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ABSTRACT

We show experimentally that deep point defect levels in GaN, AlN, and AlGaN are constant with respect to the vacuum level and can be
used as invariant internal energy references. This offered a convenient and quick way to assess band shifts and impurity levels as a function
of temperature via photoluminescence. For AlGaN, we determined that the band shift in the temperature range of 3–600K occurred
primarily in the valence band and that the lowering of the conduction band edge was comparatively small. The valence band shift (as a
fraction of the Varshni bandgap shift) in AlGaN varies from �70% in AlN to �90% in GaN.

Published under an exclusive license by AIP Publishing. https://doi.org/10.1063/5.0055409

AlGaN, with its direct tunable wide bandgap ranging from 3.4
(GaN) to 6.1 eV (AlN) and high breakdown field from 3.75 (GaN) to
over 15 MVcm�1 (AlN), has the potential to be exploited for various
applications in UV optoelectronics and high-power electronics.1–5

However, the development of AlGaN-based technology faces significant
challenges due to compensating defects6 and large threading dislocation
density (TDD) arising from a large lattice mismatch with the typically
employed foreign substrates.7–10 Furthermore, the challenges increase
for Al-rich AlGaN with relatively poor Ohmic contacts and high dopant
ionization energies due to the possible DX formation.8,11–13 While utili-
zation of native substrates, such as single crystal AlN or GaN, reduces
the TDD to<103 cm�2 from typical values of 109 cm�2 on sapphire,14,15

compensating point defects still present a challenge for further develop-
ment of AlGaN-based technology,6,16–20 requiring an understanding of
the nature of the defects and the dependence of their formation on the
growth and processing environment. While various defect states or elec-
tronic bands are well-researched in the binary alloys, AlGaN as a ternary
alloy does not share the same wealth of knowledge.13,21,22 Additionally,
understanding point defect formation at relevant temperatures, beyond
the typical 0K equilibriummodels, is of technological importance. Being
able to easily identify compensating defect configurations or non-
radiative centers for relevant compositions and temperatures would aid
improving devices.17,23,24

Previously, the energy levels of the conduction band minimum
and the valence band maximum for AlGaN have been estimated with
respect to the reference vacuum level as a function of Al composition
via XPS.25 Furthermore, the charge neutrality level at the surface (i.e.,
the surface Fermi level pinning) was also determined with respect to the
vacuum level and was found to be independent of alloy composition,
indicating a surface work function independent of alloy composition.25

In addition to these, it was observed that point defects that form local-
ized deep states within the bandgap are at a constant energy with respect
to the vacuum level and are also independent of the alloy composition.26

This was in agreement with the universality rule predicting the indepen-
dent nature of the deep mid-gap states for both cationic and anionic
impurities.26–29 Therefore, this suggested that the point defect thermo-
dynamic transition energies and the charge neutrality level could be
readily utilized as reference energies. Although deep defects are internal
reference states that remain invariant with respect to the vacuum level
as a function of composition and temperature,26 they are still expected
to undergo thermal broadening due to lattice interactions.30 This invari-
ance of the deep levels offers a convenient internal reference as the
energy transitions between the defect states and the electronic bands can
simply be determined by luminescence.

In this work, we utilize localized energy states associated with
deep defects as an internal absolute reference to determine the shift of
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electronic bands in AlGaN as a function of temperature. We confirm
the relative invariance of thermodynamic transition levels of deep
defects with changes in electron–lattice interactions by studying the
temperature dependence of the Stokes shift. As further validation of
the temperature invariance hypothesis of the deep defect states, in gen-
eral, we demonstrate that the measured electronic band shifts are inde-
pendent of the identity of the localized deep defect. This approach
may be crucial not only for obtaining accurate point defect configura-
tions in Al/GaN with respect to composition and temperature but also
for estimating dopant thermodynamics as a function of growth
temperature.

