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Ion implantation has played an enabling role in the realization of many high performance 08rA pho ni 
electronic devices in mature semiconductor materials systems such as Si and GaAs. This can also be 
expected to be the case in III-Nitride based devices as the material quality continues to improve. This 
paper reviews the progress in ion implantation processing of the III-Nitride materials, namely, GaN, AIN, 
InN and their alloys. Details are presented of the successful demonstrations of implant isolation as well 
as n- and p-type implantation doping of GaN. Implant doping has reqW activation annealing at 
temperatures in excess of 1000 "C. The nature of the implantation induced damage and its response to 
annealing is addressed using Rutherford Backscattering. Finally, results are given for the first 
demonstration of a GaN device fabricated using ion implantation doping, a GaN junction field effect 
transistor (JFET). 

INTRODUCTION 

The III-Nitride material system has been the focus of 
extensive research for application to ultraviolet emitters and 
detectors (1,2). In addition, this material system is 
attractive for use in high-temperature or high-power 
electronic devices (3,4). A primary reason for the recent 
advances in III-N based photonic devices was the 
demonstration of p-type doping of GaN during metal 
organic chemical vapor deposition (MOCVD) growth 
followed by a dehydrogenation anneal to activate the Mg 
acceptors (5,6). Moreover, since ion implantation has been 
the foundation of most advanced electronic and, to a lesser 
extent, photonic devices in mature semiconductor 
materials systems such as silicon and gallium arsenide(7) it 
is important to determine the applicability of ion 
implantation to III-Nitride based devices. In particular the 
demonstration of selective area implant isolation and 
doping will allow new ID-Nitride based device structures 
such as lasers and FETs with selectively doped contact 
regions, planar waveguides created by implant isolation, 
and implantation tailored current guiding in light emitting 
diodes (LEDs) and lasers, to name a few. In this paper, we 
present results for the successful n- and p-type implant 
doping of GaN that lead to the first GaN junction field 
effect transistor (JFET). The JFET was produced with all 
ion implantation doping. Details for the implantation 
induced damage in GaN and its response to high 
temperature annealing is also presented. 
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Fig 1.  Sheet resistance versus annealing temperature for Si-implanted 
(200 keV, 5e10I4 cm-*) and unimplanted GaN. Activation of the Si- 

donors begins after a 1050 "C anneal with increased activity after 1100 
T. 

N- AND P-TYPE IMPLANT DOPING 

Figure 1 shows the evolution of sheet resistance 
versus annealing temperature for Si-implanted (200 keV, 
5 ~ 1 0 ~ ~  and unimplanted GaN (8). The samples were 
annealed for 10 s in flowing N2 in a silicon carbide coated 
graphite susceptor. It is critical to use a hydrogen free 
ambient to avoid hydrogen passivation of the dopants and 
thus to achieve electrical activity. The presence of 
hydrogen during the anneal will also cause decomposition 
of the GaN surface though the formation of NH, (9). As 
seen in Fig. 1, electrical activity starts to occur at 1050 'C, 
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as evident by the drop in sheet resistance, and further 
increases at 1100 "C. 

Figure 2 shows the evolution of sheet resistance 
versus annealing temperature (10 s rapid thermal anneals) 
for Mg (180 keV, 5x1Ol4 cm-2), Mg+P (180/250 keV, 
both 5x1Ol4 cm-2), and unimplanted GaN. The Mg-only 
samples remain n-type up to 1100 "C while the Mg 
samples co-implanted with 3iP convert from n-to-p type 
after a 1050 "C anneal. The effect of the 31P co- 
implantation may be explained by a reduction of nitrogen- 
vacancies or an increase in Ga-vacancies leading to a higher 
probability of Mg occupying a Ga-site. Co-implantation 
of P has also been shown to be effective in enhancing 
activation and reducing diffusion for p-type implantation in 
GaAs (10). The ionization levels of implanted Mg has 
also been determined from an Arrhenius plot of carrier 
density to be 171 meV and is consistent with the value 
reported for epitaxial Mg-doped GaN (1 1,l). 
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FIGURE 2. Sheet resistance versus annealing temperature for Mg- 
implanted (180 keV, 5e10I4 mi2), Mg+P (180/250 keV, 5e10I4 m i 2 )  
implanted, and unimplanted GaN. The Mg+P samples convert from n- 

to-p type after a 1050 "C anneal with an increased hole density after 
annealing at 1100 OC. The Mg-only samples remain n-type for all 

annealing temperatures. 

Since the ionization level of Mg in GaN is much 
greater than the thermal energy, kT, less than 1% of the 
Mg-acceptors will be ionized at room temperature. 
Therefore, it would be desirable to identify an acceptor 
species with a smaller ionization energy. Since Ca has 
been suggested theoretically to be a shallow acceptor in 
GaN (12); ion implantation was used to determine the 
ionization energy of Ca in GaN (13). Figure 3 shows the 
evolution of sheet resistance versus annealing temperature 
(10 s rapid thermal anneals) of Ca (180 keV, 5x1Ol4 cm- 
2), Ca+P (180/130 keV, both 5 ~ 1 0 ~ ~  cm-2), and 

unimplanted GaN. Both the Ca-only and the Ca+P 
samples converted from n-to-p type after a 1100 "C anneal 
with a further increase in p-type conduction after a 1150 "C 
anneal. The fact that P co-implantation is not required to 
achieve p-type conductivity with Ca can be understood 
based on the higher mass of the Ca-ion, as compared to 
Mg, generating more implantation damage and therefore 
more Ga-vacancies. This explanation is supported by the 
higher activation temperature required for conversion from 
n-to-p type for the Ca-implanted samples compared to the 
Mg+P implanted samples. The ionization level of Ca was 
estimated from an Arrhenius plot to be 169 meV (13), 
which is equivalent to that of Mg. Although the 
ionization level of Ca is not less than that of Mg, Ca may 
be preferred for forming shallow implanted p-regions in 
GaN due to its heavier mass and resulting smaller projected 
range and straggle than Mg for a given energy. 
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FIGURE 3. Sheet resistance versus annealing temperature for Ca- 

implanted, and unimplanted GaN. Both the Ca-only and the Ca+P 
samples convert from n-to-p type after a 1 100 "C anneal with an 

increased hoie density after annealing at 1150 "C. 

