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Optical transmission and . photoconductivity spectra (7-14 eV) and the field - dependence of
photoconductivity are presented for thermally grown (amorphous) SiO, films. It is argued that the clearest
experimental determination of the band gap in SiO, can be obtained from the field dependence of
- photoconductivity and its similarity to internal photoemission; a band gap of 9.3 eV for amorphous SiO, is
deduced from the data. In view of this result some recent experimental band-gap determinations are
criticized and the literature on this subject is examined. The transmission experiments were performed on
thin thermally grown (amorphous) SiO, films (450-5000 A) produced by etching off the silicon substrate and
using a fabrication method which is described in detail. The photoconductivity measurements were performed
on Al-SiO,-Si structures (SiO,: 600~3500. A). Diode experiments for detecting photoluminescence and
possibly excitons are also described. The upper limit on photoluminescence yield was determined as ~ 1074,

I. INTRODUCTION

The experimental determination of the band
gap of SiO, is a difficult task because of its long
absorption tail and the presence of exciton effects
in its optical spectra. It is not surprising, there-
fore, that the experimental band gap is found to
vary quite widely in the literature. In this paper
we review the subject and propose that the field
dependence of photoconductivity can be used to
deduce a band gap of 9.3 eV for SiO, (Ref. 1) (for
more discussion of this value see Sec. III). This
method is quite different from the conventional
procedure of extracting a threshold from spec-
tral data, a procedure which is subject to many
complications as is explained throughout Sec. II.
This section also describes in some detail our
measurements on transmission and photoconduc-
tivity of thermally grown SiO, films,

In spite of the considerable attention devoted
to studies of SiO,, the character of its band
gap remains unresolved both experimentally and
theoretically, and its experimental value is
found to vary anywhere from 5 to 12 eV in re-
cent literature.2”® In order to further illuminate
this issue, we present below a review of the ex-
perimental values of the band gap, found scat-
tered in the literature, including the newer re-
sults which are not confirmed by our data. On
the theoretical side, Griscom® has published an
excellent review of the electronic structure of
SiO, and its spectroscopic aspects; an elegant
summary of theoretical advances has been of-
fered by Pantelides®; for more recent advances
the reader is referred to Ref. 7. For the sake
of completeness we shall mention here, only
briefly, the recent theoretical predictions re-
garding the SiO, band gap. Mott, in his review
article,® estimated the band gap to be at about

10.6 eV, i.e., above the first peak in the optical
spectra (10.45 eV in Fig. 4); however, he has
since accepted the view that the band gap is at
about 9 eV (largely on the basis of the data pre-
sented in this paper and in Ref. 1), and he pro-
poses that it is indirect with the 10.45-eV peak
being a direct gap exciton® (presumably below a
higher-lying direct gap). Chelikowski and
Schliiter’s band-structure calculation'® for crys-
talline a-quartz yielded an indirect band gap of
9.2 eV and the lowest direct gap was found to be
9.8 eV.!! Schneider and Fowler'? and Calabrese
and Fowler®® find the band gap to be direct for-
bidden. Ciraci and Batra'* have computed a di-
rect gap at 9.8 eV for the idealized form B-
cristobalite. While all the above band-structure
calculations neglect the important electron-hole
interaction, it has been incorporated into the cal-
culation of the optical absorption spectrum for
the first time by Pantelides,'® who finds that
electron-hole interactions have a strong effect
so that excitonic peaks dominate the entire
spectrum.

One of the earliest measurements of absorp-
tion in quartz (extended to 8.44 eV) was reported
by Groth and Weyssenhoff,'® and their data was
the basis for Williams’ band-gap estimation of
8 eV.” Photoemission of holes from silicon into
thermally grown SiO, was reported by Good- .
man,'® with the energy difference between the
conduction-band edge in the silicon and the
valence-band edge in the oxide given by about
4.9 eV. This yields a band gap of 8.0-8.1 eV
when combined with the energy difference be-
tween the conduction-band edges of silicon and
Si0,, which has been much more firmly estab-
lished at 3.1-3.2 eV.!®'2° The earliest reflectance
spectrum of SiO, (in the form of natural brazilian
quartz) was reported by Loh®'; he identified the
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first spectral peak (~10.4 eV) as excitonic and
crudely estimated the band gap to be above it,

at about 11 eV. The excitonic assumption was
further strengthened by the observation of
Platz6der,? on a-quartz, that the first two re-
flectance peaks are temperature dependent. More
refined reflectance spectra of crystalline and
fused (amorphous) quartz were published by
Philipp.23'2¢ Although Philipp did not attempt to
estimate the band-gap energy from his spectra,
Powell and Derbenwick?® used Philipp’s results
to conclude that the fundamental absorption edge
of Si0O, is at approximately 9 eV. In the same
paper?® the authors suggest a band gap of 8.8 eV
from their measurements of hole trapping in
thermally grown SiO, films illuminated by
vacuum-ultraviolet (vuv) photons.

