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ABSTRACT

In this work, we determine the dependence of the defect transition energies, electronic bands, and surface charge neutrality levels in AlGaN.
With Vacuum level as reference, we show that energy transitions of localized defects and the surface Fermi level are independent of the alloy
composition as electronic bands diverge with the increase in the bandgap as a function of alloy composition. The invariance of localized
states on the alloy composition creates a convenient internal reference energy with respect to which other energy states may be measured.
We demonstrate a higher generality to the universality rule with the independence of deep transition states of otherwise shallow donor type
defects [(þ1/þ3) transition for VN] and defect complexes (CNþSiIII) in addition to the earlier predicted independent nature of mid-gap
states when they are either the antibonding state between cationic impurities and host anion or acceptors at anion sites.
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The development of AlGaN-based deep-UV optoelectronics and
high-power devices faces limitations due to their large compensating
or absorbing defect concentrations, relatively poor Ohmic contacts,
and high dopant activation energies due to DX formation.1–11 These
limitations may be overcome by effective point defect identification
and control. Typically, the defect control involves determining the
growth regimes that ensure reduced defect incorporation and associ-
ated adverse effects.12–14 However, targeted reduction of point defects
by increasing the defect formation energy by controlling the defect
constituents’ chemical potential or defect quasi Fermi level has been
demonstrated as well.15–18 Furthermore, altering the defect configura-
tion such as for the case of CN in AlN to form complexes with Si that
do not absorb in the technologically important UV region has also
been shown.19 For the targeted reduction by controlling the defect for-
mation energy or changing the configuration of the defect, identifica-
tion of the defects, their complexes, energies of formation, and optical
properties are necessary. While some of the defect properties have
been calculated for pure materials (GaN and AlN),20–23 extending
them to the alloy system AlGaN has been limited. Consequently, an
understanding of the relative energies of the defect transitions and
electronic bands (conduction and valence bands) is essential to under-
standing the defects and their properties in the alloy. Similarly, exten-
sive theoretical and experimental works on the surface states and the

corresponding Fermi level position have been reported.24–29 The sur-
face Fermi level is likely more influential in defect formation or incor-
poration due to them mostly forming or incorporating at the
surface as bulk diffusion is limited at typical epitaxial growth tempera-
tures.15,21 Consequently, a better understanding of the energy shifts of
the defect states, surface Fermi level, and electronic bands in alloys is
important. Furthermore, the experimentally determined energy shifts
may provide insights into the impact of alloying or strain on the
Hamiltonians and their solutions employed in density functional the-
ory (DFT) calculations. Accordingly, in this work, we describe the
relationship between the point defect thermodynamic transition ener-
gies, Fermi level pinning energies or charge neutrality levels, and the
electronic bands as a function of Al composition. Notably, we provide
their energy shifts with the vacuum level as a reference and hence we
describe the “absolute” energies and shifts of the bands and states as a
function of alloy composition. The term “absolute” is used here to
imply a common reference energy (vacuum level) between different
materials or alloys, resulting in energy levels that may be easily com-
pared across systems. We note that potential energy is always relative.
We also demonstrate the invariance of the “absolute” defect energy
with the change in the alloy composition.

AlGaN layers were grown on either AlN single crystal substrates
or AlN templates grown on c-plane a-Al2O3 in a vertical, rf-heated,
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low-pressure Metal organic chemical vapor deposition (MOCVD)
reactor. The AlN substrates were processed from AlN boules grown by
physical vapor transport (PVT).30–32 Pre-epitaxy, acid-based AlN sur-
face preparation is described elsewhere.33 AlN and sapphire substrate
treatment before growth included annealing in H2 ambience at
1100 �C for 7min and nitridation at 950 �C for 4min. On sapphire,
this was followed by a 20nm low temperature AlN nucleation layer
deposited at 650 �C and then annealed at 1050 �C for 15min to obtain
Al-polarity. A 300nm thick AlN layer was grown to serve as a tem-
plate for doped AlGaN growth on both AlN and sapphire substrates.
The reactor total pressure was kept constant at 20Torr throughout the
growth. Trimethylaluminum (TMA), triethylgallium (TEG), and NH3

were used as Al, Ga, and N precursors, respectively. SiH4 and Cp2Mg
were used as the Si and Mg dopant sources, respectively. The AlGaN
composition was determined by x-ray diffraction (XRD) measure-
ments carried out using a Philips X’Pert materials research diffractom-
eter with a Cu x-ray source. AlGaN and AlN 2h-x scans in symmetric
(00.2) and asymmetric (10.5) and (�10.5) reflections were conducted
in a double-axis configuration with a four-bounce Ge [220] crystal
monochromator. The Al molar fraction in strained AlGaN layers on
an AlN/sapphire template was determined by the relative measure-
ment between AlN and AlGaN peaks. The details of the measurement
technique have been described elsewhere.34 Photoluminescence (PL)
spectra were acquired using a pulsed ArF excimer laser (k¼ 193nm)
along with a Princeton Instruments Acton SP2750 0.75 m high-
resolution monochromator and a PIXIS: 2KBUV cooled charge-
coupled device camera.

