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In this study, we activated p-type GaN in a pure oxygen ambient by rapid thermal annealing. The sheet resistance of p-type GaN
was greatly reduced from 10’ /] to 7.06 x 10* /(] after annealing in oxygen ambient at 300 The photoluminescence

intensity of blue emission increased by one order of magnitude compared to the as-grown sample. Moreover, the sheet resistance
of p-type GaN annealed in pure oxygen ambient is lower than that of p-type GaN annealed in nitrogen ambient. The carrier
concentrations of the samples annealed in oxygen ambient are higher than those annealed in nitrogen ambient. The better
activation of p-type GaN in oxygen ambient is due to the higher activity of oxygen than that of nitrogen. Oxygen would remove
hydrogen that passivates Mg atoms by formingdHat a lower temperature.

KEYWORDS: p-type GaN, activation, rapid thermal annealing, oxygen ambient, nitrogen ambient, Hall measurement, photolu-
minescence, hydrogen

Group |l nitrides are highly promising for applica- GaN.
tions in blue and ultraviolet optoelectronic deviéesigh- Mg-doped GaN epitaxial layers were grown on a sapphire
temperature, high-power transistofsand solar-blind ultra- (0001) substrate by low-pressure MOCVD in an EMCORE
violet detectorg) because of the wide bandgap varying fronD180 reactor system. The growth was carried out at
1.9eV for InN to 6.3eV for AIN. The key progress in 100-300 Torr, and the temperatures ranged from 0G0
the development of GaN-based devices is the achievemd@60C. Trimethylgallium (TMGa), ammonia (N§ and bis-
of p-type doping material by using magnesium (Mg) as anyclopentadienylymagnesium (&jg) were used as Ga, N,
acceptor dopant in metalorganic chemical vapor depositiand Mg sources, respectively. The substrate was initially
(MOCVD).5>® However, as-grown Mg-doped GaN films haveheated to 108 in hydrogen ambient for 1 min and then
a high resistivity and do not have any p-type conduction. Aowered to 510C to grow the GaN buffer layer. Finally, the
post-treatment, either low-energy electron-beam irradiaticiemperature was elevated to 10€0in order to grow 2«m
(LEEBI)® or a N,-ambient thermal annealirfgis typically — unintentionally doped and 1,6m Mg-doped GaN films. Af-
required to activate the dopants. It has been suggested ttextgrowth, the films were semi-insulating with resistivities of
the hole compensation is largely due to hydrogen passivation10’ Q at 300 K.
of the Mg acceptor during MOCVD growtf. The GaN films were then annealed in a JEPFIRST RTA

Ho et al.®) and Koideet al.?) recently indicated that anneal- system under a pure;@r N, ambient. The annealing temper-
ing in a partial oxygen ambient improves ohmic contacts of pature ranged from 500 to 900, and the annealing time of all
type GaN. Hoet al. and Cheret al.1% found that NiO islands samples was 150 seconds. After annealing, each sample was
and/or the amorphous Ni-Ga—-O phase may lead to a lowharacterized by room-temperature (RT) Hall effect and RT
resistance ohmic contact to p-GaN. However, Ko@tlal. photoluminescence (PL) measurements. PL was measured at
provided different hypotheses on the reduction of contact reeom temperature with a 325 nm line of a He-Cd laser. After
sistance, suggesting that the oxygen content ambient mighlt measurement, Pd (20 nm) film was deposited on GaN film
remove the hydrogen atoms in the p-type GaN and cause i®¢ electron-beam evaporation for Hall measurements. Hall
activation of the Mg atoms, subsequently forming a high holmeasurements were taken by the van der Pauw method.
concentration in the surface of p-GaN. Hetlial.*Y) noted that
oxygen heavily influences the activation of p-type GaN. Ac-

cording to their results, the resistivity of p-GaN is low when s in pure N, ambient
10% G is added to the annealing ambient. Moreover, in- ok e inpure O. ambient
corporating oxygen into the activation ambient enhances thea ; ’
outdiffusion of H from the p-type GaN. 3

In this study, we have successfully activated p-type GaN 8 -
in a pure oxygen ambient by rapid thermal annealing (RTA). & o} /‘\_
This study also demonstrates that oxygen influences the ac-3 SN \:
tivation of p-type GaN. Hall measurements reveal that the % —— e \\-
sheet resistance of p-type GaN annealed in a pyr@nbient %
is lower than that of p-type GaN annealed in pugeaihbient. o'
Meanwhile, the hole concentration of the p-GaN annealed in — po o~ po po

pure Q is higher than that of the p-type GaN annealed in pure
N». Furthermore, the temperature required for activation in a
pure G ambient (556C) is lower than that in a Nambient Figt;. 1 Stheet‘resist_ances ofthlg p-typ%_Ga{\I being aTshafunctiolr_l of<t3‘mnea]1in(i;I
f f emperature In various annealing ampient gases. € annealing time or al
(85C°C). Our results further demonstrate that annealing in a
. . . T samples was 150 seconds.
pure Q ambient is a more efficient means of activating p-type

