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ABSTRACT

GaN implanted with donor(Si, S, Se, Te) or acceptor (Be, Mg, C) species was annealed at
900-1500 °C using AlN encapsulation. No redistribution was measured by SIMS for any of the
dopants and effective diffusion coefficients are ≤2×10-13 cm2 ⋅ s-1 at 1400 °C, except Be, which
displays damage-enhanced diffusion at 900 °C and is immobile once the point defect
concentration is removed. Activation efficiency of ~90% is obtained for Si at 1400 °C. TEM of
the implanted material shows a strong reduction in lattice disorder at 1400-1500 °C compared to
previous results at 1100 °C. There is minimal interaction of the sputtered AlN with GaN under
our conditions, and it is readily removed selectively with KOH.

INTRODUCTION

The study of implanted species in GaN to this point has focused on activation of Si+ or O+ for
n-type doping, Mg+ or Ca+ for p-type doping, or use of He+, N+ or H+ for isolation[1-15]. For
practical applications, the focus has been on the use of implantation for improving ohmic contact
resistance on heterostructure field-effect transistors[16], and to producing p-n junctions for
fabrication of junction field-effect transistors[12] and for light-emitting diodes[4]. At high
implant doses (≥5×1014 cm-2) it is clear that conventional rapid thermal annealing (RTA) at
1100-1200 °C can activate the dopants but not remove the ion-induced structural damage[14,15].
At higher annealing temperatures (≥1400 °C) it is difficult to provide a sufficiently high N2

pressure to prevent dissociation of the GaN surface. Three different approaches have been
reported - the first is use of an NH3 ambient in a metal organic chemical vapor deposition
(MOCVD) reactor[17], the second is use of a high N2 overpressure (15 kbar) in a GaN bulk
crystal growth apparatus[14], and the third is use of an AlN encapsulant to prevent nitrogen loss
from the GaN[18]. The third approach is clearly the most convenient.

The amount of residual lattice damage in the implanted GaN after annealing is a function of
ion dose - for the relatively high doses needed for source/drain doping, it has been shown
previously that annealing temperatures of ≥1400 °C are desirable. We have found that Si, the
most common n-type dopant, shows no detectable redistribution at 1400 °C, and that annealing
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at this temperature produces activation percentages of ≥90%[19,20]. Annealing at 1500 °C led to
a reduction in both sheet electron concentration and electron mobility, which is consistent with
self-compensation through site-switching of the Si. There is no available information on the
other donor species, or on the possible acceptor dopants, in terms of their redistribution during
ultra-high temperature annealing. In this paper we report on a Secondary Ion Mass Spectrometry
(SIMS) study of GaN implanted with the group VI donors, S, Se and Te, and the acceptor species
Mg, Be and C. Only Be is found to show redistribution during annealing, emphasizing the
extremely good high temperature stability of dopants in GaN. We have also examined the
activation kinetics of some of the implanted species.

EXPERIMENTAL

Layers of GaN 2-3 µm thick were grown at ~1040 °C on c-plane Al2O3 by atmospheric
pressure Metal Organic Chemical Vapor Deposition(MOCVD), using triethylgallium and
ammonia. From x-ray diffraction and photoluminescence measurements we know this material is
typical of the current state-of-the-art heteroepitaxial GaN.

The samples were implanted at 25 °C with 150 keV 24Mg+, 80 keV 9Be+, 80 keV 12C+, 200
keV 32S+, 300 keV 80Se+, or 600 keV 128Te+ ions, at doses of  3-5×1014 cm-2. This puts the
projected range, Rp, of the implanted species at least 1500 Å into the GaN in all cases, avoiding
effects due to near-surface point defect injection. The samples were capped with ~1000 Å of
reactively sputtered AlN, and annealed at temperatures of 900-1450 °C under a N2 ambient in the
ZapperTM furnace described previously[14]. The dwell time at the peak temperature was ~10
secs. After annealing, the AlN was selectively etched in aqueous KOH at 80 °C[15]. The atomic
distributions before and after annealing were measured by SIMS, and the data quantified using
the as-implanted sample as a standard. The electrical properties were examined by Hall
measurement, and the data was recorded at 25 oC in all cases.

RESULTS AND DISCUSSION

(a) Residual Damage

Figure 1 shows a plan view TEM and selected area electron diffraction pattern from a Si-
implanted sample (150 keV, 5×1015 cm-2) after annealing at 1100 °C for 10 secs. This is a high
dose implant of the type used for making n+ ohmic contact regions, and represents a worst-case
scenario in terms of damage removal. The sample is still single-crystal as determined by the
diffraction pattern, but contains a high density of extended defects (~1010 cm-2). This is
consistent with past reports of high backscattering yields in implanted GaN annealed at these
conditions[14,15]. We ascribe these defects to the formation of dislocation loops in the
incompletely repaired lattice.

By sharp contrast, annealing at 1400 °C for 10 secs brings a substantial reduction in the
implant-induced defects, as shown in Figure 2. The sample is again single-crystal, but the only
contrast in the TEM plan view is due to the lower density(~109 cm-2) of threading dislocations
arising from lattice-mismatch in the heteroepitaxy. This appears to correlate well with the fact
that the highest electron mobility and carrier density in these samples was observed for 1400 °C
annealing. Clearly the ultra-high temperature annealing is required to completely remove lattice
damage in GaN implanted with high doses. However it may not be needed in lower dose
material(≤5×1013 cm-2) where the amount of damage created is correspondingly less.
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Fig. 1. (a) TEM plan view and (b) selected area diffraction pattern from Si+ implanted
GaN (5×1015 cm-2, 150 keV) after 1100 °C, 10 sec annealing.

