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Optically detected electron paramagnetic resonance of AlN single crystals
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AlN single crystals have been investigated using photoluminescence~PL! and optical detection of electron
paramagnetic resonance in the PL~ODEPR!. All crystals were found to exhibit intense PL extending from the
visible into the near infrared. SeveralS51 centers, each with its own distinct emission spectrum, and distant
S51/2 pair recombination centers have been observed via ODEPR. In all except one center,D5, no hyperfine
structure was observed preventing chemical identification of the impurity involved. In the case ofD5 the
partially resolved hyperfine structure suggests interaction with a 100% abundant nucleus ofI;5/2. We present
arguments to associate it with a displaced host aluminum atom.@S0163-1829~99!03004-0#
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I. INTRODUCTION

AlN is receiving increasing attention for use in visible a
UV optoelectronic AlxGa12xN alloy devices, as well as fo
high-temperature electronic applications, high thermal c
ductivity films, and potentially radiation hardene
materials.1–4 As far as its defects are concerned, AlN
known to have a high affinity for oxygen. Various studi
including thermal conductivity,5 luminescence,6,7 optical ab-
sorption, and electron paramagnetic resonance8 ~EPR! mea-
surements have been performed to characterize the ox
content. Early studies identified visible luminescence ba
resulting from doping AlN powder with Mn,9 and the rare
earths Sm and Eu.10 More recent studies have identified se
eral sharp near-infrared zero-phonon luminescence lines
additional specific 3d transition element impurities,11–14tak-
ing advantage of their close similarity to lines that had p
viously been studied in more detail in GaN.11,12,15–17

In addition, an EPR and optical absorption study
neutron-irradiated polycrystalline material has correlated
absorption band at 370 nm with an EPR signal atg
52.007.18,19 The defect responsible was tentatively assign
to the N vacancy (VN). Theoretical studies predict VN to
have a deep donor level between 0.7 eV and 0.9 eV be
the conduction-band edge, in contrast to VN in GaN, which is
calculated to be a shallow donor.20–22 Oxygen has also bee
predicted to have a deep donor level.23 However, very few
experimental structural studies of point defects in AlN ha
been published.

In the present study single-crystal AlN samples have b
examined using the techniques of photoluminescence~PL!
and optical detection of EPR in the PL~PL-ODEPR! to
probe for defects. This is the first known study of AlN usin
ODEPR, and the focus of the investigation is on the
grown impurities and defects present in the samples.

II. EXPERIMENTAL PROCEDURE

Single-crystal samples from three different sources w
studied. One set, supplied by one of the authors~W.J.C.!,
PRB 590163-1829/99/59~3!/1937~11!/$15.00
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were small hexagonal crystallites,;(0.5 mm)3, grown at
Westinghouse Research Laboratory~WRL! by R.B. Camp-
bell in the 1960s using a high-temperature Lely vap
transport technique from ALCOA grade AlN powder in
graphite furnace.24 Their crystal morphology exhibited a
long axis~the @0001# c axis! with a uniform hexagonal cros

section formed by$11̄00% surfaces, in analogy to SiC.25

~This will be established in the next section from th
ODEPR results.! The samples were transparent, with a slig
grayish-green tint. In addition to substantial concentratio
of O and C, possible contaminants have been suggeste
include B, Ti, V, and Cr, most of which presumably em
nated from the graphite furnace. A second pair of samp
supplied by another of the authors~G.A.S.!, had been cut
from a single crystal boule grown in the 1970s at Gene
Electric Research Laboratory~GERL!. In this case, a two-
step purification procedure was used, followed by vap
transport single-crystal growth in a sealed tungs
crucible.26 These larger samples were amber colored, w
approximate dimensions;13133 mm, with the c axis
oriented along the long dimension. One of them, W-154, h
previously been characterized by thermal conductivity a
optical measurements to be of high chemical purity.26 For it,
the oxygen content can be estimated to be only;400 ppm
by weight (;531019 cm23), by comparison of its therma
conductivity and optical absorption data to that of anoth
high purity sample, W201, for which the oxygen concent
tion was directly measured.5 For the GERL samples, the ca
bon content should also be low, being grown in a tungs
rather than a graphite furnace. A third sample had b
grown also in the 1970s by A. Armington at Air Force Cam
bridge Research Laboratory~AFCRL! in a carbon crucible. It
was dark green in color, and by characterization of its opti
absorption, it had previously been determined to be of low
purity, with strong oxygen-related UV absorption and a ba
in the visible spectrum tentatively attributed to carbon.26

In the PL and PLODEPR experiments, excitation w
supplied by the 351, 364, 458, 476, 488, or 514 nm lines
1937 ©1999 The American Physical Society
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1938 PRB 59MASON, PRZYBYLINSKA, WATKINS, CHOYKE, AND SLACK
an Ar1 ion laser, the 325 nm line of a He-Cd laser, or t
244 nm line of a CW frequency-doubled Ar1 ion laser, all
below the AlN band gap of 6.3 eV. The excitation intens
employed ranged from 0.1 to 60 mW/mm2, depending upon
excitation wavelength and the sample studied.

