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Electronic states in valence and conduction bands of group-Ill nitrides: Experiment and theory
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A comprehensive study of the electronic structure of group-Ill nitrigddl, GaN, InN, and BN crystal-
lizing in the wurtzite, zinc-blende, and graphitelike hexagdB) structures is presented. A large set of the
x-ray emission and absorption spectra was collected at the several synchrotron radiation facilities at installa-
tions offering the highest possible energy resolution. By taking advantage of the linear polarization of the
synchrotron radiation and making careful crystallographic orientation of the samples, the bonds akisg
(7r) and “in plane” (o) in the wurtzite structure could be separately examined. Particularly for AIN we found
pronounced anisotropy of the studied bonds. The experimental spectra are compared direcily iwitio
calculations of the partial density of states projected on the cation and anion atomic sites. For the GaN, AN,
and InN the agreement between structures observed in the calculated density ofts@Beand structures
observed in the experimental spectra is very good. In the case of hexagonal BN we have found an important
influence of insufficient core screening in the x-ray spectra that influences the DOS distribution. The ionicity
of the considered nitrides is also discussed.

I. INTRODUCTION same, 4, in all structures examined here. There are, neverthe-
less, some differences in physical properties of these nitride
The group-IIl nitridegGaN, AIN, InN, and BN are wide- phases as is shown in Table |, where the most important
gap refractory semiconductors with applications as basic mghysical parameters of nitrides are summarized. In all mate-
terials in optoelectronic devices operating in the visible/rials and structures nitrogen as an anion leads to the forma-
ultraviolet spectral range as well as in high-temperature antlon of very short, strong bondsee Table)l Comparing to
high-power microelectronic devicé$.However, the under- other Ill-V semiconductors, we find the bond lengths in ni-
standing of the basic physical properties leading to applicatrides approximately 20% shortée.g., 1.95 A for wurtzite
tions is still not satisfactory. One of the reasons consists oGaN in comparison with 2.7 A in GaAsand the ionicity
insufficient knowledge of the electronic band structure of theroughly two times higher.
considered semiconductors being somewhat “untypical” Several theoretical studies of IlI-V nitrides have been
comparing to the ‘classic” I1I-V materials. Apart from BN published™* but surprisingly, relatively few experimental
the nitrides crystallize in the thermodynamically stablestudies of the band structure have been carriet'8dt ex-
wurtzite structure and in the metastable sphale(itiac-  cept for BN. Only recently some x-ray studies concerning
blende structure (cubid. BN has hexagonal and cubic mainly GaN have been publishéd!® The shape of the
phases similar to the graphite and diamond phases of carbox-ray spectra is a fingerprint of the particular chemical bond
Recently, several other metastable structures have been idesnd makes it possible to identify the chemical nature of the
tified (rhombohedral, wurtzite, simple cubic, and bond formed by selected kind of atoms in different com-
turbostrati¢,® and also a fullerenelike structure has been synpounds. Photon absorption and emission involves an optical
thesized and characterizé@he coordination number is the transition between electronic states of the atom in the
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TABLE |. Physical properties of nitrides. Unless otherwise indicated data for nitrides are from Ref. 17.

Material Band gap Lattice constants,¢) lonicity Ratio of states nos.
and bond lenghtsh(,d)
(eVv) R) (Phillips) Valence Conduc.
GaN wurtzite 3.5 a=3.1892 0.43 N/G&3.5 0.67
c=5.18507 Ga/N=0.28 1.49
c/a=1.626
b/c=0.377
b=1.955;d=1.9486
GaN cubic 3.3 a=4.511° N/Ga=3.4 0.98
b=2.1923 Ga/N=0.29 1.02
AIN wurtzite 6.1 a=3.1106 0.44 N/AE4.4 0.64
c=4.9795° Al/N=0.23 1.56
c/a=1.601
b/c=0.3821
b=1.90;d=1.807
AIN cubic 45-6.2 a=4.38 N/Al=4.6 0.80
b=2.1287 Al/N=0.22 1.25
InN wurtzite 1.9 a=3.54 0.57 N/Ir=4.4 0.96
c=5.70 In/N=0.23 1.04
c/a=1.610
InN cubic 1.9-2.0 a=4.98 N/In=4.0 0.97
b=2.4203 In/N=0.25 1.03
BN hex. 5.4-5.8 a=2.54 0.36 N/B=2.2 0.85
c=4.17 B/N=0.45 1.18
c/la=1.64
b/c=0.375
b=1.156; d=1.556
BN cubic 6.1-6.4 a=3.616@3) N/B=1.96 0.80
b=1.7573 B/N=0.51 1.25

