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The optical properties of amorphous
V,0; and SiO thin films and of the mixed
dielectric system SiO/V,0

S. K. J. AL-ANI, C. A, HOGARTH

Department of Physics, Brunel University, Uxbridge, Middlesex, UK

The optical absorption of amorphous thin films of V,05, SiO and of SiO/V,0; is studied
in the photon energy range 0.42 to 6.53 eV. The optical absorption edge of evaporated
V,0; films can be described by direct forbidden transitions while that of SiO films
follows the non-direct transitions in k-space. The data of the SiO/V,0; oxide mixtures
are fitted to new values of the exponent in the well-known absorption equation and the
corresponding optical band gaps are determined. Experimental data on the wavelength
dependence of the refractive index of SiO films are presented. The dispersion of the
refractive index follows a single oscillator model. The infrared spectra show that some
bonding occurs between the two oxides so that the mixed dielectric system SiQ/V,0;
cannot be considered as a simple physical mixture.

1. Introduction

The study of optical absorption may give a con-
siderable amount of information about the elec-
tronic structures in amorphous non-metallic
materials. The fundamental absorption edge in
such solids is less abrupt and well defined than
in comparison with crystalline non-metallic solids.
In the high-absorption region Tauc er al. [2] and
Davis and Mott [2] gave an equation, derived
independently, for the optical absorption coef-
ficient ow) as a function of photon energy %cw:

a(w) = B(hw — Eop)* o (1)

where 7 is an exponent, w is the angular frequency
of the incident radiation, B is a constant and £,
is the optical energy gap of the material. Equation 1
with n =2 as originally postulated by Tauc et al.
[1] and as predicted by Davis and Mott [2] for
indirect transitions has been found to represent
the experimental results particularly at the higher
values of absorption at the edge for oxide and
chalcogenide glasses [3,4] and for thin oxide
films [5,6] including SiO. Nevertheless an
exponential dependence of the absorption coef-
ficient on the energy near the fundamental absorp-
tion edge is frequently found for amorphous semi-
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conductors of the form

a(w) = A exp (EEE) (2)

1
where E is interpreted as a measure of the width
of the tail of localized states in the band gap.
Equation 2 was originally proposed by Urbach
[7].

For vanadium pentoxide {8, 9] and for some
vanadate glasses the dominant absorption process
is one involving direct forbidden transitions,
represented by Equation 1 with n = 3/2. Amor-
phous films of V,05 are known to exhibit semi-
conducting properties arising from electron
hopping between V*" and V>* centres. A thin
film composed of two oxides including V,05 has
not previously been reported and in the present
work, which forms part of a general research
programme on complex dielectrics, we have
studied thin films of the co-evaporated SiO/
V,05 system. We are concerned with modifi-
cations to various properties of such films. As part
of our recent activities the optical constants of
V205 thin films have been studied by an ellipso-
metry technique [10] and it was found that the
high absorption made it difficult to obtain reliable
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TABLE I Some optical constants of evaporated V,0;
films obtained by ellipsometry assuming the absorbance
of the material to be zero

V,0, specimen Thickness (nm) Refractive index

1 170 2.10
182 1.97
2 160 2.19
155 2.25
3 222 1.71
220 1.72
221 1.71
4 167 2.11
165 2.14
175 2.03
5 160 2.20
148 2.34

thickness and refractive index measurements using
a fixed angle of incidence and wavelength. Some
tentative results obtained by this method are
included in Table I. A recent report by Michailovits
et al. [11] suggests that the optical constants vary
with film thickness. It is our concern to establish
whether the properties of SiO/V,05 are equivalent
to those of a simple mixture or whether some local
bonding occurs as has been suggested following
measurements of unpaired electron densities by
electron spin resonance (e.s.r.) studies [12].
Amorphous V,0;5 has been studied using X-ray
diffraction by Mosset efal. [13]. Our optical
results are consistent with the idea of some bond-
ing in the Si0/V,0s films. We have also studied
some of the effects of vacuum annealing on the
properties of the films. Finally the refractive index
dispersion parameters for some SiO films are
obtained.

