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Novel Defect Complexes and Their Role in thep-Type Doping of GaN
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Hydrogen is known to play a key role inp-type doping of GaN. It is believed that H passivates M
dopants and then is removed by annealing. We present first principles calculations in terms of wh
show that the doping process is significantly more complex. Several substitutional-interstitial comp
form and can bind H, with vibrational frequencies that correlate well with hitherto unidentified obse
lines. We predict that these defects, which limit doping efficiency, can be eliminated by anneali
an atmosphere of H and N prior to the final anneal that removes H. [S0031-9007(99)08520-8]

PACS numbers: 61.72.Bb, 61.72.Cc, 68.55.Ln, 74.62.Dh
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GaN has emerged as the wide-gap material of cho
for blue-green optoelectronics, but additional improv
ments are needed to enhance performance and relia
ity for commercial applications. A major issue is to
increasep-type conductivity. It has been established th
H enhances the incorporation of dopants such as Mg,
it must be removed by postgrowth annealing in order
achieve dopant activation [1,2]. In general, only a rel
tively small fraction of the total Mg is activated [3,4].

Theory has offered a simple account of the proce
[5,6]: In the absence of H, Mg shallow acceptors a
compensated by N vacanciessV1

N d and Ga interstitials
sGa111

i d [7], both of which are donors and have low
formation energies inp-type material [7]. When H is
present, it passivates substitutional MgsMg2

Gad by forming
an MgGa-N-H complex [5]. The Fermi level then rises to
the midgap region and the formation of V1

N and Ga111
i

is suppressed. Subsequent annealing removes H
activates Mg2Ga. Theory in fact predicted the vibrationa
frequency of the MgGa-N-H complex at3360 cm21 [5]
and, more recently, experiments [4] observed a line
3125 cm21 whose intensity decreases during annealin
Nevertheless, there are unambiguous indications that
doping process is actually more complex. The proce
of annealing H occurs with an activation energy that
higher than the energy needed to break the MgGa-N-
H bond [5]. Photoluminescence, infrared, and Ram
data show clear evidence that other Mg-related defe
are present [1,3,4]. In particular, in material grown b
molecular beam epitaxy (MBE), where typically only 10%
of Mg is electrically active, infrared and Raman line
in the 2000-cm21 range have been attributed to direc
Mg-H bonds [3]. Theory so far has not offered an
potential candidates for these complexes.

In this Letter, we present new first-principles calcula
tions of key defect reactions and show thatp-type dop-
ing is in fact a significantly more complex process. I
particular we found that, in addition to MgGa-N-H, in-
terstitial Mg sMgid and its complexes play a signifi-
cant role in controlling the process. In Ga-rich growt
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conditions, compensation of Mg2
Ga occurs mainly though

the formation of Mg substitutional-interstitial pairs with
a configurationsMgGa-N-Mgd1 analogous to MgGa-N-H
(Fig. 1a). Other defects that play a role are V1

N , Mg11
i ,

Ga111
i , sMgGa-N-Gaid11, and MgGa-VN. This plethora

of substitutional-interstitial (SI) Mg-related complexes a
counts for the high degree of Mg incorporation in ele
trically inactive forms. When H is present, all of thes
complexes are passivated, formingdirect Ga-H and Mg-
H bonds. The calculated vibrational frequencies of the
bonds are in the2000-cm21 range and suggest a possib
connection with the infrared and Raman lines that ha
been observed in MBE-grown material and have hithe
remained unexplained [3]. Finally, our analysis yields
testable prediction: For samples that show the vibratio
signatures of hydrogenated SI complexes, a preannea
an atmosphere of N and H followed by annealing in an
atmosphere would significantly enhance Mg activation.
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FIG. 1. Schematic representation of some complexes stud
in this work. (a) MgGa-N-H complex, (b) MgiH2, (c) MgGa-N-
Gai-H2, and (d) MgGa-N-Mgi-H.
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The calculations were performed in the framework o
density functional theory and the local density approx
mation for exchange and correlation, using ultrasoft pse
dopotentials and a plane-wave basis set [8]. The Ga3d
electrons and the Mg2p electrons were treated as valenc
electrons. Additional details for the pseudopotentials c
be found in Ref. [9]. The energy cutoff for the basis se
was chosen at 25 Ry after studies showed convergent
sults. Supercells of 32 atoms were used in general b
some key results were tested in a 64-atom cubic cell
ensure convergence with supercell size. Such superc
were also found to be well converged in similar case
by earlier investigators [9,10]. We used three specialk
points corresponding to the hexagonal symmetry [11]
the wurtzite phase and theh.5, .5, .5j specialk point in the
cubic structure. Results for cubic and wurtzite GaN a
generally the same (within 0.1 eV), except in some cas
where topology matters. Those cases will be discuss
explicitly. All atoms in the supercell were relaxed unti
the force on each atom was less than0.15 eVyÅ. The
calculation of the H-related normal modes involved a pa
tial dynamical matrix that included the H atoms and the
neighbors. The normal modes were calculated in the h
monic approximation. In a second step, the anharmon
corrections for the transition from the ground to the firs
excited state of the stretching modes were calculated in
standard way [12] using the coefficients of the polynomi
that fits the energy as a function of the amplitude alon
the normal mode trajectory.

