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First-principles calculations for defects and impurities in GaN provide a wealth of infor-
mation about doping and electronic properties. We have been able to show that nitrogen
vacancies are not the cause of n-type conductivity in GaN. Results for silicon and oxygen
indicate that unintentional incorporation of these impurities is the most plausible explana-
tion for n-type conductivity. For p-type GaN, we �nd that Mg incorporation is limited by
solubility. The role of hydrogen in acceptor-doped material is discussed.

I. Introduction

Gallium nitride has recently emerged as the prime

material for the fabrication of green, blue, and ultra-

violet light-emitting devices. Light-emitting diodes [1]

are already being produced in large quantities, for use

in applications ranging from tra�c lights to full-color

displays. Nakamura and coworkers have also achieved

various milestones in the fabrication of laser diodes, in-

cluding room-temperature CW (continuous wave) oper-

ation [2]. In addition, GaN is a very promising material

for high-frequency and high-power electronic devices [3]

and for solar-blind detectors [4].

In spite of the rapid progress in the �eld, various as-

pects of the structural and electronic behavior of GaN

are still poorly understood. One such problem is dop-

ing. Several years ago we countered the conventional

wisdom by suggesting that nitrogen vacancies were not

responsible for the commonly observed n-type conduc-

tivity in GaN [5]. Instead we proposed that donor im-

purities are unintentionally incorporated, with oxygen

and silicon the main candidates for donors in GaN [6].

Our proposals have recently been con�rmed in a num-

ber of experimental investigations, showing that oxygen

and silicon concentrations in well characterized sam-

ples are high enough to explain the observed electron

concentrations. Our current understanding will be dis-

cussed in Sec. III.

Regarding p-type doping, the doping levels are still

lower than desirable for low-resistance cladding layers

and ohmic contacts. Achieving higher hole concentra-

tions with Mg as the dopant has proved di�cult; var-

ious explanations have been proposed for this limita-

tion. Our investigations of compensation mechanisms

[7] have revealed that the determining factor is the sol-

ubility of Mg in GaN, which is limited by competition

between incorporation of Mg acceptors and formation

of Mg3N2. Incorporation of Mg on interstitial or sub-

stitutional nitrogen sites was found to be unfavorable.

The role of hydrogen during p-type doping and subse-

quent anneals was addressed in in Refs. [8] and [9].

These issues are discussed in Sec. IV.

II. Theoretical approach

All of our calculations are based on �rst-principles

methods that do not require any adjustable parameters

or any input from experiment. The computations are

founded on density-functional theory, [10] using a su-

percell geometry and soft Troullier-Martins pseudopo-

tentials [11]. The e�ect of d electrons in GaN is taken

into account either through the so-called non-linear core

correction [12] or by explicit inclusion of the d elec-

trons as valence electrons; the latter proved to be nec-

essary for obtaining accurate results in certain cases

[13]. Our results should apply to both the wurtzite

and zincblende phases of the nitride semiconductors;

indeed, in Ref. 13 we reported that the wurtzite and

the cubic phase show nearly equivalent formation ener-

gies and electronic structure for defects. Further details
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of the computational approach can be found elsewhere

[5,14,15].

The equilibrium concentration of impurities or na-

tive defects is given by

c = Nsites exp
�Ef=kBT (1)

where Nsites is the number of sites the defect or im-

purity can be incorporated on, kB the Boltzmann con-

stant, T the temperature, and Ef the formation energy.

Equation (1) shows that defects with a high formation

energy will occur in low concentrations. In principle

we should be calculating free energies; in practice, the

computational e�ort involved in calculating vibrational

entropies exceeds current computational resources. For

many purposes, such as the calculation of solubilities,

the entropy terms cancel to a large extent. Overall, we

are careful to make sure that our derived trends and

conclusions are not a�ected by our approximations.

The formation energy is not a constant but depends

on the various growth parameters. For example, the

formation energy of an oxygen donor is determined by

the relative abundance of O, Ga, and N atoms, as ex-

pressed by the chemical potentials �0, �Ga and �N . If

the O donor is charged (as is expected when it has do-

nated its electron), the formation energy depends fur-

ther on the Fermi level (EF ), which acts as a reser-

voir for electrons. Forming a substitutional O donor

requires the removal of one nitrogen atom and the ad-

dition of one O atom; the formation energy is therefore:

c

Ef (GaN : Oq
N ) = Etot(GaN : Oq

N )� �0 + �N + qEF (2)

d

where Etot(GaN:O
q
N) is the total energy derived from

a calculation for substitutional O, and q is the charge

state of the O donor. EF is the Fermi level. Similar

expressions apply to other impurities and to the var-

ious native defects. We refer to Refs. 5 and 16 for

a more complete discussion of formation energies and

their dependence on chemical potentials.

