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Defects in GaN grown using metalorganic chemical vapor deposition were studied through the use
of monoenergetic positron beams. For Mg-doped GaN, no large change in the diffusion length of
positrons was observed before and after activation of Mg. This was attributed to the scattering of
positrons by potentials caused by electric dipoles of Mg—hydrogen pairs. For Si-doped GaN, the
line-shape parametes increased as carrier density increased, suggesting an introduction of Ga
vacancy due to the Fermi level effect. Based on these results, we discuss the effects of the growth
polar direction of GaN on optical properties in this article. Although the optical properties of a GaN
film grown toward the Ga face direction exhibited excitonic features, a film grown toward the N face
(—c) direction exhibited broadened photoluminescence and transmittance spectra, and a Stokes
shift of about 20 meV was observed. This difference was attributed to extended band-tail states
introduced by high concentrations of donors and acceptor-type defectsci@aN. © 2001
American Institute of Physics[DOI: 10.1063/1.1372163

I. INTRODUCTION Saarinen and co-workéfs!* systematically studied native
point defects in GaN films and in bulk crystal GaN. The

Gallium nitride (GaN and related alloys are the leading a4 cterization of GaN films grown on GaAs substrates and
materials for the fabrication of optoelectronic devices such a%e formation mechanism of ohmic contacts of Pd on GaN
light emitting diodes and laser diodéssaN films, for ex-

ample, are usually fabricated @rplane sapphire substrates
using metalorganic chemical vapor depositidOCVD) or

have also been successfully studied with the use of a mo-
noenergetic positron beat!® These studies have shown

molecular beam epitaxfMBE).2~° Since GaN has a wurtzite that monoenergetic positrons can be a useful probe for study-
structure having polarity along theaxis, two different sur- N9 vacancy-type defects in GaN. In the present work, mo-
face structures exhibit the polarity of GaN; these are referrefl0€nergetic positron beams were used to study the annihila-

to as(0001) Ga face and (O(ﬁ]N face. The polar surfaces t?on characteri_stics of positrons in very high-quality GaN
of GaN have distinct effects on the growth processes an§lMs grown using two-flow MOCVd From the results ob-
crystal quality of GaN layers:® Although film polarity is tained, we charactenzgd pomt defects in GaN layers grown
one of the key parameters for the growth process of GaN, nglong different polar directions.
clear correlation between defect-introduction mechanisms When a positron is implanted into condensed matter, it
and film polarity has yet been established. The positron anannihilates with an electron mainly into two 511 key
nihilation technique is an established means of studying dequanta:’ The motion of the positron—electron pair causes a
fects in semiconductord. The implantation profile of mo- Doppler shift in the energy of the annihilation radiation. In a
noenergetic positrons can be adjusted to a specific region ofaterial containing defects, a freely diffusing positron may
interest in the specimen by accelerating the positrons to be localized in a vacancy-type defect because of the Cou-
desired energy* In general, the incident energy of monoen- lomb repulsion from ion cores. Since the momentum distri-
ergetic positrons may vary from a few eV to 30—50 keV, andpution of electrons in such defects is different from that in
sampling can thus range from the surface of the specimen ie bulk, one can detect vacancy-type defects by measuring
a depth on the order of a fewm. Using this technique, the poppler broadening spectra of the annihilation radiation.
The change in the Doppler broadening spectrum is charac-
aElectronic mail: uedono@ims.tsukuba.ac.jp terized by theS parameter or th&V parametet®*! Sandw
Y0n leave from Dgpartme_nt of Physics, Wuhan University, Wuhan 430072mainly characterize the fraction of the annihilation of
People’s Republic of China. . . . . .
positron—electron pairs with a low-momentum distribution

9Present address: Department of Materials Engineering, University of Cali S ’ ) -
fornia, Santa Barbara, CA 93106. and that of the annihilation of pairs with a high-momentum
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TABLE |. Carrier concentratiom for the GaN films deposited on sapphire the Ga and N faces are referred to as having and —c
substrates by MOCVD. ; : : :
polarity, respectively. The polar directions of the samples
Sample n (cm 3 were determined by coaxial impact collision ion scattering
spectroscop§?! The surface morphology of-c GaN was

