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Direct evidence for carbon incorporation on the nitrogen site in AIN
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We use photo-electron paramagnetic resonance (EPR) measurements and first-principles calculations to
identify and explain the properties of carbon in AIN. We present clear evidence for carbon substitution on the
nitrogen site (Cy). We also clarify the origin of a widely observed EPR spectra in AIN that, although often
attributed to a deep donor defect, we demonstrate is surprisingly due to Cy. Finally, we show the presence of Cy
is consistent with the absorption spectra at 4.7 eV observed in AIN.
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I. INTRODUCTION

Aluminum nitride (AIN) is one of the most promising
ultra-wide band gap semiconductors for applications in power
electronics [1,2] and optoelectronics that operate in the deep
ultraviolet [3]. Continued progress in defect spectroscopy and
identification have shown that AIN exhibits a rich array of
defects [4—11]. Within this catalog of defect levels there has
been considerable effort to identify the microscopic origin of
an absorption band at 265 nm (4.7 eV), which can potentially
hamper the operation of AIN light emitters that operate in the
deep ultraviolet. Carbon has been invoked as the origin of this
absorption signal [12—15]. However, there is some debate as
to whether carbon incorporates by substituting on the nitrogen
site, Cy [14], substituting on the Al site, Cx; [12], or as a
complex [15]. The question of whether carbon alone provides
a sufficient explanation for this absorption band has also been
raised [16].

Defect identification based on optical spectroscopy alone
is challenging when there are multiple overlapping optical
bands [9,10]. Spectroscopy techniques such as electron-
paramagnetic resonance (EPR) provide a more precise
fingerprint of defects and can greatly expand our understand-
ing of the microscopic origin of defects. Indeed, several EPR
studies, including our own, have identified a spectrum with
the following hyperfine (HF) parameters: Ay ~ 3.9mT and
A ~ 1.9mT [4-7], where A is the HF interaction parallel
to the ¢ axis of AIN and A is the HF interaction determined
perpendicular to the ¢ axis. The defect attributed to this spec-
trum (which we henceforth refer to as D5 following Ref. [5])
was initially posited to be a deep donor with the following
suggested candidate defects: an Al interstitial (Al;), a nitrogen
vacancy (W), or oxygen substituting on the nitrogen site (Oy).
The suggestion that the D5 defect might be a deep donor was
based in part on electron nuclear double resonance (ENDOR)
measurements [7], which revealed the hyperfine interaction of
D5 arises from an § = 1/2 defect interacting with a nuclear
spin of / = 5/2, which was assumed to be the Al atoms of
AIN. At first glance, these studies do not appear to offer any
insight into the microscopic origin of the absorption band
at 4.7 eV and its potential connection with the presence of
carbon in AIN.
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However, there are some issues that contradict the accepted
wisdom that the D5 defect is a deep donor. Previous DFT
calculations of HF parameters ruled out Al; as the origin of
D5 [17]. Follow-up EPR measurements together with first-
principles calculations [8] cast doubt upon D5 being due to
Wn. Since first-principles calculations predict Oy is a DX
center [18], it is unlikely that D5 is due to Oy, since the EPR
active charge state (OON) is metastable, while D5 is observed
in as-grown AIN.

In this article, we show that these two puzzles in AIN, the
role of carbon in causing the 4.7 eV absorption signal and
the unknown source of the D5 EPR signal, are in fact closely
linked. We present a unified physical picture showing that the
D5 defect is Cy, which is a deep acceptor in AIN. Measuring
the EPR activity as a function of photon energy leads to two
clear transitions that either quench or excite the EPR signal.
Our first-principles calculations indicate that the hyperfine
parameters and the optical transitions are explained by the
Cx (0/—) acceptor level. Our study corrects a long-standing
misconception that the D5 defect in AIN is a deep donor, and
provides clear evidence for the incorporation of Cy in AIN.

II. METHODS
A. Photo-EPR measurements

We performed our photo-EPR measurements on AIN sub-
strates from Hexatech and Crystal IS, both of which were
grown via physical vapor transport. The 7mm x 7mm x
0.5 mm AIN substrate from Hexatech, which has surface col-
oration changing from amber to clear, was cut into 2.3 mm
wide pieces, and labeled sample A, sample B and sample C.
Several similarly sized pieces, collectively called sample D,
were cut from an AIN wafer grown by Crystal IS. In Table I
we list the concentration of common impurities that were
measured by secondary ion mass spectrometry (SIMS) to a
depth of 6 um on sample D and sample A. The color and EPR
response of sample A was similar to sample B.

10 GHz EPR measurements were obtained from each AIN
sample between 300 K and 4 K with the magnetic field parallel
to the ¢ axis. Additional room temperature measurements
were obtained from sample B with the magnetic field rotated

©2024 American Physical Society
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TABLE I. Secondary ion mass spectrometry (SIMS) measure-
ments of the concentration of common impurities Si, O, and C in
sample A and sample D.

