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Quasiparticle band structures and optical spectra of-cristobalite SiO,
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Band structures and dielectric functions are calculated using density-functional theory and local-density
approximation for thregs-cristobalite modifications of SiQwith space-group symmetrigad3m, 142d, and
P2,3. Quasiparticle corrections for the Kohn-Sham eigenvalues are determined in a GW approach. The
fundamental energy gaps, absorption onsets, and dielectric functions are discussed and compared in the light of
experimental data and previous calculations.
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[. INTRODUCTION though there are other structural models, the most accepted
symmetries of B-cristobalite structures correspond to the
The dimensional scaling required for the novel semiconspace group&d3m (face-centered cubic, ficl 42d (body-

ductor devices based on silicon demands more comprehegentered tetragonal, ptand P2,3 (simple cubic, sg
sive investigations of the atomic structure of the surfaces and The first step towards the theoretical modeling of inter-
interfaces involved. As the area of the oxide gate of the faces and nanostructures is to describe correctly the band-gap
metal-oxide-semiconductor transistors decreases and thiegion of the bulk materials involved. While methods based
SiO, layer is made thinner, defects at the interface Si4SiO on the density-functional theory give rise to good structural
are supposed to play a more important role in the electroniparameters, they fail to describe the fundamental gap ener-
properties# Although, there is an ongoing search for alter- gies and energetical positions of defect levels, for instance.
native high« materials, the use of Sis still essential for In the electronic structure and optical properties of SiO
the Si-based technologyin addition to the consolidated ap- Polymorphs, studied by usuab initio and other methods,

plication of the Si/SiQ system in electronic devices, there the quasiparticléQP) character of the excited energy levels

H H 5,16,18
are also possibilities for optoelectronic applications. The oxiS ©ftén not taken into accouit>'***To our knowledge no

dation of porous or amorphous Si is known to affect signifi-ba”d structure foB-cristobalite SiQ including quasiparticle

cantly the luminescence properties observed in thes8orrections has been reported in the literature. Only in a re-

materials® Intense photoluminescence has been detecte(aent calculation of optical properties_ inquartz® ao!ditional
S . . . many-body effects have been considered. Despite numerous
from Si nanocrystals embedded in $iénd optical gain has

experimental and theoretical studies on the Si{stems, the
recgntly been. reporteld I_n order to understgnq the elec- optical spectra cannot be considered well understood. Con-
tronic and optical properties of the various Si/$i€ystems,

! . s sidering the many polytypes of SjQOthere is a need for
the electronic structure and optical spectra of Ss@ould be 5 1cyations of their complete quasiparticle band structures
investigated in more detail.

>, S - . ) and for the investigation of quasiparticle effects on their op-
Silicon dioxide or silica may exist in many different crys- ;.o properties.

talline forms, most of them formed by fourfold-coordinated |, this paper we preserdb initio calculations of band

Si-and twofold-coordinated O atorfisThe structural and _structures and frequency-dependent dielectric functions for
electronic properties of these polymorphs have been studieg . istohalite including quasiparticle shifts. The paper is or-

by applying different ~theoretical - and experimental o764 as follows. In Sec. I, the computational methods are
methods™® Due to the technological importance of poly- gescriped. In Sec. Iil, we present the calculated basic struc-
crystalline or amorphous Si0 experimental data for the 5 properties, band structures with quasiparticle correc-
electronic states of this compound measured by photoemigions “and frequency-dependent dielectric functions. Optical
sion spectroscopy and similar techniques are available sinGgynsitions and dielectric constants are discussed and com-

; 28
the early days of semiconductor technoldgy. , ared to the available experimental data. Conclusions are
Structural, bonding, and electronic properties of the 'deagiven in Sec. IV.

