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EELS investigation of the electron conduction-band states in wurtzite AlN
and oxygen-doped AlN„O…

V. Serin
Centre d’Elaboration de Mate´riaux et Etudes Structurales, Centre National de la Recherche Scientifique,
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The electronic structures of pure and oxygen-doped AlN thin foils, grown by the chemical-vapor-deposition
technique, have been thoroughly investigated using electron energy-loss measurements in a transmission elec-
tron microscope. This technique offers the advantage of providing spectral data with a typical sub-1-eV energy
resolution from well-characterized areas. The interpretation of the experimentally determined electron energy-
loss near edge requires the detailed comparison with theoretical calculations of unoccupied densities of states
using self-consistent methods or from non-self-consistent multiple scattering calculations.
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I. INTRODUCTION

The electronic structure of aluminum nitride~AlN ! and
that of its oxygen-doped derivatives@AlN ~O!# are of great
interest for several reasons, encompassing both fundam
as well as applied considerations. AlN is a ceramic with
bonding character that is more covalent than that found
the aluminum oxides and it possesses a large band gap o
order of 6.2 eV.1 It exhibits excellent properties in terms o
electrical resistivity, thermal conductivity, and mechanic
strength, which make it particularly well suited to a wid
range of engineering applications.2–4 First, it is a very good
candidate for tunable optoelectronic devices in the n
vacuum ultraviolet range because it is easily alloyed w
GaN, which crystallizes in the same wurtzite structure a
offers a narrower band gap of 3.4 eV. Second, its high af
ity for oxygen has stimulated its use as an oxidation-resis
coating.5

Among the techniques available for spectral investigat
of electronic structure, electron energy-loss spectrosc
~EELS! performed with the high-energy electrons of a tran
mission electron microscope offers unique advantage
good combination of energy resolution~down to about 0.7
eV! over a wide energy range~from about 1 to 2000 eV!, and
a spatial resolution~typically of the order of 1 to severa
nm!, which makes it applicable to particular regions of t
microstructure. In the case of aluminum nitride, EELS can
used to investigate the excitation of core electrons, on
PRB 580163-1829/98/58~8!/5106~10!/$15.00
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anion through the study of the nitrogenK ionization edge at
about 400 eV and on the cation through the AlL23 ~at about
75 eV! and Al K ~at about 1560 eV! edges. However, it mus
be emphasized that the information derived from the anal
of the fine structures occurring on these edges only conc
the distribution of the unoccupied electronic states. T
makes this technique complementary to photoelectron or
tical emission techniques, which predominantly probe
distribution of occupied states.

In order to extract full benefit from the EELS measur
ments, theoretical tools are required to model the obser
distribution of electron states. These tools offer support
interpreting the origin of near-edge fine structures occurr
under external treatments such as controlled oxygen dop
We can rely on recent theoretical developments for the
culation of electron densities of states~DOS! or for the de-
scription of the final states within the framework of multip
scattering schemes. The purpose of this paper is to com
a thorough EELS investigation of the relevant ionizati
edges in AlN and AlN~O! with the required density of state
and multiple scattering calculations to elucidate both
atomic scale structure and electronic properties.

II. MATERIALS AND METHODS

Aluminum nitride samples were prepared by t
chemical-vapor-deposition technique in a vertical hot-w
reactor using AlCl3 and NH3 as precursor gases and N2 as
5106 © 1998 The American Physical Society
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PRB 58 5107EELS INVESTIGATION OF THE ELECTRON . . .
carrier gas. The influence of oxygen doping was studied
progressively increasing the N2O partial pressure in the ga
mixture. The total pressure in the reactor was 130 Pa and
temperature was about 1000 °C. The gross morphology
the deposited coatings on a Si substrate have been obs
in a secondary-emission monitor by Asparet al.5 Thin foils
for TEM observations were obtained by mechanical poli
ing followed by Ar1-ion milling at liquid-nitrogen tempera
tures.

In the present work, we compare data obtained from
pure AlN polycrystalline deposit and from a deposit
oxygen-doped AlN grown under a ratio of partial pressu
of N2O and AlCl3 equal to 15. In the former case~AlN !,
previous observations have shown a random distribution
crystals that are typically a few micrometers wide. In t
latter case@AlN ~O!#, typical dendritic shapes are genera
seen~see Fig. 1!. They are made of an assembly of feath
like crystals. Each one consists of a core that is typically
or 30 nm wide and a few hundred nm long~the ‘‘central
part’’! exhibiting on both sides a comb-shape pattern of c
trast modulations~the ‘‘external part’’!.

