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We investigate the properties of heavily C-doped GaN grown by hydride vapor phase epitaxy (HVPE) using
both optical experiments and hybrid density functional theory calculations. Previous work has established
that carbon acceptors (Cy) give rise to a yellow luminescence band near 2.2 eV along with a blue luminescence
band near 2.9 eV. Photoluminescence measurements show the yellow band shifting as a function of carbon
concentration, suggesting a change in the behavior of carbon species as carbon content increases. With hybrid
density functional theory we calculate the electrical and optical behavior of carbon centers containing multiple
carbon impurities, which may arise in heavily-doped material. We compare the behavior of these complexes to
the isolated centers, and find that the dicarbon donor-acceptor (Caa-Cn) complex is a candidate to explain
the shift in the yellow luminescence peak. Tricarbon complexes have high formation energies and modest
binding energies, and also give rise to optical transitions that are inconsistent with the observed spectra. We
also identify the split dicarbon interstitial on the gallium site as a low-energy species with a large binding
energy that may act to compensate carbon acceptors. Local vibrational modes are calculated for carbon
impurity centers, and we compare these results to recent experiments. Dicarbon and tricarbon complexes
involving Cq, and Cy exhibit modes that are only slightly higher than the isolated species, while carbon
interstitials and related complexes give rise to vibrational modes much higher than Cg, and Cy.

I. INTRODUCTION

Carbon is among the most important contaminants
and intentional dopants of GaN. Due to its presence in
precursor molecules, it is often unintentionally incorpo-
rated during GaN grown with metal organic chemical va-
por deposition! or atomic layer deposition techniques.? In
addition to being a contaminant, C is also intentionally
added to GaN to compensate donors and create semi-
insulating material useful in many device designs.>* Deep
level transient spectroscopy (DLTS) measurements have
also shown that C can act as a hole trap, compensat-
ing Mg doping in p-type GaN." In addition to acting as
a compensating center, C leads to carrier trapping that
can reduce device performance, and balancing between
these two behaviors will be crucial for designing future
GaN-based devices.%7

The electrical behavior of moderately C-doped GalN
seems to be driven by the deep acceptor incorporat-
ing on the nitrogen site (Cy).® Because it exhibits a
(0/—) acceptor level ~1 eV above the valence-band max-
imum (VBM) of GaN, Cy can lead to semi-insulating
material, as indicated by recent temperature-dependent
Hall measurements on C-doped GaN.? Vibrational spec-
troscopy experiments have also confirmed that C incor-
porates as Cy in C-doped GaN, giving rise to distinct lo-
cal vibrational modes (LVMs) between 750-780 cm—1.19
Optical experiments also support the deep acceptor be-
havior of Cy, which was predicted® to give rise to the

long-observed 2.2 eV yellow luminescence (YL) peak in
GaN.1!

In addition, due to a deep (+/0) donor transition level,
Cn was also predicted'? to give rise to a blue lumines-
cence (BL) peak at 2.7 ¢V. A combined experimental
and theoretical investigation also attributed 2.2 eV YL
and 2.9 eV BL signals to the two charge-transition lev-
els of Cy, and also found that the BL band appeared
mostly in heavily C-doped GaN and at high excitation
intensities.!> DLTS studies have also associated a trap
0.29 eV from the VBM with Cy,'* indicating that Cy
might be an important source of carrier compensation in
p-type GaN, due to the presence of the (+/0) donor level
in the vicinity of the VBM.

More recently, questions have emerged about the
behavior of carbon in heavily-doped GaN. Using hy-
brid functional calculations, Matsubara and Bellotti in-
vestigated the properties of C-containing complexes in
GaN, 1516 including complexes containing two C centers.
In particular, they found that Cg,-Cn [i-e., a complex
between the carbon acceptor and a carbon donor on the
gallium site (Cga), as shown in Fig. 1] had a moderate
formation energy and binding energy (relative to isolated
Cga and Cy) in n-type GaN, and exhibited donor tran-
sition levels near the GaN VBM. Dedk et al. also in-
vestigated the properties of multi-carbon complexes, and

found similar behavior!?.

With  photoluminescence  (PL),
dependent Hall effect measurements,

temperature-
and magnetic
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FIG. 1. Configurations of C-containing defects and complexes
in GaN. In (a), the split-interstitial configuration of C2* is
shown, in (b) the (Cn-C;)* complex, and in (c) the (Cga-
C;)*" complex. The Cga-Cn dicarbon complexes are shown
in the (d) az and (e) pl configurations, both in the neutral
charge state.

resonance experiments, Zvanut et al. examined'® the
electronic, optical, and defect properties of HVPE-grown
GaN doped with a range of C concentrations. They
found that the resistivity of these samples saturated
at concentrations above 2 x 107 c¢cm™3, as did the
electron paramagnetic resonance (EPR) signal of the
Cn acceptor, suggesting that Cn was compensated by
newly-formed defects at high levels of C doping. Fur-
thermore, Piotrzkowski et al.'® reported an increase in
carbon compensation as its concentration was increased
in GaN, and suggested that significant incorporation of
C-related donors [such as Cg, and carbon interstitials
(C;)] were the origin of this behavior.

Other researchers have claimed that tricarbon com-
plexes form in both AIN and GaN heavily doped with
C.20-24 Baged on vibrational spectroscopy measurements
that identified a distinct LVM at 1769 cm ™! in C-doped
AIN, Irmscher et al. proposed?? that a tricarbon Cn-Cai-
Cy complex was forming in this material. Later studies

CGa'Ci 'CN

FIG. 2. Configurations of tricarbon complexes in GaN. The
tricarbon Cn-Cga-Cn complexes are shown in (a) pl and (b)
az orientations, both in the negative charge state. In (c) the pl
and (d) the az orientations of the Cqa-Cn-Cga complexes are
shown, both in the + charge state. Also shown are two other
trica;l)on complexes: in (g) (Cga-Ci-Cn)*T and (h) (Cn-Ci-
Cn)“T.

