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1. INTRODUCTION

GaN and its alloys with InN and AlN are the key components for

bright blue and white LEDs and blue lasers. GaN-based light-emitting

devices are gaining favor over the mercury-containing fluorescent lamps

in the lighting technology. Finally, GaN is a very promising material for

high-power electronics.

The thermodynamically stable crystal structure of GaN is wurtzite.

Detailed description of GaN properties can be found in a handbook by

Morkoç (2008). GaN is mostly used in the form of thin films grown on for-

eign substrates such as sapphire and SiC. The lattice mismatch between GaN

and the substrate leads to a high density of threading dislocations

(109–1010 cm�2). In freestanding GaN templates with thickness of about
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0.5–1 mm, the dislocation density can be reduced down to�106 cm�2. The

high density of structural defects was themajor problem for the development

of GaN-based materials and devices in the past two decades, whereas now it

has been mostly resolved, and high-efficiency light-emitting devices have

become available for consumers.

However, the concentration of point defects in GaN is still relatively

high (on the order of 1016 cm�3 in high-quality material). Point defects

include impurities introduced during growth such as O, C, Si, and H,

and native defects such as vacancies, antisites, and interstitials, as well as com-

plexes formed from different elementary defects. Point defects affect the per-

formance of light-emitting devices by decreasing their lifetime and limiting

their efficiency. They are also the main obstacle hindering the realization of

high-power electronic devices. A very high breakdown voltage is predicted

for GaN (Boles et al., 2013; Saitoh et al., 2010); however, point defects can

reduce this parameter significantly. In spite of many years of research, most

of the point defects in GaN remain unidentified and are not well

understood.

Several experimental techniques are currently used to detect and quan-

tify point defects in GaN (Table 1). The Hall effect provides limited infor-

mation because of large ionization energies for almost all defects in GaN and

the presence of degenerate layers (e.g., near the GaN/substrate interface).

Secondary-ion mass-spectrometry (SIMS) analysis allows detecting and

quantifying impurities, but its detection limit is often too high. Positron

annihilation spectroscopy (PAS) is efficient in detecting negatively charged

defects, especially cation vacancies. Many modifications of capacitance tech-

niques, which include deep-level transient spectroscopy (DLTS), optical

DLTS (ODLTS), photoinduced current transient spectroscopy (PICTS),

deep-level optical spectroscopy (DLOS), and steady-state photocapacitance

(SSPC), can detect point defects with low concentrations. Magnetic reso-

nance techniques, which include electron paramagnetic resonance (EPR)

and optically detected magnetic resonance (ODMR), can identify defects

in certain charge states. One of the most powerful tools for the investigation

of point defects in GaN is photoluminescence (PL). It can detect point

defects with both shallow and deep energy levels and determine their con-

centrations, charge states, the strength of electron–phonon coupling, and

many other parameters. In certain cases, usually in combination with other

characterization tools and theoretical insight, PL provides the identity of

defects.
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Table 1 Capability of experimental methods for the investigation of point defects in GaN

Method Modifications
Energy
level

Symmetry,
structure

Capture
coefficients Concentration Comment

Hall effect Yes No No Yes Only shallow

SIMS No No No Yes Only impurities

Luminescence PL, CL, ODMR Yes Possible Yes Yes Only radiative

defects

Capacitance DLTS, ODLTS, PICTS, SSPC,

DLOS

Yes Possible Yes Yes Requires a diode

structure

Magnetic

resonance

EPR, ODMR, photo-EPR Possible Possible No Yes In certain charge

states

PAS No Possible No Yes Mostly vacancies
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In this chapter, experimental results on point defects in GaN will be

compared with first-principles calculations. Only for a few defects, the iden-

tification appears to be reliable, whereas for a majority of the defects, further

investigation is needed. The readers may note that the author is an expert in

luminescence methods, and the critical analysis of other techniques may not

be as encompassing. The most interesting and important cases (from the

viewpoint of the author) are analyzed in detail, whereas a few classes of

defects, such as rare-earth, transition metals, shallow donors, and defects

introduced by intentional doping (except for carbon), are left out.

2. THEORETICAL PREDICTIONS

It is difficult to compare experimental and theoretical results for

defects in GaN, because the former are often ambiguous, while the latter

involve a wide range of assumptions and corrections. Then, by seeking

mutual validation, the conclusions of experimentalists may be affected by

inaccurate theoretical predictions, and in turn, the theoretical adjustments

may be wrong because of unreliable experimental data. As an example,

we will briefly review how the theoretical predictions on the location of

energy levels for the isolated Ga vacancy (VGa), the VGaON complex, and

the CN acceptor evolved in the last 25 years. This will help us to understand

why experimentalists were often influenced by these predictions while

interpreting their experimental results.

Jenkins and Dow (1989) have calculated that the isolated Ga vacancy

(VGa) is a shallow acceptor in GaN. In accord with this prediction,

Tansley and Egan (1992), while discussing the origin of the shallow

(0.2 eV from the valence band) acceptor in GaN, concluded in their exper-

imental critical review: “The only point defect unambiguously located

appears to be the gallium vacancy observed in studies of GaN luminescence

at 3.26 eV below the conduction band and close to the calculated value

of about 3.3 eV.” Later, by using density functional theory (DFT),

Neugebauer and Van de Walle (1996), Laaksonen et al. (2009), and few

other groups have calculated that VGa is a deep acceptor with the 3-/2-

transition energy level at �1.1 eV above the valence band (Fig. 1A). The

prediction resulted in the attribution of the ubiquitous yellow luminescence

(YL) band peaking at 2.2 eV to VGa or to the VGaON complex, which was

accepted by many experimentalists (Reshchikov and Morkoç, 2005). The

transition level for the defect responsible for the YL band (also known as
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the hole trap H1 in DLTS) was found to be at 0.9 eV above the valence

band, which almost matched the calculated values for the VGa and VGaON

defects (Fig. 1A and B). However, recent calculations using hybrid func-

tionals indicate that the energy levels of the isolated VGa and the VGaON

complex are even deeper than predicted in early DFT calculations (Fig. 1A

and B), and the related PL is now expected in the infrared and not in the

yellow part of the spectrum (Gillen and Robertson, 2013; Reshchikov

et al., 2014c).

Similarly, the CN defect was predicted to be a shallow acceptor in early

DFT calculations (Bogusławski and Bernholc, 1997; Eberlein et al., 2007;

Neugebauer and Van de Walle, 1996; Wright, 2002). In “agreement”

with this prediction, a shallow acceptor with the energy level of about

0.2 eV has been attributed to the CN defect in a number of experimental

works using luminescence (Armitage et al., 2005; Fischer et al., 1995) and

photocapacitance techniques (Kamyczek et al., 2012; Zhang et al., 2012).

Even an achievement of p-type conductivity with the concentration of

free holes in excess of 1017 cm�3 has been reported for GaN samples

doped with carbon (Abernathy et al., 1995; Hikosaka et al., 2006). How-

ever, recent calculations, using hybrid functionals (Demchenko et al.,

2013; Lyons et al., 2010), indicate that CN is a deep acceptor, with the

energy level at about 1 eV above the valence band (Fig. 1C). This

new prediction is in agreement with other experimental observations,

according to which the YL band is caused by a deep carbon-related

defect (Kucheyev et al., 2002; Ogino and Aoki, 1980; Zhang and

Kuech, 1998).

In recent years, significant progress has been achieved in first-principles

calculations for defects in semiconductors (Freysoldt et al., 2014). The accu-

racy of the calculations is markedly improved by more accurate treatment of

electronic interactions in solids. The currently used hybrid functionals, for

example, the popular HSE (Heyd et al., 2003), offer a practical compromise

between the semi/local approximations to DFT and the computationally

demandingmany-bodymethods (such as GW). These methods are expected

to produce more accurate results that can be compared to experiment.

However, one of the main problems impeding the progress in defect physics

is that solid experimental data are not always available for comparison with

theoretical results. Only a few defects in GaN are reliably identified and well

understood. In the following sections, a number of point defects in GaN are

analyzed in detail.
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3. GROWTH METHODS AND SIMS ANALYSIS

Currently, the main growth techniques for GaN are metalorganic

chemical vapor deposition (MOCVD), which is the primary production

method for optoelectronic devices such as LEDs and laser diodes; hydride

vapor phase epitaxy (HVPE); molecular beam epitaxy (MBE);

ammonothermal (AT) bulk growth; and high nitrogen pressure (HNP) bulk

growth. Typical contaminants for all growth techniques are O, C, Si, and H,

yet each growth method can produce specific point defects due to specific

sources or ambient conditions. The impurities can infiltrate the GaN from

the substrate, reactor walls, susceptor, or precursors. The formation of point

defects and the incorporation of impurities depend on growth conditions

such as temperature, pressure, and Ga/N ratio.

Common impurities in MOCVDGaN include C, Si, O, and H. Silicon

and oxygen are shallow donors, and their concentrations in unintentionally

doped GaN can range from 1016 to 1019 cm�3. The C concentration

strongly depends on growth conditions in MOCVD growth. Ambacher

et al. (1997) have shown that the concentration of C, as measured by SIMS,

decreases from 1�1021 to 2�1018 cm�3 as the substrate temperature

increases from 700 to 1100 °C. The concentration of H decreases by two

orders of magnitude in this temperature range. A similar temperature depen-

dence was observed by Koleske et al. (2002) and Chen et al. (2013), who

reported that the C concentration decreased from �1018 to �1016 cm�3

with increasing growth temperature from 950 to 1080 °C. The growth pres-
sure is another factor affecting the incorporation of carbon. Koleske et al.

(2002) and Brunner et al. (2011) reported on a decrease in the

C concentration in undoped GaN by about two orders of magnitude (from

�1019 to �1017 cm�3) as the growth pressure was increased from 50 to

150 Torr. In the same conditions, the concentration of Si increased by a fac-

tor of 2. The C concentration in MOCVD GaN also strongly depends on

the III/V ratio (Chen et al., 2013; Koleske et al., 2002). By optimizing con-

ditions, the concentration of C in MOCVD GaN can be reduced to about

1016 cm�3 (Chen et al., 2013; Murthy et al., 2007). The typical concentra-

tions of O and Si are between 1016 and 1017 cm�3 inMOCVDGaN.Often,

the results of SIMS measurements are inconclusive because the detection

limits for C, O, and Si are near 1016 cm�3, and the detection limit for

H is about 1017 cm�3.
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In GaN grown by HVPE, the concentrations of C and Si are often close

to or below the SIMS detection limit. Fujito et al. (2009) have demonstrated

that bulk HVPE GaN crystals have very low concentrations of C, O, H, and

Cl impurities, below their detection limits of 2�1015, 7�1015, 2�1016,

and 5�1014 cm�3, respectively. The concentration of C in a 30-μm-thick

GaN layer on a sapphire substrate can be lower than 1�1015 cm�3

(Reshchikov et al., 2014c). The lowest concentrations of Si and O in

HVPE-grown GaN are about 1015 and 1016 cm�3, respectively (Freitas

et al., 2012; Murthy et al., 2007). It is known that oxygen can diffuse from

the sapphire substrate to GaN via structural defects and create a thin, degen-

erate layer near the GaN/sapphire interface (Look et al., 2001). It is also

established that Si tends to accumulate at surfaces and subinterfaces (caused

by growth interruption) in GaN grown by HVPE (Usikov et al., 2013).

