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Magnesium (Mg) ion implantation into gallium nitride (GaN) at 1000 °C is proposed. Since
ion implantation and annealing occur simultaneously in high-temperature implantation, it is
considered that Mg ions can be introduced at an appropriate position upon their implantation.
GaN vertical diodes implanted with Mg ions were fabricated and current—voltage
measurements were performed. As a result, clear rectifying properties were confirmed in a
sample that was implanted with Mg ions at 1000°C and annealed after implantation.
However, the sample subjected to Mg ion implantation at RT and annealed after implantation
showed no clear rectification. These results show that high-temperature implantation of Mg
ions at 1000°C suppresses crystal degradation during the implantation and simultaneously
activates Mg ions upon their implantation. Therefore, it is suggested that 1000°C or higher
is required to obtain the high-temperature implantation effect by Mg ion implantation into

GaN.
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1. Introduction

Gallium nitride (GaN) is expected to be used as a material for post-Si semiconductor
power devices because it has excellent physical properties such as a high breakdown field
and high saturation electron velocity. Ion implantation, which enables local doping at an
arbitrary concentration, is an essential process for realizing a vertical GaN power device.
When using the ion implantation technique, etching and regrowth are not required, an in-
plane p—n junction can be easily fabricated, and the process cost is low. Moreover, the
formation of a local n-type or p-type region in metal-oxide-semiconductor field-effect
transistor (MOSFET) fabrication and the formation of a guard ring for an electric field
relaxation structure at the edge termination are expected to be achieved by the ion
implantation technique. In this paper, we propose magnesium (Mg) ion implantation at a
high temperature. Since ion implantation and annealing may occur simultaneously during
high-temperature implantation, we consider that Mg ions can be introduced at an appropriate
position upon their implantation. On the basis of the results of positron annihilation
spectroscopy measurement, a high concentration of vacancy-type defects consisting of a
gallium vacancy (Vaa) and a nitrogen vacancy (Vn) (VGaVN) were generated when Mg ion
implantation was performed at RT.!? In addition, vacancy-type defects in the samples
implanted with a Mg concentration ([Mg]) of 1 x 10'® or 1 x 10" cm™ have been reported
to aggregate into larger vacancy clusters (Vga)3(Vn)3 when annealed above 1000°C after Mg
ion implantation at RT." Since Vs are likely to act as donors,* suppressing their formation
is essential to realizing p-type conductivity. However, it has been reported that if a sample
implanted with [Mg] of 1 x 10'” cm™ is annealed at temperatures between 1000 and 1100°C,
vacancy aggregation is suppressed.” From these reports, we consider the advantages of high-
temperature implantation as follows. In case of RT implantation, a large number of vacancy-
type defects are introduced due to damage by Mg ion implantation, and it is necessary to
recover those defects by post-implantation annealing. During the recovery of these defects,
it is considered that vacancy-type defects become larger due to aggregation. However, in
case of high-temperature implantation, it is considered that the aggregation of the vacancy-
type defects can be suppressed by performing post-implantation annealing in a state where
the damage by Mg ion implantation is small, that is, with few vacancy-type defects. On the

basis of this idea of high-temperature implantation, we consider that vacancy-type defect
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aggregation is less likely to occur during high-temperature implantation of Mg ions into GaN
than during post-implantation annealing after high-concentration Mg ion implantation at RT.
However, it has been reported that the vacancy-type defects were VgaVn in an as-implanted
sample implanted at RT,'? but these defects aggregated into VGa(Vn)2 in an as-implanted
sample implanted at 500°C.* There are reports on the high-temperature implantation of Mg
ions into GaN,*!? but a temperature of approximately 500°C is commonly used. According
to a paper on the high-temperature implantation of argon (Ar) ions into GaN, the amount of
disorder in the bulk region inside the GaN surface induced by Ar ion implantation was
investigated by Rutherford backscattering spectroscopy.!” The amount of disorder up to an
implantation temperature of 500°C decreases as the implantation temperature increases.!'V
However, the amount of disorder when the implantation temperature is about 500°C to
700°C increases as the implantation temperature increases.'” The amount of disorder
induced by Ar ion implantation shows a behavior reversed by the implantation temperature
and is called “reverse annealing”.!" Further, the amount of disorder when the implantation
temperature is 800°C or higher decreases as the implantation temperature increases.') From
these results, to prevent vacancy-type defects from agglomerating and to prevent reverse
annealing during high-temperature implantation, it is considered that Mg ions should be
implanted at temperatures higher than 800°C, which has been the implantation temperature
commonly used. For this reason, it is necessary to investigate an appropriate Mg ion
implantation temperature for GaN.

