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Giancarlo Cappellini and Guido Satta
INFM Sezione di Cagliari and Dipartimento di Fisica, UniversidaCagliari, Cittadella Universitaria,
Strada Provinciale Monserrato-Sestu Km 0.700, 1-09042 Monserrato (Ca), Italy

Maurizia Palummo and Giovanni Onitla
INFM Sezione di Roma-2 and Dipartimento di Fisica, Universitdor Vergata, via della Ricerca Scientifica 1, 1-00133 Rome, Italy
(Received 5 March 2002; revised manuscript received 10 June 2002; published 24 Septemper 2002

We present a calculation of the linear optical properties of the nonftiléy surface of cubic boron nitride,
performed within the first-principle density-functional theory and local-density approximation scheme. The
reflectance anisotrop§RA) spectrum is analyzed in relation to the better known spectrum of the (E&@s
surface and to the existing tight-binding results for GEN). Previous results for the RA spectrum of
GaN(110) obtained in tight-binding scheme are here confirmed, including a negative structure at the onset. For
BN(110 the present firsab initio results show the fundamental role played by surface-states transitions at the
onset of the RA spectrum. The origin of the optical structures is studied in comparison with the RA spectra of
GaAg110 and GaN110), in connection with the differences in ionicity between nitrides and GaAs, and
considering the specific relaxation occurring at nitrides0) surfaces.
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[. INTRODUCTION ties, such as extreme hardness, wide energy band gap, low
dielectric constant, and high thermal conductivity, are also
In recent years BN and GaN, among other IlI-V semicon-very near to those of diamond. These remarkable properties
ductors, have attracted much attention for their very peculiapf c-BN have many appealing applications in modern micro-
electronic properties. Their hardness, high melting point, anélectronic devices, and make it useful also as a protective
large bulk moduli make them ideal as protective coatingcoating material or in high-duty toofsMoreover, the possi-
materialst'? Besides that, other properties such as the highility to grow BN nanotubes has stimulated a large interest
thermal conductivity, wide band gap, and low dielectric con-upon the layered hexagonal phaseBN) too.”
stant are very attractive for applications in optical and elec- It is now generally agreed experimentally that baHBN
tronic devices—3 In fact, nitride semiconductors are visible is the thermodynamically stable phase at ambient conditions,
light emitters and detectors, hence have gained importanc@d that the less denseBN becomes stable at temperatures
due to their real and potential applications. exceding T~1200 K!° Since 1979¢-BN chemical vapor
Modern semiconductor devices in general consist of mangleposited films have been realizédyut the production of
layers (planar and nonplanpof different materials, grown purec-BN thin films (either by chemical or physical vapor
usually by epitaxial processes such as the molecular-beageposition remains a difficult task due to the formation, dur-
epitaxy” Different techniques have been therefore employedng the growth process, of unwillds-BN domainst? A gen-
to probe the growth mechanisms and the structure of sural consensus gained from the experimental excitation ener-
faces. Between the most successful tools used for this gogies is that the minimum band gap is direct in the case of
are surface sensitive optical techniques, which permit nondd¥-BN, and indirect in the case @-BN. For h-BN a direct
structivein situ measurements over a broad range of operatband gap of 5.2 0.2 eV associated to the transitibiy,-H ¢
ing environments and in real time. The study of optical prop-has been estimatéd,while a value of 6.40.5 eV for the
erties of surfaces is therefore a rapidly developing field ofindirect minimum band gap in-BN has been determinéd,
research, because of the versatility and nondamaging charaaad associated to tHe;s -X; transition’>*%b initio linear
ter of the optical measurements. The comparison betweeoptical functions ofc- and h-BN, studied within density-
measured and calculated spectra has yielded information danctional theory and local-density approximatidBFT-
atomic and electronic structure of many surfates. LDA) and GW schemes, have been addressed by us in a
The properties of boron nitridéBN) have motivated de- previous work!’
tailed theoretical and experimental studies since a long In the present paper, we study the optical reflectance an-
time =8 Many advanced technologies rely on boron nitrideisotropy of the(110) surface of cubic BN and compare it to
and on materials based on it, due to the wide spectrum ahat of GaAs and GaN. Reflectance anisotropy spectroscopy
properties offered by its polymorphic modifications, two (RAS) involves the interaction of polarized electromagnetic
graphitelike and two dense ones. Boron nitride shares mamadiation with the surfacéand bulk electronic dipole mo-
of its properties, structures, processings, and applicationsents. With this technique, one measures the difference in
with carbon. Cubic boron nitridéalso known as sphalerite reflectivity between two orthogonal polarizations of light at
boron nitride and abbreviated @BN, c-BN, or 8-BN), near-normal incidence. When applied to the surface of an
with sp-hybridized B—N bonds, has the diamond crystal isotropic bulk crystalsuch as cubic BN, GaN, and GaAs
structure and a similar lattice constant. Its physical properthere is no net contribution from the bulk. Under these con-
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ditions, the RAS signal arises from the symmetry reduction O Ga (B) (110)
at the surface, with respect to the bulk, caused by crysta
termination and by the surface reconstruction or ‘ N
15,18 {oo1)
relaxation?