MBE-grown GaN is generally inferior to MOCVD and HVPEGaN. For

example, unintentionally doped or Si-doped MBE GaN layers on sapphire

substrates had the O concentration in the range of 2�1018 to

1�1020 cm�3 and the C concentration in the range of 3�1017 to

8�1019 cm�3 (Bell et al., 2000). Significantly, lower impurity concentrations

can be achieved by optimizing growth conditions. Murthy et al. (2007) have

demonstrated very low defect density in MBE layers grown homoepitaxially

on high-quality MOCVD or HVPE GaN substrates. The concentration of Si

and C impurities was lower than 1015 and 1016 cm�3, respectively, and the

concentration of oxygen was slightly higher (�3�1016 cm�3).

Bulk GaN can be grown from solution, and there are several modifica-

tions of this method. Bulk AT GaN commonly has a high concentration of

oxygen, on the order of 1019 cm�3 (Bliss et al., 2010; Hashimoto et al.,

2013). Bulk HNP GaN contains oxygen with the concentration exceeding

�1019 cm�3 (Leszczynski et al., 1996; Tuomisto et al., 2005). In GaN

grown from solution at �800 °C and near atmospheric pressure, the con-

centrations of the O, Si, C, and H impurities are near or below their detec-

tion limits of 5�1016, 5�1015, 8�1015, and 2�1017 cm�3, respectively

(Garces et al., 2010).

4. DEFECTS REVEALED BY PL

PL is a powerful tool for the detection and identification of point

defects in GaN (Reshchikov and Morkoç, 2005). We will leave out the

analysis of the excitonic, or in the more general case, near-band-edge

(NBE) emission (typically between 3.2 and 3.5 eV), and will focus on the
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defect-related PL in the photon energy range between 1.5 and 3.3 eV.

Figure 2 shows low-temperature PL spectra from undoped GaN grown

by HVPE on a sapphire substrate.

The defect-related PL bands can be better observed at low excitation

intensities, when defects are not saturated with photogenerated carriers

and the dependence of the PL intensity on the excitation intensity is linear.

For the excitation power density of 4 μW cm�2 in Fig. 2, the ultraviolet

luminescence (UVL) band is observed in the photon range closest to the

NBE emission. The UVL band has the strongest peak at 3.267 eV followed

by weaker LO phonon replicas at distance multiples of 91 meV. At lower

energies, the blue luminescence (BL) band can be found, which has a sharp

onset at 3.1 eV and a maximum at 2.9 eV. The red luminescence (RL) band

with a maximum at 1.8 eV is another defect-related PL band. With increas-

ing excitation intensity from 0.004 to 40 mW cm�2, the efficiency of the

above-mentioned defect-related PL bands (i.e., the ratio of the PL intensity

to the excitation intensity) gradually decreases due to the saturation of the

associated defects with photogenerated holes. The quantitative analysis of

the quantum efficiency (QE) of PL (Reshchikov, 2012a) shows that the

QE of the RL, BL, and UVL bands decreases from 3.4%, 3.8%, and 0.67%

to 0.2%, 0.18%, and 0.08%, respectively, as Pexc increases from 0.004 to

40 mW cm�2 for the sample analyzed in Fig. 2. We can see that a new

defect-related band, namely the green luminescence (GL) band with a
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maximum at 2.4 eV emerges at high excitation intensity, while its observa-

tion was impossible at low excitation intensity when it was obstructed by

other PL bands. Thus, by varying excitation intensity, new PL bands can

be revealed. The variation of temperature, as well as the use of time-resolved

PL analysis, further extends the capabilities of the PL technique and can help

to discover otherwise hiddenPLbands and to study their behavior. In contrast

to conventionalwisdom that defect-related PLbands are broad because of the

spread of the energy levels in the bandgap, the broadness typically arises from

strong electron–phonon coupling, and important parameters of the related

defect can be determined from the analysis of the PL band shape and position.

Below,wewill briefly review the basicmethods of PL analysis which allowus

to recognize the defect-related PL bands and determine their properties.

4.1. Phenomenological model
PL is usually excited with a laser having photon energy higher than the semi-

conductor bandgap. It is often assumed for simplicity that the laser light pen-

etrates to a depth d defined as d¼α�1, where α is the absorption coefficient

at the wavelength of the laser emission (α�105 cm�1 for GaN and a HeCd

laser emitting at 325 nm, Muth et al., 1997), and the electron–hole pairs are

created uniformly in this volume. The exponential decrease of the laser

intensity inside a semiconductor can also be considered, and the exponential

decrease of the electron–hole density with increasing distance from the

semiconductor surface can be regarded as an advanced model.

In n-type GaN, photogenerated free holes (with concentration p) anni-

hilate with free electrons (with total concentration n) via different recom-

bination channels, including recombination at point defects with emission

of photons (radiative recombination producing PL), and recombination at

defects with emission of multiple phonons (nonradiative recombination).

The transition rates are described in the Shockley–Read–Hall theory as

the product of the concentrations of available carriers and available empty

sites, multiplied by a phenomenological parameter called the capture coef-

ficient (Hall, 1951; Shockley and Read, 1952). In particular, holes are cap-

tured by defect A, and electrons recombine with the holes bound to this

defect at rates CpAN
�
A p and CnANA

0n, respectively, where CpA and CnA

are the capture coefficients for holes and electrons by defect A, and the

superscripts “�” and “0” indicate the charge states of the defect. The con-

cept of an effective capture cross-section σ is often used with the physical

meaning of a target area where a carrier will be trapped. For example,
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CpA¼ σpA vp
� �

, where vp
� �¼ ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi

8kT=πmp

p
is the mean thermal velocity of

free holes, k is Boltzmann’s constant, T is ambient temperature, andmp is the

effective mass of holes in the valence band. The captured hole may thermally

escape to the valence band before the radiative recombination takes place,

leading to the quenching of PL. The rate of the thermal emission of holes

from defect A to the valence band can be found from detailed balance as

QA ¼CpANvg
�1exp �EA

kT

� �
, (1)

where Nv¼2(2πmpkT)
3/2/h3 is the effective density of states in the valence

band, g is the degeneracy of the acceptor level, and EA is the energy differ-

ence between the transition level of the defect and the top of the valence

band. Similarly, the rate of the thermal emission of electrons from a donor

D to the conduction band is

QD ¼CnDNcg
�1exp �ED

kT

� �
, (2)

where Nc is the effective density of states in the conduction band, g is the

degeneracy of the donor level, and ED is the ionization energy of the

donor D.

The PL intensity caused by the recombination of free electrons with

holes bound to defect A is IPL ¼CnAN
0
An. We can introduce the absolute

internal QE (IQE) of this PL as η¼ IPL=G, where G is the electron–hole

pair generation rate (in cm�3 s�1). The system of rate equations can be

solved numerically. For a few simple cases, analytical solutions can be

obtained. For example, for conductive n-type GaN and low excitation

intensity, the IQE of PL via defect A has the following temperature depen-

dence (Reshchikov and Korotkov, 2001; Reshchikov et al., 2011):

η Tð Þ¼ η0
1 + 1�η0ð ÞτQA

, (3)

where η0 is the IQE of PL at low temperature and τ is the PL lifetime. Anal-

ysis of Eq. (3) shows that at T <T0, where T0 is found from

1�η0ð ÞτQA ¼ 1, the IQE of PL is constant and equal to η0, while at

T >T0 the IQE is proportional to exp(EA/kT ). By fitting an experimental

dependence of the PL intensity on temperature with Eq. (3) and taking τ
from time-resolved PL measurements, parameters EA and CpA for defect

A can be readily determined if η0� 1. Moreover, when EA and CpA for
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a particular defect are known, the parameter η0 can be found for samples in

which the IQE is very high (Reshchikov et al., 2012).

The concentration of defects participating in PL can be determined from

the observation of PL intensity saturation with increasing excitation inten-

sity. In the simple model (generation rate is constant within an active layer of

thickness d¼α�1), the following expression can be derived for the IQE of

PL from defect A (Reshchikov, 2012a; Reshchikov and Korotkov, 2001):

η Gð Þ� Gτ

NA

+
1

η0

� ��1

, (4)

where η0 is the IQE in the limit of low excitation intensity. According to

Eq. (4), the PL intensity increases linearly withG at low excitation intensity

and is equal to η0G, and it saturates at the level ofNA/τ at highG. The tran-

sition from the linear dependence to the saturation occurs at

G¼G0¼NA=η0τ. In the advanced model (Reshchikov, 2006, 2012a),

which accounts for the exponential decrease of the laser light intensity in

a thick GaN layer,

η P0ð Þ� NA

ατP0
ln 1 +

P0

P1

� �
, (5)

where, instead of the constant generation rate G, we introduced the exci-

tation intensity P0 expressed as the number of photons entering through

the unit area of the sample surface per unit time, and P1¼NA=ατη0. This
method is more accurate than the simple method, and it requires only an

accurate estimate of the laser intensity and parameters τ and η0, which
can be found from independent experiments (Reshchikov, 2012a).

The PL lifetime in n-type GaN reveals important characteristics of the

radiative defects, such as the electron-capture cross-section. Indeed, in

time-resolved PL experiments, the PL intensity decays exponentially after

a laser pulse, with the characteristic time constant τ (Reshchikov, 2014a):

IPL tð Þ� IPL 0ð Þexp �t

τ

� �
, (6)

where τ¼ CnAnð Þ�1
is the PL lifetime.

For high-resistivity semiconductors, the solutions of rate equations are

not straightforward, but at least numerical solutions can be obtained, which

successfully simulate the experimental dependences. Sometimes, an abrupt

and tunable quenching of PL is observed, and the detailed analysis of which
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may reveal a number of parameters for radiative and nonradiative defects in a

semiconductor sample (Reshchikov, 2012b; Reshchikov et al., 2011).

