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ABSTRACT
High Al mole fraction AlGaN is an ultrawide bandgap semiconductor with potential applications in power electronics and deep UV detectors.
Although n-type material is achievable with Si-doping, the role of Si is controversial, particularly for AlxGa1−xN with x > 0.8. For this paper,
AlGaN films were grown by plasma-assisted molecular beam epitaxy onto bulk AlN substrates and doped with 1018–1020 cm−3 Si. We examine
electron transport in heavily Si-doped AlxGa1−xN with x ≥ 0.65 using magnetic resonance, which allows us to probe the neutral donors directly
rather than the free carriers and avoids complications due to electrical contacts. Transport was studied through the temperature-dependent
linewidth of the electron paramagnetic resonance (EPR) signature for the neutral donor. Analysis shows evidence of hopping conductivity in
the most lightly doped samples and impurity band formation in the most heavily doped ones. The EPR results, which are consistent with Hall
measurements performed on the same samples, are promising for the development of highly conducting high Al content AlGaN.

© 2023 Author(s). All article content, except where otherwise noted, is licensed under a Creative Commons Attribution (CC BY) license
(http://creativecommons.org/licenses/by/4.0/). https://doi.org/10.1063/5.0180912

I. INTRODUCTION

AlxGa1−xN, where x ranges from 0 to 1, forms a family
of semiconductors with applications including power electron-
ics, optoelectronics, and photonics.1–3 One of the most significant
features of this class of materials is the bandgap, especially the
ultra-wide bandgap of AlN (6 eV) and high Al content AlxGa1−xN
alloys (5–5.9 eV). In electronics, breakdown fields in excess of
10 MV/cm are thought to be achievable, and recently, Khachariya
et al. exceeded this field in an A0.85Ga0.15N/Al0.6Ga0.4N high elec-
tron mobility transistor grown on an AlN substrate.2,4 For optical
applications, the ultrawide bandgap will enable the LED industry to
achieve devices with affordable deep ultraviolet spectral output. All
devices based on these materials, though, require a predictable, con-
trollable conductivity. For instance, ohmic contacts require a heavily
doped low resistivity layer. Many advances have been made in the

fabrication of conducting n-type GaN devices by doping with Si;
however, the addition of Al, particularly in excess of 70%, lim-
its the efficiency of the Si n-type dopant.5 The Si donor level is
10–20 meV below the conduction band edge in GaN, but the level
deepens with the addition of Al, reaching ∼180 meV in AlN.6–9

Consequently, the number of free carriers at room temperature
diminishes with increasing Al mole fraction. In addition, studies
show that compensation by intrinsic defects, impurities like C or
complexes, restricts the effectiveness of the Si dopant.10–12 However,
recent work in which Al0.65Ga0.35N was characterized by secondary
ion mass spectrometry (SIMS), Hall measurements, and positron
annihilation spectroscopy indicates that neither the common impu-
rities nor the metal vacancy are responsible for compensation in
their samples.13 Rather, some groups suggest that the Si dopant
itself may introduce a form of self-compensation. Experiments sug-
gest that in AlxGa1−xN (x > 0.8), Si forms a DX center, a shallow
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donor with a negative correlation energy.14–17 On the other hand,
theory predicts an Al concentration greater than 95% is needed for
DX formation.18

To circumvent the limitations imposed by the donor level,
some have explored the possibility of impurity band conduction,
avoiding the need for excitation to the conduction band. Electrons
are thought to hop among the dopants with activation on the order
of meV depending on the type of dopant, its concentration, and the
particular host. At a sufficiently high impurity concentration, several
theories predict that the energy barrier for hopping approaches zero
and temperature-independent electron transport is attained.19 This
transition, referred to as the metal-to-insulator transition (MIT), is
thought to occur at a critical concentration given by Nc = 0.25m∗

