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ABSTRACT

Record-low p-type resistivities of 9.7 and 37 Q cm were achieved in Aly;Gag 3N and AlysGag,N films, respectively, grown on single-crystal
AIN substrate by metalorganic chemical vapor deposition. A two-band conduction model was introduced to explain the anomalous thermal
behavior of resistivity and the Hall coefficient. Relatively heavy Mg doping (5 x 10'” cm ™), in conjunction with compensation control,
enabled the formation of an impurity band exhibiting a shallow activation energy of ~30 meV for a wide temperature range. Valence band
conduction associated with a large Mg ionization energy was dominant above 500 K. The apparently anomalous results deviating from the
classical semiconductor physics were attributed to fundamentally different Hall scattering factors for impurity and valence band conduction.
This work demonstrates the utility of impurity band conduction to achieve technologically relevant p-type conductivity in Al-rich AlGaN.

Published under an exclusive license by AIP Publishing. https://doi.org/10.1063/5.0141863

Al-rich aluminum gallium nitride (AlGaN) alloys are promising
compound semiconductors for deep-ultraviolet (DUV) optoelectron-
ics, thanks to their direct and tunable ultrawide bandgap. Owing to
their small size, low weight, low operating power, and robustness,
AlGaN-based DUV light-emitting diodes and laser diodes are poised
to replace traditional Hg-based UV sources for point-of-use water
purification, biological/chemical sensing, air-disinfection, surface ster-
ilization, medical treatments, and materials processing.” They are also
expected to enable a host of other optoelectronic applications, such as
quantum computing, lithography sources, non-line-of-sight commu-
nication, micromachining, atomic clocks, etc.” The performance of
these optical devices has been limited by the challenges associated with
achieving low resistivity p-type AlGaN layers.

Although Mg remains the most promising p-type dopant in
AlGaN, the relatively high ionization energy increasing from ~150 meV
(GaN)” to ~600meV (AIN)'"* imposes a fundamental bottleneck for
achieving a high free hole concentration. Figure 1 shows the reported
resistivity values for p-AlGaN films grown by metalorganic chemical
vapor deposition (MOCVD).” "' Expectedly, the resistivity increases
exponentially with Al content. We note that these values correspond to
AlGaN films grown with constant composition and doping concentra-
tion. While alternate doping approaches such as short period superlatti-

ces,”""" composition modulation,'” and Mg delta doping'® allow for low

lateral resistivity in p-AlGaN, the vertical conduction is limited due to
the barriers associated with the periodic oscillation of the energy
bands.'” The polarization-graded AlGaN approach, on the other hand,
necessitates the grading toward Ga-rich compositions to achieve high
hole concentration and to favor the Ohmic contact formation.'* * This
approach suffers from UV-C absorption loss in the p-type layer, signifi-
cantly decreasing the light extraction efficiency in optoelectronic devices.
Therefore, it is of significance to devise techniques for achieving low
p-type resistivity in Al-rich AIGaN without modulating the composition
or the doping profile.

In addition to the high acceptor ionization energy, the enhanced
incorporation of compensating point defects with increasing
bandgap”"** makes p-doping of Al-rich AlGaN a formidable chal-
lenge. Recently, Bagheri et al.” reported a significant improvement in
resistivity for 60% AlGaN films (10 Q c¢m) by reducing the compensa-
tion and employing a relatively heavy Mg doping (5 x 10" cm™).
While the dislocation-related compensation was avoided by using
single-crystal AIN substrates, the nitrogen-vacancy-related compensa-
tion was controlled by using high nitrogen chemical potential growth
conditions.”*** Previously, Nakarmi et al.”” had also observed the sup-
pression in impurity transitions associated with nitrogen-vacancy in
Mg:Aly;GagsN by increasing the V/III ratio during the growth.
Similarly, Kinoshita et al.'' reported on the reduction in the intensity
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FIG. 1. Literature overview of resistivity values reported for p-AlGaN films grown by
MOCVD with constant composition and doping concentration.” "

of nitrogen-vacancy-related 4.1eV photoluminescence peak in
Mg:Al, ;Gao ;N when the V/III ratio was increased, which helped
them to achieve a resistivity of 47 Q cm. Interestingly, Bagheri et al.’
and Kinoshita et al.'' reported on temperature-dependent resistivity
with ionization energies below 50 meV, which is much lower than the
expected Mg ionization energy for Al-rich AlGaN. The observed low
resistivity was attributed to the impurity band conduction in the rela-
tively heavily doped AlGaN films.