B-cristobalite SiQ were first investigated theoretically by
linear combination of atomic orbitald CAO) and extended
tight-binding (TB) methods>>*° However, these methods re-
quire empirical parameters which are often adjusted in order The structural parameters and Kohn-Shis) eigenval-

to achieve the correct fundamental gap, for instance. Theaes are calculated in the framework of the density-functional
B-cristobalite structure with space gro3m is also a theory’’ and local-density approximatiofi.To describe the
natural choice to model theoretically SiOwhen studying exchange and correlation energy per electron, we apply the
Si/SiO, interfaces, due to its structural simplicfty>>*The  parametrization of Perdew and Zunifeof the quantum

real structure of3-cristobalite is still controversial, and sev- Monte Carlo results of Ceperley and Ald8iThe interaction

eral symmetries whose changes mainly concern the oxygemetween electrons and atomic cores is described by means of
atomic sites have been proposed in the literatbf&®°Al-  non-norm-conserving pseudopotentials implemented in the

Il. COMPUTATIONAL METHODS
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1 TR ; 42
Viennaab initio simulation packag&:*? The pseudopoten- % 0% % % ¢ %% c® ¢ ‘_‘,ob “‘_o‘, o
tials are generated in accordance to the projector augmente ¢ ¢®% ¢% ¢% o0 %S S o ;‘,\.‘_ (o)
wave (PAW) method?344 ®eqc %y e% % ¢ LA TAOR R AR A

The use of PAW pseudopotentials addresses the probler ¢¢ €g¢ €g¢ €g¢ © .&:.G:.«-:.&: : ‘3’&:: "o‘;}-:
of the inadequate description of the wave functions in the ‘el ‘o ‘el ‘o¢ CO.0.0.9¢ .‘_"c‘,l.fo‘,t
core region common to other pseudopotential approathes. 9% ¢®% <% <% ¢ {:’t.&".&{.& L.‘.o..bo.‘.c.t
The application of the PAW method allows us to construct| ¢% ¢% ¢% ¢% | €€ e e € ¢ ®|| “€C e ““ co
orthonormalized all-electron-like wave functions for the Si Fd3m 142d P2:3

3p, .8'35' O2p, and O & valence electrons under con5|d-_ FIG. 1. Atomic structures for three different polymorphs of

ﬁ-cristobalite. The silicorfoxygen atoms are represented by black
(gray) circles. A projection onto #001) plane (cubic systemsor
(0009 plane(tetragonal Si@) is shown.

elements of the exchange-correlatigiXC) self-energy
operatof® within the quasiparticle approathas well as the
optical transition matrix elemenfs.As for the ultrasoft
pseudopotentiat®*°the cutoff energies of the PAW pseudo-
potentials remain considerable small, accounting 18 Ry fo
Si and 29 Ry for O. The higher-energy cutoff of O in com-
parison to Si requires a general energy cutoff of plane wave
in SiO, of about 29 Ry.
The lattice constanta of the cubic structureEd3m and

vanishing frequency within the independent-particle approxi-
hation for the dielectric function.

The frequency-dependent dielectric functions are com-
ﬁuted within both the independent-particle picture, using
DFT-LDA in a random-phase-like approximation, and the
independent-quasiparticle picture, replacing the KS eigenval-
P2,3 are determined directly by fitting the curve of total ues [t))y the or?es cc?rrectedpby QP sfgﬁihegoptical ma?rix
energy versus volume to Murnaghan’s equation of state. gements using PAW pseudopotentials are calculated follow-
For the tetragonal42d structure, first we choose a set of ing the procedure described in Refs. 45 and 55. When QP
volumes, and for each volume the ratda is optimized corrections are included, the optical matrix elements need to
obtaining a set of minimum total energies. The structeral be multiplied by the ratio between the QP transition energies
anda parameters are determined by fitting this set of mini-and the DFT-LDA transition energies, as observed by Del-
mum total energies and corresponding volumes to MurSole and Girlanda® Applying quasiparticle corrections to
naghan’s equation. The atomic positions of the threghe energy transitions without the corresponding scaling of
B-cristobalite modifications with their optimal lattice param- the optical matrix elements would lead to more underesti-
eters are then relaxed in order to achieve negligible atomignated dielectric constant5.The tetrahedron method is ap-
forces. plied to calculate the imaginary part of the dielectric func-

