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ABSTRACT

Record low resistivities of 10 and 30X cm and room-temperature free hole concentrations as high as 3� 1018 cm�3 were achieved in bulk
doping of Mg in Al0.6Ga0.4N films grown on AlN single crystalline wafer and sapphire. The highly conductive films exhibited a low ionization
energy of 50meV and impurity band conduction. Both high Mg concentration (>2� 1019 cm�3) and low compensation were required to
achieve impurity band conduction and high p-type conductivity. The formation of VN-related compensators was actively suppressed by
chemical potential control during the deposition process. This work overcomes previous limitations in p-type aluminum gallium nitride
(p-AlGaN) and offers a technologically viable solution to high p-conductivity in AlGaN and AlN.

Published under an exclusive license by AIP Publishing. https://doi.org/10.1063/5.0082992

Aluminum gallium nitride (AlGaN) is used in deep-ultraviolet
(UV) optoelectronic devices1–3 as its emission wavelength can be
tuned across the entire UV spectrum. This spectral range has many
practical applications, such as sterilization, UV curing, biomedical
instrumentation, and non-line of sight communication.1,4 To date,
many groups have demonstrated light-emitting diodes (LEDs) with
emission wavelengths below 300nm by using AlGaN, although with
significantly lower external quantum efficiencies than achieved in their
visible LED counterparts.5–7 Similarly, optical pumping of AlGaN
multiple-quantum-wells (MQWs) below 300nm has produced lasing
and very recently electrically injected 271nm wavelength lasing.8–10

However, significant improvements in the efficiency of these devices
are required before they become competitive with current UV sources.

The poor conductivity of the p-type contact layer is one of the
major challenges limiting AlGaN-based LEDs and laser diodes. This
stems from the high ionization energy of the acceptors and the com-
pensating point defects that are incorporated during the commonly
used metalorganic chemical vapor deposition (MOCVD) growth.11–13

The common dopant for realization of p-type conduction in GaN and
AlGaN is MgIII. Increasing the Al-content from GaN (x¼ 0) to AlN
(x¼ 1) is expected to result in an increase in the ionization energy
from 180 to 610meV, respectively.13,14 Consequently, only a small

fraction of the total Mg generates holes at room temperature.
Implementation of Be instead of Mg has been demonstrated recently
to provide p-type conductivity in AlN with low ionization energy.15

However, the transition of Be to interstitial sites and high concentra-
tions of compensating point defects were found to limit p-type con-
ductivity. Therefore, it is pivotal to understand the compensating
donor-type point defects, which are energetically more favorable in p-
type AlGaN and result in the poor electrical conduction.

Alternative approaches to bulk doping have been attempted to
achieve a higher free carrier concentration (lower resistivity) for Al-
rich AlGaN films. One approach utilized AlxGa1�xN/p-AlyGa1�yN
(0� x� 1, 0� y� 1) superlattice structures.16,17 These structures gen-
erate a large sheet charge due to the polarization discontinuity at the
heterojunction of different composition AlGaN alloys. Other
approaches implemented the interface effect to efficiently reduce Mg
activation energy and enhance the hole concentration in Al-rich
AlGaN.18 Another approach utilized films with graded Al-content
AlGaN layers in which a three dimensional polarization induced
charge is spread over the entire layer, increasing the hole concentra-
tion.19 However, both superlattice and graded structures rely on a con-
ducting p-GaN layer for p-contact formation. Since this layer will
absorb any emission below 364nm (the entire UV region), it
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compromises the number of output photons from the active region. In
short, obtaining a low resistivity p-AlGaN layer via bulk doping still plays
a pivotal role for demonstration of high efficiency LEDs and laser diodes.

Work by Kinoshita et al. reopened the possibility for highly con-
ductive bulk doping of AlGaN.20 Interestingly, a relatively low ioniza-
tion energy of �47–80meV in p-Al0.7Ga0.3N was reported for Mg
doping of �1019 cm�3, which likely invoked impurity band conduc-
tion, resulting in a resistivity of �47 X cm. Therefore, considering the
high ionization energy of Mg in Al-rich AlGaN, heavy Mg doping is
necessary to generate sufficient hole conduction at RT, making the
impurity or native defect compensation the primary challenge. In
addition, impurity band conduction can provide high hole concentra-
tion only via highly doping of Mg and reduction of compensating
point defects. This can be addressed by systematic approaches devel-
oped for control of compensation, i.e., chemical potential control
(CPC) and defect quasi Fermi level control (dQFLC).21–23

In this work, we present a study on high Mg doping in AlGaN
coupled with the CPC scheme to control compensation during
growth. This approach resulted in a record-low resistivity of 10 X cm
in bulk Mg-doped Al0.6Ga0.4N.

