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1. Introduction

Gallium nitride (GaN) has become an
indispensable compound semiconductor
due to its numerous applications in opto-[1,2]

and microelectronic[3,4] devices. GaN-based
light emitting diodes and laser diodes show
higher efficiencies than competing materials
and, by alloying with Al or In, the bandgap
can cover both the visible and UV spectral
range.[5] In addition, AlGaN/GaN hetero-
structures lead to the formation of a 2D elec-
tron gas (2DEG) at the AlGaN/GaN interface,
which enables high-frequency switching
devices.[6,7] Furthermore, due to the large
breakdown voltage and thermal stability,
GaN is the perfect candidate for high-power
applications.[8,9]

As a prerequisite for GaN-based power
electronic devices, highly insulating buffers
are required.[10,11] Here, carbon doping

plays a major role to compensate for donor impurities, which
occur even in nominally undoped GaN films. However, the role
of carbon-related defects in heterojunction field effect transistors
is multiple. They were shown to play a major role in the buffer
transport mechanisms generally[12] and to contribute to current
collapse[13,14] as well as a dynamical shift of the threshold volt-
age[11,15] in the devices.

Advancements in the field of GaN growth resulted in bulk
material of improved structural quality, often with dislocation
densities below 106 cm�2.[16,17] As a consequence, the influence
of point defects as a limiting factor of device performance is gain-
ing importance.[18–20] Therefore, a better understanding of point
defects in GaN is required to improve device performance fur-
ther and to control unwanted side effects.

To study optically active point defects in semiconductors, pho-
toluminescence (PL) is one of the experimental techniques most
frequently used. The impact of carbon on the luminescence prop-
erties is, without doubt, one of the most debated subjects related
to point defects in GaN. Although those discussions reach back
more than 40 years,[21] considerable progress in the understand-
ing of carbon-related point defect levels was made in the last
decade.

Two main factors greatly improved the understanding of
carbon-related defect levels in GaN. On one hand, the implemen-
tation of hybrid functionals in density functional theory (DFT)
accounts for carrier localization at acceptor species. This led
to vast changes in the predicted energy values of charge state
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Highly insulating layers are a prerequisite for gallium nitride (GaN)-based power
electronic devices. For this purpose, carbon doping is one of the currently
pursued approaches. However, its impact on the optical and electrical properties
of GaN has been widely debated in the scientific community. For further
improvement of device performance, a better understanding of the role of related
defects is essential. To study optically active point defects, photoluminescence is
one of the most frequently used experimental characterization techniques.
Herein, the main recent advances in the attribution of carbon-related photolu-
minescence bands are reviewed, which were enabled by the interplay of a
refinement of growth and characterization techniques and state-of-the-art first-
principles calculations developed during the last decade. The predicted electronic
structures of isolated carbon defects and selected carbon-impurity complexes are
compared to experimental results. Taking into account both of these, a com-
prehensive overview on the present state of interpretation of carbon-related broad
luminescence bands in bulk GaN is presented.

REVIEW
60 years of pss www.pss-a.com

Phys. Status Solidi A 2021, 218, 2100235 2100235 (1 of 11) © 2021 The Authors. physica status solidi (a) applications and materials science
published by Wiley-VCH GmbH

mailto:f.zimmermann@physik.tu-freiberg.de
https://doi.org/10.1002/pssa.202100235
http://creativecommons.org/licenses/by/4.0/
http://www.pss-a.com
http://crossmark.crossref.org/dialog/?doi=10.1002%2Fpssa.202100235&domain=pdf&date_stamp=2021-08-24


transition levels, which required a revision of long-standing
experimental interpretations. On the other hand, recent improve-
ments in bulk material quality, especially doping control and
homogeneity,[16] facilitate interpretation of optical spectra. The
occurrence of fine structures on the high-energy wing of broad
emission bands allows us to distinguish between PL transitions
of close or equal peak energies.

For a detailed compilation of early work on point-defect-related
PL transitions in GaN, the reader is referred to the comprehensive
review published by Reshchikov and Morkoç in 2005.[22] In this
review, the until then identified PL bands in GaN are described
and a detailed summary of their behavior, e.g., dependence on
temperature, excitation power density, and doping, is given.
Emanating from the importance of C doping for optoelectronic
devices and the fact that luminescence methods are more and
more often applied for device analysis,[11,23–27] in this article
we focus on the recent progress with respect to understanding
the role of C in bulk GaN. Accordingly, we will emphasize the
defect-related radiative transitions in the visible spectral region
of carbon-doped bulk GaN. Complementary findings, derived
both experimentally and by first-principles calculations, will be
included to complete the picture.

This article is structured according to the type of carbon-
related defect center involved. First, the effect of single C atoms
occupying GaN lattice sites as well as the effect of increasing C
concentration is discussed. Starting from introducing transitions
related to C occupying the N site (Section 2.1), the effect of an
increasing C concentration on the PL spectra is addressed
(Section 2.2) as well as the possibility of C incorporation on
the Ga site (Section 2.3). Second, the formation of point defect
complexes containing C and residual impurities (Sections 3.1
and 3.2) as well as multicarbon complexes (Section 3.3) and their
impact on PL spectra are considered. Finally, the results are
summarized.

