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Linear optical functions of cubic and hexagonal BN have been studied within first principles density func-
tional theory in the local density approximation. Calculated energy-loss functions show reasonable agreement
with experiments and previous theoretical results bothhf&N and forc-BN. Discrepancies arise between
theoretical results and experiments in the imaginary part of the dielectric functianBbr. Possible expla-
nations of this mismatch are proposed and evaluated: lattice constant variat®Ns;ontamination inc-BN
samples, and self-energy effects.
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[. INTRODUCTION An important issue is the experimental evidence for nega-
tive electron affinity (NEA) in cubic boron nitride

The properties of boron nitridéBN) have motivated de- samples?*® The electron affinity of a semiconductor is the
tailed theoretical and experimental studies for a long finfe. difference between the vacuum energy level and the conduc-
Many advanced technologies rely on boron nitride and ortion band minimum level. NEA occurs when the conduction
materials based on it, due to the wide spectrum of propertiesand minimum lies above the vacuum energy level. Any
offered by its polymorphic modifications, two graphitelike electron promoted into the conduction band then has enough
and two dense ones. Boron nitride shares many of its propenergy to escape into vacuum. One of the most striking ap-
erties, structures, processing and applications with carbomlications is in electron emission devices, to obtain the high-
Cubic boron nitride(also known as sphalerite boron nitride est electron emission density with the least energy expendi-
and abbreviated asZ-BN, c-BN, or B-BN), with ture (cold cathode emitteys* Correct evaluation of the one-
sp*-hybridized B-N bonds, has the diamond crystal structureelectron transition energies and the position of the single-
and a similar lattice constant. Its physical properties, such agarticle states turn out to be fundamental points relative to
extreme hardness, wide energy band gap, low dielectric corthis issue, and will be addressed here in detail.
stant, and high thermal conductivity, are also very near to It is now generally agreed experimentally that baiBN
those of diamond. These unusual propertiec-®8N have s the thermodynamically stable phase in ambient conditions,
many appealing applications in modern microeletronic deand that the less denseBN becomes stable at temperatures
vices, and make it useful also as a protective coating materiaxceedingl ~1200 K!° Due to the large change in volume,
or in heavy-duty tool§.Hexagonal BN h-BN or «-BN), an  fragmentation and disordering between the two phases can
sp?-bonded layered compound, and graphite also resemblgevelop. In combination with a rigid lattice, this leads to a
each other in terms of crystal structure, lattice constant, anthrge hysteresis of phase transitions. This means that phases
physical properties such as strong anisotropy. Due to itsreated under high-pressure high-temperature conditions can
high thermal stabilityh-BN is a widely used material in persist inside the sample under standard conditiorisvo
vacuum technology. It has been employed in microelectroniother phases, rhombohedral-BN) and wurtzite (v-BN),
devices, for x-ray lithography mask$,and as a wear- are stable only at very high pressufe=£10 GPa,'® and will
resistant lubrificanf. The hexagonal phase is also the under-not be considered here. Structural and excitation properties
lying structure of BN nanotubes, which are systems of grow-of the wurtzite structure have been reported elsewHefe.
ing interest at preseft*’ ambient pressures an interplay betwé&eBN andc-BN do-

