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Optical absorption of vanadium in 
sodium diborate glasses 
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Dhahran-31261, Saudi Arabia 

The optical absorption in blown films and bulk specimens of sodium diborate glasses contain- 
ing vanadium oxide based on the system [Na20-2B20311_ x [V205] x where x = 0, 0.05, 0.10, 
0.15 and 0.20, has been studied in the wavelength range 200 to 900nm. The fundamental 
absorption edge has been analysed in the light of the existing models. It is found that glasses 
containing a higher content of vanadium have fewer defects when compared with those 
containing a low vanadium content. The absorption spectra are interpreted as due solely to 
pentavalent vanadium. 

1. Introduct ion 
Many glasses containing transition-metal ions, for 
instance vanadium or iron, are semiconductors. The 
properties of semiconducting glasses have been of 
increasing interest since their discovery in 1954 by 
Denton et  al. [1]. The optical properties of  glasses 
containing vanadium have received considerably less 
attention than the electrical properties. These glasses 
contain a large concentration (generally greater than 
about 50 mol %) of V20 s and are therefore unsuitable 
for studies of very intense charge transfer bands in the 
ultraviolet region due to vanadium. Hence previous 
studies on binary oxide glasses, such as V2Os/P2Os, 
V 2 O s / G e O  2 and V 2 O s / T e O  2 in general have been 
restricted to low absorption regions in the visible 
region (e.g. [2-8]). However, Paul and Rusin [9] have 
studied the ultraviolet absorption of vanadium in 
binary alkali borate glasses, but with a low con- 
centration of  vanadium (0.01 wt %) in the glasses. In 
the present work, vanadium in sodium diborate grasses 
was studied spectroscopically in the spectral range 200 
to 900 nm with vanadium concentrations of 0, 5, 10, 
15 and 20 mol %. The absorption data were analysed 
in the light of existing theories on optical absorption 
in amorphous semiconductors. The theories are 
summarized below. 

It is well known that the low-energy electronic edge 
(Urbach [10]) in most semiconductors rolls off into the 
forbidden gap as approximately exponential functions 
of photon energy (he)). Thus, in the case of the elec- 
tronic edge, the following expression for the absorption 
coefficient, e(~o), can be written 

e(co) = A exp [cffhe) - h c % ) / k T ]  (1) 

where k is Boltzmann's constant, T is the absolute 
temperature, h is Planck's constant, and o-, A, and ~o 0 
are parameters characteristic of  the material in 
question. Various models that have been proposed to 
explain the Urbach edge are reviewed by Mott  and 
Davis [11], Connell [12], and Tauc and Menth [13]. 

In the high absorption region, above the exponen- 
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tial tail, the absorption is associated with interband 
transitions of electrons. Tauc [14] and Davis and Mott 
[15] gave an equation, derived independently, for the 
absorption (associated with interband transitions) 
as a function of photon energy in an amorphous 
semiconductor, 

c~ = B thO F~o) ~ 
ho) (2) 

where n is an exponent, B a constant and E 0 the optical 
energy gap of the semiconductor. In Equation 2, Tauc 
obtained n = 2 on the assumption that the con- 
duction and valence band edges are both parabolic. 
Davis and Mott  obtained n = 3 for linear band edges 
but n = 2 for different assumptions. 

2. Experimental details 
Vanadium oxide-doped sodium diborate glasses were 
melted from reagent grade B203, Na2CO 3 and V:Os. 
The compositions used were [Na20 2B203] ~ x[V2Os]x 
where x = 0, 0.05, 0.10, 0.15, and 0.20. Batch materials 
to yield 25 g of glass were weighed accurately and 
melted in an alumina crucible at about 1100 ° C for 5 h 
under atmospheric conditions in an electric furnace. 
During this time the melt was occasionally stirred with 
an alumina rod. For  each batch, thin films were 
obtained by the usual blowing technique while the 
bulk samples were prepared by casting the melt on a 
steel plate. The films ranged in thickness from 1 to 
5/~m. The bulk samples were in the form of discs 
which were ground and polished to thicknesses 
ranging from 1 to 4 mm. 