Other surfaces of BN have been studied previously using
ultrasoft pseudopotential schemes. The nonpolBN(001)
differently reconstructed surfaces have been systematicall
studied with respect to their stability, structure, and elec-
tronic excitations>2°On the other hand, the stability of dif-

ferent reconstructions of the polar (111) and.{} surfaces
of c-BN has been already addres$éd? In the present pa-
per, we study th€110) surface of BN in comparison with the
same surface of GaN and GaAs. It shows a simpler relax-
ation pattern with respect to other more complicated recon- F!G. 1. Structure of BRL10) and GaN110 surfaces after Ref.
structed surfaces o€-BN, 1920 Moreover, the GaAd10) 34. Side view and relaxation parameters. See also Refs. 35,36.
nonpolar surface has been widely studied previously Wit?‘%
r

respect to its structural and optical properties by two autho ollowing core radii(bohn: 1'59(8’ 3d), 1.49(N, 2p)..F0r
of tﬁe preslent cglla%oration phical propert ywoau oron, nonlinear core correctiofslLCC), to be used in the

The optical properties of the nonpol&t10) surface of solid calculation, have been taken into account in generating

cubic boron nitride have been studied starting from a surfac Sel\lleOpOtemials andﬁpsfeligoéwa;]/e-f%nct?&ns.trtlje Ca(sjel\?[ cc
electronic structure calculation within tlad initio DFT-LDA aN an energy cutoll 0 y has been used, an

scheme. We calculated the imaginary part of the dielectrid'@ve been considered for the Ga atom. A lower energy cutoff

H 32
function and the reflectance anisotropy spectfdiim paral- (18 Ry) is used for GaA@LlO.
lel, we analyzed the results relative to the better known In all the cases considered here the bulk crystals are op-

GaAg110) surface as well. Indeed Ga@4.0) can be consid- tically isotropic. The semi-infinite solid is replaced by peri-
ered as a prototype of .the II{¥10) surface relaxation odically repeated slabs to simulate the real surface. In order

