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Abstract: This study focuses on the heavily Mg-doped GaN in which the passivation effect of
hydrogen and the compensation effect of nitrogen vacancies (Vy;) impede its further development.
To investigate those two factors, H ion implantation followed by thermal annealing was performed
on the material. The evolution of relevant defects (H and Vy) was revealed, and their distinct
behaviors during thermal annealing were compared between different atmospheres (N, /NH3). The
concentration of H and its associated yellow luminescence (YL) band intensity decrease as the thermal
annealing temperature rises, regardless of the atmosphere being N, or NH3. However, during thermal
annealing in NHj3, the decrease in H concentration is notably faster compared to N,. Furthermore,
a distinct trend is observed in the behavior of the blue luminescence (BL) band under N, and NHj.
Through a comprehensive analysis of surface properties, we deduce that the decomposition of NH3
during thermal annealing not only promotes the out-diffusion of H ions from the material, but also
facilitates the repair of Vy on the surface of heavily Mg-doped GaN. This research could provide
crucial insights into the post-growth process of heavily Mg-doped GaN.

Keywords: GaN; heavily Mg-doped; H-related defect; nitrogen vacancy; ion implantation;
thermal annealing

1. Introduction

Gallium nitride (GaN), a pivotal wide-bandgap semiconductor, holds significant
prominence in the field of optoelectronic and electronic devices due to its exceptional
properties, including as a visible and ultraviolet light-emitting diode (LED), laser (LD), and
high electron mobility transistor (HEMT) [1]. The wide applications of GaN are closely tied
to the successful production of p-type GaN [2]. The p-type GaN serves as a hole injection
layer to provide holes for the active region of LED and LD [3], while also serving as a gate
electrode in HEMT to make it an enhancement-mode device [4].

At present, magnesium (Mg) stands as the primary acceptor dopant employed in
p-type GaN. During the epitaxial growth process of metal-organic chemical vapor deposi-
tion (MOCVD), it is inevitable that a large number of hydrogen (H) atoms are introduced
into Mg-doped GaN via the metal-organic precursor, NHs and Hj, which serves as carrier
gas. Those H atoms tend to interact with the Mg acceptor to form the Mg-H complex,
impeding the activation of the Mg acceptor [5]. To address this challenge, Nakamura
et al. introduced a post-growth process involving thermal annealing in the N atmosphere
to break the Mg-H bond and diminish the concentration of H, successfully converting
as-grown Mg-doped GaN into a p-type semiconductor [6]. Such a method has become the
industrial standard post-growth process for p-type activation of Mg-doped GaN [7].

However, the progress of GaN-based devices is impeded by a traditionally produced
Mg-doped GaN with a low hole concentration. This limitation stems from the high ioniza-
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tion energy of the Mg acceptor (~170 meV), and the activation efficiency of Mg-doped GaN
at room temperature remains limited to approximately 1% [8]. Thus, increasing the Mg
doping concentration has been a common strategy to achieve a high hole concentration in
heavily Mg-doped GaN.

For heavily Mg-doped GaN, the passivation effect of H formed during the growth
process also exists in the material. Thus, the post-growth process must be considered, and
the redistribution of H during thermal annealing is worthy of attention [9].

In addition, the self-compensation effect within the heavily Mg-doped GaN is another
factor that prevents it from achieving a high hole concentration. As the Mg concentration in
GaN increases, exceeding 2~3 X 10 cm 3, the internal hole concentration does not increase
proportionally but rather decreases [10]. Theoretical calculations elucidated that nitrogen
vacancies (V) as donor-type defects play an important role in this self-compensation
effect [11]. Therefore, the behavior of relevant compensation defects in heavily Mg-doped
GaN during thermal annealing also needs to be investigated.

To find out the evolution of relevant defects (H and Vy) in the heavily Mg-doped
GaN during the post-growth process, we conducted experiments involving H ion implan-
tation and post-implantation thermal annealing at different temperatures and in different
atmospheres (N, and NHj3), which enabled us to delve into both factors that affect the
heavily Mg-doped GaN. On the one hand, the redistribution characteristics of H ions in the
material were analyzed through the results of secondary ion mass spectroscopy (SIMS). On
the other hand, the behavior of H-related defects was investigated through SIMS results
and their photoluminescence (PL) spectra. Additionally, the behavior of Vyy was also
analyzed by combining its PL spectra and surface properties which were revealed by its
contact properties with metals and its ultraviolet photoelectron spectroscopy (UPS) and
X-ray photoelectron spectroscopy (XPS) results. In particular, we compared the effect of
two different thermal annealing atmospheres on the evolution of those relevant defects. By
doing so, we aimed to provide crucial insights into the post-growth processes of heavily
Mg-doped GaN.

