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Magnetic resonance studies of Mg-doped GaN epitaxial layers grown by organometallic
chemical vapor deposition

E. R. Glaser, W. E. Carlos, G. C. B. Braga,* J. A. Freitas, Jr., W. J. Moore,† B. V. Shanabrook, R. L. Henry,
A. E. Wickenden,‡ and D. D. Koleske§

Naval Research Laboratory, Washington, D.C. 20375-5347

H. Obloh
Fraunhofer-Institut fu¨r Angewandte Festko¨rperphysik, D-79108 Freiburg, Germany

P. Kozodoy,i S. P. DenBaars, and U. K. Mishra
Department of Electrical and Computer Engineering, University of California, Santa Barbara, California 93016

~Received 6 July 2001; revised manuscript received 31 October 2001; published 5 February 2002!

Electron paramagnetic resonance~EPR! and optically detected magnetic resonance~ODMR! experiments
have been performed on a set of GaN epitaxial layers doped with Mg from 2.531018 to 5.031019 cm23. The
samples were also characterized by secondary-ion-mass spectroscopy~SIMS!, temperature-dependent Hall
effect, and low-temperature photoluminescence~PL! measurements. EPR at 9 GHz on the conductive films
reveals a single line withgi;2.1 andg';2 and is assigned to shallow Mg acceptors based on the similarity
of the spin density with that found for the number of uncompensated Mg shallow acceptors from Hall effect
and the total Mg concentration by SIMS. PL bands of different character are observed from these layers,
including shallow-donor–shallow-acceptor recombination at 3.27 eV from the lowest doped sample and, in
most cases, broad emission bands with peak energy between 2.8 and 3.2 eV from the more heavily doped films.
In addition, several of the films exhibit a weak, broad emission band between 1.4 and 1.9 eV. ODMR at 24
GHz on the ‘‘blue’’ PL bands reveals two dominant features. The first is characterized bygi ,g';1.95– 1.96
and is assigned to shallow effective-mass donors. The second line is described by similarg tensors as found by
the EPR experiments and, thus, is also attributed to shallow Mg acceptors. Although several groups have
related the 2.8 eV PL in heavily Mg-doped GaN with the formation of deep donors, no clear evidence was
found from the ODMR on this emission for such centers. However, based on the near-midgap PL energy and
the observation of the feature assigned to shallow Mg acceptors, the strongest case from magnetic resonance
for the existence of deep donors in these films is the isotropic ODMR signal withg52.003 found on emission
,1.9 eV. Possible recombination mechanisms to account for the ODMR on these ‘‘blue’’ and near-IR PL bands
are discussed.

DOI: 10.1103/PhysRevB.65.085312 PACS number~s!: 78.66.Fd, 71.55.Eq, 76.30.2v, 76.70.Hb
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I. INTRODUCTION

Mg is the most widely employed dopant forp-type con-
duction in GaN. In addition to the rather large thermal io
ization energy~;180 meV!, there appear to be other facto
~such as self-compensation and/or complexing, cluster
etc! that limit typical room-temperature hole densities to t
range of low- to mid-1017 cm23 in GaN epitaxial layers
grown by organometallic chemical vapor depositi
~OMCVD!.1 However, larger hole concentrations are desi
to improve blue-green laser performance and to create h
performance heterojunction bipolar transistors~HBTs!. Other
potentialp-type dopants have been tried but with little ove
all success. For example, Zn, Cd, and Hg are even de
than Mg. Be is a promising candidate for enhancedp-type
conductivity in GaN based on the binding energy (Ea
;100 meV) deduced from photoluminescence~PL! studies;
however, the existence of self-compensating~donor! centers
and/or Be-related deep acceptor complexes renders such
terial highly resistive in most reported cases.2

In order to provide more details on the nature of the M
acceptors and Mg-related or -induced compensating cen
comprehensive electron paramagnetic resonance~EPR! and
0163-1829/2002/65~8!/085312~10!/$20.00 65 0853
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optically detected magnetic resonance~ODMR! experiments
have been performed on a set of GaN epitaxial layers gro
by OMCVD from three laboratories. The films were dop
with Mg from 2.531018 to 531019 cm23 as measured by
secondary-ion-mass spectroscopy~SIMS!. In addition we
have attempted to correlate the magnetic resonance re
with those obtained from SIMS, temperature-dependent H
effect, and low-temperature PL studies of the same sam
or nearby pieces of the wafers in order to form a se
consistent picture.

In general, EPR provides information on the ground st
and microscopic origin of defects through the Zeeman sp
tings ~g factors! and, in best cases, resolved hyperfine str
ture. In addition, the number of uncompensated~neutral!
centers can be determined from the integrated intensity of
signal and an appropriate standard. ODMR, though not qu
titative, combines the attributes of EPR with the sensitiv
and selectivity of PL~Ref. 3!. The technique yields informa
tion on the magnetic properties of the optically excited don
~electron! and acceptor~hole! states that participate directl
~or, in some cases, indirectly! in the recombination pro-
cesses.