All of the samples included in this work were grown on AlN sin-
gle crystal substrates or AlN templates on c-plane sapphire substrates
via low pressure metal organic chemical vapor deposition (MOCVD).
The details on the AlN crystal growth by physical vapor transport,
growth of AlN templates on sapphire, and pre-epitaxy AlN surface
preparation are described elsewhere.14,15,31–34 The AlGaN layers were
grown between 950 and 1150 �C, depending on the Al composition,
under a constant total reactor pressure of 20Torr, using
Trimethylaluminum (TMA), Triethylgallium (TEG), and NH3 as Al,
Ga, and N precursors, respectively.8

For the PL measurements, a 193nm ArF excimer laser was used
as an excitation light source (a 50 ns pulse width and a repetition rate
of 100Hz). The power density of the laser was kept low as not to influ-
ence the temperature of the sample on a stage with a cooling capacity
of 1.5W at 4.2K. The luminescence from the samples was dispersed in
a 0.75 m Acton Series SP-2750 monochromator with a 150 grooves/
mm diffraction grating and detected by a PIXIS 2K charge-coupled
device (CCD) camera. The higher temperature setup utilized a UV-
transparent optical fiber attachment (Princeton Instruments SP2750)
that could be placed closer to the sample. For low temperature PL
(3–300K), the samples were placed inside a Janis (SHI-RDK-415D)
closed-cycle helium cryostat, while for high temperatures (300–600K),
a metal-ceramic heater (THORLABS HT24S) was used.

Since CN is a commonly observed and studied deep point defect
in AlGaN, its thermodynamic transition energy, CN

�1 – CN0, was cho-
sen as an internal reference.35–37,39 The CN-based results were corrob-
orated with VIIIþnSi as an additional invariant deep point defect. The
dominant point defect was chosen either as CN or VIIIþnSi, and their
formation or incorporation was accordingly controlled employing
chemical potential control and is described elsewhere.38,39 The band
diagram was constructed using the data obtained from the tempera-
ture dependent PL. The invariant deep point defect was placed at a ref-
erence point of 0. Then, the relative position of the conduction band
with respect to a chosen deep level thermodynamic transition (CN)
was determined, using the energy of the corresponding luminescence
peak corrected for the Stokes shift, which was measured as a difference
between the absorption and emission peaks. With the known position
of the conduction band, the position of the valence band was deter-
mined from the near-band edge (NBE) luminescence. Hence, the band
diagram could be constructed over the whole characterized tempera-
ture range of 3–600K.

In addition to the invariance of the deep level, this method
requires that the change in the Stokes shift with temperature is small
compared to the change in the bandgap energy, which seems to hold
true, in general, for III-nitrides. Several authors have demonstrated
experimentally that the Stokes shift for various InGaN compositions

was independent of temperature.40–42 The insignificance of thermal
effects on the Stokes shift was also confirmed for AlN by PL (�3.9 eV)
and absorption measurements (�4.7 eV). The energy difference
between the luminescence and the absorption band (Stokes shift) was
measured to remain virtually constant with temperature at 0.8 eV.43

The error in the luminescence peak fit was around 10meV, and
thus, the change in the Stokes shift was negligible compared to the
change in the bandgap of about 60meV over the same temperature
range.

The PL spectra of GaN, Fig. 1, from 3 to 600K illustrate the
expected Varshni relationship. Notably, the near band edge emission
(NBE) (3.4 eV at RT) shifts significantly more for high temperature
excursions (200meV for 300K ! 600K) than for the low ones
(20meV for 300K ! 3K).2,44 It is important to note that the shift of
the CN emission peak (2.2 eV at RT) is negligible compared to that of
the shift of the NBE for low and high temperature regimes. This is
most notable in the high temperature PL spectra, which show a
200meV shift in the NBE emission and no discernable shift in the
carbon-related emission (Fig. 1, right). Similar trends were observed in
Al0.4Ga0.6N and AlN, where the position of the CN peak remains rela-
tively constant at 2.7 and 3.9 eV, respectively, while the position of the
NBE changes significantly. It should be noted that the PL intensity
decreased at higher temperatures. The observed thermal quenching of
defects is dependent on an activation energy resulting in a decrease
beyond a certain thermal energy and differs from that of the NBE.45

Since we are employing the defect peak as a reference, the reduction in
intensity at higher temperatures may provide a (defect dependent)
high temperature limit for studying the band dependence on tempera-
ture. The PL presented did not reach this limit at the highest tempera-
tures of 600K.