Until recently, the most accepted band-gap
value was due to DiStefano and Eastman,?® who
determined an interband gap of 9.0 eV by fitting
their photoconductivity spectra (performed on a
5000-A thermally grown Si0, film) to a parabolic
absorption-edge characteristic of an indirect gap.
They also determined a band gap of 8.9+0.2 eV
from photoemission of electrons from SiO, into
vacuum (for which they place the threshold at
10.2 eV) and similarly from silicon through 150 A
of Si0, into vacuum (for a review of these re-
sults see Ref. 5). We note in passing that the
8.9-eV value would be revised upward to 9.3 eV if
one assumes that the valence-band edge of SiO,
lies at 10.6 eV below vacuum, as indicated by
Ibach and Rowe?” from electron energy-loss
spectroscopy measurements on thermally grown
SiO, films.

In contrast to the above trend, the region for
creation of electron-hole pairs has been placed
much higher (above 12 eV) by Zakis et al.?® (see
also Trukhin, below)—and on the other hand much
lower band-gap values were proposed by Stephen-
son and Binkowski.? The latter authors observed
a soft shoulder in their x-ray photoelectron spec-
troscopy (XPS) data obtained on a-quartz and
fused silica, but this was absent in OH-rich silica
glass. They propose the following lower and up-
per limits on the SiO, band gap: 5.55-7.8 eV for
a-quartz, 5.05-7.3 eV for fused silica, and up
to 8.3 eV for OH-rich silica. These results
have already been criticized by Griscom?® on the
basis of defects introduced in the surface of the
sample during its preparation by vacuum milling.
We add here that such low band-gap values would
imply unreasonably low barriers for hole injec-
tion from the electrodes into SiO, in metal-oxide-
silicon (MOS) structures. These have not been
observed although such low barriers would have
been easily seen because holes conduct quite

readily in SiO, at room temperature.?®'3° Inter-
estingly, in contrast to Stephenson and Binkow-
ski, Kaminow et al.®! find that the absorption edge
‘of their dry silica occurs at an energy 0.2 eV
higher than for their wet silica.

More recently, Trukhin* published photocon-
ductivity spectra of crystalline quartz, fused
silica, and thermally grown SiO, films on silicon.
For all his samples the data show an exponential
rise from about 8.8 eV with some rounding ob-
served above 12 eV (Fig. 5 in Ref. 4). Trukhin
interprets his data as evidence for a direct band
gap of 12 eV and a lowest band gap of 9.5 eV.
Trukhin’s photoconductivity spectra and likewise
the earlier photoconducitvity results of Zakis
et al.”® are completely inconsistent with our re-
sults (see Fig. 7) and those of DiStefano and
Eastman,?® Appleton et al.’? have measured
transmission and photoconductivity of a-quartz
and vitreous SiO,, and suggest, following Mott,®
a direct band gap of 10.6 eV with the possibility
of a lower indirect band gap of about 9 eV,

In a more elaborate band-gap determination
Powell and Morad?® obtain a value of 8,0+ 0.2 eV,
which is the same threshold they find in the ab-
sorption coefficient, photoconductivity spectra,
and positive charging effects of thermally grown
Si0, films. We find ourselves in disagreement
with this result. First, the thresholds in these
spectra cannot be determined very accurately
because of interference and internal photoemission
effects, as is described in Sec. II; second, the
threshold of spectral data may not represent the
band gap, as is explained in Sec. III.

In addition to the above literature, many papers
have dealt with the optical absorption edge of
various glasses, which is generally sensitive to
impurities and radiation damage. References on
these subjects can be found in the reviews by
Sigel®® and Lell et al.?*

II. EXPERIMENTAL RESULTS

Initially, the transmission experiments (Sec.
IIA) and photoconductivity measurements (Sec.
I1B) were motivated by the need for accurate data
on the optical absorption coefficient and on elec-
tron-hole separation in SiO, to supplement our ex-
periments on the possibility of exciton migra~-
tion,!'3% It developed that our results did not
confirm the band-gap determination presented in
recent publications,?™* and therefore, we shall
emphasize in this section the points of disagree-
ment and the difficulties in extracting a threshold
from the spectral data. Instead, we propose that
the field dependence of photoconductivity .(Sec.