2. Materials and Methods

Heavily Mg-doped GaN film was prepared through MOCVD. Initially, a 1.5 pm-
thick unintentionally doped GaN layer was grown on a c-plane sapphire substrate via
MOCVD. Subsequently, a 500 nm-thick heavily Mg-doped GaN layer was grown with
a growth temperature of 950 °C, chamber pressure of 200 Torr, and duration of 60 min.
Trimethylgallium (TMGa), NH3, and bis(cyclopentadienyl)magnesium (Cp,Mg) were
respectively used as sources of Ga, N, and Mg, and the flow rate of them was respectively
controlled at 13, 3000, 110 sccm, in which Hy was used as carrier gas. The Mg concentration
of 1.1 x 10% cm 3 in this heavily Mg-doped GaN film was detected by SIMS.

Subsequently, H ions were implanted vertically into the as-grown sample with an
energy of 30 keV and a dose of 1 x 10'®> cm 2, obtaining Sample H.

Followed by H ion implantation, thermal annealing was conducted in a MOCVD reac-
tor. One set of four samples underwent post-implantation annealing in an N, atmosphere,
with the annealing temperatures respectively set at 600 °C for Sample HN6, 700 °C for
Sample HN7, 800 °C for Sample HN8, and 900 °C for Sample HN9. Similarly, another set of
four samples was annealed in an NHj3 atmosphere, with temperatures controlled at 600 °C
for Sample HA6, 700 °C for Sample HA7Z, 800 °C for Sample HAS, and 900 °C for Sample
HA9. The annealing time was fixed at 20 min.

The depth profile of H concentration within each sample was characterized by SIMS
utilizing the CAMECA ims-7f instrument (AMETEK, Berwyn, PA, USA).

PL was excited with the 325 nm line of an IK Series He-Cd laser (Kimmon Koha,
Tokyo, Japan) at room temperature under continuous excitation (350 W/cm?) and acquired
using a Spectro2500i spectrometer with a PIXIS:256E CCD detector (Princeton Instruments,
Trenton, NJ, USA).
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To characterize the contact properties between the semiconductor and metals (Ni/Au),
the current—voltage (I-V) curves were carried by the circular transfer length method (CTLM).
The CLTM pattern was designed with an inner radius of 110 um and a gap distance of 10 um.
The electrode fabrication process involved e-beam deposition of Ni/Au (20 nm /20 nm) onto
samples HN9 and HA9 after immersion in a hydrochloric acid solution (HCI: H,O = 1:1).
The Ni/Au contacts were thermal annealed by rapid thermal annealing (RTA) in an oxygen
atmosphere at temperature of 550 °C for 1 min.

Atomic force microscopy (AFM) utilizing Dimension 3100 (Veeco, Plainview, NY, USA)
was employed for a surface morphology study. To elucidate the surface property of heavily
Mg-doped GaN, UPS and XPS were conducted by the ESCALAB Xi+ photoelectron spec-
trometer (Thermo Fihser, Waltham, MA, USA). In XPS, the energy levels were referenced to
the C 1s (284.5 eV) [12]. In UPS, an He I light source (21.22 eV) was used and the Fermi
level of samples was calibrated by a clean-surfaced standard gold sample with a work
function of 5.10 eV.

3. Results and Discussion
3.1. Redistribution of H Ions

Figure 1a illustrates the depth profiles of H concentration in the as-grown sample
and Sample H (H-implanted sample). In the as-grown sample, the distribution of H is
relatively uniform across depth. Conversely, in Sample H, a distinct peak is observed at a
projection depth of 270 nm, with the highest concentration reaching 8 x 10!° cm~3 in the H
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Figure 1. Secondary ion mass spectroscopy: depth profile of H concentration in (a) as-grown sample
and Sample H without annealing after H ion implantation; (b) Sample HN6~HN9 annealed at
600~900 °C in Ny after H ion implantation; (¢) Sample HA6~HA9 annealed at 600~900 °C in NHjz
after H ion implantation.