2. Experimental work
Thin layers of V,0s, SiO and SiO/V,05 were

deposited onto clean Corning 7059 glass substrates
held at temperature > 100° C and at a pressure of
=~ 5x 107 torr in a Balzers 510 coating unit. The
co-evaporation technique used here has been estab-
lished and described by Hogarth and Wright [14].
Vanadium and silicon oxides were evaporated
from molybdenum and tantalum boats respec-
tively. The thicknesses of the films were deter-
mined by multiple-beam interferometry using
Fizeau fringes of equal thickness. Annealing of
V,0s films was carried out for 4h at 220°C in a
vacuum of ~ 5 x 107 torr followed by cooling to
room temperature at a rate of 1°Cmin™!. The
absorption measurements of the fundamental
edge were taken at room temperature using a
Perkin—Elmer spectrophotometer model 402. The
optical data in the near infrared up to 3000 nm
were obtained at room temperature using a
Beckman Acta M-series spectrophotometer M IV,
Discs of KBr of 2cm diameter were prepared by
hot pressing in vacuum. Thin V,0s5, SiO and
Si0/V,0s films were then deposited on these
discs and their infrared absorption spectra were
recorded using a Perkin—Elmer 577 grating infra-
red double-beam spectrometer and also by a
Unicam SP 2000 double-beam recording infrared
spectrometer. The structure of our films was
obtained from a JEOL, JEM7 electron microscope
with a magnification x 38 000 and by X-ray tech-
niques suitable for distinguishing between amor-
phous and crystalline states.

3. Results and discussion

Curves of the optical absorbance as a function of
wavelength for different compositions of the SiO/
V,0;5 evaporated layers are presented in Fig. 1.
The absorption coefficient a(w) is calculated from

Figure 1 Absorption spectra as a
function of wavelength for
samples of (i) V,0, (190 nm),
) iy 70% V,0,/30% SiO
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Figure 3 Data for Fig. 1 replotted to estimate F, opt USIng
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the equation for direct transitions. (o V,0,; ¢ 70 mol %

Figure 2 Data of Fig. 1 replotted to estimate Eqpy using
V,0,/30mol % Si0; 2 30mol % V,0,/70mol % Si0.)

the equation for indirect transitions. (c V,04; e 70 mol%
V,05/30mol % SiO; 2 30 mol % V,0,/70 mol % Si0.)
for V,05. The optical absorption edge of a SiO

film has however been extensively investigated

the thickness of the specimen d and the corre-
sponding absorbance. The optical absorption edge
of a V,0; film as shown in Figs. 2 and 3 fits
Equation 1 with n = 3/2 better than with n =2
and giving a value of Eyy; of 2.33 eV. The fit with
n =2 gives a line which deviates, albeit to a small
extent, from the straight line drawn through the

points. It also leads to a value of Eyy which is

[6] and it was concluded that Equation 1 for non-
direct transitions, i.e. n =2, offers the best fit for

the experimental data. The edges of the inter-
mediate compositions 30 mol % Si0/70 mol %V, 05
and 70 mol % Si0/30 mol % V, 05 are also displayed
in Figs. 2 and 3 in accordance with assumed values

of n=2 and n = 3/2 respectively. The values of

smaller than the value of 2.33 eV earlier reported
TABLE II Some optical properties of evaporated V,0, and of SiQ/V,0, films
Specimen Optical energy gap (eV) E, (eV)
(0’]’[0))“2 (ahw)zla (ahw)o_sn (Oihw)o'541

V,0, 2.15 233 - - 0.22

30 mol % SiO/70mol % V,0, 2.30 2.60 250 - 0.58

70 mol % Si0/30mol% V,0, 2.55 3.10 - 2.85 1.27
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2.5 Figure 4 Estimation of values of »n for mixed
films assuming a linear variation with film
composition.
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FEopt obtained from the extrapolation of the nearly
linear regions in these figures are presented in
Table II. As is clear, the fits in both figures are
not entirely satisfactory and this has posed the
question of whether the evaporated complex is a
simple physical mixture or whether local bonds
may have some effect. In a recent paper by Al-
Ramadhan efal. [15] concerned primarily with
electron spin resonance measurements on the
Si0/V,0s system but linking them with optical
absorption edges, the data were analysed using
n =72 and served to demonstrate qualitatively the
differences in £,p with composition. Nevertheless
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Figure 5 Data of Fig. 1 replotted for new values of n.
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it was found that the fits even at high values of «
were not entirely satisfactory. Indeed Timson and
Hogarth [12] have shown by e.s.r. measurements
that the density of unpaired electrons associated
with dangling bonds in a complex of SiO/B,0; is
less than the comparable density in SiO films.
Hence in an attempt to improve our interpretation
of the behaviour of the experimental data, a linear
dependence of the exponent n has been drawn in
Fig. 4 as a function of the molar percentage of the
constituent oxides. The experimental compositions
ware then fitted to the appropriate new values
of n. Fig. 5 shows the new values of n. For these
absorption edges the values of E,, obtained by
extrapolation are listed in Table II.