Mg-doped Al0.6Ga0.4N films were grown in a vertical, cold-
walled MOCVD reactor at a pressure of 20Torr on sapphire and AlN
single crystal substrates. Growth on sapphire substrates was initiated
with a 20 nm thick low temperature (650 �C) AlN nucleation layer, fol-
lowed by a two-step 200nm thick AlN template grown at 1120 and
1200 �C. These films were subjected to a 1700 �C anneal under flowing
N2 at atmospheric pressure for one hour to produce low dislocation
density templates (LDD, �109 cm�2). The details on template forma-
tion are published elsewhere.24 Finally, a 500nm high temperature
AlN layer followed by a 600nm thick Mg doped Al0.6Ga0.4N was
grown on top of the LDD AlN template. All samples showed smooth
surface with RMS roughness of <1nm. In addition to growth on sap-
phire, Mg-doped Al0.6Ga0.4N was grown also on an AlN single crystal-
line substrate (DD < 104 cm�2) to assess the effect of dislocations on
doping. The surface preparation and details on AlGaN epitaxial
growth on AlN single crystals are described elsewhere.25–27

All Mg:AlGaN layers were grown at 1050 �C under H2 diluent
and 10 slm total flow. The growth rate was maintained constant at
around 500 nm/h. Magnesium concentration ranging from 2� 1019 to
1� 1020 cm�3 was achieved by changing the flow rate of bis-(cyclo-
pentadienyl) magnesium (Cp2Mg) from 0.6 to 1.2lmol/min. To con-
trol compensation, all films were grown at two different metal
chemical potentials �1.9 and�2.0 eV [Ga process supersaturations of
�13 (low) and�50 (high)], achieved by two different NH3 flow rates,
0.3 (or V/III¼ 870) and 1 slm (or V/III¼ 2900), respectively. This
change in the chemical potential decreased the probability for the for-
mation of compensating defects by a factor of�3.

Quadrupole-SIMS (secondary ion mass spectroscopy) and time-
of-flight (TOF) SIMS were used to quantify the concentrations of dop-
ant (Mg) and various impurities (H, C, O, and Si) in as-grown and
activation-annealed films. The activation-anneal was performed in an
RTA (rapid thermal annealing) system at 850 �C, under flowing N2

and for 20min.
Temperature-dependent (200–800K) electrical characterization

was performed using an 8400 series LakeShore AC/DC Hall system.
Standard Ni (20 nm)/Au (40nm) contacts were deposited using e-
beam evaporation and patterned for van der Pauw geometry, followed

by contact annealing at 600 �C for 20min in an air ambient. The dislo-
cation density and Al content in AlGaN epilayers were estimated from
x-ray diffraction (XRD) measurements using a Philips X’Pert materials
research diffractometer with a Cu anode and using methods described
elsewhere.28

To better understandMg doping in AlGaN, it is useful to contrast
it to Mg-doped GaN, which is well understood. Hydrogen in Mg:GaN
plays a pivotal role in determining its resistivity.29 During the
MOCVD growth, it passivates Mg, forming the weakly bound Mg–H
complex. This leads to resistivities greater than 1� 106 X cm in as-
grown Mg:GaN films. However, the formation of this complex is actu-
ally beneficial as it keeps the Fermi level close to the midgap and
deprives the system of the driving force for making more irreversible
changes, like formation of and complexing with vacancies. Following a
post-growth thermal dissociation of the Mg–H complex and out-
diffusion of hydrogen, the resistivity drops below 1 X cm.23 The incor-
poration of hydrogen in GaN follows that of Mg one-to-one up to a
concentration of�2� 1019 cm�3, where it reaches its solubility limit.30

Increasing the Mg concentration above 2� 1019 cm�3 leads to self-
compensation by nitrogen vacancies (VN), which again increases the
resistivity, but this time irreversibly.23,29,31

Figure 1 shows Mg and H concentrations in a Mg-doped
Al0.6Ga0.4N ladder structure grown under 1 slm of NH3 and the same
structure after the activation anneal. Although the H concentration
increased with the increasing Mg concentration, in contrast to GaN, it
stayed consistently significantly lower than [Mg]. In addition, and
unlike in GaN, SIMS did not reveal a significant change in the H con-
centration after the activation anneal. This suggested that most of Mg
in AlGaN was not passivated by H. It is important to note that C, O,
and Si concentrations in all samples were constant throughout the lad-
der structure (not shown) at 8� 1016, 1.5� 1017, and 2� 1016 cm�3,
respectively. Since they were orders of magnitude lower than [Mg],
they were not considered to influence the electrical conduction. The
“H limit” line corresponds to the maximum [H] observed in these
samples and is similar to the one observed in GaN.23