found similar high-wavenumber LVMs in C-doped GaN,
which was attributed to the presence of analogous Cy-
Caa-Cn tricarbon centers (with the counterpart Cga-
Cn-Cga complexes suggested to occur in less significant
concentrations).?1:?22> Examples of such complexes are
shown in Figs. 2a-d. To our knowledge, the stability and
electronic properties of this type of tricarbon complex
has not been evaluated by first-principles calculations.
Here we investigate heavily C-doped GaN using a com-
bination of experiments and density functional theory
(DFT) calculations. PL measurements indicate that the
YL peak blueshifts as C concentration increases, while
the BL peak decreases in intensity. Optically-detected
magnetic resonance (ODMR) experiments confirm that
the Cn acceptor is participating in the YL process, and
suggest that a similar center (likely Cf) is participat-
ing in the BL. DFT calculations on a set of C-containing



species indicate that Cg,-Cn are a likely candidate for
causing the shift in the YL band as C content increases.
Complexes containing three C atoms (which have been
proposed previously) do have modest binding energies
(but high formation energies), and their optical proper-
ties are not consistent with experiment. We also calculate
LVMs of C-containing centers, and find that the dicarbon
and tricarbon complexes give rise to C-related LVMs only
slightly higher than isolated Cny or Cgs. LVMs exceed-
ing 1700 cm ™! are only predicted for species involving Cj,
but not for the tricarbon complexes as had been proposed
previously.2!:22

Il. EXPERIMENTAL AND THEORETICAL METHODS

The PL and ODMR experiments were performed
on C-doped GaN grown by HVPE on high-quality
ammonothermal GaN seeds and subsequently removed
from those seeds via mechanical polishing to form free-
standing 250-500 micron-thick substrates. The sub-
strates were intentionally doped with carbon impurities
by adjusting the CH4 flow rate in the growth reactor
zone. Additional growth details are given elsewhere.”
We note that these PL. and ODMR defect characteriza-
tion studies were all done on the same 2 mm x 6 mm
size samples diced from their parent carbon-doped GalN
substrates. Secondary ion mass spectroscopy (SIMS) of
these GaN substrates revealed C doping levels from 2 x
107 — 1 x 10" cm ™3 and a uniform depth profile over
the top 6 microns. Also, SIMS showed evidence for two
common residual shallow donor (SD) impurities, with Si
in the range of 2-6 x 10'7 cm™® and oxygen between
1 and 3 x 107 cm™3, as well as residual Mg (accep-
tor) impurities with concentrations of 3-7 x 10'® cm—3.
In addition, EPR'® of these same samples and detailed
variable temperature (455-1000 K) Hall effect transport
measurements'? on sister substrate samples were also re-
cently published. Most notably, both the EPR and trans-
port studies revealed evidence for increasing concentra-
tions of compensating donor species with increasing C
doping levels.

The optical recombination processes in the GaN:C
samples were investigated by PL spectroscopy at 2 K.
The PL was excited with the 351 nm line from an Ar ion
laser. The emission was analyzed by a 0.25 m double-
grating spectrometer and detected by a UV-enhanced
GaAs photomultiplier tube. In addition, the nature and
possible origin(s) of the radiative recombination observed
from these samples were further probed using ODMR
spectroscopy. The ODMR experiments at 1.6 K were
performed in a 24 GHz spectrometer with the samples
placed in the tail section of the same optical cryostat
employed for the PL studies. The ODMR signal corre-
sponds to the change in the PL intensity detected by a Si
photodiode that was coherent with the on-off amplitude
modulation (~700 Hz) of 50 mW of microwave power
while sweeping a dc magnetic field up to 1.1 T. Finally,

the emission bands discussed below were separately ana-
lyzed via the ODMR technique by placing a combination
of visible long-wavelength cutoff and/or bandpass filters
in front of the Si photodiode.

Our calculations are based on DFT?% using the hybrid
functional of Heyd, Scuseria, and Ernzerhof (HSE)?7:28
as implemented in the VASP code?’ and projector-
augmented waves.? Semicore Ga 3d electrons are treated
as valence states, which has been reported to be necessary
for the accurate description of carbon complexes.'® We
perform defect calculations using a 96-atom supercell, a
plane-wave basis set with a cutoff of 400 eV, and a 2x2x2
Monkhorst-Pack k-point set.?! The mixing parameter for
the Hartree-Fock potential is set to 0.28 for GaN, result-
ing in a band gap that is in close agreement with the
experimental values'® for this computational methodol-

ogy.

The stability of an impurity species in a crystal is de-
termined by the formation energy. For example, with C
on the N site in GaN in charge state ¢ (C§), the forma-
tion energy can be written as:3?

E7 (CE) = Erot(CL) — Eiot(GaN) + px — pc

1
+q(Er +&,) + A9, (1)

where Eiot (CY) is the total energy of a supercell with C§
in charge state ¢, and Fio(GaN) is the total energy of
the pristine supercell without a defect. Electrons added
or removed from the supercell are exchanged with the
Fermi level (EF) that is referenced to the valence-band
maximum (VBM; €,). A? corresponds to a correction for
the finite size of charged supercells, and is obtained using
the procedure outlined in Refs. 33 and 34. More details
on defect calculations for gallium nitride are discussed in
Ref. 35.

Atoms added or removed from the supercell are ex-
changed with a reservoir whose energy is given by the
chemical potential of that species. In Eq. 1, px is refer-
enced to half the energy of the N5 molecule at T'= 0 K,
while uc is referenced to the energy of one C atom in the
diamond phase. For defects involving Ga, pga is given
by the energy of an atom in bulk Ga metal. px and paga
are limited in range by the enthalpy of formation of bulk
GaNj i.e., they obey the relation pun + piga = AH(GaN)
(which is calculated to be —1.34 eV). For instance, ux
can vary from 0 eV (N-rich conditions) to —1.34 eV (Ga-
rich conditions).

Defect LVMs are calculated using the finite difference
method as implemented in VASP, using a displacement
of 0.015 A and two displacements in each direction for
each ion. In all cases, only the atoms involved in the
defect or defect complex and their nearest neighbors are
displaced in the calculation of the Hessian matrix.
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FIG. 3. (a) PL spectra of GaN samples with varying con-
centrations of C impurities, along with a reference sample (in
black, at top). The YL near 2.2-2.3 eV is attributed to re-
combination into the (0/—) level of Cn, while the BL near 2.9
eV is attributed to recombination involving the (+/0) level of
Cn. (b) Comparison between the YL peaks in lightly C-doped
(6x10* cm™?) and highly C-doped (1x10" cm™?) GaN sam-
ples. The vertical dashed lines indicate the change in the peak
energy of the “yellow” PL band with increasing carbon doping
level.