4.2. Configuration-coordinate model
The commonly used band diagrams do not account for electron–phonon

coupling, which is important in the case of deep-level defects. In particular,

defect-related PL bands are usually broad, and their maxima correspond to

the emission of one photon and several phonons, so that determining the

defect energy level from the PL spectrum may be not an easy task. The basis

of the theory of multiphonon transitions was developed by Huang and Rhys

(1950), and the simplest approach is called the one-dimensional

configuration-coordinate (CC) model of a localized defect (Abakumov

et al., 1991; Dexter et al., 1955; Rebane, 1970; Stoneham, 1975). The

CC diagram represents the potential energy (the sum of electronic and lattice

energies) for the ground and excited states of a defect system as a function of a

generalized atomic coordinate (Fig. 3). For simplicity, the one-dimensional

CC model considers an effective phonon mode, and the energy of a single

phonon may correspond to the energy of the dominant local or quasi-local

phonon. The potential curves (adiabatic potentials) are assumed to be simple

parabolas. For a localized defect with a deep level, the potential minima of

the ground and excited states are displaced due to different lattice geome-

tries. The optical transition between the potential minima produces only

a photon, and the corresponding feature in the PL spectrum is called the

no-phonon or zero-phonon line (ZPL). Several sharp lines can be observed

in the PL spectrum at energy multiples of the dominant phonon energy,

which are called phonon replicas of the ZPL and correspond to the consec-

utive emission of one photon and several phonons. However, the line shape

of a PL band from deep defects is often structureless, usually Gaussian or

asymmetric, with more abrupt high-energy side.

Figure 3 shows examples of possible CC diagrams for defects in GaN

with a bandgap of 3.5 eV. Here, the lowest parabola is the ground state

corresponding to a defect filled with electrons when the Fermi level lies

well above its energy level. The top parabola, which corresponds to the cre-

ation of a free electron and a free hole by light, is identical to the ground

state displaced vertically by the energy of the bandgap. The middle parabola

is the excited state corresponding to the defect after it captures a hole in

n-type GaN. A vertical upward arrow AB in Fig. 3A indicates the resonant

excitation of the defect, i.e., the excitation of an electron from the defect
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level to the conduction band. After the excitation, the defect and surround-

ing lattice relax to the new equilibrium state (point C), and the excess

energy, ΔE, is released in the form of phonons. The dimensionless value

ΔE/ℏΩ, with ℏΩ being the effective phonon energy, is called the

Huang–Rhys factor, and it describes the strength of the electron–phonon

A B

C D

E F

Figure 3 Examples of CC diagrams. (A–D)—radiative defects, and (E) and (F)—
nonradiative defects.
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coupling. The transition CD is the optical transition with the length of the

downward arrow equal to the position of the PL band maximum. The ZPL

energy is equal to E0, and the ZPL can be observed as a sharp line on the

high-energy side of the PL band. After the optical transition, the defect

relaxes into the minimum of the ground state by emitting several phonons

(transition DA). Alternatively, the transition from point B to point A may

occur nonradiatively, via the crossover of the excited and ground state cur-

ves. According to Bartram and Stoneham (1975), at low temperatures, the

recombination is purely radiative when ΔE<E2, and it is only partially

radiative (low luminescence efficiency) when ΔE>E2. When E2 is close

to zero (Fig. 3E) or when the excited state minimum lies outside the ground

state curve (Fig. 3F), the electron–hole recombination via the defect is

nonradiative.

Figure 3B–D illustrates different cases of PL via a defect after above-

bandgap excitation. First, an electron–hole pair is created (transition AB),

and then the hole is captured by the defect (transition BC). The energy

of the system decreases by E1, which is equal to the distance from the defect

transition level to the top of the valence band. The excess energy is released

in the form of several phonons. For some defects, a barrier for the capture of

a charge carrier (a hole in our example) exists, such as δE in Fig. 3D and E.

For such defects, the capture coefficient (and the capture cross-section)

increases with increasing temperature (Alkauskas et al., 2014).

As the temperature increases, the probability that the bound hole will be

emitted back to the valence band (transition CB) increases. The average fre-

quency of such an event is ν� ν0exp � E1 + δEð Þ=kT½ �, where ν0 is the fre-
quency of atomic oscillations (about 1013 s�1). The PL quenching is

observed when ν> τ�1, because the thermally emitted holes can be captured

by other defects and recombine with electrons via other channels (the

Schӧn–Klasens mechanism). Alternatively, the PL quenching may be caused

by another mechanism (the Seitz–Mott mechanism). In this case, the defect

system in point C acquires enough thermal energy to pass over a barrier with

height E2 in Fig. 3A–C and relaxes to point A with the emission of many

phonons. Such a defect behaves as a radiative defect at low temperature

and a nonradiative defect at high temperatures (Reshchikov, 2014b).

Several parameters of a radiative defect can be obtained from the analysis

of the shape of a defect-related PL band and from its temperature behavior.

In particular, within a one-dimensional CC model, assuming that the

effective phonon energies of the ground and excited states (ℏΩg and ℏΩe,

respectively) and the corresponding Huang–Rhys factors (Sg and Se,
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respectively) are not necessarily identical, the following expression can be

obtained for the shape of a PL band at low temperature (Reshchikov

et al., 2014a):

IPL∝exp �2Se

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
E0 + 0:5ℏΩe�ℏω

E0 + 0:5ℏΩe�ℏωmax

s
�1

 !2
2
4

3
5, (7)

where ℏω and ℏωmax are the photon energy and the PL band maximum

position, respectively. For very strong electron–phonon coupling (S�1),

the shape of a PL band approaches the Gaussian shape, and its full width

at half maximum (FWHM), W, in the low-temperature limit is

W 0ð Þ¼
ffiffiffiffiffiffiffiffiffiffi
8 ln2

p SgℏΩgffiffiffiffiffi
Se

p : (8)

As the temperature increases, the FWHM increases as

W Tð Þ¼W 0ð Þ
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
coth

ℏΩe

2kT

� �s
: (9)

From the analysis of the temperature dependence of the PL band

FWHM, the parameter ℏΩe can be found. A more detailed analysis of the

PL band shape and position also allows one to find Sg, Se, ℏΩg, and E0

(Reshchikov and Morkoç, 2005; Reshchikov et al., 2014a). Table 2 shows

the main parameters for defects in GaN determined by PL methods. The

parameters and the PL band nomenclature are taken from Reshchikov

(2014c) and Reshchikov andMorkoç (2005) and updated with the latest data.

4.3. Main PL bands in GaN
The most common defect-related PL bands in undoped GaN are shown in

Fig. 4. Below we will briefly describe their properties.

4.3.1 RL (1.81 eV) band in undoped GaN
One of the main PL bands in undoped GaN grown by the HVPE method is

the RL band with a maximum at 1.81 eV at low temperatures (Fig. 5). The

RL band has an unusual shape: a less steep high-energy side with an abrupt

drop at �2.36 eV. The sharp peak at 2.36 eV is identified as the ZPL of the

RL band (Reshchikov et al., 2014b). The LO phonon replicas of the ZPL

can be seen at distances of 91 and 182 meV. Two other sets of peaks with

separations of 38 and 70 meV are attributed to local or quasi-local phonon
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Table 2 Parameters of defect-related PL bands in GaN
PL band ħωmax (eV) E0 (eV) EA (eV) CnA (cm3 s21) CpA (cm3 s21) ħΩe (meV) ħΩg (meV) Se Sg Identity

UVL 3.27 3.27 0.2 8�10�13 7�10�8 91

BL2 3.02 3.34 0.15 36, 91

BL 2.88 3.10 0.4 2�10�13 7�10�7 36, 91 60 3 4.2 ZnGa

AL 2.56 �3.0 0.5 1�10�13 38

GL 2.4 2.9 0.54 3�10�12 2�10�7 41 50 8.5 10.4 CN

GL2 2.35 2.85 0.43 23 21 27 24 VN

YL 2.2 2.64 0.86 1�10�13 6�10�7 52 57 7.4 8.1 CNON

YL 2.1 2.57 0.9 52 59 7.4 8.4 CN

RL 1.81 2.36 1.13 2�10�14 38, 91

RL2 �1.8 �2.5 �30 �30 �20 �20
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modes. The ZPL at 2.36 eV has been assigned to transitions from a shallow

donor to a deep acceptor level located at 1.13 eV above the valence band.

Such an assignment is supported by the transformation of the fine structure

with increasing temperature (Fig. 5B): the donor–acceptor pair (DAP)-type

lines decrease, while the eA-type lines emerge at T>40 K.

The identity of the deep acceptor responsible for the RL band is

unknown. Wang et al. (2007) observed the RL band with the same position

and shape (yet without the fine structure) in GaN grown byHVPE, and they

associated this band with the presence of C and O (with concentrations of

about 1019 cm�3). However, their attribution of the RL band to transitions

from a deep donor, VNCN, to a deep acceptor, VGaON, is inconsistent with

the first-principles calculations for the VGaON acceptor (Section 2) and con-

tradicts the above conclusion that the donor involved in the DAP transition

is shallow.

4.3.2 RL2 (1.8 eV) and GL2 (2.35 eV) bands in Ga-rich,
high-resistivity GaN

An RL band with a maximum at about 1.8 eV was observed in high-

resistivity GaN grown by MBE in Ga-rich conditions (Reshchikov and

Morkoç, 2005). It is labeled RL2, to distinguish it from the RL band

described in Section 4.3.1, because the properties of the RL and RL2 bands

are very different. The RL2 band commonly appears together with a green

PL band, which has a maximum at 2.35 eV and is labeled GL2 (Fig. 6).

Figure 4 Main defect-related PL bands in undoped GaN at T¼18 K.
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McNamara et al. (2013) have found that the RL2 and GL2 bands can also be

observed in the near-surface layer of high-purity freestanding GaNmechan-

ically polished and containing a great number of defects in the top 1-μm-

thick layer (sample 1412.3 in Fig. 6).

The RL2 band has an FWHM of 300 meV at low temperatures. It is

quenched at temperatures above 100 K with an activation energy of about

100 meV, and its intensity decreases by two orders of magnitude by

200 K. The position of the maximum of the RL2 band varies between

1.75 and 1.9 eV in different samples. However, the temperature behavior

of PL is reproducible for all the samples containing this PL band. The

A

B

Figure 5 PL spectra from undoped GaN grown by HVPE at Pexc¼1 mW cm�2. (A) PL
spectra at 18 and 200 K. (B) Fine structure of the RL band at 18 and 40 K. Reproduced
with permission from Reshchikov et al. (2014b), Copyright 2014, AIP Publishing LLC.
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RL2 band can be excited resonantly with photons having energy higher than

2.7 eV. The shape and position of the RL2 band are consistent with the

shape and position of its PLE spectrum, provided that the ZPL is located

at about 2.5 eV. The activation energy of �0.1 eV is most probably associ-

ated with the thermal emission of electrons from an excited state to the con-

duction band. The decay of the RL2 band after the laser pulse is exponential

at low temperatures, which can be explained by an internal transition from

an excited state (a level at 0.1 eV below the conduction band) to the ground

state (a level at �0.9 eV above the valence band).

In high-resistivity GaN grown under Ga-rich conditions, a green PL

band with a maximum at 2.35 eV is observed. It has unique properties

and is called the GL2 band to distinguish it from the GL band with a max-

imum at 2.4 eV in high-purity GaN grown by HVPE. The GL2 band is rel-

atively narrow (FWHM is 230 meV) for a deep defect, and its shape can be

fit using Eq. (7) with E0¼2.85 eV and Se¼26.5 (Reshchikov et al., 2014a).

