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Gallium nitride (GaN) and its allied binaries InN and AIN as well as their ternary compounds have
gained an unprecedented attention due to their wide-ranging applications encompassing green, blue,
violet, and ultraviolet (UV) emitters and detectors (in photon ranges inaccessible by other
semiconductors) and high-power amplifiers. However, even the best of the three binaries, GaN,
contains many structural and point defects caused to a large extent by lattice and stacking mismatch
with substrates. These defects notably affect the electrical and optical properties of the host material
and can seriously degrade the performance and reliability of devices made based on these nitride
semiconductors. Even though GaN broke the long-standing paradigm that high density of
dislocations precludes acceptable device performance, point defects have taken the center stage as
they exacerbate efforts to increase the efficiency of emitters, increase laser operation lifetime, and
lead to anomalies in electronic devices. The point defects include native isolated defects (vacancies,
interstitial, and antisites), intentional or unintentional impurities, as well as complexes involving
different combinations of the isolated defects. Further improvements in device performance and
longevity hinge on an in-depth understanding of point defects and their reduction. In this review a
comprehensive and critical analysis of point defects in GaN, particularly their manifestation in
luminescence, is presented. In addition to a comprehensive analysis of native point defects, the
signatures of intentionally and unintentionally introduced impurities are addressed. The review
discusses in detail the characteristics and the origin of the major luminescence bands including the
ultraviolet, blue, green, yellow, and red bands in undoped GaN. The effects of important group-II
impurities, such as Zn and Mg on the photoluminescence of GaN, are treated in detail. Similarly, but
to a lesser extent, the effects of other impurities, such as C, Si, H, O, Be, Mn, Cd, etc., on the
luminescence properties of GaN are also reviewed. Further, atypical luminescence lines which are
tentatively attributed to the surface and structural defects are discussed. The effect of surfaces and
surface preparation, particularly wet and dry etching, exposure to UV light in vacuum or controlled
gas ambient, annealing, and ion implantation on the characteristics of the defect-related emissions
is described. © 2005 American Institute of Physics. [DOI: 10.1063/1.1868059]
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l. INTRODUCTION

Gallium nitride and its alloys with InN and AIN have
emerged as important semiconductor materials with applica-
tions to green, blue, and ultraviolet portions of the spectrum
as emitters and detectors and as high-power/temperature ra-
dio frequency electronic devices. However, further improve-
ments in device performance hinge on understanding and
reduction of extended and point defects. The lack of native
substrates makes the fabrication of efficient and reliable de-
vices particularly difficult, which is typified by dislocation

YElectronic mail: mreshchi@vcu.edu
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densities in the range of 10°-10'" cm™ on sapphire sub-
strates unless special precautions are taken. Isolated point
defects and defects related to dislocations are responsible for
a variety of ailments in devices. In detectors, they manifest
themselves as excess dark current, noise, and reduced re-
sponsivity. In light-emitting devices, they reduce radiative
efficiency and operation lifetime. Furthermore, the point de-
fects and complexes are generally the culprits for parasitic
current paths. Moreover, they decrease the gain and increase
the noise—particularly the low-frequency noise—in elec-
tronic devices, increase the threshold current, the slope effi-
ciency and operation lifetime of lasers, and are source of
instability particularly in devices relying on charge control
and high electric fields such as field-effect transistors.

It is customary to bring a variety of techniques to probe
the optical and electrical signatures associated with point de-
fects. Luminescence is a very strong tool for detection and
identification of point defects in semiconductors, especially
in wide-band-gap varieties where application of electrical
characterization is limited because of large activation ener-
gies that are beyond the reach of thermal means. In spite of
considerable progress made in the last decade in light-
emitting and electronic devices based on GaN, understanding
and identification of point defects remain surprisingly enig-
matic. One of the reasons is a vast number of controversial
results in the literature. Therefore, a critical review of the
state of understanding of point defects, particularly the issues
dealing with their manifestation in luminescence experi-
ments, is very timely. Even though the optical properties of
GaN have been reviewed by Monemar, '™ only a small frac-
tion of those reviews concerned themselves with defect-
associated luminescence in GaN. It should also be noted that
a brief review of point defects and their optical properties in
GaN can be found in earlier reviews and books prepared as
part of the general properties of GaN.>" In many original
works and reviews, analysis of the luminescence is limited to
excitonic emission, a field which is well understood, leaving
out an earnest discussion of point defects in GaN which still
remain unidentified. Traditionally by point defects one means
native defects, impurities, and complexes with the size com-
parable to the nearest atomic distance. Besides point defects,
the crystal lattice may contain extended defects, such as dis-
locations, clusters, domains, voids, etc. The latter commonly
do not contribute to the luminescence, although may signifi-
cantly affect the optical and electronic properties of the ma-
terial by trapping carriers or gettering the point defects.

In order to illustrate the myriad of optical transitions that
could be and have been observed in the luminescence spectra
of GaN associated with defects, we present a table summa-
rizing them (Table I) as well as a figure (Fig. 1) showing a
schematic description of the related transitions and energy
positions within the gap of the defect levels we are about to
discuss in detail throughout the review. In addition to the
luminescence energy-band positions, Table I tabulates their
nomenclature and provides brief comments and references to
the sections of this review where these lines and bands are
discussed in detail. The energy position of the luminescence
lines and bands may depend on strain in thin GaN layers,
temperature, and excitation intensity. Therefore, in Table I
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TABLE I. List of main luminescence lines and bands in GaN.

Maximum
position Reference to the text
(eV) Nomenclature Doping Comments (pages)
3.478 FE, X, Undoped 69-71
3.471 DBE, DOXA Undoped, Si A few close lines 71-75
3.466 ABE, A°X,  Undoped, Mg  Best FWHM <0.1 meV 73-75
3.44-3.46 TES Undoped Plethora of lines 71-72
3.455 ABE Zn A weaker peak at 3.39 eV 49, 71-72
3.45-3.46 Y, Undoped Correlates with inversion domains ~ 75-82
3.41-3.42 Y, Undoped 75-82
3.397 Be e-A type 64
3.387 FE-LO Undoped 69-71
3.38 DBE-LO Undoped 71-73
3.38 Be DAP type 64
3.37-3.38 Ys Undoped 75-82
3.375 ABE-LO Undoped 73-74
3.364 ABE-LO Zn 49, 71-72
3.35-3.36 Y, Undoped 75-82
3.34 Ys Undoped 75-82
3.30-3.32 Ye Undoped 75-82
3.295 FE-2LO Undoped 69-71
3.288 DBE-2LO Undoped 71-75
3.283 ABE-2LO Undoped 71-75
3.28 UVL Undoped e-A type 34-37
3.272 ABE-2LO Zn 49, 71-72
3.27 DBE DBE in cubic GaN 67-68
3.26 UVL Undoped, Si DAP type 19, 34-37, 47-48, 63
3.1-3.26 UVL Mg e-A and DAP 53, 54, 56-62
3.21-3.23 Y, Undoped 75-82
3.16 Shallow DAP in cubic GaN 67-68
3.08 Yy Undoped 80
3.08 C In cubic GaN 68-69
3.0-3.05 BL C Broad 63-64
2.9-3.0 BL Undoped, Fe Broad, unstable intensity 83-84
2.9 BL P Broad, with fine structure 66
2.88 BL Undoped Broad, with fine structure 19, 38-41, 47-48
2.88 BL 7n Broad, with fine structure 48-52
2.86 Y, Undoped 80
2.8 Yo Undoped 80
2.8 BL Cd Broad, with fine structure 64-65
2.7-2.8 BL Mg Broad, large shifts 56-62
2.6-2.8 BL Undoped Broad, surface related 83
2.68 Y, Undoped 80
2.6 GL As Broad, with fine structure 65-66
2.6 GL Zn Broad 48, 52
2.56 AL Undoped Broad 47
2.51 GL3 Undoped Broad 47
2.5 Ca Broad 64
24-25 Mg-O Broad 62
248 GL Undoped Broad 29-34
243 Hg Broad 65
2.36 GL2 Undoped Broad 19, 42-48
22-23 YL Undoped, C Broad 19-34, 47-48, 63
1.9-2.1 C Broad, in cubic GaN 68-69
1.8-2.0 RL Undoped Broad 19, 41, 47-48
1.85 RL2 Undoped Broad 19, 42-48
1.8 Zn Broad 48, 52
1.7-1.8 Mg Broad 62
1.66 Undoped Broad 42
1.64 C Broad 63-64
1.3 (Fe) Sharp 67
1.27 Mn Broad 65
1.193 (Ti,Cr)? Sharp 67
0.95 Undoped Sharp, irradiation induced 66

0.85-0.88 Undoped Sharp, irradiation induced 66
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FIG. 1. Radiative transitions associated with major doping impurities (see
Sec. V) and unintentionally introduced defects (Sec. IV) in GaN. For the
V5.On complex, two charge states are shown (Sec. IV B). Transitions re-
sulting in the GL2 and RL2 bands are assumed to be internal and the related
defect levels are unknown (Sec. IV F).

we give the energy positions corresponding to the strain-free
GaN at low temperatures and excitation intensities. In the
case of dispersion in the reported data for a particular lumi-
nescence band, we give the most commonly observed energy
position. In Fig. 1, the positions of the energy levels are
shown in scale, whereas the radiative transitions, depicted by
the arrows, correspond to the zero-phonon line, which has
higher photon energy than the maximum of the broad lumi-
nescence band due to the Stokes shift.

The arrangement of this review is as follows: in Sec. II
the theoretical predictions from the first-principles calcula-
tions regarding the formation probability and energy levels
of main point defects in GaN are reviewed. Although the
accuracy of the predictions may not be sufficiently high,
these efforts as a minimum provide a first-order idea on what
kind of defects we may expect in GaN while undertaking the
task of analyzing the luminescence data. Section III presents
basics of the luminescence methods employed. In Sec. IV,
the properties of the main luminescence bands in uninten-
tionally doped GaN are reviewed. The plethora of data pub-
lished in literature are classified and analyzed, particularly
dealing with the notorious yellow luminescence in undoped
GaN. The results of different works are often controversial
and need careful analysis. In this section, we present some
previously unpublished data obtained in our laboratory in
order to assist the reader to better formulate a model for a
complete picture.

Luminescence from defects intentionally introduced in
GaN (by doping, postgrowth implantation, or by irradiation
damage) is analyzed in Sec. V. Among the numerous impu-
rities we give particular attention to magnesium and zinc
since these two impurities are of paramount importance for
GaN-based devices and the published luminescence proper-
ties of GaN doped with Zn and Mg are very controversial.
Impurities, such as transition metals and rare-earth elements,
are reviewed very briefly, being beyond the scope of the
theme of this review since the luminescence properties of
semiconductors doped with these impurities are almost inde-
pendent of the host material, being determined mostly by
internal transitions associated with these elements but modi-
fied some by the crystal field of the host material. Section VI

J. Appl. Phys. 97, 061301 (2005)

briefly reviews luminescence from the other metastable
phase of GaN—zinc-blende or cubic GaN. This crystal poly-
type is not well developed and not widely used. Conse-
quently, much less space is devoted to defects in cubic GaN.

We also briefly review the near-band-edge luminescence
related to recombination of excitons in GaN in Sec. VII, in
part for completeness and in part to distinguish the typical
excitonic lines from the unusual luminescence lines appear-
ing in the same energy range. The properties of the unusual
luminescence lines, inclusive of those that are now attributed
to artifacts mistakenly reported in the literature as being re-
lated to GaN, are discussed in Sec. VIII. In some cases, the
luminescence in GaN evolves under ultraviolet illumination.
The changes may be quite large and they are usually detected
on time scales ranging from a few seconds to several hours.
These changes may be due to metastability of point defects
or some light-induced changes at or near the surface of GaN.
In this vein, unstable luminescence and the effect of different
ambient on luminescence are presented in Sec. IX. Finally,
Sec. X brings this comprehensive review to a close with a
brief summary.

Il. FORMATION AND ENERGY LEVELS OF POINT
DEFECTS IN GaN

In this section, the salient features of theoretical calcula-
tions that may help to identify luminescence bands in un-
doped and doped GaN are reviewed. In early studies, Jenkins
and Dow,'* based on an empirical tight-binding theory, have
estimated the energy levels of vacancies and antisites in
GaN. In the past decade since then, ab initio computational
methods significantly improved the accuracy of predictions
of the defect energy levels in GaN. Neugebauer and Van de
Walle,lsf17 and Boguslawski et al.,18 have estimated not only
the energy levels of the main point defects in GaN but also
their formation energies and possible range of concentra-
tions. Thereafter many theoretical groups employed and de-
veloped the first-principles calculations germane to nitrides
for improved predictions and exploring the likelihood of for-
mation of numerous point and structural defects in this
material.'”*

A. Theoretical approach

The concentration ¢ of a point defect in the semiconduc-
tor formed at a temperature 7 under thermodynamic equilib-
rium conditions is determined by its formation energy E' as

s FE

C=Nsilesexp<;_kT>9 (1)

where N 1S the concentration of sites in the lattice where
the particular defect can be incorporated (Ng.,~4.4
X 10?2 cm™ for the substitutional defects in GaN) and § is
the formation entropy, which is about 6k."* When the de-
fects or their constituents are impurities, Eq. (1) gives an
upper limit of their possible concentrations on the assump-
tion that the impurities are abundantly available during the
growth. Although the growth is a nonequilibrium process, at
sufficiently high growth or annealing temperatures the con-
ditions may be approximated as in equilibrium. Equation (1)
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shows that F/ is the key parameter for estimating likelihood
of defect formation. Obviously, the defects with high forma-
tion energies have less probability to form.

The formation energy can be calculated in the formalism
of Zhang and Nor‘[hlrup25 as

Ef(q’EF) =Eq) - E]t:)(:]tlk - E nip;+ qEg, (2)

where E''(q) is the total energy of a supercell containing one
defect in the charge state g, Epy, is the total energy of the
defect-free supercell, n; is the number of atoms of type i in
this supercell, w; is the chemical potential of atoms of type i,
Ep (the Fermi level) is the electron chemical potential with
respect to the valence-band maximum. The chemical poten-
tials for Ga and N are usually considered for extreme growth
or annealing conditions: tg,=Ugamuk) for the Ga-rich case
and pun=py, for the N-rich case. Note that these values are
not independent in that pg,+ un=MgaN- The formation en-
ergy of the charged defects depends on the charge and the
Fermi level at the time of defect formation (during growth or
annealing). As can be seen from Eq. (2), the formation en-
ergy of the positively (negatively) charged defects increases
(decreases) as the Fermi level moves from the valence-band
maximum towards the conduction band. The slope of this
variation is proportional to the charge state of the defect. The
energy at which the levels corresponding to different charge
states intersect determines the ionization level of the defect.
Note that the calculations of the total energy may in general
give an error of up to a few tenths of eV, and a variety of
corrections is often used to improve the accuracy. The details
on the first-principles calculations used for defects in GaN
can be found in the recent review by Van de Walle and
Neugebauer.26

The above approach enables one to calculate not only
the formation energies and positions of the defect levels but
also the binding and dissociation energies of complex de-
fects, local modes of vibrations, and migration barriers or
diffusivity of point defects. Any agreement between different
groups, using slightly different approaches, increases confi-
dence in the reliability of the results.

B. Native point defects

Native defects are always present in semiconductors and
notably affect the electrical and optical properties of the host
material. They are often formed as compensation sources
when dopants are introduced, or as a result of nonstoichio-
metric growth or annealing. The isolated native defects take
the form of vacancies, interstitials, and antisites. Complex
defects formed through interaction of isolated native defects,
and combinations of native defects and impurities are con-
sidered in Sec. II D.

Figure 2 shows the calculated formation energies for all
isolated native point defects in GaN as a function of the
Fermi level in all stable charge states. The transition levels so
calculated for the native defects are illustrated in Fig. 3. The
slope of each line in Fig. 2 represents a charge of the defect.
For each charge state only the segment giving the lowest
overall energy is shown. The changes in slope of the lines

J. Appl. Phys. 97, 061301 (2005)
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FIG. 2. Formation energies as a function of Fermi level for native point
defects in GaN. Ga-rich conditions are assumed. The zero of Fermi level
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Limpijumnong and Van de Walle, Phys. Rev. B 69, 035207 (2004). Copy-
right (2004) by the American Physical Society.

represent the energy level of the defect (Fig. 3) that can be
measured experimentally. It is clear from Fig. 2 that self-
interstitial and antisite defects have very high formation en-
ergies and thus are unlikely to occur in GaN during growth at
least in n-type GaN. Gallium and nitrogen vacancies may be
abundant in n- and p-type GaN, respectively. It must be
noted, however, that electron irradiation or ion implantation
can create the defects which have high formation energy in
large concentrations.

1. Vacancies

Similar to the case of GaAs,27 vacancies in GaN are
multiply charged defects, and several defect levels may ap-
pear in the energy gap (Fig. 3). A gallium vacancy (V,) may
be the dominant native defect in n-type GaN, whereas the
nitrogen vacancy (Vy) may be abundantly formed in p-type
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FIG. 3. Transition levels for native defects in GaN, determined from forma-
tion energies displayed in Fig. 2. Adapted with permission from Limpijum-
nong and Van de Walle, Phys. Rev. B 69, 035207 (2004). Copyright (2004)
by the American Physical Society.
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GaN. Evidently N-rich conditions favor formation of Vg,
while in the Ga-rich case the formation of Vg, is facilitated.

a. Gallium vacancy. The gallium vacancy has relatively
low formation energy in n-type GaN when the Fermi level is
close to the conduction band. Being an acceptorlike defect,
the Vg, acts as a compensating center. The 2—/3—, —/2—,
and 0/— transition levels of Vg, are estimated at 1.10, 0.64,
and 0.25 eV, respectively (Fig. 3).21 Slightly larger values of
the ionization energies (about 1.5, 1.0, and 0.5 eV, respec-
tively) have been reported by other authors.”**® However,
the formation energies of V. are consistently low when the
Fermi level is close to the conduction band. In n-type GaN
the Ga vacancy is completely filled with electrons, and cap-
ture of a photogenerated hole, e.g., during photolumines-
cence measurements, may lead to radiative transition of an
electron from the conduction band or from a shallow donor
level to the 3—/2— level of Vg,. The calculated migration
barrier for V2, is relatively low: 1.9 eV.>! Therefore, the Ga
vacancies are mobile in a wide range of temperatures typi-
cally used during growth or thermal annealing. It is likely
that they migrate and form complexes with more stable de-
fects.

b. Nitrogen vacancy. Early calculations predicted the en-
ergy levels of the nitrogen vacancy to be close to or inside
the conduction band.'*">'® In fact, owing to these early cal-
culations, the n-type conductivity in undoped GaN has for a
considerable period of time been attributed to VN,14 an attri-
bution which is still in circulation. However, the first-
principles calculations showed that Vi might be formed in
detectable concentrations in n-type GaN only under Ga-rich
conditions."™'® In this scenario, an electron from the reso-
nance 0/— state would autoionize to the bottom of the con-
duction band, where it would form an effective-masslike
state bound by the Coulomb tail of the vacancy potential. 15.18
Thus Vy acts as a donor. There is only one transition level for
Vn in the gap which is the 3+/+ state situated at about
0.5£0.2 eV above the valence-band maximum (Fig. 3). 212
The 2+ charge state is unstable, and transition from + to 3
+ charge state causes a large lattice relaxation.”'*** The
migration barrier for the charge states 3+ and + is estimated
at 2.6 and 4.3 eV, respectively.21 Similar to the case of Vg,
the relatively low migration barriers (at least for V) could
pave the way for the formation of complexes between Vy
and more stable defects during high-temperature growth or
annealing, especially in p-type GaN where the 3+ state may
dominate.

¢. Divacancy. A divacancy (Vg,Vy) has relatively high
formation energy in GaN and is unlikely to form in large
concentrations (Fig. 4). This particular defect, if formed, is
expected to produce at least two deep levels in the energy
gap of GaN and behaves as a double acceptor in n-type and
as a double donor in p-type GaN 22

2. Interstitials and antisite defects

Formation of interstitial and antisite defects is often con-
sidered to have a low probability in GaN due to the small
lattice constant of GaN and the large size mismatch between
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FIG. 4. Calculated formation energies and ionization levels for the defects
in GaN in the Ga-rich case. The dashed lines correspond to isolated point
defects and the solid lines to defect complexes, respectively. Reprinted with
permission from Mattila and Nieminen, Phys. Rev. B 55, 9571 (1997).
Copyright (1997) by the American Physical Society.

Ga and N atoms.*” However, under certain conditions some
of these defects may form but in very small concentrations.

a. Gallium interstitial. The large size of the Ga atom leads
to high formation energies of the Ga interstitial (Ga;) and
associated fairly large lattice relaxations. Only the octahedral
site is stable for Ga,».21 Although in n-type or under N-rich
conditions the formation of Ga; is improbable in thermody-
namic equilibrium, it may form under electron irradiation in
GaN or under conditions used for p-type growth (Fig. 2).
Similar to Vi, Ga; is a donor with the resonance +/0 state in
the conduction band and a 3+/+ state deep in the band gap
(Fig. 3)."*! The 3+/+ energy level is predicted at about 2.5
eV above the valence band.”’ A metastable behavior is pos-
sible for the 3+ state.”! The migration barrier for Ga; is esti-
mated as approximately 0.9 ev,”! in agreement with the ex-
perimental results of Chow et al.*' who have discovered the
mobile Ga; in irradiated GaN at temperatures below room
temperature (Sec. V C 4). Note that the optically detected
electron-paramagnetic-resonance (ODEPR) experiments in
Ref. 31 apparently detected the 2+ charge state of Ga;, which
was predicted to be unstable.”! Tt is possible that the meta-
stable 2+ state could be activated by optical excitation.”!
High mobility of Ga; even at room temperature implies that
Ga, is trapped by some other defect(s) and does not exist in
GaN as an isolated defect in equilibrium.

b. Nitrogen interstitial. The nitrogen interstitial (N;)
forms a N-N bond.">"*?""* 1t has a high formation energy,
especially in Ga-rich conditions (Fig. 2). Up to four stable
levels corresponding to different charge states of N; can be
formed in the energy gap (Fig. 3).”' The N-N bond distance
monotonically decreases with an increasing charge of Nj,
approaching the bond distance in a N, molecule in the case
of N?+.15’21 Note that the two N atoms share one N site in
apparently equal relation. The highest stable level (-/0) is
expected at about 2 eV above the valence-band maximum.?'
Therefore, in n-type GaN, N; will act as a simple acceptor.
However, the formation energy of this defect is too high in



061301-8 M. A. Reshchikov and H. Morkog

GaN grown under equilibrium Ga-rich conditions. The mi-
gration barrier for N; is only about 1.5 eV for the — and
3+ charge states,21 so that diffusion of nitrogen interstitials is
likely to occur in GaN at temperatures slightly above room
temperature.

c. Gallium antisite. The gallium antisite (Gay) introduces
a few deep levels in GaN (Fig. 3)."*?' The 4+/3+ level of
Gay is expected at about 0.9 eV above the valence band.”!
Therefore, in p-type GaN this native defect may be respon-
sible for significant compensation if the Ga-rich conditions
are used. Large outward lattice relaxation around the Gay
has been noted by several theorists.'*%*

d. Nitrogen antisite. The nitrogen antisite (Ng,) appar-
ently introduces three”! or perhaps even four®> deep levels in
the energy gap of GaN (Fig. 3). It can behave as a compen-
sating double donor in p-type GaN or an acceptor in n-type
GaN. The formation energy of N, is very high regardless of
the position of the Fermi level, especially under Ga-rich con-
ditions (Fig. 2). It should be pointed out that Mattila ez al.**
predicted a reasonably low formation energy of Né‘a in
strongly n-type GaN grown under N-rich conditions.

The neutral N, defect may exhibit a metastable behav-
ior, similar to its analog in GaAs which is known as the EL2
defect.*>** Mattila et al.** and Gorczyca et al” predicted
that the neutral Ng, defect can transform into V,N; defect in
cubic GaN.

C. Impurities

Generally, C, Si, and Ge on the Ga sites and O, S, and Se
on the N sites are considered as shallow donors in GaN,
whereas Be, Mg, Ca, Zn, and Cd on the Ga sites and C, Si,
and Ge on the N sites could potentially give rise to relatively
shallow acceptors in this semiconductor. Below we briefly
review the formation energies and energy levels calculated
from first principles and by using the effective-mass method.
While the former could predict which defect is easier to
form, the latter could provide a much better accuracy in de-
termining the ionization energy.

1. Shallow donors

Wang and Chen™ calculated the energy levels of substi-
tutional shallow donors in GaN in the effective-mass ap-
proximation accounting for such effects as mass anisotropy,
central-cell potential correction, and the conduction-band-
edge wave function of the host material. They deduced the
following donor ionization energies in wurtzite GaN: 34.0,
30.8, and 31.1 meV for C, Si, and Ge on the Ga site, and
32.4, 29.5, and 29.5 meV for O, S, and Se on the N sites.
Boguslawski and Bernholc?® considered substitutional C, Si,
and Ge impurities in wurtzite GaN in the framework of first-
principles calculations. They have found that formation en-
ergies of Sig, and Geg, donors are reasonably small (0.9 and
2.3 eV, respectively, for Ga-rich conditions), while formation
of Cg, donor has a low probability. In various theoretical
investigations the formation energy of neutral Cg, has been
estimated as 4—4.7 eV for the N-rich case and 5.7-6.5 eV for
the Ga-rich case.”**"¢ Neugebauer and Van de Walle'” and
Mattila and Nieminen®* have obtained small formation ener-
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FIG. 5. Calculated formation energies as a function of Fermi level for shal-
low donors and acceptors in GaN grown in the most favorable for these
dopants conditions (except for Sig, which should have even lower formation
energy in Ga-rich conditions). Solid lines—Ga-rich case, dashed lines—N-
rich case. The zero of Fermi level corresponds to the top of the valence
band. The data for Ca, Zn, Mg, and Be are taken from Ref. 30, C—from
Ref. 36, and O and Si—from Ref. 53 with kind permission from the authors.

gies for Oy and Sig, donors (both below 2 eV in the Ga-rich
case). With decreasing the Fermi level, the formation energy
of the shallow donors linearly decreases (Fig. 5), so we may
expect an even easier formation of the substitutional shallow
donors in high-resistivity or p-type GaN if these impurities
are present in the growth environment.

2. Substitutional acceptors

Ionization energies of the main substitutional acceptors
in wurtzite and also zinc-blende GaN have been calculated in
the effective-mass approximation by Mireles and Ulloa” and
Wang and Chen,”® the results of which are presented in Table
II.

As tabulated in Table II, the main candidates for the
shallow acceptors are Beg,, Mgg,, Cy, and Siy. Podor” con-
cluded from the analysis of the electronegativity differences
between the acceptor atoms and the host atoms that the ion-
ization energy of Beg, is the smallest among the likely ac-
ceptors and is only slightly greater than the effective-mass
value estimated by the same author as 85 meV. In the order
of increasing ionization energies, the other Ga-substitutional
acceptors are Mg, Zn, Cd, and Hg, as follows from the elec-

TABLE II. Calculated acceptor ionization energies (in meV) for wurtzite
(wz) and zinc-blende (zb) GaN.

E,(wz) E,(wz) E,(zb) E,(zb)
Acceptor (Ref. 38) (Ref. 37) (Ref. 38) (Ref. 37)

Beg, 187 204 183 133
Mgg, 224 215 220 139
Cag, 302 259 297 162
Zng, 364 331 357 178
Cdg, 625 620

Cy 152 230 143 147
Siy 224 203 220 132
Gey 281 276
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tronegativity difference between these impurities and Ga
atom.” Park and Chadi® examined the atomic and electronic
structures of substitutional Be, Mg, and C acceptors in GaN
through first-principles calculations and concluded that these
impurities would give effective-mass states in GaN, not AX
states. The calculated formation energies of some of these
substitutional acceptors are shown in Fig. 5. The formation
energies of Mgg, and Beg, and their ionization energies are
the lowest. One problem for Be, however, is that the atom is
too small and can incorporate efficiently on the interstitial
site, where it acts as a double donor.> %4042 Therefore, among
the group-II impurities, Mg and Be are the most promising
p-type dopants for GaN, and Be appears to be the best can-
didate, provided that the conditions that suppress formation
of Be; donors can be established. This is technologically
challenging to say the least. The formation energies of ac-
ceptors from group-IV impurities, such as Siy and Gey, are
relatively high, so that formation of these acceptors is un-
likely in GaN under equilibrium conditions.’**° The forma-
tion energy of Cy could be sufficiently low in Ga-rich
conditions.'***3%* However, the Cy acceptor might be
compensated by interstitial C when the Fermi level is close
to the conduction band.*® Note also that the formation ener-
gies of the acceptors decrease with increasing Fermi level, so
that we may expect efficient formation of Cy and Siy accep-
tors in undoped or n-type doped GaN when these impurities
are present in the growth environment.

Neugebauer and Van de Walle™ also examined the for-
mation energies of acceptors from group-I impurities, such
as Kg,, Nag,, and Lig,. They predicted that these acceptors
have relatively high formation energies and large ionization
energies, and are therefore not likely to be candidates for
successful p-type dopants. Moreover, the formation energies
of the Na and Li interstitials are much lower in p-type GaN,
so that these alkali impurities would rather behave as single
donors.*

3. Isoelectronic impurities

Arsenic and phosphorus could substitute nitrogen atoms
in GaN to form isovalent defects, Asy and Py. In silicon,
germanium, and most of III-V semiconductors isovalent im-
purities do not introduce deep energy levels in the band gap.
However, the theory predicts formation of deep gap states by
isovalent impurities in GaN, similar to the situation in II-VI
compounds, due to large size mismatch of the isovalent at-
oms in GaN.**** The first-principles calculations have shown
that the Asy and Py defects may exist in neutral, +, and
2+ charge states in GaN. Mattila and Zunger45 predicted the
2+/+ and +/0 energy levels of Asy to be 0.24 and 0.41 eV
above the valence-band maximum, and those of Py to be
0.09 and 0.22 eV, respectively.45 Van de Walle and
Neugebauer46 obtained the values for the same as 0.11 and
0.31 eV for the 2+/+ and +/0 levels of Asy, respectively.
The formation energy of Asy is quite large, and under the
most favorable conditions (Ga rich and Fermi level above
2.3 eV), the first-principles calculations predict the formation
energy of Asy of about 4.5 eV. In p-type GaN, and/or in
N-rich conditions, formation of Asg, antisite-type defect is
much more likely.46 This defect is a double donor with the
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FIG. 6. Calculated formation energy of interstitial hydrogen in wurtzite
GaN as a function of Fermi level. Ez=0 corresponds to the valence-band
maximum, and formation energies are referenced to the energy of a H,
molecule. Reprinted with permission from Van de Walle, Phys. Status Solidi
B 235, 89 (2003).

2+/0 level at about 2.5 eV above the valence-band maxi-
mum. In addition, the formation energy is very small when
the Fermi level is close to the valence band.*® Therefore, the
presence of As can cause significant compensation during
growth of p-type GaN.

4. Hydrogen

Monatomic interstitial hydrogen is predicted to exist in
two charge states in GaN: H* and H™, whereas the HO state is
unstable (Fig. 6).** H* prefers the N antibonding site,
whereas for H™ the Ga antibonding site is the most energeti-
cally stable. H* is expected to be mobile even at room tem-
perature due to a small migration barrier (about 0.7 eV),
while H™ has a very limited mobility in GaN due to a very
large migration barrier (about 3.4 eV).*" It follows from Fig.
6 that the solubility of H is considerably higher under p-type
conditions (where it exists as H*) than under n-type condi-
tions (where it is H7). The value of the negative-U effect
(transition of H™ into HY) is extremely high (—2.4 V), larger
than in any other semiconductor.”’ In contrast with Si or
GaAs, the H, molecule has low stability and high formation
energy in GaN." Since hydrogen is abundantly present in
most of GaN growth processes, such as metal-organic
chemical-vapor deposition (MOCVD), hydrate vapor-phase
epitaxy (HVPE), and ammonia-based molecular-beam epi-
taxy (MBE), and easily migrates, especially in p type, it
should form stable complexes with other defects in GaN,
playing an important role in the material properties (see Sec.
D 3).

D. Complexes

From the results of calculations presented in Sec. II B
we expect that none of the simple native defects could exist
in GaN in substantial concentrations. However, complexes
between native defects and impurities, including hydrogen,
are expected to be the dominant unintentionally introduced
defects.



061301-10 M. A. Reshchikov and H. Morkog

1. Shallow donor—gallium vacancy complexes

The gallium vacancy is the dominant native defect in
n-type (in particular, undoped) GaN because the formation
energy of Vg, is low in this case (Fig. 2). However, as noted
in Sec. IIB 1, Vg, could easily diffuse even at moderate
temperatures of growth or thermal annealing and would
readily form complexes with other defects. It should be un-
derscored that formation of complexes is driven by electro-
static forces. The impurities that are most likely to form
stable complexes with Vg, are donors. A negatively charged
acceptor (the charge of Vg, is 3- in n-type GaN) and a posi-
tively charged donor are attracted to each other. According to
the calculations of Neugebauer and Van de Walle,” VGaOn
and V,Sig, complexes act as double acceptors in GaN, and
their —/2— energy levels (at 1.1 and 0.9 eV, respectively) are
close to the 2—/3— transition level of the isolated Vg, (at 1.1
eV). The electronic structure of Ga vacancy dominates the
electronic structure of the Vg,-shallow donor complexes,
very similar to the situation in n-type GaAs.”**? Formation
of the V5,0 complex is even more favorable than formation
of isolated VGa.17 Similar results have been obtained by Mat-
tila and Nieminen,”” who compared the formation energies of
the isolated Vg, and the Vg,Oy complex for different posi-
tions of the Fermi level (Fig. 4). The V;,On complex has a
binding energy of ~1.8 eV, as compared to ~0.23 eV for
the Vg,Sig, Complex.17 This indicates that the V;,0On com-
plex is much more stable and it may be the dominant com-
pensating acceptor in n-type GaN. The V5,Cy complex has a
low formation energy, but is unstable in n-type GaN because
both constituents are acceptors and repeal each other."”°

2. Shallow acceptor—nitrogen vacancy
complexes

The situation with N vacancy and shallow acceptors in
p-type GaN is essentially the same as for the Ga vacancy,
and shallow donors in n-type GaN. N vacancy, Vy, being a
mobile and dominant compensating donor in p-type GaN,
would be attracted by negatively charged acceptors during
growth and cooling down or thermal annealing. The binding
energy for a neutral Mgg,Vy complex is about 0.5 eV,
although Gorczyca et al.>* obtained a value of 2.8 eV. The
formation energy of the Mgg,Vy complex is significantly
lower than the sum of the formation energies of the isolated
Mgg, and VN.54 Park and Chadi® assumed that the Mgg.Vn
complex is responsible for the persistent photoconductivity
in GaN:Mg55 and attributed the bistability to the neutral and
2+ states of this complex. Van de Walle et al.> argued that
the relatively low binding energy of the Mgg,Vy complex
prevents abundant formation of these complexes in p-type
GaN in thermal equilibrium. However, their formation can
be enhanced by kinetically driven processes on the sample
surface during growth. It is not clear where in the band gap
the energy level of Mgg,Vy is. Kaufmann et al.>® assumed
that Mgg,Vy is a deep donor with an energy level at about
0.4 eV below the conduction band. Park and Chadi® esti-
mated the energy level of (Mgg,Vy)>* at about 0.7 eV above
the valence band, while Gorczyca et al.>* obtained an energy
level much closer to the valence band. Note that in the latter
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FIG. 7. Calculated formation energies of hydrogenated Ga vacancies in
GaN as a function of Fermi energy. The formation energies of the isolated
vacancy (Vé‘a), of interstitial H" and H~, and of the Si donor are also in-
cluded. Reprinted with permission from Van de Walle, Phys. Rev. B 56,
10020 (1997). Copyright (1997) by the American Physical Society.

report the energy level of Vy was also much lower than that
obtained in Refs. 29 and 53. Similar to the Mgg,Vy com-
plexes in GaN:Mg, the Beg,Vy complexes are expected to
form in Be-doped GaN 7

Lee and Chang58 examined the possibility of formation
of Mg;Vy complexes in p-type GaN. While incorporation of
the isolated Mg; is unlikely in GaN due to large atomic ra-
dius of Mg, formation of the Mg;Vy complexes has low
enough formation energy when the Fermi level is close to the
valence band.”® The charge state of the Mg;Vy complex is 3+
in this case, and therefore it can efficiently compensate Mgg,
acceptors.58 The energy level of the Mg;Vy complex (or even
three close levels) is about 2.8 eV above the valence-band
maximum. Similar results have been obtained by Gorczyca
et al.>* Therefore, Mg,V might be the compensating donor
in p-type GaN:Mg, apparently not Mgg, V. The energy level
of the compensating donor has been determined in the pho-
toluminescence study of Kaufmann et al.*® at about 0.4 eV
below the conduction band. Note that the Mg;Vy complex
could be formed only under Ga-rich conditions and when the
Fermi level is very close to the valence band.”® This means
that passivation with hydrogen or N-rich conditions would
prevent formation of this compensating donor. Lee and
Chang58 also assumed that hydrogen passivation can stabi-
lize formation of the Mg;Vy complex at higher positions of
the Fermi level. However, this conclusion is somewhat
questionable.54

3. Hydrogen-related complexes

As is commonly the case with other semiconductors, hy-
drogen readily forms complexes with defects in GaN also. In
addition, the formation energies of the hydrogenated defects
are often relatively lower. In n-type GaN, hydrogen atoms
could be bound to a Ga vacancy, in as many configuration as
four, to form complexes such as (Vg,H)*", (VgH,)™,
(VgHs3)°, and (Vg,H,)*.> The first three complexes are ac-
ceptors, whereas the last one is a single donor. The formation
energies of the V5,H,, complexes are shown in Fig. 7. With
the exception of the (Vg,H,)™ complex, the hydrogenated
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vacancies have lower formation energies than the isolated
ViGas Which points to the importance of these complexes in
GaN. The calculated energy levels of the (Vg,H)> and
(VgaHz)~ complexes (at about 1.0 eV above the valence
band) are close to that of the isolated V,, while the level of
(Vg H3)? is near the valence-band maximum.” It must be
pointed out that in n-type GaN, formation of complexes with
several H atoms, such as (Vg,H3)? and (Vg,Hy)", is unlikely
since in n-type GaN the isolated hydrogen atom exists as H™
which would be repelled from the negatively charged Ga
vacancy.59 Dissociation of the Vg,H, complexes is unlikely
due to the large associated binding energies.59 Therefore,
once formed during growth in the presence of hydrogen,
these complexes cannot dissociate during postgrowth ther-
mal annealing.

In p-type GaN, hydrogen passivates the dominant accep-
tor (Mgg,), as well as the dominant compensating donor
(Va). "% In the case of Mg, the electrically neutral Mg—H
complex has a binding energy of 0.7 eV, with the H atom
located in an antibonding site behind the N neighbor of the
atcceptor.47 During postgrowth annealing, the Mg—H complex
dissociates, and H diffuses either to the surface or to the
extended defects.*’ Similarly, in Be-doped GaN, the Be-H
complexes may form with a binding energy of 1.81 eV and a
dissociation energy of 2.51 eV A postgrowth annealing
would also be required to remove the hydrogen from Be
acceptors.

The N vacancy in p-type GaN may also be passivated by
hydrogen during the growth to form the (VyH)?** complex
with the binding energy of 1.56 eV.” The formation energy
of the (VyH)** complex is lower than the formation of the
isolated H* and Vy when the Fermi level is low in the gap.59
The VyH complexes can be formed only during growth as
diffusion of H* towards VY is highly unlikely in p-type GaN
since they repel each other. Formation of the (VyH,)* com-
plex is also possible, while the (VyH3)° complex is
unstable.”” The VNH complex is expected to have a 24/0
transition level at about 2.5 eV above the valence band and a
0/2- level close to the conduction band,60 while earlier cal-
culations predicted the 0/+ transition level of VH to be near
or in resonance with the conduction band.” Both V3 and
(VNH)** could be formed in abundance in p-type GaN and
compensate the dominant acceptor. Note that the hydrogen-
ated vacancies may lose their hydrogen after the sample is
grown, either during cooling down or during postgrowth an-
nealing, and Vi{“ could also migrate during high-temperature
annealing.21

4. Other complexes

The other element, in addition to H, that is unintention-
ally present in any growth systems is O which must be dealt
with. While O is a ubiquitous problem for all semiconduc-
tors, O in GaN takes on a new dimension. The O atom in N
site is a shallow donor in GaN and it might hamper attempts
to obtain p-type material in addition to causing undesirable
background donors. The formation energy of the Mgg, Oy
complexes is very low.”* Therefore, these complexes can
readily form in Mg-doped GaN when oxygen is present in
the growth environment. Gorczyca et al> predicted that for-
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mation of these complexes would result in semi-insulating
GaN, since both Oy and Mgg, levels would be pushed out of
the energy gap. However, the relatively low binding energy
of the Mg, On complex (0.6 eV) is unfavorable for the com-
plex formation, unless the kinetically driven processes on the
surface result in the preferential incorporation of MgGaON.53

In Be-doped GaN, Beg,0On complex could be formed,
which is neutral.***' Moreover, the Beg,OnBeg, complex
could be formed with the 0/— transition level at 0.14 eV
above the valence-band maximum.*’ Along with the forma-
tion of Be;* donors, the (Beg,Be;)* donor complexes might
form in Be-doped GaN which end up compensating the Be
acceptor.40 However, the postgrowth annealing at tempera-
tures above 600 °C should result in dissociation of these
complexes.40

E. Role of dislocations in the point defect formation

Due to large lattice mismatch, heteroepitaxy of GaN on
sapphire substrates results in films containing threading dis-
locations with the densities from ~10% to ~10'% cm™2, de-
pending on growth method and conditions, and whether dis-
location reducing methods are employed. The situation is not
much different if other substrates with seemingly smaller lat-
tice mismatches are used. These dislocations are mainly par-
allel to the ¢ axis, and their Burgers vectors are equal to a
(edge-type), ¢ (screw-type), or a+c¢ (mixed-type). The first-
principles calculations enable comparison of formation ener-
gies and structures of different types of dislocations and
point defects that can be trapped by the stress fields associ-
ated with the dislocations.

In contrast to the earlier prediction that threading dislo-
cations are electrically inactive in GaN,®' later calculations
indicated that various types of dislocations may introduce
numerous energy levels in the gap.éz_64 In particular, thread-
ing dislocations are expected to behave as deep donors in
n-type material and deep acceptors in p type.62 Under Ga-
rich conditions dislocations decorated with Ga vacancies
have the lowest formation energy in n-type GaN, while in
N-rich conditions dislocations decorated with Ga vacancies
have the lowest formation energy in p-type GaN.%* To a
first extent these results are consistent with the experimental
findings from a scanning-capacitance microscopy study, in-
dicating the presence of negatively charged dislocations in
n-type GaN % Note that deep donors in n-type material and
deep acceptors in p-type material usually do not contribute to
luminescence,’ therefore dislocations are not expected to
manifest themselves in luminescence experiments, unless
point defects are trapped at them due to the large stress fields
near dislocations.

The behavior of point defects trapped at threading-edge
dislocations in GaN was examined by Elsner et al.®® First-
principles calculations indicated that Vi, and its complexes
with one or more Oy have very low formation energies at
different positions near the threading-edge dislocations. The
results indicate that the formation energies of Vg,, Oy, and
their complexes at different sites near the threading-edge dis-
location are much lower than the formation energies of the
corresponding defects in the bulk. Energy levels of the de-
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fects trapped at dislocations generally shift as compared to
the point defects in bulk, however, the shift is not large.68 In
short, the stress field of threading-edge dislocations is likely
to trap Ga vacancies, oxygen, and their complexes. A variety
of the V,-containing complexes may form acceptorlike de-
fect levels in the lower half of the band gap and therefore be
responsible for some transitions observed in luminescence
experiments. Note that a similar situation might take place in
p-type GaN, where the dislocations may trap Vy and
Vn-related complexes.

lll. LUMINESCENCE METHODS

Photoluminescence (PL) and cathodoluminescence (CL)
have been the most widely used experimental methods ap-
plied to investigations of GaN. Defects in GaN have been
studied by analyzing the steady-state PL (SSPL), time-
resolved PL (TRPL), and PL excitation (PLE) spectra. Opti-
cally detected magnetic resonance (ODMR), a variant of the
PL technique, along with the positron annihilation method
has been extensively used for identification of point defects
in GaN.

A. Steady-state photoluminescence

The SSPL spectroscopy is widely used for qualitative
analysis of GaN and its alloys. Commonly, the SSPL is gen-
erated in GaN by illuminating it with a He-Cd laser (325
nm) beam with optical power levels of up to approximately
60 mW. In investigating defects, however, special precaution
must be taken to employ a sufficiently low excitation density
since the defect-related PL often saturates at power densities
of the order of 1072-10~" W/cm?. Failure to do so would
very likely cause skewing of the PL spectrum in favor of
excitonic emission at higher excitation densities, giving the
false impression about the relative strength of defect-induced
transitions. Similarly, focusing the laser beam and using
small slit widths of a monochromator for the entire PL spec-
trum would also distort the PL in favor of excitonic transi-
tions. In such a case, the chromatic dispersion of lenses used
to collect the PL, as well as the different effective sizes of the
emission spots for the ultraviolet (UV) and visible emission
attributed, in particular, to photon-recycling process,69 may
lead to a marked, but artificial, enhancement of the UV (near
band edge) over the visible part in the PL spectrum (mainly
defect-related).

Qualitative terms, such as “very intense PL that confirms
high quality of the material,” are omnipresent in the litera-
ture regarding GaN. However, there have been very few at-
tempts to estimate the absolute value of the PL intensity or
its quantum efficiency (QE) for a quantitative analysis. Al-
though the direct measurement of the QE is not straightfor-
ward, attempts have been made to estimate this important
parameter for GaN.”*" Goldner et al.” simultaneously de-
tected the calorimetric absorption (measure of nonradiative
recombination which results in heating of the sample), trans-
mission, reflection, and excitation power, and reported the
QE to be below 20% for thin GaN layers grown by MOCVD
on sapphire and up to 75% for bulk GaN crystal grown by
HVPE. An indirect method based on quantitative analysis of
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the competition of radiative and nonradiative recombination
channels was suggested by Reshchikov and Korotkov,*’ and
is presented in Sec. IIT A 3.

Quantitative studies of point defects in GaN by PL have
rarely been undertaken. Often, qualitative estimations of the
acceptor concentration in n-type GaN were made by compar-
ing the ratios between the defect and near-band-edge emis-
sion intensities.”"’? However, this ratio is shown to depend
not only on the defect concentration but also on the experi-
mental conditions, in particular, on the excitation
intensity,67’73’74 as was mentioned above. Temperature depen-
dence of the defect-related PL intensity in GaN has often
been used to determine the nature of a given optical transi-
tion. For example, the donor-acceptor-pair (DAP) transitions
have been distinguished from the conduction-band-acceptor
(e-A) transitions by the thermal behavior of PL.”>7" How-
ever, the thermal behavior of PL. may be complicated by a
competition between several recombination channels as is
shown below using a simple phenomenological approach.67

1. Recombination statistics

Let us now consider an n-type semiconductor containing
several radiative acceptors A; with concentrations Ny The
electron-hole pairs are excited with a generation rate
Glem™ s7!]. The concentration of the photogenerated holes
in the valence band is p, the concentration of equilibrium
(ny) and photogenerated (i) free electrons is n=ny+ on. Af-
ter optical excitation, the holes are captured by acceptors at
the rate C,;N, p, where C); [cm? s7!] is the hole-capture co-
efficient for the ith acceptor and N, is the concentration of
ionized acceptors of type i. A completing process is the for-
mation of excitons with the rate C,,np, where the coefficient
C., describes the efficiency of the exciton formation. In ad-
dition to radiative processes, some of the holes recombine
nonradiatively. For simplicity, the nonradiative recombina-
tion rate can be introduced as C,Ngp, where C,; and Ny are
the average hole-capture coefficient and the concentration of
the nonradiative centers, respectively. Thus, in general, the
hole-capture rate can be expressed as C;N; p, where C;=C,,
Cpi, or Cpx and N; =n, N“Al_, or Ny for excitons, radiative ac-
ceptors, and nonradiative defects, respectively.

At elevated temperatures, the bound holes may return to
the valence band as a result of thermal activation or exciton
dissociation. The probability of this process, Q; [s™'], is pro-
portional to exp(—E;/kT), where E; is the thermal activation
energy for the radiative acceptors (E A[), nonradiative centers
(Es), or the exciton dissociation energy (E.,). Taking into
account all these processes (Fig. 8), the detailed balance
equation for the hole concentration in the valence band in
steady state in the case of N recombination channels can be
written in the form

N N

d

&—’Z=G—EciMp+EQiN?=o, (3)
i=1 =1

where N =Ng., Ng, and N is the concentration of holes
1

1
bound to radiative acceptors, nonradiative centers, or form-
ing excitons, respectively. At sufficiently low excitation in-
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FIG. 8. Schematic of the main transitions in n-type GaN in conditions of
PL. Electron-hole pairs (Sn=p) are created with the rate G by optical exci-
tation. The photogenerated holes are captured by radiative acceptors (one
acceptor level A; is shown), nonradiative defects (S), and form excitons
(Ex). The level for excitons is conventional, meaning only that some energy
is required to dissociate the excitons. The solid and dotted lines show the
transitions of electrons and holes, respectively. Optical transitions are shown
by the straight solid lines; recombination of holes at nonradiative centers
with free electrons is shown with a dashed line. Rates for all the transitions
are noted.

tensities, N? <Nj =N, the steady-state equation for the con-
centration of holes bound to the ith defect can be written as

e

NV
=CiNiP—_l—QiN?=0, (4)
ot TR,

where the second term describes recombination via the ith
channel and the parameter TR, characterizes the recombina-
tion lifetime (in general case it may evolve in time in tran-
sient processes).

