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The interband optical properties of crystalline 共quartz兲 and amorphous SiO2 in the vacuum ultraviolet 共VUV兲
region have been investigated using combined spectroscopic ellipsometry and VUV spectroscopy. Over the
range of 1.5–42 eV the optical properties exhibit similar exciton and interband transitions, with crystalline
SiO2 exhibiting larger transition strengths and index of refraction. Crystalline SiO2 has more sharp features in
the interband transition strength spectrum than amorphous SiO2, the energy of the absorption edge for crystalline SiO2 is about 1 eV higher than that for amorphous SiO2, and the direct band-gap energies for X-cut and
Z-cut quartz are 8.30 and 8.29 eV within the absorption coefficient range 2–20 cm−1. In crystalline SiO2 we
report different interband transition peaks at 16.2, 20.1, 21, 22.6, and 27.5 eV, which are in addition to those
lower energy transitions previously reported at 10.4, 11.6, 14, and 17.1 eV. We find the bulk plasmon energy
in X- and Z-cut crystalline quartz and amorphous SiO2 to be at 24.6, 25.2, and 23.7 eV, respectively. The
oscillator strength 共f兲 sum rules of the interband transitions for crystalline SiO2 is 10–10.8 electrons per
formula unit for transition energies up to 45 eV. These differences in the electronic structure and optical
properties, and the physical densities of crystalline and amorphous SiO2, can be attributed to differences in the
intermediate-range order 共IRO兲 and long-range order 共LRO兲 of the different forms of SiO2. The intimate
relationship between the electronic structure and optical properties and the London dispersion interaction has
attracted increased interest recently, and the role of amorphous silica and other structural glass formers as a
fluid in high-temperature wetting and materials processes means a detailed knowledge of the optical properties
and London dispersion interaction in SiO2 is important. Hamaker constants for the London dispersion interaction of the configuration of two layers of c-SiO2 or a-SiO2 separated by an interlayer film have been
determined, using full spectral methods, from the interband transition strength. The London dispersion interaction is appreciably larger in c-SiO2 than a-SiO2 due to the increased physical density, index of refraction,
transition strengths, and oscillator strengths in quartz.
DOI: 10.1103/PhysRevB.72.205117
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I. INTRODUCTION

Because of their similar atomic structure, the study of the
optical properties of crystalline SiO2 共c-SiO2; ␣-quartz兲 and
amorphous SiO2 共a-SiO2; ultrahigh-purity fused silica兲 helps
elucidate the electronic structure of the different forms.
There has been an extensive amount of experimental electronic structure work on SiO2, including measurements of
x-ray emission and absorption spectra,1 x-ray 共XPS兲 and ultraviolet photoelectron emission 共UPS兲 spectra,2,3 lowenergy electron-loss spectra,4 photoconductivity,5 and optical
reflectivity.6,7 From the conductivity measurements,5 a band
gap of ⬃9 eV has been deduced for a-SiO2 and by comparison, the XPS data8 for a-SiO2 and c-SiO2 shows ⬃0.5 eV
larger band gap in c-SiO2. On the other hand, the reflectivity
spectra of c-SiO2 and a-SiO2 have been shown to be similar,6
indicating that the electronic structure of a-SiO2 and
c-SiO2 are quite comparable. To more quantitatively compare similarities and differences arising from the atomic
structures of a-SiO2 and c-SiO2, we have used KramersKronig analysis9 of vacuum ultraviolet 共VUV兲 reflectance
coupled with spectroscopic ellipsometry.
The physical density of c-SiO2 at 2.648 共g / cm3兲 共Ref. 10兲
is much higher than that of a-SiO2 at 2.196 共g / cm3兲.10 The
short-range order 共SRO兲 of a-SiO2 is the same as in the 4:2
1098-0121/2005/72共20兲/205117共10兲/$23.00

