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Abstract: Mg-doped GaN was grown by plasma-assisted molecular beam epitaxy (PAMBE) on a Fe-
doped GaN template substrate by employing a shutter-controlled process. The transition from n-type
to p-type conductivity of Mg-doped GaN in relation to the N/Ga flux ratio was studied. The highest
p-type carrier concentration in this series was 3.12 × 1018 cm−3 under the most N-rich condition. By
modulating the shutters of different effusion cells for the shutter-controlled process, a wide growth
window for p-type GaN was obtained. It was found that the presence of Mg flux effectively prevents
the formation of structural defects in GaN epi-layers, resulting in the improvement of crystal quality
and carrier mobility.
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1. Introduction

GaN, with its wide direct bandgap and superior physical properties, has broad ap-
plications in semiconductor technologies. For electronics, its high breakdown electric
field and high electron saturation velocity enable the development of high-power and
high-temperature devices [1,2]. Furthermore, its large spin splitting energy makes it
suitable for application in spintronics [3,4]. For photonic devices, the ternary alloy of
GaN and InN, i.e., InxGa1-xN, has a wide tunable direct band gap from 3.4 eV to 0.7 eV,
covering the whole visible spectrum, and offers red–green–blue full-color materials for
light-emitting diode or laser diode applications [5–7]. Particularly in such optoelectronic
applications, a p-type compound layer is essential for device operation. Since p-type GaN
was demonstrated by Amono et al. [8] using low-energy electron beam irradiation and
by Nakamura et al. [9], who used a rapid thermal annealing process with Mg-doped GaN
produced by metal–organic chemical vapor deposition (MOCVD), Mg is known as the
most effective p-type dopant for GaN. However, it is still challenging to achieve p-type
conductivity in GaN due to several obstacles for Mg-doping, such as high ionization energy
(160–200 meV), high vapor pressure and low stick coefficient at growth temperature, and
self-compensation with the native defects [10]. As a result, p-type GaN is often realized
with high resistivity and low hole mobility in its electrical properties. Therefore, the under-
standing of how Mg is incorporated with a GaN layer in epitaxial growth is very crucial for
the fabrication of GaN-based optoelectronic devices.

Although the knowledge of nitride materials and their related application (e.g., GaN-
based blue LED) was well developed with chemical vapor deposition by S. Nakamura et al. [5,6],
the optimized growth condition of Mg-doped GaN in molecular beam epitaxy (MBE) is still
unclear. Apart from metal–organic chemical vapor deposition (MOCVD), which is the most
popular technology in the fabrication of GaN, plasma-assisted molecular beam epitaxy
(PAMBE) is another specific technology for the epitaxial growth of GaN layers under a
specific hydrogen-free environment and allows for a lower temperature growth. Therefore,
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Mg-doped GaN can achieve p-type conductivity without any post-treatment as developed
by S. Nakamura, and the growth temperature can be controlled below 650 ◦C [11,12]. In
addition, MBE has been proven as a reliable approach for fabricating red–green–blue full-
color nitride-based micro-LEDs with the growth of high indium content of InGaN or InAlN
quantum wells under a low-temperature hydrogen-free environment [13–15]. Despite the
prospect of MBE for the advantages of growing full-color nitride-based nanomaterials,
the output performance for such optoelectronic devices is still poor because of contact
fabrication, uniformity, or hole-carrier injection. Thus, a high-quality p-type GaN epi-layer
can ensure the efficiency of hole-carrier injection and will improve the performance of
optoelectronic micro-devices. To find the optimal growth condition in MBE, one can com-
monly vary either the growth temperature or flux ratio of III-V elements, or even apply a
different shuttering technique, such as growth interruption or metal-modulated epitaxy
(MME) [16–18]. The MME method is commonly applied in molecular beam epitaxy (MBE),
where the shutters of effusion cells (Ga, Mg, or other metal sources) are periodically opened
and closed, while the shutter of the N-plasma remains open throughout the entire growth
procedure. This approach enables the epitaxial growth to cycle between Ga-rich and N-rich
conditions due to the modulation of the shutters. Consequently, the MME method is con-
sistently utilized in order to achieve a smooth surface and prevent the formation of metal
droplets. It is critical to control Ga flux for the Mg-doping process since the Mg dopant will
compete with the majority Ga atoms for bonding with nitrogen. However, p-type conduc-
tivity in Mg-doped GaN layers versus N/Ga flux ratio is still controversially discussed in
N-rich, slightly Ga-rich, or extremely Ga-rich conditions [11,19–21]. In addition, polarity
inversion has been observed in heavily doped situations, resulting in a decrease in hole
concentration [22]. A large hole-carrier concentration above 1019 cm−3 using the MME
method has been reported [12]. The growth mechanism derived from different results is
still inconsistent, and the effective growth condition with Mg-doped GaN in MBE is still
unclear. This paper aims to investigate the optimal growth condition of Mg-doped GaN
in a PAMBE system. In order to clarify the growth mechanism and electrical transport
properties of hole carriers concerning the N/Ga flux ratio, a series of growths with varying
Ga flux and different shutter-controlled processes have been designed to modulate Mg and
Ga flux at a fixed growth temperature, and the result has been discussed in this study.