The PL and PL-ODEPR were performed at pumped liq
He temperatures (;1.7 K) in a 35-GHz spectrometer whic
has been previously described.27 The PL was collected along
the magnetic-field direction, and detected by a silicon dio
~EGG HUV2000B!. Excitation was perpendicular to th
magnetic field, unless stated otherwise. The spectral de
dence of an ODEPR signal was determined by insertin
monochromator before the detector and monitoring
strength as the monochromator was scanned. Polariza
studies of the PL from the individual and differently orient
defects were performed by monitoring the strength of th
corresponding ODEPR signals vs polarization axis orien
tion of a polaroid filter placed before the detector. For pol
ization studies while using the monochromator, a sec
polaroid was placed immediately before the monoch
mator with its polarization axis oriented at 45° relative to t
ruling of its grating, to avoid polarization effects of the gra
ing itself. Electron irradiation of a few of the sample
was performed at room temperature using a 2.5-M
Van de Graaff accelerator, with doses varying from 0.5
2.531018 cm22.

III. EXPERIMENTAL RESULTS

Consider first the WRL samples. These samples all
hibit strong PL extending from the visible into the near i
frared, with a broad peak position shifting towards low
energy for lower excitation wavelengths. Shown in Fig. 1~a!

FIG. 1. ~a! Photoluminescence of a WRL AlN single cryst
under excitation at three different laser wavelengths, as indica
~b! Spectral dependencies of seven different ODEPR resonan
taken under 351-nm (D1,D2), 458-nm (D3-D6), and 325-nm
(D7) excitation. All curves have been normalized to have com
rable peak intensities. The corresponding ODEPR spectra
shown in Fig. 2.
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are typical PL spectra detected for three different excitat
wavelengths for one of the samples. Using a variety of p
toexcitation energies and intensities, in addition to mic
wave amplitude modulation frequencies and magnetic-fi
orientations, it was possible to extract at least seven dist
ODEPR signals associated with different centers contrib
ing to the luminescence. A measurement of the spectral
pendence of each ODEPR signal allowed its luminesce
band to be extracted from the total spectra, and is show
Fig. 1~b!. The luminescence is therefore made up of ma
broad overlapping bands, none of which appear to corre
with bands previously reported in the literature. In Fig. 2, w
show the individual ODEPR spectra forBi@11̄00#, as par-
tially separated by different excitation energies and appro
ate filters.

In the AFCRL sample,D1, D2, D5, and a particularly
strongD7 were detected, plus many additional ODEPR s
nals originating from PL in the near infrared. These ad
tional signals will not be treated here.

In the GERL samples, similar, but an order of magnitu
less intense, PL was observed, but shifted slightly to low
energy, as shown in Fig. 3~a!. Remarkably, none of the
prominent ODMR signals seen in the WRL and AFCR
samples were observed. Instead, five new ODEPR sig
were observed, the spectral dependencies of which
shown in Fig. 3~b!. In Fig. 4, we show the individual spectra
partially separated under different excitation conditions,
Bi@112̄0#.

For all samples, 244-nm excitation appeared to prod
the same PL-ODEPR signals, with no new ones. T

d.
es,

-
re

FIG. 2. ODEPR spectra in WRL AlN under 351 nm~a!, 458 nm

~b,c! and 325 nm~d! excitation forBi@11̄00#. In ~c! the magnetic
field has been expanded to show signals nearg52. In ~d! a 2.48-eV
high energy pass filter was used in order to supress other cen
The observed resonance transitions for each center are indic
with solid lines, those with negligible intensity are marked
dashed lines.
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PRB 59 1939OPTICALLY DETECTED ELECTRON PARAMAGNETIC . . .
ODEPR signal-to-noise was substantially reduced, howe
due to the higher noise level associated with the freque
doubled laser source, and was therefore not used for the
tailed PL-ODEPR studies. Similarly, the He-Cd las
325-nm excitation was used only where necessary to prod
a specific defect luminescence, being substantially noi
than the Ar1 ion laser lines. In what follows, we will de
scribe the principal spectroscopic features of each of
spectra separately.

FIG. 3. ~a! Photoluminescence of a GERL AlN sample~W154!
under excitation at 351- and 458-nm laser wavelengths. Note
decrease in PL intensity for longer-wavelength excitation.~b! Spec-
tral dependencies of five ODEPR signals taken under 458-nm (D8)
and 351-nm (D9-D12) excitation.

FIG. 4. ODEPR spectra of the W154 sample recorded un
excitation with 351-nm~a,b,c! and 458-nm~d! Ar ion laser lines for

Bi@112̄0#. In ~b! the magnetic field has been expanded to sh
resonances nearg52. The spectra shown in~c! and ~d! have been
taken using high-energy pass filters, as indicated in the figure.
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A. D1 and D2

As shown in Fig. 2~a!, there are two dominant ODEPR
spectra seen under 351-nm~or 364-nm! excitation, which we
label D1 andD2. They are absent for the longer availab
excitation wavelengths. BothD1 andD2 were observed in
all seven of the WRL samples surveyed, as well as the
from AFCRL. Their signals are all positive~increase in PL
intensity at resonance! and their spectral dependencie
shown in Fig. 1~b!, appear identical.

Shown in Fig. 5 is the angular dependence of th
ODEPR signals detected using 351-nm excitation for
magnetic fieldB rotating in the (112̄0) crystal plane. The
solid lines are theoretical least squares fits to the data u
the conventional spin Hamiltonian:

H5mBS–g–B1S–D–S, ~1!

for an electronic spin,S51. HeremB is the Bohr magneton
andD, the fine-structure tensor. The lines that are mirro
in their angular dependencies aboutg52 are the ‘‘DMS5
61’’ transitions. The low-field lines with weak angular de
pendencies are ‘‘DMS562’’ transitions. The quotation
marks are used because the fine-structure interaction en
is on the order of the microwave energy and strong mixing
the MS states occurs. Evidence of this is the strong intens
of the ‘‘unallowed’’ DMS562 transitions.