I1l. RESULTS AND DISCUSSION
A. Experiments

The PL spectra observed at 2 K from 1.55 to 3.35 eV
for several GaN bulk samples doped intentionally with
carbon at concentrations from 6-7 x 1017 — 1 x 10!? cm =3
and for an (undoped) n-type GaN reference sample are
shown in Fig. 3. The evolution of the PL spectra with
increasing carbon doping level displayed in Fig. 3a were
discussed in detail in a recent paper by M. E. Zvanut et
al.1® We highlight here some notable characteristics.

First, the main emission bands are a strong broad “yel-
low” PL band with peak energy at 2.23 eV that first ap-
peared from the GaN substrate with C doping level of
2 x 107 ecm™3 (as shown in Fig. 4 from Ref. 18) and a
less intense (but similarly broad) “blue” emission band
with peak energy at 2.95 as shown in Fig. 3a for two
intermediate C-doped GaN samples. These PL bands
are ascribed!'>'? to optical processes involving shallow
donors and different charge states of Cn deep acceptors.
In particular, in the dark and with [C] < [SD], as for the
GaN sample with carbon doping level of 2 x 10'7 ecm™3
whose PL is shown in Fig. 4 of Ref. 18, some fraction
of the (neutral) shallow donors are ionized while all of
the (neutral) deep Cy centers are compensated (i.e., C%
— Cy)- In the presence of electrons (e) and holes (h)
created by the above bandgap photo-excitation, the 2.23
eV “yellow” PL band arises from the following radiative
recombination process:

(SD)* + COx™ + hvexe, < (SD)? + Ox© —

2
(SD)Jr + CN~ + hvpL (223 eV) ( )
In the dark and with [Cn] > [SD], some fraction of
the neutral Cy deep acceptors will be compensated and
some of the Cy centers will remain in their neutral charge
state. It is those neutral Cyn acceptors that are involved
in the 2.95 eV “blue” emission band via the following
optical process:

(SD)* + CON° + hvexe, 2 (SDY° + Cx T —
(SD)™ + Cx” + hvpr, (2.95 eV).

Thus, the simultaneous observation of the 2.23 eV “yel-
low” and 2.95 eV “blue” PL bands from the two GalN
samples with intermediate carbon doping levels of 6-7 x
10*7 and 1 x 107 cm =2 (as shown in Fig. 3a) is well-
described by Egs. 2 and 3, where [C] > [SD] in both
samples. However, for higher doping levels of carbon, the
energy of the peak in the “yellow” spectral region shifts
to 2.30 eV (denoted by the vertical dotted lines), while
the intensity of the 2.95 eV “blue” emission band signifi-
cantly decreases relative to that of this “yellow” emission.
These two attributes are highlighted in Fig. 3b, where
the PL observed from intermediate and highly C-doped
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FIG. 4. ODMR on a moderately C-doped (1x10*® cm™%)
GaN sample. In the upper spectrum, ODMR indicates that
the Cx (0/—) transition level is participating in the YL emis-
sion, along with a shallow donor (SD). The lower spectrum
indicates that a different transition level [which we assign to
Cn (4/0)] is participating in the BL emission, and that the
SD is also involved.

GaN samples are normalized to the peak amplitude of
the “yellow” emission. Very similar PL spectra were re-
cently reported? 36 for these same highly C-doped (i.e., >
6 x 10'® cm~3) GaN samples, and by another group for
similar HVPE-grown, highly C-doped GaN substrates.??
However, we note that the peak emission energy of the
2.2 eV “yellow” PL band did not change in MBE- and
MOVPE-grown samples®” 40 with high C-doping levels
(1-4 x 10 cm—?), as was observed in the HVPE-grown
C-doped GaN samples.

We will propose below that another carbon-containing
defect species (a Cgo-Cn dicarbon complex) emerges
with increasing carbon doping levels that can account
for this “new” 2.3 eV yellow emission band. This deep
donor defect can also at least partially account for the
saturation at these high carbon doping levels of the EPR
signal associated with paramagnetic Cn acceptor centers
and for the systematic decrease of free holes for GaN sam-
ples with increasing carbon concentration revealed from
temperature-dependent Hall effect measurements.'?

ODMR spectra obtained at 24 GHz on the 2.23 eV
“yellow” and 2.95 eV “blue” emission bands from the
GaN bulk sample doped with a carbon impurity con-
centration of 10'® ¢m™3 are shown in Fig. 4. Two
luminescence-increasing signals are observed on each PL
band with the magnetic field perpendicular to the c-axis.
The first (labeled SD) is common to each spectrum, and

is characterized by a Zeeman splitting g-value of 1.950
and a full-width at half-maximum (FWHM) linewidth of
6-7 mT. This resonance is a well-known “fingerprint” of
shallow donors, based on earlier EPR studies of n-type
GaN.*! As revealed by SIMS measurements, both the Si
and O residual impurities are likely responsible for this
signal, and it has not been possible to distinguish them
based on magnetic resonance parameters alone.

The second ODMR feature found on the 2.23 eV emis-
sion band has a g-value of 1.995 4+ 0.002 and a FWHM
linewidth of ~16 mT, as determined from a fit of the
spectrum using Gaussian lineshapes. These parameters
are identical, within error, to those found by several
groups*? 6 for the deep acceptor center involved in the
2.2 eV “yellow” PL band frequently observed from un-
intentionally doped (n-type) GaN. We assign this reso-
nance to the (0/—) deep acceptor transition level of the
Cn defect based on the strong correlation of the 2.2 eV
emission with C doping and the theoretical modeling®
described above for this radiative recombination process.

The second ODMR signal observed on the 2.95 eV
“blue” emission band is characterized by slightly differ-
ent resonance parameters with a g-value of 2.010 £ 0.002
and a FWHM linewidth of ~20 mT as determined again
from a fit of the spectrum. We tentatively assign this
resonance to the (+/0) deep donor transition level of
Cx based on the modeling described above (see Eq. 3)
for the broad 2.95 eV ‘blue” PL band. We note that
this charge state of the Cy defect is predicted!? to have
spin S=1, but only a single resonance was observed with-
out evidence of a so-called zero field splitting behavior.
One possible interpretation is that the zero-field splitting
value (D) is so small that two lines could not be resolved,
given the overall broad linewidth of the resonance.