On the other hand, significant differences exist betweemains only should be expectéd!®Since 197%-BN chemi-
carbon and boron nitride, due mainly to differences in theircal vapor deposited films have been realiZ2dut the pro-
chemical bonding. In facth-BN and c-BN mechanical duction of purec-BN thin films (by either chemical or
strengths, thermal conductivities, and Debye temperaturgshysical vapor depositignmemains a difficult task due to the
are lower than in their carbon counterparts. Moreolld8N  formation, during the growth process, of unwanted@N
is electrically an insulator, while graphite is a conductivedomains:®
semimetal. In contrast to diamond, which can be readily Extensive theoretical studies have been performed on the
doped only as @-type materialc-BN can be doped either  ground-state properties of BN. All calculations founded on
or p type. Moreoverc-BN does not react with ferrous mate- density functional theoryDFT) and on the local density ap-
rials, even at high temperatures~ 1600 K),'! and, last but proximation (LDA) for the exchange-correlation potential
not least, bothc- and h-BN are more resistant to oxidation agree in predicting that the BN structure has a lower en-
than their carbon counterpafts. ergy thanh-BN by about 0.06 eV per atoft 24 This result,
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which is confirmed by our calculation, disagrees with anSecs. IV and V we present results for the optical properties
older calculation based on the orthogonal linear combinatiof c-BN andh-BN, respectively. Finally, in Sec. VI conclu-
of atomic orbitals(OLCAO), whereh-BN was found to be sions are drawn, and the perspectives and issues opened by
more stable thae-BN by 0.35 eV per ator?® This is prob-  our work are presented.
ably explained by a lack of convergence in the older calcu-
lations. The band structure properties of BN have also been
the subject of extensive theoretical work, performed within ||, COMPUTATIONAL DETAILS AND GROUND-STATE
different schemes and approximatidrfe®—10:21-25.17.26-37 CALCULATIONS
From the experimental point of view many methods have ) ) ) )
been employed to explore the electronic structure. Among Density functional calculations have been carried out
them there are methods like soft-x-ray emissionWithin the local density approximation for the exchange and
spectroscop}®® and photoelectron spectroscafywhich ~ correlation functional® using the Perdew and Zunger
are both sensitive to occupied states, as well as near-edg@rametrizatiort of the Ceperley and Alder resuf$Kohn-
x-ray absorption fine structure spectroscpy and energy- Sham orbitals are expanded in a plane-wave basis set, with
loss near-edge spectroscopy, which can be used to probe tha energy cutoff of 55 Ry.
empty band$é® In addition, electron energy-loss spectros- Care has been used in constructing the ionic pseudopoten-
copy performed in the plasmon region has proved to providdials, in order to avoid the occurrence of ghost states and to
valuable informatiorf>~*° assure optimal transferrability:>* Angular components up
The experimental optical functions of BN compounds areto | =2 have been included. Separable, norm-conserving soft
not as well known as those of the other group Il nitrides.pseudopotentials have been generated within the scheme of
This is due in large part to the lack of high-quality single- Troullier and Martins,®> with the core radii(bohn 1.59 (B,
crystal samples. Consequently, most optical studies on BI8d) and 1.49(N, 2p). For boron, nonlinear core corrections
have been performed on polycrystalline samples, with varito be used in the solid calculation have been taken
ous amounts of impurities. As one would expect, the resultinto account in generating pseudopotentials and
of optical studies performed on these materials varypseudo-wave-functions.
greatly?®*” However, a general consensus from the experi- With the selected plane-wave cutoff, both the total energy
mental data is that the minimum band gap is direct in theand Kohn-Sham eigenvalues are converged to better than
case ofh-BN and indirect in the case @fBN. Forh-BN a 0.1 eV for bothc-BN andh-BN. For the cubic phase, the use
direct band gap of 5:20.2 eV associated with the transition of 10 special Chadi and CoheR points for charge
Hs,-H,. has been estimatéd,while a value of 6.40.5 integration in the first Brillouin zonéBZ)*’ is found to be
eV for the indirect minimum band gap im-BN has sufficient to achieve a good accuracy for the computed total
been determine®®, and associated with thd';5,-X;.  energy; for instance, the total energy changes by less than 10
transition!”33 meV and the fundamental band gap by less than 0.1 eV
In the present paper we presedtt initio linear optical ~when passing from six to 10 special points for BZ sampling.
functions ofc- andh-BN studied within DFT-LDA. No ex- For the layered haxagonal case the use ofk12oints is
ternal parameter has been used to fit the experimental curvesufficient for a full convergence of the total energy and ei-
Due to the importance of the two BN phases and to the facgenvalues.
that in several experimental configurations they appear to- Hexagonal BN turns out to be less stable than cubic BN
gether in the same sample, a parallel study of both phasds/ about 0.050 eV/atom. Preliminary calculations in which
has been accomplished throughout the present paper. Corfhard” norm-conserving pseudopotentials of the Bachelet-
plex dielectric functions, refractive indices, reflectance specHamann-Schiter (BHS) form were used with energy
tra, optical conductivity, and energy-loss functions ¢eBN cutoff’ of 150 Ry gave an energy difference of 0.078
andh-BN have been calculated. We report our results in theeV/atom. Our results hence confirm the previous finding that
energy range of interest and compare them with the existing-BN is more stable thah-BN. No contributions to the total
theoretical and experimental literature. Calculated DFT-LDAenergy coming from zero point vibrations of the lattices have
energy-loss functions agree relatively well with experimentsbeen consideretf:?
and with previous theoretical results, for bohBN and In Table | the structural parameters for the two phases are
c-BN. On the other hand, discrepancies arise between theoeported, in comparison with previous theoretical calcula-
retical results and experiments in the imaginary part of thegions and experiments. FarBN our equilibrium lattice pa-
dielectric function forc-BN. Possible explanations of this rameter underestimates the experimental one by a few per-
issue are proposed and evaluated in detail. The imaginamgent as usual for DFT-LDA, in accordance with previous
part of the dielectric function in thé-BN case, instead, theoretical results. The bulk modulus falls very near to the
shows a reasonable agreement with both other theoreticakperimental energy rangé?®
results and experiments. An underestimation of the same order was found for the
This paper is organized as follows. In Sec. Il we give thetwo lattice parametera and c/a of h-BN, as reported by
computational details of the calculation of the ground-statether authors als8:%°
properties for both phases. In Sec. Ill we describe the theo- No large differences in equilibrium structural parameters
retical scheme used to evaluate the optical properties, and tlegise when the harder BHS pseudopotentials and the larger
part related to the calculation of excitation properties. Incutoff are used’
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TABLE |. Calculated structural properties of zinc-blende and 30.0 . : :
hexagonal BN(lattice constant and bulk modulusompared with
other theoretical and experimental results. 050
Present Ref. 17 Ref. 21 Ref. 25 ExgRef. 17
BN 20.0
ag (a.u) 6.754 6.771 6.759 6.833 6.833 )
By, (Mbar)  4.01 3.52 3.97 3.70 3.69-4.65 v 150 |
h=BN =
a(au) 4698 468 450 471 4.72 © 100 |
cla 2.608 2.6068 2.608 2.670 2.664
By (Mban  2.68 2.65 2.61 3.35
5.0 |
Ill. OPTICAL PROPERTIES AND ELECTRONIC / . .
EXCITATIONS 4.0 8.0 12.0 16.0 20.0