Combining these results with similar detailed studies
the (11̄00) plane, not shown, the spin Hamiltonian para
eters given in Table I were determined, providing the exc
lent fits shown in Fig. 5. The fits yield to relatively hig
accuracy (60.5°) the angle,uD ~see Fig. 6!, that the princi-
pal z axes ofD for D1 and D2 make with thec axis. In
analyzing the data, we have made the assumption ofC1h

symmetry, i.e., that they andz axes lie in the (112̄0) reflec-

he

er

FIG. 5. Angular dependencies ofD1 andD2 ODEPR signals

for B rotated in the (112̄0) plane. The areas of the circles a
proportional to the experimental ODEPR intensities. The so
(D1) and dashed (D2) lines are theoretical fits to the data usin
Eq. ~1! and the parameters given in Table I.
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TABLE I. Spin Hamiltonian parameters and optical dipole moment direction for theS51 centers. The
estimated error in the last digit~s! of each parameter is indicated in parentheses. The values of D are giv
GHz. Their signs have not been determined, but the relative signs between the components ofD1 andD2 are
as indicated. The orientation of the relevant axes are given in Fig. 6.

D1 D2 D3 D4 D7 D8 D9 D12

gx 1.968~5! 1.964~5! 2.02~1! 1.962~5! 2.01~1! 2.019~2! 2.00~1! 2.015~10!

gy 1.990~5! 2.016~5! 1.99~2! 1.980~5! 2.00~1! 2.00~1! 2.01~1! 2.02~1!

gz 1.982~5! 1.978~5! 1.975~10! 1.972~5! 2.00~1! 2.01~1! 2.017~10! 2.00~1!

ug 30(10)° 14(10)° 4(10)° 14(5)° ;65° 0(10)° ;33° ;31°
Dx 613.87(10) 710.83(10) 71.6(2) 74.18(2) 70.88(10) 65.38(1) 72.28(10) 70.3(1)
Dy 713.45(10) 610.64(10) 77.0(3) 66.00(5) 70.90(10) 73.19(5) 72.78(10) 62.4(1)
Dz 70.42(10) 6019(10) 68.6(3) 71.82(5) 61.78(10) 72.19(5) 65.06(10) 72.1(1)
uD 30.0(5)° 29.7(5)° 10.1(5)° 32.4(2)° 65(2)° 0(1)° 33(1)° 31(2)°
uP 22(4)° 263(10)° 90(10)°
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tion plane of the wurtzite lattice, as shown in Fig. 6. In fa
because not all of the lines can be followed throughout
full angular dependence, we cannot rule out a slight tilt
the z axis out of the plane, corresponding to lower, triclin
(C1) symmetry. In order to simultaneously match the resu
in both planes; however, this tilt must be<5°.

The relative signs given in the table for the principal v
ues forD of the two spectra were estimated from the relat
intensities of the high- and low-fieldDMS561 ODEPR sig-
nals for each spectrum, as follows: In the absence of s
lattice relaxation between theMS states, and withBix, y, or
z, we normally expect the intensities of the twoDMS561
ODEPR signals for each defect to be equal and positive, e
transition always being between a pureMS50 eigenstate
and a mixedMS561 one, thus taking the defect out of
state with longer radiative lifetime into a state with shor
radiative lifetime. That is not the observed case, particula
for D2, as can be seen in Fig. 7. One often encounte
mechanism for this is if significant spin lattice relaxatio
occurs during the radiative lifetime of the defect. This serv
to depopulate the higher-energyMS states, which decrease
~or increases! the ODEPR signal involving transitions be
tween them and lower-energyMS states if the higher-energ
ones have the longer~or shorter! radiative lifetime. The sig-
nal with reduced amplitude will be either the higher-
lower-field transition, depending upon the sign of the fin
structure splitting. ~If the spin-lattice relaxation time is

FIG. 6. AlN crystal structure. Thex, y, andz axes shown in-
dicate principal axes for a single defect orientation withC1h sym-
metry. The angleu refers to theg-tensor,ug ,D-tensor,uD , or the
optical dipole moment orientation,uP .
,
e
f

s

n-

ch

r
y
d

s

-

shorter than the radiative lifetime, the transition will actua
go negative.! If this were the sole mechanism, the sense
the asymmetry between the high- and low-field line inten
ties should reverse betweenBix, andy, because of the re
versal of sign forDx and Dy . This is not observed, the
low-field transition for D2 remaining the weaker in both
cases, as seen in the figure. This tells us that some o
unknown mechanism actually dominates. Consistent w
this is also the observation of no major change in the rela
amplitudes vs temperature from 1.7 K to above 4.2 K. Ho
ever, it is clear from the figure that the intensityratios of
high- to low-field lines for each defect do change by a sm
but significant amount for the two magnetic-field orient
tions, and in the opposite sense forD1 vsD2. Assuming that
this can be attributed to the contribution of spin-lattice rela
ation, we are led to the tentative conclusion that the signs

FIG. 7. ~a! D1 andD2 spectra forB 60° away from@0001# in

the (112̄0) plane. The twoDMS561 transitions for the defec

with Biy are indicated.~b! The spectra forBi@112̄0#. The DMS

561 transitions for the defect withBix are indicated.
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PRB 59 1941OPTICALLY DETECTED ELECTRON PARAMAGNETIC . . .
the principal values ofD are reversed forD1 and D2, as
indicated in the table. The absolute signs cannot be de
mined because it has not been established which of theMS

states are the bottlenecks.
Their signals are positive and go through a maximum a

microwave modulation frequencyf m;500 Hz, correspond-
ing to radiative lifetimes of;330msec.28 However, at very
low modulation frequencies,D1 appears to pick up negativ
contributions to its signals. This has been confirmed direc
where the advantage of its strong PL polarization proper
~to be described in Sec. III H! allowed significant suppres
sion of its normal signals and the corresponding signals t
turned strongly negative. The spectral dependence of th
negative signals reflects a broad Gaussian-shaped
shifted by;0.05 eV to higher energy from that for the pos
tive signals shown in Fig. 1. From this we can conclude t
the recombination atD1 also serves to compete with th
unrelated longer radiation lifetime band.

