Redistribution and activation of implanted S, Se, Te, Be, Mg, and C in GaN
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A variety of different possible donor and acceptor impurities have been implanted into GaN and
annealed up to 1450 °C.*Sand T€ produce peak electron concentraticadx 10 cm™ 3, well

below that achievable with Si Mg producesp-type conductivity, but Bé- and C'- implanted
samples remained 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 (510" cm 2) Si* implanted GaN, compared to the more commonly used 1100 °C
annealing. ©1999 American Vacuum Socief{a0734-210(099)01404-9

[. INTRODUCTION dopants for creation afi- and p-type regions in GaN, based
on the highest achievable electron or hole concentrations, the
lon implantation is the preferred method for selected-aregesidual damage and the redistribution during high tempera-
doping of semiconductors due to its high spatial and doseure annealing. Currently, the only information of this type
control and its high throughput capability'® In GaN there  available is for Si(a donoj and Mg (an acceptdr In this
have been a number of systematic reports detailing tharticle, we report on the high temperature activation charac-
achievement ofi- andp-type doping™~*(using Si and O for  teristics of two alternative donor implant species, S and Te,
n type, and Mg and Ca fqo type) and the application of ion which do not have the potential drawback of being amphot-
implantation to improving ohmic contact resistance on heteric like Si in GaN. The activation characteristics of Mg and
erostructure field-effect transistdsand to producingp-n  C for p-type doping have also been examined, along with the
junctions for fabrication of junction field-effect transisttfrs redistribution of all these species plus Se and Be. Finally, the
and for light-emitting diode$.At high implant doses ¥5 efficiency of high temperature RTA for removing lattice
X 10" cm™?) it is clear that conventional rapid thermal an- damage in implanted GaN was examined by transmission
nealing(RTA) at 1100—1200 °C can activate the dopants buklectron microscopyTEM). In all cases we compare the
not remove the ion-induced structural damag&.At higher  results with those for Si, the standard implant species for
annealing temperaturés1400 °Q, it is difficult to provide  n-GaN.
a sufficiently high N pressure to prevent dissociation of the
GaN surface. Three different approaches have been reported:
the first is use of an Nflambient in a metalorganic chemical Il EXPERIMENT
vapor depositiofMOCVD) reactor:’ the second is use of a  Nominally undopedfi~5x 10*® ¢cm™3) GaN was grown
high N, overpressur¢l5 kbay in a GaN bulk crystal growth on c-plane ALO; substrates at 1040 °C by MOCVD using
apparatus; and the third is use of an AIN encapsulant to triethylgallium and ammonia. Samples were implanted at
prevent nitrogen loss from the GafiThe third approach is room temperature in a nonchanneling direction with 80 keV
clearly the most convenient. °Be', 80 keV*¥2C*, or 150 keV?*Mg™* for p-type doping, or
What is needed is a better understanding of the optimurwith 150 keV28Si*, 200 keV32S", 300 keV®%Se', or 600
keV '28Te* jons for n-type doping, at doses of 3-5
aEectronic mail: spear@mse.ufl.edu X 10 cm~2. Additional samples had previously been im-
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Fic. 2. Arrhenius plot of sheet electron density in*Fenplanted GaN vs

Fic. 1. Arrhenius plot of sheet electron density iff -Bnplanted GaN vs .
annealing temperature.

annealing temperature.

planted with 150 keV ?8Si* jons at a dose of duces a higher peak doping level than the nonamphoteric
5x 10 cm 2—this is a standard condition for producing donor S, which is only slightly heavieP3S vs %Si). From
very highn-type doped regions in GaN when combined with temperature-dependant Hall measurements, we fint doS

high temperature RTA’ All samples were capped with nor ionization level of 4810 meV, so that the donors are
~1000 A reactively sputtered AIN, and annealed at 1200-fully ionized at room temperature.

1500 °C under a Nambient in the Zapper™ furnace for a  Similar data is shown in Fig. 2 for Teimplantation. The
dwell time of ~10 s!° Following annealing, the AIN was activation starts around the same temperature as for S, but
removed in agueous KOH at80 °C, and the samples were much lower sheet electron densities are obtained, the activa-
characterized. For measurement of the electrical propertieipn energy is significantly lowef1.5 eV) and the carrier
Hgln ohmic contacts were alloyed to the corners of33 concentration does not saturate, even at 1400 °C. It is likely
mn? sections, and Hall effect data were recorded at 25 °C inthat because of the much greater atomic weight¥fe,

all cases. Finally, some of the Si-implanted samples wereven higher annealing temperatures would be required to re-
examined by plan-view TEM, since Si remains the standardnove all its associated lattice damage, and that the activation
implant species for GaM-type doping, and it has a repre- characteristics are still being dominated by this defect re-
sentative mass number that allows comparison to damageoval process. Residual lattice damage from the implanta-

expected with S, Ca, and Mg. tion is electrically active in all lll-V semiconductors, pro-
ducing either high resistance behavigf3aAs or residual
Ill. RESULTS AND DISCUSSION n-type conductivity(InP, GaN. The only data available on

