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The most effective method of producingp-type gallium nitride is currently through incorporation of mag-
nesium. However, such doping leads not only to the desired shallow acceptors but also to the creation of much
deeper energy levels. Magnesium-related acceptors have been observed in many optically detected magnetic
resonance experiments and their magnetic properties, as characterized by theg values of the holes which they
trap, have been found to vary significantly according to the growth conditions and doping levels. The purpose
of the present paper is to present a model that accounts for these observations. The model assumes that, in the
deep acceptors, the hole is located in an atomic orbital ofp character, presumed to be on a nitrogen atom. The
orbital degeneracy is partly removed by the wurtzite crystal field and finally by a reduction in local symmetry
associated with the relative positions of the magnesium dopant and the nitrogen atom upon which the hole is
localized. Further changes in the local crystal field are caused by the presence of nearby defects or by strain.
These changes in the crystal field are accompanied by changes in acceptor depth. The approach leads to the
correctg values and the correct correlation between theg values and acceptor depth for reasonable choices of
the parameters. In the limit that the low symmetry fields become small, the model evolves to one that is
consistent with the correct forms of the ground and near-ground Kramers doublets that are observed by other
workers in studies of shallow acceptors in material that is not doped with magnesium. Finally, the model is
shown to be entirely consistent with a range of acceptor states of different depths being formed by simple
substitution of a magnesium ion at a gallium site, rather than by the creation of more complicated defects. The
conclusion also highlights the need for the GaN to be of high crystalline quality if effectivep-type doping is
to be achieved.
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I. INTRODUCTION

There is at present considerable interest in the nature of
acceptor states in GaN and related materials, driven by the
need to optimizep-type doping for device applications. To
date, the most successfulp-type dopant is magnesium, but
the effectiveness of such doping is limited by the fact that
only a minor fraction of this element appears to be incorpo-
rated as simple acceptors. Furthermore, in layers produced
by metal-organic vapor phase epitaxysMOVPEd, it is neces-
sary to anneal the material before the acceptors are activated.
The implication is that much of the incorporated magnesium
does not simply substitute for gallium but that it is often
associated with, or perturbed by, other impurities or defects,
or, alternatively, that it can lie at other sites. To obtain a
clearer understanding of the behavior, several high resolution
spectroscopic techniques have been employed, prominent
amongst which have been optically detected magnetic reso-
nancesODMRd and photoluminescencesPLd in the presence
of magnetic fields. From ODMR studies, considerable
information1–5 has been obtained for magnesium-related ac-
ceptorlike states and a number of models have been
proposed1–6 for the luminescence processes associated with
magnesium dopingsRef. 5 contains a useful summaryd.
More recently, ODMR experiments on homoepitaxial
GaN:Si have led to the observation of acceptors consistent
with effective mass behavior,7 but whose chemical identity
remained unidentified. The magneto-optical behavior of ac-

ceptors is strongly influenced by thelocal crystal fields in
which they reside and by the coupling between the spin and
orbital angular momenta of the trapped hole and a recent PL
study8 of undoped homoepitaxial GaN in high magnetic
fields suggested the existence of an acceptor state in which
the spin-orbit coupling was strongly quenched. The present
ODMR study, which concerns the deep acceptor states in
magnesium-doped epitaxial layers of GaN, is aimed at clari-
fying what appears to be a complicated situation and was
motivated by the observation of systematic changes in the
magnetic properties of the acceptorlike states in individual
specimens as a function of their position in the forbidden
gap.

The plan of the paper is as follows. First we outline the
ODMR technique and the experimental data. We then present
a modelswhich differs from one put forward earlier9d that
accounts for the magnetic parameters of the deep acceptors
and their systematic behavior. The relationship between deep
acceptors and those that are shallow is then discussed.