Eigenvalues obtained by solving the KS equations of th&jon, whereas the real part follows using the Kramers-Kronig
DFT-LDA (where DFT stands for density-functional theory relation. Thek-point mesh used to calculate the dielectric
and LDA for local-density approximatigrdo not describe function corresponds to a standard Monkhorst-Pack rfesh.
correctly the excitation energies of electrons or holes. Amorerhe convergence of the spectra with the number of conduc-
accurate description is given by taking the quasiparticle chation bands and thk-point mesh is carefully tested. We con-
acter of electrons and holes into account. The real part of theider conduction bands in an energy range of about 100 eV
corresponding XC self-energy, beyond the XC potential use@hove the lowest state in the valence bands. More thark100

in the DFT-LDA, gives rise to a QP shift and, hence, to apoints are used in the irreducible part of the Brillouin zone.
new eigenvalue for a given band and a gilkepoint in the

Brillouin zone (BZ).* In order to determine the band struc-

ture with quasiparticle corrections, first we perform self- lll. RESULTS AND DISCUSSION

consistent calculations within DFT-LDA, obtaining KS ei- A. Structural properties
ggﬂgélggzo?ﬁngane Dh;%]_n_sby;n ggegzvgnjisi;nctor;?egggog;n a Projections of the considereg SiGtructures correspond-
quasiparticle energy shift, the latter calculated according td"d to the space grougsd3m, 142d, andP2,3 are shown

the GW approximatiOmG stands for Green’s function and W n F|g 1. The IdeaLG-CrIStOballte IS a d|am0ndl|ke Si struc-

is the screened Coulomb potentidescribed in Refs. 46 and ture with O atoms bridging two Si atoms and corresponds to
47. Within this approximation the quasiparticle self-energythe space groufd3m lIts primitive unit cell contains two
operator can be divided into statically screened and dynamiSiO, units. The resulting Si-O-Si bond angle of 180° is large
cally screened contributions. The quasiparticle energy shiftdnd, hence, the Si-O distance is much smaller than in other
are in general small, justifying a linear expansion of the selfsilica polymorphs. For the two other structures, the arrange-
energy around a DFT-LDA eigenvald&®® Using an ap- ment of the silicon atoms is in accordance with the diamond
proximate GW versiotr the inverse dielectric function is Structure, whereas the oxygen atomic sites determine the par-
described by a model function depending on the local electicular symmetry. The tetragonal polymorph may be consid-
tron density. The simplified GW methtthllows an efficient €red as a distortional derivative of the ideal fcc structure
treatment of the QP corrections for systems with many atomalong a cubic axis. Like thEd3m structure, thé42d struc-

in the unit cell*® To model the dielectric function in the ture is also characterized by one bond length and one Si-O-Si
screened potential, we use as an input parameter the eleangle. On the other hand, the description of B33 struc-
tronic dielectric constant of the compound, calculated forture needs four different bond lengths and Si-O-Si angles.
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TABLE |. Lattice constantsa andc (in A), Si-O bond lengths (a) (b)

(in A), bond angles(in deg and cohesive energieE.,, (in 2 ———
i\é/iio_zr)hfor ,B-Eristopalite witE spac_edgroup$3d m, I?Zd, and = — Zj§<
13. The numbers in parentheses indicate inequivalent atoms. ‘z =] i
— >
L
F3dm 142d P2,3 é 0 — =
¥
a 7.391 5.095 7.117 5-10_ — 1 ]
C 7.102
Si(1)-0(2) 1.601 1.609 1.602 r
Si(1)-0(2) 1.609 =20 1 = =
Si(2)-0(1) 1.599 Z T X M TZ T X M T
Si(2)-0(2) 1.610
0(2)-Si(1)-0(2) 109.5° 107.8° 108.8° FIG. 3. DFT-LDA (a) and quasiparticléb) band structures for
0(1)-Si(1)-0(2) 113.0° 110.2° the symmetryIZZd of B-cristobalite. The top of valence band co-
0(2)-Si(2)-0(2) 109.9° incides with the energy zero.
0O(1)-Si(2)-0(2) 109.0°
Si(1)-0(2)-Si(2) 150.1° 146.7° This rule is nearly fulfiled by the majority of the SjO
Si(1)-0(1)-Si(2) 180.0° 180.0° polymorphs’1913-15180n the contrary, there is a stronger
Econ —25.91 —25.93 —25.26 variation of the average Si-O-Si bond angles in comparison

to the ideal value 180° among the symmetries considered.