The present work expands on a preliminary ODMR inve
©2002 The American Physical Society12-1
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E. R. GLASERet al. PHYSICAL REVIEW B 65 085312
tigation of metal-organic chemical-vapor depositio
~MOCVD! grown GaN as a function of Mg doping level4

The main results are as follows. First, EPR reveals a str
signal from p-type conductive layers withgi;2.1 andg'

;2. This resonance is assigned to uncompensated sha
Mg acceptors based on the similarity of the spin density w
that found for the number of uncompensated shallow
acceptors as determined by Hall effect and the total Mg c
centration by SIMS. Second, PL bands of different chara
are found from these films, including strong shallo
donor—shallow-acceptor ~SD-SA! recombination with
zero-phonon line~ZPL! at 3.27 eV from the lowest dope
sample and, with one exception, broad emission ba
with peak energy between 2.8 and 3.2 eV from the m
heavily doped films. In addition, most of these films exhi
a weak, broad emission band with peak energy near 1.7
Third, Hall effect measurements reveal;5%–10% compen-
sation~;1018 cm23 shallow and/or deep donors! of the ac-
tivated acceptors with a Mg ionization energy of 185 me
Fourth, although several groups5–12 have attributed some
fraction of these compensating centers and the occurrenc
the broad 2.8 eV ‘‘blue’’ PL band with Mg-doping-induce
deep donors, noCLEAR evidence was found from ODMR o
this emission for such centers. However, evidence for d
donors was revealed from ODMR on the broad PL less t
1.9 eV. Finally, ODMR reveals similar acceptorlike res
nances onBOTH the ‘‘blue’’ and near-infrared~;1.7 eV! PL
bands as found by EPR, including that associated with s
low Mg acceptors that participate in the 3.27-eV SD-SA
combination.

The paper is divided into five sections. Section I is t
introduction. The set of samples investigated in this work
described in Sec. II. In addition, a few details of the PL a
magnetic resonance techniques are also given. The mai
sults from the SIMS, Hall effect, PL, EPR, and ODMR e
periments are presented in Sec. III. A discussion of the
sults is provided in Sec. IV, including models proposed
the recombination processes observed in these films. In
dition, we place this work in the context of other rece
experimental and theoretical efforts undertaken to add
the behavior of Mg acceptors in GaN. Overall conclusio
are given in Sec. V.

II. EXPERIMENTAL DETAILS

The experiments were performed on five GaN epitax
layers ~referred to as Nos. 1–5! from three laboratories
grown ona-plane andc-plane Al2O3 substrates by OMCVD.
The 1.0–2.5-mm-thick films were doped with Mg and sub
sequently annealed in an inert atmosphere near 1000 °
activate the Mg acceptors as typically required for the CV
growth technique. Additional details of the growth are d
scribed elsewhere.6,13,14

Secondary-ion-mass spectroscopy~SIMS! was employed
to determine the total Mg concentration in the films. In a
dition, SIMS depth profiles of Si, H, O, and C were obtain
in select films. The transport properties of the Mg-dop
GaN layers were extracted from either Hall effect or tw
point probe measurements. In some cases~sample Nos. 3 and
08531
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4! variable-temperature Hall effect~80–600 K! experiments
were carried out to obtain more detailed information such
the dopant ionization energy and degree of compensatio
the films. The layer thickness, Mg doping levels, and roo
temperature carrier concentrations for the five samples
summarized in Table I.

The PL at 1.6 K was excited by the 351-nm line of an A1

laser at a power density of;1 W/cm2. The emission between
1.25 and 3.5 eV was analyzed by a 0.22-m double-gra
spectrometer and detected by either a Si photodiode o
UV-enhanced GaAs photomultiplier tube. The spectra w
corrected for the system response by normalization to
throughput of a broadband calibration lamp.

The EPR experiments were done at 4.2 K in a Bruker 3
ESP X-band ~9.5 GHz! spectrometer configured with
liquid-helium flow cryostat for temperature control. Angul
rotation studies were performed in the~112̄0! plane to obtain
symmetry information. A few milligrams of P-doped Si pow
der embedded in polyethylene was used as a standar
determine the spin density associated with the signals
served from the Mg-doped GaN layers.

The ODMR was performed at 1.6 K in a 24-GHz spe
trometer with the samples placed in the tail section of
optical cryostat. The ODMR signal corresponds to t
change in the intensity of the PL which was coherent w
the on-off amplitude modulation~;77 Hz to 3 kHz! of 50
mW of microwave power under a swept dc magnetic fie
Two detection schemes were employed. First, emiss
bands were separately analyzed with either visible bandp
or near-infrared cutoff filters placed in front of the Si phot
diode. Second, the ODMR was also obtained using the s
spectrometer-GaAs detector combination described abov
order to study the character of the magnetic resonanc
several energy positions.

III. RESULTS

A. SIMS

In addition to the determination of the Mg dopant leve
in these films~see Table I!, SIMS depth profiles of Si, C, O
and H ~common residual impurities in CVD-grown GaN!
were also obtained15 for a subset of samples after the pos
growth anneals. Si and O, in particular, can act as donor
compensate the electrically active Mg acceptors. In addit

TABLE I. Mg-doped GaN epitaxial layers investigated in th
work ~NRL[Naval Research Laboratory, FB[IAF Freiburg,
UCSB[University of California at Santa Barbara!.