II. EXPERIMENTAL DETAILS

A. The ODMR technique

ODMR has long been used for the investigation of recom-
bination emission in semiconductors, in particular for studies
of recombination of an electron from a neutral donor with a
hole from a neutral acceptor. The technique relies on the fact
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that there are spin-selection rules in the recombination pro-
cess, so that changes in the spin distribution of either the
donor or of the acceptor lead to changes in the polarization
or intensity of the PL. Such changes in spin distribution are
caused when magnetic resonance transitions are induced be-
tween the Zeeman componentssspin up, spin downd of the
donor and acceptor states. Hence, by monitoring the PL,
magnetic resonance spectra of the donor and acceptor states
can be obtained. Discussions of the technique and of the
mechanisms by which signals are observed are given in Ref.
10. The ODMR spectra are sensitive not only to the donors
and acceptors directly involved in the recombination process
that is being monitored, but also to centers involved in re-
combination mechanisms that are in competition with the PL
process, so that caution has to be taken in interpretation of
data. In the present study, the specimens were mounted in a
TE011 14 GHz rectangular microwave cavity with suitable
optical access. The unloaded cavityQ was of the order of
3000 and the incident microwave power was about 50 mW.
The specimens were in direct contact with liquid helium at
2 K and the PL was excited by the UV lines from an argon
ion lasers363.8 and 351.1 nm, 3.41 eV and 3.53 eV, inci-
dent power density,1 mW mm−2d. Different wavelength
ranges of the PL were selected with transmission filters, each
with a pass band of 50 nm, and changes in intensity that
occurred as the microwave power was switched on and off
were recorded with a lock-in system as the magnetic field
was swept slowly. The microwave assembly could be turned
about a vertical axis, so that the angle between thec axis of
the specimen and the horizontal magnetic field in the super-
conducting magnet could be varied between 0° and 90°. PL
spectra were recorded under excitation from the UV line
s325.0 nm, 3.81 eVd of a He-Cd laser.

B. Details of the specimens

The samples were grown onc-plane sapphire substrates in
a Thomas-Swann close-coupled showerhead reactor operat-
ing at low pressure. The magnesium-doped layers were of
thickness 1.5mm and were grown at a temperature of
1047 °C directly onto a thin nucleation layer of GaN grown
at 525 °C. The magnesium precursor flow rates were 75,
100, 200, and 300 standard cubic centimeters per minute
ssamples 626, 625, 624, and 623, respectivelyd, producing a
range of magnesium concentrations, which were not deter-
mined directly but are expected to increase monotonically
with the precursor flow rate. One layers621d was undoped.
The specimens were annealed in nitrogen at atmospheric
pressure at 850 °C for 20 min.

C. The PL spectra

A typical PL spectrum is shown in Fig. 1scd. There are
weak excitonic features in the region around 3.5 eV that are
not of direct interest in the present context. In common with
previous workers,1 we ascribe the broad emission band ex-
tending from 3.1 to 2.5 eV to recombination between donors
and acceptors. This attribution is supported by the ODMR
results described below.

D. The ODMR spectra

ODMR spectra for specimen 623 for the magnetic field
along the crystalc axis and obtained by monitoring different
regions of the PL spectrum are shown in Fig. 1sad. In each
case, the spectrum consists of two prominent signals, and,
following previous workers,1–5 the line at the higher mag-
netic field is attributed to donor centers, while that at the
lower field is assigned to acceptors. Measurements at differ-
ent angles show that the field values for each signal can be
described by

hn = mBBÎg'
2 sin2 u + gi

2 cos2 u, s1d

wherehn is the microwave photon energy,mB is the Bohr
magneton, andB is the magnetic field, which is at an angleu
to the c axis swhich is the growth directiond. As u is in-
creased from zero, the acceptor signals move towards the
donor signals and merge with them. The values ofg' for the
acceptors are in the region of 2.00 but, because of the over-
lap with the donor signals, cannot be measured accurately.
The values ofgi for the acceptors are consistent with the

FIG. 1. sad The ODMR spectra for specimen 623 with detection
at different PL energy ranges:sid 2.75 to 3.1 eV; sii d
2.48 to 2.75 eV;siii d 2.25 to 2.48 eV. The microwave frequency
was 13.76 GHz and the temperature was 2 K. The magnetic field
was along the crystalc axis.sbd The values ofgi for deep acceptors
in specimen 623, measured at three different detection windows,
centered at the energies shown.scd The PL spectrum at 10 K for
specimen 623 under UV excitation from a He-Cd laser.
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range reported by several authors, as are the values for the
signals attributed to the donorsssee Sec. IIId.

For each Mg-doped specimen, the values ofgi for the
acceptors are found to depend on the detection wavelength
region, showing a systematic trend in which the values ofgi

increase as the PL detection energyE increases. For speci-
men 623 this is shown in Fig. 1sbd. As noted by previous
authors,5,11 the acceptorg values also depend on the Mg
concentration in a complicated manner. However, in all our
Mg-doped specimens, there is a monotonic change ingi with
detection wavelength, with dgi /dE being of order
0.040 eV−1 in each case. Similar monotonic shifts ingi with
increasing detection wavelength have also been noted for
GaN:Mg in Refs. 3 and 5. A wide range ofg values for
magnesium-related acceptors has also been reported from
ODMR and ESR studies,5,11 with values ofgi as high as
2.10; it is important to note that, as thespositived shifts ingi

become increasingly large,negativeshifts eventually occur
in gi for example, whengi=2.10,g'=1.97.5,11

The spectra that we discuss here are from annealed speci-
mens. In as-grown Mg-doped layers, more complicated spec-
tra are obtained, which are described elsewhere.12,13 The
ODMR spectra from the undoped annealed material contains
only signals from donors, confirming that the signals attrib-
uted to acceptors are associated with the introduction of
magnesium.