8Reference 6.
bReference 7.
‘Reference 5.

sample. This allows the interpretation of the experimentato which we can get direct information about allowed elec-
spectra in terms of the density of the occupied statakence  tron states by consideration the positions of the maxima and
band for emission and density of unoccupied stg@nduc-  minima of the intensity in spectra. The influence of the core
tion band for absorption spectra. The electron transition islevel width and spectrometer broadening function on the
governed by dipole selection rule and hence the investigatespectral structures is also discussed.
electronic states are also “orbital resolved.” The linear po- The good agreement between structures observed in spec-
larization of the synchrotron radiation allows a separation otra and structures in the calculated DOS allows for consistent
crystallographic-direction-dependent  contributions  fromanalysis of the results. We compare the amounts of bonding
various constituents to the band states and thus a descriptiamd antibonding states near the band edges for different
of the anisotropy of chemical bondirig. choices of cations and crystal structures. Since the device
In the present paper a systematic experimental and the@pplications are based mainly on wurtzite-type nitrides, par-
retical study of atom- and orbital-projected partial density ofticular attention is paid to this phase. In particular, we exam-
states(DOS) for the group-lll nitrides is reported. We com- ine for wurtzite structure the level of anisotropy in the
pare the energy distribution of electronic states in valencéormed chemical bonds along tleaxis (= bond and “in
and conduction bands as calculated by means of the linegiane,” i.e., slightly inclined with respect to theplane @
muffin-tin orbital (LMTO) method with x-ray emission and bonds. These two kinds of bondsy and o, can be con-
absorption spectra. We do not attempt to calculate the DOSected directly wittb andd bond lengths, respectively. Their
with the broadening functions to account for the lifetime of values as obtained by x-ray diffraction measuremérase
the involved core levels and spectrometer resolving functiongiven in Table I.
to mimic exactly the relative intensity between peaks ob- Finally, we examine the amount of electronic states avail-
served in spectra. Instead, the direct comparison with thable for optical transition as a function of crystal structure,
appropriate “raw” DOS is presented to indicate the extendcrystallographic direction, and the presencel eation semi-
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core states. The role of the cation semicdrstates in the measured using the 1000 line/mm, 10 m radius grating. At
determination of different properties of group-Ill nitrides hasthe 400 eV energy the resolution of the spectrometer was
been discussed by several authbis. this context the hy- approximately 0.8 eV and at the 200 eV about 0.5 eV. The
bridization betweerd and p states for different cations and energy of the excitation radiation was set high above reso-
nitrogen is investigated. Thd-p interaction can affect the nant excitation.
valence-band edge and may influence magnitude of the fun- The samp|es of po|ycrysta"ine, hexagonaL and cubic BN
damental gap. It has been suggested that the catiogmd wurtzite GaN and InN were commercially available
4d—anionp hybridization is stronger in AIN than in GaN. powders(with particles size smaller than 20m). For these
samples we were not able to measure polarization resolved
Il. EXPERIMENT spectra. The wurtzite GaN and InN films were grown by
] o molecular beam epitax¢yMBE) on sapphire substrate. The
~ The x-ray absorption and emission measurements fofcleation and growth of the wurtzite AIN and cubic GaN
lines with energy up to 600 eV were performed at theang |nN films were performed in the MBE system on singu-
Lawrence Berkeley National LaboratotyBNL) Advanced |5¢ (901) n+ Sn-doped GaAs substrates. The thicknesses of

