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ABSTRACT

A two-band transport model is proposed to explain electrical conduction in graded aluminum gallium nitride layers, where the free hole con-
duction in the valence band is favored at high temperatures and hopping conduction in the impurity band dominates at low temperatures.
The model simultaneously explains the significantly lowered activation energy for p-type conduction (�10meV), a nearly constant sheet
conductivity at lower temperatures (200–330K), and the anomalous reversal of the Hall coefficient caused by the negative sign of the Hall
scattering factor in the hopping conduction process. A comparison between the uniform and graded samples suggests that compositional
grading significantly enhances the probability of phonon-assisted hopping transitions between the Mg atoms.

Published under an exclusive license by AIP Publishing. https://doi.org/10.1063/5.0100756

Aluminum gallium nitride (AlGaN) has been identified as one of
the essential semiconductor material systems for modern-day power
electronics1 and optoelectronics.2 To achieve high performance in
these devices, it is necessary to realize low-resistivity n- and p-type
AlGaN layers. While Si/Ge doping has been demonstrated to be effec-
tive in achieving n-type AlGaN films across a range of doping levels
and compositions,3 efficient p-type doping remains a significant chal-
lenge throughout the AlGaN compositional range. Mg is the most
explored p-type dopant in AlGaN. The relatively high ionization
energy that increases from 260 to 780meV (Ref. 4) with an increase in
Al-content is the fundamental bottleneck for achieving a high bulk
hole concentration via Mg doping. Only a small fraction of the Mg
atoms ionize at room temperature (RT) to generate free holes and con-
tribute to p-type conductivity. The majority of Mg atoms remains in a
neutral configuration, and to conduct, they must undergo a multi-
phonon hopping process involving tunneling.5 This tunneling is asso-
ciated with the overlap of the atomic wavefunctions of initial and final
atomic configurations.6 Neumann pointed out that the effect of impu-
rity band conduction becomes more pronounced with the increase in
acceptor ionization energy.7 A signature of hopping conduction has
indeed been observed in p-type GaN,8–10 Al-rich AlGaN,11–13 and
SiC14 at relatively high doping levels >1019 cm�3, and in other mate-
rial systems, such as p-type GaAs,15 InP,16 and InSb,17 at low doping

levels in the range of 1017 cm�3. In most cases, the onset of impurity
band conduction was observed at low temperatures where the free
hole conduction is suppressed.

Compositionally graded AlGaN films have been shown to exhibit
a significant improvement in p-conductivity with a drastically reduced
thermal activation as compared to bulk GaN and AlGaN films.18–24

The case of Mg-doped, compositionally graded AlGaN is distinct in
the sense that the bandgap and the Mg acceptor ionization energy
scale with the Al content. Also, the compositional change along the
thickness in a c-axis oriented AlGaN film is expected to lead to the
presence of a volumetric polarization charge.25 The sign of the charge
is determined by the polar orientation of the film and the direction of
grading, where a metal-polar (nitrogen-polar) compositionally graded
AlGaN layer grown with decreasing (increasing) Al composition leads
to a negative volumetric polarization charge. Although this charge is
bound and does not contribute to the electrical conductivity directly, it
has been proposed that the electric field produced by this charge is
large enough to attract carriers from available sources of charge (sur-
face and remote dopants) such that a three-dimensional (3D) mobile
hole slab will be formed.18,25 Despite the prediction of a 3D hole slab
in the undoped linearly graded layers,25 all reported temperature-
dependent Hall-effect studies of compositionally graded p-AlGaN
layers have relied on intentional Mg doping.18–22,24 Interestingly, the