The capture rates are usually much faster than recombi-
nation rates. As a result, the efficiency of each of the recom-
bination channels is proportional fo the rate of capture of the
minority carriers (holes in n-type GaN). Therefore, in the
low-temperature limit, where both the thermal release of the
bound holes and the exciton dissociation are negligible, the
QE of each recombination channel, 7,(0), is given by the
ratio of hole-capture rate for a specific recombination chan-
nel to the total escape rate of holes from the valence band

CNI C:N;
7(0) = P o 5)

E Np ECN

With the above assumptions, an expression for the intensity
of PL via each defect can be determined as®’

£

N \
A A SR/ S—" ©6)
TR, 1+(1_77;)TRQ1

where
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and #; is the QE of the ith channel accounting for dissocia-
tion of excitons and thermal escape of holes from the defects
to the valence band.

2. Effect of temperature on PL intensity

It is evident from Egs. (6) and (7) that the temperature
dependence of the PL intensity in n-type GaN is largely de-
termined by exciton dissociation and thermal escape of holes
from the defects to the valence band. Although the exact
expressions for the exciton dissociation can also be
derived,78 it is much easier to account for the contribution of
the exciton dissociation into the defect-related PL (the term
TrexQex) DY taking the temperature dependence of the inte-
grated exciton emission intensity from the experiment.67

The probability of thermal activation of holes from an
acceptor, QA,- can be obtained from a detailed balance as

-5
=C,g”'N : 8
O, = Cpig” Nyexp\ =+ (8)
with
mykT 3
Nv=2(2jﬁiz) 9)
and

8kT
Cpi= 0,1, =0y ﬂ_—mh, (10)

where g is the degeneracy factor of the acceptor level, Ny is
the density of states in the valence band, m, is the effective
mass of the holes in the valence band, v, is the hole thermal
velocity, and o), is, by definition, the hole -capture cross sec-
tion of the ith acceptor An analysis of Egs. (6) and (8) shows
that the temperature dependence of PL intensity for the ith
acceptor involves a region of thermal quenching with an ac-
tivation energy E A, at temperatures T’ satlsfylng the condition
(1-7, )TR 0,>1. Variation of the parameter 7, in the region
of thermal quenching of PL related to ith acceptor can be
ignored if the quenching regions for different defects do not
overlap significantly. Parameters Ey, and C,; (or 0,;) can be
obtained by fitting Eq. (6) to the experlmental dependence of
the PL intensity in the region of thermal quenching of the PL
band related to the ith acceptor. Note that the value of E A;
calculated from the fit to the experimental data using Eq. (6)
is somewhat different from the ionization energy obtained
from the slope of the Arrhenius plot of I'%(7~!) due to the
temperature dependence of Ny and C,;. The temperature de-
pendence of the acceptor energy level may also lead to some
discrepancy between the value of E,, at temperatures of PL
quenching and the value of E A; (T=0) ‘obtained from the low-
temperature spectroscopy.

An analysis of Egs. (6)—(8) also indicates that the inte-
grated PL intensity for the given recombination channel at a
given temperature depends on the quenching state of the rest
of the recombination channels. Therefore, several increases
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FIG. 9. Calculated temperature dependencies of the PL QE for three radia-
tive recombination channels in GaN: excitonic (ex) and via two acceptors
(A1 and A2). The dependences were calculated using Egs. (6)—(10) with the
following parameters: 7,,(0)=0.2; 7,,(0)=0.2; 2,,(0)=0.08; TgexOex

=250 exp(-10 meV/kT), 7z;=107s, 72,=5X107s, C,=10"° cm’s7!,

Cp=4x10"cm*s™!, E,,=0.34 ¢V, E4,=0.8 eV. Reprinted with permis-
sion from Reshchikov and Korotkov, Phys. Rev. B 64, 115205 (2001).
Copyright (2001) by the American Physical Society.

of the PL intensity are expected in the form of intensity steps
corresponding to thermal quenching of other PL bands. An
example of the calculated temperature dependencies of PL
intensity related to three radiative recombination channels is
shown in Fig. 9. The increase in PL intensity in the region of
thermal quenching of a particular recombination channel is
associated with the redistribution of the released holes
among all unquenched channels. The complete quenching of
the ith channel results in the stepwise increase of the PL
intensity from other recombination channels R; times, if the
overlap of the quenching regions can be neglected. A simple
expression for R; can be obtained from Egs. (6) and (7)

R[zl+& (11)

-2 7(0)
J

where the summation is taken over the recombination chan-
nels which have been thermally quenched prior to the
quenching of the ith channel.

Besides the above analysis of the PL intensity, the tem-
perature dependencies of the PL band line shape and peak
position can sometimes provide useful information on the
nature of transitions and the type of a defect. The effect of
temperature on the PL spectrum related to a deep-level defect
is discussed in Sec. Il D. The PL bands caused by DAP
recombination are expected to shift to higher photon energies
(blueshift) with increasing temperature due to thermal escape
of electrons from long-lived distant pairs contributing at the
low-energy side of a PL band due to weaker Coulomb
interaction.””%" However, one should be careful with the in-
terpretation of the shift since defects with strong electron-
phonon coupling often exhibit a blueshift owing to the par-
ticulars of their adiabatic potentials.81 Moreover, the PL
bands from DAPs with relatively deep donors and acceptors
may exhibit red or blueshift with temperature, depending on
the excitation conditions.***
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3. Estimates of quantum efficiency

The QE of PL can be estimated from the temperature
dependence of the PL intensity using Eq. (11). The relative
values of 7,(0) can be obtained at low temperatures as the
integrated PL intensities for all the PL bands.” The absolute
value of 7,(0) can be calculated from the value of the step-
wise increase in PL intensity for any band, which is related
to the thermal quenching of the ith channel

>0 |

1
7:(0) = R»—1+ ' I ; (12)

i i

where the summation is taken over the channels quenched
prior to quenching of the ith channel.

The internal QEs estimated by this method in undoped
GaN layers agree well with the values obtained by direct
measurement of the laser and PL power levels with correc-
tion for reflection and the geometry of the PL collection
setup.67 In this review, we give the values of the QEs for
different GaN samples calibrated by using the same standard,
whenever the data allow.

4. Effect of excitation intensity on PL intensity

High and even moderate excitation power levels could
saturate the defect-related PL since the defect concentration
and lifetime are finite. Let us now consider the case when
thermalization of the holes trapped by the ith acceptor is
negligible and assume that only the ith acceptor is subject to
saturation by nonequilibrium holes in the considered excita-
tion range. Then, from the steady-state rate equations similar
to Egs. (3) and (4) one can obtain an expression for the PL
intensity related to the ith acceptor as®’

o N1 N, 1 N; \?> 4GN;
F=—"L=—|G+——|-=1/|G+——| -—,
TR 2 iR, 2 iR, TR,

(13)

which for the case of low QE of the ith channel (7;<1)
simplifies to

G
e (14)
Gre, 1
B
Ni

1
dence is linear and at high excitation rates it is expected to

saturate at the value of NiT]_J. Instead of complete saturation,
a square-root dependence of the PL intensity is often ob-
served for defects in GaN at excitation densities above the
range of 102-1 W/cm?2.%"#

The square-root dependence of the defect-related PL in-
tensity as a function of the excitation power is expected at
high-excitation densities when the concentrations of photo-
excited carriers (6n and p) exceed the free-electron concen-
tration in dark (no).67’74 However, the excitation density nec-
essary to inject on, p~10'8-cm™ nonequilibrium carriers
(typical concentration of free electrons in GaN at room tem-
perature), is about 10> W/ cm2® which is much higher than
that commonly used in defect-related PL studies. One of the

For low-excitation rates (GTRi’Ui<Ni), the I’(G) depen-
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reasons for the square-root dependence of the defect-related
PL at moderate excitation powers is recombination through
nonradiative donors that may be present in GaN in relatively
high concentrations, particularly near the surface.®” Another
possibility is the reabsorption of the UV emission by deep-
level defects, which is known as photon recycling.

5. Estimates of acceptor concentration in n-type GaN

Once the hole-capture coefficients C,,; are evaluated for
different acceptors (Sec. IV H for defects in undoped GaN),
the ratio between the concentrations of each acceptor can be
determined from an analysis of the low-temperature PL spec-
trum. This is a simple and effective method for estimating
the relative concentrations of unintentional acceptors in
n-type GaN, and one that could be widely employed for a
sample characterization. Indeed, all that is necessary is the
ability to measure the PL spectrum at sufficiently low tem-
peratures and excitation intensities® followed by finding the
integrated intensity for each band in relative units. Then, the
ratio between the concentrations of the ith and jth acceptors
can be found as®’

N, PL ~

A _ I; G, (15)
Ny, I'cC,’

Aj j pi

To determine the absolute values of the acceptor concentra-
tions, the concentration of one of the acceptors should be
found independently by fitting the dependence of the PL in-
tensity on excitation intensity, as described in Sec. III A 4.

B. Time-resolved luminescence

By measuring the PL intensity at a given photon energy
as a function of time delay after an excitation pulse, valuable
insight can be garnered about the recombination mecha-
nisms. A full emission spectrum can also be measured at
different decay times. A spectral analysis helps to distinguish
the overlapped PL bands and investigate the evolution of the
PL band shape and its shift with time.

The luminescence decay in GaN is often nonexponential,
especially at low temperatures. The most plausible cause for
the nonexponential decay of PL is the DAP recombination.
When an electron bound to a donor recombines with a pho-
togenerated hole bound to an acceptor, the radiative recom-
bination rate W is not constant but depends exponentially on

the separation, R, between the donor and acceptor
involved,79’86
2R
W(R) = Wax exp(— —) (16)
ap

where W, .. is the transition probability in the limit R—0
and ap is the Bohr radius for a more weakly bound particle
(an electron on the shallow donor in GaN). It is evident from
Eq. (16) that the lifetime of the bound hole, 7=W~!, is much
longer for distant pairs than for close ones. This results in an
increase of the instantaneous lifetime of the measured PL
with the time delay. The transient PL. depends on the details
of the spatial distribution of pairs. Thomas et al.”® obtained
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the following expression for the PL intensity decay in the
case of a random distribution of DAP:

1(t) = N expy 47N J [e" "B _ 11R%dR
0

X f W(R)e W RIR24R, (17)
0

where N is the concentration of the majority constituent in
DAPs. Equation (17) combined with Eq. (16) describes well
the nonexponential decay of low-temperature PL in undoped
GaN.76%7

From simple reasoning, we expect an increase of W,
with increasing ionization energy of an acceptor E, due to
increasing localization of the bound hole. Indeed, the maxi-
mum rate of the DAP transitions in the effective-mass ap-
pr%g}lation upon neglecting many-body effects is given
by

ay 3
Woax =64A — |, (18)
ap

where the parameter A depends on the optical properties of
the semiconductor and on the photon energy fw (A[s™']
~4.5X 10%w [eV] for GaN), and a, is the Bohr radius for
the bound hole given by89

h
ay = —7——.
N2myE,

(19)

Although the effective-mass approximation may not be a
good choice for deep-level defects, it nevertheless provides
surprisingly good results.®*%

Note that potential fluctuations, typically present in
highly compensated and/or heavily doped semiconductors as
a result of the random charge distribution,” also result in a
nonexponential PL decay. This is due to localization of car-
riers in potential wells, very similar in nature to their local-
ization on spatially separated donors and acceptors. The
problem of the potential fluctuations is discussed in more
detail in Sec. V B 2.

With increasing time delay, PL bands originating from
the DAP-type transitions, especially those involving deep
donors, are expected to shift to lower energies.79’80 This ef-
fect is caused by a faster recombination in close pairs, which
contribute to the high-energy side of the band due to a stron-
ger Coulomb interaction. The deeper the donor, the larger the
shift is expected, but it still remains below the value of ion-
ization energy of the donor.*® The absence of a noticeable
shift of a PL band with the time delay may indicate that
shallow donors are involved.

With increasing temperature, the electrons from shallow
donors thermalize to the conduction band, and the DAP tran-
sitions are gradually replaced by transitions from the conduc-
tion band to the same acceptor (e-A transitions). For the e-A
transitions, the decay is commonly exponential and the char-
acteristic radiative lifetime, 7, depends on the free-electron
concentration n,, provided that ny> én. The electron-capture
coefficient for the acceptor C, can then be expressed as
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1
CnnO .

TR = (20)
The electron-capture coefficient in the effective-mass ap-
proximation for a neutral defect can be approximately esti-
mated as®

C,=647Aa. (21)

In the transition temperature range where the decay gradually
transforms from nonexponentlal to exponential, the average
or effective lifetime of PL, 7, can be introduced. 1t is
defined as the time delay corresponding to the position of a
maximum in the dependence X I’*(¢), where I*(¢) is the PL
intensity at time ¢. In the case of the DAP recombination, 'r;
is the time of transition between the pairs, giving the largest
contribution to the PL after pulse excitation. In the case of
the e-A transitions, 7'; is the characteristic time of decay [PL
intensity decays as exp(—t/75)].

In the temperature range where the SSPL intensity
quenches, the lifetime of PL usually decreases with an acti-
vation energy corresponding to thermalization of holes from
an acceptor to the valence band. In general, the PL lifetime
(7p) with allowance made for thermalization of holes can be

expressed as”?
E
J) (22)

7'13]1 = 7',}1 + T;] =C,ng+ Kexp(— T

where E, is the ionization energy of the acceptor, 7, is the
characteristic time of the hole escape to the valence band,
and the coefficient K depends on the hole-capture character-
istics of the acceptor.

Similar to Eq. (10) for nonradiative capture of holes, we

can define the capture cross section for electrons, o, as
SkT )—1/2

m,,

w=ijz04 (23)
where v, and m,, are the velocity and effective mass of free
electrons [m,=0.22m, for GaN (Ref. 93)]. Note that whether
C, and C, or o, and o, are temperature dependent or not is

P
still an open question for defects in GaN.

C. Vibrational properties of deep-level defects

In contrast to the shallow defects, recombination of car-
riers at deep-level defects usually results in broad PL bands
due strong electron-phonon coupling. This mechanism can
simply be illustrated as follows: For a deep acceptor, the hole
wave function is localized at one of the bonds and its asym-
metrical location would cause the atoms to shift from their
ideal sites, as shown in Fig. 10. After recombination of the
bound hole with a free electron or electron at a spatially
separated donor, the atoms would move to their original sites
because all the bonds are restored and equivalent (Fig. 10).
The atomic relaxation causes vibration of the lattice, i.e.,
emission of phonons. The radiative emission energy is re-
duced by the energy released through phonon emission. In
different recombination processes, the number of emitted
phonons is different, which results in a broad PL band.
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FIG. 10. Schematic representation of a recombination of the localized hole
with a free electron, resulting in emission of a photon and several phonons.

The measure of the electron-phonon coupling is the
Huang—Rhys factor, 5. The larger the S, the stronger the
electron-phonon coupling is and the broader the PL band is.
The so-called configuration coordinate (CC) model” ™ is
often used to illustrate and even quantitatively describe re-
combination involving a localized carrier. The simplest one-
dimensional CC diagram is illustrated in Fig. 11. In this dia-
gram, adiabatic potentials represent the total potential
energy, including electron and nuclear, of the defect. The
equilibrium positions of the ground and excited states are
displaced according to the strength of the electron-phonon
coupling. In the simplest case, the electronic state interacts
with a single localized vibrational mode of frequency wy. In
general, the phonon frequencies in the ground and excited
states may be different and are represented by the terms w§
and w}, respectively. At low temperatures (k7 <fiw() optical
transitions take place from the zero vibrational level of the
excited state, and the maximum of the emission (E,,,,) cor-
responds to the solid vertical line AB indicated in Fig. 11.
After emitting a photon, the system relaxes to the zero vibra-
tional level of the ground state by emitting several phonons
with energies g in the crystal (transition B— C). Probabil-
ity of optical transition from the zero level of the excited
state to the n vibrational level (n=0,1,2,...) of the ground
state is determined by the Poisson distribution
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FIG. 11. An example of the CC diagram and resulting PL spectrum.
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In the case of strong electron-phonon coupling (S>1), S
represents the mean number of the emitted phonons for each
photon absorption or emission process. The larger the S, the
wider the band and the less resolved transitions correspond-
ing to different vibration levels are. In general, the Huang—
Rhys factor, S, is different for absorption and emission, S,
and S, and yet in the one-dimensional CC approximation a
simple relation between these values can be obtained
Sab hw(g)

= . 25
Sem  hof @5)

The full width at half maximum (FWHM or W) of the

PL band depends on temperature 7 and in the one-
dimensional CC model W(T) is given by
ﬁwg)
W(T) =wW(0 th
@ (Oryeo <2kT
——Semh @} hrag
=<\’8 1n2%_w°) coth( wo)‘ (26)
VS 2kT

At high temperatures, the bandwidth is proportional to 7'/
and at low temperatures it is temperature independent. Thus,
it is possible to find parameters W(0) and 7 w{, from the tem-
perature dependence of the FWHM of a PL band. Further, if
the position of the zero-phonon line (E,) is known, one can
estimate the quantity (AwgS.,) with the accuracy of %(ﬁwg
—hwp):

§Sem = (Eg = Epay) + 3105 = (Eg = Epny) + 31005,
(27)

and then find parameters fiw§, S.,, and S, using Egs. (25)
and (26).

The temperature-related shift, AE.,=Eqn(T) = Een(0), of
the broad PL band may have little or no correlation to the
band-gap reduction. The following expression for AE,, is
derived in the one-dimensional CC approximation for a de-
fect with strong electron-phonon coupling81

2 2 4
W, - 8w Eps— E
g 5 e + e :|< abs em)kT. (28)

AE, =
em 1)) wg(wz + wg) E

e em

Thus, a shift to higher or lower energies can be observed for
the broad PL bands with increasing temperature, depending
on the particulars of the adiabatic potentials of the recombi-
nation centers.

It is important to note that in the cases of e-A and DAP
transitions involving shallow donors, the shapes of the adia-
batic potentials are determined solely by the adiabatic char-
acteristics of the acceptor since its wave function is more
localized. Therefore, no difference in the shape of the PL
band can be noted between the e-A and DAP transitions in
the first approximation. Only the positions of the PL bands
would be shifted by the ionization energy of the donor. How-
ever, this shift often remains unnoticed due to the large PL
bandwidth and strong temperature dependence of the band
position.
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FIG. 12. An example of the CC diagram and resulting PLE spectrum.

D. Photoluminescence excitation spectra

PLE spectrum for a particular PL band can be obtained
by using a tunable laser or a broad band lamp combined with
an additional monochromator as the excitation source. The
monochromator dispersing the PL is set to a particular wave-
length, which is usually at the maximum of the analyzed PL
band, and the wavelength of the excitation source is varied in
order to obtain the excitation spectrum. The PLE spectrum is
expected to coincide with the absorption spectrum with the
difference that in the latter case several different transitions
may contribute and complicate the spectral analysis. Photo-
ionization of a defect is an inverse process to the lumines-
cence, and in n-type GaN it involves a transition of an elec-
tron from an acceptor level to the conduction band, or to the
excited state of the defect. In p-type GaN, we may expect a
very similar photoionization of an electron from the valence
band to a deep donor, followed by a recombination between
this electron and a free hole. Note that the photoionization
spectra measured by PLE, absorption, photocapacitance, or
photoconductivity methods should have more or less similar
shapes since the mechanism of the photoexcitation is the
same in all the above cases.

Broad PL bands arising from deep-level defects with
strong electron-phonon couplings usually result in broad
bands in the PLE spectrum also. This is illustrated schemati-
cally in Fig. 12. At low temperatures, the system in the
ground state (represented by an acceptorlike defect filled
with electrons in n-type GaN and the surrounding neighbor-
ing atoms) stays at zero level and oscillates. The energy pro-
vided by the optical excitation source can bring the system to
an excited state (solid line CD in Fig. 12). The transition C
— D in our example corresponds to a transition of an elec-
tron from the acceptor level to the conduction band or to the
excited state of the acceptor near the conduction band if any.
The electron transition is much faster than the motion of
atoms (adiabatic approximation). Therefore, the transition is
vertical in the CC diagram. Depending on the phase of the
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zero-level oscillations, the system may be closer or farther
from the equilibrium point in the excited state (as shown by
the dashed lines on both sides of transition CD). Therefore,
after numerous photoexcitation processes the absorption en-
ergy evolves into a broad band. In the case of a strong
electron-phonon coupling, which causes the minima of the
ground and excited states to be sufficiently displaced, the
shape of the absorption band is nearly Gaussian. However,
for a weak electron-phonon coupling and small displacement
of the adiabatic potential minima the shape of the absorption
band is asymmetric with an abrupt edge near the zero-
phonon transition line, E,. After the excitation, the system
relaxes to its minimal energy position by emitting several
local or lattice phonons (transition D—A). Then the system
stays at the zero level at low temperatures and after a period
of time (PL lifetime) it returns to the ground state by emis-
sion of a photon (A— B) and consequent emission of a few
phonons (B— C).

For transitions of electrons from the defect level to the
conduction band the shape of the PLE or absorption spec-
trum may depart from the Gaussian shape and have an ex-
tended shoulder at the high-energy side due to the possible
transitions to the quasicontinuous states in the conduction
band. When the energy of the excitation becomes equal or
exceeds the band gap, transitions of electrons from the va-
lence band to the conduction band and subsequent nonradi-
ative capture of a hole by a deep acceptor (nonresonant ex-
citation of the acceptor) would give a step in the PLE
spectrum corresponding to the band-to-band absorption. The
relative contribution of the resonant and nonresonant transi-
tions in the PLE spectrum depends on the thickness of the
sample and specific values of the nonradiative and optical
(photoionization) capture cross sections for a particular ac-
ceptor. The energy displacement of the emission and absorp-
tion maxima (Stokes shift) facilitates the measurement of the
PLE spectra.

The PLE spectra from deep-level defects, including con-
tributions from the resonant and nonresonant excitations,
have been studied in GaN (Refs. 76 and 98-100), and are
discussed in Secs. IV A 6 and IV B 2.

E. Spatially and depth-resolved cathodoluminescence

CL is produced by absorption of high-energy electrons
and resultant spontaneous emission of light corresponding to
specific transitions in a semiconductor. It can be detected as
a CL spectrum or as a distribution of CL intensity over a
certain area of the semiconductor surface (CL image). The
latter case is conveniently facilitated by a combination of a
scanning electron microscope and a luminescence collection
system. When an incident electron beam bombards the semi-
conductor under test, it first causes the emission of secondary
electrons from a thin surface layer which is on the order of
10 nm causing that region to be positively charged.lo1 The
secondary electrons also penetrate into the sample to some
depth which depends on the acceleration voltage (V},). This
negatively charged layer is much thicker than the positively
charged surface layer from which the secondary electrons
escaped. The electron penetration depth in GaN increases
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from about 0.2 to more than 4 um as V), is increased from 5
to 35 kV."">' Note that the energy-loss depth profile maxi-
mizes at approximately 30% of the penetration depth.104 The
penetration depth increases with increasing V,, and the
electron-hole pair generation rate is proportional to the beam
power (E,I,). The CL intensity is determined not only by the
generation rate but also by the penetration depth through the
process of self-absorption,lo5 surface recombination, compe-
tition of different recombination mechanisms, and migration
of charges with time.'"19%

Depth-resolved CL experiments are usually conducted
under constant beam power or constant power-density con-
ditions. The penetration depth is varied by varying the accel-
erating voltage. Depth-dependent CL spectra can be taken
also from the edge of a cleaved sample. Since the radiated
area is about 0.1-1 wm?, depth profiling is especially condu-
cive for thick layers or bulk samples since electrons cannot
penetrate deeper than ~5 um.

To obtain a CL image at a certain photon energy which
can be varied, the electron beam is scanned over an area of
up to 0.1 X 0.1 mm?. Such images may help identify the lu-
minescence bands and determine their spatial distribution
and relation to structural defects.

F. Optically detected magnetic resonance

Electron paramagnetic resonance (EPR) and its variant,
ODMR, provide information on the ground state and micro-
scopic origin of defects through obtaining the values and
angular dependencies of the Zeeman splitting (g tensor) and
interpretation of any hyperfine structure. Compared to EPR,
ODMR relates the magnetic information to particular lumi-
nescence bands and assists their identification.

The g value of the free electron is g,=2.0023. In the
first-order perturbation theory the deviation of the g value for
a particular center is given by A/AE, where \ is the spin-
orbit interaction constant.'® Usually donors show g values
smaller than free electrons, and acceptors have a positive g
shift. However, there are exceptions to this simple rule.'”’
Donors in GaN are typically characterized by g factors be-
tween 1.949 and 1.962, showing a small anisotropy (g,—g
~0.003-0.006). Acceptors are characterized by a relatively
larger value and anisotropy of the g factor.'%1%

IV. LUMINESCENCE RELATED TO POINT DEFECTS IN
UNDOPED GaN

Typical low-temperature PL spectra from selected unin-
tentionally doped GaN samples are shown in Fig. 13. In
addition to the near-band-edge emission due to bound and
free exciton transitions and their phonon replicas, the PL
spectrum from undoped GaN almost always contains a broad
yellow luminescence (YL) band with a maximum at about
2.2 eV (Fig. 13). The YL band is by far the most studied PL
band in GaN. Despite this inordinate effort, it is still not clear
how many and what kind of defects contribute to that broad
emission band (see Sec. IV A). In high-purity GaN grown by
HVPE, the YL band is replaced by a green luminescence
(GL) band at about 2.5 eV under certain experimental
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FIG. 13. PL spectra from undoped GaN at 15 K. The spectra are plotted in
logarithmic scale and displaced vertically for better viewing.

conditions.""*"* The GL band is attributed to another charge

state of the defect''? responsible for the YL band, the details
of which are discussed in Sec. IV B.

Another PL band, observed in undoped GaN at low tem-
peratures, is known as the shallow DAP band.'" This band is
characterized by a relatively sharp peak at about 3.25-3.27
eV followed by several replicas at energies which are mul-
tiples of the LO phonon energy in GaN (Fig. 13). The no-
menclature chosen has its roots in the fact that at low tem-
peratures that band is caused by transitions from the shallow
donors to the shallow acceptors. At elevated temperatures,
the DAP-type transitions are gradually replaced by the e-A
transitions involving the same shallow acceptor. Since the
shapes of the DAP and e-A bands are similar and these tran-
sitions cannot always be delineated from each other, we will
refer hereafter both the shallow DAP and e-A bands as the
ultraviolet luminescence (UVL) band. Unlike the YL band,
which remains nearly unchanged with increasing tempera-
ture at least up to the room temperature, the UVL band
quenches at temperatures above ~150 K and typically can-
not be detected at room temperature. Properties of the UVL
band are examined in Sec. IV C.

In GaN layers grown by MOCVD or HVPE, another
broad band, the blue luminescence (BL) band, is often ob-
served in the low-temperature PL spectrum at about 2.9 eV
(Fig. 13). This band begins to quench above 200 K, and at
low temperatures it exhibits a characteristic fine structure.''
We present a detailed description of the BL band in Sec.
IV D.

In undoped GaN grown by HVPE or MOCVD methods,
a red luminescence (RL) band is sometimes observed at
about 1.8 eV (Fig. 13), often as a shoulder to the YL band. In
Sec. IV E, we present some data regarding the RL band in
GaN.

Two broad bands, a green one at about 2.5 eV and a red
one at 1.9 eV, have been detected”'"” only in high-resistivity
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FIG. 14. Normalized room-temperature PL spectra of the MOCVD-grown
sample (mo76) and three representative MBE-grown GaN layers. All the
spectra were measured in identical conditions with an excitation density of
0.1 W/cm?, Weak oscillations of intensity are caused by light interferences.

GaN samples grown by MBE under extremely Ga-rich con-
ditions. These bands exhibit properties very different from
those of the RL band in GaN grown by MOCVD or HVPE
and the GL band in GaN grown by HVPE. To avoid any
confusion, these bands will be denoted hereafter as RL2 and
GL2 bands, respectively (Fig. 13). The properties of these
bands are presented in Sec. IV F.

In some investigations, a few less common PL bands
have been observed in the visible part of the spectrum, as
discussed in Sec. IV G. The contribution of all the above-
mentioned defect-related bands varies from sample to
sample, and no clear correlation is yet established until
present between the appearance of most of these bands and
presence of particular defects in the GaN samples.

The defects discussed in Sec. IV are presumably point
defects which are more or less uniformly distributed inside
the GaN layer, i.e., bulk defects. As has been shown, the
surfaces also affect luminescence substantially. Some PL
bands appear only after specific treatment of the GaN sur-
face. We present a detailed description of such bands, in
particular, the surface-related blue band, in Sec. IX A. PL
from undoped GaN sometimes also contains sharp peaks that
cannot be attributed to well-known exciton or defect-related
transitions. These features are commonly assigned to mani-
festation of structural (extended) defects. These unusual PL
lines in undoped GaN are discussed in Sec. VIIIL.

A. Yellow luminescence band

In most of the unintentionally and intentionally doped
n-type GaN samples grown by the various techniques avail-
able, the room-temperature PL spectrum contains a near-
band-edge emission at about 3.42 eV and the YL band peak-
ing at 2.20-2.25 eV (Fig. 14). The YL band has been the
topic of literally hundreds of publications. Only the investi-
gations with meaningful contributions are discussed here.
The YL band in GaN is always broad, nearly Gaussian with
FWHM of about 350-450 meV, and structureless even at the
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lowest measurement temperatures. However, the exact posi-
tion and shape of the YL band are sometimes sample depen-
dent. Although a few attempts have so far been made to
resolve two or more bands'*™'* or phonon-related fine
structure in the broad YL band,m’122 we believe that the
departure of the YL shape from Gaussian may be related to
the particulars of the spectral response of the optical system
used in some cases and to the interference effects in others.

There are several, albeit contradictory, results in the lit-
erature concerning the origin of the YL band and the effects
of doping on its intensity. In early experiments of Pankove
and Hutchby123 35 elements were implanted in GaN and
most of them resulted in appearance or enhancement of the
YL band. From that investigation, one can glean the obvious
that the YL is related not to a specific impurity but to some
native defect introduced by the implantation damage. First-
principle calculations predict that several Vg, -related defects
may be responsible for YL in undoped GaN (Sec. II). Posi-
tron annihilation experiments strongly support the prediction
of the theory that Vg, is abundantly formed in n-type
GaN."**7'* Substantial decrease and even disappearance of
the YL with p-type doping also favors its assignment to a
defect containing VGa.123 134 Ogino and Aoki®® have found
that Si and O doping do not affect the relative YL intensity,
while doping with carbon enhanced this emission. These au-
thors attributed the YL band to a complex involving a Ga
vacancy and a C atom substituted for the nearest neighbor of
the Ga sites. Several other experimental groups also attrib-
uted the YL band to C impurity or a complex involving
carbon.*> ™" The origin of the YL in undoped GaN is dis-
cussed in more detail in Secs. IV A 10 and IV H after the
main properties of this band are treated.

Not only the identity of the YL-related defect but also
the type of transitions responsible for the YL, as well as the
question of whether the related defects are located in depth
or at the surface of GaN, have been the subject of spirited
discussion for many years. In the earliest detailed study of
YL,98 the band was attributed to a radiative transition from a
shallow donor to a deep acceptor, presumably the Vg,Cy
complex. The band shape, position, and activation energy of
its thermal quenching have been explained consistently
within a simple CC model with the acceptor level being lo-
cated about 0.86 eV above the valence band.” The debates
began some 15 years later when Glaser et al.™ explained
their ODMR results associated with this band using an alter-
native model. This model is based on a two-stage process
involving nonradiative capture of an electron by a deep
double donor followed by radiative recombination between
the electron at the deep donor and a hole at a shallow accep-
tor. Although this model appears very improbable from basic
PL reasoning (see Sec. IIT A), it was seemingly confirmed by
a few experimental groups142 and cited plentifully in many
investigations devoted to YL in GaN. Other investigations
making use of time-resolved pL, /0143144 photocapacitance
and optical deep-level transient spectroscopy (DLTS),'#>14¢
Raman sc21ttering,l47’148 hydrostatic pressure,l‘w’150 and PL
excitation’® did not support the model of Glaser et al.™!

The questions on (i) whether YL originates from bulk or
surface defects, (ii) what the depth distribution of the YL-
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related defects is, and (iii) whether YL is related to point or
structural defects have received extensive coverage. CL mea-
surements indicated that the YL band is enhanced with in-
creasing probe depth toward the substrate,””" in accordance
with the observation of stronger YL near the GaN/sapphire
interface when the sample is illuminated from the front side
and the backside."”>! Etching experiments demonstrated
nearly independence of the YL intensity on depth into the
layer.154’155 In contrast, photovoltage spectroscopy was used
to argue in favor of surface defects being responsible for the
YL band."**"*" Both correlation'*® and anticorrelation'*” be-
tween YL and structural defects in GaN have been reported.

Slightly different positions and shapes of the YL in dif-
ferent investigations may in part be related to a lack of cor-
rection for the spectral response of measurement systems. A
point of interest is, however, that in one report different po-
sitions of the YL bands, obtained with the same setup, have
been cited.'” Superposition of several unresolved bands may
affect the position and shape of the broad YL band. We ob-
served a small shift (up to 50 meV) between bands very
similar in shape (Fig. 14). The YL band in these samples did
not shift with increasing excitation power and its intensity
was nearly independent of temperature in the range of 15—
300 K. As it will be shown below, the slightly different po-
sitions of the YL band found in the literature can simply be
due to varying effects of structural defects on apparently the
same point defect. Although formation of defects with
slightly different spatial structure, various interactions be-
tween the point and structural defects, and even substantial
contributions of surface states, which are spread in energy, in
some samples cannot be ruled out without an extensive
study. Below we present the main properties of the YL band
in GaN that we believe will help shed some much needed
light to identify the defect(s) responsible for the YL band or
a set of unresolved YL bands in undoped GaN.

1. Effect of temperature

The effect of temperature on the intensity, shape, and
position of the YL band has been the topic of many
reports.67’76’98’137’143’152’1607165 The temperature dependence
of the YL intensity, in comparison with the integrated PL
intensities of the exciton emission, inclusive of all the emis-
sions in the range of 3.3-3.5 eV and the BL band, is shown
in Fig. 15. In the samples with high QE, a fast decrease of
the exciton band intensity at temperatures from 15 to about
60 K is accompanied by the corresponding increase in the
defect-related PL intensities in agreement with Egs. (6) and
(7). In the temperature range of 200-260 K a quenching of
the BL band in the sample with the highest QE is accompa-
nied by an increase in the intensity of the YL and exciton
bands (the latter is seen as a shoulder in Fig. 15). A similar
increase of the YL band intensity has been observed with
increasing temperature from 10 to about 100 K (Refs. 161
and 165) and is attributed to a trap of 13.7 meV below the
shallow donor.'®" It should be noted, however, that the ob-
served effect can be explained without invoking any traps.
Indeed, as shown in Sec. IIT A 2, the quenching of the inte-
grated exciton emission with an activation energy of about
13 meV (Ref. 67) results in enhancement of other PL bands
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with a similar activation energy. Therefore, the ‘“unusual”
increase of the YL intensity reported in Refs. 67, 161, and
165 is a consequence of a good sample quality, as catego-
rized by high radiative efficiency of exciton emission and
low excitation intensity conditions. Similar to the low-
temperature increase of the YL intensity due to the quench-
ing of exciton emission, the increase in YL intensity in the
temperature range from 200 to 260 K, as depicted in Fig. 15,
indicates a redistribution of holes released to the valence
band due to thermal quenching of BL.

A slow variation of the YL intensity in the temperature
ranges between quenching of this and other bands (for ex-
ample, for T=60-200 K and 7=260-480 K in Fig. 15) can
be attributed to a slow variation of the hole-capture cross
section for YL related or other defects, including nonradia-
tive ones.®’ Various relative concentrations and types of de-
fects in different samples may explain slightly different tem-
perature dependencies of the YL intensity in different
reports.76’98’137’143’152’161’162 Note, however, that the variation
of the YL intensity below room temperature is not related to
ionization of the shallow donor, as sometimes
suggf:ste,d.76’152’162 Indeed, according to carrier statistics in
n-type GaN (Sec. IIT A), ionization of shallow donors may
lead to replacement of the DAP recombination mechanism
by the e-A mechanism and to variation of the PL lifetime.
However, the intensity of the PL should be independent of
these changes since it is determined only by capture of holes
in n-type GaN.%

In a few reports, the effect of temperature on the YL
intensity has been studied up to very high temperatures,
above 450-480 K, where drastic quenching of the YL takes
place (Fig. 16).579%160163164 Ajthough the reported values
for the activation energy of this process vary from 58 meV
(Ref. 163) to 1040 meV,'® a close inspection of the data in
these reports shows that the experimental results are very
close and all the data can be explained by ionization of an
acceptor with an activation energy of about 0.85+0.2 eV. In
particular, the value of 0.86+0.04 eV has been obtained for
C-doped GaN at temperatures above 480 K from quenching
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representing two orders-of-magnitude decrease.” A narrow
range of activation energies (from 0.75 to 0.89 eV) and the
same range of YL quenching (480-620 K) have been re-
ported for several undoped GaN layers grown by
MOCVD.?”'® Note that the value of 0.81+0.03 eV obtained
in Ref. 67 accounts for the temperature dependence of the
density of states in the valence band (7°'?) and thermal ve-
locity of holes (7'), which reduces the apparent activation
energy, measured as a slope in Arrhenius plot, by about 0.09
eV. Thus, for comparison with other reports we change the
above value to 0.90+0.03 eV. Determination of the activa-
tion energy for the YL intensity in the MBE-grown undoped
GaN as 0.058+0.001 eV (Ref. 163) is evidently an over-
sight, since the YL intensity decreased by a factor of about
10 in the temperature range between 523 and 623 K [see Fig.
1(a) in Ref. 163], which leads to an activation energy in the
range of 0.8-0.9 eV and is consistent with that reported in
Refs. 67, 98, and 160. Finally, two samples grown by MBE,
both undoped and C doped, showed quite different activation
energies of 0.65+0.04 and 1.04+0.06 eV, respectively. This
result has been attributed to apparently different defects re-
sponsible for the YL in undoped and C-doped GaN. Al-
though these results merit careful attention, and the idea of
different acceptors in undoped and C-doped GaN deserves
detailed consideration, the quantitative data of Ref. 164
should be treated with caution due to lack of statistics and
possibility of experimental artifacts. For example, a very
high-excitation density of 20 W/cm?, employed in Ref. 164,
may saturate acceptors with holes, leading to a distortion of
the temperature dependence of the PL intensity.67 Contribu-
tions from blackbody radiation can also affect the measured
PL intensity at high temperatures,163 especially in the
samples with weak YL.

Variation of the shape and position of YL with tempera-
ture has been the topic of several publications.%’137’160’162’163
The position of the YL band did not change within an accu-
racy of 20-40 meV when the temperature varied from about
10-30 to 300 K,137 or 380 K,gg’160 and also in the range from
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300 to almost 600 K.'® It should be kept in mind that the
band gap reduces by more than 100 meV from cryogenic
temperatures to 380 K and by about another 130 meV from
300 to 600 K.'® Insensitivity of the PL peak shift to the
band-gap variation is typical for defects with strong electron-
phonon coupling.81 The FWHM of the YL band increases
with temperature and can be described by Eq. (26). The ob-
tained fitting parameters within the one-dimensional CC
model of the YL emission are W(0)=380 meV (Ref. 160)
and 430 meV (Ref. 98) and fiw;=52 meV (Ref. 160) and 40
meV (Ref. 98) (see a more in-depth discussion in Sec.
IV A 7). It is interesting to note that there is some discrep-
ancy in the literature about the effect of temperature on the
width and peak position of the YL band. In particular, Zhang
and Kuech'’ reported a decrease of the FWHM from about
510 eV at 50-100 K to 475 meV at 300 K and a monotonic
shift of the peak position by about 25 meV to a higher pho-
ton energy in the same temperature range in C-doped GaN.
Moreover, the temperature variation of these parameters was
substantially different for the YL in undoped GaN. In con-
trast, Ogino and Aoki’® observed an increase of the FWHM
from 430 to 540 meV and a shift of the peak position by
about 30 meV to a lower photon energies in the same tem-
perature range in C-doped GaN. The discrepancy in the ab-
solute values of the FWHM of the broad YL band and its
peak position may be attributed to a lack of accurate ac-
counting for the spectral response of the measurement sys-
tem and any interference effects. However, the diversity in
the relative changes obtained for the samples grown under
different conditions and/or different doping deserves a closer
attention in an effort to better identify the YL band.

Variation of the YL intensity in a wide temperature
range, including its quenching with temperature, allows us to
estimate the hole-capture coefficient C,, and the hole-capture
cross section o, for the acceptor responsible for YL (Sec.
IIT A). These parameters can be obtained by fitting Egs.
(6)—(10) to the experimentally observed dependence of the
YL intensity on temperature, provided that the excitation in-
tensity is small enough to avoid saturation of the related
acceptors by holes, and the lifetime of the YL is known. Note
that the parameter 7]? in denominator of Eq. (6) can be ig-
nored since it is usually much less than unity. Moreover, a
knowledge of the absolute PL intensity is not important in
this fit. Examples of the fits to the temperature dependencies
of the YL intensity in the quenching region for several un-
doped GaN samples are shown in Fig. 16. From these fits,
parameters C,, and o, for the acceptor responsible for the YL
band have been estimated as (3.3+1.6) X 10~ cm?®s™! and
(2.7£1.3) X 10714 cm?, respectively.®” Note that the capture
cross section is very large, indicating that the acceptor may
be multiply charged, and thus attracts holes very efficiently.
We will return to the analysis of these parameters in Sec.
IV H.

2. Effect of excitation intensity

Information obtained from the dependence of the PL in-
tensity on the excitation intensity can be used for determin-
ing the acceptor concentrations in GaN, as described in Sec.
IITAS, as well as establishing the type of transition in-
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volved. At low excitation levels, the intensity on the YL in
n-type GaN is proportional to the excitation intensity. Above
a critical excitation density (P,) the dependence becomes
sublinear.®”"*"*1% The value of P_. depends on a few param-
eters that can be estimated from the analysis of the PL data.%’

To estimate the acceptor concentration from PL data, one
must first estimate the QE of the related PL band by direct
measurements or by employing the method suggested in Ref.
67, as described in Sec. III A 3. The generation rate of the
photoexcited carriers, G, can be estimated from the excita-
tion density if the effective thickness of the layer subject to
excitation is known. The absorption coefficient « at 325 nm
is =(1.2-1.5) X 10° cm™! in GaN,'® therefore the carriers are
efficiently created in about the 0.1-um region of the surface
layer only. The hole diffusion length is about 0.1-0.3 um in
thin GaN layers at room temperature,mg’171 approaching 1
pm in thick HVPE-grown GaN.'"? Consequently, the effec-
tive thickness can be taken in the range of 0.1-1 um, depend-
ing on the sample quality. Finally, the PL lifetime should be
measured, preferably at elevated temperatures (e.g., at room
temperature for the YL) to avoid the analysis of nonexponen-
tial decays due to DAP-type transitions.”” A typical depen-
dence of the YL intensity on excitation intensity consists of a
linear increase of the PL intensity followed by saturation
above G=10*' cm™ 57! (excitation density
~102 W/cm?). A square-root dependence is observed for
higher generation rates.®”"*'°® From the fit of Eq. (13) to the
experimental data, the concentration of the acceptor respon-
sible for the YL band has been estimated to be in mid-
10'5 em™ for GaN layers grown by MOCVD.?” The square-
root dependence of the YL intensity on excitation power,
observed in the high-excitation region, has been explained by
a significant concentration of nonradiative deep donors near
the surface.®’ However, as mentioned in Sec. III A 4, some
other reasons including geometrical factors and photon recy-
cling may be responsible for the square-root dependence of
the PL at moderate excitation powers.

A small shift of the YL band with excitation intensity has
also been 1reported.98’172 At low temperatures, the YL shifted
to higher energy by about 10 meV as the excitation intensity
was increased by a factor of 10 in C-doped GaN,” and by up
to 15 meV (and up to 35 meV) as the excitation intensity was
varied by four orders of magnitude in Si-doped GaN with
low (and high) concentrations of Si.'” The relatively small
shift can be attributed to the DAP nature of YL at low tem-
peratures. As the excitation intensity is increased, distant
pairs emitting at lower photon energies due to weaker Cou-
lomb interaction contribute less due to their earlier saturation
with holes, since the PL lifetime for distant pairs is longer
than for close ones. Small shifts in energy indicate that the
donor is shallow.

3. Effect of hydrostatic pressure

Experiments with uniaxial and hydrostatic pressures
could provide useful information on the identification of a
defect or at least the type of transitions causing the defect-
related PL. In particular, application of hydrostatic pressure
induces shifts of PL bands. If the shift is similar to the shift
of the band gap, the PL can be attributed to transitions from
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the conduction band or from a shallow donor to an acceptor
level. Indeed, the pressure shift of the shallow donor level is
about the same as the shift of the conduction-band minimum,
whereas the pressure shift of an acceptor level should be
similar to the shift of the top of the valence band, or even a
weak negative shift of the acceptor level with respect to the
top of the valence band may be expected.173 A much weaker
pressure shift of a given PL band is expected for transitions
from a deep donor to an acceptor, or for internal transitions
within the defect. The effect of hydrostatic pressure on YL
was studied for bulk GaN unintentionally doped with
oxygenm’15 % and nominally undoped GaN layers grown by
MBE (Refs. 149 and 150) and MOCVD (Refs. 174—176) on
sapphire. All these reports noted large shifts of YL at least up
to 6 GPa having a pressure coefficient between 30 and 40
meV/GPa, which is very similar to the shift of the band gap
having a  pressure  coefficient of about 40
meV/GPa, 415074175 o pressures above approximately 20
GPa, the shift of the YL band saturated, which has been
attributed to an emergence of a resonance level from the
conduction band into the gap, leading to a change of the
mechanism of the YL in that transitions from the conduction
band to a deep acceptor level, were replaced by transitions
from the resonant level to the same acceptor.149 130

The intensity of the YL band decreased with
pressure”“f176 and became barely measurable at 18 GPa.'’
An interesting observation is that with cooling to low tem-
peratures under hydrostatic pressure, the YL intensity
strongly decreases,'’® which is to be contrasted with its small
increase upon cooling under ambient pressure. Michael et
al.'’® explained this effect by contribution of two DAP-type
transitions involving the same acceptor and two different do-
nors, with one of them having a DX-like behavior.

4. Effect of electron irradiation

Electron irradiation is widely used in studies of semicon-
ductors because it artificially creates point defects that may
be present in an as-grown material but in an amount insuffi-
cient for their analysis.177 Look'”” has estimated that the
electron energy of the order of 1 MeV is already high enough
to create Vy-N; and Vg,-Ga; Frenkel pairs. However,
Kuriyama et al. 162 argued that much higher energies may be
needed to create Ga vacancies. Saarinen ef al.'’® have estab-
lished experimentally that 2-MeV electron irradiation at 300
K does create Ga vacancies in GaN. The electron irradiation
with relatively low power can be used also as a source of
electron-hole pairs to probe point defects at different depths
in the luminescence experiments. So, low-energy electron-
excited nanoscale luminescence (LEEN) employing energies
from 100 eV to 5 keV,'” and CL typically employing ener-
gies between 1 and 35 keV, 180183 have been extensively
employed to investigate defects in GaN. More results ob-
tained by LEEN and CL investigations of GaN are presented
in Secs. IVD 3, IVE, and V B 3 f. Here we limit ourselves
to showing how irradiation with relatively high energy of
electrons, in the range of 2.5-30 MeV, affects YL in n-type
GaN.

After irradiation with 2.5-MeV electrons to a dose of
about 10'® cm™2, the YL intensity markedly decreased.'3*!%

J. Appl. Phys. 97, 061301 (2005)

However, the decrease in the near-band-edge emission was
much stronger.185 Irradiation with 7-MeV electrons caused a
substantial increase of the YL intensity and decrease of the
near-band-edge emission.'® The variation of PL intensity in
Ref. 186 was proportional to the electron dose in the range
from 10" to 10'7 cm™2. Irradiation with 30-MeV electrons
completely destroyed PL in the entire spectrum. However, a
subsequent annealing at temperatures ranging from 500 to
1000 °C led to substantial increase of the YL intensity of up
to five times compared to the value in as-grown sample.162
An increase of the YL intensity after electron irradiation was
attributed to the creation of Ga vacancies in GaN.'®*'% High
stability of YL with annealing was explained162 by the for-
mation of gallium vacancy-shallow donor (V,D) complexes
that are much more stable than isolated Vg,.