Light Source (ALS) at the beam lines 6.3.2 and 8.0, ihe gpijtaxial layers used in our measurements were between
respectively’® In the case of x-ray absorption the total pho- 0.5 and 1um. Transmission electron microscogyEM)

tocurrent measurement technique was applied for recordingfoss-section and x-ray diffraction studies have clearly

of the spectra. The energy resolutiadiE for the 1200  ghown formation of single wurtzite or cubic phases.
line/mm grating employed for nitroged edge (with a 50

pm exit slit) was close to 0.16 eV. Thd , ;edge of Gal; 3
edge of Al, andK edges ofB, were measured using a 300
line/mm grating with a 50um exit slit, which results in
resolution 0.2 eV, 0.04 eV, and 0.03 eV, respectively. Mea- The band structure and DOS for the all group-llI nitrides
surements of , ; edges of Ga an& edges of Al were car- in wurtzite and zinc-blende structures are calculated by
ried out at the SA32 station of the SuperAco ring, LURE. means of the LMTO method in its scalar relativistic foffn,
The L,; edges of Ga were measured using a(1B&0  in conjunction with the local density approximatignDA )
monochromator, which provides an energy resolution ofto the density functional theory. Here we apply the simplest
AE~0.6 eV, and theK edges of Al were measured with a version of the LMTO method, the atomic-sphere approxima-
quartz(1010 monochromator with a resolution &fE~0.6  tion (ASA) but with the “combined correction” terni8 in-
eV. The GaK-edge data were recorded using a($11)  corporated. The ASA version applies spherically symme-
monochromator at the D-21 station, DCI ring, LURE andtrized charge distributions and potentials in atomic spheres,
with higher resolution using the four crystalline Si mono-i.e., space filling(and thus slightly overlappingspheres.
chromators in HASYLAB, station Al. At this station also the Consequently, calculations for the semiconductors must in-
In L-edge spectra were measured. clude so-called “empty spheres” located in the interstitial
The spectra of wurtzite structure samples were recorded giositions, i.e., atomic spheres without “nuclear” chafde.
different angles between the single crystalline sample surfac€ach unit cell in the cubi¢zinc-blende structure contains
(its ¢ plang and the polarization vector of synchrotron radia- two real atomgcation and anionand two empty spheres. In
tion. At normal incidence the polarization vectewas par-  the wurtzite structure we have eight atoms in the unit cell
allel to the sample surface, and electrons were excited in th@our “real” and four “empty”).
direction of thec plane probing three- bonds out of the four In the calculations presented here we have used the “stan-
forming a tetrahedral coordination. At grazing incidence thedard” basis set, which includes partial wavesspp, andd
polarization vectore formed a small angle with the axis  character on each atomic and interstitial site to give a total of
(which is normal to the sample surfac&herefore the states 36 LMTO orbitals per cubic unit cell. The “semicore” shal-
localized along the axis (single = bond should predomi- lowed d states in GaN and InN are treated as fully relaxed
nate the spectra. In the case of large anisotr@fiN) the  band states. This is especially important for GaN, as it was
spectra were also measured at an angle 46° to the surfaeéready showf. Energy eigenvalues and wave functions
where both bonds should be probed. For epitaxial layers theere obtained at 95140 k points in the irreducible part of
photocurrent was measured from an isolated sample. In thine Brillouin zone. The densities of states, normalized to the
hard x-ray region the intensity dt was monitored by an unit cell, were calculated by means of the tetrahedron
ionization chamber with proper pressure and mixture oftechnique’?
gases in the soft energy region by the photocurrent generated The calculations for wurtzite structure were performed
at the focusing mirror. Additional transmission measure-under the assumption that the crystal structure was “ideal,”
ments were performed on GaN and InN powders to test theneaning that the/a ratio was taken as equal to 1.633 and
influence of surface oxides on the absorption. The spectrthe internal bond-length parametemwas 3/8. Experimental
registered in transmission and at the angle of 46° were iderz/a values are 1.627, 1.600, and 1.612 for GaN, AIN and
tical. Therefore, the influence of the surface contaminatiorinN, respectively?> X-ray diffraction measuremerftshave
on the spectra from layers was negligible. shown thatu=0.377 for GaN and 0.3821 for AlTable ).
High-resolution x-ray emission spectra were recorded aThe calculations for hexagonal BN were performed by a
the ALS station 8.0 on the 5.0 cm period undulator beamlineslightly different method, the full-potential versiohof the
with a spherical grating monochromator operating betweetMTO scheme, where the full nonspherical shapes of poten-
70 eV and 1200 eV The K-emission spectra of N were tials and charge distributions are taken into account.