In recent years, Mg ion implantation technology for GaN has been greatly advanced by
the use of high-quality free-standing GaN substrates. It has been reported that a p—n junction
can be formed by Mg ion implantation, and rectification characteristics and
electroluminescence have been observed.!>!¥ The operation of latetral MOSFETs using a
Mg-ion-implanted layer or vertical MOSFETs using an all ion implantation process has been
confirmed.!>!'® In addition, Sakurai et al. reported that the thermal decomposition of GaN
can be prevented even at 1480°C by post-implantation annealing in an ultra-high-pressure
N, atmosphere of 1 GPa.!” Temperature-dependent Hall-effect measurement has been
performed on a Mg-ion-implanted sample subjected to ultra-high-pressure annealing, and
the formation of a p-GaN layer was reported.'” However, this method requires an ultra-high-

pressure of 1 GPa, and p-GaN layer formation by Mg ion implantation still has significant
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problems in practical use, such as small sample size and high cost. Therefore, it is necessary
to study other methods of forming a p-GaN layer by Mg ion implantation. In this paper, we
propose high-temperature implantation rather than a special method of post-implantation
annealing. In this study, to investigate the effects of implantation temperature on Mg ion
implantation into GaN and the usefulness of high-temperature implantation, Mg ion

implantation was performed at a high temperature and the samples were evaluated.

2. Experimental methods

An illustration of the simple process flow and sample structure is shown in Fig. 1. The ion-
implanted samples were fabricated as follows. About 5 um of unintentionally doped (UID-)
GaN was grown by metal organic vapor phase epitaxy (MOVPE) on a +c-plane n-type GaN
free-standing substrate. Thereafter, a silicon nitride (SiN) layer with a thickness of 40 nm
was formed on both sides of each sample by plasma-enhanced chemical vapor deposition
(PECVD). The SiN layer functions as a through film to adjust [Mg] on the GaN surface and
reduce damage caused by ion implantation, as well as a protective film against thermal
decomposition during implantation at high temperatures. Mg ions at doses of 2.8 x 10'* and
1.3 x 10'* cm™2 were implanted into the GaN layer at energies of 40 and 100 keV, respectively.
The Mg depth profile estimated by stopping and range of ions in matter (SRIM) simulation
is shown in Fig. 2. The [Mg] distribution was designed to have a box-type profile with a
concentration of about 1 x 10! cm™ and a depth of about 100 nm. The implantation angle
was set to 7° to suppress channeling. The ion implantation temperatures were RT, 800 °C,
and 1000 °C. The ion implantation was performed in a vacuum of about 10~* Pa or less and
in an environment in which GaN is likely to be thermally decomposed, so it was difficult to
maintain a temperature higher than 1000 °C during ion implantation. The high-temperature
implantation was performed by heating with IR irradiation from the back of the sample, and
the sample temperature was measured by placing a thermocouple in contact with the sample
surface. To separate the high-temperature implantation from the post-implantation annealing,
the temperature was maintained only during Mg ion implantation, and heating was stopped
when the implantation was completed. The total time maintained at the set temperature
during the high-temperature implantation, including the time before the start of implantation

and after the end of implantation, was less than 5 min. In this paper, a sample obtained
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immediately after Mg ion implantation is called an “as-implanted” sample. After removing
the SiN layer with diluted HF, a SiN layer with a thickness of 40 nm was formed again on
both sides by PECVD as a protective film for post-implantation annealing. All samples were
annealed at 1250 °C for 20 s in N> gas at atmospheric pressure. When performing post-
implantation annealing, the susceptor temperature was measured with a thermocouple.
Therefore, in order to bring the Mg-ion-implanted layer side into contact with the susceptor,
the samples were turned upside down as shown in Fig. 1. In this paper, a sample obtained
immediately after post-implantation annealing is called an “after annealing” sample. After
removing the SiN layer, vertical diodes of Mg-ion-implanted GaN were fabricated. Ni/Au
was deposited using an electron beam evaporator to form 300-um-diameter anodes on the
Mg-ion-implanted layer. Sintering annealing was performed in O gas at 525 °C for 5 min.