Note that the Fermi level EF is not an independent

parameter, but is determined by the condition of charge

neutrality. However, it is informative to plot formation

energies as a function of EF in order to examine the be-

havior of defects and impurities when the doping level

changes. As for the chemical potentials, these are vari-

ables which depend on the details of the growth condi-

tions. For ease of presentation, we set these chemical

potentials to �xed values in the �gures shown below;

however, a general case can always be addressed by re-

ferring back to Eq. (2). The �xed values we have cho-

sen correspond to Ga-rich conditions (�Ga = �Ga(bulk))

and to maximum incorporation of the various impuri-

ties, with solubilities determined by equilibrium with

Ga203, Si3N4, and Mg2N3.

III. Donors in GaN

We have evaluated a number of candidate donors

in GaN. Among the native defects, only the vacancies

have low enough formation energies to be incorporated

in observable concentrations; self-interstitials and an-

tisites are always high-energy defects [5]. The gallium

vacancy behaves as an acceptor, while the nitrogen va-

cancy is a donor. Similar results for native defects were

obtained by Boguslawski et al.[17]. With regard to ex-

trinsic impurities, we have evaluated silicon, oxygen,

and carbon. While carbon could in principle behave as

a donor when incorporated on the gallium site, the for-

mation energy for this con�guration is very high, and

much larger than for incorporation of carbon on the ni-

trogen site, where it acts as an acceptor. We therefore

focus on silicon and oxygen, both of which behave as

shallow acceptors.

Fig. 1 summarizes our �rst-principles results for na-

tive defects and impurities relevant for n-type doping.

We observe that nitrogen vacancies (VN ) have high en-

ergies in n-type GaN, and are thus unlikely to occur

in signi�cant concentrations. This �nding allow us to
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conclude that nitrogen vacancies are not responsible for

n-type conductivity in GaN. In contrast, Fig. 1 shows

that oxygen and silicon have relatively low formation

energies in n-type GaN, and can thus be readily incor-

porated. Both oxygen and silicon form shallow donors

in GaN. The slope of the lines in Fig. 1 indicates the

charge state of the defect or impurity: SiGa, ON and

VN all appear with slope +1, indicating they are single

donors.

Figure 1. Formation energy vs. Fermi energy for native de-
fects (nitrogen and gallium vacancies), donors (oxygen and
silicon) and the VGa�ON complex. The zero of Fermi energy
is located at the top of the valence band.

The suggestion that oxygen can be responsible for n-

type conductivity in GaN was made by Seifert et al.[18]

and by Chung and Gershenzon [19]. Still, the prevailing

conventional wisdom, attributing the n-type behavior

to nitrogen vacancies, proved hard to overcome. Re-

cent experiments have con�rmed that unintentionally

doped n-type GaN samples contain silicon or oxygen

concentrations high enough to explain the electron con-

centrations. Gotz et al.[20] reported electrical charac-

terization of intentionally Si-doped as well as uninten-

tionally doped samples, and concluded that the n-type

conductivity in the latter was due to silicon. They also

found evidence of another shallow donor with a slightly

higher activation energy, which was attributed to oxy-

gen. G�otz et al. have also recently carried out SIMS

(secondary-ion mass spectroscopy) and electrical mea-

surements on hydride vapor phase epitaxy (HVPE) ma-

terial, �nding levels of oxygen or silicon in agreement

with the electron concentration [21].

High levels of n-type conductivity have always been

found in GaN bulk crystals grown at high temperature

and high pressure [22]. It has recently been established

that the characteristics of these samples (obtained from

high-pressure studies) are very similar to epitaxial �lms

which are intentionally doped with oxygen [23,24]. The

n-type conductivity of bulk GaN can therefore be at-

tributed to unintentional oxygen incorporation.

The high-pressure experiments have also shown that

freezeout of carriers occurs at pressures exceeding 20

GPa [22,24,25]. Originally this observation was inter-

preted as consistent with the presence of nitrogen va-

cancies, since the VN donor gives rise to a resonance in

the conduction band, which emerges into the band gap

under pressure. However, the observations are also en-

tirely consistent with a \DX-like" behavior of the oxy-

gen donor. Indeed, we �nd [26] that in GaN under pres-

sure the oxygen impurity assumes an o�-center con�g-

uration: a large outward relaxation introduces a deep

level in the band gap. This behavior explains the car-

rier freezeout in GaN under pressure. Silicon donors do

not exhibit the transition, consistent with experiment.

One would expect that the behavior of the impurities

in AlN would be similar to that in GaN under hydro-

static pressure, and this is indeed con�rmed by explicit

calculations [26].