The SIMS result for Sample H reveals a notable trend that the H concentration exhibits
higher levels within the depth range of 50~150 nm compared to a depth of 400~450 nm.
This observation suggests a phenomenon characterized by heightened concentration near
the surface and diminished concentration in the bulk. This result can be attributed to the
light mass of H ions, leading to a significant backscattering effect during ion implantation.
Consequently, the distribution of H in Sample H diverges from the standard Gaussian
distribution, instead displaying a negatively skewed Pearson IV distribution [13,14]. Such
a backscattering effect also leads to a lower maximum concentration of hydrogen in Sample
H compared to the SRIM calculation result (as shown in Figure S1).

Figure 1b,c respectively depict the SIMS results of the H depth profile in samples
subjected to post-implantation thermal annealing in N, and NH3 atmospheres, respectively
denoted as Sample HN6~NH9 and Sample HA6~HA9. A notable trend observed in these
SIMS results is that, with increasing annealing temperature, the H ions implanted into
samples gradually diffuse out of the material, regardless of whether the sample is thermal
annealed in an N, or NH3 atmosphere.
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In both Sample HN9 and Sample HA9, the concentration of H exhibits a relatively
uniform distribution across depth, consistent with the characteristics observed in the
as-grown sample. This indicates that H ions acquire sufficient energy to escape from
the heavily Mg-doped GaN at a temperature of 900 °C. Consequently, nearly all H ion
implanted into the sample are observed to escape through thermal annealing at 900 °C,
irrespective of the atmosphere (N, or NH3).

Notably, when samples implanted with H ions undergo thermal annealing in N, an
H concentration peak is still observed around a depth of 250 nm within Sample HN6 and
Sample HN7 annealed at temperatures of 600 °C and 700 °C. However, at temperatures of
800 °C and 900 °C, such a concentration peak is absent in Sample HN8 and Sample HNO.
In contrast, when samples are thermal annealed in NH3, the concentration of H at the same
depth diminishes rapidly, and no peak is observed at the low temperature of 600 °C.

This phenomenon indicates that diffusion of H ions is more effective when samples
are thermal annealed in NH3; compared to N». This also implies that there exist different
processes of H diffusion from the material. Taking the thermal stability of N> and NHj3
into consideration, both the migration of H ions in the sample and the decomposition of
NHj in the chamber environment can occur simultaneously during thermal annealing at
600 °C [15]. Specifically, NHj is more likely to decompose into certain molecules or ions
with dangling bonds. Thus, the H ions near the surface have the opportunity to interact
with the decomposed NHj3 products, and this behavior accelerates their escape from the
heavily Mg-doped GaN.

Furthermore, it can be clearly seen from the SIMS results that the H concentration
in Sample HN6~HN9 and Sample HA6~HA7 displays a phenomenon characterized by
diminished concentration near the surface and heightened concentration in the bulk. This
redistribution is opposite to the trend observed in Sample H mentioned above. The reason
behind this phenomenon may stem from the damage introduced to the surface and interior
of GaN during the H ion implantation. These damages serve as channels through which H
ions can more easily escape from the material.

However, in Sample HA8 and Sample HAY, the concentration of H near 50 nm is
comparable to or even slightly higher than that at the depth of around 400 nm. This is
because the majority (99%) of NH; decomposes at temperatures ranging from 800 °C
to 900 °C [16]. Consequently, a portion of the H produced by NH; decomposition may
either be adsorbed onto the GaN surface or penetrate into the material near the surface,
resulting in a slightly higher concentration of H near the surface compared to the interior
of Sample HA8 and Sample HA9. The reason behind this phenomenon is consistent with
that observed in the H depth profiles in Sample HA6 and Sample HA9, where the H
concentration peak disappears quickly.

Those results collectively indicate that the behavior of H in heavily Mg-doped GaN
varies when thermal annealed in different atmospheres. NH3 can promote the diffusion of
H in the heavily Mg-doped GaN during post-growth processes.