7
fg gzm %ny 18118 smooth, but that of- ¢ GaN was hexagonal facets. Using the
Undoped GaKLEO) semi.-insulating van (:ier Pauw method, we determined the s'ampl.e’s electron
Si-doped GaN1) 1.6x 108 density n; the results obtained are summarized in Table |.
Si-doped GaN2) 1.9x10' According to Sumiyaet al,?* the residual concentrations of
Si-doped GaN3) 2.2x10° carbon, oxygen, and Al in-cGaN are 1 or 2 orders of

magnitude higher than those ihc GaN. Thus, the differ-
ence between the values mffor +c¢ and —c GaN (Table |
is likely due to a difference in impurity concentration.
Doppler broadening spectra of the annihilation radiation
owere measured with a Ge detector as a function of the inci-
ent positron energg. Spectra with a total count number of
10° were measured for each value®and characterized
)y the S andW parameters; the central region of the spectra
was defined as 510.75keV, and the wing region of the
spectra was defined as from 513.4 to 511+ 6.7 keV. The
relationship between th& parameter and& was analyzed
using the computer prograwepPrIT developed by van Veen
Il EXPERIMENT et al?? Details of the application ofepFIT for the analysis of
the S—E relationship are described elsewh&é’ The one-
imensional diffusion model of positrons is expressetf by

distribution, respectively. The values 8fand W differ de-
pending on the specific type of defects; thealue, for ex-
ample, increases with increasing size of the open volume
defects. When positrons are trapped by vacancy-type defect
their lifetime increases because of a reduced electron densi
in such defects. Measurements of the lifetime spectra of po
itrons provide useful information for identifying vacancy-
type defects.

In our experiments, we used undoped, Si-doped, an
Mg-doped GaN/sapphire samples prepared by Nichi&
Chemical Industries Ltd. Undoped GaN crystal with reduced d?
dislocation density was grown by the lateral epitaxial over- ~ D+52n(2) ~ ke(2)n(2) +P(2,E) =0, 1)
growth (LEO) technique using the two-flow MOCVD
method. After the growth, the substrate and Sifiask pat- WhereD. is the diffusion coefficient of positronsi(z) is
terns were removed to obtain a free-standing GaN layer witfihe probability density of positrons at a distarctrom the
a thickness of about 7@m. The resistivity of this sample surfacexen(2) is the effective escape rate of positrons from
was extremely high, indicating a small amount of residualthe diffusion process, anl(z,E) is the implantation profile
impurities. Lattice constants were measured by the Bon@f positrons. The diffusion length of positrohg(z) is given
method and found to ba=0.31898-0.00002nm ancc Py L4(2)=VD./kex(2. In the present work, the region
=0.51855-0.00002nm. This shows that the sample issampled by positrons was divided into several blocks. Under
nearly free from residual strain. The optical properties ofthis condition,VEPFIT solves Eq(1). The observe®-E re-
GaN grown using the same technique we used in our experlationships were fitted to the relationship
ments have been reported elsewhéré® Mg- and Si-doped S(E)=S,F(E) + SSF.(E), o)
GaN layers 1-3um thick were also grown on sapphire sub- _ ) _ .
strates using the two-flow MOCVD technique. After the Mg Where F(E) is the fraction of positrons annihilated at the
deposition, isochronal annealing was performed in aratN ~ Surface, F(E) is that in theith block [Fy(E)+X%F;(E)
mosphere in the temperature range between 100 and 1000 °c1]. andS; andS; are theS parameters for the annihilation
for 20 min in order to activate M& the thickness of the of positrons at the surface and in thé block, respectively.
Mg-doped region was about Oin. The carrier densities of The effect of the annihilation of epithermal positrons on the
Si-doped GaN are summarized in Table I. For Si-dopeoG—E curves was also included in the fitting procedtire.
GaN, transmittance and photoluminescen®) spectra Lifetime spectra of positrons were measured with a
were measured at room temperature. PL was excited by tHellsed monoenergetic positron be&For each lifetime
325.0 nm line of a cw He—Cd lasét5 mW). A 300 W Xe spectrum, about X 1P counts were accumulated aEdvas
lamp was used as a probe light for transmittance measurdixed at 10 keV during the measurements. The observed
ments. The transmitted light and PL were dispersed by a 63Pectra were analyzed using the computer program
cm focal-length grating monochrometoMcPherson 201 RESOLUTION® with a time resolutior{full width at half maxi-
and detected by a GaAs:Cs photomultiplier. The system ha&um of about 290 ps.
an accuracy of 0.3 meV and resolution of 0.5 meV at a

wavelength of 350 nm. lll. RESULTS AND DISCUSSION

Next, we characterized unintentionally dopedui+ _— . )
thick GaN films. These films were deposited at 1040 °C us’\- Annihilation characteristics of positrons

ing an atmospheric-pressure MOCVD system constructed ifl' undoped, Mg-doped, and Si-doped GaN