2. Materials and Methods

The growth of Mg-doped GaN was performed using a PAMBE ultra-high vacuum sys-
tem with a standard effusion cell for Ga evaporation (99.99995% purity), Mg (99.9995% pu-
rity), and ultra-high-purity nitrogen gas (99.9999% purity) supplied by a radio-frequency
plasma source (Veeco model GEN 930) on 2 µm thick Fe-doped GaN template substrates
which were pre-grown on a sapphire substrate by MOCVD. It was convenient to verify the
growth parameters when we developed the Mg-doped GaN layers by the homo-epitaxy of
PAMBE atop the MOCVD pre-grown GaN template substrate. Moreover, the Fe-ion acts as
an acceptor which provides a deep-level trap with a GaN band structure in the pre-grown
GaN substrate; therefore, the Fe-doped GaN template can be treated as a semi-insulator that
has a very high resistivity and low carrier concentration. Using it as a substrate template,
we could avoid the electrical channels being parallel to the as-grown GaN layer in Hall
measurements. The 1 × 1 cm2 GaN-template substrates were degreased with acetone,
isopropanol, and D.I. water in an ultrasonic bath for five minutes sequentially and then
dried with nitrogen gas immediately before loading to the PAMBE system. In the beginning,
the substrates were processed with a thermal treatment, out-gassed at 750 ◦C for 10 min
in the ultra-high vacuum MBE system, and then Mg-doped GaN epi-layers were grown
at 670 ◦C. The N flux was fixed at 9 × 10−6 torr which was determined by a beam flux
monitor with the radio-frequency (RF) plasma power of 400 W. At the same time, the Ga
flux was tuned to control the flux ratio as desired for different samples, which are shown
in Table 1. Since the flux of Mg was very difficult to measure using the nude ion-gauge,
we then set the temperature of the Mg effusion cell at 380 ◦C in this study. All the samples
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in Table 1 can be classified into two series according to the different growth techniques.
Series 1 is the Ga-flux-dependent series, which is denoted as samples A to E in Table 1. The
samples were grown in a standard epi-growth procedure in which the effusion cells and
N-plasma supplied were set constant for sample growth. Ga flux was the only variable
in this series. Samples that are denoted as F1, G1, F2, and G2 in Table 1 are classified in
Series 2. In Series 2, samples were grown by using specific shutter-controlled processes.
There are two different shuttering methods given in the processes. Samples F1 and G1
were grown using the conventional metal-modulated epitaxy (MME) method with a 10 s
period of opening and closing. Samples F2 and G2 were grown using a method that in-
volved modulating the Ga shutter only and keeping the Mg and the N-plasma shutter open
throughout the entire growth procedure. In situ reflection high-energy electron diffraction
(RHEED) was used to characterize the growth of thin films. The electrical properties of
the samples were determined by Van der Pauw–Hall measurement at room temperature,
with an applied magnetic field of 250 mT, and Au/Ni was annealed onto the samples as
the ohmic contacts. The surface morphology was investigated using a scanning electron
microscope (SEM) (JEOL JSM-6330TF). The structural properties and crystalline preferred
orientations were characterized by high-resolution X-ray diffraction (XRD, Bede D1) using
a SIEMENS D5000 X-ray diffractometer with a Cu anode. The optical properties of the
samples were analyzed by micro-Raman in a backscattering configuration with a 633 nm
laser (Horiba, Lab RAM HREvolution).