Finally, ODMR has not been found to date on the
broad 2.30 eV “yellow” PL band observed from the GaN
sample with a C-doping level of 10'® em™3. More work
is needed, but this may reflect a radiative lifetime of less
than 100 ns associated with this emission at these high-
C doping levels, given that only processes with longer
lifetimes typically yield ODMR signals for the maximum
microwave powers employed in these experiments.

B. Calculations

1. Electronic properties and configurations of
carbon-containing species

The HSE-calculated formation energies for C-related
defects are shown in Fig. 5 in N-rich conditions. Results
similar to those shown in Fig. 5a (for species containing
one C) have been reported previously,®!? for Cx, Cga,
and C;. Cy acts as a deep acceptor, giving rise to a
(0/—) transition level at 0.9 eV in addition to a deep
(4/0) donor level at 0.3 eV above the VBM. Cy exhibits
C—Ca bonds, slightly shorter than 2 A, that are similar
to the bulk GaN length. Cg, is a shallow donor, stable
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FIG. 5. Formation energy versus Fermi level for C-related
defects and complexes in GaN, under N-rich conditions and
calculated with HSE. In (a), species containing one carbon are
shown: Cga, Cn, and C;. In (b), complexes with two carbon
are shown: Cga-Cn (in pl and az configurations), Cn-Cj, and
Cga-C;. In (c), complexes with three carbons are shown: Cn-
Cga-Cn (in pl and az configurations), Cga-Cn-Caa (in pl and
az configurations), Cn-C;-Cn and Cn-Caa-Ci.

only in the + charge state across the band gap of GaN,
which exhibits ~1.5 A C—N bonds much shorter than
the bulk bond lengths of GaN. Differences with previ-
ous calculations' ™47 of Cy are likely due to the choice of
pseudopotential, functional, and charge-state correction
scheme.

C; acts as a deep donor stable in a number of charge
states and configurations. In agreement with Ref. 15,
we find that C; can be stable in the 4+ charge state,
in which it is most stable at the octahedral interstitial
site (this configuration was not explored in Ref. 12). We
calculate transition levels of 0.67 eV above the VBM for
the (4+/2+) level of C;, 1.49 eV for the (2+/+) level,
2.45 eV for the (+/0) level, and 3.43 eV for the (0/—)
level that are in close agreement with Ref. 15. In the
2+, +, 0, and — charge states, C; incorporates as a split
interstitial, a configuration that involves a short C—N
bond, as shown in Fig. la. The length of this bond is
charge-state dependent, increasing from 1.17 A for 2+ to
1.37 A for the — charge state. In other words, as more
electrons are added to the defect states of C;, the C—N
bond length of the split interstitial increases. Similar
behavior was reported for analogous C; split interstitials
in ZnO.*® As in Ref. 48, we here link the increase in
C—N bond length to the occupation of the C;-related
antibonding orbitals.

The formation energies of the complexes containing
two C atoms are shown in Fig. 5b. In agreement with
Ref. 15, we find that the Cn-C; complex can be stable
in the 3+, 1+, and 0 charge states, depending on the
position of the Fermi level. We find a (34/+) transi-
tion level at 0.78 eV and a (+/0) level 3.19 eV above

the VBM, which are also similar to the levels reported in
Refs. 15 and 17 (the quantitative differences with Ref. 17
can be explained by the different choice of HSE parame-
ters). For the 3+ charge state, one C atom occupies the
N site, while the other acts as an interstitial, binding to
Cy and to two nearby N neighbors. For (Cn-C;)3t, the
C—C distance is 1.43 A. As shown in Fig. 1b, we find for
the + and 0 charge states that the lowest-energy configu-
ration is a split interstitial, with the two C atoms closely
bound and occupying an N site. As was the case for C;,
the C—C bond length of the Cn-C; split interstitial in-
creases as electrons are added to the system, going from
1.23 A in the + charge state to 1.29 A for the 0 charge
state.

Formation energies of the Cg,-C; complex are also
shown in Fig. 5b. Such a complex was also explored by
Matsubara and Bellotti'®, and a similar complex has also
been reported in alkaline-earth zirconates.*® In agree-
ment with Ref. 15, we find that this complex can be sta-
ble in the charge states from 3+ to —1. It gives rise to
four charge state transition levels in the gap: a (3+/2+)
level at 1.59 eV, a (2+/4) level at 2.17 eV, a (+/0) level
at 2.92 eV, and a (0/—) level at 2.97 eV. The structure
of this complex is split interstitial (as shown in Fig. lc,
with the two C atoms forming a close bond (its variation
with charge state is shown in Table I), and each form-
ing bonds with two neighboring N atoms. (In Ref. 15
the same configuration was found, and was referred to
as “Type 3 Split C—C”.) While all dicarbon complexes
have relatively high formation energies under n-type con-
ditions, the Cg,-C; complex has the lowest formation
energy (0.82 eV) among all defects considered here when
the Fermi level is near the VBM.

Results for the Cg,-Cn dicarbon complexes are also
shown in Fig. 5b. We consider two configurations, one
with both C atoms sitting in the plane perpendicular to
the ¢ direction [which we refer to as planar (pl)] and an-
other with the C-C bond oriented along ¢ [which we refer
to as axial (ax)]. These complexes are shown in Figs. 1d
and e, respectively. Despite the different orientations of
these complexes, they share similar electronic properties
and overall formation energies [the Ef of axial and pla-
nar (Cga-Cn)? differ by only 0.12 eV]. These complexes
are neutral over most of the GaN band gap, as would
be expected from the combination of Cy and Céa, and
give rise to two defect levels: a (2+/+) level and a (+/0)
level. For the axial complex, the (2+/+) level is coinci-
dent with the VBM, and the (4/0) level is 0.70 eV above
the VBM. For the planar configuration, the (2+/+) level
is 0.11 eV above the VBM while the (4/0) level is at 0.53
eV. As with isolated Cy, these levels are composed of C
2p orbitals stemming from the Cn member of the com-
plex. These results are in close agreement with Ref. 15.
While the thermodynamic transition levels are similar to
those reported in Ref. 17, the absolute formation ener-
gies reported here are larger. This may be due to the
choice in chemical potential reference for C, which was
not discussed in Ref. 17. We also note that the forma-



tion energies of the dicarbon complexes are significantly
higher than those containing a single carbon (e.g., Cn;,
Cga, and C;). However, as noted in Ref. 25, it is possi-
ble that multi-carbon complexes are incorporated at the
growth surface, and are frozen in during growth.

