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We demonstrate that yellow luminescence often observed in both carbon-doped and pristine GaN is the

result of electronic transitions via the CN-ON complex. In contrast to common isolated defects, the CN-ON

complex is energetically favorable, and its calculated optical properties, such as absorption and emission

energies, a zero phonon line, and the thermodynamic transition level, all show excellent agreement with

measured luminescence data. Thus, by combining hybrid density functional theory and experimental

measurements, we propose a solution to a long-standing problem of the GaN yellow luminescence.
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Technological advancements in GaN doping have made
it a suitable material for applications in recently developed
blue and green light-emitting diodes [1], the blue-emitting
GaN-based lasers [2,3], and solar cells [4]. Understanding
the optical and electronic properties of defects in GaN is of
great importance for evaluating the degree to which they
affect the devices’ performance. The most notoriously
controversial defect-induced optical transition in GaN is
centered around 2.2–2.3 eV and is often referred to as the
yellow luminescence (YL) [5–7]. This YL band is usually
observed in n-type GaN [5,8], both for undoped samples
[9] and samples containing carbon impurities [10–12].
Nevertheless, the microscopic origin of the YL band has
been debated for almost 30 years, and the exact attribution
of the YL band to specific defects in GaN has been unclear.
Early works attributed the YL band to the formation of the
VGa-CGa complex [6]. With the development of density
functional theory, it has been suggested that Ga vacancies,
VGa, both isolated and bound into a complex with oxygen
donors, ON, (and possibly silicon donors, SiGa) are respon-
sible for the observed YL [13,14]. These theoretical results
have found some experimental support where positron
annihilation experiments showed apparent correlation of
the YL intensity with the concentration of Ga vacancies
[15]. On the other hand, experimental findings have also
indicated that lattice defects alone do not cause YL, rather
H, C, and O, possibly bound into complexes, produce the
observed YL band [12]. Most recently it has been sug-
gested that carbon substituting for nitrogen CN creates a
deep acceptor in GaN, which may be responsible for the
YL band [16].

In this Letter, we demonstrate that theCN-ON complex is
responsible for the observed carbon related YL in GaN.
Using hybrid density functional theory and experimental
photoluminescence (PL) measurements, we show that the
calculated emission and absorption energies, zero phonon
line, and thermodynamic transition level for the CN-ON

complex are all in excellent agreement with the PL data.
Furthermore, the formation energy of the carbon bound
into the CN-ON complex is significantly lower than that of

any other carbon defect. A systematic study has been
performed in order to eliminate possible alternative
explanations, including isolated defects and complexes,
thus offering a solution to the YL problem.
Figure 1 shows the spectral dependence (inset) and the

temperature dependence of the PL intensity for the YL
band in GaN. The YL band has an abrupt onset at 2.6 eV
(which can be identified as the zero-phonon energy), a
maximum at 2.20 eV and the full-width at half maximum
of 410 meV at 15 K. From the fit of the temperature
dependence of the YL intensity (Fig. 1) we have deter-
mined the activation energy (thermodynamic transition
level) of EA ¼ 850 meV for the defect responsible for
the YL band. The hole-capture coefficient, CpA, obtained

from this fit (6� 10�7 cm3=s) is close to the values
reported in the literature [5], and other parameters are
very similar to the parameters of the YL band in C-doped
GaN [6]. We observed a moderate shift to higher energies
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FIG. 1 (color online). Temperature dependence of the YL band
intensity. Excitation power density is 0:3 mW=cm2. The line is a
fit with Eq. (6) from Ref. [5] with the following parameters:
�R ¼ 3:7� 10�4 s (determined from the time-resolved PL),
EA ¼ 850 meV, CpA ¼ 6� 10�7 cm3=s. The inset shows the

PL spectrum at 15 K.
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by only 8� 2 meV with increasing excitation power den-
sity from 10�6 to 0:1 W=cm2. This shift is commonly
explained by the donor-acceptor-pair (DAP) type transi-
tion, where an electron bound to a shallow donor recom-
bines with a hole bound to a deep acceptor. Because of the
DAP interpretation, most defects suggested in the literature
as sources of YL in GaN have been deep acceptors.
However, as we show below, this is not necessarily the
case. The sample used to obtain these results was grown by
metalorganic chemical vapor deposition, and contained Si,
C, and O atoms with concentrations of 3� 1016, 4� 1016,
and 5� 1016 cm�3, respectively [17]. However, the con-
centration of the defects responsible for the YL band in this
sample has been estimated to be 3:3� 1015 cm�3 [18].
Therefore, the concentration of defects responsible for the
YL band is much lower than the concentrations of elemen-
tal point defects, suggesting that defect complexes, which
have concentrations lower than that of the elemental
defects, can explain this discrepancy.