2. Luminescence of Single Carbon Defects

Typical PL spectra of highly resistive carbon-doped GaN,
recorded under above-bandgap excitation (325 nm/3.815 eV) at
18 and 200 K, are shown in Figure 1. Apart from the
near-band-edge emission above 3.4 eV, three broad defect-related
PL bands can be observed. To precisely refer to specific
defect-related PL bands with close energies, the nomenclature pro-
posed in Reshchikov et al.[28] for PL bands in nominally undoped
GaN is used whenever applicable. Here, YL1 at Emax¼ 2.2 eV is the
most intense transition at 18 and 200 K. In addition, at 18 K a blue
luminescence band around Emax¼ 3.0 eV can be observed that is
denoted as BL2. At 200 K, BL2 is thermally quenched and another
blue band at Emax¼ 2.9 eV, BLC, is revealed.

The properties of the most likely C-related YL1, BLC, and BL2
are described in detail in Section 2.1 and 3.2, respectively. They
should not be confused with the following similar PL bands of
different origin: in the blue spectral region BL1 around
Emax¼ 2.9 eV with a zero-phonon line (ZPL) at 3.10 eV is often
observed in nominally undoped GaN grown by hydride vapor
phase epitaxy (HVPE) and metalorganic chemical vapor deposi-
tion (MOCVD) and is associated with Zn impurities.[28] In the
yellow spectral region YL3 with Emax¼ 2.10 eV and a ZPL at
2.36 eV is tentatively proposed to originate from a transition
metal impurity found in n-type GaN grown by HVPE.[29,30]

2.1. Low C Concentration: Carbon on N Site – CN

Carbon in GaN is expected to preferentially occupy the N lattice site
due to similar atomic radii. This is reflected by predicted CN forma-
tion energies of 1.0 – 2.0 eV in n-type GaN[31–34] compared to values
above 5.0 eV in the case of CGa and Ci formation[31–34] and further
supported experimentally.[35] Early first-principles calculations
based on DFT predicted the substitutional CN defect to be a shallow
acceptor.[36,37] However, these early calculations were commonly
performed in the framework of Local density approximation
(LDA) and generalized gradient approximation (GGA), which are
known to suffer from a severe underestimation of the bandgap
and do not take into account possible carrier localization around
acceptor species. Considerable improvement was achieved by the
implementation of hybrid functionals. First-principles calculations
using the Heyd–Scuseria–Ernzerhof (HSE) functional, which was
shown to reliably describe the electronic structure of solids, now
consistently find the CN acceptor level much deeper in the GaN
bandgap due to strong hole localization.[32,38] Numerous reports
applying different parameters to theHSE approach consistently pre-
dicted the CN acceptor level in the range between 0.9 and 1.1 eV
above the valence band maximum (VBM, EV).

[31,33,34,38,39]

This is in good agreement with experimental findings of a ther-
mally activated reduction in the resistivity of carbon-doped GaN
with an activation energy EA ¼ ð0.95� 0.10Þ eV.[40–43]
Furthermore, the acceptor nature of the main defect in
carbon-doped bulk GaN was recently verified by the observation
of p-type conductivity that was thermally activated with
EA ¼ 1.02 eV.[41,44] The calculated acceptor level also agrees with
the properties of the commonly observed H1 hole trap at
EVþ 0.85–0.90 eV analyzed by deep level transient spectroscopy
(DLTS) or minority carrier transient spectroscopy[45–52] and the

Figure 1. Typical steady-state PL spectra of bulk GaN:C at 18 and 200 K
excited at 325 nm with Pexc ¼ 0.2W cm�2. The transition at Emax ¼ 2.2 eV
denoted as YL1 is related to the CN acceptor level. At 18 K, BL2 at
Emax ¼ 3.0 eV is predominant in the blue spectral region and originates
from transitions via the CN �Hi deep donor level. At 200 K BL2 is ther-
mally quenched and BLC at Emax ¼ 2.9 eV is recorded. BLC is proposed to
be the secondary transition of YL1 via the CN donor level. Reproduced with
permission.[84] Copyright 2018, American Physical Society.
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optical level of an electron trap at about 3.0 eV below the conduction
band minimum associated with an optical threshold at �2.6 eV as
determined from steady-state photocapacitance, pulsed photoioni-
zation, or deep level optical spectroscopy.[45,46,53–55] Several studies
found those traps not only to be associated with carbon but also
with the yellow luminescence around 2.2 eV.[47,56–58]

2.1.1. Yellow Luminescence and the CN Acceptor Level: YL1

The yellow luminescence has been observed in GaN grown by
various methods, including microcrystals formed by a direct
reaction of molten Ga with NH3,

[21] molecular beam epitaxy
(MBE),[59–61] MOCVD,[28,62,63] and HVPE.[28,64,65] Early studies
concerned with the yellow band around 2.2 eV in GaN already
pointed to a possible relation to carbon contamination.[21,66]

Based on the aforementioned first theoretical predictions for
CN forming a shallow acceptor level, it was commonly assumed
that yellow luminescence was caused by Ga vacancies (VGa) or
their complexes.[21,67–70] In addition, transitions involving struc-
tural defects,[71,72] nitrogen vacancies (VN)

[73] (later revised, e.g.,
in Glaser et al.[74]), and Ga interstitials Gai

[74] were discussed as
the possible origin. Furthermore, a relation to the donor incor-
poration was reported, e.g., for oxygen[61,75,76] and silicon.[19,77–79]

However, taking the further development of the theoretical
approaches into account, CN is a suitable candidate for the yellow
luminescence. Configuration-coordinate (CC) diagrams that con-
sider not only the thermodynamic transition level but also atomic
relaxations were calculated from the DFT-predicted parameters.[32]

As shown in Figure 2, a PL band with a ZPL at E0 ¼ 2.60 eV and a
peak maximum at 2.14 eV was suggested.[32] Furthermore, reso-
nant absorption is expected to peak around 2.95 eV.

