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Magneto-optical studies of the 0.88-eV photoluminescence emission in electron-irradiated GaN
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Properties of the 0.88-eV photoluminescerib) in electron-irradiated wurtzite GaN have been investi-
gated in detail by a combination of various magneto-optical techniques, including Zeeman measurements of
PL, optically detected magnetic resonar€@DMR), and level anticrossingLAC). ODMR observed by
monitoring the PL emission is demonstrated to originate from a spin triplet. The symmetry of the correspond-
ing defect is shown to be rhombic with its principal axes pointing into the high-symmetry direcions
=[0001, Y:[lTOO], andX:[11§O]. From the Zeeman measurements the emission is shown to arise from
an optical transition between a singlet excited state and the singlet ground state, providing convincing evidence
for indirect detection of the spin triplet ODMR. LAC investigations of the same PL emission reveal two LAC
lines, among which one is related to the spin triplet detected in ODMR.

[. INTRODUCTION elevated temperature, and a richly structured phonon side-
band. By monitoring the 0.88-eV PL emission, an ODMR
Group llI nitrides have been a subject of intense scientifidoptically detected magnetic resonansgnal typical for a
research and rapid technological developments in recempin-triplet defectdenoted a& 2) was observe&'*?It has
years because of their great potential in applications for &0t been unambiguously shown, however, if this spin triplet
variety of high-performance opto-electronic and electronids the exact excited state involved in the electronic transition
devices! One of the most outstanding achievements unleading to the 0.88-eV PL emission.
doubtedly is the realization of efficient and long-lifetime  In this work we shall present experimental evidence from
light-emitting devices operating in the much-needed blue an@ combination of various magneto-optical spectroscopy tech-
UV spectral range. With regard to many fundamental issue8iques, suggesting that the spin triplet is in fact not the same
such as defects, in particular intrinsic point defects, howeverdefect level giving rise to the 0.88-eV PL emission. It is
our knowledge has so far remained very limited. Only veryinstead shown from the Zeeman measurements to originate
few defects, mostly transition metals like iron, have beerfrom an optical transition between a singlet excited state to
identified unambiguously by, e.g., magnetic resonancéhe singlet ground state. A detailed analysis of the PL, Zee-
techniqueg. A better understanding of defect properties andman, level anticrossing- AC), and ODMR results provides
their role in device performance is essential for improvinguseful information on the electronic structure of the defect
and optimizing material and device parameters. levels and the recombination process involved in the 0.88-eV
Electron irradiation of semiconductors is not only of tech-PL emission. A close examination of the crystallographic
nological importance in device fabrication. It is also a pow-directions of the samples by x-ray-diffractidXRD) pole
erful tool for investigations on intrinsic defects and/or their figures has made possible a one-to-one correlation of these
complexes with common impurities. This is due to the factdirections with the symmetry axes of the spin-triplet defect.
that electron irradiation creates only primary intrinsic defects
such as yac_ancie_s_, self-interstitials, an_tisites, and their com- Il. EXPERIMENTAL DETAILS
plexes with impurities already present in a crystal. No addi-
tional impurities are introduced so that the process of defect The experimental setup used for the Zeeman studies was
formation and interaction is relatively simple. Though elec-based on an Oxford superconducting magnet producing mag-
tron irradiation has widely been employed in other semiconnetic fields up to 14 T, in which the temperature could be
ductors and has contributed a great deal to our present uwaried between 1.5 K and room temperature. The resulting
derstanding of intrinsic defects in those materfalés  luminescence was spectrally dispersed by a 0.85-m double-
application in GaN has just started to emetg¥. grating monochromator. The ODMR and LAC experiments
Recent studies have shown that one of the dominant phawere performed in a modified Bruker EPR spectrometer
toluminescencéPL) emissions, which appear after electron working at X band (~9.23 GH2 equipped with a helium
irradiation of wurtzite GaN is the so-called 0.88-eV PL flow cryostat. Temperatures as low as 2.5 K could be
emission’® This emission consists of a no-phondNP) achieved. For spectral dependence studies a 0.25-m grating
line near 0.88 eV, a hot no-phonon line NRppearing at monochromator was inserted into the light beam on the de-
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FIG. 1. PhotoluminescencéPL) spectra of an electron-
irradiated GaN sample under above band-gap excitation with the . .