In this Letter, we develop a model for understanding impurity
band conduction in Mg-doped AlGaN and demonstrate the utility of
this conduction mechanism to achieve reproducibly technologically
relevant resistivities in Al-rich p-AlGaN films.

A relatively heavy Mg doping of 5 x 10" cm™> was investigated
in this study for AlGaN films grown with three different Al contents:
0% (GaN), 70% (Aly;Gag3N), and 80% (AlpgGag,N). The samples
were grown on 1-in. (0001) single-crystal AIN substrates using a verti-
cal, cold-walled, low-pressure, RF-heated MOCVD reactor at a total
pressure of 20 Torr. The 500 um thick substrates were processed from
AIN single-crystalline boules grown by physical vapor transport.”*”’
The wafers had an average threading dislocation density (TDD)
<10%>cm 2, and a miscut of 0.2° toward the m-direction. Pre-epitaxy
acid-based AIN surface preparation, hydrogen annealing, and nitrida-
tion are described elsewhere.”” Trimethylaluminum (TMA), triethyl-
gallium (TEG), ammonia (NH;), and bis-cyclopentadienyl
magnesium (Cp,Mg) were used as the precursors for Al, Ga, N, and
Mg, respectively. The growth temperature and V/III ratio employed
for the growth of Mg-doped GaN (Al-rich AlGaN) were 1315K
(1375K) and 2000 (2900), respectively, while the thickness was
200 nm. A sample consisting of 200 nm-thick p-GaN with a lower Mg
doping concentration of 2 x 10" cm > was grown on sapphire sub-
strate under similar growth conditions and was used as a reference
sample for the Hall studies.

The Al-content in the AlGaN films was determined using x-ray
diffraction (XRD) measurements using a Philips X’Pert materials
research diffractometer.”” The Mg activation-anneal was performed in
a rapid thermal annealing system at 975K, under air ambient for
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10 min. Ni/Au (20/40 nm) contacts were deposited using e-beam evap-
oration and patterned in the van der Pauw geometry for electrical
measurements. The contacts were annealed at 875K for 10 minutes
under air ambient for Ohmic contact formation. Temperature-
dependent resistivity and Hall measurements were performed in a
temperature range of 200-700 K using a Lake Shore 8400 series AC/
DC Hall measurement system at high applied biases >50 V. An alter-
nating magnetic field was coupled with a lock-in amplifier for an accu-
rate determination of the Hall coefficients in low-mobility samples.
Based on the previously reported observations described in the
introduction, a model for impurity band conduction in Mg-doped
AlGaN is developed and validated based on the experiments described
in this Letter. Due to the large ionization energy, it is expected that
only a minor fraction of the Mg dopants ionizes at room temperature
(RT), whereas the majority of Mg dopants remain in a neutral configu-
ration. At relatively low doping concentrations (<5 x 10'® cm™?),
the Mg dopants can be considered to be isolated and non-interacting
(Fig. 2, left). The only route for conduction is via ionization of Mg
impurities, followed by the hole transport in the valence band. As the
Mg concentration increases but is still well below the Mott transition,
the Mg dopants begin to interact, and the carrier transport may occur
via a multi-phonon hopping process involving tunneling,” which is
associated with the overlap of the atomic wavefunctions of initial and
final atomic configurations’" (Fig. 2, center). At even higher Mg dop-
ing concentrations (>5 X 10" cm ™), but still below the Mott transi-
tion, the overlap of the dopant states can cause the dopant energy level
to split into a quasi-continuous impurity band (Fig. 2, right).” This