coordinated crystals. However, it is the intermediate range
order 共IRO兲 and the lack of long-range order 共LRO兲 that
distinguished the a-SiO2 from its c-SiO2 counterpart. It has
been assumed that the electronic structure of a-SiO2 is similar to that of c-SiO2.11 It had been reported that the calculated electronic density of states 共DOS兲 of c-SiO2 and
a-SiO2 have subtle differences,12,13 reflecting the long-rangeorder 共LRO兲 and intermediate-range order 共IRO兲 of these
two phases, in spite of the similarity in their short-range
order 共SRO兲.12 But these subtle differences of the DOS between two phases appear to be negligible compared to the
similarity of their optical properties as has been suggested by
previous experimental optical spectra.
Experimentally, optical properties of crystalline and noncrystalline SiO2 in the energy range 0–26 eV were investigated by Philipp 40 years ago.6,14,15 He observed similar optical properties for crystalline and fused quartz and found the
spectral dependence of the real and imaginary parts of the
dielectric constant on the composition value of x for SiOx
共x = 0–2兲. Loh also measured the optical absorption in fused
silica and that of quartz and found them to be very similar.16
Bosio17 and Sorok18 reported the same optical properties of
c-SiO2 and a-SiO2.17 Tarrio reported similar optical properties for chemically vapor deposited 共cvd兲 a-SiO2 thin films,
evaporated SiO2 films, and bulk silica.19 This has been con-
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firmed by many later studies,20,21 leading to the conviction
that optical spectra in all SiO2 phases with 4:2 coordination
are the same. We have reported the complex optical properties of a-SiO2 over the range of 1.5–42 eV, from which were
observed additional interband transitions at 21.3 and 32 eV.7
We found that a-SiO2 has similar electronic structure to
c-SiO2 over a wide energy range.
Knowledge of the fundamental vacuum ultraviolet optical
properties in crystalline and amorphous SiO2 is important
because high-purity synthetic SiO2 crystals and glasses are
important optical materials, being the basis for optical elements, optical fiber telecommunications, and photolithographic photomasks. We aim in this paper to present and
compare optical spectra of crystalline and amorphous SiO2
based on the vacuum ultraviolet spectra, the optical constants
of c- and a-SiO2, n and k, and the interband transition
strength 共Jcv兲. We augment the VUV reflectance measurements over the photon energy range of 2–40 eV using spectroscopic ellipsometry measurements to calibrate the optical
constants over the low-energy wing between 0.69 and 8.0 eV.
A procedure for simultaneously performing Kramers-Kronig
dispersion analysis on the data from these two sources was
described elsewhere.22 The augmented data, spanning a
wider energy range, leads to improved accuracy in amplitude, affording greater precision in determining and comparing the quantitative optical properties of crystalline and
amorphous SiO2.
The London dispersion interaction, the major component
of the van der Waals forces,23 is a universal, long-range interaction present for all materials, which arises directly from
the electronic structure and optical properties of the
materials.24 Once the full spectral optical properties and electronic structure of bulk a-SiO2 have been determined, the
London dispersion interaction, and full spectral Hamaker
constant25 can be determined using the Lifshitz method.26,27
When two grains of material 1 are separated by an intervening intergranular material, material 2, the Hamaker constant
NR
determines the magnitude of the London dispersion
A121
force 共FLD兲 between the two grains, as defined by Eq. 共1兲.
The intergranular material serves to shield the attraction of
the two materials. The Hamaker constant is large for a
vacuum interlayer, and zero if the interlayer material 2 is
identical to the grain’s material 1. The intimate relationship
between the electronic structure and optical properties28 and
this universal interaction has attracted increased interest
recently,29 and the role of amorphous silica and other structural glass formers 关such as SiON 共Ref. 30兲 and AlPO4 共Ref.
31兲兴 as a fluid in high-temperature wetting and materials processes means a detailed knowledge of the optical properties
and dispersion interaction in SiO2 is of increased interest.
NR
A121
= − 6L3FLD

共1兲

SiO2 samples studied here are of Suprasil 1.32 This glass is
homogeneous and free from striate in all directions, practically free from bubbles and inclusions, and characterized by
a very high optical transmission in the UV and visible spectral ranges. The crystalline samples are either VALF X-cut 共a
quartz wafer with the major surface of the wafer perpendicular to the X crystallographic axis兲 or Z-cut 共a quartz wafer
with the major surface of the wafer perpendicular to the Z
crystallographic axis兲 quartz.33 Each sample was polished on
both faces for spectroscopic ellipsometry and VUV optical
measurement.
B. Spectroscopic ellipsometry

Spectroscopic ellipsometry was performed with the VUVVase instrument,34 which has a range from 0.69 to 8.55 eV
共1800–145 nm兲, and employs MgF2 polarizers and analyzers
rather than the more common calcite optics. The instrument
has a MgF2 autoretarder and is fully nitrogen purged. The
spot diameter of light source on the surface of the sample is
2 mm. Ellipsometric measurements were conducted using
light incident at angles of 60°, 70°, and 80° relative to normal on the front surface of the sample, the back of which
was roughened with coarse polishing paper. The instrument
measures the ellipsometric parameters ⌿ and ⌬, which are
defined by Eq. 共2兲,
tan共⌿兲ei⌬ =

RP
,
RS

共2兲

where R P / RS is the complex ratio of the p- and s-polarized
components of the reflected amplitudes. These parameters
are analyzed using the Fresnel equations35 in a computerbased modeling technique34 including a surface roughness
layer to directly determine the optical constants.
C. VUV spectroscopy

VUV spectroscopy has become an established technique
for electronic structure studies of materials.36–40 It has
the advantage of covering the complete energy range of
the valence interband transitions and is not plagued by the
sample charging that attends photoelectron spectroscopy on
insulators. The VUV spectrophotometer includes a laser
plasma light source, a monochromator, filters and detectors.41
The light source is not polarized, and the incident angle of
the light on the sample is near normal. The details of the
instrument have been discussed previously.41,42 The energy
range of the instrument is from 1.7 to 44 eV, or from 700 to
28 nm, which allows us to extend beyond the air cutoff of 6
eV and the window cutoff of 10 eV. The resolution of the
instrument is 0.2–0.6 nm, which corresponds to 16 meV
resolution at 10 eV or 200 meV resolution at 35 eV.
III. RESULTS

II. EXPERIMENTAL METHODS

A. Analysis of ellipsometry data

A. Sample preparation

Samples of crystalline and amorphous SiO2 were used for
the VUV and ellipsometry investigations. The amorphous

The transmission spectra for both crystalline and amorphous SiO2 within the VUV range are shown in Fig. 1. We
use both ellipsometric and UV/vis transmission data taken on
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FIG. 1. Transmission of crystalline and amorphous SiO2: 共a兲 X
cut, 共b兲 Z cut, 共c兲 a-SiO2.

the same sample to find a model describing the optical behavior of the bulk silica.35 Using transmission data and ellipsometric data in the modeling reduces the effective surface
sensitivity of ellipsometry, while increasing the accuracy of
the bulk properties. The complex index of refraction for both
crystalline and amorphous SiO2 within the energy range
from 0.7 to 8 eV for this solution is shown in Fig. 2, which
agree very well with literature results.43
B. Kramers-Kronig analysis of VUV reflectance