Earlier it was stated that the crystal surfaces were$11̄00%
planes, in analogy to SiC. Now that the relationship betw
the defect axes and the crystal axes has been determined
fact can be established with certainty. In particular, since
of the principal axes ofD1 andD2 must lie in~or near! a

$112̄0% plane of the crystal~the C1h reflection plane!, it can
be concluded by noting the orientation of the sample dur

the experiment that the surfaces are indeed$11̄00% planes.

B. D3 and D4

In the excitation energy dependence of Fig. 2 we see
some of the resonances that were only weakly present u
the 351-nm excitation are dominant for the 458-nm exc
tion. These resonances are associated with two additi
centers that have been labeledD3 andD4. Although they
have very similar excitation wavelength dependencies, t
have very different PL spectral dependencies. As shown
Fig. 1, D3 andD4 have peaks at 1.4 eV and 1.75 eV, r
spectively.~The data presented in the figure were obtain
using a silicon detector. If, instead, a germanium detec
that is sensitive to longer-wavelength light is used, it is fou
that D3 is also observed for emission from energies low
than 1.2 eV, but the ODMR signals become positive, op
site to the negative signals observed using the silicon de
tor.!

An angular dependence of the ODEPR signals forD3 and
D4 with B in the '(112̄0) plane is shown in Fig. 8. The
solid lines are theoretical fits to the data using the Ham
tonian of Eq.~1! and the parameters of Table I. As was t
case forD1 andD2, effective spins ofS51 andC1h sym-
metry fine-structure tensors were used for both. Note that
C590°, sixDMS561 transitions are observed forD4 in-
stead of the four that are expected for aC1h symmetry center
with Bi@11̄00#. In the theoretical fit, theB rotation plane
was taken to be tilted away from the (1120̄) plane by a
rotation of 3.5° around thec axis, providing an accurate fit to
the data.~Because of the sample’s small dimensions, th
was difficulty in accurately aligning its orientation during th
mounting procedure, and such a small misalignment is to
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expected.! Combined with a similar angular dependen
study with B in the (11̄00) plane, the parameters given
Table I were determined.

The signals observed forD3 are negative for all orienta
tions ofB, suggestive of a process competing with the PL
is unusual therefore that its spectral dependence reflec
unique PL band, as shown in Fig. 1. This suggests that
somehow directly related to the PL band, but PL-ODEPR
detecting its spin-dependent feeding of a competing p
This competing path is presumably that being detected
longer wavelengths where its signals turn positive.

An even more curious behavior is observed for t
ODEPR signals ofD4. For a specific defect orientation th
signs of its ODMR signals depend on its orientation w
respect to the magnetic field. As can be seen in Fig. 2,
Bi@11̄00#, some defect orientations generate positiveDMS
561 signals while others give negative signals. As d
cussed in the previous section, if the spin-lattice relaxat
time among theMS states is shorter than the radiative lif
time, both negative and positive ODEPR signals can oc
However, for a given orientation, the twoDMS561 transi-
tions will have opposite signs. In the case ofD4, the transi-
tions for one orientation are both positive, while for anoth
they are both negative, a finding that cannot be explaine
terms of spin-lattice relaxation. One possible explanation
that, in this case, the center is coupled to two spin-depen
recombination paths, one of which generates the 1.75
band, the other not being observed. If the coupling for
two competing paths were dependent on the field orienta
then the possibility would exist to observe ODEPR signals
differing signs.

C. D5 and D6

Also observed in Fig. 2 is a relatively sharp resonan
nearg52. By reducing the modulation frequency to belo

FIG. 8. Angular dependencies ofD3 andD4 ODEPR signals

for B rotated near the (1120̄) plane. Open and solid circles deno
negative and positive transitions, respectively. The circle areas
proportional to the ODEPR intensities. Solid (D4) and dashed
(D3) lines are theoretical fits to the data using Eq.~1! and the
parameters given in Table I.
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10 Hz, this resonance, denotedD5, plus another broader on
at higher field,D6, greatly increase in intensity and becom
dominant, as shown on an expanded magnetic-field sca
the figure.~In fact, if one simply follows the average inten
sity of the luminescence, with or without microwave mod
lation, the intensity increase atD5 resonance can be as larg
as ;1%, representing by far the largest contributor to t
ODEPR effect in most of the WRL samples. Since we a
record the total average luminescence during each
ODEPR magnetic-field sweep, its presence and intensity
automatically recorded even in our routine modulation f
quency runs at;500 Hz.)D5 andD6 have identical spec
tral dependencies, as shown in Fig. 1. They also have
same microwave modulation frequency and microwa
power dependencies. In addition, the integrated intensitie
the two resonances are equal to within 10%. All of the
factors collectively suggest that these two resonances
coupled together in a long radiative lifetime distant-pair
combination process.

