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Effect of growth polarity on vacancy defect and impurity incorporation
in dislocation-free GaN
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We have used positron annihilation, secondary ion mass spectrometry, and photoluminescence to
study the point defects in GaN grown by hydride vapor phase ep{tdE) on GaN bulk crystals.

The results show that N polar growth incorporates many more donor and acceptor type impurities
and also Ga vacancies. Vacancy clusters with a positron lifetyr& 70+ 50 ps were found near the

N polar surfaces of both the HVPE GaN layers and bulk crystal20@5 American Institute of
Physics [DOI: 10.1063/1.1854745

The properties of gallium nitridéGaN) depend strongly  photoluminescencéPL) to investigate HVPE GaN overlay-
on the crystal orientation along the potaaxis of the wurtz-  ers grown on facets of both Ga and N polarities of bulk HP
ite structure. Studies on thin heteroepitaxial GaN overlayer§&aN substrates. We show that the concentrations of Ga va-
grown on sapphire(Al,O3) by molecular beam epitaxy cancy related defects and impurities are significantly higher
(MBE)'? and metalorganic vapor phase epita®OVPE)®  in the N polar layer than in the Ga polar layer. In addition

have shown that the layer polarifza0001) or N(OOOT)] vacancy clusters are observed in the N polar layer. Similar
has a significant impact on the incorporation of oxygen.trends are observed near the N and Ga polar surfaces of HP

However, the heteroepitaxial layers have a high dislocatior‘ra’a'\l'h | by hvdrid h
density due to the substantial lattice mismatch between the . The Gakz\.‘ kayers were grown Dy Iy fide vapor phase
layer and the substrate, which has been shown to affect tHePit&Xy t0 thicknesses 30-160n. Four layers were grown

impurity incorporation, diffusion, and point defect formation onbthe Ga face a:cncri] one Iayelzr oln the N face of the HP GaN
in the materiaf* Homoepitaxial growth of overlayers mini- substrate. One of the Ga polar lay€8® um) was grown in

mizes the impurity levels in the growth environment, sincethe same run with the N polar layer. Apart from the thick-

only native materials are present. No buffer layers are needdfSS: the properties of the Ga polar layers were similar to

0 . . . .
to produce different growth polarities, since the layers can b@acr? othet! Tdhe |mp|ur|ty concentratllons obtained by S”VéS.
grown on different polarity surfaces of the substrate GaNN the Ga and N polar HVPE GaN layers are presented in

crystal. Thus, layers with both polarities can be grown simul-"2P'€ I _ . .
taﬁeously. y P ¢ The difference in the optical properties between the N

The high pressuréHP) method® can be used to grow and Ga polar HVPE GaN layers is seen in Fig. 1. The PL

dislocation-free bulk GaN single crystals. Thick overlayersSpecnu,m of the N polar layer is qualitatj\(ely very similar to
can be grown with hydride vapor phase epita\/PE) the typical spectrum of HP GaN, exhibiting a yellow lumi-

within reasonably short times. This provides an ideal systerh€SCeNC&YL) band. The Ga polar layer on the other hand
for investigating the effect of the growth polarity on the im- shows excellent optical quality: the spectrum is dominated

purity incorporation and point defect formation. In addition by exciton (X)_and dqnor-ac.ceptor. pa(rDAP) transition
to the low oxygen content of the substrate bulk Gaim- peaks and their satellites, with an intensity rafi/DAP)
pared to A)O,), the lack of dislocations minimizes the dif-

fusion of impurities from the substrate. Thus the propertieSTABLE 1. Defect concentrations in the GaN samples.

of the HVPE layers should be independent of the layer thick

ness, in contrast to heteroepitaxial HYPE GaN, where thé&efect HVPE GaN Bulk GaN

physical properties of the layers vary along thaxis due to ~ (€m®  Ga polar N polar Ga polar N polar

t_he disloc_ationg.The incprporation of impurities anq f(_)rma— o 4% 107 23 1019 4% 1018 8% 101%

tion of point defects during growth should then be limited by 4% 10 2% 1047 1% 101

the (polarity dependentsurface kinetics and thermodynam- (¢ 5 1016 2% 107

ics (independent of the polarity Vel <105 7% 107 2% 1017 7% 107
In this work we utilize positron annihilation spectros- ¢ <105 5% 1018 3x 108 3x10'8

copy (PAS), secondary ion mass spectromet8iMS), and Cy <10% 0.5—15x 1016 <10 0.5—15x 106

*Taken from Ref. 8.
dE|ectronic mail: filip.tuomisto@hut. fi PEstimated from Ref. 9.
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FIG. 1. Photoluminescence spectra of the Ga and N polar HVPE GaN
layers.

~10%. No YL is observed in the Ga polar layer.