This agrees very well with the experimental findings that are
displayed in Figure 3.[21] The authors of this early work found the
yellow luminescence to peak at 2.15 eV and measured a charac-
teristic excitation band with a maximum around 3.15 eV. As this
characteristic excitation strongly overlaps with the GaN funda-
mental absorption, the fitting by a Gaussian function may result
in an overestimation of its peak energy position. Nevertheless,

the value E0 ¼ 2.64 eV calculated from the intercept of the exci-
tation and emission band is in remarkably good agreement with
the value of 2.60 eV predicted for the ZPL of CN.

In later publications, the nomenclature YL1[28,80] was intro-
duced to differentiate the CN-related PL from other luminescence
bands in the same spectral region. YL1 is characterized by an
asymmetric peak shape with a steeper high-energy side com-
pared to the low-energy side. However, this band shape is fre-
quently influenced by a strong overlap of the YL1 with other
emission bands in the blue, green, and red spectral region. In
particular, the sharp emission onset around 2.6 eV is often
obscured by green emission in HVPE-grown GaN.[42,43]

Nevertheless, recent improvement of bulk material quality
enabled the direct observation of the ZPL in PL measurements.
This is shown exemplarily in Figure 4 by data obtained from
an undoped bulk GaN sample grown by HVPE. At low temper-
atures, the ZPL related to the shallow donor–acceptor–pair
(DAP) recombination was found at E0 ¼ 2.57 eV in undoped
GaN grown by HVPE and MOCVD,[80] accounting for only 1%
of the peak intensity. At �40 K the ZPL related to the free-elec-
tron-to-acceptor (e,A) recombination clearly emerged at 2.59 eV.
Based on those values, Reshchikov et al. derived the thermody-
namic transition level of CN to be at EV þ 0.916 eV.[80]

In nominally undoped n-type GaN, YL1 thermally
quenches above 400–450 K with an activation energy
EA ¼ ð900� 50ÞmeV[21,80,81] that is in agreement with the value
expected for thermal emission of holes from the CN acceptor
level to the valence band. Apparent activation energies in the
range between 0.06 eV for conductive n-type GaN and 1.8 eV
for highly resistive GaN have been reported. In the case of n-type
GaN, the thermal quenching behavior is determined by the life-
time of YL1 that, for (e, A) transitions, is inversely proportional to
the electron concentration. The apparent very high activation
energies determined from semi-insulating GaN can be explained
by the model of abrupt and tunable thermal quenching.[81–83] If
those effects are properly accounted for, EA ¼ ð900� 50ÞmeV
can be confirmed.[81]

Furthermore, a hole capture coefficient of
CpA1 ¼ ð3.7� 1.6Þ � 10�7cm3 s�1[29,80,84] was determined from

Figure 2. Configuration-coordinate diagrams for the CN impurity in GaN
calculated by DFT using the HSE hybrid functional. a) If electrons in the
conduction band recombine with a neutral C0

N, the emission associated
with the C0

N þ e� ! C�
N transition is predicted to occur with a peak at

2.14 eV. b) If one takes into consideration the CN donor level (þ/0), then
electrons in the conduction band may recombine with positively charged
Cþ
N. The emission associated with the Cþ

N þ e� ! C0
N transition is pre-

dicted to peak at 2.7 eV. Reproduced with permission.[32] Copyright
2014, American Physical Society.

Figure 3. PL (broken line) and characteristic excitation band (solid line)
obtained from the PLE spectrum (squares) of the yellow luminescence
of C-doped GaN, taken at 4.2 K. The position of the ZPL is estimated
to be ð2.64� 0.05Þ eV. Reproduced with permission.[21] Copyright 1980,
The Physical Society of Japan and The Japan Society of Applied Physics.
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the thermal quenching of YL1 in n-type GaN. From
time-resolved PL measurements, the electron capture coefficient
of CnA1 ¼ ð1.1� 0.1Þ � 10�13cm3 s�1 was derived.[28,29,80,84]

Thus, the thermodynamic transition level of the defect respon-
sible for YL1, estimated to be at �0.9 eV above the VBM from the
ZPL energy as well as from the thermal quenching, is in good
agreement with both the predicted acceptor level of CN and the
energy of the H1 hole trap analyzed by DLTS. Especially for
low unintentionally doped high-quality GaN grown by HVPE
andMOCVD, a remarkable accordance between the overall carbon
concentration determined by secondary ion mass spectrometry
(SIMS) and the H1 hole trap concentration has been found.[51,52]

2.1.2. Blue Luminescence and the CN Donor Level: BLC

Interestingly, HSE-based DFT calculations additionally predict a
CN donor level at energies of EV þ 0.25–0.48 eV.[32–34,85,86]

This donor level can be expected to be observed by PL only after
the acceptor level is saturated with (photogenerated) holes, which
is the case either for high excitation power densities or in highly
compensated material, where a considerable portion of the CN
centers are already in the neutral charge state in the dark.