Such high Huang–Rhys factors (Sg¼24, Se¼26.5) and small characteristic

phonon energies (ℏΩe¼ 23meV and ℏΩg¼ 21meV) are typical for deep

donors (Alkauskas et al., 2012).

Reshchikov et al. (2014a) have attributed the GL2 band to the isolated

nitrogen vacancy, VN. While for a majority of PL bands in n-type GaN, the

Figure 6 The RL2 and GL2 bands in GaN at T¼18 K and Pexc¼1 mW cm�2. The RL2
band has a maximum at 1.80, 1.75, and 1.90 eV, and the GL2 band has a maximum
at 2.34, 2.31, and 2.40 eV in MBE GaN (samples svt591 and svt385), and HVPE GaN (sam-
ple 1412.3), respectively. The dashed lines show fits for sample svt385 using Eq. (7) with
the following parameters: Se¼23, ℏΩe ¼ 30meV, ℏωmax ¼ 1:75eV, E0¼2.48 eV (RL2
band), and Se¼26.5, ℏΩe ¼ 23meV, ℏωmax ¼ 2:34eV, E0¼2.84 eV (GL2 band).
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PL decay after a pulsed excitation is nonexponential at low temperatures

because DAP-type transitions dominate, and the separations in these pairs

are random, the decay of the GL2 band is exponential for a wide range

of temperatures (15–100 K), with a characteristic PL lifetime of about

0.3 ms. To explain this unusual behavior, Reshchikov et al. (2014a)

suggested that the observed GL2 band is caused by an internal transition,

whereby the weakly localized electron collapses to the localized orbital,

and the center converts from V2+
N to V+

N . The PL quenching with an acti-

vation energy of�100 meV in the temperature range of 100–200 K is attrib-

uted to the thermal emission of electrons from the 0/+ level of VN to the

conduction band, whereas the PL quenching with an activation energy of

�400 meV at higher temperatures is attributed to the thermal emission of

holes from the +/2+ level to the valence band.

4.3.3 YL (2.2 eV) band in MOCVD and MBE GaN
The YL band with a maximum at about 2.2 eV is the most common defect-

related PL band in n-type GaN. Recent studies show that there are at least

two YL bands originating from different defects. In this section, the YL band

in MOCVD or MBE GaN will be considered, while a similar in shape and

position YL band observed in HVPE GaN samples will be discussed in

Section 4.3.4. Figure 7 shows the YL band in undoped and Si-doped

GaN grown by MOCVD and MBE. It has the same shape and position

in different samples. The YL band shape is fit using Eq. (7) with Se¼7.4,

ℏωmax ¼ 2:21eV, and E0¼2.64 eV. The inset of Fig. 7 shows the high-

energy side of the YL band, where the onset at 2.61 eV can be identified

as the position of the ZPL.

The characteristic excitation band maximum for the YL band was esti-

mated to be at 3.19 eV (Ogino and Aoki, 1980) or 3.32 eV (Reshchikov

et al., 2002b) from the analysis of the shape of the PL excitation spectrum.

This energy corresponds to transition AB in the CC diagram shown in

Fig. 3A. The transition level of the YL-related defect at low temperature

can be estimated as 0.85–0.89 eV by taking the difference between the

bandgap and the ZPL. It can also be found from the thermal quenching

of the YL band.

The thermal quenching of the YL band begins at temperatures above

400 K (Fig. 8) and can be described with Eq. (3). For the majority of

GaN samples grown by MOCVD and MBE (undoped and Si-doped),

the activation energy of the defect responsible for the YL band is

0.85–0.9 eV (Reshchikov and Morkoç, 2005). However, in some samples,
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Figure 7 The YL band in undoped and Si-doped GaN grown by MBE and MOCVD. The
symbols are experimental points (every 10th point is shown): empty circles—MOCVD
GaN:Si (n¼7�1018 cm�3 at room temperature); empty triangles—MOCVD GaN
(n¼2�1016 cm�3); filled triangles—MBE GaN (n¼3�1016 cm�3). The line is calculated
using Eq. (7) with the following parameters: Se¼7.4, ℏΩe ¼ 56meV, ℏωmax ¼ 2:21eV,
and E0¼2.64 eV. The inset shows a high resolution of the high-energy edge with an
apparent ZPL at 2.61 eV for the MOCVD GaN:Si sample (n¼7�1018 cm�3).

Figure 8 The temperature dependence of the YL intensity for MOCVD GaN,
n¼2�1016 cm�3 (empty triangles) and MOCVD GaN:Si, n¼1�1019 cm�3 (filled cir-
cles). The solid and dashed lines are calculated using Eq. (7) with the following param-
eters: EA ¼ 0:85eV, σpA ¼ 7�10�14 cm2, η0 ¼ 0:05, and τ¼ 0:35ms (curve 1 for undoped
GaN); EA ¼ 0:45eV, σpA ¼ 4�10�17 cm2, η0 ¼ 0:05, and τ¼ 14μs (curve 2 for Si-doped
GaN); andmp ¼ 0:8m0 and g¼2 for both. The inset shows normalized low-temperature
PL spectra for these samples.
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the activation energy found from the thermal quenching is much smaller

(Fig. 8). Armitage et al. (2003) suggested that two types of defects (C-related

and VGa-related) are responsible for the YL band with very similar shapes

and positions.

The YL band is often attributed to VGa or the VGaON complex. How-

ever, recent theoretical calculations have shown that the VGa-related defects

are unlikely to be responsible for the YL band (Section 2). Namely, hybrid

functional calculations predict that the best candidate for the YL band is

either CN (Lyons et al, 2010) or the CNON complex (Demchenko et al.,

2013). Of these two assignments, only in the first case is the saturation of

the YL band with photogenerated holes (caused by transitions of electrons

to the�/0 level of CN) expected to cause an emergence of another PL band

at higher energies (caused by transitions of electrons to the 0/+ level of CN).

Since such a transformation has not been observed experimentally in GaN

grown by MOCVD and MBE, we attribute the YL band to the CNON

complex in these samples (Reshchikov et al., 2014c).

In the literature, conclusions on the identity of the YL band are often

drawn from seeking a correlation between the YL band intensity and some

“independent” factors such as the growth conditions, the presence of struc-

tural defects, the concentrations of impurities, and vacancies detected by

SIMS, PAS, EPR, and other techniques. Such an approach to identify

a PL band is rarely successful, and sometimes it creates long-standing mis-

conceptions. This is because many defects are nonradiative, and the intensity

of a particular PL band depends not only on the concentration of

the related defect but also on the concentrations of other radiative and

nonradiative defects, which change with varying the growth conditions.

Moreover, defect-related PL bands are often caused by complexes, not by

isolated defects, and the concentration of defects causing a dominant PL

band in a sample may be much smaller than the concentrations of several

impurities present in this sample. For example, a very strong YL band

(with QE of about 3%) is observed in a sample with the concentration of

YL-related defects of 3�1015 cm�3 and the concentrations of Si, C, and

O impurities between 3�1016 and 5�1016 cm�3 (Demchenko et al.,

2013). Furthermore, in a set of MOCVD GaN samples with the concentra-

tion of C between 4�1016 and 2�1017 cm�3, no correlation between the

intensity of the YL band and the concentration of C could be established

(Reshchikov et al., 2006a). Most likely, this is because, as the concentration

of C increases, other channels of nonradiative recombination change in an

uncontrolled way.
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4.3.4 YL (2.1–2.2 eV) and GL (2.4 eV) bands in HVPE GaN
The GL band with a maximum at 2.4–2.5 eV is observed in high-quality,

thick GaN grown by the HVPE technique (Reshchikov and Morkoç,

2005). A similar PL band is the dominant band in GaN grown from

solution (Garces et al., 2010). The GL band emerges only at high excitation

intensity, when the YL and RL bands saturate (Fig. 9A). The intensity of

the GL band increases as a square of the excitation intensity, indicating that

the PL band is caused by a multicharged defect, which may capture two

holes before radiative recombination takes place (Reshchikov et al.,

2002a). After a laser pulse, the GL intensity decreases exponentially at

temperatures between 30 and 100 K, with the characteristic lifetime of

1–2 μs. In a time-resolved PL spectrum, the GL band vanishes at time

delays exceeding �10�5 s, and subsequently the YL and RL bands can

be observed (Fig. 9B).

Based on recent theoretical predictions (Section 2), the GL band can be

assigned to transitions of electrons from the conduction band to the 0/+

level of the CN defect located at �0.5 eV above the valence band. In

this case, the YL band can be caused by transitions via the �/0 level

(Ev +1.0 eV) of the same defect. Note that for a long time the YL and

GL bands were attributed to the 2�/� and �/0 transition levels of the

VGaON complex (Reshchikov and Morkoç, 2005). Such an attribution

was mostly based on early theoretical predictions (Section 2) and results

of PAS studies (Section 6). While some experimental data are in favor of

such an attribution, other experimental data are inconsistent with it. For

example, Buyanova et al. (1998) observed that electron irradiation of

GaN results in the disappearance of the YL band and the appearance of

new PL bands in the infrared region (broad overlapping bands within the

0.7–1.1 eV and a PL band with the ZPL at 0.88 eV followed by phonon

replicas). Furthermore, Armitage et al. (2003) have found that the concen-

tration of the VGa-containing defects in C-doped GaN ([C]¼
2�1018 cm�3) was below the detection limit (<1016 cm�3), whereas in a

reference (undoped) GaN sample with [C]¼6�1016 cm�3, the concentra-

tion of VGa was in the low 1017 cm�3 range, but the YL band was weaker.

4.3.5 BL (2.9 eV) band in undoped and Zn-doped GaN
The BL band with a maximum at 2.88 eV is attributed to transitions of

electrons from the conduction band (or from shallow donors at low temper-

ature) to the ZnGa acceptor (Demchenko and Reshchikov, 2013;

Reshchikov andMorkoç, 2005). This PL band is often observed in undoped
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GaN grown by theHVPE andMOCVDmethods where Zn is introduced as

a Ga source contaminant or due to a memory effect. The BL band is

asymmetric, with a characteristic fine structure on the high-energy side.

A sharp peak at 3.10 eV, identified as the ZPL, is followed by two sets of

phonon replicas: an LO phonon mode (91 meV) and a local or quasi-local

phonon mode (36 meV) (Reshchikov and Morkoç, 2005; Reshchikov

A

B

Figure 9 YL and GL bands in HVPE-grown freestanding GaN. (A) Transformation of the
YL band into the GL band with increasing excitation intensity at T¼16 K. (B) PL spectra
at selected time delays after a laser pulse at T¼100 K. Lines are calculated using Eq. (7)
with the following parameters: Se¼8.5, ℏΩe ¼ 41meV, ℏωmax ¼ 2:4eV, and E0¼2.91 eV
(curves 1 and 2 for the GL band), and Se¼7.4, ℏΩe ¼ 52meV, ℏωmax ¼ 2:18eV, and
E0¼2.63 eV (curve 3 for the YL band).
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et al., 2000). In GaN samples lightly doped with Zn, the BL band has the

same asymmetrical shape and traces of the phonon structure (Fig. 10A).