Much of the theoretical literature on defects and im
purities in GaN has so far focused on formation energie
However, in a compound semiconductor the formation e
ergies of point defects are functions of the chemical p
tential of one of the host atoms and the Fermi energy.
the presence of impurities, formation energies of defe
complexes are also functions of the impurity chemic
potentials. A comprehensive table of formation energi
under all conditions and charge states would be a dau
ing task, in view of the number of defect complexe
we have discovered. Instead, we have carried out o
analysis by examining keysequences of defect reactions.
This approach has the advantage that several total-ene
calculations are with the same supercell containing ide
tical atomic species and excess charges. The result
reaction energies (differences of formation energies usi
the same supercell) are more accurate, especially wh
charged point defects are involved, because calculatio
of accurate absolute formation energies for the latter e
tail larger uncertainties [5,7]. Absolute formation ener
gies of isolated charged native defects are available in t
literature [5–7,9,10]. We have availed ourselves of the
results, in particular the more accurate calculations th
treat the Gad electrons as valence electrons.

We start with the doping process in the absence
H. For p-type material and Ga-rich conditions, V1

N and
Ga111

i have low formation energies and comparable co
centrations [7]. These native defects are deep donors a
1888
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their electrons recombine with holes so thatp-type dop-
ing is thwarted. We have taken the next step and inves
gated the possible reactions of V1

N and Ga111
i with Mg2

Ga.
We found the following: (a) MgGa-VN pairs form with a
small gain in energy(0.4 eV) with respect to the isolated
point defects. (b)sMgGa-N-Gaid11 complexes form with
a large gain in energy (1.6 eV). These complexes hav
structure similar to that of the MgGa-N-H (Fig. 1a) com-
plexes that have been studied extensively by Van de Wa
and Neugebauer [5]. In particular, the Gai occupies the
antibonding site on the N side of a MgGa-N bond. Once
the complexsMgGa-N-Gaid11 forms, additional energy is
gained by exchanging Mg2

Ga and Ga111
i to yield intersti-

tial Mg sMg11
i d. The additional energy gain is 1.7 eV, fo

a net gain of 3.3 eV. Once Mg11
i are available, they pair

with isolated Mg2Ga to form sMgGa-N-Mgid1 complexes.
This pairing yields an extra energy gain of 0.7 eV, for
large net energy gain of 4.0 eV(Table I).

We emphasize that the results of Table I are obtain
with identical supercells (same atoms, same charge sta
so that the relative energies listed are very accurate.
comparison of the energies of interstitial- and vacanc
related complexes one needs the absolute formation en
gies of Ga111

i and V1
N , which represent a major challenge

Boguslawskiet al. have reported the most accurate calc
lations that current capabilities allow and found the tw
energies to be comparable [7]. Note, however, that, ev
if the formation energy of Ga111

i were to be larger than
that of V1

N by as much as 2.5 eV [5], the SI complexes ju
described would have to be taken into account to prope
describe the physics ofp-type doping.

The clear conclusion then is that the entire family o
SI defects plays a role in controlling doping. Unde
equilibrium Ga-rich conditions in the absence of other im
purities,sMgGa-N-Mgid1 is the dominant defect responsi
ble for thwartingp-type doping, followed by Mg11

i , and
sMgGa-N-Gad11. In p-type material under equilibrium
N-rich conditions, Gai are suppressed in favor of other na
tive defects [5,7] which do not exchange with MgGa. On
the other hand, if thermodynamic equilibration does n
occur during growth at low temperatures, the formation
defects is governed by kinetics so that any or all stable d
fects may form irrespective of their formation energies.

We turn now to the case when H is present. W
confirmed the known result that Mg2

Ga binds an H

TABLE I. Relative formation energies of different defects in
p-type GaN in Ga-rich conditions. A doped crystal with a con
centration of sustitutional Mg2Ga and a Ga111

i or V1
N is the zero

energy references, as indicated.