Initially, the green luminescence band commonly observed in
HVPE-grownGaN (later labeled GL1[28]) was proposed to originate
from this secondary CN-related transition.[85] However, based on a
C-doping study of MOCVD-grown GaN, Lesnik at el. suggested a
blue luminescence band around 2.92 eV to be this secondary tran-
sition.[87] Later Reshchikov et al.[84] revised their attribution to GL1
and reported a detailed characterization of a PL band around
2.85 eV, labeled BLC, that exhibits the predicted properties. In

n-type GaN codoped by Si and C, BLC emerged at high excitation
power densities, when the YL1 was observed to saturate. Over a
large set of such samples, these two luminescence bands were
found to correlate.[84] In semi-insulating samples, BLC was
detected at much lower excitation power densities.

Although no direct observation of the respective ZPL has been
reported yet, the ZPL was estimated to be at E0 ¼ ð3.2� 0.1Þ eV
from a fit of the BLC band shape.

[84] The experimentally determined
parameters are in close agreement with of Lyons et al.[32] and
Reshchikov et al.[84] (cf. Figure 2b). From E0, the donor level
was estimated to be at EV þ ð0.3� 0.1Þ eV. Compared to the charge
carrier capture coefficients of other defects responsible for major
defect-related PL bands in GaN, this defect level is characterized
by an unexpectedly small hole and a large electron
capture coefficient of CpA2 � 1� 10�10cm3 s�1 and
CnA2 � 1� 10�9cm3 s�1,[84] respectively. Accordingly, its radiative
recombination efficiency is very low.

Considering the dependence on C concentration and excita-
tion power density, the blue luminescence analyzed at room tem-
perature in several recent publications might likely be associated
with BLC.

[63,88,89] However, BLC is easily confused with a Zn-
related blue luminescence band BL1 around 2.9 eV[28] and, at
low temperatures, usually obscured in semi-insulating GaN by
the 3.0 eV PL band BL2, which is attributed to CN �Hi com-
plexes (see Section 3.2 for more details). BLC can most reliably
be identified by time-resolved PL measurements at very short
delays after a laser pulse (1–10 ns)[84] because it decays much
faster than BL1 (τ � 10�100 μs)[28] and BL2 (τ � 0.4 μs).[90]

Additional experimental evidence for a carbon-related donor
level was provided by observation of a trap at EV þ 0.29 eV by
DLTS in p-type GaN:Mg codoped with C.[49] This trap closely fol-
lowed the carbon concentration, together with the H1 hole trap.
Thus, the authors inferred that both traps have a common chem-
ical origin, namely, CN. They concluded from this observation
that CN not only compensates electrons in n-type GaN but also
holes in p-type GaN. Fang et al. observed trapping by two charge
states of CN to be a major hole-trapping process in n-type HVPE-
grown GaN by transient absorption spectroscopy.[91] The hole
capture coefficient derived for Cþ

N (BLC) amounts to CpA2 � 8.7�
10�7 cm3 s�1 and thus is considerably larger than the value deter-
mined from PL.[84] The hole capture coefficient determined for
C�
N (YL1; cf., Figure 2a) CpA1 � 1.6� 10�6 cm3 s�1 and the elec-

tron capture coefficient determined for Cþ
N (BLC; cf., Figure 2b)

CnA2 � 7.6� 10�9 cm3 s�1 agree well with PL results.[84]

To sum up, there is a remarkable accordance between the the-
oretically predicted properties of CN and the experimentally
derived characteristics of YL1. The detection of BLC and its cor-
relation to YL1 in a variety of samples further supports the
assignment of YL1 to the CN acceptor level while BLC is proposed
to be the secondary luminescence band related to the CN donor
level.

2.2. Medium C Concentration: PL Quenching

To identify the impurities possibly related to certain
luminescence bands, concentration series were typically
investigated, for carbon doping reported, in previous
studies.[41–43,61,63,85,87,92,93]

Figure 4. Normalized PL spectrum at T¼ 18 K from undoped bulk GaN
grown by HVPE. The solid line is the steady-state PL spectrum, denoted by
SS-PL. The dotted, dashed, and dash–dotted lines are calculated contribu-
tions of the GL, YL, and RL bands, respectively. The � symbols show the
sum of the calculated YL and RL bands. The filled circles are the time-
resolved PL spectrum taken 1ms after a laser pulse. The inset shows a
zoomed-in spectrum near the ZPL, where even the first phonon replica,
denoted by 10, is discernible. Reproduced with permission.[80] Copyright
2016, American Physical Society.
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The discussion regarding the assignment of YL1 to carbon-
related defects was preserved by recurring publications that
found no correlation between the PL band intensity and the C
concentration.[61,79]