We find 150.1° fol 42d and 180° and 146.7° fd?P2,3. On

The structural and electronic properties of these three strughe other hand, the O-Si-O angles deviate only a little in the

tures have been studied in primitive unit cells, containingsc and bt structures when compared to the tetrahedron value

two (Fd3m), four (142d), and eight SiQ units (P2,3). 109.47° in the idealB-cristobalite structure. According to
The optimized lattice constants, bond lengths, and cohesur calculations for the cohesive energy, the tetragonal struc-

sive energies per SiQunit are listed in Table I. Our results tyre (IZZd) suggested by O’'Keeffe and Hytds the most
agree well with those obtained by Demuth and co-workers irstable energetically. For the fcc and bt structures, the trend
a comprehensive investigation on structural properties ofnd the absolute values of our calculated cohesive energies
silica polymorphs. For the fcc and bt polymorphs the small are in agreement with other results obtained by mearabof

differences in the lattice constants and cohesive energies cafitio methods»*® The sc structure is energetically unfavor-
be attributed to the use of the PAW pseudopotentials insteaghle with respect to the others.

of ultrasoft potentials. The same holds for the bond angles of
the sc structure. Deviations of the characteristic bond length
and cohesive energies indicate that our optimized sc structure
only represents a local minimum on the total-energy surface The KS band structure@DFT-LDA) and the QP band
in comparison to the findings of Demuth and co-workers. structures in GW approximation are represented in Figs. 2
However, the optimized geometry for the sc structure is rea=4 for the three Si@polymorphs under consideration. The
sonable to discuss the influence of the structures on the elecalculated bands are plotted versus high-symmetry lines in
tronic structure and optical properties. the irreducible parts of the BZ's of the fcc, primitive tetrag-
For the B-cristobalite symmetries considered, the averagenal (pt), and sc Bravais lattices. For simplicity, the BZ of a
Si-O bond lengths do not differ significantly from 1.6 A. pt structure is used instead of that of a bt lattice.

B. Electronic structures

(a) (b)
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FIG. 2. DFT-LDA (a) and quasiparticléb) band structures for FIG. 4. DFT-LDA (a) and quasiparticléb) band structures for
the symmetryFd3m of gB-cristobalite. The top of valence band the symmetryP2,3 of B-cristobalite. The top of valence band co-
coincides with the energy zero. incides with the energy zero.
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In order to determine the quasiparticle shifts of the Kohn- TABLE II. Band gaps and band width& eV) obtained within
Sham eigenvalues in our GW approach, the calculation of thBFT-LDA and quasiparticle approach of the three different
dielectric constants., for the three structures was required. ,@’-cris_tobalite structures under consideration. The quantities are de-
The corresponding dielectric functions computed in thened in the text.
framework of DFT-LDA using primitive unit cells are dis-
cussed in Sec. lll C. The real part of the corresponding di-
electric function Re(w) in the independent-particle approxi-
mation is used to estimate the dielectric constantFor the  Ey(T) 548 579 573 10.16 10.12 1031
cubic symmetriesfFd3m and P2,3, we apply the only in-  E4(X,X,X) 829 770 6.85 13.23 1220 1152
dependent component of the dielectric tensor, whereas fdg,(K,M,M) 850 8.81 7.68 13.41 1343 1242

DFT-LDA QP
fcc pt sc fcc pt e

the tetragonal symmetiy2d we apply an averaged value of Eq¢(L.Z.R) 774 689 807 1282 1136 13.02
the two independent components. In contrast to semiconduénig(l) 259 251 218 279 240 227
tors of small gaps, the value of the dielectric constant use&uwig(I) 689 720 727 975 1013 10.07
has a strong influence on the electronic structure of insulatW 1010 950 955 1081 1024 10.10
T™W 19.10 18.98 18.98 22.60 2255 22.26