ENERGY (eV)

The experimental scenario for the electronic properties of
boron nitride is characterized by many measurements. Fo[1
h-BN, however, old optical and energy-loss data are ver)} €
conflicting with each other mostly because of the use of poor
samples. Band structures calculated in the past were not atCAO results of Xu and Ching> Many structures can be
curate enough to be of real héfpbRecently, careful mea- directly related to measured ones, like the peak around 6 eV
surements of inelastic electron scattering spectra on wefor h-BN, which can be assigned to transitions between
characterizech-BN became availabl® and accurate mea- bands in the in-plane direction. This correspondence reflects
surements of the linear optical propertiescéBN have been the strong anisotropy in the optical absorption of this mate-
reported® Ellipsometry measurements have also been doné&al, which shows up even when macroscopic quantities are

to characterize noncrystalline thin films of BR®®and op-  taken into account.
tical reflectance spectra ot-BN have recenﬂy been As is well known DFT-LDA band structures for semicon-

published*’ ductors and insulators cannot reproduce the (@gberimen-
We determine the optical propertiesteBN andc-BN by~ tal) ones. DFT-LDA eigenvalues, when interpreted as
calculating the momentum matrix elements associated witfluasiparticle (QP) energies show the so called band
dipole transitions at a large number lofpoints in the BZ. gap problen?” The QP energies correspond only qualita-
The frequency-dependent imaginary part of the dielectridively to the DFT-LDA ones, mainly because the band

FIG. 1. Calculated optical conductivity of c-BN (solid line) vs
theoretical result of Ref. 2@ashed ling

function is given by>®° gaps between conduction and valence bands show a
systematic  underestimation  with respect to the
) (877)2e? R . experiment$3-%° This problem can be solved, for semicon-
eho(®)=——— 2 2 Kv.klp,lc.k)P
w‘mV ve g
12
X 8(E¢(k) —E, (k) —hw), (1)
wherev andc label the valence and conduction states asso-
ciated with the energieEU(IZ), EC(IZ), V is the crystal vol- 9t

ume, and) is the matrix element of the momentum operator.

Nonlocality effects in the ionic pseudopotentials are ne-

glected in the evaluation a,.%° Eigenvalues and eigenfunc- -+
tions appearing in Eq(1) are those determined within the .” 6t
DFT-LDA scheme. As it appears from EL), local field

effects are also neglected in the dielectric function
calculation®® For formulas relative to the macroscopic opti-
cal functions here calculated we refer to Ref. 61. 3+

To give an overview of the optical properties of the two

crystals, and in particular of the differences between the hex:
agonal and cubic phases, the calculated interband optice

©
—
p—
o]

conductivity o is reported in Fig. 1 and in Fig. 2. In the case 0

of h-BN, an average over the three crystallographic direc- ENERGY (eV)

tions is taken. Both the absorption threshold and the oscilla-

tor strengths im-BN are much smaller than ia-BN. In the FIG. 2. Optical conductivity function ofh-BN (solid line) vs

two cases, our data reproduce fairly well the orthogonalizegbrevious theoretical resu{lashed ling after Ref. 25.
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TABLE Il. Excitation energies foc-BN.