Complex Energy (eV)

fMg2
Gag; Ga111

i 0 (reference)
sMgGa-N-Gaid11 21.6
Mg11

i 23.3
sMgGa-N-Mgid1 24.0
fMg2

Gag; V1
N 0 (reference)

MgGa-VN 20.3



VOLUME 82, NUMBER 9 P H Y S I C A L R E V I E W L E T T E R S 1 MARCH 1999

o
the
he

d

de

le”

-
c
he

t

of
ue
nd

of
x-
s is
e a

ide
t
e
f

s
ave

f

he

re
s

the

on
E

y

n
g
g

n

H

atom in a MgGa-N-H configuration. In addition, the
SI complexes bind one or two H atoms, depending o
their formal charge, and Ga111

i binds up to three H
atoms. In particular, we carried out detailed calculation
on the following complexessMgGa-N-Gai-Hd1, MgGa-N-
Gai-H2, sMgiHd1, MgiH2, and MgGa-N-Mgi-H. In this
context we note that the distinction between cubic an
hexagonal GaN is important: The geometries of some
the hydrogenated SI complexes are quite different in th
two isomorphs (we will discuss the geometries later i
the paper). From here on, we will confine our discussio
to hexagonal GaN, which is the material that is mos
commonly used for experiments and device fabrication.

There is a substantive difference between MgGa-N-H
and the hydrogenated SI (SI-H) complexes: In MgGa-
N-H, H acts as a donor constituent, whereas in the S
H complexes, H acts as an acceptor constituent. T
latter have occupied energy levels in the gap whic
are consistent with higher formation energies (Table
below). Nevertheless, as we shall see below, the S
H complexes play a key role in the nonequilibrium
processing that is needed to achievep-type doping.

Local vibrational modes (LVMs) are often powerful
tools that allow identification of defects. In early GaN
work, several lines in the vicinity of2150 cm21 were
detected by infrared and/or Raman [3] and were attribut
to MgGa-H stretch modes because they were absent
control samples without Mg [3]. Subsequent theory
however, found that H does not bind directly to MgGa,
but rather forms the MgGa-N-H complex whose calculated
vibrational frequency is3360 cm21 [5]. It was also found
that, in a hydrogenated N vacancy, the Mg-H LVM
is only 700 cm21 [6]. In recent experiments, however,
Götz et al. [4] detected the3125-cm21 infrared line that
corresponds to MgGa-N-H and observed it decrease as
function of annealing that activates Mg acceptors. The
did not report measurements in the2000-cm21 range.
Measurements below2000 cm21 are not available at all,
largely because the common substrates are opaque
much of this range. Thus, the experimental picture
incomplete and has not established the conditions und
which different lines can be detected.

We calculated the LVMs of several SI-H complexe
and found Mg-H and Ga-H modes in the vicinity of
2000 cm21. The uncertainty in the calculations is abou
200 cm21 so that defect identification cannot be made b
simply comparing theoretical and experimental vibration
frequencies. Symmetry and other considerations, ho
ever, allow us to suggest possible connections with th
reported observations.

MgiH2 is a stable complex with the Mgi near the
hexagonal (O) interstitial site [7] (see Fig. 1b). The tw
H’s are oriented along thec direction at both sides of
the Mgi. The defect has a C3y point group symmetry.
There is no reflection symmetry along thec direction.
Accordingly, the two H’s are located in inequivalen
positions and, as a consequence, the two Mg-H bo
n

s

d
of
e

n
n
t

I-
he
h
II
I-

ed
in
,

a
y

for
is
er

s

t
y
al
w-
e

o

t
nd

lengths are different, namely, 1.55 and 1.78 Å. The tw
“spring constants” are also different and, as a result,
two H’s oscillate almost independently of each other. T
short Mg-H bond yields a stretch mode at2001 cm21

(including anharmonic corrections). The long Mg-H bon
yields a stretch mode at1570 cm21. In order to complete
the description of the system, we give the wag-mo
frequencies of the defect at 1370 and1200 cm21 for the
short and long bonds, respectively. The entire “molecu
oscillates with frequencies lower than500 cm21.

In both Mg-H stretch LVMs, the atoms vibrate in thec
direction, making it difficult to detect by infrared absorp
tion if the wave vector of the incident light is also in the
direction. This result and the calculated frequencies of t
short-bond stretch LVM of MgiH2 correlate well with the
lines at 2151 and2185 cm21 observed in Raman but no
in infrared experiments [3]. The long-bond stretch LVM
frequency is too small compared with the second peak
the pair in the experimental data. The latter may be d
to an anharmonic coupling between the stretch mode a
the vibration of the whole molecule. The frequencies
these “molecular” modes are low enough for their first e
cited states to be populated at room temperature. If thi
the case, the relative amplitude of these peaks should b
function of the temperature.

We now consider the complex MgGa-N-Gai-H2. In this
structure, the H’s (see Fig. 1c) are located on either s
of Gai as in MgiH2 (see Fig. 1b). Again, we found a shor
Ga-H bond (150 Å) and a long Ga-H bond (182 Å). Th
symmetry is no longer C3y because of the presence o
MgGa. Consequently, the Gai-H bonds are not oriented
exactly in the c direction so that the stretch mode
are accessible to infrared spectroscopy when the w
vector of the light is in thec direction. We obtained a
frequency of2270 cm21 for the short-bond stretch LVM
and1500 cm21 for the long-bond stretch LVM. The high-
frequency LVM correlates well with the second pair o
peaks reported by Brandtet al. at 2168 and2219 cm21

[3]. Here again the pair of excitations may be due to t
influence of anharmonic couplings.