tors. In a GW test calculation for the structuré2d, we
applied a dielectric constalt,=2.6, similar to the ones cal-
culated by Xu and co-workefS, instead of the averaged Ewig(I'). All these band-structure parameters are listed in
value of the two independent componegris=2.27. The in-  Table Il for both DFT-LDA and QP approximation.
crease of the dielectric constant by 14% gives rise to a varia- The variation of the band-structure parameters with re-
tion of the QP fundamental gap from 10.12 eV to 9.62 eV,spect to the idealB-cristobalite is not significant, even
i.e., to a gap reduction of 5%. The relative influence of thethough we compare the band structures corresponding to dif-
input parameters is the same as for semiconductors, but tfierent primitive cells. The reduction of the average Si-O-Si
absolute variations are obviously larger for insulators such agond angle slightly opens the DFT-LDA fundamental energy
SiO,. gap by about 0.3 eV. Quasiparticle corrections destroy this
Figures 2—4 show three groups of valence bands and th@ear structural trend. Th&y(I') gaps are approximately
conduction band above the fundamental gap for the thre@dual for the fec and pt structures. Only that of the sc geom-

Si0, structures. The main features of the band structures afel"y IS larger by 0.1-0.2 eV, perhaps as a consequence of the
independent of the polymorph and the inclusion of quasiparQKOSmprtgd sm?llllattlce ConSt?ﬁﬂ' Tabl.? ”);[ Th?hcalculatli:d b
ticle corrections. As for the other 4:2-coordinated SIO _ undamental gaps alrg,e rather simriar to other resutts ob-
systems®11133%he ynpermost group of valence bands iStalned within DFT-LDA:> However, other conclusions of

: Lo S . : . other authors are not unanimous with respect to the influence
mainly derived from nonbinding O orbitals filled with

MO glectrons{long paiy. The secopd group of valgnce bands ggrcrigroplzgng;pgi;fg::r?t fggg%ri?g;itgrl] g)?lﬁ)sén[zjlsgﬁ%sggnwany
is built by O 2p—Si 3p and O 2—Si 3s bonding orbital com- ¢, qed that, apparently there is no direct relationship be-
binations @r-statess. The third group of vglepce bands is tween bond angle and energy gaps and between bond angle
much lower in energy and formed by nonbinding ©2ates.  and dielectric constants as well. On the other hand, restrict-
The antibonding orbital combinations @2Si3p and O  ing the analysis to the 4:2 coordinated Sifolymorphs a
2p-Si3s (o* stateg contribute remarkably to the formation correlation of energy gaps with respect to bond lengths and
of the lowest empty conduction-band states. The lowest cono bond angles is suggested by Li and Ching in Ref. 13.
duction bands exhibit a remarkable diSperSion with a ProSince we consider Sippo|ymorphs which have been de-
nounced minimum at thé& point. Together with the weak rjved from the ideal3-cristobalite structure, a clear trend of
dispersion of the O@-derived uppermost valence bands atthe fundamental gaps and the other transition energies can
the same point, it results in a direct fundamental gap for theardly be expected. Conversely, in Table Il the bandwidths of
B-cristobalite modifications. The direct g&g(I") is smaller  the second group of the valence bands and ionic gaps, in
than the indirect gapsky(k), between the valence-band particular for DFT-LDA, seem to be strongly influenced by
maximum(VBM) and the position of the lowest conduction the variation of the atomic structure, in particular the bond
bands atk=X,K,L, k=X,M,Z, and k=X,M,R, respec- angles. In the case of the wider ionic gap, the difference
tively, for fcc, pt, and sc. Besides the fundamental energyetween the ideal and nonideal structures is considerably re-
gap, there are two ionic gaps between the different groups afuced.

valence bands at tHe points. They are the narrow ionic gap ~ The main effect of the quasiparticle approach is the open-
Enig(I") between the uppermost groups of valence bands asg of the energy gaps and transition energies between empty
well as the wider ionic gaj,,i4(I") between the bands of  and occupied band states. For the ionic material,Si@s
bonding states and the G 2tates. In addition we define two can be considered a large effect, at least in absolute viiues.
different valence-band widths &t The lowest valence-band The openings of the fundamental gaps in Table 1l vary be-
widths LW measure the energetical extent of the two uppertween 4.3 and 4.7 eV, i.e., about 80% of the KS gaps. We
most groups of valence bands including the narrow ionic gapbserve a weak correlation between average bond angles and
Enig(I'). The total valence-band widths TW also include thequasiparticle corrections of the fundamental energy gaps
lowest OZ lone-pair states and the wider ionic gap [4.68 eV (fcc), 4.58 eV (sc), and 4.33 eV(bt)] among the
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three symmetry variations considered. In any case, there it 5 ' ' 5

