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The optical absorption edge of amorphous
thin films of silicon monoxide

S. K.J. AL-ANI, K. I. ARSHAK, C. A. HOGARTH
Department of Physics, Brunel University, Uxbridge, Middlesex, UK

The absorption edges of vacuum-evaporated silicon monoxide films are studied and a
general equation based on the absorption being due to non-direct electronic transitions in
k-space is found to be compatible with the experimental results. The optical energy gap,
Eopt, is determined from the high absorption region of the fundamental edge.
Measurements on films deposited at different rates and having different thicknesses are
analysed and discussed in terms of the values of £,,. The form of the absorption edge
remains similar for annealed films but annealing has the effect of increasing the values of
Eopt- The experimental results are related to earlier published work based on
measurements of electron spin resonance and refractive index of films prepared under
different conditions and additional experiments are reported.

1. Introduction
Amorphous non-metallic materials exhibit absorp-
tion edges which are less abrupt and well-defined
than for materials having the corresponding
crystalline form. Nevertheless, measurements of
optical absorption edges have helped considerably
in developing an understanding of the theory of
electronic structures of amorphous materials, given
the theoretical bases laid by Tauc [1], Davis and
Mott [2] and others. According to Tauc the
absorption edge of an amorphous solid can be
classified into three parts as shown in Fig. 1.

(a) a high-energy region (part a, in Fig. 1, where
the absorption coefficient & > 10*cm™) in which
« is described by an equation of the form

ohw = B'(he = Eqpy )" (1)

where w is the angular frequency of the radiation,
B' is a constant, E,, is the optical energy gap and
n has a value between | and 3. According to Tauc
and his colleagues [3, 4], providing that energy is
conserved during the absorption process and that
the density-of-states function for nonlocalized
states is parabolic, the absorption coefficient is

defined by an equation
(0hw)'? = B(hw — Eqpy). 2

However, the density-of-states functions may not
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be parabolic and indeed Davis and Mott [2] made
the assumption that at the band edges they are
linear functions of energy. Nevertheless, they also
proposed an equation of the same form as Equa-
tion 2 for absorption by non-direct transitions.

(b) The absorption coefficient between 1 and
10*cm™ (part b, Fig. 1) increases exponentially
with photon energy 2w and may be described by
the following relation

a(w)aexp (hw/E)). 3)

The energy E characterizes the steepness of the
exponential tail of the density-of-states curve as it
defines the localized states and indeed the Urbach
rule [5] is interpreted by assuming that F|
measures the width of the tail of localized states in
the band gap.

(¢) The absorption coefficient below 1c¢m”
(part ¢, in Fig. 1) may also be determined by a
relation of the same form as Equation 3 above but
with a larger energy E,. Tauc et al. [6] assumed
that this low energy tail was probably an intrinsic
feature of the material and we shall not discuss it
further.

Equation 2 has been applied by many workers
for the analysis of optical absorption edge data,
for example by Mott and Davis [7] and by Moridi
and Hogarth [8], for chalcogenide and oxide glas-
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Figure 1 The general shape of the absorption edge of
amorphous semiconductors. (The broken line represents
extrapolation of part a.)

ses, respectively. Recently, Hogarth and Nadeem
[9] applied the same equation to the absorption
edge of the thin amorphous oxide film consisting
of GeO, and also samples containing BaO.
Realistic values of £, were derived and a system-
atic variation with added BaO was observed.

We have made a series of SiO films and have
studied their optical absorption edges and shown
how the derived values of E,, depend on the con-
ditions of preparation, thickness, annealing and
other parameters. We have attempted to explain
our results in terms of disorder and consequential
band tailing. SiO was chosen partly because of its
importance as a practical material [10, 11] and
partly because the properties of both Si and SiO
are known to depend very sensitively on the con-
ditions of preparation. Indeed serious articles have
been published, for example by Beynon [12],
which suggest that SiO in thin film form may not
actually exist, and in principle could consist of an
intimate fine granular aggregate of Si and Si0,. We
have related our results to earlier papers of Philipp
[13] who had studied the absorption edge of
silicon oxides somewhat less extensively and of
Timson and Hogarth who had reported ESR
measurements on thin SiO films [14].
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2. Experimental work

2.1. Specimen preparation

Thin films of Si0 were prepared by vacuum
evaporation from a tantalum boat 1 mm thick in a
Balzers 510 Coating Unit. Using the liquid nitro-
gen trap, the ultimate pressure was ~ 107" torr,
rising to ~107%torr during the thermal evapora-
tion process. Corning glass 7059 slides were used
for the substrates and were thoroughly cleaned in
a series of well-known steps before use. Various
rates of evaporation, R, between 0.7 and
10 nm sec™ were used.