Positron lifetime spectroscopywas performed on the
HVPE GaN layers and the HP GaN substrates. The fast pos-
itrons enter the GaN lattice to an average depth ofu80
The electron density in the vacancies is lower than in the
bulk lattice, and the trapping of positrons at these defects is
observed as an increase in the average positron lifetjfe

Average positron lifetime 1, (ps)

Tae = 160+ 1 ps

The vacancy defects can be identified by the lifetime com- 160 -*-*-*-*-*-%*-ﬂ*ii***#-

ponent they introduce to the exponential annihilation spec- Lo . 1 . . . 4

trum. 0 100 200 300 400 500 600
The positron lifetime measured in the HVPE layers Temperature (K)

grown on the Ga side of the substrate crystal is constant over
the whole temperature range and the same in all sampIeE',G- 2. Average positron Iifetime@) and the second and third lifetime
Tave= 160 ps(Fig. 2). The lifetime spectrum has only a single components extra_cteq from the lifetime spe_uttrh (c) measured in the GaN
L . P . samples. The solid lines represent the fits of the temperature dependent
component andy,, coincides with the lifetime of positrons 2n5ing model to the data.
in defect-free GaN,73=160 ps. Thus, in the Ga polar HVPE
layers, the concentration of vacancy-type defects is below
the sensitivity range of the methodx110'° cmi 3, mainly proceeds. The Ga-polar growth on the other hand

The average positron lifetime measured in the Ga side ofroceeds in the Ga polgP001) direction. Recent experi-
HP GaN is identical to that determined in earlier stufités ments performed on nonpolar HYPE GaN grownRplane
and similar in shape to those measured in the N polasapphiré® also support this model. The model provides an
samplegFig. 2(@)]. In these three samples,is longer than explanation also for the difference in the Ga vacancy and
78, Which indicates the presence of vacancy defects. A semxygen concentrations between the Ga and N polar homoepi-
ond (highep lifetime componentr,=235+10 ps[Fig. 2(b)] taxial HVPE GaN layers. The difference between the polari-
could be fitted to the experimental lifetime spectra measuregdes is larger than in the bulk GaN crystals. This can be
in the Ga and N sides of HP GaN and in the N polar HVPEexplained by the lower temperature and pressure at growth,
layer. This component can be attributed to the Ga vacancwhich reduce the oxygen diffusion, and by the presence of
which is in the nelgative charge state and most likely commore oxygen in the high-pressure growth.
plexed with oxyger?*®A third (highe lifetime component Interestingly, the Ga vacancy and O impurity concentra-
m3=470+50 ps[Fig. 2(c)] could be fitted to the lifetime tions ([Vg,]=7x 107 cm™3, [0]=2x 10 cm™3) are the
spectra measured in the two N polar samples. This compasame in the N polar HVPE layer and N polar side of the
nent can be attributed to vacancy clusters which involve asypstrate bulk GaN, although their growth temperatures were
least 20 vacancies. The decrease of the average positron lifgery different(around 1300 K in the HVPE and 1800 K in
time with decreasing temperature in the samples whgre  the HP growth. The isolated Ga vacancies become unstable
is longer thanrg is a clear indication of the presence of gt temperatures 500—600 R thus the Ga vacancies ob-
negative i_on defects trapping pOSit(OHS at |0W temperature tgerved in the HVPE and bulk GaN samples are likely com-
hydrogenic states where the positron lifetime is equal tlexed with oxygen. Considering the calculated formation
B _ _ _ energie$' of Vg, and Vg,—Oy (E,=1.3eV andEl,

The difference in the Ga vacancy concentrations be=1 .0 eV in n-type GaN as well as the available sites of
tween the Ga and N faces of HP GaN is significant. It cor{ormation (limited by the oxygen concentration for the lat-
relates with the observation of a fre(ga carrier and oxygen congey), the equilibrium concentrations of isolated Ga vacancies
centration gradient along the-axis.” As a compensating at the growth temperatures dominate by a factor of roughly
acceptor, the ¥, concintration generally follows the in- 100, in spite of the lower formation energy of the complex.
crease ofi-type doping:* The model in Ref. 9 proposes that Thys, the final concentration ofdd—Oy in the material is
the oxygen incorporation is much stronger during growth ingetermined by the ability of the isolated vacancies to diffuse

the nonpolar(1010) directions, in which the N polar growth and form pairs with the oxygen impurities. However, the
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Vsa—Oy complexes have been observed to be unstablstrated that the growth polarity has a crucial impact on the
above 1300 K? Thus the \k,—Oy concentrations are deter- formation of vacancies and vacancy clusters, which are more
mined by the equilibrium at about 1300 K during cooling abundant at the N polar side. The concentrations of oxygen
down, resulting iV g,] = 10— 10'8 cm3 in both materials. and of acceptor-type impurities are similarly correlated with
The concentrations of the Ga vacancies and negativehe polarity. The vacancy concentrations are similar in both
ions can be estimated by fitting a temperature dependeMVPE and high-pressure grown GaN in spite of the much
trapping modét'* to the lifetime data in Fig. 2. They are higher growth temperature of the latter. This suggests that the
shown in Table I. The negative ion concentration in the bulkstapility of the point defect complexes is an important factor

crystals (Table ) correlates with that of Mg, similarly as_determining which defects survive the cooling down from

earlier” The negative ion concentration in the N polar HVPE tpe growth temperature.

layer is significantly higher than the concentrations of Mg

and C, indicating that other negative ion type defects such asa._ . ptak, L. 3. Holbert, L. Ting, C. H. Schwartz, M. Moldovan, N. C.

antisites or interstitials are also present in the layer. Giles, T. H. Myers, P. Van Lierde, C. Tian, R. A. Hockett, S. Mitha, A. E.
The vacancy clusters, with positron lifetimerg Wickenden, D. D. Koleske, and R. L. Henry, Appl. Phys. Lét, 2740

=470+50 ps, have a constant positron trapping fractign (2002

2 . . .
M. Rummukainen, J. Oila, A. Laakso, K. Saarinen, A. J. Ptak, and T. H.
064+4+10 _ ’ ) y ’ )
2.5% +1% over the whole temperature range of the mea Myers, Appl. Phys. Lett84, 4887 (2004,
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