εra3 .
Here, Nc is the minimum concentration required for the transition,
m∗ is the relative effective mass of an electron, εr is the relative
static dielectric constant, and a is the Bohr radius. Since the elec-
tron effective mass for AlN or AlxGa1−xN is not well established,
predictions for the critical Si concentration vary. Nevertheless, sev-
eral studies based on electrical measurements report impurity band
conduction in various AlxGa1−xN alloys for Si concentration above
5 × 1018 cm−3,20,21 while others observe degenerate behavior at
higher doping levels.22,23

In this paper, we examine the issue of impurity band conduc-
tion from a different point of view—the temperature dependence of
the spin relaxation time. Both hopping and impurity band conduc-
tion have been studied in n-type semiconductors via the temperature
dependence of the spin relaxation time, but no one has addressed
this issue in ultrawide bandgap high Al content AlGaN. Magnetic
resonance studies typically monitor the linewidth of the neutral
donor electron paramagnetic resonance (EPR) spectrum, which
is inversely proportional to the spin relaxation time.24 Hopping
motion, impurity band formation, and the Mott transition have been
investigated through analysis of the temperature-dependent EPR
linewidth in semiconductors such as P-doped Si, Sb-doped Ge, n-
type InSb and, more recently, Si-doped Ga2O3.25–27 Most pertinent
to this paper are the studies of the donor resonance in unintention-
ally doped GaN and Si-doped GaN.28,29 In the following, we compare
the magnetic resonance data of heavily Si-doped high Al content
AlxGa1−xN with that of other semiconductor systems, in partic-
ular, GaN. The EPR results confirm the temperature-dependent
Hall measurements indicating impurity band conduction and
provide new information about transport at low temperature in the

lighter-doped samples where contact issues often compromise the
electrical measurement. Finally, we note that for these high Al con-
tent AlGaN samples, the properties of the neutral donor reported
here are the same as those for the donor in Si-doped GaN and
require no consideration of a negative correlation or other types of
self-compensation.

II. EXPERIMENTAL DETAILS
Samples were grown by plasma-assisted molecular beam epi-

taxy (MBE) on single crystal AlN substrates having low dislocation
density (<104 cm−2) using standard effusion cells of Al, Ga, and
Si. The native oxide on the substrate surface was removed prior to
the growth using a combination of ex situ acid and in situ ther-
mal treatment described in detail in Refs. 30 and 31. The substrate
thermocouple temperatures for the growth were between 800 and
900 ○C as calibrated by evaporation rates of Al and Ga.30 For all sam-
ples, first, an AlN buffer layer of ∼1 �m was grown to isolate the
AlGaN layer from substrate surface impurities and defects. There-
after, an unintentionally doped (UID) AlGaN layer of 100–150 nm
having the same composition as that of the doped AlGaN layer
was grown. This UID AlGaN layer captures the Si present at the
AlN surface and separates it from the top doped AlGaN layer.32

Finally, 1018–1020 cm−3 Si doped AlxGa1−xN layers of different
compositions from x = 0.65–1 were grown. All samples were
150 nm doped AlxGa1−xN except for the sample with x = 0.85 and
5.6 × 1019 cm−3 Si, which was grown to 500 nm for more thorough
EPR analysis.

Temperature-dependent Hall effect measurements were per-
formed with a Lakeshore Hall system from 10 to 320 K using In
contacts. Ohmic I–V curves were verified for most samples. Hall
measurements were performed in standard van der Pauw arrange-
ment using magnetic fields of −1 to +1 T. After the Hall measure-
ments were completed, the samples were cut into 0.7 × 0.25 cm2

slices for EPR. EPR spectra were measured from 3.5 K to room
temperature using an X-band spectrometer and liquid helium flow-
through cryostat. Parameters such as microwave power and mag-
netic field modulation were chosen to avoid saturation effects while
maintaining a reasonable signal-to-noise ratio. The EPR g-value,
which is partially used to identify the spectra, is calculated as g = h f

�BB ,
where h is Planck’s constant, f is the microwave frequency, �B is the
Bohr magneton, and B is the applied magnetic field.24

TABLE I. Relevant properties of samples used in this paper.