Present Ref. 17 Ref. 33 Expt.
Iig,-Xae 7.28 6.95 6.3 6.40.52
gy 11.79 11.46 11.4 145

8Reference 49.
bReference 3.
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ductors and insulators, within a self-energy scheme, calle
GW.% within this method, the self-energy operator
readsX =GW, whereG is the one-electron Green function
andW the screened Coulomb interaction in the system, fully
taking into account the screening properties of the
material®?®%” The corresponding Dyson equation can be
solved within first-order perturbation theory with respect to
(X —V,o), whereV, is the DFT-LDA exchange and corre-
lation potential. Assuming the DFT-LDA eigenvalues and
eigenfunctions as the zeroth order eigenvalues and eigen-

REFLECTANCE

1.0

0.0
0.0

10.0 20.0

ENERGY (eV)

FIG. 3. Calculated reflectandsolid line) of c-BN vs experi-

functions of the system respectively, the QP corrections fof,”

the Blochy,; state reaff

SONED) 4+ 35 EQ) — (Vo v

. (0) n
Ei—EQ=
k- =nk 1+d3,«(E)/dE[g© ’
nk
2
where3 %", %% and V% are the expectation values of

the Coulomb holdcoh) and screened exchan@eex contri-

butions to the self-energy, and of the DFT-LDA exchange-

correlation (xc) potential, respectivel§? Ab inito GW

ental results from two samplésee textin arbitrary units(dashed
ines), taken from Ref. 47.

model dielectric functions enabled both us and other authors
to obtain very positive results, when compared with experi-
ments andab initio GW values, in several semiconductors
and insulator§®’° Moreover, the use of model screening
functions enables one to perfoi@W calculations in a more
efficient way, reducing the computational effort by at least
one order of magnitude in CPU tinf&/° Details concerning

he evaluation of the different coefficients appearing in Eq.
(3) and how they compare with thab initio calculated val-

schemes are based on the full calculation of the screeninlges are given eisewhefd’!

function of the systenti.e., fully including local field and
dynamical effectsstarting from DFT-LDA eigenvalues and

eigenfunctions. These kinds of calculations for semiconducé_B
tors and insulators have often led to a very good agreeme

between theory and experiméRt’

Self-energy corrections to the DFT-LDA band structure
for semiconductors and insulators can also be performe
with very good results, using a model dielectric function to

mimic the real screening of the systéM® One can start
from a perturbative formula of the foffh

h d 0
SRS RS ETD) — (Uil Vi Yol

E(O)
1+d2n,;(E)/dE|E(og ’

Eni— nk

©)

wheres ®(E(9

pansion of the dynamical part &f, and only the static parts
of the sex and coh self-energy are pre$éfit Corrections to
the DFT-LDA spectra calculated from EE) with the use of

TABLE lll. Excitation energies foh-BN . For the meaning of
the “a” and “ b"” marks, see text.

Present  Ref. 17 Ref. 10 ExpgRef. 48
Ha,-M e 6.39 6.04 5.4 5.2+0.2
Ha,-Hoc 6.76 6.66 6.33

Eitherab initio or simplifiedGW schemes have been em-
loyed to calculate the QP energies d¢-BN and
N.17:333772 Al these theoretical results improve the

I?:ltgreement with experimental data. Typically, LDA transition

energies suffer from an underestimation of about 3 eV for the
ubic phase and 2 eV for the hexagonal 6hin Tables II
nd 11l for c-BN and h-BN, respectively, we report the re-
sults of previous calculations and experiments, namely, the
fundamental gaps and the main transition energies, in com-
parison with the present results. ¢iBN the present transi-
tion energies have been calculated at the corresponding the-
oretical lattice constant while in Ref. 3as explicitly stated
by the authorsthe experimental lattice parameter was used.
Moreover, the use of an efficient method in a large gap sys-
tem induces a slight overestimation of the above

) is the zeroth order term of the energy ex- energies”’* As is clear from the data, minor differences

arise between thab initio GW results and the efficier W

ones. In Table lll, the value markeda” correspond to a
transition between a poirf; (along thel’-K direction near
K, and close in energy tél,) and M.. The term marked
“b” is the transition energy betweef;, andK;., which is

close in energy to the transitidig,-H . .>

IV. CUBIC BN

In Fig. 3 the calculated reflectivity af-BN is displayed
together with the experimental data given in Ref. 47 for a
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FIG. 4. Calculated imaginary part of dielectric functioncsBN ENERGY (eV)

(solid line) vs the experimental results of Ref. 4dashed lines
Real part of dielectric function computed in the present wid-
ted ling is also reported.