The optical absorption of these glasses was measured 
at room temperature in the wavelength range 200 to 
900nm using a varian model DMS-90 spectropho- 
tometer. For each composition the optical density was 
measured for two samples which varied in thickness 
such that reflection effects could be eliminated. Then 
the absorption coefficient is given by 

= 2.303 A2 -- A1 
d 2 --  d I 
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Figure I Transmi t t ance  p lo t ted  aga ins t  wave length  

in [Na20-2B203]  l , [V205] x glass for x = 0. 

where A I and A2 are optical densities of specimen of 
thickness dl and d2, respectively. In the low absorption 
region (less than 103 cm 1) measurements were made 
from the bulk samples, while in the high absorption 
region they were from the thin films. It may be 
mentioned that in the high absorption region mul- 
tiple interference effects were negligible but in the 
low absorption region these were well pronounced. 
Multiple interference effects were used in determining 
the thickness of a film. 

where ~o and F are parameters characteristic of the 
material in question. The values of F for different 
compositions were obtained from the slopes of the 
semilog plots of Fig. 2 and are listed in Table I. 

The exponential dependence of absorption coefficient 
on photon energy is observed in most of the crystalline 

3. R e s u l t s  and d i s c u s s i o n  
The optical absorption/transmission spectra of a glass 
film and bulk glass of initial composition [Na20- 
2B20311 x[V2Os]x were measured in the wavelength 
range 200 to 900nm for x = 0, 0.05, 0.10, 0.15 and 
0.20. Fig. 1 shows transmission spectra in a thin film 
of undoped sodium diborate glass (i.e. x = 0). In the 
undoped sample there is no significant absorption 
down to a wavelength of about 200nm. Below this 
there is a steep absorption, which could not be 
measured further into the short wavelength region 
because of the limited range of the equipment. For 
sodium diborate glass, McSwain et al. [16] found the 
absorption edge to be at about 220 nm. The present 
results (Fig. 1) show that the edge may be close to this 
value, keeping in mind that the edge is at a wavelength 
which is little higher than that corresponding to the 
onset (200 nm) of the steep absorption. 

Fig. 2 shows a plot of the absorption coefficient as 
a function of wavelength for different concentrations 
of V205 (indicated in the figure) in sodium diborate 
glasses. In this spectral region, undoped glass showed 
no absorption (Fig. 1) and from this we infer that the 
absorption shown in Fig. 2 may thus be associated 
with V2Os. Furthermore, the absorption increases as 
the vanadium oxide content in the glass is increased. 
In the low photon energy region the absorption indeed 
follows an exponential law similar to that given by 
Equation 1. For a constant temperature, Equation 1 
may be written in the form 

c((~o) = c(0 exp (Fhco) (3) 
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Figure 2 Exponen t i a l  abso rp t ion  edges in [Na20-2B203]  l _x[g205]x 
glasses at  r o o m  tempera tu re  for (a) x = 0.05, (b) x = 0.10, (c) 
x = 0 . 1 5 a n d ( d )  x = 0.20. 
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Figure 3 (~hog) 11~ as a function of  photon 

energy in [Na20 2B203]0.80[V2Os]0.20 for 
(a) n = 2 a n d ( b )  n = 3. 

and noncrystalline semiconductors. Despite this uni- 
versal behaviour, the precise origin of the exponential 
absorption in any particular material is uncertain 
[11-13]. However, exponential behaviour predicted by 
Dow and Redfield's theory [17] for electric field 
broadening of an exciton line, is generally considered 
to be an attractive model. Furthermore, it has been 
suggested that there are additional states in the 
bandgap associated with the disorder inherent in 
amorphous materials [11]. This could lead to a tail on 
the Urbach edge. This may also account for lower 
values of the slopes of the exponential plots in 
amorphous materials when compared with those in 
crystalline materials. 

For the glasses investigated in the present work, the 
exponential behaviour is observed and the value of F 
varies between 6.14 and 6.68 eV -~ depending on the 
composition. Mott  and Davies [11] reported that the 
values of F for a range of amorphous semiconductors 
are very close together in value and lie between 6 and 
20eV -~ (Fig. 6.46 in [11]). For highly disordered 
crystalline GeTe, F is reported by Lewis [18] to be 
10eV -~, and in the case of molybdenum phosphate 
glasses Austin et al. [19] reported the value of F to be 
as low as 6.25 eV -~ . The slope increases slightly as the 
vanadium oxide content in the glass is increased 
(Table I). It follows from the above that a decrease in 
disorder (such as defects, voids, dangling bonds, etc.) 
could result in an increase of the slope. Therefore the 
increase in vanadium oxide content may lead to an 
improved order in the glass. 