A quartz crystal thickness monitor was placed
close to the substrate at a distance of 25 cm from
the source and gave an indication of the film thick-
ness during deposition. The actual thicknesses of
the films studied were determined by multiple-
beam interferometry using Fizeau fringes of equal
thickness.

A radiant heater was incorporated into the bell-
jar assembly and used for baking out the system
and improving the ultimate vacuum, and also for
substrate heating and for annealing treatments.
The substrate temperature was monitored using a
chromel-—-alumel thermocouple attached to the top
of the substrate.

In order to establish a more systematic scheme
for studying the thickness dependence of proper-
ties, a moving shutter was designed and built to
give fixed thicknesses in sequence during a given
evaporation run as indicated in Fig. 2. Six isolated
specimens of successively increasing thickness
could be made on a single Corning substrate and as
closely as possible were prepared under identical
conditions of pressure, temperature, deposition
rate and so on. A typical sample area was 250
mm? with a maximum thickness of 1 um.

2.2. Optical and electron spin resonance
measurements

The optical absorption measurements were made
using a Perkin—Elmer Model 402 spectrophoto-
meter. The double-beam system enabled the
absorption due to the substrate alone to be sub-
tracted from the absorption due to substrate plus
film and a value for the film alone to be estimated.
For very thin films and in spectral ranges where
the absorption is high, this procedure could pos-
sibly be rather insensitive and inaccurate. It was
established that the absorption in the Corning glass
substrates was low and that the double-beam sub-
strate compensation technique was suitable for our
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Figure 2 Vertical segment (expanded
scale) of sample used to determine thick-
ness variation of absorption.
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proposed measurements. The spectral range
covered was from the ultraviolet through the
visible (190 to 850nm) regions. Measurements
were made at room temperature using a slit width
of 25 um and a fast scan.

The measurements of infrared (IR) absorption
were made using a modified technique. A disc of
KBr of 2cm diameter was prepared by hot press-
ing and its IR absorption spectrum was measured
using a Perkin—Elmer 577 grating infrared double-
beam spectrometer. A thin SiO film was then
deposited on the KBr disc and the new spectrum
recorded.

The ESR measurements were made using a

Varian E-3 EPR spectrometer working near 3 cm
and used well-known standard procedures. The
absorption was calibrated using a solution of
copper sulphate.

3. Results and discussion

Figs. 3 and 4 show the absorption spectra near the
fundamental edge for a series of evaporated SiO
samples of different thicknesses but deposited on
one substrate. The absorption coefficient « is
obtained from the standard relation

a = x'In (l/Iy)

where I, is the intensity of incident light after cor-
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Figure 3 Absorption spectra as a function of wavelength for SiO samples of diffcrent thickness following deposition at
a rapid rate (1) 177 nm; (2) 370 nm; (3) 655 nm; (4) 770 nm.

1732



— s ——
>
S05-
2
s
5
€10+
2
<
1.5 n ; i ) 1 I
250 300 330 450 550 650 750
i Wavelength (nm)
Change of scale

Figure 4 Absorption spectra as a function of wavelength for SiO samples of different thickness following deposition at
a slower rate. (Spectrum for sample 1 was not recorded for A < 310 nm because of strong substrate absorption.) (1)

210nm; (2) 365 nm; (3) 583 nm; (4) 745 nm; (5) 852 nm.