Fig. 2. (a) TEM plan view and (b) selected area diffraction pattern from Si+ implanted
GaN (5×1015 cm-2, 150 keV) after 1400 °C, 10 sec annealing.

(b) Dopant Activation

(i) Donors

Figure 3(top) shows an Arrhenius plot of S+ activation in GaN. The sheet carrier
concentration measured at 25 oC shows an activation energy of 3.16 eV for the annealing
temperature range between 1000-1200 °C and basically saturates thereafter. The maximum sheet
electron density, ~7×1013 cm-2, corresponds to a peak volume density of ~5×1018 cm-3. This is
well below that achieved with Si+ implantation and annealing (>1020 cm-3)[17,20]. In the latter
case the carrier density showed an activation energy of 5.2 eV. The physical origin of this
activation energy contains several components – basically it is the energy required to move an
implanted ion onto a substitutional lattice site and for it to show electrical activity. This latter
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requirement means that compensating defects must also be annealed out. Even though implanted
Si+ at the same dose showed evidence of site-switching and self-compensation, it still produces a
higher peak doping level than the non-amphoteric donor S, which is only slightly heavier (32S vs.
28Si). From temperature-dependant Hall measurements, we find a S+ donor ionization level of
48±10 meV, so that the donors are fully ionized at room temperature.

Fig. 3. Arrhenius plot of sheet electron density in S+ (top) or Te+ (bottom) implanted
GaN versus annealing temperature.

Similar data is shown in Figure 3(bottom) for Te+ implantation. The activation starts around
the same temperature as for S, but much lower sheet electron densities are obtained, the
activation energy is significantly lower (1.5 eV) and the carrier concentration does not saturate,
even at 1400 °C. It is likely that because of the much greater atomic weight of 128Te, even higher
annealing temperatures would be required to remove all its associated lattice damage, and that
the activation characteristics are still being dominated by this defect removal process. Residual
lattice damage from the implantation is electrically active in all III-V semiconductors, producing
either high resistance behaviors(GaAs) or residual n-type conductivity(InP, GaN). The only data
available on group VI doping in epitaxial material is from Se-doped MOCVD material, where
maximum electron concentrations of 2×1018 – 6×1019 cm-3 were achieved[21,22]. These are also
below the values reported for Si-doping, and suggests the group VI donors do not have any
advantage over Si for creation of n-type layers in GaN. From limited temperature-dependent Hall
data, we estimate the Te ionization level to be 50±20 meV.

No redistribution of any of the donor species was observed during annealing up to 1500 oC,
suggesting the diffusion coefficient is ≤2×10-13 cm2⋅s-1 for S, Se, Te and Si at this temperature.

(ii) Acceptors

The effects of post-implant annealing temperature on the sheet carrier concentrations in Mg+

and C+ implanted GaN are shown in Figure 4. There are two important features of the data: first,
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we did not achieve p-type conductivity with carbon, and second only ~1% of the Mg produces a
hole at 25 °C. Carbon has been predicted previously to have a strong self-compensation
effect[23], and it has been found to produce p-type conductivity only in metal organic molecular
beam epitaxy where its incorporation on a N-site is favorable[24]. Based on an ionization level of
~170 meV, the hole density in Mg-doped GaN would be calculated to be ~10% of the Mg
acceptor concentration when measured at 25 °C. In our case we see an order of magnitude less
holes than predicted. This should be related to the existing n-type carrier background in the
material and perhaps to residual lattice damage which is also n-type in GaN, At the highest
annealing temperature (1400 °C), the hole density falls, which could be due to Mg coming out of
the solution or to the  creation of further compensating defects in the GaN.

Fig. 4. Sheet carrier densities in Mg+ or C+ implanted GaN as a function of
annealing temperature.

We did not observe any redistribution of either Mg or C for annealing up to 1450 oC,
indicating a diffusivity of ≤2×10-13 cm2⋅s-1 at this temperature. In the particular case of implanted
Be, there was an initial broadening of the profile at 900 °C, corresponding to an effective
diffusivity of ~5×10-13 cm2⋅sec-1 at this temperature. However there was no subsequent
redistribution at temperatures up to 1200 °C. Implanted Be shows several types of anomalous
diffusion in GaAs, including up-hill diffusion and movement in the tail of the profile, in addition
to normal concentration-dependent diffusion, which also result from the non-equilibrium
concentrations of point defects created by the nuclear stopping process of the implanted ions. It
appears that in GaN, the interstitial Be undergoes a type of transient-enhanced diffusion until
these excess point defects are removed by annealing, at which stage the Be is basically
immobile.

SUMMARY AND CONCLUSIONS
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Common acceptor and donor species have been implanted into GaN at room temperature,
and subsequently annealed up to 1500 °C. With the exception of Be, which shows an apparent
damage-assisted redistribution at 900 °C, none of the species show detectable motion under these
conditions. This is promising for the fabrication of GaN-based power devices, which require
creation of doped well or source/drain regions by implantation. The low diffusivities of
implanted dopants in GaN means that junction placement should be quite precise and there will
be less problems with lateral diffusion of the source/drain regions towards the gate. Finally, the
results show the effectiveness of the AlN cap in protecting the GaN surface from dissociation,
since if any of the surface was degraded during annealing, the implant profiles would no longer
overlap.
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