Previously, we had determined the changes in the energy of the
conduction band, valence band, and surface Fermi level with respect
to the vacuum level as a function of Al composition via x-ray photo-
electron spectroscopy studies.35 Interestingly, the surface Fermi level is
a constant with respect to the vacuum level and the alloy exhibits a
constant surface work function independent of composition. Hence,
there is a strong correlation between Fermi level stabilization energy
and surface defects and reconstructions pinning the Fermi level. The
identity of these defects and reconstructions have been discussed in
the literature24,26–29,35–38 with a recent work describing the surface
oxide structure via TEM and DFT.39 Nevertheless, the surface Fermi
pinning energy behaves as a reference energy independent of elec-
tronic bands and hence the alloy composition. In contrast, the conduc-
tion and valence bands diverge as35

DEC ¼ x2 þ 0:8x þ 0:7 eV; (1)

and

DEV ¼ � 0:8x þ 2:7 eVð Þ; (2)

measured with respect to the surface charge neutrality level (surface
Fermi level) with the bowing factor shown to be entirely incorporated
as the quadratic component in the conduction band dependence.

For this work, as case studies, we have characterized technologi-
cally important defects (a) CN and its complexes with ON, which
determine the low doping limit in Si doped AlGaN and 265nm
absorption in AlN,1,4,5,10,11,40–42 (b) CN–SiIII complexes that are a
potential solution to absorption by CN in AlN and AlGaN,19 and
finally (c) MgIII, and (d) VN, which determine p-type conductivity and
compensation in AlGaN.43–56 It has to be noted that in many of these
cases, the exact identity of the defect is under debate and we label

them with the most commonly ascribed labels. Furthermore, the exact
identity is not important for the conclusions of this work. For this
work, the defects were identified through correlation between DFT
models and experimental methods such as secondary ion mass spec-
troscopy (SIMS), photoluminescence and absorption studies in GaN
and AlN. The corresponding Stokes shift for each of the defects was
estimated from published DFT analysis and photoluminescence exci-
tation studies.1,5,7,10,17,19,20,22,23,41,42,46,51–60 The Stokes shift in pure
materials was obtained by a comparison of the tentatively identified
defects transition energies obtained from the DFT model and lumines-
cence/absorption measurements in AlN or GaN and the correspond-
ing emissions in AlN or GaN, respectively. The Stokes shift for any
alloy composition was assumed as the linear interpolation of the corre-
sponding values for the pure materials. The error due to such linear
interpolation is negligible since the change in the magnitude of the
Stokes shift with alloy composition was negligible compared to that of
the bandgap. Finally, we include the defect energy levels associated
with shallow defects from the ionization energies of donor Si. Note
that Si is shallow for Al compositions <85% beyond which it under-
goes a DX transition.9,61

Photoluminescence (PL) studies of various defects in AlGaN
with different Al compositions were performed. The identity of each
defect was determined by tracking evolution of known peaks from
GaN or AlN as the Al composition changed from GaN to AlN. The
growth and doping conditions necessary for the dominant emission
corresponding to each of the studied defects are known from our prior
studies and studies by various groups.22,23,42,46,51–53,55,56,62–64 In partic-
ular, we have demonstrated that employing chemical potential control
(CPC) allows for controlling the concentration of individual defects
such as CN, vacancy silicon complexes, etc., whose properties can then
be studied individually allowing us to present this study.15,18 CN or its
complex with ON