3.2. Behavior of Relevant Defects

Because of the thermal stability of N, and decomposition of NHj3, defects induced by
ion implantation in those samples would undergo certain distinct processes during thermal
annealing. The PL spectra of samples shown in Figure 2a—c can assist us in investigating
the behavior of internal defects within the samples. The intensity oscillations in PL spectra
result from the Fabry—Perot interference, which is commonly observed in film samples,
because of the large difference in refractive indices among the sapphire substrate, GaN
film, and air [17,18]. Combining the aforementioned discussion of SIMS results and certain
surface analysis methods, we can find out the evolution of related defects through the
changes observed in those PL spectra.
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Figure 2. Photoluminescence spectra of (a) as-grown sample and Sample H without annealing after
H ions irradiation; (b) Sample HN6~HN9 annealed at 600~900 °C in N after H ion implantation;
(c) Sample HA6~HAO annealed at 600~900 °C in NHj after H ion implantation. Note: the PL intensity
of Sample H in (a) is multiplied by a factor of 10 to clearly show its features, and the PL intensities of
Sample HN6~HN9 and Sample HA6~HAY in (b,c), respectively, are normalized to the maximum
intensity of their corresponding NBE band.

3.2.1. H-Related Defects and Yellow Luminescence

Figure 2a compares the PL intensity of the as-grown sample and Sample H which has
been subjected to H ion implantation but not yet thermally annealed. For the PL spectra of
the as-grown sample, a dominant blue luminescence (BL) band is observed, centered at a
wavelength of 410 nm (3.02 eV). This BL band, commonly observed in heavily Mg-doped
Gal, is ascribed to the donor—acceptor pair (DAP) recombination involving an electron
transition from an unknown deep donor to the shallow Mg, acceptor [19]. However, the
PL spectra of Sample H display three different luminescence bands: the near-band-edge
(NBE) band, BL band, and yellow luminescence (YL) band. The peak wavelengths of these
bands are respectively centered at 369 nm (3.36 eV), 410 nm (3.02 eV), and 525 nm (2.36 eV).

In comparison to the PL spectra of the as-grown sample, each luminescence band in
the PL spectra of Sample H exhibits a notable reduction in intensity. The implantation of
H ions into the material induces damage to both the surface and interior. Those damages
do not only serve as channels for H out-diffusion as discussed above, but also function
as non-radiative recombination centers. Consequently, the PL intensity of Sample H is
dramatically diminished.

In particular, a new luminescence band is observed in the PL spectra of Sample H,
that is, a broad YL band. It is worthy to be noted that lattice defects induced in GaN by
ion implantation do not typically give rise to a YL band [20]. There is a persistent debate
about the origin of the YL band in GaN, such as C, O, or H-related defects, Ga vacancies,
and certain complexes of them [21-25]. However, the appearance of the YL band in Sample
H which is subjected to H ion implantation strongly suggests its association with H-related
defects within the heavily Mg-doped GaN.

Figure 2b,c, respectively, depict the PL spectra of Sample HN6~NH9 and Sample
HA6~HA9. Given that those non-radiative centers induced by ion implantation would
evolve when samples are thermal annealed in different conditions, their PL intensities are
normalized to the maximum intensity of their corresponding NBE bands [26].

Regarding the YL band in PL spectra arising from H ion implantation, the relative
intensity of the YL band among all samples shown in both Figure 2b,c gradually decreases
with increasing annealing temperatures, regardless of whether thermal annealing in N;
or NH3. When the annealing temperature reaches 900 °C, the relative intensity of the YL
band drops to a minimum in both Sample HN9 and Sample HA9.

Furthermore, such behavior of the YL band is nearly consistent with the redistribution
characteristics of H ions in those samples, where H concentrations also decrease when
increasing the annealing temperature. Therefore, we can correlate the YL band in PL spectra
with H-related defects induced by H ion implantation in samples.
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It should be noted that the decomposition of NH3 does not interfere with our con-
clusion. As discussed above, when the thermal annealing temperature is increased, the
decomposition of NHj is expected to occur. This results in higher hydrogen concentration
near the surface compared to the interior of Sample HA8 and Sample HA9. However,
Czernecki et al. have found that the PL spectra of Mg-doped GaN grown by MOCVD are
not changed by annealing in an H, + NHj atmosphere [27]. Therefore, H ions generated
from the decomposition of NHj in our thermal annealing experiments actually do not
impact the YL band. This might be due to the H ions from NHj3 decomposition occupying
different lattice locations in GaN compared to those introduced by ion implantation [28].