Appl. Phys. Lett. 121, 072106 (2022); doi: 10.1063/5.0100756 121, 072106-1

Published under an exclusive license by AIP Publishing

Applied Physics Letters ARTICLE scitation.org/journal/apl

D
ow

nloaded from
 http://pubs.aip.org/aip/apl/article-pdf/doi/10.1063/5.0100756/16482279/072106_1_online.pdf

https://doi.org/10.1063/5.0100756
https://doi.org/10.1063/5.0100756
https://doi.org/10.1063/5.0100756
https://www.scitation.org/action/showCitFormats?type=show&doi=10.1063/5.0100756
http://crossmark.crossref.org/dialog/?doi=10.1063/5.0100756&domain=pdf&date_stamp=2022-08-18
https://orcid.org/0000-0003-0180-1398
https://orcid.org/0000-0002-1880-4811
https://orcid.org/0000-0002-8780-4583
https://orcid.org/0000-0002-9769-9334
https://orcid.org/0000-0001-7531-5048
https://orcid.org/0000-0002-7385-0837
mailto:srathka@ncsu.edu
https://doi.org/10.1063/5.0100756
https://scitation.org/journal/apl


Mg doping concentration in these studies exceeded the estimated
volumetric polarization charge density by several times. It has been
suggested that the need for intentional Mg doping arises due to the
presence of deep-level traps that localize holes and due to the lim-
ited propensity of the surface to provide remote acceptor
states.18,26 Additionally, it has been hypothesized that the polariza-
tion field in the graded layer assists in the ionization of Mg accept-
ors.18 To this end, the room temperature hole concentrations were
reported to reasonably match the estimated volumetric polariza-
tion charge density.18–21

These hypotheses have attracted several questions regarding the
hole generation and conduction mechanism in the graded AlGaN
structures. For a Mg-doped, compositionally graded AlGaN layer, the
position of the valence band maxima and the position of the Mg
acceptor level relative to the valence band maxima vary as a function
of the Al content. The impact of these variations and the impact of the
polarization field in the graded layer on the electronic orbital overlap,
between which the carriers transfer, have not been studied and need a
comprehensive investigation.

The purpose of this Letter is to build an understanding of the
conduction mechanism in Mg-doped, compositionally graded AlGaN
films. We discuss in detail the temperature-dependent electrical resis-
tivity and Hall coefficient in these films. We demonstrate a two-band
transport mechanism where free hole conduction in the valence band
and hopping conduction in the impurity band dominate p-conduction
at high and low temperatures, respectively.

Graded AlGaN structures [Fig. 1(a)] were grown in a vertical,
cold-walled, low-pressure, RF-heated metalorganic chemical vapor
deposition (MOCVD) reactor at a growth temperature of 1300K and
total pressure of 20Torr. Trimethylaluminum (TMA), triethylgallium
(TEG), ammonia (NH3), and bis(cyclopentadienyl) magnesium
(Cp2Mg) were used as the precursors for Al, Ga, N, and Mg, respec-
tively. A 400-nm thick AlN layer was first grown on a c-plane sapphire
substrate, followed by unintentionally doped 750-nm thick
Al0.50Ga0.50N and 50-nm thick Al0.40Ga0.40N layers. Next, a 200-nm
thick compositionally graded layer was grown at a high V/III ratio of
8000 and Mg doping of 1019 cm�3. The Al-mole fraction was
decreased linearly from 0.40 to 0.10. A 3-nm thick p-GaN was grown
on the top of this structure to act as a contact layer for Hall-effect mea-
surements. Another sample consisting of 200-nm thick Mg-doped p-
GaN was grown under similar growth conditions and was used as a
reference sample for the Hall studies.

The linearity of the composition gradient was confirmed using
secondary ion mass spectroscopy (SIMS) and electron dispersive spec-
troscopy in a transmission electron microscope (TEM), FEI T-30. The
hydrogen, oxygen, and carbon impurity concentrations were deter-
mined using SIMS. The surface morphology of the films was inspected
using an Asylum Research MFP-3D atomic force microscope (AFM)
in a tapping mode. The photoluminescence (PL) spectroscopy was
performed at room temperature (RT) using a 190nm ArF laser with a
power density of 1 mW/cm2. Ni/Au (20/40 nm) contacts were e-beam
deposited in the van der Pauw geometry on 1 � 1 cm2 samples for
electrical measurements. The contacts were annealed at 875K for
10min under O2 ambient for Ohmic contact formation. Temperature-
dependent resistivity and Hall measurements were performed in a
temperature range of 200–700K using a Lake Shore 8400 series AC/
DC Hall measurement system. For an accurate determination of the
Hall coefficients, a 1.18 T AC magnetic field was used with a lock-in
amplifier.