Table 1. Growth parameters of Mg-doped GaN, where N/A stands for “Not Applicable”.

Sample Ga Flux
(×10−7 Torr)

Flux Ratio
(N/Ga)

Modulated
Shutters

Shuttering Period
(Open/Close)

A 1.45 62 none N/A
B 1.30 69 none N/A
C 1.25 71 none N/A
D 1.20 74 none N/A
E 1.15 79 none N/A
F1 1.80 50 Mg, Ga 10 s/10 s
G1 1.60 56 Mg, Ga 10 s/10 s
F2 1.80 50 Ga 10 s/10 s
G2 1.60 56 Ga 10 s/10 s

3. Results and Discussion

The in situ RHEED patterns after growth along
[
1100

]
of c-plane GaN for each sample

are shown in Figure 1, and the SEM images are presented in Figure 2. The analysis of the
morphology of sample A (flux ratio, 62) showed an excess of Ga drops on the surface in
Figure 2a and yielded the dim streaky RHEED patterns in Figure 1a. With the increase in
the flux ratio in samples C to E (N/Ga flux ratio, from 71 to 79), the samples presented
bright and spotted RHEED patterns (Figure 1c–e) and correlated to a rough morphology
under N-rich conditions, which can be observed in Figure 2c–e. These results reveal the
signature of GaN grown by PAMBE: a smooth surface can be obtained under Ga-rich
growth conditions, and a rough surface is presented under N-rich conditions [16]. The
characterizations are ascribed to the high reactivity of the plasma source used in nitride-
based MBE. Under the N-rich condition, the dwell time of Ga adatoms will be insufficient
to migrate on the surface and leads to poor morphology. On the contrary, layer-to-layer
growth takes place while the coverage of the Ga adlayer is in a Ga-rich condition and yields
a smooth surface instead. The influence of flux ratio on the efficiency of Mg-doping was
then investigated for samples A to E by Van der Pauw–Hall measurement. The results
are listed in Table 2, and the sample thickness was estimated using the growth rate of our
reactor. At a low flux ratio where the samples were still in a 2D growth mode (e.g., samples
A and B), they exhibited n-type conductivity, while carrier concentration decreased as the
Ga flux reduced. When the flux ratio increased to 71, the resistivity dramatically increased
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up to 9.36 × 101 Ω-cm, 3 orders in amplitude higher than those of samples A and B, and the
p-type carrier was detected with the concentration of 2.15 × 1015 cm−3. More p-type hole
carriers were produced as the growth condition varied toward a higher N/Ga flux ratio,
and the highest value is 3.12 × 1018 cm−3 in this series with the mobility of 0.97 cm2/Vs
(sample E). Under the Ga-rich growth condition, a large amount of Ga atoms will cover the
surface, which can be confirmed by the RHEED pattern in Figure 1a. As a consequence, it
is difficult for the Mg atom to replace the Ga atom for the synthesis of wurtzite crystal to
produce a p-type dopant. As the Ga flux is reduced, it provides a greater possibility for the
Mg atom to replace the Ga atom in the wurtzite structure, yielding p-type conductivity in
the samples. Therefore, considering the growth temperature in the experiment, the N-rich
condition is more favorable for the formation of a p-type dopant by Mg atoms. Although
the highest hole mobility (31.08 cm2/Vs) was obtained in sample C in this series, the low
carrier concentration did not meet the qualification for device operation. As the N/Ga flux
ratio increased, enhancing the p-type carrier, a poor morphology was also acquired, which
resulted in poor crystal quality and a decline in hole-carrier mobility.
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Figure 2. SEM images of samples (a) A, (b) B, (c) C, (d) D, (e) E, (f) F1, (g) G1, (h) F2, and (i) G2.