II C) may be a better means for band-gap de~
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FIG. 1. (a) Schematic illustration of the transmission
experiment with thin SiO, membranes. The detector
was a sodium salicylate coating which converts the in-
cident vuv light (kv ) to lower energy photons detected
by a photomultiplier. (b) Schematic illustration of the
photoconductivity experiments on mos structures. The
contact leading to the current meter (I) was completely
shielded from secondary photoemitted electrons by the
sample housing (not illustrated), and by the mask which
also shields the unmetallized surface of the oxide. Vg
was negative (Al side) for the data of Figs. 6-9. (c)
Schematic illustration of the diode experiments for

transmission, photoluminescence, and exciton detection.

termination.

The three device structures used in our study
are illustrated schematically in Fig. 1. Thin
oxide membranes [Fig. 1(a)] were used for trans-
mission measurements, MOS structures [Fig.
1(b)] were employed for photoconductivity studies,
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and the diode structures [Fig. 1(c)] were used in
an attempt to detect excitons and photolumines-
cence. More experimental details are found in
the appropriate section below.

In each of the experimental arrangements the
‘incident ultraviolet photon flux was monitored
by the fluorescence of a sodium salicylate layer3®
which is assumed to have an approximately flat
conversion efficiency of vuv to lower energy
photons, which are then detected by a photo-~
multiplier. Vuv light was obtained from a
McPherson model 225 monochromator equipped
with a H, discharge lamp and an AL/MgF,-
coated grating of 1200 lines/mm. The samples
were mounted approximately 3 cm away from the
monochromator’s exit slit, which was open to
1.0 mm, giving a wavelength resoltuion of 8 A
(FWHM).

A. Transmission through thin oxide membranes

1. Membrane preparation

As described by Powell and Morad® (abbreviated
herein as PM), thin oxide membranes produced

FIG. 2. Photograph of a membrane measuring 1.0
X0.25 mm, showing the sinusoidal pattern produced by
microscope light interference in the slightly wrinkled
Si0, film.
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by the anisotropic etching of silicon®"'3® can be
used for measuring optical transmission, PM
have used the simplest technique of membrane
preparation where the initial thick oxide used as
an etching mask is also the final oxide to be
studied (reduced in thickness during the silicon
etching). Although we have also tested this tech-
nique, a more elaborate fabrication method was
adopted in order to retain better control over the
processing and thickness of the final oxide, The
technique employs a layer of Si;N, for protec-
tion, as described below. Oxides, 400-600 A
thick, were thermally grown in dry O,, steam,
or dry O, with HCI (4.5%) ambients. These ultra-
thin membranes are suitable for measuring trans-
mission in the strongly absorbing region of SiO,
(210 eV). To extend the measurement to the less
absorbing region, membranes with about 1000 A
and 5000 A of dry oxide were also prepared. A
photograph of a typical membrane is shown in
Fig. 2. It was found that the elongated structure
gives better support to the membrane and that
the sinusoidal pattern produced by interference
(due to the slight wrinkling of the film) is a good
indication of the membrane integrity. These mem-
branes have exhibited a remarkable resilience
during final fabrication and handling steps. We
proceed to describe the membrane preparation
method in some detail since it includes a few
novel steps.

Silicon wafers 57 mm in diameter, 0.4 mm
thick, polished on one side, (100) oriented,
2-5 © cm p-type were thermally oxidized to a
thickness slightly above the final desired value.
The oxidation conditions investigated were: dry
O, at 1000°C, dry O, with 4.5% HCI at 1000°C,
and wet oxidation at 800 °C. The oxides were then
coated with 1500 A of chemical-vapor-deposited
Si,N, deposited from SiH, and NH, at 800°C.
The .purpose of the Si,N, film is to protect
the initial SiO, during the anisotropic etching
of the silicon. A second wet oxidation was
performed to grow 5000 A of SiO, on the un-
polished back side of the wafers. Using stan-
dard photolithography, a pattern of rectangular
openings (1.42x0.81 mm) and a grid defining
chip sizes were etched in the back side oxide with
the pattern aligned parallel to the wafer flat or
(110) direction. The silicon was then etched
through this pattern by an anisotropic etching
solution containing 12 g of pyrocatechol, 75 ml
of ethylene diamine, 6 ml of H,0, (30%), and
18 ml of water. At its boiling point of 118+ 1 °C,
the solution etches (100) silicon at about 130 wm/
h, which is approximately twice the rate of the
more commonly used etchant®®*° without H,0O,.
Etched cavities were formed with the four con-

vergent {111} walls inclined at 54.7 ° with respect
to the wafer’s surface. The wafers were removed
from the etching solution when the etched silicon
thickness reached 3—10 um as determined by
monitoring the membrane transparency under a
microscope. To form the free SiO, membrane,
the Si,N, film was etched in boiling H;PO, at