The graded AlGaN structure [Fig. 1(a)] exhibited a smooth sur-
face morphology as shown in Fig. 1(b) with an RMS roughness of
1.6 nm. The hydrogen concentration in the as-grown film was found
to be 2 � 1018 cm�3, five times lower than the Mg concentration.
Recent Mg-doped AlGaN reports have also demonstrated lower
hydrogen levels (compared to GaN) in the as-grown films, pointing to
a lower concentration of the Mg–H complex.12,13 Oxygen, carbon, and
nitrogen vacancies act as compensating donors in p-type AlGaN.27

Oxygen and carbon concentrations were below the SIMS detection
limit <1017 cm�3. Figure 1(c) shows the room-temperature PL spec-
trum for the graded AlGaN structure. The peak position at 3.6 eV cor-
responds to the band edge of the end composition (10% Al) of the
graded AlGaN layer. Expectedly, due to the high V/III ratio used for
the growth of the graded layer, no carbon-related or nitrogen-
vacancy-related peaks were observed.28

Figures 2(a) and 2(b) show the measured temperature-dependent
resistivity (q) and Hall coefficient (RH) for the graded AlGaN struc-
ture. This is representative data from eight 1 cm2 samples. The eight
samples showed a �10% variation in q and a �15% variation in RH,
albeit a very similar temperature dependence, which is the focus of
this Letter. The graded AlGaN exhibited a nearly constant resistivity
from 200 to 320K. Above 320K, the resistivity showed a 50meV acti-
vation energy. This is in contrast to the reference GaN sample grown
under the same growth conditions, which showed an activation energy
of�120meV [Fig. 3(a)]. For the reference GaN sample, the sign of RH

[Fig. 3(b)] is positive across the entire temperature range and its

FIG. 1. (a) Schematic of the epitaxial stack. (b) AFM topography revealing a smooth surface. (c) RT PL spectrum obtained from the structure (a).
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magnitude shows an exponential increase as the temperature is low-
ered. This is indicative of an exponential decrease in the hole concen-
tration, p (RH ¼ A/qp), where A is the Hall scattering factor and q is
elementary charge as the temperature is lowered, which is a typical
carrier freeze out behavior for p-GaN films due to the high Mg ioniza-
tion energy. For the graded AlGaN structure, RH exhibits much
smaller values than for the GaN control sample [Fig. 2(b)]. For
instance, at room temperature, RH measured 0.5 cm3/As as compared
to �10 cm3/As for GaN. For an assumption of pure valence band
transport, this value correlates with a free hole concentration of 1.3
� 1019 cm�3. At higher temperatures, RH varies in the range of
0.5–1.1 cm3/As. Surprisingly, as the temperature is lowered, RH exhib-
its a transition in the sign from positive to negative. To examine the
possibility of conduction in the layers underneath the graded layer,
measurements were performed on another sample grown without Mg
doping. The undoped sample was found to be highly resistive until
100V, thus ruling out a parasitic conduction path.