Electron energy-loss spectra were recorded using elec
microscopes equipped with Gatan PEELS 666~parallel en-
ergy loss spectrometers! operating under ELP~energy loss
program!. A Philips CM30ST operated at 100 kV was use
its high total current within a large probe makes it bet
adapted to the study of the AlK edge with a good signal-to
noise ratio. For advanced studies in terms of energy res
tion ~below 1 eV! and spatial resolution~below 1 nm! a VG
HB 501 STEM~scanning transmission electron microscop!
~operating at 100 kV! equipped with a field emission sourc
was used, allowing discrimination between measurement

FIG. 1. TEM image of a dendritic crystal of O-doped AlN.
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the central and on the external parts. However, this leve
performance could only be obtained on the lower-ene
edges, i.e., the AlL23, the NK, and the OK, all lying well
below 1 keV. This instrument, which is under full digita
control, can also be used to monitor spectral changes oc
ring at regular time intervals or at regular steps of the pro
across the specimen~special versions of the image-spectru
mode installed on this instrument6,7!. Consequently data ca
be monitored either as a function of time~and dose! or of the
precise location on the specimen, defined with a typical
curacy of 0.5 nm.

All EELS edges displayed hereafter have been proces
for background subtraction, using a standard routine t
models the preedge decay of the spectrum in terms o
power-law curve. The range of useful information abo
each edge extends over several tens of eV. It is comm
custom to distinguish, even if it may be rather arbitrary, s
eral domains corresponding, respectively, to the thresh
~about 10 eV wide maximum!, to the near edge@also known
as x-ray absorption near-edge structure~XANES! or ELNES
~energy loss near edge structure! and covering up to about 50
eV# and to the extended region@also known as extende
x-ray-absorption fine structure or EXELFS~extended energy
loss fine structure! up to a few hundred eV#. In the present
study, we will not consider the EXELFS, which has be
thoroughly discussed in a previous paper.8 Our purpose is to
focus on the near-edge region. If the theory described be
does not strictly discriminate threshold and XANES featur
it may be important to emphasize that they suffer differen
from the weight of multiple loss effects, due to the superp
sition of low-loss and core-loss events along the trajectory
the high-energy incident electron through the specimen
foil. The most probable low-loss feature is the excitation
the bulk plasmon, which, in this type of specimen, lies b
tween 20 and 25 eV. Consequently, multiple inelastic sc
tering predominantly modifies the core-edge fine structu
in an energy domain starting only at energies about 15
eV above threshold. Consequently, for an analysis of fi
structures over a wide energy range, i.e., up to about 60 o
eV above edges, a Fourier-ratio deconvolution procedure
been applied to remove multiple inelastic events. When
major concern of the study is restricted to the fine structu
within a narrow window~less than 10 eV! above threshold,
this procedure has been shown not to be required.

III. EELS RESULTS

A. Aluminum nitride

Figure 2 gathers our major results obtained from a p
aluminum nitride specimen. As a matter of fact, the EE
spectra often exhibit a weak OK signal that is mostly due to
a surface oxide layer. Care has therefore been taken to s
only spectra with a negligible oxygen contribution. Th
EELS spectra for AlK, N K, and Al L23 edges cover a rang
of 80 eV above threshold. In the last part of Fig. 2 we co
pare the details of the fine structures just above thresh
recorded with the VG STEM: the two spectra have be
aligned at the position of the inflection point, which by de
nition corresponds to the threshold energy. The different f
tures are labeleda– f and can be roughly gathered into tw
groups, a characteristic triplet 6 eV wide and a delayed ma
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5108 PRB 58SERIN, COLLIEX, BRYDSON, MATAR, AND BOUCHER
mum f at about 20 eV above threshold. One can note a ra
satisfying correspondence between the energy position o
six labeled features in both Al and N spectra. This trip
structure confined within a narrow range above thresh
seems to constitute the rather characteristic aspect of theK
edge in aluminum nitride, when compared to differe
transition-metal mononitrides.9