FIG. 5. Calculated imaginary part of dielectric function of c-BN
(solid line) vs LMTO result after Ref. 74dotted ling and LCAO
result(dashed ling of Ref. 25.

crystalline (&) and a microcrystallingb) sample. Both the

spectra show peaks at 11.7 and 1.0 eV and a broad structut&line c-BN does not grow epitaxially on a silicon substrate,
around 18 eV. The authors of Ref. 47 claim that the first twoand presents a rough surface. They do not mention the value
peaks correspond to ti&l andE2 peaks of the zinc-blende- of the absorption onset, but a value of 6.8 eV can be deduced
type semiconductorS. Our theoretical curve shows two from their figure ofe,. To consider the correspondence with
structures centered at 10 eV and 12.7 eV but no clear evihe electronic transitions, peak has been associated with
dence of higher-energy peaks. the transitionl"5,-I"15., peakB with the transitionsXs,-Xz.

In Fig. 4 we report the calculated dielectric function for and Xs,-X,., peakC with the transitionLs,-L 3., and peak
c-BN obtained within DFT-LDA. The static dielectric con- D at 16.7 eV Withle-LlC.47 The present DFT-LDA reflec-
stant is found to be 5.45, larger than the experimental onéance spectrum reproduces the experimental curves qualita-
(4.45.7 This fact must be ascribed to absence of local fieldtively, but the first peak is found at 12.8 eV and the next at
effects in the calculation of,.>®° Experimental curves ob- 15.2 eV. Figure 5 also demonstrates that our results do agree
tained from recent optical reflectance measurements in theith other theoretical calculatiorisoreover, the theoretical
energy range 5-25 eV with syncrotron radiation by Osakaurves show no remarkable difference in the range 25—-40 eV
and co-worker¥ are also reported. They used two different which has not been shown in this figirélowever, the ab-
samples, namely a sintereeBN plate(short-dashed curve in  sorption onset obtained within DFT-LDA is at 8.9 eV, i.e,,
Fig. 4 and ac-BN thin film (long-dashefl The c-BN sin-  much higher than the experimental one. This issue turns out
tered plate produced at high pressure and temperature, df be rather singular in view of the fact that usually, due to
fered by Sumimoto Electric Industrgdapan, had dimen- the above mentioned band gap problem, the DFT-LDA cal-
sions of 5x5x 0.5 mnt and was characterized as cubic by culated absorption onset should fall at lower energies than
using x-ray diffraction and Raman scatterfigrhe film, on  the experimental on&:3¢2>%2n our case the LDA theoreti-
the other hand, was grown using chemical vapor depositiogal curve is blueshifted by more than 2 eV with respect to the
(CVD) on a silicon substrate, with negative self-bias. Theexperiment. A similar overestimate is found also in other
c-BN phase, synthesized fromBg (Ar dilution) and N, gas  theoretical calculation®:*%2° The interpretation of Chris-
mixtures, had 100—-200 A grain size, confirmed by transmistensen and Gorczytafor e, is different(away from thresh-
sion electron microscopy images. old) from that proposed by Osaka and co-workéend by

In Fig. 5 we also compare our curve with that calculatedXu and Ching?® and from our interpretation. In fact the au-
by Xu and Ching?® and with a linear muffin-tin orbital thors of Ref. 35 associate thepeak with the transitions 3—5
(LMTO) one calculated at our theoretical lattice paramé&ter. at the;I'-U point, the major peaB with the 4-5 transitions
It is significant to discuss this figure in detail. The experi-at theX andL points, theC peak with the 4-6 transitions at
mental data show major structurAsandB at 9.05 and 11.7 L, and theD peak with the transition 4-6 @ and at>.’. The
eV and shoulders at 13.2 and 16.7 e€ and D) for the  onset is ascribed to direct transition Bt Xu and Ching
crystalline sample. In the, in thec-BN film, the peakAand  foundA, B, andD structures, respectively, at 10.7, 12.6, and
the shoulder< andD are not present. The spectrum of the 15.6 eV, but no evidence for tf@shoulder in their results
c-BN thin film deposited by plasma CVD is similar to that of Also, their data show a rigid blueshift with respect to the
c-BN synthesized under high pressure and high temperaturexperimental curve by about 1.7 eV. Our results resemble
The authors of Ref. 47 claim that the differences betweernhose of Xu and Ching. Please note that their name assign-
their spectra are a demonstration of the fact that microcrysments for the spectrum do not match the present ones. Our
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FIG. 7. Calculated real part of refractive index ®@BN (solid
line) vs the experimental resulfdot-dashed line after Ref. #6and
previous theoretical resultiashed line after Ref. 25