Fast proton irradiation of GaN at room temperature has
been performed by using 25- and 55-MeV protons.187 While
the YL intensity after irradiation increased in the 160-pum-
thick freestanding template grown by HVPE, no increase
was observed for the 10-um-thick GaN layer grown by
HVPE on sapphire and in MBE-grown GaN layer. The YL
intensity in the freestanding template gradually increased
with increasing proton fluence from 1X10" to 2.7
X 10" cm™2. The enhancement of YL has been attributed to
a radiation-induced creation of Ga vacancies in GaN."®’

5. Time-resolved PL

As discussed in Sec. III B, TRPL has the potential to
give clues to recombination mechanism in effect, e.g.,
whether it is e-A or DAP transition, and whether deep-level
or shallow defects constitute the DAP. TRPL may also give a
clue in identifying the deep acceptor through the values of
the electron-capture cross section. It also helps in delineating
the PL bands which are overlapped in the SSPL spectrum.
Transient PL for the YL band in GaN has been investigated
by several authors, ®87110142143.152161166.188-192 4 tho e
sults have often been controversial. For example, the re-
ported PL lifetime for the YL ranges from 20 ps (Ref. 166)
and 1 ns (Ref. 143) to the microseconds (50-700 us) (Refs.
87 and 142) and even up to 300 ms.'®" Measurements at 15
K revealed a nonexponential decay of the YL band, typical
for the DAP transitions,76’87’142’152’190 whereas at room tem-
perature the decay was nearly exponential.87 Single exponen-
tial decay with a characteristic time of 250-260 ps has been
observed in time-resolved CL experiments at 87 K.'* Below
we present TRPL results for the YL band in undoped GaN
and comment on the unusually small and large values of the
reported lifetimes of this emission.

A typical intensity decay curve for the YL band is shown
in Fig. 17 along with the decays of other PL bands present in
the same sample. The instantaneous lifetime of PL changes
from several microseconds to milliseconds at low tempera-
tures. The decay curves are nonexponential at 15 K and be-
come nearly exponential above 150 K. The nonexponential
decay is a signature of the DAP recombination, as discussed
in Sec. Il B. The DAP transitions are expected at low tem-
peratures, and e-A transitions are expected at elevated tem-
peratures when ionization of the shallow donor is significant.
Excellent fits of the PL decay to Eq. (17) for the YL band
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FIG. 17. Intensity of the YL, BL, and UVL bands at 15 K in undoped GaN
grown by MOCVD. The curves are calculated using Eq. (17). Reprinted
with permission from Korotkov er al., Physica B 273, 80 (1999). Copyright
(1999) by Elsevier.

with minimal number of fitting parameters, demonstrated in
Refs. 188 and 76, support the assignment of this band to
transitions from a shallow donor to a deep acceptor at low
temperatures. The value of W, in a set of four samples was
obtained to be on the order of 10° s~ (Ref. 188), although a
much higher value of 2.5 107 s™! has also been reported.76

The time-resolved PL spectra for different delay times
are shown in Fig. 18. No difference is seen between the
SSPL and TRPL spectra for small delay times."® With in-
creasing delay time, no shift or change in the band shape is
observed within the experimental accuracy of <30 meV.
Similar results have been reported in Refs. 76 and 191. The
PL bands originating from the DAP transitions involving
deep donors are expected to redshift significantly with delay
time.””® This is a result of the faster recombination in close
pairs, which contribute to the high-energy side of the band
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FIG. 18. Steady-state PL spectrum (solid curve) and time-resolved PL spec-
tra (points) at time delays of 107, 1073, and 10~* s for undoped GaN sample
grown by MOCVD. Reprinted with permission from Korotkov et al.,
Physica B 273, 80 (1999). Copyright (1999) by Elsevier.
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due to stronger Coulomb interaction. The deeper the donor,
the larger the possible shift, but it still remains below the
value of the ionization energy of the donor.* The absence of
a noticeable shift of the bands with time delay indicates that
only shallow donors are involved. However, the shift of the
YL band to a lower photon energy by about 30-40 meV at a
delay time of about 1 ms compared to the YL band position
in the SSPL spectrum has been observed by Monteiro et
al.,192 who attributed this observation to a competition of two
bands peaking at 2.05 and 2.28 eV. An attempt to resolve the
2.27- and 2.04-eV peaks in the decay of the YL band was
made also by Chtchekine et al."** Further, an apparent shift
of the YL band maximum from 2.25 to 2.35 eV at a delay
time of ~10 ms after a light pulse has been observed in
undoped GaN and attributed to the emergence of another
band at 2.35 eV having a decay time of the order of 300
ms.'®" The complex nature of the YL band has also been
noted in time-resolved CL studies where two bands at 2.03
and 2.22 eV have apparently been resolved by transient
measurements. '

The measured decay curve undergoes a considerable
change and becomes nearly exponential with increasing
temperature.87 Therefore, the recombination mechanism also
changes with temperature. The concentration of free elec-
trons increases and the DAP transitions are gradually re-
placed by the e-A transitions at temperatures above 100-200
K. The change in the recombination mechanism at tempera-
tures above 100 K is consistent with the Hall data for un-
doped n-type GaN. Temperature dependence of the effective
lifetime of PL, 7'; (as defined in Sec. III B), for the YL band
in comparison with 7';; for other bands in n-type GaN is
shown in Fig. 19. The effective lifetime of PL has a weak
temperature dependence up to ~500 K for the YL band. In a
larger set of samples, the value of TR ranged from 25 to 60 ps
at 300 K. The longer lifetime was observed in the samples
with lower free-electron concentrations,®’ in agreement with
theory [see Eq. (20) in Sec. ITI B].
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In the temperature region where the SSPL intensity
quenches, the lifetime of PL decreases sharply (Fig. 19) with
activation energies close to those found from the PL intensity
quenching.m‘188 Thermalization of holes from the acceptors
to the valence band at temperatures above ~500 K for the
YL band (and above 120 and 200 K for the UVL and BL
bands, respectively) is responsible for the fast decrease of the
PL lifetime [see Eq. (22) in Sec. III B].

The electron-capture coefficient C, and the electron-
capture cross section o, derived for the YL band by using
Egs. (20) and (23) are (6.2+1.2)Xx 107" cm?s™! and
(2.7+£0.5) X 102! cm?, respectively.87 These values are very
small which support the assertion that the ground state of the
acceptor, responsible for the YL band in n-type GaN, is a
multiply negatively charged defect such as an isolated V, or
its complex with a shallow donor. The small values of C,, and
o,,, which result in long PL lifetime, are also consistent with
very large values of C,, and o, which likewise result in fast
capture of holes for the same acceptor67 (see Sec. IV A 1).

Finally, commenting on extremely short decays of the
YL reported in the literature,"*'°® it should be noted that
according to Eq. (20), the lifetime of the e-A transitions for a
particular acceptor cannot be much different in samples with
comparable concentrations of free electrons. Therefore, the
extremely low lifetimes cannot be explained by the e-A tran-
sitions if the same acceptor is involved. The DAP transitions
are usually even slower. Note that at high excitation levels,
when the defect-related PL saturates, a very fast decay com-
ponent can be observed that is related to the exciton band tail
at the position of the defect-related PL band.”’

6. Resonant excitation

There have been relatively few attempts made to mea-
sure PLE spectra of deep-level defects in GaN. A few more
investigations employed resonant excitation without measur-
ing the PLE spectrum. Further most of these studies are re-
lated to the YL band. Ogino and Aoki”® pioneered in apply-
ing PLE spectroscopy to the investigation of the YL band in
the C-doped GaN needlelike crystals. Later a similar PLE
spectrum was obtained in undoped GaN layers grown by
MOCVD,”® MBE,” and HVPE (Ref. 152) on sapphire sub-
strates as well as in undoped GaN freestanding templates.100

Figure 20 shows the PLE spectra for the YL band at
cryogenic and room temperatures measured in the 2.5-pm-
thick undoped GaN layer grown by MBE on sapphire. Vari-
ous glroupsm’gg’152 reported similar spectra for undoped and
C-doped GaN. The PLE spectrum consists of two character-
istic regions: a slow increase of PL intensity with variation of
hwg from 2.7 to ~3.3 eV and a fast increase at higher
photon energies. The slow increase is related to the resonant
excitation of the YL-related defect involving transition of an
electron from the acceptor level to the conduction band, and
the fast increase is attributed to the interband transitions fol-
lowed by nonradiative capture of the photogenerated hole by
the defect. Note that the resonant excitation part of the spec-
trum is nearly independent of temperature, while the inter-
band transitions shift significantly towards the low-
temperature gap energy and become sharper with decreasing
temperature. The resonant part of the PLE spectrum can be
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FIG. 20. PLE spectra for the YL in the 2.5-pm-thick MBE-grown GaN layer
at 15 and 295 K. The solid curve is a Gaussian fit with maximum at 3.32 eV
and FWHM of 0.52 eV. The broken line is a Gaussian fit with maximum at
3.19 eV and FWHM of 0.40 eV. Reprinted with permission from Resh-
chikov et al., Mater. Res. Soc. Symp. Proc. 693, 16.19 (2002).

fitted with a Gaussian curve according to the CC model for a
defect with strong electron-phonon coupling (see Sec. III C).
The position (3.32 €V) and FWHM (0.52 eV) of the fitted
curve in Fig. 20 are similar to the values found by Ogino and
Aoki [3.19 and 0.40 eV, respectively, at 4.2 K (Ref. 98)]. The
fit with the latter parameters is shown for comparison in Fig.
20. Note that only the part of the Gaussian curve has been
observed in the PLE spectrum, hampering a precise estimate
of these parameters. The shape of the resonant PLE curve is
the same for undoped and C-doped samples regardless of the
sample preparation technique employed.m’ggf100’152

To determine whether the PLE spectrum is related to one
defect or due to a superposition of emissions from defects
with different vibrational properties, one should compare the
PL spectra at different excitation energies. In some
investigations,98’99’191 the same shape and position of the YL
band were observed at different excitation energies. The
zero-phonon energy, below which the excitation of the YL
band is impossible, has been estimated as 2.64+0.05 ev. 8
The threshold for the YL excitation could be estimated as
~2.4-2.5 eV from Refs. 76 and 152. However, it is not clear
if the YL was the one that was excited at fiw,,.<2.64 eV,
not some background emission from the sapphire substrate is
what was observed. In conflict with the above results, Calleja
et al.'* reported only a moderate decrease of the YL inten-
sity in undoped GaN layer on sapphire when the excitation
energy was decreased down to 2.41 eV. The band shifted
from ~2.20 to about 2.10 eV with variation of #w,,, from
2.7 to 2.41 eV, and the shift was attributed to the coexistence
of several defects with similar ionization energy.146 Drasti-
cally different results from all above were reported by Colton
et al.""*'* Those authors observed a linear shift of the YL
band as the excitation energy was gradually varied from 2.2
to 2.7 eV. Note that the YL band in these reports did not
resemble the usual YL band and consisted of several rela-
tively sharp peaks. The shift of these peaks was identical to
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FIG. 21. One-dimensional CC diagram for the YL in GaN.

the shift of Aw,,, of the laser, which might point to an arti-
fact for the peaks observed in Refs. 119 and 120.

A comparison of the absolute intensity of the YL band,
excited resonantly under identical conditions in the 2.5-pum-
thick GaN layer grown by MBE, 10-um-thick GaN layer
grown by HVPE, and in a 200-um-thick HVPE-grown GaN
freestanding template, allowed us to estimate the concentra-
tion of the YL-related defect in these samples.gg’100 The con-
centration of the YL-related defect is of the order of ~1
X 10" ¢cm™ in HVPE-grown samples, and about 200 times
higher in the MBE-grown sample, the PLE spectrum of
which is shown in Fig. 20.

7. Vibrational model of the YL

An absence of the YL band shift with changing excita-
tion energy from 2.9 to 3.81 eV (Ref. 99) indicates that at
least in some particular samples the YL peak is related to a
single defect rather than to closely spaced states with a broad
distribution.'** Indeed, a strong electron-phonon coupling
alone can explain the displacement and large width of the PL
and PLE bands. The position and the FWHM of the excita-
tion and emission curves provide valuable information for
the construction of adiabatic potentials for the YL-related
defect in the ground and excited states. Additional informa-
tion can be gained from an analysis of the temperature be-
havior of the YL band (see Sec. IV A 1 a). Figure 21 sche-
matically shows the one-dimensional CC diagram for the
YL-related acceptor. The potential minima of the excited and
ground states of the analyzed deep acceptor are displaced in
space, termed the lattice relaxation. According to the CC
model, the zero-phonon energy (E,), or the energy difference
between these minima, is the smallest excitation energy and
the largest emission energy that can be observed at low tem-
peratures in the PLE and PL spectra of the YL band, respec-
tively. The values of Eq, Eqpy Eqps Wem(0), Wop(0), Aaf, Aag,
Sem» and S, have been estimated as 2.64 eV, 2.13 eV, 3.19
eV, 430 meV, 400 meV, 40 meV, 41 meV, 12.8, and 13.4,
respectively.98 Note that these parameters consistently ex-
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plain a large set of experimental results including the tem-
perature dependence of the position and width of the YL
band, the shape, and position of the emission and excitation
bands.”® Slightly different values of Wepn(0), Eep, and fia
(380 meV, 2.21 eV, and 52 meV, respectively), obtained from
the position and temperature dependence of the FWHM of
the YL band in MOCVD-grown GaN layer, led to slightly
different values of Zwf§, S, and Sy, (55 meV, 8.0, and 8.4,
respectively).160 The parameter E,=2.64 eV was adopted
from Ref. 98. However, by taking Ey,=2.70 eV, which is
consistent with the results for the MOCVD-grown layer,gg’mo
one can obtain Aw§=51 meV, S,,=10.3, and S,,=10.2 from
the data of Ref. 160. The latter parameters are in better
agreement with the position and shape of the YL excitation
spectrum depicted in Fig. 20. A much simplified analysis of
vibrational properties of the YL band, based largely on the-
oretical predictions, yielded a Huang—Rhys factor of 6.5 for
the YL band in GaN.'”* Of course, the accuracy of all the
above-estimated parameters is not high, and moreover, the
simplified picture of the electron-phonon coupling gives
some average for the phonon modes of the defect involved.

The ground state of the defect in Fig. 21 corresponds to
an acceptor completely filled with electrons in n-type GaN.
The resonance excitation, which is possible above E,
=2.6-2.7 eV, transfers an electron to the conduction band,
leaving a bound hole at the acceptor. In the excited state
(depicting a hole at the acceptor) the defect system relaxes to
its minimum, and the excess energy is emitted in the form of
phonons. After the system spends substantial time while os-
cillating in the excited state at low temperatures, the acceptor
may capture a free electron or electron from a distant shallow
donor, and emission with the average energy E.,=~2.2 eV
ensues. The emission band is broad due to zero-level oscil-
lations and a substantial spatial shift of the adiabatic poten-
tial minima. The cycle is completed by relaxation of the
system to its potential minimum in the ground state by emit-
ting phonons.

8. Comparison with the positron annihilation results

Positrons in solids are trapped at neutral and negative
vacancy defects, which can be experimentally detected by
measuring the positron lifetime.'”* Positron annihilation ex-
periments revealed that n-type GaN usually contains rela-
tively high concentration of Ga vacancies, whereas p-type
GaN lacks them.'?*""331OH17819 qaarinen er al.'” have
found that in undoped GaN grown by MOCVD, the concen-
tration of Vg, increases from 10'¢ to 10" cm™ as the Ga/N
ratio used during growth is increased from 10* to 10* in
successive layers. The above results are consistent with the-
oretical predictions (see Sec. II). Moreover, Saarinen ef al'®
established a correlation between the concentration of the
ViGa and the intensity of the YL. Although there were only
four samples in that study, and the intensity of the YL was
not necessarily proportional to the concentration of the YL-
related defect in different samples as evident from the con-
sideration of carrier statistics discussed in Sec. III A, a per-
fect correlation allowed the authors of Ref. 125 to conclude
that Vi, is responsible for the YL in n-type GaN. Early pos-
itron annihilation experiments, however, could not answer if
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isolated Vg, or Vg, involved in a complex, such as Vg,Oy or
VGaSiga, 18 present in n-type GaN. According to calculations,
both the isolated Vg, and V,-donor complexes are abun-
dantly created in n-type GaN (see Sec. II). However, it was
not clear if an isolated Vg, is stable enough to survive during
cooling down of the crystals without forming a complex with
donors noting that the stability of the VgD complexes is
much higher. To address this problem, Saarinen et al. "7
created Vg, in bulk GaN crystals, containing high concentra-
tion of oxygen, by 2-MeV electron irradiation at room tem-
perature and subsequently annealed the samples at different
temperatures. The concentration of Vg, increased linearly
with irradiation fluence up to 10'® cm™. The created
Via-Ga; Frenkel pairs are expected to break at relatively low
temperature since the Ga interstitial is already mobile at
room temperature.3 ! Annealing experiments demonstrated
that Vg, becomes mobile in a temperature window of 500—
600 K, a band which is much lower than the typical GaN
growth temperatures. These results indicated that the isolated
Via would not survive during cooling down of the samples
and the observations should associate with other defects,
most probably with shallow donors that attract triply nega-
tively charged mobile Vg, by their positive charge. Another
controversial question to be addressed is whether the Vg,Oyn
or Vg,Sig, is preferably formed during growth if both shal-
low donors are present in equal amounts. Calculations pre-
dict that the formation energy of the V,0n complex is much
lower (see Sec. II). In line with this prediction, Oila et al.'?’
discovered that in O-doped GaN, either bulk or epilayer, the
concentration of Vg, is very high (about 10'® cm™), whereas
in Si-doped GaN the Ga vacancies are undetectable (not
more than 10'® cm™). This result was naturally interpreted
as Vg, easily forming a complex with oxygen and failing to
complex with silicon. However, Uedono et al.'® reported
that the concentration of Vg, increases with Si doping, al-
though one cannot rule out the possibility that the samples
had been contaminated with oxygen.

In another report,131 positron annihilation, secondary-
ion-mass spectroscopy (SIMS), and PL were employed to
study the Vg, -related defects in undoped and Si-doped (con-
taining also oxygen) GaN, grown by MBE on GaN template
prepared by HVPE. From the analysis of W and § param-
eters, extracted from the positron annihilation time experi-
ments, Laukkanen et al.’® have concluded that the
Vga-related defect in the MBE-grown samples is not the
same as that observed in MOCVD layers. This new defect
displayed properties similar to a vacancy cluster, and its con-
centration decreased with Si doping.131 Interestingly, the YL
intensity increased with increasing concentration of Si in
these samples, implying no connection between the vacancy
clusters and the YL band. Annealing experiments indicated
that the vacancy clusters are stable up to at least 1050 K,
ruling out their identification as isolated VGa.131 Note that the
vacancy clusters with open space larger than divacancies
(VgaVn) have also been detected by positron annihilation in
undoped MOCVD-grown GaN.'*® Finally, a decrease of the
Vga-related defects from more than 10" to 2 X 10' cm™ has
been observed in the HVPE-grown layers when the distance
from the GalN/sapphire interface region increased.'” The
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depth profile of oxygen was similar to that of V,, implying
that Vg, is likely to associate with oxygen in these samples.
In the thickest freestanding 300-um sample, the concentra-
tion of Vg, decreased to 2 X 10" cm™3, perfectly matching
the total acceptor concentration'*®'”” and the concentration
of the YL-related acceptors in these samples]12 (see also PL
results in Sec. IV B).

In contrast with the above investigations where the YL
correlated with concentrations of Vg,, Oy, and Sig,, Armit-
age et al.'® reported that the YL band is weaker in the un-
doped GaN sample with relatively higher concentration of
oxygen and Vg,, as compared to the C-doped sample. This
result may indicate that the V;,Oyn complex (or the Vg, Sig,
complex which is expected to behave nearly identically but
is less probable to form) is not the only defect responsible for
the broad emission near 2.2 eV in n-type GaN.

9. ODMR on the YL

Glaser ef al.'"*""'*® detected two increasing luminescence
resonances for the YL band. A strong and sharp resonance
with g;=1.9515+0.0002 and g, =1.9485+0.0002 was attrib-
uted to the effective-mass donor, while a broader resonance
with g,=1.989+0.001 and g, =1.992+0.001 was attributed
to a deep donor. The proposed model of the YL, as being due
to optical transitions from the deep donor to a shallow ac-
ceptor (accompanied by a nonradiative spin-dependent tran-
sition from the shallow donor to a singly ionized double-
donor state),"*"'*® failed to agree with numerous results
supporting solely the shallow donor-deep acceptor model for
the YL band.%”76143-150 1 particular, transitions from the
deep donor to the shallow acceptor would have an extremely
low probability in undoped GaN due to negligible overlap of
the hole and electron wave functions at distant deep donors
and acceptors.

Koschnick et a performed mapping of YL by ODMR
over the sample area. The YL intensity was distributed uni-
formly, whereas the intensity ratio of the two dominant
ODMR signals (with g;=1.9515 and 1.989) varied strongly.
This experimental finding indicated that the two dominant
ODMR signals cannot belong to transition between two de-
fects which results in YL. The authors of Ref. 144 proposed
that the resonances are due to two relatively shallow donors
competing for recombination with the hole bound to a deep
acceptor. As for the missing signal from the deep acceptor, it
was speculated that it is barely seen as a weak broad signal
underneath the donor signals.144 Attribution of the signal
with g,=1.952 to the shallow donor (Oy) has also been sup-
ported by ODMR studies under high hydrostatic pressure.176

144
L

10. Effect of doping on the YL

There have been many attempts aimed at revealing the
origin of the YL band by intentional doping. Pankove and
Hutchby123 implanted 35 elements in GaN and 23 of them
led to a strong YL band peaking at 2.15+0.03 eV. Implanta-
tion with carbon resulted in the strongest YL band, although
the intensity of the YL band in the Li-, Be-, Al-, and Si-
doped GaN was also very high.123 Skromme and
co-workers'” 2" also observed a substantial increase of the
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YL band in GaN implanted with C or Be, but not with Ar, Al,
P, O, N, P, As, Ne, or Mg. Note that Dewsnip et al.®® also
reported an enhancement of the YL in Be-doped GaN.

Ogino and Aoki”™ have established that C doping en-
hances YL greatly, whereas Si and O doping did not affect
the YL intensity in their experiment. Several other experi-
mental groups observed enhancement of the YL band in
C-doped GaN and attributed the YL band to C impurity or a
complex involving carbon, '377140-164.204-206 Although the
peak position and shape of the YL band in the C-doped
samples were similar to those in undoped GaN, different
temperature dependencies for these parameters were ob-
served in undoped and C-doped GaN."" It appears that C
introduces a defect contributing to the YL band in C-doped
GaN, whereas the Vg,-containing complex, such as VO,
is responsible for the YL band in undoped GaN, although the
position and shape of the YL from two different defects may
be quite similar."® Tt is also plausible that the C-related de-
fect also contains Vg,. For instance, if the V,Cg, is formed
in GaN, it would have nearly the same properties as Vg,On
since both Oy and Cg, are shallow donors. However, the
first-principles theory predicts a low probability of formation
for Cg, in n-type GaN (Sec. II).

The effect of Si doping on the absolute and relative in-
tensities of the YL band has also been studied extensively. In
concert with results of Pankove and Hutchby,123 Dai et al.*"’
reported a significant enhancement of YL in GaN after im-
plantation with Si and postannealing. In several other inves-
tigations, Si doping caused an increase in the YL
inte:nsity.71’13l’172‘208 Important to note, however, is that the
ratio of the YL intensity to the near-band-edge emission in-
tensity increased in some experiments,zog’zo9 but decreased in
others,®"?21% or remained nearly unchanged.71 At very
high levels of n-type doping (1,>10' cm™), the YL inten-
sity decreased in Si—dopedzog’211 and Ge-doped GaN.”'? The
suppression of the YL band has been attributed to the substi-
tution of Vg, by donors in Ga sites.?!?

Doping with another shallow donor, Sey;, also resulted in
an enhancement of the YL band.*"**'* Chen er al.*" reported
that Se doping decreased the Ga/N ratio substantially and
moreover, they attributed the YL band to the Ng, antisite. It
is obvious, however, that the concentration of Vg, also in-
creases with decreasing Ga/N ratio. Therefore, creation of
the Vg,-related acceptors is also able to explain the observed
enhancement of the YL band in Se-doped GaN.

What can be gleaned from the above discussion is that
there is still no model which fully describes the defect or
defects that are responsible for the YL band in undoped or
n-type doped GaN. On the one hand, there are extensive data
supporting the assignment of the YL band emission to a na-
tive defect, which also can be introduced by implantation
damage or irradiation. In this case, the V5,0y complex is the
main candidate, as well as V5, and V5,0y trapped at dislo-
cations or other structural defects. On the other hand, carbon
is a strong candidate for the YL-related defect in C-doped
GaN. Although experimentally difficult, an investigation of
the YL band GaN with controllably different concentrations
of C and Vg, is desperately needed to delineate the root
cause for the YL emission in GaN.
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What is firmly established is that the YL band in all
n-type GaN samples is related to transitions from the con-
duction band or from a shallow donor to a deep acceptor. The
ionization energy of this acceptor is about 0.8—0.9 eV. Its
capture cross section for holes is much larger than that for
electrons. Thus, it might be a multiply charged acceptor.
From this point of view, the V,-shallow donor complex is a
very strong candidate. The shape of the YL band and its
position in this case should be determined by Vg, due to its
strong electron-phonon coupling. The situation is very simi-
lar to the Vg,-shallow donor complexes in GaAs, where the
shallow donors mostly change the charge state of Vg, but
barely affect the energy level and vibrational characteristics
of the defect.”" Similarly, the properties of V5, may not be
strongly affected by the strain field of a dislocation that may
trap the Vg,-containing complex. It is important to under-
stand that in Vg,D complex the transitions take place not
from D to Vg, as often interpreted, but from a distant donor
or from the conduction band to the V,D complex because in
such a complex the hole wave function would cover both
defects.

B. Yellow and green luminescence in high-purity GaN

Thick GaN layers grown by HVPE demonstrate substan-
tially improved quality,12 as determined by structural, elec-
trical, and optical characterizations, and paved the way for
investigating defects with more confidence. Liliental-Weber
et al.*'® showed that the dislocation density drastically de-
creases with increasing thickness of GaN. The concentration
of point defects, including impurities and Ga vacancies, also
gradually decreases with distance from the GaN/sapphire
interface,'?*2!7:218 Among thick GaN layers grown by differ-
ent groups, 200-300-um-thick laser-separated freestanding
GaN templates grown by HVPE at Samsung Advanced Insti-
tute of Technology (SAIT) in Korea have the superior quality
to date, combining the highest bulk mobility of
electrons,l%’m’219 the lowest concentration of uncontrolled
donors  (0.6-1.8x 10" cm™) and acceptors (1.7-2.4
X 10'5 cm™3),"%19721% very Jow density of dislocations near
the Ga face (less than 10° cm™2),2***" and exceptional opti-
cal properties.zzz’223 We studied PL from a few GaN tem-
plates prepared at SAIT and observed that PL results were
very reproducible in different samples. Some of these tem-
plates were also studied by positron annihilation,'*® Hall
effect,’”®1?7?"” and SIMS (Ref. 223) methods. The compre-
hensive study of very similar GaN templates allows us to use
the results from various investigations in order to reliably
quantify the PL results.

The low-temperature PL spectrum from the freestanding
GaN templates produced by SAIT contains multiple exciton
peaks above 3.3 eV, the UVL band with the main peak
at 3.26 eV, and a broad yellow-green band (Fig. 22). Very
weak BL (at about 2.9 eV) and RL (at about 1.8 eV) are
masked by neighboring bands in these samples but can be
detected under special conditions (in TRPL, under resonant
excitation of PL, or at intermediate temperatures). At room
temperature, most of the bands thermally quench. Only the
near-band-edge emission peaking at about 3.41 eV and the
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FIG. 22. PL spectra from a freestanding GaN template at 15 and 295 K.
Exciton part at 15 K is cut in order to present better the defect-related bands.
See Ref. 222 for details of the exciton part.

broad yellow-green band can be observed at room tempera-
ture (Fig. 22). The shape and position of the broad band
depend on the excitation intensity and excitation energy,
while it can always be deconvolved in two bands, namely,
the YL band peaking at about 2.22 eV and the GL band with
a maximum at about 2.48 eV.''"!? Below, the detailed re-
sults of study of the YL and GL bands in a high-purity GaN
freestanding template grown by HVPE are presented. All the
results can be explained using a model whereby the YL and
GL are related to two charge states of the same defect, pre-
sumably the V,On complex.

1. Effect of excitation intensity

Figure 23 shows the room-temperature PL spectrum of a
GaN template at different excitation densities. The broad
band maximum shifts from about 2.22 to 2.47 eV to increas-
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FIG. 23. Room-temperature PL spectrum of a freestanding GaN template
(Ga face) at different excitation densities. Points are experimental data (only
every tenth point is shown for clarity); solid curves - fit using modeled YL
and GL bands with their relative contribution given in Fig. 24. Reprinted
with permission from Reshchikov et al., Appl. Phys. Lett. 81, 4970 (2002).
Copyright (2002) by the American Institute of Physics.
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FIG. 24. Dependence of the integrated intensity of the YL and GL bands on
excitation intensity. The points are experimental data obtained from decon-
volution of the spectra shown in Fig. 23 onto two bands (YL and GL). The
solid lines represent a fit with the following parameters: C,,;
=108 em®s7™!, C,,=2.5X 1072 em’s7!, C,;=33%X107 em’s7!, C),=1.5

P 1
X107 em3s™!,  B=5X10"7 ecm?s™!,  N,=1.5X10" cm™, ny=1.3

% 10'® ¢cm™. Also shown are the FWHM and position of maximum (after
deduction of 2 eV for appearance) of the experimentally observed broad
band (points) and the same values simulated by using the modeled shapes of
the YL and GL bands and their relative contributions. Reprinted with per-
mission from Reshchikov er al., Appl. Phys. Lett. 81, 4970 (2002). Copy-
right (2002) by the American Institute of Physics.

ing excitation level. In contrast to the monotonic shift of the
PL band with excitation intensity, which is typical for deep
DAP transitions,** a rapid shift of the band maximum be-
tween 1 and 10 mW/cm? has been observed (Fig. 23). Self-
consistent deconvolution of the broad band at different exci-
tation intensities revealed''” that it is composed of two
bands: (i) a nearly Gaussian-shaped YL band with a maxi-
mum at 2.22 eV and FWHM of about 0.58 eV and (ii)
slightly asymmetric GL band with a maximum at 2.48 eV
and FWHM of about 0.53 eV. With increasing P.,., the YL
intensity increases linearly and saturates above P,
=1 mW/cm?, whereas the GL intensity is approximately
quadratic in P, at low-excitation densities and linear in P,
above ~10 mW/cm? (Fig. 24). A consideration of the bal-
ance equations, similar to those presented in Sec. Il A 1,
shows that the above behavior of the defect-related PL is a
hallmark of two charge states of the same defect.'?

As one would expect from the viewpoint of probability,
the concentrations of the acceptors binding one and two
holes are, respectively, linear and quadratic functions of P
at low excitation intensities. Figures 23 and 24 demonstrate
the fit of rate equations, developed for the case of two charge
states of an acceptor, to the experimental data.""? The con-
centration of the acceptor was estimated as Ny=1.5
X 10" ¢cm™ from this fit. This value is in excellent agree-
ment with the acceptor concentration in the studied free-
standing templates determined from the Hall-effect data
(2.4%x 10" cm™) (Ref. 196) and with the concentration of
the Vg,-containing defects found for similar samples from
the positron lifetime experiments (2X 10'5 cm™)."* Other
parameters, found from the fitting, are given in the caption of
Fig. 24. The assignment of the YL and GL bands to the
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FIG. 25. PL spectrum in the defect range taken for below-band excitation at
different photon energies. The excitation density is about 0.2 W/cm?. Re-
printed with permission from Reshchikov ef al., Appl. Phys. Lett. 78, 3041
(2001). Copyright (2001) by the American Institute of Physics.

2—/- and —/0 states of the V5,0y complex is consistent with
the obtained values of their capture cross sections for elec-
trons and holes. Indeed, electrons are much more likely cap-
tured by (V,0n)° than by (V,0On)™, whereas the difference
between (Vg,0n)>~ and (V,0y)~ for the capture of holes is
not so important. Further, the predicted energy separation
between the 2—/— and —/0 states of the VO (0.45 V)
(Ref. 22) is reasonably close to the difference in positions of
the GL and YL bands (about 0.26 eV).

We observed similar transformation of the YL into GL
band in several freestanding GaN templates, both at room
and cryogenic temperatures, as well as in relatively thin
high-quality GaN layers grown by HVPE on sapphire. How-
ever, the GL band has never been observed in thin undoped
GaN layers grown by MBE or MOCVD. The observation of
the GL band only in certain samples can be explained by
higher purity of these samples. Indeed, saturation of the
acceptor-related PL is promoted by low concentration of the
acceptor, long lifetime of the acceptor-related PL (which is
inversely related to the shallow donor concentration), and
high efficiency of radiative recombination (requiring low
density of dislocations, perfect surface preparation, and large
diffusion lf:ngth).67 All these parameters in the freestanding
GaN templates grown by SAIT satisfy the conditions set
forth above for observing the GL band.'? The lack of the GL
band in thin GaN films with inferior quality could also be
explained if the V,0Oy complexes were preferably bound to
dislocations®® that may affect the charge state and other char-
acteristics of the defect. We should emphasize that in various
GaN samples different defects may contribute to emission in
the visible range.

2. Resonant excitation

Figure 25 shows the room-temperature PL spectrum
from a freestanding GaN template taken at different excita-
tion energies. With increasing excitation energy, the spec-
trum gradually shifts from about 2.2 eV (yellow emission) to
2.43 eV (green emission) on both N and Ga faces. Figure 26
depicts the variation of the position of the band maximum
and its FWHM as a function of the photon excitation energy
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FIG. 26. Position of the broad band maximum, FWHM, and sample trans-
parency for the freestanding GaN template as a function of the incident light
energy at room temperature. The excitation density is about 0.2 W/cm?. The
full squares and triangles are for the Ga face. The open squares and triangles
are for the N face. The solid lines are guides to the eye. Reprinted with
permission from Reshchikov e al., Appl. Phys. Lett. 78, 3041 (2001).
Copyright (2001) by the American Institute of Physics.

hwg, along with the transmittance of the sample. The varia-
tion of the shape and position of the band strongly correlates
with the transmittance curve. For fiw.,<3.26 eV, where the
absorption coefficient is of the order of or less than 10 cm™,
the position of the band maximum saturates at about 2.2 eV,
and the band FWHM is about 590 meV. For fiwg,
>3.35eV, where the absorption -coefficient exceeds
~10% cm™!, the position of the band maximum saturates at
about 2.43 eV, and the band FWHM is about 500 meV. For
frwg . <3.26 €V, only a small fraction of the excitation light
is absorbed in the sample, while for Ziw,,.>3.35 eV the ex-
citation light is absorbed in a thin (of the order of or less than
10 pm) surface layer.

The above observations were originally explained111 by
assuming that two different defects are responsible for the
YL and GL bands. The YL-related defect was assumed to
have a relatively high concentration in the first 1 pum from the
surface, whereas the GL-related defect was assumed to be
distributed uniformly throughout the bulk GaN. However,
the model of two charge states of the same defect, presented
above, can easily explain the results of resonant excitation.
Indeed, the YL band dominates at resonant excitation below
3.3 eV because the absorption coefficient is very small at
these photon energies111 and the acceptors cannot be satu-
rated. The GL appears at higher photon energies and domi-
nates above 3.3 eV when the excitation power is high enough
because the absorption of GaN increases markedly in this
range111 and the defects can be saturated. Presented below
are the results of a PLE study in a wide temperature range
that are also consistent with the above model of the YL and
GL bands.

Figure 27 shows the PLE spectra of the YL band in the
GaN freestanding template at different temperatures. As in
the case of the YL band in the MBE-grown GaN layer (Fig.
20), the PLE spectrum consists of two characteristic regions:
a slow increase of the PL intensity with variation of Aiwg,,
from 2.7 to ~3.3 eV which is attributed to the resonant ex-
citation, and a fast increase at higher photon energies which
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FIG. 27. PLE spectra for the YL in the freestanding GaN template at dif-
ferent temperatures. The solid curve is a Gaussian fit with maximum at 3.32
eV and FWHM of 0.52 eV. Reprinted with permission from Reshchikov et
al., Mater Res. Soc. Symp. Proc. 693, 16.19 (2002).

is attributed to the interband transitions.'”™ The resonant part
of the PLE spectrum was fitted with a Gaussian curve with
the same parameters as for the YL band in the MBE-grown
sample. In the PL spectrum of the freestanding GaN at reso-
nant excitation we also resolved the RL band (Fig. 28), ap-
pearing as a weak shoulder to the YL band in Figs. 22 and
23. We did not observe the GL band at resonant excitation. It
appeared only at high excitation intensities and at photon
energies corresponding to strong absorption. This observa-
tion agrees with the assignment of the GL band to another
charge state of the YL-related defect that is difficult to satu-
rate with holes by resonant excitation.

While the YL band intensity under resonant excitation in
the MBE-grown sample was completely independent of tem-
perature (Fig. 20), it sharply changes in the temperature
range of 30-50 K in the freestanding template, being tem-
perature independent at higher and lower temperatures (Fig.
27)."% An activation energy of 15 meV, determined from a
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FIG. 28. PL spectrum from the freestanding GaN template excited with
below-band-gap energy (3.44 eV) at 50 K. Points—experiment. Dashed
lines—Gaussians peaking at 1.86 and 2.27 eV and having FWHM of 390
meV. The solid curve is the sum of two Gaussians.
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fit, was tentatively attributed to a barrier in the adiabatic
potential of the defect.'"™ We can suggest the following in-
terpretation of the decrease of YL intensity of about 5 times
with decreasing temperature. Similar to predictions for Vg,
in GaAs,”” Ga vacancy in GaN may have a metastable state
along one of the adjacent N atoms. If the barrier in the
ground state is small enough, reorientation between the four
equivalent configurations would be allowed above some
critical temperature (for instance, above 50 K), whereas in
the excited state (a hole bound to the acceptor) the barrier
might be too high, so that reorientation of the distortion is
not observed even at very high temperatures. We assume
that, as in GaAs,” the effect of Oy donor on the Vg, distor-
tion is weak, especially in the ground state of the defect.
Assuming that the minima of three equivalent configurations
lie 15 meV below the minimum of the fourth configuration in
the ground state, and that excitation of only the defect dis-
torted along ¢ axis leads to the radiative recombination while
the rest of the three configurations are nonradiative, we can
qualitatively explain why the intensity drastically changes at
30-50 K. In this picture, the defect in potentially radiative
state may reorient into nonradiative state and get trapped in it
for long at low temperature.

3. Time-resolved PL

A pulse nitrogen laser was used in the TRPL experi-
ments to excite the freestanding GaN template.”o’]13 While
the GL band was detected for short delay times (up to 10 ps),
for longer delay times the GL completely disappeared and
the YL emerged due to a much slower decay. The low-
temperature TRPL spectra at different delay times are shown
in Fig. 29 in comparison with the SSPL spectra excited with
nitrogen and He—Cd lasers. For short times following pulsed
excitation, the GL band with a maximum at about 2.45 eV
dominates the PL spectrum at 15 K. The shape and position
of the GL band remain nearly unchanged up to about 10
“5.110,113 However, at longer delay times the GL band disap-
pears, giving way to the YL band peaking at 2.2 eV. Also, the
RL band observed at about 1.8 eV and the BL band observed
at about 2.9 eV could be seen as shoulders of the YL band
and the UVL band at long delay times (Fig. 29).

A striking feature of the PL behavior is a clearly visible
persistence of light emission after the excitation is com-
pletely turned off. The PL intensity decay of the green-
yellow band at 2.2 eV, in comparison with that of the BL and
UVL bands at 15 K, is shown in Fig. 30. The decays are
nonexponential as would be expected for the DAP transitions
in low-temperature PL of GaN. The time dependence of the
emission at 2.2 eV exhibits a steep drop between 10~ and
10 s followed by a nonexponential decay, which is slower
than #~!. Remarkably, in the same time interval the GL trans-
forms into YL, as shown in Fig. 29. It is clear that the PL
decays below and above 10~ s at 2.2 eV are associated with
two different emissions, namely, GL and YL bands, respec-
tively. A fast quenching of the GL band and a very slow
decay of the YL band are consistent with the assignment of
these bands to two charge states of the same defect, presum-
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FIG. 29. Steady-state PL spectra (solid curves) obtained from a freestanding
GaN under excitation with pulsed nitrogen (SS-N) and cw He-Cd (SS-
HeCd) lasers, and time-resolved PL spectra at different time delays (points).
T=15 K. Reprinted with permission from Reshchikov et al., Appl. Phys.
Lett. 83,266 (2003). Copyright (2003) by the American Institute of Physics.

ably (Vg,On)” and (Vg,On)72", respectively.''? The RL
and BL bands also exhibit a persistent behavior, as can be
seen in Fig. 29.

Several mechanisms may lead to persistent PL. The most
common ones are DAP transitions,79 potential ﬂuctuations,226
and trapping and detrapping by shallow traps.227 We may
completely neglect potential fluctuations in the studied
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FIG. 30. PL intensity decay of the UVL (3.25 eV), BL (2.9 ¢V), and GL-YL
(at 2.2 eV) in freestanding GaN grown by HVPE. The curves are calculated
using Eq. (17) with the following parameters: N,=1.8X10'® cm™, a,
=2.4 nm, and W,,,,=10° 3 X107, and 10° s7!, as shown in the figure. Re-
printed with permission from Reshchikov er al., Physica B 340-342, 444
(2003). Copyright (2003) by Elsevier.
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FIG. 31. Population of an acceptor with holes after excitation pulse in the
DAP model (Ref. 79) with the same parameters as in Fig. 30. Note that W,,,,
covers the range estimated for different acceptors in GaN. Reprinted with
permission from Reshchikov et al., Physica B 340-342, 444 (2003). Copy-
right (2003) by Elsevier.

samples because the concentration of defects and compensa-
tion ratio are very small. Furthermore, there is no experimen-
tal evidence for shallow traps in GaN. However, the DAP
mechanism looks very attractive because in the studied high-
purity samples the distances between donors and acceptors
are large enough to provide long-lived PL in conditions of
very low concentration of free carriers at low temperatures.

The decay curves were fitted by the Thomas—Hopfield
expression for the case of low compensation [Eq. (17)] with
Np=1.8%10'" cm™, ap=25 A, and W, being the only fit-
ting palrameter.]13 The calculated curves with three values of
Woax are shown in Fig. 30 as typical examples rather than
the best fit. The fitting parameters are reasonable and close to
the parameters found earlier for DAP transitions involving
different acceptors in GaN.¥ As may be seen, the curve
shape is not very sensitive to W,,,, especially for the values
of W,., above 107 s™'. Nevertheless, we may conclude
qualitatively that W, for the GL is apparently very large, of
the order of 108—10'° s=!."'*""* Deviation of the UVL and
YL emission decays from the classical DAP-type decay for
times above 10 s (Fig. 30) can be explained by a redistribu-
tion of electrons thermally emitted to the conduction band.'"?
For the case of long delay times, an electron may thermally
escape from a particular shallow donor and be captured by
another shallow donor. If the electron is captured by a donor
located closer to a neutral acceptor, the recombination will
occur faster. Otherwise it will be emitted again to the con-
duction band and captured by another ionized donor. This is
a reasonable explanation for the shallow DAP transition in-
volving a simple acceptor. In contrast, the acceptor respon-
sible for the YL band is negative when it binds a hole,112 and
its Coulomb potential would repel free electrons emitted
from the donors. Therefore, we may expect slowing down of
the YL recombination when the emission of electrons from
the shallow donors becomes efficient (for times above 10 s).

It is interesting to note that for the studied freestanding
GaN about half of the deep acceptors responsible for the YL
band are filled with holes 1 min after ceasing the excitation
light, and about 20% of the acceptors would hold the hole
even after 1 h (Fig. 31).""*
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100 K. Effective lifetime is also shown (closed points). Reprinted with per-
mission from Reshchikov et al., Physica B 340-342, 448 (2003). Copyright
(2003) by Elsevier.

4. Effect of temperature

With increasing temperature, the DAP transitions give
way to transitions from the conduction band to the same
acceptors (e-A type) in undoped GaN.*" As this takes place,
the PL spectrum remains almost unchanged due to the small
binding energy of the shallow donor, but the PL decay ap-
proaches the exponential law.” Figure 32 shows the PL spec-
trum at different delay times after the pulse excitation at 100
K. The UVL band decays exponentially with a characteristic
time of about 10™* s, revealing the BL band at about 2.9 eV
which decays at a slower rate. Similar to the low-temperature
case (Fig. 29), the shape and position of the GL band remain
nearly unchanged up to about 107 s, but at longer delay
times the GL band disappears, giving way to the YL band. At
100 K, the PL decay at 2.43 eV clearly contains two expo-
nential components.113 The one with the characteristic time
of 3.5X 107 s is attributed to the GL band, and the other
with the characteristic time of 1.5X 1073 s is attributed to the
YL band (Fig. 32).

The effective lifetime, 7°, defined in Sec. III B, is plotted
as a function of photon energy in Fig. 32. Two branches of 7"
between 1.8 and 2.7 eV are related to overlapped GL and YL
bands that have very different lifetimes.'" To a first approxi-
mation, the lifetimes are independent of the photon energy
for all defect-related PL bands in the freestanding GaN tem-
plate, including the RL band below 2.0 eV observed as a
shoulder to the YL band and having the slowest decay. Fig-
ure 33 shows the PL lifetimes for the UVL, BL, GL, and YL
bands at different temperatures. For transitions of electrons
from the conduction band to the acceptors, the PL lifetime is
inversely proportional to the free-electron concentration n
(Sec. III B). The variation of the PL lifetime for the UVL,
BL, and YL bands is consistent with Eq. (20) up to tempera-
tures where the holes escape to the valence band from the
acceptors, resulting in quenching of not only the SSPL inten-
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sity but also the effective PL lifetime.®” The obtained capture
coefficients for the UVL, BL, and YL bands of about 2
X 10712, 4x107"3, and 7X107'* cm?/s, respectively, are
nearly temperature independent and agree with the values
obtained for thin GaN films on sapphire (3.7 1072, 3.9
X 10713, and 6.2 X 107 cm?/s, respectively).®’

In contrast to the UVL, BL, and YL bands, the PL life-
time for the GL band is temperature independent from 30 to
70 K and increases by 20 times at room temperature (Fig.
33). This type of the PL lifetime variation is completely dif-
ferent from the behavior described by Eq. (20) for the e-A
transitions, although the decay of the GL band is exponential
in the temperature range of 30-300 K. We attribute this un-
usual behavior to an internal transition associated with the
defect.*®

We propose that the acceptor responsible for the GL
band has an excited state close to the conduction band. De-
pending on the temperature and concentration of free elec-
trons in the conduction band, the plausible mechanisms of
the GL-related recombination are (Fig. 34) (i) transitions
from distant shallow donors (DAP-type), (ii) internal transi-
tions from an excited state, and (iii) transitions from the con-
duction band directly to the ground state of the acceptor. At
very low temperatures, there are almost no free electrons in
the conduction band, and thus photogenerated electrons may
primarily be captured by shallow donors. The contribution of
the internal and e-A type transitions would be very small,
and therefore the GL would be predominantly due to the
DAP recombination. At elevated temperatures (30-70 K), the
concentration of the free electrons increases from 103 to
almost 10'® cm™ due to the thermal escape of electrons from
the shallow donors to the conduction band. Consequently, the
DAP channel is basically blocked, paving the way for inter-
nal transitions, as free electrons can easily saturate the ex-
cited state of the acceptor binding two holes. At even higher
temperatures (70-300 K), electrons are able to escape from
the excited state to the conduction band. Thus the increase of



061301-34 M. A. Reshchikov and H. Morkog

T=15K T=30-70K T=300K

Conduction Band

71

) +es & 1

!
'
/
\
/
5 I
i
'
!
]

\
p1.2

Valence Band

FIG. 34. Schematic of transitions responsible for the GL band in high-purity
GaN. e.s. is the excited state of the acceptor, therefore the transition e.s
— A% is of intracenter type. SD stands for the shallow donors, and the tran-
sitions involved are distant DAP transitions. The dashed lines correspond to
less probable transitions, whereas the solid lines show the dominant
transitions.

the PL lifetime for the GL band observed in this temperature
range (Fig. 33) can be explained by the escape of electrons
from the excited state located about 30-40 meV below the
conduction band. Further, this escape at room temperature is
so intense that the transitions from the conduction band di-
rectly to the ground state may dominate. Very large values of
the electron-capture cross sections for transitions from the
shallow donors and from the conduction band to the acceptor
level responsible for the GL band in freestanding GaN have
been reported.”o’228 These values are consistent with the as-
signment of the GL band to the V5,0Oy complex in its 0/—
state.!1? Note, however, that the existence of an excited state
close to the conduction band is surprising for a neutral center
which is the (V5,0x)° complex when it binds two holes.

C. Ultraviolet (shallow DAP) band

The shallow DAP recombination in undoped GaN was
studied in detail by Dingle and Ilegems.229 Those authors
have observed PL peaks at 3.2571, 3.1672, and 3.0768 eV
having the identical radiative lifetimes and assigned them to
the zero-phonon line (ZPL) and LO phonon replicas, respec-
tively, of transition from a shallow donor to a shallow accep-
tor. While the main candidates for the shallow donors are
Sig, and Oy (with activation energies of 30 and 33 meV,
respectively23 0, assignments of the shallow acceptor in un-
doped GaN are controversial, as discussed in Sec. IV C 3.
The DAP hypothesis for this PL band has been fully con-
firmed by temperature-dependent PL studies and time-
resolved PL.** Dingle and Ilegems229 observed characteris-
tic nonexponential decay of the PL intensity after pulse
excitation, as well as narrowing of the PL band and shift to
lower photon energies after ceasing light. These are the dis-
tinguishing features of the distant DAP recombination.”

