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This work performs Si ion implantation the electrical conductive type of the p-GaN film from p-type to n-type. Multiple
implantation method is also used to form a uniform Si implanted region in the p-type GaN epitaxial layer. Implant energies
for the multiple implantation are 40, 100, and 200 KeV. The implant dosexslB'®cm~2 for each implant energy. After
implantation, the samples are annealed inaMbient for different annealing temperatures and annealing times. The activation
efficiency reaches as high as 20% when annealing the sample &CL0Dfe carrier activation energy is about 720 meV. The
low activation energy indicates that the hopping process mechanism is the dominant mechanism for the activation of the Si
implantation in p-GaN. Moreover, the rectifyilgy/ characteristic of the p-n GaN diode is also examined.
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I1I-V nitrides have been extensively applied in areas indopants. The carrier concentration and Hall mobility of the
terest for applications such as blue light sources and UV dp-GaN epitaxial layer were.& x 10" cm~3 and 11 cm/V s,
tectorst~® In addition, this material system is attractive forrespectively. After to activate the p type dopants, the Si im-
use in high temperature and high power electronic deviceglantation was performed in the commercial implanter sys-
To integrate electronic circuits, a selective doping technologgm. Notably, the SiFgas was used as the Si source. To
must be developed to define the device structure. The i@void localizing the implanted Si atoms at a fixed depth, the
implantation technology with a well controlled doping pro-multiple implantation with three different implant energies
file is employed in Si integrated circuits, GaAs metal semiwas used in this study. The implant energies were 40keV,
conductor field-effect transistors (MESFET) in digital inte-100 keV, and 200 keV. The dose was35L0'® cm~2 for each
grated circuits, and GaAs MESFET in monolithic microwavemplant. The projective range®{) simulated from TRIM-
integrated circuits. Early studies of ion implantation for 111-95 are 552, 1391, and 2898 A for the Si implant energy of
nitride materials focused mainly on investigating the p-typd0keV, 100 keV and 200 keV, respectively. The relative pro-
dopants for the realization of light emitting diodes. Recerjective stragglesA R;) correspond to 319, 707, and 1277 A.
studies involving ion-implanted GaN materials have concerifter the implantation the samples were annealed in afN-
trated on studying implanted impurities for n-type donorshient atmosphere by using a conventional furnace. Next, dif-
p-type acceptors and atoms for electrical isolation. In aderent annealing temperatures and annealing times were used
dition, the ion implantation for n-type and p-type dopantso realize the effects of thermal annealing treatment for ac-
of GaN has already been investigated, such as the Si andti@ation the Si implantation samples. After annealing, the
atoms used for n-type doparft§) Mg and Ca atoms used samples were first characterized by the Hall measurement to
for p-type dopant®, and H, N, and F atoms used for elec-obtain the room-temperature sheet carrier concentrations and
trical isolation”-® While most related studies discussed thélall mobilityes. The samples were then used to fabricate the
activation efficiency of implanted ions, their results indicatethomojunction GaN h-p diodes. The procedure is described
that the activation of implanted impurities in GaN is muctas follows. The sample was first etched at a depth ofiin2
more difficult than in conventional compound semicondudo expose the p-type contact region by using a ICP-RIE sys-
tors, such as GaAs and InP. As the implant dose is belaem. Ti/Al and Ni/Au were then used as the metals for n-type
1 x 10®cm2, the reported activation efficiency of Si im-and p-type ohmic contacts, respectively. After metallization,
plants ranged from 0.1% to 94349 However, for high-dose thel-V characteristics were measured by the HP-4145 semi-
Si implants, Zopleet al. demonstrated that the high-dose Stonductor parameter analyzer.
implant (1x 10*cm~2) can be annealed at 11@to obtain Figure 1 illustrates an Arrihenius plot of the room-
an activation efficiency 0f50%2% Much of the variability in  temperature sheet carrier concentration versus the annealing
reported results for low-dose implants is probably due to ttemperature for the Si implantation in p-GaN. The anneal-
different quality of the used GaN epitaxial layer. In this leting time was fixed at 30 minutes. According to this figure,
ter, we elucidate the electrical properties of Si implantation ithe conduction types of the samples were inverted from p-
p-GaN. The Hall measurement of the implantedayer and type to n-type and the sheet carrier concentrations were in-
thel-V characteristic of thetp diodes are also measured. creased when increasing the annealing temperature. As the