group VI doping in epitaxial material are from Se-doped
MOCVD material, where maximum electron concentrations
Figure 1 shows an Arrhenius plot of"Sactivation in  of 2x10**-6x10'° cm 2 were achieved>?? These are
GaN. The sheet carrier concentration measured at 25 °@lso below the values reported for Si doping, and suggests
shows an activation energy of 3.16 eV for the annealinghe group VI donors do not have any advantage over Si for
temperature range between 1000 and 1200 °C and basicaltyeation ofn-type layers in GaN. From limited temperature-
saturates thereafter. The maximum sheet electron densitdependent Hall data, we estimate the Te ionization level to
~7x10" cn?, corresponds to a peak volume density ofbe 50+20 meV.
~5x 10 cm™2. This is well below that achieved with Si The effects of post-implant annealing temperature on the
implantation and annealing10?° cm~%).17%°|n the latter  sheet carrier concentrations in Magnd C" implanted GaN
case, the carrier density showed an activation energy of 5.2re shown in Fig. 3. There are two important features of the
eV. The physical origin of this activation energy containsdata: first, we did not achievetype conductivity with car-
several components—basically it is the energy required tdon, and second only-1% of the Mg produces a hole at
move an implanted ion onto a substitutional lattice site and5 °C. Carbon has been predicted previously to have a strong
for it to show electrical activity. This latter requirement self-compensation effeé,and it has been found to produce
means that compensating defects must also be annealed opitype conductivity only in metalorganic molecular beam ep-
Even though implanted Siat the same dose showed evi- itaxy where its incorporation on a N-site is favorable.
dence of site switching and self compensation, it still pro-Based on an ionization level 6170 meV, the hole density

A. Dopant activation
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Fic. 3. Sheet carrier densities in Mgor C*-implanted GaN as a function
of annealing temperature.

in Mg-doped GaN would be calculated to bel0% 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 existimgtype carrier back-
ground in the material and perhaps to residual lattice damaggs. 5. (a) TEM plan view and(b) selected-area diffraction pattern from
which is also n-type in GaN, At the highest annealing tem-Si*-implanted GaN(5x 10*> cm™2, 150 ke\} after 1100 °C, 10 s anneal-
perature(1400 °Q, the hole density falls, which could be ing.

due to Mg coming out of the solution or to the creation of
further compensating defects in the GaN.

B. Redistribution

Some typical secondary ion mass spectroscpims)

"Be In GaN plots for Be.and. Mg as a function of .annealing temperature
i 80 keV, 5x10" em? o 108 are shown in Fig. 4. For Be there is an apparent defect-
i 3 900 °C assisted diffusion that broadens the profile for 900 °C anneal-
1000 °C 3 ing, but at higher annealing temperatures there is no further
E :;gg Zg di0t @ motion of the Be. This is similar to the transient-enhanced
T GaN — ] 8 diffusion seen for implanted B in Si, where there is a rapid,
o~ 10 3 2 time-dependent motion of the implanted species until the im-
g * 102 3 plant damage is annealed. Once this occurs, there is no fur-
g 3 3 ) ther defect-assisted diffusion of the implanted species. We
% 10 E ;. find that this situation occurs for Be in GaN, but not for any
S 107 E ! * - of the other species, as is clear in the bottom part of Fig. 4
2 i "'Ga - _ 1 for Mg. At 1450 °C, effective diffusivities of<2x10 13
8 ) ] < cn? s ! were determined for S, Se, Te, Mg, and C, based on
< 1ok :"5% "'(‘e(\ila'gx 10 em?2 ” g. the absence of detectable motion and the spatial resolution of
As-implanted and 11 @ SIMS (~200 A under these conditions
F annealed at 1450 °C 3 K1)
107k ﬁ 1o C. Residual damage
L 3 Figure 5 shows a plan-view TEM and selected-area elec-
; h tron diffraction pattern from a Si-implanted sampl&50
e a— 0'5 et 1'0 EE—C keV, 5X 10" cm~?) after annealing at 1100 °C for 10 s.

This is a high dose implant of the type used for making
ohmic contact regions, and represents a worst-case scenario
Fic. 4. SIMS profiles of Bé- and Mg'-implanted into GaN as a function of 1N t€rms of damage rempval. The sample is still Smg'e Cry§t3|
annealing temperature. as determined by the diffraction pattern, but contains a high

Depth (pm)
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Fic. 6. (8) TEM plan view and(b) selected area diffraction pattern from
Si*-implanted GaN(5x 10" cm™2, 150 ke\} after 1400 °C, 10 s anneal-
ing.

density of extended defects-(10'° cm™2). This is consis-
tent with past reports of high backscattering yields in im-
planted GaN annealed at these conditibifS.We ascribe

these defects to the formation of dislocation loops in the

incompletely repaired lattice.

1229

Si*), annealing at 1100 °C is insufficient to remove the lat-
tice damage, while 1400 °C produces much lower defect
densities.
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