no strict correlation with the averaged lattice constant. The 4[ 4

influence of the quasiparticle effects on the uppermostz?3f 33

groups of valence bands is much weaker than in the case cgz F2

the fundamental gaps. The ionic gap betweenpOdhe-pair &1

states andr bonding states remains practically unchanged. . ‘ . 0

On the other hand, the QP shifts of the lowebands enlarge ) Y on enefgy ) 5

the lower bandwidths LW by 0.5-0.7 eV, and the wider ionic 5 . w . 4

gap between the second and the third group of valence banc 4 =3

is opened by about 3 eV. This is a consequence of the stronz3 %2

ger localization of the O&states, which results in larger QP 2 v

shifts towards larger binding energi®sThose shifts are ac-  “1 =1
companied by a similar increase of the total valence-banc 0 .
widths TW. ] 10 20 30 10 20 30

. Ph V Ph
The resemblances of the band structures derived for three oton energy (eV) oton energy (eV)

modifications of the Si® B-cristobalite are in agreement  F|G. 5. Real part of the dielectric function gkcristobalite SiQ

with findings of other authors. Their calculatidfis®showed i the space grougdam, 142d and P2,3, respectively. Solid
that also the band structures aok-quartz, B-quartz, |ine, independent-quasiparticle —approximation, dotted line,
a-cristobalite, g-cristobalite, and g-tridymite are rather  independent-particle approximation. For the tetragona), §i@ two
similar, concerning ionic gaps, fundamental energy gaps, an@dependent tensor components are given.

valence-band widths. Therefore, a rough comparison be-

tween our calculations and measurements to determine thgite the tails in the spectra of the amorphous material, this
electronic structure of other Sipolymorphs is justified®  value is only slightly larger than the 10.1-10.8 eV in Table
The value measured for the fundamental gap varies in th#. The maximum of the XPS emission from the lowest © 2
range of 5-12 eV, depending on the experimental techniquievels, at about 20.2 eV below the VBM, comes close to the
applied® Weinberg and co-workefSmeasured a gap of 9.3 upper boundary of the corresponding calculated QP bands.
eV in thermally grown amorphous Sjdilms. One of the  This also holds for ther bonding bands with energies be-
most accepted gap value of 8.9 eV for polycrystalline SiO tween 5.5 and 11.2 eV below VBM. Other XPS
was determined by photoconductivity measureméhidore  measurements found a width of the nonbonding Qp2de-
recent measurements by Nithianandam and Schndftesty  rived bands of about 3.3 eV in good agreement with the band
trapolated the results of their inelastic-electron scatteringtructures in Figs. 2—4.

(IES) studies to a fundamental gap of 9.7 eV for amorphous

SiO,. The optical absorption at-quartz also shows a sharp C. Frequency-dependent dielectric functions

peak at this energy positidh®® The agreement with our T , . _
predictions of a direct quasiparticle gap of 10.1-10.3 eV for 1he real and imaginary parts of the dielectric functions
the SiQ, B-cristobalite is excellent, in particular, taking the calculated fo_r th_e differenB-cristobalite mod|f|pat|on§ are
experimental and theoretical uncertainties into account. ThESPresented in Figs. 5 and 6. The results obtained within the
presence of defects in Sj@rystals, the existence of an Ur- independent-particle approximatiofDFT-LDA) and the

bach tail for amorphous and polycrystalline samples, and s
other experimental difficulties prevent an accurate and unam . ' '
biguous gap determination. Although the DFT-LDA calcula- _
tions underestimate the fundamental gaps with respect to th
experimental values, they also underestimate lattice cong,r
stants which results in slightly larger KS energy gaps. An-
other source of inaccuracies is the use of the simplified GW . ‘
approximation for the QP shifts, which in other wide-gap ° Photon energy (€V)
materials leads to an overestimation of the gaps of abou 5 ' ‘ :
0.2-0.3 eV! 4
The experimental identification of the valence-band struc-23}
ture is made by means of different methods: ultraviolet pho—“E'2
toemission spectroscopy, x-ray photoemission spectroscop™ \f
(XP9), electron-energy-loss spectroscqBELS), soft-x-ray