III. ANALYSIS OF THE ACCEPTOR g VALUES

We start with the premise that, since the ODMR signals
are PL enhancing, the donor and acceptors that are detected
are directly involved in the recombination process that is
being monitored. Since the PL energies are well below the
GaN band gap, one or another of the donor and acceptor
levels must lie relatively deep into the forbidden gap. In
electron spin resonance studies,14 effective mass donors have
been found to havegi=1.951 andg'=1.949. In ODMR ex-
periments, donor centers withgi near 1.96 have also been
reported and have been classed as “shallow;”5 in addition,
signals withgi between 1.975 and 2.027 have been observed
and attributed to “deep” donors.15 The signals observed in
the present study have values ofgi in the range 1.96 to 1.97
ssee Fig. 1d and are thus attributed to “shallow” donors. It is
therefore the acceptors that we take to be deep: evidence that
this is correct comes from the difference in their behavior
compared with that of the effective mass acceptorssdepth of
220 meVd studied by Glaseret al.,7 which show highly an-
isotropicg values. The assumption is further justified by our
discussion later in the paper.

If the acceptor is deep, it is reasonable to attempt to de-
scribe it in terms of well-localized wave functionssas has
been done very successfully in, for example, the case of deep
acceptor centers in a range of II–VI materials16d. If, for ex-
ample, the acceptor is a magnesium ion substituting at a
gallium site, the hole wave functionsif strongly localizedd
would be expected to be based on nitrogen 2p functions.

We begin by assuming that the holes are subject to a
crystal field of purely C3v symmetry, together with the ef-
fects of spin-orbit coupling. The problem is similar to that

analyzed some time ago by Wattset al.17 when considering
the case of holes located at deep phosphorus acceptors in
ZnSe. The crystal field can be represented by a hole energy
operator of the formDcfzflz

2− lsl +1d /3g and the spin-orbit
coupling byll ·s, wheres andl are respectively the spin and
orbital angular momenta andDcfz andl are constants deter-
mined by the environment and the nature of the atoms in-
volved sl is negative for holesd. The states form three Kram-
ers doublets whose splitting in the presence of a magnetic
field B is determined by the Zeeman operator

HZeeman= gsmBB ·s+ glmBB · l , s2d

wheres and l respectively represent the spin and orbital an-
gular momentum operators,mB is the Bohr magneton, and
wheregl =1.00 andgs=2.00.

If the hole is localized on a single nitrogen ion adjacent to
the magnesium dopantswhich is assumed to lie at a gallium
sited, the nitrogen ion wouldat first sightneed to be the one
that lies along thec axis in order to give the observed sym-
metry in the ODMR signals. One would then intuitively ex-
pect the lowest energy hole state to be ofpz symmetryfFig.
2sadg, which would correspond to a positive sign forDcfz.
Provided that bothuDcfzu and ulu are much greater in magni-
tude than the Zeeman energy terms, it is their ratiouDcfz/lu
that determines the way in which theg values depart from
the spin-only value of 2.00. Theg values vary with the
strength of the crystal field as shown in Fig. 3. It can be seen
that when the crystal field is large, theg values approach the
spin-only valuesorbital quenching; if the crystal field were
zero, theg values would be isotropic at the Landé free ion
value of 4/3d.

In the limit of smalll, theg values can be obtained from
perturbation theory. If the ordering of energy levels is as in
Fig. 2, so that the hole occupies apz-like orbit, one finds

gi = 2.00, s3d

g' = 2.00 − 2l/W, s4d

wherel is negative for holes and whereW= uDcfzu is positive
and is the energy difference between thepz and thepx, py
states. Values ofg consistent with these equations are ob-
served typically for cation vacancy-associated deep acceptor
centers in II–VI materialssV-centers and A-centersd,16 where
the lowest energy state for a hole in ap orbit is on an anion
adjacent to the metal ion vacancy, the orbit being directed
towards thisseffectively negatived vacancy.