FIG. 6. Calculated imaginary part of dielectric functionceBN
at experimentaldotted ling, theoretical(bold solid lin@, and the-
oretical plus 5%(solid line) lattice constants. Experimental results

(dashed linesafter Ref. 47 are plotted for reference. )
study has not been carefully characterized, namely, concern-

, , ing different possibilities of disturbances, such as thermal
onset is found at 9.05 eV, while the structud&sB, andC a5 or the presence ¢bxide) overlayers®4” which we

are found respectively at 9.7, 12.5, and 14.9 eV, with smallyjj| not address here but which cannot be excluded in prin-

evidence of pealD. Our assignment to band transitions cipje. |n the following, we consider instead the possibility of
within DFT-LDA agrees with that proposed in Ref. 47, and h.gN contamination within thec-BN sample. This is pos-

has also been confirmed by Tsay and cp-vyor%rs. , sible due to the fact that in normal conditiom$8N domains
As far as we know the only other existing expenmentalmay be found irc-BN sampled”
data for the minimal direct gap @fBN are those of Philipp In Fig. 7 and Fig. 8 we also report the real and imaginary

and Taft?_which yield a value of 14.5 eV. They studied pars of the refractive inder(w) in comparison with the
diamond in the vacuum gltrawolet, and they reported dat%xperimental data of Miyata and co-workéfsThe experi-

for ac-BN sample d'3p|ag3\';‘Tg structures around 9 and 10 eV enta| data were obtained from reflectance measurements
and a peak near 14.5 eVThe BN data were reported as e 4 photon energy range between 2 and 23 eV, and from
marginal by the authors, to support the evidence for a largefansmittance data in the range 2—7 eV. A single crystal of
direct band gap ic-BN than in diamond. Their value of 14.5 . gn (5 mn? areax0.16 mm thick was used. Both the

eV has been considered as the experimental direct band 93Rset of the absorption and the imaginary part of the refrac-

. . 73
of this material by other author.” On the other hand, e index indicate a gap of 6:10.5 eV. Our results are only
these data could be interpreted in good agreement with our

DFT-LDA spectra. In fact, one could consider the first struc-
ture as the display of the ons&it 9 eV in our DFT-LDA
calculation and the major peak as the maximuyat 12.5 eV

in our DFT-LDA calculation (see Figs(2—4)).

Let us now address in detail the main mismatch betweer 30 |
theoretical resultsincluding ours and the experiments, con-
cerning the onset. One of the points to be considered is the
problem of the correct value of the lattice parameter to be,
used in optical property calculations. This issue has beer ' 20
raised for BN in experimental and theoretical w8fi® In
Fig. 6 we report different DFT-LDA curves far, calculated
at different lattice parameters around the equilibrium one. It

4.0 T T T

is evident that the onset of the theoretical absorption agree 10
with the experimental one only when the lattice constant is
expanded, with respect to the equilibrium one, by 5%. This
value appears to be too large, both with respect to the experi : ' :
0.0 5.0 10.0 15.0 20.0

mental one, and in view of the facts that usually the DFT-
LDA underestimation of the lattice constant is about £/
and usually the DFT-LDA underestimates the absorption on- FIG. 8. Calculated imaginary part of refractive index BN
set. Another possibility is that the sample under experimentalsolid line) vs experimental result&ashed ling after Ref. 46.

Energy (eV)
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FIG. 9. Energy-loss function af-BN (solid line) vs the experi- FIG. 10. Energy-loss function &BN (solid line) vs the experi-
mental resuli{dot-dashed lingafter Ref. 43 and previous theoreti- mental resuli{dot-dashed lineof Ref. 43 and previous theoretical
cal result(dashed ling of Ref. 25. result(dashed ling after Ref. 25.
in qualitative agreement with these measurements. 4.3 eV, corresponding to the,,-H,, transition®! Hoffman

We can argue that part of the error comes from the norand co-workers, by optical reflectivity measurements in the
malization imposed on the experimental curves. In fact, theange 0.045-10 eV, found a direct gap of 5@2 eV, de-
absolute values of reflectance and transmittance were olglucing that it corresponded to direct transitionsi® Park,
tained by the authors of Ref. 46 by requiring that the refrac-Terakura, and Hamada, using a FLAPWDA) scheme,
tive index atw=2.10 eV is equal to 2.117, the value deter-found a minimal direct gap, and gave for the,-M . transi-
mined in an independent experiment in Gieli§Swithin the  tion energy a value of 4.5 e¥.Last but not least, the work
present work, instead, no adjustable parameter has been usefd Suhr and co-worke?s and of Cappelliniet al. found,
to fit the experimental data. within DFT-GW, that the material has an indirect minimal