Ill. THEORY
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FIG. 1. The PDOS{ thin line; p, dotted line;d, thick line) as calculated for the wurtzite structure of Gdh). Projected on the N atom
and compared with NK emission and absorption spectra ferand o polarization geometry(b) Projected on the Ga atonm: PDOS
compared with G& absorption spectra measured foland o polarization geometry. Additionally the high-resolutierspectrum is shown
(dotted ling. (c) Projected on the Ga atoms:andd PDOS compared with Gh; absorption spectra measured ferand o polarization
geometry.(d) Projected on the Ga ators:andd PDOS compared with the G , ; absorption spectrum.

IV. RESULTS AND DISCUSSION duction band CB) edge where no polarization dependence is

. . expected. In the last two columns of the Table | ratios of the
Figures 1 through 8 show the partial D@BDOS, as ; . _

obtained by the LMTO method and projected onto thenumber of states located at cation and anion sites for VB and

L . . . . _CB as calculated from theoretical DOS are given.
atomic sites, together with the experimental x-ray emission

and absorption spectra, for wurtzite and cubic GaN, AIN,
InN, and for hexagonal and cubic BN. Linearly polarized
synchrotron radiation irradiating well-oriented samples of The GaN absorption spectra have been already
wurtzite GaN, AIN, and InN allowed us to precisely examine discussed®~**but importantly, with the spectra recorded for
the anisotropy of the bonds formed in this structure. Thedifferent polarization we were able differentiate contribu-
reference energies of the experimental spectra were adjust@idns of o and 7= bonds to the particular structures in the

to give the best overall agreement of the characteristic speclensity of states. Figurgd) contains the experimental emis-
tral features of the theoretical DOS functions. The energyion and absorption spectra at tkesdge of nitrogen, which
zero corresponds to the valence-b&w@) edge. On the left correspond to contribution gf states of N to the valence and
vertical axis the calculated total or partiad, p,d) DOS per conduction bands, respectively. Additionally, calculated
unit cell at the chosen atom is indicated, which allows us taPDOS representing contributions gfp, andd states of N
compare the absolute number of the available states. Notre shown. The states are localized in easily seen subbands
that the number of atoms in the wurtzite unit cell is two with energy positions that agree with the maxima in ob-
times larger. Therefore, for direct comparison the number ogerved emission and absorption spectra. The crystal field
states in the cubic structure should be multiplied by a factosplits the valence states into two subbands and the conduc-
2. On the right vertical axis the intensity of experimentally tion states, in the considered energy range, into four separate
measured spectra in arbitrary units is shown. The spectrsubbands. As one can see fhstates dominate over all other
measured at different angles were normalized to the equalates. Note, however, that the conduction-band edge has
intensities before the onset of edge and far above the coralso a significant contribution of nitrogesstates. A similar-

A. GaN
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ity of the measured spectrum with the calculapdOS sF  ~ A" T T 7

supports the dominant character pfstates in the valence . Kemission [ N-atom

and conduction bands. Considering the anisotropy sthtes T GaN (cub)

as seen by contributions from ando bond statesmeasured T i i 5

by different polarizations of synchrotron beesome mod- = s §

erate differences in peak intensities and in position of peak 8 A é

number 4 can be noticed. = =
For the Ga atom the absorption spectra have been meaa: ° =3

sured only[Figs. Xb,c,d]. In Fig. 1(b) K-edge absorption 8 2 £

spectra ¢, o, and high-resolutioro) in comparison with
calculatedp PDOS are shown. As in the case of nitrogen ; : G 5
[Fig. 1(a)], one can notice the existence of four subbands in ul ) &N
the calculated PDOS corresponding to the main featureso 4lb—ms—m— 1 . o . 1 . L . 1 |
the measured absorption spectra. However, the anisotropy ¢ =~ k
states distribution is more pronounced in comparison with (@ Energy (eV)
nitrogensr bonds. The maximum of Ga bond states is now 5
2 eV closer to the CB edge than the maximumoeobond |
states. Also the second and fourth maxima consist of pre- 2 GaN (cub)
dominately 7 bond states. Consequently, in thelirection * Ga-atom
for the indicated energies there are much more available I
states than “in plane.” The observed anisotropy can influ-
ence the optical and transport properties in plane and i the
direction.