Moreover, calculations within the same scheme have beel? ach_ie_'ve a good convergence of the results we use a system
here performed also for GAML0), comparing the results containing e_Ieven atomic layers, with fo_ur empty layers to
with existing tight-binding(TB) data for this surfac&* The separate adjacent 'slab's. Convergency in sampling the irre-
RAS signal for GaNL10 shows a negative structure at the ducible surface Brillouin zon€SBZ2) for the ground-stalte
onset, in contrast to what happens in Gm@ The t|ght- calculation is achieved with the use of four SpeCI@.l
binding optical results for Gafd10) are confirmed by our points®® The cleaved110) surface of zinc-blende materials
DFT-LDA pseudopotential calculatici. For BN(110, we  retains the primitive (X 1) periodicity and presents a well-
present here the firstb initio optical properties calculation. known relaxation pattern. At the surface layer the anion
For this system, we address in detail the role of transitiongnoves away from the bulk, favoring tipebonding with three
involving surface states at the onset. neighboring cations, while the surface cation moves into the
The paper is organized as follows. In Sec. 11, we give thebulk favoring an sp? binding with three neighboring
computational details and ground-state properties of the cornions:>?*%*=39n Fig. 1, a picture of the relaxed.10) sur-
sidered surfaces. In Sec. Ill, we describe the theoreticdace is shown for BN and GaN after Ref. 34. The surface
scheme used to evaluate the optical properties. In the sangémer rotation angle» and dimer bond contractio@g for
section we report the RA spectra relative to all the considerethe three surfaces under study are given in Table I, in com-
surfaces, and we discuss the results. The origin of the optic@larison with the previous data. For the nitride surfaces an
features in the spectra at tli#10) nitrides surfaces is then anomalousbehavior results. Rotational angles are nearly
addressed. Finally, conclusions are drawn in Sec. IV. halved with respect to GaAs and the bond contractions are
appreciable, while they are negligible for GaAs. This behav-
ior can be ascribed to the higher bond ionicity of the Il
nitrides>3® A quantitative analysis of this point in term of
electronegativity, charge transfer per dimer, and charge
Density-functional calculations have been carried outtsymmetry coefficient has already been given, relative to the
within the local-density approximation for the exchange andonpolar surfaces of nitrides, in a previous wdtkviore-
correlation functionaf; using the Perdew and Zunger _ _ _
parametrizatio?? of Ceperley and Alder resul. Kohn- TABLE |. Dimer rqtatlon angle ano_l bond _contractlon for the
Sham orbitals are expanded in a plane-wave basis set, wify'rfaces under study in comparison with previous results. GaAs
an energy cutoff of 55 Ry. Care has been used in constructing® GaNil) from Ref. 35, BNIIl) from Ref. 36.
the ionic pseudopotentials, in order to avoid the occurrenc
of ghost states and to ensure an optimal transferabfifty. (110Surface GaAd) GaAs GaNll) GaN BNII) BN
Angular components up tb=2 have been included. Sepa- ¢ (deg 30.1 29.9 143 13.0 15.74 15.73
rable, norm-conserving soft pseudopotentials have been geg; (%) 0.9 1.3 4.9 5.7 7.8 10.4
erated within the scheme of Troullier and Martiisyith the

Il. STRUCTURAL PROPERTIES OF BN (110
AND COMPUTATIONAL DETAILS
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Z ool o ssvscess oo vosessesse e wherev andc label the valence and conduction states asso-
z i "I!gggg I i i" gg! E ciated with the energieEv(lZ), E.(k), V is the crystal vol-
%‘_100 Q."”EE E ! T EEE i ume, ( ) is the matrix element of the momentum operator
ol . ".""f .. anda=x,y,z. The sum ovek is extended over the bulk BZ
reent LI 1t ! § RN of the crystal. In the presence of a nonlocal ionic potential,
200liiiidl lgigss the momentum operator in E€l), should be replaced by the
o bulk states > bulk states velocity operatof’ However, it has been shown that in 111-V
* surf states * sur states semiconductors this has a negligible influence on the RA
=300 - X M X T X M x T spectre! The eigenvalues and eigenfunctions appearing in

Eq. (1), are those determined within the DFT-LDA scheme.
FIG. 2. DFT-LDA band structure of the BNI10) surface inthe  As jt appears from Eq(1), local-field effects are also ne-

SBZ. Left panel: relaxed surface. Right panel: band structure for th%]lected in the dielectric function calculatiéh.
ideal surface. As is well-known, DFT-LDA band structures for semicon-

ductors and insulators do not reproduce the (eaperimen-
over, the structural results obtained with explicit inclusion oftal) ones. DFT-LDA eigenvalues, when interpreted as the
the Gad electrons in the valencare in very good agree- guasiparticle(QP) energies show the so-callebiand-gap
ment with those obtained using NLCC, and leaving thedGa problem™ The QP energies correspond only qualitatively to
electrons frozen in the core as we do in the present work. 1€ DFT-LDA ones, mainly because the band gaps between
Fig. 2, the calculated DFT-LDA energy bands in the gpzconduction and valence bands show a systematic underesti-

have been depicted for the BN ideal and relax&t0) sur- mation with respect to the experimefifs.® This probleﬁg
faces. One finds two surface states within the bulk gap: th%ﬁ?h.beths.OIV(Edﬂ\]"”éh'?ha sellff—energy apprt?[ach, ;lﬂzdw W.
Ag state, above the valence-band top, which is the occupie 'thin i method, the Sel-energy operator re '

anionic dangling bondalmost unaffected by the surface re- where G is the one-electron Green function amil the
. . screened Coulomb interaction in the system, fully taking into
laxation; and the stateC;, below the conduction bands y Y 9