Figure 2 shows resistivity, carrier concentration, and mobility in
Mg-doped Al0.6Ga0.4N for the two different NH3 flow rates. At low
ammonia flows of 0.3 slm (red data points in Fig. 2), the resistivity first
decreased with the increase in [Mg] and then increased; samples with
[Mg]> 8� 1019 were too resistive for measurements on our hall system.
The carrier concentration showed a maximum of �4� 1017 cm�3 at
[Mg]¼ 5� 1019 cm�3 and decreased with further increase in Mg con-
centration, as shown in Fig. 2(b). This “knee” behavior is characteristic
for high doping in III-nitrides and indicates irreversible compensation
by vacancy-related defect formation for both n- and p-dopants.21

Formation of VN-related complexes after the knee point were further
verified by observation of defect luminescence at 3.8 eV with NBE emis-
sion at 56 0.2 eV corresponding to Al0.6Ga0.4N (not shown here).32

Vacancy formation depends on the chemical potentials of species pre-
sent during the growth, whereas the formation energy of VN increases
with the increasing N chemical potential, i.e., with the increasing ammo-
nia flow, as established by Reddy et al.22 Indeed, increasing the ammo-
nia flow to 1 slm resulted in a decrease in resistivity and corresponding
increases in carrier concentration and mobility, indicating a much lower
compensation (black data points in Fig. 2). Although the characteristic
knee behavior was not observed in this experimental set, it is expected
to occur at some higher Mg doping level (>1020 cm�3). An increase in
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the NH3 flow rate (or V/III) makes the growth environment richer in
nitrogen and, therefore, increases the formation energy of VN-related
point defects.11 Expectedly, suppression of VN-related defects shifted the
knee position in resistivity and carrier concentration from [Mg]
�5� 1019 cm�3 to more than 1020 cm�3 where the heavy Mg doping
became feasible. This heavy Mg doping and management of VN com-
pensation led to the lowest measured resistivity (30 X cm at
[Mg]¼ 1020 cm�3), which is the lowest value reported to date for high
Al-content AlGaN grown on sapphire-based templates.

Interestingly, as seen in Fig. 2(b), black data points, the carrier
concentration sharply increased for [Mg]> 7� 1019 cm�3, which was
associated with a sharp decrease in the mobility to 0.025 cm2/V s [Fig.
2(c)]. For high doping concentrations and low compensation, it is
expected that an impurity band will form and the conduction will
transition from valence-band-dominated to impurity-band-dominated
transport.33 As such, the results in Fig. 2 indicated that this transition
occurred in lowly compensated Mg:AlGaN for [Mg]> 7� 1019 cm�3.

It has been shown that dislocations have a profound influence on
doping efficiency and electrical properties in wide bandgap semicon-
ductors.34 Since all of the above samples were grown on sapphire and
had a dislocation density of �109 cm�2, a Mg:Al0.6Ga0.4N sample was
grown on single crystal AlN with an average dislocation density of
<104 cm�2 for comparison. As seen in Fig. 2 (blue dots), under
N-richer conditions, the removal of dislocations further reduced the
resistivity by about one order of magnitude, as compared to similarly
doped samples grown on sapphire. A resistivity of �10 X cm and
a free hole concentration of 3� 1018 cm�3 were measured for
[Mg]¼ 5� 1019 cm�3. Interestingly, the mobility does not seem to be
affected much by the dislocation density reduction. It can be hypothe-
sized that, for these high doping levels, the mobility is at first deter-
mined by ionized impurity scattering and eventually transitions into
impurity band conduction.

To confirm the two conduction mechanisms, electrical properties
of the Mg:AlGaN samples were studied as a function of temperature.

FIG. 1. SIMS of a Mg:Al0.6Ga0.4N ladder structure grown under 1 slm of NH3: (a) as grown and (b) after 850 �C activation anneal.