1,4,5,7,10,11 was controlled by CPC in AlGaN for differ-
ent Al molar fractions employing ammonia partial pressure and super-
saturation15 and its emission peak was characterized as a function of
Al composition from 2.2 eV in GaN to 3.9 eV in AlN. The formation
of the CNþ SiIII complex has been hypothesized to be responsible for
the absence of absorption at 265nm in PVT-grown (physical vapor
transport) AlN when co-doped with Si.19 This results in a shift in the
emission from 3.9 eV (CN) to 4.3 eV (CNþSiAl) in AlN. The evolution
of the new emission was then studied as a function of Al composition
in AlGaN. The blue emission at 2.8 eV in GaN appeared with high Mg
doping >2� 1019 cm�3 in MOCVD grown GaN. The emergence of
the blue luminescence also corresponds to an increased resistivity,
implying self-compensation. The defect associated with self-
compensation has been identified as VN (þ1/þ3) although the lumi-
nescence itself has also been related to Mg undergoing a large local lat-
tice relaxation.43–46,54,56 This blue emission in GaN evolves from
2.8 eV in GaN to 4.8 eV in AlN with an increase in the Al molar frac-
tion in Mg (>2� 1019 cm�3) doped AlGaN. Interestingly, the
emission at 4.8 eV was also related to VN in a photoluminescence exci-
tation and power dependent photoluminescence studies in AlN not
doped with Mg, indicating that the blue luminescence is likely related
to VN rather than Mg undergoing a large local lattice relaxation.
Finally, in Mg (<2� 1019 cm�3)-doped AlN, an emission peak at
5.5 eV was observed, and is likely related to MgAl acceptor (0/�1)
transition.46 The evolution of the Mg emission was then studied as a
function of Al composition to the 3.25 eV transition observed in Mg
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(<2 � 1019 cm�3) doped GaN. This Mg emission peak is observed in
highly conductive p-type GaN without self-compensation due to VN.
Interestingly, the luminescence energy associated with Mg agrees with
reported electrical ionization energies and hence the associated Stokes
shift is assumed to be small.44,46,52 Figure 1 shows the evolution of the
photoluminescence peaks associated with some of the studied defects
in AlGaN. The thermodynamic transition levels associated with the
defects were then obtained by a comparison between measured emis-
sion energy and Stokes shift, which provides the energy difference
between a luminescence peak and thermodynamic transition energy.

Finally, the surface Fermi level and electronic bands that were
previously measured with respect to the reference vacuum level were
used to determine the point defect thermodynamic transitions corre-
sponding to various defects as a function of Al molar fraction with
respect to the vacuum level, as shown in Fig. 2. We observe an invari-
ance of localized defect transitions in AlGaN, with the localized deep
states (mid-gap energies) found to be at a constant energy relative to
the vacuum level, independent of Al composition. This strongly sug-
gests that the point defect thermodynamic transition energies and the
charge neutrality level are constant reference energies, independent of
cations (Al or Ga molar fractions) and may be used as reference ener-
gies instead of the vacuum level, which cannot be directly measured.
This is in agreement with the universality rule65,66 predicting indepen-
dent nature of mid-gap states if they are the antibonding state between
the cationic impurities and host anion and Lyons et al. predicting hole
localization for acceptors at anion sites such as CN, resulting in
atomic-like states.67 However, interestingly, we also demonstrate the
independence of deep transition states of otherwise shallow donor
type defects [(þ1/þ3) transition for VN] and defect complexes
(CNþ SiIII) indicating a more generality to the universality rule. Mg
employed as a p-type dopant in nitrides exhibits an interesting behav-
ior. Mg was theorized as being “accidentally” a shallow defect in GaN
as described by Lyons et al.56 However, while other defects show little
variation with respect to the vacuum level across the alloy composition
(�0.2 eV), Mg shifts by �0.45 eV with respect to the vacuum level
toward the valence band from GaN to AlN as shown in Fig. 2 hinting
at a possible hydrogenic contribution with higher activation energy in
AlN influenced by higher effective mass of holes in AlN and not

necessarily behaving as a localized acceptor. Furthermore, recently
reported low activation energies for Mg in Al rich AlGaN68 clearly
indicate an incomplete understanding of Mg in AlGaN and a need for
further theoretical and DFT investigation. Finally, for comparison, a
resonantly shallow donor Si is included in Fig. 2 with the transition
energy determined by the donor activation energy.9 The Si impurity
remains mostly resonant with the conduction band with a minor devi-
ation only observed after the transition to a DX state61 in AlN. To con-
clude, we have experimentally demonstrated and extended the
universality rule by studying alloys where the band movement and
defect states are studied by inducing perturbations, i.e., slowly chang-
ing the alloy composition.

FIG. 1. Photoluminescence studies showing the dependence of the luminescence energies of various defects on the composition of AlGaN ranging from GaN to AlN.

FIG. 2. The thermodynamic transition energies of different defects along, the sur-
face charge neutrality level, and electronic bands as a function of Al composition
along with the vacuum level.
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In conclusion, we studied the composition dependence of the
defect transition energies, electronic bands, and surface charge
neutrality levels in AlGaN as a function of the Al composition. We
demonstrated that energy transitions of localized defects are indepen-
dent of the alloy composition as electronic bands diverge with an
increase in the bandgap where the energies were measured with
respect to the vacuum level. We conclude an invariance of localized
defect transitions in AlGaN, and an easily measurable reference energy
with respect to which other energy states may be measured by techni-
ques such as photoluminescence in place of the vacuum level that can-
not be easily measured. Finally, we also demonstrated a higher
generality to the universality rule with the independence of deep tran-
sition states of otherwise shallow donor type defects [(þ1/þ3) transi-
tion for VN] and defect complexes (CNþ SiIII) in addition to the
earlier predicted independent nature of mid-gap states when they are
either the antibonding state between the cationic impurities and host
anion or acceptors at anion sites.
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