The p-type GaN layer used in this experiment was growsample was annealed at 78 the activation efficiency of
on ac-plane sapphire substrate using a commercial metdhe implanted Si atoms was only about 4.5%. When the an-
organic chemical vapor deposition (MOCVD) system. Durnealing temperature was increased to 2@Q@he amount of
ing the growth, a 25 nm thick GaN buffer layer was initiallyactivated Si atoms was as high as 20% of the implant dose.
grown at 525C and, then, a 1.88m thick Mg-doped p-type Figure 1 also indicates that the activation energy of the im-
GaN was deposited at 108D. After growth, the samples planted Si atoms can be fitted to be 720 meV. This energy is
were annealeding in nitrogen ambient to activate the p-tyggnificantly smaller than that reported by Zopétral. The
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Fig. 1. Relationship between the sheet carrier concentration and annealinJhe annealing was kept at 30 min.
temperature. The annealing time was 30 min. The estimated carrier acti-
vation is 750 meV.
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7 10 20 30 40 50 60

which was lower than the critical implant dose to amorphize
the GaN layer. As the crystal structure was amorphized by Annealing time(min)

the high-dose Si implant, much more defects and dislocatiopy 3 Tne sheet carrier concentration, which almost did not change with
might appear in the implanted GaN region. Therefore, whenthe annealing time.

the crystal structure was amorphized, the Si atoms easily oc-

cupy a lattice site to be activated as donors during the thermal

annealing treatment. mobility ranges from 3 to 9 cAIV-s. Although markedly dif-

In addition, a single high-energy implant (100 keV) with &ering from the standard n-type epitaxial layer, the mobility is
localized Si doping profile would result in a non-uniform im-comparable to that of the original p-type GaN (11%¢k:-s)
planted region, inducing the increase of measurement err@iace most of the atoms were not activated among the im-
for the Hall measurement. The multiple implantation used iplanted region. This same figure indicates that the room-
this study supplied a uniform Siimplanted in the p-GaN layelemperature for Hall mobility was increased when increas-
and, in doing so, the accuracy of the Hall-effect measuremeang the annealing temperature as the annealing temperature
was increased more than before. was below 950C. This occurrence was attributed to that the

In addition to the activation energy, the mechanism for Smplanted crystal structure was recrystallized at high anneal-
implantation in this study may also be significantly differening temperature. When the temperature was exceede€950
from the study of Zopleet al. The high implant dose in this most of the Si atoms were activated as donors. These acti-
study will result in a large amount of point defects in the imvated Si atoms might be attributed to the increase of the impu-
planted region. Therefore, the activation mechanism is noty scattering and the reduction of the Hall mobility. Regard-
only due to the substitutional process. Previous studies fouird) the effect of annealing time on the activation efficiency,
the hopping process to be the dominant mechanism for Gatke annealing time was varied from 15 min to 1 hour. Figure 3
and InP to activate the implanted atoms. The activation ereveals that the carrier concentration did not increase when
ergy for the hopping process ranges from 0.4 to 1.%%?) increasing the annealing temperature. This phenomenon in-
This process either places an interstitial atom on a vacandicates that the annealing time of 15 min is sufficient for the
site or breaks up a complex defect of the dopant with a neighlectrical activation. Moreover, the activation efficiency heav-
boring vacancy. As the multiple energy high-dose implantaly depends on the annealing temperature.
tion created a large amount of defects, the activation mecha-+igure 4 presents theV curve of the Si implanted GaN
nism for Si implantation in p-GaN is more closely resemblesomojunction diode. The turn on voltage of the p-n junction
the hopping process than the substitutional process as the oiiede was 12V. The forward current was aboutu30 at
plant dose was as high as510t° cm 2. a bias voltage of 30V. According to this figure, the reverse

Figure 2 depicts the relationship between the Hall mobilithreakdown voltage of the p-n junction diode was not observed
and the annealing temperature. According to this figure, tleven though the applied reverse bias was up-30V. Al-
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