In Figs. 1(c) and Xd) theL; and M, ; absorption spectra
of Ga are shown together with the calculated PDOS arfid
d symmetry. We observe in the case of the edge three
well-resolved peaks that correspond preferentially to the
three peaks irs PDOS. The observed anisotropy of the
edge is much smaller than that found at thesdge, which D T T T
confirms thes character of projected states. However, the
similarity of the CB states of and d symmetry indicates
strong hybridization of these states up to 12 eV. @RDOS FIG. 2. The PDOS thin line; p, dotted line,d, thick line) as
obtained from the calculations should produce in the meacalculated for the cubic structure of Gal#) Projected on the N
sured spectrum a broad maximum between 13 and 15 eV, betom and compared with K emission and absorption spectth)
it is not observed, suggesting that the matrix element for 2 Projected on the Ga atom and compared with the_Gabsorption
4d transitions is small. Regarding thel,; spectra[Fig.  spectrum.
1(d)] one can notice that though the spectral resolution is
high (0.04 eV} and the natural width of theBlevels is  nant contribution of states of Ga at the bottom of the VB
small, only the first minimum and another one around 17.5or cubic structure and smaller contribution of these states
eV are well resolved. This may be due to overlap of thefor wurtzite structure, andiii) significant hybridizationp-
spin-orbit-split bands; however, a close similarity of thed(Gg) at valence- and conduction-band edges.
measurements with the combined-d DOS suggests that
the 3p-4d transition rate is comparable with the@-3!s tran-
sition rate. Comparing Figs.(d) and Xd) we can conclude
that the shape of 5 edge is dominated by conduction Although the AIN wurtzite PDOS and the measured x-ray
states, whereas the shape\f ; edge bys andd states. The spectra(presented in Fig. )3are essentially similar to those
observed differences in the shapelof and M, ; edges in-  for GaN, some differences exist. One pronounced difference
dicate the differences in the transition matrix fgg and 3  is that at the AIN CB edge thd states of cation dominate
core levels to 4 and 4d conduction states. overs states, contrary to the GaN case. In VB and CB the Al

The results for GaN in the cubic structure are presented istates ofp as well asd symmetry are located at the same
Fig. 2. The general features of calculated PDOS and meanergy as the density maximum of N statespafymmetry,
sured spectra, especially at the N site, are very similar in theeflecting the strong hybridization of these states. As it was
cubic and wurtzite cases. Some differences are in the distralready mentioned in the Introductigmd hybridization may
bution of s andd states at Ga site—there are decidedly fewerbe one of the reasons for the much larger energy gap of AIN
states of Gal symmetry in the cubic structure. However, the in comparison with GaN. Considering the higher-energy part
general shape of the Ga edge has the same character as inof CB (up to 13 eV there is a smaller amount dfstates and
the wurtzite phase, which confirms that the transition matrixbigger contribution of states of the catiofFig. 3(c)], but,
to d states is small. as in GaN, the similarity of the states sfandd symmetry

Summarizing, the main features of wurtzite and cubicindicates strong hybridization of these states. The second,
GaN structures aré¢i) the dominant character gf states, even more pronounced difference is connected writrand
particularly at the N site, for both VB and CHi) the domi-  &-bond distribution. In AIN the anisotropy of theconduc-

DOS/unit cell

(b) Energy (eV)