UV line of an Ar" laser(a) and selective excitation using a Ti: L1 ]
sapphire lasetb). In this sample the 0.88-eV emission is strongly i '\ BJ|J[0001] _
enhanced by the selective excitation. The base line is indicated by ] L2

the horizontal lines.
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tection side. In high-resolution PL experiments, a 0.85-m Magnetic Field (G)
double-grating monochromator was used. The luminescence
was excited with the 351-nm UV line of an Alaser for the FIG. 2. Optically detected magnetic resonaf@®MR) spectra

above band-gap excitation, and with the 1090-nm line of thedt 2.5 K with the magnetic field oriented along the high-symmetry
Ar* laser or a tunablé700—1000 nmTi: sapphire laser for directions of the wurtzite crystal. The biggest splitting of the triplet
selective excitation of the 0.88-eV PL emission. For lumi-lines occurs wherB is along[1100]. The microwave frequency
nescence detection, a liquid-nitrogen-cooled Ge detectdssed was 9.2275 GHz.

(model North Coasgtwas used.

The experiments were performed on a variety of wurtzitethe 0.88-eV PL emission. For an easy reference a typical PL
GaN layers grown by metal-organic chemical-vapor deposispectrum from the samples with the UVe., above band
tion (MOCVD) or hydride vapor phase epitaxiAVPE) on  gap excitation is shown in Fig. (&).
sapphire or a 6H-SIC substrate. The thickness of the layers
varies from a few micrometers up to 2Q0n. Before elec-
tron irradiation the conductivity of the samples ranged from
n-type over compensated fwtype (obtained by Zn or Mg
doping. They were irradiated with 2.5-MeV electrons at ODMR spectra monitoring the 0.88-eV PL emission ob-
room temperature with a dose fromxIL0'"cm 2 up to 4  tained with above band-gap excitation and when the external
x 108 cm2, magnetic field is along the main crystallographic axes, i.e.,

The crystallographic axes were determined using XRDB||[0001], Bl[1100], and BI[1120] are shown in Fig. 2.
pole figures. The texture analysis was carried out in a Philipghe spectra consist of the nearly isotropit and two lines
X'pert MRD system equipped with a four-circle goniometer of the spin-triplet centek2. L1 was shown earlier to origi-
using a pinhole primary collimator and a parallel-plate secnate from the 0.93-eV P(Refs. 11 and 1Poutside the scope
ondary collimator. of the present paper, and will therefore not be discussed any

further below. The largest splitting between the t® lines

Ill. RESULTS occurs in the(0001) plane wherB|I[ 1100].

. . . In Ref. 12 the spin-Hamiltonian parameters fd2 were
After electron irradiation of wurtzite GaN, two new PL yotarmined to beg,=2.002, g,=1.995, g,=2.002, D,

bands dominate in the near-infrared region. One of them_ + 4 33GHz D.= 0.87GHz. andD.= =054 GHz. X
+0. ,Dy . , ,==0. - X

which is broad and unstructured, has its maximum intens?tW, andZ denote the principal axes of the defect determining
at around 0.93 eV. The other one has a rather narrow NP lin s symmetry. One of these axes, denote@ asas shown to

around 0.88 eV and is followed by a rich and structuredyg giong the: axis of the hexagonal crystal. The other two

phonon-assisted sideband. Even though both emissions are . . — —
commonly observed in all irradiated samples their relative?*€S Were claimed to lie alorig 100] and[1120], respec-

intensities depend on the initial conductivitiype and car- tively. This earlier study was, however, not able to determine

rier concentrationbefore irradiatiorf, and also on a number WhetherX or Y corresponds t¢1100]. To obtain a direct

of experimental parameters such as irradiation dose, meastfiorrelation between the defect symmetry axes and the crys-
ing temperature, and photoexcitation condition. These proptallographic directions, an XRD investigation of the same
erties of the PL emissions have been given eaftittin the ~ samples has been undertaken in the present work. From the
present work we will focus on magneto-optical properties ofpresent study th& axis is found to be parallel tp1100],

A. ODMR experiments
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i ' ' ' ' ' we can conclude that the spin triplet must be detected indi-
rectly via the 0.88-eV emission.