For Cg,-Cn, both C atoms of the dicarbon complexes
remain in the vicinity of their substitutional lattice sites.
They feature a short C—C bond that varies with charge
state, from 1.58 A for (Cga-Cn)° to 1.54 A for the 2+
charge state (as shown in Table I). The C—N bonds
associated with the Cg, member of the complex remain
near 1.5 A, while the C—Ga bonds associated with the
Cx member remain near 2 A.

Formation energies of the tricarbon complexes (Cy-
CGa'CN7 CGa'CN'CGau CN—Ci—CN and CGa'Ci'CN) are
shown in Fig. 5¢c. As can be seen in comparison with
Fig. 5b, these tricarbon complexes have generally higher
formation energies than both the isolated single carbon
centers (Cga, Cn, and C;) and the dicarbon complexes
(Cn-Cga and Cn-C;). These higher formation energies
indicate that the tricarbon complexes would not be ex-
pected to form as easily as the impurity centers with
fewer C atoms.

Cn-Cga-Cn complexes exhibit behavior similar to the
isolated Cy acceptor: they feature three charge states (+,
0, and —) and two transition levels [((+/0) and (0/-)].
Again we find that the az and pl configurations have very
similar properties, as their formation energies vary by
less than 0.15 eV for any particular charge state. Their
thermodynamic transition levels are also quite similar:
for azx we find a (4/0) level at 0.56 eV and a (0/—) level
at 1.50 eV, while for pl these levels are at 0.55 eV and
1.47 eV, respectively.

Unlike for the dicarbon complexes, we find significant
off-site relaxations for the Cn-Cga-Cn complexes. As
shown in Figs. 2a and b, for both az and pl Cnx-Cga-
Cy complexes the Cg, moves off the Ga site to become
three-fold coordinated. This C atom forms two C—C
~1.5 A bonds with the two other C atoms of the com-
plex, along with a similar bond with a neighboring N
atom. The distance from the displaced Cg, to the fourth
neighboring N (a nearest neighbor before the displace-
ment) increases to ~2.6 A, roughly a 33% increase over
the GaN bulk bond length. This configuration resembles
the one reported in Ref. 25.

We have also considered Cga-Cn-Cga complexes,
which have been suggested to be a secondary source of
high-wavenumber LVMs in heavily C-doped GaN.?® Both
the pl and ax configurations are shown in Fig. 2c and d.
In each case, these complexes give rise to deep donor be-
havior, exhibiting a (2+/+) transition level (at 0.64 eV
for pl and 0.45 eV for azr) as well as a (+/0) transition
level (at 2.60 eV for pl and 2.88 eV for az). For this
complex we find significant relaxations away from the
substitutional sites for one Cg, member. In both the pl
and az configurations one Cg, becomes three-fold coor-
dinated, breaking a C—N bond, while the other Cyx and
Cga species remain in the vicinity of their substitutional

sites.

The tricarbon Cg,-C;-Cn complex is stable in posi-
tively charged states over most of the GaN gap. It is
stable in four charge states; 24, +, 0, and 2—, and fea-
tures three transition levels; a (2+/+) level at 1.48 eV, a
(4/0) level at 2.47 eV, and a (0/2—) level 3.09 eV above
the VBM. As can be seen in Fig. 2e, this complex resem-
bles Cga-Cn, but with a C; bridging between Cyn and
Cga. Both Cy and Cg, are pushed slightly away from
the substitutional sites, but maintain bonding with their
three nearest neighbors (N atoms in the case of Cg,, and
Ga atoms in the case of Cx). C; only forms bonds with
the other two C atoms; these bond lengths vary from
1.36-1.50 A (the smallest bond length for each charge
state is reported in Table I).

In contrast, the tricarbon Cn-C;-Cn complex is stable
in only two charge states, 2+ and 0, and features a (2+/0)
transition level 2.15 eV above the VBM. The structure
of this complex (shown in Fig. 2f) is also distinct. It
resembles the structure of the Cn-C; complex, but with
one second-nearest N neighbor replaced with a C atom.
Thus although this complex exhibits formation energies
that are among the lowest calculated for the tricarbon
centers, it is unlikely to be a candidate for the tricarbon
complex reported by Gamov et al.?’, which was claimed
to have two distinct C—C bonds among three C atoms.

2. Binding energies of C complexes

We next consider the binding energies of complexes,
which indicate their stability relative to the isolated
members of each complex.? For calculating binding en-
ergies we specifically choose Fermi levels for which the
complex formation process respects charge neutrality [for
instance, Cf, + Cy — (Cga-Cn)°, which we will con-
sider for the dicarbon complexes]. This allows us to forgo
considering the barriers associated with the exchange of
carriers with the Fermi level (which may occur in pro-
cesses that do not respect charge neutrality).?® For the di-
carbon complexes, such conditions occur when the Fermi
level is 1 €V or higher above the VBM. Under this condi-
tion, we calculated a binding energy of —1.52 eV for the
az configuration and —1.65 eV for pl. These negative
binding energies indicate that a complex is more stable
than the individual constituents.

For the tricarbon complexes, we consider the charge-
neutral process (Cga-Cn)? + Cy — (Cx-Cga-Cn) ™,
which could occur when the Fermi level is 1.5 eV or
higher above the VBM. For this process we calculate a
binding energy of —1.06 eV for the az configuration and
—1.20 eV for pl, which are lower than those of the di-
carbon complexes. Coupled with their high formation
energies, these results indicate that the formation of tri-
carbon complexes is not particularly favorable in ther-
modynamic equilibrium.®’ The Cga.-Cn-Caa complexes
also exhibit small binding energies. Again assuming the
Fermi level is near 1.5 eV [and taking the process (Cga-



(a) (b)
A A
Lo
(Cy+Cg) Fe (C+Cq S e
o
=] =
53] s3]
(C.\[+CGH)O N (CN+CGa)} »
Ll L
Coordinate Coordinatc

FIG. 6. Configuration coordinate diagrams for transitions
involving the two charge-state transition levels of pl Cnx-Cga.
In (a), optical transitions for the (+/0) are shown, for which
a PL peak of 2.26 eV and an absorption peak of 3.53 eV are
calculated. In (b), transitions involving the (24/4) level are
shown, for which a PL peak of 2.72 eV and an absorption
peak of 4.03 eV are calculated.

