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We have grown Mg-doped GaN films with low residual hydrogen concentration
using a low-temperature pulsed sputtering deposition (PSD) process. The growth
system is inherently hydrogen-free, allowing us to obtain high-purity Mg-doped
GaN films with residual hydrogen concentrations below 5 × 1016 cm−3, which is
the detection limit of secondary ion mass spectroscopy. In the Mg profile, no
memory effect or serious dopant diffusion was detected. The as-deposited Mg-doped
GaN films showed clear p-type conductivity at room temperature (RT) without
thermal activation. The GaN film doped with a low concentration of Mg (7.9
× 1017 cm−3) deposited by PSD showed hole mobilities of 34 and 62 cm2 V−1 s−1

at RT and 175 K, respectively, which are as high as those of films grown by
a state-of-the-art metal-organic chemical vapor deposition apparatus. These re-
sults indicate that PSD is a powerful tool for the fabrication of GaN-based ver-
tical power devices. C 2016 Author(s). All article content, except where other-
wise noted, is licensed under a Creative Commons Attribution (CC BY) license
(http://creativecommons.org/licenses/by/4.0/). [http://dx.doi.org/10.1063/1.4960485]

GaN has attracted considerable attention as a material for power devices because of its high
breakdown voltage, high mobility, and high thermal stability. Despite these excellent properties,
the performances of GaN-based vertical power devices remain insufficient due to the lack of
high-quality GaN bulk substrates and an immature epitaxial growth process. With recent progress
in the preparation processes of GaN bulk substrates for the development of vertical power devices,
many research groups have attempted to improve the electrical and structural properties of ho-
moepitaxially grown GaN, mainly by reducing residual impurities and employing doping.1,2 The
fabrication of vertical devices such as p–n junction diodes3,4 and trench metal-oxide semiconductor
field-effect transistors5 requires the precise control of the p-type dopant in GaN and high-quality
p-type GaN. However, p-type doping via conventional metal organic chemical vapor deposition
(MOCVD) results in low hole mobility due to the defects caused by doping with high concentra-
tions (above 1019 cm−3) of Mg and the high residual hydrogen concentration. The residual hydrogen
concentration can be reduced by thermal activation;6 however, large quantities of hydrogen atoms
with concentration higher than 1 × 1018 cm−3 often remain in the films.7 These hydrogen atoms can
form Mg–N–H complexes in GaN and compensate Mg acceptors, deteriorating the electrical trans-
port properties of p-type GaN. In addition, hydrogen atoms in p-type GaN may reduce the reliability
of devices such as light-emitting diodes (LEDs) and lasers due to the diffusion of hydrogen atoms
driven by current injection.8

With the goal of dramatically reducing the hydrogen concentration in p-type GaN films, we
have applied a new growth technique known as pulsed sputtering deposition (PSD). PSD is an
attractive method for the industrial growth of GaN due to its high productivity and scalability.
Recent progress in PSD has enabled the growth of device-quality group III nitrides at much lower
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temperatures compared to the conventional MOCVD process.9–12 Various devices including LEDs,
HEMTs, and metal-insulator-semiconductor field-effect transistors (MISFETs) prepared by PSD
have been successfully operated. PSD is considered as a suitable method for growing high-purity
p-type GaN because the raw materials of the PSD growth system do not contain hydrogen atoms.
PSD is also thought to facilitate the formation of abrupt p–n junctions, which are necessary to
construct vertical power devices, and can produce p-type GaN at the low growth temperature of
480 ◦C.10 Moreover, n-type GaN produced using PSD shows a high electron mobility of approxi-
mately 1000 cm2 V−1 s−1 with a carrier concentration on the order of 1016 cm−3. However, little has
been reported on the electrical properties of p-type GaN produced via PSD.

In this study, we have demonstrated the growth of p-type GaN with low hydrogen concentration
using PSD and investigated how the concentrations of Mg dopant and residual donors affect the hole
transport properties.