The DAP transitions involving shallow donors usually
give way to the e-A transitions at elevated temperatures as
free electrons thermally released from the shallow donor to
the conduction band recombine with holes bound to the same
acceptor. The shape of the e-A band is usually very similar to
the one of the DAP band involving a shallow donor, because
the shape of the defect-related PL band is largely determined
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FIG. 35. UVL band in undoped GaN at 15 K. Points are from experiment.
The dashed line is a modeled shape of the zero-phonon line (ZPL). The solid
line is a fit accounting for LO phonon replicas having intensities of 0.4,
0.097, 0.022, and 0.004 with the shapes identical to the modeled shape of
the ZPL. The ZPL and donor-bound-exciton peaks are located respectively
at 3.286 and 3.475 eV in this undoped GaN layer grown by MBE on
sapphire.

by the electron-phonon coupling for more localized carriers
(hole bound to the acceptor), and the effect of the loosely
bound electron on vibrational properties is negligible. Some-
times the DAP and e-A bands can be delineated.”*>**!
However, it is usually a challenging task to attribute the PL
band to the DAP or e-A transition from the PL spectrum
alone. For instance, the position of the PL peak may be af-
fected by a strain in the epilayer grown on foreign substrates,
concentration of the shallow donors and free electrons, and
finally, by saturation of PL intensity from distant pairs in the
particular excitation conditions employed. Only a compre-
hensive PL study encompassing different excitation intensi-
ties, temperatures, and time-resolved PL would allow delin-
eation of the DAP and e-A emissions. The term “DAP band”
universally adopted for the characteristic PL. band with the
main peak at about 3.27 eV in GaN is not good also because
most of the PL bands in undoped GalN at low temperature
arise from the DAP-type transitions due to the relatively
large activation energy of shallow donors. For these reasons,
we suggest the term “UVL band,” and where it is possible
we require that the DAP- or e-A-type transitions are speci-
fied. Below, we review the experimental results associated
with the UVL band in undoped GaN where the shallow ac-
ceptor is not clearly identified. When GaN is lightly doped
with Mg, an enhancement of the UVL band is observed since
Mg, is the shallow acceptor. Although in some undoped
GaN samples Mgg, may be present and responsible for the
UVL band, in this section we will restrict our discussion to
the nominally undoped GaN, while the UVL band in GaN
doped with Mg is considered in detail in Sec. V B 1.

1. Steady-state PL

A typical shape of the UVL band in the case of the e-A
transitions at low temperature in the MBE-grown GaN con-
sists of a sharp peak at 3.286 eV followed by a number of
LO phonon replicas, as shown in Fig. 35. Positions of the
peaks are independent of the excitation intensity in the range
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FIG. 36. Transformation of the UVL band (e-A related) in GaN with
temperature.

of 1072-100 W/cm? with the accuracy of 1 meV. Accounting
for the residual strain in approximately 2-um-thick GaN lay-
ers grown by MBE in which all PL peaks are shifted by 4
meV to a higher energy compared to the positions in relaxed
bulk GaN, we estimated the energy separation between the
band gap in GaN and the ZPL in a set of more than 10
samples as 221+3 meV at 15 K. This value can be consid-
ered as the low-temperature binding energy for the shallow
acceptor involved in the UVL in undoped GaN.

A few LO phonon replicas at energy separations that are
multiples of 91.7+£0.3 meV are clearly visible in Fig. 35. The
intensities of the peaks are, in descending order, 1.0, 0.5,
0.17, 0.06, and 0.02 for the lines with n=0, 1, 2, 3, and 4,
where n defines the number of LO phonons involved. We
deconvolved the PL spectrum in Fig. 35 into a series of
bands shifted by 91.7 meV with exactly the same shape but
different intensities (the dashed curve in Fig. 35 shows a
simulated single band). The relative intensities of the lines
after deconvolution are 1.0, 0.4, 0.097, 0.022, and 0.004,
which are close to the theoretical ratios between intensities
of the phonon replicas if we use Eq. (24) with $=0.4, result-
ing in ratios of 1, 0.4, 0.08, 0.011, and 0.001. Note that each
single band in this spectrum is broadened due to coupling
with phonons other than LO phonons.

With increasing temperature from 15 to 110 K, the UVL
band associated with the e-A transitions broadens (Fig. 36),
although its integrated intensity remains nearly unchanged.
At higher temperatures, the UVL band quenches and com-
pletely vanishes at room temperature. From the fit, with the
aid of Eq. (6), to the experimental data for GaN layers grown
by MBE on sapphire we obtained E4=170 meV and C,
=10"° cm?¥/s. These values are nearly identical to those re-
ported for the UVL band in undoped GaN grown by
MOCVD.*" The apparent discrepancy between the value of
E, obtained at 15 K from the position of the e-A peak (
~220 meV) and the acceptor activation energy obtained
from the quenching dependence (170 meV) at least in part
can be attributed to the variation of the activation energy
with temperature. This assumption is consistent with the fact
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FIG. 37. PL spectrum of the UVL band at different temperatures in free-
standing GaN (empty squares) and in the GaN overgrown on the freestand-
ing GaN template by MBE (filled circles). Excitation density is 100 W/cm?.
Reprinted with permission from Reshchikov et al., Appl. Phys. Lett. 79,
3779 (2001). Copyright (2001) by the American Institute of Physics.

that the position of the ZPL for the e-A emission was tem-
perature independent (within an accuracy of =6 meV) in the
range from 15 to 200 K while the band gap reduced by 25
meV in this temperature range. The larger value of E, re-
ported earlier for the UVL band in undoped GaN layers
grown by MOCVD on sapphire substrate (198 meV) (Ref.
75) can be explained by neglecting the temperature depen-
dence of the density of states in the valence band, Ny. In-
deed, if we neglect the temperature dependence of the pa-
rameter Q; in Eq. (6), the best fit would yield E,
=195+5 meV instead of 170 meV.

If the n-type GaN is nondegenerate, at sufficiently low
temperatures the e-A emission gives way to the DAP emis-
sion involving the same acceptor because the free equilib-
rium electrons freeze-out, while the photogenerated electrons
are captured much faster by shallow donors than by
acceptors.67 Conversely, an increase in temperature causes
replacement of the DAP lines by slightly shifted e-A lines. A
transformation of the DAP band into e-A band with increas-
ing temperature in high-purity GaN is shown in Fig. 37. The
e-A transitions begin to dominate at temperatures above 30 K
when the concentration of the free electrons exceeds
~10" cm™3. Considering the separation between the DAP
and e-A peaks in the low-excitation limit (at about 3.256 and
3.282 eV, respectively) and accounting for the average ki-
netic energy (kT/2) of free electrons (1.5 meV at 35 K) and
the effective Coulomb interaction in DAP (about 7.5 meV for
Np=2X%10'"® cm™), we estimated the ionization energy of
the shallow donor as Ep=32 meV.**? This value is very
close to the binding energy of the Oy donor in GaN.?"

Differentiating the DAP and e-A recombinations can be
accomplished not only by recognizing their different energy
positions and the distinct temperature dependence of their
intensities in a PL experiment. In addition, such a delineation
can be done by their different behavior with increasing exci-
tation intensity or by analyzing the time-resolved PL data.
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FIG. 38. Positions of the ZPL of the UVL band in undoped GaN as a
function of excitation intensity in the steady-state PL (filled points, bottom
scale) and time delay after excitation pulse (open points, top scale).
Squares—30-um-thick GaN layer on sapphire substrate, triangles—200-um-
thick freestanding GaN template, both grown by HVPE. The e-A line is
detected at ~3.282 eV while the DAP line position varies from 3.253 to
3.269 eV depending on experimental conditions. Reprinted with permission
from Reshchikov er al., Physica B 340-342, 444 (2003). Copyright (2003)
by Elsevier.

The above-mentioned differentiation is in part rooted in the
statistical distribution of the DAP separations.79’86 For distant
DAP the dependence of the emission energy fiw on the pair
separation R is given by79

q2

hw:Eg—ED—EA+8—R, (29)
where E, is the band gap, Ej and E, are the donor and
acceptor binding energies, respectively, & is the low-
frequency dielectric constant, and g is the electron charge.
The last term represents the Coulomb interaction resulting
from the interaction of ionized donors and acceptors. With
increasing separation, the lifetime of radiative transitions be-
comes longer. Thus, close pairs would saturate at lower ex-
citation intensities in experiments with variable excitation
intensity and emit at shorter times in TRPL experiments.
Consequently, the DAP band blue-shifts with increasing ex-
citation intensity, and it narrows and shifts to the lower en-
ergy with time delay after excitation with a single pulse of
light because the close pairs experience stronger Coulomb
interaction and contribute at higher photon energies as com-
pared to more distant pairs according to Eq. (29). Examples
of the shifts of the UVL band with increasing excitation in-
tensity and with time delay after pulse excitation are shown
in Fig. 38. Similar shifts of the UVL band with excitation
intensity have also been reported in Refs. 116 and 232. Ad-
ditional information about the type of transition and param-
eters of the defects involved in the UVL band can be ob-
tained from time-resolved PL, as discussed below.

2. Time-resolved PL

Transient behavior of the UVL band in undoped GaN
has been studied extensively.m’l13’114’142’188’228’229’233 In most
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studies the observed decay of the UVL band at low tempera-
tures has been nonexponential (usually in the microsecond
range). The typical intensity decay curve for the UVL band is
shown in Fig. 17 in comparison with the decays of other PL
bands present in the same sample. The PL decay at 15 K has
been fitted to Eq. (17) using the model of distant DAP tran-
sitions involving shallow donors and shallow acceptors. The
value of W, for the shallow acceptor, a parameter propor-
tional to the capture cross section of the acceptor as dis-
cussed in Sec. III B, is of the order of 10% s~ which is larger
than for other radiative acceptors in undoped GaN.'®®

The PL decay curve becomes nearly exponential with
increasing temperature when the DAP transitions are re-
placed by the e-A transitions involving the same shallow
acceptor.87 The temperature dependencies of the emission
lifetime for the UVL band, in comparison with the other
bands in undoped n-type GaN grown by MOCVD and
HVPE, are shown in Figs. 19 and 33, respectively. The ef-
fective lifetime of the UVL band has a weak temperature
dependence between 50 and 110 K, but it sharply drops at
T>110 K due to the thermalization of holes from the shal-
low acceptor, in agreement with Eq. (22). The electron-
capture coefficient C,, and the electron-capture cross section
o, for the UVL band have been estimated as (3.7+0.8)
X1072 ecm®s™! and (2.840.6) X 107! cm?, respectively,
with the aid of Egs. (20) and (23).¥” The obtained relatively
large values of C,, and o, for the shallow acceptor as com-
pared to other radiative acceptors in undoped GaN can in
part be due to a weaker localization of the bound hole. In
majority of investigations, the decay of the UVL band in
undoped GaN is reported to be relatively slow (in the micro-
second range) and usually nonexponential at low tempera-
tures. In contrast, Chtchekine et al.'? reported a lifetime
below 0.5 ns for the UVL band in undoped GaN grown by
MOCVD. We should note that the shape of the UVL band in
that particular investigation deviated substantially from the
commonly observed one, necessitating the consideration that
some exciton line or its LO phonon replica might be respon-
sible for the very fast decay of the UVL line at about 3.26—
3.29 eV in Ref. 142

The UVL band transforms with delay time in a high-
purity freestanding GaN template. The ZPL corresponding to
the DAP transitions gradually shifts from 3.266 to 3.253 eV
in a time interval from 107® to 10 s after pulsed excitation
(Fig. 38). The shift is consistent with Eq. (29), according to
which for short delay times the recombination in nearby
pairs experiencing a stronger Coulomb interaction domi-
nates. Besides the DAP peaks, the e-A emission is observed
with the ZPL at about 3.282 eV followed by at least two LO
phonon replicas.

Interestingly, both the DAP and e-A emission lines of the
UVL band can be detected at delay times longer than 1 s
after the excitation pulse, while beyond 10 s the UVL emis-
sion vanishes.''*!'"" These phenomena have been explained
in Ref. 114 as follows: The DAP transitions easily persist up
to 1-10-s delays because a substantial part of the acceptors
holds photogenerated holes for a very long time (Fig. 31) due
to large DAP separations in this sample. The relative contri-
bution of the e-A transitions increases significantly in the
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FIG. 39. PL decay for the DAP transitions (filled points) and e-A transitions
(empty points) of the UVL band in freestanding GaN template. Reprinted
with permission from Reshchikov ef al., Physica B 340-342, 444 (2003).
Copyright (2003) by Elsevier.

time interval between 10~ and 1 s. For longer delay times,
the intensity of both DAP and e-A lines decays exponentially
with a characteristic time of 5 s (Fig. 39). Such decay of the
e-A emission can be explained by a low concentration of the
equilibrium electrons in the conduction band. Indeed, by tak-
ing ny=10"" cm™3 which corresponds to approximately 20 K
for the studied sample,196 and C,=2x107"2 em’/s,'” we
obtain 7=5 s from Eq. (20). The fast exponential decay of
the DAP peak at 1>10s (Fig. 39) can be understood by
considering that the e-A transitions deplete the holes from
the shallow acceptor levels. Note that for the BL, YL, and
RL bands, the deviation from the nonexponential PL decay
due to the above-mentioned reason is expected at longer
times, in accordance with the much lower electron-capture
cross sections for the corresponding acceptors.113 :

3. ODMR and identification of the shallow acceptor

Optically detected magnetic-resonance studies usually
analyze the value and angular dependence of g factor of the
defect-related signal, enabling in some cases identification of
the defects involved in PL process. From the symmetry con-
siderations, supported by calculations, Malyshev et al.'®
predicted that the ground-state g factor of an acceptor (unless
it is very deep) in wurtzite GaN should be highly anisotropic,
namely, g,#0, g, =0, where g, and g, represent the g fac-
tors for the magnetic-field vector aligned parallel and per-
pendicular to the ¢ axis, respectively. However, until recently
the experimentally found g factor for such acceptors as Mg
and Zn in GaN was isotropic and close to g,. Note that in
other semiconductors with similar structure such as Cds and
6H-SiC, the g factor of the shallow acceptor is indeed highly
anisotropic.234_236 Malyshev et al.'® assumed that unex-
pected isotropy is the result of spontaneous local strain fields
due to the Jahn-Teller effect. Remarkably, Glaser et al'”
have discovered a high anisotropy of the shallow acceptor in
high-purity GaN by using the ODMR technique. They stud-
ied a 6-um-thick Si-doped layer grown on a freestanding
GaN template and observed a strong increase of the UVL
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FIG. 40. ODMR spectra at 24 GHz detected on the UVL band (at 3.27 eV)
for several orientations of the applied magnetic field in the (11-20) plane (0°
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are simulations of the low-field line shapes for resonance SA. Reprinted
with permission from Glaser ef al., Phys. Rev. B 68, 195201 (2003). Copy-
right (2003) by the American Physical Society.

band compared to the unintentionally doped GaN. The UVL
band has been attributed to DAP-type transitions involving a
shallow donor (Sig, and possibly Oy) and shallow acceptor,
identified as Siy, although those authors could not rule out
the possibility that unintentionally introduced carbon created
shallow acceptors Cy in the deposited layer.109

The ODMR spectrum contained two luminescence-
increasing signals (Fig. 40). The first one, labeled as shallow
donor (SD), was nearly isotropic with g;=1.952 and g,
=1.949 and has been assigned to shallow donors. The second
one, labeled as shallow acceptor (SA), shifted rapidly with
magnetic field (Fig. 40), i.e., with variation of the angle be-
tween the magnetic field and the ¢ axis. The angular depen-
dence of the g factor for resonance SA (Fig. 41) was fitted
with the expression

g(h) = (gﬁ cos® O+ gi cos? 0)'2, (30)

where g, and g, are the g values with magnetic-field vector
aligned parallel and perpendicular to the ¢ axis, respectively.
Good fits have been obtained with g;=2.193+0.001 and g,
=0,'"" in remarkable agreement with the theoretical predic-
tion for the shallow acceptor in GaN.'® Glaser er al."” sug-
gested that the electric fields generated by high concentration
of charged donors and acceptors in Mg-doped GaN and high
density of dislocations may be responsible for the random
distortions, leading to the previously observed nearly isotro-
pic g factor in less pure samples (shown in Fig. 41 for com-
parison). Those authors have also attributed the asymmetric
broadening of the SA signal at §>25° to residual random
strain fields and simulated the broadening in this assumption
(Fig. 40).

Among the candidates for the shallow acceptor in un-
doped GaN, Mgg,, Cy, and Siy are commonly regarded as
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FIG. 41. g values of ODMR signal SA in homoepitaxial Si-doped GaN layer
(circles) and those found previously for Mg shallow acceptors in Mg-doped
GaN heteroepitaxial layers (squares) as a function of the angle (6) between
magnetic-field vector and the ¢ axis. The dashed curves are fits to the data
[see Eq. (30)]. Reprinted with permission from Glaser et al., Phys. Rev. B
68, 195201 (2003). Copyright (2003) by the American Physical Society.

most reasonable. The former impurity is clearly responsible
for the shallow acceptor (and the UVL band) in GaN lightly
or moderately doped with Mg. In nominally undoped GaN
samples, Mg may be due to contamination of the reactor
from previous growths using Mg. However, the undoped
GaN sample studied by Glaser et al.'” has been grown in a
MOCVD reactor where Mg had never been introduced as a
dopant source. The observation that the UVL band signifi-
cantly increased after doping with Si apparently indicates
that Siy is also a shallow acceptor with possibly a high con-
centration. Jayapalan et al.®" also observed an increase of
the UVL intensity with Si doping and attributed it to the
formation of the Siy acceptor. As for carbon, there is no clear
evidence that it forms a significant amount of the shallow
acceptors Cy in undoped wurtzite GaN. Apparently there is
no correlation between C doping and presence of the UVL
band in wurtzite GaN, 36138164 Note, however, that Cy eas-
ily incorporates in cubic GaN, where a good p-type conduc-
tivity had been reported with C doping (Sec. VI). At this
stage we may conclude that the UVL in undoped wurtzite
GaN is related to Siy or Cy residual acceptors, unless the
sample is contaminated with Mg.

D. Blue luminescence band

The BL band peaking at about 2.9 eV in GaN, similar to
the notorious YL in this material, has attracted substantial
attention of the semiconductor investigators for many years.
This is in part due to the controversial assignment of its
origin and important role that the related defect plays in
GaN. The BL band is often observed in undoped, Mg- and
Zn-doped GaN with very similar shape and position. The
reported values of the energy position of the BL band vary
from 2.7 to 3.0 eV. There is also evidence that in some
samples the BL band, usually peaking at 3.0 eV, bleaches
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under UV illumination. To avoid further confusion, we im-
mediately clarify that the BL band in Mg-doped GaN has
distinctive features, in particular, a large shift with excitation
intensity, and is assigned to transitions from a deep donor to
the Mgg, shallow acceptor (Sec. V B 3). The BL in Zn-
doped GaN, having a characteristic fine structure in rela-
tively pure samples, is attributed to transitions from the con-
duction band or shallow donors to the Zn-related acceptor
(Sec. V A 1). In undoped GaN, the transitions are the same
as in GaN:Zn, and apparently the acceptor is the same. Fi-
nally, the blue bands with a metastable behavior are related
to different defects, as discussed in Sec. IX. Below the prop-
erties of the stable BL in undoped GaN are reviewed.

1. Steady-state PL

A broad BL band centered at 2.88-2.90 eV is often ob-
served in the PL and CL spectra of undoped and Si-doped
n-type grown by MOCVD or
HVPE, 7110210311615 LIS3155.180-182,1891191237-244  BI pang.
similar in energy position and shape to that observed in un-
doped and Si-doped GaN, has also been observed in high-
resistivity C-doped GaN.'"™ In one investigation,136 a slight
deviation has been observed in that doping with C introduced
a BL band peaking at approximately 3.03 eV (Sec. IV D 4).
As shown below, the BL band in undoped or Si-doped GaN
is due to transitions from the conduction band or a shallow
donor to a relatively deep acceptor having an ionization en-
ergy of about 0.34-0.4 eV.

One of the fingerprints of the BL band in unintentionally
doped GaN is the fine structure observed at low temperatures
in high-quality GaN samples.m’160 The fine structure repre-
sents a set of sharp peaks associated with local and lattice
phonons (Fig. 42). The set is identical among different
samples. An analysis of the spectra from several samples has
demonstrated''®'% that the fine structure is formed by a su-
perposition of two series of sharp peaks. The energy separa-
tion between peaks in the first set is 36+ 1 meV. This set is
repeated at the energies of the LO phonon (Fig. 42). Obser-
vation of the fine structure enables one to determine the vi-
brational characteristics of the defect in its ground state. The
first sharp peak at 3.098 eV is attributed to the ZPL (E;) of
the 2.9-eV band. Its replicas at the energy multiples of
36+1 meV are attributed to transitions involving a local or
pseudolocal vibrational mode of the acceptor. Repetition of
this set in 91-meV intervals demonstrates that the coupling
with both local and lattice phonons is relatively strong for
the deep acceptor involved in the process. In the case of two
vibrational modes, the intensity of the phonon replica corre-
sponding to the emission of m local and n lattice phonons,
W,..» 18 given by96

S1Ss

m!n!’

Wmn x (3 1)
where S| and S, are the Huang—Rhys factors describing the
coupling with two vibrational modes. An example of the PL
band shape obtained by using Eq. (31) with S;=1.5 for the
local phonons and S,=2 for the lattice LO phonons is shown
in Fig. 42 by a solid curve.
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FIG. 42. PL spectrum of the BL band in undoped GaN sample at 13 K and
excitation density of 2X 107 W/cm?. Two sets of sharp peaks with energy
separations of 36 and 91 meV are seen. The zero-phonon line (ZPL) energy
is 3.098 eV. The solid curve is the fit using Eq. (31) with §;=1.5 and S,
=2 and simulated shape of the no-phonon transition (dashed curve). The
inset shows the shift of the peaks with excitation intensity for the BL and
shallow DAP bands. Reprinted with permission from Reshchikov et al., J.
Appl. Phys. 87, 3351 (2000). Copyright (2000) by the American Institute of
Physics.

With increasing excitation power, a small shift to higher
energies has been observed for both the sharp peaks and for
the band as a whole."'® The shift averaged over several sharp
peaks of the 2.9-eV band is shown in the inset of Fig. 42 in
comparison with the shift for the ZPL of the UVL band. The
observed small shift, as well as the similarity of the shifts of
the BL and UVL bands, indicates that both bands arise from
DAP-type transitions involving the same shallow donor.

The position of the acceptor level E, can be estimated
from the position of the ZPL with respect to the band edge.
From the energy position of the donor-bound exciton line in
the analyzed sample (3.480 eV), the gap width (E,) at low
temperature is estimated as 3.518 ev.!e Taking the ioniza-
tion energy of the shallow donor Ej reduced by the Coulomb
interaction as approximately 20 meV under low-excitation
rate, and taking the ZPL at E;=3.098 eV, the acceptor en-
ergy level is estimated as E4=E,—Ep—E;=0.40 eV."° This
value is close to the thermal ionization energy (approxi-
mately 0.34 eV) obtained from the PL quenching analysis.(’7
Note that in the temperature range where the PL quenching
occurs (200-300 K), the value of E, may differ from that
derived at low temperatures. Note also that the activation
energy of about 0.38 eV would be obtained from the Arrhen-
ius plot of quenching at 7>200 K if one ignores the tem-
perature dependence of the effective density of states in the
valence band.®’

The temperature dependence of the intensity, position,
and width of the BL band has been studied in Refs. 67, 116,
and 160. The intensity of the BL band increases with increas-
ing temperature from 10 to 40 K in the samples with high
QE of this band (Fig. 15). This phenomenon is explained by
redistribution of holes that are released from the exciton dis-
sociation between acceptors.67 Over the temperature range of
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FIG. 43. Temperature-induced variation of the intensity of the BL band in
MOCVD-grown GaN. The solid curves are the best fit for the samples RK93
(1) and RK120 (2) by using Egs. (6)—(10). Reprinted with permission from
Reshchikov and Korotkov, Phys. Rev. B 64, 115205 (2001). Copyright
(2001) by the American Physical Society.

100-200 K the intensity of the BL band is nearly temperature
independent. At higher temperatures, a thermal quenching is
observed, as displayed in Fig. 43. Employing a fit to the
experimental data for undoped GaN grown by MOCVD on
sapphire (Fig. 43) with the aid of Eq. (6), Reshchikov and
Korotkov®” obtained E;=340+£10 meV and C,=(9+4)
X 1077 cm¥/s. In general, the quenching of PL band in n-type
semiconductor does not necessarily indicate that holes are
thermalized to the valence band. In an alternative model,215
the bound holes do not escape to the valence band but non-
radiatively recombine with free electrons in the conduction
band. In the latter case, the activation energy is simply the
energy separation between the adiabatic potential minimum
of the excited state and the crossover point of the adiabatic
potentials of the ground and excited states. However, the
quenching of the BL band is clearly caused by the escape of
holes from the acceptor to the valence band. Indeed, the ob-
served increase in the intensity of the YL band in a tempera-
ture range corresponding to the quenching of the BL band
(Fig. 15) strongly indicates that a redistribution of holes
which are released to the valence band from the BL-related
acceptor takes place.

The peak position of the BL band at about 2.88 eV at
low temperatures remains almost unchanged or even shifts
slightly to higher energies with increasing temperature from
13 to 380 K,'® while the band gap decreases by about 100
meV in the same temperature range, as depicted in Fig. 44.
Weak temperature dependence is typical for defects with
strong electron-phonon coupling and may be quantitatively
explained within the framework of the one-dimensional CC
model discussed in Sec. III C. This model suggests, in par-
ticular, that the width of an emission band related to a deep
point defect is determined by the strength of the electron-
phonon coupling and by the energy of the zero vibrational
state of the defect. The FWHM of the band in the case of a
strong electron-phonon coupling is described by Eq. (26).
From the best fit to the experimental data regarding the tem-
perature variation of the bandwidth, which is shown in Fig.
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FIG. 44. Shift of the BL band maximum (triangles) with temperature. The
shifts of the YL (2.2 eV) and GL3 (2.5 eV) bands in GaN grown by
MOCVD are shown for comparison. Reprinted with permission from Resh-
chikov et al., Physica B 273-274, 105 (1999). Copyright (1999) by
Elsevier.

45, the energy of the effective vibrational mode for the ex-
cited state of the BL-related acceptor, fiw{, has been esti-
mated to be 43 meV.'® Note that this is some averaged
value, since the two-mode oscillation has been reduced to the
effective one-dimensional oscillation in the fitting.

2. Time-resolved PL

Transient behavior of the BL band has been studied in
undoped GaN grown by MOCVD (Refs. 87 and 188) and
HVPE.""**% At low temperatures the decay of the BL band
is nonexponential (Fig. 17), in agreement with the model of
the DAP transitions including shallow donors. From the fit-
ting with the aid of Egs. (16) and (17), the value of W,,,, has
been estimated as ~107 s~! for the acceptor involved in the
transition.'® The PL decay becomes nearly exponential with
increasing temperature when the DAP transitions are re-
placed by the e-A transitions involving the same shallow
acceptor.87 The temperature dependences of the emission
lifetime for the BL band in undoped n-type GaN grown by
MOCVD (Ref. 87) and HVPE,'" are shown in Figs. 19 and
33. The effective lifetime of BL has weak temperature de-
pendence between 50 and 200 K and sharply drops at T
>200 K due to escape of holes from the acceptor level to the
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FIG. 45. Temperature dependence of FWHM of the BL band (triangles) in
comparison with the dependences for the YL (2.2 eV) and GL3 (2.5 eV)
bands in GaN grown by MOCVD. The solid curves are fit by Eq. (26) with
the following parameters: W(0)=380 (1); 390 (2); 340 (3) meV. hwj=52
(1); 40 (2); 43 (3) meV. Reprinted with permission from Reshchikov er al.,
Physica B 273-274, 105 (1999). Copyright (1999) by Elsevier.
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valence band, in accordance with Eq. (22). The electron-
capture coefficient C,, and the electron-capture cross section
o, have been estimated for the BL-related acceptor as
(3.9+£0.4) X107 cm?s™! and (2.1£0.2) X 1072 cm?, re-
spectively, by using Eqs. (20) and (23).%"*

Evolution of the BL band with time after an excitation
pulse at 15 K in GaN layer grown by MOCVD is shown in
Fig. 18. There is no shift within an accuracy of 30 meV, in
agreement with the assumption that the donor involved in the
DAP transition is shallow. In pure enough GaN samples
grown by HVPE, the BL band as well as the YL band could
be observed long after the excitation is completely turned
off.""* This observation is not surprising for such a pure GaN
sample where according to Fig. 31 about half of the accep-
tors bind holes at least few seconds after pulsed excitation.

3. Spatially and depth-resolved cathodoluminescence

The spatial distribution of defects responsible for the BL
band in undoped and Si-doped GaN has also been studied by
CL in a scanning electron microscope (SEM)."#"182 The
SEM images showed round and hexagonal hillocks with
sizes ranging from about 5 to 40 pm.182 The BL band was
strong at hillocks and it almost completely vanished at the
hillock boundary, whereas the YL band and the excitonic
emission were distributed more uniformly.182 In another
study,181 BL and YL decorated the grain boundaries with BL
exhibiting a more homogeneous distribution than YL. The
decoration of boundaries or hillocks indicates a nonuniform
distribution or segregation of point defects in the GaN layer.

Depth-resolved CL has been used for depth profiling of
BL and YL in undoped GaN.'®'® Fleischer er al.'® ob-
served an increase of the YL intensity and a decrease of the
BL intensity in direction from the layer surface to the sap-
phire substrate. Herrera Zaldivar et al."™ observed nonuni-
form in-depth distribution of YL and BL with the intensity
increasing towards the surface and near the substrate-layer
interface. Toth et al.'® reported on the evolution of the CL
intensity with electron irradiation time for YL, BL, and near-
band-edge emission in undoped GaN. At 4 K, intensities of
both the YL and BL bands decreased with the duration of the
electron-beam exposure, whereas the UVL band and exci-
tonic emission enhanced. Those authors attributed the ob-
served phenomena to the electron-beam-induced diffusion of
O and H and proposed that oxygen is involved in the defect
responsible for the YL band and hydrogen is involved in the
BL-related defect.'® Note, however, that the accumulation
of charge at the surface due to illumination or electron irra-
diation may also affect the evolution of the emission, as dis-
cussed in more detail in Sec. IX.

4. Origin of the BL band in undoped GaN

The BL band in undoped GaN is caused by transitions
from the shallow donors (at low temperature) or conduction
band (at elevated temperatures) to a relatively deep acceptor
having an ionization energy of about 0.34-0.40 eV. Although
this picture should be regarded as well established, we will
critically review two alternative models. To explain PLE
spectrum of the BL band, Yang et al." attributed this band
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to transitions from the resonant state of Oy located 0.25 eV
above the conduction-band minimum to the V5,0 acceptor
level located 0.8 eV above the valence band. We note that the
resonant excitation of the BL band with above the band-gap
photons is very unlikely due to the large absorption coeffi-
cient at 3.54-3.75 eV, and the peak in the PLE spectra ob-
served in Ref. 153 (moving from 3.54 to 3.75 eV with varia-
tion of the emission energy from 2.75 to 2.91 eV) is
apparently some feature of the scattered light. In another
report, Kaufmann et al.'™ suggested that the BL band in
undoped or Si-doped GaN is due to transitions from a deep
donor to the shallow acceptor. This model is unacceptable for
undoped GaN where the overlap between the wave functions
of a hole bound to the shallow acceptor and electron local-
ized at a deep donor would be extremely small to explain the
high intensity of the BL band in samples with concentrations
of acceptors in the 10'3-cm™ range.67’116

Various proposals have been made as to the nature of the
defect responsible for the BL band in undoped GaN. The BL
band was attributed to a V,-related complex,67 in particular,
to VOn (Refs. 153 and 242) and Vg,H,."*® Although the
band is often observed in Si-doped GaN, it is not enhanced
by Si doping.7I This band should not be confused with the
BL band in GaN heavily doped with Mg, to be discussed in
Sec. VB 3, and with the band peaking at about 3.03 eV in
C-doped GaN."® The clue for the origin of the acceptor can
be found in the fact that the BL band with the aforemen-
tioned properties was observed only in GaN grown by
MOCVD or HVPE but never in the layers grown by MBE.
Therefore, it is unlikely that a native defect is involved.
Moreover, we doubt that hydrogen is involved in the defect
complex,I80 because the BL band has not been revealed in
GaN layers grown by MBE with ammonia as the nitrogen
source.

The most plausible explanation for the BL band in un-
doped GaN is contamination with Zn (see Sec. V A )28
Very large hole-capture cross section for this acceptor
(~107" cm?) explains why the BL is often observed in GaN
samples with the Zn concentration of ~10'> cm™ and even
less.®”** We may speculate that GaN can be contaminated
with Zn from impure gases used in MOCVD and HVPE
growth or from intentional Zn doping sometimes used in the
buffer layer for improved growth.

E. Red luminescence band

The RL band with its emission in the range of
~1.5-2.0 eV is less studied and less common in undoped
GaN as compared to the YL, BL, and UVL bands. The en-
ergy positions of the RL band differ in different reports, and
it appears that several defects contribute to emission in this
energy range. We have observed a few RL bands having very
different properties. In this section, the RL band observed at
room and cryogenic temperatures in GaN grown by HVPE
and MBE is discussed, while Sec. IV F deals with specific
red and green bands observed only in Ga-rich GaN grown by
MBE at relatively low temperatures. The red band observed
in the Mg-doped GaN is discussed in Sec. V B 4.
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FIG. 46. Room-temperature PL spectrum of GaN layer grown by HVPE on
sapphire (H966 for us) excited at iw,.=3.41 eV. The points are experimen-
tal data taken at P..=1 (1) and 0.001 W/cm? (2). The curves are self-
consistent deconvolution of the experimental curves into two bands (a RL
with a maximum at 1.92 eV and a GL with the maximum at 2.39 eV).
Reprinted with permission from Reshchikov et al., Mater. Res. Soc. Symp.
Proc. 680, E5.6 (2001).

In GaN samples grown by HVPE, the RL band peaking
at about 1.85 eV and having a FWHM of about 0.4 eV is
observed if the YL band is sufficiently weak, as displayed in
Fig. 13.""%2% 1y some HVPE-GaN samples, the RL band
appears as a shoulder to the YL band and can be resolved
only at very low excitation intensities (Fig. 46), because the
RL band usually saturates at very low excitation intensities.”
In the high-purity freestanding GaN templates, the RL band
could be detected as a weak shoulder to the YL band (Fig.
22) and it is better resolved in the below-band-gap excitation
case (Fig. 28). The effective lifetime of the RL is the longest
among other defect-related PL bands in the visible part of the
spectrum.lgg’228 For example, at 100 K the lifetime of RL is
about 5 ms in a freestanding template (Fig. 32), resulting in
the smallest electron-capture cross-section coefficient of 2
X 107 cm?/s.”?® In sufficiently pure GaN, the RL band can
be observed seconds after the excitation pulse,m’114 see Fig.
1 in Ref. 114 for the 200-pm-thick freestanding GaN tem-
plate and 30-um-thick GaN layer grown on sapphire. A very
long lifetime of the RL band explains why it saturates at very
low excitation intensities (Fig. 23). No energy shift of the RL
band was detected with delay time, 2114189 indicating that
the RL band is due to transitions from a shallow donor (at
low temperatures) or the conduction band (at elevated tem-
peratures) to a deep acceptor level. The ODMR studies have
also revealed that the RL band in GaN grown by HVPE is
caused by transitions from the shallow donors to a deep-level
defect at low temperatures.247 Owing to a nearly Gaussian
shape of the RL band, we conclude that the electron-phonon
coupling is very strong for the deep acceptor involved, and
its ZPL should be near 2.2 eV. Therefore, the acceptor level
is located at about 1.2-1.3 eV above the valence band. Deep
energy position of the acceptor level is consistent with the
PL intensity being independent of temperature.113’“4’189’228
The above-analyzed RL band should not be confused with
the very short-lived (the lifetime is 12 ns) broad band peak-
ing at about 1.93 eV.*® The latter has been attributed to
recombination of excitons bound to a neutral defect center.”*®
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FIG. 47. Room-temperature PL spectra of GaN layers grown by MBE on
sapphire. Oscillations with a period of 100-150 meV are caused by inter-
ference from the 1.5-2.5-um-thick films. Sample svtl703 is a representative
sample with a strong YL band in the PL spectrum.

In undoped GaN samples grown by MBE, we observed
broad emission bands at 1.8-2.0 eV with their intensities
being independent of temperature in the range from 15 to
300 K (Fig. 47). Similar to the RL in GaN grown by HVPE,
these bands saturated at low excitation intensities due to a
very long lifetime of the luminescence. It is not clear if this
emission has the same origin as the RL band in GaN grown
by HVPE, and even how many bands related to different
defects contribute to the broad emission at photon energies
below the YL band. We proposed that the point defect re-
sponsible for the YL (presumably containing V,) may pro-
duce emission similar to the YL band but shifted if this de-
fect is trapped by different kinds of extended defects.'” Note
that a broad emission in the red part of the spectrum (maxi-
mum at 1.66 eV) has also been observed in Ga-lean layers
grown by MBE by Brillson et al. 17

The RL bands in the MBE- and HVPE-grown GaN and
the GL band observed in high-quality HVPE-grown GaN,
whose intensities are nearly independent of temperature from
15 to 300 K, should not be confused with the RL2 and GL2
bands in Ga-rich GaN to be discussed below.

F. Red and green luminescence bands in Ga-rich GaN
grown by MBE

The YL band dominates the visible part of the PL spec-
trum in most of the GaN samples grown by MBE. However,
with increasing III/V ratio the relative contribution of the YL
band decreases, and other defect-related PL bands could then
be detected in the PL spectrum.gg’117 Extremely Ga-rich con-
ditions can be easily obtained in MBE growth by using a rf
plasma as a source of nitrogen with much reduced N flow
and by reducing the growth temperature.249 The surface of
the samples grown under such conditions is often covered
with Ga droplets, and the samples are usually highly
resistive,”""” most likely due to self-compensation. The ex-
citon emission is usually very weak in these samples, while
two characteristic PL bands often dominate the visible part of
the low-temperature PL spectrum in such samples: a red
band peaking at about 1.8-1.9 eV and a green band with a
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FIG. 48. PL spectra from Ga-rich GaN layers grown by MBE on sapphire.
T=15 K.

maximum at about 2.35 eV, as illustrated in Fig. 48. To avoid
any confusion with the GL and RL bands observed in GaN
grown by HVPE (Secs. IV B and IV E), we label these bands
as RL2 and GL2, respectively. We have studied the RL2 and
GL2 bands in about 50 GaN samples grown by MBE in
Ga-rich conditions. Most of the layers exhibiting these PL
bands were deposited on sapphire, although the same emis-
sion bands were observed in the layers grown on SiC, ZnO,
and LiGaO substrates, as well. Although the relative intensi-
ties of the RL2 and GL2 bands varied from sample to
sample, as shown in Fig. 48, their energy position, shape,
and properties were reproducible. The FWHM of these bands
is about 240-340 meV, which is much smaller than the
FWHM of the YL or GL bands in GaN grown by HVPE. The
intensity, energy position, and shape of the GL2 and RL2
bands remained nearly unchanged after removal of the top
0.2-0.5-um layer of GaN by wet chemical etching. This ob-
servation indicates that the associated point defects are bulk
type, and they are more or less uniformly distributed in depth
through the GaN film. Others, namely, Hofmann et al. 230 and
Skromme and Martinez,'”’ apparently have studied the same
bands in GaN. Below we review the main properties of the
RL2 and GL2 bands. Preliminary investigations dealing with
RL2 and GL2 bands have been the topic of Refs. 99 and 117.

1. Effect of excitation intensity

With increasing excitation intensity in the range of
107*-100 W/cm?, the RL2 and GL2 bands do not shift
within an accuracy of 5-10 meV, as displayed in Fig. 49.
This is the first indication that those bands are not caused by
DAP-type transitions. Moreover, since these bands dominate
in the high-resistivity GaN samples (with ny=~10'> cm= or
less at room temperature), the equilibrium concentration of
electrons at shallow donors is negligible, while the DAP tran-
sitions involving deep donors are usually characterized with
very large shift of the PL band with the excitation intensity.82
Hofmann e7 al.”" also observed no shift of the red band with
a maximum at 1.8 eV in GaN layers grown by MBE. How-
ever, those authors assumed that this band results from the
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FIG. 49. Effect of excitation density, P.,., on low-temperature PL spectrum
of the Ga-rich GaN layer. Position and shape of the bands are independent
of excitation density with accuracy of * (5-10) meV. The curves are shifted
arbitrarily in the vertical direction (log scale).

DAP-type transitions involving deep donors and deep accep-
tors. The intensities of the RL2 and GL2 bands saturate at
extremely low excitation intensities, which represent a devia-
tion from the behavior of the majority of PL bands in GaN.
Figure 50 shows the variation of the QE of these bands with
excitation density. While the PL intensity of these bands is
linear in the low-excitation regime up to ~107* W/cm?, at
higher excitation densities the intensities of both PL bands
saturate, and their QE gradually decreases. In contrast, the
intensity of the exciton emission increases superlinearly, at
least for P,,.>10"" W/cm?, giving rise to increasing QE, as
shown in Fig. 50. The superlinear increase of the exciton
emission is consistent with the high resistivity of the ana-
lyzed samples, where a bimolecular process is expected for
the near-band-edge emission. As shown in Sec. IV F 3, very
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FIG. 50. Variation of quantum efficiency of the RL2, GL2, and exciton
emission bands in the Ga-rich GaN layer with an excitation density at 15 K.
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FIG. 51. PL spectra of the Ga-rich GaN layer (sample svt591) at different
temperatures.

long lifetimes of the RL2 and GL2 are responsible for their
saturation at relatively low excitation intensities.

2. Effect of temperature

The main difference of the RL2 and GL2 bands in Ga-
rich GaN grown by low-temperature MBE from their color
“twins” in GaN grown by HVPE lies in their behavior with
temperature. Both the RL2 and GL2 bands quench at tem-
peratures above 100 K, and nearly disappear at room tem-
perature, as displayed in Fig. 51, whereas the intensities of
the RL, YL, and GL bands in HVPE and MOCVD and
N-rich-MBE GaN are nearly independent of temperature. An
increase of intensity of the RL2 band in the temperature
range of 10-60 K has been reported.m’250 Hofmann ef al.*
assumed that the RL2 band is due to transitions from a deep
donor to a deep acceptor, and thermal release of electrons
from the shallow donors to the conductance band followed
by their capture by deep donors enhanced the RL2 band. We
proposed earlier that the enhancement of the RL2 band could
indicate the presence of a potential barrier in the excited state
of the defect,117 however, now we revise that proposal. Care-
ful measurements at very low excitation intensities showed
no increase in the intensity of the RL2 band in the tempera-
ture range of 10-60 K. The reason for the PL intensity in-
crease reported in Ref. 117 was the fast variation of the RL2
lifetime at temperatures below 60 K (see Sec. IV F 3). The
saturation of the RL2 band at 10 K begins at much lower
excitation intensities as compared to that for 60 K. There-
fore, an increase of the PL intensity with heating the sample
from 10 to 60 K observed in Ref. 117 is artificial and caused
by the choice of the excitation intensity which is not suitable.
The GL2 band is independent of temperature between 15 and
100 K because its lifetime is nearly constant in this tempera-
ture range (Sec. IV F 3).

Above 100 K, the bands thermally quench, as depicted
in Fig. 52117250 1 several samples, the quenching activation
energy E, was estimated from a fit to the following
expression:
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IPL(O)

:—E'A,
1+ Cexp _k_T

Vi (32)

where C is a constant, and the values of 115+10 meV for the
RL2 band and 120+20 meV for the GL2 band has been de-
duced.

The GL2 band shifted to a higher energy by about 10-30
meV with increasing temperature from 10 to 200 K, while
the position of the RL2 band remained nearly unchanged in
this temperature range, as displayed in Fig. 53. The
temperature-induced shift, opposite to the shift of the band
gap (which decreases by about 30 meV in this temperature
range), is typical for defects with strong electron-phonon
coupling” and can be quantified by Eq. (28) if the local
phonon energies are known.

The PL spectrum and the temperature-induced behavior
of PL for defects with strong electron-phonon coupling can
be described in terms of the CC model®"** discussed in Sec.
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FIG. 53. Temperature dependence of the peak position of the RL2 and GL2
bands in Ga-rich GaN.
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FIG. 54. Temperature dependence of the FWHM of the RL2 and GL2 bands
in Ga-rich GaN. The curves are fit by Eq. (26) with the following param-
eters: W(0)=250 meV and fiw;=23 meV (GL2); W(0)=300 meV and
=33 meV (RL2).

III C. In the simplest case, the electronic state interacts with
a single localized vibrational mode of frequency w,. The
maximum of the PL band is observed at a photon energy
equal to the difference between the adiabatic potentials for
the ground and excited states as characterized by transition
AB in Figs. 11 and 12. Due to the zero-level oscillations of
the defect and large shift of the adiabatic potentials, the PL
band has a relatively large width even at zero temperature.
With increasing temperature, the higher phonon states of the
excited state are occupied and the width of the PL band
increases in accordance with Eq. (26).

The temperature-induced variations of the FWHM of the
RL2 and GL2 bands are shown in Fig. 54. From the fit of the
experimental data by Eq. (26), the energy of the averaged
phonon mode in the excited state, iy, is estimated to be 33
meV for the RL2 band and 23 meV for the GL2 band. The
values of fiw( are much smaller than the LO phonon energy
of 91 meV and are attributed to the local vibrational modes
of the defects. Note also that these values are much smaller
than those for other broad PL bands in undoped GaN.'® we
can approximately estimate the strength of the electron-
phonon coupling by assuming for simplicity that the vibra-
tional frequencies in the ground and excited states are the
same.” Indeed, for hoj=hof=ho, and S,,=S.,=S, one can
find from Eq. (26), with parameters listed in the caption of
Fig. 54, that S=20 for both bands. This value indicates that
the electron-phonon coupling for the studied defects is very
strong (S>1), a feature which is also confirmed by nearly
Gaussian shape of the bands. More information can be ex-
tracted from the analysis of transient PL which is the topic of
discussion below.

3. Time-resolved PL

The transient behavior of the GL2 and RL2 bands differs
from those for the GL, YL, BL, and UVL bands discussed in
Secs. IVAS5,IVB 3,1V C2, and IV D 2. During time inter-
vals between 2 and 500 ps, the RL2 and GL2 bands do not
shift within the accuracy of =10 meV.”? Both bands decay
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exponentially, at least in the range between 20 and 400 ps; at
shorter times faster background largely contributes and dis-
torts the spectrum. The absence of a noticeable shift with
delay time and exponential decay indicate that the DAP na-
ture of these bands is very unlikely. The characteristic life-
time for the GL2 band (about 0.25 ms) is invariant with
increasing temperature from 15 to 100 K or excitation inten-
sity from 10'7 to 10! electron-hole pairs per pulse per cubic
centimeter. In contrast, the lifetime of RL2 band decreases
almost two orders of magnitude (from 110 to 2 ps) with
increasing temperature from 15 to 100 K, and it increases by
about a factor of 1.5 when the excitation intensity is reduced
by a factor of 100 at 15 K. Note that while the lifetime of the
RL2 band substantially decreased in the temperature range of
15-100 K, its integrated intensity after each pulse remained
nearly unchanged in this temperature range due to an in-
crease in the peak intensity in the PL decay curve. This be-
havior is completely different from the transformation of the
PL decay due to escape of a hole to the valence band when
the peak intensity remains unchanged and only the lifetime
varies with the activation energy corresponding to the ion-
ization energy of the bound hole [see Eq. (22)]. Such a be-
havior indicates that the capture cross section for electrons
on this center increases with increasing temperature since the
capture cross section is inversely proportional to the PL
lifetime.®’ Nearly exponential increase of the capture cross
section is expected for repulsive multiply charged centers.”>
We may expect the following temperature dependence of the
PL lifetime 7(7) in this case:

2/3 1/3
A1) = TO(TE> exp(%) , (33)
0

where T, is the effective temperature characteristic of the
material and the center.”>>** The experimental data were
fitted by Eq. (33) in Ref. 252, and kT;=2.5 eV has been
obtained. A similar temperature dependence of the lifetime
has been reported earlier for the capture of electrons by the

doubly charged center Ag~2 in Ge.™

4. Resonant excitation of the GL2 and RL2 bands

The PLE spectra of the RL2 and GL2 bands are shown
in Fig. 55.% The RL2 signal is very strong when it is excited
with below the band-gap energy (note the very small thick-
ness of the studied samples). The PLE spectrum can be de-
convolved into two Gaussian-like bands (Fig. 55). This
means that the adiabatic potential of the excited state of the
associated defect has a complex shape and possibly contains
two minima. Above 100 K, the resonantly excited RL2 band
quenched with an activation energy of about 120-140 meV,
very similar to the results obtained under the above-gap ex-
citation.

In contrast to the RL2 and other bands in GaN (see Secs.
IV A 6 and IV B 2), the GL2 band lacks the resonant excita-
tion part in its PLE spectrum (or it cannot be distinguished
from the noise level) at fiw.,.<3.2 eV (Fig. 55).”
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FIG. 55. PLE spectra at 15 K for the RL2 and GL2 bands in Ga-rich GaN.
The points are experimental data. Curve 1 represents a part of the PLE
spectrum for the RL2 band in the sample svt591 measured with excitation
by Xe lamp. Curve 2 is the PLE spectrum of the sample svt369 at 295 K and
represents the noise signal. Curves 3 and 4 are calculated Gaussians with
maxima at 3.10 eV (3) and 3.38 eV (4) and FWHM of 372 meV (3), and 204
meV (4). Reprinted with permission from Reshchikov er al., Mater. Res.
Soc. Symp. Proc. 680, E5.6 (2001).

