possibility for The recombination model of Kaufmaret al! proposed
such a shunt process. for the red luminescence in Mg-doped GaN compensated

The g values of the quenching line for sample MBE-l with Si suggested that the 2.2-eV yellow and the 1.75-eV red
g,=2.036 andg, =2.025) are quite different from the iso- luminescence bands both involve tseamedeep center as the
tropic g value of 2.006 observed for the MM2 center. Nev- final state of the electronic transition. According to their
ertheless, this anisotropy is still smaller than that found formodel, the initial states for both luminescence pathways are
the acceptorlike resonance detected on the blue band of tlimnors with a considerable difference in binding energies
MBE-I sample ¢, =2.018,9,=2.065). Therefore the shal- which accounts for the difference in PL energies. The present
low Mg acceptor states involved in the blue PL transition areresults cannot support this model. In particular, the ODMR
not responsible for the quenching lines observed on the redxperiments on the emission below 2 eV from these samples
ODMR. The properties of deep acceptors, perhaps Mgnever revealed the typical deep defect witk 1.989 com-
related as well, will not reflect the symmetry of the upper-monly observed on the yellow luminescence band from
most valence band alone. Thus, thanisotropy is expected n-type GaN.
to be reduced compared to that associated with the shallow The model that we propose is more complex due to the
Mg acceptors. variety of PL bands and ODMR signalsee Table I} ob-

We now offer some remarks concerning the reversal irserved in this work. It is based on two deep defect levels, the
sign of ODMR resonances. In general, quenching lines indiMM1 center withg=2.001 and a FWHM of 4—5 mT and the
cate the presence of competing pathways for charge carriéiM2 deep defect withg=2.006 and a FWHM of 18-32
recombination. The relative intensities of the quenching ananT. ODMR measurements indicate that at least three differ-
enhancing contributions are governed by the transition ratesnt donor-to-MM1 transitions contribute to a broad emission
between all centers involve@nore sophisticated models of band ranging from 1.5-2.0 eV. Furthermore, the 1.75-eV PL
ODMR are given elsewhet®. We explain this in more de- band is stronger in the MOCVD-grown samples with higher
tail for the example of they, =1.950 donor line. For this residual Si impurity levels, in agreement with the original
purpose let us recall the ODMR measurements of thebservation by Kaufmanat al!! However, it cannot be de-
MOCVD samples. The spectra are characterized by a transcided whether the MM1 center is silicon-related or if just the
tion from theg, =1.950 and a second donor to the MM1 higher concentration of Si donors induces the increased
defect. Therefore, all these lines are detected aslonor-to-MM1 recombination rate.
luminescence-enhancing resonances. Now consider a second,According to the ODMR results, the emission bands be-
parasitic recombination path involving tige =1.950 donor. low 1.5 eV are assigned to transitions between the other deep
Such a shunt path would be, e.g., the recombination with @efect(MM2) with g=2.006 and the valence-band or “shal-
hole located in the valence band or at a shallow Mg acceptdow” acceptors. These bands were only observed in the PL
state (see right-hand side of Fig.)6The net effect of the and ODMR experiments reported above from the MBE and
PL-enhancing and -quenching contributions for the bulk samples. The origin of this emission does not necessar-

B. The origin of the red and near-infrared luminescence
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ily have to be related to silicon, but also could arise from~1.75, ~1.55, and below 1.4 eV. The ODMR on these
other impurities, such as oxygen or carbon. Indeed, the MBBands commonly shows the presence of two distinct deep

layer with the higher carbon impurity concentratidiBE-1)
exhibits stronger PL in this spectral range.
Dislocations, which in principle could give rise to sub-

levels. The first level, called MM1 with an isotropicfactor
of 2.001, exhibits a remarkably narrow linewidth of 4—5 mT
and is exclusively detected on the red luminescence bands.

band-gap luminescence as well, can be ruled out as the origifhe second deep level involved in the red PL, called MM2,
of the reported PL bands below 2 eV, since this emission ifias an isotropig value of 2.006 and a linewidth of 18—32

also present in bulk material with low dislocation densities

.mT. It is similar to theL 1 center found ire™ -irradiated GaN

But although the model involving spin-dependent recombi-but does not show the anisotropy reported lfdr. Based on
nation from a shallow donor to a deep defect and from a deeppectrally resolved experiments the MM1 and MM2 centers
defect to a shallow acceptor for the 1.75-eV and beloware attributed to deep defects with energy levels in the lower
1.5-eV PL bands, respectively, seems to be most consistepart of the midgap region.

with the ODMR data, spin-dependent feeding processes such

as that suggested for the yellow luminescence bamstype
GaN cannot be excluded.

V. CONCLUSIONS
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