Accurate results from Kramers-Kronig analysis rely on
the accurate determination of the amplitude of the VUV reflectance 共shown in Fig. 3兲, and preparation of low- and
high-energy wings which extend beyond the experimental
data range. We prepare the low-energy wing, in the range

FIG. 3. Reflectance spectrum of VUV spectrum measured from
共a兲 X-cut quartz, 共b兲 Z-cut quartz, 共c兲 a-SiO2.

below the band gap of the material 共in this case of SiO2, for
energies below 6 eV兲, using a two pole Sellmeier form, and
fitting the reflectance, with this low-energy wing, to the ellipsometric data in a least-squares sense. In this manner we
determine more accurately the reflectance amplitude and
low-energy wing, which will be used as input in the
Kramers-Kronig analysis. We also prepare and fit a highenergy wing for the reflectance. The details of these methods
are discussed in detail in the Kramers-Kronig Analysis Appendix of our 1999 paper.22 Kramers-Kronig analysis is then
used to recover the reflected phase. In the case of normal
incidence, the complex reflection coefficient is written in
terms of the amplitude R̄ and a phase shift upon reflection ,
as described by
R̃ = 兩R̄兩e−i =

n − 1 − ik
.
n + 1 − ik

共3兲

The complex index of refraction 共n̂ = n + ik兲 for both crystalline and amorphous SiO2 is then calculated algebraically
from Eq. 共3兲 and the results are shown in Fig. 4. It can be
seen that the index of refraction and extinction coefficient
values measured from spectroscopic ellipsometry 共short
course curves兲 agree with those calculated from VUV spectra
through our Kramers-Kronig analysis procedures. They also
agree with Palik’s Handbook result of SiO2 within this energy range.
The fundamental absorption-edge spectra have been determined by Eq. 共4兲:43

␣=

FIG. 2. Complex index of refraction, n̂ = n + ik, determined from
spectroscopic ellipsometry for 共a兲 X-cut quartz, 共b兲 Z-cut quartz, 共c兲
a-SiO2. The index of refraction n is the dotted line, while the extinction coefficient k is the solid line.

4k
,


共4兲

where ␣ is the absorption coefficient,  is the wavelength of
the light source, and k is the extinction coefficient. The fundamental absorption spectra for crystalline and amorphous
SiO2 are shown in Fig. 5 共from spectroscopic ellipsometry兲
and Fig. 6 共VUV spectrometer兲.
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FIG. 4. Complex index of refraction, 共n = n + ik兲 of crystal and
amorphous SiO2, where the index of refraction n is shown by the
dashed line and the extinction coefficient k by solid lines. 共a兲 and
共e兲 X-cut quartz, 共b兲 and 共f兲 Z-cut quartz, 共c兲 and 共g兲 a-SiO2.

Here we render the optical response in terms of the interband transition strength Jcv共E兲, related to 共兲 by24
Ĵcv ⬅ Jcv1 + iJcv2 =

m20 E2
关2共E兲 + i1共E兲兴,
e 2q 2 8  2

共5兲

where Jcv共E兲 is proportional to the transition probability and
has units of g cm−3. For computational convenience we take
the prefactor in Eq. 共5兲, whose value n cgs units is 8.289
⫻ 10−6 g cm−3 eV−2, as unity. Therefore the Jcv共E兲 spectra
calculated from Eq. 共5兲 shown in Fig. 7 are in units of eV2.
The bulk energy-loss function 共ELF兲 for both a-SiO2 and

FIG. 5. Fundamental absorption edge of SiO2 within low-energy
range for 共a兲 X cut, 共b兲 Z cut, 共c兲 a-SiO2, which was determined
from spectroscopic ellipsometry and subsequent Kramers-Kronig
transformation of the index of refraction.

FIG. 6. Fundamental absorption edge of SiO2: 共a兲 a-SiO2 共b兲
X-cut quartz, 共c兲 X quartz within wider energy range. The absorption coefficient 共␣兲, in units of cm−1, is plotted vs energy. The
absorption spectra were extracted from VUV measurement.

c-SiO2, ELF= −Im关1 / 共兲兴, is shown in Fig. 8.
The oscillator strength sum rule44 关Eq. 共6兲兴 applied to the
interband transition strength allows the determination of the
number of electrons contributing to a transition up to an
energy E关neff共E兲兴.
neff共E兲 =

4f
mo

冕

E

0

Re兵Jcv共E⬘兲其
dE⬘ .
E⬘

共6兲

Here f is the volume of the SiO2 formula unit. The neff共E兲 of
the oscillator strength sum rule for crystalline and amorphous SiO2 is shown in Fig. 9.

FIG. 7. Real part of the interband transition strength spectrum
共Re关Jcv兴兲 of quartz and amorphous SiO2 determined from KramersKronig analysis of VUV reflectance data. 共a兲 X-cut quartz, 共b兲 Z-cut
quartz, 共c兲 a-SiO2.
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don dispersion spectrum. The LD transform requires data
over an infinite frequency or energy range, and therefore we
use analytical extension or wings to continue the data beyond
the experimental data range. We choose power-law wings of
the form Re关Jcv兴 ⬀ −A on the low-energy side of the data and
Re关Jcv兴 ⬀ −B on the high-energy side of the data, where A
and B are chosen values of A = 2 and B = 3. In determining
the LD spectrum, we retain the complete spectrum over the
entire 0–250 eV range to facilitate the evaluation of the spectral difference functions while minimizing errors resulting
from neglected area between the 2共兲 spectra. The detailed
methods for calculating the full spectral Hamaker constant
can be found in French’s review article.24 Here we report the
Hamaker constants for different configurations with amorphous and crystalline SiO2 in Table I.
FIG. 8. Bulk electron-energy-loss function, −Im共1 / 兲, of 共a兲
X-cut quartz, 共b兲 Z-cut quartz, 共c兲 a-SiO2, showing the bulk plasmon resonance peaks.
C. Hamaker constants of the London dispersion interaction