Al composition
(at. %,
XRD)

Si density
(at./cm3,

SIMS)

Layer
thickness

(nm, XRD)

4K spin
density

(cm−3, EPR)

Room temp
carrier concentration

(cm−3, Hall)

Effective
activation

energy (meV)

1a 65 9.2× 1018 150 8× 1017

2 78 2.67× 1018 150 < 3× 1016 1.8× 1016 215.8
3 78 1.4× 1020 150 7× 1017 6.9× 1019 8.8
4 85 1.4× 1020 150 2× 1017 5.5× 1019 0.0
5 85 5.6× 1019 500 3× 1017 1.4× 1019 16.5
6a 97.5 9.2× 1018 150 5× 1016

aThe carrier density and activation energy were unavailable for these samples.
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Table I lists the significant features of the samples studied.
X-ray diffraction reciprocal space mapping (XRD-RSM) of the
AlGaN and AlN layers was carried out using a Bruker analytical
x-ray diffractometer to confirm the fully strained condition of the
AlGaN layer to underlying AlN in the 150 nm films (not shown).
The Al composition and thickness of the AlGaN layer were deter-
mined from x-ray diffraction (XRD) symmetric (002) �-2Θ scans,
with simulation fitting using the fully strained condition as ver-
ified earlier with XRD-RSM. Time of flight-secondary ion mass
spectrometry (ToF-SIMS) from Evans analytical group (EAG) was
used to determine Si doping levels in the samples. The Si con-
centrations are estimated from an SIMS reference sample grown
under the same conditions. The room temperature carrier density
was determined from the temperature-dependent Hall data, and the
effective activation energy was derived from the Arrhenius behavior
of carrier density.20 As will be discussed below, for the most heav-
ily doped samples (3–5), the temperature dependence of the carrier
concentration reflects impurity band conduction, so the effective
activation energy reflects the energy barrier as the electron moves
among the donors, not electron excitation to the conduction band
edge. For EPR, the number of spins was calculated at each temper-
ature by comparison to a standard, a heavily phosphorus-doped Si
powder sample.24 The concentration of spins, which was obtained
by simply dividing by the sample volume, assumes a uniform
distribution of defects.

III. RESULTS AND DISCUSSION
Figure 1 shows the EPR spectra of selected AlxGa1−xN sam-

ples measured at 4 K with the magnetic field parallel to the c-axis.
Measurement of the AlN buffer grown on an AlN substrate pro-
duced no EPR signal, confirming that the resonances studied in
this paper arise from the AlxGa1−xN film. The g-value calculated
with the magnetic field parallel to the c-axis varies from 1.981

FIG. 1. EPR spectra of the neutral donor in AlxGa1−xN for Al mole fraction x listed
in the figure: x = 0.975, sample 6; x = 0.85, sample 5; x = 0.78, sample 3; x = 0.65,
sample 1. The x = 0.975 spectrum was taken during illumination with a 730 nm
(1.7 eV) LED; the remaining were obtained without illumination. All spectra were
measured at 4 K with the magnetic field parallel to the c-axis of the crystal. The
dashed red lines are a Lorentzian fit.

to 1.990 as the Al mole fraction increases from 65% to 97.5%
and does not change upon rotation in the c-plane. The increasing
g-value as x increases, the narrowing of the line at nearly 100% Al,
and nearly zero anisotropy is consistent with the signal reported
by Bayerl et al. studying AlxGa1−xN with similar Al concentration
and Si doping.33 Thus, like in Ref. 33, we conclude that the EPR
signal shown in Fig. 1 is due to a neutral donor. Although sam-
ples 1–5 were measured without intentional illumination, the EPR
resonance of the sample with 97.5% Al was observed only after
exposure to a 730 nm LED, consistent with reports of others.16,33

Because this sample required photoexcitation and the response was
weak, we do not discuss the Al0.975Ga0.025N sample further. Using
samples 1–5 described in Table I, we examine the temperature
dependence of the EPR linewidth to gain insight into the possible
transport mechanisms in heavily Si-doped high Al mole fraction
AlxGa1−xN.