Sample designation
Thickness

~mm!
@Mg#a

~cm23!

Carrier
concentration

~300 K! ~cm23!

No. 1 ~NRL #980804! 1.5 2.531018 Highly resistive
No. 2 ~FB #2947! 2.5 1.431019 Highly resistive
No. 3 ~NRL #980805! 1.5 2 – 531019 p;931016

No. 4 ~NRL #990607! 1.6 2 – 431019 p;1.731017

No. 5 ~UCSB #990401PB! ;1 3 – 431019 p;2.731017

aDetermined from SIMS depth profiles.
2-2
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TABLE II. Concentrations of residual impurities in select samples determined from SIMS depth pro

Sample designation
Si

~cm23!
O

~cm23!
C

~cm23!
H

~cm23!

No. 3 ~NRL #980805! (631017)a 131017 131017 1 – 231019

No. 4 ~NRL #990607! 1.331017 131017 1.431017 431018

No. 5 ~UCSB #990401PB! 2 – 331017 131017 231017

aEstimated from SIMS of samples grown under similar conditions.
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to its role as a passivating species of Mg prior to the hi
temperature anneal treatments, H has been suggeste
cently as another source of shallow donors in GaN~Ref. 10!.
The SIMS results for samples Nos. 3–5 are summarize
Table II. Two features are highlighted based on this data
and other Mg-doped GaN layers grown at NRL under sim
conditions~Mg doping level, growth pressure, etc.!. First, the
residual concentrations of Si, O, and C are comparab
(;1 – 331017 cm23). Second, the H level is still rather hig
(mid-1018– 1019 cm23) even after the post-growth anneals

B. Electrical properties

Two-point probe measurements indicated that sam
Nos. 1 and 2 were highly resistive while samples Nos. 3
~more heavily doped films! were found to be conductive
Detailed temperature-dependent Hall effect studies were
formed on sample Nos. 3 and 4 in the usual van der Pa
cloverleaf geometry with indium contacts. As an examp
the hole concentration plotted as a function of the inve
temperature for sample No. 4 is shown in Fig. 1. As obser
by other groups,14 the increase in hole concentration forT
,125 K is attributed to the onset of hopping or impurit
band conduction. The concentrations of Mg acceptors (NA),
the ionization energy (Ea), and the compensating dono

FIG. 1. Temperature-dependent hole concentration for M
doped GaN sample No. 4. The solid line is a fit to the data foT
>125 K as described in the text.
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(ND) were determined from a fit to the high-temperature d
using the charge-balance equation for a single carrier~the
Hall scattering factorr H was assumed to be 1!. The best fit
~solid line in Fig. 1! yielded an active Mg concentration o
431019 cm23 with EA of 185 meV and 1.831018 cm23

compensating donors (ND /NA;5%). Anactive Mg concen-
tration of 1.831019 cm23 with Ea of 185 meV and;10%
compensation were found for sample No. 3. We note that
Mg concentrations extracted from the variable-temperat
Hall measurements are similar, within the respective err
to the total Mg levels revealed by SIMS. Finally, the room
temperature mobilities of sample Nos. 3–5 were;15–22
cm2/~V sec!, quite typical for Mg-doped GaN.14

C. PL

The dominant PL bands observed at 1.6 K under an e
tation power density (Pexc) of ;1 W/cm2 are shown in Fig.
2. Recombination bands of different character are fou
~commonly referred to as the ‘‘blue’’ emission bands!. With
the exception of sample No. 5, similar PL results as a fu
tion of the total Mg concentration are generally observed
CVD-grown GaN~Refs. 5, 6, 8, and 16–18!. We note that
the structure on the broad PL from sample Nos. 2–4 is du

- FIG. 2. Photoluminescence obtained at 1.6 K in the ‘‘blu
spectral region from five Mg-doped GaN layers~LO[ longitudinal
optical phonon replica!.
2-3
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E. R. GLASERet al. PHYSICAL REVIEW B 65 085312
Fabry-Perot interference fringes. Also, more detailed opt
studies of some of these samples will be repor
elsewhere.19

Sample No. 1 exhibits strong recombination at 3.27
~zero-phonon line! and a series of LO-phonon replicas
lower energies. Excitation power studies reveal a monoto
shift of this peak to lower energy by;15 meV with Pexc
reduced by a factor of 1000. Following previous work,16 this
emission is attributed to a recombination between shal
donors and shallow Mg acceptors (Ea;230 meV). Likely
candidates for the shallow donors are Si and/or O with bi
ing energies (Ed) of 30.2 and 33.2 meV, respectively.20

The dominant emission observed from sample No. 2
broad with peak energy at;3.15 eV. This band is also cha
acterized by its asymmetric line shape. Similar emission
been observed by Reshchikovet al.5 Based on the evolution
of this PL with increasingPexc from a broad, structureles
band at;3.2 eV to a sharper peak at 3.27 eV~1LO-phonon
replicas!, this group assigned the emission to recombinat
between shallow donors and shallow acceptors in the p
ence of large potential fluctuations. As also reported for ot
semiconductor systems such as highly compensated
doped GaAs~Ref. 21! and ZnSe~Refs. 22 and 23!, these
fluctuations arise from a random distribution of positive
and negatively charged impurities.24 However, no significant
change was found in the character of the emission fr
sample No. 2 withPexc varied between 1 W/cm2 and 1
kW/cm2 ~Ref. 25!.