It is clear, however, that Eqs.s3d ands4d as they stand are
not appropriate for the present case, since they predict a shift
in g' rather than ingi. It has been suggested9 that the dis-
crepancy can be removed if one assumes that the hole is not
localized at the nitrogen ion along thec axis, but that it
tunnels rapidly between all four nitrogen ions surrounding
the substitutional magnesium. For any one bond, theg values
are such thatgiB<2.00 andg'B.2.00 as in Eqs.s3d ands4d,
where the subscriptB indicates that the “parallel” axis is now
along the bond direction. The delocalization is then assumed
to lead to a geometrical averaging such that the effectiveg
values for directions relative to thec axis are given by9
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gi = fgiB + ÎsgiB
2 + 8g'B

2 dg/4 < 2.00 −s4l/3Wd, s5d

g' = fg'B + Îsg'B
2 + 8giB

2 dg/4 < 2.00 −s2l/3Wd, s6d

where, again,l is negative. The approximate expressions are
for small values of ul /Wu and are indeed such thatgi

.2.00, with only a smaller positive shift ing'. For larger
values oful /Dcfzu= ul /Wu these averagedg values are plotted
as the broken lines in Fig. 3. In the rangeul /Dcfzu!1 swhich
is appropriate for the model of Alveset al.9d the “averaged”
value of g' is greater than 2.00fsee Fig. 3 for logsDcfz/ld
.1g, which is in contradiction to the experimental observa-
tions in Refs. 5 and 11. In the region that the “averaged”g'

becomes less than 2.00, the predicted value of the averaged
gi would be in excess of 2.2, again not in agreement with
experiment.5,11

We wish, therefore, to put forward an alternative model,
which we shall show provides a satisfactory account of a
wide range of data. In this model, we simply reverse the sign
of the crystal field experienced by the hole in the direction of
the c axis, so that an orbital doublet now lies lowestsDcfz
negatived. This doublet will become further split, either by
spin-orbit couplingfas in Fig. 2sbdg or by a crystal field of
lower symmetryfas in Fig. 2scdg. A field of symmetry lower
than C3v would exist if, for example, the hole were localized
not on the nitrogen atom on thec axis relative to the mag-
nesium dopant, but on one of the three other nitrogen atoms
that surround the magnesium. The additional crystal field
that causes the reduction in symmetry is taken to be of the
form Dcfxflx

2− lsl +1d /3g. Even further reductions in symme-
try from C3v could be caused by the presence of strain or by
a nearby second defect, leading to a variation in the quantity
Dcfz sas well as inDcfzd. The behavior of theg values over a
range of values ofDcfz is shown in Fig. 4, where it is seen
that there is now a positive shift in theg value for the mag-
netic field along thec axis sgz, to be identified with the
experimentally observedgid and negative shifts when the

FIG. 2. The energy levels for holes inp-type orbits. Each level represents a Kramers doublet, which is split when a magnetic field is
applied. In each case the hole occupies one of the states of the highest energy doublet. Casesad represents ac-axis axial field which causes
the upz,1 /2ld, upz,−1/2l doublet to lie highest. In casesbd, the sign of thec-axis field is reversed and the orbitally degenerateupxl, upyl
doublet is split by spin-orbit coupling into the doubletsf1

±= u1,1/2l, u−1,−1/2l andf2
±= u1,−1/2l, u−1,1/2l. The diagram is drawn for the

notional case thatuDcfzu@ ulu and wheref3
± denotesupz, ±1/2l. Increasing spin-orbit coupling increasingly mixesf3

± with f2
7. In casescd, an

additional crystal field is taken to be present which removes the orbital degeneracy, the states now being of the formupx,1 /2l, upx,−1/2l and
upy,1 /2l, upy,−1/2l; these are mixed by spin-orbit coupling, resulting in theg shifts observed for the deep acceptors.

FIG. 3. Theg values for holes at deep acceptors as a function of
an axial field in the direction of thec axis sU= uDcfzud. For large
values of the crystal fieldsextreme right side of the diagramd, theg
values are approximated by the perturbation expressions given in
the textfEqs.s3d ands4dg. The broken lines show calculated values
according to the exact parts of Eqs.s5d and s6d.
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magnetic field is at a right-angle to this axis. In the calcula-
tion, Dcfz has been taken to be much smaller thanDcfz, which
causesgx andgy to be approximately equalsand hence iden-
tifiable with the experimentally observedg'd. The g values
are not sensitive touDcfzu provided that it is much greater than
uDcfxu.

If the magnitude ofDcfz is small compared with that ofl,
the g values become highly anisotropicsgi=4,g'=0d in the
limit of vanishingDcfx. If, in contrast, the low symmetry field
is large and splits the states as in Fig. 2scd, the g values
becomeswhen uDcfzu@ uDcfxu@ ulud

gx = 2.00, s7d

gy = 2.00 − 2l/sW+ Ud < 2.00, s8d

gz = 2.00 − 2l/U, s9d

whereU= uDcfxu. The g values thus become similar to those
observed for the acceptor centers in the present worksgz

being identified withgi andgx andgy with g'd. The value of
gz is particularly sensitive to the size of the nonaxial part of
the crystal field.