180 °C, followed by removal of the underlying
thin silicon by the anisotropic etchant. The latter
step was carefully controlled to minimize etching
of the backside of the SiO,. Since the etching rate
of Si0, is slow (approximately 130 A/h), we
estimate that at most a 5-A layer of SiO, might be
removed in this step. The wafers were then
separated into chips by breaking them along the
grid lines defined by the etching. The yield of
good membranes was about 20%. The oxide
thickness (+1%) was measured by ellipsometry on
each chip, adjacent to the membrane, after the
transmission experiment was completed.

2. Experimental results

Several chips were mounted in a rotary holder,
with their oxide side facing the light source,
as shown schematically in Fig. 1(a). One of the
chips had its oxide etched off to serve as a ref-
erence. The transmission data were obtained
by dividing the oxide signal by the reference
signal after each had been corrected for the scat-
tered light contribution. Corrections for small
differences in membrane sizes were done, initial-
ly by etching the oxide off and calibrating the
aperture’s transmission relative to the reference.
Alternatively, a simpler procedure was adopted
(which is probably more accurate), where the
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FIG, 3, Optical transmission data for three oxide -
thicknesses (for clarity, measured points are not indi~
cated).
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transmission was normalized to unity at the inter-
ference peak at low photon energies, which is the
theoretical value for a transparent film. Such
transmission data are shown in Fig. 3 for three
oxide thicknesses of 436, 1100, and 5110 A.

The absorption coefficient (a) was evaluated
by an iterative procedure from the transmission
(T) using the exact formula as described in
Appendix A. In the calculation the initial values
of k were taken from Philipp,* while his values
of n were assumed throughout, where # -k is
the complex index of refraction. For the range
where 7'<0.2 the error resulting from the use of
Philipp’s data for # is small: a +10% change in
n yields a change of +2% or smaller in a. The
absorption coefficient is shown in Fig. 4 and the
tail region is shown on an expanded scale in
Fig. 5. Figure 4 gives a comparison between our
results for a 436-A SiO, film, Philipp’s Kramers-
Kronig analysis of fused silica reflectance data,
and PM’s results for a 580-A SiO, film. We have
found it necessary to shift Philipp’s data by
+0.075 eV to align the position of his first peak
with ours and that of PM. It is not clear whether
-this small shift is due to a real difference be-
tween thermally grown SiO, and fused silica or
to errors resulting from the Kramers-Kronig
analysis. As seen in Fig. 4, good agreement is
found between Philipp’s data and our results over
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FIG. 4. Absorption coefficient of amorphous SiO, (for
the expanded tail region see Fig. 5). The “present work”
curve was calculated from the transmission data of Fig.
3, as explained in Sec. II A, Powell and Morad’s curve
was reproduced from Fig. 2 of Ref. 3. Philipp’s curve
was obtained from his optical constants (calculated by
Kramers-Kronig analysis of reflectance data; see Ref.
41) and shifted by +0.075 eV to align the positions of the
first peak (see text).
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FIG. 5. Absorption tail region. Note the expanded
scale of ¢. Our data is considered reliable only in the
range of kv >9.2 eV for the 5110-A film; for lower Av,
interference effects are clearly visible. A few points
from Appleton et al. (Ref. 32) for vitreous SiO, are
added for comparison.

an appreciable energy range, The discrepancy
above about 11,5 eV might be due to the appre-
ciable scattered light correction in our data in
this region. The discrepancy below about 10 eV,
again, is due to either real differences between
the oxides or to errors in Kramers-Kronig
analysis, The discrepancy between our result
and that of PM is much larger than our experi-
mental error and, in our opinion, cannot be
explained by differences in oxide processing. The
accuracy of a in our data is estimated to be better
than +2% for the region where 7'<0.2, which
applies from about 9.2 eV for the 5110-A film
to about 11.3 eV for the 436-A film. Above 11.3
eV the scattered light correction becomes ap-
preciable and the error could be as high as 10%.
The reproducibility of o among membranes of
various oxide thicknesses and processing, as
described in Sec. IIA 1, has been within + 5%.
The absorption tail region is shown in expanded
scale in Fig. 5 and a few points from measure-
ments on thin vitreous silica by Appleton et al.%?
are also shown. In our results it is evident that
when the transmission approaches unity (Fig. 3)
the errors in @ become larger and interference
effects cannot be entirely corrected by the use
of Philipp’s optical constants. Therefore, we
consider our results to be reliable only down to
about 9.2 eV for the 5110-A film. Similarly, the
Kramers-Kronig analysis of Philipp’s data is
also questionable in the tail region. The data of
PM show much stronger absorption than even
the data of Appleton ef al. on vitreous SiO,,
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which is not reasonable considering the high
purity of thermally grown SiO,.