B. AIN



16 628 K. LAWNICZAK-JABLONSKA et al. PRB 61

d T d T d T T T T T T T T 12 T T T T T T T T T T T T T
30 | |
| _ N - atom I , AIN (wur) ol AlN(cub)
25| Kemission |2
— : K-edge r 3
= & ]
5 . 8 2 s}
@ < E
2 g £
10 =3 o)
I £ =
5 et 2|
0 SN 0
40 s 0o 5 10 15 20 2 10 25
(a) Energy (eV) (a)
10 T T T T T T T 4
. L 3 1 1 1 1 1 1
AIN (wur) K- adge AlIN(cub)
8|
L 3
—_ T
3 6L Al - atom % =
*é L = 5]
2 sr e =
8 o NV BT ® % d-Al
a8 L0 & Q
! £ AT .
2 ~ “peAl
1
F o s-Al
°r 1 1 1 1 1 1
10 5 0 5 10 15 20 25 10 _|5 é ; 1I0 1I5 2IO 25
(b) Energy (eV) (b) Energy (eV)
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N I L, ;- edge atom. (b) Projected on the Al atom.
5 [
= =
3 T s c;o’ spectra give clear evidence that the bonds formed in plane
= ¢ i é and out of plane are different, and as in the case of GaN, this
= 51 2 ~ should infuence the transport and optical properties in the
8 =3 two directions. Stronger anisotropy of the distribution of
2 1 4 a-Al s states in AIN seems to be connected with the difference
~ much larger than that in GaN between threand 7 bond
! i lengths(see Table )l Figure 3b) also contains the mixed
ok A sl polarization spectrum, which can be compared directly with
T S ST Y S calculatedp PDOS. In Fig. 8c) the Al absorption near the

-10 -5 0 5 10 15 20 25

L, 3 edge is shown together with Alandd PDOS. We do
© Energy (eV) not resolvel, andL 5 edges because tihe edge is supressed
FIG. 3. The PDOS thin line; p, dotted line;d, thick line) as by@g%si;e;(’ftr?]r;\?eA:ggszags';'Sf?i'cient_quality samples of

calculated for the wurtzite structure of AlNg) Projected on the N .
atom and compared with K emission and absorption spectra mea- cubic A_IN’ _and therefore only the calculated DO.S are pre-
sured form and o polarization geometry(b) Projected on the Al sented in Figs. @) a'f‘d 4b). Generally, the P.DOS is similar
atom:p PDOS compared with AK absorption spectra measured for to the case of wurtzne AIN. Thp state's dommgte at'the CB

7 and o polarization geometry, additionally the mixed-bond spec-€dgde, as in wurtzite case, but now this edge is decidedly less
trum is shown(dotted ling. (c) projected on the Al atoms andd sharp.

PDOS compared with the Al; absorption spectrum.

C. InN

tion states distribution is very pronounced at the anion as As one can see from the Fig. 5 the calculated PDOS dis-
well as at the cation sitfFigs. 3a) and 3b)]. The second tribution and experimental spectra for InN resemble those for
peak in the CB localized at the N atom hasdoond origin,  GaN. In particular, thg-PDOS distribution and the general
whereas only the states with-bond character contribute to shape of th&k-edge spectrum at N and at the cation site are
this peak at Al site. The reported polarization-dependentery similar. Also the anisotropy af ando bonds is not so
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FIG. 5. The PDOSE{, thin Iine; P, dotted Iine;d, thick Iine) as FIG. 6. The PDOSE{, thin ”ne; P, dotted Iine;d, thick “ne) as
calculated for the wurtzite structure of Ink) Projected on the N 5culated for the cubic structure of InXg) Projected on the N
atom and compared with K emission and absorption spectra mea- 510m and compared with the Kl emission and absorption spectra.
sured forsr and o polarization geometry(b) projected on the In (b) Projected on the In atonm PDOS and., absorption spectrum.

atom:p PDOS and., absorption spectra forr and o polarization (c) Projected on the In ators and d PDOS andLs absorption
geometry.(c) Projected on the In atons and d PDOS andL4 spectrum.

absorption spectra forr and o polarization geometry.