In Fig. 9 we report the calculated DFT-LDA energy-loss gap(see Sec. I)l. For h-BN we start the discussion with the
function for cubic BN, namely, Iin-1/e(g,w) ], in compari-  EEL function reported in Fig. 10. In this figure, we compare
son with the experiments. We compare our results with electhe calculated DFT-LDA curve, averaged over the three
tron energy-los§EEL) measurements of McKenziet al**  crystallographic axes, with the curve calculated by Xu and
The dominant maximum in the EEL spectrum is due to theChing?® and with the experimental one by McKenzeal
plasmon excitation, a longitudinal oscillation of the valenceWe recognize three major structures. In the theoretical spec-
electrons as a whole against the cores, classically occurrinigum of Ref. 25, a first peak?h) around 7 eV can be found, a
at frequencyuf):NeZ/m whereN represents the densities of second peakB) is at 12 eV, and a major structut€) ap-
the valence electrons of the sample. Due to the differenpears at 24 eV. The last is the bulk plasmon peak, to be
density ofh-BN and c-BN, EEL spectra have been used to compared with the experimental value of 25.58\In Fig.
discriminate between the two phases within the samdl we report the calculated imaginary part of the dielectric
specimerf® The measured, for h-BN is 25.5 eV and for function for averaged-y and z components. Our results
c-BN it is 28.5 eV. An absorption threshold for the cubic compare well also in this case with the LCAO values by Xu
phase at 9 eV was deduced by the authors of Ref. 43. Owand Ching. In Fig. 12 we plot the imaginary part of the
DFT-LDA calculation yields a first peak at 33.3 eV, which is dielectric function averaged over the three crystallographic
in reasonable agreement with the experimental one (28)5 e\axes. In particular, from Fig. 11 and Fig. 12, we agree with
and with that determined by Xu and Chi28 eV).>® the conclusions of Xu and Ching that peBkin the EEL
function of Fig. 10 comes from the componentegfparallel
to the c axis of the hexagonal crystal, while peAkcomes
from the perpendicular components &f These statements

For this material conflicting experimental and theoreticalmay be easily confirmed by considering experimental curves
values of the fundamental band gap can be found in thet different scattering momentum transf@n-plane versus
literature. Tarrio and Schnatterly presented EEL spectra bez-axis datd?>*® The major peakC contains contributions
tween O and 60 eV, with a plasmon peak at 26.4 eV. Fronfrom both thee, components perpendicular and parallel to
their data, a direct gap of 5:90.2 eV was inferred® Catel-  the c axis. In Fig. 13 we report the imaginary and real parts
lani and co-workers using a full-potential linear augmentedof the calculated refractive index. Again, a qualitative differ-
plane wave computational scherffdlAPW-LDA), claimed ence to respect with the cubic case is observable. In fact,
thath-BN has a minimal indirect gap at thés,-M . transi-  although the imaginary part of the dielectric function has
tion, corresponding to 3.9 eV, and a minimal direct gap atbeen averaged over the three crystallographic directions,

V. LAYERED HEXAGONAL BN
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FIG. 11. Top panel: imaginary part of the dielectric function of  FIG. 13. Calculated refractive index dfBN: real (solid line)
h-BN (solid line) averaged fox andy directions vs the same quan- and imaginary(dotted ling parts.
tity after Ref. 25(dashed ling Bottom panel: imaginary part of the
dielectric function oh-BN (solid ling) in thez direction vs the same g argued that the experimental samples-8N are likely
quantity after Ref. 2§dashed ling to contain impurities due th-BN domains. Assuming that
the sample used in the experimental work by Osaka and
large differences arise with respect to the cubic ¢ase Fig.  co-workeré’ containedh-BN domains, we can work within
(8)]. the effective crystal approximation, i.e., assuming that the
A knowledge of the optical properties 6fBN can help domains are homogeneous and isotropic. In this case an
us to understand the mismatch between theory and expelimaginary dielectric function corresponding to a linear com-
ments for thee, of c-BN. In fact, as was recently showh, bination of the two pure forms can be expected for the
c-BN films may display a hexagonal-like top layer, and in merged system?®
the presence of disturbances the amount of disorder in both
types of film increases significantly, leading to the transfor- ex(0)=xelBN(w)+(1—x) 5PN (w) (4)
mation of the cubic phase to the hexagonal-like material.
Moreover, it has been demonstrated that, due to the largeith x going from 0 to 0.5. In Fig. 14 we report the results
hysteresis of the hexagonal-cubic phase transitieBN do-  obtained within this scheme at the DFT-LDA level. By in-
mains may continue to exist BN samples? It can hence creasing the concentration of thehase, a peak at 5 eV due

