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ABSTRACT

State-of-the-art semiconducting aluminum nitride (AlN) films were characterized by cathodoluminescence (CL) spectroscopy in the range of
200–500 nm in an attempt to identify the energy levels within the bandgap and their associated defects. Near-band edge emission (around
206 nm) and high-intensity peaks centered in the near UV range (around 325 nm) are observed for both n- and p-type AlN films. The near
UV peaks are potentially associated with oxygen contamination in the films. The p-type AlN films contain at least two unidentified peaks
above 400 nm. Assuming that the dopant concentration is independent of compensation (i.e., in the perfect doping limit), three effective
donor states are found from Fermi–Dirac statistics for Si-doped AlN, at �0.035, �0.05, and �0.11 eV. Similarly, a single effective acceptor
energy of �0.03–0.05 eV (depending on the degeneracy factory considered) was found for Be doped AlN. CL investigation of doped AlN
films supports claims that AlN may be a promising optoelectronic material, but also points to contaminant mitigation and defect theory as
major areas for future study.

Published under an exclusive license by AIP Publishing. https://doi.org/10.1063/5.0183178

Aluminum nitride (AlN) is a promising candidate for a wide
range of applications such as high-power devices for grid scale elec-
tronics and electric vehicles, and for ultraviolet (UV) emitters for steril-
ization and lithography, which are unmet by current materials.
Among other wide- and extreme bandgap materials [i.e., gallium
nitride (GaN), silicon carbide (SiC), gallium oxide (Ga2O3), and dia-
mond], AlN has a comprehensive set of promising material properties
for these applications—namely, a direct bandgap of 6.1 eV, high critical
electric field, high thermal conductivity, and compatibility with the
established III-nitride infrastructure.1–6 However, AlN doping, which
is required to utilize AlN for these applications, is still an immature
topic and requires further investigation.

Silicon-doped AlN was first reported as a natural extension of
GaN doping, but early reports of electron concentrations were limited
to less than 1016 cm�3.7 N-AlN with an electron concentration exceed-
ing 1017 cm�3 was reported,8 but this result appears to have never been
repeated and could be complicated by interface conduction between

the film and substrate. Research into doped AlN dwindled in the years
that followed. During this time, p-type AlN was never reported and
was generally regarded as challenging, if not unrealistic. Due to the
limited doping successes, AlN was effectively relegated to being an
insulator, rather than living up to its otherwise promising semicon-
ducting properties.

Research into doped AlGaN has since served as a useful tool to
understand the challenges associated with AlN doping while simulta-
neously pushing toward higher bandgap semiconductor materials. Si,
Ge, and Mg dopant atoms have been shown to undergo a critical tran-
sition as Al-content increases in AlGaN grown by traditional meth-
ods,9,10 which limits carrier concentrations to below the levels needed
to realize AlN-based semiconductor devices.

Recently, substantial p- and n-type bulk doping was achieved in
AlN:Be and AlN:Si films11–13 and led to the first demonstration of a
homojunction AlN diode.12 These results represent a significant
improvement in achievable carrier concentrations in AlN, with hole
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and electron concentrations of �4.4� 1018 and �6� 1018 cm�3,
orders of magnitude higher than the previous state of the art.8,11,12,14

In contrast to these results, theoretical investigations into doping AlN
have concluded that Be and Si are unlikely to be effective dopants for
AlN. Be is expected to occupy deep states in the bandgap,15 but these
reports do not typically account for impurity band formation.13

Additionally, Si is typically expected to be compensated by various
defects related to aluminum vacancies and DX-center formation.13

Despite outperforming theoretical predictions for doping, these early
results are plagued with low dopant activation efficiencies. This will
later be shown to be consistent with degenerate doping statistics but
could also be a result of compensation issues, presumably from unde-
sirable impurities like oxygen, which are gettered by the highly reactive
Al- and Be-rich surfaces used to facilitate growth. In this Letter, doped
AlN films were characterized by cathodoluminescence (CL) spectros-
copy in an attempt to better understand the energy levels within the
AlN bandgap.