Shizuoka University. A detailed explanation of the deposi-  Figure 1 shows thé& parameter as a function & for
tion conditions is reported elsewhét® Optimized+c and some GaN samples grown by MOCVD. The mean implan-
—c GaN layers were obtained under different V/IIl ratios; tation depth of positrons is given on the upper axis. This
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FIG. 1. Sparameter as a function of incident positron energy for undoped,FIG. 2. Annealing behaviors of the characteristic valueS obrresponding
Mg-doped, and Si-doped GaN fabricated by MOCVD. The solid curves ardo the annihilation of positrons in the first and second bld&sands,) and

the results of the fitting, and the derived parameters for Mg-doped GaN arthe position of the interface between those blocks ) for Mg-doped
shown in Fig. 2. GaN. The first and second blocks correspond to the Mg-doped and undoped
GaN regions, respectively.

section mainly discusses the annihilation characteristics of The S—E curves for Mg-doped GaN before and after
positrons in undoped, Mg-doped, and Si-doped GaN. Foannealing were fitted to E@2). In the fitting procedure, the
undoped GaNS$ approaches a constant value at high>10  region sampled by positrons was divided into three blocks;
keV), which indicates that in this energy range almost allthe third block corresponds to the sapphire substrate. Respec-
positrons annihilate in the bulk without diffusing back to the tive S, andL4 values of 0.41020.0001 and 46.Z0.4nm
surface. The increase B at low E (=0 keV) is due to the were obtained from th8—E curve for the sapphire substrate.
annihilation of positrons and positronium atoms at theFigure 2 shows annealing behaviors of the characteristic val-
surface?® For undoped GaN, th8—E curve was fitted to Eq.  ues ofS corresponding to the annihilation of positrons in the
(2); the distribution ofS was assumed to be homogeneous first and second block&S; and S,) and the position of the
The solid curve shown in Fig. 1 is the fitting result. The interface between those blocks {,). Since the width of the
diffusion length of positrond. 4 and the value ofS for the  first block just coincides with that of the Mg-doped region,
annihilation of positrons in the bull, were determined to the first and second blocks correspond to the Mg-doped and
be 512 nm and 0.440% 0.0001, respectively. The derived undoped GaN regions, respectively. In t8eE curves for
value of L, for undoped GaN is the longest ever reported.Mg-doped GaN before annealing and after annealing at
From measurements of time-resolved PL spectra for undopetD00 °C(Fig. 1), the sharp decrease $just below the sur-
GaN grown by LEO, the first and second decay of the signaface E<1 keV) is due to the effects of the epithermal pos-
were determined to be 130 and 860 ps, respectit/efhe itrons and/or the short diffusion length of positrons®The
second lifetime shows that the crystal quality of undopediormer, however, was not considered in the fitting procedure.
GaN is very high. Thus, the derived long diffusion length of The diffusion length of positrons in the first blotlg; for the
positrons in undoped GaN can be linked to the high qualitysample before and after annealing was almost constant
of the sample. However, the typical valuelgf in semicon-  (about 1 nny; the diffusion length of positrons in the second
ductors such as ${;2Ge?® and GaAgRef. 30, is 200-300  block L4, was assumed to be the same as that gf. Na-

nm, and that in metals such as®Ni?and Cu(Ref. 33 is  kamuraet al?° reported that Mg can be activated by thermal
150-200 nm. Since the value af; for undoped GaN is annealing above 700 °C. Thus, one can conclude that, before
shorter than the typical value &f; in defect-free materials, and after activation of Mg, almost all positrons are trapped
the diffusion of positrons in undoped GaN is likely to be by defects and cannot escape from the surface.

suppressed by the trapping or scattering of defects. As dis- In boron- or As-doped Si, for example, activated impu-
cussed below, the positrons in GaN are likely to be scatteredties suppress the diffusion of positrons because positrons
by electrically inactive or compensated impurities; this pro-are trapped or scattered by such charged impurities, or it also
cess does not affect the value ®fSince the value 0§, for  could be suppressed by the electric field in the subsurface
undoped GaN is the lowes$, value we obtained in our region®*3*In GaN, as mentioned above, the diffusion of
experiments, we consider it to be close to the characteristipositrons is likely to be suppressed by Mg before activation.
value of S for the annihilation of positrons from the free It has been suggested that hydrogen coming from MOCVD
state. precursors neutralizes Mg; the sites of hydrogen are in anti-
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+c, —c, and Si-doped GaNn=1.9x10"¥cm™3). The Stokes shift of
about 20 meV was observed ferc GaN. This was attributed to extended
Sparameter band-tail states introduced by high concentrations of donors and acceptor-