The strongest emission observed from sample Nos. 3
4 is also broad with peak energy near 2.8 eV. The PL is a
slightly asymmetric. Most notably, the bands shift to high
energy by 100–150 meV with increasing excitation pow
Similar emission has been reported by many groups for G
doped with Mg>2 – 331019 cm23. Its origin has been the
subject of much debate. In particular, several workers h
proposed that the band arises from recombination betw
Mg-related deep donors withEd;0.3– 0.5 eV and shallow
Mg acceptors.5–12

Instead of the broad ‘‘blue’’ emission band near 2.8
often observed from GaN at such high Mg doping leve
sample No. 5 exhibits PL at 3.28 eV and a series of L
phonon replicas. We note that the ZPL is at a slightly high
energy position and is sharper~including the LO-phonon rep
licas! than observed for the emission from sample No.
However, in contrast to sample No. 1, no shift was found
Pexc varied between 0.001 and 1 W/cm2.

In addition to the ‘‘blue’’ emission bands, the sampl
exhibit weak recombination between 1.4 and 1.9 eV. Par
this broad emission arises from the underlying sapphire s
strates that are preferentially excited by the ‘‘blue’’ P
bands.26 A rough estimate of;1.65 eV was found for the
peak of the near-IR emission from the Mg-doped GaN lay
after subtraction of the PL obtained from a piece of a-pla
sapphire. Similar broad emission~referred to as the ‘‘red’’ PL
band! has been reported recently for Mg-doped GaN gro
by CVD, molecular beam epitaxy, and high-pressure–hi
temperature synthesis,27,28 for CVD-grown GaN codoped
with Mg and Si ~Ref. 6!, and for undoped~n-type! GaN
grown by HVPE.26
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D. EPR

Representative EPR spectra obtained in the dark
p-type conductive sample No. 4 are shown in Fig. 3.
single, slightly anisotropic line is found with axial symmet
about thec axis. The extremalg values~gi and g'! were
determined from a fit to the expressiong(u)5(gi

2 cos2 u
1g'

2 sin2 u)1/2, where u is the angle between thec axis
and magnetic field. For this sample,gi52.09760.004 and
g'51.99460.004. A signal with similar resonance param
eters ~gi52.072860.0015 andg'51.988660.0015! has
been reported by another group from EPR of Mg-dop
~conductive! GaN~Ref. 29!. Two aspects of the linewidth ar
noted. First, the line is much broader~;12–15 mT! than
those typically found for EPR of shallow donors~;0.5–1
mT! in undoped~n-type! and Si-doped GaN~Refs. 29–31!.
Second, a minimum in the linewidth is found withB close to
30° from thec axis while the line is broadest withB perpen-
dicular to thec axis. Finally, the density of spins associat
with this signal is estimated to be;431019 cm23 ~650%!
from a comparison with the EPR of a P-doped Si standa

Strong EPR lines were also observed fromp-type sample
Nos. 3 and 5 withg tensors and linewidths slightly differen
than those found for sample No. 4~see Table III!. As seen in
sample No. 4, a similar narrowing of the linewidth b
;20%–30% was also found for these samples withB;30°
from the c axis. However, in contrast to the behavior o
served for sample Nos. 3 and 4, the intensity of the E
signal from sample No. 5 was found to diminish significan
for u.45° such that it could no longer be detected above
background. This curious behavior has only been obser
in the one sample and is somewhat reminiscent of the m
netic resonance found formJ563/2 shallow acceptor levels
in other wurtzite~WZ! semiconductors where the intensi
increases away from thec axis due to mixing with the

FIG. 3. EPR spectra at 9.5 GHz forp-type sample No. 4 as a
function of the angle~u! betweenB and thec axis. Dotted lines
indicate the resonance positions.
2-4
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mJ561/2 states.32 Here the trend is the opposite, but mixin
of themJ563/2 and61/2 states may still play a role. How
ever, until we have further data we leave the resolution
this issue for a later date. Finally, EPR was not detec
above the background from sample Nos. 1 and 2, wh
transport measurements indicated were highly resistive.

E. ODMR

1. ‘‘Blue’’ PL bands

The ODMR spectra obtained on the 3.27-eV zero-phon
line from sample No. 1 through the 0.22-m spectrometer
shown in Fig. 4. Two luminescence-increasing signals
found. The first line~labeled EM! is sharp@full width at half
maximum (FWHM);5 mT] with gi51.95260.001 and
g'51.94960.001. This feature is assigned to shallo
effective-mass~EM! donors based on previous magne
resonance work.33 The second signal~labeled Mg! is broad
(FWHM;30 mT) with gi52.11360.004 andg'51.970
60.005. Thisg tensor is similar to those found from EPR
p-type conductive GaN sample Nos. 3–5~see Table III!. In
addition, similar to the trend observed for the EPR lin
widths, this line narrows forB;30° from thec axis.