Our theoretical approach is based on the hybrid func-
tional method which in recent years has become a preferred
approach for the analysis of defects and their properties in
semiconductors [19]. It offers a practical compromise
between the semilocal or local approximations to the den-
sity functional theory [20] and the computationally
demanding many-body methods (GW) [21,22]. Our calcu-
lations are based on the Heyd-Scuseria-Ernzerhof (HSE)
hybrid functional [23] as implemented in the VASP program
[24], with the projector augmented wave method [25,26].
In an exchange tuned hybrid functional calculation
of defects in semiconductors, the semilocal density
exchange-correlation part of the density functional is
mixed with a Fock-type exchange part in a ratio adjusted
to match the band gap of the host material. Compared to
semilocal functionals, this also improves the host lattice
properties [27], which is important to capture the defect
relaxation properties. We use the HSE hybrid functional
with the fraction of exact exchange of 0.31, and the screen-

ing parameter of 0:2 �A�1. These parameters accurately
reproduce both the band gap and the lattice properties of
bulk GaN [28]. The resulting band gap of 3.49 eV is in
good agreement with the low-temperature experimental
value of 3.50 eV [29]. We used the value of the band gap
renormalized by zero-point motion [30] to incorporate
these effects into the gap fitting. Computed relaxed lattice

parameters for wurtzite GaN (a ¼ 3:210 �A, c ¼ 5:198 �A,
and u ¼ 0:377) also agree with experimental values

(a ¼ 3:189 �A, c ¼ 5:185 �A) [31]. The 128 atom super-
cells were used with atomic structures relaxed using HSE

hybrid functional calculations to yield forces of 0:05 eV= �A
or less. The plane-wave basis sets with 400 eV cutoff at the
� point were used in all electronic structure calculations.
Spin-polarized calculations were performed in all cases.
Systematic tests were performed in order to identify and
evaluate the sources of error, and the influence of any of

these parameters on the defect thermodynamic and optical
transition levels.
The defect formation energy Ef determines the proba-

bility of a particular defect configuration to be realized.
It is defined [20] Ef ¼ Edef

tot � Ebulk
tot �P

i�ni�i þ qEF þ
�V þ�EMP, as the total energy difference of the supercell
with the defect and the bulk supercell, minus their differ-
ence in the chemical potentials�i for the number of atoms
difference �ni in the two cells, adding the energy cost of
charging the defect qEF, assuming the exchange of elec-
trons with the Fermi level EF. The two remaining terms
correct for the electrostatic errors of two different origins.
The potential alignment �V arises from dropping the
diverging G ¼ 0 term in the Fourier energy expansion in
a charged supercell [32]. This term is usually small (0.05 to
0.15 eV) and proportional to the defect formal charge q.
The last term is the spurious electrostatic interaction cor-
rection for charged defects, following Makov and Payne
[33,34]. Here the Madelung energy was used along with
the 3rd order corrections analyzed in detail by Lany et al.
[35]. Both terms scale as q2 and depend on the supercell
geometry. The Madelung energy for the 128 atom GaN�
1e charged cell is �0:20 eV, while the 3rd order term is
�� 0:073 eV. Following Ref. [36] we also applied
Madelung corrections to neutral impurities where electrons
(holes) occupy the conduction (valence) band, i.e., forming
a charged ion in delocalized compensating charge density.
For the 128 atom cells used in this work, the use of the �

point only rather than a k-point mesh was found to cause
negligible errors. The total energy errors between the �
point and the 222 k point either Monkhorst-Pack or
�-centered mesh did not exceed 0.05 eV. A more signifi-
cant source of error was found to be the plane-wave energy
cutoff. In the literature for the typical HSE calculations of
the defects in supercells, it is often set to 300 eV [16,28].
However, formation energies computed with a 400 eV
energy cutoff were found to differ by about 0.1–0.2 eV
from those of 300 eV. This error is not the same for
different charge states of a given defect configuration,
and therefore does not cancel out in optical transition
calculations.
The remaining error related to the size of the cell

includes several different error sources, i.e., elastic inter-
actions and errors related to the supercell band structure.
For example, between the 72 and 128 atom cells, the error
in formation energy reaches 0.2 eV for isolated defects and
up to 0.55 eV for some of the complexes. We tested hybrid
functional calculations for supercells containing up to 300
atoms, and found that this error is reduced to about
0.15–0.2 eV for complexes and about 0.05 eV for isolated
defects when using 128 atom cells. In some cases, this error
can be estimated as the energy difference between the
impurity band center of mass and the �-point eigenvalue
[36]. We estimated these errors using generalized gradient
approximation for supercell sizes ranging from 128 to 572
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atoms, and found them to be 0.1 to 0.2 eV. These values
are very similar for different charge states of the same
defect, leading to error cancellation in the computed tran-
sition energies.