Finally, a bottom ohmic electrode was formed by depositing Al by sputtering.

3. Results and discussion

3.1 Mg-ion-implanted GaN before post-implantation annealing

First, the evaluations were performed on the samples without post-implantation annealing to
determine the impact of the high-temperature implantation of Mg ions into GaN. To
investigate the damage to the lattice caused by Mg ion implantation, X-ray diffraction (XRD)
analysis was performed. Figure 3 shows the XRD spectra in the 260—w scan mode of as-
implanted Mg-ion-implanted samples and unimplanted UID-GaN. By 26— scanning of
GaN(0002), we investigated the lattice distortion in the c-axis direction. In the RT
implantation sample, peaks were observed on the low-angle side of GaN(0002), as indicated
by the arrow in Fig. 3. This is because the lattice expanded in the c-axis direction owing to
the damage caused by Mg ion implantation. It has been reported that the peak corresponding
to lattice expansion is observed in samples implanted with not only Mg but also other
elements before post-implantation annealing.”#2%?> However, in the samples implanted
with Mg ions at high temperatures, no such peaks corresponding to lattice damage were
observed, and the crystallinity after Mg ion implantation measured by XRD seemed to
approach that of unimplanted UID-GaN. From the XRD 26— scan results, it is considered
that the damage formed at the time of Mg ion implantation can be reduced by implanting

Mg ions at a high temperature.
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The luminescence characteristics of GaN samples after Mg ion implantation were
evaluated by photoluminescence (PL) measurement. Figure 4 shows the PL spectra at 77 K
for as-implanted Mg-ion-implanted samples subjected to excitation by a 325 nm He—Cd laser.
The excitation intensity of the PL was 30 kW c¢m 2. The near-band-edge (NBE) emission
observed at around 3.47 eV suggests a decrease of the concentration of nonradiative
recombination channels by damage induced during Mg ion implantation, and the Mg-related
donor—acceptor-pair (DAP) emission observed at around 3.28 eV indicates the activation of
Mg. The green luminescence (GL) band with a peak at around 2.35 eV in low-temperature
PL measurements is considered to originate from Vns.?>? According to Reshchikov et al., >
the characteristic GL band peak due to Vn is called GL2 to distinguish it from other green
bands. The GL band is a characteristic emission observed in Mg-ion-implanted GaN,”-!1-*%
26 and is only weakly observed from epitaxially grown Mg-doped p-GaN.?*?? In the RT
implantation sample [Fig. 4(a)], Vaas and Vs are generated as a result of the damage caused
by the Mg ion implantation, and since they are considered to act as nonradiative
recombination channels, emission was hardly observed.?* In the 800 °C implantation sample
[Fig. 4(b)], the GL band was clearly observed and weak DAP emission was also observed.
It was found during heating that Mg began to be activated at 800 °C. The NBE emission,
DAP emission, and GL band were clearly observed in the 1000 °C implantation sample [Fig.
4(c)]. Since no NBE emission was observed in the RT implantation sample, the 325 nm line
of a He—Cd laser is most likely fully absorbed in the Mg-ion-implanted layer, and no
emission from underlying UID-GaN layer would be detected. This result indicates that NBE
emission observed in the 1000 °C implantation sample was not from the underlying UID-
GaN layer but from the Mg-ion-implanted GaN layer. It is considered that the concentration
of the nonradiative recombination channels in the Mg-ion-implanted layer decreased, and
NBE emission was observed. The PL spectra suggest that the high-temperature implantation
of Mg ions into GaN leads to a decrease of the concentration of nonradiative recombination
channels and the activation of Mg simultaneously with the implantation.