Cn)° + Céa — (Cn-Cga-Cn) 1], we calculate a binding
energy of —0.56 eV for the az configuration and —0.83
eV for the pl configuration. In light of these small bind-
ing energies and large formation energies, we also find
that the Cqa-Cn-Caa complexes are unlikely to form.

By contrast, the Cg,-C; and Cn-C; complexes have
much larger binding energies. For Cn-C;, assuming the
Fermi level is ~1 eV above the VBM, we consider the
process Cy + C?t — (Cx-C;)*, which yields a binding
energy of —2.75 eV. At the same Fermi level, and tak-
ing the process C&, + C?+ — (Cga-C;)3*, the binding
energy of Cg,-C; is —3.75 eV. Coupled with its low for-
mation energy for Fermi levels near the VBM, this bind-
ing energy indicates that the formation of this complex
is favorable.

Finally we consider the remaining tricarbon complexes
involving C;: Cn-C;-Cn and Cga-C;-Cn. When the
Fermi level is near 2.5 eV, charge neutrality can be main-
tained with the process (Cn-C;)* + Cy — (Cn-Ci-Cn)O,
for which we calculate a binding energy of —3.17 eV. For
Caa-C;-Cn we can take the Fermi level at 1 eV and con-
sider the process (Cga-Cn)° + C?Jr — (Cga-C;i-Cn)2H,
for which we obtain a binding energy of —4.50 eV. Again,
the relatively higher formation energies of these com-
plexes (compared to Cga-C;, for instance) indicates that
they are not strongly favored, despite these large binding
energies.

3. Optical properties of C-containing species

As stated in Sec. I, Cx has previously been calculated!'?
to give rise to two PL bands, arising from its two ther-
modynamic transition levels [(4/0) and (0/—)]. The YL
band, calculated to have a peak near 2.1 eV, is caused
by electrons recombining into the (0/—) level, while the
BL band, exhibiting a peak near 2.7 €V, is due to elec-
trons recombining into the (+/0) level. Configuration-
coordinate (CC) diagrams of these transitions are in-
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FIG. 7. Configuration coordinate diagrams for transitions
involving the two charge-state transition levels of the Cn-Cga-
Cx in its axial configuration. In (a), optical transitions for
the (0/—) are shown, for which a PL peak of 1.93 eV and an
absorption peak of 2.88 eV are calculated. In (b), transitions
involving the (0/+) level are shown, for which a PL peak of
2.66 eV and an absorption peak of 3.50 eV are calculated.

cluded in Ref. 12. We now consider optical transitions
due to the Cn-Cga and Cn-Cga-Cn complexes, whose
thermodynamic transition levels are similar to Cy, and
might be expected to lead to the PL shift observed in
Fig. 3. We construct CC diagrams for these complexes
in Figs. 6 and 7 that are analogous to those previously
reported in Ref. 12. In both cases we choose the lowest-
energy configurations of each complex; optical transitions
do not vary considerably between configurations of each
type of defect.

Since CN-Cgaa (pl) features two thermodynamic tran-
sition levels, we consider two sets of optical transitions
(shown in Figs. 6a and b). Optical transitions related to
the (+/0) level result in a PL peak at 2.26 eV [due to
an electron recombining with (Cn-Cga)™] and absorption
peaking at 3.53 eV [due to the excitation of an electron
from (Cn-Cga)® to the CBM], with a zero-phonon line
(ZPL) at 2.96 eV. Optical transitions can also occur for
the (24/4) level, and are shown in Fig. 6b. We pre-
dict a PL peak at 2.72 eV [due to an electron recombin-
ing with (Cx-Cga)?T] and absorption peaking at 4.03 eV
[due to the excitation of an electron from (Cn-Cga)™ to
the CBM], with a ZPL at 3.34 eV. Relaxation energies
for these optical transitions fall between 0.57 and 0.70
eV.

Similarly, two sets of optical transitions are calculated
for the two thermodynamic transition levels of tricarbon
Cn-Cga-Cx(az), shown in Fig. 7. Again, two sets of
optical transitions occur as these complexes feature two
thermodynamic transition levels. For transitions involv-
ing the (0/—) level (Fig. 7a), we calculate a PL peak at
1.56 eV [due to an electron recombining with (Cn-Cga-
Cn)Y] and absorption peaking at 2.49 eV [due to the ex-
citation of an electron from (Cn-Cga-Cn) ™ to the CBM],
with a ZPL at 2.00 eV. A very similar PL. band was ob-
served in highly C-doped GaN by Reuter et al. (Ref. 52)
who observed a broad PL band with peak energy at 1.64
eV (when exciting with 2.4 eV light) and a photolumi-
nescence excitation onset near 2 eV. Optical transitions
for the (+/0) level (Fig. 7b) result in PL peaking at 2.56



eV [due to an electron recombining with (Cn-Cga-Cn)™T]
and absorption peaking at 3.44 eV [due to the excitation
of an electron from (Cn-Cga-Cn)° to the CBM], with a
ZPL at 2.94 eV. For Cn-Cga-Cn the relaxation energies
fall within 0.38-0.54 eV.

To summarize, the dicarbon Cn-Cg, complex leads to
a (+/0) thermodynamic transition level analogous to the
(0/—) level of isolated Cx. Optical transitions associated
with the (+/0) level of Cx-Cga are predicted to give rise
to PL peaking at 2.26 eV, slightly blueshifted from the
2.13 eV PL peak calculated for optical transitions asso-
ciated with the (0/—) level of Cx. Moreover, for the
(24/4) thermodynamic level of Cn-Cg, [analogous to
the (+/0) level of Cy], we predict an optical transition
with a 2.72 eV PL peak that is similar to the 2.7 eV
PL peak predicted previously for isolated Cx. Both the
blueshifted YL peak and the mostly unshifted BL peak
of Cn-Cqaa are consistent with the PL spectra observed
in highly C-doped GaN shown in Fig. 3. In contrast,
recombination into the (0/—) level of the tricarbon Cy-
Cga-Cn complex is calculated to give rise to PL peaking
at 1.56 eV, a strong redshift relative to the YL associated
with isolated Cy. The PL peak calculated for the (+/0)
level of Cn-Caga-Cyn is 2.56 €V, which is also redshifted
relative to the BL of Cy. Neither redshifted peak is con-
sistent with the PL spectra shown in Fig. 3 for highly
C-doped GaN.

