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The growth and optical properties of large, high-quality AIN single crystals
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The effect of impurities and defects on the optical properties of AIN was investigated. High-quality
AIN single crystals of more than 20 ninsize were examined. Different crucible materials and
growth procedures were applied to the growth of bulk AIN by physical vapor transport method to
vary the defect and the impurity concentrations. The crystalline orientation was investigated by
Raman spectroscopy. Glow discharge mass spectrometry was used to determine the trace
concentration of the incorporated impurities such as oxygen and carbon. The photoluminescence
emission and absorption properties of the crystals revealed bands around 3.5 and 4.3 eV at room
temperature. Absorption edges ranging between 4.1 and 5.95 eV were observed. Since no straight
correlation of the oxygen concentration was obtained, a major contribution of oxygen or
oxygen-related impurities was ruled out to generate the observed emission and absorption bands in
the Ultraviolet spectral range. The carbon-related impurities and intrinsic defects might contribute
to the observed optical properties. The absorption coefficient for AIN single crystals has been
derived for the spectral range below the band edge2@®4 American Institute of Physics
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I. INTRODUCTION to find. This is particularly due to a general lack of an ap-
) ) o propriate growth procedure to achieve sufficiently large AIN
~ The unique properties of the group lll-nitrides, such asqingle crystals with reproducible high quality. The sublima-
wide direct band gap, high thermal conductivity, and hightjon yaporization, and melts have been used as a source
thermal stability have made GaN and AIN the most seriou§upp|y in the growth of bulk AIN crystal%‘.loPhysical vapor
candidates for the high-power and hig_h—freq_uengy eleCtroni?ransport(PV'D by powder sublimation™ has yielded the
and deep ultraviole(UV) optoelectronic deviceS” Never- most promising results. However, this technique requires

theless, the full potential of these devices has been limited bVery high process temperatures exceeding 2000 °C. A simi-
the challenge to produce high-quality group lll-nitride layers, , .64 has been proven to grow high-quality SiC, which
and crystals. The present insufficient quality is attributed to %as similar structure and growth parameters as AIN. In this

high density of crystal defects, mainly dislocations
(Elcﬁ_ 1010 gm'z) thatil)riginate from the subgtrate and from work, the PVT method was used to grow AIN bulk crystals
by sublimation of AIN powder in a nitrogen atmosphere at

the growth process due to thermal and lattice mismatch be- o
tween the substrate and overgrown group Ill-nitride thingrOWth temperatures of 1800-2400 °C and pressures of
films.>“ A significant reduction of dislocation density is man- 400-600 Torr. . . . .
datory to further improve the device performance. The use of Severa! analytical and experimental stuc_Jlles of t_he physi-
AIN bulk crystals as substrates in the group lll-nitride deviceCal propertle-s of AIN have bgen reportec_j n the literature.
fabrication process is expected to yield substantially reducegPectroscopic measurements.m the UV, V'_S'ble’ and IR range
dislocation densitiegbelow 1000 cr) by minimizing the have been published. Theoretical calculations and experi-

defects from the substrate and by reducing the lattice angiental absorbance studies in the UV range determined that
thermal mismatch.” Therefore, the growth of bulk AIN AIN has a direct band gap somewhere between 5.8 and
crystals is of primary importance for the development of 11I- 6-2 el\é_l[sat room temperature(RT)] and 6.28 eV (at
N-based devices with improved characteristics and extended| K)- ) ) o
lifetime. Additionally, AIN intrinsically has a high resistivity Oxygen is a commonly encountered impurity in the AIN
and is, therefore, a very suitable substrate for microwav&'ystals, and previous studies investigated its influence on
applications. the growth kinetic¥’ as well as the optical proeperties as char-
Reliable measurements of the properties of AIN are har@Cterized by the luminescence, absorpfiofi; and Raman
spectroscop§” The observed broad emission bands in the

3Author to whom correspondence should be addressed: Georgia State Unl‘iT_ngap range from 3.5 10 4.5 eV have been attributed to the

23,24 . -
versity, 29 Peachtree Center Avenue, Suite 408, Atlanta, GA 30303-30sdresence of Oxyg_e%?- The octahedral inclusions formeq
FAX: (904) 651-1427; electronic mail: mstrassburg@gsu.edu by oxygen atoms in AIN crystals have been observed at high
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oxygen concentrations above 2@m=3* An absorption

peak between 2.8 and 2.9 eV has been assigned to nitrogen

. . 3,27 P AN
vacancies acting as shallow doné#$>?'The emission and CRYSTAL
absorption bands around and below 2.5 eV have been attrib-
uted to the point defects such as nitrogen vacancies and Al VAPOR

atoms on interstitial site@.‘”Although near-band-gap lumi-
nescence features have been assigned to exciton recombina-
tion, either from the free excitons or from the excitons bound
to various shallow donors or acceptqesg., Ref. 23 an
allocation of near-band-edge states to certain impurities and
crystal defects has not been presented yet.