5. Origin and model of the GL2 and RL2 bands

An analysis of the peak position with excitation intensity
and with delay time in transient PL may reveal whether the
transition is of the DAP nature or not. In particular, DAPs
involving deep donors are characterized by an enormous
shift of the PL band with excitation intensity when the latter
is varied in a wide range.82 The absence of noticeable shift of
the RL2 and GL2 bands with excitation intensity or with
delay time, and nearly exponential decay of the PL intensity
in a wide time window, allows us to conclude that these
transitions are not DAP type. The intense RL2 and GL2
bands, exhibiting slow exponential decay, cannot be attrib-
uted to transitions from the conduction band to the defect
level or from the defect level to the valence band as well,
since in high-resistivity GaN, free nonequilibrium carriers
would be captured rapidly by other defects or form excitons
on a time scale of the order of 107! s. The only remaining
possibility is that RL2 and GL2 bands are due to internal
transitions in some defects. Gaussian shape of the bands in-
dicates that in both cases the carrier is strongly localized at
the defect providing a strong electron-phonon coupling.

While discussing the type of possible transitions related
to the studied defects, we should note that the observed val-
ues of activation energies for thermal quenching of the RL2
and GL2 bands (about 100-140 meV) are surprisingly small.
Typically, the activation energies in thermal quenching cor-
respond to escape of nonequilibrium holes (electrons) from
the defect level to the valence (conduction) band (see Sec.
IIT A 2). However, for defects with very strong electron-
phonon coupling another mechanism of PL quenching is
more plausible.256 This mechanism comprises nonradiative
recombination of carriers at the defect site followed by emis-
sion of a large number of phonons. For defects with such a
quenching mechanism, most of the recombination processes
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FIG. 56. An example of the CC diagram for the GL2 and RL2 bands in
Ga-rich GaN. Transition 1 corresponds to excitation of the e-h pair; transi-
tion 2 corresponds to capture of carrier by defect in its excited state and
relaxation of the lattice around the defect; PL involves emission of a photon
(vertical transition 3) and relaxation of the lattice followed by emission of
phonons (transition 4); thermal excitation of the defect up to crossover point
(transition 5) results in nonradiative recombination with emission of many
phonons (transitions 6 and 4). E; is the barrier height for the nonradiative
recombination. Zero-phonon energy is Ey=E,—E|.

occur nonradiatively even at cryogenic temperatures, so that
the defects act as killers of the PL efficiency. The ratio of the
radiative to nonradiative processes, 7y, at low temperatures
may be roughly estimated utilizing the approximate expres-
sion y=E,/E, (see Fig. 56),>¢ which gives y<7% for the
studied PL bands. Note that the radiative QE of the GL2 and
RL2 bands varied from 0.05% to 0.5% in different samples
we investigated. Therefore, the defects that are involved
could be very efficient in reducing the PL emission in Ga-
rich GaN.

We assume that defects responsible for the RL2 and GL2
bands are native defects or complexes related to excess Ga,
presumably deep compensating acceptors. Indeed, these
bands were observed only in high-resistivity Ga-rich samples
where the YL band, attributed to the Ga vacancy-related ac-
ceptor, disappeared. Gay is a good candidate since it is pre-
dicted to be a double acceptor with a large outward relax-
ation around it and with the energy level close to the middle
of the band gap (see Sec. II B). It is possible that the RL2
and/or GL2 band results from transitions from the excited
state of this defect to the ground state. Alternatively some
complex defects may be responsible for the PL bands dis-
cussed in this section.

Hofmann et al.*° apparently observed the RL2 band
(and did not observe GL2 band) in the MBE-grown GaN
contaminated with oxygen and carbon in the upper
10"%- cm™ range and suggested that V\Cy donors and
Vc.On or Vi,Sig, acceptors could be responsible for this
band. Unfortunately, the conditions used during growth, such
as Ga- or N-rich conditions, were not revealed. Skromme
and Martinez'”” observed red (at 1.73 eV) and green (at 2.35
eV) bands after implanting Mg into GaN. We assume that
these were the same RL2 and GL2 bands caused by
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FIG. 57. PL spectra of undoped GaN samples grown by MOCVD on sap-
phire. 7=200 K.

implantation-induced native defects, rather than being di-
rectly related to the Mg impurity. Note that we observed the
GL2 band in Mg-doped GaN grown by MBE in Ga-rich
conditions, along with the broadened UVL band described in
Sec. VB 3.

G. Other broad bands in undoped GaN

One of the less common PL features in undoped GaN is
a rarely observed green PL band peaking at 2.5 eV.'® Since
the properties of this band are different from those of the GL
band in high-purity GaN grown by HVPE and the GL2 band
in Ga-rich GaN grown by MBE, we label it GL3. The spec-
trum of the GL3 band in comparison with the YL and BL
bands is shown in Fig. 57. The quenching of this band at
temperatures above 300 K with an activation energy of about
0.58 eV is attributed to thermalization of holes from the ac-
ceptor level to the valence band.'® The GL3 band blue-
shifted by about 10 meV with increasing excitation density
from 10~ to 10 W/cm?, indicating that at low temperatures
this band apparently involves transitions from a shallow do-
nor to a deep acceptor. In contrast to the GL band in GaN
grown by HVPE, the intensity of the GL3 band increased
linearly with excitation intensity. From the temperature de-
pendence of the peak position (Fig. 44) and FWHM (Fig. 45)
of the GL3 band, the adiabatic parameters of the related deep
defect have been evaluated.'® In particular, the ZPL energy
and the Huang—Rhys factor are 3.0£0.05 eV and about 10
for this PL band.'®

In 1-2-pm-thick GaN layers grown by MBE on 5-10-
pm-thick HVPE-GaN layers with underlying sapphire sub-
strate, or on 200-um-thick GaN templates, we sometimes
observed a broad band peaking at about 2.6 eV, see Fig. 58.
For its aquamarine color, we refer this band as the aquama-
rine luminescence (AL) band.”>” The AL band was observed
in several samples grown at relatively low temperatures un-
der Ga-rich conditions. Often, the AL band appeared in the
layers whose surfaces were covered with Ga droplets. How-
ever, removal of excess Ga from the surface did not affect
the AL band intensity, indicating its bulk origin. At low tem-
peratures, the AL band has a maximum at 2.55-2.56 eV and
the FWHM of 380-400 meV. With increasing temperature,
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FIG. 58. Normalized AL band in GaN films grown by MBE on 10-um
HVPE layer (sample svt857) and on 200-um HVPE freestanding template
(sample svt844) at 15 and 295 K.

the AL band broadens, and its maximum gradually shifts to
higher energies with a total shift of 80—-90 meV up to room
temperature (Fig. 58). Note that the band gap shrinks by
about 65 meV in this temperature range. The AL band
quenches at temperatures above 260 K with an activation
energy of about 0.5+£0.1 eV. With increasing excitation den-
sity from 10~ to 10 W/cm?, the AL band shifted to higher
energies by about 20 meV. The YL band could be detected in
these samples only as a shoulder to the AL band at low
excitation intensities. Although the shape and the peak posi-
tion of the AL band are close to the characteristics of the GL
band in a freestanding GaN template and the GL3 band in
GaN layers grown by MOCVD, we distinguish these three
bands for their different characteristics,257 as described
above.
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H. Characteristics and identification of radiative
defects in undoped GaN

There have been numerous reports regarding the optical
data on defects in undoped GaN, much of which are either
incomplete and/or perhaps compromised by artifacts induced
by experimental conditions such as high excitation intensity,
bad thermal contact between the sample and the sample
holder, lack of calibration of the spectral response, presence
of other artifacts, etc. Consequently, we will quantify here
only the bands measured under the same experimental con-
ditions in our laboratory. The main characteristics of the PL
bands in undoped GaN, such as the radiative efficiency, peak
position, width, zero-phonon transition energy, typical life-
time, and activation energy, are given in Table III. Also tabu-
lated are the estimated capture coefficients for electrons and
holes by the radiative acceptors where the estimates are pos-
sible. The hole-capture coefficients have been evaluated from
the temperature dependence of the defect-related PL intensity
in its quenching region using Egs. (6)—(10) while accounting
for the QE and PL lifetime. The electron-capture coefficients
have been evaluated from a TRPL study by using Eq. (20).

Most of the PL bands are attributed to unintentionally
introduced or native acceptors. In particular, the UVL band is
related to a shallow acceptor, the origin of which is still a
topic of considerable debate. The shallow acceptor in ques-
tion is Mgg, in Mg-doped or Mg-contaminated GaN, as will
be shown in Sec. V B 1. However, in undoped GaN the ac-
ceptor in question may be Siy or Cy. The deeper acceptor
(about 0.34-0.4 eV above the valence band) is attributed to
unintentionally introduced Zn impurity (see also Sec. V A 1).
The YL and GL bands in high-quality GaN grown by HVPE
are attributed to the two charge states (2—/— and —/0) of the
V5.On acceptor. In less pure samples, Vg,-containing defects
bound to structural defects (e.g., dislocations) may contribute

TABLE III. Parameters of the PL bands in undoped GaN analyzed in our laboratory.

PL Growth QE* Peak position FWHM ZPL E, T W Lifetime C, C,
band method (%) (eV) (eV) (eV) ev) (K) (s7h (us) (em®s™))  (em’s7!)
T (K) 15 300 15 300 15 15 300¢
UVL MBE, 10 3.26 3.26 022 130 108 nelt 3 4%x10712 1x10°

MOCVD,
HVPE
BL MOCVD, 20 2.88 2.86 0.34 0.38 3.100 0.40 200 107 n.e. 10 4x1078 9x107
HVPE
YL MBE, 10 2.20-2.30 2.20-2.30 0.4-0.5 0.4-0.5 2.64 0.86 600 10° n.e. 400 7X107% 3x107
MOCVD
YL  HVPE 2 2.22 0.58 ne. 1500 1x107® 33x1077
GL HVPE 2 2.48 0.53 2.9-3.0 n.e. 35 2x107'2 15x107
RL HVPE 0.1 1.85 0.5 ~2.2 ~1.3 n.e. 5000 2% 1074
RL MBE 0.1 1.8-2.0 0.5 2224 1.1-13
RL2 MBE 1 1.79-1.88 0.3 100 110 2
GL2 MBE 1 2.34-2.38 0.22-0.25 100 110 2
GL3 MOCVD 5 2.51 2.53 0.39 0.48 ~3.0 ~0.5 280
AL MBE on HVPE 10 2.56 2.63 0.38-0.41 0.47-0.51 ~29 ~0.6 260 n.e. 20 ~107°

“The highest QE at low temperature.

"Critical temperature above which the quenching takes place.
°At 300 K or at T,, whichever is smaller.

dne.= nonexponential
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TABLE IV. Low-temperature parameters of the PL bands and related defects in doped GaN.

PL band Maximum ZPL E, Selected
Dopant label (eV) (eV) (eV) Refs.
BL 2.88 3.100 0.40 199 and 267
7n GL 2.6 2.85 0.65+0.1 264
YL 2.2 2.48 1.02+0.05 264
RL 1.8 2.08 1.42+0.08 264
UVL 3.26 3.26 0.2 82, 199, and 312
Mg BL 2.7-3.0 ~3.0 0.2;,0.4 56, 82, and 308
RL 1.7-1.8 309 and 354
C BL 3.0-3.05 136 and 376
RL 1.64 2.0£0.2 1.5£0.2 204
Be UVL 3.38 3.38 0.1 203, 382, and 383
Ca GL 2.5 2.8-2.9 0.6-0.7 202 and 387
Cd BL 2.8 2.937 0.56 202 and 388
Mn IR 1.27 1.6-1.8 1.8 396 and 393
Hg GL 2.43 ~2.7 0.8+0.2 123
As GL 2.6 2.952 0.56 202 and 397
P BL 2.9 3.200 0.31 202 and 403

to the YL, as discussed in Sec. II E. Note that the role of C in
the YL band remains questionable. We assume that the
deeper acceptor, responsible for the RL band, is also a com-
plex containing Vg,. A variety of the RL band positions in
GaN grown by MBE may reflect the influence of different
structural defects on this acceptor. Although the data regard-
ing the GL3 and AL bands are not exhaustive, it is clear from
the already available studies that these bands are due to tran-
sitions from shallow donors (at low temperatures) or the con-
duction band (at elevated temperatures) to some deep accep-
tors. Two PL bands in Ga-rich GaN grown at low
temperature by MBE, namely, RL2 and GL2 bands, have
very special properties and have been tentatively assigned to
internal transitions in some deep defects. Probably, the
quenching of these defects is not followed by the release of
carriers to the conduction or valence bands, but rather a
manifestation of nonradiative recombination accompanied
with emission of a large number of phonons. These defects
might be native and related to excess of Ga (e.g., Gay or
some complex). The exact microscopic origin of the defects
in undoped GaN is not yet clear and would be a subject of
future investigations.

The concentration of the dominant radiative acceptors in
undoped GaN varies typically from 10'> cm™ (in the free-
standing templates) to about 10'” cm™ (in thin layers on
sapphire substrate). In the freestanding GaN templates from
SAIT, the dominant acceptor is V5,0n complex at a density
of about (1-2) X 10" cm™. By using Eq. (15), we can to a
first order estimate that these samples also contain about
103, mid-10", and ~ 10" cm™ of acceptors responsible for
the UVL, BL, and RL bands, respectively. Large capture co-
efficients for holes and small capture coefficients for elec-
trons support the assignment of the majority of the broad PL
bands in undoped GaN to acceptors. The hole-capture coef-
ficients are consistent with the theoretical values for the mul-
tiply charged acceptors.67 Similar values of the hole-capture
coefficient (1077=107° cm3/s) have been obtained for the

VisaTeas acceptor responsible for the broad 1.2-eV band in
n-type GaAs.” Holes are captured very rapidly, in less than
~1 ns, by the acceptors, while the PL lifetime is quite long
which ranges from microseconds to milliseconds. This ratio
determines the balance of carriers in undoped n-type GaN:
the lifetime of nonequilibrium holes is less than I ns, and the
competition for these holes dictates the quantum efficiency
for each recombination channel.

V. INTENTIONALLY INTRODUCED IMPURITIES AND
NATIVE DEFECTS

In this section we discuss the luminescence data related
to impurities and native defects that are intentionally intro-
duced or created in GaN. The main characteristics for the
luminescence bands and related impurities in GaN in terms
of their peak position, measured or expected energy position
of the zero-phonon transitions, and activation energy of the
defects involved are summarized in Table IV.

A. Luminescence in Zn-doped GaN

Doping of GaN with Zn results in semi-insulating mate-
rial with a room-temperature resistivity up to 10'> Q2 cm,
which makes it attractive for high-power microwave devices
which require high-resistivity buffer layers.258 Moreover,
well before the conductive p-type GaN became available,
green and blue LEDs were fabricated by using insulating
GaN:Zn.>>%260 Note, however, that in the early stages of GaN
growth, doping with Zn often could not compensate uninten-
tionally introduced shallow donors, so that GaN:Zn often
remained degenerate n type.261’262

Monemar e al.”***** have established that Zn doping
introduces four acceptorlike centers in GaN responsible for
the broad red (RL), yellow (YL), green (GL), and blue Iumi-
nescence (BL) bands peaking at about 1.8, 2.2, 2.6, and 2.9
eV, respectively. Among those four peaks, the one receiving
the most attention is the BL band with a characteristically
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FIG. 59. Low-temperature PL spectrum of undoped and Zn-doped GaN
layers grown by HVPE on sapphire. The intensity is normalized at maxi-
mum of the BL band.

very bright emission dominating the PL spectrum at moder-
ate (<10' cm™) doping levels.”®' % As will be shown be-
low, the BL band in Zn-doped GaN apparently has the same
origin as the BL in undoped GaN grown by MOCVD and
HVPE (see Sec. IV D). A word of caution is that this peak
should not be confused with the BL band in Mg-doped GaN
which is discussed in detail in Sec. V B 3.

1. Blue luminescence band

The BL band in Zn-doped GaN has been observed in
degenerate n-type material,”®' % as well as in insulating
layers.245’258’259’261’263’267 Ilegems et al.** reported that the
BL band maximum shifted from 2.91 to about 2.81 eV with
increasing Zn doping, presumably due to the presence of
several defects. In another study, the energy position of the
BL band was nearly independent of the doping level.”®! In
moderately doped GaN samples ([Zn] <10' cm™) the BL
band always appeared at 2.88+0.04eV at low
temperatures.199’261’263’2657267 Remarkably, the shape and en-
ergy position of the BL band in lightly Zn-doped GaN ([Zn]
<10'® cm™) coincide with the parameters of the BL in un-
doped GaN (Fig. 59)."22% Even the fine structure observed
in the best-quality crystals, including the zero-phonon line at
3.100 eV,lgg’ZOO’245 is identical to the phonon-related structure
in undoped GaN described in Sec. IV D 1. This observation,
as well as other arguments given below, strongly suggests
that the BL in undoped and Zn-doped GaN have the same
origin and caused most likely by Zn.

Another supporting evidence that the BL bands in un-
doped and Zn-doped GaN samples have the same origin fol-
lows from the analysis of the excitonic part of the PL spec-
trum (Fig. 60). It is well known that excitons can be bound to
a Zn acceptor (which is responsible for the BL band), result-
ing in the acceptor-bound-exciton (ABE or A’X) emission at
about 3.46 eV, followed by strong LO phonon
replicas.199’200’245’2677270 The exact energy position of the
ABE line is sample dependent in strained layers grown on
sapphire, whereas in strain-free GaN it is located at 3.455 eV
and, in fact, represents a triplet.268 The Zn-related ABE has a
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FIG. 60. Excitonic region of the low-temperature PL spectrum of undoped
and Zn-doped GaN layers grown by HVPE on sapphire. The intensity is
normalized at maximum of the ABE line.

localization energy of 23+ 1.5 meV with respect to the free A
exciton (Fig. 60)."%%272% Scattered data for this value in the
literature (from 19 to 34 meV) (Refs. 262 and 270) are prob-
ably related to broadening of the exciton lines in low-quality
crystals. The Zn-related exciton lines, including phonon rep-
licas, are very strong in the Zn-doped layer, and their shape
and energy positions coincide with the corresponding lines in
undoped GaN. Note that an observation of the strong Zn-
related ABE lines in undoped GaN always correlates with the
observation of the strong BL band in these samples.zﬁg’245
Although the BL band in Zn-doped GaN can be attributed
with certainty to the same acceptor as that in undoped GalN
(Sec. IV B), below we will present the main features of the
BL in Zn-doped GaN because high concentration of defects
and different positions of the Fermi level can affect the PL
properties markedly.

a. Effect of temperature. The thermal quenching of the BL.
band in undoped GaN always takes place above 200 K with
an activation energy of about 340-380 meV. In sharp con-
trast, a wide variety of the activation energies and tempera-
ture ranges of the quenching can be found for BL in GaN:Zn.
In some Zn-doped samples, the BL band quenches above
~200 K with an activation energy of about 330
meV,?202:267 yet activation energies of about 130 meV (de-
duced from the data for the sample Zn—V in Fig. 15 of Ref.
263) and 640 meV (Ref. 267) have been also reported. In
some samples, the quenching of the BL band is negligible at
room temperature%l265 and even at 500 K.*"!

A significantly different temperature behavior of the BL
band has been observed from two sides of the GaN:Zn layer
([Zn] <10'8 cm™3) grown on sapphire by HVPE.**” In con-
trast with the insulating nature of the main part of the 10-
um-thick GaN:Zn film (resistivity of ~10°  cm at 300 K),
the ~0.2- um-thick region close to the sapphire substrate was
highly conductive (~3 X 107* € cm), with an estimated con-
centration of free electrons well above 10" cm™.%"? Since
the PL signal is collected from a depth of about 100-200 nm,
the effect of Zn doping on GaN with large concentration of
free electrons (backside) and high-resistivity GaN (front
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FIG. 61. PL spectra of high-resistivity Zn-doped GaN grown on sapphire
(front side) at different temperatures. Excitation density is 0.1 W/cm?. Re-
printed with permission from Reshchikov e al., Mater. Res. Soc. Symp.
Proc. 693, 12.10 (2002).

side) could be compared by exciting and collecting the PL
signal from either the top surface or the interfacial region
next to the substrate. A strong BL band dominated the PL
spectrum from both sides of the sample, although the energy
position of the BL band from the backside was shifted to
higher energies, presumably due to high concentration of
electrons in the degenerate near-interfacial layer. The depen-
dencies of PL intensity on temperature are quite different for
two sides of the GaN layer.267 The dramatic decrease of in-
tensity of BL in semi-insulating GaN:Zn, top surface, be-
tween 200 and 260 K can be seen in comparison with the
other PL bands in this sample (Fig. 61). After quenching of
the BL band at 7>200 K, the RL band peaking at 1.8 eV
and the GL band peaking at 2.4 eV emerge. The large acti-
vation energy for quenching of BL (640 meV) when it is
observed from the front side contrasts a small activation en-
ergy of 250 meV for quenching of the BL band associated
with the backside. This is a very intriguing experimental ob-
servation that needs to be explained when sufficient data are
available. We have tentatively attributed the rapid quenching
to thermally activated transfer of the bound holes to some
associated nonradiative defects, the exact mechanism and the
origin of which are unclear.*”’

In spite of the shrinkage of the energy gap in GaN, the
BL band with no substantial shift has been reported in some
publications with increasing temperature up to 300
K 201263265 11y other reports, even a shift to higher energies
by about 50 meV has been reported.262‘267 The invariance of
the BL position with temperature is similar to the behavior or
the BL band in undoped GaN (Fig. 44), whereas the shift to
higher energies could be related to a high concentration of
defects or presence of potential fluctuations in Zn-doped
GaN. We will discuss possible reasons of the large shifts of
the BL band with temperature in Sec. V A 1 b after present-
ing the effect of excitation intensity on this band.

b. Effect of excitation intensity. The intensity of the BL
band increased linearly with the excitation intensity over a
wide range,%l’267 whereas the exciton emission increased lin-
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FIG. 62. Low-temperature PL spectra at different excitation intensities from
high-resistivity GaN:Zn layer grown by HVPE on sapphire (front side).

early in the case of the degenerate GaN:Zn and increased
superlinearly (with a power 3/2) in the case of semi-
insulating GaN:Zn (Fig. 62).°*’ This observation can be ex-
plained as follows: The intensity of the acceptor-related PL
depends only on the concentration of photogenerated holes,
whereas the exciton or near-band-edge emission intensity is
proportional to product of photogenerated holes and free
electrons.®” In the degenerate n-type layer, the concentration
of free electrons is independent of the excitation intensity up
to sufficiently high excitation levels. In the insulating layer,
however, the concentration of the free electrons increases
with excitation for all excitation levels employed. A very
broad near-band-edge emission peak extending well above
the band gap also confirms a high concentration of free elec-
trons in the interfacial layer.267

The shift of the BL in undoped GaN with excitation
intensity is very small, similar to the shift of the UVL band
attributed to the DAP transitions (Sec. IV D 1). In lightly
Zn-doped GaN, a very similar shift has been established in
the samples exhibiting the BL band with a characteristic fine
structure.'””*® In some investigations, the excitation inten-
sity was reported not to affect the energy position of the BL
band in GaN:Zn.?*>*" In contrast, others reported a substan-
tial UV shift (about 50-70 meV) in the insulating GaN:Zn
samples when the excitation intensity was varied by more
than a factor of 104,245’261 and the dynamics of the shift was
sample dependent.267 It was suggested that pinning of Zn
acceptors to dislocations and the effect of the latter on the
energy levels of the acceptors cause the broadening and shift
of the BL band in GaN:Zn.****" The results of annealing
experiments using the Zn-implanted GaN could also be ex-
plained by assuming that Zn ions are gettered at
dislocations.”” However, similar shifts of the BL band have
also been observed in nearly dislocation-free bulk GaN.*"
We suggest that the DAP-type recombination involving sev-
eral donors and the same Zn acceptor may be responsible for
the observed shifts. Indeed, in undoped GaN the Fermi level
is close to the conduction band and the shallow donors are
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mostly filled with electrons at low temperatures. The prob-
ability of the DAP transition decreases exponentially for
deeper donors due to a smaller overlap of the electron and
hole wave functions. Note also the relatively high concentra-
tion of shallow donors in undoped GaN. Therefore, the con-
tribution to the BL band from deeper donors may be ne-
glected in n-type conductive GaN. In contrast, the shallow
donors may contribute much less due to their smaller occu-
pancy in semi-insulating GaN:Zn. The transitions from
deeper donors are slower and, hence, with increasing excita-
tion density the intensity of transitions involving the deeper
donors would begin to saturate at relatively lower excitation
levels, causing a shift of the broad band with excitation in-
tensity. Another manifestation of this effect is the shift of the
PL band with the delay time, as discussed below.

¢. Time-resolved PL. TRPL studies have revealed a nearly
exponential decay of the BL band in GaN:Zn with a lifetime
of about 300-400 ns,262’266 which is independent of Zn
doping.262 Slower decays have been observed in insulating
GaN:Zn.**2°" %7 Some of the experimental observations ap-
pear unusual and need further explanation. According to Eq.
(20), the PL lifetime should be inversely proportional to the
electron concentration in n-type GaN. In the semi-insulating
material, however, the lifetime may be sensitive to the exci-
tation intensity since the latter may affect the concentration
of electrons in the conduction band. However, the decay of
the BL in high-resistivity GaN:Zn did not change when the
excitation intensity was varied by a factor of 105.%7 More-
over, similar lifetimes (300—-400 ns) have been obtained for
the conductive n-type GaN:Zn samples with the free-electron
concentrations of ~10'"® cm™ (Ref. 266) and (1-6)
X 10" ¢cm=.**? Earlier, we suggested that BL in GaN:Zn in-
volves transitions not from the conduction band but from the
excited state of the Zn-related defect, which would result in a
lifetime independent of carrier concentration. However, now
it is firmly established that in undoped and lightly Zn-doped
GaN the BL band is caused by transitions from the shallow
donors (at low temperature) and from the conduction band
(at elevated temperatures) to the Zn-related acceptor. More-
over, in different semi-insulating GaN:Zn samples the decay
of the BL is not identical, as displayed in Fig. 63. In this
figure we also show, for comparison, the decay of the BL
band in undoped and Si-doped GaN samples with concentra-
tion of the shallow donors of 6X 10! and 3 X 10'® cm™3,
respectively. The decays are nonexponential as it is expected
for the DAP recombination at low temperatures. In n-type
conductive material, the decay rate correlates with the con-
centration of shallow donors (see Sec. III B). In semi-
insulating Zn-doped layers, the decay is distinctive for each
sample because the distribution of the shallow and not very
shallow donor states may be different in these samples.245
Similar to the TRPL results on the BL band in undoped GaN
(Sec. IV D 2), the lifetime of BL in GaN:Zn decreases above
~200 K with an activation energy of about 300400 meV,*®
consistent with Eq. (22).

No shift in the BL band with delay time has been de-
tected in degenerate GaN:Zn.*** In contrast, Khan et al.”®®
observed a redshift of ~20 meV after 0.8 ps, as well as two
peaks in the TRPL spectrum. We also observed a redshift of
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FIG. 63. PL intensity decay of the BL (at 2.9 eV) in undoped (1011),
Si-doped (1721), and two Zn-doped (560 and 1394) GaN layers grown by
HVPE on sapphire. Note the logarithmic scales. Reprinted with permission
from Reshchikov et al., Mater. Res. Soc. Symp. Proc. 693, 12.10 (2002).

up to 50 meV at 10 ps after the excitation pulse in semi-
insulating GaN:Zn. These shifts are consistent with the
model that several donors with ionization energies up to
about 100 meV contribute to the PL decay in high-resistivity
GaN:Zn. Note that the origin of the shift of the BL band with
excitation intensity is different in Zn- and Mg-doped GaN, as
discussed in Sec. V B 3.

d. Resonant excitation and vibrational properties. Mone-
mar et al.”** investigated the BL band in Zn-doped GaN
under resonant (below-band-gap) excitation. In the PLE
spectrum related to the BL band, a steep increase of the
optical cross section (about four orders of magnitude) has
been observed at photon energies between 3.0 and 3.25 eV.
This PLE spectrum has been attributed to transitions from
the Zn-related acceptor to the conduction band.”** With the
aid of an analysis of the absorption spectrum, Monemar et
al.*® have also estimated the absolute value of the optical
cross section for the BL band as approximately 10716 cm?.

Although Monemar et al.*** identified the type of
transitions in GaN:Zn and thoroughly examined the role of
the electron-phonon coupling in these transitions, their quan-
titative results regarding the vibrational characteristics need
to be revised in light of the recent data. It is well established
that interaction with local (~36 meV) and lattice (91 meV)
phonons is responsible for the characteristic fine structure of
the BL band in undoped and Zn-doped GaN. 16199200 Tpe
high-energy side of the BL band contains sharp peaks while
the low-energy side is structureless (Fig. 42), similar to other
classical cases of the electron-phonon coupling in
semiconductors.”’® The fine structure observed in Ref. 263
may actually be some sort of artifact rather than the result of
the electron-phonon coupling for the following reasons: (i)
The energy separation between peaks is 74+2 meV, which is
different from the known phonon modes in GaN; (ii) the
peaks at the low-energy side are better resolved than those at
the high-energy side, which contradicts the common
observations;''**® (iii) the zero-phonon line is very broad
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(>100 meV), which is contrary to the typical
examples;lm’276 and (iv) the fine structure is visible up to
room temperature whereas it usually disappears at relatively
low temperatures.

e. ODMR and defect identification. While PL studies are
capable of revealing the type of transitions, and sometimes
the type of defects involved (donors, acceptors, singly or
multiply charged), the ODMR studies are able to establish
the symmetry and microscopic origin of defects. The results
of ODMR investigations involving the BL band in Zn-doped
GaN have been reported in Refs. 277 and 278. In one of
these studies Kunzer er al.””’ detected two magnetic signals
on the BL band in GaN:Zn. A weaker, nearly isotropic signal
with g=1.95 has been attributed to the effective-mass shal-
low donor. A stronger signal with g;=1.997(2) and g,
=1.992(2) has been attributed to Zn acceptor. Thus, transi-
tions from the shallow donor to the Zn-related acceptor at
low temperatures, as deduced earlier from the PL studies,
have been confirmed by the ODMR study of Kunzer et al.
Hai et al.*™ also observed the above two signals associated
with the BL band in GaN:Zn (with g;=1.951 and =2.012,
respectively). However, they have also detected a signal (la-
beled as Ga-1) representing the characteristic fine structure
of a single Ga atom. The axial symmetry Cj, of this center
has been established from the angular dependence study.
From these data, the Ga-1 center has been assigned to an
axial complex of Ga; with another defect, possibly Zn.”"®
Note that the spectral dependence of the ODMR signal Ga-1
is consistent with the position and shape of the BL band in
these samples.

It may be concluded that the BL band in undoped and
Zn-doped GaN is caused by transitions from the shallow
donors or the conduction-band electrons to the acceptor level
associated with Zn. However, the symmetry and exact mi-
croscopic structure of this acceptor remain unknown. Theo-
retical calculations predict that Zng, is an acceptor in wurtz-
ite GaN with an activation energy of 330-400 meV.?73827
This value is consistent with the position of the ZPL of the
BL at about 3.1 eV.'"*#%2%% 1t jg possible that the acceptor
responsible for the BL band is just Zng,, while the Ga-1
defect is indirectly involved in the recombination process,
but not necessarily in all samples. Hydrostatic pressure ex-
periments revealed that the shift of the BL band in Zn-doped
GaN is similar to that of the GaN band gap with pressure.m
This also confirms the model of transitions from the
conduction-band or shallow donors to the Zn-related accep-
tor. Assignment of the BL in Zn-doped GaN to the e-A or
shallow DAP transitions, and not to deep DAP transitions,
contrasts the attribution of the BL band in Mg-doped GaN.
The difference between these two models is discussed in
more detail in Sec. V B 3.

2. Green, yellow, and red luminescence bands

Much less is known about other PL bands in GaN:Zn.
The RL, YL, and GL bands, peaking at 1.8, 2.2, and 2.6 eV,
respectively, appeared and sometimes dominated in heavily
Zn-doped GaN.?**?%* All three bands are broad due to strong
electron-phonon coupling. Large shifts of the YL band with
excitation intensity and temperature have been attributed to
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the presence of several Zn-related centers with closely
spaced energy levels but different saturation properties.263
These broad bands could be selectively excited by photons
with energies below the band gap. From an analysis of the
band shape, the RL, YL, and GL bands have been attributed
to acceptors with estimated binding energies of 1.42+0.08,
1.02+0.05, and 0.65+0.08 eV, respectiv<ely.263’264 Monemar
et al.’® speculated that the RL, YL, and GL bands may
originate from the three charge states of the Zny acceptor.
Boulou et al.?®® observed shifts of the BL, GL, and YL with
excitation intensity in GaN:Zn, as well as nonexponential
decay of these bands after pulsed excitation, and attributed
these bands to distant DAP transitions. Linear polarization of
the GL band in electroluminescence has been reported and
attributed to superposition of polarized emission from Zng,
and ZnN.281 We observed also persistent luminescence effects
for the GL band in semi-insulating GaN:Zn.

B. Luminescence in Mg-doped GaN

Magnesium is the most critical impurity in GaN because
it is the only dopant that enables one to obtain reproducible
p-type GaN. Although Mg, is a shallow acceptor,zgz_284 the
early attempts with Mg doping were not successful for most
likely two reasons: (i) Hydrogen which is always present in
MOCVD and HVPE growth passivates Mg by forming elec-
trically and optically inactive complexes™ and (i) heavily
doped GaN is notorious for self-compensation.™ Later it was
determined that passivation with H during growth is, in fact,
favorable for obtaining high-conductivity p-type GaN. In-
deed, a lack of shift of the Fermi level towards the valence
band due to H passivation facilitates incorporation of Mg, as
discussed in Sec. 11 C.”’ Postgrowth treatments allow the
conversion of the high-resistivity as-grown GaN:Mg into
conductive p type. Hydrogenated Mg can be activated by
annealing at temperatures above ~600 oC,280-2%0 by
electron-beam irradiation,””'** or even by UV illumination
at temperatures above 500 °C** In contrast, self-
compensation is a permanent effect and cannot be changed
by annealing per se. In GaN:Mg grown by MOCVD, the
concentration of free holes at room temperature reaches its
maximum value at about 10'® cm™ for a Mg concentration
of about 3 X 10! ¢cm™3, and it decreases with further increase
of Mg concentration (Fig. 64).%*

It is not well established which levels are introduced by
which defects in GaN as a result of Mg doping. The only
firmly established fact is that Mg doping efficiently intro-
duces the shallow acceptor Mgg, with an ionization energy
of ~200 meV.?87288 Assumption that Mg doping introduces
optically active deep acceptors141’286’295_302 has not been con-
firmed by experimental results which are presented below.
Instead, one or more compensating deep donors are formed
at high doping levels, affecting the optical properties of
GaN :Mg.‘%’gz"72"90’294’300’303 04 The origin of the compensat-
ing donors is still a topic of considerable debate.

A study of optical emission in Mg-doped GaN helps us
to understand the material properties and defect formation in
p-type GaN. It is well established that upon low and moder-
ate doping with Mg, a strong enhancement of the UVL band,
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FIG. 64. Room-temperature concentration of free holes in Mg-doped GaN
as determined from the Hall effect vs concentration of Mg obtained from
SIMS measurements. The solid line is a guide to the eye. Reprinted with
permission from Obloh et al., J. Cryst. Growth 195, 270 (1998). Copyright
(1998) by Elsevier.

representing a relatively sharp peak at about 3.26 eV fol-
lowed by a few LO phonon replicas, takes
place.199’201’295’298’3057307 At a certain doping level, the peaks
of the UVL band broaden, redshift,***"**% and apparently
transform into a single structureless band peaking at about
3.2 eV 082.296297.308.309 Further, at concentrations of Mg
above 10! cm™ a broad BL band with a maximum at about
2.7-2.9 eV emerges and typically dominates the PL spectrum
of heavily doped GaN.?+298304308 1 was noted that, while
the BL band emerges as the dominant transition, the hole
concentration saturates and decreases with further Mg dop-
ing, suggesting a self-compensation process.294 Several in-
vestigators also noted that potential fluctuations may be sub-
stantial in heavily doped GaN and must be taken into
account.’??3%310 potential fluctuations appear in highly
compensated or heavily doped semiconductors as a result of
random distribution of charged impurities such as donors and
acceptors.91 In an n-type material the potential fluctuations
are usually screened by free electrons. However, in heavily
Mg-doped GaN having almost no equilibrium holes, espe-
cially at low temperature, one may expect significant poten-
tial fluctuations. Existence of several types of deep donors
may further complicate the analysis of the PL data.

Below we present an analysis of the Mg-doped GaN in
some detail. Ironically, several mechanisms, such as DAP
transitions, potential fluctuations, presence of several defect
levels in the band gap, and polarization effect in macrode-
fects, may exhibit very similar behavior in the PL spectrum
of GaN:Mg. In Sec. V B 6, we discuss possible transitions
and assignment of the main PL bands in Mg-doped GaN.

1. Ultraviolet luminescence band in lightly Mg-doped
GaN

The UVL band in Mg-doped GaN is very similar to the
UVL band in undoped GaN. This property may indicate that
different shallow acceptors, such as Mgg, and Siy, manifest
themselves similarly in GaN. However, the fine structure of
the UVL band associated with transitions between pairs with
fixed separation has been observed only in Mg-doped
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FIG. 65. Low-temperature (4.2 K) PL spectrum of a Mg-doped GaN
sample. Reprinted with permission from R. Stepniewski et al., Phys. Status
Solidi B 210, 373 (1998).

GaN.*""3'? Those high-quality p-type GaN layers with low
concentration of Mg (~10'7 cm™) have been grown on bulk
GaN platelets. The near-band-edge spectrum contained a
donor-bound-exciton line DX at 3.472 eV, a strong acceptor-
bound-exciton line A°X at 3.467 eV, and a series of lines with
FWHM of the order of 1 meV. The latter has been attributed
to DAP transitions with different separations (Fig. 65). The
energy positions of the DAP-related lines and their relative
intensities remained unchanged versus Mg concentration.
With increasing temperature, the A°X line and its phonon
replica diminished at about 32 K, while the DAP-related
lines remained well resolved at least up to 39 K. The
transition energy for each DAP emission depends on the pair
separation due to the Coulomb interaction between ionized
centers in the final state of the recombination process accord-
ing to Eq. (29). The dependence of the DAP transition ener-
gies versus reciprocal DAP separation is a straight line, as
shown in Fig. 66, which enables one to determine the static
dielectric constant (£=9.6) and the sum of the isolated donor
and acceptor binding energies (296 meV).>" The analysis of
the pair spectra revealed that donors and acceptors involved
in the DAP emission are located in different sublattices. It is
tempting to identify them as Mgg, and Oy. With a well-
determined binding energy of Oy (33 meV),” the Mgg,
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FIG. 66. Variation of the energy of the DAP transitions vs the reciprocal
DAP separation for the Mgg, acceptor in GaN. Reprinted with permission
from R. Stepniewski et al., Phys. Status Solidi B 210, 373 (1998).
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binding energy of about 260 meV can be deduced. Note that
even in the purest GaN crystals (which at present are free-
standing templates grown by SAIT, Korea) with donor con-
centration of about 2 X 10'® cm™, the average separation in
DAP is about 200 A. Therefore, the Coulomb shift of about
60 meV is expected (Fig. 66) for distant pairs forming a
broad zero-phonon peak of the UVL band that is usually
observed at about 3.26-2.27 eV in GaN. Note that the bind-
ing energy of Mgg, determined from the energy position of
the e-A transition of the UVL band in lightly Mg-doped GaN
(224 meV) (Ref. 199) is also affected by the Coulomb inter-
action between shallow acceptors and ionized donors in
GaN:Mg.

The UVL band related to the Mgg, acceptor is the domi-
nant PL band in lightly and moderately doped GaN:Mg with
Mg concentrations below ~10'" cm 3, 199-201,293.298.305-307.313
When the concentration of Mg becomes comparable to the
concentration of residual shallow donors, usually
10"7-10"8 cm™3, Mg-doped GaN becomes semi-insulating.
Substantial potential fluctuations may arise in such a material
due to inhomogeneous distribution of charged defects and
low concentration of free carriers.

2. Effect of potential fluctuations on PL

It is important to consider the effect of potential fluctua-
tions on the properties of Mg-doped GaN while interpreting
the experimental results. Potential fluctuations originating
from the Poisson distribution of charged point defects play a
very important role in the properties of compensated
semiconductors.*®”" In Mg-doped GaN significant potential
fluctuations are expected because the concentration of free
carriers is usually too small to screen them. In the limit of a
high degree of compensation, the amplitude vy and size r; of
a typical potential fluctuation can be expressed as”!

2 AR

e N;
=7, 34
4 4mege p'’ (34)
r= Nt1/3p_2/3’ (35)

where N,=N,+Np is the combined concentration of accep-
tors and donors and, p is the concentration of free carriers.
The other parameters have their usual meanings. As can be
seen from Fig. 67, the typical fluctuation amplitude can be
very large in Mg-doped GaN, commonly characterized with
N,=10""-10% and having concentration of free holes less
than 10" cm™ at room temperature. With decreasing tem-
perature, the potential fluctuation amplitude and size dra-
matically increase due to strong temperature dependence of
the free hole concentration. Evidently the increase of the
amplitude is limited by the band-gap energy because the
screening increases with the Fermi level approaching the va-
lence and conduction bands at the extreme points.

The effect of potential fluctuations on PL in compen-
sated semiconductors has been studied within the framework
of the above concept both theoretically80 and
experimentally.gz’3147320 The energy of the emission has been
simulated by the following expression:
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FIG. 67. Expected typical amplitude of potential fluctuations in p-type
GaN:Mg with the combined concentration of donors and acceptors N,
=10'8, 10", and 10% cm™.

ho=E,-2v, (36)
in the case of transitions from the conduction band to the
valence band,go‘319 or by

. .o 314,315,317,318
in the case of DAP transitions,” ~~ ~~ "°° where the param-

eter y was estimated from Eq. (34). Equations (36) and (37)
are obtained assuming that after excitation the photogener-
ated electrons and holes relax quickly to the potential
minima and maxima of the conduction band and the valence
band, respectively (Fig. 68). Then they recombine with the
probability determined by the degree of overlap of the wave
functions of the recombining carriers.®**'® In the case of the
DAP recombination, the photogenerated carriers are first
captured by donors and acceptors, resulting in an additional
terms in Eq. (37). In both cases, the spatial separation of the
recombining carriers results in diagonal transitions with re-
duced energy and slower dynamics. Increasing the excitation
intensity flattens the potential fluctuations according to Eq.
(34), and the PL bands shift to higher photon energies, ap-
proaching the shape and position ascribed to uncompensated
semiconductor.* #3163 1t follows from the above argu-
ments that Egs. (36) and (37) can be used only when the
wave function of at least one carrier is large enough, namely,
comparable to the spatial size of potential fluctuations.

FIG. 68. Schematic representation of bands and defect levels in the presence
of long-range potential fluctuations under conditions of PL. The arrows
indicate diagonal transitions resulting in redshifted PL bands. Photogener-
ated electrons and holes are shown as filled and empty circles, respectively.
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FIG. 69. Estimated average slope of potentials in compensated p-type
GaN:Mg with the combined concentration of donors and acceptors N,
=10"8, 10", and 10% cm™.

In the case of giant potential fluctuations in GaN:Mg, a
sizable portion of free carriers would be captured by donors
and acceptors before they thermalize to the potential minima
or maxima. The broadening and shift to lower photon ener-
gies at low excitation intensities would be governed by the
ratio between the wave-function size and the slope of the
potential at a particular point. The larger this ratio, the larger
the broadening and the shift would be. The average slope of
the potential, 27/r,, calculated from Egs. (34) and (35) for
typical concentration of defects and free carriers in GaN:Mg
in PL experiments is shown in Fig. 69. Special attention must
be paid to the following two features. (i) The potential slope
is typically very small so that the wave-function size of the
order of 1 nm or less can hardly cause any broadening and
shift of the PL bands more than 10 meV due to potential
fluctuations. (ii) The slope of the potential increases with
increasing carrier concentration, i.e., with increasing excita-
tion intensity. This means that with increasing excitation in-
tensity, we would expect the shift of the PL bands not to
higher but to lower photon energies, unless the wave-
function and fluctuation sizes are comparable. However, in
all reports on the BL in GaN:Mg, increasing excitation inten-
sity resulted in shifts only to higher energies. The question
then arises whether there are no potential fluctuations in
GaN:Mg or the aforementioned concept is inapplicable. The
concept of the long-range potential fluctuations, developed
by Shklovskii and Efros’! is well validated, but in the case of
wide-band-gap semiconductors with relatively deep defect
levels it can only be used for a qualitative interpretation. It is
most likely that the short-range potential fluctuations®™”" re-
sulting in transitions between local minima and maxima play
a more important role in the broadening and shifts of the PL
bands in GaN:Mg. Moreover, the effects caused by potential
fluctuations and the DAP nature of transitions are very simi-
lar, as will be discussed in more detail below.

It is very difficult to distinguish the DAP transitions and
transitions between carriers (free or bound) that are localized
by potential fluctuations. The electrons inside the potential
valleys and holes inside potential hills are spatially localized,
resembling point defects. Therefore, the signatures of PL in a
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semiconductor with potential fluctuations may resemble that
of the DAP transitions. In particular, the PL decay becomes
slow and nonexponential in compensated semiconductors
due to spatial localization of carriers.”?**'"” In the case of
potential fluctuations the PL bands are blurred and shifted to
lower energies for low excitation intensities because the tran-
sitions are diagonal, as shown in Fig. 68. In the case of DAP
transitions the PL band also has the lowest energy at low
excitation intensity when the most distant pairs essentially
contribute to the PL spectrum. With increasing excitation in-
tensity, the bands in a compensated semiconductor shift to
higher photon energies due to screening of the potential fluc-
tuations by photogenerated carriers. Similarly, the DAP
bands shift to higher photon energies with increasing excita-
tion intensity. However, in the DAP case the origin for the
shift lies in the saturation of the PL emission from distant
pairs. The distant pairs contribute at lower photon energies
due to a weaker Coulomb interaction as compared to the
close pairs that contribute at higher energies due to a stronger
Coulomb interaction. The transitions between distant pairs
are relatively slow due to a smaller overlap of the carriers’
wave functions, which result in earlier saturation with in-
creasing excitation intensity. In spite of the apparent similar-
ity of PL behavior in the two aforementioned cases, there is
an important difference. In the DAP transitions the undis-
torted positions of the defect levels correspond to the limit of
low excitation intensity when the Coulomb interaction ap-
proaches zero. In the case of potential fluctuations, the un-
distorted positions of the defect levels correspond to the limit
of high excitation intensity when the potential fluctuations
vanish due to screening by photogenerated carriers. The
DAP transitions in a compensated semiconductor may ex-
hibit effects due to both potential fluctuations and the Cou-
lomb interaction in which case the analysis becomes more
complicated. Serendipitously, there is one particular case in
which the role of potential fluctuations and the effect of the
Coulomb interaction can be clearly separated. This is the
case of the DAP transitions involving deep donors in
GaN:Mg.

Deep donors and the Mgg, acceptor in GaN have high
localization of the bound carriers (the Bohr radius is less
than 1 nm for both). As a result, the transitions between such
deep donors and the Mgg, acceptor become efficient only at
high concentrations of the donors and acceptors (usually well
above 10'® cm™) when the overlap between the carriers’
wave functions becomes significant. The average separation
in pairs, R,,, can be estimated as>2!

R, =(2mN,)™'", (38)

which results in R,,=12-25 A for typical concentrations of
Mg acceptor (10'°-10%° cm™) in GaN:Mg. The potential
drop over such distances due to the long-range potential fluc-
tuations does not exceed 4—7 meV for typical excitation in-
tensities below 10 W/cm? corresponding to a photogener-
ated free-carrier density of at most 10'® cm™. This is the
upper limit of the contribution of the potential fluctuations to
the broadening of the PL band. Note that the shifts related to
the screening of the potential fluctuations would be even
smaller since the transitions with smaller and higher energies



061301-56 M. A. Reshchikov and H. Morkog

would have almost the same probability. In sharp contrast,
the shifts due to Coulomb interaction in such pairs can be
enormous.®*** According to Eq. (29), the saturation of dis-
tant pairs, separated by about 25 A, with excitation intensity
and the resultant predominance of close pairs with a separa-
tion of less than 10 A would cause shifts to higher energies
by a figure exceeding 100 meV. The shift can be amplified by
the presence of several deep-level defects, however, a priori
it is not known which DAP transition would saturate first. In
contrast to the deep DAP transitions, the PL bands related to
the DAP transitions involving shallow donors in GaN can
experience relatively large shifts due to potential fluctuations
(since the wave function of the electron bound to the shallow
donor is large) as compared to the shifts due to Coulomb
interaction (limited by the ionization energy of the shallow
donor).*?