The reduced thermal dependence of resistivity [Fig. 2(a)] for the
Mg-doped graded AlGaN structure (compared to the reference GaN)

and the anomalous reversal of the sign of RH [Fig. 2(b)] are character-
istic features of the impurity band hopping conduction.5,6,29,30 The
Hall effect associated with the hopping motion of carriers differs quali-
tatively from the quasi-free motion of itinerant carriers, such as free
holes in the valence band. According to the theory of Holstein and
Friedman, to define the Hall effect in such systems, one needs to
consider the occurrence of coincidence events involving an initially
occupied site and at least two final sites.6 They found Hall mobility
(lHall) to be extremely sensitive to the geometric arrangement of the
sites involved in the hopping process. Thus, the local atomic geometry
(relative orientations and symmetry) and the nature (s-like, p-like,
bonding, and antibonding) of local electronic orbitals between which
the carrier transfers play significant roles in governing lHall.

29–31

An important finding of Holstein’s theory is concerned with the
sign of RH. As the sign of the Hall effect depends upon the product of
electronic transfer integrals, which link the local orbitals about the
closed loop, the author concluded that the sign of the Hall coefficient
is the same (different) for holes and electrons for processes involving
an odd (even) number of orbitals.29 The observation of a negative RH

FIG. 2. Temperature-dependent (a) resistivity and (b) Hall coefficient for the Mg-doped graded AlGaN structure.

FIG. 3. Temperature-dependent (a) resistivity and (b) Hall coefficient for the Mg-doped GaN reference sample.
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at low temperatures in Fig. 2(b) confirms a negative Hall scattering
factor for hopping conduction (Ahop) in graded AlGaN, in agreement
with Kajikawa’s finding of the negative sign of Ahop in p-GaN.32

Recently, the sign of Ahop was also reported to be negative for p-SiC.14

Another important feature of Friedman and Holstein’s theory is that
the activation energy of lHall for hopping conduction is one-third that
of drift mobility (ldrift).

6 This means that lHall can have values much
larger than ldrift. This has an important consequence on the magni-
tude of Ahop, the ratio of Hall and drift mobilities, which can have val-
ues far exceeding AVB� 1. This means that for the same carrier
concentration, hopping conduction will produce a much higher RH as
compared to the free hole conduction in the valence band.
Additionally, Ahop varies as a function of temperature. For the case of
nearest-neighbor hopping conduction, Ahop is given by31

Ahop ¼
kBT
Jhop

exp
KNNHThop

T

� �
; (1)

where KNNH, Jhop, and Thop are considered as fitting parameters in the
model discussed below.

To understand the results in Fig. 2, we consider an analytical
model based on two-band conduction consisting of free hole conduc-
tion in the valence band and hopping conduction in the impurity
band. We follow Kajikawa’s methodology to fit the data.32,33 Figures
4(a) and 4(b) show the comparison of the experimentally measured
and modeled values of effective conductivity (rnet) and effective Hall
coefficient (Rnet

H ) with the respective contributions from the two con-
duction mechanisms. The net conductivity, rnet ¼ rVB þ rhop; where
rVB ¼ qpVBlVB and rhop ¼ qphoplhop. pVB is the concentration of
holes in the valence band calculated using charge neutrality and semi-
conductor statistics. phop is the concentration of neutral (un-ionized)
Mg atoms. The valence band mobility (lVB) was calculated for an
average Al composition of 25% within the relaxation-time approxima-
tion by using Matthiessen’s rule for scattering due to non-polar optical
phonons, acoustic phonons, and ionized impurities.34 The material
parameters involved were interpolated from the values of GaN and
AlN.35,36 lhop for nearest neighbor hopping conduction is given by31

lhop ¼ lhop0
Thop

T

� �3=2

exp �Thop

T

� �
; (2)

where lhop0 and Thop were considered as fitting parameters in this
model.

Modeling shown in Fig. 4(a) reveals that rVB and rhop dominate
at high and low temperatures, respectively. Above 320K, their oppo-
site temperature dependences cumulatively result in rnet with a much
reduced thermal dependency of �50meV, which is much lower than
the true Mg ionization energy of >200meV. This mechanism differs
from the previous hypothesis18 that suggested that the polarization
field in the compositionally graded layer assists in the ionization of Mg
acceptors.