For the elements likely to lead to acceptor centers, the
value ofl. is likely to be of order −15 meV,18 so that a shift
in gz of 0.07 sappropriate for detection centered 2.65 eVd
gives U=14ulu=0.2 eV. For the approximationgx=gy to be
reasonable, one requiresuDcfzu to be about five timesuDcfxu or
more. Whengx=gy it is important to note that the actual
symmetry of the acceptorswhich is lower than C3vd is not
revealed by the ODMR spectra.

The sensitivity of the acceptorg values to low symmetry
crystal fields has been noted in a general sense by other
workers19,20 and it is of interest to attempt to use the present
specific model in a quantitative manner by calculating the
expected dependence ofgi s=gzd on the acceptor depth and
relating it to the dependence on the energy of the PL used to
detect the ODMR signals, for which the data of Fig. 1 give
dgi /dE=0.040 eV−1. From Eq.s9d we find

dgi/dU = 2l/U2 = sdg0d2/2l, s10d

wheredg0 is the shift of theg value from 2.00 at the wave-
length useds0.07 at 2.65 eVd. With l=−15 meV, we find
that dgi /dU is of order −0.16 eV−1.

In order to establish the relationship between the quanti-
tiesdgi /dE anddgi /dU, we need to consider the recombina-
tion process, which is illustrated in Fig. 5. The recombination
energy is given byE=E0−ED−EA, whereED andEA are the
donor and acceptor depths andE0 is a constant depending on
the band gap and the average number of phonons emitted
during the recombination processswe assume that the donor
and acceptor are sufficiently far apart for the Coulomb inter-
action between them to be negligibled. We assume that in an
ideal GaN crystal, thepx and py states would lie at some
level V0 above the valence band and would then be split by
the crystal fieldDcfx associated with the reduction of the site

FIG. 4. Theg values for holes at deep acceptors as a function of
an additional axial crystal field in thex direction. Thec-axis field is
fixed sDcfz=−1800 meV,l=−15 meVd. If the c-axis field is strong,
as assumed here, the componentsgx andgy are identical. For large
values of the crystal fields, the behavior is shown in expanded form
in the inset, for the case wheregl =1.0. In this rangesextreme right
of the diagramd, the behavior is approximated by the perturbation
expressions given in the textfEqs.s7d–s9dg. The broken lines show
the calculations for reduced values of the orbitalg value.

FIG. 5. The recombination processes leading to the different
parts of the broad PL band. As the perturbation of the acceptor by
nearby defects is increased, thepx and py states move further into
the gap and their splitting increases.
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symmetry from C3v. Further perturbationse.g., by nearby
defectsd would increaseV0 by an amountV while at the same
time changing the value ofU. The acceptor depth is given by
EA=V0+V+U /2=V0+sa+1/2dU, where we writeV=aU
and we thus find that

dgi/dE= − 2s2a + 1d−1dgi/dU s11d

wheredgi /dU is given by Eq.s10d.
Equationss10d ands11d lead to a value fora of about 3.5.

The changesin U are attributed to the perturbations due to
nearby defects or to strains and the value ofa suggests that
the nature of the perturbations is such that its primary effect
is to increase thez component of the crystal field, with a
second contribution directed away from thec axis. The exact
value of a sand therefore ofdgi /dEd will depend on the
nature of the perturbation and is therefore likely to differ for
crystals grown under differing conditions or with differing
levels of doping. This is consistent with the the wide range of
reported values forgi.5,11.

As seen in Fig. 4, asU gets smaller, the perpendicularg
value also eventually becomes smaller than 2.00. For appro-
priate values ofU it is thus possible to obtain opposite shifts
in gi andg'. This corresponds to previous observations.3,11.

The behavior shown in Fig. 5 is thus summarized as fol-
lows. As the acceptor is increasingly perturbed, the acceptor
level moves further into the gap and the energy splittingU
increases. In consequence, as the PL is redshifted,gi de-
creases and tends more closely to the spin-only value. Con-
versely, as the perturbation becomes weaker, so that the
value of U becomes smaller,gi increasessaccompanied
eventually by a decrease ing'd, and it is this behavior that
we next examine.

A. The case of a pure wurtzite field

If there were no low symmetry fieldsDcfx=0d and if
uDcfzu@ ulu, the energy levels would be as in Fig. 2sbd. The
ground state Kramers doublet would, in theuml ,msl notation,
be u1,1/2l and u−1,−1/2l, which would have a finite value
for gi s4 in the atomic approximationd and a vanishing value
of g'. This can be compared with the observation by Glaser
et al.7 of a highly anisotropic ODMR signal withgi=2.193
and g'=0 and ascribed to ashallow acceptor state. If the
acceptor state becomes shallow, one would indeed expect
high anisotropyfas with CdSsRef. 21d and SiCsRefs. 22 and
23dg, though the single atom calculation used to obtain Eqs.
s7d–s9d would cease to be valid since the wave function
would become delocalized. Different authors8,19,20 have at-
tempted to take this into account by using a value ofgl of
less than unity, as discussed further below.

