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A variety of different possible donor and acceptor impurities have been implanted into GaN and
annealed up to 1450 °C. S1 and Te1 produce peak electron concentrations<531018 cm23, well
below that achievable with Si1. Mg producesp-type conductivity, but Be1- and C1- implanted
samples remainedn type. No redistribution was observed for any of the implanted species for
1450 °C annealing. Much more effective damage removal was achieved for 1400 °C annealing of
high-dose (531015 cm22) Si1 implanted GaN, compared to the more commonly used 1100 °C
annealing. ©1999 American Vacuum Society.@S0734-2101~99!01404-9#
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I. INTRODUCTION

Ion implantation is the preferred method for selected-a
doping of semiconductors due to its high spatial and d
control and its high throughput capability.1–10 In GaN there
have been a number of systematic reports detailing
achievement ofn- andp-type doping11–15~using Si and O for
n type, and Mg and Ca forp type! and the application of ion
implantation to improving ohmic contact resistance on h
erostructure field-effect transistors,16 and to producingp-n
junctions for fabrication of junction field-effect transistors12

and for light-emitting diodes.4 At high implant doses (>5
31014 cm22) it is clear that conventional rapid thermal a
nealing~RTA! at 1100–1200 °C can activate the dopants
not remove the ion-induced structural damage.14,15At higher
annealing temperatures~>1400 °C!, it is difficult to provide
a sufficiently high N2 pressure to prevent dissociation of th
GaN surface. Three different approaches have been repo
the first is use of an NH3 ambient in a metalorganic chemic
vapor deposition~MOCVD! reactor,17 the second is use of
high N2 overpressure~15 kbar! in a GaN bulk crystal growth
apparatus,14 and the third is use of an AlN encapsulant
prevent nitrogen loss from the GaN.18 The third approach is
clearly the most convenient.

What is needed is a better understanding of the optim
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dopants for creation ofn- andp-type regions in GaN, base
on the highest achievable electron or hole concentrations
residual damage and the redistribution during high tempe
ture annealing. Currently, the only information of this typ
available is for Si~a donor! and Mg ~an acceptor!. In this
article, we report on the high temperature activation char
teristics of two alternative donor implant species, S and
which do not have the potential drawback of being amph
eric like Si in GaN. The activation characteristics of Mg a
C for p-type doping have also been examined, along with
redistribution of all these species plus Se and Be. Finally,
efficiency of high temperature RTA for removing lattic
damage in implanted GaN was examined by transmiss
electron microscopy~TEM!. In all cases we compare th
results with those for Si, the standard implant species
n-GaN.

II. EXPERIMENT

Nominally undoped (n;531016 cm23) GaN was grown
on c-plane Al2O3 substrates at 1040 °C by MOCVD usin
triethylgallium and ammonia. Samples were implanted
room temperature in a nonchanneling direction with 80 k
9Be1, 80 keV12C1, or 150 keV24Mg1 for p-type doping, or
with 150 keV 28Si1, 200 keV32S1, 300 keV80Se1, or 600
keV 128Te1 ions for n-type doping, at doses of 3 – 5
31014 cm22. Additional samples had previously been im
122617 „4…/1226/4/$15.00 ©1999 American Vacuum Society
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planted with 150 keV 28Si1 ions at a dose of
531015 cm22—this is a standard condition for producin
very highn-type doped regions in GaN when combined w
high temperature RTA.17 All samples were capped with
;1000 Å reactively sputtered AlN, and annealed at 120
1500 °C under a N2 ambient in the Zapper™ furnace for
dwell time of ;10 s.19 Following annealing, the AlN was
removed in aqueous KOH at;80 °C, and the samples wer
characterized. For measurement of the electrical proper
HgIn ohmic contacts were alloyed to the corners of 333
mm2 sections, and Hall effect data were recorded at 25 °C
all cases. Finally, some of the Si-implanted samples w
examined by plan-view TEM, since Si remains the stand
implant species for GaNn-type doping, and it has a repre
sentative mass number that allows comparison to dam
expected with S, Ca, and Mg.

III. RESULTS AND DISCUSSION

A. Dopant activation

Figure 1 shows an Arrhenius plot of S1 activation in
GaN. The sheet carrier concentration measured at 2
shows an activation energy of 3.16 eV for the anneal
temperature range between 1000 and 1200 °C and basi
saturates thereafter. The maximum sheet electron den
;731013 cm2, corresponds to a peak volume density
;531018 cm23. This is well below that achieved with Si1

implantation and annealing (.1020 cm23).17,20 In the latter
case, the carrier density showed an activation energy of
eV. The physical origin of this activation energy contai
several components—basically it is the energy required
move an implanted ion onto a substitutional lattice site a
for it to show electrical activity. This latter requireme
means that compensating defects must also be annealed
Even though implanted Si1 at the same dose showed ev
dence of site switching and self compensation, it still p

FIG. 1. Arrhenius plot of sheet electron density in S1-implanted GaN vs
annealing temperature.
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duces a higher peak doping level than the nonamphot
donor S, which is only slightly heavier (32S vs 28Si!. From
temperature-dependant Hall measurements, we find a S1 do-
nor ionization level of 48610 meV, so that the donors ar
fully ionized at room temperature.