Formation energies of defect complexes.—The forma-
tion energies of different carbon defect configurations are
presented in Figure 2, where in Ga-rich and Ga-poor
growth conditions, Ga and N chemical potentials are sepa-
rated by the GaN formation enthalpy, computed to be
�HGaN ¼ �1:25 eV. The only carbon-related defect com-
plex that is found to be energetically favorable is the
CN-ON complex. For n-type GaN, its formation energy is
more than 2.5 eV lower than that of the isolated CN. The
binding energy of this complex is 0.32 eV in both Ga-rich
and Ga-poor conditions. However, in Ga-poor conditions
the isolated oxygen donor has formation energy 1.4 eV
lower than that of the complex, implying that in these
conditions, complex concentrations will be low compared
to those of the isolated impurities. In Ga-rich conditions,
the complex formation energy is almost the same as that of
ON and �2:6 eV lower than that of the CN; thus, the
complex concentrations are expected to be large. The
CN-ON complex is a deep donor, with a 0=þ thermody-
namic transition level at 0.75 eV above the valence band
maximum (VBM), and a deeper þ=2þ level at 0.14 eV
above the VBM.

It has been suggested that Ga vacancy complexes could
be responsible for the YL [6,13,14]. However, the PL band
produced by the VGa-ON complex is computed here to be
infrared, with a maximum at 1.42 eV. The VGa-CGa

complex is unlikely to form, due to a high formation
energy (� 9:2 eV in n-type GaN), leading to a negative
binding energy. The donor-acceptor complex CN-CGa is
also found here to have a high formation energy, 5.32 eV

for n-type GaN, regardless of the growth conditions and is
unlikely to form.
In close agreement with previously published results,

[16] we also find that the isolated CN is a deep acceptor
with a transition energy of 1.09 eV. We also find a deep
þ=0 transition level at 0.43 eVabove the VBM. A substitu-
tional CGa donor was also found to have a relatively high
formation energy, in both Ga-rich and Ga-poor conditions,
with the shallow donor level at 0.18 eV below the conduc-
tion band minimum (CBM). The shallow donor ON is
found to have a thermodynamic transition level 0.14 eV
below the CBM. This defect has a negative formation
energy, implying that all available oxygen atoms will read-
ily form the substitutional donors. The negative formation
energy stems from the fact that all gallium oxides have a
much larger magnitude of the formation enthalpy com-
pared to that of GaN [37]. For example, the computed
enthalpy of formation for common Ga2O3 is �10:5 eV,
compared to �1:25 eV for GaN.
Optical transitions.—The calculated optical transitions

using configuration coordinate diagrams are presented in
Fig. 3. Initially, the ground state of the CN-ON complex in
the n-type GaN is neutral. As a result of the optical
excitation producing an electron-hole pair, the CN-ON

complex captures the hole which transfers the complex
into a ðCN-ONÞþ charge state. The excitation energy for
this transition is calculated to be 3.30 eV, which agrees
with the experimental values of 3.19 [6] and 3.32 eV [38].
Loosing the excess energy through the lattice relaxation,
the ðCN-ONÞþ complex relaxes into the minimum energy
structure of the excited state. Figure 3 also shows the
computed electronic band structure in the �-M direction,
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FIG. 2 (color online). Defect formation energies as a function
of the Fermi energy in Ga-rich and Ga-poor growth conditions.
Defect thermodynamic transition levels in the GaN band gap
correspond to the intersections of different slopes (charge states)
of each line.
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FIG. 3 (color online). Band structure of the ðCN-ONÞ0 defect
complex ground state. The three localized defect states are
labeled (a), (b), and (c). The configuration coordinate diagram
illustrates the absorption and emission energies. The charge
densities of the three localized defect states are plotted at 15%
of their maximum. Large green atoms are Ga, smaller light-gray
atoms are N, the dark red atom is O (in the front), and the dark
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with the localized defect electronic levels [labeled (a), (b),
and (c)] slightly broadened by the spurious interactions due
to the use of periodic boundary conditions. The crystal
structure used in these band structure calculations is fixed
at the relaxed ðCN-ONÞþ charged state, to represent the
electronic structure related to the optical emission. The
highest defect state will be occupied by the captured
hole, allowing the subsequent radiative recombination of
an electron in the CBM and the hole localized on the
CN-ON complex [the localized charge density of the hole
is also shown in Fig. 3(a)]. This emission energy for the
maximum of the YL band is computed to be 2.25 eV. The
subsequent ðCN-ONÞ0 lattice relaxation energy (Franck-
Condon shift) is computed to be 0.48 eV, yielding the
zero-phonon transition at 2.7 eV. As a result, the complex
returns to its ground state ðCN-ONÞ0. The difference
between the absorption and emission peaks (Stokes shift)
is found to be 1.05 eV. These calculated results are in
excellent agreement with our measurements, where the
PL emission peak is found at 2.20 eV (Fig. 1), supporting
our proposed YL source as the CN-ON complex. They also
agree very well with configuration diagrams deduced from
early experiments in Ref. [6].