The ODMR found via collection of the entire 3.27–3.2
eV SD-SA and broad 2.8–3.2 eV PL bands~using bandpass
filters! from the five samples withBic is shown in Fig. 5.
The g values and linewidths are summarized in Table
Except for the improvement in signal to noise, the spectr
obtained for sample No. 1 with this detection scheme is si
lar to that shown in Fig. 4. The ODMR on the 2.8–3.2 e
broad PL bands from the more heavily Mg-doped samp
Nos. 2–4 also reveals two strong lines~i.e., DPL/PL;1%!.

FIG. 4. ODMR spectra at 24 GHz detected on the 3.27-eV Z
from sample No. 1 through the14-m spectrometer. The dominan
features are attributed to shallow donors~EM! and shallow~Mg!
acceptors. The dotted line indicates the position of the EM re
nance withBic (u50°).
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Instead of the EM donor signal withg;1.95, broader reso
nances (FWHM;16 mT) with gi;1.960(2) and g'

;1.9555(2) are found. The second feature is character
by gi;2.1 andg';2.0 with a FWHM of 26–28 mT, similar
to the ODMR parameters obtained for the broad signal~Mg!
on the SD-SA recombination from sample No. 1. A simil
line is found on the 3.28 eV PL from sample No. 5. As se
in the EPR of this film, this resonance could not be obser
above the noise foru.45°. We note that as observed fo
sample No. 1, the broad ODMR line from sample Nos. 2
narrowed by 30%–40% withu;30°. Finally, a weak feature
with gi51.951 and FWHM of;7 mT is also found on the
emission from sample No. 5.

Detailed ODMR studies performed with the ‘‘blue’’ emis
sion bands analyzed through the spectrometer reveale
shift to lower magnetic fields~hence, higherg values! of the
broad resonance signals~Mg! with increasing detection en
ergy. This behavior is shown for sample Nos. 1–3 in Fig.
For example,gi shifts monotonically from 2.058 to 2.07
with detection at several energies across the broad 2.8 eV
band from sample No. 3.

2. PLË1.9 eV

Representative ODMR obtained on emission less than
eV from sample Nos. 1–5 withBic are shown in Fig. 7. We
note that ODMR was not observed on the PL,1.9 eV from a
piece of a-plane sapphire used in the growth of the NR
samples. Two luminescence-increasing signals are cle
observed for sample Nos. 1–4. The first is isotropic withg
52.00360.002 and a FWHM of;15–20 mT. Although the
g values are similar, this feature is 3–4 times broader th
the ODMR signal~referred to as MM1! reported recently on
emission less than 2 eV from a variety of Mg-doped G
samples.27,28 The second line is described by very similarg
tensors~gi;2.1, g';2.0! and linewidths~;23–25 mT! as

L

-

FIG. 5. ODMR found via detection of the entire ‘‘blue’’ PL
bands from the five Mg-doped GaN layers withBic.
2-5
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TABLE III. Magnetic resonance parameters from EPR and ODMR of Mg-doped GaN films. ND[not detected.

Sample
@Mg#a

~cm23!

EPR ODMR on ‘‘blue’’ PL ODMR on PL,1.9 eV

Acceptor Spin
density
~cm23!

Donor Acceptor Donor Acceptor

No. 1
NRL #980804

2.531018 ND — gi51.952(1)
g'51.949(1)

(FWHM;5 mT)

gi52.105(4)
g'51.970(5)

(FWHM;28 mT)

gi ,g'52.003(2)
(FWHM;19 mT)

gi52.101(3)
g';2

(FWHM;25 mT)
No. 2

~FB #2947!
1.431019 ND — gi51.957(2)

g'51.953(2)
(FWHM;16 mT)

gi52.086(4)
g'52.003(3)

(FWHM;28 mT)

gi ,g'52.003(2)
(FWHM;15 mT)

gi52.075(3)
g';2

(FWHM;25 mT)
No. 3

~NRL #980805!
2 – 531019 gi52.086(4),

g'52.013(7)
(FWHM;14 mT)b

231019 gi51.960(2)
g'51.957(2)

(FWHM;16 mT)

gi52.062(3)
g'52.018(3)

(FWHM;26 mT)

gi ,g'52.003(2)
(FWHM;20 mT)

gi52.092(3)
g';2

(FWHM;23 mT)
No. 4

~NRL #990607!
2 – 431019 gi52.097(4)

g'51.994(4)
(FWHM;12 mT)

431019 gi51.961(2)
g'51.955(2)

(FWHM;16 mT)

gi52.075(3)
g'52.015(3)

(FWHM;27 mT)

gi ,g'52.003(2)
(FWHM;18 mT)

gi52.104(3)
g';2

(FWHM;25 mT)
No. 5

~UCSB
#990401PB!

3 – 431019 gi52.112(5)
(g';2)c

(FWHM;14 mT)

431019 gi51.951(1)
g'(ND)

(FWHM;7 mT)

gi52.114(3)
g' ~ND!