3. UVL and BL bands in compensated and heavily
Mg-doped GaN

In addition to the UVL band, which transforms into a
structureless band at about 3.2 eV, the PL spectrum of the
heavily Mg-doped GaN usually contains the BL band, the
energy position of which is sensitive to the growth and ex-
perimental conditions. Less common are reports about the
YL and RL bands in heavily Mg-doped GaN. The features of
this type of material are considered in detail below.

a. Effects of growth conditions and annealing. The p-type
GaN grown by MOCVD requires a postgrowth treatment for
activating the Mgg, acceptor. The BL band appears in the PL
spectrum of GaN:Mg only for high concentrations of Mg,
typically above 10'° cm=3 76304398323 Ajthough the BL band
shifts with excitation intensity by up to 0.2 eV (see Sec.
V B 3 b), it should not be confused with a broad UVL band
peaking at about 3.2 eV in heavily Mg-doped GaN samples,
since these two bands often coexist,”® "+

Annealing at temperatures above 600 °C commonly con-
verts the MOCVD-grown GaN:Mg from high-resistive to
p-type conductivity. However, the effect of annealing on PL
is not as straightforward as the conductivity. Early reports6
suggested that while the resistivity of GaN:Mg drastically
drops after annealing temperature is increased above
~500 °C and remains unchanged for annealing temperatures
between 700 and 1000 °C, the intensity of the BL band be-
comes very strong only after annealing at an optimal tem-
perature (about 700 °C). Sheu et al.*® also reported on the
substantial increase of the BL intensity after annealing at an
optimal temperature, which in their case was 750 °C. Re-
markably, annealing in NH; ambient at temperatures above
400 °C resulted in a significant decrease of the BL intensity
and a drastic increase of the resistivity.® The changes were
reversible with a change in the annealing ambient gas from
NH; to N,. Nakamura and Fosol® concluded that the BL
band is related to Mg, while passivation of GaN:Mg with
hydrogen is responsible for the decrease of its intensity when
the annealing is performed in NHj.

Annealing of moderately Mg-doped GaN grown by
MOCVD in three different atmospheres [N,, O,, and
H,N,(5:95)] revealed that the intensity of the UVL band,
dominating the low-temperature CL spectrum in these
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samples, drastically decreased after annealing in N, or O,
but it slightly increased after annealing in the H,N,
atmosphere.325 In a control experiment aimed at the UVL
band in Si-doped GaN, the intensity of that band remained
nearly unchanged after annealing in all the aforementioned
atmospheres. This observation led Gelhausen et al.*” to con-
clude that the shallow donors have different origin in Mg-
and Si-doped GaN. While the Si doping introduces a stable
Sig, donor, doping with Mg in hydrogen atmosphere may
result in the formation of the V-H complex, assumed to be
a shallow donor® that can dissociate during thermal anneal-
ing in a hydrogen-free atmosphere.325 Shahedipour and
Wessels™ also observed a decrease of the UVL band inten-
sity (up to a factor of 100) after annealing the Mg-doped
GaN at 650 °C in a nitrogen ambient. The BL band markedly
enhanced and replaced the UVL band after annealing. Inter-
estingly, the sample grown in a hydrogen-free atmosphere
(with only the nitrogen carrier gas) exhibited only the UVL
band before as well as after thermal annealing in N,. The
authors of Ref. 303 explained their findings on the premise
that H and VyH are the shallow and deep donors in the
Mg-doped GaN that are responsible for the UVL and BL,
respectively. It was suggested that while isolated hydrogen is
removed by annealing, the VyH complex is formed. In criti-
cism of that premise, we should note that isolated hydrogen
is not expected to be a shallow donor in GaN, and diffusion
of a hydrogen atom towards Vy is a highly unlikely process
during thermal annealing.59 It is possible also that it is not
the hydrogen-free atmosphere but the N-rich conditions that
prevent the appearance of the BL band that may be related to
Vy or the Vy-related defects such as VyMgg,.

In GaN:Mg grown by MBE, the postgrowth annealing is
not necessary for obtaining conductive p-type GaN (Refs.
297 and 326) unless hydrogen is present in the growth cham-
ber. Myoung et al.”’ reported a broad emission band peak-
ing at 3.18 eV in the MBE-grown GaN:Mg. With increasing
measurement temperature, this PL band quenched and the
BL band could be detected at room temperature. Leroux et
al*" also observed the predominance of the UVL band in
p-type GaN:Mg grown by MBE in contrast to the annealed
GaN:Mg grown by MOCVD where the BL band dominated.
In another investigation,324 the PL spectrum of the heavily
Mg-doped MBE-grown GaN contained the UVL band but
the BL band was barely resolved. This is in contrast with the
MOCVD-grown GaN:Mg where the BL band dominated in
the cases of heavy Mg doping.324 Alves et al.*** attributed
the BL band to transitions from the Vy donor to the Mgg,
acceptor and argued that in the MOCVD growth VY is abun-
dantly formed via the VyH complex which dissociates after
thermal annealing. The formation of the isolated Vy is less
favorable; therefore, in hydrogen-free MBE growth the con-
centration of Vy is lower.

We observed both the BL and UVL bands in GaN:Mg
grown by plasma-assisted MBE method. Typically the BL
band dominates near the low-excitation limit, while the UVL
band almost always dominates near the high excitation limit,
as displayed in Fig. 70. At high excitation levels a relatively
sharp line also appeared at about 3.45 eV which is attributed
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FIG. 70. Low-temperature PL spectrum of GaN:Mg grown by MBE at
different excitation intensities. Note the gradual shift of the BL from 2.85 to
~2.95 eV with increasing excitation density up to 0.3 W/cm? above which
the UVL band and the A°X line at 3.45 eV emerge with roughly quadratic
dependence of their intensities on the excitation density.

to recombination of excitons bound to neutral Mgg, accep-
tors. The effect of excitation intensity on the PL spectrum in
Mg-doped GaN is discussed in detail below.

b. Effect of excitation intensity. In heavily Mg-doped GaN,
large shifts of the PL bands with excitation intensity are
commonly reporte ( 56.82.294.207-299.304.306-309.322.327.328 g
times the moving band was clearly detected as a single band.
However, often times one cannot exclude a superposition of
several bands in a continuous shift.

The UVL band displaying the characteristic LO phonon
replicas was found to redshift and broaden with decreasing
excitation intensity. Dewsnip et al.>® reported that with in-
creasing concentration of Mg from 3X107 to 7
X 10" cm™ the extent of blueshift of the UVL band in GaN
varied from 10 to 44 meV while the excitation intensity in-
creased by a factor of 100. Figure 71 shows another example
where the zero-phonon peak shifts from 3.27 to 3.22 eV with
decreasing excitation intensity 2X 10 times.** From the
characteristic shape, the UVL band is obviously caused by
transitions from the shallow donors (or the conduction band)
to the shallow acceptors. Since the shift due to Coulomb
interaction in DAP cannot exceed the activation energy of
the shallow donors,* we regard the large shift (about 50
meV) as a manifestation of potential fluctuations.®” In some
GaN:Mg samples, the UVL band appears as a structureless
broad band peaking at about 3.1-3.2 eV, 082296297303 Nyt
probably, the origin of this band is the same as the UVL band
with the characteristic LO phonon replicas,%m’303 and the
broadness is caused by potential fluctuations.®” Indeed, the
shape of the band gradually transformed into the character-
istic shape of the UVL band with LO phonon replicas as the
excitation intensity increases.®” This effect is attributed to
flattening of the potential fluctuations due to screening by
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FIG. 71. Low-temperature PL spectra of semi-insulating GaN:Mg sample at
different excitation intensities. Reprinted with permission from Reshchikov
et al., Phys. Rev. B 59, 13176 (1999). Copyright (1999) by the American
Physical Society.

photogenerated carriers.

While the UVL band in GaN:Mg shifted notably with
excitation intensity only in selected samples,82 the significant
shift of the BL band, typically of the order of 0.1 eV, has
been observed as its characteristic
feature, *6-82294:296-300.304.307-310.322.323.329.330 Ghifeq as high as
approximately 0.2 eV have been reported in investigations
where the excitation intensity changed several orders of mag-
nitude, as depicted in Fig. 72 82304310322 ywpije nearly all
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FIG. 72. Low-temperature PL spectra of semi-insulating GaN:Mg sample at
different excitation intensities. Reprinted with permission from Reshchikov
et al., Phys. Rev. B 59, 13176 (1999). Copyright (1999) by the American
Physical Society.
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researchers who investigated the effect of the excitation in-
tensity on the BL band attributed the BL band to transitions
from a deep donor to the shallow Mgg, acceptor, a contro-
versy still remains about that assignment for the giant shift.
Most researchers propose that the Coulomb interaction in the
DAP is responsible for the shift in the BL
band,3%294298-304.308.322.330 " Ghite others point to potential
fluctuations as the main reason for the shift.”**'" As dis-
cussed in Sec. VB 2, the strong Coulomb interaction be-
tween the deep-level DAP in heavily doped GaN alone can
explain the giant shifts of this band, whereas the potential
fluctuations perhaps play only a secondary role which can be
negligible. Note that a good quantitative agreement between
the BL band position and the room-temperature hole concen-
tration once obtained within the model of potential
fluctuations™'* is apparently just a coincidence. In reality, the
average size of the potential fluctuations in the analyzed
GaN:Mg is about 100 nm at room temperature which dra-
matically increases as the temperature is reduced. The wave
functions of the bound electron and hole are less than 1 nm,
so that their overlap at distances exceeding 100 nm is com-
pletely negligible. The scatter in the reported BL band posi-
tion, which has been attributed in Ref. 310 to different
screening effects, is apparently related to the scatter in the
concentration of defects that affects the average pair separa-
tion in DAP.

We can estimate the position of the energy level of the
unperturbed deep donor responsible for the BL band in the
following manner. The Coulomb interaction term in Eq. (29)
for the DAP with an average distance of about 25 A for the
typical concentrations of Mg in mid-10" cm™ can be esti-
mated as ~0.1 eV. The energy of the ZPL for the broad BL
band can be approximately estimated as ~3.0 eV from the
band shape in the limit of low excitation intensities (see Fig.
72). Using E,=3.5 eV for the low-temperature band gap and
E,=0.2 eV, we obtain E,=0.4+0.1 eV from Eq. (29).

A very interesting observation regarding the effect of
excitation intensity on the BL and UVL structureless bands
in p-type GaN:Mg, which has long been reported,56 remains
unexplained. Namely, the intensity of the BL band increased
linearly with excitation intensity, whereas the increase of the
UVL intensity was quadratic.56 We also observed similar de-
pendencies in a few GaN:Mg samples grown by MBE (see
Fig. 70). From an analysis of the rate equations (within the
concept presented in Sec. III A), we expect that in conduc-
tive p-type GaN:Mg the intensity of PL bands resulting from
the transitions of electrons (free or bound) to the shallow
Mg, acceptor level should increase linearly with excitation
intensity. Indeed, the concentration of holes bound to the
Mg, acceptor remains nearly constant in the nominal range
of excitation intensities (and roughly equal concentration of
the compensating donors), so that the intensity of the UVL
and BL bands should be proportional to the concentration of
the photogenerated electrons captured by the shallow and
deep donors. Therefore, in p-type GaN:Mg, where the Fermi
level is pinned to the shallow acceptor level, we expect a
linear I(P,,.) dependence for both the BL and UVL bands.
The above reasoning indicates that the observations in Ref.
56 may seem to contradict the Hall-effect results contained
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therein, revealing the p-type conductivity. However, invok-
ing the concept of long-range potential fluctuations can eas-
ily remove the discrepancy. The potential fluctuations divide
the sample into areas where the Mgg, acceptor is filled with
holes (in the hills) and empty of holes (in the valleys) in
dark, as shown in Fig. 68. Photogenerated electrons that are
captured by the shallow donors can escape to the conduction
band since their activation energy is not too large (possibility
of diagonal transitions leading to long carrier lifetimes en-
hances this probability). After multiple capture and thermal
release, the electrons would be collected at the shallow donor
states in the valleys where there are no equilibrium holes.
Recombination of the electrons from the shallow donors with
photogenerated holes at the shallow acceptors in these areas
of the sample may be responsible for the quadratic I(P.,.)
dependence of the UVL intensity. In contrast, electrons cap-
tured by deep donors cannot be thermally released (due to
the larger activation energy and smaller size of the electron
wave function), and therefore, the BL band will be observed
mostly from the hills where the concentration of holes bound
to the shallow acceptor is abundant even in dark. Thus, the
BL intensity would increase linearly with the excitation
intensity.

From an analysis of the PL spectra at different excitation
intensities, it can be concluded that at least in some GaN:Mg
samples more than two bands (the above-discussed BL and
UVL) present in the photon range from 2.5 to 3.3 eV. Eckey
et al.”® resolved three broad bands in this range. In the limit
of low excitation intensity, these bands peaked at about 2.5,
2.8, and 3.0 eV, and all three bands substantially shifted with
increasing excitation intensity, as displayed in Fig. 73. Those
three bands have been attributed to transitions from the three
distinct deep donors to the shallow Mgg, acceptor. A broad
band peaking at about 3.3 eV was observed as a shoulder on
the UVL band (see Fig. 71).% Another broad band peaking at
3.0 eV was detected in GaN:Mg after electron
irradiation.*® The band gradually shifted to higher photon
energies and reached 3.2 eV upon increasing excitation in-
tensity by a factor of 400. This 3.0-eV band has been attrib-
uted to transitions from a deep donor (apparently Vy) to the
shallow Mgg, acceptor.325

c. Effect of temperature. With increasing temperature, the
PL bands in Mg-doped GaN shift and quench. However, the
temperature-related transformations are different for the BL
band and the UVL band. The UVL band begins quenching at
relatively low temperatures and by the time the room tem-
perature is reached it either disappears under the tail of the
BL band®?*>?*313 or transforms into a structureless band at
about 3.2 eV with its intensity reduced by a factor of about
1000 as compared to that at low tt:mperature.56’82 The acti-
vation energy of this quenching, ~200 meV, is similar to the
values obtained for the UVL band in undoped and lightly
doped n-type GaN 32310313 1¢ may seem surprising that in the
p-type GaN:Mg samp1e556’82’313 the UVL band quenches in a
fashion similar to that in n-type GaN. Indeed, one would
expect the abundance of holes at the shallow Mgg, acceptor
sites at any temperature. Therefore, the thermal escape of
small fraction of the bound holes would not affect the PL
intensity of the UVL band up to room temperature. A pos-
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FIG. 73. Intensity dependence of the PL spectra in p-type GaN:Mg (a) measured with a cw-HeCd laser at up to 2 kW/cm?, (b) measured with the third
harmonic of a pulsed Nd:YAG (yttrium aluminum garnet) laser with pulse intensities up to 5 MW/cm?. Reprinted with permission from Eckey et al., J. Appl.

Phys. 84, 5828 (1998). Copyright (1998) by the American Institute of Physics.

sible explanation based on the concept of potential fluctua-
tions has been suggested in Sec. VB 3 b. The UVL band
dominates in the potential valleys, as shown in Fig. 68,
where the Fermi level is higher than the shallow acceptor
level. In this case, the Hall-effect measurements show a good
p-type conductivity due to percolation of free holes between
potential hills where they are abundant. A large redshift of
the UVL band with increasing temperature that is observed
in selected GaN:Mg samples can also be explained in terms
of the potential fluctuation model. It has been suggested82
that thermal release of free carriers from the shallower short-
range wells and their percolation into deeper valleys ac-
counts for the large temperature shifts of the UVL band in
GaN:Mg. In this model, the shift increases with decreasing
excitation intensity,80 which, in fact, has been observed not
only in GaN:Mg (Ref. 82) but also in Ge (Ref. 331) and
GaAs.*"?

The BL band intensity quenches only by a factor of
about 10 up to room temperature,56’82’322 and, therefore, it
often dominates in the room-temperature PL spectrum of
heavily Mg-doped GaN &6:82:295-298.310313.323,325.332 o ot
vation energy of 0.35 eV has been obtained from the Arrhen-
ius plot in the temperature range between approximately 300
and 380 K and attributed to the thermal release of electrons
from the deep donor to the conduction band.***?? In other
studies, the activation energies of 0.29,323 and 0.245,310 and
~0.12 eV (Ref. 330) have been reported for quenching of
the BL band in GaN:Mg. Note that the value of 0.12 eV in

Ref. 330 may be significantly underestimated since quench-
ing was studied only up to 300 K, and the value in Ref. 310
could be affected by the green luminescence dominating at
high temperatures in GaN:Mg samples codoped with
Si.31%%*? Note also that potential fluctuations can also affect
the activation energy by reducing it due to possibility of
diagonal transitions.”> The potential fluctuations could also
resolve the following apparent paradox. While the UVL band
quenches at low temperatures with an activation energy of
about 0.2 eV, the BL band in the same samples quenches
only above approximately 250 K with a much larger activa-
tion energy.‘%‘82 Although both bands have their roots in the
same shallow Mgg, acceptor, the BL band does not quench
simultaneously with the UVL band because it dominates in
the areas with high equilibrium concentration of bound holes
(in potential hills). In contrast, the UVL band dominates in
the high-resistivity areas (in potential valleys) where the
shallow Mg, acceptors bind only photogenerated holes.
The BL band markedly shifted to lower photon energies
with increasing temperature,gz’295 298,322 yet the shift was de-
pendent on excitation intensity, as depicted in Fig. 74. Note
that, in contrast to the UVL band, the shift of the BL band is
larger at higher excitation intensities. This observation has
been explained by the deep DAP character of the BL band.*
Emission from the closest pairs contributes more at the high-
energy side of the band due to a stronger Coulomb interac-
tion and dominates at high excitation intensity due to higher
rate of closer transitions. The closer pair emission would
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FIG. 74. Variation of the BL peak shifts with temperature at low and high
excitation intensities. Variation of the band-gap width is also shown, shifted
by 0.7 eV for convenience. Reprinted with permission from Reshchikov ez
al., MRS Internet J. Nitride Semicond. Res. 4S1, G11.8 (1999).

quench at lower temperatures since in the closest pairs the
donor level is closer to the conduction band. However, for
low excitation intensities the redshift is reduced since the
emission from quite distant pairs with weak Coulomb inter-
action dominates in this case. A similar effect has previously
been observed in Si codoped with donors and acceptors.33 ¢

d. Time-resolved PL. TRPL studies on the UVL and BL
bands in GaN:Mg have been able to provide much needed
insight into the transitions involved in these emission
bands.'?*2013333% 1 moderately Mg-doped GaN (with p
~ 10" cm™ at room temperature), the UVL band represent-
ing the characteristic peaks with the zero-phonon line at
about 3.26 eV decayed nonexponentially after the excitation
pulse.338 The UVL band shifted to lower energies by about
35 meV after 5 ps following the pulsed excitation. Strauf ez
al.>*® attributed these observations to a manifestation of the
DAP transitions involving a shallow donor and the shallow
Mgg, acceptor. We believe that the observed shift is too large
for the shallow DAP interpretation to be in effect and suggest
instead that the potential fluctuations in these samples also
contribute to the shifts and nonexponential recombination of
the UVL band.

The decay of the BL band is in general relatively slow
and nonexponential.gz’](”0’30]’335’336 The longer decay times
have been observed at the low-energy tail of the BL
band,lgo’wl’336 consistent with the deep DAP model. Shahe-
dipour and Wessels®> explained the nonexponential decay of
the BL band within the Thomas—Hopfield model of distant
DAP transitions.”” The fitting was reasonably good for the
DAP transitions involving a deep donor and the shallow
Mg, acceptor, both with a Bohr radius of 5 A Even a
stronger indication for the deep nature of the donor involved
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in the BL band is a redshift of about 200 meV reported for
the BL band with time delay,335 although that shift was also
attributed to a superposition of several PL bands in another
report.301

From the time-resolved PL data at temperatures up to
380 K, Gurskii ef al.*” concluded that a broad band at 3.05
eV, dominating at high temperatures and having nearly ex-
ponential decay with the characteristic time of about 200 ns,
is caused by transitions from a deep donor to the valence
band in p-type GaN:Mg. This is a reasonable analog of the
e-A transitions dominating in n-type undoped GaN at high
temperatures (see Sec. IV A 5).

Only in one work, very fast (on the subnanosecond
scale) decays of the BL and UVL bands in p-type GaN:Mg
have been reported.296 These results contrast with very slow
decays on the microsecond scale for the BL (Refs. 190, 335,
and 336) and were not confirmed by others. To explain the
very fast radiative recombination, Smith et al.*® suggested
that the UVL and BL bands involve transitions from the con-
duction band to the shallow and deep acceptor levels, respec-
tively. This model and very fast decay of the BL band are
inconsistent with most of the well-established features re-
garding this band in GaN:Mg. It is plausible that the fast
decay of the BL band, reported in Ref. 296, is some artifact.

e. Effect of hydrostatic pressure. Additional data support-
ing the models of the BL and UVL bands in Mg-doped GaN
have been obtained from the hydrostatic pressure studies
with which one is able to delineate the localized and delo-
calized (shallow) electronic states.>****! Transitions involv-
ing shallow donors are expected to follow the pressure de-
pendence of the band gap. On the other hand, transitions
involving deep donors tend to follow a weighted average of
the various band extrema. For example, the pressure depen-
dence of the PL bands originating from deep donors would
be much weaker than the transitions involving shallow do-
nors. A linear pressure coefficient of about 35 meV/GPa for
the UVL band in GaN:Mg has been obtained which is very
close to the pressure shift of the GaN band gap of about 40
meV/GPa.**' The pressure coefficient for the BL band is
much smaller, about 20-26 meV/GPa.*****! This is consis-
tent with the theoretical predictions for a deep donor in
GaN. 231342 1t is also smaller than that expected341 and ex-
perimentally found pressure coefficient for a deep acceptor in
undoped GaN which is 30+2 meV/GPa.'* Note also that
even a larger pressure coefficient, similar to that of the GaN
band gap, has been obtained for the deeper acceptor respon-
sible for the BL band emission in Zn-doped GaN.””' Thus,
the results of the hydrostatic pressure studies favor the model
that the donor involved in the BL band emission is deep with
a localized wave function.

f. Effect of electron irradiation. Similar to thermal anneal-
ing, low-energy electron-beam irradiation (LEEBI) converts
high-resistivity GaN:Mg into conductive p-type GaN. ' Af-
ter a LEEBI treatment, the intensity of the BL band has been
reported to notably increase.’ Koide ef al.’® studied the ef-
fect of the LEEBI treatment on the luminescence spectrum of
GaN:Mg by using a very weak electron-beam current density
of the order of 107> A/cm? and electron-beam energy in the
range from 0.5 to 5 keV. They observed a decrease of the BL
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band intensity by about 20% with electron exposure. Re-
markably, the UVL band increased by about a factor of 2
after the LEEBI treatment of GaN:Mg samples. Koide et
al?® explained the changes by dissociation of the MgH and
VNH complexes under electron irradiation. Congruous with
the assignments made in Ref. 303, these authors attributed
the UVL and BL bands to transitions from the shallow donor,
which was assumed to be H, and from a deep donor which
was assumed to be VyH, respectively, to the shallow Mgg,
acceptor.

By contrast, Gelhausen et al’® observed a drastic de-
crease of the UVL intensity under LEEBI treatment. The
UVL band decreased under electron irradiation only in as-
grown GaN:Mg sample and in a sample annealed in H,N,
ambient. The effect of electron irradiation was negligible in
the GaN:Mg samples annealed in N, or O, ambient. The
same was shown to hold for the Si-doped samples before and
after annealing. Those authors assumed that the shallow do-
nor responsible for the UVL band in GaN:Mg samples is the
VNH complex that can dissociate during LEEBI treatment.
Besides the bleaching of the UVL band, Gelhausen et
al. 33 detected an emergence of a broad band at around
3.05 eV under electron irradiation. The broad band shifted
from 3.0 to 3.2 eV with increasing excitation density (by a
factor of 400). That broad band has been attributed to tran-
sitions from a deep donor, presumably Vy, to the shallow
Mgg. acceptor.328 The LEEBI treatment also shifted the BL
band to lower f:nergies325 and activated a weak yellow lumi-
nescence band’*® in these GaN :Mg samples.

g. Optically detected magnetic resonance. The ODMR
spectra measured on the UVL and BL bands in GaN:Mg
usually contain two lines: one with g =2.1 attributed to
Mgg, and another with g,=1.95-1.96 attributed to a com-
pensating donor, '#!277-309:3437345 e spectral distribution of
both signals reproduces the shape of the BL band with a
maximum at 2.9 eV observed in heavily doped GaN:Mg.141
The Mg-related signal is anisotropic. The values of g, and g
which are typically in the range of 2.058-2.114 and 1.94-
2.022, respectively, are sample dependent.277’309’3437346 More-
over, the difference g,—g, decreases with decreasing detec-
tion energy across the broad BL band.**®* The anisotropy
of the g tensor, expected for the shallow acceptor in GaN,108
is reduced by symmetry-lowering local distortions originat-
ing from structural defects or random distribution of charged
impurities leading to potential fluctuations.*”***® Note that in
early studies the above-mentioned small anisotropy of the g
tensor of the Mg-related defect was inappropriately assigned
to a so thought deep Mg-related level.'™** The nearly iso-
tropic signal with g=1.95-1.96 has been attributed to the
shallow effective-mass donor in GaN.'*'*%*¥3 Such an as-
signment is consistent with the attribution of the UVL band
to transitions from the shallow donor to the shallow Mgg,
acceptor. However, assignment of the donor-related signal to
the shallow donor contradicts the above-described properties
of the BL band ascribed to transitions from a deep donor to
the shallow Mg, acceptor. One possibility is that the ODMR
signal from the deep donor is similar to that from the
effective-mass shallow donor. Note that this signal in the
heavily Mg-doped GaN exhibiting the BL band is much

J. Appl. Phys. 97, 061301 (2005)

broader than that in the lightly Mg-doped GaN where the
UVL band dominates.’” Another possibility is that the spin-
dependent capture of an electron from the shallow donor or
possibly from the conduction band to a deep donor first takes
place, followed by radiative transition from the deep donor
to the shallow Mgg, acceptor. In the case the first process is
detected by magnetic resonance the effective-mass resonance
would be observed in the form of increasing BL signal.

h. DLTS, positron annihilation, and the infrared spectra. A
DLTS study of undoped and Mg-doped GaN revealed a char-
acteristic deep level at 0.62 eV below the conduction
band.*’ The concentration of this defect increased from
~2X 101 to 3X 10" cm™ after moderate Mg doping of
GaN that remained n type. Additionally, a defect level at
~0.4 eV below the conduction band with a concentration of
about 10" cm™ appeared in one Mg-doped sample. The cap-
ture cross section is of the order of 10~'* cm? for both of the
aforementioned deep levels.**’

Positron annihilation studies have shown that the cre-
ation of Vg, is suppressed by Mg doping.124’195’348 This result
is consistent with theoretical predictions (Sec. IT). When the
Fermi level is close to the valence band during the growth,
donors, such as Vy, VyMg, or VyH, are more likely to incor-
porate in GaN, and not acceptors such as Vg,. Positron an-
nihilation experiments are able in principle to detect and dis-
tinguish Vg, and Vy, as well as complex defects containing
these vacancies. However, the detection of Vy in p-type GaN
by positron annihilation is hampered even when this defect is
abundant. The reason lies in a small difference in the posi-
tron lifetime in defect-free and Vy-containing GaN, as well
as repulsion of positrons from the positively charged
defects.'** Nevertheless, Hautakangas et al.** were able to
detect a neutral Vy-related defect in p-type GaN grown by
MOCVD. This should be contrasted with no vacancy-related
defects having been observed in p-type GaN grown by MBE.
The defect has been identified as the neutral VyMgg, com-
plex. Thermal annealing at 500-800 °C led to disappearance
of this defect. A value of about 2.5 eV for the migration
energy of Vy has been estimated by assuming that the
VaMgg, complex dissociates and Vi migrates to the surface
during annealing. The absence of the Vy-related defects in
p-type GaN:Mg grown by MBE has been attributed to better
stability of the V\Mgg, complexes when the Fermi level is
close to the midgap during the growth, a condition corre-
sponding to the MOCVD but not MBE growth conditions.

Local vibrational modes of the Mg—H complex have
been found in GaN:Mg at 3125 em™ . The hydrogen atom
preferentially incorporates at an antibonding site of the nitro-
gen atom.*”! Consequently, the vibrational frequency is
primarily determined by the N-H vibrational mode. Thermal
annealing converts the high-resistivity GaN to p-type con-
ductivity and results in a sizable decrease of this local
mode.*” A series of local modes in the range of about
2200 cm™! was also detected in the Raman spectra of
GaN:Mg and attributed to various defect complexes involv-
ing hydrogen.352’353
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4. Yellow and red luminescence bands

The YL band peaking at 2.2-2.3 eV usually vanishes
with Mg doping, in agreement with its attribution to the
Vga-containing defects (see Secs. IV A and IV B). However,
the YL band sometimes persists in GaN:Mg when the sample
remains n typez()&354 or serni-insulating.6 The weak YL band
appeared also after electron irradiation of p-type GaN:Mg.328
A relatively strong YL has been reported in p-type GaN
grown by MBE.** Note that the reports about the YL peak in
p-type GaN are extremely rare and must be treated with cau-
tion.

The RL band having a maximum at about 1.7-1.8 eV is
sometimes observed in heavily Mg-doped p-type
GaN.**333% The ODMR studies of this band indicate that
the transition involves deep donors and the shallow Mgg,
acceptor.309 Two signals, namely, an isotropic one with g
=2.003 (from deep donor) and an anisotropic one with g
=2.10 and g, =2 (for the shallow Mg, acceptor) have been
detected for the RL band.’” The RL band has also been
attributed to deep donor-deep acceptor transitions.' >

5. Luminescence in GaN:Mg codoped with shallow
donors

Codoping of GaN:Mg with shallow donors has been
considered as a means to increase the solubility of Mg and
reduce its binding energy.357 Through codoping with oxygen
the concentration of holes has been increased up to 2
X 10" cm™ while decreasing the resistivity of the GaN:Mg
sample down to 0.2 Q cm. %% Incorporation of oxygen in
GaN:Mg suppressed the BL band, and a broad GL emerged
at 2.4-2.5 eV as a shoulder to the BL band.**® Similarly, a
GL band appeared in GaN:Mg codoped with Si upon increas-
ing the temperature up to room temperature.3 33 While the BL
intensity increased linearly with excitation intensity, the GL
intensity in O- and Si-codoped GaN:Mg increased superlin-
early, as P, . with n=14-1.7* The intensity of the GL
band increased with increasing temperature from 200 to 260
K. In an effort to explain this unusual effect, Han et al’
proposed that the GL band arises from transitions between a
metastable deep donor and the shallow Mg, acceptor. Those
authors assumed that both oxygen and silicon would behave
as DX centers in GaN, and their DX states form deep levels
within the band gap. Kaufmann et al."™ also observed the
BL band (at about 2.8 ¢V) and RL band (at about 1.8 eV) in
GaN:Mg codoped with Si. The red band has been attributed
to transitions from a deep donor to a deep acceptor.

6. Identification of defects in Mg-doped GaN

In spite of the plethora of activity, only two observations
are well established, both from theoretical and experimental
viewpoints regarding the defects in GaN:Mg: (i) Mg doping
suppresses Vg,-related defects which are common in n-type
GaN and introduces compensating deep donors and (ii) a Mg
atom replaces a Ga atom forming a shallow acceptor with an
activation energy of about 0.2 eV.

As for the optical transitions contributing to the PL spec-
trum of GaN:Mg, only the following are undeniably estab-
lished up to date: (i) In moderately Mg-doped GaN, transi-
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tions from the shallow donor to the shallow Mgg, acceptor,
which are responsible for the UVL band with the zero-
phonon line at about 3.27 eV and the characteristic set of LO
phonon replicas dominate, (ii) transitions from one or more
deep donors to the shallow Mgg, acceptor in heavily Mg-
doped GaN are responsible for the dominant BL band which
shifts substantially with excitation intensity, (iii) the previ-
ously proposed model for the BL band as being due to tran-
sitions from the conduction band or from a shallow donor to
a deep Mg-related defect!*!-286295-300302 1yt pe rejected
since it fails to explain very critical experimental observa-
tions, (iv) the BL bands in Mg- and Zn-doped or undoped
GaN have different origins, and (v) potential fluctuations due
to random distribution of charged defects play an important
role in the PL properties of heavily Mg-doped GaN. Other
deductions reported in the literature are more speculative.
Nevertheless, we briefly review them below for the sake of
completeness.

There are strong indications that the dominant shallow
donor in Mg-doped GaN is hydrogen related, rather than Sig,
or Oy as in the case of undoped n-type GaN. 200303325 A
proposal that the shallow donor is VyH complexsg’3 » appears
much more likely than the assumption that isolated H is the
shallow donor,”™% since the latter contradicts the expecta-
tions grounded in the first-principles calculations.” As for
the deep donors playing an important role in self-
compensating the p-type GaN:Mg, the VyMgg, c:omplex,294
and hydrogenated Vy (Ref. 303) are the major candidates.

Vennégues et al.’* have proposed that structural defects
but not the point defects are responsible for the BL band in
Mg-doped GaN. This supposition is based on the fact that
high density (up to ~10'7 cm™) of pyramidal structural de-
fects appears in heavily Mg-doped GaN 329:360-366 pyra-
mids represent Mg-rich inversion domains®**¥*3*1 ang
therefore may form potential wells with carriers due to the
polarization effect.3-366 However, the attribution of the BL
band to diagonal transitions of free electrons from these
quantum wells to the shallow Mgg, acceptors outside the
pyramidal defect™ fails to explain the relatively constant
position of the BL band (2.8+0.1 eV at low temperatures
and low excitation intensities) in various samples with a
large scatter in the size of the pyramidal defects. Nonethe-
less, that accumulation of Mg at the pyramidal inversion do-
main boundaries can play a significant role in autocompen-
sating Mg-doped GaN.*%®

C. Luminescence in GaN doped with other impurities

In Secs. V A and V B we considered the PL properties of
GaN doped with Zn and Mg in some detail. Below we re-
view the main contributions by shallow donors, acceptors,
other than Zn and Mg, and isoelectronic impurities to the PL
in GaN. Main contributions to the optical transitions in tran-
sition and rare-earth elements are briefly mentioned as well.

1. Doping with shallow donors

a. Silicon doping. Silicon is the major dopant for n-type
GaN since the electron concentration can be controllably
changed from ~10'7 to 2X 10" cm™ by varying the flow
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rate of SiH, in MOCVD growth.6 A similar case is applicable
to MBE as well. The activation energy of Sig, donor is 30
meV.> Typically, the YL band intensity increases with Si
doping.é’“’w1’172’208_210 However, at high doping levels the
YL band intensity decreases.**® The initial enhancement of
the YL band with Si doping can be explained by an inadvert-
ent increase in the concentration of the Vg,-related acceptors,
such as Vg,On and Vg,Sig,, facilitated by the shift of the
Fermi level to higher energies during growth (see Sec. II).
Unlike Oy with features of a DX center (Sec. V C 1 b), Sig,
behaves like a standard hydrogenic donor at high pressures.

Silicon is an amphoteric impurity, and it may appear as a
shallow acceptor upon substituting a N atom. Although the
first-principles calculations (Sec. II) predict that in thermo-
dynamical equilibrium the formation of Siy is less probable
than Sig,, there are a few experimental observations support-
ing the existence of Siy acceptors in GaN. Consequently, the
intensity of the UVL band, which is attributed to transitions
from the shallow donors to the shallow acceptors, increases
with Si doping.wg’23 1367 1 n-type GaN, the intensity of the
DAP transitions depends only on the concentration of the
acceptors involved (Sec. IIT). Therefore, the enhancement of
the UVL band indicates that at least some shallow acceptors
incorporate as a result of Si doping. Moreover, the increase
of the shallow acceptor concentration with Si doping is con-
firmed by an increase of the emission intensity from the ex-
citon bound to the shallow acceptor.231 The Siy acceptor
binding energy of 224 meV has been estimated from the
position of the ZPL of the UVL band in GaN:Si.?" An
ODMR study of Si-doped GaN has revealed a highly aniso-
tropic resonance on the UVL band,lo9 in concert with the
theoretical predictions for an effective-mass shallow acceptor
in wurtzitic GaN.'*

b. Oxygen doping. Oxygen is a shallow donor in GaN
with an activation energy of 33 meV.”" However, with in-
creasing concentration of O, the associated donor level
moves closer to the conduction band, merging with it at n,
>3 X 10'® cm™. Further, the Fermi level increases with in-
creasing donor concentration to the point that for concentra-
tions of O exceeding 10" cm™ one may expect optical tran-
sitions blueshifted by 0.1 eV (the Burstein—-Moss shift®®®).
However, the band-gap renormalization®® effectively com-
pensates this effect, and consequently, a very small shift is
observed for optical transitions in degenerate GaN:0.”"
Note that the solubility of O in GaN is approximately
10" cm™3, forcing the excess oxygen to form precipitates in
surface microcavities.

Sometimes oxygen is present in high concentrations in
undoped GaN. For example, in bulk GaN grown under high
pressures and at high temperatures the concentration of O is
of the order of 102 ¢cm™.>"" The YL band is very strong in
these bulk samples.372 The correlation between the intensity
of the YL band and concentration of O has been noted also
by Slack et al.>” This is in agreement with the attribution of
the YL band to the V,0Oyn complex (Secs. IV A and IV B).
Note that the concentration of both Vg, and Oy increases
with O doping (Sec. IT). Oxygen in GaN shows characteristic
features of the DX center. Namely, a strongly localized level
associated with a distorted O configuration emerges from the
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conduction band for hydrostatic pressures above 20 GPa.*"!

The pressure dependence of the YL band energy position
experiences a change of slope at these pressures,15 % thus con-
firming the attribution of the YL band to transitions from the
O donor to a deep acceptor (presumably V,0y). No other
PL bands related to O have been reported in the literature.

c. Selenium doping. Other dopants that have been at-
tempted for achieving n-type conductivity are Se and Ge,
both shallow donors when they replace nitrogen and gallium
atoms, respectively. Free-electron concentrations of up to
1.7X 10" cm™ (Ref. 213) and 6X 10" cm™ (Ref. 214)
have been reported with Se doping. The Ga-to-N ratio de-
creased about 15% with increasing concentration of Se. Al-
though the authors of Ref. 213 attributed the change in Ga/N
ratio to the formation of Ng, defects, formation of Vg, due to
self-compensation is more likely in view of theoretical pre-
dictions (Sec. II B). The YL band intensity increased with Se
doping.ZB’214 This is consistent with the YL band having
V,-related defect origin (see Sec. IV A 1). Yi and Wessels>'*
suggested that the increase in electron concentration in
GaN:Se as the cube root of the H,Se partial pressure for 7
>2X 10" cm™ is due to compensation by a triply charged
V.- Note, however, that the results of this experiment do not
prove that the compensating defect is the isolated triply
charged Vg, but not, for instance, the doubly charged V,Oy.
Indeed, the N, MNg" dependence, where n is the charge of
the compensating defect,”’* is valid only for a nondegenerate
semiconductor, which may not hold for 7,>2 X 10'® cm™ in
GaN.

d. Germanium doping. The electron concentration in-
creased from approximately 10'7 to approximately 10'° cm™
when the flow rate of GeH, was varied by a factor of 100 in
MOCVD growth.6 The intensity of both the excitonic emis-
sion and the YL band increased with Ge doping. Doping of
GaN with Ge above approximately 10%° cm™ leads to
quenching of the YL band.”'"? Zhang et al*"? argued that this
effect is due to reduction of the V5, concentration in heavily
Ge-doped GaN.

2. Doping with acceptors

a. Carbon doping. Incorporation of C in GaN introduces
mostly Cy acceptors (see Sec. II C 2) which compensate the
residual shallow donors, resulting in semi-insulating
GaN.*"*7537 However, as C doping is increased, the resis-
tivity of GaN decreases, apparently due to the formation of
compensating donors.’” Several deep-level defects have
been detected in C-doped GaN by thermally stimulated cur-
rent spectroscopy,375 photoionization spec:troscopy,377 and
deep-level optical spf:ctrOS(:opy.378’379 However, most of
these defects are apparently not directly related to carbon.’”

Several authors noted a correlation between the YL band
intensity and C doping (see also Sec.
IV A 10),78:135:136.139.140.204-206 although the properties of the
YL band in undoped and C-doped GaN were apparently
different."*”'®* An enhancement of the YL band has also
been observed in GaN after implantation with
carbon.'*"**?! However, ion implantation certainly creates
other defects, such as Vg,, which would result in the YL
band, along with many other possibly known and unknown
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defects.

The intensity of the UVL band apparently also increased
with C doping.206 However, in another report,376 a broad blue
band peaking at 3.0 eV, instead of the UVL band, has been
observed in the semi-insulating GaN:C. Seager et al.’™® at-
tributed this blue band to transitions from Cg, donor to Cy
acceptor. Polyakov et al."* also noted an enhancement of the
blue band peaked at 3.05 eV in the GaN samples that were
heavily contaminated with carbon.

Reuter ef al.”® observed a broad red luminescence band
with its maximum at 1.64 eV in C-doped GaN. This band
could be excited resonantly, and its excitation spectrum in-
volved one or two broad bands in the range from 2.1 to 2.9
eV. The energy position of the ZPL for this red band has been
estimated at 2.0+0.2 eV.** When excited above the band
gap, the red band was buried under the stronger 2.2-eV YL
band.

b. Beryllium doping. Be is a potential p-type dopant, par-
ticularly since it is expected to introduce the shallowest ac-
ceptor level in wurtzite GaN (Sec. II). Although the theory
predicts substantial self-compensation of Be by deep donors
during growth, experimental approaches used to incorporate
Be have been examined nonetheless. In particular, Yu et
al 038! reported on an increase of the room-temperature
hole concentration up to 2.6 X 10'® (Ref. 381) and even to
8 X 10" cm™ (Ref. 380) in Mg-doped GaN after implanta-
tion with Be.

Dewsnip et al.,zo3 Sanchez et al.,382 and Ptak et al.
observed the PL band that can be attributed to the shallow
acceptor level introduced by Beg, acceptor in Be-doped GaN
grown by MBE, as shown in Fig. 75. The band represents a
set of peaks separated by the energy of LO phonon in GaN
which is about 91 meV. The peak at 3.38 eV has been attrib-
uted to the zero-phonon transition from the shallow donor to
the Beg, zicce:ptor,ZO3’382’3 8 while the peak at 3.397 eV is
thought to be due to the zero-phonon transition from the
conduction band to the Beg, acceptor.3 % The ratio between
the intensities of the ZPL and its phonon replicas is typical of
the shallow acceptors with a small Huang—Rhys factor, simi-
lar to the case of the UVL band caused by the unidentified
shallow acceptor in GaN described in Sec. IV C 1. The as-
signment of the 3.38- and 3.397-eV lines to the DAP and e-A
transitions has been confirmed by an analysis of their behav-
ior at  different  temperatures and  excitation
intensities.””****** The 3.38-eV peak decayed nonexponen-
tially and shifted to lower energies with time following a
pulse excitation, as it is expected for the shallow DAP
transitions.*** From the energy position of the DAP and e-A
peaks, the ionization energy of the Beg, acceptor can be

estimated as 100+ 10 meV, which is much lower than that of
Mg 203,382.383

383

In some investigaltions,]()g’384 though, the 3.38-eV peak
was not observed in Be-doped GaN at all. Instead, the UVL
band with the main peak at about 3.27 eV has been observed
which is apparently related to residual shallow acceptor in
GaN (Siy, Cy, or Mgg,, as discussed in Sec. IV C). A tiny
peak at 3.35 eV observed in Ref. 385, which was attributed
to Beg,, should be regarded with a good deal of skepticism

J. Appl. Phys. 97, 061301 (2005)

107
3.472eV
5 a) (A% 3397V, pREeS
g DAP and (A%X)-LO 3.38¢V
. 3.30eV A exciton
g 108 - DAP (7) 3.27¢V, oy
g 14(?) 3.34eV, )
8
£ 1o 0 (Lo |[LO
% LO LO
_E 10? 4
GaN:Be Sample 0021
106 | ' ' *_ 3.475¢V
b) DAP (Be) 3.38¢V (D°,X)

DAP - 1LO 3.29¢V
10° 4

DAP - 210 3206V
lo4 4
lo! 4

102 4

Photoluminescence (arb. units)

GaN:Be Sample 0022

10!

T

3.0 3.1 3.2 3.3 3.4 3.5 36
Energy (¢V)

FIG. 75. Low-temperature PL from two Be-doped GaN grown by MBE.
Reprinted with permission from Ptak et al., Mater. Res. Soc. Symp. Proc.
639, G3.3 (2001).

as it might be noise or some artifact of measurement.

The enhancement of the YL band with its maximum at
about 2.2 eV has been noted in GaN samples implanted with
Be. #1920 ¢ g quite likely that this transition is not related
directly to Be but is caused by the implantation
damage.]99’20]’386 In the samples doped with Be during
growth, an enhancement of an emission in the visible part of
the spectrum has also been reported.zm’382 This emission rep-
resented a very broad band peaking at 2.4-2.5 eV and is
thought to be related to some deep level or levels apparently
caused by Be.

c. Calcium doping. Pankove and Hutchby, ~° Monteiro et
al.,387 and Chen and Skromme??? studied PL from GaN im-
planted with Ca. In two of these reports a strong green lumi-
nescence band with a maximum at about 2.5 eV appeared
after the Ca implantation and subsequent annealing.m’387 It
should be noted that Chen and Skromme>* observed another
green luminescence band with a maximum at 2.35 eV in
GaN:Ca. However, those authors also noted that the 2.35 eV
appeared in their semi-insulating GaN samples doped with
Mg and Zn. Therefore, the 2.35-eV peak may not be related
to Ca (see Sec. IV F on the 2.35-eV band). With increasing
measurement temperature from 14 to 300 K, the green band
shifted from about 2.52 to 2.59 ¢V.*®’ In another investiga-
tion, Monteiro ez al.”’ proposed that the 2.5-eV emission is
due to transitions from a deep compensating donor located at
about 0.6 eV below the conduction band to the Ca-related
acceptor located at about 0.3 eV above the valence band.
This assignment appears questionable because the deep DAP

123



061301-65 M. A. Reshchikov and H. Morkog

transitions are characterized with enormous shifts of the band
with excitation intensity82 or with time following a pulse
excitation.® Note that no shift of the green band with exci-
tation intensity or time following pulse excitation was de-
tected in Ca-doped GaN.”* we propose that the 2.5-eV band
is related to transitions from the conduction band, or shallow
donors at low temperatures, to the Cag, acceptor. If so, the
ionization energy of Cag, can be estimated at about 0.6-0.7
eV. Indeed, the ZPL for the 2.5-eV band can be expected at
2.8-2.9 eV from the shape of this band at low temperature.

d. Cadmium doping. Cadmium at the Ga site (Cdg,) is an
acceptor. The PL due to Cd has been studied in Refs. 123,
202, 266, 388, and 389. Simply, doping with Cd results in the
emergence of a broad blue band peaking at 2.7-2.9 eV. La-
gerstedt and Monemar™™® observed the fine structure on the
high-energy side of the band with the ZPL at 2.937 eV and a
set of LO and apparently local phonon replicas. The fine
structure, caused by electron-phonon coupling, is similar to
that in the Zn-related BL band, shown in Fig. 42, although
the energy position of the PL band in Cd-doped GaN is
shifted to lower photon energies by about 0.1 eV.202388 A
lower photon energy of the Cd-related PL, as compared to
Zn-related PL, is consistent with the theoretical predictions
for the ionization energies of these two acceptors (Sec.
I C 2). The ionization energy of Cd should be about 0.56—
0.57 eV, provided that the assignment of the 2.937-eV peak
in Ref. 388 is accurate.

At 77 K the time-decay of the Cd-related blue band is
nonexponential in the microsecond range.266 No obvious
variation in the shape and position of this band has been
observed at different delay times following a pulse excita-
tion. It is possible that the transitions from the conduction
band to the Cdg, acceptor overlapped with transitions from
the shallow donors to the same acceptor cause the nonexpo-
nential decay of pL.2%

e. Manganese doping. Extrapolating the carrier-mediated
magnetic interaction from dilute GaAs:Mn to GaN:Mn, Dietl
et al.*” predicted high-temperature ferromagnetism in dilute
Mn,Ga;_ N with x~0.05 in assumption that the free hole
concentrations of the order of 10?° cm™ can be achieved in
such a material. This prediction paved the way for a plethora
of activity for potential application of this material to spin-
transport electronics (spintronics). However, in contrast with
GaAs where Mn is a relatively shallow acceptor (E,
~(.1 eV) which sets the stage for high concentration of free
holes to be obtained at room temperature, the Mn level in
GaN is almost in the middle of the band gap,Sgl*394 and one
cannot expect any detectable transport of holes bound to the
Mn acceptor even at very high concentrations of Mn. Graf et
al.****** have unambiguously demonstrated that in contrast
with GaAs,395 holes bound to Mn in GaN:Mn are located in
the d shell. The Mn**/>* acceptor level is located at 1.8 eV
above the valence band.***** Those authors also showed
that the characteristic absorption spectrum with the ZPL at
1.42 eV, observed earlier by Korotkov et 0tl.,391’392 results
from an internal >E—°>T transition in Mn>* (configuration
d*). The transition of holes from Mn>** to the valence band
has also been seen in the absorption spectrum for photon
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energies above 1.8 eV.¥** Note that when the GaN:Mn
sample is codoped with Si, an electron is captured by a Mn
acceptor, transforming it into the Mn>* (d°) state.

Korotkov e al.** observed a PL signal related to Mn
acceptor. That band appeared as a broad structureless band
with its maximum at 1.27 eV with a FWHM of about 0.26
eV. With increasing temperature from 13 to 300 K, the Mn
peak position remained nearly unchanged. A transient PL
study of this band revealed a very slow exponential decay of
the PL intensity with a characteristic lifetime of about 8
ms. " A slow exponential decay of the PL is typical of in-
ternal transitions. Consequently, it is most likely that the
1.27-eV band is caused by transitions of holes from the ex-
cited states of Mn>*, located close to the valence band, to its
ground °7 level.

f. Other acceptors in GaN. In addition to the above-
mentioned acceptors in GaN, Pankove and Hutchby123 exam-
ined the effect of Hg implantation on the PL in GaN. Implan-
tation of Hg resulted in a broad green band with a maximum
at 2.43 eV. Assuming that this band is due to a transition
from the conduction band or shallow donor to the Hgg, ac-
ceptor, the activation energy of the Hgg, acceptor can be
estimated as 0.8+0.2 eV based on the position and shape of
this broad band.