To calculate the London dispersion interaction and its
nonretarded Hamaker constant24 we utilize another KramersKronig dispersion relation to produce the London dispersion
spectrum, 2共i兲, which is an integral transform of the imaginary part of the dielectric constant from the real frequency 
to the imaginary frequency i. The London dispersion spectrum is a material’s property and represents the retardation of
the oscillators,
⬁

2
共i兲 = 1 +


冕
0

  2共  兲
d .
2 + 2

共7兲

Therefore once the complex optical properties as a function
of the real frequency  have been determined, the London
dispersion 共LD兲 integral transform 关Eq. 共7兲兴 yields the Lon-

FIG. 9. Oscillator strength sum rule of crystal and amorphous
SiO2. 共a兲 X-cut quartz, 共b兲 Z-cut quartz, 共c兲 a-SiO2.

IV. DISCUSSION
A. Band gap

Reflectance spectra for crystalline and amorphous SiO2,
shown in Fig. 3, agree qualitatively with the optical transitions in other crystalline and amorphous silica reported by
others.14,15 It can be seen from Fig. 3 that the reflectivity
peaks for both forms of SiO2 are located at 10.4, 11.6, 14.03,
and 17.10 eV, as reported previously. The experimentally determined absorption coefficient in the energy region of the
fundamental absorption edge ␣ 共cm−1兲, is shown in Fig. 5
from ellipsometric measurements and Fig. 6 from VUV measurements SiO2. In Table II, the results of band-gap fitting
are summarized for fits in two different ranges of the absorption coefficient. These experimentally determined direct
band-gap energies are determined by a direct gap model using a linear fit in the absorption edge region of interest to a
plot of ␣2E2, where ␣ is the absorption coefficient in cm−1
and E is energy in eV. The band-gap energies for the indirect
band-gap model are determined by linear fitting to ␣1/2. Direct and indirect band-gap models do not formally apply to
amorphous materials such as glass, due to the loss of longrange periodicity in the amorphous material and the consequent destruction of the Brillouin-zone construct used
for band-structure analysis. However, direct and indirect
gap fitting has been used for characterizing the changes
in the absorption edge in amorphous materials
such as amorphous silicon39 and other amorphous
semiconductors40 and has been found useful to characterize
the observed changes in the electronic structure. Therefore
we are using the direct and indirect models as useful tools to
characterize the complex absorption-edge behavior of these
materials, and draw on the crystalline band-gap models because the shapes of the absorption edges measured are reminiscent of those found in crystalline materials.38
The upper limit of the fitted direct band-gap values for
X-cut quartz within the linear absorption region is about 9.34
eV corresponding to the absorption range within ␣ ⬃ 1
⫻ 105–1 ⫻ 106 cm−1, while the indirect gap in this region is
evaluated to be 8.30 eV. While that value for Z-cut quartz
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NR
TABLE I. Full spectral Hamaker constants ANR
121 or A123 for the London dispersion interaction of different
physical configurations with a-SiO2 or c-SiO2 as one component, determined from the interband transition
strength spectra. 共c-SiO2: Z-cut quartz; a-SiO2: amorphous SiO2; EEL: calculation from EELS spectrum;
VUV: calculation from VUV spectrum.兲

Physical geometry

Ham. coeff.

Physical geometry

Ham. coeff.

关a-SiO2兩vacuum兩a-SiO2兴
关a-SiO2兩Al2O3兩a-SiO2兴
关a-SiO2兩water兩a-SiO2兴
关a-SiO2兩c-SiO2兩a-SiO2兴
关Si3N4兩a-SiO2兩Si3N4兴
关TiO2兩a-SiO2兩TiO2兴
关a-SiO2兩Al2O3兩air兴
关Al2O3兩a-SiO2兩air兴
关a-SiO2兩water兩air兴
关TiO2 兩 a-SiO2 兩 air兴
具SrTiO3兩vacuum兩SrTiO3典EEL
具SrTiO3兩water兩SrTiO3典EEL
具SrTiO3兩water兩air典EEL

71.6zJ
24.6zJ
8.0zJ
17.3zJ
38.2zJ
33.2zJ
64.1zJ
−41.5zJ
−15.6zJ
−56.7zJ
234.9zJ
110.5zJ
−59.7zJ

关c-SiO2兩vacuum兩c-SiO2兴
关c-SiO2兩Al2O3兩c-SiO2兴
关c-SiO2兩water兩c-SiO2兴
关c-SiO2兩a-SiO2兩c-SiO2兴
关Si3N4兩c-SiO2兩Si3N4兴
关TiO2兩c-SiO2兩TiO2兴
关c-SiO2兩Al2O3兩air兴
关Al2O3兩c-SiO2兩air兴
关c-SiO2兩water兩air兴
关TiO2兩c-SiO2兩air兴
具SrTiO3兩vacuum兩SrTiO3典VUV
具SrTiO3兩water兩SrTiO3典VUV
具SrTiO3兩water兩air典VUV