Samples 1 and 5 with the largest signal-to-noise ratio clearly
exhibit a Lorentzian line shape over the temperature range of
3.5–200 K. See, for instance, the dashed lines in Fig. 1 for x = 0.85
and 0.65. The Lorentzian fit is typical of a shallow donor where the
electron is only loosely bound to the impurity. Since the spectra in
Fig. 1 establish all of the EPR signals as neutral donors, the spectra
of the remaining samples were also analyzed as Lorentzian despite a
somewhat diminished fit due to the low signal strength. Figure 2(a)
shows the linewidth of the two most lightly doped samples
(1, filled squares and 2, unfilled circles) over a range of tempera-
tures, while Fig. 2(b) shows the same for the remaining samples.
First, we point out that the temperature dependence of the linewidth
follows the same trend as that previously reported for effective mass
donors in different semiconductors including Si:P, Ge:As, as well
as GaN:Si.25,26,28,29 Above 40 K (marked by the dashed line), the
linewidth of all the samples broadens significantly; while at lower
temperatures, the linewidth either decreases with increasing tem-
perature [Fig. 2(a)] or increases slowly with temperature [Fig. 2(a)].
The trend above 40 K, which is typical of the donor resonance, is
attributed to a decrease in the spin-lattice relaxation time caused by
interaction with acoustic phonons.28 We do not discuss this further
here. Rather, the region of interest is T < 40 K, which is relevant to
this paper.

For samples 1 and 2, the decrease in linewidth as the tem-
perature is raised from 4 to 40 K is similar to that of donors in
n-type GaN and is attributed to motional narrowing.28,29 The term
refers to linewidth narrowing caused by the averaging of the nuclear
hyperfine interaction as the electron moves among the local nuclear
spins. The motion is often modeled as hopping. Maekawa and
Kinoshita fit the temperature dependence of the linewidth in
P-doped Si as

� B ∼ tanh (Eo /2 kT), (1)

after consideration of the model of motional narrowing.25 Here,
�B is the linewidth, Eo is the barrier between the filled (neutral
donor) and unfilled (positively charged donor) sites, and k is
Boltzmann’s constant. The fit, the solid lines in Fig. 2(a), reveals an
activation energy (Eo) of 1–3 meV, which is similar to hopping barri-
ers measured electrically in many semiconductor systems.34–37 The
temperature dependence of the linewidth in samples 3–5 is oppo-
site to the trend observed in samples 1 and 2. Figure 2(b) shows

AIP Advances 13, 125210 (2023); doi: 10.1063/5.0180912 13, 125210-3

© Author(s) 2023

 21 M
arch 2024 18:56:56

https://pubs.aip.org/aip/adv


AIP Advances ARTICLE pubs.aip.org/aip/adv

FIG. 2. (a) Lorentzian linewidth of low carrier concentration samples 1 (filled squares) and 2 (unfilled circles); the solid line represents a fit using Eq. (1). (b) Lorentzian
linewidth of high carrier concentration samples 3 (filled circles), 4 (filled triangles), and 5 (unfilled triangles). Vertical dashed line indicates the onset of broadening due to
acoustic phonons.

that these samples with room temperature carrier concentration of
1–7 × 1019 cm−3 exhibit an increasing linewidth as temperature
increases from 4 to 40 K. The temperature dependence of the
linewidth for effective mass donors in Si and GaN having the same
carrier density is similar to that shown for samples 3–5.25,29 Wolos
et al. point out that the linewidth increases with temperature as the
free carrier density approaches the MIT. Thus, the EPR linewidth
measurements for these samples are suggestive of impurity band
conduction.