C. LAC experiments

To obtain further information on the spin triplet and the
0.88-eV emission, LAC experiments were attempted. LAC
occurs when two interacting magnetic sublevels approach
each other at a certain magnetic fi¢fdFrom the spin-
Hamiltonian for the spin triplet the expected LAC field po-

sitions are 195 G foBlic axis and 465 G foBl|[ 1100].

Figure 4a) shows the results of the LAC studies when the
magnetic field is along the three main crystallographic axes
and at an angle of 15° betwe8&nand thec axis. AtBllc axis
three features are resolved, one broad signal denoted as LD,
LAC1 at around 310 G, and a relatively narrower signal at
around 225 G(LAC2). Preliminary results of the first two
signals were reported earligin this work, we performed a
complete angular dependence study and a careful analysis of
the possible contributions from other overlapping emissions.
We are now able to reveal the third feature LAC2, which
occurs near the expected field position for the spin triplet
studied in ODMR and is therefore attributed to the same
0865 0870 0875 0880 triplet. In Fig. 4b) satis_factory fits to the e_xperimental dgta
are shown together with the deconvolution of the various
contributions. The absence of the expected LAC of the spin

FIG. 3. Results of the Zeeman experiments. In the lower part NATplet at 465 G wherB is along[1100] is likely due to the
is shown at 1.5 K foB=0 T and for a magnetic-field parallel to the fact that only one-third of the total number of inequivalent
caxis atB=12T. In the upper pam is applied approximately 45° orientations allowed for the spin triplet should contribute to
off the ¢ axis, and the temperature is sufficiently high to maké NP the LAC in this direction.
the dominant emissiof21 K). NP and NP show no sign of split- Though LD and LAC1 are not expected for the spin trip-
ting, broadening, or shift in either configuration. let, they are shown to be detected via the 0.88-eV PL emis-
sion as evident from their spectral dependence with resolved
Rohonon replicagFig. 5(@]. The 0.93-eV PL band can also be
seen in the spectral dependence of LD and LACL1 as a nega-

) _tive background signal in the derivative mode, as shown in
A spectral dependence study of the ODMR signals both ifkjg 55). This is due to a monotonous decrease of the PL

1 : 2 : :
theX band‘. and in theQ band further confirmed that 2 is  irensity in this wavelength region with increasing fighig.
detected via the 0.88-eV PL emission, evident from the reg(p)].

solved phonon structure. The angular dependence study showed that LD is nearly
isotropic and corresponds to a monotonous decrease in the
PL intensity with increasing magnetic field. Such a nonreso-
nant feature has in the past been commonly observed as be-
The ODMR results presented so far suggest a direct linkng due to other physical mechanisms such as the effect of
between the spin triplet and the monitoring of the 0.88-eVmagnetic field on wave functions of recombining carriers
emission. An obvious choice for the spin triplet would be theand also on the diffusion length of photoexcited carrférs.
excited state of the same defect, which gives rise to thd&he LACL1 signal, on the other hand, represents a true LAC
0.88-eV PL emission. In order to confirm or discard thisfeature, evident from its distinct resonancelike line shape and
assignment we performed Zeeman experiments on the N® strong angular dependence of its intensity. The exact origin
line and the hot no-phonon line RNB® These PL lines can be of LAC1 is still unclear.
as narrow as 1.7 meV. The measurements were performed in
magnetic fields up to 12 T and at orientation®B3€ axis and
at an angle of 45° betweds and thec axis (Fig. 3). From
the g value of the spin-triplet state determined by ODMR, a  To shed light on the mechanism for the indirect detection
splitting between théVl;= =1 sublevels at 12 T can be es- of the spin triplet via the 0.88-eV emission and also to mini-
timated to be approximately 2.8 meV. This is noticeablymize the complication introduced by the strong spectral
larger than the PL linewidth and should be observed if anyoverlap between the 0.88-eV PL emission and the other
splitting occurs. But as shown in Fig. 3 no sign of any split-emissions, selective excitation experiments were attempted
ting or shifting was observable for both NP and®N& any  with IR laser light from a Ti:sapphire laser and the"Aaser.
condition. This is only consistent with the interpretation of aA selective excitation of the 0.88-eV PL emission was not
singlet-to-singlet transition for both NP and NPTherefore  possible in all but only a few samples under investigation.