strong as in AIN, but comparable with the GaN case. On thdrast to the situation in GaN, we have merestates close to
other hand, only in the case of INN do we observe at the CBhe CB edge. Therefore, in ternary,@e, 4N alloys with
edge a shift in the binding energy of teebond with respect low In content, the states of Inbt bonds can form states in

to the o bond. At the N site this shift is about 0.8 §¥ig.  thec plane with energy located in the GaN energy gap.
5(a)]. A similar effect, although less pronounced, is seen for For the spectra obtained at the edge of In[Fig. 5b)]

the L edge at In sitdFigs. 5b) and Fc)]. It suggests an we did not resolve many details because the natural width of
anisotropy of the InN band gap around thepoint. In con-  In 2s level is 5 eV?® However, overall agreement of the
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location of main maximum and minimum compares well L S e LI B B B
with the calculategh PDOS distribution. Comparing to GaN, "r . BN (hex)
we find only the first and second peaks in PDOS are widely 0
separated while the third and fourth peaks consist now of ang
assembly of a few other overlapping peaks.

In Fig. 5(c) measurements obtained at thg edge of In
together with thes and d PDOS of In are shown. The In
2p3p level has a natural width of 2.65 eV and limits the
amount of details that can be resolved. Thend o bonds
are almost equally distributed; only at the third maximum in
PDOS does the main contribution come frentbonds. Three
well-separated peaks ia PDOS are especially similar to
those observed in GaN. ThitPDOS distribution is different.
There is a considerably smaller contribution cbftates of
cations to CB than in GaN or even AIN. (a

In the Fig. 6 the data for cubic InN are presented. At the 10
N atom site[Fig. 6(a)] the PDOS and the emission and ab-
sorption spectra are very similar to those for GaN. Looking
at the differences, they are only in the CB: the third maxi- B - alom
mum is weaker and the fourth maximum is now well re- K- emission
solved for both thg andd PDOS as well as for the experi-
mental spectrum. At the cation sitig. 6(b)] the p PDOS
forms several weaker peaks and one sharp maximum nearly
10 eV, in very good agreement with the spectral shape ob-
tained from the experiment. Although tipePDOS peak dis-
tribution is different for the wurtzite and cubic casese
Figs. 5b) and Gb)], the shape of experimental spectra is
very similar (taking into account ther line in the wurtzite
structurg. Thes andd PDOS distribution and also the mea- 45 0 5 o0 5 10 15 20 2
sured spectrum at; edge of In[Fig. 6(c)] are very similarto () Energy (eV)
the wurtzite case and also somewhat similar to cubic GaN.

Thes PDOS form a sharp peak at 6 eV, which is observed in FIG. 7. The PDOS as calculated for the hexagonal structure of

the experiment; also the fourth peak from theDOS is seen BN (dotted ling and compared with appropriaté emission and
in the spectrum. absorption spectrasolid line). (a) Projected on the N atomb)
Projected on the B atom.
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D. BN vations and the calculations is incomplete screening of the

The spectra for B in hexagonal BN have been alreadycore hole(the final state effe¢t The presence of aslcore
reported’ % and discussed with respect to the core excitorhole in the initial state can shift the VB states closer to the
structure seen in emission and absorption spectra. They wexé edge and can be the reason for enhacement of the second
analyzed in terms of the contributions efando bonds to  maximum in the spectr®. The anomaly in electron screen-
the spectrum, but never directly compared with the DOSng is not related to the nature of the B and N atoms but to
distribution. The “raw” DOS states projected on the N site the anisotropy of the bonds formed in the hexagonal struc-
along with the experimentd emission and th& edge of N ture, which can lead to incomplete screening of the core hole
(as measured for the polycrystalline hexagonal) Bwder in this material. Moreover, it can be seen in powder samples
are presented in Fig.(@. The natural width of the nitrogen due to preferential grain orientation.
1s orbital is below 0.1 eV(Ref. 26 and the spectrometer The DOS distribution at the B site and the related spectra
resolution function is~0.16 eV for absorption. Although the are presented in Fig.(B). In the emission spectrum the
width of spectrum is close to the width of DOS and theagreement of the calculated DOS distribution with that ob-
position of main maxima in the spectrum agrees with theserved in the spectrum is very good, and it suggests that the
positions of main structures in DOS, the agreement is not soore hole is screened efficiently in the case of the B atom.
satisfactory as it was in the cases of GaN, AIN, and InN. InDifferences between the calculated DOS and measured spec-
particular, the relative intensities of the characteristic featra are visible for states in the CB where the very pronounced
tures are somewhat different. One reason for differences bgre-edge structure is observed and originates from transitions
tween calculated and measured spectra is the preferred cry®- 7 orbitals?® This structure is very characteristic for hex-
tallite orientation with respect to the polarization vector of agonal BN and not observed for other nitrides.
synchrotron radiation, which enhances thébonded states Finally, in Fig. 8 the calculated PDOS and related mea-
close to the VB and CB edgé3Apart from the CB edge the sured spectra for cubic BN structure are shown. The agree-
o states dominate the spectrum. The three peaks located beent between calculations and experiment is quite good
tween 11 and 15 eV are not resolved in the absorption speavhen we recall that the natural width of the B level is
trum. Another reasot for the deviation between the obser- 0.07 eV(Ref. 26 and the spectrometer function width is 0.2
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T T spectra for GaN and InN are very similar, whereas some
I BN (cub) differences exist when we compare them with AIN. Thus can
5 N - atom I be explained by the lack of the cation semicadrstates in
F K-edge AIN