Transmission electron microscopy (TEM) analysis was performed to evaluate the disorder
of crystals caused by Mg ion implantation. In Mg-ion-implanted GaN, formation of defects
such as pyramidal shape, line shape, and elliptical shape in cross-sectional scanning TEM

(STEM) has been reported.” In addition, it has been reported that Mg aggregates in defect
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regions.?®) Since Mg aggregation reduces the concentration of Mg in areas other than the
defect regions, it is necessary to suppress the formation of defects. Figure 5 shows cross-
sectional TEM images of as-implanted Mg-ion-implanted GaN samples. In the RT
implantation sample [Fig. 5 (a)], a change can be seen from the GaN surface to a depth of
about 120 nm. The crystallinity deteriorated owing to the damage caused by Mg ion
implantation, and dark regions were formed. More serious deterioration of crystallinity
seems to occur, especially at 30 nm or less from the surface. In the 800 °C implantation
sample [Fig. 5(b)], a large number of circular defects were seen from the GaN surface to a
depth of about 160 nm. It seems that these defects were moved and aggregated by heating
during Mg ion implantation. In the 1000 °C implantation sample [Fig. 5(c)], many elliptical
defects with a length of about 10 nm were observed from the GaN surface to a depth of about
230 nm. Compared with the number of circular defects of the 800 °C implantation sample,
the number of elliptical defects of the 1000 °C implantation sample was smaller, and the
recovery of crystallinity was observed in regions other than the defects. This result suggests
that by performing Mg ion implantation at a high temperature, damage induced by Mg ion
implantation can be reduced and the deterioration of crystallinity after Mg ion implantation
can be prevented. However, it seems that elliptical defects were formed because the atoms
can move easily at a high temperature. The recovery of the crystallinity of the 1000 °C
implantation sample is supported by the observation of NBE emission in the PL
measurement.

In the as-implanted GaN implanted with Mg ions at 1000 °C, no peak corresponding to
lattice damage was observed in the XRD 26—w scan. NBE emission, suggesting a decrease
of the concentration of nonradiative recombination channels by damage induced during Mg
ion implantation, and DAP emission, indicating the activation of Mg, were observed in the
results of low-temperature PL measurement. Moreover, regions where the crystallinity
recovered were observed in the cross-sectional TEM image. These results show that high-
temperature implantation of Mg ions into GaN at 1000 °C reduces damage induced during

Mg ion implantation and can simultaneously activate Mg ions upon their implantation.

3.2 Mg-ion-implanted GaN after post-implantation annealing

Next, post-implantation annealing was performed. The impact of the temperature during Mg
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ion implantation after post-implantation annealing was investigated by low-temperature PL
and cross-sectional TEM, similarly to the as-implanted sample.

Figure 6 shows the PL spectra at 77 K for Mg-ion-implanted samples after annealing. In
the samples after annealing, the NBE and DAP emission, their LO phonon replicas, and the
GL band were observed in all samples. In comparison with the results of the as-implanted
samples shown in Fig. 4, the intensity of NBE and DAP emission increased in the RT and
800 °C implantation samples that performed post-implantation annealing. This result
suggests that post-implantation annealing reduced the concentration of nonradiative
recombination channels and activated Mg in RT and 800 °C implantation samples. On the
other hand, in the 1000 °C implantation sample, the intensity of NBE emission did not
substantially change and the intensity of DAP emission decreased in the post-implantation
annealing sample, as compared with the as-implanted sample. Vga complexes with Vs are
reported to act as nonradiative recombination channels.?® Therefore, it is considered that N
out-diffusion from the GaN surface occurred during the post-implantation annealing, and the
concentration of nonradiative recombination channels may have increased due to the
increased VN concentration. From these results, we consider as follows. It is considered that
Vs increase also occurred in the RT and 800 °C implantation samples due to N out-diffusion
from GaN surface during post-implantation annealing. However, it is considered that the
decrease due to post-implantation annealing of Vs introduced by the Mg ion implantation
damage contributed, and the intensity of NBE and DAP emission increased. On the other
hand, in the as-implanted 1000 °C implantation sample, the amount of Vns introduced by
Mg ion implantation damage may be smaller than that in the RT and 800 °C implantation
samples due to high-temperature implantation. Therefore, it is considered that the increase
in Vns due to N out-diffusion from GaN surface during the post-implantation annealing
greatly contributed, and the intensity of DAP emission was reduced. The PL spectra of the
GL band showed almost no change in GL intensity, which was luminescence due to Vs,?3%
in each sample after annealing. However, as shown on a linear scale in Fig. 6(d), the intensity
of DAP emission increased as the implantation temperature increased, and that the intensity
of NBE emission increased with high-temperature (800 and 1000 °C) implantation compared
to RT implantation. Therefore, these results suggest that the concentration of nonradiative