Finally, in Fig. 1d we show schematically the structu
of MgGa-N-Mgi-H. The stretch mode frequency of thi
complex is calculated to be1320 cm21. Measurements
in the range 1000–2000 cm21, presently hampered by
opaque substrates, would be highly desirable to test
theoretical predictions.

We now discuss the implications of the above results
understanding the doping process during growth by MB
or chemical vapor deposition (CVD). During growth b
MBE, the temperature is relatively lows,800 ±Cd and H
is present unintentionally [3]. Experiments have show
thatp-type doping is achieved with about 10% of the M
in the sample being active. In material with very high M
contents1020 cm23d, moderate H contents.1019 cm23d,
and low doping efficiency, distinct infrared and Rama
lines have been observed in the vicinity of2200 cm21

[3]. Our analysis correlates these lines with SI-
1889
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TABLE II. Relative formation energies of H-compensate
defects (in eV). The H chemical potential is chosen to be t
formation energy of H2 in an interstitial site.

Complex Ga-rich, H-rich N-rich, H-rich

MgGa-N-H 0 (reference) 23.6
MgiH2 3.9 3.9
MgGa-N-Ga-H2 4.2 4.2
MgGa-N-Mgi-H 4.1 0.5

complexes, which limit doping efficiency. It also sugges
a process to eliminate the undesirable SI-H complex
and increase doping efficiency: Annealing in aH-
rich atmosphereor, better yet, in an atmosphere rich in
both H and N will lead to the conversion of the SI-H
complexes to MgGa-N-H complexes. This result follows
naturally from the fact the SI-H complexes have larg
formation energies (Table II). The N atmosphere helps
suppressing formation of Gai and VN, both of which are
detrimental top-type doping [5,7], and favors formation
of VGa whose presence helps convertMgi to MgGa. A
subsequent anneal in a N-rich atmosphere would activ
Mg as in the case of the CVD-grown films [1] (see als
below).

During CVD growth of GaN, H is introduced in ample
quantities at relatively high temperaturess.1000 ±Cd.
If the material was fully equilibrated, the dominan
hydrogenated defect would indeed be MgGa-N-H, as
suggested by earlier theory [5] and confirmed by Table
There are strong indications, however, that the mater
is generally not fully equilibrated. In their pioneering an
extensive studies of CVD GaN, Nakamuraet al. [1] found
photoluminescence peaks which they attributed to M
H complexes. These experiments provide informatio
about the energy levels of the underlying defects b
no structural information. Theoretical results on energ
levels are not reliable for identification purposes. It wou
be highly desirable to correlate the luminescence data w
infrared and/or Raman data to facilitate identification.

It is possible that, by empirical means, suppressi
of SI-H defects is currently achieved in the growth o
high-quality GaN. Nevertheless, systematic infrared a
Raman data in both the 2000- and3000-cm21 range
would help unravel further the complexity ofp-type
doping. For example, SI-H defects are a natural candid
to account for the fact that annealing CVD material t
remove H requires higher temperatures than theory c
account for in terms of breaking the H bonds in th
MgGa-N-H complexes [5]. The rate-limiting step for Mg
activation may very well be determined by the conversio
of SI-H complexes to MgGa-N-H. We, therefore, propose
the following: CVD samples should be checked for th
presence of SI-H complexes via their infrared signatur
in the2000-cm21 range. If present, a preanneal in a H an
N atmosphere, followed by annealing in an N atmosphe
would again produce optimum activation.

In summary, we have shown that complexes invol
ing self-interstitials and interstitial impurities play a majo
1890
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role in the p-type doping process. The theoretical pre
diction of these defects correlates very well with the in
frared and Raman lines observed in MBE-grown materia
The combined experimental and theoretical informatio
suggests that the control of these defects is the ultima
key in achieving higherp-type conductivity. System-
atic experimental studies, especially using infrared an
Raman spectroscopies, guided by the present theor
cal results, would offer the promise of achieving highe
p-type conductivity. The most important conclusion o
the present work is that an annealing stage in H-rich a
mosphere, followed by annealing in a N-rich atmosphe
would generally improvep-type doping efficiency. We
anticipate that similar defect complexes may also for
in the case of other dopants such as Be and possibly
the case ofn-type dopants as well as in other wide-ga
semiconductors.
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Note added.—Kaschneret al. (MRS Fall meeting, ab-
stract G3.57) report several new Raman lines and attribu
them to Mg-H bonds.
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