Optical investigations of wurtzite AIN in the IR range
have yielded average values for the dielectric constant angiG. 1. Growth of AIN bulk crystals: Sandwich-sublimation configuration.
the refractive index of about 4.77 and 2X&espectively.

Literature values of the refractive index range between 1.94- EXPERIMENT

and 2.55, whereas the high- and low-frequency dielectric A PVT process was used to grow bulk AIN crystals by
constants have been reported in the ranges eof sublimation of AIN powder in an ultrahigh purity nitrogen
=4.68-4.84, anct(=8.3-11.5, respectively. These results ambient. The growth was performed in two reaction systems,
have been obtained by the general Lyddane-Sachs-Teller ea- resistively heated and an inductively heated reactor
pression, which accounts for the contribution of phonons taonfiguration>*? In the typical sandwich-sublimation con-
the optoelectronic properties of the materf&iFhe ab initio figuration employed in this work, the bulk crystal growth
calculations, as well as the experimental Raman data hawekes place in a reaction crucible, as shown in Fig. 1. The
yielded information on the density of states and the disperAIN powder sublimes from the bottom of the crucible, which

AIN
POWDER

sion of phonons in wurtzite AIN crysta 2*T0 and LO
modes have been observed at 667 tand at 905+12 ci,
respectively, using Raman spectroscdpy *°The E, mode
has been observed at 665 and 657 ¢fr°(in theT point of
the Brillouin zong. Due to the lack of high-quality single

is kept at a relatively higher temperature, forming gaseous
species of Al and M These species are then transported
through the vapor phase to the top of the crucible, where the
crystal grows by recrystallization at a relatively lower tem-

perature. The capped, cylindrical crucibles made of BN,

AIN crystals, the completex(k) phonon-dispersion relations TaC, and TaN with inner diameters of 1.0-1.25in. and
have not been determined by inelastic neutron-scattering.5 in.-long were used in the growth experiments. Different
techniques thus far. crucible materials and varying growth parameters yielded the
This paper discusses the influence of common impuritie®ulk AIN crystals with different concentrations of impurities.
in the bulk AIN crystals on the absorption, luminescence,These samples were used for analyzing the effects of impu-
and Raman-scattering properties. Varying levels of impuri+ities and of impurity-related defects in the bulk AIN crystals
ties and defects in the AIN crystals characterized in this worlon the physical properties of AIN. Table | summarizes the
resulted from different process conditions and the use of difgrowth conditions of the four samples, randomly chosen for
ferent reaction crucibles in the PVT process. The glow disthis study.
charge mass spectromet@DMS) was applied to determine Four samples labeled respectively as A, B, C, and D are
the concentrations of contaminants in the crystals. These amresented. These crystals had cross-sectional areas above
compared to the optical absorption and photoluminescenck0 mn? with an exception of sample G-1.5X 2 mn¥). The
properties, and the influence of oxygen and other impurity-concentrations of impurities in these crystals were measured
related defects to the absorption, band gap, and lattice vibrddy GDMS and the results for the four samples are summa-
tions is investigated. rized in Table II.

TABLE I. Summary of Physical vapor transpgRVT) growth conditions.

Sample A B C D

Reactor Resistively heated Resistively heated Inductively heated Inductively heated

Substrate Spontaneous nucleation MOCVD-coated Polycrystalline Polycrystalline
6H-SIC with AIN from self- AIN from Self-
~330 nm AIN seeded growth seeded growth

Crucible BN TaN TaC TaC

Source Almeta) +AIN AIN powder Sintered AIN powder Sintered AIN powder

Crystal T(°C) 1950/2076 1885/2036 2100 2100

Source T(°C) 2070/2200 2010/2158 2110 2110

PressuregTorr) 500/4006 600/606 500 500

T gradient(°C/mm) 3 2.5 1 1

Time (h) 2/13 16/17 16 50

®Samples A and B were grown using a two-stage growth process; temperatures were gradually ramped between the two stages.
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TABLE Il. GDMS analysis of the impurity content in AIN crystalppm wi.