In GaN heavily doped with Zn, the fine structure disappears, and the PL

band broadens. This may be in part due to potential fluctuations in high-

resistivity GaN:Zn.

In conductive n-type GaN (both undoped and lightly doped with Zn),

the BL band is quenched at temperatures above 200 K, with the activation

A

B

Figure 10 (A) Low-temperature PL spectra from undoped GaN (sample th1011), lightly
Zn-doped ([Zn]¼1.7�1017 cm�3) GaN (sample ap274), and heavily Zn-doped ([Zn]¼
5�1018 cm�3) GaN (sample s451). The BL band has a ZPL at 3.10 eV. (B) The tempera-
ture dependence of the BL band quantum efficiency for undoped GaN (sample th1011),
Zn-doped ([Zn]¼2�1019 cm�3) GaN (sample s452), and GaN codoped with Si and Zn
([Si]¼1019 cm�3, [Zn]�6�1017 cm�3) GaN (sample 1142).
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energy of about 300–350 meV (Fig. 10B). The quenching is explained by

the thermal emission of holes from the ZnGa acceptor to the valence band

and their recapture by other recombination channels. When the QE of the

BL band is very high (over 90%), the quenching region shifts to higher tem-

peratures, because the ZnGa acceptors efficiently recapture the emitted holes

(Reshchikov et al., 2012). According to Eq. (3), the shift of the quenching

region to higher temperatures can also be caused by shorter PL lifetime in

GaN with a higher concentration of free electrons.

For high-resistivity GaN:Zn (sample s452 in Fig. 10B), the quenching of

PL is very different: the BL band intensity abruptly drops at a characteristic

temperature T*, which shifts to higher temperatures as the excitation inten-

sity increases; i.e., the quenching is tunable by the excitation intensity. This

abrupt and tunable quenching is explained by a sudden redirection of the

recombination flow from the radiative channel (via the ZnGa acceptor) to

a nonradiative channel (via some unknown deep donor) at temperatures

when the thermal emission of holes from the ZnGa acceptor to the valence

band becomes significant (Reshchikov, 2014b; Reshchikov et al., 2011). At

T<T*, the nonradiative donor is saturated with photogenerated electrons

due to its large electron-capture cross-section. This causes a population

inversion in the system (higher-energy levels in the gap are almost

completely filled with electrons, while lower-energy levels have a deficit

of electrons), a buildup of electrons in the conduction band, and a conver-

sion of conductivity from p-type to n-type under UV illumination

(Reshchikov, 2014d). At T�T*, the concentration of the thermally emit-

ted holes becomes approximately equal to the concentration of free holes

generated by light. The additional holes are captured by the deep donor

and unblock the nonradiative channel. A small change in temperature near

T* results in the abrupt reduction of the concentration of free electrons and

electrons bound to the deep donor. At T>T*, the system returns to the

thermal equilibrium population, and conductive n-type converts into

high-resistivity n-type or even p-type. T* shifts to higher temperatures as

the excitation intensity increases, because more thermal holes are needed

to keep the “balance” with photogenerated holes. The abrupt and tunable

quenching can be observed not only for Zn-doped GaN but also for other

high-resistivity semiconductors (Reshchikov, 2014b). Two-step tunable

quenching is sometimes observed and is explained in a similar way

(Reshchikov, 2012b).

Very low concentrations of Zn can cause the BL band (Mohajerani et al,

2013). The concentration of the ZnGa acceptors can be controlled by the
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diethylzinc (DEZn) flow in theMOCVD growth (Fig. 11A). The BL inten-

sity increases linearly with the concentration of ZnGa up to 10
16 cm�3, when

it reaches a very high QE (more than 20%). The BL intensity is nearly inde-

pendent with a further increase in Zn doping and even decreases for very

high doping levels (Fig. 11B).

The Zn-related BL band should not be confused with the BL2 band

(Section 4.3.6) or with the blue band (labeled BLMg) in Mg-doped

Figure 11 (A) The concentration of the ZnGa acceptors determined from PL as a func-
tion of the diethylzinc flow in the MOCVD growth. The PL measurements and analysis
were independently carried out at VCU and at TUBS (Germany). (B) The dependence of
the BL band quantum efficiency on the concentration of the ZnGa acceptors.
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GaN. The blue band in GaN heavily doped with Mg is attributed to tran-

sitions from a deep donor (�0.4 eV below the conduction band) to the

shallow MgGa acceptor (Kamiura et al., 2005; Kaufmann et al., 1999;

Reshchikov et al., 1999). Such an attribution explains the very large shift

of the blue band with increasing excitation intensity (from �2.7 to

�3.0 eV), along with other properties of this band. The deep donor is

sometimes attributed to the VNMgGa complex. However, it is known that

the BLMg band can be greatly enhanced by thermal annealing, whereas the

concentration of the VNMgGa complexes significantly decreases after

annealing at T>500 °C (Hautakangas et al., 2003). Since the BLMg band

is commonly observed in GaN:Mg grown by MOCVD and rarely

observed in the MBE-grown GaN:Mg, one may expect that the deep

donor involved in the BLMg band contains hydrogen as a part of the

defect. Such an assumption is supported by the annealing studies in

H plasma, according to which the BLMg band is greatly enhanced by

remote plasma treatment, with plasma containing atomic hydrogen

(Kamiura et al., 2005).

4.3.6 BL2 (3.0 eV) band in high-resistivity GaN
A broad blue band with a maximum at 3.0 eV (labeled BL2) can be found in

PL spectra from high-resistivity GaN. It is often observed for C-doped GaN

grown by MOCVD, along with the YL band (Polyakov et al., 1996; Seager

et al., 2002, 2004). It can also be seen in undoped or Fe-doped high-

resistivity GaN grown by MOCVD or HVPE (Reshchikov and Morkoç,

2006; Reshchikov et al., 2006b). In some GaN samples (undoped,

C-doped, and Fe-doped), the BL2 band has a fine structure with the

ZPL at 3.33–3.34 eV followed by a few phonon replicas with the dominant

phononmodes having energies of 36 and 91 meV (Fig. 12A). From the posi-

tion of the ZPL, it was suggested that the BL2 band is caused by transitions of

electrons from the conduction band or from an excited state near it to a level

located at 0.15 eV above the valence band (Reshchikov andMorkoç, 2006).

In agreement with this assumption, the BL2 band is quenched above 75 K

with an activation energy of about 150 meV (Reshchikov et al., 2006b;

Seager et al., 2004).

An important feature of the BL2 band is its bleaching during continuous

UV illumination (Reshchikov et al., 2006b). Simultaneously with this

bleaching, the YL band intensity rises (Fig. 12B). It was suggested that

the BL2 band is associated with a defect complex containing hydrogen,

and the bleaching is caused by a recombination-assisted dissociation of this
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complex under UV exposure (Reshchikov and Morkoç, 2005). It is tempt-

ing to assign the BL2 band to the CN–H or CNON–H complexes, which

dissociate under UV irradiation to form the CN or CNON defect. The

released hydrogen remains in the crystal lattice and can be trapped back

by the carbon-containing defects after keeping the sample in dark at high

temperatures for an extended period of time. Attribution of the BL2 band

to a complex containing carbon and hydrogen is consistent with the fact that

the BL2 band is observed in GaN grown by either MOCVD or HVPE, the

B

e

Figure 12 The BL2 band in high-resistivity GaN. (A) The fine structure of the BL2 band
with the ZPL at 3.33 eV. (B) Evolution of the PL spectrum in MOCVD-grown GaN mea-
sured at Pexc�1 mW cm�2 after exposure of the sample to the laser light with
Pexc¼0.3 W cm�2 for selected times.
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techniques in which relatively high concentrations of C and H are typical.

The fact that the BL2 band in most cases appears in high-resistivity GaNmay

indicate that the defect responsible for this PL band has a lower formation

energy when the Fermi level is far from the conduction band.

4.3.7 UVL (3.27 eV) band
TheUVL band has a main peak at about 3.27 eV followed by a few LO pho-

non replicas with decreasing intensities. At low temperatures (T<20 K), the

UVL band is caused by transitions of electrons from shallow donors (SiGa and

ON) to an unidentified shallow acceptor having an ionization energy of

about 0.2 eV. For this reason, the UVL band is often called the shallow

DAP band. Due to the random distribution of distances between the

DAP, two characteristic effects are commonly observed at low temperatures:

the UVL peaks shift to higher photon energies (by up to �10 meV) with

increasing excitation intensity, and they shift to lower photon energies

(by 10–15 meV) with increasing time delay in the case of a pulse excitation

(Reshchikov and Morkoç, 2005). Another characteristic feature of DAP-

type transitions is a nonexponential PL decay after a pulse excitation. For

such PL decay, no characteristic PL lifetime can be found, and the time

dependence of the PL decay is close to the t�1 dependence for a wide range

of time delays (Reshchikov et al., 2003).

As the temperature increases from 20 to 50 K, more and more electrons

are thermally emitted from the shallow donors to the conduction band. As a

result, the DAP-type UVL band transforms into the eA-type UVL band,

which has a very similar shape, but is shifted to higher energies by

10–20 meV. The shift is equal to the effective ionization energy of the shal-

low donors, which decreases with increasing concentration of shallow

donors. Since the eA-type UVL band is caused by transitions of electrons

from the conduction band to the shallow acceptor, the decay of PL is expo-

nential and can be fit with Eq. (6) in conductive n-type GaN. Then, the

concentration of free electrons can be found if the electron-capture coeffi-

cientCnA is known (Reshchikov, 2014a). At temperatures above 100 K, the

UVL band is quenched with an activation energy of about 180 meV. The

quenching is caused by the thermal emission of holes from the shallow

acceptor to the valence band. The PL lifetime decreases very similarly to

the PL intensity, in agreement with theory (Reshchikov, 2014a).

The identity of the shallow acceptor responsible for the UVL band is

uncertain. In some samples, it may be MgGa if the contamination with

Mg during growth cannot be excluded (Monemar et al., 2002). In contrast
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to early theoretical predictions and a number of experimental reports

(Sections 2 and 5), the shallow acceptor is not related to carbon. Indeed,

in MOCVD GaN containing a high concentration of C, the intensity of

the UVL band is extremely low, and the concentration of the related defect

is on the order of 1012 cm�3 (Reshchikov et al., 2006a). Armitage et al.

(2005) also noticed that the UVL band is surprisingly weak in C-doped

GaN samples.