94.7zJ
13.18zJ
17.6zJ
17.3zJ
25.8zJ
48.5zJ
46.8zJ
−34.9zJ
−23.2zJ
−52.1zJ
248.8zJ
118.4zJ
−61.6zJ

within the linear absorption region is determined to be 9.55
eV 共corresponding to the absorption range of ␣ ⬃ 1 ⫻ 105–1
⫻ 106 cm−1兲, the indirect band-gap energy in the same absorption region is fitted to be 8.91 eV. Within the absorption
edge region of 1 ⫻ 105–1 ⫻ 106 cm−1, the direct band gap of
amorphous SiO2 was fitted to be 9.56 eV from the absorption
edge, the indirect gap of which was evaluated to be 8.90 eV
in the same absorption region. The band gaps of amorphous
SiO2 in the region of very low absorption coefficient
共2–20 cm−1兲 have been calculated from ellipsometric spectra
to be 7.64 eV for direct transition and 7.46 eV for indirect
transition, respectively. In the extremely low absorption region, the direct gap energies of c-SiO2 have much higher
values than a-SiO2, determined from ellipsometric spectra
within the region of 2–20 cm−1 in Fig. 5 to be 8.30 eV for
X-cut quartz and 8.29 eV for Z-cut quartz. The indirect gaps
are evaluated to be 8.12 eV for X-cut quartz and 8.05 eV for
Z-cut quartz in the same absorption regions.
Weinberg et al.45 as well as DiStefano and Eastman5 have
reviewed other experimental determinations of the direct
band gap of SiO2 and reported values of 9.3 and 9.0 eV for
the band gap of a-SiO2 from photoconductivity measurements. These values are comparable to the direct band-gap
energies of either crystalline or amorphous SiO2 in the high

absorption coefficient results of Table II. The reason for
the difference in the fitted band-gap energies between
c-SiO2 and a-SiO2 in the extremely low absorption region is
that Suprasil I a-SiO2 has very high OH content 共up to
1200 ppmw level兲, which produces a substantial quantity of
2 ⬅ Si-OH as discussed by Griscom.46 This Si-OH group
may play an important role in altering the direct band-gap
energy for OH containing fused glass. With the presence of
the Si-OH group, the band gap of fused SiO2 decreases with
increased OH content.47 Meanwhile, absorption of the bulk
specimen at around 7.9 eV has several possible origins including extrinsic impurities, intrinsic defects including oxygen deficient centers 共ODCs兲, and strained Si-O-Si bonds in
three- or four-member rings.48
B. Optical properties and interband transitions of crystalline
and amorphous SiO2

It can be seen from the reflectance spectra in Fig. 3 that
both c-SiO2 and a-SiO2 share common reflectivity peaks at
10.4, 11.6, 14.03, and 17.10 eV, which agree with reported
optical transitions for crystalline and amorphous
silica.14,15,18,49 According to Laughlin’s50 report, the peak at
about 10.4 eV is due to an excitonic resonance in both

TABLE II. Results of band-gap fitting to the fundamental absorption edges of a-SiO2 and c-SiO2.
Sample

Direct gap

Abs. fitting range

Indirect gap

Abs. fitting range

Suprasil 1 amorphous SiO2

7.64a eV
9.56 eV
8.30 eVa
9.34 eV
8.29 eVa
9.55 eV

2–20 cm−1
1 ⫻ 105–1 ⫻ 106 cm−1
2–20 cm−1
1 ⫻ 105–1 ⫻ 106 cm−1
2–20 cm−1
1 ⫻ 105–1 ⫻ 106 cm−1

7.46a eV
8.90 eV
8.12 eVa
8.30 eV
8.05 eVa
8.91 eV

2–20 cm−1
1 ⫻ 105–1 ⫻ 106 cm−1
2–20 cm−1
1 ⫻ 105–1 ⫻ 106 cm−1
2–20 cm−1
1 ⫻ 105–1 ⫻ 106 cm−1

Crystalline SiO2 X-cut quartz
Crystalline SiO2 Z-cut quartz
a

Calculated from spectroscopic ellipsometry.
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c-SiO2 and a-SiO2, and has also been so identified by other
authors.15,18,49,51,52 As reported in earlier papers, the other
three peaks at 11.6, 14.03, and 17.10 eV are due to interband
transitions in both a-SiO2 and c-SiO2, which also agree in
energy with the measurements of others.14,15,19 By following
Ibach’s conclusion,53 the 11.6 eV transition corresponds to an
excitation from the valence-band maximum at −2.5 eV to the
conduction-band edge, where we have set the zero of energy
in the density of states to lie at the valence-band maximum.
The remaining common features at 14.03, 17.3, 21.3, and 32
eV have been observed in the interbrand transition strength
spectra 共Re关Jcv兴 as defined in Eq. 共5兲兲 of both crystalline and
amorphous SiO2 共Fig. 7兲, which may be assumed to originate
from the three principle maxima in both the valence-band
density of states and the O 2s core state, terminating at an
energy level near the conduction-band edge.54 Specifically,
these different interband transitions could be assigned from
the band structure54 of SiO2 as follows: the feature at 14.03
eV is for the transition from the energy level at −3.9 eV in
the valence band 共VB兲 to the energy level at 10.13 eV in the
conduction band 共CB兲, the feature peak at 17.3 eV is for the
transition from the VB, −6.5 eV, to the CB, 10.9 eV,7 the
feature peak at 21.3 eV is for the transition from the VB,
−9.7 eV, to the CB, 11.6 eV, and the 32-eV feature peak is
for the transition from the O 2s core level at −20.2 eV to a
low-lying vacant state near the CB edge.7
Most of the prior experimental optical property results
were obtained on either ␣-quartz or more frequently amorphous silica, in either the bulk glass or thin film forms. In
␣-quartz the Si-O bond length is 1.61 Å and the Si-O-Si
angle is 144°.55 In a-SiO2 these two parameters have a random distribution, but their mean values are similar to those
found in ␣-quartz. The SiO4 tetrahedron, on the other hand,
remains almost structurally perfect with only very small deviations in ␣-SiO2 of the O-Si-O angle of 109.5°.56 Thus the
spectroscopic results for ␣-quartz and a-SiO2 can be expected to exhibit similar features, some of which are characteristic of the SiO4 tetrahedron and some which are more
dependent on the mean Si-O-Si angle of 144°.54 It can be
concluded that it is the SiO4 tetrahedron which is predominantly responsible for the electronic structure and optical
transitions of both crystalline and amorphous phases of
SiO2.14 From this, any differences between the electronic
structure of crystalline and amorphous SiO2 may be anticipated to arise from the main atomic structural feature: the
random variation of the Si-O-Si angle in the amorphous form
of SiO2. Although the density of crystalline compared to
amorphous SiO2 is larger by about 1.2 times, the absorption
per SiO2 molecule or per Si-O bond is the same in both
structural forms. It may therefore be supposed that the common structural units of an Si-共O4兲 tetrahedron determine the
optical properties of different forms of SiO2, leading to the
same characteristic optical spectra features: exciton resonance peak at 10.4 eV and interband transitions locating at
11.6, 14.3, 17.1, and 32 eV for both crystalline and amorphous SiO2.
The difference of the optical properties for crystalline and
amorphous SiO2 comes from the variation of the Si-O-Si
angle in SiO4 tetrahedron as well as the orderly alignment of
these tetrahedra, resulting in differences in the amplitude of

