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Vacancy defects in O-doped GaN grown by molecular-beam epitaxy:
The role of growth polarity and stoichiometry

M. Rummukainen,? J. Oila, A. Laakso, and K. Saarinen
Laboratory of Physics, Helsinki University of Technology, P.O. Box 1100 FIN-02015 HUT, Finland

A. J. Ptak and T. H. Myers
Department of Physics, West Virginia University, Morgantown, West Virginia 26506

(Received 29 December 2003; accepted 19 April 2004; published online 25 May 2004

Positron annihilation spectroscopy is used to study vacancy defects in GaN grown by
molecular-beam epitaxy due to different polar directions and varying stoichiometry conditions
during oxygen doping. We show that Ga-polar material is free of compensating Ga vacancies up to
[0]=10"® cm 2 in Ga stable growth, but high concentrations \&, are formed in N-stable
conditions. We also show that vacancy clusters are formed in N-polar material grown in Ga stable
conditions, which may be related to the higher reactivity of the N-polar surface. These clusters have
no apparent influence on the electrical properties of the material. We thus infer that their charge state
is neutral. ©2004 American Institute of Physic§DOI: 10.1063/1.1762984

Properties of gallium nitride depend strongly on theVirginia University (WVU) by rf plasma-assisted MBE, as
crystal orientation and the polarity of the growth direction. described earliet! The N-polarity GaN was grown by
Growth in the Ga-polaK000]) direction generally leads to nucleating GaN buffer layers directly on sapphire in highly
smooth surface morphology and high quality material, whileGa-rich conditions. The Ga-polarity GaN was prepared by
N-polar (000} growth is much more difficult, though it may €pitaxy on(0001) GaN templates grown by metalorganic
be desirable since it is more easily etchéd’he stoichiom- ~ chemical vapor depositiofMOCVD) on A-plane sapphire at
etry of Ga and N overpressures during the growth is als¢he Naval Research Laboratory. The stoichiometry was var-
important’ Generally molecular-beam epitaxyMBE) of  ied by changing the beam-equivalent presS&EP) of Ga,
GaN takes place in Ga stable conditions, where the diffusiv@S Shown in Table I.
ity of Ga adatoms is high at the surfac®Approaching N The positron experiments were performed with a mo-
stable growth, however, the surface mobility of Ga adatom&l0energetic beam by measuring the Doppler broadening of
is reduced due to Ga—N boridsand surface reactivity is the 511 keV annihilation radiatichThe Doppler spectra

increased enhancing oxygen incorporation by orders of'°'® _analyzed_ with the_ <_:on_vent|o_nSI and W parameters,
magnitude®® describing positron annihilations with valence and core elec-

Experimental and theoretical studies demonstrate the in g?nzcgiscpeg;yeegs Vt\mae?e(tjhir;]jaglzscdtrgr?stljtéﬁgi alrgags‘:ge;n
fluence of growth polarity and stoichiometry on the impurity . v Y u iy

) e 7 . -7 increase inS and decrease i/ parameter§.
incorporation:™ The epitaxial N-polar GaN contains typi- o .
In the MBE layers, theéS parameter is high at low posi-
cally an order of magnitude more oxygen than Ga-polar lay-
tron implantation energies <5 keV, due to positron anni-
ers, and approaching N-stable conditions the oxygen incor,
oration is stronalv enhanced for both polarifeln Ga hllatlons on the sample surfa€Eig. 1). When the energy is
poration | gy T porantien e increased the annihilations take place inside the GaN layer,
polar samples, controlled oxygen doping without S|gn|f|cant
electrical compensation can be achieved up [i1O]
=10 cm~3, but at higher doping levels electrically com- TABLE I. The polarity, thickness, Ga-beam equivalent pressure, O-partial
pensating defects are formedhe effect of growth poIarity pressure, and dopant concentration in the studied MBE-grown layers.