Strassburg et al.

Sample A B C D
Element Concentratiofppm wt) Concentrationppm wt) Concentration(ppm wt) Concentration(ppm wt)
B 100 28 0.11 0.77
C <300 <160 <50 =30
O <500 <1200 <50 <400
Si 55 130 40 40
Mn <0.05 0.23 <0.05 <0.05
Fe <0.1 2.4 <0.25 0.35
Cr 1.1 0.3 <0.1 <0.1
W <1 <0.05 <1 <1
Ir <0.5 <0.05 <0.5 <0.5

IIl. OPTICAL INVESTIGATIONS ON ALN SINGLE
CRYSTALS: RESULTS AND DISCUSSION

tion of the effective bandedge and hence allows an assess-
ment of the optical quality of the crystals. In Fig. 2, the

: e transmission spectra of the AIN bulk samples are shown for
PhotoluminescencéL) and transmission spectrosco o :
L) P Py he UV and visible spectral range. According to the onset of

were performed to analyze the emission and absorption pro fo 1 o le B has the highest ootical lit
erties of AIN bulk crystals, whereas Raman spectroscop € transmission, sample as the nighest optical quarty,
was employed to investigate the lattice dynamics and th ndicating the smallest amount (_)f s_hallow impurities and de-
structural crystal quality. Transmission spectra of the crystal ects. The onset of the transmission for sample B starts at

were recorded between 6.46 eV anrd0 meV (192 nm and tﬁg e::](~210 th vzh?regslthejgscset of the tzrggspare:cy n
500 um), allowing an investigation of the band-edge transi- e other crystals starts below 4.96 ébove nm, #A

tion in the UV range, the impurity transition bands in the ;)r even morethredihllf(tjedf "t"; 4.13 e(v~t_300 nm, I#O' Thed t
visible range and in the near infrar@dIR) range, as well as ransparency threshold ot the respective samples was deter-

the phonon bands and the Reststrahlen b@atio xm) in mined from the transmission behavior, and the values are
the far infrared (FIR) range. Different light sources summarized in Table Ill. Between 4.13 and 2.5 @00 and

(deuterium-, XBO-, halogen, and filament lampeere ap- 500 nm), the transmission increases in all the samples and

plied for the respective spectral ranges. The transmitted “ghrtemams nearly constant at a maximum value unt

was detected by a photomultipliggHamamatsu R955 ;220 me}\irg~t5 Mm),.nqt shpwnlhﬁrel. TTE stl)gnglcant re-b
InGaAs-, InSb-, HgTe-MCT, and a tryglycine sulfate detec- uction of the fransmission signais below th€ bandgap can be

tor, respectively. Several optical edge filters and beam split§ISS|gned tq the glgctronlc sFates |ntro§Juced by the patlve de-

ters were applied to suppress the excitation of Iuminescencfgc'[S and impurities, as discussed in more detail subse-

via the ban-edge or states in the band-gap having highequemly'

energies. A more detailed description of the experimental Wavelength (nm)

setup applied for the FIR investigations is presented 230

elsewheré?® AIN - Single Crystal
Raman experiments were performed in a backscattering T=293K

geometry with a triple-grating spectrometer and cooled

charge-coupled device detector. The 632.8 nm line of

He—Ne laser was used for excitation. The line positions were

determined with an accuracy better than 1"tnThe PL of

the samples was excited by the fourth harmonic of a

0.8—:' !

e
o

Transmission
I~}
F-Y

[=]
N
Im

Ti:sapphire lasefA=210 nn). The emitted light was de- 0.0 Sremprrrrprrrprrr TR
tected by a photomultipliefHamamatsu R95%ttached to a 1.52.02.53.03.54.0455.055 6.0
Energy (eV)

0.25 m monochromator. The spectral resolution of the sys-

tem was better than 1 nm. L . . FIG. 2. Transmission behavior of AIN bulk single crystals in the visible and
The near-band-edge transmission facilitates a determinasy spectral range.