- R . | DalHS, account the screening properties of the matéfidt?’ This
which is the cationic empty dangling bond experiencing any,eiag has been applied to semiconductors surface® too.

upward shift after relaxation. This relaxation pattern is COM-However, we maintain here the calculation of the optical

mon to the(110 surfaces of GaN10 and GaA¢l10. In  hroperties at a DFT-LDA level, and we shall comment in the

BN(110, notice that the band gap &t is between bulk  following on the reliability of the DFT-LDA scheme to tackle

states. AlongX'-I" and M-X"' directions the surface bands the issues considered in this work.

penetrate inside the band gap even after relaxation. For Within the slab geometry the RA spectrum can be written
: . - 5,18,38

GaAdq110 a much larger dispersion occurs along these dias

rections of the SB2%2338taking into account the smaller hs e

value of the bulk band gap. From Fig. 2 it is clear that dis- AR R{z1g— Rjooy _167de,m 110/ @) ~ @jooy)(@)

persion for the stateAs; and C5 is smaller alondg’-X’' and R R, c ep(w)—1

M-X' directions with respect to the other directions reported. 2
This finding is in accordance with the bands obtained withinwhereR, is the average of the two reflectivity signals, and
other ab initio DFT-LDA calculations using non-norm- aihis is the half-slab polarizability whose imaginary part
conserving Vanderbildt pseudopotentfaign the present pa- reads®
per the directions in reciprocal space have been reported with

2
inverted directions with respect to those of Ref).36 e . .
p ) ar;sy(Z)(w):—mzszdvzc Z |(v,k|p7|c,k>|2
€k

IIl. SURFACE OPTICAL PROPERTIES X O(Ec(K)—E,(K)~fw). 3
AND ELECTRONIC EXCITATIONS In Eq. (2), €, is the bulk dielectric function and is the

A fundamental ingredient for the calculation of the optical half-slab thickness. In Eq3), A is the transverse area of the
properties of thé110) surface is the bulk dielectric function. Slab and y=x,y,z. In thf last equation convergence is
We determine the bulk optical properties by calculating theachieved using 64 specill points in the SBZ and 56 con-
momentum matrix elementdME) associated with dipole duction bands. The calculation afande, involves the com-
transitions at a large number bfoints in the Brillouin zone putation of the matrix elements of the momentum operator
(BZ). The frequency-dependent imaginary part of the dielechetween valence and conduction states calculated at the
tric function is given by*3° DFT-LDA level. The real parts of the half-slab polarizability
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5.0 ' - ' ' TB parameters to reproduce the experimental optical bulk
spectre?® The first structure at the RA spectrum for
3.0 GaAq110 comes from surface-surfages transitions atX
point of the SBZ, and is definitely polarized along the zigzag
] 10 chain directior?>*® On the other hand, in the case of
g GaN(110 the first negative peak has been assigned in Ref.
~, -0 24 to surface-bulk (sb) contributions, followed at higher en-
m§ ergies by ss transitions. For these transitions th@ompo-
I 3.0 nent of the polarizability is larger than thxeone, giving rise
7 to the negative structure in the RA spectrum at low energy
& 50 for GaN(110). The interplay between sb and ss contributions
yields in the TB data a negatiy#ateaualmost 0.5 eV wide,
70 s which follows at higher energies the first negative slope. In