In our discussion of theg values of the deep acceptors, we
have used a value forl of about −15 meV. In a recent paper8

on unstrainedshomo-epitaxiald GaN in which the behavior of
excitons bound to shallow acceptors was studied by PL ex-
periments in high magnetic fieldssup to 25 Td, it was pro-
posed that, for the neutral acceptor states,ulu was an order of
magnitude smallers0.86 meVd and, further, that the crystal
field along thec axis was such thatW= uDcfzu was about
10.2 meVsthe exact value was not criticald. The ground state

doublet of the neutral acceptor was found to beu1,1/2l and
u−1,−1/2l sin the uml ,msl notationd and the first excited dou-
blet to be almost purelyu−1,1/2l andu1,−1/2l. This ground
state doublet would correspond to that discussed in the
present paper for the case where the crystal field away from
thec axis is zerosDcfx=0d. In discussing the Zeeman effects
for the acceptor states in their high field PL study, Step-
niewski et al.8 adopt a Zeeman Hamiltonian of the form of
Eq. s2d. The high fields used were such that the authors could
take the spin and orbital angular momenta to be decoupled
sPaschen-Back regimed and they found thatgl =0.041. If this
value of gl is applied to theu1,1/2l and u−1,−1/2l ground
state, one obtains a value forgi of 2.08srather than 4.00d and
g'=0. To obtain the value ofgi=2.193 observed in ODMR
studies of shallow acceptors,7, one needs to choosegl =0.1
ssee Fig. 4 forDcfx=0d.

It is interesting to contrast our approach with that of
Malyshevet al.,19,20 who consider the problem from the per-
spective of shallow acceptor wave functions. Our analysis is
similar to theirs, in that we assume that the threefold orbital
degeneracy of the acceptor ground state is removed by per-
turbing crystal fields and that the resulting three Kramers
doublets are partly mixed by the spin-orbit interaction. The
difference arises through our use of well-localized wave
functions as a starting point. Our approach is thus likely to
be valid at large acceptor depths, while that of Malyshevet
al.19,20 becomes appropriate at shallow depths. In an early
analysis of shallow acceptor states, Malyshevet al.19,20 in-
troduced a factorgF which, for an acceptor in its ground
state, corresponds to the factor −gl used in Eq.s2d. They
calculate thatgF=−0.7, which leads togi=3.4 in purely axial
symmetry; this magnitude forgF thus appears to be too large.

The different choices needed forgl to fit the experimental
data for shallow acceptor states in Refs. 7 and 8 and may be
due to the acceptors in the two investigations being of a
different type sbut in neither case magnesium, since the
specimens there were respectively doped with silicon or were
undopedd, since it is well known that theg values of valence-
band-related holes are sensitive to their state of binding.21

The departure ofgl from unity presumably arises because of
the delocalized nature of the effective mass hole states,
though the calculation of theg values for such states is
known to present considerable difficulty. In a recent theoret-
ical paper,24 with a different set of Luttinger parameters, a
value of ugiu=2.25 is obtained for the hole in theA exciton.
This compares well with the ODMR value of 2.193 for holes
at shallow acceptors obtained by Glaseret al.7

B. The effect of reduced orbitalg factors

If we use reduced values forgl in the Hamiltonian of Eq.
s2d, theg values become modified as in Fig. 4. It is seen that
gi s=gzd is reduced, but thatg' s=gx,gyd remain unchanged.
Thus, as the low-symmetry strain component becomes
weaker, it is possible to have a significant positive shift ingi

while at the same time having a significant negative shift in
g', as observed experimentally.3,11

As noted above, in their approach from a different per-
spective, Malyshevet al.19,20 predict that theg factors for
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shallow acceptors in GaN of purely wurtzite symmetry
should be strongly anisotropic. As in the present calculation,
they also find, when the low symmetry strains are suffi-
ciently large, that theg values become nearly isotropic.

The value ofgl, and therefore ofgi, is likely to be very
dependent on the degree of localization of the wave function
of the hole trapped at the acceptor, changing fromgl =1 for
strongly localized states togl =0.1 for the delocalized case.
The behavior ofgi as a function of acceptor depth is thus
likely to vary within the range bounded by the curves in Fig.
4 for these two values ofgl. The behavior ofg' is essentially
independent ofgl. Thus, for deep acceptorssright-hand side
of Fig. 4d there are appreciable positive shifts ingi but no
shift in g' fas predicted by Eqs.s7d–s9dg. As the acceptor
depth decreasesssmall Dcfx, left-hand side of Fig. 4d, there
are still significant positive shifts ingi and, eventually, large
shifts towards zero ing'.