TABLE lll. Specific properties of the AIN single-crystal samples. The energy of the transparency edge was determined from the slope in bandhi&iling of t
transmission spectra.

Sample A B C D

Single crystalline areémn?) 30 25 3 12

Color transparent transparent light brown light brown
Thickness(um) 530 140 670 920
Absorption edge at REV) 47 5.95 4.1 47
Orientation (000D axis in plane (000D axis perpendicular to the plane random 12° off (he2) plane
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3 . . - .,
10" T2 -singie Crystal T literature-reported absorption coefficients of1C° cm™,
] U i Refs. 18, 46, and 47 confirmed the viability of the PVT pro-
A #C cess for the growth of AIN bulk crystals with a better UV
g 10 3 transparency as compared to the thin metal-organic
5 chemical-vapor deposition layers. The limited validity of the
"§. 10" - i Sellmeier equations, especially in the range of free and
§ : bound excitons, may have introduced an additional error re-
< sulting in an underestimation of the absorption
10° = coefficients?®*®4°|n addition, emission and scattering pro-
3 cesses at the crystal surface may also introduce inaccuracy in
0.01 01 1 10 estimation of the absorption coefficients. We note that in
' Energy (eV) more recent publication, theoretical values smaller than
10* cmt have been reported as well.
FIG. 3. Absorption coefficient as a function of energy for the AIN bulk In the visible and UV range, absorption bands were ob-
samples A, B, and C. The inset depicts the UV and visible spectral range on ' . . .
a linear energy scale. served at 2.3/2.5, 3.0 and 5.1 eV. The first band is assigned

to a resonant absorption in deep defects, being responsible
for the “yellow luminescende(YL). The latter is associated

The spectral absorption coefficient has been computeth literature with oxygen- and vacancies-related defétts.
from the transmission data below the bandgap using literathese bands will be discussed in more detail subsequently,
ture data for the dispersion of the refractive ind&Correc-  with the analysis of the midgap luminescence of AIN.
tions for the reflection loss at the interfacesr/AIN and Small values for the absorption coefficierfts5 cni?)
AIN/air) were included. In addition, the Sellmeier equa‘ff‘on were estimated in the near- and mid-IR Spectral range. At
was applied to derive the refractive index of AIN as a func-these photon energig€s<1.6 e\), all the crystals are almost
tion of wavelength in the region close to the bandgap. Theompletely transparent, confirming an insignificant contami-
applied fitting parameterg@including the dispersion of the nation of the samples with transition metals and rare-earth
refractive indeXx were taken from the data reported by Brun- elements.
ner et al’® Hence, the absorption coefficients were deter- A pronounced increase in the absorption coefficients was
mined for the spectral range from the U¥ear band edge  detected below 300 metabove 5.m), indicating the onset
through the far infrared region. We note that the accuracy opf a resonant absorption of light by phondfis®® While
the refractive index is limited in the UV and in the IR proad absorption bands dominated the spectra of most of the
(>3 um) spectral range due to the applied fitting parametersamples, spectrally well-defined absorption peaks were re-
in the Sellmeier equation. The deviation is by far stronger insolved for the sample B. These peaks were assigned to the
the UV spectral range because the refractive index increasegsonant single and multiphonon absorption proce%‘ses.
near the band edge, while it remains nearly constant in the High absolute values of the estimated absorption coeffi-
IR. Laws et al*® have shown that for the AlGaN material cients at low energies may be assigned to the modulation of
system, the deviation of the refractive index in the UV spec+the refractive index according to the Reststrahlen B4,
tral range crucially depends on the determination procedur@hich was not taken into account in this study. Thus, no
of the fitting parameters for the Sellmeier equation. Morequantitative value of the absorption coefficient is given for
over, near the band edge, the excitonic oscillations anthis spectral range. More attention is drawn to the far IR
defect-induced electronic transitions are known to signifi-absorption bands of AIN single crystals by analyzing the
cantly modulate the refractive index. optical and acoustic phonons revealed in sample B.