Recently, Lyons et al. [16] have suggested that the YL
band can be explained by the transitions to the CN deep
acceptor, obtaining 2.14 eV for the optical transition from

the conduction band to the CN
0=� level. Using the 300 eV

energy cutoff in our hybrid functional calculations, we
reproduce these results. However, increasing the cutoff to
400 eV results in a deeper thermodynamic transition en-
ergy of 1.09 eV (0.9 eV in Ref. [16]), which does not agree
well with a measured ionization energy of 0.85 eV for the
YL-related acceptor obtained here and in early works on
the subject [6]. This shift changes the calculated optical
transition energy to a red optical transition with a maxi-
mum at 1.88 eV. The absorption band maximum also low-
ers and is found to be at 2.76 eV. Therefore, the calculated
properties of the isolated CN acceptor do not agree well
with the experimental data for the carbon-related YL in
GaN. On the other hand, the more energetically favorable
CN-ON complex yields optical transitions in agreement
with the measured PL spectrum (Figure 1).

The proposed explanation of the YL band by the CN-ON

complex is also consistent with previously published ex-
perimental data. In particular, a blueshift of a PL band with
increasing excitation intensity is commonly attributed to
the DAP-type optical transitions involving a shallow donor
and a deep acceptor [5]. However, the blueshift for a PL
band can also be caused by transitions from shallow donors
to a deep donor. For example, the presence of several types
of shallow donors with different ionization energies would
cause the same effect as the DAP with random distribution
of pair separations. Moreover, the broadening of a shallow
donor level due to the interaction of impurities is identical
to the presence of several types of shallow donors.

Hitherto, the attribution of the YL-related defect to a
deep acceptor rather than a deep donor historically always
appeared more reasonable, because the capture of holes by
negatively charged acceptors is more efficient than the
capture by a neutral donor. Nevertheless, our estimates
for deep-level defects in GaN indicate that the hole-capture
efficiency for a neutral donor is only an order of magnitude
lower than that for a negatively charged acceptor [39],
which is sufficient to cause the observed YL.
In conclusion, we have demonstrated that the deep donor

complex ðCN-ONÞ0 explains the microscopic mechanism of
the YL in GaN. This complex has a low formation energy
and therefore should be present in sufficient concentrations
to cause the observed PL. Calculated optical transitions via
the localized defect states of this complex are in excellent
agreement with the measured PL data (experimental values
are given in brackets): thermodynamic transition level of
0.75 eV (0.85 eV), absorption energy 3.30 eV (3.32 eV),
emission energy 2.25 eV (2.20 eV), and zero phonon
transition 2.70 eV (2.60 eV). This complex has not been
proposed as a source of the yellow band in GaN, while all
other defects previously suggested to be sources of this
band exhibit high formation energies and would produce
red or infrared PL. Thus, we resolve a 30-year-old problem
of microscopic origin of yellow luminescence in GaN.
This work used the computational facilities of the VCU

Center for High Performance Computing.
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Phys. 92, 6553 (2002).

[11] A. Armstrong, A. R. Arehart, D. Green, U.K. Mishra, J. S.
Speck, and S. A. Ringel, J. Appl. Phys. 98, 053704 (2005).

[12] S. O. Kucheyev, M. Toth, M.R. Phillips, J. S. Williams, C.
Jagadish, and G. Li, J. Appl. Phys. 91, 5867 (2002).

PRL 110, 087404 (2013) P HY S I CA L R EV I EW LE T T E R S
week ending

22 FEBRUARY 2013

087404-4

http://dx.doi.org/10.1063/1.111832
http://dx.doi.org/10.1063/1.111832
http://dx.doi.org/10.1038/386351a0
http://dx.doi.org/10.1038/386351a0
http://dx.doi.org/10.1063/1.3481424
http://dx.doi.org/10.1063/1.3481424
http://dx.doi.org/10.1063/1.1868059
http://dx.doi.org/10.1063/1.1868059
http://dx.doi.org/10.1143/JJAP.19.2395
http://dx.doi.org/10.1063/1.115098
http://dx.doi.org/10.1103/PhysRevB.51.13326
http://dx.doi.org/10.1103/PhysRevB.51.13326
http://dx.doi.org/10.1063/1.1518794
http://dx.doi.org/10.1063/1.1518794
http://dx.doi.org/10.1063/1.2005379
http://dx.doi.org/10.1063/1.1467605


[13] J. Neugebauer and C.G. Van de Walle, Appl. Phys. Lett.
69, 503 (1996).

[14] T. Mattila and R.M. Nieminen, Phys. Rev. B 55, 9571
(1997).

[15] K. Saarinen, T. Laine, S. Kuisma, J. Nissilä, P. Hautojärvi,
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