5. POINT DEFECTS REVEALED BY DLTS AND OTHER
CAPACITANCE TECHNIQUES

The DLTS method was introduced by Lang (1974). It allows for the

detection of electron and hole traps in a semiconductor, the determination

of the concentration of traps and their properties such as the energy levels,

the capture cross-section, and the presence of a potential barrier for the cap-

ture. In contrast to PL, DLTS is capable of detecting both radiative and

nonradiative traps.

The traditional DLTS is a high-frequency capacitance technique, which

allows detecting defects in the depletion region of a Schottky diode or a p–n

junction. For example, electron traps in the depletion region are emptied

under a reverse bias. A forward bias is applied to reduce the band bending

and fill the traps with electrons (a charging or filling pulse). The capacitance

of the diode changes, and this change is proportional to the trap concentra-

tion. After the pulse, the electron occupation of traps returns to equilibrium,

and the capacitance returns to the initial baseline. The capacitance transients

depend on the energy level of a trap and its electron-capture cross-section.

According to Lang (1974), the emission rates of electrons from a trap to the

conduction band, en, and of holes from a trap to the valence band, ep, are

en¼ σn vnh iNcg
�1exp

�ΔE
kT

� �
, (10)

and

ep¼ σp vp
� �

Nvg
�1exp

�ΔE
kT

� �
, (11)

respectively. Here, ΔE¼Ec�ET for the emission of electrons and

ΔE¼ET�Ev for the emission of holes and ET is the transition level energy

for the trap. Equations (11) and (12) are identical to Eqs. (2) and (1), respec-

tively, since QD 	 en and QA 	 ep are just different labels of the same
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quantities. The characteristic time of the electron (hole) emission is defined

as τn 	 e�1
n (τp	 e�1

p ).

For a wide-bandgap semiconductor such as GaN, only majority carriers

are usually detected by the traditional DLTS; i.e., only electron traps are rev-

ealed in n-type GaN. The capacitance change has a maximum at a temper-

ature (Tmax) when τn becomes equal to

τmax ¼ t1� t2ð Þ ln
t1

t2

� �	 
�1

, (12)

where the times t1 and t2 determine the rate window for a DLTS thermal

scan. By changing the t1 and t2 constants, the dependence of τmax on Tmax

can be plotted to find parameters of the trap σn and ET. Traditionally, to

account for the temperature dependence of hvni and Nc, the dependence

of ln(en/T
2) on T�1 is plotted. Then a slope of the dependence gives ΔE,

and the position of the dependence gives σn. By varying the reverse bias

before applying the filling pulse, the trap distribution in depth can be deter-

mined, so that one can distinguish between the near-surface and bulk traps.

Often the near-surface traps are induced during the diode fabrication, e.g.,

by electron beam.

A careful analysis of the capacitance transients at fixed temperatures,

a method called the isothermal DLTS, may allow more accurate deter-

mination of the trap parameters. The resolution and sensitivity of the

DLTS method can be improved by using its modifications such as Laplace

transform DLTS (Dyba et al., 2011) or deep-level transient Fourier

spectroscopy (Asghar et al., 2006). Minority carrier traps in wide-bandgap

semiconductors can be detected by ODLTS, also called the minority carrier

transient spectroscopy (MCTS). In this method, an optical pulse (below or

above bandgap) with an intensity and duration needed to fill the minority

carrier traps is applied. Similar techniques, in which the photocurrent is

measured instead of photocapacitance, include the optical transient current

spectroscopy (Polyakov et al., 1998a), PICTS (Polyakov et al., 1998b), or

optical-current DLTS (Calleja et al., 1997). Note that not only above-

bandgap light can be used to fill hole traps but also below-bandgap light

(Polyakov et al., 2011) or electron beam (Polyakov et al., 1998b). Another

capacitance method for the detection of hole traps in n-type GaN is DLOS.

In this method, the incident light wavelength is changed and the change of

the diode capacitance is plotted as a function of the photon energy. The trap

energy level can be estimated in this method from a threshold of the spectral
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dependence. When the threshold is not abrupt and signals from several

defects overlap, the results of the fit may be less reliable.

5.1. Electron traps
Several electron traps in GaN have been detected by many research groups

using the DLTS technique. A detailed analysis of the electron traps in GaN

can be found elsewhere (Morkoç, 2008). The main electron traps in

GaN are E1 at Ec�(0.14�0.27) eV, E2 at Ec�(0.49�0.60) eV, E3 at

Ec�(0.62�0.67) eV, E4 at Ec�(0.81�0.85) eV, and E5 at Ec�(1.07�1.44)

eV. Note that there is very large scatter in the reported parameters and the

suggested names for the traps.

Sometimes, a DLTS peak is assumed to be caused by a single trap,

whereas a more detailed analysis of its shape at different pulse widths reveals

two or more components contributed by different defects. In such a case,

significant errors in the defect parameters are possible. For example,

Polenta et al. (2000) suggested that the signal observed at about 120 K in

the DLTS spectra of GaN irradiated with electrons (the E trap with apparent

parameters of ΔE¼ 0:18eV and σn¼ 2�10�15 cm2) is in fact caused by a

superposition of two traps, each with ΔE� 0:06eV and σn� 10�20 cm2.

The relatively shallow donors have been preliminary assigned to VN or

the VN-containing complexes.

Significant errors in ΔE and σn may originate from the narrow range of

time windows, when a defect is recognized in a DLTS spectrum as a peak at

Tmax, but the change of Tmax with τmax contains large uncertainty due to

peak broadness or noise. An error in the determination of the slope in

the Arrhenius plot containing only 4–5 points (an error in ΔE) may lead

to an error in σn by orders of magnitude. This sort of error results in a

large dispersion in the reported data for well-identified traps. Morkoç

(2008) illustrates this with an example where different research groups

reported very different parameters (in the ranges of ΔE� 0:5�0:8eV

and σn� 10�16�10�12 cm2) for apparently the same electron trap respon-

sible for a DLTS peak at about 350 K. This is because in Eq. (10),Tmax and en
are determined, butΔE and σn are both unknown. Then, a small error inΔE
causes a large error in σn.

The electron traps are not expected to be optically and electrically active

in n-type GaN unless the role of a depletion region is significant. Indeed, the

above traps are donors with low concentration and relatively large ionization

energy; they are filled with electrons in dark (i.e., neutral) and practically do

not affect the electron conductivity. They cannot be observed in PL
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experiments because defects with levels in the lower half of the bandgap,

especially acceptors, capture photogenerated holes much faster than donors

near the conduction band. Most likely, all electron traps revealed by DLTS

are inefficient nonradiative defects or traps which, being saturated with

charge carriers, remain inactive.

5.2. Hole traps
5.2.1 Optical DLTS
Hole traps are important as defects reducing the efficiency of light-emitting

devices and affecting the electrical parameters of high-power devices. They

are also likely to be detected in PL measurements, because most of the PL

bands in n-type GaN are caused by transitions of electrons from the conduc-

tion band to different acceptors in the lower half of the bandgap

(Reshchikov and Morkoç, 2005). Several hole traps have been detected

in n-type GaN, mostly by ODLTS and DLOS techniques. Since there is

no consensus about the trap names in the literature, we will choose the nota-

tion given by Polyakov et al. (2011) (Table 3).

The dominant hole trap in MOCVD-grown n-type GaN is a trap appe-

aring at about 330 K in the ODLTS spectrum, denoted as H1 by Polyakov

et al. (2011). It has an energy level at EV +0.85 eV, and its appearance and

concentration correlate with the YL band (Calleja et al., 1997; Honda et al.,

Table 3 Hole traps in n-type GaN

Trap
Typical
Tmax

Nominal
EA (eV)

Range of
EA (eV) Other names, similar defects

Shallow

acceptor

105 K 0.25 0.2–0.25 H(0.25) (Auret et al., 2004; Polyakov

et al., 1998a)

H2 205 Ka 0.55 0.5–0.6

H3 235 Ka 0.65 0.6–0.7

H4 270 Ka 0.80 0.7–0.9

H1 330 Ka 0.85 0.81–0.95 H1 (Honda et al., 2012; Tokuda et al.,

2011), H1a (Kamyczek et al., 2012),

H(085) (Auret et al., 2004), and H2

(Polyakov et al., 1998a)

H5 400 Kb 1.2 1.1–1.2

H6 400 Kb 1.05 0.95–1.05

aFor time windows close to 1 s.
bFor time windows close to 10 s.
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2012; Kamyczek et al., 2012; Polyakov et al., 1998a,b). This trap was

detected in undoped and Si-doped GaN by many research groups, and its

energy level in different reports varies between 0.8 and 0.95 eV above

the valence band (Auret et al., 2004; Polyakov et al., 2011). The scatter

in the value of ΔE is often caused by a broadness of the DLTS peak and

by the use of a narrow range of time windows. Figure 13 shows the data

for the H1 hole trap from three reports. A fit for the compound data, which

encompasses more than four orders of magnitude for the characteristic times

of the hole emission, yieldsΔE¼ 0:85eV and σp ¼ 7�10�14 cm2 for the H1

trap (the solid line). The determined value for the hole-capture cross-section

greatly depends on the value of ΔE, because the latter appears in the power

of the exponent in Eq. (11). The calculated σp also depends on the values of
the hole effective mass mp and the degeneracy of the trap level g used in the

expression for the hole emission rate given by Eq. (11). For example, the use

Figure 13 Arrhenius plot for the H1 trap (open symbols) and the H4 trap (closed
squares) from the ODLTS (or MCTS) (Honda et al., 2012; Polyakov et al., 2011) and
Laplace DLTS (Kamyczek et al., 2012) measurements. The solid and dashed lines are fits
using Eq. (11) with the following parameters:ΔE¼ 0:85eV and σp ¼ 7�10�14 cm2 (solid
line),ΔE¼ 0:92eV and σp ¼ 1�10�12 cm2 (dashed line). The dash-dotted line for the H4
trap is a fit using Eq. (11) with the following parameters: ΔE¼ 0:8eV and
σp ¼ 4:6�10�12 cm2. mp ¼ 0:8m0, g¼2 in all fits. Reproduced with permission from
Polyakov et al. (2011), Copyright 2011, AIP Publishing LLC; Honda et al. (2012), Copyright
2012, The Japan Society of Applied Physics; and Kamyczek et al. (2012), Copyright 2012, AIP
Publishing LLC.
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of mp ¼ 1:1m0 and g¼1 (Polyakov et al., 1998b) instead of mp ¼ 0:8m0 and

g¼2 (the fit in Fig. 13), would lead to a higher value of σp by a factor of 2.6.
Interestingly, the mean values ofΔE and σp from several reports (Auret et al.,

2004; Honda et al., 2012; Kamyczek et al., 2012; Muret et al., 2002;

Polyakov et al., 1998b, 2011; Tokuda et al., 2011; ΔE¼ 0:86eV and

σp¼ 8�10�14 cm2) are very close to the ones found from the fit shown

in Fig. 13, whereas ΔE and σp in these works vary in the ranges of

0.81–0.92 eV and 1:4�10�14�1:7�10�13 cm2, respectively, and different

parameters mp and g are used.