We prepared 1-µm-thick Mg-doped GaN films with 20-nm-thick heavily Mg-doped contact
layers on semi-insulating GaN templates with a growth rate of 1–2 µm/h using PSD. The details of
the growth procedure are described elsewhere.9–12 The Mg doping concentration of the 1-µm-thick
GaN films varied from 7.9 × 1017 to 6.1 × 1019 cm−3. The Mg concentration in the top contact
layer was set at 2.0 × 1020 cm−3. The concentrations of Mg dopants and residual impurities were
evaluated by secondary ion mass spectroscopy (SIMS). The threading dislocation density of the
GaN template was a latter half of 108 cm−2. For the 1-µm-thick Mg-doped GaN films, typical full
width at half maximum values of X-ray rocking curves for 0002 and 101̄2 diffraction were 320
and 360 arcsec, respectively. These values were almost independent of the Mg doping concentra-
tion. For Hall-effect measurements, the samples were processed into the Van der Pauw structure
with a clover-leaf design using photolithography and inductively coupled plasma (ICP)-RIE. Pd/Au
(30 nm/100 nm) was used as an ohmic contact, and its typical resistance was 5 × 10−4 Ω cm2.
No high-temperature thermal-activation process was performed for any sample used in this study.
A temperature-dependent Hall-effect measurement system included MMR Joule-Thomson vari-
able temperature sample holders, a 0.5 T fixed magnet, and ADVANTEST electronic equipment.
Analytical protocol basically followed ASTM standard F7613 with a Hall scattering factor of unity.

Figure 1 shows a SIMS depth profile for Mg and H in a step-graded Mg-doped GaN. A
stepwise, controlled Mg-doping profile and clear interfaces between Mg-doped GaN and nondoped
GaN are observed. These data indicate that Mg diffusion was sufficiently suppressed during growth.
Moreover, this result indicates that the memory effect for Mg doping, which is problematic for
the formation of abrupt doping profiles in the case of MOCVD growth,14 was negligible during
PSD growth. This advantage can be attributed to the lower growth temperature of PSD compared

FIG. 1. SIMS depth profile of Mg in Mg-doped GaN grown by PSD. Mg doping concentration dependence of residual
hydrogen concentration in Mg doped GaN estimated by SIMS. Blue and red lines indicate Mg and hydrogen concentration
profiles, respectively. The detection limits for Mg and hydrogen are 4×1015 and 5×1016 cm−3, respectively.
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FIG. 2. The relationship between hole concentration and hole mobility in Mg-doped GaN grown by PSD at RT. Open circles
and squares represent our experimental data and previously reported MOCVD data, respectively (red,15 green,16 brown17).

to MOCVD. Figure 1 also shows how the residual hydrogen concentration depends on the Mg
doping concentration. In the case of MOCVD growth, hydrogen atoms are incorporated into GaN
simultaneously with Mg; thus, the hydrogen concentration is on the same order as the Mg concen-
tration.7 In contrast to MOCVD growth, the hydrogen concentration during PSD growth remained
below the detection limit of 5 × 1016 cm−3 even at high Mg concentration. We also found that both
residual oxygen and silicon concentrations were below the detection limit of 1 × 1016 cm−3; that is,
they were significantly low compared to the Mg concentration in this study. These results clearly
demonstrate the advantage of the low-temperature PSD process for the preparation of high-purity
p-type GaN for abrupt p–n junctions.

Next, we investigated the electrical properties of Mg-doped GaN with low hydrogen concen-
trations using Hall-effect measurements at room temperature (RT). All of the as-grown Mg-doped
GaN films showed clear p-type conductivity at RT without thermal annealing. This is consistent
with the low residual hydrogen concentration confirmed by SIMS measurements. Figure 2 shows
the relationship between the experimentally determined hole concentration and hole mobility for
the p-type GaN films grown by PSD. The reported values for p-type GaN on sapphire grown by
MOCVD are also plotted in Figure 2.15–17 The hole mobility of our samples increased monotoni-
cally with decreasing hole concentration. For lightly Mg-doped GaN films ([Mg] = 7.9
× 1017 cm−3), the hole mobility reached 34 cm2 V−1 s−1 at RT. The hole mobilities of our samples
were as high as or higher than those obtained via MOCVD, implying that our samples were less
compensated than the MOCVD samples. This is likely attributed to the reduction in the concentra-
tions of residual hydrogen and/or other donors in the p-type GaN films grown by PSD. Recently,
several MBE groups have also grown Mg-doped GaN with excellent electrical properties such as
a high hole mobility of around 30 cm2 V−1 s−1 at RT18 and much higher hole concentration over
1019 cm−3 at RT.19 These results indicate that physical vapor deposition techniques such as MBE or
PSD are quite attractive for the growth of high-quality p-type GaN.