[Mg] < 5x10'¢ cm™ [Mg] > 5x10"° cm™

— EMg HI(]h Mg doping
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FIG. 2. (Top) A schematic of the density of states showing the evolution of the Mg
acceptor level to a band at low compensation and high doping concentrations.
(Bottom) Simplistic band diagram illustrating the viable conduction routes for low
(Mg ionization followed by valence band conduction), moderate (valence band con-
duction and hopping conduction along Mg states), and high (valence band conduc-
tion and Mg impurity band conduction) doping levels at low compensation.
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FIG. 3. Temperature-dependent resistivity for p-AlysGagsN doped with varied Mg
doping concentrations and grown on sapphire and AIN substrates. Reproduced
with permission from Bagheri et al., Appl. Phys. Lett. 120, 082102 (2022).
Copyright 2022 AIP Publishing.

provides an alternate route for conduction, where the carriers can prop-
agate through the impurity band with a much-reduced activation energy
as compared to the relatively large Mg ionization energy required for
the valence band transport. As pointed out by Neumann,” the effect of
impurity band conduction becomes more pronounced with increasing
acceptor ionization energy. This explains the impurity band conduction
observed in Mg-doped GaN" and Al-rich AIGaN"""" films at relatively
high doping concentrations, >4 x 10 cm™>.

It is worthwhile to note that the presence of compensating point
defects can disrupt the overlap of the Mg orbitals and, hence, impede
the formation of the impurity band. The relatively high Mg ionization
energy in AlGaN typically imposes a high Mg doping concentration
(>10" cm™) to achieve technically useful hole concentrations in the
10" cm ™ range. At such high doping levels, the incorporation of nitro-
gen-vacancy-related compensating defects becomes favorable due to

Temperature (K)

Temperature (K)
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their lowered formation energy.”"**"*> This makes the formation of
the impurity band a challenge.” One approach for reducing the incorpo-
ration of nitrogen-vacancy-related compensating defects during growth
is by enhancing the nitrogen chemical potential,”* as was demonstrated
for Mg:AlGaN.” As summarized in Fig. 3, the results by Bagheri et al.’
show that the impurity band conduction is favored at high Mg doping
and low compensation (depicted schematically in Fig. 2). For a Mg dop-
ing concentration of ~5 x 10" cm™?, an order of magnitude reduction
in resistivity was observed for Mg-doped Al ¢Gag4N grown on single-
crystal AIN substrates as compared to heteroepitaxial growth on
sapphire.

First, the possible conduction mechanisms discussed above were
studied in p-GaN; Fig. 4 shows the obtained resistivity and Hall data. To
understand the impurity band transport in the relatively heavily doped
GaN (5 x 10" ecm™), it is useful to contrast it to a reference p-GaN
sample doped with 2 x 10" cm™>Mg, which showed the expected
valence band transport behavior. Temperature dependence of the resis-
tivity and Hall coefficient, Ry, of the reference sample both yielded the
expected large jonization energy of ~150 meV, Figs. 4(a) and 4(b). The
estimated free hole concentration for the reference sample, assuming a
pure valence band transport using the relation p=1/qRy, shows the
expected thermal freeze out behavior corresponding to the relatively
large Mg ionization energy, Fig. 4(c). A drastic difference was observed
for the GaN sample doped with 5 x 10" cm™> of Mg. The resistivity
was found to be practically temperature-independent in the range of
150-400K, and a shallow Mg ionization energy of 40meV was
observed above 400 K, Fig. 4(a). The measured Hall coefficient exhib-
ited the expected trend for valence band transport at temperatures
above 400K but an opposite trend at lower temperatures, ie., an
increase in the free hole concentration with decreasing temperature;
obviously, an anomalous result, Fig. 4(b).