Im e“((n)

(]

Im eu(m)

S e N W R S e N W A

emission spectroscopy, IES, and reflectance spectroscopy. | ¢ 10 20 30 10 20 30

. Photon energy (eV) photon energy (eV)
the 1970s and 1980s, series of measurements by several Y Y

groups were performed in order to determine the valence- FIG. 6. Imaginary part of the dielectric function of
band states of Si© Apart from their interpretation, the re- g-cristobalite SiQ with the space groufd3m, 142d and P2,3,
sults of those measurements in general agreed very well. Bygspectively. Solid line, independent-quasiparticle approximation,
means of photoemission measurements DiStefano and Easibtted line, independent-particle approximation. For the tetragonal
man measured a LW of 11.2 eV for amorphous SiDe-  SiO, the two independent tensor components are given.
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independent-quasiparticle approdaicluding QP shiftsare The strength of the absorption at energies right above the
compared. In principle, QP shifts can be calculated for everylirect fundamental gapsee Fig. 6 is vanishing. Therefore,
band and every point in the lardepoint mesh needed for the lowest-energy optical transitions in th@cristobalite
the calculation of optical properties. However, even when therystals should be forbidden. On the other hand, in vitreous
simplified GW approach is applied, the calculations involvedsjo, the structural disorder breaks the=0 selection rule,
are too time consuming, especially for the sc modification ofang optical transitions of any wave-vector transfer should
Si0, with 24 atoms in the unit cell. For this reason, we havepecome allowed, at least to some extent. In the QP spectra
summarized all QP shifts corresponding to all states land tne first strong peak is observed at about 13.8 eV. Consider-
points in three shifts computed by means of the band struGng 4 somewhat overestimated peak position, the strong peak
tures in Figs. 2—4. We have defined three different gap opens; 10.4 eV in the reflectivi/ could be explained by a strong
ings Az, A,, and Ay for the optical transitions into the pang-edge exciton with a binding energy of about 3 eV. A
conduction bands from the group of valence bands derivegiscyssion based on the tight-binding approach for the com-
from O2p states,o bonding orbitals, and O lone-pair  picated interpretation of the band-edge exciton has been
states. The resulting values ate,=4.75(4.49, 4.62 eV,  gjven by Laughlir?® In a more recent calculation, Chang and
A,=5.13(4.86, 4.93 eV, andA,,=8.18(7.94, 7.9) eV for  co-workers estimated the band-edge exciton energy to be 1.7
Fd3m, 142d andP2,3, respectively. In practice, three dif- eV for a-quartz by solving the Bethe-Salpeter equafibn.
ferent scissors operators are used depending on the chemicalThe tetrahedron method introduces some noise in the
character of the valence bands. We observe two main effectaurves of dielectric functions, since it does not apply a life-
of the QP shifts in the dielectric function. The spectra aretime broadening. The calculated absorption spedig. 6)
shifted towards higher energies and their line shapes, in paallow us to derive peak positions or, at least, positions of the
ticular the absorption spectfgroportional to the imaginary groups of peaks. We focus our attention to the range of pho-
part9, remain almost unchanged. However, as a consequenden energies up to 20 eV and the two cubic geometries. Many
of the widening of the gaps, the amplitude of the real parts opeaks occur in the two spectra of the anisotropic tetragonal
the dielectric functions are slightly reduced by the QP ef-SiO,. For P2,3 we observe two double peaks at 14.0/14.5
fects. and 18.1/18.6 eV, two broader peaks at 16.1 and 19.3 eV, and
The real parts of the dielectric functions in Fig. 5 area structure centered at 20.2 eV. In the id@atristobalite
obtained from a Kramers-Kronig analysis. The zero-case, one finds three main structures at 13.9, 15.9, and 19.6/
frequency limit of Ree(w) gives the static electronic dielec- 20.1 eV. There are smaller peaks in-between at 15.0, 16.6,
tric constante.,=Ree(0). Within the independent-particle 17.1 at 18.9 eV. A direct comparison with experimental data
approximation we find.,.=2.17 ande..=2.31, respectively, derived from optical or energy-loss spectra is difficult since
for the cubic symmetriesd3mandP2,3. The constant,,  excitonic effects are not taking into account in the
=2.17 is in agreement with the experimental valsee Ref.  calculations’® Measurements of peaks resulted directly from
29). For the tetragonal symmetry the independent compoeptical reflectance or electron energy-loss spectra may be
nents of the dielectric tensor awg,(0)=2.25 ande,(0)  shifted against the absorption peaks in a nonideal insulator.
=2.30. The inclusion of the QP effects reduce these valuek addition, the experiments usually are mainly restricted to
to 1.86 Fd3m), 1.97 (P2,3), and 1.93 §,,) and 1.97 €,,) amorphous Si@ or crystalline quartz. This holds for the