The films were grown by metal-modulated epitaxy (MME)16 in a
Riber 32 MBE chamber on HVPE AlN-on-sapphire templates. Two-
inch wafers were backside metalized with Ta to ensure uniform tem-
peratures during growth and then diced into 1� 1 cm2 samples for
growth. Prior to loading into vacuum, the samples were cleaned with a
piranha solution and dipped in dilute HF to remove organic contami-
nants and some surface oxides, respectively. Al, Be, and Si fluxes were
supplied from standard effusion cells, while active nitrogen was gener-
ated using a Veeco UNI-bulb radio frequency plasma source. 500 nm
thick AlN:Si films were grown directly on the HVPE templates, while
150nm thick AlN:Be films were grown on 300nm thick unintention-
ally doped AlN buffer layers. More detailed sample preparation and
growth conditions can be found in Refs. 11 and 12. CL spectra were
obtained using a scanning electron microscope equipped with a para-
bolic mirror spectrometer.

As shown in Table I, the AlN:Si films were doped from
[Si]¼ 5� 1017 to 7� 1019 cm�3 resulting in electron concentrations
ranging from below 9� 1017 to 6� 1018 cm�3, while the AlN:Be films
(Table II) were doped from [Be]¼ 7� 1018 to 4� 1019 cm�3 with hole
concentrations from 1.1� 1018 to 3.1� 1018 cm�3. The moderate dop-
ant activation efficiencies may be a result of defect compensation, pos-
sibly by the deep states observed here in CL or by others that are not
optically active, but they may also be explained by considering degen-
erate doping. Due to the complex nature of modeling the density of
states in an impurity band, the precise factors dictating the doping effi-
ciency cannot be identified here. However, some insight can be gleaned
by treating the impurity bands as isolated, effective donor or acceptor
energies, ED or EA, as has previously been extracted from Hall mea-
surements for GaN containing impurity bands.17 We emphasize that

these effective dopant energies are not real and only account for the
complex ionization effects of the impurity band occupancy (ioniza-
tion). In this simplified case, as the Fermi energy moves above the
donor energy or as it moves below the acceptor energy, significant loss
of dopant ionization results, sharply reducing ionization efficiency.

The expected effective donor and acceptor levels (ED and EA) in
these films can be calculated by using Fermi–Dirac statistics in the
charge neutrality formula in Eq. (1). ND and NA represent the concen-
tration of donors and acceptors in cm�3, respectively. Nc and Nv repre-
sent the effective density of states in the conduction and valence bands
in cm�3, respectively. The Fermi level is Ef, and Ec and Ev represent
the conduction and valence band energies, respectively. The spin
degeneracy factors of donors and acceptors are given as gD and gA, and
kT represents thermal energy, which is equal to �0.0259 eV at room
temperature. F1/2 is the Fermi–Dirac integral of order 1=2 and accounts
for the degenerate doping statistics,

Nv
2ffiffiffi
p

p F1=2
Ev � Ef
kT

� �
� NA

1þ gAexp EA � Efð Þ=kT� �

¼ Nc
2ffiffiffi
p

p F1=2
Ef � Ec
kT

� �
� ND

1þ gDexp Ef � EDð Þ=kT� � : (1)

Assuming that the left-hand side of Eq. (1) is negligible for n-type
AlN, and that the right-hand side is negligible for p-type AlN, ED and
EA can be calculated by iterating over different values of Ef. The result
of this calculation for each sample is also shown in Tables I and II. It is
evident that each sample in this study is degenerately doped, with the
Fermi level lying within 3 kT of the conduction and valence band for
the n- and p-type films, respectively. The donor level is predicted to
have at least three energies at �35, �50, and �115meV below the
conduction band assuming gD¼ 2. These energies give expected emis-
sion wavelengths of �204, �205, and �207 nm, respectively, so they
are expected to be indistinguishable from near-band edge (NBE) peaks
in these films. In prior studies, it was found that the effective acceptor
energy decreased from�110 to�51meV as the activated dopant con-
centration increased within the degenerate regime.17 Discounting
N4592, which has an ionized donor concentration below the critical
concentration for impurity band formation,13 there is a similar general
reduction in the donor effective activation energy with increasing elec-
tron concentration. Other possible origins of these levels are unknown,
as the effective donor levels are not correlated with Si concentration,
chamber growth history, or any other conditions that were monitored
during the growth of these films.