fects.
FIG. 3. TheS—W relationships for undoped, Mg-doped, and Si-doped GaN type defects

films deposited on sapphire substrates by MOCVD. The solid lines are in-
tended to serve as a guide to the eye. . . . . . L
point defects in GaN were obtained using first-principles
calculation®**° According to the calculation results, a Ga
vacancy (\&p is an acceptor-type defect, hence its forma-
bonding positiof™*° or in bond centeBC)*" location. In  tion energy decreases as the Fermi level increases. Accord-
Mg-doped GaN before activation, positrons might be scating to Saarinen and co-workel%;4 V¢, is the major point
tered by potentials caused by electric dipoles of Mg-H comefect that can be detected by positrons. Thus, the observed
plexes. Since the potential introduced by the dipoles inincrease inS for Si-doped GaN might be attributed to an
creases as the distance between Mg and hydrogen increasgfrease in \, concentration due to the Fermi level effect.
Mg—H complexes at the BC location are likely to suppress
the diffusion of positrons effectively. From Fig. 2, it can be
seen that no large change in the valueSpfwas observed
below 800 °C, and the value &in the undoped region;) Figure 4 shows transmittance and PL spectra far,
is larger than that 08, ; the S; value is the lowest one we —c, and Si-doped GaNn=1.9x 10'3cm™2). Details of op-
obtained except for that of undoped GANEO). Thus, in  tical absorption and PL spectra ferc and —c GaN are
Mg-doped GaN, the scattering of positrons by Mg—H com-reported elsewher®. The dominant characteristic of the PL
plexes is considered to suppress the trapping of positrons tgpectrum for+c GaN is the near-band-edge emission peak.
defects. After annealing at 1000 €igs. 1-3, the value of  Since the carrier density of-c GaN is smaller than that
S corresponding to the Mg-doped region increases, suggestequired for Coulomb screeniri§** the observed peak can
ing the trapping of positrons by vacancy-type defects. Nakabe attributed to free exciton emission. The spectra for the
mura and Fasdf reported that a decrease in intensity of blueSi-doped samplen=1.9x10'cm™3) are similar to those
emission starts above annealing at 500 °C, suggesting tHfer +c¢ GaN. The observed optical properties 6t GaN
dissociation of GaN. This phenomenon may thus be relatednd Si-doped GaN are typical ones for high-quality GaN.
to the introduction of vacancy-type defects observed in ouConversely,—c GaN exhibits a rather broad PL band and a
experiments. long tail in the transmittance spectrum. A Stokes shift of
For Si-doped GaN, th&-E curves were fitted to Eq. about 20 meV was observed ferc GaN, although Si-doped
(2); the distribution ofS was assumed to be homogeneous.GaN, which has similar electron density, did not show any
The value ofL 4 obtained for all Si-doped GaN samples was Stokes shift. Thus, an impurity-induced band tail is likely to
about 35 nm. This value is shorter than thg value for  be formed in—c GaN, which subsequently causes band gap
undoped GaNLEO), suggesting the trapping of positrons by narrowing**
defects. To increase the statistical accuracy of Doppler Figure 1 shows th&—E curves for+c and —c GaN;
broadening spectra corresponding to the annihilation of poshe curve shoulders &=5-10keV correspond to the anni-
itrons in Si-doped GaN, we integrated the spectra measurddlation of positrons in the GaN films. TH&-E curves were
atE=10-25keV into one spectrum, and the valueSahd fitted to Eq.(2), and the values of 4 obtained for+c and
W were calculated using this spectrum. Figure 3 shows the-c GaN were 231 and 4.8-0.2nm, respectively. The
relationship betweeSandW for Si-doped GaN; th&values  value of Sfor +c¢ GaN is larger than that of ¢ GaN. Thus,
for Si-doped GaN are larger than that for undoped GaNone can conclude that the size and/or the concentration of
(LEO). We used a limited number of Si-doped samples invacancy-type defects ir-c GaN are larger or higher than
our experiments, but the value Sfappears to increase as the those in+c¢ GaN. The lifetime spectra of positrons with
carrier density increases. The formation energies for native= 10 keV for +c¢ and —c GaN were decomposed into two

B. Vacancy-type defects in +c¢ and —c GaN
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TABLE IlI. The lifetimes of positrons and their intensities ferc and —c tion for the formation of the band tail observed in transmit-
Ge}N. The lifetime spectra qf posﬁrons with=10.0 keV were measured tance and PL spectra is a narrowing of the band gap due to
using the pulsed monoergetic positron beam, and decomposed into two com- tential fluctuati . ti ith . fi f
ponents;r; andl; are the lifetime of theth component and its intensity potential fluctuation in Conne_c lon with an mcorpora an 0
(i=1and 2;l,+1,=1). acceptor-type defects and inhomogeneous distribution of

fixed charges.