We conclude this section by remarking that the
8-eV threshold determined by PM (Fig. 2 in
Ref. 3) from a square-root fit of the absorption
tail seems very doubtful in view of the low re-
liability of the measurement in the absorption
tail on ultrathin films, as discussed above.

B. Photoconductivity spectra

1. Experimental

MOS capacitors were mounted in a manner
shown schematically in Fig. 1(b). The photo-
current flowing in the oxide was measured on the
substrate side (I) and a mask was employed to
shield the unmetallized regions of the SiO,
and to collect secondary emitted electrons. The
use of a mask is impbrtant since vuv light
imp}nging on the exposed regions of the oxide
will charge up these regions and cause current
to flow through the oxide, resulting in erro-
neous current readings. Similarly, errone-
ous readings will occur if secondary photoemitted
electrons can reach the contact region where the
current is measured. The proper functioning of

the mask has been verified by checking that vary-

ing the mask voltage did not affect the current
readings, especially at low photon energies where
the oxide currents are small. As a matter of
routine the mask was held at +15 V with respect
to the gate. Aninsifu calibration of the light
intensity was obtained by rotating the sample
holder away from the beam and using the same
detection method as explained in the introduction
to Sec. II.

The oxides were thermally grown on (100),
2-Q cm p-type silicon wafers. Thicknesses up to
about 1000 A were prepared by a dry oxidation
followed by 5-min anneal in an argon ambient.
Higher thicknesses were prepared by a dry-wet-
dry oxidation with a similar anneal, all done at
1000 °C. The wafers were all metallized together
with a pattern of aluminum dots, 1.25'mm in
diameter and about 160 A thick, The contact was
initially made on a thicker Al pad, but it was
found that direct bonding to the thin Al is simpler
and serves equally well.

2. Results and discussion

The spectral dependence of photoconductivity
is shown in Fig. 6 for three oxide thicknesses
of 575, 1015, and 2310 A, with the region at
low photon energies multiplied by 10 for clarity.
As explained below, the tail also contains photo-
current contributions resulting from internal
photoemission (IPE) from the aluminum. The
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FIG. 6. Normalized photoconductivity spectra. The
currents were normalized to the incident photon flux and
the scale shown corresponds to the range of actual
measurements. The data are not corrected for reflect-
ance, which is the cause of most of the structure for
hv>~10 eV. For hv <~ 10 eV, interference effects
are clearly visible and in the tail region (expanded by
10) internal photoemission of electrons from the Al is
appreciable. The data were taken with an average field
of 2x10% V/cm across the Si0,, with the Al biased nega-
tively [~V in Fig. 1(b)].

data shown are uncorrected for reflectance or
interference effects. Such corrections were
attempted but have been found inadequate, pre-
sumably because a three-layer structure requires
a more precise knowledge of all optical constants.
The data of Fig. 6 show a more complete and a
more complex behavior than previously published.
Clearly, the determination of a threshold, or a
band gap, from such data is difficult in view of
the obvious strong interference effects and ap-
preciable internal photoemission contribution at
low photon energies. It is interesting to compare
our results with the literature. DiStefano and
Eastman?® extracted a 9-eV band gap by fitting
a portion of their photoconductivity data, ob-
tained on a 5000-A SiO, film, to a parabolic
absorption law., However, we have determined
that interference effects persist even for higher
thicknesses (measurements were carried up to
3500 A and absorption calculations up to 6000 A);
therefore, their fitting procedure is somewhat
unreliable. Powell and Morad,® on the other
hand, observed an 8-eV threshold in their photo-
conductivity measurements on 1034 A of SiO,;
again, interference effects and IPE contributions
make the agreement between this value and their
absorption coefficient threshold seem quite co-
incidental. Trukhin’s* photoconductivity spec-



trum shows a plateau that begins only above 12
eV. We think that his results are erroneous be-
cause his samples were covered with LiF and
also possibly because of inadequate shielding
against secondary electrons which interfere
with the current readings.