The significantly reduced thermal dependence of resistivity and
the anomalous trend reversal of Ry point to a transition from a
valence-band- to an impurity-band-dominant conduction around
400 K. The Hall effect associated with impurity band conduction dif-
fers qualitatively and quantitatively from the quasi-free motion of
holes in the valence band.”® *® For valence band transport, the Hall
scattering factor (the ratio of Hall and drift mobilities), Aysp, is ~1. For
impurity band conduction, the Hall and drift mobilities can have
different activation energies,””* and therefore, the scattering factor,
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FIG. 4. Temperature-dependent (a) resistivity, (b) Hall coefficient, and (c) hole concentration for the p-GaN samples. The arrows in (b) and (c) show the expected and anoma-
lous trends for the Hall coefficient and hole concentration for the 5 x 10'® cm~> doped sample. Note. The hole concentration in (c) is not the true free hole concentration and
has been estimated for an assumption of pure valence band transport using the relation p = 1/qRy.
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A, is not equal to 1 and varies with temperature.” It has been shown
that the sign and magnitude of Ajz depend on the geometric arrange-
ment of sites involved in the carrier transfer process.””* A negative
Ayp was reported for p-GaN"” and graded p-AlGaN."

Generally, for a two-band transport, the Hall coefficient, Ry,
depends on the respective resistivities of the two conduction mecha-
nisms. In our case, the observed resistivity, p, consists of the valence
band and impurity band resistivities, resulting in

1 1 1
—=—t—. (1)
P Pve P
As such,
2 2
OvVB g1
R, = R}P (—6 ) + Ry} (—0 ) , )

where R and RI® are the Hall coefficients for the valence and impu-
rity band conduction, respectively, and are given by

A

R = 2, 3
qPvs
A

RIE — B (4)
9P

At higher temperatures (>500 K), where the valence band conduction
dominates, the Ry behavior is qualitatively similar to the reference
GaN sample. At lower temperatures, the net contribution of the
valence band transport to Ry reduces exponentially due to the thermal
freeze out of the free holes. This transition is captured in Eq. (2) and
explains the anomalous trend in Ry at lower temperatures.

Figure 5 shows the temperature-dependent resistivity and Hall
coefficient data obtained for Mg-doped AlGaN films with 70% and
80% Al content. The room temperature resistivities measured 9.7 and
37 Q cm for Aly;Gay 3N and Al 3Gag,N, respectively. These are the
lowest resistivity values reported for high Al-content p-AlGaN and the
first demonstration of technologically relevant p-type resistivity in
80% AlGaN.'""!

The resistivity data for both samples exhibited shallow activation
energy of ~30meV below 500 K, much lower than the expected Mg
ionization energy of >400meV, confirming the dominance of the
impurity band conduction. The observed increase in the ionization

energy above 500 K suggests that the valence band transport becomes
dominant at these temperatures. Figure 5(b) shows the temperature
dependence of the Hall coefficient for these two samples: above 500 K,
the Ry varies exponentially with temperature, a signature of valence
band transport, while below 500 K, where the impurity band conduc-
tion dominates, the variation of Ry with temperature becomes more
gradual. This is again attributed to the reduced contribution of R}}® to
the net Ry; value, as per Eq. (2). It is worth noting that if the impurity
band conduction is neglected and the hole concentration is estimated
using the relation p= A/qRy, the ionization energy can appear to be
systematically lower than the true ionization energy of the acceptor.
The underestimation of R}® would also lead to an erroneously high
free hole concentration. This suggests that the contextual analysis of
resistivity and Hall effect data is not straightforward in p-type ultra-
wide bandgap semiconductors, where the acceptors are deep and
valence band conduction is limited. We suggest that a correct interpre-
tation of the experimental data is only possible by extending the mea-
surements to a wider temperature range.

In summary, by introducing a two-band conduction model, we
were able to explain anomalous behavior of conductivity in high Al-
content Mg:AlGaN grown on single-crystal AIN substrates. It was
shown that while the impurity band conduction enables achieving
lower resistivity than pure valence band conduction, it requires addi-
tional considerations in the interpretation of the Hall effect data. This
arises from the fact that the Hall scattering factors for the impurity
and valence band conduction are fundamentally different. While this
study exemplifies the utility of impurity band conduction in overcom-
ing the limitations in conventional p-type doping, it also points out
that managing compensation is as important as in conventional dop-
ing. Record-low resistivities of 9.7 and 37 Q cm were achieved in dop-
ing of bulk Al,,Ga, 3N and Alj3Gag,N films, respectively.
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