recombination channels was decreased by the high-temperature implantation.
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Figure 7 shows cross-sectional TEM images of Mg-ion-implanted GaN samples after
annealing. In the RT implantation sample [Fig. 7(a)], small circular defects were seen from
the GaN surface to a depth of about 130 nm. In the 800 °C implantation sample [Fig. 7(b)],
defects were seen from the GaN surface to about 150 nm in depth the shape of which was
similar to that of the defects in the RT implantation sample after annealing [Fig. 7(a)]. In the
1000 °C implantation sample [Fig. 7(c)], elliptical defects were observed from the GaN
surface to about 200 nm in depth the shape of which was similar to that of the defects in the
as-implanted 1000 °C implantation sample [Fig. 5(c)]. In Ref. [28], cross-sectional low angle
annular dark field-STEM images of Mg-ion-implanted GaN that was annealed at 1000 to
1300 °C are reported, and it is reported that the number of defects decreased as the annealing
temperature increased. Also, it can be seen that the defect size has increased with the increase
in the annealing temperature. For this reason, it is considered that the number and size of
lattice distortion due to defects are determined by the thermal history of the sample. In the
comparison of the after annealing samples, similar defects were observed in the RT and
800 °C implantation samples, and the different defects were observed at 1000 °C
implantation. It is considered that the TEM images of after annealing samples as follows.
Since the post-implantation annealing was performed at 1250 °C which is greatly higher
than implantation temperature, it is believed that the thermal history of the post-implantation
annealing contributed to defect generation at implantation temperatures up to 800 °C. For
this reason, it is considered that a similar defect occurred in the RT and 800 °C implantation
samples. On the other hand, for 1000 °C implantation sample, defects generated by heating
during ion implantation did not showed size change due to post-implantation annealing at
1250 °C. This phenomenon is thought to be due to the thermal history during ion
implantation that contributed to the generation of defects. In addition, the results of the
1000 °C implantation sample suggest that the thermal treatment at the time of ion
implantation can achieve a thermal treatment effect at a lower temperature than the annealing
after the implantation. Cross-sectional high-angle annular dark field STEM imaging and
energy dispersive X-ray spectroscopy (EDS) were carried out to confirm whether Mg
accumulated at the elliptical defects in the 1000 °C implantation sample after post-
implantation annealing. However, we were unable to confirm the Mg accumulation at the

defects. The detection limit of EDS was about 1 x 10?' ¢cm™ in the case of uniform
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distribution, and it has been clarified that there is no segregation of high-concentration Mg
at the defects. From the number of defects generated by Mg ion implantation, it appears that,
among all Mg-ion-implanted GaN samples [Figs. 5 and 7], the number of defects in the
1000 °C implantation sample after annealing is the smallest [Fig. 7(c)], and that the
crystallinity recovered in most of the areas other than the defects. It can be seen that the
crystallinity after annealing varies greatly with the implantation temperature, and it seems
that Mg ion implantation at 1000 °C can greatly improve the crystallinity after Mg ion
implantation. In addition, this result suggests that the recovery after post-implantation
annealing is promoted by maintaining good crystallinity before post-implantation annealing.
It also suggests that recovery after post-implantation annealing is difficult after crystallinity
is destroyed by RT implantation. On the other hand, as compared with the as-implanted
samples, the after annealing samples shows crystal distortion near the GaN surface. These
results are thought to be due to the post-implantation annealing performed at a temperature
higher than the implantation temperature, resulting in distortion due to N out-diffusion from
GaN surface or due to differences in thermal expansion between SiN and GaN.

Vertical diodes were fabricated and evaluated using the Mg-ion-implanted GaN samples
after annealing. Figure 8 shows the current—voltage (/—V)) characteristics of vertical diodes
fabricated using Mg-ion-implanted GaN. In the RT implantation sample [Fig. 8(a)], the
reverse leakage current was large and no clear rectification was observed. Compared with
the RT implantation sample, the reverse current was lower in the 800 °C implantation sample
[Fig. 8(b)]. In addition, in the 1000 °C implantation sample [Fig. 8(c)], the reverse current
was lower than that in the 800 °C implantation sample and the forward on-voltage was
improved. Also, the on-resistance of the 1000 °C implantation sample was reduced to less
than half compared with that of the RT implantation sample. But electroluminescence
emission was not observed. The forward on-voltage was about 4 to 5 V, which is higher than
that of epitaxially grown p—n diodes,* which is about 3 V as expected from the built-in
potential. It has been reported that this phenomenon occurs in Mg-ion-implanted GaN
vertical diode, and is attributed to incomplete ohmic contact.'?3% This result is probably due
to the fact that an ohmic contact is not achieved because acceptor compensation occurs due
to Vns or other causes, and the activation ratio of the implanted Mg is not high. However,