In Fig. 3, the respective absorption coefficients as a Raman spectroscopy was applied to assess the structural
function of energy(wavelength are shown for the AIN bulk quality and orientation of the AIN crystals by analyzing the
samples. While the absorption coefficient decreases continghonon frequencies. Figure 4 shows the Raman spectra of
ously in the visible and NIR spectral range, a minimumcrystals A and C. The Flow) mode at 246 crit (31 meV),

(<5 cmil) is observed between 300 meV and 1.8 eV. Belowthe A,(TO) mode at 609 cit (76 me\), the E(high) mode
300 meV, a steep increase in the absorption coefficient iat 655 cm?® (81 meV) the FE(TO) mode at
observed reaching the values close to that near the bar@b8 cm(83 meV), and E(LO) mode at
edge. Different absorption peaks in the NIR range were ob911 cn! (113 me\j were revealed. The mode energies are
served only for sample B. These absorption structures haviea good agreement with the absorption bands in the FIR pub-
been assigned to the phonons in wurtzite AIN crystalslished for the unstrained AIR The pronounced shift of the
Meanwhile, the absorption spectra of the other samples dié;(TO) mode and the broadening of all the Raman modes in
not allow a clear definition of the absorption bands in thethe spectra of sample C were attributed to its undefined ori-
NIR range. entation. The single crystalline graisample G was sliced

The analyzed AIN bulk crystals exhibited an increasedfrom a cross section of a polycrystalline boule, grown by
absorption at energies approaching the band gap of AIN. latilizing the grain expansion in the direction of grov@ﬁq.
fact, the maximum values of the absorption coefficients, irHowever, a higher defect-induced charge-carrier concentra-
the order of several hundred chwere located near the band tion and the presence of strain due to constraints imposed by
edge. The negative deviation between these values and thige competition between the multiple grains cannot be ruled
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FIG. 4. Raman spectra of the AIN single-crystal samples A and C. Accord-
ing to the tested selection rules, either theg(TRO) mode or the ETO)
mode govern the spectra of #A, demonstrating the high-crystalline orienta-
tion of this sample. Superposition, shift, and broadening of the Raman
modes of sample C are caused by its less-crystalline orientation and quality.

#D

out. Moreover, the LO mode around 655 ¢nshows neither
A, nor E; symmetry and is therefore labeled as a quasi-LO
mode. Applying the selection rules, the structural quality was
evaluated. Thex(zzx geometry was chosen because in thisrFIG. 5. Photoluminescen®L) as a function of emission energy for all the
geometry, the ATO) mode and the ETO) mode are al- investigated AIN bulk samples.

lowed, whereas the Jthigh) mode is forbidden for sample

A. By contrast, inx(zy)x geometry, the ATO) mode is sUp-  gycitation energy was 5.9 el210 nm and hence, no infor-
pressed and the spectrum is governed by @@ mode.  mation about band-to-band transitions could be extracted.
The Raman spectra of sample(dee Fig. 3 confirm these  The |Juminescence above 5.6 gWelow 222 nm was not
predictions indicating the good structural quality &800)  eyaluated because of the superposition of scattered laser light
orientation of the crystal. The detected superposition ofng resonant near-band-edge emission.
A(TO), Ey(high), E4(TO), and E(LO) modes for the A broad luminescence band having energies well below
sample C indicated an inhomogeneous orientation of thighe band gap was observed in all the samples. An emission
crystal. This was also supported by x-ray diffractiotRD)  pand around 4.43 {280 nm) was resolved. It was found to
(using a two-dimensional detector system by Bruker AXS/govern the spectrum in sample C, which showed a reduced
GADDS), which confirmed that the top surface of sample Coptical transmission in the UV and in the visible spectral
formed an angle of-12° relative to the(11-20 crystallo-  range. In sample D, two emission peaks of nearly the same
graphic plane of wurtzite AINsee also Table I}l However, intensity were detected at 4.43 é980 nm and at
contrary to the Raman spectra XRD analysis showed thg.44 eV (360 nm. The PL maximum of the other AIN
single-crystalline nature of the sample, with full width at half samples was found to be more redshifted. The spectra of #A
maximum of less than 0.5° of11-20 rocking curve. This and #B were governed by the defect bands peaking at
indicated that the structural quality of randomly oriented3.55 eV (360 nn) and 3.44 eM3.49 nm. Further peaks
AIN crystals cannot be successfully evaluated by analyzingvere observed at 3.93 ef315 nm), 4.73 eV(262 nm, and
the optical and acoustic phonons off thepoint by Raman  4.88 eV(254 nm), being most pronounced in crystals #A
spectroscopy. A more accurate analysis would require deteand #D.
mination of the polarization vector and the single-crystal ori-  The emission peaks around 3.5 eV are attributed to the
entation relative to th¢0001) direction. oxygen-related impuritie€:?>°>*3Youngman and Harrf8