Comparing the PDOS distribution between the wurtzite
and cubic structure of considered compounds we also found
close similarities. However, for the cubic structure more
states are localized at the bottom of the VB, and in the CB
the fourth peak is generally better separated and more visible
than in the wurtzite structure.

Using the polarization properties of synchrotron radiation
and well-defined orientation of our samples we were able to
P PR TS differentiate between states originating fremand = bonds

in the distribution of the PDOS. These measurements are
new compared to the data reported by other authors for this
5 —— 77 class of materials. We detect pronounced differences be-
BN (cub) tween the distribution of the electron state in the CB for
these two bonds as well at the N as at the cation site. The
K-edge biggest anisotropy betwees and 7 bonds was found in
AIN, which also has the largest difference in the correspond-
ing lengths of bondsk andd in Table Il). The observed
anisotropy of the DOS distribution should appear in the an-
isotropy of various physical propertiégefractive index, di-
electric constant, elastic constants, ketc.

In contrast to the nitrides considered above, BN exhibits
qualitatively different features. In particular, both calculated
. ol and measured spectra are quite different for cubic and hex-
S S S TR U S agonal BN phases. Moreover, the agreement between calcu-
’ lated and experimental spectra for hexagonal BN is not as
(®) Energy (eV) good as that for the previously considered nitrides. This can
be explained by insufficient core hole screening, which is
typical for insulating materials.

Considering the ionicity of investigated materials we ana-
lyze the ratio of anion to cation states in VB and CB. The
results are given in last two columns of Table I. More ionic
bonding corresponds to higher valence electron density on
)}he anion site, whereas the density of conduction states

deviation occurs at th& edge of B close to the CB edge should be higher on the cation site. We found the ratio of
where the observed structure is absent in the calculate@nion O cation states in VB to be between 2(@W) and 4.6
PDOS. In the cases of GaN, AIN, and InN there were closéav (AIN). In the CB the differences are less pronounced, but
similarities between wurtzite and cubic structures. Now Welndeed more states are located at the cation site for all con-
can see that hexagonal and cubic phases of BN are'quiﬂdered nitrides. Except for AIN, the ionicity in the wurtzite
different regarding the calculated DOS and measured sped9” BN hexagonalstructure was higher than that in the cubic
tra. Moreover, these two phases of BN are not similar to>tructure. Generally, AIN and InN are more ionic than GaN,
wurtzite and cubic phases of previously considered nitrides2"d BN has the lowest ionicity.

Also, one can notice much smaller hybridization between the

states with different symmetry comparing to other nitrides. ACKNOWLEDGMENTS
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FIG. 8. The PDOS as calculated for the cubic structure of BN
(s, thin line; p, dotted line;d, thick line). (a) Projected on the N
atom and compared with the K absorption spectrumb) Pro-
jected on the B atom and compared wittKBemission and absorp-
tion spectra.
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