Pankove and Hutchby123 also implanted several other el-
ements in GaN that might possibly act as acceptors, such as
Cu, Ag, Au, Sr, Ba, Li, Na, K, Sc, Zr, Fe, Co, Ni, Dy, and Er.
All of these elements resulted in broad PL bands with
maxima ranging from 1.5 to 2.2 eV. In all cases deep levels
are responsible for the observed PL. However, it is difficult
to distinguish the emission bands associated with these ele-
ments from those arising from native defects formed by the
implantation damage. In the case of transition metals or rare-
earth elements, the emission in the red portion of the spec-
trum might also be caused by internal transitions in d or f
shells (see Sec. V C 3).

3. Doping with isoelectronic impurities

Isoelectronic impurities, such as Asy and Py, have been
considered as promising candidates for the mixed anion ni-
tride alloys such as GaAs,N,_, and GaP,N,_,. However, for-
mation of deep levels in these alloys, attributed to Asy and
Py, would induce discontinuous changes in the size of the
band gap.45

a. Arsenic doping. Arsenic introduces a broad blue band
with its peak at about 2.6 eV in GaN. 23202397400 1¢ §¢ usu-
ally structureless, but a well-defined phonon-related fine
structure has also been reported.zo2 The intensity of the
2.6-eV band increases monotonically with increasing As
doping,398’400 while the concentration of free electrons re-
mains nearly urlchanged.‘ml’402 Several authors noted that the
intensity of this band is nearly insensitive to temperature in
the range of ~10-300 K. ¥ An activation energy of
~50 meV has been estimated for quenching of the 2.6-eV
band between 100 and 300 K.**” Note that the total decrease
of the intensity in Ref. 397 was only a factor of 2; therefore,
the small decrease might be related to the variation in the
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FIG. 76. Low-temperature PL spectrum of the As-implanted GaN, showing
the no-phonon (NP) line and its phonon replicas. Reprinted with permission
from Chen and Skromme, Mater. Res. Soc. Symp. Proc. 743, L11.35
(2003).

capture cross section,”’ and the real quenching of this band
might take place above room temperature with yet an un-
known activation energy.

A time-resolved PL study revealed that the decay of the
2.6-eV band is nearly exponential even at low temperatures
with a characteristic time of about 0.1 ps.397‘399 The lifetime
decreased from 92 to approximately 77 ns with increasing
temperature from 8 to 100 K, and subsequently increased up
to 148 ns with further increase of temperature up to 300 K.
Such a behavior of the PL is typical for internal transitions
rather than transitions involving the states in the conduction
or valence bands.

Chen and Skromme?” observed the fine structure on the
high-energy side of the blue band related to As implantation,
as depicted in Fig. 76. The ZPL was observed at 2.952 eV
followed by two LO phonon replicas. Besides, the spectrum
contained peaks separated from the ZPL by 38 and 75 meV
that were attributed to other lattice phonon modes.”* If the
2.6-eV band is due to the recombination of an exciton bound
to the As-related defect, as it was suggested in Refs. 202,
397, and 399, its localization energy can be estimated as 535
meV which represents the energy difference between the
zero-phonon line and free-exciton line.2? However, if the
transitions from the conduction band to the As-related defect
were responsible for the 2.6-eV emission, the energy level of
the As-related defect would be at about 560 meV above the
valence band. A more detailed analysis, including compari-
son of the PL lifetime with concentration of free electrons at
different temperatures, is warranted and would be able to
provide the ultimate answer on identification of the 2.6-eV
band in As-doped GaN.

b. Phosphorus doping. Implantation of P in GaN results in
a broad blue-violet luminescence band peaking at about 2.9
eV, 123202403404 Thi¢ band quenched above 100-150 K with
an activation energy of about 168—180 meV.**® Chen and
Skromme®** observed the fine structure of the blue-violet
band in GaN:P, as shown in Fig. 77. The ZPL at 3.200 eV is
followed by two LO phonon replicas (91 meV) and a few
other phonon replicas, separated by 39, 59, and 77 meV from
the ZPL, that have been attributed to various lattice phonon
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FIG. 77. Low-temperature PL spectrum of the P-implanted GaN, showing
the no-phonon (NP) line and its phonon replicas. Reprinted with permission
from Chen and Skromme, Mater. Res. Soc. Symp. Proc. 743, L11.35
(2003).

modes.”*® The energy separation of 287 meV between the

ZPL and the free-exciton line yields the exciton localization
energy, provided that the blue-violet band is due to the iso-
electronic Py bound exciton.”

4. Radiative defects introduced by irradiation

Native point defects, such as interstitials and vacancies,
can be created by high-energy electron irradiation. However,
a threshold energy, of the order of ~1 MeV, must be over-
come to produce atomic displacements.177 This forms the
motivation for using 1-2.5-MeV electrons in studies of de-
fects created by irradiation. To remove the additional crystal
damage caused by irradiation the samples are subsequently
annealed before conducting the intended studies.

The PL signal from defects created by electron irradia-
tion has been a topic of investigation in a number of
reports.31’184’185’4057408 Of particular interest, two infrared PL
bands at about 0.85 and 0.95 eV emerge in the low-
temperature PL spectrum after irradiation of GaN with 2.5-
MeV electrons at doses above ~10'® cm™ at room
temperature.“’lgé*’l85’407’408 The former contains a sharp ZPL
at 0.88 eV accompanied by a rich phonon structure. The
latter is relatively broad and apparently structureless. Buy-
anova et al.*® proposed that the 0.88-eV emission is related
to the internal transition between an excited and ground
states of a deep defect, but the identity of the defect was not
revealed. Relying on the thermal quenching of this PL band
having an activation energy of ~30 meV, those authors con-
cluded that the excited state is close to the conduction band
and, therefore, the ground state is located 0.91 eV below the
conduction band.

Paramagnetic-resonance studies of the PL signal led to
the identification of the infrared bands. Four EPR signals
labeled L1-L4 have been observed via ODMR experiments
in these bands.”"**® The L1, L3, and L4 signals correspond-
ing to the S =% centers were detected in the 0.95-eV band,
while the L2 signal corresponding to the S=1 center matched
the 0.88-eV band extremely well.*® A well-resolved hyper-
fine interaction structure observed for the L3 and L4 signals
indicates that interstitial Ga atom (apparently by pairing with
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some other defect) is responsible for the 0.95-eV band.** In
situ irradiation with 2.5-MeV electrons at 4.2 K resulted in
the appearance of the 0.95-eV band while the 0.88-eV band
became absent.’’ Surprisingly, none of the L1-L4 signals
was detectable by ODMR in this case, implying that none of
the related defects had been created immediately following
the 4-K in situ irradiation. Instead, the effective-mass donor
and a new L5 signal were detected. The latter was unambigu-
ously identified as the isolated Gainr.31 Upon a low-
temperature annealing (below room temperature) the
effective-mass donor and L5-related signals quenched, while
the L1 and L2 signals emerged. This led Chow et al’' 1o
conclude that Gain' is formed by the low-temperature irradia-
tion, but it easily migrates and eventually forms complexes
with other defects at elevated temperatures. Therefore, both
the 0.88- and 0.95-eV bands are considered related to some
complexes involving Ga interstitials.

5. Transition and rare-earth elements

Optical properties of transition metals and rare-earth el-
ements are mainly determined by internal transitions rather
than by transitions between the host bands and the defect
levels. The PL spectrum from transition and rare-earth ele-
ments usually contains a set of sharp lines corresponding to
optical transitions between different states of the metal ion.
The energy positions of these lines for a particular metal vary
only weakly between different semiconductors. For this rea-
son we confine the review of the PL from transition and
rare-earth elements to a brief listing of the relevant refer-
ences with only minimal comments.

a. Transition metals. Metals Zn, Cd, Hg, Cu, Ag, and Au
are formally considered as transition metals. However, the d
shells of these particular metals are normally filled com-
pletely. Consequently, these metals do not exhibit internal
transitions in GaN (see Sec. IV B for Zn in GaN and Sec.
IV D 2 for Cd- and Hg-doped GaN). A very common transi-
tion metal, Mn, and the PL transitions associated with it in
the GaN host are reviewed in Sec. IV D 2 e. Among the other
transition metals, the PL lines due to Fe, Cr, Ti, and V have
been investigated. Generally, these transition metals are in-
advertently incorporated into GaN as a result of contamina-
tion during the growth.

The ZPL due to the internal *T, —°A, transition in 3d
shell of Fe** on Ga site (3d°) has been observed at 1.30 eV
in GaN, 132409412 Feg, is an acceptor in GaN, and its —/0
level is located at 2.5 eV above the valence band.*"

The line at 1.193 eV has often been
observed">** #1474 and assigned either to 'E —3A, transi-
tion of Ti** (3d?) (Ref. 416) or to 3T2—>3A2 transition of
Cr** (3d%).*'® The line at 1.047 eV can be attributed to the
4T, —*A, transition of Co?* on Ga site (3d7)."'> The
0.931-eV line has been assigned to the 3d shell transition
3T,—3A, of V3* (34%).*"” However, no correlation between
vanadium doping and the 0.931-eV line has been noted.*"”
Vanadium followed by annealing has been reported to give
rise to a sharp and intense line at 0.820 eV

b. Rare-earth elements. Rare-earth elements are incorpo-
rated into GaN to fabricate efficient light-emitting devices
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whose wavelength is determined by internal transitions asso-
ciated with the impurity while GaN acting as a host.*'® The
luminescence properties of the partially filled 4f shell asso-
ciated with rare earths, which is electrically shielded from
the surrounding host material, are to a first extent insensitive
to the nature of the host. Blue,4]9_42] green,‘uo"m_426
red, 2674 turquoise,436 yellow, and orange437 colors of lumi-
nescence from GaN doped with rare earth have been demon-
strated. In GaN, Tm?>* is commonly used for blue, Er’* for
green and infrared, and Eu?* or Pr’* for red emission.

VI. DEFECT-RELATED LUMINESCENCE IN CUBIC GaN

The present review focuses mainly on wurtzite or hex-
agonal GaN, but we briefly review the defect-related PL in
cubic GaN below for completeness. The discussion is
deemed useful for understanding the physics of defects in
GaN, both with hexagonal and cubic symmetries, since de-
fects in these two lattice configurations are expected to have
many common features. Moreover, optical transitions in
wurtzite GaN are sometimes attributed to recombination in
cubic inclusions, which necessities some level of knowledge
in this less studied polytype.

Zinc-blende (cubic) GaN is a metastable phase. It is usu-
ally obtained by MBE growth on cubic substrates. The band
gap of cubic GaN is 3.300£0.004 eV at Ilow
temperatures,“&439 which is about 200 meV smaller than
that in hexagonal GaN. This material is attractive, in particu-
lar, due to high mobilities and controlled doping concentra-
tions 4% 4266 carriers already achieved in both n and p
types.

A. Undoped material
1. Exciton emission

A line at 3.27 eV, which can be seen in Fig. 78, is attrib-
uted to an exciton bound to the shallow donor in cubic
GaN. #8444 e position of this line is independent of the
excitation intensity and follows the band gap with increasing
temperature.438’444’447 With increasing temperature, this line
is gradually replaced by the free-exciton emission, although
these transitions have not been resolved as distinct
lines, 38443444447 Utilizing temperature-induced quenching
of the 3.27-¢V line, Strauss et al.*** have estimated the lo-
calization energy of the donor-bound exciton as 4+2 meV.
Assignment of the 3.27-eV line to the donor-bound exciton
at low temperatures is in agreement with its very short life-
time of about 30 ps.442’448 Above 50 K, the free-exciton emis-
sion quenches with an activation energy of 22-26 meV,
which is attributed to the binding energy of the free
exciton.**+*7

2. Shallow DAP band

A line at about 3.16 eV (Fig. 78) observed in cubic GaN
is assigned to the zero-phonon transition of the shallow DAP
band,”7+438:443.444.446.447.449-451 Up to two LO phonon replicas
can be seen which are separated by about 86 meV from the
zero-phonon line.** A very small electron-phonon coupling,
with a Huang—Rhys factor of about 0.02,7% is typical for the
effective-mass acceptors, as seen in Fig. 78. The DAP emis-
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FIG. 78. CL spectra of a cubic GaN crystal at 5 K. (a) and (b) correspond to
different points on the same crystal. The solid lines in the insets are fits to
the data points, using Gaussians. The FWHM of the exciton line amounts to
8 meV (a) and 11 meV (b). Reprinted with permission from Menniger er al.,
Phys. Rev. B 53, 1881 (1996). Copyright (1996) by the American Physical
Society.

sion shifted markedly to higher photon energies both with
excitation intensity438’443’4457447’45] and with
temperature,438’4457447 demonstrating a behavior typical of
the DAP-type transitions. As et al.™* observed transforma-
tion of the DAP transition into an e-A transition involving
the same shallow acceptor and determined the activation en-
ergies of the shallow donor and acceptor in cubic GaN as
25+5 and about 130 meV, respectively.

Two PL lines at 3.08 and 2.99 eV have been identified as
the ZPL and LO phonon replica, respectively, of the DAP
transition involving another deeper donor.** The electron-
phonon coupling for this emission, with a Huang—Rhys fac-
tor of about 0.4, is stronger than that for the shallowest
acceptor.452 The 3.08-eV line should not be confused with
the first LO phonon replica of the 3.16-eV line, appearing as
a very weak peak in selected samples, as depicted in Fig.
78. 53592 Wu e al.**® also attributed the weak lines observed
at 3.056 and 3.088 eV to a deeper acceptor in cubic GaN
based, owing to their temperature and excitation intensity
dependencies. Possibly the 3.08-eV line is caused by residual
carbon, as discussed in Sec. VIB 1.
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3. Deep defects

In addition to the common emission lines in cubic GaN,
Xu et al.**® observed two relatively broad lines at 2.926 and
2.821 eV. These lines shifted by about 40 meV to higher
energies with increasing excitation intensity by two orders of
magnitude. With increasing temperature, the lines shifted to
lower energies faster than the band gap decreased and
quenched above ~100 K with an activation energy of about
18 meV. Xu et al.** proposed that the 2.926- and 2.821-eV
lines are caused by transitions between a shallow donor and
two deep acceptor levels located at about 0.34 and 0.45 eV
above the valence band.

Goldys et al.*>* observed a broad red luminescence band
peaking at about 1.9 eV in undoped cubic GaN. The red band
shifted by 32 meV to higher energies with increasing excita-
tion intensity by a factor of 10, demonstrating a behavior
typical of DAP transitions.”> With increasing temperature,
the red band quenched with an activation energy of 15 meV,
although its intensity decreased by only ~25% up to room
temperature.453 The decay of the red band is slow and non-
exponential, in agreement with its assignment to DAP
recombination.*”

B. Doped material

1. Carbon doping

As et ql H0H43 reported p-type doping of cubic GaN

with carbon by plasma-assisted MBE on GaAs substrates.
The reported hole concentration and hole mobilities were
6.1 X 10" cm™ and 23.5 cm?/V s, respectively, in c-GaN.*
In samples with a hole concentration below approximately
10" cm™ the hole mobility exceeded 200 cm?/V g, 40

Doping with carbon results in a relatively narrow PL
band at about 3.08 eV and a very broad band between 1.8
and 2.3 eV, as depicted in Fig. 79.4° The intensity of the
3.08-eV band monotonously increases with C doping (Fig.
79).%° In fact, the band consists of two lines separated by
about 25 meV. The lower-energy component is attributed to
the DAP transition and the higher-energy component to the
e-A transition involving the same Cy acceptor with a binding
energy of 215 meV.*>*° The donor, having a binding en-
ergy of 25 meV, is apparently the same as in undoped cubic
GaN.**

As and co-workers also observed a broad
red-yellow luminescence band with peaks at about 2.12 and
1.89 eV in C-doped GaN. As can be seen in Fig. 79, the
intensity of this red-yellow band monotonously increases
with C doping.457 Those authors assigned the double-peak
band to transitions from a deep C-related donor which is
located 1.185 eV below the conduction band to the shallow
C acceptor and the valence band,**#436:438.459 Note, however,
that there are no equilibrium holes in the valence band at 2
K. Therefore, transitions of photogenerated electrons from a
deep donor to the valence band are highly unlikely. However,
transitions from a deep donor to the shallow Cy acceptor are
plausible for the heavily C-doped cubic GaN. This is in some
ways similar to the assignment of the BL band in heavily
Mg-doped GaN in hexagonal GaN discussed in Sec. V B 3.
As et al. %! proposed that the deep donor is a CyC; com-

440,454,456-458
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FIG. 79. PL spectra of C-doped cubic GaN layers grown with different
fluxes of C. The topmost spectrum has been multiplied by a factor of 25.
Reprinted with permission from As et al., Mater. Res. Soc. Symp. Proc.
693, 12.3 (2002).

plex. Note that the energy level of this donor could be esti-
mated from the high-energy cutoff of the yellow band where
the ZPL is expected at about 2.3 eV, accounting for the Cou-
lomb interaction in deep DAP which may be rather strong.
Overall, an estimate of 1.1£0.2 eV is a plausible figure. Ex-
periments with varying excitation intensities can verify the
proposed model and possibly improve the estimate of the
donor energy level.

2. Magnesium doping

In contrast with C-doped cubic GaN where carbon incor-
porates with concentrations above 10?° cm™ and the room-
temperature hole concentration reaches 6 X 10'® cm™ (Ref.
440), incorporation of Mg in cubic GaN saturates at about
5% 10'"® cm™ and the room-temperature hole concentration
does not exceed 10'® cm™ (Ref. 460). With increasing Mg
doping a blue band peaking at 2.8 eV and two barely re-
solved peaks at 3.04 and 3.07 eV emerge in the PL
spectlrum.%0 The origin of the blue band may be similar to
the BL band in hexagonal GaN (Sec. V B 3), although ex-
periments with variation of temperature and excitation inten-
sity as well as time-resolved PL study are needed for confir-
mation. Note that Xu er al.*®' observed the blue band in
cubic GaN that noticeably shifted with the excitation inten-
sity in much the same way as the BL band in hexagonal
GaN.*? However, those authors attributed the oscillatory
shape of the blue band to contributions from five transitions
with different behavior on the intensity of excitation. One
can argue that the oscillatory behavior could also be due to
interference effects from the 1.5-um-thick layer. The 3.04-
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and 3.07-eV bands have been attributed to the DAP and e-A
transitions, respectively, involving the same Mgg, acceptor
with an activation energy of 0.23 ev.i

3. Silicon doping

As in the case of wurtzitic polytype, Si is a very efficient
donor in cubic GaN. With increasing Si doping, it has been
reported that the exciton emission peak shifted to lower en-
ergies with an accompanying increase in its width.****% For
impurity concentrations near 10?° cm™3, band-to-band transi-
tions dominated in degenerate GaN:Si at low
temperatures.463 The 3.15-eV band, assigned to DAP transi-
tions involving an unidentified shallow acceptor, exhibited a
shift to higher energies with increasing Si d0ping.441’463 That
shift has been attributed to increased Coulomb interaction in
donor-acceptor pairs with smaller separation.44]

VIl. EXCITONS BOUND TO POINT DEFECTS

In this section a very brief review of the salient experi-
mental results on exciton-related PL in wurtzitic GaN with
an emphasis on excitons bound to shallow defects is pre-
sented. Excitonic transitions in GaN are very efficient. Exci-
tons can be bound not only to shallow donors and acceptors
but also to deep point defects and structural defects. The
latter case is discussed in Sec. VIIL

A. Free excitons

Since the review is devoted to defects in GaN, and free
excitons are not related to defects at all, the discussion in this
section is mostly limited to the properties of free excitons
that are imperative to understanding of PL from bound exci-
tons.

The valence band in wurtzitic GaN is split into three
subbands, A, B, and C, due to the crystal-field splitting and
spin-orbit coupling. Free excitons may involve a hole from
each of the subbands. Accordingly the free A, B, and C ex-
citons are denoted as X4, X, and X. The fine structure of
the exciton spectrum includes the excited states (n
=2,3,...). The fine structure is affected by crystal aniso-
tropy, intersubband coupling, polar interactions with optical
phonons (Fig. 80),** as well as electron-hole exchange, and
dipole-dipole interaction.***** In particular, the 1S state of
the A exciton is split by the short-range exchange interaction
into a dipole-forbidden I'g state (with energy Eg) and a
dipole-active I's, state (with energy Es=FE¢+Asqs, where Asg
is the energy of the electron-hole exchange interaction).*®
The exciton fine structure depends on the geometrical con-
figuration of the optical experiment (Fig. 81). When the ex-
citon wave vector k is parallel to the hexagonal axis c, both
I's components are transverse I'sp states. On the other hand
when k L ¢, one of the components is a longitudinal I'; state
which is shifted to a higher energy Es+A;r by the dipole-
dipole interaction. Here A;; denotes the longitudinal-
transverse splitting of the exciton. The longitudinal exciton
I's; and the forbidden exciton I'¢ have zero oscillator
strength unless they are mixed with allowed states of the B
exciton. Further, interaction of the transverse excitons ['sy
with the radiation field results in the formation of lower,
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FIG. 80. A schematic of the exciton energy levels in wurtzite GaN in (a) an
uncoupled hydrogenlike isotropic model, (b) including the effect of aniso-
tropy, (c) including the effects both of anisotropy and intersubband coupling,
and (d) including anisotropy, intersubband coupling, and polaron correc-
tions. Reprinted with permission from Rodina er al., Phys. Rev. B 64,
115204 (2001). Copyright (2001) by the American Physical Society.

I'sti, and upper, I'syy, transverse-polariton branches. De-
pending on the relaxation and scattering processes in the
GaN layer and the excitation conditions, polaritons from
both branches may contribute to the luminescence with en-
ergy peaks at about E5 and Es+Aj 1.

Figure 82(a) presents the PL spectrum from the 80-pm-
thick GaN layer in the commonly used configuration of PL
experiment in which the wave vector of the emitted light k is
parallel to the crystalline ¢ axis. Figure 82(b) shows the PL
spectra taken in another configuration, namely, for the case
where the emission k vector is perpendicular to the ¢ axis,
and two polarizations of PL, determined by the orientation of

the electric field E, are distinguishable: o polarization
(E L ¢) and 7 polarization (Ellc). Free-exciton peaks at Ellc

appear at lower energies than at E L ¢. The small shifts in the
amount of 0.53+0.03 and 0.24+0.08 meV for the A and B
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FIG. 81. Schematic diagram of the internal structure of X, and X excitons
in a wurtzite GaN. The allowed polarizations are given in parentheses. The
thin lines correspond to dipole-forbidden states. Reprinted with permission
from Paskov er al., Phys. Rev. B 64, 115201 (2001). Copyright (2001) by
the American Physical Society.
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FIG. 82. PL spectra of the 80-um-thick GaN layer for o polarization (solid
line) and 7 polarization (dotted line). The intensities of the donor-bound
excitons (double peak at about 3.477 eV) and acceptor-bound excitons (at
about 3.473 eV) are substantially lower in the w-polarized spectrum com-
pared to the o polarization because the bound A excitons are dipole-
forbidden in the Ell¢ geometry. Note that due to biaxial compressive stress
in GaN grown on sapphire all peaks in this sample are shifted to higher
energy by 7 meV as compared to homoepitaxial GaN layers. Reprinted with
permission from Paskov er al., Phys. Status Solidi B 228, 467 (2001).

excitons, respectively, are due to the exchange interaction
(Fig. 81).%%% The observed splitting Asg=0.53+0.03 meV
corresponds to the exchange interaction constant 7y
=0.58+0.05 meV,** in very good agreement with the value
v=0.6£0.1 meV estimated from the polarized reflectance
experiments.467 A much smaller value of 0.12+0.1 meV for
the Asq splitting has been reported in Ref. 464. Note that the
width of free excitons is substantially larger than the esti-
mated splittings, so that the accuracy may not be good
enough. Reynolds et al.*%® reported a much higher value of
Ase (2.9 meV). However, apparently the peak assigned in
Ref. 468 to I'y state could, in fact, be the B exciton bound to
a neutral shallow donor.*®® The value of the longitudinal-
transverse splitting, A;p=1.0+£0.1 meV, for the free A exci-
ton has been estimated from magnetoluminescence data,*®*
as well as reflectance measurements.*®*’

The binding energy of the free A exciton has been esti-
mated as 26.7+0.3 meV from the temperature dependence of
the X, intensity.471’472 Alternatively, the ground-state binding
energy of free exciton can be obtained at low temperatures
from the difference between the n=1 and n=2 states: E, |5
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=;—‘(EA!,Z=2—EA,,,=1). By this method, in nearly strain-free
thick GaN layers, the free A exciton binding energy was
estimated as 26.3+0.3 meV.***"" Within the limits of the
experimental error, the binding energies of the B and C ex-
citons are the same as for the A exciton.*** The obtained
value of the free A exciton binding energy provides the band-
gap value of about 3.503-3.504 eV for the strain-free GaN in
the limit of low temperatures, in excellent agreement with an
early estimate obtained in lower-quality samples.473 The
Bohr radius of free excitons can be estimated from the bind-
ing energy of about 26 meV as about 30 A.

The transition energies are dependent on the substrates
employed due to the expansion-coefficient mismatch. Usu-
ally, thin GaN films grown on sapphire experience a biaxial
compressive strain shifting the PL lines towards higher ener-
gies. In contrast, thin GaN films grown on SiC exhibit a
biaxial tensile strain shifting the PL energies towards lower
photon energies.471’474’475

B. Bound excitons

In theory, excitons may be bound to neutral and ionized
donors and acceptors, as well as to isoelectronic defects. Not
all of the excitons may be observed in a given semiconductor
for only some of them are stable. Since the bound excitons
have much smaller kinetic energies than free excitons the
spectral width of the bound-exciton transitions is generally
narrower than those for the free excitons. The energy of the
photon emitted through bound-exciton recombination is
given by

hw:Eg_EX_EBX’ (39)

where E, is the free-exciton binding energy and E,, is the
additional energy of binding the free exciton to the defect.
The same expression applies to excitons bound to neutral or
charged impurities (if they are stable) as well with the last
term naturally representing the additional energy of binding
the free exciton to impurities. The radiative recombination
lifetime of bound excitons increases with the binding energy
Egy 476477 The emission lines corresponding to recombina-
tion of excitons bound to a neutral acceptor, a neutral donor,
and an ionized donor are labeled AOX, DOX, and D*X, respec-
tively (or I, I,, and I5, respectively, according to a nomen-
clature established for the hexagonal II-VI semiconductors
many years earlier'”®). In excitons bound to neutral donors
and acceptors, the like particles predominantly couple.4 The
particle with the opposite sign is weakly bound by the attrac-
tive Coulomb potential of the two coupled particles. Since
for shallow dopants all three particles involved are shallow,
with a substantial wave-function overlap, other interactions
do exist which may lead to additional excited
conﬁgurations.3

The behavior of donor-bound excitons (DBEs) in mag-
netic field is dominated by the magnetic moment of the
bound hole. Therefore, the magnetic properties of the princi-
pal state of the shallow DBE should reflect the properties of
the I'y top valence subband with the total momentum of hole
J=3/2. The neutral acceptor-bound excitons (ABEs) should
have a J=0 two-hole state derived from two I'g holes. The
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FIG. 83. A high-resolution PL spectrum of a homoepitaxial MOCVD-grown
GaN. Reprinted with permission from Kornitzer et al., Phys. Rev. B 60,
1471 (1999). Copyright (1999) by the American Physical Society.

3.472

additional electron in the ABE state then contributes its un-
paired spin, so the ABE state would have J =% (Ref. 3).

Excitons can also be bound to extended defects, such as
dislocations or stacking faults, as discussed in Sec. VIII. Dis-
locations create strong local strain fields, causing effectively
a one-dimensional electronic potential that may bind
excitons.” In addition, dislocations can getter point defects
that in turn may bind excitons.

1. Excitons bound to shallow donors

Excitons bound to neutral donors (DOX ,) are commonly
responsible for the dominant PL line in n-type GaN grown
by any technique on any substrate. In high-quality strain-free
GaN samples with low concentration of defects, the DX 4
emission at about 3.471 eV sometimes consists of two or
more sharp lines (Fig. 83), tentatively attributed to different
shallow donors.”**”*¥! In addition to the principal D°X A
emission, several excited states, satellite transitions, and pho-
non replicas related to the shallow donor-bound excitons
have been reported.222‘479"‘80’482’483 Figure 84 shows a typical
low-temperature PL spectrum of a high-quality freestanding
GaN template. The peak with the highest energy (the last
peak in a triplet at about 3.50 eV in Fig. 84) is assigned to
the n=2 excited state of the free A exciton,*¢+471:475479.483.484
Two other components of the triplet are most probably re-
lated to the excited A exciton bound to a ground state of a



061301-72 M. A. Reshchikov and H. Morkog

L 1 1 ¥ T 1 T L
~
2
E
g
2
g
g
-l
=%

a1 f U VU UU U NUPEr A R S SR | 1

334 336 338 340 342 344 346 348 3.50

Energy (eV)

FIG. 84. Low-temperature PL spectrum of freestanding GaN template. Re-
printed with permission from Wysmolek ef al., Phys. Status Solidi B 235,
36 (2003).

neutral donor (D°X"?)and the donor-bound state of the C
exciton (DOXC).464’4 9483484 A weak line at about 3.475 eV,
between the main DX, peak at 3.471 eV and the free-
exciton line X, at ~3.478 eV, is attributed to the donor-
bound state of the B exciton ( D()XB).222,464.479,480,482,483,485,486
Sometimes two or three peaks related to different shallow
donors are resolved at this photon energy.zzz’480

A series of lines observed between 3.44 and 3.46 eV
(Figs. 84 and 85) is due to two-electron satellite (TES)
transitions.”?>*"*** The TES transitions occur when an ex-
citon bound to a neutral donor (D°X) recombines and leaves
the donor in an excited state. The TES energy for a particular
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FIG. 85. PL spectra taken at 5, 15, and 25 K in the two-electron satellite
region. The dotted line overlapping the 5-K spectrum represents the best fit.
Emission-peak assignments apply to the indicated spectrum only except for
emission peaks connected by a dotted line. The spectrum intensities mea-
sured at 15 and 25 K were divided by 4 and 6, respectively, to minimize
overlapping. Reprinted with permission from Freitas, Jr. ef al., Phys. Rev. B
66, 233311 (2002). Copyright (2002) by the American Physical Society.
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FIG. 86. Low-temperature PL spectra measured with the excitation power
densities, from top to bottom, 61.1, 8.4, 0.80, and 0.08 W/cm?. The inset
represents the linear dependence of the excitons’ binding energy with the
neutral-donor binding energy. Reprinted with permission from Freitas, Jr. et
al., Phys. Rev. B 66, 233311 (2002). Copyright (2002) by the American
Physical Society.

donor is smaller than the corresponding DX energy by the
difference in the ground- and excited-state energies of the
neutral donor. Freitas, Jr. er al.**" have proposed assignments
of the TES lines, as shown in Fig. 85. The cumulative as-
signments are in excellent agreement with the binding ener-
gies of Sig, and Oy donors, 30.18+0.1 and 33.2+0.1 meV,
respectively, obtained from magneto-optical studies. " Inde-
pendently, Wysmolek et al.*® have suggested similar assign-
ments of the TES lines based on a detailed analysis of the
time-resolved, magneto-optical, and temperature-dependent
data. In particular, the excited states of Oy for n=2, 3, 4, and
5 have been resolved in the TES spectrum in magnetic field,
and the lifetime of the Oy-bound exciton was estimated as
1.400.05 ns.**!

Returning to the overall spectrum from a high-purity
freestanding GaN, several phonon replicas of the main peaks
have been observed below 3.41 eV, as displayed in Fig. 84.
These include the E,(high) and TO phonon replicas of the
principal DX 4 transition at 3.402 and 3.406 eV, respectively,
and LO phonon replicas of bound and free excitons below
3.39 eV,

The high-resolution spectrum of the same freestanding
GaN template at different excitation intensities is shown in
Fig. 86. The assignment of the main D°X 4 peaks to Oy and
Sig, in Fig. 86 is also supported by comparison of the PL
spectra from undoped and Si-doped GaN.*¥" Beside the
above-mentioned transitions, the spectra at low excitation in-
tensities reveal the emission associated with the charged
donor-bound-exciton D*X, at about 3.470 eV. Since Sig, is
the shallowest neutral donor and, therefore, expected to be
partially compensated, the D*X, can be attributed to recom-
bination of excitons bound to Sif,. Previously, several
groups‘mﬁ491 proposed that the peak at about 3.466 eV is
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related to a charged donor in GaN. However, compelling
arguments, presented in Sec. VII B 2, support the assignment
of this peak to exciton bound to a neutral acceptor.

With increasing measurement temperature, the donor-
bound excitons thermally ionize which causes the related
emission intensity to drop. That decrease in the PL intensity
for the lines associated with the ground states of the DBE
(including the principal transition and its TES) begins at tem-
peratures just above 5 K.*848! The thermal activation energy
of this ionization process has been estimated as 4.5+1 meV
from quenching of the DBE emission.*”> However, this value
is apparently underestimated due to the superposition of the
PL line from free A excitons and the donor-bound B exci-
tons. Korona*® reported an activation energy of 6 meV for
the quenching of DX 4

The ionization energies of the Sig,, Geg,, and Sng, do-
nors have been estimated as 29, 30, and 33 meV, respec-
tively, in GaN intentionally doped with these impurities.493
Note, however, that these results should be treated with cau-
tion since identification of transition reported in this work is
not well founded due to a variety of effects. They include
insufficient resolution, different residual strains in GaN lay-
ers grown on sapphire, and inconsistency with the well-
established assignments of the excitonic transitions in un-
doped and Si-doped GaN. Yang et al.** observed formation
of a hydrogenic donor with a binding energy of 25 meV after
electron irradiation and tentatively attributed it to Vy. The
binding energy of the exciton bound to this donor was about
5 meV.

2. Excitons bound to acceptors

A transition due to an exciton bound to a neutral shallow
acceptor is observed at about 3.466 eV in undoped strain-free
GaN (Figs. 82, 83, and 86) 22 #79480483486495-497 1) pioh-
quality GaN, the ABE emission appears as a characteristic
doublet (see Fig. 83),*79#34%47 \yith a sample-independent
intensity ratio between the two componentsf*%’497 There are
several arguments supporting the assignment of the 3.466-eV
emission to the neutral shallow ABE. Firstly, its LO phonon
coupling is strong, particularly as compared to the DBE
case,’ 27048348 property noted earlier for shallow ABEs
in Cds.**® Secondly, this line dominates in Mg-doped
samples.3’199’307’312’313 Finally, its behavior in magnetic field
is characteristic of the neutral ABE transitions®'>***”7 to be
discussed below.

In wurtzitic GaN the valence band is anisotropic, and a

magnetic field B applied along the ¢ axis is expected to split

the ground Iy state, while for B L ¢ no splitting should take
place. As is shown below, not only the ground I'g doublet but
also the higher ground I'; doublet can be observed in the PL
spectrum. Transformation of the PL spectrum associated with
A% ', under magnetic field applied at an angle ®=35° to the
¢ axis is shown in Fig. 87. Since for the ABE transition the
holes are paired 0ff,3’495’496 the initial state of the ABE reacts
to the magnetic field as if it were a single weakly bound
electron with J =%. By fitting the experimental results and
assuming for generality that the effective g factor for A°X 4 18
anisotropic, Stepniewski et al.**® obtained that the g factor
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FIG. 87. PL spectra of the exciton bound to a neutral acceptor (A°X ) in
GaN recorded at different values of magnetic field oriented at 35° to the ¢
axis. The inset shows PL spectrum of GaN in the range of excitonic transi-
tions. Reprinted with permission from Stepniewski et al., Phys. Rev. Lett.
91, 226404 (2003). Copyright (2003) by the American Physical Society.

for A’X, varies from 1.914 to ~2.07 with increasing © from
0° to 90°. The anisotropy of the g factor in the ground state
is attributed to an interaction with the excited states. The

observed Zeeman splittings for different values of ® and B
can be fitted well by assuming that the spin-orbit interaction
for the hole bound to the neutral acceptor is significantly
reduced (by more than a factor of 10) as compared to that for
the free hole.**® The small separation between the I'; and I'y
states of the A°X ", complex (about 1 meV) makes its energy
structure extremely sensitive to local axial fields in directions
other than the ¢ axis. Therefore, the effects of the spin-orbit
interaction may not be delineated at all in the presence of
local fields caused, for instance, by elevated concentration of
impurities. Note that an alternative interpretation of the
3.466-eV line, which assigns it to charged DBE,488_491 con-
flicts with the observed behavior of this line in magnetic
fields.

In homoepitaxial GaN layers, the following dynamics of
the excitonic recombination is expected.486 At low tempera-
tures the decay of free excitons is fast (~0.1 ns) due to the
efficient capture of excitons by shallow donors. The radiative
lifetime of D°X and A°X in GaN is about 1 ns, while the
radiative lifetime of free excitons is expected to exceed 10
ns.*% With increasing temperature, excitons trapped by do-
nors and acceptors delocalize, and the D°X and A°X lines
quench in favor of the free-exciton emission. The quenching
of the A°X line can be fitted with Eq. (32) using C~10* and
E, =143 meV.** The relatively high value of C reflects the
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high probability of trapping of a free exciton by a neutral
shallow acceptor in GaN. The activation energy is in agree-
ment with a binding energy of 11 meV obtained as the dif-
ference between the energies of X, and A’X,. The A°X life-
time decreases above 15 K with the activation energy of
1243 meV,*® evidently due to thermally activated escape of
the excitons from the shallow acceptors.

The chemical identity of shallow acceptors in undoped
GaN is still not confirmed or defined with sufficient certainty.
In Mg-doped GaN, Mgg, should be the shallow
acce:ptor.270’307’312’499 The binding energy of the exciton
bound to the Mgg, acceptor has been estimated as 11.4 meV
in homoepitaxial GaN layers doped with Mg.311 A compli-
cating factor in the identification of the ABE peak and ob-
taining its binding energy is the varying strain in different
layers grown on heteroepitaxial material.””’

Among the deeper acceptors in GaN, at least the Zn
acceptor can bind excitons. The ABE line with a binding
energy of 23-25 meV has been observed in undoped and
Zn-doped GaN and attributed to excitons bound to Zn
acceptors.199’245’267‘268’500 Two or even three sharp lines have
been resolved on the A’X, transition related to Zn.>%% The
energies of the triplet components are 3.4542, 3.4546, and
3.4556 eV in unstrained platelet bulk GaN samples.500 The
same Zn acceptor is responsible for the BL band (with zero-
phonon line at 3.100 eV) in undoped and Zn-doped
GaN.""”** The ABE with binding energy of about 21 meV
observed in Refs. 3 and 501 can also be attributed to residual
Zn acceptors.268 Strong electron-phonon coupling for these
lines favors their attribution to the neutral acceptors in GaN,
and the shape of the exciton emission is similar to that in
Zn-doped GaN. Note that the bound-exciton peak with a
binding energy of about 38 meV (the A’X 4, line in Ref. 501
and the ABE;5 line in Ref. 3) is apparently also related to
excitons bound at the Zn acceptors since a peak with such an
energy (at about 3.39 eV in unstrained GaN) always follows
the Zn-related A°X, line (at about 3.455 eV) in undoped and
Zn-doped G N 199-245.267.268.500

The transient behavior of excitons bound to Mg and Zn
acceptors on GaN was studied by Korona et al>® In Fig. 88
the evolution of the PL spectrum with time delay is shown
where the main peaks at 3.456 and 3.467 eV are assigned to
excitons bound to Zn (Az,X,) and Mg (Ay,X,) acceptors,
respectively. The lifetimes of the Az, X, and Ay,X, excitons
were deduced to be 1.38+0.03 and about 0.8 ns, respectively.
The longer lifetime of the more strongly bound exciton is
due to its more effective localization.”

3. Haynes rule in GaN

Haynes504 has established the following empirical rule
for excitons in silicon. The energy required to free the bound
exciton from a defect, Epy, is proportional to the energy re-
quired to free the bound carrier from the same defect (E, or
Ey),

Ejpx=ayE, (40a)

for acceptors and
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FIG. 88. Time-resolved PL spectrum of GaN:Zn at 9 K. Two lines of exci-
tons bound to Mg acceptor (Ay,X) and Zn acceptor (Az,X) are at 3.467 and
3.456 eV, respectively. Inset: comparison of time-integrated spectra of
GaN:Zn at 8 and 31 K. Reprinted with permission from Korona et al., Phys.
Status Solidi B 235, 40 (2003).

Eppx = agEp (40b)

for donors. In Si, the proportionality constants a4 and ajp
were nearly the same (~0.1) for donors and acceptors.504 In
different SiC polytypes, a similar empirical rule has been
established®®~" with the proportionality constants for do-
nors and acceptors of ~0.2 and ~0.1, res.pectively.so6 Note
that the data in Ref. 506 could better be fitted with the fol-
lowing set of empirical expressions

Ejpx=asEL+ By, (41a)

Eppx = agEp + Bg, (41b)

with a,=0.16 and B,=-14.9 meV for acceptors and ay
=0.25 and Bz=-3.58 meV for donors,”® or with the expres-
sions

Ejpx= a4E}, (42a)

Epgy = apEyp, (42b)

with @,=~0.02 and ap=0.06 for acceptors and donors, re-
spectively, and n= 1.3 for both. Similarly, Dean”’ has found
that the binding energies of excitons trapped by shallow and
deep donors in GaP can be described by a modified Haynes
rule [Egs. (42)] with a=0.01 and n=1.63. Note that for the
shallow donors in GaP one would obtain a@=0.1 for n=1,
similar to the value in Si.

For the bound donors and acceptors in GaN, the Haynes
rule is also applicable, as shown in Fig. 89. The experimental
data can be fitted with Egs. (40). For shallow donors, ay,
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FIG. 89. Dependence of the ionization energies of donors and acceptors on
binding energies of the related bound excitons in GaN. The dashed lines
show the slope of 0.21 for donors and 0.057 for acceptors.

=0.21£0.01, similar to the previous reports.“go"m’494 How-

ever, for acceptors we find a,=0.057+0.003. This result
substantially ~ differs from the previous estimates
(a3 =0.1).%*7 It should be noted that the exciton binding
energies and ionization energies reported in Refs. 492 and
508 for Mg and Zn should be treated with caution. Here, we
used the refined data: E,py=11.6 meV for the shallow ac-
ceptor (Mgg, or Siy)*7?4%0493502 and E,py=23.5 for the Zn
acceptor.lgg’zm’500 The ionization energies for these acceptors
have been estimated as ~220 and 400 meV, respectively,
from the position of the zero-phonon e-A transition at low
temperatulre.“é‘lgg’245 The above-deduced values of a agree
remarkably well with the theoretical predictions. Chang and
McGill’™ have calculated in spherical approximation that
a,=0.06 for the effective-mass acceptors and ap=0.14 for
the effective-mass donors in Egs. (40) in the case of a semi-
conductor with m,/m;= 0.1, which is what was assumed for
GaN 93284
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VIil. UNUSUAL LUMINESCENCE LINES IN GaN

Along with the well-identified lines related to excitons
and shallow defects (see Secs. IV C and VII), numerous PL
lines with unusual properties have been reported in
GaN., 90283510545 e aggravating factor is that the origin of
these lines spans the range from simply being unknown to
controversial. For example, the commonly observed line at
3.42 eV (Refs. 512-521 and 537-545) has been attributed to
recombination between electrons bound to oxygen donors
and free holes, *'>°" DAP-type transitions involving a very
shallow unidentified acceptor,S]4 and excitons bound to
structural defo;acts,s157520’537’538’540’543’544 in particular, to
stacking faults’' ' and c-axis screw dislocations,520 or
surface-related defects.”*” %30 To emphasize the resem-
blance between the properties of the unusual lines in GaN
and the Y lines in II-VI compounds (Sec. VIII C), we labeled
the unusual lines in GaN as Y;, with i starting from 1 ascend-
ing with descending the peak energy of the transition in
question, as tabulated in Table y 337538 Below, we review the
characteristics of the Y; lines in GaN. Some preliminary re-
sults have already been presented in Refs. 537-541. The Y;
lines should not be confused with the widely observed lines
at ~3.31 and 3.36 eV, which are apparently related to oil
contamination (Sec. VIII B).

A. Y lines

Among the several hundred undoped GaN samples in-
vestigated, the Y; lines having varying contribution to the
low-temperature PL spectrum (Fig. 90) have been detected in
some one hundred samples grown in our laboratory. No cor-
relation between the growth method or the substrate used and
the Y lines is apparent. Some 20 samples grown by MBE
have been selected for a detailed investigation of the Y; lines.
The positions of the most frequently observed Y; lines are
quite repeatable in a large set of GaN samples, as depicted in

TABLE V. Classification and typical characteristics of the Y; lines in GaN. Reprinted with permission from Reshchikov et al., Physica B 340-342, 440 (2003).

Copyright (2003) by Elsevier.

Sub  Nominal Huang
Group group  position  —Rhys
label label (eV) factor Comments, properties Tentative identification
y Y| 3.45 0.02 Obser.ved only in N-Polar films with high density of inversion  Excition bound to inversion domain interface
! Y! 3.46 2 domains
Y, Y, 3.41 0.05 Disappears after etching. Shifts with excitation intensity in Exciton bound to structural defect at the surface
Y, 3.42 some samples
Y Y} 3.37 <0.2  Observed only in two samples Exciton bound to structural defect.
3 Y4 3.38
Y, Y, 3.350 0.01 Evolves with .UV exposure. Memory effect at 15 K. Intensity ~ Exciton bound to structural defect at the surface
YX 3.362 depends on history of the surface
Ys 3.34 Observed in six samples Exciton bound to structural defect?
Ye 3.32 ~0.1  Evolves with UV exposure. Memory effect at 15 K. Intensity ~ Surface donor-acceptor pair
depends on history of the surface. In all samples shifts much
with excitation intensity
Y Y, 3.21 0.06 The most common Y; peak. Not affected by etching or UV Exciton bound to structural defect
7 Y] 3.23 exposure
Yy 3.08 ~0.2  Observed only in one sample ?
Yy 2.86 <0.3  Observed only in one sample ?
Yo 2.80 Observed in four samples ?
Yu 2.68 Observed only in one sample ?
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FIG. 90. Low-temperature PL spectra from different GaN layers grown on
sapphire by MBE. The spectra are normalized at maximum and shifted
along the energy axis (from 1 to 7 meV) so that the DBE peak position is the
same for all samples (3.470 eV). Reprinted with permission from Resh-
chikov er al., J. Appl. Phys. 94, 5623 (2003). Copyright (2003) by the
American Institute of Physics.

Fig. 91. In particular, the Y,, Y4, Y¢, and Y5 lines appeared at
following energies in relation to the DBE peak: 53+3 meV
(Y,); 1151 meV (Y,); 156+5 meV (Y¢); and 262+3 meV
( Y7).537

The appearance of particular Y; lines correlated with the
polarity of the samples, which was established using a vari-
ety of methods such as wet chemical etching, atomic force
microscopy (AFM), investigation of surface morphology,
transmission electron microscopy (TEM), and x-ray diffrac-
tion (XRD).546 For instance, the Y5, Yy, Y, and Y5 lines have
usually been detected in Ga-polar films whereas the Y, line
dominated in N-polar films. The Y; lines could not really be
assigned to inclusions of the cubic phase of GaN because the
position, shape, and behavior of these lines with respect to
temperature and excitation intensity are very different from
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Sample number

FIG. 91. Positions of the DBE and Y; peaks in different samples. The
samples, including etched ones, are numbered 1,2,3..., on this figure. For
example, numbers 23, 24, and 25 correspond to the same sample 605: as-
grown, etched in phosphoric acid, and PEC etched, respectively. Note that
Y,=Y;, Y,=Y}, and Y;=Y7 on this figure when the doublets are resolved.
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FIG. 92. 1 X 1-um AFM images of the GaN sample 426. (a)—as-grown;
(b)—after etching in boiled aqua regia for 5 min; (c), (d), (e), (f)—after
etching in H;PO,4 at 160 °C for 5 s, 15 s, 1 min, and 30 min, respectively.
The vertical scale is 30 nm for all images. Density of the etch pits is about
10" em2 in (c) and (d). Note that the depth of the pits did not increase with
increasing etching time, remaining under 30 nm, and we could not detect
any reduction of the layer thickness even after 1 h or longer etching time.

the features observed in cubic GaN (Sec. VI). To make cer-
tain that these lines are not caused by contamination of the
sample surface, we cleaned the selected samples in a variety
or ways which included boiling in aqua regia (HNO;:HCI
=1:3) and etching in hot phosphoric acid. Below, the effects
of sample treatments and experimental conditions on the Y;
lines in GaN are briefly reviewed. More details can be found
in Refs. 537 and 547.

1. Effects of sample treatments and experimental
conditions on the Y; lines

a. Effect of hot wet chemical etching. Columnar or bubble-
like surfaces of the Ga-polar films remained unchanged after
etching in boiled aqua regia, whereas the surface became
relatively flat with hexagonal-shaped pits after etching in hot
H;PO, or molten KOH, as depicted in Fig. 92. Cleaning of
the sample in aqua regia did not affect the Y; lines, while
etching in H;PO, slightly decreased the intensities of the Y,
and Y5 peaks and substantially reduced the intensities of the
Y, and Y, peaks, as exhibited in Fig. 93 (see also Fig. 3 in
Ref. 540).