Table 2. Hall measurement results.

Sample Type Carrier Concentration
(cm−3)

Mobility
(cm2/Vs)

Resistivity
(Ω-cm)

A n 6.84 × 1018 104.48 8.74 × 10−3

B n 1.61 × 1018 124.92 3.10 × 10−2

C p 2.15 × 1015 31.08 9.36 × 101

D p 3.59 × 1017 4.39 3.61 × 100

E p 3.12 × 1018 0.97 2.06 × 100

F1 p 2.70 × 1017 4.90 4.37 × 100

G1 p 1.79 × 1016 9.81 3.55 × 101

F2 p 1.42 × 1017 30.16 1.45 × 100

G2 p 3.92 × 1016 24.90 6.41 × 100

To improve the surface morphology and ensure p-type conductivity in the samples,
the shutter-controlled process was applied for the sample growth in Series 2. The detailed
growth parameters can be found in Table 1. In a shutter-controlled process, the Ga flux is
adjusted to extreme Ga-rich conditions, and the shutter is alternately switched between
open and closed states, while the N-plasma shutter remains open. This sequence causes
excess Ga droplets to accumulate on the surface when the Ga shutter is opened, while it
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allows the metal to migrate and form a flat surface when the Ga shutter is closed. Figure 1f–i
show the RHEED patterns of the samples in Series 2. The patterns are all bright with a
mixture of streaks and dots, indicating that the samples were free of droplets and exhibited
2D with minor 3D island growth. The SEM images in Figure 2f–i also showed a good
agreement with the RHEED patterns. For samples F1 and F2, which were grown with a
higher Ga flux equal to 1.80 × 10−7 torr, it was shown that the 3D structures demonstrated
larger plateaus compared to samples G1 and G2. This observation suggested that the
increase in Ga flux resulted in an increase in the diffusion distance of Ga atoms on the
surface. Moreover, a higher hole concentration was achieved in samples F1 and F2 in
the range of 1.42–2.70 × 1017 cm−3 as well, and it implied that the higher Ga flux during
the shutter-controlled process can also enhance the incorporation of the p-type dopant.
However, when comparing the Hall characterizations of samples F2 and G2 (i.e., the Mg
effusion cell did not participate in the periodical shuttering and more Mg atoms were
expected to be supplied during the growth process), it was found that these Mg atoms were
not incorporated as the p-type dopants. As a consequence, samples F2 and G2 showed a
similar amount of carrier concentration in comparison to samples F1 and G1, respectively.
In contrast, there was a significant improvement in the hole-carrier mobility of samples
F2 and G2 compared to the other samples of both series. It was also found that all the
samples in Series 2 exhibited p-type conductivity, indicating that the shutter-controlled
process covered a wide growth window of Ga flux in the range of 1.60–1.80 × 10−7 torr.