PL-Intensity (normalized)

Photon Energy (eV)

where the largest splitting between the outermost ODM
lines occurs. The axis is thus alon1120].

B. Zeeman experiments

D. Selective excitation
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FIG. 4. (a) Level anticrossindLAC) spectra with the magnetic
field B oriented along the high-symmetry directions and at an angle 0 200 400 600 800 1000
of 15° betweerB and thec axis. The derivativelike shape of the Magnetic Field (G)
lines is due to the detection mode using field modulation. Line LD
is almost isotropic and can be detected at all angles. LAC1, on the FIG. 5. (8) Spectral dependence of the Lidetected at 108 G
other hand, is strong only in a narrow range of angles cIo_se to the and LAC1 (detected at 380 Gsignals, and the PL spectrum for
axis. LAC2 also decrease§ with increasing angle, but is o_bservéomparison. Both signals can be detected via the 0.88-eV emission.
able even after LAC1 has dlsappear.ed completely a,t 1689 Fit . The PL intensity of the broad band peaking at 0.93 eV decreases
to the experimental data together with a deconvolution of the dify, 5 5t0n0usly with increasing magnetic field, which explains its
ferent cor_lt_rlbutlons. WherBII[0001], the ded_uced LA(_:l a?d appearance in the spectral dependence of the two sign@lsThe
LAC2 positions are 310 G and 225 G, respectively. WBeis 15 LAC spectrum obtained by monitoring the 0.93-eV PL emission, in

off the ¢ axis, the LAC2 field position is at 210 G with a broader both the normal PL modéupper curvg and the derivative mode
linewidth as compared to that whéi[ 0001]. The agreement be- (lower curve.

tween the simulated and experimental LAC spectra is satisfactory.

Apparently the Fermi level has to have a special position irPr0ad background emission is very wei#kg. 1(b)]. Never-
the band gap so that the right charge state is reached if tHB€l€ss no ODMR signal was observable under this condi-
experiment should be successful. When selective excitatioHon- Moreover, under the selective excitation of the 0.88-eV
is successful, the 0.88-eV emission is very strong while thd’L only LD can be detecte(Fig. ), with possibly a small
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FIG. 6. The LAC spectrum under the selective excitafjpho-
ton energy 1.137-eMor BI[0001]. Of the three LAC signals only
LD remains with possibly a small contribution of LAC1.

i GaN on ALQ, |
contribution of LAC1. LAC2, which is suggested to origi-
nate from the spin triplet, is unobservable.
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IV. DISCUSSION Photon Energy (eV)

From the direct correlation between the 0.88-eV emission T T T T T T
and the ODMR and LAC of the spin triplet presented above,
it is rather tempting to suggest that the spin triplet is the i (b)
excited state emitting the 0.88-eV PL. This direct link can be
safely ruled out, however, based on the results from the Zee-
man studies of the 0.88-eV PL emission, where both the
excited and ground states have been shown to be nondegen-
erate singlets. This is consistent with the experimental obser-
vation under the selective excitation when the 0.88-eV PL
emission could be efficiently excited but the ODMR and
LAC2 signature of the spin triplet seem to be missing. This
is also confirmed by the earlier studies where the somewhat
indirect indication was found from a different saturation be-
havior between the 0.88-eV PL and the spin-triplet ODMR
signal? Further support can be found from the absence of
the spin-triplet ODMR by monitoring the 0.88-eV PL in a
partially annealed hydrogen-implanted sample. .