For the YL band in PL spectra, it appears after H ion implantation and disappears
after the out-diffusion of H ions during thermal annealing. Thus, we conclude that the
YL band is closely associated with H-related defects which would evolve in similar trends
during thermal annealing in N and NHs.

3.2.2. Nitrogen Vacancies and Blue Luminescence

Regarding BL bands in Figure 2b,c, their intensity exhibits contrasting trends under
different post-implantation thermal annealing atmospheres. Specifically, the intensity of
the BL band decreases in N but increases in NH3 with increasing annealing temperatures.
When samples are annealed at 900 °C, the BL band intensity reaches a minimum in N, but
a maximum in NHj3. Those distinct trends in the intensity of the BL band suggest that two
opposing processes occurring within heavily Mg-doped GaN in N, and NH3. Nakamura
et al. attributed the decrease in BL band intensity in N, to the decomposition of Mg-doped
GaN [5]. Hence, there exists a close association between the surface property of the sample
and the intensity of the BL band.

The surface properties of semiconductors significantly affect their contact with metals.
We e-beam evaporated Ni/Au (20 nm /20 nm) onto Sample HN9 and Sample HA9, followed
by RTA in O; for 1 min. The I-V curves in Figure 3, measured by CTLM with a gap distance
of 10 um, provide insights into the metal-semiconductor contact properties. Sample HN9,
annealed in Ny, forms a typical Schottky contact with metals; however, Sample HA9,
annealed in NHj3, forms an Ohmic contact with metals. This comparison directly shows
that there are indeed certain differences between the surface properties of Sample HN9 and
Sample HA9.

Annealed in
20l ¥ 0.6
2
——NH,
< 1.0} @900°C {04 2
€ £
S 0.0f 102 §
= - =
=1
3 . o
1.0} 410.0
20 .. g2
20 15 10 -5 0 5 10 15 20
Voltage (V)

Figure 3. CTLM I-V measurement of Ni/Au contacts to Sample HN9 and HA9 with a gap distance
of 10 um.

AFM measurements of Sample HN9 and Sample HA9 (shown in Figure S2) revealed
that there are no distinct changes in surface morphology and roughness of Sample HN9
and Sample HA9. Because the size of H ions is too small, and dramatic degradation of
surface morphology only occurs at the temperature around 1000 °C [29-31], thus, it is
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reasonable to expect that the impact of our post-implantation thermal annealing, conducted
at 600 °C to 900 °C, on the surface morphology would be neglectable. Thus, the surface
properties of Sample HN9 and Sample HA9 may differ on a smaller scale.

To further analyze the surface discrepancy between these two samples, we performed
XPS and UPS measurements on Sample HN9 and Sample HA9 to explore the energy band
and chemical bonds on their surface.

Figure 4a,b, respectively, depict the secondary electron cutoff (SECO) region and the
region of low electron binding energy in UPS, in which the Fermi level corresponds to a
binding energy of 0 eV. It is clearly observed that the SECO lies at 17.3 eV for Sample HN9
and 17.4 eV for Sample HA9, with a slight difference of 0.1 eV. Thus, it can be assumed that
the vacuum level is the same for both Sample HN9 and Sample HA9 [32,33].
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Figure 4. Ultraviolet photoelectron spectroscopy of HN9 sample and HA9 sample: secondary electron
cutoff edge (a) and low binding energy band (b); X-ray photoelectron spectroscopy: N 1s energy level
of HN9 sample (c) and HA9 sample (d); Ga 3d energy level of HN9 sample (e) and HA9 sample (f).

The part of low binding energy in UPS reveals the position of the valence band
maximum (VBM) on the surface. The VBM positions of Sample HN9 and Sample HA9
were extrapolated to be situated at 3.9 eV and 3.6 eV below the Fermi level, respectively.
Given the bandgap of 3.4 eV, the Fermi level lies within the conduction band minimum
(CBM), indicating a significant downward bending of the energy band on the surface of
both samples.