Sample 71 (P9 7, (P9 I (%)
+c GaN 189+-2 460+ 10 11*+1 IV. CONCLUSIONS
—c GaN 203+2 640+ 10 71

We used monoenergetic positron beams to study defects
in GaN films deposited on sapphire substrates by MOCVD.
. o ) Doppler broadening spectra of the annihilation radiation and
components. The obtained lifetimes of positrons and theififetime spectra of positrons were measured for undoped,
intensities are summarized in Table Il. Puskaal *® calcu- Mg-doped, and Si-doped GaN samples. Based on those mea-
lated the lifetimes of positrons trapped bysyand by a di-  gyrements, we characterized GaN films grown along differ-
vacancy to be 2_73_and 348 ps, respect_|vely. Later, from megspt polar directions. We derived dry value of 512 nm
surements of lifetime spectra of positrons for bulk GaN,fom measurements of tH&-E curve for a very high-quality
Saarinenet al!? determined that the lifetime of positrons GaN samplgundoped and free-standingrown using LEO.
trapped by \s,is 235 ps. Thus, in Table Il, the second com- s is the longest 4 value for GaN yet reported. However,
ponents for+c and —c GaN can be attributed to the anni- gince typical defect-free materials exhibit &g value of
hilation of positrons trapped by open spaces which are largegpout 150-200 nm, it is clear that positrons are scattered or
than divacancies. Figure 3 shows the valuesSoW for +¢ ranned by defects even in this high-quality sample. For Mg-
and —c GaN; these values were calculated from Dopplerdoped GaN, no large change in the valuesLgfwas ob-
broadening spectra &=7-13keV. Although the carrier served either before or after activation of Mg800 °O.
densities oft c and—c GaN are lower than or close to those Thjs was attributed to the scattering of positrons by poten-
for Si-doped GaN, the value d& is higher than that for 5|5 caused by electric dipoles of Mg—H pairs. For the three
Si-doped GaN. This suggests that vacancy-type defects i8j.qoped GaN samples we characterized in our experiments,
+c and —c GaN were not introduced by the Fermi level e yajue ofS increased as carrier density increased. The
effect, but the annihilation mode of positrons trapped by thegrmation energy of W, is known to decrease as the Fermi
open spaceghe second component in Tablg I$ likely to  |eyel increases, due to the Fermi level effect. Thus, the ob-

contribute to the increase @ (or the decrease iW). Since  ggrved increase S may be due to the introduction of
the lifetimes of the first component are longer than those Of/acancy-type defects such agV

positrons annihilated from the free state;{166ps), the  op the basis of the above results, we discussed the ef-
annihilation mode of positrons trapped by point defects igcts of the growth polar direction of GaN on optical prop-
likely to be incorporated into the first component. erties. Although+c GaN exhibited clear excitonic features

~In Fig. 3, the value of(S,W for +c GaN appears t0 i gptical properties—c GaN exhibited a broadened photo-
intersect an extrapolated line wh|ch.connects the values qf;minescence and transmittance spectra; a Stokes shift of
(S,W for undoped, Mg-doped, and Si-doped GaN. From theypoyt 20 meV was observed. The difference between optical
discussion in Sec. Il A, this line is associated with the anNiyroperties of+c and —c GaN was attributed to extended
hilation of positrons trapped by vacancy-type defects such agang-tail states introduced by high concentrations of donors
Vga For—c GaN, the value ofS,W is located at the upper anq acceptor-type defects inc GaN. Our results demon-
half of the figure, suggesting suppression of the decrease igate that the monoenergetic positron beam technique can be

the annihilation probability of positrons with electrons with a 5 seful tool for the study of vacancy-type defects in GaN
broadened momentum distribution. For Si, the characteristigps grown by MOCVD.

value of S for vacancy—oxygen complexes is known to be
smaller than that for “pure” vacancy-type defeéfs?The
decrease irS is due to the annihilation of positrons with
electrons having a broadened momentum distribution, and The authors would like to thank A. Setoguchi, M. Sug-
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