the Mg-ion-implanted layer of the 1000 °C implantation sample is considered to have the
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following characteristics. At a small reverse leakage current, implanted Mg acts as an
acceptor ion that forms a depletion layer at the time of reverse bias, at a decreased on-
resistance, they are considered to function as supply holes at the time of forward bias. On
the basis of these results, the /—) characteristics of Mg-ion-implanted GaN vertical diodes
in this study suggest that Mg was activated. In addition, these results are considered to be
consistent with the fact that the higher the implantation temperature in the PL spectra of the
samples after annealing, the higher the intensity of the DAP emission, suggesting improved
Mg activation.

In GaN annealed by implanting with Mg ions at 1000 °C, the NBE emission intensity in
the low-temperature PL measurement was higher than that in the other samples, suggesting
a decrease of the concentration of nonradiative recombination channels, and the greatest
amount of crystallinity recovery was observed in the cross-sectional TEM image.
Furthermore, from the /—V characteristics, a forward on-voltage, indicating Mg activation,
was confirmed. These results indicate that high-temperature implantation of Mg ions into
GaN improves the crystallinity and helps activate Mg after ion implantation compared with

RT implantation.

4. Conclusions

We performed Mg ion implantation into GaN at high temperatures and investigated the
most appropriate temperature for Mg ion implantation into GaN. A GaN sample that was
implanted with Mg ions at 1000 °C then and post-implantation annealed at 1250 °C for 20 s
showed the following characteristics. In the low-temperature PL measurement, an increase
in NBE emission intensity was observed, suggesting a decrease of the concentration of
nonradiative recombination channels, and from the cross-sectional TEM image, it was
confirmed that the number of defects generated by Mg ion implantation decreased and the
crystallinity recovered significantly. The on-voltage IV characteristics of the Mg-ion-
implanted GaN vertical diodes indicated Mg activation, and clear rectifying properties were
observed. Therefore, high-temperature implantation of Mg ions into GaN was confirmed to
be useful, and these results suggest that implantation at 1000 °C or higher was necessary to

obtain the high-temperature implantation effect.
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Figure Captions

Fig. 1. Illustration of simple process flow and Mg-ion-implanted (Mg-I/I) GaN sample

structure.

Fig. 2. [Mg] profile obtained by SRIM calculation.

Fig. 3. XRD spectra in 26—w scan mode of Mg-implanted GaN samples (as-implanted) and
unimplanted UID-GaN.

Fig. 4. PL spectra at 77 K for (a) Mg-implanted GaN at RT (as-implanted), (b) Mg-implanted
GaN at 800 °C (as-implanted), and (¢) Mg-implanted GaN at 1000 °C (as-implanted).

Fig. 5. Cross-sectional TEM images of (a) Mg-implanted GaN at RT (as-implanted), (b) Mg-
implanted GaN at 800 °C (as-implanted), and (c) Mg-implanted GaN at 1000 °C (as-
implanted).

Fig. 6. PL spectra at 77 K for (a) Mg-implanted GaN at RT (after annealing), (b) Mg-
implanted GaN at 800 °C (after annealing), and (c) Mg-implanted GaN at 1000 °C (after
annealing). (d) is spectra of NBE and DAP emission regions of (a)—(c) showing the PL

intensity axis on a linear scale.

Fig. 7. Cross-sectional TEM images of (a) Mg-implanted GaN at RT (after annealing), (b)
Mg-implanted GaN at 800 °C (after annealing), and (c) Mg-implanted GaN at 1000 °C (after

annealing).

Fig. 8. I-V characteristics of vertical diodes fabricated using (a) Mg-implanted GaN at RT
(after annealing), (b) Mg-implanted GaN at 800 °C (after annealing), and (c) Mg-implanted
GaN at 1000 °C (after annealing). The upper row is a semi-log scale and the lower row is a

linear scale.
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Fig. 5.
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