C. The nature of the crystal field at the acceptor site

It is clear, both from the present and from previous stud-
ies, that the acceptor center is produced by the incorporation
of magnesium. Our analysis of theg values is consistent with
the magnesium substituting at a gallium site, with the hole
trapped in a well-localizedp-like orbit on one of the sur-
rounding nitrogen atoms. If the hole is localized on a nitro-
gen atom adjacent to the magnesium, we have two possibili-
ties. The first is that the nitrogen is the one located in the
direction of thec axis and the second is that it is one of the
three located in the bond directions away from this axis. As
discussed in Sec. III, the former is likely to lead to the wrong
ordering of the values ofgi and g'. In the latter case, the
relative position of the magnesium ion and the hole would
lead to bothDcfz andDcfx being finite, even in the absence of
perturbing fields due to other dopants or defects, and would
thus lead to nearly isotropicg values. It is also possible that
the magnesium ion would be displaced from the substitu-
tional position towards one of the nitrogenssas in the case of
ZnSe:P discussed belowd. The model in which the hole is
localized on a nitrogen atom in a non-c-axis bond direction
relative to the magnesium also provides an explanation for
the fact that theg values of the electrically active magnesium
acceptors at 200 meVsRef. 5d haveg values close to 2.00.
These acceptors are observed in both ESR and ODMR ex-
periments to havegi <2.10 andg'<1.97.5 In terms of our
model, the implication of this is that the acceptor level at
200 meV is such that it satisfies the criterionulu! uDcfxu. In
other words, even for the electrically active shallow accep-
tors at 200 meV there is a significant low symmetry crystal
field. As noted above, such a field would be a direct conse-
quence of localization of the hole on a nitrogen in the non-
c-axis direction. In the ODMR experiments,5 these “shallow”
acceptors are observed when monitoring the emission in the
3.2 meV region; the reportedgi in the region of 2.10 is con-
sistent with extrapolation of the straight line in Fig. 1sbd.

To summarize, the closeness of theg values of the
200 meV acceptor to 2.00 implies that the wave function is
well localized. Our model suggests that the localization is
primarily on one of the nitrogens in the non-c-axis bond

direction relative to the magnesium and that, in consequence,
the crystal field symmetry is lowered,even in the absence of
perturbing fields due to nearby defects. Since theg values
are very sensitive to the value ofDcfx, additional contribu-
tions to Dcfx due to the presence of such defects produce
furtherg shifts, while simultaneously increasing the depth of
the acceptor. It is these additional perturbations that lead to
the systematic changes of theg values as the ODMR detec-
tion wavelength is altered.

As a case where the symmetry of the acceptor center is
lower than that of the substitutional site occupied by the
dopant, an interesting parallel is provided by the example of
ZnSe doped with phosphorus. In lightly doped ZnSe, phos-
phorus forms an acceptor level at about 85 meV.25–28 Spin-
flip Raman scatteringsSFRd experiments29–31show that theg
values are those expected of valence band holes, as observed
in SFR studies of nitrogen acceptors in the same material.
However, unlike the nitrogen acceptors, which show the
symmetry of thesstrainedd epitaxial layer,29–31, the phos-
phorus acceptors are found32,33 to be subject to an additional
trigonal crystal field, attributable to a displacement away
from the substitutional site. In contrast, ODMR studies34

show that, in highly doped bulk ZnSe, the phosphorus forms
a very deep acceptors600 meVd, in which the wave function
is strongly localized and the trigonal field much stronger. The
case provides an example in which the acceptor depth is very
strongly influenced by the doping conditions and is in several
ways similar to that of the GaN:Mg considered here.

D. The donor states and the recombination processes

In the discussion involving the recombination energies,
we have assumed that the energies of the donor states are not
greatly affected by the perturbations that shift the acceptor
levels. In a study of undoped GaN, Bozdoget al.15 observed
a range ofg values extending from 1.975 to 2.027 and as-
cribed to deep donor states. Theseg values were accompa-
nied by a range of emission energies attributed to recombi-
nation emission between the different types of donor andone
type of shallow acceptor. The situation is clearly different
from that observed in the presentsmagnesium-dopedd speci-
mens, where the values ofgi for the donor signals extend
only over the range 1.962 to 1.972. This small range justifies
our assumption that the donor depths do not change signifi-
cantly in our case and that the change in emission energy in
our Mg-doped specimens is primarily due to the changes in
the acceptor depth. Clearly, if the depth of the donor states
that participate in the recombination processes are also
changing with detection wavelength, the value ofdgi /dU
deduced fromdgi /dE would be different. However, the
present argument would be seriously affected only if it is this
change in donor depth that wasentirely responsible for the
shifts in PL energy: the work of Ref. 15son undoped mate-
riald shows that the shifts in the value ofgi for the donors
would then be much larger than those observed in the present
work. Our assumption that at least the major part of the shift
in PL wavelength is due to variations in the acceptor depth in
Mg-doped specimens is thus justified.