Impurity Sample A (cm™3) Sample D (cm™3)
Si 2x10'8 2% 10"
(0] 3x10'8 3x 10"
C 1x10" 2% 10"

in the a plane. The spectra at different orientations were
simulated using EasySpin [19] to determine the g factor and
hyperfine values.

Photo-EPR was carried out on samples C and D using
light-emitting diodes (LEDs) with the magnetic field along the
¢ axis. For the photo-quenching experiments, first, a 265 nm
LED (4.68 eV) with 0.5 mW power illuminated the sample
through the slits of the EPR cavity to generate the D5 sig-
nal. Then, the sample was illuminated with LEDs of selected
photon energy from 1.2 eV to 3.4 eV, using neutral density
filters to maintain a constant photon flux. Between the mea-
surements with each LED, the EPR signal was regenerated
using the 265 nm LED. Since the shape of the EPR signal did
not change as the sample was illuminated, a comparison of the
EPR amplitude at a selected wavelength with that obtained
using the 265 nm LED was used to determine the relative
number of spins measured at each wavelength. The error
in the relative amplitude is £0.1. A similar procedure was
followed for photo-excitation of the EPR signal, except the
signal always started near zero amplitude. LEDs with peak
photon energy between 3.22 eV and 4.68 eV were used to
increase the EPR signal, and a 470 nm (2.64 eV) LED was
used to quench the signal after each excitation.

The number of spins generated after illumination with the
265 nm LED for 30 minutes was 8x10'* for sample C and
2x 10" for sample D. The average spin density, obtained by
dividing by the sample volume, was 1x10'7 cm™3 in sample
C and 1.4x10'® cm™ in sample D. We note that our EPR
measurements of the number of spins is only sensitive to
the paramagnetic charge state of the defect that leads to the
hyperfine interaction. A defect that incorporates in another
configuration and differences in the timescale of the EPR
measurement relative to the optical recombination rates are
two possible reasons that affect the average spin density that
we detect.

B. First-principles calculations

To interpret our photo-EPR measurements we also per-
form first-principles calculations based on density functional
theory (DFT) [20,21], using the projector-augmented wave
(PAW) potentials [22] as implemented in the Vienna Ab-initio
Simulation Package (VASP) [23,24]. We use the Heyd-
Scuseria-Ernzerhof (HSE) hybrid functional [25] for all of
our calculations. The energy cutoff for the plane-wave basis
set is 500 eV. The fraction of nonlocal Hartree-Fock exchange
is set to 0.33 for AIN; this results in band gaps and lattice
parameters that agree with the experimental values. Defect
formation energies and thermodynamic transition levels are
calculated using the standard supercell approach [26] with

96-atom and 288-atom supercells. The lattice parameters of
the supercell are held fixed while the atomic coordinates are
relaxed until the forces are below 5 meV/Angstrom. The
formation energies and charge-state transition levels of de-
fects are determined using a single (i, %, i) k point. Spin
polarization is included for all of our calculations. Optical
absorption energies are determined through the construction
of a one-dimensional configuration coordinate diagram using
the Nonrad code using the 96 atom supercell calculations [27].
Hyperfine parameters for the paramagnetic charge state of
each defect were calculated using a 288-atom supercell with a
(2x2x2) I'-centered k point grid.

III. RESULTS AND DISCUSSION

The EPR spectra of sample B obtained at room temperature
in the dark are shown in Fig. 1. Measurements between 100
and 9000 G, the range of our magnet, revealed no additional
spectral features. The EPR spectra measured at 4 K are similar
to our room temperature measurements illustrated in Fig. 1.
Simulations of the spectra obtained between 300 K and 4 K
reveal that the HF parameters have a weak linear dependence
with increasing temperature. Our measured HF parameters
are similar to the prior EPR measurements reported for the
D5 spectrum [4,5,7]. Accurate measurement of the g factor
in the presence of a strong hyperfine as seen for D5 is best
done by using two different frequencies as was done by
Soltamov et al. [4] where they found g = 2.002 and g, =
2.006. Our values obtained at 10 GHz are g = 2.001(1) and
g1 = 2.004(1), which is in reasonable agreement with prior
measurements.