It is well-known [20] that vanadium in various glasses 
can exist in three oxidation states: V 5+, V 4+ , and V 3+ . 
The absorption bands due to V 4+ and V 3+ lie in the 
visible and near-infrared region [20]. Because there is 
no significant absorption in these regions in the glasses 
studied in the present work we therefore conclude that 
the content of V 4+ and V 3+ in these glasses would be 
negligible. Thus the absorption spectra (Fig. 2) is 
interpreted as due solely to pentavalent vanadium. 

In Fig. 3 (c~h~) ~/" is plotted against ho for n = 2 
and 3. These plots represent high absorption regions 
at photon energies above the exponential tail. It is 
clear from the figure that n = 3 gives a better fit to the 
data on [Na20-2B203]080[V205]0.20 glass. Similar results 
were obtained for other compositions. Fig. 4 shows 
the plots for different compositions with n = 3. Thus, 
above the exponential edge the absorption coefficient 
follows the power law (Equation 2) for n = 3. The 
parameters B and E 0 obtained from the plots in Fig. 4 
are listed in Table I. 

Earlier results on the absorption, for example 
As2Te3, Si, AszS3, and AszSe3, were found to fit 
Equation 2 for n = 2 [11]. However, recently Vorlicek 
et al. [21] have re-analysed the data on germanium 
[22] and silicon [23] and have also reported the optical 
constants for silicon films in a wider spectral range. 
They have found that in the case of germanium and 
silicon Equation 2 gives a better fit for n = 3 while in 
chalcogenide films the quadratic law (n = 2) is 
followed. Klazes et al. [24] obtained the best fit for 
their data on silicon films for n = 3. Fagen also 
reported a cubic fit to the absorption data for 
multicomponent chalcogenide glasses (Fig. 6.49, [11]). 

4. Conclusion 
Combining the measurements made on blown films 
and bulk specimens of sodium diborate glasses con- 
taining vanadium oxide, it was possible to study the 
optical absorption in the glasses in wavelength ranges 

T A B L E  I Values of  some physical parameters for [Na20-- 
2B203]t_x[V2Os] x glass 

Composit ion F B (cm i eV 2) Optical gap 
parameter,  x (eV- 1 ) E0 (eV) 

0.05 6.14 0.8 x 104 3.15 
0.10 6.31 1.5 x 104 2.93 
0.15 6.43 2.0 x 104 2.88 
0.20 6.68 2.6 x 104 2.82 
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Figure 4 (~ho)) ~'3 as a function of photon energy in 
[Na20-2BzO3]I_~[V2Os]~ for (a) x = 0.05, (b) 

1 x = 0.10, (c) x = 0.15 and (d) x = 0.20. 

from 200 to 900 nm. In the low absorption region (less 
than about 103cm -1) the usual exponential law is 
followed by the absorption coefficient. In the high 
absorption region, the power law (Equation 2) in the 
glasses is best followed for n = 3. 

The observed increase in the slope of an exponential 
plot upon an increase in vanadium content is an 
indication of improved order in the glass with high 
vanadium content. 

The absorption spectra were interpreted as due 
solely to pentavalent vanadium. Vanadium in other 
glasses such as P205, TeO2, and GeO 2 is found to 
exist in three oxidation states: V 5+, V 4+, and V 3+ 
[3, 5, 6, 20]. These glasses had higher concentrations of 
vanadium oxide (50 tool % or more). The existence of 
V 5+ only in the present glass system may be due to the 
low content of vanadium oxide or perhaps it is the 
glass former which makes the difference. A further 
study of higher concentrations of vanadium oxide in 
these glasses would lead to a better understanding. 

The absorption due to V 4+ and V 3+ in various 
glasses is in the visible region [20]. It is expected that 
this absorption would produce a tail on the Urbach 
edge, thus reducing the slope of the exponential plot. 
For example, Hogarth and Hosseini [3] in their study 
of V2Os P205 glass sytems which contained a large 
content of V 4+ (C = V4+/Vtotal ~ 0.3) obtained a 
slope value much smaller than those listed in Table I 
for different compositions in the range 1.5 to 3.2 eV -~ . 
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