Temperature-dependent band diagrams for GaN and AlN
were constructed from the PL data as described above and are shown
in Fig. 2. It is noted that the change in the bandgap with temperature
(Varshni shift) seems to be dominated by the raise in the valence band
energy. The ratio of the change in the conduction band to the valence
band in GaN was measured to be �1:10, while that in AlN was
�1:2.5.

The relative changes in the conduction and valence bands can be
derived from the second order perturbation theory, where the pertur-
bation is associated with the change in the Hamiltonian due to various
contributions from an increase in temperature, as predicted by Mahan
for the bandgap dependence in CdTe.46 The main conclusion of this
analysis was that the change in the energy for each band was roughly
proportional to the respective effective masses. Mahan also finds the
negligible temperature dependence of the conduction band in CdTe
due to its small electron effective mass, while the valence band showed
larger temperature dependence due to a larger effective mass of the
holes and a stronger interaction with acoustic phonons.46 The effective
masses of the holes in GaN and AlN are 1.5 m0 and 3.5 m0, respec-
tively,47,48 while the effective masses of electrons are 0.2 m0 and
0.4m0, respectively.

44,49 Consequently, the valence band is expected to
experience a greater thermal shift than the conduction band, as
observed experimentally. Note that the quoted hole effective masses
are for heavy holes only, so the comparison of effective masses yields
only qualitative results while the experimental results are quantitative.

Finally, we characterized AlGaN at two different compositions:
Al0.4Ga0.6N and Al0.4Ga0.6N. As further validation of our hypothesis
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that the deep defects are practically invariant with temperature, we
also demonstrate that the electronic band shifts with temperature
determined by this method are independent of the identity of the
localized deep defect. Hence, we employ the VIIIþnSi as the second
deep-defect in addition to CN to validate our hypothesis and corrobo-
rate the measured band shifts as seen by the PL in Fig. 3 for
Al0.4Ga0.6N. The observations seen for the band shifts in Al0.4Ga0.6N,
with VIII related complex, as seen from Fig. 4 (right) can be directly
compared to Fig. 4 (left), where CN emission energy is used as the
reference energy. The band shifts of the conduction and valence
bands in Al0.4Ga0.6N and Al0.6Ga0.4N (Fig. 5) measured with CN and
VIII-complex yield similar values at �1:4, supporting our reference
energy hypothesis and indicating the valence band shift for AlGaN lies
between the�90% in GaN and�70% in AlN.

This provides an interesting insight into the band shift with
respect to temperature and the defect configurations that follow. For
example, due to the predominant valence band shift with temperature
in GaN, for an acceptor type defect with a (0/�1) transition, such as
Mg, the ionization energy is expected to decrease with temperature,
and the decrease should be approximately equal to the decrease in the

bandgap. Similarly, due to the conduction band being almost constant
with T, the Schottky barrier (determined by the defects pinning the
surface Fermi level) is expected to be practically constant with temper-
ature in the n-type material but should decrease with temperature for
the p-type material. Finally, the acceptor-type impurities may show a
stronger growth temperature dependence, while donor type impurities
are expected to be fairly independent of the growth temperature.
Similar predictions have been described by Zunger, where shallow
impurities track closely the host band-edges with the shift of the
bands.27

Using deep impurity levels as an internal reference (CN and
VIIIþnSi), we used PL to measure the shift of the electronic bands as a
function of temperature for GaN, Al0.4Ga0.6N, and AlN. In contrast to
the previously predicted and observed band shifts, where the valence
band shift was estimated to be�70% of the Varshni shift, we observed
for the temperature range of 3–600K that the shift was predominantly
in the valence band, and it amounted to �70% and �90% of the total
shift for AlN and GaN, respectively. Utilizing a deep point defect as an
invariant internal reference, as opposed to the vacuum level that can-
not be easily measured, offers a convenient way to assess band shifts

FIG. 1. (left) Low (3–300 K) and (right) high temperature (300–600 K) PL of GaN showing the near-band edge (NBE) and CN peaks. While there was a significant red shift of
the NBE with temperature, the position of the CN peak remained practically constant over the whole temperature range.

FIG. 2. Temperature-dependent band diagrams for (left) GaN and (right) AlN. In both cases, the conduction band remained relatively constant with temperature while most of
the change was in the valence band.
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and impurity levels as a function of temperature. In addition, these
results prove to be pertinent to estimates of dopant incorporation at
growth temperatures.
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