The HF parameters obtained from our measurements are
listed in Table II, along with prior experimental reports for the
D5 defect. ENDOR and ENDOR-induced EPR performed by
others have convincingly determined that the defect has axial

TABLE II. Hyperfine parameters that are parallel (A;) and
perpendicular (A}) to the ¢ axis, compared with experimental pa-
rameters reported in prior studies of AIN. For Sample B the number
in brackets is the hyperfine parameter measured at 4 K. For the
three experimental references the measurement temperature is listed
in parentheses. The hyperfine values from Refs. [6] and [7] were
obtained from the angular dependence of the ENDOR spectra. The
final three rows contain our first-principles calculations of the HF
parameters. For each calculation, we report the magnitude of the HF
parameters for the four Al ions that are nearest-neighbor to the defect
site where the fourth entry is the HF parameter of the axial Al ion.

Ay (mT) A (mT)
Experiment
Sample B 300 K [4 K] 3.2[4.0] 1.5[1.8]
Ref. [5] (1.7 K) 3.7 1.5
Ref. [6] (9 K) 4.0 1.9
Ref. [7] (40 K) 4.0 1.9
First-principles calculations

0% 0.9, 0.9,20.6,0.4 0.6,0.6,7.2,0.2
1A 8.8,4.6,5.5,8.6 7.0,3.1,4.2,6.7
C% 0.3,0.3,0.3,4.0 0.7,0.7,0.7, 1.7
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FIG. 1. Room temperature EPR spectrum (black solid lines) of AIN in the dark with the magnetic field (a) parallel and (b) perpendicular

to the ¢ axis of AIN along with a fit to the spectra (blue dashed lines).

symmetry about the c axis, and that the defect is situated on a
nitrogen site [7].

Calculated HF parameters for the possible candidates for
D5 are also listed in Table II. We consider Vn and Oy, since
they have been reported as possible candidates in prior EPR
studies [4,5,7]. We also consider Cy, since our SIMS measure-
ments indicate carbon is unintentionally incorporated (Table I)
in the AIN substrates. Prior first-principles calculations [28]
have also shown Cy has low formation energies compared to
either Cy or incorporation as an interstitial.

Our calculations provide additional evidence to rule out Vx
and Oy as the origin of the D5 defect. The negative charge
state (DX state) of Oy does not have a net spin and is EPR
silent. In the EPR active neutral charge state of Oy, the oxygen
is displaced away from one of the basal plane Al ions and
forms a bond with two basal plane Al ions and the axial Al ion.
We find the HF on the axial Al is an order of magnitude lower
than the experimental value and the largest HF associated with
Oy is on a basal plane Al ion, which is in contrast with the
axial anisotropy that is associated with D5.

With Wy in the EPR active neutral charge state we find a
breathinglike relaxation of the four Al dangling bonds that
are nearest neighbor to the vacancy site. Hence, there is a HF
interaction with all four nearest-neighbor Al dangling bonds,
which also conflicts with the observed anisotropy of D5. In
contrast, the calculated HF parameters for Cx and the out-of-
plane anisotropy are in remarkably good agreement with the
experimental HF parameters listed in Table II.

In the EPR active state (CON), the three basal plane C-Al
bonds are equivalent in length and shorter than the axial C-Al
bond length. The spin density of CY is localized primarily on
a C p, orbital that is oriented along the ¢ axis [28]. In our
HF calculations, we assume C is incorporated as 2¢ (e,
the zero nuclear spin isotope of C). While the majority of
the spin density is localized on the C ion (which lacks an HF
interaction as '2C), a striking consequence of the C p, orbital
that constitutes the spin density of C% is the finite orbital
overlap of the C p, orbital with the orbitals of the Al ion
that is along the axial C-Al bond. This orbital overlap leads
to a finite HF interaction on the axial Al ion and the largest
of the four HF parameters for C% reported in Table II that
are in agreement with experiment. There is negligible overlap
of the spin density with the three basal plane C-Al bonds,
which is consistent with the HF parameters for these three Al

ions being significantly lower compared to that of the axial
Al In reality, 1.1% of the C is present as '*C, which has
a nonzero nuclear spin. Given the overall low concentration
of 13C with respect to the total carbon incorporated in our
samples (Table I), we expect no measurable EPR spectum due
to contributions from '*C.

Next we examine possible photoionization processes for
Cy to determine the response of the EPR signal to photoexci-
tation. Our photo-EPR measurements performed on sample C
and sample D are illustrated in Fig. 2. The increase in intensity
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FIG. 2. Steady state photo-EPR for (a) excitation and (b) quench-
ing of the EPR amplitude in sample C (circles) and sample D
(squares) indicating the relative number of EPR active defects as
a function of photon energy. Error bars indicate the uncertainty in
comparing EPR amplitudes. The inset in (a) illustrates the EPR
spectra obtained from sample C in the dark (black), after illumination
with 4.68 eV (green) and following partial quenching with 2.01 eV
(gray).
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is due to photoionization that leads to CY  while the reduction
in intensity corresponds to conversion of C% to an EPR silent
charge state. From Fig. 2(a), we see that the intensity of
the EPR signal begins to increase at a threshold of ~4 eV.
Figure 2(b) shows that once the EPR signal is generated, the
intensity begins to decrease at a threshold of ~2 eV.