The observation of a spin-triplet ODMR via a singlet-to-
singlet PL emission is not surprising, though. In fact it has
been observed in semiconductors for defect systems which
give rise to excited states consisting of a spin triplet and a
singlet, split off by the exchange interactithThe optical
transition from the spin-triplet excited state to the singlet
ground state is usually forbidden by the spin selection rule Magnetic Field (G)
and cannot be seen in the PL experiments in some cases. A , , )
spin-resonance-induced transition among the triplet sublevels FIG. 7. (&) Spectra showing th_e strain effec_t_on the_ energetic
can, however, be observed via the singlet-to-singlet optic osition of the no-phonomP) PL lines. The posmon_varles from
transition by altering the recombination rate and depopulas .870 eV for tensile-strained samples on a 6H SiC substrate to

. . .883 eV for compressively strained samples on sapphire
tion of the metastable trlplet. and thu§ .the number of defec?AIZOQ. (b) ODMR spectra of the same samples where no no-
centers available for the optical transition.

e . ticeable influence of the different strain on the ODMR line positions
Though no definite conclusions can be made so far, th P

. oo €an be found.
results from the selective excitation seem to suggest that this

may not be the case here. If our earlier suggestion that thexcited states can be populated during the carrier recapture
excited state involved in the 0.88-eV PL is a rather shallowand recombination process. If the spin triplet was one of
excited state near the conduction-band bottom is cotfect, these excited states it should have been observed in the ex-
the 0.88-eV-PL center should be ionized by the photoexcitaperiments. The failure to do so seems to suggest that the spin
tion process upon selective excitation. In this case, all of itsriplet might not be a nonradiative excited state of the same

1 GaN on SiC

4 bulk GaN

ODMR-Intensity (normalized)

GaN on Al,O,

L T T T
2600 3000 3400 3800
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defect that gives rise to the 0.88-eV PL. In other words, thea complex or a lattice-distorted defect. Unfortunately no hy-

spin triplet may belong to another defect of different origin. perfine structure is resolved in the ODMR experiments. Thus
It is also interesting to note the difference in the strain de-a chemical identification of the defect is not possible. How-

pendence of the 0.88-eV PL and the spin triplet. The enerever, since we can observe the signal in all electron-
getic position of the no-phonon line in PL varies drasticallyirradiated samples it is reasonable to assume that only intrin-
from the tensile-strained GaN on SiC substr@®&70 eV to sic defects and common contaminants are involved.

the compressively strained GaN on sappliDe883 eV as

;hown in Fig. 7a). The change in th&2 ODMR line posi- _ V. SUMMARY
tions of the same samples on the other hand is only marginal
[Fig. 7(b)]. Detailed information on the electronic structure and re-

Alternative models for the observation of a spin-triplet combination process related to the 0.88-eV PL emission in
ODMR signal via a singlet-to-singlet transition af@ an  electron-irradiated wurtzite GaN is provided by a combina-
intercenter competing recombination process of free carrierson of various magneto-optical techniques. Both the excited
or (b) a direct intercenter feeding process. In césethe  states and the ground state involved in the 0.88-eV PL emis-
competing channel may also be detected via some otheion have been shown to be nondegenerate singlets. By
emissions, which have been affected by the loss of free camonitoring the same PL emission, however, a triplet can be
riers. In our experiments, no sign of the triplet ODMR could observed in ODMR and LAC. It arises from a spin triplet
be detected in any of the samples under investigation imelated to a defect with rhombic symmetry. Indirect recom-
wavelength regions other than the one containing thédvination processes in terms of intracenter or intercenter tran-
0.88-eV PL. Therefore cas@) seems to be unlikely. How- sitions between the PL singlets and the spin triplet detected
ever, no final conclusion can be drawn at this point; furthein ODMR and LAC may explain this observation.
experiments are necessary to resolve this issue.

.Th.e low .symmetry of the defect and_ the fact that the ACKNOWLEDGMENTS
principal axis producing the largest splitting of the ODMR
lines is not along the axis (which is the axis of the highest The authors would like to thank Dr. J. Birch for help with
symmetry in wurtzite GaNimply that the defect is probably the XRD measurements.
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