implanted (180 keV, 5e10L4 cm-'), Ca+P (180/130 keV, 5e10I4 

IMPLANT ISOLATION 

Ion implantation can also be used to convert initially 
conducting regions to high resistance regions for device 
isolation or current guiding. Figure 4 shows sheet 
resistance versus annealing temperature for initially n- and 
p-type GaN implanted with N. N-implantation is seen to 
effectively compensates both p- and n-type material (8). 
For both doping types the resistance first increases with 
annealing temperature then reaches a maximum before 
demonstrating a significant reduction in resistance after a 
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850 "C anneal for n-type and a 950 "C anneal for p-type 
GaN. This behavior is typical of implant-damage 
compensation. The energetic positions of the defect levels 
from the respective bands are estimated from Arrhenius 
plots of the resistancehemperature product to be 0.83 eV 
for initially n-type and 0.90 eV for initially ptype GaN 
(8). These levels are still not at midgap, but are 
sufficiently deep to realize a sheet resistance > IO9 SLn. 
He implantation has also been reported to effectively 
isolate n-type GaN, with the material remaining 
compensated to over 850 "C (14). Interestingly, H- 
implant compensation of n-type GaN is reported to anneal 
out at -400 "C with an anomalous dependenceon implant 
energy (14). 
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FIGURE 4. Sheet resistance versus annealing temperature for N- 
implanted initially n- and p-type GaN. The N was implanted at multiple 
energies to give an approximately uniform ion concentration of 4x10'' 

cm4 across -500 nm. 

IMPLANTATION DAMAGE 

To further study the implant induced damage, 
channeling Rutherford Backscattering (C-RBS) and cross- 
sectional transmission electron spectroscopy (XTEM) were 
performed on selected samples (15-17). Figure 5a shows 
the C-RBS spectra for Si-implanted GaN versus implant 
dose. The implantation-induced damage is barely visible in  
the channeling spectra until a dose of 2.2~10'' cm2 is 
reached. In addition, an amorphous region does not form 
until a dose of 2 . 4 ~ 1 0 ' ~  cm-' is reached. This dose threshold 
for measurable damage formation and amorphization is 
significantly higher than for other BI-V semiconductors. 

Figure 5b shows the change in the RBS spectra between 
the as-implanted sample for a dose of 6 ~ 1 0 ' ~  cm-2 and the 
same sample annealed at 1100 C for 30 s. When changes 
in the near surface scattering and dechanneling are accounted 
for, there is little reduction in the subsurface damage (15). 
This has been confirmed by XTEM images of as-implanted 
(Si: 6x10'' cm-2) and annealed (1 100 "C, 30 s) GaN. 
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FIGURE 5. Channeling Rutherford Backscattering spectra for a) Si- 
implanted GaN versus dose and b) as-implanted (6x10" ca ' )  and 

annealed (1100 "C, 30 s) GaN. 

GaN JFET 

As discussed earlier, ion implantation doping and 
isolation has played a critical role in the realization of 
many high performance devices in most mature 
semiconductor materials systems such as Si and GaAs. 
This is also expected to be the case for IU-Nitride based 



devices as the quality of the IU-N materials continues to 
improve. Even though the III-Nitride materials are far from 
mature, all ion implanted transistors have already been 
demonstrated (18). 

Figure 6 shows the IDS versus VDS curves for varied 
gate biases for a -1.7 pn x 50 ym GaN JFET with a 4 
pm source-to-drain spacing fabricated with a Si-implanted 
n-type channel and sourceldrain regions and Ca-implanted 
p-type gate. The JFET demonstrates good modulation 
characteristics with nearly complete pinch-off at a threshold 
voltage of approximately -5 V for VDS = -7V. For VDS 
= 25 V, a maximum transconductance of 7 mSlmm was 
measured at VGS = -2.0 V with a saturation current of 33 
mNmm at VGS = 0 V. These devices had a unity current 
gain cutoff fi-equency (ft) of 2.7 GHz and a maximum 
oscillation frequency (fmm) of 9.4 GHz at VGS = 0 V and 
VDS = 25 V. These frequency metrics are in the range 
reported for epitaxial GaN MESFETs (19). 
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FIGURE 6. I,, versus V,, for vaned V,, for a 0.7~50 pmZ all ion 
implanted GaN JFET. 

CONCLUSION 

As with other semiconductor material systems, ion 
implantation is expected to play an enabling role for 
advanced device fabrication in the III-Nitride material 
system. As reported here, ion implantation has already 
been used to achieve n- and p-type doping of GaN and to 
fabricate the first GaN PET.  As further understanding is 
obtained on implantation induced defects, activation 

annealing, and the role of other impurities in  these 
materials, it is anticipated that ion implantation will be 
more widely used for m-Nitride devices. 
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