B. Oxygen-doped aluminum nitride

The characteristic featherlike topography of the specim
requires spatially resolved elemental analysis. Using the l
spectrum mode we have measured the variation of bothK
and OK signals~integrated over a 50-eV window following
background subtraction! when scanning the probe perpe
dicular and parallel to the core of one of these dendrites.
corresponding results are gathered in Figs. 3~a! and 3~b!,

FIG. 2. Al K, Al L23, and NK ELNES in pure AlN. In the last
part of the figure the experimental results for NK and A L23 are
shown with a higher energy resolution.
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respectively. In each case we compare the total inten
within the measured energy loss range~from 350 to 650 eV
encompassing the two characteristic edges!, and the O/O1N
ratio in atomic percent, taking into account the ratio of t
relevant atomic cross sections. These curves relate the c
positional changes to thickness changes: the thinner
specimen, the higher the oxygen proportion, with valu
ranging from about 20% in the center to 40% on the ou
part of the dendrite. This variation may arise from differin
bulk oxygen contents between the inner and the outer p
of the dendrite.8 Along the direction parallel to the core th
rather periodic fluctuations in the oxygen fluctuations se
to be in accordance with the contrast modulations visible
the TEM micrograph~Fig. 1!.

Figure 4 shows a selection of fine structures record
from local areas both on the core and on the outer part of
specimen. Compared to AlN, the NK ELNES from the cen-
tral part exhibits a reduced intensity of the first peak, wh
in the outer part an opposite behavior of variable magnitu
is observed. On the other hand, the changes visible on th
edge on going from the center to the outer part of the d
drite are much less significant. Analogous comments a
apply when comparing the shape of the OK edge on both
parts of the AlN~O! feather: they are very similar. Thes

FIG. 3. Compositional profile issue from spectra obtained wh
scanning the incident probe~a! parallel with 1-nm steps,~b! per-
pendicular to the core of the dendritic crystal with 2.5-nm ste
Background substraction technique and normalization of both NK
and OK signals with the relevant ionization cross section have b
used.
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PRB 58 5109EELS INVESTIGATION OF THE ELECTRON . . .
observations indicate that the nitrogen sites and environm
are more affected by the doping.

The great diversity of behaviors observed at the NK edge,
particularly intense when focusing the probe on the ou
parts of the dendrite, suggests that this region is very be
sensitive. This effect should be particularly visible with t
high current density probe in the dedicated STEM. As sho
in Fig. 5, time-resolved sequences of spectra, recorded
specimen with higher doping level, indicate the removal
oxygen, an increase in the absolute level of nitrogen an
spectacular rise of the first peak at threshold for the NK edge
during irradiation.

IV. THEORETICAL FRAMEWORK

To interpret the above experimental results, which disp
a wide range of behaviors in terms of the general sha
number, and position of peaks in Al and N spectra, theo
ical calculations are required. The ELNES results have th
fore been modeled using the results of electronic struc
calculations performed either fromab initio self-consistent

FIG. 4. Al L23, N K, and OK ELNES in O-doped AlN~1,
central part; 2, external part of the dendritic crystal!. The N K
shown in dotted lines has been recorded from the external pa
the dendrite using a less intense probe~see text!.
nt

r
m

n
a

f
a

y
e,
t-
e-
re

of

FIG. 5. ~a! Evolution of the different signals measured during
time sequence of EELS spectra. The first five spectra correspon
a low flux of '106e/nm2 s while the following ones follow a bruta
increase to a flux of'108e/nm2 s. The features measured in th
sequence~N K, N K first peak, and OK! are shown in~b!.

FIG. 6. Hexagonal structure of AlN. A unit cell is isolated in th
upper side of the figure, while an octahedral site and its sixfold
are highlighted in the lower side.
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5110 PRB 58SERIN, COLLIEX, BRYDSON, MATAR, AND BOUCHER
calculations for AlN or by non-self-consistent multiple sca
tering ~MS! calculations for both AlN and AlN~O!.

A. Aluminum nitride

The AlN structure consists of a hexagonal arrangemen
aluminum atoms, with tetrahedral sites half filled by nitrog
atoms in agreement with the 2-H-wurtzite structure shown
Fig. 6. This structure offers a rather high percentage of f
space that can be associated with either tetrahedral or o
hedral empty interstitial sites.