With these results in hand, we can compare our calcu-
lations with the PL spectra shown in Fig. 3. We attribute
the observed ~0.1 blueshift in the peak of the “yellow”
emission band (occurring with increasing C concentra-
tions) to the emergence of another radiative recombi-
nation process involving the Cn-Cg, dicarbon complex.
For intermediate C concentrations, the broad “yellow”
PL band is then likely comprised of the usual 2.1-2.2 eV
emission band associated with the isolated Cyn acceptor
together with this new emission band, that is calculated
to have a slightly higher peak energy of approximately
2.3 €V as shown in Fig. 6a. [Although the difference in
calculated PL peaks associated with Cy and Cn-Cg, is
small (0.16 eV), it is larger than the usually quoted er-
ror bar in these calculations (0.1 eV)32.] Subsequently,
at the highest C concentration (10! cm=2), it then ap-
pears that the 2.3 “yellow” emission associated with the
Cn-Caa complex becomes dominant. While the Cn-Caa
deep donor complex will not be efficient at capturing
holes, this could be consistent with the lower-intensity
luminescence observed in the highly C-doped samples.
Note also that even at these high C-doping levels, we do
not exclude the possibility of a contribution to the PL
in the “yellow” spectral region from the usual 2.23 eV
emission band involving Cyn deep acceptors.

We find that other low-energy centers are also unlikely
to lead to PL peaks near the YL, and can likely be ex-
cluded from involvement in the optical transitions shown
in Fig. 3. For instance, although C; exhibits a (4+/2+)
level at 0.67 eV (that is similar to the 0.9 eV acceptor
level of Cy ), optical transitions should occur for the tran-

sition levels involving only one charge carrier. However,
neither the (4+/34) level (at 1.96 eV above the VBM)
nor the (3+/2+) level (that occurs 0.63 eV below the
VBM) can give rise to optical transitions near the YL.
The (24/4) transition level of C; occurs at 1.49 eV above
the VBM, and thus recombination from an electron at the
CBM into this level would have a ZPL of 2.01 eV. How-
ever, the relaxation energy for this process is 1.55 eV,
giving a predicted PL peak of 0.46 eV, far from the YL
peak.

Cn-C; has a (3+/+) level at 0.78 eV. However, both
the (34/2+) level (at 2.10 eV above the VBM) and the
(24/4) level (at 0.55 eV below the VBM) have energies
that preclude them from giving rise to a PL signal near
the YL. Finally, we consider the Cg,-C; complex, which
exhibits a (3+/2+) level at 1.59 eV above the VBM. This
would imply a ZPL of 1.91 eV for transitions involving
the recombination of an electron at the CBM. However,
we calculate a relaxation energy of 0.63 eV for this pro-
cess [i.e., (Cga-Ci)3T + e~ — (Cga-C;)?T], meaning that
the associated PL transition would peak at 1.28 eV, far
from the YL peak. Thus, among the carbon species and
complexes investigated here, the dicarbon Cg,-Cn com-
plexes are the best candidates for explaining the shift in
PL signals observed in highly C-doped GaN.

4. \Vibrational modes of C-containing species

The four highest-wavenumber modes calculated for
each stable charge state of each C species in GaN are
listed in Table I. Most defects feature LVMs that vary
considerably with their charge state. For instance, Cy
features three modes in the range 751-763 cm~!, which
are quite similar to the 760-780 cm~' LVMs recently at-
tributed to the carbon acceptor.!® (Similar modes were
also observed in prior spectroscopic studies of C-doped
GaN®354) As electrons are removed from the Cx defect
levels, these LVMs decrease, going from 500-714 cm ™!
for the 0 charge state, to 439-556 cm ™~ for the + charge
state. The decreasing LVM energies occur as C—Ga bond
lengths increase, going from 1.92 A for Cy to 1.99 A for
Cﬁ. We note that the Cy modes are distinct from those
we calculate for C&, (726-839 cm™!); this was also ob-
served by Wu et al. in Ref. 10.

Dicarbon Cn-Cg, complexes give rise to wavenumbers
higher than the isolated Cy and Cg, species; again they
vary with charge state. For (Cn-Cga)?, the LVMs vary
between 769-942 cm~* for the pl and az configurations.
These LVMs mostly shift higher as the complexes become
more positive, to 720-970 cm~! for (Cn-Cga)t and 738-
1112 em ™! for (Cnx-Cga)?t. Forming the tricarbon Cy-
Caa-Cn complexes actually shifts these LVMs to lower
wavenumbers, which stay mostly consistent for the three
charge states of this center. For both pl and az configu-
rations, the LVMs fall within 738-969 cm~* for the +, 0,
and — charge states of CN-Cga-Cn. The highest of these
modes are outside the ranges of the LVMs reported by



TABLE I. LVMs and bond lengths for carbon-containing de-
fects and complexes in GaN. All stable charge states for each
defect are listed along with the shortest C-related bond length
for each center (in A), as well as the four highest-wavenumber
modes (in ecm™").

defect state| bond (A) LVMs (cm™?)
1.99 556 | 514 | 439 | 293
Cn 1.95 714 | 659 | 500 | 292
1.92 763 | 757 | 751 | 336
Caa 1.56 839 | 835 | 828 | 726
Cn-Caga (az) 1.56 970 | 802 | 764 | 752
1.58 932 | 814 | 809 | 779
1.49 1112 871 | 850 | 796
Cn-Cea (pl) 1.56 | 974 | 808 | 774 | 740

1.57 942 | 812 | 810 | 769
1.44 1129 1088| 896 | 790
1.47 1134|1024| 870 | 818
1.47 1125| 1005| 867 | 785
1.45 1152 1086| 772 | 722
1.47 1141 1038| 859 | 814
1.47 1142|1028| 848 | 776
1.42 1079 1029| 920 | 878
1.43 1083 | 1013| 909 | 871
1.47 1023 | 934 | 871 | 853
1.36 1224 1075| 935 | 881
1.36 1215| 1075| 936 | 866
1.48 1014 935 | 896 | 870
1.37 1302 | 1284 | 998 | 849
1.17 2247| 438 | 322 | 319

Cn-Cga-Cx (az)

Cn-Cga-Cn (pl)

Cga-Cn-Caa (az)