(FWHM;25 mT)

ND ND

aDetermined from SIMS.
bLinewidths given forBic.
cDetermined from fit of angular rotation data.
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those for the broad ODMR signals~Mg! found on the respec
tive ‘‘blue’’ PL bands from these four samples~see Table III!.
We note that this ODMR is different than that found on t
‘‘red’’ PL from HVPE-grown ~undoped! GaN ~Ref. 34!. Fi-
nally, there is a suggestion for a weak luminescen
decreasing broad signal withgi;2.1 on the near-IR emissio
from sample No. 5, but no convincing evidence for a cor
sponding signal atg52.

FIG. 6. g values of Mg-related ODMR signals at several P
energies for sample Nos. 1–3 withBic.
08531
-

-

IV. DISCUSSION

A. Defect assignments

1. Shallow Mg acceptors

Due to the absence of resolved hyperfine structure in m
of the magnetic resonance reported to date for as-grown

FIG. 7. ODMR spectra obtained on the near-IR emission fr
the five GaN:Mg samples withBic. The feature withg52.003 is
assigned to deep donors while the signal withg;2.1 is ascribed to
shallow Mg acceptors as described in the text.
2-6
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doped GaN, including that described in this work, the mic
scopic identification of the various defect centers has b
problematic. The donor or acceptor nature of the defect
typically made on the basis of whether theg values exhibit
negative~donorlike! or positive~acceptorlike! shifts with re-
spect to the free-electrong value of 2.0023. For example
there is strong consensus that theg51.95 line observed in
many EPR and ODMR studies during the last 8 years
associated with shallow donors or conduction electrons. T
assignment is supported from EPR of GaN intentiona
doped with Si~Ref. 28! and fromk•p calculations of theG7
conduction bandg value.29,35

We propose another strong case can now be made fo
g values associated withSHALLOW Mg acceptors in GaN
with gi;2.1 andg';2.0. This follows from the similarity
of the EPR spin densities with the concentration of electro
cally active Mg acceptors determined by temperatu
dependent Hall effect and the total@Mg# as revealed by
SIMS. This assignment is further established by the obse
tion of a similar resonance from ODMR on the recombin
tion at 3.27~8! eV in sample Nos. 1 and 5. We note that t
larger linewidths found for the Mg shallow acceptors in t
ODMR experiments compared to those in the EPR a
mainly from the field-independent exchange interaction te
~i.e., JSD•SA , whereJ is a measure of the coupling streng
between the donor and acceptor! that is often required to
fully describe ODMR on donor-acceptor pair recombinatio
A similar resonance, also attributed to shallow Mg accept
was recently detected on the magnetic circular dichro
~MCD! of acceptor-bound excitons in CVD-grown GaN e
itaxial layers with@Mg#;931018 cm23 ~Ref. 36!. In addi-
tion, magneto-PL studies have revealed a nearly isotropg
tensor for Mg acceptors involved in close pair SD-SA reco
bination in Mg-doped GaN homoepitaxial layers.37

Although theg anisotropy for the shallow Mg accepto
~i.e., Dg[gi2g';0.1! is the largest reported to date fo
any acceptor in GaN, the degree of anisotropy is significa
smaller than expected~i.e., gi;2 – 4, g';0! from effective
mass theory.38,39An instructive parallel may be found in th
properties of shallow acceptors in 4H- and 6H-SiC ~Refs.
40 and 41! and CdS~Ref. 32!, semiconductors with simila
hexagonal symmetry, valence-band parameters, and sha
acceptor binding energies as found for GaN. For example
Al, and Ga have similar binding energies in 6H-SiC. How-
ever, B is Jahn-Teller distorted and has a nearly isotropg
tensor while Al and Ga are not distorted and have hig
anisotropicg tensors. The nearly isotropicg tensor in the
present case may reflect a symmetry-lowering local dis
tion of the Mg shallow acceptors.38 This can arise, for ex-
ample, from local fields associated with grain boundar
and/or that are generated from the size difference betw
the Mg atoms and the host Ga atoms they replace.42 The
narrowing of the Mg shallow acceptor resonance obser
for B;30° from thec axis in BOTH the EPR and ODMR
experiments~see Figs. 3 and 4! possibly provides further
evidence for such distortions. More work is needed to t
this hypothesis, such as rotation studies in other crysta
graphic planes. We note that similar narrowing behavior w
not observed for the magnetic resonance of shallow ac
08531
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tors with highly anisotropicg tensors in 4H- and 6H-SiC
and CdS.