Angular dependence studies reveal both to be simplS
51/2 centers with axial symmetry around thec axis, withg
values given in Table II.~Only g' could be estimated forD6
due to the interference from other stronger centers forBic
axis.! The angular dependence ofD5 is particularly interest-
ing, and is shown on an expanded magnetic-field scale
Fig. 9. There we show that the unusual flat-topped line sh
can be simulated extremely well by including a partially r
solved anisotropic hyperfine interaction

H5mBS•g•B1I•A•S ~2!

with a 100% abundant nucleus ofI 55/2. The corresponding
values forA are also included in the table.

Although the fit toI 55/2 is best, a reasonably satisfacto
fit to the flat-topped line shape can also be made by suita
adjusting the widths of the individualm components for any
100% nucleus withI between 3/2 and 7/2. There are ther
fore many possibilities, including the transition element i
purities 45Sc,51V,59Co(I 57/2), and 55Mn(I 55/2), as well
as several rare earths, and normal valence impurities suc
9Be,23Na, etc. In addition, there is the 100% abundant27Al
host atom (I 55/2). We cannot rule out at this stage any
the above possibilities.@Observation in the near infrared u
ing a Ge detector revealed a sharp zero-phonon line~ZPL! at
0.8 eV, which has previously been tentatively identified w
a transition-metal complex of some kind.29 We detected no
ODMR signals in it. None of the other sharp near-infrar
ZPL’s that have been identified with transition eleme
impurities29,30 were observed, however.# An argument, how-

TABLE II. Spin Hamiltonian parameters for theS51/2 centers.
The values for A are given in MHz.

D5 D6 D10 D11

gi 2.001~1! 1.992~1! 2.021~6!

g' 2.007~1! 1.971~4! 1.992~1! 1.995~2!

Ai(I 55/2) 106~2!

A'(I 55/2) 47~2!
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ever, that it may be a displaced Al atom of some kind will
presented in Sec. III G, when the results of electron irrad
tion are described.

D. D7

Excitation at 325 nm produces an additional signal,D7,
shown in Fig. 2~d!. Its spectral dependence is shown in F
1~b!. ~In taking the spectrum shown in Fig. 2~d!, the PL has
been passed through a 2.5-eV high-energy pass filter to
press the other signals for clarity.! The signals are only par
tially resolved, but angular dependent studies in both
(11̄00) and~0001! planes provide the tentative analysis as
C1hS51 center, with the Eq.~1! spin Hamiltonian param-
eters given in Table I.

Also evident in the spectrum of Fig. 2, is the presence
a negative signal in the center atg'2. It becomes stronger a
lower modulation frequencies and appears closely isotro
Since it has no clearly distinguishing features, it will not
considered further. We cannot rule out, e.g., that it isD5.

E. D8, D9, and D12

In the GERL samples, three distinct newS51 ODEPR
signals are observed, as shown in Fig. 4. Their signal int
sities maximize atf m; 100–200 Hz, indicating radiative
lifetimes ;1 ms,28 somewhat longer thanD1 –D4. La-
beled D8, D9, and D12, their spectral dependencies a
shown in Fig. 3.D8 can be conveniently isolated by excit
tion at 458 nm, with a suitable high pass filter, as shown
Fig. 4~d!, and studies of its angular dependence in
(11̄00) and~0001! planes gives the spin Hamiltonian param
eters in Table I.D12 can also be conveniently isolated b
appropriate filtering, as shown in Fig. 4~c!, but its small fine-
structure splitting compared to the breadth of its lines ma

FIG. 9. Experimental line shapes of theD5 center~solid lines!

for a few chosen orientations of the magnetic field in the (1120̄)
plane. The dashed lines represent theoretical fits to the data u
Eq. ~2! and the parameters given in Table II. Thin lines show t
individual resonances for a 100% abundant nucleus ofI 55/2.
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its analysis in Table I only tentative.D9 is not so easily
separated, and its analysis in Table I, which accounts s
factorily for the those of its transitions that can be accurat
followed, must still be considered, also, only as tentative.
of the signals are positive in their respective bands. TheD8
signals are observed to turn negative at very low modula
frequencies, but spectral dependence studies reflect a
shifted to higher energy by;0.020 eV, with which theD8
direct ~positive! spin-dependent luminescence process
competing.

F. D10 and D11

In the GERL samples, two sharp axially symmetricg
.2, S51/2 centers are observed, as seen on an expa
magnetic-field scale, in Fig. 4~b!. Their spectral dependen
cies are identical, as shown in Fig. 3, and theirg values are
included in Table II. Their intensities are optimized at high
modulation frequencies,;1 kHz, indicating a shorter radia
tive lifetime.

G. Effect of electron irradiation

Electron irradiation supplies a convenient method to d
place lattice atoms and produce intrinsic vacancy and in
stitial point defects. We have initiated such studies on a
of these samples and report here briefly our preliminary
sults.

One as-grown sample of the WRL samples was found
display D1 –D4 but D5 was absent. It was subsequen
irradiated at room temperature by 2.5 MeV electrons in th
stages to total doses of 0.5, 1.0, and 231018 cm22. There
was little change in the luminescence and in the strengt
the D1 –D4 spectra. However, theD5 spectrum emerged
strongly after the 1.031018 cm22 dose, and doubled to
strength comparable to that in the other samples after the
irradiation. This suggests that theD5 defect may be being
produced by the irradiation and therefore related to a prim
defect, i.e., a vacancy or interstitial. If so, this supplies
strong argument for identifying itsI 55/2 hyperfine interac-
tion with 27Al. This might arise, for example, from an iso
lated or trapped interstitial Al atom, or N vacancy, with t
unpaired electron in the latter case strongly localized on ic
axis Al near neighbor.