The temperature-dependent Hall measurements support the
conclusions made above regarding the low-temperature transport
mechanisms. Figure 3 shows the temperature dependence of the car-
rier density for samples 2 (unfilled circles), 3 (filled circles), and
4 (unfilled triangles) measured over a similar temperature range
as the EPR measurements reported in Fig. 2. Sample 2, with the
lowest carrier concentration, exhibits Arrhenius behavior at the
higher temperatures (above 80 K), where activation to the con-
duction band begins. The effective activation energy reported in
Table I is extracted from this high-temperature region.22 Below
this region, the temperature dependence is dramatically different,
showing minimal temperature dependence. We suggest that in
this region where there is insufficient thermal energy to excite a

FIG. 3. Temperature-dependent Hall measurement of carrier density for samples
2 (unfilled circles), 3 (filled circles), and 4 (unfilled triangles).

measurable number of electrons to the conduction band, transport
occurs by means of hopping, as indicated by the EPR data. Samples
3 and 4, with a carrier concentration of several orders of magni-
tude larger than sample 2, exhibit a nearly temperature-independent
behavior from room temperature to 10 K, indicative of impurity
band transport with sample 4 reaching the degenerate limit. Such
data support the interpretation of the EPR linewidth data shown
in Fig. 2(b). Thus, from the data of Figs. 2 and 3, the follow-
ing description of transport in the Al-content AlGaN arises: the
most lightly doped samples exhibit activated behavior, but near
cryogenic temperatures hopping conductivity dominates; for carrier
concentrations in excess of 5 × 1019, only impurity band conduction
is observed.

Comparison of the 4 K spin density and Si concentration also
supports the transport picture described above. In all cases, the neu-
tral donor density at 4 K is 2–3 orders of magnitude smaller than
that of the Si. Typically, for a shallow donor in a lightly doped semi-
conductor, the EPR intensity reflects all the neutral donors in the
sample when measured at 4 K. In the absence of compensation, the
density of neutral donors, d0, is equal to the concentration of dopant
impurities. This, clearly, is not the situation for the heavily doped
samples used here. The apparent discrepancy, however, is consistent
with the hopping/impurity band picture. Sample 2 is dominated by
hopping conductivity at low temperature, so the difference between
the Si and d0 densities is at least partially due to compensation
which is required for hopping transport.19 Transport in samples 3
and 5 is by means of an impurity band and approaches degenerate
behavior in sample 4. As shown for donors in GaN with Si con-
centration similar to samples 3–5, the Mott–Hubbard model applies
where conduction occurs in a D− band and the neutral donor exists
in the D0 band.29 The two-order of magnitude difference between
d0 and Si concentration is the same as that seen for similarly doped
GaN.29 Thus, unlike what may be expected from more lightly doped
samples, the neutral donor density variation with Si concentration
follows what is expected of a heavily doped nitride semiconductor
exhibiting hopping and impurity band conduction.

Finally, a comment on whether the Si donor in these high Al
content AlGaN samples is a DX center. As mentioned, the donor
measured here behaves in the same manner as donors in other semi-
conductors, and nothing in the above analysis requires invoking
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a negative electron correlation energy, which defines a DX cen-
ter. Furthermore, both magnetic resonance and Hall measurements
demonstrate that the Si donors in these samples exhibit impurity
band conduction. Since the significant wave function overlap is
required for impurity band conduction19 and the Si DX center is
predicted to be a tightly bound defect,18 it would be surprising if the
donors monitored here have DX character.

In summary, contactless measurements of the temperature-
dependent EPR linewidth of heavily Si-doped high Al content
AlxGa1−xN confirm that transport occurs via an impurity band in
AlxGa1−xN (1 > x ≥ 0.78) doped with ∼1020 cm−3 Si and reveals hop-
ping conductivity at low temperature in the lightly doped AlxGa1−xN
(x = 0.65, 0.78). The results confirm that Si doping of AlGaN can
yield large carrier densities and enable the development of highly
conducting high Al content AlGaN.
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