To elucidate the hole transport properties of p-type PSD GaN, we also performed temperature-
dependent Hall-effect measurements. Figure 3 shows the temperature dependence of hole mobility
for our p-type GaN films. At temperatures above 500 K, the temperature dependences of all sam-
ples were similar regardless of the Mg doping concentration, likely because the hole mobility
was limited primarily by lattice scattering.20 For relatively heavily Mg-doped GaN ([Mg] > 4.1
× 1019 cm−3), the mobility monotonically increased with decreasing temperature and reached a
peak value of around 30 cm2 V−1 s−1 at 200 K. This peak mobility was probably limited by
the neutral impurity scattering. In this low temperature range, you can also see clear increase
in the hole mobility with decreasing Mg concentration because of the reduced scattering rate of
neutral impurities. For lightly Mg-doped GaN ([Mg] = 7.9 × 1017 cm−3), the hole mobility reached
62 cm2 V−1 s−1 at 175 K, which is as high as that of p-type GaN fabricated by MOCVD.21,22 These
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FIG. 3. Temperature dependence of hole mobility in PSD-grown Mg-doped GaN with [Mg] ranging from 7.9×1017 to
6.1×1019 cm−3.

excellent electrical properties of p-type GaN can be attributed to a reduction in the residual donor
concentration.

To estimate the activation energy EA of Mg acceptor, we investigated the temperature depen-
dence of hole concentration in p-type GaN formed by PSD. Figure 4(a) shows the temperature
dependence of hole concentration between 175 and 650 K for different Mg concentrations. The fitt-
ing curves were obtained under charge-neutral conditions in a nondegenerate p-type semiconductor
using the following equation:

p (p + ND)
NA − ND − p

=
NV

g
exp

(
− EA

kBT

)
, (1)

where p is hole concentration, g is acceptor degeneracy factor (=4), kB is Boltzmann’s constant, T
is temperature, and NV is the effective density of states in the valence band. To calculate NV , we
used the hole effective mass of 2.2.23 The experimental data were well fitted by Eq. (1), and the
acceptor concentration NA obtained through fitting was in good agreement with the Mg concen-
tration determined by SIMS. However, the compensating donor concentration ND obtained by this
fitting was much higher than that estimated by SIMS; for example, the fitted value of ND for p-type
GaN with [Mg] = 7.9 × 1017 cm−3 was 2.5 × 1017 cm−3, whereas the total concentration of H, O,
and Si atoms in the film determined by SIMS was much lower. This large discrepancy in donor
concentration may be explained by the incorporation of intrinsic defects such as nitrogen vacancies
and/or their complexes with Mg. To reduce these intrinsic defects, the growth conditions should be

FIG. 4. (a) Arrhenius plots of hole concentration and (b) activation energy as a function of ionized acceptor concentration
and the fitting curve for PSD-grown Mg-doped GaN with [NA] ranging from 7.9×1017 to 6.1×1019 cm−3.
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further optimized. According to recent progresses in MBE growth of p-type GaN, reduction in the
growth temperature makes it possible to suppress the incorporation of such intrinsic defects due to
their higher formation energy at lower temperatures, which is quite instructive for our case.24 The
EA value of Mg acceptor for each sample is plotted in Fig. 4(b) as a function of an ionized acceptor
concentration NA

−. EA decreased in proportion to (NA
−)1/3 due to the Coulomb interaction between

ionized acceptors and the screening of the Coulomb potential by free carriers. The inherent depth of
the Mg acceptor level was estimated to be 231 meV by curve fitting in Fig. 4(a). For the fitting, we
used a dielectric constant of 9.5 for GaN. The obtained value (231 meV) was close to the recently
reported value of 235 meV.21 These values may be more reliable because they were obtained from
the data of lightly Mg-doped samples.

In summary, we prepared Mg-doped GaN films using PSD and investigated the hole transport
properties. SIMS measurements revealed that the concentration of residual hydrogen was below
the detection limit of 5 × 1016 cm−3. Thanks to the remarkably low hydrogen concentration, all the
Mg-doped GaN samples showed p-type conductivity without thermal annealing. We confirmed that
the Mg profile can be precisely controlled, and the problematic memory effect or dopant diffusion
was not observed. Lightly Mg-doped samples ([Mg] = 7.9 × 1017 cm−3) showed high hole mobil-
ities of 34 and 62 cm2 V−1 s−1 at RT and 175 K, respectively. The depth of the Mg acceptor level was
estimated to be 231 meV. The excellent electrical properties can be attributed to the reduction in the
concentration of residual donors such as hydrogen, oxygen, and silicon. These results indicate that
PSD is a powerful tool for the fabrication of vertical power devices.
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