On the other hand, the N-polar GaN layers are much less
resistant to etching so that in 10 s of etching in H;PO, at
100 °C the substantial part of the layers can be removed.>*’
Note that MBE-grown N-polar GaN samples contained very
high density of inversion domains, of the order of 10'' cm™
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FIG. 93. Effect of etching of Ga-polar GaN in boiled aqua regia for 6 min
and in H;PO, at 160 °C for 5 s and 30 min. P.,=100 W/cm?. See the
surface morphologies for this sample in Fig. 92.

(Ref. 539), which means that contributions from the Ga-
polar regions to the PL spectrum could not be ruled out. The
Y, peak dominating the PL spectrum in N-polar films in-
creased markedly after etching (Fig. 94).

b. Effect of photoelectrochemical etching. Photoelectro-
chemical (PEC) etching results in the formation of whiskers
due to selective etching of GaN between dislocation
sites.”*®* After the PEC etching, the intensity of the DBE,
free exciton (FE), and Y, lines decreased and the intensity of
the Y, and Y5 lines increased.”*’

c¢. Evolution of PL and memory effect. The Y, and Y4 peaks
in Ga-polar films evolved with duration of the UV laser ex-
posure while the rest of the peaks, including the DBE peak,
remained unchanged, as exhibited in Fig. 95. After 2 h of UV
exposure the intensity of the Y, and Y peaks increased sev-
eral times in selected samples without a complete saturation
of the effect, as shown in Fig. 96. The effect was irreversible
at low temperatures.537’547

d. Effect of excitation intensity. The PL intensity of most
of the Y, lines increased approximately linearly with increas-

10°L T=15K DBE
E  Sample 627 Y, |
. ——as-grown ;I\
@ 10°F —H;PO, -etched FE-LO / 3
s [ PEC-etched
R S
2
[72]
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£ 10 F
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10° |
»
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315 32 325 33 335 34 345 35

Photon Energy (eV)

FIG. 94. Low-temperature PL spectrum of the N-polar GaN layer grown by
MBE on sapphire substrate, P,,.=300 W/cm?. A piece of the sample was
etched in H;PO, at 100 °C for 10 s and another piece of the sample was
etched by PEC method.
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FIG. 95. Transformation of PL spectrum with time of exposure by HeCd
laser at 15 K. P,,,=200 W/cm?. The sample was etched in H;PO, at 160 °C
for 1 min and subsequently exposed to air for 20 days. Reprinted with
permission from Reshchikov er al., Mater. Res. Soc. Symp. Proc. 743,
L11.3 (2003).

ing excitation density from 10~ to 300 W/cm?, in much the
same manner as that for the FE and DBE peaks (Figs. 97 and
98). In terms of the transition energy, the Y5, Yy, Y5, and Y5
lines did not shift with the excitation intensity while the Y
line shifted to higher photon energies by up to 20 meV (Figs.
97 and 98).>*" Figure 99 summarizes the peak shifts in-
volved with excitation intensity for representative samples.
e. Effect of temperature. With increasing temperature, all
the Y; peaks quenched with activation energies in the range
between 10 and 30 meV at temperatures below 100 K. Typi-
cal transformation of the PL spectrum in Ga-polar film is
shown in Fig. 100. The Y, Y5, Y4, and Y lines revealed two
components.”>***7 The low-energy components (Y] at
3.21 eV, Y, at 3.350 eV, Y} at 3.400 eV, and Y| at about 3.45
eV) quenched first, giving way to the high-energy compo-
nents (Y7 at 3.23 eV, Y} at 3.362 eV, Y3 at 3.407 eV, and Y/
at 3.46 eV) which quenched at higher temperatures (Fig.
100). The quenching of these lines could be fitted using Eq.
(32) with E,=18 and 42 meV for the ¥, and Y); components
and E,=15%5 and 120+20 meV for the Y5 and Y5 compo-
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FIG. 96. Evolution of PL intensity at 3.36 eV with time of HeCd laser
exposure. T=15 K. P,,,=200 W/cm?.
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FIG. 97. Low-temperature PL spectrum of Ga-polar GaN layer grown by
MBE on top of the HVPE-grown 10-um-thick GaN on sapphire substrate.
Excitation density was attenuated from 100 to 1 W/cm? by neutral density
filters. The spectra are shifted arbitrary along the vertical axis for better
viewing. Reprinted with permission from Reshchikov et al., Mater. Res.
Soc. Symp. Proc. 693, 16.28 (2002).

nents, respectively. Activation energies of the other Y; lines
did not exceed 30 meV at temperatures up to 120 K, and
these lines could be barely detected at higher
temperatures.”*’

The temperature dependencies of the energy positions of
the Y; lines are shown in Fig. 101 in comparison with the
shift of the FE line. All the Y; lines shift in agreement with
the temperature shrinkage of the GaN band gap,473 support-
ing the assumption that the Y; lines originate from GaN.

2. Characteristics of the Y; lines

a. The 3.45-eV line (Y,). The 3.45-eV peak, labeled as Y/,
appeared only in the N-polar films containing a high density
of inversion domains (~10'' cm™2) and relatively low den-
sity of dislocations (~10° cm™2).>*%" Schuck et al.’'® re-
lated this peak to the inversion domain boundaries. A very
small Huang-Rhys factor’” for the Y, peak (about 0.02)

10"
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FIG. 98. Low-temperature PL spectrum of N-polar GaN layer grown by
MBE on sapphire substrate. The spectra are normalized at maximum. Re-
printed with permission from Reshchikov et al., Mater. Res. Soc. Symp.
Proc. 743, L11.3 (2003).
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FIG. 99. Dependence of the PL peak shift on excitation density at 15 K.

supports the assignment of the Y, line to excitons bound to
inversion domain boundaries.”®’ Narrow Ga-polar domains
in N-polar media might create high and narrow potential
humps near the surface due to essentially different band
bending near the surface in Ga- and N-polar films.”> How-
ever, this remains to be confirmed before it can be treated
with sufficient level of confidence. The exact potential pro-
file may be sample dependent, explaining the slightly differ-

Sample 845 DBE

PL Intensity (rel. units)
3,

-
o
L

10*

33
Photon Energy (eV)

FIG. 100. Temperature dependence of PL spectrum at P,,.=100 W/cm? for
as-grown Ga-polar GaN layer by MBE on top of the HVPE-grown 10-um-
thick GaN on sapphire substrate. Temperatures are 15, 35, 60, 100, 140, 195
K (solid curves), 25, 50, 80, 120, 160 K (dashed curves), and 240 K (dotted
curve). Reprinted with permission from Reshchikov et al., Mater. Res. Soc.
Symp. Proc. 693, 16.28 (2002).
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FIG. 101. Temperature dependence of positions of the FE (DBE) and Y;
peaks in GaN samples. For the sample 605 the DBE and FE peaks were
unresolved and the position of their common maximum is plotted. The solid
curves show the shift of the GaN band gap (Ref. 473) corrected to the
following positions of lines at T=0: 3.479 eV (FE); 3.459 eV (¥7); 3.410 eV
(Y5); 3.351 eV (Y}); 3.363 eV (Y7}); 3.305 eV (Yy); 3.195 eV, 3.210, and
3.225 eV (Y7 and Y7). Reprinted with permission from Reshchikov et al., J.
Appl. Phys. 94, 5623 (2003). Copyright (2003) by the American Institute of
Physics.

ent positions of the Y, peak in different samples and the
significant shift of the Y| component with excitation
intensity.547

b. The 3.42-¢V line (Y,). The exact position of this line is
sample dependent, typically spaced from the DBE line by
40-65 meV.”'**'® In some investigations a doublet structure
of the 3.42-eV line has also been observed.’'>>!85%0 Further,
Chen et al.”* resolved up to five peaks in the range from
3.40 to 3.44 eV. The relative intensity of the 3.42-eV peak
increased after annealing, especially in water vapor
atmosphere.535 The cumulative consensus is that the 3.42-eV
line is related to structural defects.>'*>!3-320-344

The 3.42-eV or Y, line appeared in some 70 as-grown
GaN layers (typically with Ga polarity) deposited on sap-
phire or SiC by MBE in our laboratory. A doublet nature of
the Y, line (Fig. 98) was observed only in N-polar samples
having a high density of inversion domains. The Y, line was
never found in the samples with flat surfaces where only the
Y, and Y, peaks were sometimes detected.

The Y, peak disappeared or drastically decreased after
etching in hot phosphoric acid (Fig. 93) which removed the
rough portion of the columnarlike layer without essentially
changing the thickness of the higher-quality GaN layer, and
after PEC etching which etched away the good-quality GaN
leaving dislocation sites intact as pillars. The Huang—Rhys
factor of this emission was estimated as 0.05. We assign the
Y, line to excitons bound to some surface defects rather than
to dislocations in bulk GaN.”"**

c¢. The 3.38-¢V line (Y5). The 3.38-eV line, labeled as Y3,
appeared only in two samples: 495 (N polar) and 770 (Ga
polar). In contrast with the FE and DBE lines and their LO
phonon replicas, the intensity of the Y5 line saturated with
excitation intensity (Fig. 98). No shift was detected in a wide
range of excitation intensities. With increasing temperature,
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the Y5 line quenched and disappeared above 50 K due to a
large contribution of the Y,, Y, and FE emissions at this
photon energy. A peak at about 3.38 eV, along with other
peaks similar to our Y,, Yy, and Y, peaks, was observed in
the CL spectrum of GaN grown by MBE on sapphire.517 An
intense peak at ~3.38 eV, observed in bulk GaN platelets,544
might also have the same origin as the Y5 line. Due to the
absence of any shift of the Y53 peak with excitation intensity
(reported also in Ref. 544), we rule out the DAP nature for
this line and assign it instead to excitons bound to some
unknown defects.>*’

d. The 3.35-eV line (Y,4). The 3.35-eV or Y, line is asso-
ciated with GaN and should not be confused with the oil-
related 3.36-eV line (Sec. VIII B). We assume that the line at
3.35-3.36 eV observed in Refs. 517, 536, and 543 has the
same origin as the Y, line in our studies. 4147 A strong
PL peak at 3.35-3.36 eV has been observed in M-plane GaN
containing a high concentration of stacking faults.>'>*
While the assignment of this peak to excitons bound to
stacking faults in these samples is convincing, this conclu-
sion should not be extended to the Y, line in GaN grown on
c-plane sapphire because the TEM investigation has not re-
vealed stacking faults in the samples which exhibited a high
intensity of the Y, line>!-2%4+547

The Y, line appeared only in Ga- and N-polar samples
exhibiting a strong Y5 pe'c1k.537’547’554 This line never shifted
nor saturated with excitation intensity. We assign the Y, line
to an exciton bound to some point defects trapped by the
edge threading dislocations.”">* Slow photoinduced charg-
ing of the edge dislocations near the surface may cause its
evolution with UV exposure. The excitonic nature of the Y,
line is supported by a very small FWHM (8-10 meV in rep-
resentative samples) and a very small Huang-Rhys factor
(0.01). The LO phonon replica of this peak can be clearly
seen at an energy distance of about 90 meV in the samples
with well-defined Y, peak.540’547‘554

e. The 3.34-eV line (Ys). The line with its maximum at
about 3.34 eV (the Y5 line) was observed in six samples: 495,
688, 692 (N-polar films) and 243, 463, 845 (Ga-polar films).
The Y5 line was relatively sharp in all the aforementioned
samples. It did not shift or saturate with increasing excitation
intensity, as can be seen in Fig. 98. With increasing tempera-
ture, this line quenched in a manner similar to the other Y;
lines. Therefore, we assign the Y5 line to exciton bound to
some unidentified defect.””>*’

f. The 3.32-¢V line (Y,). The 3.32-eV or Y line must not
be confused with the oil-related 3.31-eV line, because the
properties of these two lines are very different (see Sec.
VIII B). The Y4 line was detected in some 40 GaN layers
grown by MBE on sapphire and SiC, both Ga and N polar.
However, the Y line never appeared in GaN films with very
flat surfaces.”*’>* Unlike other ¥ ; lines, the Yy line always
shifted in energy significantly with excitation intensity and is
relatively broad in all the studied samples. With increasing
temperature, we observed a small shift of the Y4 line to
higher energies at low excitation intensities (see Fig. 8 in
Ref. 537) and a shift to lower energies at high excitation
intensities (Fig. 100). This observation, together with the
strong shift of the peak with increasing excitation intensity, is
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FIG. 102. Low-temperature PL spectrum from GaN layers grown by MBE
on sapphire substrate.

a hallmark of the DAP-type transition.** With increasing
temperature, the Y line quenched (Fig. 100) with an activa-
tion energy of about 30 meV. We assume that this is the
binding energy of the donor involved in the DAP>’

We propose that the shallow donor and acceptor respon-
sible for the Y line are located on the GaN surface™ ¥
where the binding energies for donors and acceptors are
reduced. % Previously, the surface-related shallow DAP
band has been identified in CdS at photon energies higher
than the bulk shallow DAP band.”’

g The 3.21-¢V line (Y;). The 3.21-eV line, denoted as Y-,
with the characteristic LO phonon replicas has been observed
in several investigations.513’516’517’521’536_538’54"544 We ob-
served the Y5 line in some 70 layers grown by MBE on
sapphire and SiC substrates. In fact, it consists of two com-
ponents separated by 15+3 meV with the low-energy com-
ponent Y7 being dominant at low temperatures.537’547 The
transformation of the Y5 line with temperature is very similar
among all our samples and the ones used in Ref. 544. The
suggestion of the excitonic origin of the Y5 line is supported
by a linear increase and absence of the peak shift with in-
creasing excitation intensity, and a very small Huang—Rhys
factor (about 0.06). A set of combined PL and TEM studies
showed that the Y, line may be strong in GaN containing
only the edge threading dislocations.”®* On the other hand,
the Y5 line may be completely absent in the layers with com-
parable densities of the dislocations.”*'*” We therefore sug-
gest that the Y5 line arises from recombination of an exciton
bound to some point defect that is in turn trapped by the
stress field of the threading-edge dislocation.

h. The 3.08-, 2.85-, 2.80- and 2.66-¢V lines (Ys-Y,,). In a
large set of GaN samples we could find samples representing
unusual PL lines. Two such lines, labeled Yg and Y,, were
observed in small areas of only one nonuniform GaN sample
(sample 638) at high excitation intensities, as exhibited in
Fig. 102. Both the Yy line with the ZPL at 3.078 eV and the
Y, line with the ZPL at 2.858 eV were accompanied by LO
phonon replicas that are 90-92 meV apart from the main
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FIG. 103. Low-temperature PL spectrum of Ga-polar GaN layers grown by
MBE on sapphire substrate subjected to different treatments [rapid thermal
annealing (RTA), etching in hot H;PO, and PEC etching].

peaks. Since the Yg and Y peaks emerged at high excitation
intensities and had a rather sharp shape, we tentatively at-
tribute them to strongly localized excitons.

Even deeper PL peaks emerged at high excitation inten-
sities in the Ga-polar samples 426, 460, 462, and 471 (Fig.
103) when the contribution of the YL band decreased sub-
stantially due to a large lifetime of this band.*” The energy
position of the peak, denoted as Y, varied from 2.78 to 2.82
eV in different samples. The deepest PL peak, of apparently
excitonic origin, denoted as Y;; was detected at 2.68 eV in
sample 426 (Fig. 103). With increasing temperature, the Y,
peak quenched with a small activation energy in the same
manner as the other Y; peaks.547

3. Y; lines and structural defects

The PL properties of the samples containing the Y; lines
and a few control samples (free from the Y, lines) were com-
pared to the structural properties of the samples by using the
AFM, XRD, and TEM methods typically used for crystal
characterization.

a. Atomic force microscopy. Comparison of the AFM im-
ages of samples exhibiting the Y; lines and the control
samples showed that there is no clear correlation between the
surface morphology and appearance of the Y; lines.”*’ In
particular, the surface morphology of the control sample 750
was nearly identical to that of sample 426 (Fig. 92) before
and also after etching in hot H;PO,. Interestingly, the Ga-
polar layers with very flat surfaces, such as samples 605 and
1107, did not contain any Y; lines in their PL spectrum ex-
cept for the sharp Y, and Y, lines. Remarkably, the Y, line,
dominating in many samples with bubblelike or columnar
surface structure disappeared after hot wet chemical etching
(either in H3PO, or KOH) when the surface became flat,
albeit with etch pits.

b. X-ray diffraction. Information about crystalline struc-
ture can be gained from an analysis of XRD rocking curves
measured regarding different crystal directions. In two
reports,ssg’559 an apparent correlation between the crystal
quality, established by XRD, and the intensity and energy
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TABLE VI. Comparison of dislocation densities (from TEM data) and relative intensities of the ¥; and DBE lines (from PL spectrum) in GaN layers grown

by MBE on sapphire substrate

Density of dislocations and

Sample inversion domains (IDs) (cm™2) PL intensity (rel. units) Surface
(from

screw mixed edge ID DBE Y, Y, Y, Ys Ys Y, QE (%) AFM)

750  <1x107 8x107 2.5x10° 1 X100 <10° (?) 6 Rough
1541 <7x107 7x107 7x10" 2x 107 1x10° 0.03 Flat
618 1x108  5x10%  4x10% 1x10" 1.7x10% 8x107 0.3 Rough
605 <1x107 3x107 1x10"° 1.3x 108 44X 10° 1.8X10°  0.15 Flat
463 <1x107 2x107 1x10"° 4x10% 3x10° 1.6X108  63%x107 3x107 5x107 5x107 33 Rough

547,554

position of the 3.42-eV peak has been reported. We com-
pared the peak positions and relative intensities of the Y;
peaks with the FWHM of the (0002) GaN diffraction peak in
a large set of GaN layers grown by MBE on sapphire and
could not find any clear correlation for any of the Y; peaks
with that parameter.537’541’547 Note that in a large set of con-
trol GaN samples not containing the Y; peaks, the FWHM of
the (0002) diffraction peak also varied substantially in the
range from 1 to 50 arc min.>? "4 The broadening of the
(0002) diffraction peak has been reported to relate to the
density of screw dislocations.****% The lack of a clear cor-
relation between the appearance of the Y; peaks and the
FWHM of the (0002) GaN diffraction peak537’541 indicates
that none of the Y; peaks is directly related to screw or mixed
dislocations, which contradicts the assumption of Shreter et
al.’® regarding the possible origin of the 3.42-eV peak in
GaN. These suggestions that we put forward are also sup-
ported by TEM studies, as will be shown below.

c¢. Transmission electron microscopy. Cross-sectional TEM
images have been obtained for the selected samples repre-
senting the Y; lines as well as for a few control samples
lacking these lines, 38341:347:55% Ay analysis of the TEM im-
ages allowed us to independently estimate the density of
threading-edge, screw, and mixed dislocations in addition to
the density of columnar (with a diameter of 5-20 nm) inver-
sion domains in the selected samples having a large variation
in the density of structural defects (Table VI). Note that the
densities of edge and screw dislocations, obtained by TEM
and XRD methods, are consistent.”*! The densities were
compared with the relative intensities of the Y; lines in the
same samples (see Fig. 104 and Table VI). Similarity in the
structural properties of the samples 463 and 605 (Table VI)
indicates that the Y, and Y lines are not related to the struc-
tural defects inside the crystal (densities of different disloca-
tions and the crystal quality are about the same in these two
samples while the Y, and Y lines appear only in one sample)
but related instead to the surface.™’***'5%7 No other cor-
relations could be determined between the structural defects
and Y; lines in these five selected samples.sm’547 We are also
highly skeptical that stacking faults are responsible for any
Y, line. Although the apparent correlation between the pres-
ence of the Y, line and high concentration of stacking faults
in GaN has been reported,561’562 we could not detect any
stacking fault in cross-sectional TEM images of the GaN

samples exhibiting the Y; lines. Note also that a brief
etching of the GaN layer in hot H;PO, smoothens the surface
and completely quenches the Y, line.

B. Oil-related 3.31- and 3.36-eV lines

In numerous investigations involving PL in GaN, the
artificial oil-related lines with their characteristic properties,
presented below, were inadvertently attributed to emission
from GaN,'?0-283:323:522-534 energy position of these lines
falls into the range of 3.358-3.370 and 3.298-3.313 eV.
These lines have often been detected in undoped GaN where
no emission typical for GaN was observed®* % or in p-type
GaN where the near-band-edge emission was absent or very
weak, 90283323529 A foy clearly observed phonon replicas of
the 3.31-eV line (separated by about 70 meV which is
smaller than the LO phonon energy in GaN by about 20
meV) have been recorded.?? %% At low temperatures, the
3.36-eV line is stronger and sharper than the 3.31-eV line.
With increasing temperature, the 3.36-eV line quenches
faster than the 3.31-eV line,323’5227524’52(”529’530 and the acti-
vation energy of quenching does not exceed 30
meV, ?3526:33 Increasing the measurement temperature re-
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FIG. 104. Low-temperature (15 K) PL spectra of five GaN layers grown by
MBE on sapphire. All the spectra are measured under identical conditions.
Excitation density is 30 W/cm?. The spectra have been shifted by up to 10
meV to compensate different strain-related shifts and align the DAP peaks.
See characteristics of these samples in Table VI. Reprinted with permission
from Reshchikov er al., Mater Res. Soc. Symp. Proc. 798, Y5.66 (2004).
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FIG. 105. PL spectra of oil from mechanical pump. Phonon replicas of the
J, peaks are separated by 70 meV.

veals the complex nature of the 3.36-eV ling, 722:324:927:529.532

No shift in the position of the 3.36-eV line was observed
under hydrostatic pressure up to 4.4 GPa, while the band gap
of GaN should increase by about 190 meV."” The lines
could be excited with photon energies below the band gap of
GaN.”*>* The lines were most commonly attributed to the
cubic phase inclusions formed as a result of stacking

or to excitons localized at extended defects in
GaN 322523529531

We have shown®>"**" that these lines with specific prop-

erties appear only in the samples contaminated with small
amount of oil. Among the sources of these parasitic lines,
one can name the oil-based thermal compound for affixing
the samples to the sample holder (see Fig. 1 in Ref. 540) and
contamination of the cryostat chamber by pump oil (Fig.
105). The oil-related emission is extremely strong, with the
QE being about 30%. Consequently, fairly small contamina-
tion with oil would make these lines visible when the inten-
sity of the PL from GaN is weak in this energy region. To
eliminate these sorts of artifacts in our experiments, we used
an oil-free pump system and chose to clip the samples to the
holder without any glue or paste at the expense of loosing
good contact with the cold finger that is why the minimum
measurement temperature in our studies is limited to 15 K.
Note that the properties of the Y, Y5, and Y lines that fall in
the same spectral region are completely different from those
of the oil-related lines.

C. Identification of the Y; lines

Unusual luminescence lines have been originally discov-
ered in Si (Ref. 563) and ZnSe.** Since then numerous pa-
pers have been published on PL lines with similar properties
in ZnSe,’® CdTe,’®® ZnTe (Refs. 565-567) (Y and Z lines),
and in silicon (D lines).”®>"" These lines have commonly
been attributed to excitons bound to extended structural
defects,”’""! although Higgs et al’® also suggested that
these lines could originate from excitons bound to point de-
fects trapped in the strain fields of dislocations. In the light
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of the previous reports and discussions, it is reasonable to
assume that most of the Y; lines in GaN could also be related
to extended structural defects in some way.

The Y; peaks in GaN quench with rather small activation
energies, much smaller than the binding energy of the shal-
lowest known acceptors in GaN. The small activation energy
can be accounted for by assuming that the Y, peaks arise
from recombination of excitons bound to some structural de-
fects. Due to the strain field the defect may create local po-
tential, which can strongly bind a hole, and in turn attract a
loosely bound electron to form a bound exciton.” Different
localization of the electron and the hole would explain two
activation energies in the temperature quenching of Y; lines
(in particular, 15 and 120 meV for the Y5 line). The doublet
nature of some peaks (Y,, Y4, and Y5) can be attributed to
neutral and charged excitons,”" as it was suggested earlier
for the 364-nm line in GaN.*?° Alternatively, one component
could be attributed to the contribution from the surface while
the other to the bulk regions of the sample, which may be
more appropriate for the Y; doublet with the component
separation depending on the excitation intensity.

Considering the detailed TEM and PL
studies, 4194755 §t {5 doubtful that any of the Y, peaks is
caused by annihilation of an exciton bound directly to any
dislocation, cubic phase, or a stacking fault in GaN. How-
ever, it is very likely that the Y, lines are related to some
point defects gettered by dislocations. The fact that no un-
usual deep-level PL band is observed in the samples with
strong Y; lines may indicate that these point defects are non-
radiative even though they can bind excitons. The above as-
signment is also able to explain why the presence of one type
or another structural defect or just a rough surface results in
the appearance of the Y; lines in GaN in only some cases.

IX. UNSTABLE LUMINESCENCE FROM
DEFECTS

Under continuous illumination conditions, PL in semi-
conductors sometimes bleaches or enhances with time. The
process is normally reversible after a moderate thermal an-
nealing or a lapse of time. The metastable behavior of PL is
often attributed to a metastable nature of bulk defects respon-
sible for PL. However, it is well known that surface states
can trap charge carriers. Moreover, slow variations of the PL
intensity can sometimes be attributed to changes in the band
bending due to charging or discharging processes on the

semiconductor  surface.  Furthermore, recombination-
. 572,573
enhanced defect reactions can also cause unstable
. 574,575 . . .
luminescence, and, in particular, degradation of

pL.576-578 Below, we review what is known about unstable

PL in GaN and provide preliminary analysis and assignment
as to the origin of the observed phenomena.

A. Unstable luminescence bands

In a few studies a broad blue luminescence band cen-
tered at about 3.0 eV has been observed that exhibited a
strong fatigue effect.’”* A broad blue band with a similar
fatigue behavior has also been reported to appear after brief
etching of the Ga-polar surface of the MBE-grown GaN by
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FIG. 106. PL spectrum of a high-resistive MBE-grown GaN sample. The
sample was etched in 160 °C H;PO, for 2 mins and then repeatedly exposed
to air at room temperature for various times. Two broad bands with maxima
at about 1.8 and 2.4 eV are related to point defects in bulk layer. Broad blue
band emerging after etching is attributed to the surface states. The multiple
peaks with separation of about 0.2 eV are due to interference effect.

hot phosphoric acid or molten KOH. The bleaching blue
band has been attributed to radiative recombination on the
GaN surface 3% Recently, we have discovered that even in
as-grown samples grown by MOCVD an unstable blue band
sometimes appears.586 The characteristic features of the latter
band are the phonon-related fine structure and the metasta-
bility remaining for several days after annealing at room
temperature. After a comprehensive study of the latter band,
we are inclined to conclude that its origin is different from
that appearing in the MBE-grown GaN layers subject to a
wet etching treatment. The bleaching of the blue band in
MOCVD-grown layers was accompanied by an enhancement
of the YL band, similar to the PL behavior reported in Refs.
579-583.

In addition to the blue band, the unstable behavior has
also been reported for the YL band,”’? 81383387388 5y,
band at about 3.2 eV,”® and excitonic emission in undoped
GaN.** Note that the Y, and Y lines discussed in Sec.
VIII also exhibit unstable behavior.

1. Blue band from the etched GaN surface

Although most recombination processes involving sur-
face states are believed to be nonradiative, optically active
recombination centers related to surfaces have been previ-
ously reported in Inp>"! porous silicon,**** and in GaN
grown by MBE and HVPE.**** In our experiments, after a
brief etching of the GaN surface in hot phosphoric acid, a
broad band appeared at low temperatures in the blue part of
the PL spectrum. Its intensity gradually increased with expo-
sure time of the sample to air after etching, as shown in Fig.
106.

With increasing excitation density from 1072 to
100 W/cm?, the blue band gradually shifted to higher ener-
gies by about 100 meV, while its shape and width remained
unchanged.584 At high excitation intensities the blue band
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FIG. 107. Variation of the blue band intensity with time (recorded at 2.8
eV). The intensity at “zero time” is normalized to 100% for all excitation
densities. The bleaching with time has fast and slow components. The latter
is nearly independent of the excitation density. Reprinted with permission
from Reshchikov ef al., Appl. Phys. Lett. 78, 177 (2001). Copyright (2001)
by the American Institute of Physics.

intensity saturated, whereas the intensity of the exciton emis-
sion at about 3.47 eV increased superlinearly in the high-
resistivity layers grown by MBE.

The blue luminescence bleached with UV exposure time,
as shown in Fig. 107. It should be noted that the intensity of
the exciton emission and other PL bands in the studied
samples did not vary with UV exposure time under the same
conditions. This rules out the possibility that bleaching is
caused by heating of the sample by the laser beam. The
effect of bleaching was irreversible at low temperatures.
However, the PL intensity could be restored after annealing
at 200 K for 30 min.”®* Two activation energies (12 and 100
meV) have been determined from the temperature depen-
dence of the intensity of this blue band.

It is well known that exposure of GaN to oxygen or air
results in the formation or modification of the surface states
that affect the electrical and optical properties of
GaN. 3943 we proposed584’585 that oxidation of the GaN
surface in air creates surface states in the lower part of the
gap, and radiative recombination involving these states is
responsible for the broad blue band in the etched and air
exposed GaN layers.

2. Blue and yellow unstable bands

In several investigations, GaN layers grown by MOCVD
on sapphire exhibited metastable BL and YL bands in the
low-temperature PL spectrum.sw*583 The YL band peaked at
about 2.2-2.25 eV, and the BL band had a maximum at about
3.0£0.05eV (Refs. 579, 580, and 582) or at
2.940.05 eV.”*"% In all these investigations the BL band
bleached under UV illumination and this process was accom-
panied with enhancement of the YL band. The memory ef-
fect at low temperatures lasted for many hours,”® whereas
the PL band intensities completely recovered after a short
annealing process at room temperature.sw’sgz’583 Dhar and
Ghosh®®* and Kim er al.>® noted a correlation between the
metastable effect and high electrical resistivity of GaN films.
Brown er al.”® noted that reactive-ion etching of GaN in
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FIG. 108. Low-temperature PL spectrum of undoped GaN before and after
UV illumination during 150 min with P,,,=0.3 W/cm?. Excitation density
during the PL scan is 0.003 W/cm?.

different plasmas enhanced the metastable effect to varying
degrees. Most of the authors attributed the observed transfor-
mation of PL with UV illumination to manifestation of a
metastable point defect”””**%%2 and believed that the same
defect is responsible for both bands.” "% Ryan et al.>®!
ruled out a direct connection between the defects responsible
for the BL and YL bands since, in their experiments, there
was no correlation between the variations of these two
bands.

Chang et al.”®® observed an enhancement of the YL
band at room temperature after UV irradiation,587 or after
electron-beam irradiation.’*® The intensity of the YL band
returned to its initial value after a few hours at room tem-
perature and much sooner at elevated temperatures. The ther-
mal activation energy, deduced from the temperature depen-
dence of the restoration time, was reported to be 1.34 eV.
Only the YL band showed the unstable behavior in these
studies. Chang et al. 7% proposed that the UV or electron-
beam irradiation affected the number or charge state of the
deep defects responsible for the YL band.

A decrease of the near-band-edge emission intensity at
room temperature in undoped GaN has also been
reported.sgg’596 In one case, the decrease was accompanied by
the emergence of UV emission with a maximum at about 3.2
eV.>™ The effect of UV irradiation on the YL band and near-
band-edge emissions at room temperature is also discussed
in Sec. IX B 2.

In a few GaN samples grown by MOCVD we also ob-
served unstable behavior of the BL and YL bands (Fig.
108),586 similar to that described in Refs. 579-583. Note that
the samples were as grown and not subject to any surface
treatment.””’ After a 150 min of irradiation with 0.3 W/cm?
of the He—Cd laser emitting at 3.81 eV, the BL intensity
decreased by more than three times, the YL intensity in-
creased by more than a factor of 10, and the exciton emission
enhanced by a factor of about 1.4 (Fig. 109). The total radia-
tive efficiency varied only about 10% during the irradiation,
indicating that nonradiative recombination is hardly involved
in the competition between the recombination channels. The
rate of change in the PL intensity was about the same for the
YL and BL bands, and it was proportional to the excitation
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FIG. 109. Evolution of PL intensity at 15 K with UV exposure time for
unstable YL and BL bands (YL-u and BL-u, respectively) and stable PL
bands (YL and BL) in undoped GaN layers. P,,.=0.3 W/cm?,

intensity, at least in the range from 0.3 to 300 W/cm?. Re-
markably, after heating the sample up to room temperature,
the YL band in the UV-exposed areas remained much stron-
ger than in the adjacent areas for several days. At room tem-
perature the UV illumination with high intensity did not
cause any significant changes in the PL intensity and no
memory effect could be observed.

The BL band peaked at 3.05 eV, and its high-energy side
exhibited a fine structure. The sharp peak at 3.342 eV is
assumed to be the ZPL of this band. The next sharp peak was
separated in energy by 36 meV from the ZPL and believed to
be the local phonon mode of the defect responsible for the
BL band. The second phonon replica could be seen as a weak
peak at 3.27 eV. With increasing excitation intensity from
0.003 to 30 W/cm?, the BL band did not shift, neither as a
whole (within an accuracy of = 10 meV) nor its ZPL (within
an accuracy of = 1 meV). With increasing temperature, the
BL band quenched above 75 K with an activation energy of
about 150 meV, as displayed in Fig. 110. At temperatures
above 150 K, the “unstable BL band” completely vanished,
giving way to the “stable BL band” peaking at 2.90 eV. The

PL Intensity (rel. units)

NPV S | NP BRI
1.5 2 25 3 35
Photon Energy (eV)

FIG. 110. Variation of PL spectrum with temperature for the GaN layer
exhibiting unstable BL and YL bands. Excitation density is 107> W/cm? (at
such low-excitation density the bleaching caused by UV exposure was neg-
ligible). The spectra were taken without high-intensity UV exposure.
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FIG. 111. Schematic diagram showing the band bending and the vacuum
level (Eyac) near the surface of GaN in vicinity of the metal tip.

stable BL band quenched above 200 K, and its characteristics
were the same as those for the commonly observed BL band
in undoped GaN grown by MOCVD (see Sec. IV D). The
intensity of the YL band remained nearly unchanged up to
room temperature, in agreement with its typical behavior in
undoped GaN (Sec. IV A).

B. Manifestation of surface states in
photoluminescence

The semiconductor surface significantly affects the elec-
trical and optical properties of the material and related de-
vices. The states inside the band gap are formed on the GaN
surface due to Ga or N termination, reconstruction, structural
and point defects, adsorbates, oxidation, etc. The surface of
the air-exposed undoped GaN grown on c-plane sapphire
shows an upward band bending, reported as 0.4, 0.75, and
1.0+£0.2 eV in various studies.””® ! It has been reported
that a thin (~9 A) Ga,05 layer,’” as well as chemisorbed
oxygen atoms (up to one monolayer),5 98603 cover the GaN
surface. The band bending has been reported to be larger on
the Ga-polar surface due to the spontaneous polarization
effect.”® The surface states may affect the PL signal directly
by varying the radiative or nonradiative recombination rate
via the surface states or indirectly via varying the band bend-
ing. Below, we discuss how the surface states on GaN may
affect the band bending in GaN and lead to a metastable
behavior of the measured characteristics.

1. Band bending at the surface of GaN

The absolute value of the surface band bending can be
measured by the Kelvin probe method.®™ The band bending
near GaN surface, or the potential barrier height in dark, ®,,
can be found as

q)dzd)M_chp_q)s_X"'EF’ (43)

where V, is the contact potential between the tip and GaN
surface, ¢, is the tip metal work function (¢),=5.1 eV for
Au), x is the electron affinity of the semiconductor, and E is
the Fermi level, measured with respect to the conduction-
band minimum, E., as depicted schematically in Fig. 111.
The parameter @, includes potential drop across the oxide
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film arising from a possible distribution of charge in it, sur-
face dipole due to adsorbate species, and microscopic dipole
at the surface which is determined by the specific arrange-
ment of the atoms near the surface.’”* Based on the findings
of Bermudez,598 Wu et al.,599 and Nienhaus et al.,605 we
assume x=3.3+0.3 eV for GaN. The variation in values of y
reported in the literature may be due to different microscopic
surface dipoles, different degrees of oxidation, and presence
of different adsorbed species in the experimentally studied
GaN.

The upward band bending at the surface of n-type GaN
with uncompensated concentration of shallow donors Np, can
be characterized by the barrier height ®,, density of the
negatively charged surface states n,, and associated depletion
region width W. The relationship of these parameters can be
described by the e><pressi0n606

2®,e8)  ny
wzw/—zd 0_ =, (44)
q°Np  Np

The origin of ng is in part the acceptorlike surface states
below the Fermi level and in part uncompensated negative
charge of ions adsorbed on the surface. We have obtained
that in a large set of GaN samples with different concentra-
tions of electrons the barrier height at the surface is of the
order of 1 eV.*" Consequently, the depletion region width is
about 100-30 nm for the concentrations of shallow donors in
the range of 10'7-10'® cm™, respectively, and the density of
the negative charge at the surface is in low 10'> cm™ accord-
ing to Eq. (44). Note, however, that the value of ®, obtained
from the Kelvin probe measurements may be overestimated
by the unknown value of @, [see Eq. (43)]. Some insight into
the value of ®, can be gained independently from the depen-
dence of photovoltage on light intensity.

When the sample is exposed to light, the band bending
changes (photovoltage effect) due to charging or discharging
of the semiconductor surface states, states inside the oxide
layer, and finally, due to photoassisted desorption of atoms or
molecules from the surface.’® Under UV illumination, the
electron-hole pairs are generated mostly in the top 0.1-0.3-
um-thick layer of GaN sample [the effective absorption
depth in GaN is about 80 nm for the photon energies of
3.7-3.8 eV (Ref. 167)]. Since the depletion region width in a
typical undoped GaN is comparable to the effective absorp-
tion depth, a substantial part of the photogenerated holes is
swept towards the surface by the strong near-surface electric
field and rapidly (in ~107'°~107% s) captured by the surface
states. On the other hand, the photogenerated electrons are
rapidly swept towards the bulk, increasing the concentration
of free electrons in the bulk, likely in close vicinity of the
surface barrier since the diffusion length is relatively small in
GaN. The holes captured by the surface states reduce the
negative charge on the surface and, consequently, reduce the
depletion region width.

After the light is switched off, restoration of the band
bending depends on temperature and specifics of the surface
states and adsorbates. At room temperature and in air ambi-
ent the complete restoration of the dark value of the band
bending lasts from 1 h to a few days depending on the details
of preparation of the sample surface.®”! The main mechanism
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FIG. 112. Schematic diagram showing the band bending near the surface of
GaN in dark (a) and after UV light pulse (b). Electrons are shown with solid
circles and holes—with empty circles. The Fermi level E is shown as the
same for electrons and holes in nonequilibrium case (b) in assumption that
recombination in bulk is much faster than recombination over the barrier,
and concentration of traps in the depletion region is much less than density
of the surface states.

of the restoration is believed to be a thermionic transfer of
free electrons over the surface barrier to the surface
states. 2" At cryogenic temperatures this mechanism evi-
dently can be ignored. Therefore, at low temperatures we
may expect significant flattening of the band bending under
UV illumination that would stay for an indefinitely long time
after the excitation light is switched off. Moreover, the ex-
cess concentration of the photogenerated electrons may ac-
cumulate at some distance from the surface, whereas the
photogenerated holes bound to the surface states can avoid
recombination for an indefinitely long time. The Fermi level
would significantly depart from its equilibrium position (as
shown in Fig. 112), and a metastable gradient of the charge
near the surface would remain for an indefinitely long time at
low temperatures.

2. Effect of UV illumination on PL

The PL intensity from GaN often changes with time un-
der UV irradiation when the sample is in air ambient at room
temperature. We have analyzed the effect of UV illumination
with a He-Cd laser (3.81 eV and 0.3 W/cm?) on the PL
intensity in a set of 30 undoped GaN layers grown by MBE,
including samples grown under Ga- and N-rich conditions
inclusive of Ga- and N-polar samples. The room-temperature
PL spectrum of the undoped GaN samples contained a near-
band-edge emission band at about 3.40-3.42 eV and the YL
band. Typically the intensity of both the near-band-edge
emission and the YL band decreased with time, although
exceptions to this rule have been reported.594 In most cases
only a partial restoration of the PL intensity was observed
after the sample was kept in dark for a few hours at room
temperature. The PL intensity restored to its original value
sometimes only after two weeks.

The above-mentioned decrease of the PL intensity can-
not be explained by flattening of the band bending due to
filling the surface states with photogenerated holes because
the reduction of the band bending and depletion width would
have the opposite effect, namely an increase of the PL inten-
sity. Besides, the photovoltage signal in the case of the em-
ployed excitation intensity saturated in the selected samples
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FIG. 113. Evolution of the YL intensity at room temperature in changing
ambient for the MBE-grown GaN layer.

much faster (in a few seconds) than the slow quenching of
the PL intensity. The saturation of the photovoltage also
means that the equilibrium is reached between the filling of
the surface states with photogenerated holes and thermionic
transfer of free electrons situated in the bulk over the barrier
to the surface states. Therefore, the slow variations in the PL
intensity cannot be attributed to passivation of the surface
states by photogenerated carriers. As a possible mechanism,
we suggest that photoinduced desorption of oxygen or water
vapor from the surface is responsible for the slow changes of
the PL intensity (usually degradation) under UV irradiation
in air ambient. To verify the validity of this assumption, we
carried out PL experiments in different ambients at room
temperature.”**>*>607

3. Effect of ambient on intensity and shape of PL
bands

In a majority of our samples regardless of how they were
grown, an enhancement in the PL intensity under UV illumi-
nation was observed as the sample chamber was evacuated.
Figure 113 shows an example of strong enhancement of the
YL band in vacuum for a GaN layer grown by MBE. Switch-
ing off the excitation light for several minutes did not change
the emission intensity upon reexcitation, or the change was
small. However, allowing air into the chamber returned the
emission signal to its original level prior to evacuation. The
amount of rise of the PL signal upon evacuation was found to
be nearly proportional to the UV illumination intensity for
excitation densities below 0.01 W/cm?2.%” Evacuation of air
affected PL in different samples to different degrees.sg4
Along wth the increase of PL intensity, a large decrease of
the photoreflectance amplitude has been observed upon
evacuation of air.””° Behn er al. ™ attributed the changes in
the photoreflectance and PL intensity to a UV-light-induced
desorption of oxygen from the sample surface.

In order to ascertain whether oxygen or, e.g., water va-
por in air plays a dominant role in the evolution of PL, we
exposed the surface of GaN to various gases.s%595 The re-
sults for the near-band-edge PL are presented in Fig. 114. It
can be seen that the oxygen ambient produces an effect simi-
lar to air, i.e., a prolonged decay of the PL signal as com-
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FIG. 114. Evolution of the near-band-edge emission intensity at room tem-
perature under different ambient conditions for the MBE-grown GaN. Re-
printed with permission from Reshchikov e al., Mater Res. Soc. Symp.
Proc. 743, L11.2 (2003).

pared to its value in vacuum. However, exposure to nitrogen
or hydrogen leads to a much smaller decrease in the signal.
Exposure to different gases followed by evacuation was re-
peated several times for one sample, and the effect was re-
producible. The clear distinction between the transient
changes in the PL emission in vacuum and oxygen as com-
pared to other ambient (nitrogen and hydrogen) and similar-
ity of the changes in air and oxygen ambients indicate that
oxygen adsorption is responsible for the degradation of the
optical quality of the GaN surface.

The observed degradation of the PL intensity and photo-
reflectance in air or oxygen ambient can be attributed to ei-
ther nonradiative recombination at the oxygen-induced sur-
face states or to an increase of the band bending due to
adsorption of 0xygen.590’594’595 The latter mechanism is espe-
cially plausible for explaining the oxygen-induced changes
of the PL spectrum.594 Note that generally the oxygen ambi-
ent affects the intensity of the YL and near-band-edge emis-
sion differently. If oxygen introduced only nonradiative sur-
face states, the varying ratio between the radiative and
nonradiative recombinations would not distort the PL spec-
trum. The redshift of the YL band observed in a few
samples594 can also be explained by an increase of the sur-
face band bending in air or oxygen ambient. The surface
depletion resulting from this band bending may lead to diag-
onal (spatially indirect) transitions of free electrons or elec-
trons bound to the shallow donors to the deep-level states
located closer to the surface. The redshift would be greater
for a larger band bending. In contrast, the shift of the exciton
emission cannot be large because increasing the near-surface
electric field would break up excitons rather than separate an
electron and a hole significantly. A remarkable observation,
discerned from the experiments with varying irradiation in-
tensity, is that evacuation without UV irradiation does not
remove the oxygen-related states,”’ only that the UV light
supplies the necessary energy to activate desorption of oxy-
gen.

Degradation of the PL intensity under UV illumination
in air ambient apparently cannot be attributed to oxygen de-

J. Appl. Phys. 97, 061301 (2005)

sorption. The PL intensity usually decreases under UV illu-
mination, in contrast to the intensity increase during the pho-
toassisted oxygen desorption in vacuum. Possibly some
nonradiative recombination centers are created under UV il-
lumination in air ambient due to surface reconstruction or
recombination-enhanced defect reactions.”’>"> However, the
variety of PL behavior upon air or gas evacuation or upon
UV illumination in air ambient’* cannot be explained by a
single mechanism. Apparently, more than one effect are re-
sponsible for variations observed from sample to sample.

4. Effect of passivation on PL

Martinez et al.®® observed a dramatic increase in the
room-temperature PL intensity (a factor of 4—6) when the
GaN samples were treated with aqueous and alcoholic solu-
tions of inorganic sulfides, such as ammonium or sodium
sulfide [(NH,),S, and Na,S]. The sulfide treated surfaces
remained passivated for at least seven months in air. It is
remarkable that the YL intensity did not change after the
treatment. The effect of nonsulfide-based chemicals was also
tested in these experiments. In general, acidic solutions in-
creased the PL intensity (by up to a factor of 2.5), whereas
bases and H,0, slightly decreased it. Martinez et al.®® ex-
plained the stability of the sulfide passivation by the forma-
tion of a strong N-S bond instead of the weak N-O bond.
Under UV illumination the PL intensity from the passivated
GaN surface decreased in some cases, apparently due to pho-
tochemical reactions, and remained stable in others. The pas-
sivation effect could be easily removed by a short rinse in
de-ionized (DI) water. In contrast, the surface which was
pretreated with an oxide etch before passivation was much
more resistant to DI water cleaning.6O8

Konenkova®” has also demonstrated that sulfidizing of
the GaN surface improves the PL intensity. The most pro-
nounced increase of the exciton emission intensity (by a fac-
tor of 3.6) compared with the intensity of untreated GaN was
observed after treatment in a saturated solution of Na,S in
isopropyl alcohol. Song et al.®"® reported an increase by
more than 100 times in the room-temperature exciton emis-
sion intensity after passivation of n-type GaN with
CH;CSNH, solution. Note that along with the enhancement
of the PL intensity, the electrical properties of GaN signifi-
cantly improved after palssiv21ti0n.608’610 In particular, the
specific contact resistance decreased from 2.4 X 1072 to 3.1
X 1076 Q cm2,%'? and the Schottky barrier height increased
from 1.18 to 1.63 eV (Ref. 608) after sulfide passivation.

In p-type Mg-doped GaN, no measurable improvement
in the PL efficiency after sulfide passivation was observed by
Martinez et al.,608 and about a twofold decrease of the BL
intensity was reported by Lin et al.®"! The observed decrease
was attributed to a reduction of the concentration of Vy near
the surface, which could be replaced by sulfur.®"!

The aforementioned examples of the effect of sulfide
passivation on the PL intensity in GaN clearly show that the
surface states play an important role in electrical and optical
properties of GaN just like any other semiconductor.
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X. SUMMARY

Point defects affect optical and electrical properties of
GaN to a greater extent than perhaps recognized. Lumines-
cence methods are particularly advantageous for detection
and revealing the nature of point defects, however, great ef-
forts must be extended to identify numerous defects in GaN.
Even in unintentionally doped GaN a plethora of lumines-
cence bands is discovered that are attributed to residual im-
purities, native defects, complexes, and structural defects. In
this review, we provide a comprehensive analysis of the be-
havior of numerous luminescence bands associated with de-
fects in GaN. Special attention was given to the notorious
luminescence bands such as the yellow band in undoped
GaN, and the blue band observed in undoped, Zn-, and Mg-
doped GaN. It should be noted that the previous assignments
as to the origin of most of the luminescence bands in GaN
were very preliminary and often based largely on specula-
tions without much basis or on controversial theoretical pre-
dictions rather than on convincing experimental evidence.
By analyzing a large body of published literature, combined
with “hands on experience” in this field we have attempted
to shed light on the identity and properties of many point
defects in GaN. Typical concentrations of uncontrolled ac-
ceptors, responsible for spontaneous emission in the visible
part of the spectrum in undoped GaN, are of the order of
10" cm™, even in the purest available material. In doped
GaN the situation is not much clearer because the doping
universally results in the creation of yet unknown compen-
sating defects. Among the defects in p-type GaN that are
explored the most, properties of luminescence bands due to
Mg doping are established with high degree of certainty. The
importance of potential fluctuations, which are unavoidable
in heavily Mg-doped GaN, has been treated in detail. A class
of luminescence lines in GaN, most probably related in some
way or another to structural defects, has been discussed in
detail. The stability of several luminescence bands with time
and ambient conditions has also been examined.
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