A GERL sample was similarly irradiated. For it, the P
intensity was strongly reduced~factor of;5 –10) after a first
dose of 131018 cm22, and, as shown in Fig. 10, it sharpe
somewhat as its lower-energy tail disappears. Subseque
radiation produces little further change. In the PL-ODEP
after the first irradiation,D9, D8, andD12 remained with
comparable intensity to the before radiation results, butD10
andD11 disappeared completely. The disappearance ofD10
andD11 explains nicely the change in intensity and shape
the PL, as shown by comparing Fig. 10 to Fig. 3, reveal
thatD10 andD11 produce the major component of the PL
the as-grown state of the GERL samples. In the subseq
irradiations, the strength of the negativeD8 signals seen a
low modulation frequency increases, suggesting an incre
in the concentration of defects with which it is competing

NeitherD5 or any other prominent new ODEPR signa
have been detected so far in the electron-irradiated GE
sample.
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H. Polarization properties

The luminescence of each of the crystals was found
display preferential polarization properties with respect to
c axis. The degree of polarization was observed to dep
upon the emission wavelength, and the polarization and
ergy of the exciting light. Measurement of the polarizati
properties of the individual PL-ODEPR signals provides
powerful way of helping to unravel the various process
involved: For each ODEPR spectrum, the different comp
nent lines arise from different equivalent orientations of t
corresponding defect with respect to the magnetic field.
placing a polarizer in the collected PL beam~emitted along
the magnetic field!, the direction of the polarization vecto
component in the plane perpendicular to the collection dir
tion can be determined for each defect orientation by
intensity of its signal. In such a study, the effect of directi
and polarization of the exciting light can also be studied.

No evidence of circular polarization was found in th
emission for any of the centers. However, there is clear e
dence that one of theS51/2 centers,D5, and all of theS
51 centers, with the exception ofD12, display linear polar-
ization properties in emission, and, in some cases, polar
excitation properties, as well. We have performed deta
studies of these properties for four of the more promin
centers,D1, D2, D8, andD5, the results of which we now
briefly describe.

In Fig. 11, the strong linear polarization effects for the P
of D1 and D2 are illustrated. Here, with the polarizatio
vectorEi@0001#, the lines, labeled~a!, arising from the de-
fect orientation for whichB is parallel to itsx-axis have full
strength forD1, but are very weak forD2. Conversely, for
Ei@11̄00#, the corresponding lines forD2 have full inten-
sity, and for D1 they are weak. The other lines of eac
labeled~b!, which correspond to differently oriented defec

FIG. 10. Comparison of ODEPR~a! and PL ~b! spectra in an
as-grown and electron-irradiated GERL sample.
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also display strong, but different, polarization properti
With the collection geometry shown in the figure, a detai
study of the intensity of the ODEPR lines vs the angu
orientation of the polarizer was performed, as shown. T
intensity for the ith defect orientation was analyzed
;(E•Pi)

2, wherePi is the optical dipole transition momen
vector for the defect. Combined with similar studi
for Bi@11̄00#, Pi for D1 was established to be in th
C1h y-z reflection plane with the angleuP52264°, as
shown in Fig. 6, and listed in Table I.D2 was determined
to be polarized also in this plane, withuP5263610°, i.e.,
essentially perpendicular to that ofD1.

~The strong PL anisotropy forD1 was taken advantage o
in the study described in Sec. III A. By orienting the pola
izer to accept only PL perpendicular to theC1h reflection
plane of one set of the defects, the direct ODEPR sign
from them could be eliminated. At low modulation freque
cies the signals reemerged, but negative, reflecting a diffe
band with which the spin-dependentD1 process was com
peting.!

A similar study forD8, revealed the PL polarization vec
tor also to be in the defectC1h reflection plane~the y-z
plane! but perpendicular to the c-axis~i.e., parallel to the
defecty axis, withuP590610°). Surprisingly, however, the
rather distinct PL band associated withD8 appeared to dis
play a'2:1 preferential polarizationalong the c axis. This
suggests that there may be an additional closely related e
sion band associated with the defect but for which ODEPR
not detected. It could, for example, involve emission from
energetically close singlet state.

FIG. 11. ODEPR spectra ofD1 andD2 for Bi@112̄0# recorded
with a linear polarizer placed in front of the detector. The polari

axis was rotated in the (1120̄) plane, as shown in the figure. Tw
different orientations ofD1 andD2 are indicated. The ones labele
~a! have theiry andz axes in the polarization plane, the principa
axes for orientations~b! are out of the plane. The spectra were tak
with a high-energy pass filter to suppressD3 andD4.
.
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The intensity of theD8 ODEPR signals also showe
strong dependence on the polarization of the excitation w
excited with the 458-nm laser line. For higher-energy ex
tation, the effects were greatly reduced. We interpret this
indicate that the defect is excited directly by the 458-n
excitation. A preliminary study indicates the excitation p
larization to be in theC1h reflection plane of the defect, bu
without large variation within the plane.~An absorption band
centered at;2.76 eV has previously been reported for t
specific W-154 sample studied here,26 suggesting a possible
connection withD8.)

The emission polarization properties ofD5 reveal them-
selves in a dependence of the relative intensity of its para
and perpendicular emission components on the polariza
of the excitation. For example, with 351-nm excitation pa
allel to thec axis, the ODEPR signal in the parallel emissio
component exceeds that in the perpendicular componen
2:1. For equal parallel and perpendicular excitation~circu-
larly polarized by insertion of a 1/4 wave plate!, the ratio is
reduced to'1.3:1.