(142d). Other calculations applying the scissors operator apPeak positions 10.3, 11.7, 14.3, and 17.3 eV seen in reflec-
proach and the correction for the optical matrix elementdivity spectra.” They are similar to the positions of peaks and
gave rise to underestimated dielectric constants by 10-15%0ulders at 10.6, 12.5, 14.5, and 17.8 eV in inelastic
with respect to the DFT-LDA value€:5’ Similar results for ~€lectron-scattering spectra of amorphous SIEELS spec-
dielectric constants have been found for group_|vtra showed peakS at 103,120, 13.8, 170, and 20.5 eV re-
semiconductof$ using a more complete GW approath. lated to valence_-glectron interband excitatiéhdhey are
There is a general tendency that the symmetry Iowerini}ose to the positions 10.3, 11.4, 14.2, and 17.0 eV of the
increases the dielectric constants. However, there is no cledtading peaks in the optical conductivity afquartz®® Al-
relationship between the variation of the average Si-O-Sthough a one-to-one correspondence between calculated ab-
bond angle and the dielectric constant. A trend with the resorption peaks and positions of structures in reflectivity and
ciprocal KS or QP gaps can be hardly derived because of th@nergy-loss spectra cannot be achieved, the overall agree-
small variations in energy. In comparison to the values calment in the energy range of the characteristic interband en-
culated by Xu and Chirlg using a LCAO method and the ergies roughly indicates the same absorption behavior versus
values calculated by Pantelides and Harrison using®idr ~ Photon energy. This justifies the inclusion of the quasiparticle
€., value for the symmetrf¥d3m is smaller. On the other @aspect into the calculations.
hand, in comparison to the experimental value in Ref. 29 we
obtain the value measured f@-cristobalite, at least using IV. CONCLUSIONS
DFT-LDA. For the symmetry=d3m, a test calculation ap- ) )
plying an oxygen PAW pseudopotential with approximately —\We present detall_ed parame_ter-free calculations of elec-
twice the initial energy cutoff56 Ry) increases the value of ronic structures, optical properties, and structural parameters
the dielectric constant only by 5%. This reinforces the reli-for the three Si@ g-cristobalite modifications with space
ability of the PAW pseudopotentials used in the calculationgroupsFd3m, 142d, andP2,3. The band structures have
of optical properties. been calculated including the excitation aspect by adding

085102-6



QUASIPARTICLE BAND STRUCTURES AND OPTICA. .. PHYSICAL REVIEW B 69, 085102 (2004

guasiparticle shifts to the Kohn-Sham eigenvalues. The quaslose to the fundamental gap energy have vanishing inten-
siparticle effects increase not only the energy gaps, but alssity. In the energy interval of 13—20 eV, our calculations
the energy differences between states located at chemicaligveal strong interband transitions in agreement to what has
different valence bands. We found an overall agreement dfeen observed by optical and electron-energy-loss spec-
the quasiparticle energy values with the measurements to dgoscopies for amorphous Sj@nd quartz. Apart from strong
termine the valence-band states of amorphous or polycrystagycitonic resonances, the quasiparticle theory is able to re-

line Si0,. This holds for the fundamental gaps, the valenceproduce important features in the optical spectra of insulat-
band widths as well as the gaps between valence bands. jng oxides such as Si0n g-cristobalite form.

The dielectric functions of the three SiOnodifications
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