However, the often forwarded assumption that a higher con-
centration of an impurity or dopant species results in an increase
of the corresponding PL bands has to be considered carefully.
First, it was shown that in GaN the intensity of PL associated
with a specific defect saturates at rather low defect concentra-
tions, typically in the range of 1016 cm�3 (determined on
HVPE-grown bulk GaN).[58]

Second, this assumption does not take into account the pos-
sibility of dopant incorporation in the form of different compet-
ing defect species. The defect formation is also expected to be
highly sensitive to the growth conditions used. As an example,
it was shown that for MOCVD growth the C incorporation can be
controlled by minority carrier injection (achieved by above-
bandgap illumination).[94,95] Usually for GaN grown by
MOCVD, the YL1 intensity is observed to increase with the car-
bon concentration, at least up to the range of low
1018 cm�3.[63,85,87,92] However, when grown under above-
bandgap illumination, a decrease of YL1 proportional to the illu-
mination power was found, although the total C concentration
determined by SIMS was not affected by the illumination.[94]

It was concluded by Kaess et al.[94] that C was incorporated in
a configuration different from C�

N.
Further evidence for the need to consider C incorporation

in other configurations was given by recent works on highly
resistive HVPE-grown GaN.[41–43,93] HVPE is inherently
carbon-free, resulting in low residual carbon concentrations
in nominally undoped HVPE-grown GaN. Accordingly, no
YL1 was detected in nominally undoped reference samples.
In HVPE-grown GaN with intentional carbon doping a strong
yellow emission was observed.[42,43,93] Additionally, when the
carbon concentration was increased from low 1017 cm�3 to
1� 1018 cm�3 Zvanut et al. observed the emergence of a blue
luminescence band around 2.95 eV, which they ascribed to BLC.
However, no correlation of YL1 to the carbon concentration was
observed.[42,43,93]

Instead, especially for carbon concentrations above mid-
1018 cm�3, the overall luminescence intensity strongly decreases,
indicating the formation of nonradiative defects. Simultaneously,
the apparent peak maximum in the yellow spectral region con-
tinously shifts to higher energies.[42,93] This apparent peak shift
was proposed to be related to two overlapping PL bands. Whereas
Zvanut et al.[42] suggested the involvement of carbon complexes,
Zimmermann et al.[93] associated the apparent peak shift with a
pronounced decrease of YL1 intensity revealing an underlying
green emission. The latter was attributed to GL2, which has been
proposed to be related to VN.

[96,97]

A comparison to electrical data indicates that in the case of
elevated C concentrations, centers compensating for the CN

acceptor are incorporated.[41,43,44] These groups observed that
for C concentrations above high 1018 cm�3 the electrical resistiv-
ity is saturating or even decreasing again. In particular, a detailed
analysis by Piotrzkowski et al. of the compensation ratio of the
CN acceptor indicated an almost equal amount of donor species
incorporated when the carbon concentration exceeds

mid-1018 cm�3.[44] Apart from C interstitials, they proposed C
occupying the Ga site as the most plausible donor candidate,
while Richter et al. concluded its predominant incorporation
in tricarbon complexes[43] (cf., Section 3.3).

In summary, the overall PL intensity is typically found to
quench for high carbon concentrations. This points not only
to the formation of nonradiative defects, but also indicates the
incorporation of carbon in forms different from CN.

2.3. High C Concentration: Carbon on Ga Site – CGa

Because CGa is predicted to behave as a shallow donor,[32,33,36] for
high doping concentrations a self-compensation mechanism was
proposed.[36,98] The formation energy of CGa strongly decreases
when the Fermi level approaches the valence band.[31–33,38,99] In
fact, a theoretical study investigating the carbon incorporation
under typical conditions of metalorganic vapor phase epitaxy
found the Fermi level to be pinned between 1.25 and 1.60 eV
at growth conditions where the formation energies of CN and
CGa are similar.[99] Consequently, the incorporation of CGa in
equal concentration to CN is predicted for carbon concentrations
above � 5� 1017 cm�3.[99] A recent annealing study of intrinsi-
cally (by adjustment of the growth conditions) C-doped GaN
grown by MOCVD provided evidence for the incorporation of
CGa

[100] at high C doping concentrations. Xu et al. interpreted
an increase of VGa defects after thermal annealing (1000 �C)
of a GaN sample with carbon concentration above 1019 cm�3

as the result of migration of C atoms from the Ga to the N site.
This was supported by an increase in YL1 intensity after thermal
annealing.[101] The conversion was observed to start between
700 �C and 800 �C, which roughly agrees with a predicted C
migration starting at temperatures above 900 K (627 �C).[102]

The same group also pointed out that the doping sources likely
influence the lattice sites of incorporated C, as no increase in VGa

defects was found for GaN doped by propane.[101]

Based on the early GGA and LDA-predicted shallow CN accep-
tor level, blue luminescence bands in C-doped GaN are some-
times proposed to originate from DAP-type transitions
between the CGa donor level and the CN acceptor
level.[46,57,88,98,103,104]

Regarding the considerably deeper nature of the CN acceptor
level derived by state-of-the-art first-principles calculations (see
Section 2.1), this attribution should be revised. The lumines-
cence band around 3.0 eV detected in GaN grown by
MOCVD and HVPE might be associated with the CN �Hi-
related BL2. Detailed information concerning BL2 is given
in Section 3.2. Blue luminescence around 2.85 eV is more
likely associated with the Zn-related BL1[28] or BLC (cf.,
Section 2.1.2).