and stoichiometry on the formation of point defects is much  pgjarity and ~ BEP(Ga) Po [0] n

less studied and thus less well understood than on the imputhickness(um) (106 Torr) (Torn) (cm™3) (cm™3)
rity incorporation. #1N 1 16 4.0x10 12 1.0x10'5
In this work we apply positron annihilation spectroscopy 4 N 1 0.96 5.0 1010 1.7% 1018
to study the formation of vacancy defects in GaN grown ing3 N 1 1.4 4101 3.0x10*° 6.0x10'
different polar orientations and under different stoichiometry#4 N 1 16 4.x 10:;L 3.0x10'° 6.6% 1012
conditions. We confirm that Ga-polar material is free of com-#5 N L 0.5 1.0<10 | 6-8x10%
6 Ga 1.8 0.49 1510 25x107  3.0x107
pensating Ga vacancies at moderate O-doping levels for G@, Ga 18 0.46 5810 8 9 0x 10
stable growth, but a high concentration\6§, is formed in 48 ga 1 0.48 58108 26x107t  4.0x10Y
N-stable conditions. We also show that vacancy clusters are Ga 1.36 0.49 201077 1.5x10%  7.4x10%
formed in N-polar GaN grown in Ga stable stoichiometry, #10 Ga  0.62 0.95 1&10:12 1.5><13112 1.4><1g3
but these clusters are likely to be electrically inactive. s gz é'g 3'33 igig,g E%; 1016 g'gi 1016
The O-doped GaN layerd@able |) were grown at West 41364 1 16 3810 1 ' 3.0¢ 107
#14Ga 1 0.73 28100 1.0x10'®  1.2x10%
#15Ga 1 1 2.610°8 3.0x10"  3.0x 10"

3E|ectronic mail: mru@fyslab.hut.fi
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FIG. 3. TheS-W plot of (S,W) values characterizing the MBE layers. The

FIG. 1. TheS parameter as a function of positron incident energy in the (SW) values corresponding to vacancy free GaB} W), Ga vacancy
studied N-polar GaN layers and in thetype GaN:Mg layer. The mean  (Svg,Wv,), and vacancy clusterSfys;, Weius) are also shown.
penetration depth is indicated by the top axis.

The annihilation parameters specific to the MBE layer can-
seen as a constant level in teparameter. AE>17 keV ot thus be estimated in these samples.
positrons reach the underlying A); substrate layer and the The number of different vacancy type defects can be
S parameter decreaseSy(,0,~0.43). Annihilation param-  stdied by plotting theS parameters as a function W pa-
eters in thep-type Mg-doped GaN reference layer corre- rameters(Fig. 3.2 The data points from N-polar samples
spond to vacancy-free GaN lattiédn the N-polar samples 1-4 are clearly separate from the Ga-polar samples 69 and
1-4 theS parameters characterizing the MBE layer are apthe N-polar sample 5, indicating the vacancy defects in these
proximately the same while in the N-polar sample 5 $i¢ two sample groups are different. Positron studies have pre-
parameter is clearly lower. However, tBeparameters in all  viously identified two types of vacancy defects: Ga
the N-polar layers are clearly higher than in a vacancy-freesacancies? with characteristic parameteS\,Ga/Sbwl.O%

GaN lattice,S,~0.463, indicating positron trapping to va- andeGa/WbNO-SO, and vacancy clusters with an open vol-

cancy type defects. ume of a divacanc iqqdh12 .
. . y or bigger,* characterized by

The S parameter curves in the Ga-polar sampieig. 2) S /S~110 andW..-/W.~0.75. In Fig. 3 th
show two kinds of behavior. A plateau characterizing the, o\’ Sp=1.10 andWes/W,=0.75. In Fig. e &W)

values from the Ga-polar samples 6—9 and the N-polar
MBE layer is clearly distinguishable only in samples 6-9. P P P

. 7 o sample 5 fall very close to the point characteristic of the Ga
The high layer specifi€ parameters~0.485, indicates trap- vacancy, suggesting a highs, concentration. On the other

ping to vacancy type defects. In _the other Ga-polar s_ample%and’ the slope of the line between tt&\W{) points of the
Nos. 10-15, thé& parameter continues to decrease without _polar samples 1—4 and the vacancy-free lattig, W)

clear plateau frp m the surface value tow&€0.465, which i jjeg very well with that characteristic to the vacancy
was recorded in the MOCVD GaN below the MBE layer. cluster. The positron trapping at the vacancy clusters is also
suggested by the very high parameterS/S,~1.08.
Mean implantation depth (jm) Interestingly, the Ga vacancies are detected in very high
0 0.09 026 0',50 0',79 L13 concentrations both in Ga-polar and the N-polar samples