CGa‘CN‘CGa (pl)

cFIV I o+l o+ BF|lo+ T c+ P EHo+ P+l o+l ot|o+ Blo+|+| o+

Ci 1.23 1851 674 | 515 | 419
1.31 1539 745 | 706 | 461

1.37 1336| 917 | 885 | 515

1.40 1235 1146| 945 | 820

Cn-C; 1.23 2057| 543 | 493 | 469
1.29 1796 | 622 | 591 | 469

1.34 1516 | 1325| 1311 | 1166

1.35 1491 1277| 1107 | 1086

Cga-C; 1.41 1471|1061 | 1044 | 992
1.44 1357 | 1116| 930 | 825

1.45 1245| 975 | 879 | 799

1.36 1490 1304 | 1278 | 1126

1.39 1471|1244 1085 | 1080

Cga-Ci-Cn 1.41 1448 | 1107| 1019| 995
1.44 1336| 1089| 935 | 805

1.47 1221 951 | 879 | 849

1.29 1805 1202| 713 | 700

Cn-Ci-Cn 1.23 2052| 782 | 771 | 735

Wu et al.!® and Gamov et al.?®

LVMs for the tricarbon complexes are slightly larger
than those for the dicarbon complexes, and significantly
higher than those for isolated Cn or Cga. This shift is
consistent with the small C—C bond lengths for these
tricarbon complexes, which are shorter than for those of
the dicarbon complexes, Cn, or Cgs. As the smallest
bond lengths for these complexes do not strongly vary
with charge state, neither do the highest-wavenumber
LVMs for the ax and pl configurations of Cn-Cga-Cn,
which vary between 1125-1152 cm™'. The remaining
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lower-wavenumber modes fall within the range of 722-
1088 cm~!. Again, the highest of these modes are out-
side the ranges of the LVMs reported in previous studies
of C-doped GaN.19:25

High-wavenumber LVMs are calculated for C;, due to
the C—N double bonds present when this center is a split
interstitial. For these cases, C; features a single high-
wavenumber mode, due to the vibration of the C and N
atoms that split the N site. This mode is highest for C?+
(2247 cm™1) and decreases gradually (from 1851 cm™*
for the 4 charge state to 1336 for the — charge state) as
electrons are added to the interstitial and its defect states
are occupied. The lowest-wavenumber modes occur for
C?Jr, which does not exist as a split interstitial, but is
octahedrally coordinated (and does not have a short C-
N bond). C;H exhibits LVMs between 849-1302 cm ™.

The complexes containing C; also feature similar high-
wavenumber modes. For instance, Cn-C; exhibits one
LVM at 2057 cm~! for its + charge state, which decreases
to 1796 for the 0 and 1565 for the — charge state. The re-
maining LVMs fall between 469-810 cm ™~ for each charge
state. The high-wavenumber mode is again associated
with vibrations originating from the C-C double bond.
Caa-C; also features a short C—C bond, that varies be-
tween 1.34-1.45 A, depending on the charge state of this
complex. The highest LVM, 1516 cm ™!, appears for the
2+ charge state (when this C—C bond is smallest). This
mode decreases to its smallest value (12217!) for the —
charge state of Cga-C; (when this C—C bond is largest).
We note that similar vibrational modes for C;, Cqa-C;,
and Cn-C; were reported by Matsubara and Bellotti.'?
The Cga-C;-Cn also shows this behavior, as the highest
LVM varies between 1221-1490 cm ™', taking its highest
value when the bond length is smallest (1.36 A in the
2+ charge state) and its smallest value when the C—C
bond length is longest (1.47 A in the 2— charge state).
Although this complex has a high formation energy, it
is the only tricarbon complex investigated here that has
high LVMs and exhibits a structure similar to the one
proposed by Gamov et al.?

Finally, the Cn-C;-Cn complex has among the highest
LVMs and shortest C—C bond lengths calculated in this
study. In the 2+ charge state, the highest LVM is 1805
em ! and the shortest C—C bond length is 1.29 A. This
mode increases to 2064 cm~! for the 0 charge state, as
the C—C bond length decreases to 1.23 A. Because this
complex contains three C atoms, and has high LVMs in
the vicinity of those observed by Gamov et al.,2? it might
be tempting to attribute it to the “tricarbon” complex
observed in that study. However, as discussed above, the
structure of this complex is quite distinct from that ob-
served by Gamov et al. (e.g., there is no direct bonding
for one C member to the other two), making this assign-
ment unlikely.



IV. CONCLUSIONS

In conclusion, we have analyzed the properties of heav-
ily C-doped GaN grown by HVPE using PL and ODMR,
and examined the properties of multi-carbon complexes
using first principles calculations. Multiple ODMR sig-
nals arising from the Cy acceptor are attributed to the
two thermodynamic transition levels of this center. We
also link these two signals to PL peaks observed in moder-
ately C-doped GaN, the ~2.9 eV blue and ~2.2 eV yellow
luminescence bands. PL experiments further show that
C doping leads to a gradual blueshift of the YL peak,
and a decrease in intensity of the BL peak.

Using hybrid DFT, we have investigated potential de-
fect centers that could be present in heavily C-doped
GaN, in particular defect complexes containing multi-
ple C atoms. We find that the Cn-Cg, complex, which
has a stable binding energy, is the best candidate for ex-
plaining the observed optical signals. We attribute the
~0.1 eV blueshift of the “yellow” emission band peak
energy with increasing C concentration to the emergence
of another radiative recombination process involving the
Cga-Cn complex. For intermediate C concentrations, the
broad “yellow” PL is likely comprised of the usual 2.2
eV emission band (associated with isolated Cy) and this
new emission band that is calculated to have a slightly
higher ZPL energy. Most notably, it appears that the
“yellow” emission associated with Cg,-Cn is dominant
for the highest C concentrations (10! cm=3).

Furthermore, the Cg,-C; complex is identified as a
low-formation-energy complex with a high binding en-
ergy that may be a compensating donor in C-doped GaN.
We also calculate LVMs associated with the C-containing
complexes, in light of recent experiments that attribute
vibrational modes above 1600 cm™! to tricarbon Cn-
Cga-Cn complexes. Our calculations that such tricar-
bon centers lead to LVMs below 1000 cm ™~ that are only
moderately larger than those related to isolated Cg, or
Cy. Instead, we find that complexes containing C;, which
lead to modes above 1500 cm ™!, are better candidates for
explaining such signals.
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