A hole trap with a similar to the H1 trap energy level but with a different

capture cross-section was observed as a peak at 270 K in thick GaN layers

grown by HVPE. The new trap is labeled H4 in Lee et al. (2012, 2014)

and Polyakov et al. (2011). It is clear from Fig. 13 that the H1 and H4 traps

are different defects, while their energy levels are close. From the fit shown in

Fig. 13, by taking ΔE¼ 0:8eV, we have found that the H4 trap has a very

large capture cross-section (σp¼ 4:6�10�12 cm2), which explains the large

temperature separation between the Arrhenius plots for the two traps with

similar ΔE.
It is important to note that in the MOCVD-grown GaN the H1 trap is

the dominant hole trap and the H4 trap is absent, whereas in thick GaN

layers grown by HVPE the H1 trap is absent or is present with a very

low concentration (lower than 1013 cm�3), much lower than that for the

H4 trap (�1014 cm�3; Polyakov et al., 2002, 2011, 2014). Many researchers

noted that the H1 trap correlates with the appearance of the YL band in

MOCVD-grown samples. From the quenching of the YL band in undoped

GaN grown byMOCVD, we have determined exactly the same parameters

for the defect responsible for the YL band (Fig. 8). In thick GaN grown by

HVPE, the YL band is rarely detected. The YL band can be detected in these

samples in a time-resolved PL spectrum (Section 4.3.4) and could be related

to the same defect as the H4 trap.

The H5 trap at Tmax�400 K is the dominant trap in freestanding GaN

grown byHVPE (Lee et al., 2011a,b, 2014; Polyakov et al., 2011). The con-

centration of the H5 trap is in the mid 1015 cm�3 in bulk, undoped GaN

grown byHVPE at Kyma Inc., whereas the concentration of other hole traps

in these samples (H2, H3, and H4) is an order of magnitude lower (Polyakov

et al., 2011). TheH5 trap is also observed inMOCVD-grownGaN, but only

after irradiationwith neutrons and following annealing at 1000 °C (Lee et al.,

2011a).Theconcentrationof thesedefects increased linearlywith theneutron

fluence and reached 5�1015 cm�3 for the fluence of 2�1016 cm�2.
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Polyakov et al. (2011) and Lee et al. (2011a) attributed the H5 trap to the

VGaON complex, becauseGa vacancies are expected to be created by neutron

irradiation, while the isolatedVGa cannot survive annealing at such high tem-

peratures and is expected to form a complex with ON (Section 6). The pho-

toionization spectrum for the H5 trap has been obtained by measuring the

ODLTS signal with below-bandgap illumination (Lee et al., 2012, 2014).

It showed a threshold at 2.1–2.2 eV and a plateau for photon energies

2.5–3.1 eV. From the position of the threshold, the transition level for this

defect can be estimated to be at about 1.3 eV. However, it is possible that

the ODLTS signal with below-bandgap illumination is related to another

trap, labeled H6 (Table 3), because it has a slightly different Tmax than the

H5 signal observed with above-bandgap illumination (Lee et al., 2014).

5.2.2 Photoionization spectra
Other popular capacitance-based techniques include SSPC and transient

photocapacitance spectroscopy (or DLOS) (Chantre et al., 1981). In the

SSPC method, a photoinduced change in the capacitance of a p–n or

Schottky diode, ΔC, is plotted as a function of photon energy. For

n-type GaN, the photons with below-bandgap energy excite electrons from

defect levels to the conduction band and produce capacitance steps in an

SSPC spectrumwith onsets corresponding to the energy difference between

the conduction band minimum and defect energy levels. From the ΔC/C0

ratio, where C0 is the dark capacitance, the concentration of a defect can be

determined similar to how it is determined in the DLTS method. In the

DLOS technique, the spectral dependence of the optical cross-section,

σo(ℏω), is obtained from the time derivative of the photocapacitance tran-

sient. The SSPC and DLOS spectra are expected to have similar shapes and

the same onset or threshold because both these methods, as well as photo-

conductivity, optical transmission, and PL excitation spectra, measure a pho-

toionization spectrum.

Figure 14 shows examples of the SSPC andDLOS spectra fromGaN. To

find the defect energy level, a photoionization spectrum is fit with a theo-

retical model. The commonly used Lucovsky (1965) model predicts that

σo ℏωð Þ∝ ℏω�E0ð Þ3=2
ℏωð Þ3 : (13)

For defects in n-type GaN, E0¼Eg�ET, where ET is the defect tran-

sition level energymeasured from the valence bandmaximum.Note that the
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Lukovsky model does not account for electron–phonon coupling and

ignores the thermal broadening. A model of Chantre et al. (1981) is some-

times used to account for these effects. In terms of the CC model (Fig. 3A),

the change in capacitance is caused by a resonant excitation of a defect (tran-

sition AB). The photoionization spectrum is expected to have an onset at

ℏω¼E0 (or higher energies) and reach the maximum at ℏω¼E0 +ΔE,
where ΔE is called the Frank–Condon shift (Fig. 3A). Note that when a

photocapacitance spectrum is measured at room temperature, the thresholds

are blurred and the transition of electrons from a shallow acceptor to the

conduction band can be confused with the band-to-band transition.

One of the main traps identified with the SSPC, DLOS, and DLTS tech-

niques is the H1 trap, which we attributed above to the CNON complex.

The defect with the level at Ev +0.9 eV causes an onset at 2.5–2.6 eV in

the SSPC and DLOS spectra. The Ec �2.6 eV signal greatly increases with

increasing concentration of carbon in GaN samples (Fig. 14) (Armstrong

et al., 2004, 2005a,b; Zhang et al., 2012). It would be logical to assign

the Ec �2.6 eV signal to a C-related defect. However, Armstrong et al.

(2004), Arehart et al. (2008), and Zhang et al. (2012) assigned the Ec

�2.6 eV signal to the VGa defect.

A correlation between the Ec �3.28 eV signal and the concentration of

carbon in GaN has been reported in several works (Armstrong et al., 2004,

Figure 14 SSPC spectra ofm-plane and c-plane MBE GaN. The concentration of carbon
at 0.2 μm depth is 2�1017 and �1�1016 cm�3 for the m-plane and c-plane samples,
respectively. The inset shows the optical cross-section obtained from DLOS, with fits to
the model of Chantre et al. (1981). Reproduced with permission from Zhang et al. (2012),
Copyright 2012, AIP Publishing LLC.
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2005a,b; Zhang et al., 2012). Based on this observation, the authors of these

works assigned the shallow acceptor with a level at about 0.16 eV to the CN

defect. However, such an attribution contradicts recent theoretical calcula-

tions, which predict that the CN acceptor is a deep defect (Section 2). More-

over, it is known from PL studies that the intensity of the 3.27 eV band,

which is attributed to transitions from the conduction band to an

unidentified shallow acceptor, dramatically decreases with carbon doping

(Section 4.3.7). It appears that the onset at 3.28 eV in the SSPC and

DLOS spectra is just a tail from the band-to-band excitation. Indeed, the

SSPC and DLOS signals at ℏω>Eg increase in a similar way with

C doping (Fig. 14). The signal appearing to have an onset at

3.26–3.30 eV might be the Urbach tail (Urbach, 1953) in the room-

temperature photoionization spectrum. The increase of photocapacitance

at ℏω>Eg with increasing C concentration can be attributed, at least

partially, to higher resistivity and an increased depletion region width in

C-doped GaN.

5.2.3 Identification of hole traps
The H1 trap appears to be the same defect as the one responsible for the YL

band in MOCVD-grown GaN. In the past, the YL band and the H1 trap

were often attributed to a VGa-related defect (Section 2). In contrast with

this assignment, Auret et al. (2004) have found that irradiation of GaN with

1.8 MeV protons does not increase the concentration of the H1 trap at

0.85 eV. Demchenko et al. (2013) identify this defect as the CNON com-

plex, although Lyons et al. (2010) suggest that it is an isolated CN defect.

The attribution of the H1 trap to a C-containing defect agrees with results

of Honda et al. (2012), where the concentration of the 0.86 eV hole trap

increased from 1.8�1014 to 2.2�1015 cm�3 with increasing carbon con-

centration from (2–5)�1016 to 1�1017 cm�3 in MOCVD-grown GaN.

The H4 trap could be the isolated CN defect and be responsible for the

YL band in HVPE GaN. Such an attribution can explain why this trap

appears only in thick GaN grown by HVPE and why the capture cross-

section for this trap is much larger than the cross-section for the H1 trap:

the hole-capture cross-section of deep acceptors (CN) is expected to be

larger than the one of deep donors (CNON). The H2 (0.55 eV) or H3

(0.6–0.65 eV) traps are most likely nonradiative defects.

According to the DLTS studies, a hole trap H5 with a level near 1.2 eV

can be the VGaON complex because the trap appeared after irradiation with

neutrons (Lee et al., 2011a). Also, it is the dominant defect in freestanding
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GaN where its concentration is (2–4)�1015 cm�3 (Polyakov et al., 2011).

According to recent calculations (Section 2), transitions of electrons from

the conduction band to the 2�/� level of the VGaON complex should pro-

duce a PL band in the infrared region. An alternative explanation is that the

VGaON complex is a nonradiative defect.

6. VACANCY-RELATED DEFECTS REVEALED BY PAS

The PAS technique was successful in detecting VGa and the VGaON

complexes in GaN. Positrons get trapped at neutral and negatively charged

vacancies because of the missing positive charge. As a result, the positron

lifetime τ increases, and the positron–electron–momentum distribution

(described with parameters S and W) narrows. If only one vacancy-

type defect is present, the positron lifetime spectra can be analyzed by

fitting a sum of exponential decay components, I1=τVð Þexp �t=τVð Þ+
I2=τbð Þexp �t=τbð Þ convoluted with the Gaussian resolution function.

The intensities, I1 and I2, and the lifetime components, τb and τV, are
used to calculate the average positron lifetime as τav ¼ I1τb + I2τV. The
positron lifetime in the defect-free GaN lattice (τb ¼ 160
1ps) and the

lifetime of positrons trapped at negatively charged VGa or VGa-containing

complexes (τV¼ 235
5ps) have been determined using GaN samples with

negligible and high concentrations of the VGa-containing defects, respec-

tively. Then, the concentration of the VGa-containing defects, cV, can be

found as Oila et al. (2001), Reurings and Tuomisto (2007), and Saarinen

et al., (1997, 1998)

cV¼ Nat

μVτb

τ� τb
τV� τ

¼ Nat

μVτb

S�Sb

SV�S
¼ Nat

μVτb

W �Wb

WV�W
, (14)

where Nat is the atomic density of GaN (8.775�1022 cm�3) and μV is the

specific trapping coefficient for the VGa-containing defect. This coefficient

was assumed to be 1�1015 s�1 in early works (Oila et al., 2001; Saarinen

et al., 1997) and adjusted to 3�1015 s�1 in later works (Reurings and

Tuomisto, 2007; Saarinen et al., 2001a). The detection limit for the VGa-

containing defects in GaN can be as low as 1�1015 cm�3 (Oila et al., 2003).