The Hall coefficients for the valence band (RVB
H ) and hopping

(Rhop
H ) conductions are given by

RVB
H ¼ AVB

q pVB
; (3)

Rhop
H ¼ Ahop

q phop
: (4)

The contribution of these two Hall coefficients to the combined con-
duction Rnet

H depends on the respective conductivities of the two con-
duction mechanisms,

Rnet
H ¼ RVB

H
rVB
rnet

� �2

þ Rhop
H

rhop
rnet

� �2

: (5)

For valence band transport, AVB � 1; therefore, RVB
H is always

positive, whereas the negative sign of Ahop leads to a negative Rhop
H . It

is to be noted that RVB
H is inversely proportional to pVB. Thus, RVB

H is
large at low temperatures. However, as seen in Fig. 4(a), as the temper-
ature is lowered and Mg ionization decreases, the dominating trans-
port transitions from the valence band to hopping conduction. In
other words, at low temperatures, rVB � rnet, and thus, Rnet

H ffi Rhop
H .

Therefore, Rnet
H transitions from a positive value at high temperatures

to a negative value at low temperatures. At this point, it is important

FIG. 4. Comparison of experimentally measured and analytically modeled values of (a) conductivity and (b) Hall coefficient for the Mg-doped graded AlGaN structure. The
modeled values of contributions from valence band conduction and hopping conduction are also shown. Note: The values of parameters, Mg ionization energy,
lhop0; Thop KNNH; and Jhop were 270meV (for an average Al composition of 25%), 0.3 cm2/V s, 450 K, 1.2, and 600meV, respectively.
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to highlight that the hopping conduction has a large influence on the
values of q and RH even at high temperatures. While the former is
attributed to the fact that hopping conduction is temperature-
activated, the latter is a consequence of the negative sign and large
magnitude of the Ahop coefficient. The observation of enhanced hop-
ping conductivity in this study suggests that the compositional grading
significantly enhances the probability of phonon-assisted transitions
between Mg atoms. The two-band transport mechanism discussed
here also explains the results by Yasuda et al.24 who observed a similar
flip in sign of carriers (Hall coefficient) from p-type (positive) to
n-type (negative) in a Mg-doped graded AlGaN structure at low
temperatures.

It is important to note that, often, the contextual analysis of resis-
tivity and Hall effect data is not straightforward, especially in p-type
wide bandgap semiconductors where the acceptors are deep and
valence band conduction may be limited due to a low population of
ionized acceptors. For instance, if the impurity band conduction is
neglected, the activation energy for the hole concentration can appear
to be systematically lower than the true ionization energy of the accep-
tor. In extreme cases, this can lead to the wrong conclusion that the
acceptor has a nearly vanishing ionization energy. Obviously, a correct
interpretation of the experimental data is only possible by extending
the measurements to a wider temperature range. Impurity band con-
duction can only be ruled out for the cases where the theoretical tem-
perature dependence of the free hole concentration (pVB) and mobility
(lVB) yield a good simultaneous fit to the hole concentration extracted
from p¼ 1/qRH and mobility extracted from l ¼ qRH, with fitting
parameters of the acceptor concentration, compensating donor con-
centration, and acceptor ionization energy. Here, pVB is estimated by
considering semiconductor statistics and charge neutrality,37 and lVB
is estimated by considering various scattering mechanisms.37

Deviations from the ideal valence band behavior should be analyzed
using the two-band model demonstrated in this work.

In summary, we studied the carrier transport mechanisms in
Mg-doped, compositionally graded (40%–10% Al) AlGaN films with
metal polarity. The apparently anomalous results deviating from clas-
sical semiconductor physics were analyzed based on a two-band trans-
port mechanism consisting of free hole valence band and hopping
impurity band conduction. Free hole conduction in the valence band
and hopping conduction in the impurity band dominated at high and
low temperatures, respectively. Based on these data, we propose that
the compositional grading significantly enhances the probability of
phonon-assisted hopping transitions between Mg atoms.
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