I I b )
here the gallium BEP is low;-0.5x 10 © Torr. This means
0.50-°  Ga-polar MBE GaN | . w 9 ; . _
o a-polar GaN layers the growth approaches N-stable conditidridote that this
= s also significantly enhances oxygen incorporation. Brend
L 049 _o . i : i
5 -.5..-==...l. ‘ W v.alues do npt S|.gn.|f|cantly d.|ffer frorﬁ\,Ga anquea, ie.,
g ...- positron trapping is in saturation. Therefore, it is only pos-
£ 048 % 6o M "mm . sible to give a lower limit estimatéVg,]=5% 10 cm 3.8
f‘; ;10 °© oo a, It is likely that these vacancies are charged, forming the
047 ® T 6%, '_1 compensating defects that limit the carrier concentration ob-
o.. Mg—do.ped p-GaN ....:03 tainable from the oxygen. The charged nature is rgflected in
046 00500008, 00 the extremely low mobility<20 cn?/V's at 300 K, in the
' ! 1 ! L '] samples 5-9.
0 5 10 15 20 25 The presence of the higWg, concentration in the
Positron energy (keV) samples with lower gallium BEP is very reasonable. It agrees

with the previous results, where thg;, concentration was
FIG. 2. TheS parameter as a function of positron incident energy in two found to increase in undoped-ype) MOCVD GaN layers

Ga-polar GaN layers. Th& parameter characterizing the MBE layer is ,: ; ; _ 13 ;
distinguishable in sample 6, while in sample 10 annihilations in the MBEWIth the Increasing Viiil-molar I’atlé. Accordlng to Ref. 5,

layer are mixed with annihilations on the surface and the MOCVD-GaNthe incorporation of oxygen is si_gnifi_cantly increased both _in
substrate. Ga-polar and N-polar growth direction when the growth is
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N-stable. The observed higWg, concentration in the N lattice sites. In addition t&/,, Which always has a low
N-stable samples thus agrees with the theoretical calculdermation energy im-GaN**° perhaps N vacancies could
tions, predicting the formation of compensatidg, should form under Ga stable conditiofi.e., favorable stoichiom-
be enhanced in the stronghytype material**° etry) especially in N polar growth since this has a larger
The positron annihilation experiments in irradiated GaNnumber of N sites that can be left emp¥g, and V can
have shown that the isolatéf, are mobile and recover by form cluster by mobility of at least one of the species at the
migration already at 300 °¢® Thus the observed vacancies growth temperature, especially sint&;, and Vyy are at-
are most probably/g -donor-impurity pairs Yg.—Oy in this  tracted by their opposite charges.
cas@, which can survive the growth temperature. The pres-  In conclusion, we observe positron trapping at two kinds
ence of the Ga vacancies only in the samples with the higRf vacancy type defects in MBE-grown O-doped GaN; a Ga
oxygen contentN-stable growth manifests the essential role vacancy, or more likely th¥;—Oy complex, and a vacancy
of oxygen both in decreasing the formation energy of Gcluster. When the growth is done in Ga-stable conditions,
vacancies and enhancing their stabflity. leading to a low or moderate O-doping, vacancy clusters are
In Ga-polar layers grown in Ga-stable conditionsfo_r_med in N-polar GaN, wh!le Ga-polar layers show no sig-
(samples 10—15the annihilation parameter&ig. 2) show a nificant vacancy concentrations. T_he abs_ence of.vacancn?s in
smooth transition from the surface values toward those of1® low-doped Ga-polar samples is consistent with electrical
GaN lattice, indicating a positron diffusion length of about daté indicating negligible compensation. However, when the
100 nm. The long positron diffusion length and the absenc@roWth is N-stable, leading to a high oxygen doping, the Ga
of apparent signs of vacancies indicate that at the Magf] ~ Vacancy becomes the dominating defect in the both growth
is in the 13% cm 3 range. This is in good agreement with directions, suggesting that oxygen impurities have a crucial

the electrical properties which show very litle '0l€ in the formation of Ga vacancies.
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