recting for reflection and I, is the intensity of light
after traversing a thickness x of the sample mater-
ial. The high absorption region in Figs. 3 and 4
may be regarded as (a)in Fig. 1 and may be
analysed by plotting (chw)"? against hw in
accordance with Equation 2. The results are shown
in Figs. 5 and 6 and are of linear form in the high
absorption region since the matrix element for
optical transitions remains constant. The values of
Eopt obtained from extrapolation of the linear
regions and of B obtained from the slopes of the
derived curves of the form shown in Figs. 5 and
6, are given in Table I. The mean values of E, for
SiO prepared under the conditions described in
Section 2 are 2.25+0.03eV for a rapid rate of

TABLE 1 Eqpt and the constant B for SiO films of dif-
ferent thicknesses, evaporated at pressure of ~ 107° torr

Sample Thickness (nm)  Egpt (€V) Bx10°%
(em™eV™h)

(i) Rapid evaporation

1 177 2.27 2.71

2 370 2.30 2.50

3 655 2.23 2.07

4 770 2.20 1.87

(ii) Slow evaporation

1 210 2.70 3.23

2 365 2.75 5.27

3 583 2.75 8.79

4 745 2.72 4.90

5 852 2.73 5.10
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evaporation R and 2.73 £ 0.02¢eV for a slow rate
of evaporation. The tail in the curves of the type
given in Figs. 5 and 6 may be regarded as the expo- .
nential absorption tail corresponding to (b) in Fig.
1. In this region it is convenient to fit the experi-
mental data to an empirical formula due to Urbach
[5] similar in form to Equation 3. Such plots for
our samples as given in Figs. 7 and 8 and the values
of E; in Equation 3 lie in the range 0.50 to
0.42¢eV and 0.35 to 0.27eV for rapid and slow
evaporations, respectively. Different suggestions
about this tail have been made. Tauc [17] believes
that the exponential variation of a with & is due
to transitions between localized states and will vary
from sample to sample. Davis and Mott [2] assume
that the value of F; will be much the same for
most amorphous semiconductors and indeed
values for chalcogenide glasses are reported to lie
between 0.46 and 0.066eV. Moridi and Hogarth
found the values of £, for copper—calcium—
phosphate glasses to lie in the range 0.66 to
1.06 eV depending on copper concentration, and
other values larger than those suggested for the
chalcogenide glasses by Davis and Mott have been
found for other oxide glasses.

The amorphous nature of the films was con-
firmed by X-ray and electron-microscope examina-
tion. It may be seen from Figs. 5 and 6 that the
absorption coefficient and the factor (ofiw)'?
always increase as the thickness of the film
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Figure 5 Data of Fig. 3 replotted in terms
of the theories of Tauc and of Davis and
Mott.
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decreases. The large value of the absorption coef-
ficient for small thickness may be due to a high
transition probability of carriers across the rele-
vant E ¢ between the localized states [15].

The annealing was carried out for 4h at 500K
in a vacuum of 5 x 107torr followed by cooling
to room temperature at a rate of 1°Cmin™". The
shapes of the absorption edges for annealed silicon
monoxide display approximately the same proper-
ties, but they shift to shorter wavelengths and so
the values of £, in general increase. Figs. 9 and
10 and Table II show the results for both rapid
and slow evaporation.

The variation of E,, with thickness may be
explained as follows. Some dangling bonds (un-

40

TABLE II The influence of annealing on the optical
energy gap of some silicon monoxide films

Xx (nm) Before annealing

“Eopt €V) BX1078

After annealing

Eopt (€V) BX 1075

(cm™'eV™Y (cm™'eV™h

(i) Rapid evaporation

177 2.27 2.71 2.35 3.23
370 2.30 2.50 2.40 2.99
655 2.23 2.07 2.37 2.68
770 2.20 1.87 2.31 2.24
(ii) Slow evaporation

4225 2.72 5.74 2.74 6.10
605.0 2.74 6.02 2.79 6.46
730.0 2.75 6.42 2.75 5.92
773.0 2.79 7.65 2.77 6.94
850.0 2.79 7.90 2.79 6.94
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Figure 6 Data of Fig. 4 replotted in terms
of the theories of Tauc and of Davis and
Mott.
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saturated) are likely to be created at the begin-
ning of the deposition process and these would be
expected to act as structural defects which are res-
ponsible for the localized states in the material.
Increasing the thickness by successive evapora-
tions, a somewhat more homogeneous amorphous
network is built up with a less open structure, thus
reducing to some extent the dangling bonds, the
proportion of defects and the concentration of
localized states. Thus a nearly ideal amorphous
sample may be reached and the value of Ey
approaches asymptotically its limiting value.
Similarly, during the annealing process the film
will have time for some atomic re-arrangement to
take place, some defects will be removed which,
reducing the density of dangling bonds, redistri-
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bute atomic distances and bond angles, and E,p¢
will then increase and tend asymptotically towards
some limiting value.

