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ABSTRACT

Proton implantation in GaN is found to reduce the free carrier density through two
mechanisms — first, by creating electron and hole traps at around Ec-0.8eV and Ev+0.9eV that
lead to compensation in both n- and p-type material, and second, by leading to formation of
(AH)° complexes, where A is any acceptor (Mg, Ca, Zn, Be, Cd). The former mechanism is
useful in creating high resistivity regions for device isolation, whereas the latter produces
unintentional acceptor passivation that is detrimental to device performance. The strong affinity
of hydrogen for acceptors leads to markedly different redistribution behavior for implanted H' in
n- and p-GaN due to the chemical reaction to form neutral complexes in the latter. The acceptors

may be reactivated by simple annealing at >600°C, or by electron injection at 25-150°C that
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produces debonding of the (AH)® centers. Implanted hydrogen is also strongly attracted to
regions of strain in heterostructure samples during annealing, leading to pile-up at epi-epi and
epi-substrate interfaces. IR spectroscopy shows that implanted hydrogen also decorates Vg,

defects in undoped and n-GaN.
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INTRODUCTION

Atomic hydrogen plays an important role in the defect chemistry of GaN [1-25]. Most
epitaxial GaN is grown by Metal Organic Chemi_cal Vapor Deposition (MOCVD) according to
the reaction [1,2]

(CH, ),Ga+ NH, = GaN + CH, + H,

and thus there is a large hydrogen flux available, part of which remains in the layer after
cooldown. The strong affinity for atomic hydrogen to pait with acceptor dopants such as Mg
leads to the experimental fact that as-grown GaN(Mg) is generally highly resistive, and the
acceptors must be reactivated using thermal annealing at >700°C under N, [1], or minority
carrier injection at 225°C [2,3]. However if the sample is then re-exposed to a hydrogen flux, it
can revert to a highly resistive state. In some cases, such as low pressure MOCVD, or Molecular
Beam Epitaxy (MBE), the hydrogen flux is lower or non-existent, and GaN(Mg) grown by these
methods can show p-type conductivity as-grown. The Mg-H complexes can be detected by local
vibrational-mode spectroscopy [26]. At this point donor dopant complexes with hydrogen have
not been detected, but there is some evidence from secondary ion mass spectrometry (SIMS) that
donor-hydrogen pairing does occur.

It is also clear that hydrogen can enter GaN during many different process steps,
including wet and dry etching, plasma enhanced chemical vapor deposition of dielectrics and
boiling in water [13,17]. The entry of hydrogen has been confirmed both by the effect on the
electrical properties of the near-surface region (i.e. dopant passivation) and by SIMS on

deuterated samples. In this paper we report some of the effects of direct 'H* or 2H* implantation

into GaN.




EXPERIMENTAL

Samples of GaN 1-3um thick (undoped, Si-doped or Mg-doped) were grown on c-plane
Al;03 by either MOCVD at 1040°C, or Metal Organic Molecular Beam Epitaxy (MOMBE) at
900°C. Protons ("H*) or deuterons (*H") were implanted at either a single energy (typically 40
keV) and dose (typically 5x10"cm™), or with a multiple energy (25-300 keV), multiple‘dose
(6x10"-1x10cm?) scheme designed to create a nearly uniform hydrogen profile at a
concentration of ~5.6x10"°cm™ to a depth of 2.1m. Subsequent annealing was performed under

flowing N, at temperatures of 300-1100°C.

RESULTS AND DISCUSSION

(a) Thermal stability

We found that implanting "H* or 2H* jons into both n- and p-type GalN produced a strong
increase in sheet resistance of the material. For doses above ~10150m'2, it was possible to
N~
increase the sheet resistance from the 10°/0 range to >10'°%Q/0. This is similar to the case of
proton implantation into GaAs and other III-V compound semiconductors, where the energetic
ion bombardment creates deep levels within the gap, which act as traps for carriers [9]. This is
the basis for implant isolation schemes in these materials. From the temperature dependence of
the resistivity of the implanted GaN, we determined that proton implantation creates levels at
around Ec-0.8eV in n-GaN and Ey+0.9¢V in p-GaN. Thus, in both conductivity types, the Fermi
level will move deeper into the gap as a result of implantation, and the material resistivity will
increase. However the damage created by 'H* or 2H* implantation is not particularly thermally
stable, and annealing at ~400°C restores the material to its original conductivity. These results

are in basic agreement with the data of Binari et.al. [22].




In *H* implanted, undoped GaN, there is little loss of deuterium from the material until
>700°C (Figure 1). By 900°C, ~80% of the deuterium is lost by evolution from the surface. This
is a similar thermal stability to that of deuterium incorporated in the bulk of GaN from plasma
exposure (labeled “bulk” in Figure 1), suggesting similar microscopic sites for the deuterium.
However in the case of plasma exposure there is also a high-concentration (>10”%m™), ’near-
surface (<0.1um) region in the deuterium profile. As shown in Figure 1, this near-surface
deuterium is lost from the GaN over a broad range of temperatures, which suggests a variety of
different lattice locations for the deuterium.

There are clear differences in the redistribution behavior between n- and p-type GaN
implanted with *H" ions. Figure 2 shows SIMS profiles of “H in n-type (left) or p-type (right)
GaN, as a function of post-implant annealing temperature. Due to the strong tendency for
formation of Mg-H complexes, a plateau begins to form in the p-type material by 500°C, and
there is strong accumulation at the heterointerface (at ~1pm depth).

(b) Vibrational Spectroscopy

Figure 3 shows an infra-red spectrum from an undoped GaN sample implanted with the
multiple-energy 'H* scheme and annealed at 400°C. These bands shift to frequencies ~1.35
times lower when “H' is implanted, confirming the presence of hydrogen in the centers
responsible for the IR bands [15]. All of these bands anneal out by ~650°C, and ~10% of the
implanted hydrogen was IR-active. The observed frequencies are close to those predicted by
Van de Walle [16] for Vg,-H complexes (those for Vn-H are predicted to be near 600 cm),
indicating that we are observing the stretching vibrations of N-H bonds. At this stage we are

unable to determine the number of H atoms involved in each of the complexes, due to broad

nature of the bands.




SUMMARY AND CONCLUSIONS

Implantation of hydrogen into GaN leads to a number of different defect species,
including Vg,-H complexes and Mg-H centers that are [R-active and electrically active trap states
around Ec-0.8eV (in n-type) and Ev+0.8eV (in p-type) that increase sample resistance.. The

thermal stability of the implanted hydrogen is the highest we have observed in any compound

semiconductor.
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FIGURE CAPTIONS

Figure 1.

Figure 2.

Figure 3.

Percentage of “H lost from GaN as a function of annealing temperature. The *H was
incorporated either by direct implantation, or by plasma exposure which leads to

deuterium in the bulk and surface regions of the GaN.

SIMS profiles of “H-implanted n-type (left) or p-type (right) GaN, as a function of

annealing temperatures.

Low temperature (5K) IR spectrum for H-implanted GaN annealed at 400°C.
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