For further investigation, the structural and optical properties were analyzed by
XRD and Raman scattering. In the XRD measurement, two peaks were obtained in the
two theta-omega scanning, as shown in Figure 3. The peak at 34.5◦ is attributed to GaN
(002), confirming the single crystalline nature of the samples, and the peak at 36.0◦ arose
from AlN (002) which is from the original pre-grown GaN template (i.e., MOCVD grown
GaN/AlN on sapphire substrate). Symmetric and asymmetric rocking curves for (002) and
(102) were created to evaluate the structural defects, and the results are demonstrated in
Figure 4. Figure 4a,b present the (002) and (102) rocking curves of the samples in Series 1,
while Figure 4c,d present those of the samples in Series 2. The values of their full width at
half maximum (FWHM) are presented in Table 3. The FWHM of the GaN (002) rocking
curve is proportional to screw dislocation density. On the other hand, the FWHM of the
GaN (102) rocking curve is proportional to the total dislocation density in the crystal,
including both screw and edge dislocations [23]. Based on Table 3, the FWHM of the XRD
rocking curves versus the N/Ga flux ratio for Series 1 was plotted (Figure 5). A V-valley
trend versus the flux ratio for the FWHM of the GaN (102) rocking curve has been observed
in Series 1, indicating that the sample grown at the N/Ga ratio of 71 had the best crystal
quality in the series. This result was consistent with the Hall measurements. In the Hall
measurements, sample C possesses the highest resistivity and low concentration, which
means that the electrons, generated by the structural defects, can be almost neglected.
Therefore, when the Mg dopant starts to incorporate with GaN, the hole carriers will not be
compensated by the electrons. Thereby, the p-type conductivity can be detected even at a
low concentration. In addition, the FHWM values of the samples in Series 2 are visualized
as a bar chart in the inset of Figure 5. In Series 2, both GaN (002) and (102) rocking curves
were broadened for the samples grown by the conventional MME method, i.e., samples
F1 and G1. The best crystal quality was obtained in sample F2, which is verified by the
FWHM of the GaN (102) rocking curve being 304 arc seconds. In semiconductors, the
mobility of carriers depends on various factors of scattering, for instance, Coulomb, surface
roughness, or defect scattering. It is evident that samples F2 and G2 exhibit lower threading
dislocation (TD) density, as evaluated from the XRD rocking curves, which is associated
with higher mobility as well. Since samples F2 and G2 were grown with only the Ga
shutter modulated and the Mg source was supplied constantly with N-plasma, the surplus
Mg atoms suppressed the formation of structural defects through mechanisms such as
diffusion, adsorption, and desorption from the surface. Similar reactions such as the surface
treatment of pre-grown gallium polishing in MBE have been discussed [24,25]. Figure 6
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shows the Raman scattering spectra of the samples, where the backscattering method with
the Raman configuration z(x, x)z is presented. Using the confocal Raman probe system in
this measurement, we can analyze the signal from different skin depths of the samples by
adjusting the confocal pinhole size and the focus of the objective lens. The major scattering
occurred at 570 cm−1 and 735 cm−1 and is attributed to the EH

2 and A1(LO) modes of
GaN. The sapphire substrate presented signals at 418 cm−1 and 750 cm−1 accompanied
by minor peaks at 378 cm−1, 430 cm−1, and 449 cm−1 (Figure 6a) [26]. However, the peak
at 660 cm−1 is very close to a different source, either the EH

2 mode of AlN, the disorder of
sapphire, or the vibration of Mg-N bonding [27–31]. In order to clarify these possibilities,
the Raman sampling was performed by focusing on the surface only, and the results are
shown in Figure 6b. Obviously, the signal from the deeper position of the sample became
weaker or eliminated (Figure 6b), and the peaks at 660 cm−1 still survived, indicating the
contribution from GaN. Kaschner et al. explained Mg-N vibration at 658 cm−1 in their
experiment, which is very similar to the present results [29]. According to the black and
red lines in Figure 6a,b, the signal of Mg-N bonding was absent in sample A but acquired
in sample B. This confirms that the increase in the N/Ga flux ratio will be favorable for
the replacement of Ga by the Mg dopant at the site of the cation. Despite the fact that the
incorporation behavior of Mg occurred, sample B still exhibited n-type conductivity in the
Hall measurement. This indicated that the amount of Mg doping in sample B was not
enough to produce net hole carriers in the materials and was compensated by the presence
of electrons in the background. Therefore, the hole concentration is relevant not only to the
incorporation efficiency of Mg but also to the crystal quality and donor compensation.
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4. Conclusions

Mg-doped GaN was grown by PAMBE on Fe-doped GaN templates. It was found
that a transition of n-type to p-type conductivity was highly dependent on the N/Ga
flux ratio in the standard epi-growth method with PAMBE. When the growth condition
approached a N-rich environment, it created more opportunity for Mg to incorporate with
GaN as hole carriers in the sample. The highest carrier concentration in this study reached
3.12 × 1018 cm−3 under the most N-rich condition. Moreover, a different shutter-controlled
process was designed, and it provided a reliable and wide growth window for p-type GaN.
In our investigation, the Mg flux in the shutter-controlled process not only participated as a
p-type dopant during the growth, but also effectively prevented the formation of structural
defects in GaN, leading to the improvement of hole-carrier mobility.
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