1. Density of states calculations

The ground-state electron structures of AlN have be
calculated using three self-consistent methods: the a
mented spherical wave~ASW! method,10 the full potential
linearized augmented plane wave~FLAPW! method,11 and
the tight-binding linear muffin-tin-orbital method in th
atomic spheres approximations~TB-LMTO-ASA or LMTO
for short!.12

All methods are based on density-functional theo
~DFT!. ASW and FLAPW also employ the local-densi
approximation~LDA ! to account for the effect of exchang
and correlation, while in the present stage of LMTO we
troduce a generalized gradient approximation description
which gradient terms of the electron density are added
calculate the exchange-correlation energy.13

The ASW method uses the atomic-sphere approxima
~ASA!, assuming overlapping spheres, centered on
atomic sites, and within which the potential is spherica
symmetric. However, the ASA makes the charge den
spherical entering the Poisson’s equation inside the sph
and neglects the charge outside them. In the present
closely packed structure, considering only atom-cente
spheres would cause substantial errors. It is therefore ne

FIG. 7. Comparison of the total density of states~states/eV cell!
using FLAPW ~Ref. 24!, ASW ~Ref. 24!, and LMTO ~Ref. 25!
methods.
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sary to pack the interstitial volume with additional spher
called ‘‘empty spheres.’’

In the FLAPW approach, the unit cell is divided into tw
parts: the nonoverlapping spheres centered on the ato
sites and an interstitial region. Inside the atomic spheres,
basis sets consist of a linear combination of radial functio
multiplied by spherical harmonics, while in the interstiti
region a plane-wave expansion is used. Even if this met
is known to be very accurate, the LMTO basis set orbit
are, on the contrary, more suitable for the chemical interp
tation. Consequently, as shown in Fig. 7, which compa
total DOS, the FLAPW approach can be considered a
reference for the band-structure calculation. On the ot
hand, the LMTO method is preferred for the analysis of p
tial DOS and its results are gathered in Fig. 8. Let us c
sider the total DOS calculations~Fig. 7!. They exhibit a quite
striking similarity for the valence-band~VB! occupied states
As for the distribution of unoccupied states corresponding
the conduction band~CB!, the band-gap width~5–6 eV! de-
rived from the LMTO calculation, as well as from th
FLAPW and ASW calculations, is comparable with the e
perimental value~'6.2 eV!. Due to the DFT/LDA approach
the energy range above the bottom of the CB accessible
these descriptions remains limited up to about'12–15 eV.
Over this energy range, the CB displays four major peak
6.5, 9.5, 12, and 16 eV~this last one being of smaller inten
sity than the first three! above the top of the VB, even if on
notices some slight variations between the details of the
occupied DOS calculated by the different techniques.

It is well known that high-energy electron-induced tran
tions obey the general atomic dipole selection rules in
limit of the small-angle scattering, which is the case for o

FIG. 8. s, p, d partial density of states for Al and N in AlN
deduced from the LMTO method~Ref. 26!.
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PRB 58 5111EELS INVESTIGATION OF THE ELECTRON . . .
experimental conditions. Therefore, for an improved co
parison with near-edge fine structures visible on core ed
an analysis of the partial density of states projected onto
two different atomic sites~Al and N! and the differentl-
angular momentum (s,p,d) symmetry projections is re
quired. The results obtained from the LMTO calculations
shown in Fig. 8. However, when the atomic site has no c
ter of symmetry in the solid~i.e., tetrahedral!, the dipolar
condition (D l 561) is partially relaxed and atomically for
bidden transitions become possible.14

Over the domain under consideration~'10–12 eV above
the bottom of the conduction band!, there is a negligible
contribution of the empty Ald states, a strong weight o
empty p states over the three features, and a noticea
weight of emptys states for the lowest part. These resu
generally confirm those obtained in previous studies.15,16The
first three peaks in the lower parts of the CB have be
clearly identified in all cases. The present results confirm
they can be interpreted in terms of the projection of the
bridized s and p states~N 2p states hybridized with Al 3s
and 3p states! on both sites, with a higher proportion o
empty s states close to the bottom of the CB and emptyp
states at higher energies.

2. MS calculations

An alternative approach is to use the results of MS cal
lations. One interesting advantage of MS is the ability
isolate the contribution from each atomic shell to the s
specific and symmetry-projected DOS.