The data of Fig. 6 exhibit an approximate
plateau above about 10 eV, with the structure in
this region being partially due to variations in
reflectance (especially near 10.5 eV) and partially
due to a varying loss of carriers by recombina-
tion near the aluminum as light is absorbed closer
or further from this electrode. Nevertheless,
the photoyield in this region is approximately
unity, as determined from an absolute intensity
calibration of the detector, performed at a lower
photon energy (~5.5 eV). This high yield rules
out the explanation offered by Mott® that the cur-
rents below about 10.5 eV result from excitons
which migrate to the aluminum and give up their
energy to electrons in the electrode, thereby
injecting some of them into the oxide (this mech-
anism, similarly to IPE, should have quite a
low yield).

C. Photoconductivity field dependence

In view of the difficulties with the spectral
dependence, more insight can be gained by ex-
amining the dependence of the photocurrents on
the electrical field. This is shown by the series
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FIG. 7. Field dependence of photocurrents at various
photon energies for electron injection from the Al [~V ¢
in Fig. 1(b)] into the Si0,. The change of curvature at
about 3.2 eV is associated with the barrier height be-
tween the Al Fermi level and the SiO, conduction band
edge (see Ref. 20). The reason for plotting (photo-
currents)”2 is explained in Sec. II C. The curves of
Figs. 7-9 are all normalized to unity.
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of curves in Fig. 7-9, for photon energies in
the range of 2.6 eV<ir<11.1 eV which extends
from below the energy barrier for IPE to above’
the main threshold of photoconductivity in the
oxide. The curves of Fig. 7 were obtained with
a visible-uv monochromator and those of Figs. 8
and 9, in the vuv monochromator. All data were
taken on the same device and normalized to unity
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at their highest point. Measurements on samples
with other oxide thicknesses gave the same re-
sults; hence the data shown are free of inter-
ference effects. The data were taken with a neg-
ative bias on the Al electrode and are discussed
below. For positive bias, the following observa-
tions were made: For Zv>~10 eV, the currents
display a complicated dependence on time and
field, due to hole trapping at the interfaces,?®'%?
For ~8.5 eV<iar<~10 eV, the currents are
steady and equal to the negative bias case, which
is consistent with absorption mainly throughout
the SiO, bulk. For Av<~8.5 eV, the currents are
smaller than for negative bias since they originate
from IPE from the silicon.

The change in curvature in Fig. 7 is associated
with the transition from mainly photon assisted
tunneling®* to IPE which, as has been shown by
Powell,?® occurs at v~ ¢z, where ¢y (3.15 eV)
is the barrier height between the Al Fermi
level, Eg, and the oxide conduction band. In
Fig. 7 the square root of the yield is plotted
since in the simplest form of IPE the yield Y is
given by

Y=A(hv-¢g+A0)", (1

where A is a constant, A¢ is the image force
barrier lowering, and m is a parameter which
characterizes the energy distribution of the photo-
excited electrons. It was previously concluded
from IPE* and photon assisted tunneling experi-
ments** that for injection from Al into SiO,

m~ 2, which corresponds to the photoexcited
electrons being uniformly distributed in energy
up to Ex +hv. The field rather than its square
root, as predicted by the classical image force
-theory, has been used in the figures, since the
latter tends to exaggerate the relatively unim-
portant low-field portion of the curves.

‘The transition from IPE to absorption and
photoconductivity in the oxide is apparent in Fig.
8. At 7.72 and 8.34 eV the curves display a be-
havior which is due mainly to IPE (which increases
only weakly with field); in contrast, the curve
at 8.63 eV shows a sharp increase of current at
higher fields, which indicates that oxide photo-
conductivity becomes larger than IPE.

The general behavior of the curves in Fig. 9 is
similar to that of Fig. 7. This is not surprising
since the separation of an electron from the hole
within the oxide is not too different from the
separation of an electron from the screened hole
in the metal. Aside from the more subtle dif-
ferences between the two cases, associated with
the escape probability (dielectric constant, energy
levels, etc.), the energy distribution of the photo-
excited electrons is certainly different. For

absorption, the distribution in energy is probably
fairly narrow, which leads to a uniform distribu-
tion in the component of momentum in the direc-
tion of escape parallel to the field; this in turn
gives m =1 in Eq. (1). Therefore we chose to plot
the yield rather than its square root in Figs. 8
and 9. Similarly to IPE (Fig. 7), where the
change in curvature is associated with the barrier
height, we associate the change in curvature

seen in Fig. 9 with the SiO, band gap and deduce
that E,~9.3 eV. This association and the 9.3-eV
value are, obviously, subject to 4 more detailed
modeling of the problem.