The thresholds for excitation and quenching of the photo-
EPR signal add approximately to the band gap of AIN. This
suggests the photo-EPR data is due to direct photoionization
of Cy, rather than the capture of a carrier by a secondary
defect followed by charge transfer to Cy. This interpretation
is further supported by the fact that the photo-EPR response
is obtained on two samples that were grown under different
conditions and contain impurities that differ in concentration
by up to two orders of magnitude. Finally, we note that no
other EPR active defect was observed in sample C, and no
other defects with the appropriate photo-EPR response were
detected in sample D.

First-principles calculations show that in addition to the
(0/—) level, which is 1.88 eV above the AIN VBM, Cy can
also be stable in the positive charge state. The resulting (4-/0)
level of Cy is 1.02 eV above the VBM [28]. The positive and
negative charge states of Cy do not have net spin and are EPR
silent. Here we extend this study of carbon in AIN reported
in Ref. [28] to examine possible optical processes involving
the (0/—) or (4/0) level of Cy. In principle, photoionization
processes involving either the (0/—) or (4-/0) level can excite
or quench the EPR-active C; state. Our first-principles calcu-
lations of the optical transitions suggest that the photo-EPR
measurements correspond to photoionization of the Cy (0/—)
level. In Fig. 3(a), we illustrate the zero-phonon line and the
peak optical absorption energies for photoionization processes
that involve either the (4/0) or (0/—) level of Cy in AIN.
The peak absorption energies are determined by invoking
the Franck-Condon approximation, which is illustrated using
configuration-coordinate diagrams as shown in Fig. 3(b).

Figure 3(b) illustrates the photoionization of a carrier from
the AIN VBM that converts the EPR active CON to Cy. This
transition is calculated to occur at a peak absorption energy of
2.51 eV, while the onset in the absorption process is 1.88 eV.
This prediction agrees with our observation of the photo-EPR
signal quenching at ~2eV. Similarly, we predict that pho-
toionization of an electron to the AIN CBM from the (EPR
silent) Cy charge state occurs with a peak absorption energy
of 4.83 eV and an onset of 4.32 eV. Again, this prediction
agrees well with our observation of the photo-excitation of the
EPR signal at ~ 4 eV. In addition, we find that the photo-EPR
cannot involve the (+/0) level of Cy, since the energies that
excite and quench the EPR signal in our experiments are
incompatible with the corresponding energies that we predict
from first principles.

Having established evidence for Cy in AIN, we are now
in a position to comment on optical experiments where car-
bon has been invoked as the origin of defect-related spectra.
In particular, several studies have connected the presence of
absorption bands at 2.6 eV and 4.7 eV as being due to car-
bon [12-15], and there is some debate as to whether carbon
incorporates as Cy [14], as Cu [12], or as a complex [15].
Given that the threshold to excite the photo-EPR signal due
to CRI is 4 eV and the photo-EPR signal continues to increase
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FIG. 3. The peak absorption energy and zero-phonon line (in
parentheses) for the Cy (+/0) and (0/—) levels is listed alongside
each arrow denoting possible optical absorption processes. Pro-
cesses that lead to an EPR active state are denoted in green font.
(b) Configuration-coordinate diagram illustrating photoionization of
electrons from the VBM to the Cy (0/—) level converting the EPR
active charge state to an EPR silent state. The inset in (b) illustrates
the spin density of the hole introduced by the EPR active CY state.

up to 4.68 eV, we suggest that the widely observed absorption
band at 4.7 eV in AIN can be explained by photoionization
of Cy, leading to an electron in the AIN CBM. We anticipate
these findings on the hyperfine and optical properties of Cy
will motivate future work that assesses the electrical proper-
ties of AIN that contain carbon.

IV. CONCLUSIONS

In summary, photo-EPR measurements and first-principles
calculations provide clear evidence of carbon incorporation on
the nitrogen site in AIN. The distortion of Cy along the ¢ axis
leads to a finite hyperfine interaction with the axial Al ion that
is nearest neighbor to Cy. This resolves the origin of the EPR
spectra in a number of prior studies on AIN where the defect
giving rise to the hyperfine interaction was thought to be a
deep donor. Photoionization of the Cx (0/—) level at ~4eV
excites the EPR signal associated with this hyperfine inter-
action, while photon energies in the range of ~2eV quench
the EPR signal, which is consistent with our calculations of
the zero-phonon line and peak absorption energies for the Cy
(0/—) level. The photo-EPR signal excited above 4 eV due
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to Cy is also consistent with the absorption spectrum that is
peaked at 4.7 eV in AIN samples that contain carbon.
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