FIG. 2. Variation of (a) resistivity, (b) carrier concentration, and (c) mobility vs Mg concentration in Al0.6Ga0.4N under 0.3 and 1 slm NH3 flow rates on sapphire and AlN single
crystal substrates. Solid lines were used as a guide to connect the data points.
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Figure 3 shows the resistivity as a function of temperature for different
Mg doping and compensation levels; the latter was achieved by chang-
ing the nitrogen chemical potential via NH3 flow rate, as discussed
above. All samples showed a two-slope behavior, indicative of two dif-
ferent carrier ionization energies. The low ionization energy at lower
temperatures was attributed to the impurity band transport while a
reduction in resistivity at higher temperatures suggested the onset of
Mg ionization and, therefore, valence band transport.20 Interestingly,
by increasing Mg concentration, the transition from the impurity
band to valence band transport occurred at higher temperatures.
Comparing Figs. 3(a) (high compensation) and 3(b) (low compensa-
tion at similar Mg doping levels revealed that the transition from
impurity band to the valence band occurred at a lower temperature
under higher concentration of compensating point defects.

As shown in Fig. 4(a), a similar two-slope temperature depen-
dence was observed for the sample grown on single crystalline AlN
despite a significantly lower resistivity (10 X cm) attributed to low dis-
location density. To extract the activation energies associated with
each transport mechanisms, hole concentration vs temperature was
considered [Fig. 4(b)]. The activation energy at low and high tempera-
tures was estimated by using an Arrhenius dependence where the hole

concentration is proportional to exp �DEimpurity band

kBT

� �
for impurity band

transport and exp �DEMg

2kBT

� �
for valence band transport and negligible

compensation, respectively.35 The low ionization energy (�50meV) at
lower temperatures was attributed to the impurity band transport,
while the higher slope at higher temperature (EMg � 360meV) sug-
gests the valence band transport. A similar behavior was observed pre-
viously for Mg doped Al0.7Ga0.3N, where the ionization energy was
estimated to vary from �50 to �400meV for low and high tempera-
tures, respectively.20 The mobility remained relatively constant at low
temperatures, at about 0.3 cm2/V s as shown in Fig. 4(c). This value is
one order of magnitude lower than the expected mobility for the
valence band transport. Thus, the observation of the low ionization

energy and low mobility at low temperatures suggest that the domi-
nant transport mechanism in highly p-doped Al0.6Ga0.4N grown on
AlN is also impurity band conduction. A sharp decrease in mobility is
observed with raising temperature, mainly due to phonon and ionized
Mg scattering.

From here, one can conclude that low Mg doping or high com-
pensation ratio makes the impurity band formation less likely and,
hence, valence band conduction dominates the transport in these sam-
ples, rendering samples highly resistive due to a high Mg ionization
energy and high concentration of compensating point defects. On the
other hand, the formation of the Mg impurity band requires both high
doping and low compensation. It is important to note that the latter
can be achieved only by targeted management of self-compensation
(i.e., CPC method). Low activation energy for holes due to the impu-
rity band provides two orders of magnitude higher hole concentration
than the expected values for valence band transport in Mg doped
Al0.6Ga0.4N at this doping range. This offers a clear technological path
to high hole concentrations and p-conductivity in AlGaN and AlN.

In conclusion, high Mg doping in Al0.6Ga0.4N in the range of
2� 1019–1� 1020 cm�3 was investigated. H incorporation did not fol-
low that of Mg, suggesting that Mg in as-grown AlGaN was not passiv-
ated by H; a typical activation anneal as used in GaN did not result in
any measurable changes in H concentration in AlGaN. Temperature
dependent studies showed two ionization states of Mg: one at
�360meV and one at �50meV, corresponding to valence band and
impurity band conduction, respectively. The conductivity was found
to be limited by the formation of VN-related defects in both cases, thus
managing these defects during growth was paramount to achieve high
p-conductivity. The formation of the Mg impurity band required both
high Mg doping concentration (>2� 1019 cm�3) and low compensa-
tion. By actively managing compensators during growth via chemical
potential control, record low resistivities of 30 and 10 X cm were
achieved for AlGaN grown on sapphire and AlN single crystalline
wafers, respectively, with room temperature free hole concentrations

FIG. 3. Resistivity of Mg doped Al0.6Ga0.4N grown on sapphire as a function of temperature: (a) 0.3 slm NH3 flow, corresponding to V/III of 870; (b) 1 slm NH3 flow correspond-
ing to V/III of 2900. A change in slope indicates a transition between the valence band and impurity band transport.
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as high as 3� 1018 cm�3. This approach lifts previous limitations in p-
AlGaN and offers a viable technological path to high p-conductivity in
high Al-content AlGaN and AlN.
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