D. Diode experiments

A schematic illustration of the diode experi-
ment is shown in Fig. 1(c). Shallow junctions
(~1 um) were fabricated by standard diffusion
processes in the silicon substrate, and the oxide
was grown over them. Both n/p and p/n diodes®®
were used and the oxide was unmetallized.
Several oxide thicknesses in the range 450~
1350 A were used. The diode’s contacts were
shielded from light and from secondary elec-
trons and the current (I) was the signal induced by
the vuv light.

The diode, obviously, is a detector for photons
and in principle could detect excitons too, pro-
vided that excitons diffusing in the SiO, can cross
the Si-Si0O, interface. Such excitons would sepa-
rate in the silicon into free electrons and holes
and be detected much the same as photons which
are absorbed in the silicon near the Si-SiO,
interface.

Because it is difficult to determine an absolute
calibration for the diode signal, the data were
normalized to the calculated transmission of the
oxide in the transparent region (~8 eV). The
diode signal was then compared with the calculated
transmission for the rest of the spectrumv(_up to
12 eV). It was found that the diode signal was
always larger by about a factor of 3—10 than that
predicted from the calculated transmission in
the absorbing region (over 9.8 eV). This “extra”
signal was found to decay exponentially with the
oxide thickness (in the range 450~1350 A) and
therefore could not be due to photoluminescence.
A posskible explanation of its origin is as follows:
if only the initial “hot” excitons (i.e., before they
recombine or relax to lower more stable energy
levels) can cross the Si-SiO, interface, then the
“extra” signal originates from a region near
the Si-SiO, interface extended by the distance
these “hot” excitons can travel. To explain the
data this distance is about 150 A. These findings
merit further investigations.



The diode experiments provide, however, two
useful results. They approximately confirm the
transmission results of the membrane experi-
ments and they provide an upper limit on photo-
luminescence. At 10.2 eV (the peak intensity of
H, discharge) the diode with 1350 A of Si0,
showed a normalized signal of ~10”%, Since the
diode provides the best geometry for collecting
photoluminescence, this value can be taken as an
upper limit on photoluminescence. This result
confirms the previous observation of one of us?®
that recombination is nonradiative in pure SiO,.
We point out here that PM’s 5 X 107* limit on
photoluminescence efficiency was computed er-
roneously because the geometrical arrangement
of the membrane experiment does not allow good
collection of photoluminescence. The intrinsic
limit on luminescence collection is placed by the
Brewster angle (total internal reflection) given by
0, =arcsin(1/z), where n, -the index of refraction
of Si0,, is ~1.9 (Ref. 41) for kv~9 eV. The solid
angle defined by O, yields a photon escape ef-
ficiency from the membrane of only (1 —cos©,)/2
=0.075 which rises to 0.13 for n=1.5 (in the
visible).

III. DISCUSSION AND CONCLUSIONS

The presence of strong electron-hole interac-
tion in a material like SiO, raises the question of
whether a single value for the band gap is at all
meaningful. In the amorphous form the disorder
even further complicates this question. Obvious-
ly, we cannot resolve this issue here, but we
point out that it is difficult to deduce the band gap
solely from optical data, since excitonic and
band-to-band absorption are indistinguishable in
the optical spectrum. Band-structure calcula-
tions for crystalline SiO, which neglect the
electron-hole interaction predict various values
for the band gap® ! and, in addition, they point
to a common conclusion that the onset of band-
to-band absorption is weak (e.g., the one-electron
joint density of state of Ref. 9, Fig. 6), and that
the first spectral peak (10.45 eV) and its long
tail are predominantly excitonic. Higher peaks
may have substantial excitonic origins as well.'s
- More insight concerning the band-gap issue can
be gained when experimental transport proper-
ties are taken into consideration. It is well known
that thermally grown SiO, possesses a well de-
fined and sharp conduction-band edge; evidence
for this comes from the well-defined barrier
observed in internal photoemission (IPE) ex-
periments,2*% from the lack of thermal activation
on electron mobility* (see discussion by Mott®),
and from the relatively small electron trapping
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" in dry Si0,.*” Our photoconductivity field de-

pendence data (Sec. II C) display a behavior which
is similar to IPE and which contains a transition
energy at zv=9.3 eV. In analogy with IPE we
identify this energy as the “barrier height” for
photoionization (electron-hole separation) in
thermally grown (amorphous) SiO, and propose
that this is the most direct experimental estimate
of the band gap. Obviously, it is not possible to
specify whether this is a direct or indirect band
gap or the sum effect of both, especially since
these band gaps are found to be very close in
self-consistent band-structure calculations (9.2
and 9.8 eV, from Refs. 10 and 11) for a-quartz,
and may be even further intermixed in amorphous
Si0,. Regarding the nature of the experimental
band gap it has been implicitly identified as
indirect both by DiStefano and Eastman?® (DE)
and PM? because they both fit portions of their
data to a (kv - E,)® behavior (see also Ref. 5,

Sec. 4.2). DE obtain E,~9 eV by fitting photo-
conductivity data, while PM obtain E, ~ 8 eV from
absorption coefficient data. Our estimate of
E,~9.3 eV is more consistent with DE, although
we find that interference effects do not permit
definite conclusions to be drawn from such fits.