the reflectivity and the refractive index among the different
forms of SiO2. Due to their higher physical density quartz
samples have much higher reflectance and refractive indices
than amorphous silica as shown in Figs. 3 and 4. There are
also some differences amongst the quartz and amorphous
samples themselves. Z-cut quartz has a higher value of the
reflectance and refractive index than X-cut quartz. The shortrange order 共SRO兲 of amorphous SiO2 is the same as in the
4:2 coordinated crystals. However, it is the intermediate
range order 共IRO兲 and the lack of long-range order 共LRO兲
that distinguishes the a-SiO2 from its crystalline counterpart.
It had been reported that the calculated electronic density of
states 共DOS兲 of crystalline SiO2 and amorphous SiO2 have
subtle differences, reflecting differences in the LRO and IRO
of these two phases, in spite of the similarity in their SRO.12
The long-range order is destroyed on transition from the periodic crystalline lattice to the more random amorphous state.
Therefore the LRO and IRO make the interband transitions
of crystalline SiO2 exhibit sharper features than does the
amorphous SiO2 counterpart 共as shown in Figs. 3 and 7兲,
whose LRO had been destroyed and whose valence and conduction bands are consequently broadened. The difference
between the interband transition strength of Z-cut and X-cut
quartz may arise from the orientation of the crystal and the
unpolarized nature of our vacuum ultraviolet laser plasma
light source used for the reflectance measurement. Z-cut
quartz has the c face on its surface and has 关0001兴 orientation, and in-plane on the c face is the x-y plane, which is
perpendicular to 共0001兲 direction and is optically isotropic.
While X-cut quartz keeps an a-face on its surface and has
关1000兴 orientation, in-plane directions on an a face are the
y-z plane, which is parallel to 共0001兲 direction 共z axis兲 and
has anisotropic optical properties. This orientation difference
between Z-cut and X-cut quartz gives rise to the difference in
optical properties and interband transitions.
Different forms of SiO2 exhibit obvious differences in the
interband transition strength spectrum 共Fig. 7兲, within the
energy range of 20–23 eV. Amorphous SiO2 forms share the
common interband transition peak at 21.5 eV, while X-cut
and Z-cut quartz have the same peak shifted to 22.6 eV.
There are three special peaks for Z-cut quartz, located at
16.2, 20.1, and 27.5 eV, which have not been observed in
other forms or orientation of SiO2. X-cut quartz also has two
special peaks at 21 and 22.6 eV, which is different from other
forms or orientations.
As pointed out above, the DOS of different forms or orientations of SiO2 differs only in the fine details, which reflect
the differences in the LRO and IRO. There has been no detailed scrutiny in the literature for differences in the electronic structure and interband transitions between crystalline
and amorphous SiO2. We observe more features in the interband transition strength spectrum of c-SiO2 than for a-SiO2
共Figs. 3 and 7兲 which reveal several additional interesting
features located at 16.2, 20.1, 21, 22.6, 27.5, and 32 eV in
the reflectance spectra and interband transition strength spectra of crystalline Z-cut quartz, and these spectral features do
not appear in a-SiO2. The 27.5 eV peak can be assigned to an
excitation transition from the O 2s lower valence-band state
at −20.2 eV to an exciton state at 7.1 eV near the conduction
band, when the zero of energy is chosen at the valence-band
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maximum. It is worth mentioning that peaks lying within the
20–23 eV energy range in the interband transition strength
spectra look like features observed in electron-energy-loss
spectroscopy spectrum of SiO2. Ibach53 studied the electronic structure of oxygen adsorbed on silicon 共111兲 surfaces
and oxidized silicon by electron-energy-loss spectroscopy.
He observed bulk plasma loss peak at 21.3 eV and two additional interband transition peaks at 23 and 32 eV for SiO2.
We observe in the VUV reflectance and interband transition
strength spectra shown in Figs. 3 and 7 similar peaks at 20.1
and 22.6 eV for Z-cut quartz, 21 and 22.6 eV for X-cut
quartz, and only 21.3 eV for amorphous SiO2 as well as a 32
eV transition7 in all forms of SiO2. It seems clear that the
22.6 eV peak corresponds to an electronic transition from
oxygen 共DOS state at −17.6 eV to a final conduction-band
state at 5.8 eV兲.53 The remaining two peaks at 16.2 and 20.1
eV are only observed in Z-cut quartz spectra and also correspond to valence- to conduction-band transitions. We may
assign the peak at 16.2 eV to the transition from the energy
level at −2.5 eV in valence band to the level at 13.8 eV in
conduction band, the other peak at 20.1 eV to be the transition from the energy level at −9.7 eV to the level at 10.6 eV
below the edge of conduction band. It is reported that the 32
eV peak never appeared on a clean Si surface but was observed after oxygen absorption on a silicon 共111兲 surface,53
making this peak another oxygen associated transition.
Therefore the peak at 32 eV in the interband transition
strength is due to electronic transition from O 2s energy level
to the lower conduction band in SiO2.
The broad peak at 21.3 eV for a-SiO2 and 22.6 eV for
c-SiO2 is near the energy positions of plasmon resonance
peaks for SiO2,7 and can therefore be assigned as either an
interband transition or the bulk plasma resonance peak. For
the first case, the two peaks could correspond to an electronic
transition from the oxygen valence-band to the conductionband states, which may be confirmed by Ching’s ab initio
calculation of optical properties of SiO2.11 In order to discriminate the interband transition peaks from plasmon resonance peaks of either a-SiO2 or c-SiO2, it is useful to consider the bulk energy-loss functions of a-SiO2 and c-SiO2,
ELF= −Im关1 / 共兲兴 共shown in Fig. 8兲. The bulk plasmon
resonance peaks in the ELF spectra are observed at 23.7 eV
for amorphous SiO2,7 24.6 eV for X-cut quartz, and 25.2 eV
for Z-cut quartz. Similar ELF data were obtained by Maixner
et al.,49 whose results for amorphous SiO2 for small wave
vectors 共q = 0.2兲 are in good agreement with our ELF results
of amorphous SiO2. Thus the peaks in Re关Jcv兴 spectrum at
21.5 eV for a-SiO2 and 22.6 eV for c-SiO2 should be attributed to interband transitions, different from the plasmon collective excitation peaks which have been observed separately
within the 23–25.2 eV energy range in the ELF spectrum of
a-SiO2 and c-SiO2.
The expected value of oscillator strength sum rule for
SiO2 is 16 electrons per formula unit, consisting of eight
O 2p electrons, four O 2s electrons, two Si 3s electrons, and
two Si 3p electrons. The oscillator-strength sum rules nef f for
different forms of SiO2 are shown in Fig. 9. These oscillator
strength spectra indicate that 9.8 electrons per formula unit
for amorphous SiO2 as well as 10.8 electrons for X-cut
quartz and 10.0 electrons for Z-cut quartz, respectively, have