Other models for the recombination mechanisms that are
involved in the ODMR process include two-step processes1
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and processes in which there are large potential fluctuations
that cause the energies of the donor and acceptor states to
vary;6 these models are discussed in Ref. 5. However, as
explained in the preceding sections, the present data can be
accounted for within the framework of a one-stepssimple
donor to acceptor recombinationd process and we do not
need to invoke additional energy levels. Our model does in-
volve potential fluctuationssi.e., those caused by the perturb-
ing low symmetry fieldsd, but, as discussed in Sec. III C, the
primary effect of such fluctuations is assumed to be on the
energies of the acceptor states.

IV. CONCLUSIONS

We have proposed a model which accounts for the varia-
tion in g values observed for magnesium-related acceptors in
GaN. The model involves holes trapped in well-localized
atomic like p orbits on nitrogen atoms adjacent to the mag-
nesium dopant, the nitrogen atom involved being one of
those whose bond direction is inclined to thec axis. The
threefold orbital degeneracy of the holep states is partly
removed by the axial crystal field associated with the wurtz-
ite structure, the twofold orbitally degeneratepx andpy being
of lowest hole energy. The remaining degeneracy is removed
by lower symmetry fieldssdue to the inherent structure of the
acceptor centerd, leading to near-isotropicg values. Further
perturbationsscaused by nearby defects or by straind produce
shifts ingi andg' which are very sensitive to the magnitude
of the these fields. At the same time, these perturbing fields
lead to a change in the acceptor depth.

The model, which provides considerable insight into the
nature of the crystal fields that acceptors are subject to in
GaN, gives the correctg values and the correct correlation
between the changes in theg values and the changes in the
acceptor depth for reasonable choices of the parameters. It
reproduces the sensitivity of theg values to changes in the
perturbing crystal fields. It provides an explanation of why
the g values of the magnesium acceptor center are close to
2.00 and whygi .g'.

In the model, it is postulated that, even in “perfect” wurtz-
ite GaN, the local symmetry of the Mg acceptor center is
lower than C3v, with Dcfx being finite. The nature of the
states involved is, however, such that this decrease in sym-
metry is not revealed directly in the ODMR spectrassincegx
andgy are almost equal, Fig. 4d.

It is interesting to speculate about the nature of the shal-
low acceptors observed in the Si-doped material in Ref. 7,

where theg values are highly anisotropic. As seen from Fig.
4, this would requireDcfx to become small in comparison
with l. This may be the result of a greater delocalization of
the wave function compared with the case of magnesium
ssuch delocalization would make the hole less sensitive to
the local fieldd. One might expect an acceptor with a more
delocalized hole wave function to be shallower than the
200 meV reported for magnesium, but unfortunately no data
are available to confirm this.

If Dcfx does become smaller, the value ofgi is predicted to
continue to increase while, at the same time,g' begins to
undergo a negative shiftsFig. 4d. If indeed the acceptor be-
comes shallower and the hole wave function more delocal-
ized asDcfx decreases, the negative shift ing' would become
comparable with, and would eventually exceed, the positive
shift in gi. This overall behavior is in agreement with obser-
vations from previous ODMR and ESR studies of
GaN:Mg.3,11 In the limit of vanishingly small low symmetry
fields, the model also predicts the correct forms of the
ground and near-ground Kramers doublets that are observed
by other workers in studies of shallow acceptorsswhose na-
ture probably does not involve magnesiumd.7,8

Finally, the model is shown to be entirely consistent with
both shallow and deep acceptor states being formed by
simple substitution of a magnesium ion at a gallium site,
rather than by the creation of a more complicated defect. The
nearly isotropicg values are a result of the symmetry of the
acceptor center being less than C3v. In this, the magnesium
acceptor state may differ from those introduced by other
dopantsswhich have the highly anisotropicg values charac-
teristic of C3vd. The depth of the magnesium acceptor is
found to be dependent on the strength of low symmetry per-
turbation in its vicinity. Thus, different strains, induced, for
example, by different growth conditions or doping levels,
lead to differentg values and to different acceptor depths, the
latter giving the possible misleading impression that there
are a large number of acceptors of different origins. The need
for the low symmetry fields to be small if the acceptor states
are to be shallow emphasizes the need for high quality ma-
terial if effectivep-type doping is to be achieved.
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