The PL spectroscopy was performed to provide an addifound that with an increasing oxygen concentration, the
tional assessment of the optical quality and better insight temission peak energy shifts to lower energies. Despite vary-
the influence of the crystal defects and native impurities oring oxygen concentrationdrom 50 ppm in sample C until
the optical properties of the bulk AIN crystals. The observed1200 ppm in sample B no significant change in the peak
absorption and emission bands facilitated the identificatioenergy of the investigated samples were detected. We note
of the possible active contaminants and defects in the cryghat the well-defined, clear absorption peak around
tals. A summary of the PL results for the analyzed samples ig.43 eM280 nm), which is in absorption, but not in the PL
shown in Fig. 5. Due to technical limitations, the maximum assigned to oxygen-related defects, was not detected in

AR SRR AR AR R AR
20 25 30 35 40 45 50 55
Energy (eV)
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sample B. However, a pronounced emission band aroungoint defects could be responsible for the observed emission
3.5 eV governed the PL spectrum of this sample. The combands at about 2.2 eV in AIN crystals. Further theoretical
parison of the obtained PL spectra with the elemental analyand experimental analysis is needed to rule out one of them
sis data(GDMS, see Table )lrules out that oxygen alone is and provide an unambiguous mechanism for these transi-
generating this emission band. The sample with the highegtons.

concentration of oxygen inherited the smallest absorption co-

efficients in the whole UV range, and the emission bandy, CONCLUSION

around 3.5 eV detected in all the samples is not correlated o o )

with the detected oxygen concentration. Hence, other impu- 1h€ origin of the emission and absorption bands of AIN

rities or defect centers need to be considered as possiblg the UV and visible spectral range was investigated by
culprits for these transitions. The GDMS analysis revealedi@man. PL emission, and absorption spectroscopy. Bulk AIN

that in addition to O, Si and C were present in the crystals a(t:rystals with different defect densities and impurity concen-

concentrations that may have a significant influence on thgations were grown by varying the growth equipment, the
luminescence properties of AIN. In carbon-doped AIN films, Process parameters, and the reaction crucibles in the PVT

C or C-related defect complexes may cause impurity state@ethc,’d' ) . . .
with respective transition energies around 4.4%\How- High crystalline quality, orientation, and the absence of

ever, in this study, no straight correlation was detected petrain in the bulk crystals were determined by Raman spec-

tween the C concentration and the dominance of this Pﬁroscopy. The analysmf of the PL_transm|SS|0n and absorpthn
peak. results, the PL emission behavior, and the GDMS analysis

An  addional peak was observed around shows that oxygen and oxygen-related defects in bulk AIN

2.95 eV(420 nm in all crystals. These broad emission crystals are not necessarily the dominant impurities. In par-

bands were found to consist of several overlapping Ioeakgcular, nitrogen vacancies, B, C, Si impurities were found in

between 3.55 e\349 nm) and 2.7 eV(458 nm) 2L It is concentrations that may significantly influence the optical

speculied here hat hese s coud be assigned to FEPETI®SoF A1, e Plesence o toger vanocs was
nitrogen vacancies or interstitial AB.55 and 3.33 e) The y P '

: . . However, a straight correlation of the observed emission and
peak around 2.8 eV is typically only observed in samples . : o

. . absorption bands to any of the mentioned elements is miss-
with low oxygen content and disappears once the oxyger

exceeds & 10°° cmi 3. It is interesting to note that using a Ing, suggesting the presence of more complex defect struc
S . . .~ _tures in this material system.
defect equilibrium formulation, an expression can be derive . . — .
showing that the concentration of oxygen is inversely related Despite the pronounced midgap emission, absorption
9 . . Y9 y edges between 5.95 and 4.1 ¢t RT) have been identified
to the concentration of nitrogen vacanciésBased on the

) : for bulk AIN. The absorption coefficients of the AIN single
growth _procedure(_S|C-seedeq technigyethe presence of crystals were determined for the spectral range from 6.2 eV
vacancies and native defects in crystals #A and #B should b, 10 meV
somewhat higher than in #C and #Belf-seeded growth and ’

AIN-seeded techniqugsHowever, this could not be resolved
unambiguously by the present study.
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