The present investigation on infrared absorp-
tion spectra plotted in Fig. 6 reveals three import-
ant features:

1. The existence of a large absorption peak
near 1000cm ™' corresponds to a large excess of
SiO in the mixture.

2. The disappearance of the V,0; film peak
near 650 cm™! is noted.

3. The appearance of a small shoulder (peak)
at 870cm™! following the SiO absorption peak
and another new peak at 430 cm™" are observed.

Therefore it may be concluded that there is
some chemical interaction between SiO and
V,0s, ie. we cannot treat the evaporated film
as a simple physical mixture of the two oxides.
(Table IIT summarizes these results.) The exper-

TABLE III Characteristic infrared (IR) absorption
band positions (cm™') for SiO, V,0; and SiO/V,0,
evaporated films

Specimen IR absorption band position (cm™*)
Sio — — — 1000
V,0, - 650 - -

Si0/V,0; 430 — 870 1025
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Figure 6 Infrared absorption spectra of
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imental data in Fig. 1 have been re-plotted in
Fig. 7 to test the Urbach behaviour for these films
and the values of £, are given in Table II. Higher
temperature measurements [16], however, showed
that these edges shift with temperature towards
longer wavelengths. The present values of £ are
larger than those reported for typical amorphous
semiconductors [3], and as they increase with film
composition, electronic transitions between local-
ized states in the band-edge tails [17] may also be
involved.
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Regardless of the exact value of the exponent
n, the extrapolated E,p has increased with the
addition of the SiO and this indicates that the
degree of disorder in the system is increased.
This increase is accompanied by an increase of
E taken as a measure of the width of the tails of
localized states in the band gap region. The results
demonstrate some of the complexities of the
optical absorption edges in these amorphous non-
metallic materials. In the absence of further quan-
titative information, a genuine density-of-states

5 Figure 7 Absorption coefficient as a function of

photon energy for the data of Fig. 1.
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Figure 8 The absorption edge
for an evaporated thin film of
V,0, (thickness 223 nm), (a) as
evaporated, (b) after annealing.
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model is not applicable. Essentially, Eopy and £}
are two different features of the band structure
which depend on the disorder but do not
necessarily change in the same direction.

The absorption edge of an annealed V,05 film
shown in Fig. 8 exhibits similar properties but it
shifts to short wavelengths after annealing, so that
the values of Ey in general increase. The value
of F, for this film is increased from 0.30 to
0.48eV due to the effect of annealing. Freshly
deposited films may contain many defects such as
voids, grain boundaries and dislocations. The
annealing process can be associated with stress
relief which may cause local structural rearrange-
ments [18] and also cause observable changes in
the optical parameters.

The values of refractive index n; of SiO films
obtained from interference fringes are shown in

750

850

Fig. 9. It is known from simple dispersion theory
that in the region of low absorption the index of
refraction is expected to be given [19] in a single-
oscillator model presented by

R e ®)
1=(o/N)

where A is the light wavelength, S, is the average
oscillator strength and A, the average oscillator
position. The validity of this assumption can be
checked by plotting the quantity (nf—1)7!
against X2 in Fig. 10. The parameter S, can then
be derived from the slope of the straight line while
Ao follows from the infinite wavelength intercept.
These parameters as well as the refractive index
dispersion parameter Eo/S, of Fig. 10 are listed in
Table IV and are near to values published for other
materials [19, 20]. For SiO/V,0; films of thick-

Figure 9 Dependence of refractive index
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Figure 10 Data of Fig.12 re-
. plotted to show (n} — 1) against
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Figure 11 (a) Electron diffraction pattern
for a V,0, thin film taken at room tempera-
ture. (The diffuse rings and diffraction spots
indicate a fairly disordered polycrystalline
structure.) (b) X-ray diffraction pattern for
a V,0,/Si0 thin film. ‘
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TABLE IV Room temperature values of S, £, and E /S, of SiO films deposited at a pressure ~ 107 torr