MS calculations are based upon the interference betw
the outgoing spherical wave of the excited electron and
electron wave elastically backscattered from surrounding
oms in a real-space cluster of atoms representing the e
ronment of the atom undergoing excitation. The scatter
properties of the various atoms in the cluster are describe
phase shifts calculated via solution of the one-elect
Schrödinger equation assuming a spherically symme
muffin tin ~MT! form for the crystalline potential.17,18 MS
calculations were performed for both the NK and Al
L23-ELNES using theICXANES computer code of Vveden
sky, Saldin, and Pendry.18 Phase shifts~up to l 53! and ma-
trix elements were obtained from a non-self-consist
muffin-tin potential calculation on the structure of AlN.
damping term was included to take account of the finite li
times of the initial and final states; this was taken to be20.5,
20.25, and20.25 eV for the NK, Al L23, and Al K edges,
respectively. The presence of the core hole was accou
for by use of the (Z11)* approximation for the central atom
in the cluster; inclusion of this effect improves agreem
with experimental results for both edges notably in the re
tive intensity near the edge onset.

For the NK edge a full MS calculation as performed fo
an 8-shell cluster (radius50.587 nm), whose shell structur
may be briefly summarized as follows: shell 1, 4 Al atoms
;0.19 nm; shell 2, 12 N atoms and 1 Al atom at;0.31 nm;
shell 3, 9 Al atoms at;0.36 nm; shell 4, 6 N atoms and 6 Al
atoms at;0.44 nm shell 5, 9 Al atoms at;0.48 nm; shell 6,
2 N atoms at;0.50 nm; shell 7, 18 N atoms at;0.54 nm;
and shell 8, 12 Al atoms and 12 N atoms at;0.58 nm. For
the Al L23 and Al K edges an 8-shell cluster of radius 0.5
nm was also employed—the cluster is essentially the sam
-
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the nitrogen-based one, except that Al and N atoms are
terchanged.

Figure 9 illustrates the results of these calculations t
cover a much broader energy range~up to 40 eV above the
threshold! than the DOS ones. First, in the NK, Al L23, and
Al K edges, similar 7–8 eV-wide triplet structures are o
served. At higher energy, AlL23 and N K differ slightly in
position but much more strongly in intensity. Thus, the
L23 intensity significantly increases, while an inverse ph
nomenon is observed on the NK and Al K edges. This
clearly demonstrates the importance ofd states on AlL23 at
energies typically 20 eV above threshold. These have b
well interpreted as due to intra-atomic centrifugal barr
effects.19

The contributions from the successive neighboring sh
are shown in Fig. 10 for both the NK and Al L23 edges. In
the case of NK, the majority of the ELNES is present afte

FIG. 9. NK, Al L23, and Al K ELNES in AlN calculated using
multiple scattering theory.
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FIG. 10. Effect of increasing number of shells on the calculated NK and Al L23 edges in AlN.
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consideration of four shells, while peaksd, and possiblye,
arise from outerlying shells~shells 7 and 8!. In Al L23 the
second peak, labeledb, is only revealed after consideratio
of eight shells. In both the Al and N edges, nitrogen conta
ing shells exhibit substantially more influence on the ELN
intensity than those containing Al, which confirms the hi
backscattering strength of electronegative elements suc
N.

B. Doped aluminum nitride

In this case, only the MS method can be used becaus
implementation is more appropriate to the case of comp
nonperiodic structures. The different structural models u
to simulate the oxygen-doped lattice are based upon the
potheses suggested from previous EXELFS work,8 i.e., inser-
tion of oxygen atoms in either tetrahedral sites or octahe
ones. Experimentally, it appears that the NK edge is mainly
affected by the introduction of O atoms. Therefore, the c
culations concern the NK fine-structure variations when O i
introduced into any of the two types of vacant sites. T

FIG. 11. N K edge in O-doped AlN calculated using multip
scattering theory. Oxygen atoms are inserted in the tetrahe
empty sites of the AlN lattice.
-
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corresponding results are shown in Figs. 11 and 12. Str
differences are predicted covering all features from onse
to 40 eV. Most important is the behavior of the lower-ener
peak, the intensity of which is moderately reduced in t
case of the octahedral insertion. On the contrary, in the
rahedral insertion, a high and narrow line appears close
threshold, which most likely results from the existence o
very short distance between N and O, transferring mos
the low-lying energy states from the nitrogen site to its ox
gen nearest neighbors, which are much more electronega
and consequently attract the majority of the VB electrons