FIG. 10. Profile of two layers of a- 共or c-兲 SiO2 grains being
separated by an interlayer film.

participated in their interband transitions at the energies at or
below 43 eV. From Fig. 9共a兲 we can pick up a value of 7.3
electrons per formula unit for amorphous SiO2 at 26 eV,
which is very close to Philipp’s15 7.7 electrons per a-SiO2
molecule near 26 eV. There is no direct evidence this plot
will saturate near 43 eV. Presumably transitions associated
with the deeper-lying L-shell electrons of oxygen will be
energetically possible at some higher energy and the curve
will rise further. The physical density of c-SiO2 共2.65 g / cm3兲
is higher than that of a-SiO2 共2.201 g / cm3兲, therefore there
are more valence electrons for c-SiO2 in a unit volume than
in a-SiO2.
From the interband transition strength spectrum, reflectance, and the oscillator sum rule, we can see that the change
from crystalline to amorphous SiO2 tends to weaken the
sharp spectral features seen in the interband transitions. X-cut
quartz has the strongest interband transitions and the most
valence electrons participating in the interband transitions,
while amorphous SiO2 has the weakest interband transition
and the least electrons participating in the transition. This
role of disorder on the electronic structure of SiO2 has also
been reported for c-SiO2 in which the surface has been disordered by argon bombardment.57
C. London dispersion interaction for amorphous
and crystalline SiO2