Specimen thickness S E, (eV) E,/S,
(nm) (X103 m™?) (X107 eVm?)
Rapid evaporation 655 5.05 4.41 8.73
770 7.67 4.98 6.50
Slow evaporation 605 4.84 5.03 10.40
773 11.23 6.16 5.50
850 10.74 6.03 5.61
ness up to 300 nm the fringes were absent and this 2. E.A.DAVIS and N. F. MOTT, Phil. Mag. 22 (1970)
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the optical properties in crvstalline vanadiu in Non-Crystalline Materials”, 2nd edn, (Clarendon
. p prop . y e m Press, Oxford, 1979) pp. 279, 497.
oxides were known to differ significantly from 4. G.Rr.MORIDI and C. A. HOGARTH, in Proceedings
those of vanadate glasses [21], the structure of the 7th International Conference on Amorphous
characteristic is expected to be important in the and  Liquid = Semiconductors, Edinburgh, 1977,
study of evaporated V,Os films. The structure of ed;:ed by “; EI;.S?ear (gzl.lt;e f(})f Ilrg;‘fls)mal c603r;;_
. . . . sultancy an 1aison, nburg. P .
a typical V305 thin film obtained by electron 5 ') 'oGARTH and M. Y. NADEEM, Phys, Status
microscopy is indicated in Fig. 11. While the Solidi (a) 68 (1981) K 181.
V,0s films show some evidence of polycrystallinity 6. S.K.J. AL-ANI, K.I.ARSHAK and C.A.
the SiO/V,05 complex films have an amorphous HOGARTH, J. Mater. Sci. 19 (1984) 1737.
structure 7. F.URBACH, Phys. Rev. 92 (1953) 1324.
: 8. N.KENNY, C.R.KANNEWURF and D.H. WHIT-
. MORE, J. Phys. Chem. Solids 27 (1966) 1237.
4. Conclusion 9. G.W.ANDERSON and W. D. COMPTON, J. Chem.
It has been shown that the optical absorption edge Phys. 52 (1970) 6166 [Errata, ibid. 54 (1971)
of an evaporated V,0;5 film can be described by 10 324(;711~EEF ot o
. . .. . . R. , private communication.
direct forbldfien transm.ons .m k-space. The co- 1y L MICHAILOVITS, I. HEVESI, L. PHAN and
evaporated SlO/VzOS oxide films can be fitted to Z. VARGA, Thin Solid Films 102 (1983) 71.
a new exponent index # to match the experimental 12, p. A. THIMSON and C.A.HOGARTH, ibid. 10
data when better fitting and more consistent (1972) 321.
values of E 4y are obtained. Ellipsometric measure- 13. A.MOSSET, P.LECANTE, J.GALY and I.
ents of the optical constants and the thickness LIVAGE, Phil. Mag. B46 (1982) 137.
m P . . 14. C.A.HOGARTH and L.A.WRIGHT, in Proceed-
showed that the V,0s films are optically absorb- ings of the 9th International Conference on Physics
ing. For the SiO films, the dispersion of the refrac- of Semiconductors, Moscow, 1968 (Nauka, Lenin-
tive index may be described by a single-oscillator grad, 1968) p. 1274.
model with dispersion parameter FEo/So=8x 15 :;-o‘;- AS}.{?;-iAA]\;?DH;N’119<.(11.9/§§)S§16A§17< and C. A,
-14 2 . , J. ater, dCL .
10 e.:Vm near to the prev10.usly reported valu.es. 16. S. K. J. AL-ANL unpublished data.
Experimental results on infrared absorption ;7 5 TAUC, “The Optical Properties of Solids”, edited
spectra show that bondjng occurs between these by F.Abeles (North-Holland, Amsterdam, 1970)
two oxides and that the sample is not just a simple p. 277.
physical mixture. 18. B. BABUJI, C. BALASUBRAMANIAN and M. RAD-
HAKRISHNAN, J. Non-Cryst. Solids 55 (1983) 405.
19. M.DIDOMENICO and S.H.WEMPLE, J. Appl.
Acknowledgement ' Phys. 40 (1969) 720.
We should like to express our gratitude for useful 20. v. DOLOCAN and F.10VA, Phys. Status Solidi (a)
advice concerning the refractive index measure- 64 (1981) 755.
ment received from Dr Greef of the Department of 21. G.W.ANDERSON and F.U.LUEHRS, J. Appl.
Chemistry, University of Southampton. Phys. 39 (1968) 1634.
References .
1. J. TAUC, R. GRIGOROVICI and A. VANCU, Phys. Received 20 February
Status Solidi 15 (1966) 627. and accepted 4 June 1984

1192