Annealing Temperature ('C)
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Figure 1 shows the sheet resistance of the p-type GaN as Wavelength (nm)

a.funCtlon of annealing temperature in vanous_anneallng arT]:_ig. 3. Typical PL spectra of p-type GaN annealed in a pure@bient.
bient gases. In pure Nambient thermal annealing, the sheet

resistance exceedsx110° /0 at 500C. This value resem-
bles that of the as-grown sample. Notably increasing the an-

nealing temperature to 550 reduces the sheet resistance by '+ — - in pure gz amgient
over one order of magnitude (from1B x 1¢° /] at 500C - in pure O, ambient
t0 6.94 x 10* Q/0J at 550C). At temperatures- 600°C, the e

L

nits.)

sheet resistance decreases with an increase of the annealing %®|
. . o)
temperature. In contrast, the sheet resistance is of almost th& o2 - .

same order in a pureambient at an annealing temperature 2 o[ /'\./\
0.15 -—
0.10 |-
0.05 |-
|}
1

ranging between 50C and 850C. As the annealing tem-
perature reaches 900 in a pure @ ambient, the sheet resis-

PL Intensity

tance of p-GaN becomes too high for detection. Moreover, — /,/
the sheet resistances of the samples annealed smient °
are lower than those of samples annealed4raibient from A — w0 w0 w0 s

a low temperature (50C) to a high one (85(). Annealing Temperature (°C)
Elgure 2 ”IUStrate.S th.e hole Concen.tratlons .agamSt the a(?t:j_P. 4. PLintensity of blue and deep-level (DL) emissions for p-type GaN
vation temperature in different annealing ambient gases. Wit ; function of annealing temperature indhd G ambient.
the annealing temperature increasing from 500 t®@0the
hole concentration increases fronx40'°to 1.8 x 10" cm3
in a pure N ambient. The @annealed samples display the
same trend in hole concentration as thg-dwnealed ones
ranging from 500 to 65@. However, the hole concentration D
becomes saturated at annealing temperatures ranging betw,
50 and 800C. At temperatures exceeding 8@ the hole : : . : :
6 . . . ) the PL intensity decreases with an increase of the annealing
concentration decreases when increasing the annealing ten)- perature in @ambient. However, the PL intensity is ex-
peratur.e for the @annealing ambi_ent. Notably, the hole Corl'tremely weak for 5080C annealing in I;jambient. This inten-
centration of samples annealed in ﬁl 550C s nequy the sity resembles that of the as-grown sample. Namely, the sam-
same as that of samples annealed al850C. This find-

ST - ) >~ ple annealed at 50C in N, ambient is not completely acti-
ing implies that the activation of p-type GaN ir @mbient is vated. For the temperature exceeding¥5ahe PL intensity
more efficient than that in Nambient at a low temperature.

: : is raised by one order of magnitude. This finding suggests
RT PL spectra reveal that the annealing ambient affects t y g g sugg

tical Ny f oot GaN. Fi 3 displ . at annealing in B ambient should increase the annealing
gmea ptroper :(etio pt- ypeG Z ' |gu|red. ISP agb‘% yflcq mperature. Furthermore, the trend of PL intensity depends

spectrum of the p-type aly annealed in pupaIbIEnt. —,, \hether the annealing temperature inainbient closely
Comparing the PL intensity of the as-grown sample with th

fh | led at 5@ Is that ling inO a(,Iorresponds to the tendency of sheet resistance.
orthe sample anhealed a reveals that annealing inz It has been reported that forming Mg—H neutral complexes

ambient enhances the optical properties of these p-type Ga{%fuses hole compensation, as well as DL and weak blue emis-
Moreover, the PL intensity decreases with the annealing terglr . :

. ons in PL? In this study, the as-grown sample and that an-
perature from 500 to 80C but becomes slightly saturated Y g P

. . _nhealed in N ambient at 500C both have an extremely high
from 800 tp 900C. This deprease_ suggests that mcr.easml%sistivity in electrical characterization and very weak blue
the annealing temperature in, @mbient could lead to slight

. . ; . emission in terms of optical properties. This finding suggests
degradation with the generation of optical defects. Thereforﬁ1at Mg—H neutral complexes degrade the electrical and op-

activating p-type GaN in ©ambient at a low temperature is tical properties in the as-grown sample. After the activation

preferable.