V. DISCUSSION

A. Comparison of experimental and calculated edges in AlN

A general agreement exists between experiment
theory concerning the distribution of accessible final sta
with a low-lying triplet of bands covering a total of 7–8 e
and higher accessible states at about 20 eV above thres
The comparison with MS is in fact excellent in the NK and

ral
FIG. 12. N K edge in O-doped AlN calculated using multip

scattering theory. Oxygen atoms are inserted in octahedral em
sites of the AlN lattice.
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PRB 58 5113EELS INVESTIGATION OF THE ELECTRON . . .
Al K cases~see Figs. 2 and 9!, where all features appearin
over this broad range are well reproduced. This is the rea
why we rely mostly on this approach for extending our d
cussion to the oxygen-doped case. However, there e
some discrepancies in the MS modeling of the AlL23 edge,
the three peaks are not satisfactorily reproduced and in
ticular the third peak, which is of lower intensity in exper
ment, is very high in the calculation. This behavior has
yet been explained. However, some of this discrepancy co
be attributed to the existence of transitions top-like final
states in the AlL23 edge caused by the breakdown of t
spherical symmetry in tetrahedral environments,14 a situation
not adequately modeled by the spherically symmetric M
potential. Consequently,p-like final states have been artifi
cially added to the correctly scaleds- and d-like contribu-
tions in the present AlL23 MS calculations~Fig. 9! so as to
achieve the best agreement with experiment. This appro
probably accounts for the observed discrepancies.

For improved understanding of the intensity distributi
and variation within the first 12 eV above the threshold, it
therefore useful to compare our measurements for the t
edges~Al K, Al L23, and N K! shown in Fig. 2 and the
partial DOS calculated in the LMTO model gathered in F
8. The excited 1s electrons and the 2p electrons from the Al
site explore the corresponding densities of final states on
with dominantp character in the first case, and (s,d) char-
acter in the second one.

If one assumes that the second and the third contribut
(b* and c* ! in the Al-p DOS merge into a single broa
peak, one can then directly interpret the intensity profile w
the sequence ofa,b1c,d peaks on the experimental AlK
edge. A similar behavior is observed in the AlK MS results
in Fig. 9. On the contrary, the increased weight of peaka
and b, with respect toc and d, at the Al L23 edge can be
correlated to the strongera* and b* features in the calcu
lated Al s conduction states. As for the nitrogenK edge, the
experimental sequence of four peaks (a,b,c,d) is in good
agreement with the distribution in intensity within the corr
sponding peaks labeleda* ,b* ,c* ,d* in the LMTO calcu-
lated Np partial density of states.

In summary, we can identify the low-lying peak of th
triplet as being associated withs-like states, and the two
higher-lying ones with states of principallyp-like character.
The higher-lying peakf, which is much more intense in th
Al L23 edge, is attributed to Ald-like character, as alread
mentioned. Generally, for all high-energy states lying b
tween 20 and 40 eV above the threshold the observed m
lations are well reproduced in the MS simulations, whi
confirms the validity of this approach in dealing with the
features, known as ELNES or XANES oscillations.

B. Mechanisms for oxygen insertion in AlN„O…

1. Center of AlN(O) crystal

Compared to AlN, the NK ELNES from the central par
of the AlON dendrite exhibits a reduction in the first pe
intensity, while the corresponding AlL23 ELNES does not
show any significant differences. Consideration of the M
calculations for the NK edge in model AlN~O! clusters in
Fig. 11 suggests that the reduced first peak intensity sh
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be associated to the insertion of oxygen atoms in one of
empty octahedral sites within the AlN unit cell. This is a
initial simple explanation.

However, an alternative explanation cannot be igno
when considering that HREM~high resolution electron mi-
croscopy! studies have demonstrated the presence of st
ing faults in the center of the dendrite.20 These stacking
faults involve lateral displacement of the tetrahedral sites
that the insertion of an O atom in one of these empty te
hedral sites can be accommodated without the existence
short N-O distance.21 These findings have led us to reco
sider more explicitly our MS calculations for the tetrahed
insertion case.