The PAS studies indicate that no Ga vacancies are present in Mg-doped

GaN, but VGa is commonly present in n-type GaN, where its concentration

can reach 1019 cm�3 (Oila et al., 2001; Saarinen et al., 1997). The concen-

tration of the VGa-containing defects increases with O-doping but decreases

with Si-doping (Oila et al., 2001). The annealing experiments clearly

355Point Defects in GaN

Author's personal copy



indicate that the isolated VGa becomes mobile at temperatures exceeding

600 K, and the stable form of the VGa-containing defect in GaN is the

VGaON complex (Oila et al., 2003; Saarinen et al., 2001a,b; Tuomisto,

2007). Thus, in as-grown n-type GaN, the VGaON complexes are the dom-

inant vacancy-related defects, while the isolated VGa can be created by irra-

diation. The VGaON complex is stable up to 1500 K and dissociates at higher

temperatures (Tuomisto, 2007; Tuomisto et al., 2006). As the thickness of

GaN grown by HVPE increases from 1 to 300 μm, the concentration of the

VGaON complexes decreases from 2�1019 to 2�1015 cm�3 (Oila et al.,

2003). A comparison with Hall-effect data shows that the total concentra-

tion of acceptors roughly matches the concentration of the VGaON acceptor;

i.e., this complex is the dominant acceptor in HVPE-grown n-type GaN

where the dominant shallow donor is oxygen (Oila et al., 2003). The typical

concentration of the VGaON defect in n-type GaN grown by different

methods is 1017 cm�3 (HNP), 1015 cm�3 (HVPE and MOCVD),

1016 cm�3 (MBE), and 1018 cm�3 (AT) (Tuomisto et al., 2012). PAS studies

also show that the VNMgGa complexes are formed in GaN doped with Mg,

and that these complexes dissociate at annealing temperatures in the range of

500–800 °C (Hautakangas et al., 2003).

A relation between the YL band and the VGa or VGaON defects deserves

closer attention. Saarinen et al. (1997) observed a correlation between the

YL band intensity and the concentration of the VGa-related defects in

GaN grown by the HNP method (Fig. 15). However, the YL band in this

work was measured from the GaN/sapphire interface where the concentra-

tion of various defects is very high and may not be reproducible. Reurings

and Tuomisto (2007) observed an opposite relation between the YL inten-

sity and the concentration of the VGa-containing defects in C-doped GaN

samples (Fig. 15). Moreover, Xu et al. (2010) noticed that, in GaN samples

with an undetectable amount of Ga vacancies, the YL intensity was signif-

icantly higher than that in GaN samples containing VGa with a concentration

of�1017 cm�3. Suihkonen et al. (2013) also noted that the YL band in GaN

is not related to Ga vacancies, because no increase of the YL intensity with

increasing concentration of VGa was observed.

Another argument in favor of the VGaON attribution of the YL band was

the good agreement between the concentrations of all acceptors from the

Hall-effect data (3�1015 cm�3), YL/GL-related defects from PL

(2�1015 cm�3), and the VGaON complexes from PAS (2�1015 cm�3) in

high-purity freestanding GaN grown by HVPE at the Samsung Institute

of Advanced Technology (Reshchikov and Morkoç, 2005). However,
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the “effective thickness” model, which was used to find the defect concen-

tration from PL, can overestimate the defect concentration by a factor of 2–3

as compared to a more advanced model which accounts for the exponential

decrease of the incident light intensity in semiconductor depth

(Reshchikov, 2012a). The accuracy of the acceptors concentration from

the Hall effect and the VGa-related defects from PAS is also not high. In par-

ticular, the parameter μV in Eq. (14) is not well known for the VGa-

containing defects in GaN.

In summary, it appears that neither the isolated VGa nor the VGaON com-

plex is related to the YL band, but the idea that the YL band is caused by a

VGa-containing defect at least in some GaN samples is still widespread (Lee

et al., 2014; Uedono et al., 2014).

7. POINT DEFECTS REVEALED BY MAGNETIC
RESONANCE TECHNIQUES

The VGaON complex was detected by EPR in freestanding HVPE

GaN (Son et al., 2009). After irradiating the samples with 2-MeV electrons

Figure 15 Dependence of the YL intensity (normalized for a sample with the strongest
YL band) as a function of the concentration of the VGa-containing defects as determined
from PAS. The dashed line is a linear dependence with a zero intercept. Reproduced with
permission from Saarinen et al. (1997), Copyright 1997 by The American Physical Society
and Reurings and Tuomisto (2007), Copyright 2007 Society of Photo Optical Instrumenta-
tion Engineers.
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at room temperature, the EPR experiments with below-bandgap illumina-

tion were performed at 77 K. A strong D2 signal with a characteristic fine

structure was identified as the negatively charged VGaON complex. The D2

signal started increasing at photon energy of 1.24 eV and reached a plateau at

1.8 eV. The signal persisted for at least 1 day after switching off the light at

77 K. The authors suggest that the D2 signal at photon energies between

1.24 and 2.1 eV is caused by the excitation of electrons from the 2�/� level

of VGaON to the higher lying electron traps, while the signal at higher pho-

ton energies was attributed to electron transitions from the same 2�/� level

to the conduction band with the following capture of the electrons by elec-

tron traps. From this, the location of the 2�/� level of VGaON was esti-

mated to be at 1.2–1.4 eV above the valence band. We propose that the

threshold at 1.24 eV may correspond to the beginning of transitions from

the 2�/� level to the conduction band, because the intercenter transitions

are much less likely. Then, the 2�/� level should be placed at 2.25 eV

above the valence band. According to the hybrid functional calculations,

the 2�/� level of the VGaON complex is predicted to be at 1.75 eV

above the valence band maximum (Section 2), which is between our esti-

mate and the estimate of Son et al. (2009).

Glaser et al. (1995) conducted ODMR spectral studies of the YL band in

undoped GaN. A sharp resonance with gjj¼1.9515 and g?¼1.9485 was

attributed to the effective-mass shallow donors, while a broad resonance

with gjj¼1.989 and g?¼1.992 was attributed to a deep donor. These res-

onances increased the YL intensity, and their spectral dependences matched

the one of the YL band. Glaser et al. (1995) proposed that the YL band is

caused by transitions from a deep donor to a shallow acceptor, whereas

the spin-dependent transition from a shallow donor to the deep donor

was assumed to be nonradiative. Hofmann et al. (1995) obtained similar

results; however, they assigned the YL band to transitions from the shallow

donor to the deep donor. An argument in favor of the deep donor (not a

deep acceptor) was the value of the g-factor: the observed resonance has a

lower g value than the free-electron value, while for acceptors a larger value

is expected. Later, Glaser et al. (2002) agreed with the shallow donor-deep

center model but concluded that the donor or acceptor character of the deep

center remained an open question from a magnetic resonance viewpoint.

For the broad band peaking at 3.0 eV in high-resistivity GaN, in addition

to the effective-mass signal, Glaser et al. (2002) observed two resonances: an

isotropic signal with g¼1.978 and a weaker feature with gjj¼2.022 and

g?¼2.008. This PL band could be the same as the BL2 band observed only
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in high-resistivity GaN (Section 4.3.6). For the RL band in freestanding

GaN grown by HVPE, Glaser et al. (2001) observed an isotropic signal with

g¼2.019. Finally, for the GL band in the freestanding GaN (see

Section 4.3.4), Glaser et al. (2001) observed an effective-mass signal and a

resonance labeled A1 with gjj¼1.975 and g?¼1.969.

Important results on native defects in GaN have been obtained from

EPR studies. By using electron irradiation in situ at 4 K, Chow et al.

(2004) detected the Ga interstitial defect in its 2+ paramagnetic state.

The related signals, labeled L5 and L6, disappeared after several hours at

room temperature, indicating that Gai is mobile at this temperature. A PL

band with a maximum at 0.95 eV appears after the electron irradiation.

The L5 signal competes with the PL, while the L6 signal is directly or indi-

rectly involved in the production of the 0.95 eV band. The 0.95 eV band has

been attributed to a radiative transition of a hole from the valence band to the

triply negatively charged Ga vacancy located in the vicinity of the Gai defect.

Such an assignment agreed with the expected creation of Gai–VGa Frenkel

pairs under electron irradiation and with the energy levels of VGa calculated

by Neugebauer and Van de Walle (1996).

8. SUMMARY

A significant progress is achieved in recent years in understanding

of point defects in GaN. Theoretical predictions continue to improve,

but to verify their accuracy, reliable experimental data, and unambiguous

identification of defects are needed. In undoped GaN grown by different

techniques, the concentrations of uncontrolled defects are in the 1015–

1016 cm�3 range or even higher. From detailed analysis of several point

defects in undoped, Si-, and C-doped GaN, using luminescence and other

experimental techniques and theoretical calculations, the following conclu-

sions can be drawn.

The YL band with a maximum at 2.2 eV is related to carbon. In the

majority of GaN samples, it is the CNON complex with a transition level

at 0.85 eV above the valence band. This defect is also the dominant trap

H1 with the hole-capture cross-section of σp ¼ 7�10�14 cm2 detected in

optical DLTS studies. In high-purity GaN (usually thick HVPE GaN), a

similar YL band is apparently caused by the CN defect. The capture of

two holes by this defect in n-type GaN leads to the GL band with a max-

imum at 2.4 eV.
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In high-resistivity GaN, either the RL2 band (maximum at 1.8 eV) and

GL2 band (2.35 eV), or the BL2 band (3.0 eV) can be observed. The GL2

band is identified as the VN defect. The BL2 band is a complex involving

hydrogen and possibly carbon. The identity of the RL2 band is unknown.

These bands are not observed in high-quality, conductive n-type GaN.

The BL band with a maximum at 2.9 eV is caused by transitions of elec-

trons from the conduction band (or shallow donors) to the ZnGa acceptor

(transition level at 0.4 eV above the valence band). It can be detected in

undoped GaN grown by MOCVD or HVPE due to contamination from

the sources or the reactor. The UVL band with a maximum at 3.27 eV is

caused by the unidentified shallow acceptor. The MgGa defects might be

the source, while carbon should be excluded from the candidates.

The VGaON complexes are present in undoped n-type GaN and can be

detected in positron annihilation experiments. The hole trap H5 (with a

level at 1.2 eV above the valence band), which is the dominant hole trap

in thick HVPE GaN according to optical DLTS studies, is very likely the

VGaON complex. It appears that this defect is nonradiative, or its emission

is in the infrared region.
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