The p-type samples are found to have effective acceptor levels
around 30meV above the valence band when assuming gA¼ 4 (due to
heavy and light hole bands dominating hole conduction), which agrees
with the acceptor activation energy extracted from temperature-
dependent Hall measurements on Be-doped AlN.11 The expected
emission wavelength of these films is �205nm, and it is also expected

TABLE I. Si-doped AlN information.

Sample ID [Si] (cm�3) [e�] (cm�3) Ec-Ef (eV) Ec-ED (eV)

N4591 5� 1017 unmeas. N/A N/A
N4592 3� 1018 9� 1017 0.048 0.052
N4595 8� 1018 5� 1017 0.064 0.116
N4596 3� 1019 1� 1018 0.045 0.113
N4597 7� 1019 6� 1018 �0.007 0.036

TABLE II. Be-doped AlN information.

Sample ID [Be] (cm�3) [hþ] (cm�3) Ef-Ev (eV) EA-Ev (eV)

N4491 4� 1019 3.1� 1018 0.000 0.028
N4492 7� 1018 1.1� 1018 0.030 0.036
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to be indistinguishable from the NBE peak. If gA¼ 2, which could
result from the expected dominance of the crystal-field split-off band
for hole conduction in AlN,13 then the effective acceptor level shifts to
a slightly higher value of�50meV above the valence band.

Signal strength is always a concern in CL, and for thin films, the
acquisition of a detectable signal must be balanced against a penetra-
tion depth that can go beyond the film thickness. CL of each doped
AlN film was performed at an excitation energy of 5, 10, 15, and 20 kV
corresponding to a range of penetration depths from approximately
200nm to 2.3 lm.18 The CL at each beam energy is shown for sample
N4595 in Fig. 1. Luminescence peaks were not observed until the exci-
tation energy was above 10 kV, which indicates that luminescence in
AlN is subject to parasitic recombination from the surface.19 Thus, CL
was necessarily collected from both the film and the template in order
to get a measurable spectrum, and 15 kV was chosen as the excitation
energy for this report to minimize the contribution from the HVPE
AlN template layer. Each CL spectrum presented throughout the
remainder of this Letter includes a substrate reference in order to dis-
tinguish which features come from the film and which come from the
substrate.

Figure 2 shows the CL spectra of n-type AlN films. For most
films, the spectrum is dominated by a near UV (NUV) peak around
330–340 nm, and the intensity of this peak increases with both increas-
ing Si and electron concentrations. The CL spectra also show a rela-
tively low intensity peak consistently at 206 nm, which is identified as
near-band edge (NBE) emission. Finally, a broad, low-intensity peak
appears near 224 nm in the CL spectrum for the higher doped AlN
films but appears to blend into the noise background as doping is
decreased.

The NUV peaks correspond to energies between 3.6 and 3.8 eV,
which are close to the values that have previously been attributed to
aluminum vacancy-oxygen defect complexes in AlN.20,21 These films
were grown under conditions that are expected to minimize the pres-
ence of both VAl and oxygen in undoped films.13 However, theory pre-
dicts that increasing Si content lowers the formation energy of VAl in
AlN,22 which could lead to a substantial number of VAl-based defect
complexes despite the growth conditions. Thus, the NUV peaks in the
n-type AlN films reported here can likely be attributed to aluminum

vacancy-oxygen defects in the films. Furthermore, given the direct cor-
relation of the NUV peak intensity with the Si doping, it is likely that
the source of the oxygen in these films is related to the hot Si effusion
cell. CO and CO2 are known to evolve from hot effusion cells, and the
contamination levels of these species depend strongly on operation
temperature. Given these Si effusion cells were operated at near their
thermal limits, future effort may be required to find alternative means
of introducing silicon dopants without compensating contaminants.