Incorporation of oxygen in only one of the vacant tetr
hedral sites in the AlN unit cell leads to the presence of t
unequivalent N sites, one of which has a very short N
distance~where adjacent tetrahedra share faces!, while the
other site exhibits a significantly longer distance~where ad-
jacent tetrahedra share only one edge!.21 The decomposed
MS results for these two N sites~Fig. 13! show that the short
N-O distance clearly gives rise to the strong intensity of
first peak in the NK ELNES. From the chemical viewpoin
this may be understood as arising from the emptying of e
tronic states close to the Fermi level in the local nitrog
DOS due to the close approach of a more electronega
oxygen atom. However, the site with the long N-O distan
exhibits a reduction in intensity of the first peak, which cou
also correspond to our observations~Fig. 4! if we assumed
that oxygen incorporation is associated with stacking fau
in the central part of the dendrite as has been observe
inversion domain boundaries~IDB’s! in sintered oxygen-
doped AlN pellets.22 It is interesting to note that the NK
ELNES observed at IDB’s also appears to possess a red
intensity of the first peak.22

2. Outer part of AlN(O) crystal

Our previous EXELFS analysis8 on the outer part of the
crystals demonstrated that the insertion of oxygen wo
preferentially involve octahedral sites. This is in contrad
tion with our present experiments, where the origin of t
strong line on the NK threshold should be attributed to oxy
gen insertion in a tetrahedral site from the results of our M
simulations. However, we believe that this cannot be

FIG. 13. NK edge MS calculation for O inserted in tetrahedr
sites in AlN for the two unequivalent N atomic sites.
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correct explanation for several reasons. First, the OK-edge
peak does not exhibit correlated strong changes spectra
the two parts of the specimen. This is more surprising
there is an increase in oxygen content in these areas, up
level of doping still sufficiently low to prevent substitution o
N by O from occurring.

As a matter of fact, we attribute the observed profile
the NK edge to strongly enhanced radiation damage indu
by the primary electron beam, this effect being more inte
with the high current doses~of the order of 109– 1010e/nm2

involved! in the probe of the FEG-STEM. Measurements
the dose dependent edge decay on a specimen with a h
oxygen-doping level have indicated the removal of oxyg
and an increase in the absolute level of nitrogen during i
diation ~Fig. 5!. This was associated with an abrupt increa
in the relative intensity of the first peak in the NK ELNES.
A similar behavior has been observed in first-peak inten
of the N K ELNES obtained from the outer part of the de
drites.

Therefore, the curve drawn in dotted lines in Fig. 4 sho
the corresponding spectrum of the NK ELNES from the
outer part of the dendrite measured with a less intense p
~of dimension 10 nm! in a CM30 Philips TEM fitted with a
LaB6 filament and a Gatan 666 PEELS, giving an over
spectral energy resolution of 1.2 eV. This spectrum is l
sensitive to the dose and shows a slightly reduced first-p
intensity as compared with the NK ELNES of AlN. In this
area, we can therefore conclude that our results confirm
A.
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general insertion of oxygen atoms in the octahedral si
Note that there are no stacking faults visible in the HRE
images of this external region, which could provide ‘‘r
laxed’’ tetrahedral vacancies. The presence of an intense
row line at threshold only reveals the strong influence
radiation damage and could be attributed to the local tr
ping of gaseous N2 whose intensep* peak lies at 400 eV.23

VI. CONCLUSION

Electron energy-loss spectroscopy has been shown to
stitute a powerful tool for the local investigation of electron
states in aluminum nitride, either pure or doped with oxyg
atoms. The interpretation of the observed spectral featu
requires strong efforts in modeling the distribution of uno
cupied states in the conduction band. The projected D
curves provide a good support for understanding the na
of the lower-lying states, up to about 12 eV above thresho
while the multiple scattering approach is also very w
adapted for dealing with the observed oscillations in
'20–50-eV range. The analysis of the nature of the pre
ential sites for oxygen doping, in the center as well as in
outer part of the dendrites, seems to confirm the preferen
insertion of oxygen in octahedral sites despite the poss
influence due to the presence of stacking faults in the cen
part of the dendrite and the occurrence of increased b
sensitivity in the outer part of the dendrite.
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