The infrared absorption spectra of KBr and of
KBr carrying a thin SiO film are shown in Fig. 11
and the peak absorption in the vicinity of 10um
is charactersitic of SiO [16]. ‘

The ESR measurements of Timson and Hogarth
[14] have been repeated and our recent measure-
ments on samples made under identical conditions
to those for the optical measurements are given in
Fig. 12 where the spin density is plotted as a func-
tion of R/p where R is the rate of evaporation and
p is the pressure during the evaporation process.
Our recent refractive index measurements are
given in Fig. 13 and again seen to follow the curves
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Figure 9 The form of the .absorption edge
for a rapidly evaporated thin SiO film: (a)
as-evaporated; (b) after annealing.
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of spin density with R/p. As is seen in Fig. 12,
there is a correlation between the spin density and
therefore between the density of the unsaturated
bonds and the composition of the material. For a
SiO, film where the parameter R/p is low, a
density of ~ 10'spin cm™ was observed. For
higher values of the parameter R/p where it corre-
sponds to a sample composition approximating to
SiO, the absorbed signal was ~ 10%spincm™.

550

Three of these samples were annealed in vacuum
for 4h at a temperature of ~200° C and showed a
significant reduction in the value of spin density of
about 25%. This is in agreement with some trends
found by Timson [18], that when the temperature
of the substrate is reduced from 150°C to 40°C,
an increase of ~20% in the value of spin concen-
tration was detected, arising from the increased
disorder in the sample. The variation of the refrac-

Figure 10 The form of the absorption edge
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for a more slowly evaporated thin SiO film:
(a) as-evaporated; (b) after annealing.
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Figure 11 Absorption spectrum of thin SiO film evapora-
ted at R/p ~ 107nmsec ' torr™!. (a) KBr substrate, (b)
SiO film on KBr substrate.

tive index »n with the parameter R/p is presented in
Fig. 13. For high values of R/p the value of n is
~1.95, whereas for low values of R/p, n is ~1.6.
This supports the results in Fig. 12 and is in good
agreement with previous investigations [14].

The optical dielectric constant plotted against
R/p is shown in Fig. 14. This value varies between
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Figure 13 Variation of refractive index for silicon oxide
films as a function of the parameter R/p.

2.45 to 3.75 and lies within the range of dielectric
constants for many thin oxide materials in the
optical frequency range. Furthermore, studies on
the dependence of the optical absorption and of
E,py on the parameter R/p were carried out by
using the Perkin-Elmer spectrometer, as shown in
Figs. 15a and b and 16. Fig. 15a shows the depen-
dence of the absorbance as a function of the wave-
length for samples having different values of R/p,
while Fig. 15b shows a plot of (a#w)"? as a func-
tion of the photon energy fiw for the same values
of R/p as are shown in Fig. 15a. This shows a vari-
ation in the values of optical energy gaps. For high
values of R/p the energy gap is ~ 2.45 eV which
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Figure 12 Electron spin density of silicon oxide films as
a function of the parameter R/p (o Sample annealed for
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Figure 14 Optical dielectric constant as a function of R/p.
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Figure 16 Data of Fig. 15a plotted to

10°

show up the Urbach rule.
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corresponds predominantly to SiO, whereas the
value of the energy gap reaches 2.94eV for low
values of R/p (~1.38 x 10*nmsec™* torr™') which
tends to the composition SiO,. These values of
optical energy gap and their dependence on R/p
may be closely compared with the variation of the
spin concentration with R/p which is given in
Fig. 12, and the variation of refractive index #
with R/p given in Fig. 13. Fig. 16 shows how the
absorption- coefficient is related to the photon
energy for different values of R/p.
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