Actually, this phenomenon is commonly observed in Mg-doped GaN, and it is related
to the presence of Vy on the surface which acts as donor-type defects in GaN [34]. Consid-
ering the low displacement energy of N atoms [35], a large amount of Vy may emerge on
the surface during H ion implantation, resulting in a pronounced downward band bending
of samples.

The data above show that the Fermi level of Sample HA9 is closer to the VBM com-
pared to HNY; that is, the surface energy band bending of HA9 is slighter than that of
HNO. Therefore, it can be inferred that the Vyy in Sample HA9 is repaired during thermal
annealing in NHj because of its decomposition as mentioned above.

If there is fewer Vy on the surface of Sample HA9, corresponding conclusions should
be drawn by delving into relevant information in the chemical bonds of the atoms on the
surface. Thus, we perform the XPS measurement on Sample HN9 and Sample HA9.
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The detailed XPS scan of the N 1s and Ga 3d peak is recorded to assess the bonding
state of the surface atoms, as shown in Figure 4c—f. The N 1s peaks are deconvoluted into
three contributions in all cases: an N-Ga ionization peak (397.0 &= 0.5 eV) and two Ga Auger
peaks (395.0 £ 0.5 eV, 392.0 £ 0.5 eV) [36]. Similarly, the Ga 3d peaks are de-convoluted
into two contributions in all cases: a Ga-N ionization peak (19.2 + 0.5 eV) and a Ga-O
ionization peak (20.3 + 0.5 eV) [37].

The bonding ratio of atoms can be revealed by the integrated area ratio of each sub-
peak. The proportion of N-Ga sub-peak in the N 1s energy level of Sample HA9 (41.5%) is
higher than that of HN9 (36.4%), and, similarly, the proportion of Ga-N sub-peak in the Ga
3d energy level of Sample HA9 (93.9%) is higher than that of Sample HN9 (87.7%).

These findings jointly indicate a higher bonding ratio between Ga atoms and N atoms
on the surface of Sample HA9 compared to Sample HN9, implying fewer Vy on the surface
of Sample HA9 compared to Sample HN9. Furthermore, it is because of the reduction in
VN that the downward band bending effect is alleviated on the surface of Sample HA9.
Consequently, it leads to its formation of Ohmic contact with metals rather than a Schottky
contact as observed in HNO.

Combining the above surface analysis of samples and the contrasting trends of the
BL band intensity in their PL spectra, it can be concluded that the decomposition of NH3
can supply N atoms to repair the Vi on the surface. By doing so, it can effectively prevent
the decomposition of the sample surface at high temperatures. Thus, with increasing the
thermal annealing temperature, the intensity of the BL band in PL spectra increases in NH3
but decreases in Nj.

4. Conclusions

In this study, we revealed the evolution of H and Vy in the heavily Mg-doped GaN
through H ion implantation followed by thermal annealing at different temperatures and
in different atmospheres (N, and NH3).

The characteristics of H ions redistribution vary when samples are annealed in different
atmospheres. Due to the decomposition of NHj, thermal annealing in the NH3 atmosphere
enhances the efficiency of H ions’ out-diffusion from the material compared to annealing in
the N, atmosphere.

We also found that H-related defects introduced by H ion implantation are directly
related to the YL band in the PL spectra. This is because they always evolve in a sim-
ilar trend during thermal annealing regardless of annealing in N, or NHj. Specifically,
both H concentration and YL band intensity tend to decrease with increasing annealing
temperature.

By analyzing the evolution of the BL band and Vy which are primary compensation
defects in the heavily Mg-doped GaN, we discovered that the decomposition of NHj3 not
only facilitates the faster escape of H ions from the material but also supplies N atoms to
repair those Vy on the surface of heavily Mg-doped GaN.

Given that H and Vy are significant factors that respectively result in passivation and
compensation effects in heavily Mg-doped GaN, with both effects hindering its further
development, our findings could provide crucial insights for the post-growth process of
heavily Mg-doped GaN.

Supplementary Materials: The following supporting information can be downloaded at: https:
/ /www.mdpi.com/article/10.3390/ma17112518/s1, Figure S1: The H depth profile in Sample H
calculated by SRIM compared with that detected by SIMS; Figure 52: AFM images of Sample HN9
and Sample HA9.
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