Thus, although high C concentrations are expected to favor the
formation of CGa, considering the present understanding of C-
related point defects, no luminescence bands that can be related
to CGa have been reported yet.

In summary, CN is predicted to be the dominant carbon-
related defect over a wide range of concentrations.[105]

However, in the case of high C concentrations experiments indi-
cate that different C configurations need to be considered.
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3. Luminescence of Carbon-Containing Defect
Complexes

Depending on the particular growth technique, many other
chemical elements may be introduced into the growing GaN bulk
crystal. Most abundant are O, Si, and H.[106] Two main carbon-
impurity complexes have been considered to be responsible for
broad PL bands in GaN. The first one is the CN � ON complex,
which was initially discussed as one possible origin of the yellow
luminescence.[31,85,107] The second one is CN �Hi, which is pro-
posed to be responsible for a metastable blue luminescence band
around 3.0 eV labeled as BL2.[84,108]

3.1. An Early Candidate for Yellow Luminescence: CN �ON

Due to its general abundance, oxygen is a common impurity in
GaN growth regardless of the growth method. Occupying the N
site in the GaN crystal lattice, it acts as a shallow donor and con-
tributes significantly to the residual n-type conductivity of nomi-
nally undoped GaN.[109] In an n-type material the formation
energy of CN �ON predicted by first-principles calculations is
comparable to the CN formation energy[105] or even higher by
about 1.5 eV.[108,110] However, the formation energy of CN

increases when the Fermi level approaches midgap. As a conse-
quence, the formation of CN �ON is found favorable over the
formation of isolated CN for Fermi levels ranging from the
VBM to �2.1 eV above the VBM.[105,108,110] CN �ON is predicted
to be a deep donor with its (0/þ) charge state transition level at
EV þ 0.75 eV and a much deeper (þ/2þ) charge state transition
level at EV þ 0.14 eV by these groups. The calculated CC diagram
shown in Figure 5 proposes an absorption maximum at 3.30 eV
and a PL maximum at 2.25 eV. Those parameters are in fair
agreement with the properties of the YL1. Despite the predicted
second donor level, no secondary PL band is expected for CN �
ON because of the electrostatic repulsion of the positively charged
second donor level and the photoexcited holes. Based on those
predictions and the missing evidence of a secondary PL band,
the CN �ON complex was proposed to be responsible for the yel-
low luminescence around 2.2 eV in samples containing a consid-
erable amount of O[31,85] and CN was proposed to be responsible
for yellow luminescence around 2.1 eV in samples of high purity

where GL1 (commonly observed in HVPE-grown GaN[28]) was
thought to be the secondary band.[85]

However, neutral deep donors (e.g., CN � ON) are expected to
capture photoexcited holes less efficiently than ionized deep
acceptors (e.g., C�

N). Consequently, PL related to CN �ON should
be weak in n-type GaN.

Furthermore, CN and ON are next nearest neighbours and the
binding energy of those complexes is expected to be compara-
tively low. In fact, Christenson et al. estimated the ratio ½CN �
ON�=½CN� to be orders of magnitude smaller than 1 over a wide
range of oxygen concentrations,[110] as shown in Figure 6 (accord-
ing to the calculations of Christenson et al. a similar argument
holds for the concentration of CN � SiGa; cf., Figure 6).

This means that even for oxygen concentrations in the range
of 1� 1019 cm�3 the majority of C is expected to be incorporated
in the form of isolated CN. This is further supported by a recent
Fourier-transform infrared spectroscopy (FTIR) analysis of local
vibrational modes (LVMs) in C-doped GaN grown by
MOCVD.[35] Wu et al. analyzed two LVMs whose intensity cor-
related with the C concentration. By comparing their wavenum-
bers and polarization dependence to first-principles predictions,
they obtained best agreement for the configuration C�

N. Even for
C concentrations > 1019 cm�3 LVMs predicted for CN �ON

could not be observed, indicating a low concentration of the
complex.

In line with this, the previous attribution of the yellow lumi-
nescence band in MOCVD-grown GaN to the CN � ON complex
was reconsidered.[80,84] In fact, the detection of the YL1-related
ZPL as well as BLC can be seen as evidence for the CN-related
YL1 being the dominant contribution to PL in the yellow spectral
region also in MOCVD-grown samples.

Figure 5. Configuration-coordinate diagram of ðCN �ONÞ0 complex illus-
trating optical absorption and emission energies. Reproduced with per-
mission.[31] Copyright 2013, American Physical Society.

Figure 6. The concentration ratio of CN–donor complexes to the total con-
centration of CN, [CN–Donor]/[CN] for ON and SiGa donors in GaN (left
vertical axis) and the complex binding energy (right vertical axis) required
for the ratio to be unity as a function of the donor concentrations, obtained
from a detailed balance analysis of complex formation and dissociation
reactions. Two growth temperatures (1000 and 1300 K) were considered.
Reproduced with permission.[110] Copyright 2015, AIP Publishing LLC.
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Thus, although the optical transitions predicted for CN � ON
seem to be in reasonable agreement with the experimentally
determined properties of the yellow luminescence, based on
the previous discussion its attribution to CN is much more likely.