Figure 4 shows the PL intensity of blue and deep-level

L) emission® for p-type GaN as a function of annealing
perature in Bl and Q ambient. As mentioned above,
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in O, ambient above 50C or in N, ambient above 55€, than that of nitrogen. Oxygen would remove hydrogen that
the sheet resistance drops to the order Gf¢t@m. The PL passivated Mg atoms by forming,B at a low temperature,
intensity of blue emission also increases one order magnitutft!s explaining why the annealing temperature jre@bient
higher than that of the as-grown sample. This improvemetfi lower than that in ilambient.

in electrical and optical properties suggests that p-type GaN In summary, this study activated p-type GaN in a puge O

can be activated at a suitable temperature in eitheorON, ambient. For the @ambient annealed samples, the sheet re-
ambient. sistances are lower than those of samples annealeg amN

Koide et al.? have indicated that adding,@o N, gas re- bient from 500 to 858C. For the carrier concentrations, sam-

duces the specific contact resistance and sheet resistanc®lgs annealed in Sambient have higher carrier concentra-
the p-type GaN films after annealing at the 500 to6D0Ac-  tions than those in Nambient. The reason for the activation
cording to their results, the yas removes hydrogen atoms,of p-type GaN in @ ambient is that the activity of oxygen is
which bond with Mg atoms and subsequently generates higtigher than that of nitrogen. Furthermore, oxygen would re-
hole concentrations near the p-type GaN surface. Furthérove hydrogen that passivates Mg atoms by formin@t
more, Hull et al.!) recently reported that SIMS data sug-& low temperature.
gested that the presence of oxygen in the activation processthe authors would like to thank the National Science
enhances the removal of H, which passivates the Mg atonfgsouncil of the Republic of China for financially supporting
Our results present a similar tendency. According to Fig. this research under Contract No. NSC 89-2112-M-009-057.
the sheet resistances of the samples annealingianibi- Mr. J. C. Tsaiis appreciated for taking the Hall measurements.
ent are lower than those of the samples annealediarh+
bient from 500 to 858C. In addition, the carrier concentra-
tion, samples annealed in,@mbient are higher than those |\S/| {\'akf]‘T“rg' KM' ienor(‘j' YS'SN"’.‘ga':a_”Ba' '\f] Z’aﬁab T Yf‘grgzda' T
annealed in M ambient. At a higher annealing temperature, ,_7a4.SUS @, H. Kiyoku and Y. Sugimoto: Jpn. J. Appl. PIg(1996)
compressive strain is introduced into the GaN lay&Jhis 2) Z.Fan,S.N.Mohammad, O. Aktas, A. E. Botchkarev, A. Salvador and
strain might affect the electrical characterization of p-type H-Morkoc: Appl. Phys. Lett69 (1996) 1229.
GaN. Itis worth noticing the electrical characterization of the * (A?' Clhgﬂ’ QA'L';‘&EQ?%;SN%;XMQ’ C.J. Sun, M. S. Shur and H. Park:
samples annealed at a low temperature. For conventional pra, oy Xu,}/A.. Salvador, W. Kim, Z. Fan, C. Lu, H. Tang, H. Morkoc, G.
cesses to activate p-type GaN, annealing for more than 30 min  Smith and M. Estes: Appl. Phys. Leftl (1997) 2154.
(in a furnace) above 75C in N, ambient is required. How- 5) H. Amano, M. Kito, K. Hiramatsu and |. Akasaki: Jpn. J. Appl. Phys.
ever, by us?ng @ambient instead of Nambient, p‘t¥pe GaN . 6) 28 Sfl?as%trza{]:rz..Mukai, M. Senoh and N. lwasa: Jpn. J. Appl. Fys.
can be activated at a lower temperature and a higher carrier’ (1992) L139.
concentration can be obtained. Moreover, the optical prop-7) S.Nakamura, N. lwasa, M. Senoh and T. Mukai: Jpn. J. Appl. Fys.
erty degrades slightly with increasing annealing temperatureB) 81?}?2})4(1)2(5:’8_-3 Jong, C. C. Chit, C.-N. Huang, K. K. Shih, L. C. Chen
in O ambient. The reason why this degradation occurs re-" - 2" cponand 3.9, Kai: 3, Appl’_ Phy}é(1999)’44.91.. B ’
mains unclear. Further studies are required in order to clarifyg) Y. Koide, T. Maeda, T. Kawakami, S. Fuijita, T. Uemura, N. Shibata and
this optical degradation. M. Murakami: J. Electron. Mate_ﬁB (1999) 341.

On the basis of the above results, we can ifer thata mech?) £, ¢ Ehen, . Cren ) et b Crarg ) o 2 o .
anism is responsible for activating p-type GaN. As the an- 3556
nealing temperature exceeds a certain temperature, hydrogern B. A. Hull, S. E. Mohney, H. S. Venugopalan and J. C. Ramer: Appl.
atoms that passivate Mg begin to be removed in eitheolO Phys. Lett.76 (2000) 2271. _ .
N, ambient. As the annealing temperature increases, moré) g M. HZVET’F':’# Kulk_’a”'??'lggg' 'é;g"’;”'so”' D. Korakakis and C. T.
hydrogen is removed and the sheet resistance of the p-type oxon: Appl. Phys. Lettrs (1999) '

GaN is reduced. However, the activity of oxygen is higher