0.0 4.0 8.0 12.0 16.0

) . i S .
ENERGY (eV) Fig. 5 we report on the imaginary part mﬁi(w) (times

47rd) for GaN(110 and BN110), obtained in the present
FIG. 3. Calculated RA spectrum of the BNLO) surface. calculations. To gain more insight in the origin of the RA
spectra, the different contributions to the transitions have
and the bulk dielectric function have been obtained via thdeen reported: i.e., ss, sb, bulk-surfdbg), and bulk-bulk
Kramers-Kronig transformations. (bb).** As is clear from this figure, the preseab initio re-
In Fig. 3, we report on the calculated reflectance anisotsults for GaN110 do assign the low energy structures of the
ropy spectrum of the BKXL10). In the present paper we as- RA spectrum to the sb and the ss transitions. We therefore
sume that theX direction is parallel to the zigzag chains of confirm that sb transitions at onset followed by ss transitions

the (110 surfaceli.e., X=(T10) Y=(001), in accordance give rise to aY component larger than th¥ one for the
with the literaturé.82* The RA spectrum, defined therefore polarizability. In the present calculation the RA spectrum

as (Ry— Ry)/Ro, is dominated at the onset by the reflectivity {Urns out to become slightly greater than zero at 2.2
along theX direction, with a first positive structure of the Fi9: 4- No noticeableplateaufollows the first negative slope
order of 2% positioned around 3 eV. This first structure isi" e RA spectrum in our calculations for GENO. On the
followed by a sharp negative peak at 5 eV. In Fig. 4, Weojther hand, a direct corrgspondence can be drawn for the
report on the same quantity obtained in our calculations fof/gher-energy structures in the RA spectra between present
GaAg110 and GaN110), in comparison with TB dat¥ resul'gs_ and the TB ones. The sb contrlbut!ons_ come from
Ourab initio RA spectrum also shows a first negative peak intransitions from the anioniés surface statéwhich is almost
the GaN110) case, of the order of 1%. This behavior is flat along theX-M direction to bulk states. The TB results
different to what happens in Ga@4.0). For this system one 0f Ref. 24 with the negative peak occurring at _qnset in the
finds a first positive peak at lower energies in the RA specRA spectrum of GaklL10 due to sb and ss transitions, have
trum. For GaN110 the TB curve of Ref. 24 has been red- been here fully confirmed within the preseatt initio DFT-
shifted to match our DFT-LDA one. The TB calculations in LDA approach. _
fact do not show the above-mentionednd-gap problem In the case of BNL10), the onset of the RA spectrum is
because the results of Ref. 24 have been obtained fitting theositive and dominated by ss contributiosee Figs. 2 and

3). The energy range of the spectrum is blue shifted with
respect to that of GafM10), due to the larger value of the BN
bulk band gap. At about 5 eV the sign of the RA spectrum

GaN(110)a) . . K
41 —--- GaN(110)b) changes, with ss transitions dominated by ¥heomponent
------------ GaAs(110)

giving rise to a sharp negative peak. Significant contributions
for sb and bs transitions appear above 6 eV. We can ascribe
to these transitions the second positive structure around 7 eV.
Then, up to 18 eV, the RA spectrum remains negative.

From Fig. 3, it is clear that the first positive structure at

onset originates from ss transitions aroundh@oint of the
SBZ. In correspondence of that point the minimum gap be-
tweenAg and C; surface states for B(410 occurs. These
states, on the other hand, show both an almost flat behavior

along theX'-I" direction. The first negative structure in the
o ‘ ‘ RA spectrum of BN110 comes from ss transitions along
this direction and, in a minor way, from sb near theegion.
There are noticeable differences arising between RA spectra
FIG. 4. RA spectra for th¢110) surface of GaNa) and GaAs  Of BN(110 and GaN110 at low energy. In Gall10), an
according to the present calculations. GaN)(b) are tight-binding  interplay between sb and ss transitions does take place, with
results taken from Ref. 24. the first negative structure due to sb transitions mainly. On

(R[—IIO]_R[OOI])/RO (%)

ENERGY (eV)
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FIG. 5. Calculated imaginary part of the half-slab polarizability for GEIN) and BN110)(times 4wd), and components afr{ff(w) for
different transitions. Solid Iineaﬂi((w); dashed Iineu*;fy(w). Left panel: GaN110). Right panel: BN110).