With E,~9.3 eV it remains to explain the ab-
sorption tail which extends down to at least 8.4
eV (see Fig. 5) and in various silica glasses to
below 8 V.32 In our opinion the tail is due to one
or both of the following edge-broadening effects:
(i) An Urbach tail which originates from excitonic
absorption which is broadened by electric micro-
fields*® (localized fields which fluctuate both in
time and space and which originate from in-
trinsic effects such as disorder and phonons and
from extrinsic impurities). Urbach tails?® are
exponential edges usually seen below the absorp-
tion edge of insulators.’® While an extended ex-
ponential edge is not seen for SiO,, our absorp-
tion coefficient data (Figs. 4 and 5) show approx-
imately exponential behavior in the range ~9.2 eV
<hv<~10.2 eV, corresponding to about 2 decades
in a.

(ii) Broadening due to band tailing at the valence-
band edge. Evidence for such band tailing comes
from the work on hole conduction at various tem-
peratures in thermally grown SiO, films,5'%®
Mott® estimates the range of band tailing to be
only 0.1 eV; however, Curtis and Srour®? model
their data with extended trapping in the range of
~0.5 eV. ‘

Aside from the band-gap isc 1e it is interesting
to note that even at relatively high fields (>2 x 108
V/cm) the photocurrents of Fig. 9 do not satu-
rate. This indicates that an appreciable fraction
of the electron-hole pairs are not dissociated
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by the applied field, and by definition remain
then as excitons. The field dependence of Fig. 9
cannot be attributed to any other phenomena, such
as trapping of free carriers (Schubweg effects)
because of the low trapping of both electrons and
holes in the bulk of dry SiO, (Ref. 47) (trapping
of holes is strong near the interfaces only%?);
neither can it be explained by recombination of
free (separated) electron and holes because of
their low volume densities (~10* and ~10*° cm~3
assuming mobilities of ~20 and ~10~% cm?/V sec
for electrons and holes at room temperature,
respectively; with a current of 10”7 A/cm? and a
field of 10° V/cm). The excitons do not recombine
radiatively (see Sec. II D) and some general fea-
tures of their lifetime before self-trapping have
been discussed by Mott and Stoneham.** We have
previously interpreted our findings of charging
effects in MOS structures illuminated by vuv
light with the Al electrode biased negatively as
evidence for diffusion of such excitons from near
the Al-SiO, interface to the Si-SiO, interface.!'3%
However, we have found recently that the effect
increases in samples treated in water, which
raises an alternative possibility that the effect
can be explained by diffusion of water-related
species (such as hydrogen). This issue is
presently unresolved.

In summary, extensive transmission and photo-
conductivity data for thin thermally grown SiO,
films have been presented and discussed. Thresh-
old determination from spectral data has been
criticized, and it is proposed that a band gap of
9.3 eV for SiO, can be extracted from the field
dependence of photoconductivity.
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APPENDIX

The transmission (normal incidence) of a thin
film of thickness d and complex index of refrac-
tion # ~ik, suspended in vacuum, is given by®®

T=a/(b,e’ +bye™° +b,cosy +b,siny),

where
= 41;kd, Y= 47;:%1 , A: vacuum wavelength;

a=16(n?+k?),

b, =[(L+n)P +Ek*P,

b, =[(1 =n) +£*F,

b, = 2[4k ~ (n® +k% - 1)?],

b, =8k[n® +£* - 1].
The absorption coefficient @ was calculated
from

o= =lln[31-l-(% —-be”’ —bscosy—b4sin7)].

A d
This equation was solved by iteration with
Philipp’s* & values as the initial guess, and his
n values as constants.

*Present address: Electrical Engineering Dept.,
Technion, Haifa 32000, Israel.
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FIG. 2. Photograph of a membrane measuring 1.0
%x0.25 mm, showing the sinusoidal pattern produced by
microscope light interference in the slightly wrinkled
5i0, film.