The London dispersion interaction arises directly from the
material’s optical properties and electronic structure. Therefore we can now consider the LD interactions involving
SiO2 using the Lifshitz theory.24,26,27 Here we report the full
NR
NR
and A123
兲 in
spectral, nonretarded Hamaker constants 共A121
Table I for different physical configurations with a-SiO2 or
c-SiO2. Consider a physical configuration for a full spectral,
nonretarded Hamaker constant calculation that consists of
two layers 共grains 1 and 3兲 separated by an interlayer film
共2兲. The grains and film can be composed of any materials.
For the nonretarded Hamaker constant to be applicable, the
film in this three-layer configuration should be very thin
共⬍2 nm兲.
In a configuration where the 1 and 3 layers are the same
material we have the symmetrical 121 case24 共Fig. 10兲 which
is applicable, for example, to intergranular films. For this
configuration with the interlayer or intergranular film having
different physical properties and electronic structure from the
outer grains, it is of interest to determine the magnitude of
the Hamaker constant. We can see big differences in the
Hamaker constants for geometries containing a-SiO2 and
c-SiO2. The accuracy of these full spectral, nonretarded Hamaker constants is 3%, as we have determined from studies
of variations in magnitude of the input spectra,58 and by
comparison to Hamaker constants determined from multiple
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approaches59 such as different approximate models 共e.g.,
Tabor Winterton兲, or fitting to AFM force-distance curves.60
In addition we show Hamaker constants calculated for
SrTiO3 using spectra determined from two experimental
methods, electron-energy-loss spectroscopy and VUV
spectroscopy,61,62 and the results are in this 3% accuracy
range. The Hamaker constant for the configuration of two
a-SiO2 films separated by vacuum 共A1NR
1兲 is 71.6 zJ 共Table I兲,
while that of c-SiO2 共Z-cut quartz兲 films separated by
vacuum is 94.7 zJ. For a case of importance to aqueous colloid chemistry,59 note that when separating two layers of
a-SiO2 with water, the Hamaker constant is 8.0 zJ, but when
c-SiO2 is separated by water, the Hamaker constant is
17.6 zJ. When an interlayer material of Al2O3 共Ref. 63兲 sepaNR
兲
rates two layers of a-SiO2, then the Hamaker constant 共A121
is reduced from 71.6 zJ to 24.6 zJ, corresponding to a reduction in the London dispersion interaction by a factor of 2.5.
Due to this interlayer film, when two layers of crystal SiO2
are separated by an interlayer film of Al2O3, the Hamaker
constant is 13.2 zJ. If the materials of the grains and the
boundary are exchanged, the Hamaker coefficient remains
the same. When a-SiO2 separates two layers of Si3N4 共Ref.
30兲 containing 80 ppm CaO, the Hamaker constant is calculated to be 38.2 zJ, but with c-SiO2 replacing
a-SiO2 in this configuration, the Hamaker coefficient
changes to 25.8 zJ. When two layers of TiO2 共Ref. 58兲 are
separated by a-SiO2, the Hamaker constant is 33.2 zJ, which
increases to 48.5 zJ when c-SiO2 replaces a-SiO2.
In contrast to the symmetrical 121 configuration, asymmetrical 123 configurations can represent surficial films
共layer 2兲 with layer 3 taken as air. In the case of a wetting
condition, the dispersion force is repulsive, represented by
the Hamaker constant being of negative sign, and layer 2 will
thicken. For example, the Hamaker constant of a surficial
layer of a-SiO2 film on an Al2O3 substrate is −41.5 zJ while
that of c-SiO2 film on Al2O3 is −34.9 zJ. In both cases, SiO2
films have a London dispersion interaction corresponding to
wetting on the Al2O3 substrate, but a-SiO2, with a larger
negative Hamaker constant, has a larger dispersion free energy for wetting on Al2O3 surface than does c-SiO2. We may
conclude that a-SiO2 has a higher London dispersion interaction for wetting than does c-SiO2 for SiO2 film on Al2O3
substrates. In the reverse case of a surficial film of Al2O3 on
a SiO2 substrate, one finds a nonwetting dispersion interaction for either crystalline or amorphous SiO2 substrates because the Hamaker coefficients are positive, being 64.1 zJ for
a-SiO2 substrate and 46.8 zJ for a c-SiO2 substrate. A surficial film of a-SiO2 on a TiO2 substrate has a larger London
dispersion interaction for wetting than does c-SiO2, because
the Hamaker constant of a-SiO2 on this substrate is −56.7 zJ,
while that of c-SiO2 is −52.1 zJ. For a surficial film of water
on an a-SiO2 substrate the Hamaker coefficient is −15.60 zJ,
while on a c-SiO2 substrate the Hamaker coefficient is
−23.2 zJ, implying that the London dispersion interaction for

wetting by water is larger for surficial films on quartz than on
amorphous SiO2 glass.
V. CONCLUSIONS

Kramers-Kronig dispersion analysis of reflectance data,
combined with spectroscopic ellipsometry, yields improved
accuracy in determining the quantitative VUV optical properties from 0.7 to 43 eV for both crystalline SiO2 共Z-cut
quartz and X-cut quartz兲 and amorphous SiO2. Besides the
VUV reflectance spectrum and dielectric constants, we have
also derived the complex index of refraction, interband transition strength 共Re关Jcv兴兲, oscillator strength sum rule, energyloss function, and London dispersion spectra for the different
forms of SiO2. Crystalline SiO2 shares common interband
transition peaks with amorphous SiO2 as previously reported
at 10.4, 11.6, 14.03, and 17.10 eV. The similarity of the optical properties between crystalline and amorphous SiO2
arises from their common structural unit, the −SiO4 tetrahedron. From VUV optical spectra, we found four different
interband transition peaks for Z-cut quartz at 16.2, 20.1, 22.6,
and 27.5 eV which are not observed in other forms of SiO2.
X-cut quartz has two different peaks at 21 and 22.6 eV, while
amorphous SiO2 has one at 21.5 eV. In addition, c-SiO2 has
a higher value of reflectivity intensity, index of refraction and
dielectric constants than a-SiO2. The bulk plasma peaks in
energy-loss function spectra derived from VUV optical spectrum are observed at 25.2 eV for Z-cut quartz, 24.6 eV for
X-cut quartz, 23.7 eV for amorphous SiO2, respectively.
These differences in the electronic structure and optical properties, and the physical density of crystalline and amorphous
SiO2 can be attributed to differences in the intermediaterange order and long-range order of the different forms of
SiO2. The intimate relationship between the electronic structure and optical properties and the London dispersion interaction has attracted increased interest recently, and the role
of amorphous silica and other structural glass formers as a
fluid in high-temperature wetting and materials processes
means a detailed knowledge of the optical properties and
London dispersion interaction in SiO2 is relevant. Hamaker
constants for the London dispersion interaction of the configuration of two layers of c-SiO2 or a-SiO2 separated by an
interlayer film have been determined, using full spectral
methods, from the interband transition strength. The London
dispersion interaction is appreciably larger in c-SiO2 than
a-SiO2 due to the increased physical density, index of refraction, transition strengths, and oscillator strengths in quartz.
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