Based on the similarity with the EPR results and t
ODMR on the 3.27–3.28 eV SD-SA PL bands, includin
nearly identicalg tensors and linewidth behavior with fiel
orientation, the broad ODMR resonances observed on
2.8–3.2 eV PL bands and on the emission less than 1.9
are also assigned to shallow Mg acceptors. For the br
‘‘blue’’ PL bands, it was suggested previously4 that the shift
in g values towards 2 and the decrease in anisotropy fr
0.135 to 0.044 could be interpreted as a deepening of
binding energy for the Mg-related centers. However, in lig
of the small variation also observed in the Mg EPRg tensors
(Dg50.073– 0.113) and the energy-dependent ODMRg
values~see Fig. 6!, we propose that other factors are like
responsible for this variation. The similarity ofgi values
found for the acceptor resonances in the low- and high-M
doped sample Nos. 1 and 5, respectively, suggests tha
fects due to Mg concentration alone cannot account for
small changes ing values among these samples and t
reported previously for Mg doping levels up to
31019 cm23 ~Refs. 33, 36, 43, and 44!. One possible source
of additional distortions at the Mg sites~resulting in further
reductions of theg anisotropy from that found on the
3.27-eV PL band! are electric fields associated with larg
potential fluctuations that have been proposed to play a
in recombination from highly doped and compensated G
More work is required to account more definitively for th
small changes in the resonance parameters of these
related centers.

We note that recent EPR experiments45 on GaN layers
with @Mg#;1020 cm23 and codoped with Si between 1 –
31018 cm23 ~i.e., much higher than the typical residual le
els of Si and O as determined by SIMS! revealed signals
with gi;2.070 andg';2.057 and spin densities of;2
31019 cm23. Most notably, theg anisotropies of;0.013 are
MUCH smaller than those obtained for sample Nos. 3–5 w
@Mg#<531019 cm23. This result combined with the low
room-temperature hole concentrations (;1 – 531016 cm23)
found from Hall effect suggests an assignment of this line
Mg-related or -induced deep centers~probably acceptorlike
based on theg values!. Alternatively, it cannot be excluded
that this feature is associated with severely perturbed sha
Mg acceptors and that the reducedp-type conduction reflects
a high level of compensating donors~possibly Mg related!
introduced under these doping conditions. We note that
transport properties of these films contrast with predictio
of enhanced room-temperature hole densities via this cod
ing technique.46

2. Shallow and deep donors

As noted earlier, theg51.95 line observed on the 3.27
3.28 eV SD-SA PL from sample Nos. 1 and 5 is regarded
a ‘‘fingerprint’’ for shallow donors and conduction electron
in GaN. Based on the small difference~;0.01! with this g
value, we propose that the resonance withg;1.96 observed
on the broad 2.8–3.2 eV PL bands from sample Nos. 2–
also likely associated with shallow donors. The small shift
g values towardg52 and the broadening can be understo
2-7
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by an increase in the exchange interaction3 due to the re-
duced average donor-acceptor pair separation in these
heavily doped samples. Similarg shifts and broadening be
havior were recently demonstrated from microwave modu
tion frequency studies of the ODMR on the 3.2 eV PL ba
from sample No. 2~Ref. 4!.

Though we believe it is unlikely, in the absence of mo
detailed magnetic resonance information such as provide
resolved hyperfine interaction, the association of theg
;1.96 line with deep donors can not be excluded at t
time. However, combined with the near-midgap PL ene
and the observation of shallow Mg acceptors~see Fig. 7!, the
strongest evidence from this work for the existence of d
donors is the isotropicg52.003 resonance on the emissio
less than 1.9 eV. We note that these centers are describe
a different g tensor than that for the deep defects@i.e., gi

51.989(1) andg'51.992(1)# found on the 2.2-eV ‘‘yel-
low’’ luminescence band from GaN~Ref. 33!.

B. Recombination models

1. 2.8–3.2 eV ‘‘blue’’ PL bands

Much attention has been given lately to the origin of t
broad 2.8–3.2 eV emission bands from heavily Mg-dop
GaN as observed for sample Nos. 2–4. As mentioned ea
the 3.2-eV PL band as observed from sample No. 2 has b
attributed to recombination between shallow donors a
shallow acceptors in the presence of large poten
fluctuations.5 In contrast to that work for samples with sim
lar Mg doping levels, the emission from sample No. 2 reta
a structureless, broad character with increasing excita
power density~we note that similar PL behavior was ob
served by another group22 for a particular highly N-doped
and compensated ZnSe sample!. Thus it is difficult to draw
conclusions from the low-temperature~cw! PL study alone
on the shallow and deep character of the donors and ac
tors that participate in this recombination. However, ba
on the interpretations of theg tensors given above, th
ODMR suggests a shallow character for both the donor
~Mg! acceptor centers involved in this emission. In additio
from a simple picture with shallow donor and acceptor Bo
radii of ;25 and 5 Å, respectively, the strong ODMR o
served in this sample is surprising~for these microwave
powers! based on the fast lifetimes~,100 ns! expected from
an estimate of the average donor-acceptor pair separatio
;15 Å. Thus, though not evident from the PL power stud
the strength of the ODMR signals can be understood fr
the presence of potential fluctuations that lead to additio
separation of the shallow donors and acceptors under the
photoexcitation conditions employed in this work.