The presence of NBE emission in Si-doped AlN indicates rela-
tively high-quality material, and the slight redshift (of �80meV) from
the theoretical AlN peak may further confirm the n-type nature of
these films. Alternatively, one report gives the bandgap of AlN as
6.026 eV at room temperature,23 which matches the reported NBE
emission. In either case, the presence of the NBE peak suggests future
optoelectronic devices are practical for MME-grown AlN. For the sam-
ples that have measurable conduction (i.e., excluding N4591, or the
sample with a Si concentration of 5� 1017 cm�3), the NBE emission
decreases with increasing Si content. Since the oxygen concentration
and the intensity of the associated NUV CL emission are also corre-
lated with Si-doping, it is a reasonable assumption that NBE intensity
is reduced as a result of recombination in either oxygen- or silicon-
related sites. The broad 224 nm peak that appears in the film with the
highest Si concentration represents a distributed range of states in the
bandgap centered approximately 560meV below the conduction band
edge. This is deeper and more distributed in energy than theory sug-
gests for the Si-DX center. The carrier activation efficiency initially
drops as dopant concentration increases, but then increases between
the second highest and highest doped samples. The ratio of the NUV
peak intensity to the intensity at 224 nm increases throughout the full
range of Si doping and does not seem to be correlated with the carrier
activation efficiency (or compensation). This indicates that the broad
peak at 224 nm requires further theoretical investigation.

The CL spectra for p-type AlN films are shown in Fig. 3. Similar
to the n-type films, these spectra are dominated by deep level emission,
with both AlN:Be films showing high-intensity peaks around
320–330nm, near the dominant NUV peaks in the AlN:Si films.
Interestingly, the intensity of these peaks is inversely proportional to
the Be and hole concentration of the films, opposite to the trend
observed for the n-type AlN. If this peak is indeed oxygen, its presence
may suggest that Be forms defect complexes with O at high

FIG. 1. Representative cathodoluminescence spectra as a function of excitation
energy for an n-type AlN:Si film.

FIG. 2. Cathodoluminescence spectra for n-type AlN:Si films.
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concentrations, possibly explaining the chamber-history-dependent
variations in hole concentrations.11 If true, then the Be-O complexes
would either (1) have a different yet-to-be-determined CL signature
(possibly the deeper 450 nm emission) or (2) be optically inactive.

These films also exhibit NBE emission, but with a direct relation-
ship between doping and peak intensity. The NBE peak intensities for
all of the n- and p-type AlN films are all within the same order of mag-
nitude (mid 103 counts). The highest doped p-type AlN film shows a
unique, broad, low-energy emission peak near 450nm, while both p-
type films show an additional broad peak near 490 nm. Finally, a slight
increase in the CL intensity is observed between the NBE peak and the
dominant NUV peaks for both AlN:Be films, especially when com-
pared to the undoped template, which indicates that there may be
broad, low-intensity peaks buried beneath the brighter peaks at longer
wavelengths and at wavelengths between the NUV and �450 nm
peaks. Future theoretical work is needed before the defects, which
cause these peaks can be definitively identified.

In conclusion, relatively strong near-band edge emission has been
observed for both n- and p-type AlN films grown by MME. The con-
sistent presence and similar intensity of these NBE peaks indicated
future promise for AlN-based optoelectronics. In both n- and p-type
doped AlN films, high-intensity peaks centered in the near UV range
suggest that oxygen contamination is a major concern as also seen in
the literature for HVPE- and MOCVD-grown AlN. Because degener-
ate Fermi–Dirac statistics can account for the moderate activation effi-
ciencies, we cannot definitively prove these features are related to
compensation. However, future work reducing oxygen concentrations
may enable even higher carrier concentrations than those obtained in
these films, especially for Si-doped AlN. The CL spectra of Be-doped
AlN films contain at least two unidentified features above 400 nm,
which could be related to Be defect complexes, but require further the-
oretical work before they can be definitively identified. CL investiga-
tion of doped AlN films supports claims that AlN may be a promising
optoelectronic material, but also points to contaminant mitigation as a
major area for future study.
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