3.2. Metastable Blue Luminescence BL2 in Semi-Insulating
GaN: CN �Hi

Another frequent impurity is hydrogen. Interstitial hydrogen is
predicted to act as a donor for Fermi levels below 3.0 eV.[105,108]

The formation of complexes between C�
N and Hþ

i can be expected
from the attractive nature of the Coulomb interaction. First-
principles calculations find the formation energy of CN �Hi
complexes to be around 3.0 eV in n-type material.[105,108] If the
Fermi level is close to the CN acceptor level the incorporation
of CN �Hi is found to be favorable over the incorporation of
CN.

[105,108] The CN �Hi complex is predicted to be a deep donor
with its (0/þ) charge state transition level between 0.1 and 0.3 eV
above the valence band edge.[105,108]

A blue PL band around 3.0 eV labeled BL2 is often observed in
highly resistive and semi-insulating GaN grown by MOCVD and
HVPE.[90,108,111–114] At low temperatures, BL2 can be distin-
guished from other PL bands in the blue spectral region by
its high-energy fine structure that is highlighted in Figure 7.

The ZPL at 3.33 eV is accompanied by phonon replicas at mul-
tiples of 91meV, the GaN LO-phononmode,[115] and multiples of
36meV corresponding to a (pseudo) local vibrational
mode.[90,108] BL2 quenches at temperatures above 75 K with
EA � 140–150meV.[84,90,114] This value agrees well with the ther-
modynamic transition level �150meV above the VBM as deter-
mined from the ZPL.[90,108]

BL2 bleaches under continuous UV exposure, whereas the
YL1 band rises simultaneously, as shown in Figure 8.[43] The
original state can be restored after the material is kept in the dark
at room temperature for several hours to days.[108,116] The

spectral transformation of BL2 to YL1 indicates a conversion
of the defect responsible for BL2 into the YL1 center.[90,108,111–114]

It was therefore proposed,[90,108] that BL2 originates from a
complex of the YL1 center and hydrogen, which can be dissoci-
ated by a recombination-enhanced defect reaction.[117]

Considering the association of YL1 to the CN acceptor level
(cf., Section 2.1), BL2 is consequently attributed to the CN �
Hi complex. The thermodynamic transition level determined
from the ZPL as well as the thermal quenching roughly agrees
with the range of predicted CN �Hi donor energies.
Furthermore, the nearly exponential decay at low temperatures
with a characteristic time constant of 0.3–0.4 μs[84,90] indicates
that BL2 is an internal transition between an excited hydrogen-
like state close to the conduction band and the deep donor level
at 0.15 eV above the VBM.

The fact that BL2 can only be observed in highly resistive and
semi-insulating GaN can be explained by the complex beingmost
stable in the range 1.0 eV < EF < 3.0 eV above the VBM, with a
calculated binding energy of 1.2 eV.[105,108] Its concentration can
thus be expected to be negligible in n-type material.

BL2 is only observed in GaN grown by HVPE and MOCVD,
where hydrogen is an abundant impurity. The participation of
hydrogen is further supported by annealing experiments in N2

atmosphere. Annealing at 1000 �C completely supressed BL2
and YL1 was found to increase. After annealing the H concen-
tration was reduced below the SIMS detection limit, whereas the
concentration of other residual impurities was not affected.[113]

Based on the beginning transformation at temperatures
between 600 �C and 700 �C, those authors estimated EA ¼
2.3–2.5 eV for the complex dissociation. Note that this is the
sum of the binding energy of the CN �Hi complex and the
migration barrier of Hþ.[113] Assuming the predicted binding
energy of 1.2 eV,[105,108] the estimated migration barrier of
1.1–1.3 eV is in good agreement with migration barriers pre-
dicted for the MgGa – H[118] and CN �ON �H[108] complex dis-
sociation. At room temperature, hydrogen returns to the
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Figure 7. Low-temperature (T¼ 15 K) PL spectrum of carbon-doped bulk
GaN ([C]¼ 5� 1017 cm�3) grown by HVPE excited at Pexc ¼ 36mWcm�2.
The ZPL of the BL2 band at E0 ¼ 3.323 eV and its first LO-phonon replica
are indicated with an arrow. The dashed arrows mark the first two replicas
related to the LVMs at distances of 36 meV.
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complex,[108] thus explaining the restoration of the initial BL2 and
YL1 intensities. The process is thermally activated with
EA� 1.35 eV as determined from the temperature dependence
of the recovery time.[111]

In conclusion, BL2 is a metastable luminescence band around
3.0 eV merely detected in highly resistive and semi-insulating
GaN. Based on its interplay with YL1, it is associated with
CN �Hi.