Two models are considered to account for the bro
2.8-eV PL bands~see Fig. 8! observed from more highly
Mg-doped sample Nos. 3 and 4 based on these magn
resonance studies. Two key aspects are noted. First, in
schemes, one of the recombination partners is attribute
shallow Mg acceptors. Second, as argued in Sec. IV A 2,
g51.96 ODMR feature~SIMILAR to that observed on the
broad 3.2 eV band! is ascribed to shallow rather than de
donors. As used to describe the 3.2 eV PL, the 2.8 eV P
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the first model@Fig. 8~a!# is attributed to radiative recombi
nation between these shallow donors and shallow Mg acc
tors in the presence of large potential fluctuations. In t
scheme, the additional redshift of this band relative to
broad 3.2 eV PL is explained by an increase in magnitude
the potential fluctuations. This can arise from a higher deg
of donor compensation~hence higher donor concentration!
with increasing Mg doping as observed by others.14 Both
charged shallow and deep donors can contribute to th
fluctuations. Most notably, the sum of the residual Si and
shallow donor concentrations for sample Nos. 3 and 4~see
Table II! cannot account for all of the compensating dono
(;231018 cm23) as revealed by the temperature-depend
Hall effect measurements. Hence this suggests the pres
of other donors~possibly induced by Mg doping! of shallow
and/or deep character. As discussed above, we sugges
ODMR on the 2.8-eV PL bands only reveals evidence
shallow donors while the existence of deep donors in th
samples is indeed found from ODMR on the broad emiss
less than 1.9 eV.

Several groups have argued5–12 that the 2.8-eV PL band
arises from recombination between deep donors~possibly
Mg related! and shallow Mg acceptors. This has been p
posed, for example, from the behavior of the emission un
large hydrostatic pressures11 and similarly suggested from
self-compensation model employed to describe the dep
dence of the hole concentration as a function of the Mg d
ing level.12 In order to be consistent with this model, a mo
complicated ODMR mechanism must be invoked such
shown, for example, in Fig. 8~b!. Similar to the model pro-
posed for the 2.2-eV ‘‘yellow’’ luminescence band seve
years ago,33 the ODMR occurs via spin-dependent capture
an electron from the EM donor state (Ed;30 meV) to these
deep donors. This is followed by radiative recombinati
between the deep donors and shallow Mg acceptorsEa
;200 meV). It is puzzling, however, that such deep don
could not be directly observed from the ODMR in this wo
and that reported by others36,43,44on similar PL. We note that

FIG. 8. Possible recombination models for the broad 2.8-eV
band typically observed in CVD-grown GaN with@Mg#>2
31019 cm23. ~a! Recombination between shallow donors and sh
low Mg acceptors in the presence of large potential fluctuations.~b!
Two-step process involving spin-dependent capture followed by
diative recombination between deep donors and shallow Mg ac
tors. The estimate for the zero-phonon line of; 3.05 eV is taken
from Ref. 6.
2-8
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time-resolved PL measurements have revealed nonexpo
tial time decays with nominal lifetimes of;1 ms for the
2.8-eV ‘‘blue’’ PL band in similar Mg-doped GaN layers.47,48

Such behavior can support either of the models given in F
8. Other recombination mechanisms cannot be exclude
this time.

2. PLË1.9 eV

The ODMR on the emission less than 1.9 eV from sam
Nos. 1–4 strongly suggests that the transition involves d
donors ~possibly Mg related or induced! and shallow Mg
acceptors. This assignment differs from the deep donor
deep acceptor model proposed by another group6 to account
for similar emission in GaN doped with Si and Mg. We no
that the absence of the deep donors withg52.003~see Fig.
7! and the observation of SD-SA recombination at 3.28
rather than the broad 2.8-eV PL band forHIGHLY Mg-doped
~p-type! sample No. 5 suggest the important roles these c
ters may play in both the optical and transport properties
Mg-doped GaN.

V. SUMMARY

EPR and ODMR experiments have been performed
several GaN epitaxial layers doped with Mg from 2
31018 to 5.031019 cm23 to address factors such as se
compensation, complexing, etc., that are suggested to
tially limit typical room-temperature hole densities in th
range of 1 – 531017 cm23. In addition, an attempt was mad
to correlate the results with those from SIMS, temperatu
dependent Hall effect, and low-temperature PL in order
form a self-consistent picture and, thus, improve the curr
si
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understanding of this interesting and technologically imp
tant doping problem.

A single EPR feature withgi;2.1 andg';2 was found
for three samples with room-temperature hole densities
tween 931016 and 231017 cm23. This line is assigned to
shallow Mg acceptors from a comparison of the spin den
ties with the number of electrically active Mg centers det
mined from analyses of the Hall effect and the total M
given by SIMS. ODMR on the shallow-donor–shallow
acceptor PL at 3.27 eV and on the broad 2.8–3.2 eV em
sion bands revealed two resonance features attributed to
low donors withg;1.95– 1.96 and to shallow Mg accepto
based on the similarity of theg tensors with those found b
EPR. Though puzzling in light of recent reports, no cle
evidence was found for deep donors from ODMR on
2.8-eV ‘‘blue’’ emission band. However, in addition to sha
low Mg acceptors, evidence for deep donors with isotropig
values of 2.003 was found on broad emission less than
eV from several of the samples. More work is needed
make a definitive chemical identification of these deep
nors such as might be provided by optically detec
electron-nuclear double-resonance~ODENDOR! experi-
ments.
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