As a �nal comment on Fig. 1 we note that gallium

vacancies (V �3Ga ) have relatively low formation energies

in highly doped n-type material (EF high in the gap);

they could therefore act as compensating centers. Yi

and Wessels [27] have found evidence of compensation

by a triply charged defect in Se-doped GaN. We also

point out that we have proposed that gallium vacan-

cies are responsible for the \yellow luminescence" (YL)

in GaN, a broad luminescence band centered around

2.2 eV [28]. The origins of this luminescence band have

been extensively debated; as discussed in Refs. 28 and

29, the calculated properties of the gallium vacancy are

in good agreement with experimental results.

IV. Acceptors in GaN

Magnesium has emerged as the acceptor dopant of

choice in GaN. It has been found, however, that hole
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concentrations obtained with Mg doping are limited. In

addition, it is well known that Mg-doped GaN grown

by MOCVD (metal-organic chemical vapor deposition)

needs to be subjected to post-growth treatments such

as low-energy electron-beam irradiation [30] or thermal

annealing [31] in order to activate the acceptors. All of

these features can be addressed by our �rst-principles

results, which are summarized in Fig. 2.

Figure 2. Formation energy as a function of Fermi
level for Mg, Ca, and Zn in di�erent con�gurations (Ga-
substitutional, N-substitutional, and interstitial con�gura-
tion). Also included are the native defects and interstitial
H.

The Mg acceptor has a low enough formation energy

to be incorporated in large concentrations in GaN. For

the purposes of the plot, we have assumed Ga-rich con-

ditions (which are actually the least favorable for incor-

porating Mg on Ga sites), and equilibriumwith Mg2N3,

which determines the solubility limit for Mg. We note

that the formation energies for Mg0Ga and Mg�Ga inter-

sect for a Fermi level position around 250 meV; this

transition level would correspond to the ionization en-

ergy of the Mg acceptor. However, since our calculated

formation energies are subject to numerical error bars

of �0.1 eV, this value should not be taken as an accu-

rate assessment of the ionization energy.

We have also investigated other positions of Mg in

the lattice, such as on substitutional N sites (MgN ) and

on interstitial sites (Mgi), always �nding much larger

formation energies. We therefore conclude that Mg

overwhelmingly prefers the Ga site in GaN, the main

competition being with formation of Mg2N3, which is

the solubility-limiting phase. It would be interesting

to investigate experimentally whether traces of Mg2N3

can be found in highly Mg-doped GaN.

Other potential sources of compensation are also il-

lustrated in Fig. 2. The nitrogen vacancy, which had a

high formation energy in n-type GaN (see Fig. 1) has

a signi�cantly lower formation energy in n-type mate-

rial, and could potentially act as a compensating center.

However, we also note that hydrogen, when present,

has a formation energy much lower than that of the

nitrogen vacancy. In growth situations where hydro-

gen is present (such as MOCVD or HVPE) Mg-doped

material will preferentially be compensated by hydro-

gen, and compensation by nitrogen vacancies will be

suppressed. The presence of hydrogen is therefore ben-

e�cial - at the expense, of course, of obtaining mate-

rial which is heavily compensated by hydrogen! Fortu-

nately, the hydrogen can be removed from the active

region by treatments such as low-energy electron-beam

irradiation [30] or thermal annealing [31]. A more com-

plete discussion of the role of hydrogen in GaN is given

in Refs. 8 and 9.

For Mg, we thus conclude that achievable doping

levels are mainly limited by the solubility of Mg in GaN.

We have investigated other candidate acceptor impuri-

ties, and evaluated them in terms of solubility, shallow

vs. deep character, and potential compensation due to

incorporation on other sites [32]. Partial results for Ca

and Zn are shown in Fig. 2. None of the candidate

impurities exhibited characteristics exceeding those of

Mg. In particular, we perceive no noticeable advantage

in the use of Be, which has been suggested as a superior

dopant.

Last but not least we note the importance of avoid-

ing any type of contamination during growth of p-type

GaN. For instance, the oxygen formation energy shown

in Fig. 1 clearly extrapolates to very low values in

p-type GaN. Any oxygen present in the growth sys-

tem will therefore be readily incorporated during p-

type growth. In addition, complex formation between

oxygen and magnesium can make oxygen incorporation

even more favorable [26].

V. Conclusions

In order to continue the rapid progress in devel-

opment of GaN-based devices, a fundamental under-

standing is required of the behavior of point defects

and dopant impurities. First-principles calculations can

greatly help in providing a framework for understand-

ing doping problems. Speci�c results for donor and ac-

ceptor doping have been presented in this paper. The

main conclusions for n-type GaN are that nitrogen va-

cancies are not responsible for n-type conductivity in
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as-grown GaN; that silicon and oxygen donors can be

incorporated in large concentrations, likely causing un-

intentional n-type doping; and that gallium vacancies

are the likely source of the yellow luminescence. For

p-type GaN we found that Mg is still the acceptor of

choice, even though the resulting hole concentration is

limited due to Mg solubility, and that incorporation of

Mg on interstitial sites or antisites is not a problem.
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