IV. DISCUSSION

We have demonstrated that single crystals of AlN can
very rich in their ODEPR spectra. This is a welcome disco
ery when noting the paucity of such interesting spectra in
sister wide bandgap semiconductor GaN.31–34 With the dis-
covery of this plethora of strong, distinct, well-resolved, a
isotropic ODEPR spectra the possibility becomes m
promising that we may finally now be able to begin to u
ravel and understand defects in the technologically impor
III-V nitrides through the window provided by this materia
At present, however, it is still onlypromising.All except one
of the spectra,D5, display no resolved hyperfine structure
help identify the chemical constituents of the defects. W
now considerD5 in more detail, as well asD1 and D2,
around which a major part of our study has centered.

A. D5

This S51/2 center is the only one to display hyperfin
interaction, and, as a result, contain chemical informat
concerning its constituents. As mentioned in Sec. III C, h
perfine interaction with any 100% abundantI 53/2, 5/2, or
7/2 nucleus is a possibility. Optical detection of electro
nuclear double resonance~ODENDOR! could potentially de-
termine the nuclear magnetic moment and spin of
nucleus, providing the necessary identification. Howev
preliminary ODENDOR attempts have so far been uns
cessful. They will be continued, but, in the meantime, let
consider the intriguing possibility that it is a displaced a
minum host atom of some kind.

We can compare estimates of the27Al free neutral atom
hyperfine interactions for a 3s(a52747 MHz) and 3p(b
560.6 MHz) orbital35 to the observed values ofuAiu5ua
12bu510662 MHz and uA'u5ua2bu54762 MHz.
This gives, for the required fractional components of t
wavefunction on the aluminum atom, 33% 3p and 2.4% 3s,
or 84% 3p and negligible 3s, depending upon whetherAi
and A' have the same signs, or opposite, respectively.

r
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either case these are reasonable values representing a
degree of localization in ap-orbital pointing along thec axis
of the crystal.

The fact thatD5 was produced by electron irradiation in
WRL sample in which it was originally absent is clearly al
consistent with its identification with a displaced Al atom
some kind. However, the failure to produce it in the presu
ably purer GERL samples makes the argument less conv
ing. The problem is, of course, that under optical excitat
at cryogenic temperatures, and with such a wide-band-
material, it is difficult to interpret the presence or absence
a particular luminescence process to indicate the presen
absence of the responsible defect. The concept of a F
level has no relevance, and the charge states of defects
their relative roles in competing radiative and nonradiat
processes depend in a complicated way on the relative
centration of the individual defects, their electron and h
capture cross sections, etc. Hopefully, we will be able
begin to partially sort these questions out as these studie
continued.

In the meantime, we tentatively conclude that the wei
of the evidence favors a displaced aluminum atom of so
kind. It could be an interstitial Al atom, or a N vacancy with
the unpaired electron located primarily on thec-axis alumi-
num neighbor. And it could be either isolated or, more like
trapped by some other impurity or defect. The fact th
when detected, it is accompanied by another positive, e
integrated intensityS51/2 center,D6, suggests that the
mechanism for their detection is spin-dependent recomb
tion luminescence between the two.

B. D1 and D2

D1 andD2, like all of the remaining centers, display n
resolved hyperfine interactions. We have no clue, theref
as to their chemical constituents. However, they do disp
some intriguing properties, which we now explore.

They always appear together, and display almost ident
spectral dependencies. They both haveC1h symmetry with a
near-zero principal value forD along a direction;30° from
the c axis in theC1h reflection plane. The magnitudes o
their D-value components along the other two principal ax
are similar, but their signs appear to be reversed. The
polarization vectors for the two are both in theC1h reflection
plane, but approximately perpendicular to each other.

These properties suggest that the two are associated
the same defect, representing PL from two different, but
ergetically closely spaced, excited states. We now desc
two possible models that we have considered.

1. Model A

The unusual dihedral symmetry forD, and the reversed
signs for the components of the two suggests a very sim
model: Consider the excited emitting states to be theS51
combinations of a spatially separated electron and hole, w
the fine-structure tensorsD arising from magnetic dipole
dipole interaction between them. For the unique case of
of the particles being spread equally between two sites
distancer from the other particle, and making the tetrahed
angle of 109.4° between them as viewed from the other p
ticle, the principalD-tensor components become simply36
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2 1

r 3
~3!

and

Dg50. ~4!

Here theg axis bisects the angle between the two separa
sites, and thea axis is perpendicular to the plane of th
particles.

This is just what one expects for one particle located a
lattice site and the other spread equally between two of
nearest neighbors. There are two possibilities:~a! one of the
split particles is on thec-axis neighbor, or~b! neither is on
the c-axis neighbor. Both haveC1h symmetry but thea and
b axes are interchanged, accounting for the reversal in s
for the x andy components ofD for D1 andD2. With Eq.
~3!, the magnitudes ofDx and Dy give r 51.23 Å for D1
and 1.34 Å forD2. Compared to the nearest-neighbor d
tances in AlN of 1.86 Å and 1.90 Å,37 these are significantly
smaller, but not out of the question, perhaps, for an aver
^1/r 3& between extended atomic orbitals on the atoms.