Similar data is shown in Fig. 2 for Te1 implantation. The
activation starts around the same temperature as for S,
much lower sheet electron densities are obtained, the ac
tion energy is significantly lower~1.5 eV! and the carrier
concentration does not saturate, even at 1400 °C. It is lik
that because of the much greater atomic weight of128Te,
even higher annealing temperatures would be required to
move all its associated lattice damage, and that the activa
characteristics are still being dominated by this defect
moval process. Residual lattice damage from the implan
tion is electrically active in all III–V semiconductors, pro
ducing either high resistance behaviors~GaAs! or residual
n-type conductivity~InP, GaN!. The only data available on
group VI doping in epitaxial material are from Se-dop
MOCVD material, where maximum electron concentratio
of 231018– 631019 cm23 were achieved.21,22 These are
also below the values reported for Si doping, and sugg
the group VI donors do not have any advantage over Si
creation ofn-type layers in GaN. From limited temperatur
dependent Hall data, we estimate the Te ionization leve
be 50620 meV.

The effects of post-implant annealing temperature on
sheet carrier concentrations in Mg1 and C1 implanted GaN
are shown in Fig. 3. There are two important features of
data: first, we did not achievep-type conductivity with car-
bon, and second only;1% of the Mg produces a hole a
25 °C. Carbon has been predicted previously to have a str
self-compensation effect,23 and it has been found to produc
p-type conductivity only in metalorganic molecular beam e
itaxy where its incorporation on a N-site is favorable24

Based on an ionization level of;170 meV, the hole density

FIG. 2. Arrhenius plot of sheet electron density in Te1-implanted GaN vs
annealing temperature.
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in Mg-doped GaN would be calculated to be;10% of the
Mg acceptor concentration when measured at 25 °C. In
case, we see an order of magnitude less holes than pred
This should be related to the existingn-type carrier back-
ground in the material and perhaps to residual lattice dam
which is also n-type in GaN, At the highest annealing te
perature~1400 °C!, the hole density falls, which could b
due to Mg coming out of the solution or to the creation
further compensating defects in the GaN.

FIG. 4. SIMS profiles of Be1- and Mg1-implanted into GaN as a function o
annealing temperature.

FIG. 3. Sheet carrier densities in Mg1- or C1-implanted GaN as a function
of annealing temperature.
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B. Redistribution

Some typical secondary ion mass spectroscopy~SIMS!
plots for Be and Mg as a function of annealing temperat
are shown in Fig. 4. For Be there is an apparent defe
assisted diffusion that broadens the profile for 900 °C ann
ing, but at higher annealing temperatures there is no fur
motion of the Be. This is similar to the transient-enhanc
diffusion seen for implanted B in Si, where there is a rap
time-dependent motion of the implanted species until the
plant damage is annealed. Once this occurs, there is no
ther defect-assisted diffusion of the implanted species.
find that this situation occurs for Be in GaN, but not for a
of the other species, as is clear in the bottom part of Fig
for Mg. At 1450 °C, effective diffusivities of<2310213

cm2 s21 were determined for S, Se, Te, Mg, and C, based
the absence of detectable motion and the spatial resolutio
SIMS ~;200 Å under these conditions!.

C. Residual damage

Figure 5 shows a plan-view TEM and selected-area e
tron diffraction pattern from a Si-implanted sample~150
keV, 531015 cm22) after annealing at 1100 °C for 10 s
This is a high dose implant of the type used for makingn1

ohmic contact regions, and represents a worst-case sce
in terms of damage removal. The sample is still single crys
as determined by the diffraction pattern, but contains a h

FIG. 5. ~a! TEM plan view and~b! selected-area diffraction pattern from
Si1-implanted GaN~531015 cm22, 150 keV! after 1100 °C, 10 s anneal
ing.
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density of extended defects (;1010 cm22). This is consis-
tent with past reports of high backscattering yields in i
planted GaN annealed at these conditions.14,15 We ascribe
these defects to the formation of dislocation loops in
incompletely repaired lattice.

By sharp contrast, annealing at 1400 °C for 10 s bring
substantial reduction in the implant-induced defects,
shown in Fig. 6. The sample is again single-crystal, but
only contrast in the TEM plan view is due to the low
density (;109 cm22) of threading dislocations arising from
lattice mismatch in the heteroepitaxy. This appears to co
late well with the fact that the highest electron mobility a
carrier density in these samples was observed for 1400
annealing. Clearly the ultrahigh temperature annealing is
quired to completely remove lattice damage in GaN i
planted with high doses. However, it may not be needed
lower dose material (<531013 cm22) where the amount o
damage created is correspondingly less.

IV. SUMMARY AND CONCLUSIONS

The redistribution and activation of a wide variety of po
sible donor and acceptor species in GaN was examine
and Te are found to produce lower room-temperaturen-type
doping levels than Si at the same dose, while only Mg w
found to producep-type doping ~C- and Be-implanted
samples remainedn type!. None of the implanted specie
showed measurable diffusion at 1450 °C, but Be did disp
an apparent defect-assisted redistribution at lower temp
ture~900 °C!. For high implant dose~e.g., 531015 cm22 for

FIG. 6. ~a! TEM plan view and~b! selected area diffraction pattern from
Si1-implanted GaN~531015 cm22, 150 keV! after 1400 °C, 10 s anneal
ing.
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Si1), annealing at 1100 °C is insufficient to remove the l
tice damage, while 1400 °C produces much lower def
densities.
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