the other hand, in BNL10) the first positive structure and the same materials in a large spectral rarigee Figs. 6 and)7
following sharp negative peak come from ss transitions. Thé@he high-energy spectrum for G&NLO slab behaves simi-
larger strength of the structures present in the optical spectiarly to the bulke, with almost no differences betwe&nand
of the nitrides(110) surfaces, aside from details making the Y components of the polarizability. Below 5 eV, transitions
optical response of BN10) different from that of Gal10), involving surface states generate structures with a dominant
can be ascribed to the larger ionicigharge asymmetiyand Y component. On the other hand, for BINO) at high energy,
bond strengthi{cohesive energyof the nitrides with respect the X component of the polarizability turns out to be slightly
to the other IlI-V compoundge.g., GaAs. larger than ther one. The surface states give significant con-

In Fig. 6, we report on the imaginary part of the DFT- tributions at energies below the bulk band gap, with a domi-
LDA bulk dielectric function forc-BN andc-GaN in a wide nantX polarization at the onset. The larger bond ionicity of
energy range. For the case of BN an onset at 8.9 eV appeaB\ with respect to that of GaN determines the larger
together with three main structureé\,8,C) which have strength of optical structures in the RA specit#n fact, the
been found and widely studied in previous works within dif- first two structures at the onset for BNLO) (a first positive
ferent computational schem®s!®4° The difference in the one followed by a negative pegkre of the order of 3%,
energy range is due to the different bulk gap value of the twavhile for GaN the first structurefoth negativeare of 1%
systems with the, for c-BN blue shifted with respect to that
of GaN. In the case of GaN the onset takes place at 2.08 eV, 20,0
with the three main structures’ (6.8 eV),B’(9.4 eV), and
C’(11.7 eV). Aside from little differences, the curve for
c-GaN reproduces the curve of Fig@b from the paper by
Gavrilenko and W2 Thus, the bulk optical properties of
GaN calculated here within the pseudopotential scheme
(with the Gad electrons treated as core ophese in very
good agreement, in a wide energy range, with those calcu-
lated within all-electrons free linear augmented plane wave
method(FLAPW). Indeed, due to the fact that @astates do
alter mainly the deep valence bands, making interference 50
with N 2s states’~>?we expect a negligible contribution in
the optical low-energy properties. The possible inaccuracies
due to the missing explicit contributions of the @aelec- 0.0 P - - - -
trons are not present in the case of BN, whkH) surface 0o 20 40 6'°EN%;G;°£V)12'° 140 160 180
is the main issue addressed in the present paper.

It is of interest to compare the imaginary part of the half-  FIG. 6. Imaginary part of the dielectric function for bulk GaN
slab polarizability and of the bulk dielectric function for the and BN after present calculation.

15.0 |

€, 100}
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nitrides (110) surfaces will not alter qualitatively the present
conclusions. On the other hand, due to the strategic role
played by BN and by the other nitrides both in the research
and in the technological applications, more refined calcula-
tions and experiments on their surface optical properties are
highly requested. We plan to go further in the direction of a
refinement of the calculations of these systems in the near
future.

IV. CONCLUSIONS

In conclusion, we have presented optical properties calcu-
lations, performed withinab initio DFT-LDA, for cubic
BN(110 surface. The results have been also compared with
corresponding ones for the GENO) surface, for which a
very good agreement with other calculations is found. Dif-

FIG. 7. Calculated imaginary part of the half-slab polarizability ferent features in the RA spectra are found between the ni-

for GaN(110 and BN110)(times 4wd) in a wide spectral range for

the two components Q&Ris(w) parallel to the surface.

in magnitude(see Figs. 3 and)40On the other hand, the RA
spectrum of GaAd10 shows the first two positive peaks
having an intensity of one order of magnitude smaller. The
more significant strength of optical structures at the onset i
the RA spectra for nitride§l10) surfaces can be interpreted
as their opticalfingerprint and can be directly ascribed to
their larger ionicity with respect to GaA&>25This is also

trides surfaces and the GaA40). For GaN110 a negative
structure takes place at the onset of its RA spectrum, con-
firming previous tight-binding results. For surface optical
properties of BN110) the present results are the fiedi ini-

tio ones. A fundamental role at the onset of the RA spectrum
of this system is played by transitions between surface states.
rlﬁoth nitrides surfaces display stronger structures at the onset
of their RA spectra with respect to those appearing in the
case of the less ionic system G4AE)).
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