There is a serious problem, however, with this otherw
attractively simple and successful model for the two exci
states of the defect. It is the orientation of thez axis. For the
undistorted lattice the bisector to two adjacent sites make
angle of;55° to thec axis, not 30°. In addition, the ap
proximately perpendicular polarization properties ofD1 and
D2 do not appear to arise in an obvious fashion from
model. And so it must be somewhat more complicated th
this. It is possible, for example, that a significant rearran
ment of the local atom sites involved has occurred at
defect. For example, theoretical calculations predict large
tice relaxations for interstitials in the similar GaN wurtzi
lattice.38 In another theoretical study, large (;1Å )c-axis
displacements have been predicted for oxygen on a N site in
AlN, accompanyingDX-like behavior.39 In addition, the
breadth of the luminescence band provides strong evide
of significant lattice relaxations occurring during the tran
tion. Or, alternatively, the defect might even be a separ
molecular unit with tetrahedral bonding that has been inc
porated, appropriately tilted, into the lattice, and it is its sim
lar intramolecular excitations that are being observed.
example, molecular units involving two or more oxygen a
oms bonded to an impurity suggest themselves.

In any event, the fact that dipole-dipole interaction b
tween two particles that are displaced symmetrically in t
tetrahedral directions uniquely produces the unusual dihe
symmetry forD, and at the same time provides for the tw
sign possibilities, makes this model difficult to discard.

2. Model B

We have also briefly considered the possibility that t
emission is from a bound exciton, with a shallow effecti
mass hole and a deeply bound electron. In that case the
excited states could arise from the binding of one or the ot
of the two valence-band hole states which are split by
wurtzite crystal field. The polarization properties could th
reflect primarily those of the twop-like hole states~one
pointing along thec axis, the other made up from the tw
perpendicular to thec axis!, explaining in part, the orthogo
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nal polarization relations betweenD1 andD2. In this case,
however, we might expect significant orbital contributions
the g values from the perpendicularp-oriented hole states
which are not seen in eitherD1 or D2. Also, dipole-dipole
interactions would be too weak to explain the fine-struct
terms and it would be necessary to consider spin-orbit m
ing from higher-lying excited states. Assuming, therefo
that the orbital contribution to the perpendicularp-orbital
state is somehow quenched, perhaps by the low local s
metry of the defect, we can then explore the possibility
this mechanism further.

Spin-orbit interaction with excited states also causes
anisotropic departure of theg value from the free-electron
value of 2.0023. In the case of an orbital singlet ground st
the following relationship exists between theg and D
tensors,36

1

2
Dg•l5D, ~5!

where

Dg5g22.0023. ~6!

Selecting the larger of the two atomic spin-orbit para
eters (l59.2 meV for 27Al, 5.6 meV for 14N),40 the ex-
perimental anisotropygz2gx50.014 for bothD1 and D2
predicts, with Eq.~5!, a magnitude forDz2Dx of 16 GHz.
So, the observed magnitude~14 GHz forD1) could possibly
be accounted for. However, the sign of theg anisotropy for
D14 andD2 is the same, while theD anisotropy is reversed
Therefore, this model, by itself, must be discarded.

We conclude therefore that some variation of modeA
represents the best choice at this stage. Perhaps, introd
some of the concepts of modelB into modelA will help. In
particular, the experimentalg anisotropy implies some con
tribution from spin-orbit mixing, and therefore possibly no
negligible contributions toD. Therefore, taking account, in
modelA, of preferential orientation for the localizedp-orbital
holes in the two states might provide net tilts for theDz axes
and significant contributions to the polarization properties
the defects, which are not directly accounted for otherwis
the model. At the same time, it could retain the major dih
dral contributions toD from the magnetic dipole-dipole in
teractions, which reflect primarily thespatial locations of the
particles.

3. The other centers

The two S51/2 centers in the GERL samples,D10 and
D11, share the same spectral dependence. LikeD5 andD6,
therefore, they are most probably being observed via s
dependent recombination luminescence between the
Each of the otherS51 centers, with the exception ofD12,
e
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ing
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shows distinct polarization properties of the emitted PL
its differently oriented defects. Therefore, as forD1 andD2,
it can be concluded that, for each of them, the luminesce
comes directly from the decay of the excitedS51 state seen
in its PL-ODEPR.

V. SUMMARY

In contrast to GaN,31–34 this study suggests that AlN ca
be expected to be rich in centers accessible to the
ODEPR technique. As-grown impurities present in sing
crystal AlN have been shown to produce a variety of lum
nescent centers in the visible and near-infrared regio
SeveralS51 centers (D1, D2, D3, D4, D7, D8, D9, D12)
and distantS51/2 pair recombinations (D5 with D6, D10
with D11) have been observed in these bands via ODE
In all except one, no resolvable hyperfine interactions h
been observed, and the important chemical information
they provide is missing. This can at least be partially e
plained by the low abundance of nuclei with nuclear sp
for the primary suspected chemical impurities, oxygen a
carbon, as well as for many of the commonly suspected tr
sition element impurities, such as titanium, chromium, iro
and nickel.

The S51/2 centerD5 displays an anisotropic flat-toppe
shape that can be matched well by an anisotropic hyper
interaction with a 100% abundant nucleus of 7/2>I>3/2.
We have presented arguments to identify the nucleus
27Al, and therefore associated with a displaced host alu
num atom of some kind. Tentatively consistent with th
identification, the center is produced by 2.5 MeV electr
irradiation in a sample for which the signal was initial
absent. Two of theS51 centers,D1 andD2, appear to arise
from two energetically closely spaced excited states o
single defect. A simple model of spatially separated elect
and hole among neighbor atom sites can provide an expl
tion for the unusual dihedral form ofD for both, and their
apparent opposite sign. In its simplest form, however, it h
problems in predicting accurately the orientation ofD or
certain features of the PL polarization properties. Poss
improvements to the model include orbital effects for t
bound holes, as well as significant lattice relaxations of
involved atoms.
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