10 ———— 24.0 ' - - ' '
81 7 180
°| [

2 120

£,
4 L
60 |
2 L
J 0.0
0 L 1 1 1 1 1 1 1 1 1 1 1 O
0 2 4 6 8 10 12 14 16 18 20 22 24 26 28 ENERGY (eV)

ENERGY (eV)
FIG. 14. Imaginary part of dielectric function for mergedN

FIG. 12. Imaginary part of dielectric function &FBN (solid andh-BN (solid lineg. The experimental results of Ref. 47 are also
line) vs previous theoretical result of Ref. Bdashed linpaveraged given (dashed lines Pure cubice, is showed with the bold solid
over the three crystallographic directions. line.
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24.0 ' ' ' DFT-LDA e, curve roughly correspond to shifts in opposite
directions®>®2Referring to the onset af,, one might obtain
a rough estimate of the excitonic binding energy from the
mismatch between th&W corrected onset and the experi-
mental one. In thee-BN case, a value of more than 5 eV
would result. This value seems to be too high, even in com-
parison with the strongest exciton binding energies found in
systems like oxides, where, due to weak screening, the elec-
tron and hole can be bound by an energy of the order of 1
eV8% A theoretical evaluation based on Wannier functions
for c-BN leads to a value of this order of magnitutfeTo
fully address this problem from the theoretical point of view,
one should solve the Bethe-Salpeter equation for the optical
response function including two-particle effef?s®? One
should also look for more refined experimental measure-
ments of the linear optical properties ©BN. In summary,
ENERGY (eV) ¢c-BN and h-BN mixing within the sample, self-energy and

] ) ) ) ] excitonic effects, the presence of impurities, the lack of pure

FIG. 15. Imaginary part of dielectric function witBW correc-  crystalline samples, and lattice parameter mismatch, can in

tions (Isee te:x)t fc;rRmfrge;dc-BNl and h-BN éscgi? Iineg. EXpetr)i_' principle all be sources of the disagreement between theoret-
mental results of Ref. 47 are also givashed lines Pure cubic oo regyits and the available spectra 6sBN.
€, is showed with the bold solid line.

18.0 -

2 120 1

6.0

0.0
0

to h-BN does grow, while the peak around 12 eV due to the

cubic phase decreases. Even though the main peak comes VI. CONCLUSIONS

into better agreement with the experiments in intensity, the _ ) )

peak around 5 eV remains significantly redshifted with re- Linear optical functions of cubic and hexagonal BN have
spect to the experimental onset. To address this issue mopgen studied within DFT-LDA. Calculated energy-loss func-
deeply, we calculated self-energy corrections to the spectrions compare reasonably well with experiments and with
of both phases within th&W approximationt’ The results  Previous theo'retlcal results, for b.othBN and c-BN. D|s-.

are reported in Fig. 15. TH8W corrected spectrum matches Crepancies arise between theoretical results and experiments

the experimental threshold better than the DFT-LDA onell the imaginary part of the dielectric function farBN.

but the major peak now completely misses the main eXpenPossible explanations of this issue are proposed and evalu-

mental structure at 11.7 eV. ated: lattice constant variatiosBN contamination irc-BN

Another possible explanation for the mismatch betweerf‘amples’ and lself-ﬁnergy effects. IOn the other h.akr:d, hour
theory and experiment for the cubic phase is the contributiof?” | "LDA results show a reasonable agreement with other
of higher-order effects in the spectra, like those due to th(_{,heoretlcal outcomes and with experiments for the imaginary

electron-hole interaction which we have neglected so far. part of the dielectric function in th? case biBN. More
we consider, in Fig. 15, the case with=0 (purec-BN with refined measurements and calculations are needed to fully

GW self-energy correctionsthe GW theoretical onset falls address the mismatch between theory and experiment for the

at 11.6 eV(see Sec.)l more than 5 eV higher than the cybic'case. In fgture work we intend 'go go further in the
experimental one£5.8 eV from Ref. 4. Hence the inclu-  direction of a refinement of the calculations.

sion of self-energy effects in the DFT-LDA spectrum wors-

ens the comparisqn With experiments in the present ca}se.'An ACKNOWLEDGMENTS
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