3.3. Sub-Bandgap Excited Luminescence RLC: Multicarbon
Complexes

Just recently, the possibility of bi- and tricarbon defects started to
be reconsidered theoretically. The formation of pairs formed
from CN and CGa or interstitial C configurations was investigated
by two groups independently. Matsubara and Belotti[33] as well as
Deák et al.[34] found formation energies for carbon pairs in the
range 2.2–3.0 eV when EF is close to the CN acceptor level.
Furthermore, Deák at al. also predicted a tricarbon defect com-
prising one interstitial C with two CN (ðC� NÞN þ 2CN) with a
similar formation energy. Those values are low enough com-
pared to the CN formation energy to consider the possible effect
of C defects containing more than one C atom on experimental
findings.

In fact, the presence of tricarbon defects in bulk GaN grown by
HVPE and C doped either with pentane or butane was indicated
by local vibrational modes observed in infrared absorption spec-
troscopy.[43,119] A detailed analysis of the isotope effect on the
LVMs in crystals with 13C-enriched doping clearly proved the
assignment of those modes to complexes involving three C
atoms.[120] Based on their polarization behavior, those LVMs
were proposed to be related to crystallographically inequivalent
configurations of CN � CGa,off � CN (CGa,off denotes an off-center
Ga site).[120] Furthermore, the intensity of these complex-related
LVMs was sensitive to additional illumination with light of
385 nm (3.22 eV), indicating the presence of related charge state
transition levels in the GaN bandgap.

This is further supported by the observation of an absorption
onset at 2.5–2.6 eV resulting in a bulk photovoltaic effect in sur-
face photovoltage (SPV) measurements[121] and a PL band
around 1.62 eV in those samples,[93] for clarity further referred
to as RLC. RLC is associated with an excitation onset at 2.4 eV
and an excitation maximum at 2.7 eV. A similar luminescence
band was earlier described for GaN doped by propane.[122]

RLC was found to follow the C concentration. Based on the emis-
sion and excitation energies as well as the thermal quenching,
RLC was proposed to be an internal transition between an
effective-mass-like excited state and a deep ground state level
of a deep trap associated with the tricarbon defects.[93]

However, from the available data, it was not possible to deter-
mine whether the deep center is a deep donor or acceptor with
the respective ground state in the lower or upper half of the
bandgap.

In summary, there is increasing experimental evidence for the
incorporation of multicarbon complexes that have not usually
been considered in the interpretation of experimental data. It
is likely that not only the optical but also the electrical properties
of highly C-doped GaN are influenced by these complexes.

4. Conclusion

Carbon doping of GaN is a topic of great current interest, e.g., for
creating highly resistive buffer layers of power electronic devices.
Yet, the detailed identification of carbon-related defects and their
influence on the material properties has been lively discussed for
more than 40 years. Building on notable advances over the last
decade regarding theoretical calculations, available bulk material
quality, and a deeper understanding of the influence of experi-
mental characterization conditions, an update on the current sta-
tus of the particular subfield of interpretation of carbon-related
luminescence bands is provided in this review.

The main respective optical transitions, assuming the C-
related origin of the PL bands described previously, are summa-
rized in the following list and visualized in the band diagram
model in Figure 9.

YL1 Band: this luminescence band can be detected around
2.2 eV with a resonant absorption at about 3 eV. At low temper-
atures the ZPL related to the DAP transition can be identified at
2.57 eV. The observed optical properties and thermal quenching
behavior of YL1 are in good agreement with recent DFT calcu-
lations predicting the CN (0/�) acceptor level about 0.9 eV above
the VBM.

BLC Band: this PL band is characterized by a luminescence
peak around 2.85 eV. BLC occurs after saturation of YL1 under
high excitation power densities or in semi-insulating GaN. It
is proposed to be the secondary band of YL1 that is caused by
transitions via the CN (þ/0) deep donor level �0.3 eV above
the VBM after trapping of a second hole by the CN center.

BL2 Band: This broad luminescence band observed in highly
resistive and semi-insulating GaN is characterized by a peakmax-
imum at 3.0 eV and a distinct high-energy fine structure with a
ZPL at 3.33 eV. BL2 bleaches under prolonged UV illumination,
whereas the YL1 intensity increases simultaneously. Based on
this behavior and considering annealing experiments, BL2 is
associated with transitions between a hydrogen-like excited state
and the (0/þ) donor of the CN �Hi complex. The activation

Figure 9. Schematic band diagram model summarizing the peak energies
of C-related PL bands. The labels used are introduced in the text. SD
denotes “shallow donors.” Dashed lines annotated by an asterisk indicate
excited states. Note that for the tricarbon-related PL a similar representa-
tion with an acceptor ground state in the upper half of the bandgap and an
excited state close the the valence band also is suitable to explain the
experimental findings.
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energy of thermal quenching EA ¼ 0.15 eV lies within the range
of predicted donor-level energies.

RLC Band: The PL band at 1.62 eV revealed by sub-bandgap
excitation is associated with a resonant absorption band around
2.7 eV. It is proposed to originate from an internal transition
between an effective-mass-like excited state and a deep ground
state level related to tricarbon complexes.

The recent progress reported in the literature was summa-
rized and a rather consistent picture of the influence of different
involved donor and acceptor levels on carbon-related PL bands
could be given, including the contribution of relevant carbon-
impurity complexes. Nevertheless, the richness and complexity
of the interplay of growth techniques, growth conditions, dopant
sources, and defect formation in GaN as well as future improve-
ments in the theoretical treatment of point defects is certainly
believed to provide further insights.
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